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3. Letter from Brenda L. Mozafari (U. S. NRC) to Exelon Generation Company, 
LLC, "Summary of August 19, 2014, Closed Meeting with Exelon Generation 
Company, LLC (Exelon) Regarding AREVA XM Fuel Transition for Dresden 
and Quad Cities Nuclear Stations (TAG Nos. MF2422, MF2423, MF2424, and 
MF2425)," dated September 22, 2014 (ADAMS Accession No. 14254A153) 

In accordance with 10 CFR 50.90, "Application for amendment of license or construction 
permit," Exelon Generation Company, LLC (EGG) requests an amendment to Renewed Facility 
Operating License Nos. DPR-19 and DPR-25 for Dresden Nuclear Power Station (DNPS) Units 
2 and 3, and Renewed Facility Operating License Nos. DPR-29 and DPR-30 for Quad Cities 
Nuclear Power Station (QCNPS) Units 1 and 2. The proposed change supports the transition 
from Westinghouse SVEA-96 Optima2 (Optima2) fuel to AREVA ATRIUM 10XM fuel at DNPS 
and QCNPS. Specifically, EGG proposes to revise Technical Specification (TS) 5.6.5, "Core 
Operating Limits Report (COLR)," paragraph b, to delete no longer used methodologies and to 
add the AREVA analysis methodologies to the list of approved methods to be used in 
determining the core operating limits in the COLR. Also, in support of the planned transition to 
AREVA ATRIUM 10XM fuel, EGC proposes to revise DNPS and QCNPS TS 3.2.3, "Linear Heat 
Generation Rate (LHGR)," and TS 3.7.7, "The Main Turbine Bypass System." 

In addition to the proposed changes supporting the fuel transition, EGG is proposing a change 
to DNPS and QCNPS IS Surveillance Requirement (SR) 3.3.4.1.4, Allowable Value for the 
anticipated transient without scram recirculation pump trip (ATVVS—RPT) on high reactor 
pressure vessel (RPV) steam dome pressure, in order to increase the margin to the maximum 
RPV pressure acceptance criteria on certain ATVVS transients. EGG proposes to modify the 
Allowable Value for ATWS-RPT on high RPV steam dome pressure to 5. 1198 psig for DNPS 
and 5 1195 psig for QCNPS. 

This request is subdivided as follows. 

• Attachment 1 provides an evaluation supporting the proposed change. 

• Attachments 2 and 3 contain the marked-up Technical Specifications (TS) pages for 
DNPS and QCNPS, respectively, with the proposed changes indicated. 

• Attachments 4 and 5 provide the marked-up IS Bases pages for DNPS and QCNPS, 
respectively, with the proposed changes indicated. These attachments are provided for 
information only. 

• In support of the proposed TS changes, certain technical information related to a 
representative transition core design (i.e., a mixed core loading of Optima2 fuel and 
ATRIUM 10XM fuel) and licensing analyses, as well as information related to the AREVA 
analysis methodologies, has been provided in Attachments 6 through 25 of this 
submittal. 

Attachments 7 through 15 transmitted herewith contain Proprietary Information. 
When separated from attachments, this document is decontrolled. 
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Attachments 7, 8, 9, 10, 11, 12, 13, 14, and 15 to this letter contain information that AREVA 
considers to be proprietary in nature and subsequently, pursuant to 10 CFR 2.390, "Public 
inspections, exemptions, requests for withholding," paragraph (a)(4), it is requested that such 
information be withheld from public disclosure. AREVA, as the owner of the proprietary 
information, has executed an affidavit provided in Attachment 16, which identifies that the 
enclosed proprietary information has been handled and classified as proprietary, is customarily 
held in confidence, and has previously been withheld from public disclosure. AREVA requests 
that the enclosed proprietary information be withheld from public disclosure in accordance with 
the provisions of 10 CFR 2.390. Attachments 17, 18, 19, 20, 21, 22, 23, 24, and 25 contain the 
redacted versions of the proprietary enclosures with the proprietary material removed, which are 
suitable for public disclosure. 

EGO participated in several meetings with the NRC Staff regarding the planned transition from 
Westinghouse Optima2 fuel to the new AREVA ATRIUM 10XM fuel design at DNPS and Quad 
Cities Nuclear Power Station. During these meetings, EGO discussed our plan to submit this 
amendment request supporting the transition to AREVA ATRIUM 10XM fuel. The attached 
evaluation addresses all the issues discussed at these meetings as summarized in References 
1, 2, and 3. 

The proposed change has been reviewed by the Plant Operations Review Committee and 
approved by the Nuclear Safety Review Board for the respective facilities in accordance with the 
requirements of the EGO Quality Assurance Program. 

As described above, EGO plans to transition fuel vendors for DNPS and QCNPS beginning with 
the DNPS Unit 3 refueling outage in November 2016. ATRIUM 10XM will then be inserted in 
QCNPS Unit 1 in March 2017, DNPS Unit 2 in November 2017, and QCNPS Unit 2 in March 
2018. Therefore, EGO requests approval of the proposed changes by September 30, 2016, 
since the core operating limits using the new analytical methods added to TS Section 5.6.5.b 
will become effective upon startup following the DNPS Unit 3 refueling outage. 

The cycle specific reload analyses for the affected units may result in the need for additional IS 
changes to support the specific cycle designs, such as a change to the safety limit minimum 
critical power ratio. These changes, if any, will be submitted to the NRC in a separate license 
amendment request. 

In accordance with 10 CFR 50.91(b), EGC is notifying the State of Illinois of this application for 
changes to the TS by transmitting a copy of this letter and its attachments to the designated 
State Official. 

There are no regulatory commitments contained in this letter. Should you have any questions 
related to this letter, please contact Mr. Timothy A Byam at (630) 657-2818. 

Attachments 7 through 15 transmitted herewith contain Proprietary Information. 
When separated from attachments, this document is decontrolled. 
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I declare under penalty of perjury that the foregoing is true and correct. Executed on the 6th 
day of February 2015. 

Attachments: 
Attachment 1: 
Attachment 2: 
Attachment 3: 
Attachment 4: 

Attachment 5: 

Attachment 6: 
Attachment 7: 
Attachment 8: 
Attachment 9: 
Attachment 10: 
Attachment 11: 
Attachment 12: 
Attachment 13: 
Attachment 14: 
Attachment 15: 
Attachment 16: 
Attachment 17: 
Attachment 18: 
Attachment 19: 
Attachment 20: 
Attachment 21: 
Attachment 22: 
Attachment 23: 
Attachment 24: 
Attachment 25:  

Evaluation of Proposed Change 
Markup of Proposed Technical Specifications Pages for DNPS 
Markup of Proposed Technical Specifications Pages for QCNPS 
Markup of Proposed Technical Specifications Bases Pages for DNPS 
(For Information Only) 
Markup of Proposed Technical Specifications Bases Pages for 
QCNPS (For Information Only) 
Boiling Water Reactor Licensing Methodology Compendium 
Applicability of AREVA Methodology (Proprietary) 
Mechanical Design Report (Proprietary) 
Thermal-Hydraulic Design Report (Proprietary) 
Fuel Rod Thermal-Mechanical Design Report (Proprietary) 
Fuel Cycle Design Report (Proprietary) 
Reload Safety Analysis Report (Proprietary) 
LOCA Break Spectrum Analysis Report (Proprietary) 
LOCA-ECCS Analysis MAPLHGR Limit Report (Proprietary) 
Nuclear Fuel Design Report (Proprietary) 
AREVA Affidavits 
Applicability of AREVA Methodology (Non-Proprietary) 
Mechanical Design Report (Non-Proprietary) 
Thermal-Hydraulic Design Report (Non-Proprietary) 
Fuel Rod Thermal-Mechanical Design Report (Non-Proprietary) 
Fuel Cycle Design Report (Non-Proprietary) 
Reload Safety Analysis Report (Non-Proprietary) 
LOCA Break Spectrum Analysis Report (Non-Proprietary) 
LOCA-ECCS Analysis MAPLHGR Limit Report (Non-Proprietary) 
Nuclear Fuel Design Report (Non-Proprietary) 

cc: 	Regional Administrator- NRC Region III 
NRC Senior Resident Inspector — Dresden Nuclear Power Station 
NRC Senior Resident Inspector — Quad Cities Nuclear Power Station 
Illinois Emergency Management Agency — Division of Nuclear Safety 
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1.0 SUMMARY DESCRIPTION 
 
In accordance with 10 CFR 50.90, "Application for amendment of license or construction 
permit," Exelon Generation Company, LLC (EGC) requests an amendment to Renewed Facility 
Operating License Nos. DPR-19 and DPR-25 for Dresden Nuclear Power Station (DNPS) Units 
2 and 3, and Renewed Facility Operating License Nos. DPR-29 and DPR-30 for Quad Cities 
Nuclear Power Station (QCNPS) Units 1 and 2.  The proposed change supports the transition 
from Westinghouse SVEA-96 Optima2 (Optima2) fuel to AREVA ATRIUM 10XM fuel at DNPS 
and QCNPS.  Specifically, EGC proposes to revise DNPS and QCNPS Technical Specification 
(TS) 5.6.5, "Core Operating Limits Report (COLR)," paragraph b, to delete no longer used 
methodologies and to add the AREVA analysis methodologies to the list of approved methods 
to be used in determining the core operating limits in the COLR.  Also, in support of the planned 
transition to AREVA ATRIUM 10XM fuel, EGC proposes to revise DNPS and QCNPS TS 3.2.3, 
"Linear Heat Generation Rate (LHGR)," and TS 3.7.7, "The Main Turbine Bypass System." 
 
In addition to the proposed changes supporting the fuel transition, EGC is proposing a change 
to DNPS and QCNPS TS Surveillance Requirement (SR) 3.3.4.1.4, Allowable Value for the 
anticipated transient without scram recirculation pump trip (ATWS–RPT) on high reactor 
pressure vessel (RPV) steam dome pressure, in order to increase the margin to the maximum 
RPV pressure acceptance criteria on certain ATWS transients.  EGC proposes to modify the 
Allowable Value for ATWS-RPT on high RPV steam dome pressure to ≤ 1198 psig for DNPS 
and ≤ 1195 psig for QCNPS. 
 
 
2.0 DETAILED DESCRIPTION 
 
2.1 Proposed Fuel Transition Changes 

EGC intends to begin using the ATRIUM 10XM fuel design in DNPS Unit 3 Cycle 25 with the 
first load of ATRIUM 10XM targeted for insertion into the core in the November 2016 refueling 
outage.  ATRIUM 10XM will then be inserted in QCNPS Unit 1 in March 2017, DNPS Unit 2 in 
November 2017, and QCNPS Unit 2 in March 2018.  The ATRIUM 10XM product is a proven 
fuel design approved for use at two other Boiling Water Reactors (BWRs) in the United States.  
At this time, EGC is requesting approval for the transition to AREVA fuel at Extended Power 
Uprate (EPU) conditions.  EGC has participated in pre-application meetings with the NRC Staff 
on August 27, 2013, May 19, 2014, and August 19, 2014 as documented in References 1, 2, 
and 3, respectively.  During these pre-application meetings the plans for the EGC fuel transition 
were discussed including the methodologies to be used, the proposed TS changes, technical 
topics associated with the transition, and schedule.  This evaluation addresses all the issues 
discussed at these meetings as summarized in References 1, 2, and 3. 
 
In order to extend the use of this fuel design to DNPS Units 2 and 3 and QCNPS Units 1 and 2 
and to adopt the AREVA fuel design and safety analyses, changes to the DNPS and QCNPS 
TS are required.  The proposed change to TS 5.6.5.b will delete reference to Commonwealth 
Edison Topical Report NFSR-0091, "Benchmark of CASMO/MICROBURN BWR Nuclear 
Design Methods," as this methodology is no longer used to develop core operating limits for 
DNPS and QCNPS.  In addition, EGC proposes to insert the titles of eighteen NRC-approved 
AREVA methodologies that will be used to develop core operating limits for the DNPS and 
QCNPS cores loaded with AREVA ATRIUM 10XM fuel.  TS 5.6.5.b addresses the analytical 
methods which may be used to determine input to the COLR.  The proposed amendments will 
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add the relevant AREVA Topical Reports to the list of analytical methods specified in TS 5.6.5.b 
that have been reviewed and approved by the NRC for determining core operating limits.  The 
AREVA Topical reports to be added to DNPS and QCNPS TS 5.6.5.b include the following: 
 

 XN-NF-81-58(P)(A) Revision 2 and Supplements 1 and 2, "RODEX2 Fuel Rod Thermal-
Mechanical Response Evaluation Model," Exxon Nuclear Company, March 1984. 

 ANF-89-98(P)(A) Revision 1 and Supplement 1, "Generic Mechanical Design Criteria for 
BWR Fuel Designs," Advanced Nuclear Fuels, May 1995. 

 EMF-85-74(P) Revision 0 Supplement 1(P)(A) and Supplement 2(P)(A), "RODEX2A 
(BWR) Fuel Rod Thermal-Mechanical Evaluation Model," Siemens Power Corporation, 
February 1998. 

 BAW-10247PA Revision 0, "Realistic Thermal-Mechanical Fuel Rod Methodology for 
Boiling Water Reactors," AREVA NP, February 2008. 

 XN-NF-80-19(P)(A) Volume 1 and Supplements 1 and 2, "Exxon Nuclear Methodology 
for Boiling Water Reactors – Neutronic Methods for Design and Analysis," Exxon 
Nuclear Company, March 1983. 

 XN-NF-80-19(P)(A) Volume 4 Revision 1, "Exxon Nuclear Methodology for Boiling Water 
Reactors: Application of the ENC Methodology to BWR Reloads," Exxon Nuclear 
Company, June 1986. 

 XN-NF-80-19(P)(A) Volume 3 Revision 2, "Exxon Nuclear Methodology for Boiling Water 
Reactors, THERMEX: Thermal Limits Methodology Summary Description," Exxon 
Nuclear Company, January 1987. 

 EMF-2158(P)(A) Revision 0, "Siemens Power Corporation Methodology for Boiling 
Water Reactors: Evaluation and Validation of CASMO-4/MICROBURN-B2," Siemens 
Power Corporation, October 1999. 

 EMF-2245(P)(A) Revision 0, "Application of Siemens Power Corporation's Critical Power 
Correlations to Co-Resident Fuel," Siemens Power Corporation, August 2000. 

 EMF-2209(P)(A) Revision 3, "SPCB Critical Power Correlation," AREVA NP, September 
2009. 

 ANP-10298PA Revision 1, "ACE/ATRIUM 10XM Critical Power Correlation," AREVA, 
March 2014. 

 ANP-10307PA Revision 0, "AREVA MCPR Safety Limit Methodology for Boiling Water 
Reactors," AREVA NP, June 2011. 

 XN-NF-84-105(P)(A) Volume 1 and Volume 1 Supplements 1 and 2, "XCOBRA-T: A 
Computer Code for BWR Transient Thermal-Hydraulic Core Analysis," Exxon Nuclear 
Company, February 1987. 

 ANF-913(P)(A) Volume 1 Revision 1 and Volume 1 Supplements 2, 3 and 4, 
"COTRANSA2: A Computer Program for Boiling Water Reactor Transient Analyses," 
Advanced Nuclear Fuels Corporation, August 1990. 

 EMF-2361(P)(A) Revision 0, "EXEM BWR-2000 ECCS Evaluation Model," Framatome 
ANP, May 2001. 
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 EMF-2292(P)(A) Revision 0, "ATRIUM™-10: Appendix K Spray Heat Transfer 
Coefficients," Siemens Power Corporation, September 2000. 

 ANF-1358(P)(A) Revision 3, "The Loss of Feedwater Heating Transient in Boiling Water 
Reactors," Framatome ANP, September 2005. 

 EMF-CC-074(P)(A) Volume 4 Revision 0, "BWR Stability Analysis: Assessment of STAIF 
with Input from MICROBURN-B2," Siemens Power Corporation, August 2000. 

 
In support of the transition to AREVA ATRIUM 10XM fuel, EGC also proposes to revise the 
DNPS and QCNPS TS 3.2.3, "Linear Heat Generation Rate (LHGR)," by adding a new 
surveillance requirement.  Because the transient analyses take credit for conservatism in the 
scram speed performance, the new proposed surveillance requirement will demonstrate that the 
specific speed distribution is consistent with that used in the transient analyses.  The new DNPS 
and QCNPS surveillance requirement will read as follows. 
 

 
"SR 3.2.3.2 Determine the LHGR limits.  Once within 
        72 hours after 
        each completion 
        of SR 3.1.4.1 
 
        AND 
 
        Once within 
        72 hours after 
        each completion 
        of SR 3.1.4.2 
 
        AND 
 
        Once within 
        72 hours after 
        each completion 
        of SR 3.1.4.4" 

 
In addition, EGC also proposes a revision to the DNPS and QCNPS TS 3.7.7, "The Main 
Turbine Bypass System," Limiting Condition for Operation (LCO) in support of the transition to 
AREVA ATRIUM 10XM fuel.  Specifically, the proposed revision will add LHGR limits to the 
existing Minimum Critical Power Ratio (MCPR) limits as an alternative in the event the Main 
Turbine Bypass System is inoperable.  The revised DNPS and QCNPS LCO will read as 
follows. 
 

"LCO 3.7.7  The Main Turbine Bypass System shall be OPERABLE. 
 
   OR 
 
   The following limits are made applicable: 
 

a. LCO 3.2.2, "Minimum Critical Power Ratio (MCPR)," limits  
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for an inoperable Main Turbine Bypass System, as  
specified in the COLR, and 

 
b. LCO 3.2.3, "Linear Heat Generation Rate (LHGR)," limits  

for an inoperable Main Turbine Bypass System, as  
specified in the COLR." 

 
Mark-ups of the above proposed TS changes are provided in Attachments 2 and 3 for DNPS 
and QCNPS, respectively.  In addition, mark-ups of the associated TS Bases pages are 
provided in Attachments 4 and 5 for DNPS and QCNPS, respectively.  The Bases mark-ups are 
provided for information only, and do not require NRC approval. 
 
2.2 Proposed Change to TS 3.3.4.1, "Anticipated Transient Without Scram Recirculation 

Pump Trip (ATWS-RPT) Instrumentation"  

The proposed change would require a revision to the Allowable Value (AV) defined in the DNPS 
and QCNPS TS 3.3.4.1, "Anticipated Transient Without Scram Recirculation Pump Trip (ATWS-
RPT) Instrumentation," SR 3.3.4.1.4.b, "Reactor Vessel Steam Dome Pressure-High," channel 
calibration.  Specifically, the proposed change revises the ATWS-RPT Reactor Vessel – High 
AV to ≤ 1198 psig for DNPS and ≤ 1195 psig for QCNPS.  The reduction in the ATWS-RPT AV 
is requested to reduce the peak reactor vessel pressure following an ATWS event during the 
short term phase of the event (i.e., within the first 30 seconds).   
 
Currently the DNPS Units 2 and 3 TS AV for the ATWS-RPT on high reactor vessel steam 
dome pressure is ≤ 1241 psig.  The proposed change revises DNPS TS SR 3.3.4.1.4 to read as 
follows.  
 

"SR 3.3.4.1.4 Perform CHANNEL CALIBRATION.  The  
  Allowable Values shall be: 
 

a. Reactor Vessel Water Level-Low Low: 
≥ -54.15 inches with time delay set  
to ≥ 8.3 seconds and ≤ 9.7 seconds; 
and 
 

b. Reactor Vessel Steam Dome 
Pressure-High:  ≤ 1198 psig" 
 

Currently the QCNPS Units 1 and 2 TS AV for the ATWS-RPT on high reactor vessel steam 
dome pressure is ≤ 1219 psig.  The proposed change revises QCNPS TS SR 3.3.4.1.4 to read 
as follows.  
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"SR 3.3.4.1.4 Perform CHANNEL CALIBRATION.  The  
  Allowable Values shall be: 
 

a. Reactor Vessel Water Level-Low Low: 
≥ -56.3 inches with time delay set to 
≥ 7.2 seconds and ≤ 10.8 seconds; and 

 
b. Reactor Vessel Steam Dome 

Pressure-High:  ≤ 1195 psig" 
 

Attachments 2 and 3 provide TS marked-up pages indicating the above proposed changes for 
DNPS and QCNPS, respectively.  In addition, in support of this proposed TS change, mark-ups 
of the associated TS Bases pages are provided in Attachments 4 and 5 for DNPS and QCNPS, 
respectively.  The Bases mark-ups are provided for information only, and do not require NRC 
approval. 
 
 
3.0 TECHNICAL EVALUATION 
 
3.1 Proposed Fuel Transition Changes 
 

3.1.1 Design Description - ATRIUM 10XM Fuel 
 

The fuel design to be introduced into DNPS Units 2 and 3 and QCNPS Units 1 and 2 in 
2016 through 2018 is the AREVA ATRIUM 10XM product.  This design utilizes a 10x10 
array of fuel rods, with 79 full length fuel rods and 12 partial length fuel rods.  The partial 
length fuel rods are approximately one half the length of the full length fuel rods.  The 
use of partial length rods improves fuel utilization in the high void upper region of the 
bundle and also enhances stability, pressure drop performance, and cold shutdown 
margin.  The ATRIUM 10XM design does not utilize tie rods as the structural tie between 
the upper and lower tie plates.  Instead, the design uses a central water channel having 
a mechanical connection to the two tie plates.  The central water channel carries the 
mechanical loads during fuel handling.  It displaces a 3x3 array of fuel rods within the 
bundle and serves to improve fuel economy by improving internal neutron moderation.  
The lower ends of the fuel rods rest on top of the lower tie plate with their lower ends 
laterally restrained by a spacer grid located just above the lower tie plate.  No expansion 
springs are required on each fuel rod because a single, large reaction spring is used on 
the central water channel to hold the upper tie plate in the latched position.  The 
ATRIUM 10XM design uses fuel rod spacers to provide lateral support for the fuel rods 
and to enhance thermal-hydraulic performance.  The ATRIUM 10XM design to be 
employed utilizes a debris resistant lower tie plate to limit introduction of foreign material 
into the assembly from below. 
 
Further description of the ATRIUM 10XM design is provided in Attachment 8. 
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3.1.2 Similarity between DNPS and QCNPS 
 

The DNPS Units 2 and 3 and QCNPS Units 1 and 2 are similar in many respects.  Both 
stations are General Electric BWR/3 designs that have the same operating conditions as 
indicated below in Table 1. 

 
 

Table 1 

Comparison of DNPS and QCNPS Operating Parameters 
 

Operating Parameter DNPS QCNPS 

EPU Licensed Power 2,957 MWt 2,957 MWt 

Rated Core Flow 98.0 Mlbm/hr 98.0 Mlbm/hr 

Rated Steam Flow 11.713 Mlbm/hr 11.713 Mlbm/hr 

Normal Feedwater Temperature 355.6 ˚F 355.6 ˚F 

Nominal Dome Pressure (rated 
power) 1,015 psia 1,015 psia 

Core Size - Fuel Assemblies 724 724 

 
Because of the similarity between the two stations, the application of the AREVA 
methodology to a representative core design is sufficient to support transition to AREVA 
ATRIUM 10XM fuel at both stations.  Application of the AREVA methodology involves 
key analyses for Loss of Coolant Accident (LOCA), transient, and ATWS. 
 
LOCA Analysis 
The DNPS and QCNPS Emergency Core Cooling System (ECCS) components, 
although slightly different in performance, are similar.  The LOCA analysis break 
spectrum is dependent on system response inputs.  These inputs are measured by the 
timing of reactor trip, ECCS actuation, refilling of the lower plenum and maintaining two-
phase cooling in the hot assembly.  Furthermore, similarities between the two stations 
include near identical reactor vessel geometry and dimensions as well as recirculation 
system parameters, single failure, and ECCS availability.  Analyses for QCNPS are 
performed to demonstrate applicability of AREVA methodology.  Because of similarity 
between the two stations, this demonstration is also applicable to DNPS.  A DNPS plant 
specific LOCA break spectrum analysis will be performed in accordance with the NRC-
approved methodologies prior to fuel introduction at DNPS. 
 
Transient Analysis 
Application of the AREVA methodology for transient analysis has been demonstrated for 
a representative mixed core loading of Optima2 fuel and ATRIUM 10XM fuel at QCNPS.  
However, a cycle-specific transient analysis will be performed by AREVA to establish the 
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core thermal limits required for operating with the actual ATRIUM 10XM fuel loading at 
DNPS and QCNPS.  Analyses for QCNPS are performed to demonstrate applicability of 
AREVA methodology.  Because of similarity between the two stations, this 
demonstration is also applicable to DNPS.  Relative to parameters important to transient 
analysis, similarities between DNPS and QCNPS include nearly identical scram times 
and setpoints, nearly identical steam line valve characteristics, similar equipment out of 
service (EOOS) scenarios, and a similar sequence of events for the various transient 
events such that the same AREVA methodology will be used for both stations. 

 
ATWS Analysis 
Analyses for the MSIV closure and pressure regulator failure – open to maximum 
demand event are performed to evaluate the effect on the peak vessel pressure for a 
representative mixed core loading of Optima2 fuel and ATRIUM 10XM fuel at QCNPS.  
For this analysis, a critical parameter is initiation of the ATWS-RPT causing a 
recirculation pump trip and adding negative reactivity.  The ATWS-RPT is designed to 
lessen the effects of the event. 
 
The analysis supports a change to the TS ATWS-RPT Reactor Vessel Steam Dome 
Pressure-High allowable value from ≤ 1241 psig to ≤ 1198 psig for DNPS and from ≤ 
1219 psig to ≤ 1195 psig for QCNPS.  These new AVs are based on an associated new 
AL of 1200 psig.  Reducing the ATWS-RPT reactor vessel steam dome pressure 
allowable value will lower the peak vessel pressure during an ATWS event. 
 
The reduction in the ATWS-RPT Reactor Vessel Steam Dome Pressure-High allowable 
value is being proposed to reduce the peak vessel pressure following an ATWS event 
during the short term phase of the event (i.e., within the first 30 seconds).  For the 
existing ATWS-RPT AL, the calculated peak vessel pressure for the short term ATWS is 
often very close to the ATWS peak pressure limit of 1500 psig.  This analysis is 
performed on a cycle-specific basis for all four units of DNPS and QCNPS.  Reducing 
the allowable value as proposed would provide additional margin by reducing the ATWS 
peak vessel pressure.  Analyses for QCNPS are performed to demonstrate applicability 
of AREVA methodology.  Because of similarity between the two stations, this 
demonstration is also applicable to DNPS.  Relative to parameters important to ATWS 
analysis, similarities between the two stations include nearly identical steam line valve 
characteristics and recirculation system parameters, and identical ATWS-RPT AL. 

 
3.1.3 Justification for Proposed TS Changes 
 
TS 5.6.5, "Core Operating Limits Report (COLR)" 

The AREVA analytical methods and topical reports to be added to DNPS and QCNPS 
TS 5.6.5.b are those utilized to establish the core operating limits identified in the COLR.  
Additionally, Reference 4 is being added to the TS as the basis for acceptance of the 
ATRIUM 10XM fuel design.  Each analytical methodology being added to TS 5.6.5.b has 
been previously reviewed and approved by the NRC. 
 
In accordance with TS 5.6.5.b, the core operating limits must be determined using 
methods previously reviewed and approved by the NRC.  TS 5.6.5.b provides a listing of 
the specific NRC reviewed and approved methodologies to be used in determining the 
core operating limits.  The methodologies being added have all been submitted to the 
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NRC and have been approved.  The following table (i.e., Table 2) lists the topical reports 
being added to TS Section 5.6.5.b, along with the basis for adding it to TS 5.6.5.b.  Each 
of the listed methodologies supports one or more analyses used to establish or support 
the core operating limits defined in TS 3.2.1, "Average Planar Linear Heat Generation 
Rate (APLHGR)," TS 3.2.2, "Minimum Critical Power Ratio," TS 3.2.3, "Linear Heat 
Generation Rate," and TS 3.3.1.3, "Oscillation Power Range Monitor (OPRM) 
Instrumentation."  The applicable power distribution limit TS for each methodology is 
also identified in the following table (i.e., Table 2). 

 
 

Table 2  

BWR Approved Topical Reports for 
QCNPS and DNPS Technical Specification 

COLR References 
 

Report Applicable TS LCO COLR Justification 

XN-NF-81-58(P)(A) Revision 
2 and Supplements 1 and 2, 
"RODEX2 Fuel Rod Thermal-
Mechanical Response 
Evaluation Model," Exxon 
Nuclear Company, March 
1984. 

3.2.1 
3.2.2 

Provides an analytical 
capability to predict BWR fuel 
thermal and mechanical 
conditions to establish initial 
conditions for non-LOCA and 
LOCA analyses. 

ANF-89-98(P)(A) Revision 1 
and Supplement 1, "Generic 
Mechanical Design Criteria for 
BWR Fuel Designs," 
Advanced Nuclear Fuels 
Corporation, May 1995. 

3.2.1 
3.2.2 
3.2.3 

Establishes a set of design 
criteria which assures that 
BWR fuel will perform 
satisfactorily throughout its 
lifetime. 

EMF-85-74(P) Revision 0 
Supplement 1(P)(A) and 
Supplement 2(P)(A), 
"RODEX2A (BWR) Fuel Rod 
Thermal-Mechanical 
Evaluation Model," Siemens 
Power Corporation, February 
1998. 

3.2.1 
3.2.2 

Extends the exposure limits of 
the RODEX2A code, which is 
a version of RODEX2 that 
includes a fission gas release 
model specific to BWR fuel 
designs. 

BAW-10247PA Revision 0,  
"Realistic Thermal-Mechanical 
Fuel Rod Methodology for 
Boiling Water Reactors," 
AREVA NP, February 2008. 

3.2.3 Provides an analytical 
capability to predict fuel 
thermal and mechanical 
conditions.  It is used to 
support the acceptability of 
the fuel LHGR limits. 

XN-NF-80-19(P)(A) Volume 1 
and Supplements 1 and 2, 
"Exxon Nuclear Methodology 
for Boiling Water Reactors – 

3.2.1 
3.2.2 
3.2.3 

Development of BWR core 
analysis methodology which 
comprises codes for fuel 
neutronic parameters and 
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Report Applicable TS LCO COLR Justification 

Neutronic Methods for Design 
and Analysis," Exxon Nuclear 
Company, March 1983. 

assembly burnup calculations, 
reactor core simulation, 
diffusion theory calculations, 
and producing input for 
nuclear plant transient 
analysis.  Subsequently, 
approved codes or 
methodologies have 
superseded portions of this 
report. 

XN-NF-80-19(P)(A) Volume 4 
Revision 1, "Exxon Nuclear 
Methodology for Boiling Water 
Reactors: Application of the 
ENC Methodology to BWR 
Reloads," Exxon Nuclear 
Company, June 1986. 

3.2.1 
3.2.2 
3.2.3 

Summarizes the types of 
BWR licensing analyses 
performed, identifies the 
methodologies used. 

XN-NF-80-19(P)(A) Volume 3 
Revision 2, "Exxon Nuclear 
Methodology for Boiling Water 
Reactors, THERMEX: 
Thermal Limits Methodology 
Summary Description," Exxon 
Nuclear Company, January 
1987. 

3.2.2 Provides overall methodology 
for determining a MCPR 
operating limit. 

EMF-2158(P)(A) Revision 0, 
"Siemens Power Corporation 
Methodology for Boiling Water 
Reactors: Evaluation and 
Validation of  
CASMO-4/MICROBURN-B2," 
Siemens Power Corporation, 
October 1999. 

3.2.1 
3.2.2 
3.2.3 

Describes the reactor core 
simulator code MICROBURN-
B2 and the lattice physics 
code CASMO-4. 

EMF-2245(P)(A) Revision 0, 
"Application of Siemens 
Power Corporation's Critical 
Power Correlations to Co-
Resident Fuel," Siemens 
Power Corporation, August 
2000. 

3.2.2 Presents approaches to 
develop parameters 
necessary to model co-
resident (non-AREVA) fuel 
with an approved AREVA 
critical power correlation. 

EMF-2209(P)(A) Revision 3, 
"SPCB Critical Power 
Correlation," AREVA NP, 
September 2009. 

3.2.2 Presents the AREVA critical 
power correlation that will be 
used for the Optima2 fuel 
design. 

ANP-10298PA Revision 1, 
"ACE/ATRIUM 10XM Critical 
Power Correlation," AREVA, 

3.2.2 Presents and justifies the 
critical power correlation 
applicable for the ATRIUM 
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Report Applicable TS LCO COLR Justification 

March 2014. 10XM fuel design. 
ANP-10307PA Revision 0, 
"AREVA MCPR Safety Limit 
Methodology for Boiling Water 
Reactors," AREVA NP, June 
2011. 

3.2.2 Presents a methodology for 
determining the safety limit 
minimum critical power ratio 
(SLMCPR). 

XN-NF-84-105(P)(A) Volume 
1 and Volume 1 Supplements 
1 and 2, "XCOBRA-T: A 
Computer Code for BWR 
Transient Thermal-Hydraulic 
Core Analysis," Exxon 
Nuclear Company, February 
1987. 

3.2.2 Provides a capability to 
perform transient thermal-
hydraulic and thermal margin 
analyses. 

ANF-913(P)(A) Volume 1 
Revision 1 and Volume 1 
Supplements 2, 3 and 4, 
"COTRANSA2: A Computer 
Program for Boiling Water 
Reactor Transient Analyses," 
Advanced Nuclear Fuels 
Corporation, August 1990. 

3.2.2 Provides a computer program 
for analyzing BWR system 
transients. 

EMF-2361(P)(A) Revision 0, 
"EXEM BWR-2000 ECCS 
Evaluation Model," 
Framatome ANP, May 2001 

3.2.1 Describes an evaluation 
model for analysis of 
postulated LOCAs in jet pump 
BWRs.  The methodology 
complies with 10 CFR 50.46 
and 10 CFR 50 Appendix K 
criteria. 

EMF-2292(P)(A) Revision 0, 
"ATRIUM™-10: Appendix K 
Spray Heat Transfer 
Coefficients," Siemens Power 
Corporation, September 2000. 

3.2.1 Provides justification to use 
Appendix K spray heat 
transfer coefficients in LOCA 
analyses for 10x10 fuel 
designs. 

ANF-1358(P)(A) Revision 3, 
"The Loss of Feedwater 
Heating Transient in Boiling 
Water Reactors," Framatome 
ANP, September 2005 

3.2.2 Presents a generic 
methodology that may be 
used to evaluate the loss of 
feedwater heating event. 

EMF-CC-074(P)(A) Volume 4 
Revision 0, "BWR Stability 
Analysis: Assessment of 
STAIF with Input from 
MICROBURN-B2," Siemens 
Power Corporation, August 
2000 

3.3.1.3 Describes methodology for 
stability analysis with input 
from the MICROBURN-B2 
reactor core simulator. 
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EGC and AREVA have reviewed the associated NRC safety evaluations for these 
topical reports previously approved by the NRC.  The use of the topical reports for DNPS 
and QCNPS reload core designs will be limited to the extent specified in the topical 
reports and under the conditions and limitations delineated in the NRC safety 
evaluations.  The safety evaluation limitations/conditions and the measures taken to 
ensure compliance for each approved topical report are listed in Attachments 6 and 7.  
In addition, the applicability of the referenced AREVA methodologies to DNPS and 
QCNPS is addressed in Attachment 7.  This attachment also discusses the changes and 
modifications to the approved methodologies to address the technical issues identified 
since the methodologies were approved.  These changes were discussed in the pre-
submittal meetings held with NRC (Reference 1, 2 and 3). 
 
EGC previously benchmarked certain methodologies and performed licensing analyses 
in-house.  To support this effort, EGC (Commonwealth Edison at the time) prepared and 
submitted for NRC review Commonwealth Edison Topical Report NFSR-0091, 
"Benchmark of CASMO/MICROBURN BWR Nuclear Design Methods."  The current 
licensing analyses no longer utilize CASMO/MICROBURN.  The methodology now used 
is CASMO4/MICROBURN-B2.  Therefore, EGC proposes deleting the NFSR-0091 
report from DNPS and QCNPS TS 5.6.5.b as this methodology is no longer used to 
develop core operating limits. 
 
TS 3.2.3, "Linear Heat Generation Rate (LHGR)" 

The LHGR is a measure of the heat generation rate of a fuel rod in a fuel assembly at 
any axial location.  Limits on LHGR are specified to ensure that fuel design limits are not 
exceeded anywhere in the core during normal operation, including anticipated 
operational occurrences (AOOs).  Exceeding the LHGR limit could potentially result in 
fuel damage and subsequent release of radioactive materials.  Fuel design limits are 
specified to ensure that fuel system damage, fuel rod failure, or inability to cool the fuel 
does not occur during the normal operations and anticipated operating conditions 
identified in the DNPS and QCNPS Updated Final Safety Analysis Report (UFSAR) 
Chapters 4 and 15. 

 
The analytical methods and assumptions used in evaluating the fuel system design and 
establish LHGR limits are presented in Attachment 10.  The fuel assembly is designed to 
ensure (in conjunction with the core nuclear and thermal hydraulic design, plant 
equipment, instrumentation, and protection system) that fuel damage will not result in the 
release of radioactive materials in excess of the guidelines of 10 CFR, Parts 20 and 50.  
A mechanism that could cause fuel damage during normal operations and operational 
transients and that is considered in fuel evaluations is a rupture of the fuel rod cladding 
caused by strain from the relative expansion of the UO2 pellet. 
 
A value of 1% plastic strain of the fuel cladding has been defined as the limit below 
which fuel damage caused by overstraining of the fuel cladding is not expected to occur.  
Fuel design evaluations have been performed and demonstrate that the 1% fuel 
cladding plastic strain design limit is not exceeded during continuous operation with 
LHGRs up to the operating limit specified in the COLR.  The analysis also includes 
allowances for short term transient excursions above the operating limit while still 
remaining within the fuel design limits, plus an allowance for densification power spiking. 
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Because the transient analyses take credit for conservatism in the scram speed 
performance, it must be demonstrated that the specific scram speed distribution is 
consistent with that used in the transient analyses.  The reload safety analysis 
documented in Attachment 12 explicitly evaluates the transient and accident response of 
the mixed core.  Therefore, a new surveillance requirement has been proposed to 
determine the LHGR limits within 72 hours of determining control rod scram times, 
consistent with the requirements for the minimum critical power ratio.   
 
The AREVA reload safety analyses are performed to support three sets of scram speed 
control rod insertion times.  These scram times are based on a conservative 
interpretation of as-found scram time measurements.  In the event that plant surveillance 
data shows Nominal Scram Speed (NSS) control rod insertion times are exceeded, the 
thermal margin limits are modified to the values corresponding to the Intermediate 
Scram Speed (ISS) control rod insertion times.  The ISS times have been chosen to 
provide an intermediate value between the NSS and the Technical Specifications Scram 
Speed (TSSS) control rod insertion times.  In the event the ISS times are exceeded, the 
operational limits for the TSSS are applied.  The new surveillance will verify the correct 
LHGR limits are being applied based on the measured scram speeds. 
 
TS 3.7.7, "The Main Turbine Bypass System" 

The Main Turbine Bypass System is designed to control steam pressure when reactor 
steam generation exceeds turbine requirements during unit startup, sudden load 
reduction, and cooldown.  It allows excess steam flow from the reactor to the condenser 
without going through the turbine.  The bypass capacity of the system is 33.3% and 
33.5% of the Nuclear Steam Supply System rated steam flow at QCNPS and DNPS, 
respectively.  Sudden load reductions within the capacity of the steam bypass can be 
accommodated without reactor scram.  The Main Turbine Bypass System consists of a 
nine valve manifold connected to the main steam lines between the main steam isolation 
valves and the main turbine stop valves.  Each of the nine valves is operated by 
hydraulic cylinders.  The bypass valves are controlled by the pressure regulation 
function of the Turbine Electro–Hydraulic Control System, as discussed in the DNPS and 
QCNPS UFSAR, Section 7.7.4.  The bypass valves are normally closed, and the 
pressure regulator controls the turbine control valves that direct all steam flow to the 
turbine.  If the speed governor or the load limiter restricts steam flow to the turbine, the 
pressure regulator controls the system pressure by opening the bypass valves 
sequentially.  When the bypass valves open, the steam flows from the main steam 
equalizing header to the bypass manifold through the bypass valve, to its bypass line, 
where an orifice further reduces the steam pressure before the steam enters the 
condenser. 
 
The Main Turbine Bypass System is assumed to function during the turbine trip, turbine 
generator load rejection and feedwater controller failure transients, as described in the 
DNPS and QCNPS UFSAR Sections 15.2.3.2, 15.2.2.2 and 15.1.2.  The Main Turbine 
Bypass System is also assumed to function during other AOOs in which system 
pressurization may occur.  Opening the bypass valves during the pressurization events 
mitigates the increase in reactor vessel pressure which affects the MCPR and nodal 
power excursion during the event.  An inoperable Main Turbine Bypass System may 
result in MCPR and LHGR penalties.   
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The Main Turbine Bypass System is required to be OPERABLE to limit peak pressure in 
the main steam lines and maintain reactor pressure within acceptable limits during 
events that cause rapid pressurization, so that the Safety Limit MCPR is not exceeded.  
With the Main Turbine Bypass System inoperable (defined as two or more bypass valves 
inoperable as specified in the COLR), modifications to the MCPR limits (LCO 3.2.2, 
"Minimum Critical Power Ratio (MCPR)") and LHGR limits (LCO 3.2.3, "Linear Heat 
Generation Rate (LHGR)") may be applied to allow this LCO to be met.  The MCPR and 
LHGR limits for the inoperable Main Turbine Bypass System are specified in the COLR 
and evaluated on a cycle specific basis as documented in Attachment 12.  An 
OPERABLE Main Turbine Bypass System requires the bypass valves to open in 
response to increasing main steam line pressure.  The modification of the MCPR and 
LHGR limits in response to an inoperable Main Turbine Bypass System is within the 
assumptions of the applicable analyses. 
 
3.1.5 Fuel Design Changes 
 
The ATRIUM 10XM design was developed using the thermal-mechanical design bases 
and limits outlined in Reference 4.  Compliance with Reference 4 ensures the fuel 
design meets the fuel system damage, fuel failure, and fuel coolability criteria identified 
in NUREG-0800, "Standard Review Plan," (SRP) Section 4.2, "Fuel System Design."  
The NRC reviewed and approved in Reference 5 the use of Reference 4 for making 
changes and improvements to fuel designs; specifically stating such changes and 
improvements do not require specific NRC review and approval, provided the criteria are 
satisfied.  The ATRIUM 10XM design fully complies with the criteria of Reference 4, and 
therefore meets all of the required fuel licensing criteria in the SRP. 
 
The impact of the ATRIUM 10XM design on the DNPS and QCNPS UFSAR transient 
and accident analyses will be evaluated on a cycle-specific reload analysis basis.  
Limiting transients from UFSAR Chapter 15 categories of pressure increase events, 
vessel water temperature decrease events, control rod withdrawal error events, core 
flow increase events, and increase in vessel inventory events are evaluated each cycle.   
 
For single loop operation (SLO), the maximum achievable power state point on the 
MELLLA upper boundary is assumed to be 70.2% licensed uprated power (i.e., 2076 
MWth) at 55.1% flow (i.e., 54 Mlbm/hr) for Extended Power Uprate (References 17, 19 
and 20).  Since the SLO pump seizure ∆CPR results determined by AREVA are limiting 
for single loop operation and are used to establish the SLO MCPR operating limits, SLO 
is only supported for power levels ≤ 50% of rated and core flows ≤ 50 Mlbm/hr (i.e., 51% 
of rated).  Therefore, AREVA performs the SLO pump seizure analysis at 50% rated 
power and a core flow of 50 Mlbm/hr.  The input statepoints used by AREVA are 
controlled by DNPS and QCNPS procedures.  Limiting analysis results for a 
representative transition cycle are presented in Attachment 12, Section 5.3.10. 
 
Introduction of the ATRIUM 10XM fuel design will not adversely impact UFSAR accident 
analyses.  AREVA evaluates the control rod drop accident (DNPS and QCNPS UFSAR 
Section 15.4.10) on a cycle-specific basis.  Attachment 12 includes a cycle-specific 
evaluation of the control rod drop accident for a representative transition cycle.  The 
evaluation shows the number of rods calculated to fail in this event remains well below 
the value of 850 assumed in the UFSAR radiological evaluation of this event.  The doses 
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from the control rod drop accident remain within limits required by 10 CFR 50.67, 
"Accident Source Term," and Regulatory Guide 1.183 (Reference 6). 
 
Loss of Coolant Accident (LOCA) analyses (DNPS and QCNPS UFSAR Section 15.6.5) 
composed of a LOCA break spectrum analysis and a follow-on maximum average planar 
linear heat generation rate (MAPLHGR) analysis were performed for QCNPS at 
extended power uprated (EPU) conditions.  These analyses are presented in 
Attachments 13 and 14.  A break spectrum/ECCS single failure study, which is similar to 
the studies shown in the QCNPS and DNPS UFSAR by the other fuel suppliers, is 
performed using the AREVA LOCA Evaluation Model to determine the limiting break size 
and break location, in addition to the limiting ECCS single failure.  Consistent with the 
current licensing basis, the ECCS pump flows are used as inputs to the LOCA analysis, 
without adjustment for uncertainty.  The purpose of the break spectrum analysis is to 
determine the characteristics of the limiting break; the break that results in the highest 
cladding temperature during a postulated LOCA.  To determine the limiting conditions, 
the following LOCA parameters are considered in the break spectrum analysis:   
 

 Break location 
 Break type (double-ended guillotine or split) 
 Break size 
 Limiting ECCS single failure 
 Axial power shape (top- or mid-peaked) 

The limiting break characteristics and conditions determined in the break spectrum 
analysis are used in the follow-on analyses to establish the exposure-dependent 
MAPLHGR limits for ATRIUM 10XM.  Attachment 14 documents the results of the 
ATRIUM 10XM MAPLHGR analysis for QCNPS.  MAPLHGR limits are established for 
normal (i.e., two-loop) operation and for operation when one of the recirculation loops is 
out-of-service (i.e., single-loop) as well as other modes of operation allowed by the 
COLR.  The report also documents the licensing basis peak cladding temperature (PCT) 
and corresponding local cladding oxidation from the metal-water reaction (MWR) 
evaluation for ATRIUM 10XM fuel at QCNPS Units 1 and 2.  The analyses demonstrate 
that the MAPLHGR limits ensure that the LOCA-ECCS criteria in 10 CFR 50.46 are 
satisfied for operation at or below these limits.  
 
The break spectrum and MAPLHGR analyses documented in Attachments 13 and 14 
were performed with the LOCA Evaluation Model developed by AREVA and approved 
by the NRC.  Modifications to the approved methodology have been made to more 
accurately model advanced fuel designs and address regulatory concerns with the 
approved methodology.  The modifications are described in Attachment 7, Appendix E.  
 
The introduction of ATRIUM 10XM fuel will not challenge the PCT, cladding oxidation, or 
hydrogen generation limits specified in 10 CFR 50.46, paragraph (b).  Satisfaction of the 
remaining two 10 CFR 50.46 acceptance criteria (i.e., coolable geometry and long-term 
core cooling) is demonstrated in Attachment 13. 
 
The Fuel Handling Accident (FHA) for ATRIUM 10XM was evaluated and it was 
determined that the number of failed rods and the dose consequences of the accident 
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are bounded by the current FHA analysis design basis results (see Attachment 12, 
Section 6.3). 
 
The main steam line break accident (DNPS and QCNPS UFSAR section 15.6.4) is not 
affected by a change in fuel design.  As stated in the UFSAR, no fuel failures are 
expected to occur as a result of this accident.  The radionuclide inventory released from 
the primary coolant system is present in the coolant prior to the event.  Therefore, the 
fuel design change does not alter the consequences of a main steam line break 
accident. 
 
As noted above, the application of the AREVA methodologies to a representative 
transition core design of ATRIUM 10XM and Optima2 fuel (i.e., QCNPS Units 1 and 2) is 
sufficient to demonstrate the applicability of the methodologies for AREVA ATRIUM 
10XM fuel at both stations (i.e. DNPS and QCNPS).  The methods are applicable for a 
full core of AREVA ATRIUM 10XM fuel as well as transition cores containing AREVA 
ATRIUM 10XM fuel and co-resident legacy fuel at both stations.  A cycle specific 
analysis will be completed prior to loading ATRIUM 10XM fuel in each of the four units 
beginning with Dresden Unit 3 in the fall of 2016. 
 
3.1.6 Additional Supporting Technical Evaluations 
 
The scope of the technical analyses provided in support of the DNPS and QCNPS 
transition to ATRIUM 10XM fuel is consistent with the technical analyses provided with 
the precedent submittals (see Section 4.2 below).  The DNPS and QCNPS fuel transition 
employed the AREVA methods referenced in the proposed TS 5.6.5.b change (see 
Attachments 2 and 3) to evaluate both the ATRIUM 10XM fuel and the co-resident 
Westinghouse Optima2 fuel.  The AREVA methodologies are applied in accordance with 
NRC approval for performance of design and licensing analyses for mixed cores.   
 
Thermal-Hydraulic Analysis 

The thermal-hydraulic characteristics of the Optima2 fuel design were explicitly 
accounted for and a detailed thermal-hydraulic analysis of the mixed core was 
performed as documented in Attachment 9. 
 
For each operating cycle, an MCPR Safety Limit is established to ensure at least 99.9 
percent of the fuel rods in the reactor core avoid boiling transition during normal 
operation and AOOs.  The methodology described in Reference 18 as modified in 
accordance with the discussion presented in Attachment 7, Section 5, is applied on a 
cycle-specific basis to ensure an appropriate MCPR safety limit is used.  The derivation 
of MCPR operating limits presented in the cycle-specific COLR, using the NRC-accepted 
methods described in the topical reports specified in Technical Specification 5.6.5.b, 
ensures the MCPR Safety Limit is not violated during all modes of plant operation as 
allowed by the COLR and anticipated operational occurrences. 
 
The application of AREVA critical power correlations to co-resident fuel is governed by 
Reference 7.  All AREVA critical heat flux (CHF) and CPR correlations are approved by 
the NRC staff to be applicable over specified ranges of assembly operating conditions.  
The NRC staff also approved specific corrective actions when the computed conditions 
fall outside of the approved range to assure that conservative calculations are obtained.  



ATTACHMENT 1 
EVALUATION OF PROPOSED CHANGE 

Page 17 of 30 
 

For Dresden and Quad Cities operating conditions, some analyses can predict assembly 
conditions to be outside the approved range of specified conditions for the CHF 
correlations.  Consequently, the AREVA licensing methods are programmed to 
determine whether the computed assembly conditions fall outside of the approved range 
of applicability for the CHF correlation and impose approved corrective actions as 
appropriate to conservatively assess the critical power margin for the assembly.  The 
CPR correlation used for the ATRIUM 10XM fuel is the ACE/ATRIUM 10XM critical 
power correlation and the corrective actions for when the computed conditions fall 
outside the approved range are provided in Reference 8.  The application of the AREVA 
SPCB critical power correlation to the co-resident Optima2 fuel uses the methodology 
described in Reference 7.  Details of the application are documented in Attachment 7 
Section 4. 
 
Channel Bow and Control Blade Interference 

EGC has evaluated both the ATRIUM 10XM and legacy Westinghouse Optima2 fuel for 
impact from channel bow and deflection.  Specifically, the evaluation was intended to 
determine if channel bow accounted for the possibility that a fluence gradient could 
induce variations in the sub-channel geometry. 
 
When affected by channel bow the cross section geometry of the Westinghouse SVEA-
channel is not significantly distorted.  The net effect is a translation of the entire 
geometry in the lateral directions.  Thus, the distances between sub-bundles are not 
significantly changed.  Furthermore, since the fuel rods within each sub-bundle are held 
in place by individual sub-bundle spacers the relative distances between fuel rods in the 
same sub-bundle are not significantly impacted either.  In this respect, the behavior is 
not different to how bundles without the water-cross behave.  Since the impact of 
channel bow on relative distances between fuel rods is so small, the effect is not 
considered in the Westinghouse methodology. 
 
The safety limit MCPR (SLMCPR) is determined such that at least 99.9% of the fuel rods 
in the core are expected to avoid boiling transition during normal operation or an AOO.  
The SLMCPR for all fuel in the Quad Cities Unit 2 Cycle 24 representative core design 
was determined using the methodology described in Reference 18.  The SLMCPR 
analysis explicitly includes the effects of channel bow and assumes that no fuel channels 
are used for more than one fuel bundle lifetime. 
 
For the first cycle following the fuel transition, EGC intends to maintain the existing 
design and monitoring recommendations for Westinghouse fuel, as the first cycle 
AREVA fuel will not impact channel/control blade interference concerns.  For future 
mixed core cycles, the design and monitoring will incorporate a channel exposure based 
model for both the AREVA and Westinghouse fuel to provide rechanneling and operating 
recommendations.  The model will incorporate operating experience with AREVA and 
Westinghouse channels.   
 
Thermal Conductivity Degradation (TCD) 

Results of the AREVA fuel rod thermal-mechanical analyses are presented in 
Attachment 10 to demonstrate that the applicable design criteria are satisfied.  The 
analysis results are evaluated according to the generic fuel rod thermal and mechanical 
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design criteria contained in ANF-89-98(P)(A) Revision 1 and Supplement 1 (Reference 
4) along with design criteria provided in the RODEX4 fuel rod thermal-mechanical topical 
report (Reference 9).  As described in Attachment 7, Appendix F, RODEX4 is a best-
estimate, state-of-the-art fuel code that fully accounts for burnup degradation of fuel 
thermal conductivity.  RODEX4, therefore, can be used to quantify the impact of burnup-
dependent fuel thermal conductivity degradation and its effect on key analysis 
parameters.  Thermal-mechanical licensing safety analyses for DNPS and QCNPS are 
performed with RODEX4 and therefore explicitly account for thermal conductivity 
degradation.  The impact and treatment of fuel conductivity degradation for licensing 
safety analyses supporting operation at DNPS and QCNPS are discussed in Attachment 
7, Appendix F. 
 
With the transition to AREVA ATRIUM 10XM fuel Westinghouse will continue to hold the 
LOCA analysis of record for the Westinghouse Optima2 fuel loaded in the core with 
inputs from the steady-state fuel rod performance analyses.  Westinghouse provided a 
response to the NRC request regarding evaluation of TCD using Westinghouse methods 
in a letter dated February 17, 2012 (Reference 10).  The supporting Westinghouse 
LOCA analyses for DNPS and QCNPS use the methods as discussed in Reference 10 
and therefore, TCD has been accounted for in these analyses. 
 
Pellet-Clad Interaction 

Attachment 10, Section 3.1, describes the design of the ATRIUM 10XM fuel rod 
including the cladding design.  The results of the fuel rod design analyses, including 
pellet-clad interaction (PCI), are provided in Attachment 10, Section 3.2. 
 
EGC will be using the POWERPLEX-XD core monitoring system with the AREVA fuel 
conditioning guidance and the option to utilize XEDOR.  The AREVA methods for fuel 
conditioning were incorporated into the applicable EGC procedures following the LaSalle 
County Station transition to ATRIUM 10 fuel.  EGC will continue to apply the same PCI 
fuel conditioning guidance from Westinghouse that is in place today for the legacy 
Optima2 fuel.  POWERPLEX has the capability to provide fuel-type specific monitoring 
criteria, and EGC is currently operating with Optima2 fuel monitored by POWERPLEX at 
QCNPS.  In summary, EGC will continue to use the existing codes and Westinghouse 
criteria for Optima2 fuel and EGC will apply the AREVA criteria to AREVA fuel. 
 
Revised Dose Analysis 

EGC and AREVA have evaluated the impact of the fuel transition on the dose analyses 
of record using the approved Alternative Source Term (AST) methodology.  The 
radiological source term for ATRIUM 10XM fuel loaded into DNPS and QCNPS has 
been calculated with the use of SCALE 4.4a, SAS2H/ORIGEN-S.  It was concluded that 
the change in fuel type resulted in only slight variations in the radiological source term 
for the reactor core and a corresponding slight difference in the overall dose 
consequences compared to analysis of record.  On the basis that the accident dose as a 
result of the transition to ATRIUM 10XM is bounded by the analysis of record, the AST 
analyses will not be revised and the results will not be submitted for NRC review.  At no 
location did the calculated dose using ATRIUM 10XM fuel exceed the previously-
reported dose based on the analysis of record.  Dose consequences for the LOCA, FHA, 
and CRDA with an ATRIUM 10XM fuel source term remained well below the regulatory 
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limit of 10 CFR 50.67 and Regulatory Guide 1.183.  The Main Steam Line Break was not 
reviewed in detail because it is unaffected by the change in fuel design. 
 
Thermal-Hydraulic Stability 

The stability performance of a core is strongly dependent on the core power, core flow, 
and power distribution in the core.  Therefore, core stability is evaluated on a cycle-
specific basis and addressed in the reload licensing report.  Associated with these 
calculations is confirmation of existing power/flow range exclusion regions or redefinition 
of the regions, as necessary.  The cycle-specific stability evaluations are performed 
consistent with the BWR Owner’s Group Option III solution.  Attachment 9 discusses an 
evaluation of the relative stability performance of ATRIUM 10XM against the 
performance of a previously approved AREVA fuel design.  The evaluation concluded 
that ATRIUM 10XM has decay ratios equivalent to or better than other approved AREVA 
designs.  Attachment 12 provides a representative reload safety analysis and documents 
the results of a representative stability evaluation for a mixed core loading of Optima2 
fuel and ATRIUM 10XM fuel.  As part of this cycle specific analysis, the Backup Stability 
Protection (BSP) curves are evaluated to determine endpoints that meet decay ratio 
criteria for the BSP Base Minimal Region I (scram region) and Base Minimal Region II 
(controlled entry region).  The details of this evaluation are provided in Attachment 12, 
Section 4.3. 
 
Oxidation, Hydriding, and Crud Buildup 

As noted in Attachment 6, Section 2.2.5, the AREVA fuel design basis for cladding 
corrosion and crud buildup is to prevent 1) significant degradation of the cladding 
strength, and 2) unacceptable temperature increases.  Cladding corrosion reduces 
cladding wall thickness and results in less cladding load carrying capacity.  At normal 
light water reactor operating conditions, this mechanism is not limiting except under 
unusual conditions where high cladding temperatures greatly accelerate the corrosion 
rate.  Because of the thermal resistance of corrosion and crud layers, formation of these 
products on the cladding results in an elevation of temperature within the fuel as well as 
the cladding. 
 
Attachment 10, Section 3.2.7 provides an overview of the analysis of ATRIUM 10XM fuel 
for the potential of oxidation and hydriding at DNPS and QCNPS.  Cladding external 
oxidation is calculated using RODEX4.  The corrosion model includes an enhancement 
factor that is derived from poolside measurement data to obtain a fit of the expected 
oxide thickness.   

 
In the event abnormal crud is observed for a plant, a specific analysis is required to 
address the higher crud level.  An abnormal level of crud is defined by a formation that 
increases the calculated fuel average temperature by 25°C above the design basis 
calculation.  The corrosion model in RODEX4 also takes into consideration the effect of 
the higher thermal resistance from the crud on the corrosion rate.  A higher corrosion 
rate is therefore included as part of the abnormal crud evaluation.  A similar specific 
analysis is required if a plant experiences higher corrosion instead of crud.  The current 
measurements of crud at QCNPS Unit 2 indicate normal low crud levels.  However, in 
order to address the potential impact of changing water chemistry conditions, the input 
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parameters have been conservatively selected in order to generate corrosion in excess 
of the current operating experience at QCNPS.  Attachment 10, Table 3-2 and Table  
3-3 list the results for equilibrium and cycle-specific conditions, respectively. 
 
Compliance with Safety Evaluation Restrictions and Limitations 

Attachment 6 provides a compendium of AREVA methodologies and design criteria, 
which are described in topical reports that the NRC has found acceptable for referencing 
in boiling water reactor (BWR) licensing applications.  This compendium provides a 
concise, organized source for BWR topical reports.  It presents information about the 
application of each topical report, the associated safety evaluation report (SER) and its 
conclusions and restrictions for each topical report, the relationships among the topical 
reports, and, for certain methodologies, descriptions of their unique characteristics or 
applications.  Compliance with the SER restrictions is assured by implementing them 
within the engineering guidelines or by incorporating them into the computer codes. 
 
In addition, Attachment 7 provides reviews of the AREVA approved licensing 
methodologies to demonstrate that they are applicable to licensing and operation of the 
DNPS Units 2 and 3 and QCNPS Units 1 and 2 with the introduction of ATRIUM 10XM 
fuel. 
 

3.2 Proposed Change to TS 3.3.4.1, "Anticipated Transient Without Scram Recirculation 
Pump Trip (ATWS-RPT) Instrumentation" 

 
The ATWS-RPT System initiates an RPT, adding negative reactivity, following events in which a 
Reactor Protection System (RPS) automatic shutdown (i.e., scram) should occur, but does not.  
The ATWS-RPT is designed to lessen the effects of an ATWS event.  Tripping the recirculation 
pumps adds negative reactivity to the reactor core through an increase in steam voiding in the 
core area as core flow decreases.  When either the Reactor Vessel Water Level—Low Low or 
Reactor Vessel Steam Dome Pressure—High setpoint is reached, power is secured to the 
associated reactor recirculation pump motor. 
 
The ATWS-RPT is assumed to mitigate certain pressurization transients as specified in fuel 
cycle specific reload analysis.  The ATWS-RPT initiates an RPT to aid in preserving the integrity 
of the fuel cladding following events in which a scram does not, but should, occur. 
 
Excessively high RPV pressure could damage the reactor coolant pressure boundary (RCPB).  
An increase in the RPV pressure during reactor operation compresses the steam voids and 
results in a positive reactivity insertion.  This increases neutron flux and reactor thermal power, 
which could potentially result in fuel failure and RCPB overpressurization.  The Reactor Vessel 
Steam Dome Pressure—High function initiates an RPT for transients that result in a pressure 
increase, counteracting the pressure increase by rapidly reducing core power generation.  For 
the overpressurization event, the RPT aids in the termination of the ATWS event and, along with 
the safety valves, limits the peak RPV pressure to less than the American Society of Mechanical 
Engineers (ASME) Section III Code Service Level C limits (i.e., 1500 psig).  The Reactor Vessel 
Steam Dome Pressure—High AL is chosen to provide an adequate margin to the ASME 
Section III Code Service Level C allowable reactor coolant system (RCS) pressure. 
 
The ASME overpressurization event is analyzed to demonstrate that the peak vessel pressure 
is less than 110% of the design pressure (i.e., 1375 psig) and the peak dome pressure is less 
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than the Technical Specifications dome pressure safety limit (i.e., 1345 psig).  The trip of the 
reactor recirculation pumps has two main effects on the ASME overpressurization event.  It 
causes a reduction in core flow, which increases the core void generation, thus introducing 
negative reactivity and decreasing the reactor power.  At the same time, the increase in core 
void causes a water level swell which results in a smaller gas volume in the upper region of the 
vessel and a higher peak dome pressure.  The impact from using the proposed Reactor Vessel 
Steam Dome Pressure – High AL is evaluated. 
 
The DNPS and QCNPS ATWS-RPT Reactor Vessel Steam Dome Pressure—High setpoint 
analyses were performed according to the EGC Engineering Setpoint Methodology Standard 
NES-EIC-20.04, "Analysis of Instrument Channel Setpoint Error and Instrument Loop 
Accuracy," Revision 6.  The calculation, based on the revised AL of 1200 psig, determined the 
TS AV associated with the proposed ATWS-RPT Reactor Vessel Steam Dome Pressure—High 
function to be ≤ 1198 psig for DNPS and ≤ 1195 psig for QCNPS.  
 
Revision 6 of the EGC setpoint methodology standard is equivalent to previous revisions of the 
standard which have been reviewed by the NRC as discussed below: 
 
In a letter dated March 30, 2001 (Reference 11), the NRC issued license amendments and the 
associated Safety Evaluation (SE) for DNPS (ADAMS Accession Number ML011130121) 
implementation of Improved TSs.  This SE documents the NRC's review of Revisions 1 
(ADAMS Accession No. ML003698624) and 2 (ADAMS Accession No. ML003721342) of NES-
EIC-20.04.  In addition, as stated in the NRC's SE, EGC provided Revision 3 of NES-EIC-20.04 
to the NRC in a letter dated November 30, 2000, (ADAMS Accession No. ML003776648).  The 
March 30, 2001, NRC SE concluded that, "The staff also finds that the instrument setpoint 
methodology used by the licensee to determine the allowable values is acceptable."  The same 
reviews and acceptance of EGC Setpoint Methodology were documented for QCNPS in 
Reference 12. 
 
Subsequent to the March 30, 2001, license amendments and associated SEs, EGC issued 
Revisions 4, 5, and 6 to NES-EIC-20.04.  The scope of the change in Revision 4 was limited.  
For example, Revision 4 corrected a typographical error to a table in Appendix J, "Guideline for 
the Analysis and Use of As-Found/As-Left Data," added clarification to Appendix J Sections 
2.1.1 and 2.1.2.2, and incorporated the changing of the company name from "ComEd" to 
"Exelon."  Revision 5 captures Rosemount guidance for addressing static head effects on 
differential pressure transmitters, updates references, and corrects minor typographical errors.  
Previously, EGC calculations would reference Rosemount documents for guidance on 
addressing static head effects.  EGC provided NES-EIC-20.04, Revision 5, to the NRC as 
Enclosure 1 in a letter from J. L. Hansen, "Additional Information Supporting the Request for 
License Amendment Regarding Shutdown Cooling System Isolation Instrumentation," dated 
September 15, 2010 (ADAMS Accession No. ML102590347).  In Reference 13 the NRC 
documented its review of NES-EIC-20.04, Revision 5 as follows: "The NRC staff evaluated 
NES-EIC-20.04, Revision 5, and the calculations provided for each instrument trip channel 
using RG 1.105 and RIS 2006-17.  Based upon this evaluation, the NRC staff finds that the 
methodology, as applied to the DNPS SDC Isolation Calculated Setpoints, Expanded 
Tolerances, Setting Tolerances and AVs is acceptable for the Shutdown Cooling System 
Isolation, Reactor Vessel Pressure-High function."  Finally, EGC issued NES-EIC-20.04, 
Revision 6 to incorporate the requirements for the adoption of Technical Specifications Task 
Force (TSTF) Traveler TSTF-493, "Clarify Application of Setpoint Methodology for LSSS 
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Functions."  The methodology that was used for this proposed change to DNPS and QCNPS TS 
SR 3.3.4.1.1.b (i.e., NES-EIC-20.04 Revision 6) is the same methodology reviewed by the NRC 
in 2001 and 2010 (i.e., Revisions 3 and 5 of NES-EIC-20.04). 
 
The proposed change to TS SR 3.3.4.1.4.b follows the guidance of TSTF-493.  EGC has 
elected to use Option A when implementing TSTF-493 for DNPS Units 2 and 3 and QCNPS 
Units 1 and 2 for SR 3.3.4.1.4.b.  TSTF-493 footnotes are not required for ATWS-RPT 
Instrumentation surveillance requirements when Option A is used.  Attachment 4 provides the 
markup of the DNPS TS Bases for SR 3.3.4.1.4.b and Attachment 5 provides the markup of the 
QCNPS TS Bases for SR 3.3.4.1.4.b that implement the guidance of TSTF-493. 
 
The potentially limiting analyses for the ASME overpressurization and ATWS events were 
performed using a representative transition cycle (Attachment 12, Sections 7.1 and 7.2).  It is 
sufficient to limit the technical evaluation to these events since they are identified as potentially 
being limiting and are also the events that are reanalyzed each fuel cycle for DNPS and 
QCNPS.  The ATWS-RPT AV change will not make another event more limiting. 
 
In summary, an ATWS-RPT on the revised high reactor steam dome pressure AV (i.e., ≤ 1198 
psig for DNPS and ≤ 1195 psig for QCNPS) ensures that the peak RPV pressure during an 
ATWS transient is maintained less than 1500 psig and the peak pressure during an ASME 
overpressure transient is maintained less than applicable limits.  Additionally, operating in the 
proposed manner will not result in any adverse ancillary effects on DNPS and QCNPS AOOs, 
analyzed accidents, special events, or other operational considerations. 
 
 
4.0 REGULATORY EVALUATION 
 
4.1 Applicable Regulatory Requirements/Criteria 
 

4.1.1 Proposed Fuel Transition Changes 

The following regulatory requirements relate to fuel related design and licensing criteria 
specified in the SRP Section 4.2. 
 
The following 10 CFR 50, Appendix A, "General Design Criteria," are applicable to this 
amendment request.  While DNPS and QCNPS are not formally committed to the GDC 
due to the vintage of the stations, an evaluation was performed addressing the DNPS 
and QCNPS conformance with the GDC.  This evaluation is documented in the DNPS 
and QCNPS UFSAR Section 3.1, "Conformance with NRC General Design Criteria."  
This evaluation concluded that DNPS and QCNPS fully satisfy the intent of the (then 
draft) GDC. 
 
General Design Criterion (GDC) 10, "Reactor design," states that the reactor core and 
associated coolant, control, and protection systems shall be designed with appropriate 
margin to assure that specified acceptable fuel design limits are not exceeded during 
any condition of normal operation, including the effects of anticipated operational 
occurrences.  To ensure compliance with GDC 10, EGC performs plant-specific critical 
power limit analyses using NRC-approved methodologies.  The MCPR Safety Limit 
ensures that sufficient conservatism exists in the operating limit MCPR such that, in the 
event of an anticipated operational occurrence, there is a reasonable expectation that at 
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least 99.9 percent of the fuel rods in the core will avoid boiling transition for the power 
distribution within the core including all uncertainties.  The analysis documented above 
verifies that DNPS and QCNPS will continue to satisfy the intent of this GDC following 
the transition to ATRIUM 10XM fuel. 
 
GDC 27, "Combined reactivity control system capability," states that the reactivity control 
systems shall be designed to have a combined capability, in conjunction with poison 
addition by the emergency core cooling system, of reliably controlling reactivity changes 
to assure that under postulated accident conditions and with appropriate margin for 
stuck rods the capability to cool the core is maintained.  The plant design contains two 
independent and different principle reactivity control systems.  Control of reactivity is 
operationally provided by a combination of movable control rods, burnable neutron 
absorbers contained in the fuel, and reactor coolant recirculation system flow.  The 
reactivity control system is designed such that, under conditions of normal operation, 
sufficient reactivity compensation is always available to make the reactor adequately 
subcritical from its most reactive condition.  The analysis documented above verifies that 
DNPS and QCNPS will continue to satisfy the intent of this GDC following the transition 
to ATRIUM 10XM fuel. 
 
GDC 35, "Emergency core cooling," states that a system to provide abundant 
emergency core cooling shall be provided.  The system safety function shall be to 
transfer heat from the reactor core following any loss of reactor coolant at a rate such 
that (1) fuel and clad damage that could interfere with continued effective core cooling is 
prevented and (2) clad metal-water reaction is limited to negligible amounts.  The 
emergency core cooling systems (ECCS) are designed so that at least two different 
ECCS of different phenomena are provided to prevent clad melt over the entire spectrum 
of postulated design basis reactor primary system breaks. Such capability is available 
concurrently with the loss of all offsite ac power.  The ECCS individual systems 
themselves are designed to various levels of component redundancy such that no single 
active component failure in addition to the accident will negate the required emergency 
core cooling capability.  The analysis documented above verifies that DNPS and 
QCNPS will continue to satisfy the intent of this GDC following the transition to ATRIUM 
10XM fuel. 
 
10 CFR 50.46, "Acceptance criteria for emergency core cooling systems for light-water 
nuclear power reactors," requires that each BWR must be provided with an emergency 
core cooling system (ECCS) that is designed so that it's calculated cooling performance 
following a postulated LOCA conforms to the criteria defined in 10 CFR 50.46(b).  As 
shown by the QCNPS analysis documented above, application of the AREVA LOCA 
methodology will ensure that DNPS and QCNPS will continue to conform to the 
requirements of the specified regulations. 
 
10 CFR 50.36, "Technical specifications," provides the regulatory requirements for the 
content required in a licensee's TS.  10 CFR 50.36, paragraph (c)(5) states that TS will 
include administrative controls that address the provisions relating to organization and 
management, procedures, recordkeeping, review and audit, and reporting necessary to 
assure operation of the facility in a safe manner.  The COLR is required as part of the 
reporting requirements specified in the DNPS and QCNPS TS administrative controls.  
In addition, it is required that the analytical methods used to determine the core 
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operating limits be approved and described in the administrative controls section of the 
TS.  The proposed change ensures that these requirements are met. 

 
4.1.2 ATWS-RPT Technical Specification Change 

The ATWS-RPT is assumed to mitigate certain pressurization transients as specified in 
the cycle specific reload analysis.  The ATWS-RPT initiates an RPT to aid in preserving 
the integrity of the fuel cladding following events in which a scram does not, but should, 
occur.  Based on its contribution to the reduction of overall plant risk, however, the 
instrumentation meets Criterion 4 of 10 CFR 50.36(c)(2)(ii).  Operation in the proposed 
manner will continue to aid in preserving fuel cladding integrity; therefore, the change will 
have no impact on compliance with this requirement. 
 
The ATWS Rule, 10 CFR 50.62, "Requirements for reduction of risk from anticipated 
transients without scram (ATWS) events for light-water-cooled nuclear power plants," 
provides requirements for reduction of risk from ATWS events.  10 CFR 50.62(c)(5) 
requires that each boiling water reactor must have equipment to trip the reactor coolant 
recirculating pumps automatically under conditions indicative of an ATWS, and requires 
that this equipment be designed to perform its function in a reliable manner.  The 
protection and monitoring functions of the ATWS-RPT instrumentation have been 
designed to ensure safe operation of the reactor by lessening the effects of an ATWS 
event.  The ATWS-RPT instrumentation initiates an RPT to insert negative reactivity into 
the reactor whenever reactor water level and/or reactor vessel steam dome pressure 
exceed their specified limits.  RPT actuation aids in preserving the integrity of the fuel 
cladding following events in which a RPS scram should occur, but does not.  Operation 
in the proposed manner ensures that an RPT will occur under ATWS conditions, and 
that the requirements of 10 CFR 50.62(c)(5) are met. 
 

4.2 Precedent 
 
The NRC has previously approved the use of the AREVA methodologies in support of the 
transition to ATRIUM 10XM fuel as documented in the following approved amendments. 
 
Brunswick Steam Electric Plant, Units 1 and 2, Safety Evaluation, dated April 8, 2011 
(Reference 14).  This amendment approved the use of ACE/ATRIUM 10XM Critical Power 
Correlation, Revision 0 (March 2010) and supported the plant's transition to ATRIUM 10XM fuel 
design and associated core design methodologies.  The final Safety Evaluation for this 
amendment included a license condition to ensure the limits generated with the NRC-approved 
methods appropriately bounded the effects of the K-factor calculation.  The issues associated 
with this license condition have been resolved with the NRC review and approval of ANP-10298PA, 
"ACE/ATRIUM 10XM Critical Power Correlation," Revision 1 (Reference 8).  This precedent is 
directly applicable to this DNPS and QCNPS fuel transition LAR in that it provides precedent for 
the ATRIUM 10XM fuel design and the associated critical power correlation requested herein. 
 
Browns Ferry Nuclear Plant (BFN), Units 1, 2 and 3 Safety Evaluation, dated July 31, 2014 
(Reference 15).  This amendment approved the addition of three AREVA analysis 
methodologies to the list of approved methods to be used in determining core operating limits in 
the Core Operating Limits Report.  In addition, the amendments implement a change to the 
Safety Limit Minimum Critical Power Ratio value for BFN Unit 2.  The changes support a 
planned transition to AREVA ATRIUM 10XM (XM) fuel design.  This precedent is also directly 
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applicable to the DNPS and QCNPS fuel transition in that it provides precedent for the ATRIUM 
10XM fuel design and the associated methodologies including the critical power correlation 
included in this amendment request. 
 
A similar amendment request is currently under review by the NRC.  Northern States Power 
Company submitted an amendment request for Monticello Nuclear Generating Plant on July 15, 
2013 (Reference 16).  The proposed amendment involves a fuel transition from the Global 
Nuclear Fuels (GNF) GE14 fuel design to the ATRIUM 10XM fuel design.  Specifically, the 
amendment request proposes to revise TS 5.6.3 to add the AREVA analysis methodologies to 
the list of approved methods to be used in determining the core operating limits in the Core 
Operating Limits Report (COLR).  While the Monticello amendment request is still under review 
and has not yet been approved, EGC has used this precedence in the development of this 
DNPS and QCNPS amendment request. 
 
4.3 No Significant Hazards Consideration 
 
Exelon Generation Company, LLC (EGC) will be transitioning to AREVA ATRIUM 10XM fuel at 
Dresden Nuclear Power Station (DNPS), Units 2 and 3, and Quad Cities Nuclear Power Station 
(QCNPS), Units 1 and 2.  AREVA, in conjunction with EGC, will be designing future core 
reloads for DNPS and QCNPS beginning with DNPS Unit 3 Cycle 25, which is scheduled to 
begin in November 2016.  Technical Specifications (TS) 3.2.3, "Linear Heat Generation Rate 
(LHGR)," TS 3.7.7, "The Main Turbine Bypass System," and TS Section 5.6.5, "Core Operating 
Limits Report (COLR)," require revision to support this transition.  Specifically, the proposed 
change:  (1) to take credit for conservatism in the scram speed performance, TS Surveillance 
Requirement (SR) 3.2.3.2 will be revised to demonstrate that the specific speed distribution is 
consistent with that used in the transient analyses; (2) the proposed revision to TS 3.7.7 will add 
the LHGR limits to the Minimum Critical Power Ratio (MCPR) limits as an alternative in the 
event the Main Turbine Bypass System is inoperable; and (3) revises TS Section 5.6.5.b to 
remove no longer used methodologies and to add analytical methods that support design of 
core reloads utilizing AREVA ATRIUM 10XM fuel. 
 
In addition to the proposed changes supporting the fuel transition, EGC is proposing a change 
to DNPS and QCNPS TS SR 3.3.4.1.4, Allowable Value for the anticipated transient without 
scram recirculation pump trip (ATWS–RPT) on high reactor pressure vessel (RPV) steam dome 
pressure, in order to increase the margin to the maximum RPV pressures on certain ATWS 
transients. 
 
According to 10 CFR 50.92, "Issuance of amendment," paragraph (c), a proposed amendment 
to an operating license involves no significant hazards consideration if operation of the facility in 
accordance with the proposed amendment would not: 
 
(1) Involve a significant increase in the probability or consequences of an accident 

previously evaluated; or 
 

(2) Create the possibility of a new or different kind of accident from any accident previously 
evaluated; or 
 

(3) Involve a significant reduction in a margin of safety. 
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EGC has evaluated the proposed change to the TS for DNPS, Units 2 and 3, and QCNPS, 
Units 1 and 2, using the criteria in 10 CFR 50.92, and has determined that the proposed change 
does not involve a significant hazards consideration.  The following information is provided to 
support a finding of no significant hazards consideration. 
 
1. Does the proposed change involve a significant increase in the probability or 

consequences of an accident previously evaluated? 
 

Response:  No 
 

The proposed change has no effect on any accident initiator or precursor previously 
evaluated and does not change the manner in which the core is operated.  The type of 
fuel is not a precursor to any accident.  The new methodologies for determining core 
operating limits have been validated to ensure that the output accurately models 
predicted core behavior, and use of the methodologies will be within the ranges 
previously approved.  The new methodologies being referenced have all been submitted 
to the NRC, and have been approved.   
 
The proposed changes to the TS associated with LHGR and the Main Turbine Bypass 
System, support the new analyses performed as part of the transition to ATRIUM 10XM 
fuel.  These changes do not require modification to the plant and do not impact any 
initiators of an accident previously analyzed.  Implementation of these changes will 
ensure that the basis for the accident and transient analyses are maintained throughout 
the operating cycle. 
 
The proposed change to the ATWS-RPT high RPV steam dome pressure does not 
require modification to the facility beyond the conservative reduction of the allowable 
value (AV).  The proposed change will be implemented through revision of the 
associated surveillance test procedures, where the revised AV will replace the existing 
value. 
 
Calculation of the AV to plant-specific parameters provides additional confidence that 
protective instrumentation that passes the surveillance testing criteria will perform its 
design function without exceeding the associated limit. 

 
The revised AV for the ATWS-RPT is not considered an initiator to any previously 
analyzed accident and therefore, cannot increase the probability of any previously 
evaluated accident.  Implementation of the revised AV will ensure that the 
instrumentation will perform its required function to meet the accident analysis 
assumptions.  The proposed AV will ensure that the fuel is adequately cooled and 
overpressurization of the nuclear steam supply system is prevented following an 
accident or transient.  The proposed change does not increase the probability of any 
accident previously evaluated. 
 
There is no change in the consequences of an accident previously evaluated.  The 
proposed change in the administratively controlled analytical methods does not affect 
the ability to successfully respond to previously evaluated accidents and does not affect 
radiological assumptions used in the evaluations.  The source term from ATRIUM 10XM 
fuel will be bounded by the source term assumed in the accident analyses.  Since the 
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proposed change ensures the same level of protection as assumed in the accident 
analyses, the conclusions of the accident scenarios remain valid.  As a result, no 
changes to radiological release parameters are involved.  There is no effect on the type 
or amount of radiation released, and there is no effect on predicted offsite doses in the 
event of an accident. 

 
Therefore, the proposed change does not involve a significant increase in the probability 
or consequences of an accident previously evaluated. 

 
2. Does the proposed change create the possibility of a new or different kind of accident 

from any accident previously evaluated? 
 

Response:  No 
 

The proposed change does not affect the performance of any DNPS or QCNPS 
structure, system, or component credited with mitigating any accident previously 
evaluated.  The use of new analytical methods, which have been reviewed and 
approved by the NRC, for the design of a core reload will not affect the control 
parameters governing unit operation or the response of plant equipment to transient 
conditions.  The proposed change does not introduce any new modes of system 
operation or failure mechanisms.  The proposed TS changes ensure operation in 
compliance with the accident and transient analyses. 
 
The proposed change to the ATWS-RPT AV does not involve any physical changes to 
the ATWS-RPT system or associated components beyond the reduction in the ATWS-
RPT AV for high reactor vessel steam dome pressure, or the manner in which the 
ATWS-RPT system functions.  The proposed change will not alter the manner in which 
equipment operation is initiated nor will the functional demands on credited equipment 
be changed.  The change in methods governing normal plant operation is consistent with 
the current ATWS analysis assumptions specified in the DNPS and QCNPS Updated 
Final Safety Analysis Report (UFSAR) 
 
Therefore, the proposed change does not create the possibility of a new or different kind 
of accident from any previously evaluated. 

 
3. Does the proposed change involve a significant reduction in a margin of safety? 

 
Response:  No 

 
The proposed change to TS 3.2.3 provides assurance the operating parameters are 
consistent with the inputs to the transient analyses which take credit for conservatisms in 
scram speed performance.  The proposed change does not alter the acceptance criteria 
for control rod scram times.  The proposed revision to TS 3.7.7 allows the flexibility to 
take credit for LHGR limits defined in the COLR based on the analyses supporting the 
transition to ATRIUM 10XM fuel.  The proposed change to TS Section 5.6.5.b adds new 
analytical methods for design and analysis of core reloads to the list of methods 
currently used to determine the core operating limits.  The NRC has previously approved 
the analytical methods being added. 
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The proposed change also lowers the ATWS-RPT AV for RPT on high reactor steam 
dome pressure.  There is no decrease in the margin of safety, since the maximum 
reactor vessel pressure for a postulated ATWS event and ASME overpressure event is 
maintained below the acceptance criteria.  The proposed change will be implemented 
through revisions to the associated surveillance test procedures where the revised AV 
replaces the existing AV.  Since the availability of the ATWS-RPT system will be 
maintained and since the system design is unaffected, the proposed change ensures the 
instrumentation is capable of performing its intended function.   
 
Since the setpoint at which the ATWS-RPT is activated is not a safety limit, the proposed 
change does not modify any safety limits at which protective actions are initiated, and 
does not change the requirements governing operation or availability of safety 
equipment assumed to operate to preserve the margin of safety. 
 
Therefore, the proposed change does not involve a significant reduction in a margin of 
safety. 

 
Based upon the above, EGC concludes that the proposed amendment presents no significant 
hazards consideration under the standards set forth in 10 CFR 50.92(c), and, accordingly, a 
finding of no significant hazards consideration is justified. 
 
 
5.0 ENVIRONMENTAL CONSIDERATION 
 
EGC has determined that the proposed amendment would change a requirement with respect 
to installation or use of a facility component located within the restricted area, as defined in 
10 CFR 20, "Standards for Protection Against Radiation."  However, the proposed amendment 
does not involve:  (i) a significant hazards consideration, (ii) a significant change in the types or 
significant increase in the amounts of any effluent that may be released offsite, or (iii) a 
significant increase in individual or cumulative occupational radiation exposure.  Accordingly, 
the proposed amendment meets the eligibility criterion for categorical exclusion set forth in 
10 CFR 51.22, "Criterion for categorical exclusion; identification of licensing and regulatory 
actions eligible for categorical exclusion or otherwise not requiring environmental review," 
Paragraph (c)(9).  Therefore, pursuant to 10 CFR 51.22, Paragraph (b), no environmental 
impact statement or environmental assessment needs be prepared in connection with the 
proposed amendment. 
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BASES 

APPLICABLE 
SAFETY ANALYSES 

(continued) 

Dresden 2 and 3 

2.1.1.1 Fuel cladding Integrity 

Reactor core SLs 
B 2.1.l 

The AREVA ACE/ATRIUM lOXM correlation is valid for 
critical power calculations at pressures > 300 psia and at 
bundle mass fluxes> 0.1 x 106 lb/hr-ft2 (Reference 3). 
The AREVA SPCB correlation is valid for critical power 
calculations at pressures > 600 psia and bundle mass 
fluxes> 0.16 x 106 lb/hr-ft2 (Reference 4).The use of the 

~!~:~:ii rg:;~r c~=~~=~i~~~n~o=~;~i~~~N=a~0~s tJ~!!i ~n=or 
bundle mass fluxes > 0 .1 x 10 ~- r--1 ~ (Refs. 2 and 3). 
The use of the General Electric (GE) critical Power 
correlation (GEXL) is valid for critical flower calculations 
at f)ressures > 785 psig and core flows ) 10% (Ref. ~). The 
use of the Westinghouse (WEC) critical Power correlation 
(04.1.1) is valid for critical power calculations at 
pressures > 362 psia and bundle mass f l uxes > 0.23 x 106 

lb/hr-ft2 (Ref. 7). For operation at low pressures or low 
flows, the fuel cladding integrity SL is established by a 
limiting condition on core THERMAL POWER, with the following 
basis: 

since the pres sure drop in the bypass region is 
essentially all elevation head, the core pressure drop 
at low power and flows wi l l always be> 4.5 psi. 
Analyses show that with a bundle flow of 28 x 103 lb/hr 
(approximately a mass velocity of 
0.25 x 106 lb/hr-ft2), bundle pressure drop is nearly 
independent of bundle power and has a val ue of 
3.5 psi. Thus, the bundle flow with a 4.5 psi driving 
head will be > 28 x 103 lb/ hr. Full scale crit i cal 
power test data taken at pressures from 14.7 ps i a to 
800 psia indicate that the fuel assembly critical 
powe r at this f l ow is app roximat el y 3.35 MWt. With 
the design peaki ng factors , this corresponds to a 
THERMAL POWER > 50 % RTP. Thus, a THERMAL POWER li mi t 
of 25% RTP for reactor pressure < 785 psig is 
conservative. Althou h the ANFB correlat1on 
:i-sACE/ATRIUM lOXM an SPCB correlations are va l id at 
reactor steam dome pressu r es > 600 psia , and t he 
Westi nghouse corre l ation is vali d at reactor st eam 
dome press ures > 362 psia, appl ica t ion of the fue l 
cl addi ng integr i ty SL at r eacto r s t eam dome pressure < 
785 psig i s conservative. 

2 .1. 1. 2 MCPR 

The MCPR SL ensures suffi c i ent conservati sm i n t he operating 
MC PR 1 i mi t t hat , in t he event of an AOO from the 1 i mi ti ng 
conditi on of operat i on , at l eas t 99.9% of t he fue l rods 1n 
the core would be expect ed t o avoid boi l ing transiti on. The 

C continued) 
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REFERENCES 

Dresden 2 and 3 

1. UFSAR, Secti on 3.1.2.2.1. 

Reactor core Sls 
B 2.1.1 

2. ANF S24(P)(A) and supplements 1 and 21 Advanced 
Nuclear Fuels corporation Critical Power Hethodolo9y 
for Boilin9 Water Reactors, (as specified in Technical 
Specification S.e . S).ANP-10307PA Revision 0, "AREVA 
MCPR safety Limit Methodology for Boiling water 
Reactors," (as specified in Technical specification 
5.6.5). 

3. ANF 112S(P)(A) and supplements 1 and 2, ANFB Critical 
Power correlation, Advanced Nuclear Fuels corporation, 
(as specified in Technical specification S.e.S).ANP-
10298PA Revision 1, "ACE/ATRIUM lOXM critical Power 
correlation," (as specified in Technical 
Specification 5.6.5). 

4. NEDE 24011 P A, General Electric Standard Application 
for Reactor Fuel (GESTAR) (as specified in Technical 
specification S.e.S)EMF-2209(P)(A) Revision 3, "SPCB 
critical Power correlation," (as specified in 
Technical specification 5.6.5). 

5. ANF 112S(P)(A), Supplement 1, Appendix E, ANFB 
critical Power correlation Determination of ATRIU~ 9B 
Addi ti'w'e Constant uncertainties, Siemens Power 
Corporation, (as specified in Technica~Ea:t+Gff 
S.e.S).EMF-2245(P)(A) Revision 0, "Application of 
Siemens Power corporation's critical Power 
correlations to co-Resident Fuel," (as specified in 
Technical Specification 5.6.5). 

6 . 10 CFR 50.67. 

7. WCAP -16081- P-A, "lOxl O SVEA Fuel Critical Powe r 
Experiments and CPR correlation: SVEA-96 Optima2" 
(as speci fi ed in Technical Specifi cation 5.6 . 5) . 

8. CENPD- 300- P-A, "Reference saf ety Repo rt for Bai 1 i ng 
Water Reactor Re l oad Fuel'' (as specifi ed in Technical 
specification 5.6.5) . 
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BASES 

ACTIONS 

SURVEILLANCE 
REQUIREMENTS 

Dresden 2 and 3 

E.l. E.2 . E.3. E.4. and E.5 (continued) 

SDM 
B 3.1.l 

assure isolation capability). These administ rative controls 
consist of stationing a dedicated operator, who is in 
continuous communication with the control room, at the 
controls of the isolation device. In this way, the 
penetration can be rapidly isolated when a need for 
secondary containment isolation is indicated. This 
(ensuring components are OPERABLE) may be performed as an 
administrative check, by examining logs or other 
information, to determine if the components are out of 
service for maintenance or other reasons. It is not 
necessary to perform the surveillances as needed to 
demonstrate the OPERABILITY of the components. If, however, 
any required component is inoperable, then it must be 
restored to OPERABLE status. In this case, SRs may need to 
be performed to restore the component to OPERABLE status. 
Action must continue until all required components are 
OPERABLE. 

SR 3 .1.1.1 

Adequate SDM must be verified to ensure that the reactor can 
be made subcritical from any initial operating condition . 
This can be accomplished by a test, an evaluation, or a 
combination of the two. Adequate SDM is demonstrated by 
testing before or during the first startup after fuel 
movement, shuffling within the reactor pressure vessel, or 
control rod replacement. Control rod replacement refers to 
the decoupling and removal of a control rod from a core 
location, and subsequent replacement with a new control rod 
or a control rod from another core location. since core 
reactivity wi ll vary during the cycle as a f un ction of fuel 
depletion and poison burnup, the beginning of cycl e (BOC) 
test must also account for changes in core reactivity during 
the cycle. Therefore, to obtain the SDM, the initial 
measu red value must be increased by an adder, "R", which i s 
the difference between the calculated value of maximum core 
reactivity during the operating cycle and the calculated BOC 
core reactivity. If the value of R is negative (that is, 
BOC is the most reactive point in the cycle), no correction 
to the BOC measured value is required (Ref. 43 ). For the 
SDM 

(continued) 
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BASES 

ACTIONS 
(continued) 

Dresden 2 and 3 

c.1 and c.2 

Control Rod OPERABILITY 
B 3.1.3 

with one or more control rods inoperable for reasons other 
than being stuck in the withdrawn position, operation may 
continue, provided the control rods are fully inserted 
within 3 hours and disarmed (electrically or hydraulically) 
within 4 hours. Inserting a control rod ensures the 
shutdown and scram capabilities are not adversely affected. 
The control rod is disarmed to prevent inadvertent 
withdrawal during subsequent operations. The control rods 
can be hydraulically disarmed by closing the drive water and 
exhaust water isolation valves. The control rods can be 
electrically disarmed by disconnecting power from all four 
directional control valve solenoids. Required Action C.l is 
modified by a Note, which allows the RWM to be bypassed if 
required to allow insertion of the inoperable control rods 
and continued operation. LCO 3.3.2.1 provides additional 
requirements when the RWM is bypassed to ensure compliance 
with the CRDA analysis. 

The allowed completion Times are reasonable, considering the 
small number of allowed inoperable control rods, and provide 
time to insert and disarm the control rods in an orderly 
manner and without challenging plant systems. 

o.1 and D.2 

out of sequence control rods may increase the potential 
reactivity worth of a dropped control rod during a CRDA . At 
~ 10% RTP, the analyzed rod position sequence analysis 
(Refs. 6, 7, and 8 , and 9) requires inserted control rods 
not in compliance with the analyzed rod position sequence to 
be sepa rated by at least two OPERABLE control rods in all 
directions, including the diagonal (i.e., all other control 
rods in a five-by-five array centered on the inoperable 
control rod are OPERABLE). Therefore, if two or more 
inoperable control rods are not in compliance with the 
analyzed rod position sequence and not separated by at least 
two OPERAB LE control rods in all directions, action must be 
taken to restore compliance with the analyzed rod position 
sequence or re store the control rods to OPERABLE status. 
condition o is modified by a Note indicating that the 
condition is not applicable when > 10% RTP, since the 
analyzed rod position sequence is not required to be 

(continued) 
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REFERENCES 
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Dresden 2 and 3 

5. 

6. 

7. 

8. 

9. 

UFSAR, Section 4.6.3.4 . 2. 1 . 

Control Rod OPERABILITY 
B 3.1.3 

NED0-21231, "Banked Position withdrawal sequence," 
sect i on 7.2, January 1977. 

NFSR 0091, commoAwealth EdisoA Topical Report, 
Benchmark of CAS-40/~HCROBURN BWR Nuclear Design 
Methods, (as specified in Technical specification 
S.G.S) .Not used 

CENPD-284-P-A, "control Rod Drop Accident Analysis 
Methodology for Boiling water Reactors: summary and 
Qualification." 

XN-NF-80-19(P)(A) volume 1 and supplements 1 and 2, 
"Exxon Nuclear Methodology for Boiling water Reactors 
- Neutronic Methods for Design and Analysis," (as 
specified in Technical specification 5.6.5). 
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Rod Pattern control 
B 3.1.6 

B 3.1 REACTIVITY CONTROL SYSTEMS 

B 3.1.6 Rod Pattern control 

BASES 

BACKGROUND 

APPLICABLE 
SAFETY ANALYSES 

Dresden 2 and 3 

control rod patterns during startup conditions are 
controlled by the operator and the rod worth minimizer (RWM) 
(LCO 3.3.2.1, "control Rod Block Instrumentation"), so that 
only specified control rod sequences and relative positions 
are allowed over the operating range of all control rods 
inserted to 10% RTP. The sequences limit the potential 
amount of reactivity addition that could occur in the event 
of a control Rod Drop Accident (CRDA). 

This Specification assures that the control rod patterns are 
consistent with the assumptions of the CRDA analyses of 
References l, 2, and 3. 

The analytical methods and assumptions used in evaluating 
the CRDA are summarized in References 1, 2, 3, 4, -5,----and 14. 
CRDA analyses assume that the reactor operator follows 
prescribed withdrawal sequences. These sequences define the 
potential initial conditions for the CRDA analysis. The RWM 
(LCO 3.3.2.1) provides backup to operator control of the 
withdrawal sequences to ensure that the initial conditions 
of the CRDA analysis are not violated. 

Prevention or mitigation of positive reactivity insertion 
events is necessary to limit the energy deposition in the 
fuel, thereby preventing significant fuel damage which could 
result in the undue release of radioactivity. since the 
failure consequences for U02 have been shown to be 
insignificant below fuel energy depositions of 300 cal/gm 
(Ref. 6), the fuel desi9n limit of 280 cal/gm provides a 
margin of safety from s19nificant core damage which would 
result in release of radioactivity (Ref . 7). Generic 
evaluations (Refs. 8 and 9) of a design basis CRDA (i . e ., a 
CRDA resulting in a peak fuel energy deposition of 
280 cal/gm) have shown that if the peak fuel enthalpy 
remains below 280 cal/gm, then the maximum reactor pressure 
will be less than the required ASME code limits (Ref. 10) 

(continued) 
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BASES 

APPLICABLE 
SAFETY ANALYSES 

(continued) 

Dresden 2 and 3 

Rod Pattern control 
B 3.1.6 

and the calculated offsite doses will be well within the 
requi red limits (Ref. 11). cycle specific CRDA analyses are 
performed that assume eight inoperable cont rol rods with at 
least two cell sepa ration and confirm fuel energy deposition 
is less than 280 cal/gm. 

Control rod patterns analyzed in the cycle specific analyses 
follow predetermined sequencing rules (analyzed rod position 
sequence). The analyzed rod position sequence is applicable 
from the condition of all control rods fully inserted to 
10% RTP (Ref5 . 5 and 14). The control rods are required to 
be moved in groups, with all control rods assigned to a 
specific group required to be within specified banked 
positions (e .g., between notches 08 and 12). The banked 
positions are established to minimize the maximum 
incremental control rod worth without being overl y 
restrictive during normal plant operation. cycle specific 
analyses ensure that the 280 cal/gm fuel design limit will 
not be violated during a CRDA under worst case scenarios . 
The cycle specific analyses (Refs. l, 2, 3, 4, .§-,-and 14) 
also evaluate the effect of fully inserted, inoperable 
control rods not in compliance with the sequence , to allow a 
limited number Ci .e., eight) and distribution of fully 
inserted, inoperable control rods. specific analysis may 
also be performed for atypical operating condi tions (e.g., 
fuel leaker supp res s i on). 

when performing a shutdown of the plant, an optional rod 
position sequence (Ref. 13) may be used provided that all 
withdrawn control rods have been confirmed to be coupled. 
The rods may be inserted without the need to stop at 
intermediate positions since the possibility of a CRDA is 
eliminated by the confirmation that withdrawn control rods 
are coupled. When using the optional (Ref. 13) control rod 
sequence for shutdown, the rod worth minimizer may be 
reprogrammed to enforce the requirements of the improved 
control rod insertion process. 

In order to use the Reference 13 shutdown process, an extra 
check is required in order to consider a control rod to be 
"confirmed" to be coupled. Thi s ext ra check ensures that no 
single operator error can result in an incorrect coupling 
check . For purposes of this shutdown process, the method 
for confirming that control rods are coupled varies 
depending on the position of the control rod in the core. 

(continued) 
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(continued) 

LCO 

APPLICABILITY 

ACTIONS 

Dresden 2 and 3 

Rod Pattern control 
B 3.1.6 

Details on this coupling confirmation requirement are 
provided in Reference 13. If the requirements for use of 
the control rod insertion process contained in Reference 13 
are followed, the plant is considered in compliance with the 
rod position sequence as required by LCO 3.1.6. 

Rod pattern control satisfies criterion 3 of 
10 CFR 50.36(c)(2)(ii). 

compliance with the prescribed control rod sequences 
minimizes the potential consequences of a CRDA by limiting 
the initial conditions to those consistent with the analyzed 
rod position sequence. This LCO only applies to OPERABLE 
control rods. For inoperable control rods required to be 
inserted, separate requirements are specified in LCO 3.1.3, 
"control Rod OPERABILITY," consistent with the a 11 owances 
for inoperable control rods in the analyzed rod position 
sequence. 

In MODES 1 and 2, when THERMAL POWER is~ 10% RTP, the CRDA 
is a Design Basis Accident and, therefore, compliance with 
the assumptions of the safety analysis is required. when 
THERMAL POWER is > 10% RTP, there is no credible control rod 
configuration that results in a control rod worth that could 
exceed the 280 cal/gm fuel design limit during a CRDA 
(Refs. 4T ~and 14). In MODES 3 and 4, the reactor is 
shutdown and the control rods are not able to be withdrawn 
since the reactor mode switch is in shutdown and a control 
rod block is applied, therefore, a CRDA is not postulated to 
occur. In MODE 5, since the reactor is shut down and only 
a single control rod can be withdrawn from a core cell 
containing fuel assemblies, adequate SDM ensures that the 
consequences of a CRDA are acceptable, since the reactor 
will remain subcritical with a single control rod withdrawn. 

A.land A.2 

With one or more OPERABLE control rods not in compliance 
with the prescribed control rod sequence, actions may be 
taken to either correct the control rod pattern or declare 
the associated control rods inoperable within 8 hours . 

(continued) 

B 3.1.6- 3 Revision ~ I 



BASES 

REFERENCES 
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Dres den 2 and 3 

5. 

Rod Pattern control 
B 3.1.6 

NFSR 0091, BeACRmarl< of CA5'40/mCROBURN BWR Nuclear 

~i~i~;e~n~:~s i R c~::~:4·~:]t~P~=~ $~~a!~::c~~ 6 ~~~~~~t used. 
6. NUREG-0979, sec ti on 4. 2 .1. 3. 2, April 1983. 

7. NUREG-0800, section 15.4.9, Revision 2, July 1981. 

8. NED0- 21778-A, "Transient Pressure Rises Affected 
Fracture Toughness Requirements for Boiling water 
Reactors," December 1978. 

9. NED0-10527, "Rod Drop Accident Analysis for Large 
BWRs," (including supplements 1 and 2), March 1972. 

10. ASME, Boil er and Pressure vessel code. 

11. 10 CFR 50. 67. 

12 . NED0-212 31, "Banked Position wi thd rawa l sequence," 
January 1977. 

13 . NED0- 33091-A, Revision 2, "Improved BPWS control Rod 
Insertion Process," July 2004. 

14 . CENPD-284-P-A, "control Rod Drop Accident Analysis 
Methodology for Boiling water Reactors: summary and 
Qualification." 
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ACTIONS 

SURVEILLANCE 
REQUIREMENTS 

REFERENCES 

Dresden 2 and 3 

B.l (continued) 

APLHGR 
B 3.2.1 

the LCO does not apply . To achieve this status, THERMAL 
POWER must be reduced to < 25% RTP within 4 hours. The 
allowed completion Time is reasonable, based on operati ng 
experience, to reduce THERMAL POWER to < 25% RTP in an 
orderly manner and wi t hout challenging plant systems. 

SR 3. 2 .1.1 

APLHGRs are required to be initially calculated within 
12 hours after THERMAL POWER is ~ 25% RTP and periodically 
thereafter. They are compared to the specified limits in 
the COLR to ensure that the reactor is operating within the 
assumptions of the safety analysis. The 12 hour allowance 
after THERMAL POWER ~ 25% RTP is achieved is acceptable 
given the large inherent margin t o operating limits at low 
power levels. The Survei l lance Frequency is controlled 
under the surveillance Frequency cont rol Program. 

1. 

2. UFSAR' Chapter 4. 

3. UFSAR' chapter 6. 

4. UFSAR' chapter 15. 

5. CENPD-300-P-A, "Reference safe t y Report for Boiling 
wat er Reactor Reload Fuel" (as s peci fied i n Technical 
specificati on 5.6 . 5) . 
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MCPR 
B 3.2.2 

B 3.2 POWER DISTRIBUTION LIMITS 

B 3.2.2 MINIMUM CRITICAL POWER RATIO (MCPR) 

BASES 

BACKGROUND MCPR is a ratio of the fuel assembly power that would resu l t 
in the onset of boiling transition to the actual fuel 
assembly power. The MCPR safety Limit (SL) is set such that 
99.9% of the fuel rods are expected to avoid boiling 
transition if the limit is not violated (refer to the Bases 
for SL 2.1.1.2). The operating limit MCPR is established to 
ensure that no fuel damage results during anticipated 
operational occurrences (AOOs). Although fuel damage does 
not necessarily occur if a fuel rod actually experienced 
boiling transition (Ref. 1), the critical power at which 
boiling transition is calcul ated to occur has been adopted 
as a fuel design criterion . 

The onset of transition boiling is a phenomenon that is 
readily detected during the testing of various fuel bundle 
designs. Based on these experimental data, correlations 
have been developed to predict critical bundle power (i . e., 
the bundle power level at the onset of t ransition boi l ing) 
for a given set of plant parameters (e .g., reactor vessel 
pressure, flow, and subcooling). Because plant operating 
conditions and bundle power levels are monitored and 
determined relatively easily, monitoring the MCPR is a 
convenient way of ensuring that fue l failures due to 
inadequate cooling do not occur. 

APPLI CABLE The analytical met hods and assumptions used in eval uat i ng 
SAFETY ANALYSES the AOOs to es t abl i sh the operating limi t MCPR are presented 

i n References 2, 3, 4, ~. ~..-a-A4 7, and 8 . To ensure t hat 
t he MCPR SL i s not exceeded during any t ransient event that 
occurs wi th moderate f requency, l i miting transients have 
been analyzed to det ermine t he l argest reduction i n critical 
power rati o (CPR). The t ypes of trans i ents evaluat ed are 
loss of f l ow, inc rease i n pressure and power, positive 
reactivity i nsert ion , and coolant tempe rature decrease . The 
limi t i ng transi ent yie l ds the largest change in CPR (~CPR). 
when the largest ACPR i s added t o t he MCPR SL, t he required 
ope rating li mit MCPR i s obtai ned . 

(continued) 
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MCPR 
B 3.2.2 

The MCPR operating limits derived from the transient 
analysis are dependent on the operating core flow state 
(MCPRf) to ensure adherence to fuel design limits during the 
worst transient that occurs with moderate fr equency as 
identified in UFSAR, chapter 15 (Ref. 4). 

Flow-dependent MPCR limits, MCPR(F), ensure that the Safety 
Limit MCPR (SLMCPR) is not violated during recirculation 
flow events . The design basis flow increase event is a 
slow- flow power increase event which is not terminated by 
scram, but which stabilizes at a new core power 
corresponding to the maximum possible core flow. Flow 
runout events are simulated along a constant xenon flow 
control line assuming a quasi stead-state plant heat 
balance. The MCPR(F) limit is specified as an absolute 
value and is based on the MCPR safety limit. The operating 
limit is dependent on the maximum co re flow limiter setting 
in the Recirculation Flow cont rol system . 

For GE 1Aethodology, above the pmter at which the scram is 
bypassed, bouRdiRg power depeRdeRt treRd fuRctioRs have beeR 

~~::rs !:e~~et:::~df~~g~i=~~~a~i:~·1t:it~si: :~taiR the 
power depeRdeRt MCPR limits, MCPR(P). Below the power at 
which the scram is automati cal 1 y 13ypassed, the ~1CPR(P) 
limits are actual absolute operatiRg Limit MCPR (OLMCPR) 
values. The power depeRdeRt limits are established to 
protect the core from plaRt traRsieRts other thaR core flow 
iRcreases, iRcludiRg pressurizatioR aRd local coRtrol rod 
withdrawal eveRts. 

(continued) 
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MCPR 
B 3.2.2 

For Westinghouse methodology, the MCPR(P) limits are actual 
absolute OLMCPR values. The flow dependent limits are 
established to protect the safety limit. Although MCPR(P) 
limits are calculated, multipliers derived from these limits 
can be provided to support the COLR. 

For AREVA methodology, the MCPR(P) limits are actual 
absolute OLMCPR values. The flow dependent limits are 
established to protect the safety limit. 

The MCPR satisfies criterion 2 of 10 CFR 50.36(c)(2)(ii). 

The MCPR operatin9 limits specified in the COLR are the 
result of the Design Basis Accident (OBA) and transient 
analysis. The operating limit MCPR is determined by the 
lar9er of the appropriate MCPRf or the rated condition MCPR 
limit. 

The MCPR operating limits are primarily derived from 
transient analyses that are assumed to occur at high power 
levels. Below 25% RTP, the reactor is operating at a low 
recirculation pump speed and the moderator void ratio is 
small. surveillance of thermal limits below 25% RTP is 
unnecessary due to the large inherent margin that ensures 
that the MCPR SL is not exceeded even if a limiting 
transient occurs. Stati stical analyses indicate that the 
nominal value of the initial MCPR expected at 25% RTP is 
> 3.5. studies of the variation of limiting transient 
behavior have been performed over the range of power and 
flow conditions. These studies encompass the range of key 
actual plant parameter values important to typically 
limiting transients. The results of these studies 
demonst rate that a margin is expected between performance 
and the MCPR requirements, and that margins increase as 
power is reduced to 25% RTP. This trend is expected to 
continue to the 5% to 15% power range when entry into MODE 2 
occurs . When in MODE 2, the intermediate range monitor 
provides rapid scram initiation for any si9nificant powe r 
increase transient, which effectively elimi nates any MCPR 
compliance concern. Therefore, at THERMAL POWER l evels 
< 25% RTP, the reactor is operating with substan t ial margin 
to the MCPR limits and this LCO is not required. 

(continued) 
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SR 3.2 .2.2 

MCPR 
B 3.2.2 

the specific scram speed distribution is consistent with 
that used in the transient analyses. 

For GE methodology, SR 3.2.2.2 determines the value of T, 
which is a measure of the actual scram speed distribution 

~~=~:r~~ :~:~ a=~e;;~==~db~~~ar:~u!!0i~te!~:1~~~:n°~::::!:g 
j~i.:~P!!~ag~~;!!m~t{r!:li~~!!0~c~a~s~i::s5i:~~1~!e~~o This 
determination of the parameter T for GE methodology must be 
performed once within 72 hours after each set of scram time 
tests required by SR 3.1.4.1, SR 3.1.4.2, and SR 3.1.4.4 
because the effective scram speed distribution may change 
during the cycle or after maintenance that could affect 
scram times. The 72 hour completion Time is acceptable due 
to the rel ati vel y-mi-nor changes in the act1:1al scram speed 
distrib1:1tion e*pected d1:1ring the fuel cycle. 

The Westinghouse and AREVA reload safety analyses are 
performed to support three sets of scram speed control rod 
insertion times. These scram times are based on a 
conservative interpretation of as-found scram time 
measurements. In the event that plant surveillance data 
shows Nominal scram Speed (NSS) control rod insertion 
times are exceeded, the thermal margin limits are modified 
to the values corresponding to the Intermediate scram 
speed (ISS) control rod insertion times. The ISS times 
have been chosen to provide an intermediate value between 
the NSS and the Technical specifications scram Speed 
(TSSS) control rod insertion times. In the event the rss 
times are exceeded, the operational limits for the TSSS 
are applied. Note that the Westinghouse and AREVA 
methodologies do not support interpolation of the 
operational limits between scram speeds.The westingho1:1se 

~:!::ds~:!~ttN~~}1 k!!~r:is~!asi=~~r~~:!0:i:=s~si;~e~:m!::!~ 
times are based on a conservative interpretation of as found 
scram time measurements. In the event that plant 
s1:1rveillance data shows these scram insertion times are 

~=~~:~e~or!=~P!~~i::1 t:a;~!n1!!:!!~d~=~em~~!!!e~P!:dt~~ss) 
control rod insertion times. The ISS times have been chosen 

i:c~=~~!~es~~c~fl:::2:!a~~r~:1 ~:e~~t(i~~s5h:o~~~orn:oahe 
1nsertion times. In the event ISS times are e*ceeded, the 
operational limits for the TSSS are applied. ~ate that the 
westinghou~e meth9d9logb ~::~ ~et s1:1pport interpolation of 
the operat~ flH-ot..s--e----n --5€-f'am speeds. 

1. NUREG-0562 , June 1979 . 

2. UFSAR, chapt e r 4 . 

3. UFSAR, chapt er 6 . 

4 . UFSAR, chapt er 15. 
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5. 
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B 3.2.2 

NFSR 0091, Benchmark of CASt10/mCROBUR~l B~\IR N1:1cl ear 
Design ~ethods, commonwealth Edison Topical Report, 
(as specified in Technical specification S.e.S). ot 
used. 

6. NEDE 24011 P A, General Electric standard Application 
for Reactor F1:1el (GESTAR) (as specified in Technical 
specification S.e.S) Not used. 

7. CENPD-300-P-A, "Reference safety Report for Boiling 
water Reactor Reload Fuel" (as specified in Technical 
specification 5.6.5). 

8. XN-NF-80-19(P)(A) volume 3 Revision 2, "Exxon Nuclear 
Methodolo~y for Boiling Water Reactors, THERMEX: 
Thermal Limits Methodology summary Description," (as 
specified in Technical specification 5.6.5). 
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B 3.2 POWER DISTRIBUTION LIMITS 

B 3.2.3 LINEAR HEAT GENERATION RATE (LHGR) 

BASES 

BACKGROUND 

APPLICABLE 
SAFETY ANALYSES 

Dresden 2 and 3 

The LHGR is a measure of the heat generation rate of a fuel 
rod in a fuel assembly at any axial location. Limits on 
LHGR are specified to ensure that fuel design limits are not 
exceeded anywhere in the core during normal operation, 
(i.e., steady state), anticipated operational occurrences 
~AOOs), and to ensure that the peak cladding te~perature 

uring the postulated design basis loss of coolant accident 
does not eMceed the li~its s ~ecified in 10 CFR S0.46 . 
Exceeding the LHGR limit cou d potentially result in fuel 
damage and subsequent release of radioactive materials. 
Fuel design limits are specified to ensure that fuel system 
damage, fuel rod failure, or inability to cool the fuel does 
not occur during the normal operations and anticipated 
operating conditions identified in References 1 and 2. 

The analytical methods and assumptions used in evaluating 
the fuel system design and establish LHGR limits are 
presented in References 1, 2, and 3, 4 S and 6. The fuel 
assembly is designed to ensure (in conjunction with the core 
nuclear and thermal hydraulic design, plant equipment, 
instrumentation, and protection system) that fuel damage 
will not result in the release of radioactive materials in 
excess of the guidelines of 10 CFR, Parts 20 and 50. A 
mechanism that could cause fuel damage during normal 
operations and operational transients and that is considered 
in fuel evaluations is a rupture of the fuel rod cl adding 
caused by strain from the rel ative expansion of the 
U02 pellet. · 

A value of 1% plastic st rain of the fuel cladding has been 
defined as the limit below which fuel damage caused by 
overstraining of the fuel cladding i s not expect ed t o occur 
(Ref . 74). 

Fuel design evaluati ons have been performed and demonstrate 
that the 1% fuel cl adding plastic strain design limit is not 
exceeded during continuous operation with LHGRs up to the 
operat ing limit specified i n the COLR. The analysis also 

(continued) 
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LHGR 
B 3.2.3 

includes allowances for short term transient excursions 
above the operating limit while still remaining within the 
ABG-fuel design limits, plus an al lowance for densification 
power spiking. 

Flow-dependent LHGR limits were designed to assure adherence 
to all fuel thermal-mechanical design bases in the case of a 
slow recirculation flow runout event. From the bounding 
overpowers, the limits were derived such that during these 
events, the peak transient LHGR would not exceed the fuel 
mechanical limits. 

Power-dependent LHGR limits are used to assure adherence to 
the fuel thermal-mechanical design bases at reduced power 
conditions. Incipient centerline melting of the fuel and 
plastic strain of the cladding are considered. Appropriate 
limits are selected based on the plant-specific transient 
analysis. These limits are derived to assure that peak 
transient LHGR for any transient is not increased above the 
fuel design bases. 

The LHGR satis fi es criterion 2 of 10 CFR 50.36(c)(2)(ii). 

The LHGR is a basic assumption in the fuel design analysis. 
The fuel has been designed to operat e at rated core power 
with sufficient design margin to the LHGR calculated to 
cause a 1% fuel claddin~ plastic st rain. The LHGR (steady 
state) limit to accomplish this objective is specified in 
the COLR. 

The LHGR limit s are derived from fuel design analysis that 
is limiting at high power l evel condit i ons. At core thermal 
power l eve ls < 25% RTP, the reactor i s operating with a 
substanti al margin to the LHGR limits and, therefore, the 
specification i s only required when the reactor is operating 
at ~ 25% RTP . 

(continued) 
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ACTIONS A.1 

SURVEILLANCE 
REQUIREMENTS 

Dresden 2 and 3 

If any LHGR exceeds its required limit, an assumption 
regarding an initial condition of the fuel design analysis 
is not met. Therefore, prompt action should be taken to 
restore the LHGR(s) to within its required limits such that 
the plant is operating within analyzed conditions. The 
2 hour completion Time is normally sufficient to restore the 
LHGR(s) to within its limits and is acceptable based on the 
l ow probability of a transient or Design Basis Accident 
occurring simultaneously with the LHGR out of specification. 

B.l 

If the LHGR cannot be restored to within its required limits 
wi t hin the associated completion Ti me, the plant must be 
brought to a MODE or other specified condition in which the 
LCO does not apply. To achieve this status, THERMAL POWER 
is reduced to < 25% RTP within 4 hours. The allowed 
completion Time is reasonable, based on operating 
experience, to reduce THERMAL POWER TO < 25% RTP in an 
orderly manner and without chal lenging plant systems . 

SR 3.2.3. 1 

The LHGRs are required to be initially calculated within 
12 hours after THERMAL POWER is ~ 25% RTP and periodical l y 
thereafter. They are compared to the LHGR l i mits (steady 
state) in the COLR to ensure that the reactor is operating 
within the assumptions of the safety analysis. The 12 hour 
allowance after THERMAL POWER ~ 25% RTP is achieved is 
acceptable given the large inherent margin to operating 
l imits at lower power levels . The Survei ll ance Frequency is 
controll ed under t he surveil l ance Frequency control Program . 

SR 3.2.3.2 

Westinghouse reload analyses do not provide scram 
dependent LHGR limits. However~ for AREVA, because the 
transient analyses take credit Tor conservatism in the 
scram speed perfor ance, it must be de onstrated that the 
specific scram speed distribution is consistent with that 
used in the transient analyses. 

The AREVA reload safety analyses are perfor ed to support 
three sets of scram speed control rod insertion times. 
These scram times are based on a conservative 
interpretation of as-found scram time measurements. In 
the event that plant surveillance data shows Nominal Sera~ 
speed (NSS) control rod insertion times are exceeded, the 
thermal margin limits are modified to the values 
correspondin9 to the Intermediate scram speed (ISS) 
control rod insertion times. The ISS times have been 
chosen to provide an intermediate value between the NSS 
and the Technical Specifications scram speed (TSSS) 
control rod insertion times. In the event the ISS times 
are exceeded, the operational limits for the TSSS are 
applied. Note that the AREVA methodologies do not support 
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LHGR 
B 3.2.3 

interpolation of the operational limits between scram 
speeds. 

(continued) 
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1. UFSAR, chapter 4. 

2. UFSAR, chapter 15. 

LHGR 
B 3.2.3 

3. XN NF 80 19(P)(A), Ad•1anced Nuclear Fuel ~4ethodology 
for Boiling water Reactors.BAW-10247PA Revision 0, 
"Realistic Thermal-Mechanical Fuel Rod Methodology 
for Boiling water Reactors" (as specified in 
Technical specification 5.6.5). 

4. XN NF 81 S8(P) (A) I ROOEX2 Fuel Rod Thermal ~4echani cal 
Response Evaluation Model. 

S. NEDE 2 4011 P A, "General Elect r1 c standard Application 
for Reactor Fuel" (as specified in Technical 
Specification 5.6.S). 

6. Et4F 85 74(P)(A), RODEX2A (BWR) Fuel Rod Thermal 
~4echan i cal E·1al uat ion Model . 

+4 . NUREG-0800, Section 4.2.II.A.2(g), Revision 2, 
July 1981. 
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control Rod Block Instrumentation 
B 3.3.2.l 

1. Rod Block Monitor (continued) 

from the safety analysis. The Allowable values are derived 
from the analytic limits, corrected for calibration, 
process, and some of the instrument errors. The trip 
setpoints are then determined accounting for the remaining 
instrument errors (e.g., drift). The trip setpoints and 
allowable values derived in this manner provide adequate 
protection because instrumentation uncertainties, process 
effects, calibration tolerances, instrument drift, and 
severe environment errors (for channels that must function 
in harsh environments as defined by 10 CFR 50 . 49) are 
accounted for and appropriately applied for the 
instrumentation. 

The RBM is assumed to mitigate the consequences of an RWE 
event when operating ~ 30% RTP and a non-peripheral control 
rod is selected. Below this power level, or if a peripheral 
control rod is selected, the consequences of an RWE event 
will not exceed the MCPR SL and, therefore, the RBM is not 
required to be OPERABLE (Ref . 3). 

2. Rod worth Minimizer 

The RWM enforces the analyzed rod pos1t1on sequence to 
ensure that the initial conditions of the CRDA analysis are 
not violated. The analytical methods and assumptions used 
in evaluating the CRDA are summarized in References 4, 5, 6, 
7, &,-and 14. The analyzed rod position sequence requires 
that control rods be moved in groups, with all control rods 
assigned to a specific ~roup required to be within specified 
banked positions. Requirements that the control rod 
sequence is in compl i ance with the analyzed rod position 
sequence are specified in LCO 3.1. 6, "Rod Pattern control." 

when performing a shutdown of the plant, an opt i onal control 
rod sequence (Ref . 13) may be used if the coupling of each 
withdrawn contro l rod has been confirmed. The rods may be 
inse rted without the need to stop at inte rmediate positions. 
when using the Refe rence 13 control rod insertion sequence 
for shutdown, the rod worth minimizer may be reprogrammed to 
enforce the requirements of the improved control rod 
insertion process. 

(continued) 

B 3.3.2 .1- 4 Revision ~ I 



BASES 

SURVEILLANCE 
REQUIREMENTS 

(continued) 

REFERENCES 

Dresden 2 and 3 

control Rod Block Instrumentation 
B 3.3 . 2.1 

SR 3. 3. 2 . 1. 9 

LCO 3.1.3 and LCO 3.1.6 may require individual control rods 
to be bypassed (taken out of service) in the RWM to allow 
insertion of an inoperable control rod or correction of a 
control rod pattern not in compliance with the analyzed rod 
position sequence. With the control rods bypassed (taken 
out of service) in the RWM, the RWM will provide insert and 
withdraw blocks for bypassed control rods that are fully 
inserted and a withdraw block for bypassed control rods that 
are not fully inserted. To ensure the proper bypassing and 
movement of these affected control rods, a second licensed 
operator (Reactor Operator or senior Reactor Operator) or 
other task qualified member of the technical staff (e.g., 
shift technical advisor or reactor engineer) must verify the 
bypassing and position of these control rods. Compl iance 
with this SR allows the RWM to be OPERABLE with these 
control rods bypassed. 

1. UFSAR, section 7.6.1.5.3. 

2. UFSAR, Section 7.7.2. 

3. UFSAR, Section 15.4.2.3. 

4. UFSAR, section 15.4.10 . 

5. XN-NF-80-19(P)(A), volume 1, supplement 2, section 7.1 
Exxon Nuclear Methodology for Boiling water Reactor
Neutronics Methods for Design and Analysis, (as 
specified in Technical specification 5.6 . 5) . 

6. NEDE- 24011-P-A, "GE St andard Appl i ca ti on for Reactor 
Fuel ," (as specified i n Technical Specificat ion 
5. 6. 5). 

7 . Letter to T.A. Pickens (BWROG) from G.C. Lainas (NRC), 
"Amendment 17 to Genera l El ect ric Li censing Topical 
Report NEDE-24011-P-A," BWROG-8644 , August 15, 1986. 

8 . NFSR 0091, Benchma1" of CAS>Mv/ruC1mB..JAA~ u~ 

~i~i~~e~H~~:5 inc;:=~:i::~t~P~~~~~~a!~:!c~~a~~~~~~t 
used. 
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SR 3.3.4.1.4 (continued) 

measured parameter within the necessary range and accuracy. 
CHANNEL CALIBRATION leaves the channel adjusted to account 
for instrument drifts between successive calibrations 
consistent with the plant specific setpoint methodology. 
There is a plant specific program which verifies that the 
instrument channel functions as required by verifying the 
as-left and as - found setting are consistent with those 
established by the setpoint methodology 

The surveillance Frequency is controlled under the 
surveillance Frequency control Program. 

SR 3. 3. 4. 1. 5 

The LOGIC SYSTEM FUNCTIONAL TEST demonstrates the 
OPERABILITY of the required trip logic for a specific 
channel . The system functional test of the pump breakers is 
included as part of this surveillance and overlaps the LOGIC 
SYSTEM FUNCTIONAL TEST to provide complete testing of the 
assumed safety function. Therefore, if a breaker is 
incapable of operating, the associated instrument channel(s) 
would be inoperable. 

The surveillance Frequency is controlled under the 
surveillance Frequency control Program. 

1. 

2. 

3. 

UFSAR, Section 7.8. 

UFSAR, Section 15.8 

GENE-770-06-1-A, "Bases for changes To survei ll ance 
Test Intervals and Allowed out-of-service Times For 
selected Instrumentation Technical specifications, " 
December 1992 . 
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1.a. 2.a. Reactor vessel water Level-Low Low (continued) 

The Reactor vessel water Level-Low Low Allowable value i s 
chosen to al l ow time for the low pressure core flooding 
systems to activate and provide adequate cooling. 

Four channels of cs Reactor Vessel Water Level-Low Low 
Function are only required to be OPERABLE when the cs or 
DG(s) are required to be OPERABLE to ensure that no singl e 
instrument failure can preclude cs and DG initiation. Also, 
four channels of the LPCI Reactor vessel Water Level-Low 
Low Function are only required to be OPERABLE when the LPCI 
system is required to be OPERABLE to ensure no single 
instrument failure can preclude LPCI initiation. Refer to 
LCD 3.5 .1 and LCD 3.5.2, "ECCS-Shutdown," for Appli cability 
Bases for the low pressure ECCS subsystems; LCD 3.8.1 , "AC 
sources-operating"; and LCO 3.8 .2, "Ac sources-shutdown," 
for Applicabi l ity Bases for the DGs. 

1.b, 2.b. orywell Pressure-High 

High pressure in the drywell could indicate a break in the 
reactor coolant pressure boundary (RCPB). The l ow pressure 
ECCS and associated DGs are initiated upon receipt of the 
orywell Pressure-High Function in order to minimize the 
possibility of fuel damage. The orywell Pressure-High 
Function, al ong with the Reactor water Level-Low Low 
Function, is directly assumed in the small break LOCA 
aRalysis (Ref. 4)analysis of the recirculation line break 
(Ref. 2) . The core cooling function of the ECCS, along 
with the scram action of the RPS, ensures that the fuel peak 
cladding temperature remains below the li mits of 
10 CFR 50.46. 

High drywell pressure signal s a re initiated from four 
pressure switches that sense drywell pressure. The 
Allowable value was selected to be as low as possible and be 
indicati ve of a LOCA inside primary containment. 

The Drywell Pressure-High Functi on is required to be 
OPERABLE when the ECCS or DG is requi red to be OPERABLE in 
conjunction with times when the primary containment is 
required to be OPERABLE. Thus, four channels of the cs 
Drywe l l Pressure-High Funct i on are required to be 

(continued) 
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3.b. orywell Pressure-High (continued) 

ECCS Instrumentation 
B 3.3 . 5.1 

possibility of fuel damage . The Drywell Pressure-High 
Function , along with the Reactor water Level -Low Low 
Function, is directly assumed in the analysis of the 
recirculation line break (Ref. 2)small break LOCA aAalysis 
(Ref. 4) . The core cooling function of the ECCS, along with 
the scram action of the RPS, ensures that the fuel peak 
cladding temperature remains below the limits of 
10 CFR 50.46. 

High drywell pressure s i gnals are initiated from four 
pressure switches that sense drywell pressure. The 
Al l owable value was selected to be as low as possible to be 
indicative of a LOCA inside primary containment. 

Four channels of the Drywell Pressure- High Function are 
required to be OPERABLE when HPCI is required to be OPERABLE 
to ensure that no single instrument failure can preclude 
HPCI initiation. Refer to LCO 3.5.1 for the Applicability 
Bases for the HPCI System. 

3.c. Reactor vessel Water Level - High 

High RPV water level indicates that sufficient cooling water 
inventory exists in the reactor vessel such that there is no 
danger to the fuel. Therefore, the Reactor vessel Water 
Level -High Funct i on s i gnal is used to trip the HPCI turbine 
to prevent overfl ow into t he main steam lines (MSLs) . The 
Reactor Vesse l Water Level-High Function is not assumed i n 
t he plant specifi c accident and transient analyses . It was 
reta i ned since it is a potential ly significant contributo r 
to r isk. 

Reactor vesse l water Level-High signal s fo r HPCI are 
initiat ed from two differential pressure t ransmitters from 
the medium range wat er l eve l measurement instrument ation. 
Both s i gnal s are required in order to cl ose the HPCI 
i nject i on valve . This ensures t hat no si ngl e inst rument 
failure can preclude HPCI i ni t iation . The Reactor Vessel 
wate r Level -High Allowab l e va l ue is chosen t o prevent f low 
from the HPCI system from overfl owing i nt o t he MS Ls. 

Two channe l s of React or Vessel Wat e r Level - Hi gh Functi on 
are required to be OPERABLE only when HPCI i s reguired to be 
OPERABLE. Ref er t o LCO 3. 5. 1 fo r HPCI Appl icability Bases . 

(conti nued) 
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ECCS Instrumentation 
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SR 3.3.5.1. 4 and SR 3.3.5.1.5 (continued) 

adjusted to account for instrument drifts between successive 
calibrations consistent with the plant specific setpoint 
methodology. 

The surveillance Frequency is controlled under the 
su rveillance Frequency control Program. 

SR 3 . 3 . 5 . 1. 6 

The LOGIC SYSTEM FUNCTIONAL TEST demonstrates the 
OPERABIL ITY of the required initiation logic for a specific 
channel. The system functional testing performed in 
LCD 3.5.1, LCD 3.5.2, LCD 3.8.1, and LCD 3.8.2 overlaps this 
surveillance to provide complete testing of the assumed 
safety function. 

The su rveillance Frequency is controlled under the 
surveillance Frequency control Program. 

1. UFSAR , Section 5.2. 

2. UFSAR, Section 6.3. 

3. UFSAR, chapter 15. 

4. rnF 97 025(P), Re·1ision l, "LOCA Break spectrum 
Analysis fer eresden units 2 anel 3," •4ay 30, 1997.Not 
used. 

5. NEDC - 30936-P-A, "BWR owners' Group Technical 
Specification Improvement Analyses for ECCS Actuation 
In strumentati on, Part 1 and Part 2," December 1988 . 
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Dresden 2 and 3 

Recirculation Loops operating 
B 3.4.1 

to the coolant . As it rises, the coolant begins to boil, 
creating steam voids within the fuel channel that continue 
until the coolant exits the core. Because of reduced 
moderation, the steam voiding introduces negative reactivity 
that must be compensated for to maintain or to increase 
reactor power. The recirculation flow control allows 
operators to increase recirculation flow and sweep some of 
the voids from the fuel channel, overcoming the negative 
reactivity void effect. Thus, the reason for having 
variable recirculation flow is to compensate for reactivity 
effects of boiling over a wide range of power generation 
(i.e., 55 to 100% of RTP) without having to move control 
rods and disturb desirable flux patterns. 

Each recirculation loop is manually started from the control 
room. The adjustable speed drive provides regulation of 
individual recirculation loop drive flows. The flow in each 
loop is manually controlled. 

The operation of the Reactor Recirculation system is 
an initial condition assumed in the design basis loss of 
coolant accident (LOCA) (Ref. 1). During a LOCA caused by a 
recirculation loop pipe break, the intact loop is assumed to 
provide coolant flow during the first few seconds of the 
accident. The initial core flow decrease is rapid because 
the recirculation pump in the broken loop ceases to pump 
reactor coolant to the vessel almost immediately . The pump 
in the intact loop coasts down relatively slowly. This pump 
coastdown governs the core flow response for the next 
several seconds until the jet pump suction is uncovered 
(Ref. 1). The aRal)ses assume that both loops are operatiRg 
at the sa111e flow prior to the acci deRt. Howe'w'er, the LOCA 
aRalysis wasThe AREVA LOCA analyses assume mismatched flow 
in the recirculation loops. In the LOCA analyses for non
AREVA fuel, the analyses assume that both loops are 
ocerating at the same flow prior to the accident. The 
non-AREVA LOCA analyses ere reviewed for the case with a 
flow mismatch between the two loops, with the pipe break 
assumed to be in the loop with the higher flow. while the 
flow coastdown and core response are potential ly more severe 
in this assumed case (since the intact loop starts at a 
lower flow rate and the core response is the same as if both 
loops were operating at a lower flow rate), a smal l mismat ch 
has been determined to be accept able based on engineeri n 
judgement . The recirculat10R s1ste~+s-a~~~s.Uf11eEl-4:&-.fla:¥e 
suff1c1eRt flow coastdowA characteristics to maiRtaiR fuel 

~=~f~a~)~a:~~~~ :~~i=~a!~::cimt! gc:~;~;o~~1 0¥r;~~ieRts 
~Mismatched flow has an insignificant impact on the 
fuel thermal margin during the abnormal operational 
transients which are analyzed in chapter 15 of the UFSAR 
(Reference 2). 

(conti nued) 
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LCO 

Dresden 2 and 3 

Recirculation Loops Operating 
B 3.4.1 

A plant specific LOCA analysis has been performed assumi ng 
only one operating recirculation loop. This analysis has 
demonstrated that, in the event of a LOCA caused by a pipe 
break in the operating recirculation loop, the Emergency 
core cooling System response will provide adequate core 
cooling, provided the AVERAGE PLANAR LINEAR HEAT GENERATION 
RATE (APLHGR) and LINEAR HEAT GENERATION RATE (LHGR) 
requirements are modified accordingly (Ref. 1). For AREVA 
fuel, there is no requirement to modify the LHGR limits to 
support operation with only one operating recirculation 
loop. 

The transient analyses in chapter 15 of the UFSAR have also 
been performed for single recirculation loop operat i on 
(Ref. 3) and demonstrate sufficient flow coastdown 
characteristics to maintain fuel thermal margins during the 
abnormal operational transients analyzed provided the 
MINIMUM CRITICAL POWER RATIO (MCPR) requirements are 
modified. During single recirculation loop operation, 
modification to the Reactor Protection system (RPS) average 
power range monitor (APRM) and the Rod Block Monitor 
Allowable values is also required to account for the 
different relationships between recirculation drive flow and 
reactor core flow. The APLHGR, LHGR, and MCPR limits for 
single loop operation are specified in the COLR. The APRM 
Flow Biased Neutron Flux- High Allowable value is in 
Leo 3.3.1.1, "Reactor Protection system (RPS) 
Instrumentation." The Rod Block Monitor-Upscale Allowable 
value is in LCO 3.3 .2.1, "control Rod Block 
Instrumentation." 

Recirculation loops operating satisfies criterion 2 of 
10 CFR 50.36(c)(2)(ii). 

Two recirculation loops are normally required to be in 
operation with their flows matched wi th in the limits 
specified in SR 3.4 .1.1 to ensure that during a LOCA caused 
by a break of the piping of one recirculation loop the 
assumptions of the LOCA analysis are satisfied. 
Alternativel y, with only one recirculati on loop in 
operat ion, modifi cati ons to the required APLHGR limits 
(LCO 3. 2 .1, "AVERAGE PLANAR LINEAR HEAT GENERATION RATE 
(APLHGR)"), MCPR limits (LCO 3. 2.2, "MINIMUM CRITICAL POWER 
RATIO (MCPR)"), LHGR limits (LCO 3.2.3, "LINEAR HEAT 
GEN ERATION RATE (LHGR)"), APRM Flow Bi ased Neutron Flux-H igh 
All owable value (LCO 3 .3.1.1), and the Rod Block 
Monitor- upscale All owable va lue (LCO 3. 3.2. 1) , as 
applicable, must be 

(continued) 
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Dresden 2 and 3 

Recirculation Loops Operating 
B 3.4.1 

applied to allow continued operation consistent with the 
assumptions of Reference 1. For AREVA f el, here is no 
req irement to od ~Y the L GR limit to support operation 
with only one operating ecirculation loop. 

In MODES 1 and 2, requirements for operation of the Reactor 
coolant Recirculation system are necessary since there is 
considerable energy in the reactor core and the limiting 
design basis transients and accidents are assumed to occur. 

In MODES 3, 4, and 5, the consequences of an accident are 
reduced and the coastdown characteristics of the 
recirculation loops are not important. 

A.1 and A.2 

With no recirculation loops in operation, the probability of 
thermal - hydraulic oscillations is greatly increased. 
Therefore, action must be taken as soon as practicable to 
reduce power to assure stability concerns are addressed and 
place the unit in at least MODE 2 within 8 hours and to MODE 
3 within 12 hours. In this condition, the recirculation 
loops are not required to be operating because of the 
reduced severity of DBAs and transients and minimal 
dependence on the recirculation loop coastdown 
characteristics. The allowed completion Times are 
reasonable, based on operating experience, to reach the 
required plant conditions from full power conditions in an 
orderly manner and without challenging plant systems. 

B.1 and C.1 

With both recirculation loops operating but the flows not 
matched, the flows must be matched within 2 hours. If 
matched flows are not restored , the recirculation l oop with 
the lower flow mus t be declared "not in operation," as 
required by Required Action B.1. This Required Action does 
not require tripping the recirculation pump in the lowest 
flow loop when the mismatch between tot al jet pump flows of 
the two loops is greater than the requi red limits. However, 
in cases where large flow mismatches occur, l ow flow or 
reverse f l ow can occur in the low flow loop j et pumps, 
causing vibration of the j et pumps . If zero or reve rse f l ow 
i s detected, the condition should be al l eviated by changing 

(continued) 
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Dresden 2 and 3 

safety and Relief valves 
B 3.4.3 

through a discharge l i ne to a point below the min i mum wat er 
l evel i n the suppression pool . The safety valves discharge 
directl y to the drywel l. 

In addition to the safety valves and S/RV, each un i t is 
designed with four relief valves which actuate in the re l ief 
mode to control RCS pressure during t ransient conditions to 
prevent the need for safety valve actuation (except S/RV) 
following such transients. The relief valves are also 
l ocated on the main steam li nes between the reactor vessel 
and the first isolati on valve within the drywell. The 
relief valves are of the El ect romatic type , which are opened 
by automatic or manual switch actuation of a solenoid. The 
switch energi zes the solenoid to actuate a plunger, which 
contacts the pilot valve operat ing lever , thereby opening 
the pilot va l ve. when the pilot valve opens , pressure under 
the ma i n val ve di sc is vented. This all ows react or press ure 
to overcome mai n valve spring pressure, which forces the 
main valve disc downward to open the main valve. Two of the 
five relief valves are the low set relief valves and all of 
the relief valves, including the S/RV, are Automatic 
Depressurizati on System (ADS) valves . The low set relief 
requirements are specified in LCO 3. 6 .1. 6, "Low set Re l ief 
valves," and the ADS requirements are specified in 
LCO 3. 5 .1, "ECCS-Operati ng." 

The overpressure protection system must accommodate the most 
severe pressurization transient. The ~srv closure without 
direct scram on valve position event, a turbine trip with a 

!:!!=r:no!u!:~n!u;~!:ev~~e:s:o~f~J:: :::n;!t::~tad~::~t 
=~i=::tw~==e:tf:!!=:eo:ft:==i==r:!::r:~p::~v:Y$!~: :~=sure 
e¥efttlimiting pressurizatio~ transients are eval uat ed each 
reload (Ref . 1). For the purpose of t he ana l yses, all 
nine safety valves are assumed to operate in the safety 
mode. The rel ief valves and the rel i ef f unct i on of t he S/RV 
are not credited to funct i on du r ing t his event . The 
analysis results demonstrate that the design saf ety va l ve 
capaci t y i s capabl e of maint ai ning react or press ure bel ow 
the ASME code limi t of 110% of vesse l design pressure 
(110% x 1250 ps i g = 1375 psig). This LCO he l ps t o ensu re 
t hat the accept ance li mi t of 1375 ps i g is met dur ing the 
Design Bas i s Event. 

(conti nued) 
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Main Turbine Bypass system 
B 3.7.7 

B 3.7 PLANT SYSTEMS 

B 3.7.7 Main Turbine Bypass system 

BASES 

BACKGROUND The Main Turbine Bypass system is designed to control steam 
pressure when reactor steam generation exceeds turbine 
requirements during unit startup, sudden load reduction, and 
cooldown. It allows excess steam flow from the reactor to 
the condenser without going through the turbine. The bypass 
capac ity of the system is 33 . 5% of the Nuclear Steam supply 
system rated steam flow. sudden load reductions wi th in the 
capacity of the steam bypass can be accommodated without 
reactor scram. The Main Turbine Bypass System consists of a 
nine valve manifold connected to the main steam lines 
between the main steam i solation valves and the main turbine 
stop valves . Each of the nine valves is operated by 
hydraulic cylinders. The bypass valves are controlled by 
the pressure regulation function of the Turbine 
Electrohydraulic control system, as discussed in the UFSAR, 
section 7.7.4 (Ref. 1). The bypass valves are normally 
closed, and the pressure regulator controls the turbine 
control valves that direct all steam flow to the turbine. 
If the speed governor or the load limiter restricts steam 
flow to the turbine, the pressure regulator controls the 
system pressure by opening the bypass valves sequentially . 
when the bypass val ves open, the steam flows from the main 
st eam equaliz ing header to the bypass manifold through the 
bypass valve, to its bypass line, where an orifice further 
reduces the steam pressure before the steam enters the 
condense r. 

APPLICABLE The Main Turbine Bypass system is assumed to function during 
SAFETY ANALYSES the turbine trip, turbine generator load rejection and 

feedwater controller failure transients, as discussed in the 
UFSAR, sections 15.2.3.2, 15.2.2 .2, and 15.1.2 (Refs. 2, 3, 
and 4, respectively). The ai~ Turb e Bypass yste s 
also assumed to funct"on auring other AOOs in wh"ch s stem 
pressur zation may occu opening the bypass valves uring 
the pressurization events mitigates the increase in react or 
vessel pressure, which affects t he MCPR a"d nodal po er 

Dresden 2 and 3 

ex~ sion during the event . An inoperable Main Turbine 
Bypass system may result i n af\-MCPR and HGR 
~eA~l1 penal ies . 

The Main Turbine Bypass system sat isfi es criterion 3 of 
10 CFR 50.36(c) (2 )( ii ). 

(continued) 
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Main Turbine Bypass system 
B 3.7.7 

LCO The Main Turbine Bypass System is required to be OPERABLE to 
limit peak pressure in the main steam lines and maintain 
reactor pressure within acceptable limits during events that 
cause rapid pressurization, so that the safety Limit MCPR is 
not exceeded. with the Main Turbine Bypass system 
inoperable (two or more bypass valves inoperable as 
specified in the COLR) , modifications to the MCPR limits 
(LCO 3. 2. 2' "MINIMUM CRITICAL POWER RATIO (MCPR) ") and LHGR 
limits (LCO 3. 2. 3' "LINEAR HEAT GENERATION RATE (LHGR) ") 
may be applied to allow this LCO to be met. The MCPR and 
LHGR limits for the inoperable Main Turbine Bypass System 
4-s-are specified in the COLR. An OPERABLE Main Turbine 
Bypass system requires the bypass valves to open in response 
to increasing main steam line pressure or reactor dome 
pressure as selected by the operator. This response is 
within the assumptions of the applicable analyses (Refs. 2, 
3, and 4). 

APPLICABILITY 

ACTIONS 

Dresden 2 and 3 

The Main Turbine Bypass system is required to be OPERABLE at 
~ 25% RTP to ensure that the fuel cladding integrity safety 
Limit is not violated during the turbine generator load 
rejection, turbine trip, and feedwater controller failure 
transients. As discussed in the Bases for LCO 3.2.2, 
sufficient margin to these limits exists at < 25% RTP. 
Therefore, these requirements are only necessary when 
operating at or above this power level. 

A.1 

If the Main Turbine Bypass system is inoperable (Gfle-two or 
more bypass valves inoperable as specified in the COLR), 
and the MCPR and LHGR limi ts for an i noperable Main Tu r bine 
Bypass System, as specified in the COLR, are not applied, 
the assumptions of the design basis transient analysis may 
not be met. Under such circumstances, prompt action should 
be taken to restore the Main Turbine Bypass system to 
OPERABLE status or adjust the MCPR and LHGR limits 
accordingly. The 2 hour completion Time is reasonable, 
based on the t ime t o complete the Required Action and the 
low probabil i ty of an event occurring during this period 
requiring the Main Turbine Bypass System . 

(conti nued) 
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ACTIONS B.l 
(continued) 

SURVEILLANCE 
REQUIREMENTS 

Dresden 2 and 3 

If the Main Turbine Bypass System cannot be restored to 
OPERABLE status and the MCPR and LHGR limits for an 
inoperable Main Turbine Bypass System are not applied, 
THERMAL POWER must be reduced to < 25% RTP. As discussed in 
the Applicability section, operation at < 25% RTP results in 
sufficient margin to the required limits, and the Main 
Turbine Bypass system is not required to protect fuel 
inte~rity during the turbine generator load rejection, 
turbine trip, and feedwater controller failure transients. 
The 4 hour completion Time is reasonable, based on operating 
experience, to reach the required unit conditions from full 
power conditions in an orderly manner and without 
challenging unit systems. 

SR 3.7.7.1 

Cycling each main turbine bypass valve through one complete 
cycle of full travel demonstrates that the valves are 
mechanically OPERABLE and will function when required. The 
surveillance Frequency is controlled under the surveillance 
Frequency control Program. 

SR 3.7.7.2 

The Main Turbine Bypass System is required to actuate 
automatically to perform its design function. This SR 
demonstrates that, with the required system initiation 
signals, the valves will actuate to their required position. 
The surveillance Frequency is controlled under the 
surveillance Frequency control Program . 

(continued) 
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SR 3.8.1.15 (continued) 

AC sources-operating 
B 3 .8.l 

allowed since the main purpose of the surveillance can be 
met by performing the test on either unit. If the DG fails 
one of these surveillances, the DG should be considered 
inoperable on both units, unless the cause of the failure 
can be directly related to only one unit. 

SR 3.8.1.16 

This surveillance demonstrates that the diesel engine can 
restart from a hot condition, such as subsequent to shutdown 
from normal surveillances, and achieve the required voltage 
and frequency within 13 seconds. The 13 second time is 
derived from the requirements of the accident analysis for 
responding to a design basis large break LOCA (Ref . 13). In 
addition, the DG is required to maintain proper voltage and 
frequency limits after steady state is achieved. The time 
for the DG to reach the steady state voltage and frequency 
limits is periodically monitored and the trend evaluated to 
identify degradation of governor and voltage regulator 
performance. 

The surveillance Frequency is controlled under the 
surveillance Frequency control Program. 

This SR is modified by three Notes. Note 1 ensures that the 
test is performed with the diesel sufficiently hot. The 
requirement that the diesel has operated for at least 
2 hours at approximately full load conditions prior to 
performance of this surveillance is based on manufacturer 
recommendations for achieving hot conditions. Momentary 
transients due to changing bus loads do not invalidate this 
test . Note 2 allows all DG starts to be preceded by an 
engine prelube period to minimize wear and tear on the 
diesel during testing . To minimize testing of the common 
DG, Note 3 allows a single test of the common DG (instead of 
two tests, one for each unit) to satisfy the requirements 
f or both units. This is allowed since the main purpose of 
the surveillance can be met by performing the test on either 
unit. If the DG fails one of these surveillances, the DG 
should be considered inoperable on both units, unless t he 
cause of the failure can be directly related to only one 
unit. 

(continued) 
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B 3.10 SPECIAL OPERATIONS 

B 3.10.6 control Rod Testing-Operating 

BASES 

BACKGROUND The purpose of this special operations LCO is to permit 
control rod testing, while in MODES 1 and 2, by imposing 
certain administrati ve controls. control rod patterns 
during startup conditions are controlled by the operato r and 
the rod worth minimizer (RWM) (Leo 3.3.2.1, "control Rod 
Block Instrumentation"), such that only the specified 
control rod sequences and relative positions required by 
LCO 3.1.6, "Rod Pattern control," are allowed over the 
operating range from all control rods inserted to the low 
power setpoint (LPSP) of the RWM. The sequences effectivel y 
limit the potential amount and rate of reactivity increase 
that could occur during a control rod drop accident (CRDA). 
During these conditions, control rod testing is sometimes 
required that may result in control rod patterns not in 
compliance with the prescribed sequences of LCO 3.1.6. 
These tests include SOM demonstrations, control rod scram 
time testing, and control rod friction testing. This 
Special Operations LCO provides the necessary exempt i on t o 
the requirements of LCO 3.1. 6 and provides additional 
administrative controls to allow the deviations in such 
tests from the prescribed sequences in LCO 3.1.6. 

APPLICABLE The analytical methods and assumptions used in evaluating 
SAFETY ANALYSES the CRDA are summarized in References 1, 2, 3, and 4~ 

Dresden 2 and 3 

~ . CRDA analyses assume the reactor operator follows 
prescribed withdrawal sequences. These sequences define the 
potential initial conditions for the CRDA analyses. The RWM 
provides backup to operator control of the withdrawal 
sequences to ensure the initial conditions of the CRDA 
analyses are not violated. For special sequences developed 
for control rod testing, the initial control rod patterns 
assumed in the safety analysis of References 1, 2, 3, and 
4, a~d 5 may not be preserved. Therefore spec ial CRDA 
analyses are required to demonstrate that these special 
sequences will not result in unacceptabl e consequences, 
should a CRDA occu r durin9 the testing. These analyses, 
pe rformed in accordance with an NRC approved methodology, 
are dependent on the specific test be i ng performed. 

(continued) 
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(continued) 

REFERENCES 

Dresden 2 and 3 

SR 3.10.6.2 

control Rod Testing-operating 
B 3.10.6 

when the RWM provides conformance to the special test 
sequence, the test sequence must be verified to be correctly 
loaded into the RWM prior to control rod movement. This 
surveil lance demonstrates compliance with SR 3.3.2.1.8, 
thereby demonstrating that the RWM is OPERABLE . A Note has 
been added to indicate that this surveillance does not need 
to be met if SR 3.10.6.1 is satisfi ed. 

1. UFSAR, section 15 . 4.10. 

2. XN-NF-80 -19(P)(A), volume 1, suppl ement 2, section 
7.1, Exxon Nuclear Methodology for Boiling water 
Reactor Neutronics Methods for Design Analysis, (as 
specified in Technical specification 5.6.5). 

3. NEDE-24011-P-A-US, General Electric Standard 
Application for Reactor Fuel, (as specified in 
Technical specification 5.6.5). 

4. Letter from T. Pickens (BWROG) t o G.C. Lainas (NRC) 
"Ame ndment 17 to General Electric Licensing Topical 
Report NEDE-24011-P-A," BWROG-8644, August 15, 1986. 

s. NFSR 0091, Bent:Amarlc of CASMO/PHCROBUR~j Bli'R m,1cl ear 

~i~i~~e~~}~:~5 inc~:=~=i~:~t~~~=~i::a!::!c~~6~~~~rt, 
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LCO 

Dresden 2 and 3 

SOM Test-Refueling 
B 3.10.7 

CRDA analyses assume that the reactor operator follows 
prescribed withdrawal sequences. For SOM tests performed 
within these defined sequences, the analyses of References 
1, 2, 3, and 4 , aAd 5 is applicable. However, for some 
sequences developed for the SOM testing, the control rod 
patterns assumed in the safety analyses of References 1, 2, 
3, and 4 , aAd 5 may not be met. Therefore, special CRDA 
analyses, performed in accordance with an NRC approved 
methodology, are required to demonstrate the SOM test 
sequence will not result in unacceptable consequences should 
a CRDA occur during the testing. For the purpose of this 
test , the protection provided by the normally required 
MODE 5 applicable LCOs, in addition to the requirements of 
this LCO, will maintain normal test operations as well as 
postulated accidents within the bounds of the appropriate 
safety analyses (Refs. 1, 2, 3, and 4 , and S). In addition 
to the added requirements for the RWM, APRM, and control rod 
coupling, the notch out mode is specified for out of 
sequence withdrawals. Requiring the notch out mode limits 
withdrawal steps to a single notch, which limits inserted 
reactivity, and allows adequate monitoring of changes in 
neutron flux, which may occur during the t est. 

As described in LCO 3.0.7, compliance with Special 
Operations LCOs is optional, and therefore, no criteria of 
10 CFR 50 . 36(c)(2)(ii) apply. Special Operations Leos 
provide flexibility to perform certain ope rations by 
appropriately modifying requirements of other LCOs. A 
discussion of the cr iteria satisfied for the other Leos is 
provided in their respective Bases. 

As described in LCO 3.0.7, compliance with thi s SRecial 
Operations LCO is opti onal. SOM tests may be performed 
while in MODE 2, in accordance with Table 1.1- 1, without 
meeting this Special Operations LCO or its ACTIONS. For SOM 
t ests performed while in MODE 5, additional requi rements 
must be met to ensure that adequate protection against 
potential reactivity excursions is availabl e . To provide 
additional scram protection, beyond the normally required 
IRMS, the APRMS are al so required to be OPERABLE (LCO 
3.3.1.1 , Functions 2.a and 2.d as though the reacto r were in 
MODE 2 . Because multiple control rods will be withdrawn and 
the reactor will potentially become critical, the app roved 
control rod withdrawal sequence must be enforced by the RWM 

(continued) 
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REFERENCES 

Dresden 2 and 3 

SR 3.10.7.6 

SOM Test- Refueling 
B 3.10.7 

CRD charging water header pressure verification is performed 
to ensure t he mot i ve force is available to scram the control 
rods in the event of a scram si~nal. since the reacto r is 
depressurized in MODE 5, there 1s insufficient reactor 
pressure to scram the control rods. verification of 
charging water header pressure ensures that if a scram were 
required, capability for rapid control rod insertion would 
exist. The minimum pressure of 940 psig is we l l below the 
expected pressure of approximately 1500 psig while still 
ensuring sufficient pressure for rapid control rod 
insertion. The surveillance Frequency is controlled under 
the Surveillance Frequency control Program . 

1 . UFSAR, section 15.4.10. 

2. XN-NF-80-19(P)(A), volume 1, supplement 2, section 
7.1, Exxon Nuclear Methodology for Boiling water 
Reactor Neutronics ethods for Design Analysis, (as 
specified i n Technical specification 5.6.5). 

3. NEDE -24011- P-A- US, Gene ral Electric St andard 
Application for Reactor Fuel, (as specified in 
Technical specificat ion 5.6.5). 

4. Letter from T. Pickens (BWROG) to G.C. Lainas (NRC) 
"Amendment 17 to General Electric Licensing Topi cal 
Report NEDE-24011-P-A," BWROG- 8644, August 15, 1986 . 

s. NFSR 0091, ljeAcl=uuarl\ of CA5'40/~HCROBUR '.4 B.wR N~Clear 
Desi §A ~4etlclods, commomwea1 tR Edi so A Topi cal Re-port, 
4s-5f}&ffi-e4-i-A-Te8¥-~W HefH.. e ~-
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BASES 

APPLICABLE 
SAFETY ANALYSES 

(continued) 

2.1.1.1 Fuel cl adding Integrity 

Reactor core SLs 
B 2 .1.1 

The AREVA ACE/ATRIUM lOXM correlation is valid for 
critical power calculations at pressures > 300 psia and at 
bundle mass fluxes> 0.1 x 106 lb/hr-ft2 (Reference 3). 
The AREVA SPCB correlation is valid for critical power 
calculations at pressures > 600 psia and bundle mass 
fluxes> 0.16 x 106 lb/hr-ft2 (Reference 4).TRe use of the 

~!~::=~1 P::::r c:=~::~i!~:A~o~rf;;~~:::·'=s~0~s P~~!1 :A~or 
buncfl e mass fl 1:1)(eS ) 0 . 1 K 10-- - r--1-~ (Refs. 2 aAd 3) , 
The use of tRe GeAeral Electric (GE) Critical Power 
correlatioA (GEXL) is valid for critical power calculatioAs 
at pressures ) 785 psig aAa core flows ) 10V6 (Ref 4), The 
use of the westin~house critical power correlation (D4.1.1) 
is valid for critical power calculations at pressures > 362 
psia and bundle mass fluxes> 0.23 x 106 lb/hr-ft2 (Ref. 8). 
For operation at low pressures or low flows, the fuel 

cladding integrity SL is established by a limiting condition 
on core THERMAL POWER, with the following basis: 

since the pressure drop in the bypass region is 
essentially all elevation head, the core pressure drop 
at low power and flows will always be> 4.5 psi. 
Analyses show that with a bundle flow of 28 x 103 lb/hr 
(approximately a mass velocity of 
0.25 x 106 lb/hr-ft2), bundle pressure drop is nearly 
independent of bundle power and has a value of 
3.5 psi. Thus, the bundle flow with a 4.5 psi driving 
head will be > 28 x 103 lb/hr. Full scale critical 
power test data taken at pressures from 14.7 psia to 
800 psia indicate that the fuel assembly critical 
power at this flow is approximately 3.35 MWt. With 
the design peaking factors, this corresponds to a 
THERMAL POWER > 50 % RTP. Thus, a THERMAL POWER limit 
of 25% RT~ for reactor pressure < 785 si~ is 
conservative. 
4-sACE/ATRIUM lOXM an SPCB correlations are valid at 
reactor steam dome pressures > 600 psia, and the 
Westinghouse 04.1.1 correlation is valid at reactor 
steam dome pressures > 362 psia, application of the 
fuel cladding integrity SL at reactor steam dome 
pressure < 785 psig is conservative. 

2.1.1.2 ~ 

The MCPR SL ensures sufficient conservatism in the operat ing 
MCPR limit that , in the event of an AOO from the limitin9 
condi t ion of operation, at least 99 . 9% of the fuel rods i n 

(continued) 
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APPLICABLE 
SAFETY ANALYSES 

2.1.1.2 MCPR (cont inued) 

Reactor core SLs 
B 2.1.1 

the core would be expected to avoid boiling trans1t1on. The 
margin between calculated boiling transition Ci .e., 
MCPR = 1.00) and the MCPR SL is based on a detailed 
stat istical procedure that considers the uncertainties in 
monitoring the core operating state. One specific 
uncertainty included in the SL is the uncertainty inherent 
in the fuel vendor's critical power correlation . 
References 2, 3, 4, 5, 6,---8, and 9 describe the methodology 
used in determining the MCPR SL . 

The fuel vendor's critical power correlation is based on a 
significant body of practical test data, providing a high 
degree of assurance that the critical power, as evaluated by 
the correlation, is within a small percentage of the actual 
critical power being estimated. As long as the core 
pressure and flow are within the range of validity of the 
correlation, the assumed reactor conditions used in defining 
the SL introduce conservatism into the limit because 
bounding high radial power factors and bounding flat local 
peaking distributions are used to estimate the number of 
rods in boiling transition. These conservatisms and the 
inherent accuracy of the fuel vendor 's correlation provide a 
reasonable de~ree of assurance that there would be no 
transition boiling in the core during sustained operation at 
the MCPR SL. If boiling transition were to occur, there is 
reason to believe that the integrity of the fuel would not 
be compromised. significant test data accumulated by the 
NRC and private organizations indicate that the use of a 
boiling transition limitation to protect against cladding 
failure is a very conservative app roach. Much of the data 
indicate that BWR fuel can survive for an extended period of 
time in an environment of boiling transition. 

2.1.1.3 Reactor vessel wate r Level 

During MODES 1 and 2 the reactor vessel water level is 
required to be above the top of the act i ve irradiated fuel 
to provide core cooling capability. with fu el in the 
reactor vessel during periods when the reactor is shut down, 
consideration must be given to water level requirements due 
to the effect of decay heat. If the water level shou ld drop 
below the top of the active irradiated fuel during this 

(continued) 
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BASES (continued) 

REFERENCES 1. UFSAR, Section 3.1.2.1. 

Reactor core SLs 
B 2.1.1 

2. ANP-10307PA Revision 0, "AREVA MCPR safety Limit 
Methodology for Boiling water Reactors," (as 
s~ecified in Technical specification 5.6.5).ANF-

~ :~~~~~!i ~~v!a~::c~ci ~~~~!::e~~e}~ ~:~!:!::i:,; 
critical Power ~ethodology for Boiling water 
Reactors/Advanced N~clear Fuels corporation Critical 
Power Methodology for Boiling water Reactors: 
Methodology for Analysis of Assembly channel Bowin~ 
Effects/NRC correspondence, (as specified in Technical 
Specification S.6.S). 

3. ANP-10298PA Revision 1, "ACE/ATRIUM lOXM Critical 
Power correlation," (as specified in Technical 
speci fi ca ti on 5. 6. 5} .ANF 112S(P)(A) anel Sup13l ements l 
and 2, ANFB criticai Power correlation, Advanced 
Nuclear Fuels corporation, (as specified in Technical 
Specifica~ion S.6.S). 

4. EMF-2209(P)(A) Revision 3, "SPCB critical Power 
correlation," (as specified in Technical 
specification S.6.5).NEDE 24Qll PA, "General ElectriE" 
Standarel Application for Reactor Fuel (GESTAR)" (as 
specified in Technical Specification s.6.S). 

5. EMF-2245(P)(A) Revision 0, "Application of Siemens 
Power corporation's Critical Power correlations to 
co-Resident Fuel," (as specified in Technical 
specification 5.6.5).ANF 112S(P)(A), supple~ent 1, 
Appendix E, A~FB critical Power correlation 
Determination of ATRI~~ 9B Additive constant 
~ncertainties, sie~ens Power cerporation, (as 
specified in Technical Specif-1-tation 5.6 . S), 

6 . rnr 112S(P) (A) 1 supple111ent 1 , Appenei>< c, ANFB 
critical Power correlation Application for cores1eent 
Fuel, Siemens Power Corporation, (as specified in 

S13ecifieation S.6.S).Not used. 

7. 10 CFR 50.67. 

8. WCAP-16081- P-A, "lOxlO SVEA Fuel Critical Power 
Experiments and CPR correlation: SVEA-96 Optima2" (as 
specified in Technical specification 5.6.S). 

9 . CENPD- 300-P-A, "Reference safety Report for Boiling 
Water Reactor Reload Fuel" (as specified in Technical 
Specification S.6 . 5) . 
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ACTIONS 
(continued) 

c.1 and c . 2 

Control Rod OPERABILITY 
B 3.1.3 

With one or more control rods inoperable for reasons other 
than being stuck in the withdrawn position, operation may 
continue, provided the control rods are fully inserted 
within 3 hours and disarmed (electrically or hydraulically) 
within 4 hours. Inserting a control rod ensures the 
shutdown and scram capabilities are not adversely affected. 
The control rod is disarmed to prevent inadvertent 
withdrawal during subsequent operations. The control rods 
can be hydraulically disarmed by closing the drive water and 
exhaust water i solation valves. The control rods can be 
electrically disarmed by disconnecting power from all four 
directional control valve solenoids. Required Action c.1 is 
modified by a Note, which allows the RWM to be bypassed if 
required to allow insertion of the inoperable control rods 
and continued operation. LCO 3.3.2.1 provides additional 
requirements when the RWM is bypassed to ensure compliance 
with the CRDA analysis . 

The allowed completion Times are reasonable, considering the 
small number of allowed inoperable control rods, and provide 
time to insert and disarm the control rods in an orderl y 
manner and without challenging plant systems . 

D.l and D.2 

out of sequence control rods may increase the potential 
reactivity worth of a dropped control rod during a CRDA. At 
~ 10% RTP, the analyzed rod position sequence analysis 
(Refs. 6, +B , and ~9) requires inserted control rods not in 
compliance with the analyzed rod position sequence to be 
separated by at least two OPERABLE control rods in all 
directions, including the diagonal (i.e., all other control 
rods in a five-by-five array centered on the inoperable 
control rod are OPERABLE). Therefore, if two or more 
inoperable control rods are not in compliance with the 
analyzed rod position sequence and not separated by at least 
two OPERABLE control rods in all directions, action must be 
taken to restore compliance with the analyzed rod position 
sequence or restore the control rods to OPERABLE status. 
cond i tion D is modified by a Note indicating that the 
condition is not applicable when > 10% RTP, since the 
analyzed rod position sequence is not requi red to be 

(continued) 
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REFERENCES 
(continued) 

5. UFSAR, Section 4.6.3.4.2.1. 

control Rod OPERABILITY 
B 3.1.3 

6. NED0-21231, "Banked Position Withdrawal Sequence," 
section 7.2, January 1977. 

7. NFSR 0091, commonwealth EdisoFI Topical Report, 
BeRcl=tmarl( of CAS~40/mCROBURN B\"fR Nt:1Cl eaF E>es i gn 
Methods, (as specified in Technical Specification 
s.8.S).Not used. 

8. CENPD-284-P-A, "control Rod orop Accident Analysis 
Methodology for Boiling water Reactors: summary and 
Qualification." 

.g..,..g, XN-NF-80-19(P)(A) volume 1 and supplements 1 and 2, 
"Exxon Nuclear Methodology for Boiling water Reactors 
- Neutronic Methods for Design and Analysis," (as 
specified in Technical Specification 5.6.S). 
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Rod Pattern control 
B 3.1.6 

B 3.1 REACTIVITY CONTROL SYSTEMS 

B 3.1.6 Rod Pattern Control 

BASES 

BACKGROUND 

APPLICABLE 
SAFETY ANALYSES 

control rod patterns during startup conditions are 
controlled by the operator and the rod worth minimizer (RWM) 
(LCO 3.3.2.1, "control Rod Block Instrumentat i on"), so that 
only specified control rod sequences and relative positions 
are al lowed over the operating range of all control rods 
inserted to 10% RTP. The sequences limit the potential 
amount of reactivity addition that could occur in the event 
of a control Rod Drop Accident (CRDA). 

This Specification assures that the control rod patterns are 
consistent with the assumptions of the CRDA analyses of 
References 1, 2 , and 3. 

The analytical methods and assumptions used in evaluating 
the CRDA are summarized in References 1, 2, 3, 4, .§,-and 14. 
CRDA analyses assume that the reactor operator fo l lows 
prescribed withdrawal sequences. These sequences define the 
potential initial conditions for the CRDA analysis . The RWM 
(LCO 3 . 3.2 . 1) provides backup to operato r control of the 
withdrawal sequences to ensure that the initial conditions 
of the CRDA analysis are not violated . 

Prevention or mit i gation of positive reactivity insertion 
events is necessary to limit the ene rgy deposition in the 
fuel, thereby preventing significant fuel damage which could 
result in the undue release of radioactivity . since the 
failure consequences fo r U02 have been shown to be 
ins i gni f icant be l ow fuel energy depos i t i ons of 300 cal/gm 
(Ref. 6), the fuel desi9n limit of 280 cal/gm provides a 
margin of safety from significant core damage which would 
result in release of rad i oactivi ty (Ref. 7). Generic 
evaluations (Refs . 8 and 9) of a design basis CRDA (i . e . , a 
CRDA resulting in a peak fue l energy deposi t ion of 
280 cal/gm) have shown that if the peak fuel enthalpy 
remains below 280 cal/gm, t hen the maximum reactor pressu re 
wil l be l ess t han the requi red ASME code l i mits (Ref. 10) 
and the cal culated offsi t e doses wil l be well within t he 

(cont inued) 
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(continued) 

Rod Pattern control 
B 3.1.6 

required limits (Ref . 11). cycle specific CRDA analyses are 
performed that assume eight inoperable control rods with at 
least two cell separation and confirm fuel energy deposition 
is less than 280 cal/gm. 

control rod patterns analyzed in the cycle specific analyses 
follow predetermined sequencing rules (analyzed rod position 
sequence). The analyzed rod position sequence is applicable 
from the condition of all control rods fully inserted to 
10% RTP (Ref5 . 5 and 14). The control rods are required to 
be moved in groups, with all control rods assigned to a 
specific group required to be within specified banked 
positions (e.g., between notches 08 and 12). The banked 
positions are established to minimize the maximum 
incremental control rod worth without being overly 
restrictive during normal plant operation. cycle specific 
analyses ensure that the 280 cal/gm fuel design limit will 
not be violated during a CRDA under worst case scenarios. 
The cycle specific analyses (Refs. 1, 2, 3, 4, .§,-and 14) 
also evaluate the effect of fully inserted, inoperable 
control rods not in compliance with the sequence , to allow a 
limited number (i.e., eight) and distribution of fully 
inserted, inoperable control rods. specific analysis may 
also be performed for atypical operating conditions (e.g., 
fuel leaker suppression). 

when performing a shutdown of the plant, an optional rod 
position sequence (Ref. 13) may be used provided that all 
withdrawn control rods have been confirmed to be coupled. 
The rods may be inserted without the need to stop at 
intermediate positions since the possibility of a CRDA is 
eliminated by the confirmation that withdrawn control rods 
are coupled. when using the optional (Ref. 13) control rod 
sequence for shutdown, the rod worth minimizer may be 
reprogrammed to enforce the requirements of the improved 
cont rol rod insertion process. 

In orde r to use the Reference 13 shutdown process, an extra 
check is required in order to consider a control rod to be 
"confirmed" to be coupled. This extra check ensures that no 
single operator error can result in an incorrect coupling 
check. For purposes of this shutdown process, the method 
for confirming that control rods are coupled varies 
depending on the position of the control rod in the core . 
Details on this coupling confirmat ion requirement are 

(continued) 
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(continued) 

LCO 

APPLICABILITY 

ACTIONS 

Rod Pattern control 
B 3.1.6 

provided in Reference 13. If the requirements for use of 
the control rod insertion process contained in Reference 13 
are followed, the plant is considered in compliance with the 
rod position sequence as required by LCO 3.1.6. 

Rod pattern control satisfies Criterion 3 of 
10 CFR 50.36(c)(2)(ii). 

compliance with the prescribed control rod sequences 
minimizes the potential consequences of a CRDA by limiting 
the initial conditions to those consistent with the analyzed 
rod position sequence. This LCO only applies to OPERABLE 
control rods. For inoperable control rods required to be 
inserted, separate requirements are specified in LCO 3.1.3, 
"control Rod OPERABILITY," consistent with the allowances 
for inoperable control rods in the analyzed rod position 
sequence. 

In MODES 1 and 2, when THERMAL POWER is~ 10% RTP, the CRDA 
is a Design Basis Accident and, therefore, compliance with 
the assumptions of the safety analysis is required. When 
THERMAL POWER is > 10% RTP, there is no credibl e control rod 
configuration that results in a control rod worth that could 
exceed the 280 cal/gm fuel design limit during a CRDA 
(Refs. 4~ and 14). In MODES 3 and 4, the reactor is 
shutdown and the control rods are not able to be withdrawn 
since the reactor mode switch is in shutdown and a control 
rod block is applied, therefore, a CRDA is not postulated to 
occur. In MODE 5, since the reactor is shut down and only a 
single control rod can be withdrawn from a core cell 
containing fuel assemblies, adequate SDM ensures that the 
consequences of a CRDA are acceptable, since the reactor 
will remain subcritical with a single control rod withdrawn. 

A.1 and A.2 

With one or more OPERABLE control rods not in compliance 
with the prescribed control rod sequence, actions may be 
taken to either correct the control rod pattern or declare 
the associated control rods inoperable within 8 hours. 

(continued) 
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ACTIONS 

SURVEILLANCE 
REQUIREMENTS 

REFERENCES 

B.1 and B.2 (continued) 

Rod Pattern control 
B 3.1.6 

when nine or more OPERABLE control rods are not in 
compliance with the analyzed rod position sequence, the 
reactor mode switch must be placed in the shutdown position 
within 1 hour. With the mode switch in shutdown, the 
reactor is shut down, and as such, does not meet the 
applicability requirements of this LCO. The allowed 
completion Time of 1 hour is reasonable to allow insertion 
of control rods to restore compliance, and is appropriate 
relative to the low probability of a CRDA occurring with the 
control rods out of sequence. 

SR 3 .1. 6.1 

The control rod pattern is periodically verified to be in 
compliance with the analyzed rod position sequence to ensure 
the assumptions of the CRDA analyses are met. The 
surveillance Frequency is controlled under the surveillance 
Frequency control Program. The RWM provides control rod 
blocks to enforce the required sequence and is required to 
be OPERABLE when operating at ~ 10% RTP. 

1. UFSAR, Section 15.4.10. 

2. XN-NF-80-19(P)(A), volume 1, supplement 2, section 7.1 
Exxon Nuclear Methodology for Boiling water Reactor
Neutronics Methods for oesiQn and Analysis, (as 
specified in Technical specification 5.6.5). 

3. NEDE-24011- P-A, "GE standard Application for Reactor 
Fuel," (as specified in Technical specification 
5 .6. 5). 

4. Letter from T.A. Pickens (BWROG) to G.C . Lainas (NRC), 
"Amendment 17 to General Electric Licensing Topical 
Report NEDE-24011-P-A," BWROG- 8644, August 15, 1986 . 

5. 

(continued) 
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REFERENCES 

APLHGR 
B 3.2.1 

1. NEDE-24011-P-A "General Electric Standard Application 
for Reactor Fuel" (as specified in Technical 
specification 5.6.5). 

2. UFSAR, chapter 4. 

3. UFSAR, Chapter 6. 

4. UFSAR, chapter 15. 

5. EMF-2361(P)(A) Revision 0, "EXEM BWR-2000 ECCS 
Evaluation Model" (as specified in Technical 
specification 5.6.5).E~F 94 217(NP), RevisioA 1 1 
"BoiliAg water Reactor LiceAsiFlg Med1010iology SwRllllary 1 " 

11to¥e111ber 1995. 

6. UFSAR, section 6.3.3.2.2.4. 

7. CENPD-300-P-A, "Reference safety Report for Boiling 
water Reactor Reload Fuel" (as specified in Technical 
Specification 5.6.5). 
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MCPR 
B 3.2.2 

B 3.2 POWER DISTRIBUTION LIMITS 

B 3.2.2 MINIMUM CRITICAL POWER RATIO (MCPR) 

BASES 

BACKGROUND 

APPLICABLE 
SAFETY ANALYSES 

MCPR is a ratio of the fuel assembly power that would result 
in the onset of boiling transition to the actual fuel 
assembly power . The MCPR safety Limit (SL) is set such that 
99.9% of the fuel rods are expected to avoid boiling 
transition if the limit is not violated (refer to the Bases 
for SL 2.1.1.2). The operating limit MCPR is established to 
ensure that no fuel damage results during anticipated 
operational occurrences (AOOs). Although fuel damage does 
not necessarily occur if a fuel rod actually experienced 
boiling transition (Ref. 1), the critical power at which 
boiling transition is calculated to occur has been adopted 
as a fuel design criterion. 

The onset of transition boiling is a phenomenon that is 
readily detected during the testing of various fuel bundle 
designs. Based on these experimental data, correlations 
have been developed to predict critical bundle power (i.e., 
the bundle power level at the onset of transition boiling) 
for a given set of plant parameters (e.g., reactor vessel 
pressure, flow, and subcooling). Because plant operating 
conditions and bundle power levels are monitored and 
determined relatively easily, monitorin~ the MCPR is a 
convenient way of ensuring that fuel failures due to 
inadequate cooling do not occur . 

The analytical methods and assumptions used in evaluating 
the AOOs to establish the operating limit MCPR are presented 
in References 2, 3, 4, 5, &,-and 7. To ensure that the 
MCPR SL is not exceeded during any transient event that 
occurs with moderate frequency, limiting transients have 
been analyzed to determine the largest reduction in critical 
power ratio (CPR). The types of transients eval uated are 
loss of f l ow, increase in pressure and powe r, positive 
reactivity insertion, and coolant temperature decrease. The 
limiting transient yields the largest change in CPR (~CPR). 
when the largest ~CPR is added to the MCPR SL, the required 
operating limit MCPR is obtai ned. 

The MCPR operating limits derived from t he transient 
analysis are dependent on the operating core flow state 

(continued) 
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(continued) 

LCO 

MCPR 
B 3.2.2 

(MCPRt) to ensure adherence to fuel design limits during the 
worst transient that occurs with moderate frequency as 
identified in UFSAR, chapter 15 (Ref. 5). 

Flow-dependent MPCR limits, MCPR(F), ensure that the safety 
Limit MCPR (SLMCPR) is not violated during recirculation 
flow events. The design basis flow increase event is a 
slow-flow power increase event which is not terminated by 
scram, but which stablizes at a new core power corresponding 
to the maximum possible core flow. Flow runout events are 
simulated along a constant xenon flow control line assuming 
a quasi steady-state plant heat balance. The MCPR(F) limit 
is specified as an absolute value and protects the MCPR 
Safety Limit. The operating limit is aependent on the 
maximum core flow limiter setting in the Recirculation Flow 
control system. 

For GE methodology above the power at which the scram is 
bypassed, bounding power depcRdent treRd fuRctioRs have beeR 

=~1i~=~~:;s %:e~:et:~::df~~~~i=~~ra:i~~'1i::t~ 5i: ~~taiA the 
power aepenaeRt P4CPR lilllit 1 P4CPR(P), 

Below the power .at which the scram is automatically 
bypassed, the MCPR(P) limits are actual absolute operating 
Limit MCPR (OLMCPR) values. The power dependent limits are 
established to protect the core from plaRt traRsieRts other 
than core flow iAereases, iAelYdiRg pressurizatioA and local 
control rod withdrawal events 

For Westinghouse methodology, the MCPR(P) limits arc actual 
absolute OLMCPR values. The flow dependent limits are 
established to protect the safety limit. Although MCPR(P) 
limits are calculated, multipliers derived from these limits 
can be provided to support the COLR. 

For AREVA methodology, the MCPR(P) limits are actual 
absolute OLMCPR values. The flow dependent limits are 
established to protect the safety limit. 

The MCPR satisfies criterion 2 of 10 CFR 50.36{c)(2)(ii) . 

The MCPR operatinQ limits specified in the COLR are the 
result of the Design Basis Acci dent (OBA) and transient 
analysis. The operating limit MCPR is determined by the 
larQer of the appropriate MCPRf or the rated condi tion MCPR 
limit. 

(continued) 
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MCPR 
B 3.2.2 

ACTIONS B.1 
(continued) 

SURVEILLANCE 
REQUIREMENTS 

If the MCPR cannot be restored to within its required limits 
within the associated completion Time, the plant must be 
brought to a MODE or other specified condition in which the 
LCO aoes not apply. To achieve this status, THERMAL POWER 
must be reduced to < 25% RTP within 4 hours. The allowed 
completion Time is reasonable, based on operating 
experience, to reduce THERMAL POWER to < 25% RTP in an 
orderly manner and without challenging plant systems. 

SR 3.2.2.1 

The MCPR is required to be initially calculated within 
12 hours after THERMAL POWER is ~ 25% RTP and periodically 
thereafter. It is compared to the specified limits in the 
COLR to ensure that the reactor is operating within the 
assumptions of the safety analysis. The 12 hour allowance 
after THERMAL POWER ~ 25% RTP is achieved is acceptable 
given the large inherent margin to operating limits at low 
power levels. The surveillance Frequency is controlled 
under the surveillance Frequency control Program. 

SR 3.2.2.2 

~~~.:~P!!cia=~i;!!m~t{r!:li~:!!0;c:a~s~r::s~i::!1~!e~~o This 
aeterminatioR of the parameter t for GE methodology must ee 
performed oAce withiR 72 hours after each set of scram time 
tests required by SR 3.1.4.1 1 SR 3.1.4.2, aAd SR 3.1.4.4 
Because the effective scram speed distrieution ~ay chaAge 

(continued) 
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MCPR 
B 3.2.2 

SR 3.2.2.2 (continued) 

d~ring the c,cle or after mainteAaAce that col:lld affect 
scram times. The 72 hoYr completioA Time is acceptable eye 
to the relatively 111iAor chaAges iR the actl:lal scram speed 
distrih~tioA eMpected dYriA~ the fyel cyc1e. 

The Westinghouse and AREVA reload safety analyses are 
performed to support three sets of scram speed control rod 
insertion times. These scram times are based on a 
conservative interpretation of as-found scram time 
measurements. In the event that plant surveillance data 
shows Nominal scram speed (NSS) control rod insertion 
times are exceeded, the thermal margin limits are modified 
to the values corresponding to the Intermediate scram 
Speed (ISS) control rod insertion times. The ISS times 
have been chosen to provide an intermediate value between 
the NSS and the Technical Specifications scram Speed 
(TSSS) control rod insertion times. In the event the ISS 
times are exceeded, the operational limits for the TSSS 
are applied. Note that the Westinghouse and AREVA 
methodologies do not support interpolation of the 
operational limits between scram speeds.The westiAghoyse 

~~!::ds~~!att~l~~}1 k~~ir:~s=!:si=;~r=~:!0;:;~s~si;2c~:m:=;!m 
times are based on a coAservative iAterpretatioA of as fol:lnd 
scram time measl:lrements. IA the event that plaAt 
sl:lrveillanee data shows these scram insertion times are 

~=~~;~e~ar!~~P!=ai:: 1 t:a;2!n1!!:!:~d:::em~~;:;e~P!:dt~~ss) 
control rod iAsertion times. The ISS times have been chosen 

i:cC::~!~es::clti~:;::!~t~e~:!Y~P:~:w{i~s~~ee~~~r:~dr!=e 
insertion times. In the event rss times are CMeeeded, the 
operational limits for the TSSS ar-e-~l4ed, Note that the 
~:~t!;~::=~:n:~t~:~~!:gbe~::~An:~r:=P~:::a!:terpolatioA of 

1. NUREG-0562, June 1979. 

2. XN-NF-80-19(P)(A) volume 3 Revision 2, "Exxon Nuclear 
Methodology for Boiling water Reactors, THERME.X: 
Thermal Limits Methodology summary Description," (as 
specified in Technical Specification 5.6.5). 
NEOE 24011 P A, "GeAeral Electric StaAdard Ap13l i cation 
for Reactor r1:1e1" (as specified in TechAical 
specHicatioA 5 ..e.~ 

3. UFSAR, chapter 4 . 

4. UFSAR, Chapter 6 . 

5. UFSAR, Chapter 15 . 

6. NFSR 0091, BeAehmark of CAS•~/HICROBURN Nuclear 
Desi ~n ••~t~eEls ! Co"11110R~eal th EEi~ s9A T9p; ca 1 Re po rt, 
fa-s---s.pec1f1ed 1A TechA1ca1 s~ec1f1cat1en; G.;~7Not 
used. 
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7. CENPD-300-P-A, "Reference safety Report for Boiling 
water Reactor Reload Fuel" (as specified in Technical 
specification 5.6.5). 
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LHGR 
B 3.2.3 

B 3.2 POWER DISTRIBUTION LIMITS 

B 3.2.3 LINEAR HEAT GENERATION RATE (LHGR) 

BASES 

BACKGROUND 

APPLICABLE 
SAFETY ANALYSES 

The LHGR is a measure of the heat generation rate of a fuel 
rod in a fuel assembly at any axial location. Limits on 
LHGR are specified to ensure that fuel design limits are not 
exceeded anywhere in the core during normal operation, 
includin2 anticipated operational occurrences (AOOs) aRd to 
eAsure t at tRC peak claddiRg teffiperature (PCT) during tRe 
:~~t~!~!~= ~:~;!·~sis lo~s.of ~oolant accident (LOCA) ~oes 1m1ts spec1f1ed ln 10 CFR S0.4fi . Exceeding 
the LHGR limit could potentially result in fuel damage and 
subsequent release of radioactive materials. Fuel design 
limits are specified to ensure that fuel system damage, fuel 
rod failure, or inability to cool the fuel does not occur 
during the normal operations and anticipated operating 
conditions identified in References 1 and 2. 

The analytical methods and assumptions used in evaluating 
the fuel system design and establish LHGR limits are 
presented in References 1, 2, and 3, 4, ~. and~ . The fuel 
assembly is designed to ensure (in conjunction with the core 
nuclear and thermal hydraulic design, plant equipment, 
instrumentation, and protection system) that fuel damage 
will not result in the release of radioactive materials in 
excess of the guidelines of 10 CFR, Parts 20 and SO. A 
mechanism that could cause fuel damage during normal 
operations and operational transients and that is considered 
in fuel evaluations is a rupture of the fuel rod cladding 
caused by strain from the relative expansion of the 
U02 pellet. 

A val ue of 1% plastic strain of the fuel cladding has been 
defined as the limit below which fuel damage caused by 
overstraining of the fuel cladding is not expected to occur 
(Ref. +4). 

Fuel design evaluations have been performed and demonstrate 
that the 1% fuel cladding plastic strain design limit is not 
exceeded during continuous operation with LHGRs up to the 
operating limit specified in the COLR. The analysis also 
includes allowances for short term transient excursions 

(continued) 
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BASES 

APPLICABLE 
SAFETY ANALYSES 

(continued) 

LCO 

APPLICABILITY 

LHGR 
B 3.2.3 

above the operating limit while still remaining within 
the AGG-fuel design limits, plus an allowance for 
densification power spiking. 

Flow-dependent LHGR limits were designed to assure 
adherence to all fuel thermal-mechanical design bases in the 
case of a slow recirculation flow runout event. From the 
bounding overpowers, the limits were derived such that 
during these events, the peak transient LHGR would not 
exceed the fuel mechanical limits. 

Power-dependent LHGR limits are used to assure adherence to 
the fuel thermal-mechanical design bases at reduced power 
conditions. Incipient centerline melting of the fuel and 
plastic strain of the cladding are considered. Appropriate 
limits are selected based on the plant-specific transient 
analysis. These limits are derived to assure that peak 
transient LHGR for any transient is not increased above the 
fuel design bases. 

The LHGR satisfies Criterion 2 of 10 CFR 50.36(c)(2)(ii). 

The LHGR is a basic assumption in the fuel design analysis. 
The fuel has been designed to operate at rated core power 
with sufficient design margin to the LHGR calculated to 
cause a 1% fuel cladding plastic strain. The operating 
limit to accomplish this objective is specified in the COLR. 

The LHGR limits are derived from fuel design analysis that 
is limiting at high power level conditions. At core thermal 
power levels < 25% RTP, the reactor is operating with a 
substantial margin to the LHGR limits and, therefore, the 
Specification is only required when the reactor is operating 
at ~ 25% RTP. 

(continued) 
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BASES (continued) 

LHGR 
B 3.2.3 

ACTIONS A.._l 

SURVEILLANCE 
REQUIREMENTS 

If any LHGR exceeds its required limit an assumption 
regarding an initial condition of the fuel design analysis 
is not met. Therefore, prompt action should be taken to 
restore the LHGR(s) to within its required limits such 
that the plant is operating within analyzed conditions. 
The 2 hour completion Time is normally sufficient to 
restore the LHGR(s) to within its limits and is acceptable 
based on the low probability of a transient or Design 
Basis Accident occurring simultaneously with the LHGR out 
of specification. 

8.1 

If the LHGR cannot be restored to within its required 
limits within the associated completion Time, the plant 
must be brought to a MODE or other specified condition in 
which the LCO does not apply. To achieve this status, 
THERMAL POWER is reduced to < 25% RTP within 4 hours. The 
allowed completion Time is reasonable, based on operating 
experience, to reduce THERMAL POWER TO < 25% RTP in an 
orderly manner and without challenging plant systems. 

SR 3.2.3.1 

The LHGRs are required to be initial l y calculated within 
12 hours after THERMAL POWER is ~ 25% RTP and periodically 
thereafter. They are compared to the LHGR limits in the 
COLR to ensure that the reactor is operating within the 
assumptions of the safety analysis. The 12 hour allowance 
after THERMAL POWER ~ 25% RTP is achieved is acceptable 
given the large inherent margin to operating limits at 
lower power levels. The surveillance Frequency is 
controlled under the surveillance Frequency control 
Program. 

SR 3.2 . 3.2 

For Westinghouse fuel; the reload analyses do not provide 
scram dependent LHGR imits. However, for AREVA 1 because 
the transient analyses take credit for conservatism in 
the scram speed performance, it must be demonstrated that 
the specific scram speed distribution is consistent with 
that used in the transient analyses. 

(continued) 
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BASES (continued) 

REFERENCES 

The AREVA reload safety analyses are performed to support 
three sets of scram speed control rod insertion times. 
These scram times are based on a conservative 
interpretation of as-found scram time measurements. In 
the event that plant surveillance data shows Nominal 
scram speed (NSS) control rod insertion times are 
exceedea, the thermal margin limits are modified to the 
values corresponding to the Intermediate scram speed 
(ISS) control rod insertion times. The ISS times have 
been chosen to provide an intermediate value between the 
NSS and the Technical specifications scram speed (TSSS) 
control rod insertion times. In the event the rss times 
are exceeded, the operational limits for the TSSS are 
applied. Note that the AREVA methodologies do not 
support interpolation of the operational limits between 
scram speeds. 

1 . UFSAR, chapter 4. 

2. UFSAR, Chapter 15. 

(continued) 
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BASES (continued) 

REFERENCES 
(continued) 

s. 

6. 

LHGR 
B 3.2.3 

3. BAW-10247PA Revision 0, "Realistic Thermal
Mechanical Fuel Rod Methodology for Boiling Water 
Reactors" (as specified in Technical Specification 
5.6.S).XN NF 80 19(P)(A), Advanced Nuclear r1:1el 

for 
'"4e thodol ogy 
BoiliAg water Reactors. 

4. XN ~•r 81 S8(P)(A). RODEX2 ruel Roa TherA1al Med1anical 
RespoRse E¥al 1:1at ioA A4odel . 

NEDE 24011 P A, "GeReral Electric StaRdard 
Ap13l i eati oA for Acaeto r r1:1el" (as speci fi eel i A 

Tecl'IAical Specification S.G.S). 

EHF 8S 74(P)(A), RODEX2A (BwR) Fuel Rod TRCFAlal 

+4 . NUREG-0800, section 4.2.II.A.2(g), Revision 2, 
July 1981. 
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BASES 

APPLICABLE 
SAFETY ANALYSES, 
LCO, and 
APPLICABILITY 

control Rod Block Instrumentation 
B 3.3.2.l 

1. Rod Block Monitor (continued) 

from the safety analysis. The Allowable values are derived 
from the analytic limits, corrected for calibration, 
process, and some of the instrument errors. The trip 
setpoints are then determined accounting for the remaining 
instrument errors (e.g., drift). The trip setpoints and 
Allowable values determined in this manner provide adequate 
protection because instrument uncertainties, process 
effects, calibration tolerances, instrument drift, and 
severe environment errors (for channels that must function 
in harsh environments as defined by 10 CFR 50.49) are 
accounted for and appropriately applied for the 
instrumentation. 

The RBM is assumed to mitigate the consequences of an RWE 
event when operating ~ 30% RTP and a non-peripheral control 
rod is selected. Below this power level, or if a peripheral 
control rod is selected, the consequences of an RWE event 
will not exceed the MCPR SL and, therefore, the RBM is not 
required to be OPERABLE (Ref. 3). 

2. Rod worth Minimizer 

The RWM enforces the analyzed rod pos1t1on sequence to 
ensure that the initial conditions of the CRDA analysis are 
not violated. The analytical methods and assumptions used 
in evaluating the CRDA are summarized in References 4, 5, 6, 
7, &,-and 13 . The analyzed rod position sequence requires 
that control rods be moved in groups, with all control rods 
assigned to a specific 9roup required to be within specified 
banked positions. Requirements that the control rod 
sequence is in compliance with the analyzed rod position 
sequence are specified in LCO 3.1.6, "Rod Pattern control . " 

when performing a shutdown of the plant, an optional control 
rod sequence (Ref. 12) may be used if the coupling of each 
withdrawn control rod has been confirmed . The rods may be 
inserted without the need to stop at int ermediate positions . 
when us i ng the Reference 12 control rod insert ion sequence 
for shutdown, the rod wo rth minimizer may be reprogrammed to 
enforce the requirements of the improved control rod 
insertion process. 

(cont i nued) 
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BASES 

SURVEILLANCE 
REQUIREMENTS 

(continued) 

REFERENCES 

control Rod Block Instrumentation 
B 3.3.2.1 

SR 3 . 3 . 2 . 1. 9 

LCO 3.1.3 and LCO 3.1.6 may require individual control rods 
to be bypassed (taken out of service) in the RWM to allow 
insertion of an inoperable control rod or correction of a 
control rod pattern not in compliance with the analyzed rod 
position sequence. With the control rods bypassed (taken 
out of service) in the RWM, the RWM will provide insert and 
withdraw blocks for bypassed control rods that are fully 
inserted and a withdraw block for bypassed control rods that 
are not fully inserted. To ensure the proper bypassing and 
movement of these affected control rods, a second licensed 
operator (Reactor operator or senior Reactor operator) or 
other task qualified member of the technical staff (e.g., 
shift technical advisor or reactor engineer) must verify the 
bypassing and position of these control rods. compliance 
with this SR allows the RWM to be OPERABLE with these 
control rods bypassed. 

1. UFSAR, Section 7.6.1.5.3. 

2. UFSAR, section 7.7.2. 

3. UFSAR, Section 15.4.2.3 . 

4. UFSAR, Section 15.4.10. 

5. XN-NF-80-19(P)(A), volume 1, Supplement 2, section 7.1 
Exxon Nuclear Methodology for Boil ing water Reactor
Neutronics Methods for Desi~n and Analysis, (as 
specified in Technical speci fication 5.6.5). 

6. NEDE-24011-P-A, "GE standard Applicati on for Reactor 
Fuel," (as specified in Technical specification 
5.6. 5). 

7. Letter to T.A. Pickens (BWROG) from G.C. Lainas (NRC), 
"Amendment 17 to General Electric Licensing Topical 
Report NEDE-24011-P-A," BWROG-8644, August 15, 1986 . 

8. NFSR 0091, BeAChAlark 01 CAS'1.0/1"t:ttROBJR"4 B'nR .. uc.ear 

~:~i~;e=n~:=5iAc::~~~:~t~~~:1i%~a!1:!e:~G~~~~~~i 
used. 
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SURVEILLANCE 
REQUIREMENTS 

REFERENCES 

ATWS-RPT Instrumentation 
B 3. 3.4. l 

SR 3. 3.4.1.4 (continued) 

measured parameter within the necessary range and accuracy. 
CHANNEL CALIBRATION leaves the channel adjusted to account 
for instrument drifts between successive calibrations 
consistent with the plant specific setpoint methodology . 
There is a plant specific program which verifies that the 
instrument channel functions as required by verifying the 
as-left and as-found setting are consistent with those 
established by the setpoint methodology. 

The surveillance Frequency is controlled under the 
su rveillance Frequency control Program. 

SR 3 . 3. 4. 1. 5 

The LOGIC SYSTEM FUNCTIONAL TEST demonstrates the 
OPERABILITY of the required trip logic for a specific 
channel . The system functional test of the pump breakers is 
included as part of this surveillance and overlaps the LOGIC 
SYSTEM FUNCTIONAL TEST to provide complete testing of the 
assumed safety function. Therefore, if an ASD feed breaker 
or ASD emergency stop circuit is incapable of operating, the 
associated instrument channel(s) would be inoperable. 

The surveillance Frequency is controlled under the 
surve i llance Frequency control Program . 

1. 

2 . 

3 . 

UFSAR, section 7.8 . 

UFSAR , section 15 . 8 

GENE-770-06-1-A, "Bases for changes To survei 11 ance 
Test Intervals and Allowed Out -of-service Times For 
se l ected Ins t rumen t ation Technical Specifi cations, " 
December 1992. 
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BASES 

APPLICABLE 
SAFETY ANALYSES, 
LCO, and 
APPLICABILITY 

3.b. Drywell Pressure-High (continued) 

ECCS Instrumentation 
B 3.3.5.l 

possibility of fuel damage. The Drywell Pressure-High 
Function, along with the Reactor water Level-Low Low 
Function, is directly assumed in the small break LOCA 
analysis analysis of the recirculation line break (Ref. 2). 
The core cooling function of the ECCS, along with the scram 

action of the RPS, ensures that the fuel peak cladding 
temperature remains below the limits of 10 CFR 50.46. 

High drywell pressure signals are initiated from four 
pressure switches that sense drywell pressure . The 
Allowable value was selected to be as low as possible to be 
indicative of a LOCA inside primary containment. 

Four channels of the Drywell Pressure-High Function are 
required to be OPERABLE when HPCI is required to be OPERABLE 
to ensure that no single instrument failure can preclude 
HPCI initiation. Refer to LCO 3.5.1 for the Applicability 
Bases for the HPCI system. 

3.c. Reactor vessel water Level -H igh 

High RPV water level indicates that sufficient cooling water 
inventory exists in the reactor vessel such that there is no 
danger to the fuel. Therefore, the Reactor Vessel water 
Level-High Function signal is used to trip the HPCI turbine 
to prevent overflow into the main steam lines (MSLs) . The 
Reactor vessel water Level-High Function is not assumed in 
the plant specific accident and transient analyses. It was 
retained since it is a potentially significant contributor 
to risk . 

Reactor vessel Water Level-High signals for HPCI are 
initiated from two differential pressure instruments from 
the narrow range water level measurement instrumentation. 
Both signals are required in order to close the HPCI 
injection valve. This ensures that no single instrument 
failure can preclude HPCI initiation. The Reactor vessel 
water Level - High Allowable value i s chosen to prevent flow 
from the HPCI system from overflowing into the MSLs . 

Two channels of Reactor vessel water Level-High Function 
are required to be OPERABLE only when HPCI is required to be 
OPERABLE . Refer to LCO 3. 5.1 for HPCI Applicability Bases . 

(continued) 
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BASES 

BACKGROUND 
(continued) 

Recirculation Loops operating 
B 3.4.1 

to the coolant. As it rises, the coolant begins to boil, 
creating steam voids within the fuel channel that continue 
until the coolant exits the core. Because of reduced 
moderation, the steam voiding introduces negative reactivity 
that must be compensated for to maintain or to increase 
reactor power. The recirculation flow control allows 
operators to increase recirculation flow and sweep some of 
the voids from the fuel channel, overcoming the negative 
reactivity void effect. Thus, the reason for having 
variable recirculation flow is to compensate for reactivity 
effects of boiling over a wide range of power generation 
(i.e., SS to 100% of RTP) without having to move control 
rods and disturb desirable flux patterns. 

Each recirculation loop is manually started from the control 
room. The ASD provides regulation of individual 
recirculation loop drive flows. The flow in each loop is 
manually controlled. 

APPLICABLE The operation of the Reactor Recirculation System is 
SAFETY ANALYSES an initial condition assumed in the design basis loss of 

coolant accident (LOCA) (Ref. 1). During a LOCA caused by a 
recirculation loop pipe break, the intact loop is assumed to 
provide coolant flow during the first few seconds of the 
accident. The initial core flow decrease is rapid because 
the recirculation pump in the broken loop ceases to pump 
reactor coolant to the vessel almost immediately. The pump 
in the intact loop coasts down relatively slowly. This pump 
coastdown governs the core flow response for the next 
several seconds until the jet pump suction is uncovered 
(Ref. 1). The aAalyses assyme that both loops are operat1Ag 
at--tf:te:--sar·· flow prior to the aeeideAt. llowever, the LOU\ 
aAalysis wasThe AREVA LOCA analyses assume mismatched flow 
in the recirculation loops. In the LOCA analyses for non
AREVA fuel, the analyses assume that both loops are 
operating at the same flow prior to the accident. The 
non-AREVA LOCA analyses were reviewed for the case with a 
flow mismatch between the two loops, with the pipe break 
assumed to be in the loop with the higher flow. while the 
flow coastdown and core response are potentially more severe 
in this assumed case (since the intact loop starts at a 
lower flow rate and the core res~onse is the same as if both 
loops were operating at a lower flow rate), a small mismatch 
has been determined to be acceptable based on engineering 
judgement. qe reel-Ft-Y-1 dtioA syste~ 1s a.so assYmea co 
have syff1e1eAt flow eoas~dowA characteristics to maiAtaiA 
fyel therMal margiAs dYFiAg abAormal operatioAal traAsieAts 
(Ref. 2), which are aAalyzed iA chapter lS of the 
~.Mismatched flow has an insignificant impact on the 
fuel thermal margin during abnormal operational transients 
which are analyzed in chapter 15 of the UFSAR (Reference 
2). 

(continued) 
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APPLICABLE 
SAFETY ANALYSES 

(continued) 

LCO 

Recirculation Loops operating 
B 3.4.1 

A plant specific LOCA analysis has been performed assuming 
only one operating recirculation loop. This analysis has 
demonstrated that, in the event of a LOCA caused by a pipe 
break in the operating recirculation loop, the Emergency 
core cooling system response will provide adequate core 
cooling, provided the Average Planar Linear Heat Generation 
Rate (APLHGR) and Linear Heat Generation Rate (LHGR) 
requirements are modified accordingly (Ref. 3). For AREVA 
fuel, there is no requirement to modify the LHGR limits to 
support operation with only one operating recirculation 
loop. 

The transient analyses in chapter 15 of the UFSAR have also 
been performed for single recirculation loop operation 
(Ref. 4) and demonstrate sufficient flow coastdown 
characteristics to maintain fuel thermal margins during the 
abnormal operational transients analyzed provided the MCPR 
requirements are modified. During single recirculation loop 
operation, modification to the Reactor Protection System 
(RPS) average power range monitor (APRM) and the Rod Block 
Monitor Allowable values is also required to account for the 
different relationships between recirculation drive flow and 
reactor core flow. The APLHGR, LHGR, and Minimum critical 
Power Ratio (MCPR) limits for single loop operation are 
specified in the COLR. The APRM Flow Biased Neutron Flux
High Allowable value is in Leo 3.3.1.1, "Reactor Protection 
system (RPS) Instrumentation." The Rod Block Monitor
Upscale Allowable value is in LCO 3.3.2.1, "control Rod 
Block Instrumentation." 

Recirculation loops operating satisfies criterion 2 of 
10 CFR 50.36(c)(2)(ii). 

TWo recirculation loops are normally required to be in 
operation with their flows matched within the limits 
specified in SR 3.4.1.1 to ensure that during a LOCA caused 
by a break of the piping of one recirculation loop the 
assumptions of the LOCA analysis are satisfied. 
Alternatively, with only one recirculation loop in 
operation, modifications to the required APLHGR limits 
(LCO 3.2.1, "AVERAGE PLANAR LINEAR HEAT GENERATION RATE 
(APLHGR)"), MCPR limits (LCO 3.2.2, "MINIMUM CRITICAL POWER 
RATIO (MCPR)"), LHGR limits (LCO 3.2 . 3, "LINEAR HEAT 
GENERATION RATE (LHGR)"), APRM Flow Biased Neutron Flux-High 
Allowable value (LCO 3.3.1 .1), and the Rod Block Monitor
upscale Allowable value (LCO 3.3.2.1) , as applicable, must 
be applied to allow continued operation consistent with the 
assumptions of Reference 3. For AREVA fuel, there is no 
requirement to modify the LHGR limits to support operation 
with only one operating recirculation loop. 

(continued) 
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APPLICABLE 
SAFETY ANALYSES 

safety and Relief valves 
B 3.4.3 

In addition to the safet~ valves and S/RV, each unit is 
designed with four relief valves which actuate in the relief 
mode to control RCS pressure during transient conditions to 
Qrevent the need for safety valve actuation (except S/RV) 
following such transients. The relief valves are also 
located on the main steam lines between the reactor vessel 
and the first isolation valve within the drywell. These 
valves are sized by assuming a turbine trip, a coincident 
scram and a failure of the turbine bypass system . Four of 
the relief valves are of the Electromatic type, which are 
opened by automatic or manual switch actuation of a 
solenoid. The switch energizes the solenoid to actuate a 
plunger, which contacts the pilot valve operating lever, 
thereby opening the pilot valve. when the pilot valve 
opens, pressure under the main valve disc is vented. This 
allows reactor pressure to overcome main valve spring 
pressure, which forces the main valve disc downward to open 
the main valve. TWO of the five relief valves are the low 
set relief valves and all of the relief valves, including 
the S/RV, are Automatic DeQressurization system (ADS) 
valves. The low set relief requirements are specified in 
LCO 3.6.1.6, "Low set Relief valves," and the ADS 
requirements are specified in LCO 3.5.1, "Eccs-operating . " 

The overpressure protection system must accommodate the most 
severe pressurization transient. The €-~ ithout 
direct scrclfll OA valve positioR eveAt, a u.11biAe trip 'ldth a 

!:!!:r:R0!1:1!C:A:1:1;::;ev~¥e:s:o~r:::: :::A;!t::=ta~~::~t 
~ect with a fail 1:1 re of the tu rblA: ~~P~~s syst eRI ana 
without (jirect scram on t1:1raine coA r ·e fast clos1:1r 
~limiting pressurization transients are evaluated each 

reload (Ref. 1). For the purpose of the analyses, 
nine safety valves (including the S/RV) are assumed to 
operate in the safety mode. The relief valves are not 
credited to function during this event. The analysis 
results demonstrate that the design safety valve capacity is 
capable of maintaining reactor pressure below the ASME code 
limit of 110% of vessel design pressure (110% x 1250 psig = 
1375 psig). This LCO helps to ensure that the acceptance 
limit of 1375 psig is met during the Design Basis Event . 

For the turbine trip or generator load rejection with Main 
Turbine Bypass system failure described in References 2 and 
3, respectively, the relief 

(continued) 
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Main Turbine Bypass System 
B 3.7.7 

B 3.7 PLANT SYSTEMS 

B 3.7.7 Main Turbine Bypass system 

BASES 

BACKGROUND The Main Turbine Bypass system is designed to control steam 
pressure when reactor steam generation exceeds turbine 
requirements during unit startup, sudden load reduction, and 
cooldown. It allows excess steam flow from the reactor to 
the condenser without going through the turbine. The bypass 
capacity of the system is 33.3% of the Nuclear steam supply 
system rated steam flow. sudden load reductions within the 
capacity of the steam bypass can be accommodated without 
reactor scram. The Main Turbine Bypass system consists of a 
nine valve manifold connected to the main steam lines 
between the main steam isolation valves and the main turbine 
stop valves. Each of the nine valves is operated by 
hydraulic cylinders. The bypass val ves are controlled by 
the pressure regulation function of the Turbine Electro
Hydraulic control system, as discussed in the UFSAR, 
section 7.7.4 (Ref. 1) . The bypass valves are normally 
closed, and the pressure regulator controls the turbine 
control valves that direct all steam flow to the turbine. 
If the speed governor or the load limiter restricts steam 
flow to the turbine, the pressure regulator controls the 
system pressure by opening the bypass valves sequentially. 
when the bypass valves open, the steam flows from the main 
steam equalizing heade r to the bypass manifold through the 
bypass valve, to its bypass line, where an orifice further 
reduces the steam pressure before the steam enters the 
condenser. 

APPLICABLE The Main Turbine Bypass system i s assumed to function during 
SAFETY ANALYSES the turbine trip, turbine generator load rejection and 

feedwater controller failure transients, as discussed in the 
UFSAR, sections 15.2.3.2, 15.2.2.2, and 15.1.2 (Refs. 2, 3, 
and 4, respectively). The Main Turbine Bypass system is 
also assumed to function during other AOOs in which s stem 
pressurization may occur. opening the bypass valves uring 
the pressurization events mitigates the increase in reactor 
vessel pressure, which affects the MCPR and nodal power 
excursion during the event. An inoperable Main Turbine 
Bypass system may result in CPR peAaltyand LHGR 
penalties . 

The Main Turbine Bypass system satisfies criterion 3 of 
10 CFR 50.36(c)(2)(ii) . 

(continued) 
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BASES (continued) 

Main Turbine Bypass system 
B 3.7 . 7 

LCO The Main Turbine Bypass system is required to be OPERABLE to 
limit peak pressure in the main steam lines and maintain 
reactor pressure within acceptable limits during events that 
cause rapid pressurization, so that the safety Limit MCPR is 
not exceeded. With the Main Turbine Bypass System 
inoperable (two or more bypass valves inoperable as 
specified in the COLR) , modifications to the MCPR limits 
(LCO 3.2.2, "MINIMUM CRITICAL POWER RATIO (MCPR)") and LHGR 
limits (LCO 3.2.3, "LINEAR HEAT GENERATION RATE (LHGR)") 
may be applied to allow this LCO to be met. The MCPR and 
LHGR limits for the inoperable Main Turbine Bypass system 
4-s-are specified in the COLR. An OPERABLE Main Turbine 
Bypass system requires the bypass valves to open in response 
to increasing main steam line pressure. This response is 
within the assumptions of the applicable analyses (Refs. 2, 
3, and 4). 

APPLICABILITY 

ACTIONS 

The Main Turbine Bypass System is required to be OPERABLE at 
~ 25% RTP to ensure that the fuel cladding integrity safety 
Limit is not violated during the turbine generator load 
rejection, turbine trip, and feedwater controller failure 
transients. As discussed in the Bases for LCO 3.2.2, 
sufficient margin to these limits exists at < 25% RTP. 
Therefore, these requirements are only necessary when 
operating at or above this power level. 

Also, between ~ 25% RTP and the Main Turbine's Power/Load 
unbalance relay trip setpoint, the main ~enerator load 
reject trip must be OPERABLE, which requires the unit 
Auxiliary Transformer (UAT) to be connected to at least one 
4 kv bus. 

A.l 

If the Main Turbine Bypass System is inoperable (e-Ae--two or 
more bypass valves inoperable as specified in the COLR), 
and the MCPR and LHGR limits for an inoperable Main Turbine 
Bypass system, as specified in the COLR, are not applied, 
the assumptions of the design basis transient analysis may 
not be met. Under such circumstances, prompt action should 
be taken to restore the Main Turbine Bypass system to 
OPERABLE status or adjust the MCPR and LHGR limits 
accordingl y. The 2 hour completion Time is reasonable, 
based on the time to complete the Required Action and the 
low probability of an event occurring during this period 
requiring the Main Turbine Bypass System. 

(continued) 
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BASES 

Main Turbine Bypass System 
B 3. 7.7 

ACTIONS B. l 
(continued) 

SURVEILLANCE 
REQUIREMENTS 

If the Main Turbine Bypass system cannot be restored to 
OPERABLE status and the MCPR and LHGR limits for an 
inoperable Main Turbine Bypass system a re not applied, 
THERMAL POWER must be reduced to < 25% RTP. As discussed in 
the Applicability section, operation at < 25% RTP results in 
sufficient margin to the required limits, and the Main 
Turbine Bypass sys t em is not required to protect fuel 
inte~rity during the turbine generator load rejection, 
turbine trip, and feedwater controller failure transients. 
The 4 hour completion Time is reasonable, based on operating 
experience, to reach the required unit conditions from full 
power conditions in an orderly manner and without 
challenging unit systems. 

SR 3.7.7.1 

Cycling each main turbine bypass valve through one complete 
cycle of full travel demonstrates that t he valves are 
mechanically OPERABLE and will function when required. The 
surveillance Frequency is controlled under the surveillance 
Frequency control Program . 

SR 3.7.7.2 

The Main Turbine Bypass System is required to actuate 
automatically to perform its design function. This SR 
demonstrates that, with the required system initiation 
signals, the valves will actuate to their required position. 
The surveill ance Frequency is controlled under the 
surve i llance Frequency control Program. 

(continued) 
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BASES 

SURVEILLANCE 
REQUIREMENTS 

SR 3.8.1.15 (continued) 

AC sources-operating 
B 3.8.1 

purpose of the surveillance can be met by performing the 
test on either unit. If the DG fails one of these 
surveillances, the DG should be considered inoperable on 
both units, unless the cause of the failure can be directl y 
related to only one unit. 

SR 3.8.1.16 

This surveillance demonstrates that the diesel engine can 
restart from a hot condition, such as subsequent to shutdown 
from normal surveillances, and achieve the required voltage 
and frequency within 13 seconds. The 13 second time is 
derived from the requirements of the accident analysis for 
responding to a design basis large break LOCA (Ref. 15). In 
addition, the DG is required to maintain proper voltage and 
frequency limits after steady state is achieved. The time 
for the DG to reach the steady state voltage and frequency 
limits is periodically monitored and the trend evaluated to 
identify degradation of governor and voltage regulator 
performance. 

The surveillance Frequency is controlled under the 
surveillance Frequency control Program. 

This SR is modified by three Notes. Note 1 ensures that the 
test is performed with the diesel sufficiently hot. The 
requirement that the diesel has operated for at least 
2 hours at apRroximately full load conditions prior to 
performance of this surveillance is based on manufacturer 
recommendations for achieving hot conditions. Momentary 
transients due to changing bus loads do not inval idate this 
test. Note 2 allows all DG starts to be preceded by an 
engine prelube period to minimize wear and tear on the 
diesel during testing. To minimize testing of the common 
DG, Note 3 allows a singl e test of the common DG (instead of 
two tests, one for each unit) to satisfy the requirements 
for both units. This is allowed since the main purpose of 

(continued) 
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control Rod Testing-operating 
B 3.10.6 

B 3.10 SPECIAL OPERATIONS 

B 3.10.6 control Rod Testing-operating 

BASES 

BACKGROUND The purpose of this special operations LCO is to permit 
control rod testing! while in MODES 1 and 2, by imposing 
certain administrative controls. control rod patterns 
during startup conditions are controlled by the operator and 
the rod worth minimizer (RWM) (LCO 3.3.2.1, "control Rod 
Block Instrumentation"), such that only the specified 
control rod sequences and relative positions required by 
LCO 3.1.6, "Rod Pattern control," are allowed over the 
operating range from all control rods inserted to the low 
power setpoint (LPSP) of the RWM. The sequences effectively 
limit the potential amount and rate of reactivity increase 
that could occur during a control rod drop accident (CRDA). 
During these conditions, control rod testing is sometimes 
required that may result in control rod patterns not in 
compliance with the prescribed sequences of LCO 3.1.6. 
These tests include SOM demonstrations, control rod scram 
time testing, and control rod friction testing. This 
special operations LCO provides the necessary exemption to 
the requirements of LCO 3.1.6 and provides additional 
administrative controls to allow the deviations in such 
tests from the prescribed sequences in LCO 3.1.6. 

APPLICABLE The analytical methods and assumptions used in evaluating 
SAFETY ANALYSES the CRDA are summarized in References 1, 2, 3, and 4~ 

5. CRDA analyses assume the reactor operator follows 
prescribed withdrawal sequences. These sequences define the 
potential initial conditions for the CRDA analyses. The RWM 
provides backup to operator control of the withdrawal 
sequences to ensure the initial conditions of the CRDA 
analyses are not violated. For special sequences developed 
for control rod testing, the initial control rod patterns 
assumed in the safety analysis of References 1, 2, 3, and 
4, aR8 s may not be preserved. Therefore special CRDA 
analyses are required to demonstrate that these special 
sequences will not result in unacceptable consequences, 
should a CRDA occur durin~ the testing. These analyses, 
performed in accordance with an NRC approved methodology, 
are dependent on the specific test being performed. 

(continued) 
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BASES 

APPLICABILITY 
(continued) 

ACTIONS 

SURVEILLANCE 
REQUIREMENTS 

control Rod Testing-operating 
B 3.10 .6 

special operations LCO are necessary to perform special 
tests that are not in conformance with the prescribed 
sequences of LCO 3.1.6. 

while in MODES 3 and 4, control rod withdrawal is only 
allowed if performed in accordance with special Operations 
LCO 3.10.2, "single control Rod withdrawal-Hot shutdown," 
or Special operations LCO 3.10.3, "single control Rod 
Withdrawal-cold shutdown," which provide adequate controls 
to ensure that the assumptions of the safety analysis of 
References 1, 2, 3, and 4 , and 5 are satisfied. During 
these Special operations and while in MODE 5, the 
one-rod-out interlock (LCO 3.9.2, "Refuel Position 
one-Rod-out Interlock,") and scram functions (LCO 3.3 .1.1, 
"Reactor Protection system (RPS) Instrumentation," and 
LCO 3.9.5, "control Rod OPERABILITY-Refueling"), or the 
added administrative controls prescribed in the applicable 
Special operations LCOs, provide mitigation of potential 
reactivity excursions. 

With the requirements of the LCO not met (e.g., the control 
rod pattern is not in compliance with the special test 
sequence, the sequence is improperly loaded in the RWM) the 
testing is required to be immediately suspended . Upon 
suspension of the special test, the provisions of LCO 3.1.6 
are no longer excepted, and appropriate actions are to be 
taken to restore the control rod sequence to the prescribed 
sequence of LCO 3.1.6 , or to shut down the reactor, if 
required by LCO 3.1.6. 

SR 3.10.6.1 

With the special test sequence not programmed into the RWM, 
a second licensed operator (Reactor Operator or senior 
Reactor operator) or other task qualified member of the 
technical staff (e.g., shift technical advisor or reactor 
engineer) is required to verify conformance with the 
approved sequence for the test. This verification must be 
performed during control rod movement to prevent deviations 
from the specified sequence. A Note is added to indicate 
that thi s surveillance does not need to be met if 
SR 3 .10.6.2 is satisfied. 

(continued) 
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BASES 

SURVEILLANCE 
REQUIREMENTS 

(continued) 

REFERENCES 

SR 3.10.6.2 

control Rod Testing-operating 
B 3.10.6 

when the RWM provides conformance to the special test 
sequence, the test sequence must be verified to be correctly 
loaded into the RWM prior to control rod movement. This 
surveillance demonstrates compliance with SR 3.3.2.1.8, 
thereby demonstrating that the RWM is OPERABLE. A Note has 
been aaded to indicate that this surveillance does not need 
to be met if SR 3.10.6.1 is satisfied. 

1. UFSAR, Section 15.4.10. 

2. XN-NF-80-19(P)(A), volume 1, su~plement 2, section 
7.1, Exxon Nuclear Methodology for Boiling water 
Reactor Neutronics Methods for Design Analysis, (as 
specified in Technical Specification 5.6.5). 

3. NEDE-24011-P-A-US, General Electric standard 
Application for Reactor Fuel, (as specified in 
Technical specification 5.6.5). 

4. Letter from T. Pickens (BWROG) to G.c. Lainas (NRC) 
"Amendment 17 to General Electric Licensing Topical 
Report NEDE-24011-P-A," BWROG-8644, August 15, 1986. 

s. NFSR 0091, ~~ of CASMO, mCROBURN BwR Nl::lclear 
~i~i~;e~~l~:: 5 iRc~::::~::~t~~~~J*~:ai~~!c~:6~~~~rt , 
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BASES 

APPLICABLE 
SAFETY ANALYSES 

(continued) 

LCO 

SOM Test-Refueling 
B 3.10.7 

CRDA analyses assume that the reactor operator follows 
prescribed withdrawal sequences. For SDM tests performed 
within these defined sequences, the analyses of References 
1, 2, 3, and are applicable. However, for some 
sequences developed for the SDM testing, the control rod 
patterns assumed in the safety analyses of References 1, 2, 
3, and 4 , aAd S may not be met. Therefore, special CRDA 
analyses, performea in accordance with an NRC approved 
methodology are required to demonstrate the SOM test 
sequence wiil not result in unacceptable consequences should 
a CRDA occur during the testing. For the purpose of this 
test, the protection provided by the normally required 
MODE S applicable Leos, in addition to the requirements of 
this Leo, will maintain normal test operations as well as 
postulated accidents within the bounds of the appropriate 
safety analyses (Refs. 1, 2, 3, and 4 , and 5). In addition 
to the added requirements for the RWM, APRM, and control rod 
coupling, the notch out mode is specified for out of 
sequence withdrawals. Requiring the notch out mode limits 
withdrawal steps to a single notch, which limits inserted 
reactivity, and allows adequate monitoring of changes in 
neutron flux, which may occur during the test. 

As described in LCO 3.0.7, compliance with special 
operations Leos is optional, and therefore, no criteria of 
10 CFR S0.36(c)(2)(ii) apply. special operations LCOs 
provide flexibility to perform certain operations by 
appropriately modifying requirements of other LCOs. A 
discussion of the criteria satisfied for the other Leos is 
provided in their respective Bases. 

As described in LCO 3.0.7, compliance with this special 
operations LCO is optional. SDM tests may be performed 
while in MODE 2, in accordance with Table 1.1-1, without 
meeting this special Operations LCO or its ACTIONS. For SOM 
tests performed while in MODE 5, additional requirements 
must be met to ensure that adequate protection against 
potential reactivity excursions is available. To provide 
additional scram protection, beyond the normally required 
IRMS, the APRMS are also required to be OPERABLE (LCO 
3.3.1.1, Functions 2.a and 2.d as though the reactor were in 
MODE 2. Because multiple control rods will be withdrawn and 
the reactor will potentially become critical, the approved 
control rod withdrawal sequence must be enforced by the RWM 

(continued) 
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SURVEILLANCE 
REQUIREMENTS 

(continued) 

REFERENCES 

SR 3.10.7.6 

SOM Test-Refueling 
B 3.10.7 

CRD charging water header pressure verification is performed 
to ensure the motive force i s available to scram the control 
rods in the event of a scram si~nal. Since the reactor is 
depressurized in MODE 5, there 1s insufficient reactor 
pressure to scram the control rods. verification of 
char~ing water header pressure ensures that if a scram were 
required, capability for rapid control rod insertion would 
exist. The minimum pressure of 940 psig is well below the 
expected pressure of approximately 1500 psig while still 
ensuring sufficient pressure for rapid control rod 
insertion. The surveillance Frequency is controlled under 
the surveillance Frequency control Program. 

1. UFSAR, Section 15.4.10. 

2. XN -NF-80-19(P)(A), volume 1, SURplement 2, section 
7.1, Exxon Nuclear Methodology for Boiling water 
Reactor Neutronics Methods for Design Analysis, (as 
specified in Technical Specification 5.6.5). 

3. NEDE-24011-P-A-US, General Electric Standard 
Application for Reactor Fuel, (as specified in 
Technical specification 5.6.5). 

4. Letter from T. Pickens (BWROG) to G.c. Lainas, NRC, 
"Amendment 17 to General Electric Licensing Topical 
Report NEDE -24011- P-A," BWROG-8644, August 15, 1986. 

s. ~iFSR 0091, BeAd1marl( 0 f CASMO/tHCROBl:IRN B~JR ~l.,IEl ear 
eesigA Met~oels, cemmonwealth EelisoA Topical Repert 1 
'as speeifieel iA Techn'cal Si:>ecificati~ 5--•. -tie.....-..--"~+ ...... T 
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Nature of Changes 

 

Item 
 Paragraph or 

Page(s) 
 

Description and Justification 

Revision 6 changes 

1.   Section 2.2.12 
Page 2-12 

 Revised last sentence of the first paragraph to read:  
“When the criteria are used for postulated accidents, 
fuel failures are permitted, but they must be accounted 
for in the dose calculations required by 10 CFR 100 
(Reference 4) or 10 CFR 50.67 (Reference 5) and 
Regulatory Guide 1.183 (Reference 6) as 
appropriate.” 

2.   Section 5.2.2 
Page 5-10 

 Revised last sentence of the second paragraph to 
read:  “If the minimum CPR during the event remains 
above the safety limit MCPR, the dose calculation is 
not needed since operation at or above the safety limit 
MCPR meets the requirements of less than a small 
fraction of the 10 CFR 100 or 10 CFR 50.67 and 
Regulatory Guide 1.183 dose limits as appropriate.” 

3.   Section 5.2.2 
Page 5-10 

 Revised second sentence of the third paragraph to 
read:  “For an infrequent event, the dose calculation 
result must remain below a small fraction (10%) of the 
10 CFR 100 or 10 CFR 50.67 and Regulatory Guide 
1.183 limits as appropriate.  For a limiting fault/design 
basis accident, the dose calculation result must not 
exceed 10 CFR 100 or 10 CFR 50.67 and Regulatory 
Guide 1.183 limits as appropriate.” 

4.   Section 6.0 
Page 6-1 

 Removed revision 4.2 from the SCALE reference 
since other version of SCALE may be used. 

5.   Section 7.0 
Page 7-1 

 Added References 5 and 6. 

6.   Section 7.0 
Page 7-2 

 Removed reference 19.  References 4 through 41 
were renumbered. 
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Item 
 Paragraph or 

Page(s) 
 

Description and Justification 

Revision 5 changes 

1.   Throughout  Minor editorial changes for consistency and accuracy. 
2.   Page 1-9  Table 1-2 updated report numbers in References 4-6 

and 4-7. 
3.   Page 3-14  Modified description of SE implementation to reflect 

the removal of the 10% penalty. 
4.   Pages 4-14 and  

4-15 
 Items 4-6 and 4-7 updated. 

5.   Pages 5-25 and  
5-26 

 Updated Implementation of SER Restrictions and 
Observations for NRC-accepted topical reports 
Reference 5-8.  

6.   Page 5-27  Updated Observations for NRC-accepted topical 
reports Reference 5-9. 

7.   Page 7-4  Added Reference 41. 
    

 
 

Changes are further identified with (|)  
in the right-hand margin. 
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Acronym Definition 
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MSIV Main Steam Isolation Valve 
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NRC Nuclear Regulatory Commission, U.S. 
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RAI Request for Additional Information 
RIA Reactivity Initiated Accident 
RPS Recirculation Pump Seizure 
 
SAFDL Specified Acceptable Fuel Design Limit 
SER Safety Evaluation Report 
SLMCPR Safety Limit Minimum Critical Power Ratio 
SPT Stability Protection Trip 
SRP Standard Review Plan 
 
TER Technical Evaluation Report 
TR Topical Report 
TS Technical Specification 

  

For Information Only



AREVA Inc.  ANP-2637 
  Revision 6 
Boiling Water Reactor 
Licensing Methodology Compendium Page viii 

 

 

Abstract 

This report is a compendium of AREVA methodologies and design criteria that are 

described in topical reports that the NRC has found acceptable for referencing in 

boiling water reactor (BWR) licensing applications.  This compendium provides a 

concise, organized source for NRC-approved BWR topical reports. 

The methodologies and topical reports addressed in this report are designed to give 

BWR licensees using AREVA fuel the methodologies needed to conform to their 

original licensing bases and to meet cycle-specific parameter limits that have been 

established using NRC-approved methodologies.  These methodologies may also be 

used to predict changes to limits consistent with all applicable limits of the plant safety 

analysis that are addressed in the FSAR. 
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 INTRODUCTION 1.0

This report is a compendium of AREVA Inc.* (AREVA) methodologies and design 

criteria, which are described in topical reports that the NRC has found acceptable for 

referencing in boiling water reactor (BWR) licensing applications.  This compendium 

provides a concise, organized source for BWR topical reports.  It presents information 

about the application of each topical report, the associated safety evaluation report 

(SER) and its conclusions and restrictions for each topical report, the relationships 

among the topical reports, and, for certain methodologies, descriptions of their unique 

characteristics or applications.  Compliance with the SER restrictions is assured by 

implementing them within the engineering guidelines or by incorporating them into the 

computer codes. 

The methods and topical reports addressed herein are designed to give BWR licensees 

using AREVA fuel the methodologies needed to conform to their original licensing bases 

and to meet “…cycle-specific parameter limits that have been established using an 

NRC-approved methodology…,” as stated in Generic Letter 88-16.  These 

methodologies may also be used to predict “…changes [to limits]…consistent with all 

applicable limits of the plant safety analysis that are addressed in the [updated] final 

safety analysis report ([U]FSAR).”  Additionally, these methodologies are used to 

demonstrate that AREVA fuel is compatible with co-resident fuel. 

The organization of this report parallels the major sections of the Standard Review Plan 

(SRP) (Reference 1) that apply to reload fuel, specifically, 4.2 Fuel System Design, 4.3 

Nuclear Design, 4.4 Thermal and Hydraulic Design of Chapter 4 Reactor, and all 

appropriate sub-chapters of Chapter 15 Accident Analysis.  Table 1-1 includes a list of all 

the SRP numbers addressed by AREVA BWR methodologies.  Table 1-2 provides a list 

of topical reports that are used by AREVA to support operation of BWRs.  Table 1-2 also 

provides an index to topical reports that may be used to establish operating limits 

                                            

*  AREVA Inc. is an AREVA Company 
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reported in the core operating limits reports (COLR) and that may be referenced in the 

technical specifications. 

There are two styles for citations of references used herein.  References to an approved 

methodology addressed within Section 2.0, 3.0, 4.0, and 5.0 are cited as “Reference 

section number-number (see Table 1-2 for a list of References).”  Other supporting 

references found in Section 7.0 are cited by the reference number. 
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Table 1-1  SRP No. Addressed by AREVA Methodologies 

 

SRP No. Chapter 4 Reactor 

4.2 Fuel System Design 

4.3 Nuclear Design 

4.4 Thermal and Hydraulic Design 

SRP No. Chapter 15 Accident Analysis 

15.1.1 – 15.1.3 Decrease in Feedwater Temperature, Increase in Feedwater 
Flow, and Increase in Steam Flow (AOO) 

15.2.1 – 15.2.5 
Loss of External Load; Turbine Trip; Loss of Condenser 
Vacuum; Closure of Main Steam Isolation Valve (BWR); and 
Steam Pressure Regulator Failure (Closed) (AOO) 

15.2.7 Loss of Normal Feedwater Flow (AOO) 

15.3.1 – 15.3.2 Loss of Forced Reactor Coolant Flow Including Trip of Pump 
Motor and Flow Controller Malfunctions (AOO) 

15.3.3 – 15.3.4 Reactor Coolant Pump Rotor Seizure and Reactor Coolant 
Pump Shaft Break (Postulated Accident (PA)) 

15.4.2 Uncontrolled Control Rod Assembly Withdrawal at Power (AOO) 

15.4.4 – 15.4.5 
Startup of an Inactive Loop or Recirculation Loop at an Incorrect 
Temperature, and Flow Controller Malfunction Causing an 
Increase in BWR Core Flow Rate (AOO) 

15.4.7 Inadvertent Loading and Operation of a Fuel Assembly in an 
Improper Position (PA) 

15.4.9 Spectrum of Rod Drop Accidents (BWR) (PA) 

15.4.9a Radiological Consequences or Rod Drop Accident (BWR) (PA) 

15.5.1  Inadvertent Operation of ECCS that Increases Reactor Coolant 
Inventory (AOO) 
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Table 1-1  SRP No. Addressed by AREVA Methodologies (Continued) 

 

SRP No. Chapter 15 Accident Analysis (Continued) 

15.6.1 Inadvertent Opening of a PWR Pressurizer Pressure Relief 
Valve or a BWR Pressure Relief Valve (AOO) 

15.6.5 
Loss-of-Coolant Accidents Resulting from a Spectrum of 
Postulated Piping Breaks within the Reactor Coolant Pressure 
Boundary (PA) 

15.7.4 Radiological Consequences of Fuel Handling Accidents (PA) 

15.8 Anticipated Transients without Scram 

 

  

For Information Only



AREVA Inc.  ANP-2637 
  Revision 6 
Boiling Water Reactor 
Licensing Methodology Compendium Page 1-5 

 

 
Table 1-2  Reference Index 

 

Reference 
No. Methodology  

Page  
No.(s) 

Typically 
Referenced in 

Core Operating 
Limits Report 

2-1 

XN-NF-79-56(P)(A) Revision 1 and 
Supplement 1, "Gadolinia Fuel Properties 
for LWR Fuel Safety Evaluation," Exxon 
Nuclear Company, November 1981. 

2-22 
 

2-2 

XN-75-32(P)(A) Supplements 1 through 4, 
"Computational Procedure for Evaluating 
Fuel Rod Bowing," Exxon Nuclear 
Company, October 1983.  (Base 
document not approved.) 

2-23 

 

2-3 

XN-NF-81-58(P)(A) Revision 2 and 
Supplements 1 and 2, "RODEX2 Fuel Rod 
Thermal-Mechanical Response Evaluation 
Model," Exxon Nuclear Company, March 
1984. 

2-24 yes 

2-4 

XN-NF-81-51(P)(A), "LOCA-Seismic 
Structural Response of an Exxon Nuclear 
Company BWR Jet Pump Fuel 
Assembly," Exxon Nuclear Company, 
May 1986.  

2-25  

2-5 

XN-NF-85-74(P)(A), "RODEX2A (BWR) 
Fuel Rod Thermal-Mechanical Evaluation 
Model," Exxon Nuclear Company, August 
1986. 

2-26  

2-6 

XN-NF-85-67(P)(A) Revision 1, "Generic 
Mechanical Design for Exxon Nuclear Jet 
Pump BWR Reload Fuel," Exxon Nuclear 
Company, September 1986. 

2-27 yes 

2-7 

XN-NF-82-06(P)(A) Revision 1 and 
Supplements 2, 4 and 5, "Qualification of 
Exxon Nuclear Fuel for Extended Burnup," 
Exxon Nuclear Company, October 1986. 

2-29  
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Table 1-2 Reference Index (Continued) 

Reference 
No. Methodology  

Page  
No.(s) 

Typically 
Referenced in 

Core Operating 
Limits Report 

2-8 

XN-NF-85-92(P)(A), "Exxon Nuclear 
Uranium Dioxide/Gadolinia Irradiation 
Examination and Thermal Conductivity 
Results," Exxon Nuclear Company, 
November 1986. 

2-30  

2-9 

XN-NF-82-06(P)(A) Supplement 1 
Revision 2, "Qualification of Exxon 
Nuclear Fuel for Extended Burnup," 
Supplement 1, "Extended Burnup 
Qualification of ENC 9x9 BWR Fuel," 
Advanced Nuclear Fuels Corporation, 
May 1988. 

2-31  

2-10 

ANF-89-98(P)(A) Revision 1 and 
Supplement 1, "Generic Mechanical 
Design Criteria for BWR Fuel Designs," 
Advanced Nuclear Fuels Corporation, 
May 1995. 

2-32 yes 

2-11 

ANF-90-82(P)(A) Revision 1, "Application 
of ANF Design Methodology for Fuel 
Assembly Reconstitution," Advanced 
Nuclear Fuels Corporation, May 1995. 

2-34  

2-12 

EMF-85-74(P) Revision 0 Supplement 
1(P)(A) and Supplement 2(P)(A), 
"RODEX2A (BWR) Fuel Rod Thermal-
Mechanical Evaluation Model," Siemens 
Power Corporation, February 1998. 

2-35 yes 

2-13 

EMF-93-177(P)(A) Revision 1, 
"Mechanical Design for BWR Fuel 
Channels," Framatome ANP, August 
2005. 

2-37  
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Table 1-2 Reference Index (Continued) 

Reference 
No. Methodology  

Page  
No.(s) 

Typically 
Referenced in 

Core Operating 
Limits Report 

2-14 
BAW-10247PA Revision 0, "Realistic 
Thermal-Mechanical Fuel Rod 
Methodology for Boiling Water Reactors," 
AREVA NP, February 2008. 

2-39  yes 

3-1 

XN-NF-80-19(P)(A) Volume 1 and 
Supplements 1 and 2, "Exxon Nuclear 
Methodology for Boiling Water Reactors – 
Neutronic Methods for Design and 
Analysis," Exxon Nuclear Company, 
March 1983. 

3-6 yes 

3-2 

XN-NF-80-19(P)(A) Volume 4 Revision 1, 
"Exxon Nuclear Methodology for Boiling 
Water Reactors:  Application of the ENC 
Methodology to BWR Reloads," Exxon 
Nuclear Company, June 1986. 

3-8 yes 

3-3 

EMF-CC-074(P)(A) Volume 1, "STAIF - A 
Computer Program for BWR Stability 
Analysis in the Frequency Domain," and 
Volume 2 "STAIF - A Computer Program 
for BWR Stability Analysis in the 
Frequency Domain - Code Qualification 
Report," Siemens Power Corporation, 
July 1994. 

3-9  

3-4 

EMF-2158(P)(A) Revision 0, "Siemens 
Power Corporation Methodology for 
Boiling Water Reactors: Evaluation and 
Validation of CASMO-4/MICROBURN-
B2," Siemens Power Corporation, October 
1999. 

3-10 yes 
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Table 1-2  Reference Index (Continued) 

Reference 
No. Methodology  

Page  
No.(s) 

Typically 
Referenced in 

Core Operating 
Limits Report 

3-5 

EMF-CC-074(P)(A) Volume 4, Revision 0, 
"BWR Stability Analysis - Assessment of 
STAIF with Input from MICROBURN-B2," 
Siemens Power Corporation, August 
2000. 

3-12 yes 

3-6 

BAW-10255PA Revision 2, "Cycle-
Specific DIVOM Methodology Using the 
RAMONA5-FA Code," AREVA NP, May 
2008 

3-14  

3-7 
ANP-10262PA Revision 0, "Enhanced 
Option III Long Term Stability Solution," 
AREVA NP, May 2008 

3-15 Yes, EO-III 
Applications only 

4-1 

XN-NF-79-59(P)(A), "Methodology for 
Calculation of Pressure Drop in BWR Fuel 
Assemblies," Exxon Nuclear Company, 
November 1983. 

4-7  

4-2 

XN-NF-80-19(P)(A) Volume 3 Revision 2, 
"Exxon Nuclear Methodology for Boiling 
Water Reactors, THERMEX:  Thermal 
Limits Methodology Summary 
Description," Exxon Nuclear Company, 
January 1987. 

4-8 yes 

4-3 

ANF-524(P)(A) Revision 2 and 
Supplements 1 and 2, "ANF Critical Power 
Methodology for Boiling Water Reactors," 
Advanced Nuclear Fuels Corporation, 
November 1990. 

4-10 

yes 
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Table 1-2  Reference Index (Continued) 

Reference 
No. Methodology  

Page  
No.(s) 

Typically 
Referenced in 

Core Operating 
Limits Report 

4-4 

EMF-2245(P)(A) Revision 0, "Application 
of Siemens Power Corporation's Critical 
Power Correlations to Co-Resident Fuel," 
Siemens Power Corporation, August 
2000. 

4-11 

yes 

4-5 
EMF-2209(P)(A) Revision 3, "SPCB 
Critical Power Correlation," AREVA NP, 
September 2009. 

4-12 
yes 

4-6 
ANP-10249P-A Revision 2 
"ACE/ATRIUM-10 Critical Power 
Correlation," AREVA, March 2014 

4-14 
yes 

4-7 
ANP-10298P-A Revision 1, 
"ACE/ATRIUM 10XM Critical Power 
Correlation," AREVA, March 2014. 

4-15 yes 

4-8 

ANP-10307PA Revision 0, "AREVA 
MCPR Safety Limit Methodology for 
Boiling Water Reactors," AREVA NP, 
June 2011. 

4-16 yes 

5-1 

XN-CC-33(A) Revision 1, "HUXY:  A 
Generalized Multirod Heatup Code with 
10 CFR 50 Appendix K Heatup Option 
Users Manual," Exxon Nuclear Company, 
November 1975. 

5-15  

5-2 

XN-NF-80-19(P)(A) Volumes 2, 2A, 2B 
and 2C, "Exxon Nuclear Methodology for 
Boiling Water Reactors:  EXEM BWR 
ECCS Evaluation Model," Exxon Nuclear 
Company, September 1982. 

5-17  
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Table 1-2  Reference Index (Continued) 

Reference 
No. Methodology  

Page  
No.(s) 

Typically 
Referenced in 

Core Operating 
Limits Report 

5-3 

XN-NF-82-07(P)(A) Revision 1, "Exxon 
Nuclear Company ECCS Cladding 
Swelling and Rupture Model," Exxon 
Nuclear Company, November 1982. 

5-18  

5-4 
XN-NF-825(P)(A), "BWR/6 Generic Rod 
Withdrawal Error Analysis, MCPRp," 
Exxon Nuclear Company, May 1986. 

5-19  

5-5 

XN-NF-825(P)(A) Supplement 2, "BWR/6 
Generic Rod Withdrawal Error Analysis, 
MCPRp for Plant Operations within the 
Extended Operating Domain," Exxon 
Nuclear Company, October 1986. 

5-20 yes, for BWR/6 

5-6 

XN-NF-84-105(P)(A) Volume 1 and 
Volume 1 Supplements 1 and 2, 
"XCOBRA-T:  A Computer Code for BWR 
Transient Thermal-Hydraulic Core 
Analysis," Exxon Nuclear Company, 
February 1987. 

5-21 yes 

5-7 

ANF-913(P)(A) Volume 1 Revision 1 and 
Volume 1 Supplements 2, 3 and 4, 
"COTRANSA2:  A Computer Program for 
Boiling Water Reactor Transient 
Analyses," Advanced Nuclear Fuels 
Corporation, August 1990. 

5-23 yes 

5-8 

ANF-91-048(P)(A), "Advanced Nuclear 
Fuels Corporation Methodology for Boiling 
Water Reactors EXEM BWR Evaluation 
Model," Advanced Nuclear Fuels 
Corporation, January 1993. 

5-25  
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Table 1-2  Reference Index (Continued) 

Reference 
No. Methodology  

Page  
No.(s) 

Typically 
Referenced in 

Core Operating 
Limits Report 

5-9 

ANF-91-048(P)(A) Supplements 1 and 2, 
"BWR Jet Pump Model Revision for 
RELAX," Siemens Power Corporation, 
October 1997. 

5-27  

5-10 

EMF-2292(P)(A) Revision 0, 
"ATRIUM™-10:  Appendix K Spray Heat 
Transfer Coefficients," Siemens Power 
Corporation, September 2000. 

5-28 yes 

5-11 
EMF-2361(P)(A) Revision 0, "EXEM 
BWR-2000 ECCS Evaluation Model," 
Framatome ANP, May 2001. 

5-29 yes 

5-12 

ANF-1358(P)(A) Revision 3, "The Loss of 
Feedwater Heating Transient in Boiling 
Water Reactors," Framatome ANP, 
September 2005. 

5-30 yes 
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 FUEL SYSTEM DESIGN 2.0

AREVA builds fuel assemblies to several specific design criteria to ensure that: 

• The fuel assembly shall not fail as a result of normal operation and anticipated 

operational occurrences (AOOs).  The fuel assembly dimensions shall be designed to 

remain within operational tolerances and the functional capabilities of the fuel shall be 

established to either meet or exceed those assumed in the safety analysis. 

• Fuel assembly damage shall never prevent control rod insertion when it is required. 

• The number of fuel rod failures shall be conservatively estimated for postulated 

accidents. 

• Fuel coolability shall always be maintained. 

• The mechanical design of fuel assemblies shall be compatible with co-resident fuel 

and the reactor core internals. 

• Fuel assemblies shall be designed to withstand the loads from in-plant handling and 

shipping. 

The first four objectives are those cited in Section I. of 4.2 Fuel System Design of the 

SRP.  The last two objectives were established by AREVA to ensure structural integrity of 

the fuel and the compatibility of the fuel with existing reload fuel.  All six of these 

objectives, which are found in Reference 2-10, are satisfied by AREVA design criteria 

approved by the NRC, which include: 

• Preparing controlled documentation of the fuel system description and fuel assembly 

design drawings. 

• Performing analyses with NRC-approved and accepted models and methods for 

AREVA fuels. 
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• Testing significant new design features with prototype testing and/or lead test 

assemblies prior to full reload implementation. 

• Continued irradiation surveillance programs including post irradiation examinations to 

confirm fuel assembly performance. 

• Using AREVA’s approved QA procedures, QC inspection program, and design control 

requirements identified in FMM Revision 0 (Reference 2). 

 Regulatory Requirements 2.1

SRP Section 4.2 Fuel System Design, establishes criteria to provide assurance that the 

fuel system is not damaged as a result of normal operation or anticipated operational 

occurrences, that fuel system damage is never so severe that control rod insertion is 

prevented when it is required, that the number of fuel rod failures is not underestimated 

for postulated accidents, and that coolability is always maintained.  These design criteria 

are necessary to meet the requirements of General Design Criteria (Reference 3) (GDC) 

10, 27, and 35; 10 CFR Part 100, (Reference 4) and 10 CFR Part 50 (Reference 7) 

(50.46 and Appendix K). 

 Fuel System Design Analyses 2.2

The design criteria used for fuel system design analyses should not be exceeded during 

normal operation and AOOs.  These criteria, described below, address the physical 

aspects of fuel assemblies and the behavior of the fuel and cladding. 

 Stress 2.2.1

Design Criteria 

The design criteria for evaluating the structural integrity of the fuel assemblies are: 

• Fuel assembly handling - The assembly must withstand dynamic axial loads based on 

the fuel assembly weight multiplied by a load factor. 
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• For all applied loads for normal operation and anticipated operational occurrences - 

The fuel assembly component structural design criteria are established for the two 

primary material categories:  austenitic stainless steels (tie plates) and Zircaloy (tie 

rods, grids, spacer capture rod tubes, channels).  The stress categories and strength 

theory for austenitic stainless steel presented in the ASME Boiler and Pressure 

Vessel Code, Section III (Reference 8) are used as a general guide. 

• Steady-state stress design limits are given in Table 3-1 of Reference 2-10.  Stress 

nomenclature is per the ASME Boiler and Pressure Vessel Code, Section III. 

• Loads during postulated accidents - Deflection or failure of components shall not 

interfere with reactor shutdown or emergency cooling of the fuel rods. 

Bases 

In keeping with the GDC 10 specified acceptable fuel design limits (SAFDLs), the fuel 

damage design criteria for cladding stress assure that fuel system dimensions remain 

within operational tolerances and that functional capabilities are not reduced below those 

assumed in the safety analysis.  Conservative stress limits are derived from the ASME 

Boiler and Pressure Vessel Code, Section III, Article III-2000 (Reference 8), and the 

specified 0.2% offset yield strength and ultimate strength for Zircaloy. 

The structural integrity of the fuel assemblies is assured by setting design limits on 

stresses, deformations, and loadings due to various handling, operational, and accident 

loads.  These limits are applied to the design and evaluation of upper and lower tie plates, 

grid spacers, tie rods, spacer capture rod, water rods, water channels, fuel channels, fuel 

assembly cage, and springs where applicable.  The allowable component stress limits are 

based on the ASME Boiler and Pressure Vessel Code, Section III, with some criteria 

derived from component tests.  Cladding stress categories include the primary membrane 

and bending stresses, and the secondary stresses.  The loadings considered are fluid 

pressure, internal gas pressure, thermal gradients, restrained mechanical bow, flow 

induced vibration, and spacer contact.  Table 3.1 of Reference 2-10 gives the ASME 

stress level criteria. 
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The stress calculations use conventional elasticity theory equations.  A general purpose 

finite element stress analysis code such as ANSYS (Reference 9) may be used to 

calculate the spacer spring contact stresses.  The fuel assembly structural component 

stresses under faulted conditions are evaluated using primarily the criteria outlined in 

Appendix F of the ASME Boiler and Pressure Vessel Code, Section III. 

The AREVA analysis methods for calculating fuel rod cladding and assembly steady-state 

stresses are discussed and approved in References 2-6 and 2-9.  The methods for 

calculating fuel channel stresses are discussed and approved in Reference 2-13. 

 Strain 2.2.2

Design Criteria 

The design criteria for fuel rod cladding strain is that the transient-induced deformations 

must be less than 1% uniform.  With the RODEX2A methodology, the strain limit is 

reduced at higher exposures to account for lower ductility. 

Bases 

The design criteria for cladding strain are intended to preclude excessive cladding 

deformation and failure from normal operations and AOOs. 

With the RODEX2A methodology, AREVA uses the NRC-approved methods given in 

References 2-5 and 2-12 to calculate steady-state cladding strain during normal 

operation.  Transient cladding strain is calculated as described in Supplement 1 of 

Reference 2-3. 

With the RODEX4 methodology, the cladding transient strain is calculated as described in 

Reference 2-14.  The evaluation of the transient criteria also includes fuel centerline melt.  

Cladding transient strain and fuel melt are evaluated for fast transients and for slow 

transients at off-rated conditions using the methodology given in Reference 2-14 for fast 

transients. 
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 Strain Fatigue 2.2.3

Design Criteria 

The design criteria for strain fatigue limits the cumulative fatigue usage factor based on 

a defined design fatigue life. 

Bases 

Cycle loading associated with relatively large changes in power can cause cumulative 

damage, which may eventually lead to fatigue failure.  Therefore, AREVA requires that 

the cladding not exceed the fatigue usage design life as reduced by a proprietary factor.  

The fatigue usage factor is the number of expected cycles divided by the number of 

allowed cycles.  The total cladding usage factor is the sum of the individual usage factors 

for each duty cycle. 

The AREVA RODEX2 methodology for determining fuel assembly strain fatigue is based 

on Supplement 1 of Reference 2-3 and the O'Donnell and Langer fatigue design curves 

(Reference 10).  The fatigue curves have been adjusted to incorporate the recommended 

safety factor of two on stress amplitude or 20 on number of cycles, whichever is more 

conservative.  The RODEX2 and RAMPEX codes are used to provide fuel rod stress 

conditions for AREVA fatigue analysis. 

With RODEX4, the fatigue usage design limit along with the fatigue design curve are the 

same as used with RODEX2.  However, the cyclic stresses are calculated using the 

RODEX4 code as described in Reference 2-14.  Rather than analyze a set of design duty 

cycle cases, RODEX4 uses a realistic approach and makes use of the power changes 

contained in the operating power histories.  The calculated cumulative usage factor is 

scaled up according to a maximum expected quantity of duty cycles. 

Fuel channel fatigue is evaluated with finite element calculations to evaluate channel 

stresses due to pressure variations in the channel as a function of bundle power and flow 
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(Reference 2-13).  The same O’Donnell and Langer fatigue design curve is used as for 

the fuel rod evaluations. 

 Fretting Wear 2.2.4

Design Criteria 

The design criteria for fretting wear requires that fuel rod failure due to fretting shall not 

occur. 

Bases 

AREVA controls fretting wear by use of design features, such as a spacer spring dimple 

system, which assure that fuel rods are positively supported by the grid spacers 

throughout the expected irradiation period.  Spacer grid spring systems are designed 

such that the minimum rod contact forces throughout the design life are greater than the 

maximum fuel rod flow vibration forces.  AREVA performs fretting tests to verify 

consistent fretting performance for new spacer designs.  Examination of a large number 

of irradiated BWR rods, fuel assemblies, and channels has substantiated the absence of 

fretting in AREVA designs. 

 Oxidation and Crud Buildup 2.2.5

Design Criteria 

There is no specific limit for oxide thickness or crud buildup.  The effects of oxidation and 

crud buildup are considered in the fuel rod thermal and internal gas pressure analyses. 

Bases 

The AREVA fuel design basis for cladding corrosion and crud buildup is to prevent 

1) significant degradation of the cladding strength, and 2) unacceptable temperature 

increases.  Cladding corrosion reduces cladding wall thickness and results in less 

cladding load carrying capacity.  At normal light water reactor operating conditions, this 

mechanism is not limiting except under unusual conditions where high cladding 
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temperatures greatly accelerate the corrosion rate.  Because of the thermal resistance of 

corrosion and crud layers, formation of these products on the cladding results in an 

elevation of temperature within the fuel as well as the cladding. 

In the case of the RODEX2A methodology, there is no specific limit for oxidation.  

However, the BWR fuel performance code RODEX2A (Reference 2-12) includes the 

oxide buildup in the fuel performance predictions.  That is, the crud and oxidation models 

are a part of the approved models and therefore impact the temperature calculation.  

AREVA includes an enhancement in the RODEX2A calculations for the corrosion 

analysis and fuel temperature analysis.  This enhancement is a factor that is input to the 

code.  This factor increases the amount of oxidation predicted by the corrosion model.  

The factor is selected, based on the particular design power history, to provide an 

end-of-life (EOL) oxidation thickness that is equivalent to the maximum peak oxidation 

observed for AREVA BWR fuel. 

As part of the RODEX2A methodology, AREVA data show that even at higher exposures 

and residence times, cladding oxide thickness is relatively low.  Mechanical properties of 

the cladding are not significantly affected by thin oxide or crud layers.  For the thermal 

analyses, the effect of oxidation is included.  There is sufficient conservatism in the gas 

pressure analysis to account for the effect of cladding oxidation without the use of an 

additional enhancement factor.  For steady-state strain, transient strain, and cyclic stress, 

the effect of wall thinning is insignificant since cladding deformation is strain dependent.  

That is, the change in cladding diameter during a power change is primarily determined 

by the change in the pellet diameter since pellet-cladding contact occurs at higher 

exposures.  For the cladding EOL stress analysis, the wall thickness is reduced 

consistent with the peak oxide thickness. 

With RODEX4, the approved licensing limit is a proprietary value based on operating 

experience.  A regulatory commitment was made to the NRC during the first application of 

RODEX4 to limit the maximum oxidation to a lower value.  The commitment arises from 

the concern for the effect of non-uniformities in the cladding, such as spallation and 
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localized hydride formations, on the 1% strain ductility limit.  The cladding oxidation is 

calculated using RODEX4 as described in Reference 2-14.  There is a SER restriction 

that requires an additional account for the thermal effect of crud in the event the 

methodology is applied to a plant that has higher crud levels of a given significance. 

 Rod Bowing 2.2.6

Design Criteria  

The AREVA design criteria for rod bowing is that lateral displacement of the fuel rods 

shall not be of sufficient magnitude to degrade thermal margins. 

Bases  

Differential expansion between the fuel rods, and lateral thermal and flux gradients can 

lead to lateral creep bow of the rods in the spans between spacer grids.  This lateral 

creep bow alters the pitch between rods and may affect the peaking and local heat 

transfer.  Rather than placing design limits on the amount of bowing that is permitted, the 

effects of bowing are included in the cladding overheating analysis by limiting fuel rod 

powers when bowing exceeds a predetermined amount.  AREVA uses an approved 

methodology (Reference 2-9) to determine a rod-to-rod clearance closure limit below 

which a penalty is addressed on the minimum critical power ratio (MCPR) and above 

which no reduction in MCPR is necessary.  The methodology is based on empirical data 

(Reference 2-2) to calculate minimum EOL rod-to-rod spacing.  The potential effect of this 

rod bow on thermal margin is negligible.  Rod bow at extended burnup does not affect 

thermal margins due to the lower powers achieved at high exposure. 

 Axial Growth 2.2.7

Design Criteria  

AREVA requires that the fuel assembly be compatible with the channel throughout the 

fuel assembly lifetime.  In addition, AREVA requires that clearances and engagements in 

the fuel assembly structure be maintained throughout the lifetime of the fuel. 
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Bases  

AREVA evaluates fuel channel-fuel assembly differential growth to assure that the fuel 

channel to lower tie plate engagement is maintained to the design burnup.  Another 

condition for BWR fuel assemblies is to maintain engagement between the fuel rod end 

cap shank and the assembly tie plates to prevent fuel rod disengagement from the tie 

plates.  The change in BWR fuel rod-to-tie plate engagement (and possible 

disengagement) is due to the differential growth rate between the fuel rods and the tie 

rods for 9x9 fuel designs.  For the 10x10 fuel, where the water channel connects the 

bottom and top tie plates, the goal is to ensure adequate clearance for growth of the fuel 

rods. 

The analysis method (Reference 2-9) for evaluating rod-to-tie plate engagement is based 

on a statistical upper bound of measured differential rod-to-tie plate growth data 

(Reference 2-12) for 9x9 and 10x10 designs.  The correlation predicts differential growth 

that bounds the differential growth data with a given statistical tolerance.  This analysis 

uses fabrication tolerances in order to maintain conservatism in the calculated initial 

engagements and clearances. 

 Rod Internal Pressure 2.2.8

Design Criteria 

AREVA limits maximum fuel rod internal pressure relative to system pressure.  With the 

use of RODEX2A, there is an additional AREVA requirement  when fuel rod pressure 

exceeds system pressure; the pellet-clad gap has to remain closed if it is already closed 

or that it should not tend to open for steady-state or increasing power operations. 

Bases 

Rod internal pressure is limited to prevent unstable thermal behavior and to maintain the 

integrity of the cladding.  Outward circumferential creep which may cause an increase in 

pellet-to-cladding gap must be prevented since it would lead to higher fuel temperature 
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and higher fission gas release.  The maximum internal pressure is also limited to protect 

against embrittlement of the cladding caused by hydride reorientation during cooldown 

and depressurization conditions.  A proprietary limit above system pressure has been 

justified by AREVA in Reference 2-7. 

With RODEX2A, the gap requirement is checked as part of each calculation while with 

RODEX4, the rod pressure limit was established to protect the gap from re-opening at 

higher pressures. 

 Fuel Assembly Liftoff 2.2.9

Design Criteria  

AREVA requires that the assembly not levitate from hydraulic or accident loads. 

Bases  

Levitation of a fuel assembly could result in the assembly becoming disengaged from 

the fuel support and interfering with control rod movement.  For normal operation, 

including AOOs, the submerged fuel assembly weight, including the channel, must be 

greater than the hydraulic loads.  The criterion is applicable to both cold and hot 

conditions and uses the technical specification limits on total core flow.  For accident 

conditions, the normal hydraulic loads plus additional accident loads shall not cause the 

assembly to become disengaged from the fuel support.  This assures that control blade 

insertion is not impaired. 

 Fuel Assembly Handling 2.2.10

Design Criteria 

The assembly design must withstand all normal axial loads from shipping and fuel 

handling operations without permanent deformation. 
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Bases 

AREVA uses either a stress analysis or testing to demonstrate compliance.  The analysis 

or test uses an axial load factor on the static fuel assembly weight.  At this load, the fuel 

assembly structural components must not show any yielding.  Because of design 

features, for example grooved end caps, failure from axial loads will occur at the tie rod 

end caps rather than in the cladding or tie plates. 

The rod plenum spring also has design criteria associated with handling requirements.  

The spring must maintain a force against the stack weight to prevent column movement 

during handling.  The component drawing specifies the fabricated cold spring force. 

 Miscellaneous Component Criteria 2.2.11

 Compression Spring Forces 2.2.11.1

Design Criteria  

The compression spring(s) must support the weight of the upper tie plate and the channel 

throughout the design life of the fuel.  Therefore, there is a requirement on the minimum 

compression spring force.  There is also a maximum spring force limit requirement that 

the force be less than the calculated fuel rod buckling load in the case of the 9x9 designs. 

Bases  

The compression springs aid in seating the fuel rods against the lower tie plate while 

allowing for non-uniform growth and expansion of the same.  The compression springs 

also exert an upward load to maintain the upper tie plate against the latching mechanism.  

The design criterion for the minimum force ensures the upper tie plate is fully latched 

throughout the lifetime of the fuel.  A maximum force limit for the compression spring 

ensures fuel rods are not inadvertently damaged during tie plate removal and installation.  

For Information Only



AREVA Inc.  ANP-2637 
  Revision 6 
Boiling Water Reactor 
Licensing Methodology Compendium Page 2-12 

 

The maximum force requirements do not apply to the ATRIUM™-10* design as there is 

only one large spring on the water channel. 

 Lower Tie Plate Seal Spring 2.2.11.2

Design Criteria  

The seal accommodates the channel deformation to limit the leak rate of coolant between 

the lower tie plate and channel wall. 

Bases  

The lower tie plate seal spring limits the leak rate of coolant between the lower tie plate 

and the channel wall.  The seal shall have adequate corrosion resistance and be able to 

withstand the operating stresses without yielding.  The design also considers the 

differential axial growth between the channel and the fuel assembly.  Flow testing of 

prototypic components verifies the leakage rate and fretting resistance.  A stress analysis 

provides the seal stresses. 

 Fuel Rod Failure 2.2.12

The fuel rod failure design criteria and bases cover normal operation conditions, AOOs, 

and postulated accidents.  When the fuel rod failure criteria are applied in normal 

operation and AOOs, they are used as limits (SAFDLs) since fuel failure under those 

conditions must not occur according to GDC 10 (Reference 3).  When the criteria are 

used for postulated accidents, fuel failures are permitted, but they must be accounted for 

in the dose calculations required by 10 CFR 100 (Reference 4) or 10 CFR 50.67  

(Reference 5) and Regulatory Guide 1.183 (Reference 6) as appropriate. 

                                            

*  ATRIUM is a trademark of AREVA Inc. 
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 Internal Hydriding 2.2.12.1

Design Criteria 

AREVA limits internal hydriding by imposing a fabrication limit for total hydrogen in the 

fuel pellets. 

Bases 

The absorption of hydrogen by the cladding can result in cladding failure due to reduced 

ductility and formation of hydride platelets.  Hydriding, as a cladding failure mechanism, is 

precluded by controlling the level of moisture and other hydrogenous impurities during 

fuel pellet fabrication.  The hydrogen concentration criteria are met by maintaining 

moisture control during fuel fabrication (Reference 2-7). 

 Cladding Collapse 2.2.12.2

Design Criteria 

Creep collapse of the cladding is avoided in the AREVA fuel system design by eliminating 

the formation of significant axial gaps in the pellet column. 

Bases 

If axial gaps in the fuel pellet column were to occur due to handling, shipping, or fuel 

densification, the cladding would have the potential of collapsing into the gap.  Because of 

the large local strains that would result from the collapse, the cladding is assumed to fail.  

Creep collapse of the cladding and the subsequent potential for fuel failure is avoided in 

the AREVA fuel system design by eliminating the formation of significant axial gaps.  The 

evaluation must show that the pellet column is compact at a specified burnup.  The 

internal plenum spring provides an axial load on the fuel stack that is sufficient to assist in 

the closure of any gaps caused by handling, shipping, and densification.  Evaluation of 

cladding creep stability in the unsupported condition is performed considering the 

compressive load on the cladding due to the difference between primary system pressure 
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and the fuel rod internal pressure.  AREVA fuel is designed to minimize the potential for 

the formation of axial gaps in the fuel and to minimize clad creepdown that would prevent 

the closure of axial gaps or allow creep collapse. 

The RODEX2A code (Reference 2-12) is used to provide initial in-reactor fuel rod 

conditions to the COLAPX (Reference 11) method described in Reference 2-7 which is 

used to predict creep collapse.  COLAPX calculates ovality changes and creep 

deformation of the cladding as a function of time. The goal of the analysis is to 

demonstrate that the initial fuel densification occurs prior to the time of pellet-clad gap 

closure as based on the initial, minimum pellet-to-cladding gap. 

With RODEX4, the cladding collapse analysis is performed in a similar manner except the 

maximum axial gap formation is calculated and compared to an allowable axial gap that 

protects against creep collapse.  The ovalization calculation of the cladding is integrated 

into the RODEX4 code and the analysis is performed as part of the statistical 

methodology described in Reference 2-14. 

 Overheating of Cladding 2.2.12.3

Design Criteria  

The design basis to preclude fuel rod cladding overheating is 99.9% of the fuel rods shall 

not experience transition boiling. 

Bases 

It has been traditional practice to assume that fuel failures will occur if the thermal margin 

criterion is violated.  Thermal margin is stated in terms of the minimum value of the critical 

power ratio (CPR) for the most limiting fuel assembly in the core.  Prevention of potential 

fuel failure from overheating of the cladding is accomplished by minimizing the probability 

of exceeding thermal margin limits on limiting fuel rods during normal operation and 

anticipated operational occurrences.  Compliance with this criterion as part of the reload 

thermal hydraulics analysis is discussed in Section 4.2 of this report. 
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 Overheating of Fuel Pellets 2.2.12.4

Design Criteria 

Fuel failure from overheating of the fuel pellets is not allowed.  The centerline temperature 

of the fuel pellets must remain below melting during normal operation and AOOs. 

Bases 

Steady-state and transient design linear heat generation rate (LHGR) limits are 

established for each fuel system to protect against centerline melting.  Operation within 

these LHGR limits prevents centerline melting during normal operation and anticipated 

operational occurrences throughout the design lifetime of the fuel. 

In the case of the RODEX2A application, a correlation is used for the fuel melting point 

that accounts for the effect of burnup and gadolinia content.  This fuel melting limit has 

been reviewed and approved (Reference 2-7) with respect to the extended burnup of fuel 

and gadolinia bearing fuel. 

With the RODEX2A methodology, AREVA uses the RODEX2A computer code 

(Reference 2-12) to calculate the maximum possible fuel centerline temperature for 

normal operations and for AOOs.  Conservative LHGR power histories are used to 

perform the centerline temperature calculations.  For AOOs and accidents, AREVA also 

uses the RODEX2A code to calculate maximum possible fuel centerline temperatures at 

LHGRs that are higher than the steady-state LHGR history used for normal operation. 

With RODEX4, the maximum fuel centerline temperature is calculated using operational 

power histories that include AOO transients.  Adjustments are provided for the effect of 

gadolinia content on the fuel melt temperature.  In addition, the RODEX4 code explicitly 

includes the effect of thermal conductivity degradation in modeling the fuel. 

The methodology to assess the maximum fuel centerline temperatures for fast AOOs is 

described in Reference 2-14.  This methodology evaluates the fuel centerline temperature 

on the limiting nodal axial region of a fuel rod to demonstrate that the transient design 
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criteria are satisfied with 95% probability and a 95% confidence level.  The same 

methodology also is used to evaluate slow transients at off-rated conditions to determine 

power dependent operational limits that assure satisfaction of the transient criteria. 

 Pellet/Cladding Interaction 2.2.12.5

Design Criteria 

The Standard Review Plan (Reference 1) does not contain an explicit criterion for 

pellet/cladding interaction.  However, it does present two related criteria.  The first is that 

transient-induced deformations must be less than 1% uniform cladding strain.  The 

second is that fuel melting cannot occur. 

Bases 

The cladding strain requirement is addressed in Section 2.2.2.  The centerline 

temperature requirement is addressed in Section 2.2.12.4. 

 Cladding Rupture 2.2.12.6

Design Criteria 

10 CFR 50 Appendix K (Reference 7) requires that cladding rupture must not be 

underestimated when analyzing a loss-of-coolant accident. 

Bases 

Zircaloy cladding will burst (rupture) under certain combinations of temperature, heating 

rate, and differential pressure conditions during a loss-of-coolant accident (LOCA).  Since 

there are no specific design criteria in the Standard Review Plan (Reference 1) 

associated with cladding rupture, AREVA has established a rupture temperature 

correlation to be used during the LOCA emergency core cooling system (ECCS) analysis. 

The effects of cladding rupture are an integral part of the AREVA ECCS evaluation 

model.  The cladding ballooning and rupture models used are those presented in 
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NUREG-0630 (Reference 12) for cladding rupture evaluation.  These models are 

described in XN-NF-82-07(P)(A) Revision 1 (see Reference 5-3). 

 Fuel Rod Mechanical Fracture 2.2.12.7

Design Criteria 

AREVA limits the combined stresses from postulated accidents to the stresses given in 

the ASME Code, Section III, Appendix F (Reference 8) for faulted conditions. 

Bases 

A mechanical fracture refers to a defect in a fuel rod caused by an externally applied 

force, such as a hydraulic load or a load derived from core plate motion induced by a 

seismic or LOCA event.  The design bases and criteria for mechanical fracturing of 

AREVA BWR reload fuel are presented in Reference 2-4, which describes AREVA's 

LOCA-seismic structural response analysis.  The design basis is that the channeled fuel 

assemblies must withstand external loads due to earthquake and postulated pipe 

breaks without fracturing the fuel rod cladding.  The stresses due to postulated 

accidents in combination with normal steady-state fuel rod stresses should not exceed 

the stress limits given in Reference 2-4.  The allowable stresses are derived from the 

ASME Boiler and Pressure Vessel Code, Section III, Appendix F, for faulted conditions. 

The mechanical fracture analysis is done as part of the plant specific seismic-LOCA 

loading analysis.  Consideration can be given to the fuel assembly dynamic properties 

in determining the need for reanalysis when the fuel design is changed.  AREVA verifies 

the assembly characteristics for new designs to ascertain that these characteristics 

(assembly weight and vibration mode) are similar to the co-resident fuel. 
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 Fuel Densification and Swelling 2.2.12.8

Design Criteria 

Fuel densification and swelling are limited by the design criteria specified for fuel 

temperature, cladding strain, cladding collapse, and internal pressure criteria. 

Bases 

AREVA uses the NRC reviewed and accepted densification and swelling models in the 

fuel performance code, RODEX2A (Reference 2-12) and RODEX2 (Reference 2-3).  Or, 

in the application of RODEX4, the approved densification and swelling models are 

described in Reference 2-14. 

 BWR Fuel Coolability 2.2.13

For accidents in which severe fuel damage might occur, core coolability and the capability 

to insert control blades are essential.  Normal operation or anticipated operational 

occurrences must remain within the thermal margin criteria.  Chapter 4.2 of the Standard 

Review Plan (Reference 1) provides several specific areas important to the coolability and 

the capability of control blade insertion.  The sections below discuss these areas. 

 Fragmentation of Embrittled Cladding 2.2.13.1

Design Criteria 

ECCS evaluations meet the 10 CFR 50.46 (Reference 7) limits of 2200°F peak cladding 

temperature, local and core-wide oxidation, and long term coolability. 

Bases 

The requirements on cladding embrittlement relate to the LOCA requirements of 

10 CFR 50.46.  The principal cause of cladding embrittlement is the high cladding 

temperatures that result in severe cladding oxidation. 
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The models to compute the temperatures and oxidation are those prescribed by 

10 CFR 50 Appendix K (Reference 7) (see Reference 5-1).  LOCA analyses are 

performed on a plant specific basis. 

 Violent Expulsion of Fuel 2.2.13.2

Design Criteria 

AREVA limits the radially-averaged enthalpy deposition at the hottest axial location to 

280 cal/gm for severe reactivity initiated accidents. 

Bases 

In a severe reactivity initiated accident (RIA), large and rapid deposition of energy in the 

fuel could result in melting, fragmentation, and dispersal of the fuel.  The AREVA 

methodology complies with the fission product source term guideline in Regulatory 

Guide 1.77 (Reference 13) and the Standard Review Plan (Reference 1) that restricts 

the radially-averaged energy deposition. 

The limiting RIA for AREVA fuel in a BWR is the control rod drop accident (CRDA).  

AREVA calculates the maximum radially averaged enthalpy for the CRDA for each 

reload core in order to assure that the maximum calculated enthalpy is below the 

280 cal/gm limit.  The control rod drop calculation methodology approved by the NRC is 

described in Reference 3-1.  The parameterized AREVA control rod drop methodology 

determines maximum deposited enthalpy as a function of dropped rod worth, effective 

delayed neutron fraction, Doppler coefficient, and four-bundle local peaking factor. 

The CRDA analysis is not part of the normal fuel assembly mechanical analysis but is 

part of the cycle specific safety analysis performed for each BWR. 
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 Cladding Ballooning 2.2.13.3

Design Criteria 

There are no specific design limits associated with cladding ballooning, other than a 

requirement in 10 CFR 50 Appendix K (Reference 7) that the degree of swelling not be 

underestimated. 

Bases 

Zircaloy cladding will balloon (swell) under certain combinations of temperature, heat rate, 

and stress during a LOCA.  Cladding ballooning can result in flow blockage; therefore, the 

LOCA analysis must consider the cladding ballooning impacts on the flow. 

The effects of cladding ballooning are an integral part of the AREVA ECCS evaluation 

model.  The cladding ballooning and rupture models used are those presented in 

NUREG-0630 (Reference 12) for cladding rupture evaluation.  These models are 

described in XN-NF-82-07(P)(A) Revision 1 (see Reference 5-3). 

The RODEX2 fuel performance code (Reference 2-3) is used to provide burnup 

dependent input to the LOCA analysis, e.g., stored energy and rod pressures, that are a 

function of the initial steady-state operation of the fuel.  This initial steady-state fuel 

condition is also important to cladding ballooning. 

 Fuel Assembly Structural Damage from External Forces 2.2.13.4

Design Criteria 

The AREVA design criteria for fuel assembly structural damage from external forces are 

discussed in Sections 2.2.1, 2.2.9, and 2.2.12.7. 

Bases 

Earthquakes and postulated pipe breaks in the reactor coolant system would result in 

external forces on the fuel assembly.  The Standard Review Plan (Reference 1) states 
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that fuel system coolability should be maintained and that damage should not be so 

severe as to prevent control blade insertion when required during these accidents.  The 

AREVA design basis is that the fuel assembly will maintain a geometry that is capable of 

being cooled under the worst case accident and that system damage is never so severe 

as to prevent control blade insertion.  AREVA ensures these design bases are met by 

placing ASME design limits on the stresses that the fuel channel and critical fuel 

assembly components can experience.  These limits have been approved for AREVA fuel 

assemblies in References 2-4 and 2-13. 

 NRC-Accepted Topical Report References 2.3

The NRC has approved the following licensing topical reports that describe the methods 

and assumptions used by AREVA to demonstrate the adequacy of its BWR fuel system 

design.  These reports address mechanical design criteria and required mechanical and 

thermal conditions.  The purpose of each topical report and the restrictions that have 

been placed on the methods presented are described in the following sections. 
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 : XN-NF-79-56(P)(A) Revision 1 and Supplement 1, "Gadolinia Fuel Properties 2-1

for LWR Fuel Safety Evaluation," Exxon Nuclear Company, November 1981. 

• Purpose:  Justify gadolinia fuel properties for up to 5 wt% gadolinia loading in 

uranium dioxide fuel. 

• SER Restrictions: 

1. The concentration of gadolinia is limited to 5 wt%. 

2. The report is acceptable based on a commitment to acquire more data for 

gadolinia bearing rods. 

• Implementation of SER Restrictions: 

1. This SER restriction is no longer applicable.  The limit on gadolinia concentration 

was increased to 8 wt% in Reference 2-8 with the application of RODEX2 and 

RODEX2A. 

2. The additional data was gathered and was provided to the NRC in Reference 16. 

• Observations: 

1. The limitation on the concentration of gadolinia was raised to 8 wt% by the 

topical report XN-NF-85-92(P)(A).  Additional data was gathered on gadolinia 

from Prairie Island, Tihange, and other reactors. 

2. The topical report is no longer referenced in conjunction with the RODEX4 

methodology.  The gadolinia concentration limit increased to 10 wt% in 

Reference 2-14 and an updated thermal conductivity correlation is used. 
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 : XN-75-32(P)(A) Supplements 1 through 4, "Computational Procedure for 2-2

Evaluating Fuel Rod Bowing," Exxon Nuclear Company, October 1983.  

(Base document not approved.) 

• Purpose:  Develop an empirical method for determining fuel rod bow. 

• SER Restrictions:  The technical evaluation of the methodology was limited to the 

fuel designs, exposures, and conditions stated in the topical report and, in part, on 

assumptions made in formulating the methodology.  It was recommended that Exxon 

continue fuel surveillance to ensure confidence in the assumptions and bases. 

• Implementation of SER Restrictions:  The application of the rod bow model to higher 

burnup and other fuel designs was approved in Reference 2-9. 

• Observations:  AREVA has continued to gather data from fuel surveillance and CPR 

experiments. 
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 : XN-NF-81-58(P)(A) Revision 2 and Supplements 1 and 2, "RODEX2 Fuel Rod  2-3

Thermal-Mechanical Response Evaluation Model," Exxon Nuclear 

Company, March 1984. 

• Purpose:  Provide an analytical capability to predict BWR and PWR fuel thermal and 

mechanical conditions for normal core operation and to establish initial conditions for 

power ramping, non-LOCA and LOCA analyses. 

• SER Restrictions:  

1. The NRC concluded that the RODEX2 fission gas release model was acceptable 
to burnups up to 60 MWd/KgU.  This implies a burnup limit of 60 MWd/KgU (nodal 
basis). 

2. The creep correlation accepted by the NRC is the one with the designation 
MTYPE = 0. 

• Implementation of SER Restrictions: 

1. This restriction no longer applies.  The exposure limits for BWR fuel were 

increased to 54 MWd/kgU for an assembly and to 62 MWd/kgU for a rod in 

Reference 2-12.  These exposure limits are reflected in engineering guidelines. 

2. This restriction is implemented in the engineering guidelines and through 

computer code controls (defaults, override warning messages). 

• Observations:  The computer code that is used to perform analyses is now called 

RODEX2-2A.  The NRC approved models, RODEX2 or RODEX2A, are chosen by 

input.  A single code is maintained in order to assure that the NRC approved models 

are implemented correctly.  RODEX2 is the fuel performance code that provides 

input to BWR LOCA and transient thermal-hydraulic methodologies. 

RODEX2 and RODEX2A may be used to model fuel with up to 8% gadolinia loading 

(See Reference 2-8). 
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 : XN-NF-81-51(P)(A), "LOCA-Seismic Structural Response of an Exxon 2-4

Nuclear Company BWR Jet Pump Fuel Assembly," Exxon Nuclear 

Company, May 1986. 

• Purpose:  Develop a methodology for performing LOCA-Seismic structural analyses 

of BWR jet pump fuel assemblies. 

• SER Restrictions:  The allowable stress values reported for BWR jet pump fuel 

channel and assembly components are acceptable and licensees referencing the 

topical report for other non-GE manufactured channels are required to show that the 

calculated allowable stresses for seismic and LOCA loading conditions are bounded 

by those in the topical report. 

• Implementation of SER Restrictions:  This restriction is no longer applicable.  The 

requirements for fuel channels are now described in Reference 2-13. 

• Observations:  The analyses reported were for an 8x8 fuel assembly.  The 

channeled fuel assembly seismic analysis was performed using the response 

spectrum method of dynamic analysis in the NASTRAN finite element program 

(Reference 15).  Current analyses make use of the KWUSTOSS dynamic analysis 

code for fuel channels (with fuel assembly) as described in Reference 2-13.  The 

LOCA seismic criteria are specified in Reference 2-10. 
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 : XN-NF-85-74(P)(A) Revision 0, "RODEX2A (BWR) Fuel Rod Thermal-2-5

Mechanical Evaluation Model" Exxon Nuclear Company, August 1986. 

• Purpose:  The purpose of this topical report was to obtain NRC approval of a 

modification of the RODEX2 (Reference 2-3) fission gas release model for 

application to BWRs.  This code version was named RODEX2A. 

• SER Conclusions / Restrictions: 

1. The code RODEX2A is acceptable for mechanical analyses but RODEX2 must 

continue to be used for LOCA and transient analysis input generation. 

2. The RODEX2A calculation of fuel rod pressure must be performed to a minimum 

burnup of 50 MWd/kgU using the approved power history. 

• Implementation of SER Restrictions: 

1. This SER restriction is implemented in engineering guidelines. 

2. The code RODEX2A was approved to a rod average burnup of 62 MWd/kgU in 

Reference 2-12.  The analyzed burnup for all current designs is greater than 

58 MWd/kgU. 

• Observations:  The RODEX2A code was approved to a maximum rod average 

burnup of 62 MWd/kgU in Reference 2-12. 
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 : XN-NF-85-67(P)(A) Revision 1, "Generic Mechanical Design for Exxon 2-6

Nuclear Jet Pump BWR Reload Fuel," Exxon Nuclear Company, September 

1986. 

• Purpose:  Demonstrate that mechanical design criteria are not violated when fuel is 

operated at the LHGR limits for both 8x8 fuel and 9x9 fuel with maximum assembly 

discharge exposures of 35,000 MWd/MTU and 40,000 MWd/MTU, respectively. 

• SER Restrictions: 

1. LHGR limit curves (Figures 3.1, 3.2, and 3.3) are to be used for the fuel 

described. 

2. Discharge exposure is limited to previously approved 30,000 MWd/MTU batch 

average exposure pending approval of Reference 2-9. 

3. Additional rod bow data are required for burnup extensions beyond 

30,000 MWd/MTU for 8x8 fuel and 23,000 MWd/MTU for 9x9 fuel. 

• Implementation of SER Restrictions: 

1. This restriction no longer applies since the 8x8 and 9x9 fuel addressed by this 

report are no longer being supplied. 

2. and 3. These restrictions no longer apply.  The exposure limits for BWR fuel were 

increased to 54 MWd/kgU for an assembly and to 62 MWd/kgU for a rod in  

Reference 2-12.  These exposure limits are reflected in engineering guidelines. 

• Observations: 

1. Although Reference 2-6 only discusses applications to 8x8 and 9x9 fuel types, 

the report includes a description of the process used to develop linear heat 

generation rates for fuel designs.  Subsequent to the approval of this topical 

report, AREVA developed and the NRC approved the use of generic design 

For Information Only



AREVA Inc.  ANP-2637 
  Revision 6 
Boiling Water Reactor 
Licensing Methodology Compendium Page 2-28 

 

criteria for new fuel designs (Reference 2-10).  Reference 2-12 describes the 

use of the same LHGR methodology for application to the ATRIUM-9 and 

ATRIUM-10 designs. 

2. This topical report is not needed in the case where the RODEX4 methodology is 

used. 
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 : XN-NF-82-06(P)(A) Revision 1 and Supplements 2, 4, and 5, "Qualification of 2-7

Exxon Nuclear Fuel for Extended Burnup," Exxon Nuclear Company, 

October 1986. 

• Purpose:  Provide the design bases, analyses and test results in support of the 

qualification of BWR fuel (8x8 and 9x9) for burnup extension to 35,000 MWd/MTU 

assembly batch exposure.  (Note: This topical report also addressed burnup 

extension to 45,000 MWd/MTU for PWR fuel.) 

• SER Restrictions:  If fuel at extended burnup levels experiences a plant 

depressurization accident, the licensee must address possible cladding hydride 

reorientation prior to further irradiation of the fuel. 

• Implementation of SER Restrictions:  This and other issues would be addressed in 

response to a request from a licensee to justify continued operation of BWR fuel 

following an accident. 

• Observations:  Reference 2-10 references this topical report as the approved 

method for setting a fuel pressure limit above system pressure and a criterion which 

requires that a radial fuel-cladding gap be maintained during constant and increasing 

power operation under normal reactor operating conditions. 
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 : XN-NF-85-92(P)(A), "Exxon Nuclear Uranium Dioxide/Gadolinia Irradiation 2-8

Examination and Thermal Conductivity Results," Exxon Nuclear Company, 

November 1986. 

• Purpose:  Justify gadolinia fuel properties for up to 8 wt % gadolinia loading in 

uranium dioxide fuel to be used in BWR fuel designs.  The topical report applies with 

the application of the RODEX2 and RODEX2A methodology. 

• SER Restrictions:  Based on a commitment to confirm the fission gas release model 

with in-reactor data, the gadolinia fuel properties are acceptable for licensing 

applications up to 8 wt% gadolinia concentration. 

• Implementation of SER Restrictions:  The SER restriction on 8 wt% gadolinia is 

implemented in engineering guidelines. 

• Observations: 

1. In-reactor fission gas release test results (Reference 16) were provided to the 

NRC.  The thermal conductivity model supersedes the previously approved 

model (Reference 2-1). 

2. With the use of RODEX4, the gadolinia concentration limit is increased to 

10 wt%.  In addition, an updated thermal conductivity model is provided.  This 

topical report does not need to be referenced with the application of RODEX4. 

• Clarifications:  NRC concurrence with a clarification related to the topical report was 

requested in Reference 34.  The NRC concurrence with the clarification was 

provided in Reference 35.  The clarification was with respect to the use of one 

conductivity equation for UO2-only fuel and a separate gadolinia-bearing fuel 

conductivity equation for all gadolinia concentrations greater than zero wt%. 
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 : XN-NF-82-06(P)(A) Supplement 1 Revision 2, "Qualification of Exxon 2-9

Nuclear Fuel for Extended Burnup," Supplement 1, "Extended Burnup 

Qualification of ENC 9x9 BWR Fuel," Advanced Nuclear Fuels Corporation, 

May 1988. 

• Purpose:  Provide the design bases, analyses, and test results in support of the 

qualification of BWR fuel (9x9) for burnup extension to 40,000 MWd/MTU peak 

assembly exposure and to obtain approval of the rod bow method for extended 

burnup. 

• SER Restrictions:  The LHGR limit curves (Figures 3.1, 3.2, and 3.3) in  

XN-NF-85-67(P)(A) Revision 1 continue to be applicable as bounding LHGR limits. 

• Implementation of SER Restrictions:  This restriction no longer applies.  LHGR limit 

curves can be established as allowed in Reference 2-10. 

• Observations:  The rod bow model approved in XN-75-32(P)(A) was approved for 

application to 9x9 fuel for assembly exposures to 40,000 MWd/MTU.  The extended 

burnup data used to confirm the rod bow model indicated that rod bow at extended 

burnup does not affect thermal margins due to the lower rod powers at high 

exposure.  The use of the same rod bow model up to 54,000 MWd/MTU for the 

ATRIUM-9 and ATRIUM-10 designs is described in Reference 2-12. 

• Clarifications:  NRC concurrence with a clarification related to the topical report was 

requested in References 28 and 29.  The NRC concurrence with this clarification 

was provided in Reference 30.  The clarification is that Reference 2-10 removes the 

need for a specific LHGR limit curve for BWR fuel designs and allows for LHGR 

limits to be established in accordance with the approved mechanical design criteria. 
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 : ANF-89-98(P)(A) Revision 1 and Supplement 1, "Generic Mechanical Design 2-10

Criteria for BWR Fuel Designs," Advanced Nuclear Fuels Corporation, May 

1995. 

• Purpose:  Establish a set of design criteria which assures that BWR fuel will perform 

satisfactorily throughout its lifetime. 

• SER Restrictions:   

1. Peak pellet burnup shall not be increased beyond 60,000 MWd/MTU unless axial 

growth and fretting wear data have been collected from lead test assemblies of 

the modified design. 

2. Exposure beyond 60,000 MWd/MTU peak pellet must be approved by the NRC. 

3. Approval does not extend to the development of additive constants for ANFB to 

co-resident fuel. 

4. For each application of the mechanical design criteria, AREVA must document 

the design evaluation and provide a summary of the evaluation for the NRC. 

• Implementation of SER Restrictions: 

The revised SER restrictions on burnup are implemented in engineering guidelines. 

1. The NRC approved higher burnup values as presented in Reference 2-12. 

2. The exposure limit was extended to a rod-average burnup of 62 GWd/MTU by 

the approval of Reference 2-12. 

3. The ANFB correlation is no longer used. 
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4. It was clarified in References 28 and 29 that this requirement applies to generic 

evaluations that are independent of plant specific evaluations.  The NRC 

concurred with this in Reference 30. 

• Observations: 

1. The application of the processes and criteria described in this topical report do 

not require prior NRC approval. 

2. With the use of RODEX4, some fuel rod design criteria are updated.  The 

RODEX4 LTR (Reference 2-14) references this topical report for the remaining 

fuel rod criteria. 

3. The mechanical design of the fuel channel is performed using the criteria and 

methods described and approved in Reference 2-13. 

4. The design methodology for the reconstitution of a BWR fuel assembly complies 

with Reference 2-11. 
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 : ANF-90-82(P)(A) Revision 1, "Application of ANF Design Methodology for 2-11

Fuel Assembly Reconstitution," Advanced Nuclear Fuels Corporation, May 

1995. 

• Purpose:  Develop a methodology to justify reinsertion of irradiated fuel assemblies, 

which have been reconstituted with replacement rods, into a reactor core.  

Replacement rods can be fuel rods containing natural uranium pellets, water rods, 

and inert rods containing Zircaloy or stainless steel inserts. 

• SER Restrictions:  The reconstitution methodology is acceptable for reload licensing 

applications with the following conditions: 

1. BWR reconstituted assemblies are limited to 9 rods per assembly. 

2. The seismic LOCA analysis will be reassessed if the reconstructed weight drops 

below a proprietary value. 

• Implementation of SER Restrictions:  The SER restrictions are implemented in 

engineering guidelines. 

• Observations:  The reconstitution methodology is applicable to all fuel designs. 

The SER restrictions on the number of replacement rods apply only to inert rods 

containing Zircaloy or stainless steel inserts. 

NOTE:  Extension of this Methodology for use with the SPCB or ACE CHF 

correlations would require Licensees to perform a 10 CFR 50.59 

evaluation/justification or a plant specific methodology approval within a License 

Amendment Request. 
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 : EMF-85-74(P) Revision 0 Supplement 1(P)(A) and Supplement 2(P)(A), 2-12

"RODEX2A (BWR) Fuel Rod Thermal-Mechanical Evaluation Model," 

Siemens Power Corporation, February 1998. 

• Purpose:  Extend the exposure limits of the RODEX2A (Reference 2-5) code, which 

is a version of RODEX2 that includes a fission gas release model specific to BWR 

fuel designs. 

• SER Restrictions:  RODEX2A is acceptable for steady-state licensing applications to 

62,000 MWd/MTU rod-average burnup and the fuel rod growth, fuel assembly growth, 

and fuel channel growth models and analytical methods are acceptable for ATRIUM-9 

and -10 fuel designs up to 54,000 MWd/MTU assembly-average burnup. 

• Implementation of SER Restrictions:  The SER restrictions on burnup are 

implemented in engineering guidelines. 

• Observations:  The RODEX2A code, which is used for BWR fuel design 

applications, is a derivative of AREVA’s base fuel performance code RODEX2. 

In the approved topical report, the NRC acknowledges the following observations as 

correct: 

1. Steady-state analyses of maximum wall thinning from oxidation for end of life 

conditions will be performed. 

2. The growth correlations reviewed are applicable to all AREVA 9x9 fuel designs. 

3. Transient strain is to be calculated with the version of RODEX referenced in  

XN-NF-81-58(P)(A) Revision 2 Supplement 1 (Reference 2-3).  Strain is limited 

to 1.0% and the limit is reduced at high exposures. 

4. Steady-state strain is to be calculated with RODEX2A and is limited to 1%. 

5. RODEX2A is to be used to calculate fuel temperatures for fuel melt analyses. 
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6. RODEX2 shall be used as the base fuel performance code to interface with the 

AREVA LOCA and transient thermal-hydraulic methodologies.  The RODEX2 

code was also approved for BWR analyses to 62 GWd/MTU rod average burnup. 

With the use of RODEX4, some of the fuel rod criteria present in this topical report 

were updated.  For example, the transient strain limit and the corrosion limit were 

changed.  However, the RODEX4 topical report references this topical report for 

other fuel rod-related design criteria such as those for cladding steady-state 

stresses. 

• Clarifications:  NRC concurrence with clarifications related to this topical report was 

requested in References 38 and 39.  The NRC concurrence with these clarifications 

was provided in Reference 40.  The clarification was associated with applying the 

exposure limits to only the full length fuel rods and not the part length fuel rods. 
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 : EMF-93-177(P)(A) Revision 1, "Mechanical Design for BWR Fuel Channels," 2-13

Framatome ANP, August 2005. 

• Purpose:  Demonstrate that analytical methods are adequate to perform evaluations 

which ensure that fuel channels perform as designed for normal operations and 

during anticipated operational occurrences and that for postulated accident loadings 

channel damage does not prevent control blade insertion and assembly coolability is 

maintained. 

• SER Restrictions:  Subject to certain conditions, the analyses conducted by AREVA 

are acceptable for licensing applications. 

1. The fuel channel TR (Technical Report) methods and criteria may be applied to 

fuel channel designs similar to the configuration of a square box with radiused 

corners open at the top and bottom ends.  The wall thickness shall fall within the 

range of current designs.  The channels shall be fabricated from either Zircaloy-2 

or Zircaloy-4.  AREVA will not use Zircaloy material for channels which has less 

strength than specified in the TR, and if the strength of material is greater than 

that in the TR, AREVA will not take credit for the additional strength without staff 

review. 

2. Updates to channel bulge and bow data are permitted without review by the NRC 

staff; however, AREVA shall resubmit the channel bulge and bow data statistics if 

the two-sigma upper and lower bounds change by more than one standard 

deviation 

3. This TR is approved using the ABAQUS or ANSYS codes in the deformation 

analysis.  The use of other codes in the deformation analysis, i.e., NASTRAN, is 

beyond the current approval.  

The following restrictions are carried over from EMF-93-177(P)(A) Revision 0; for 

specific plant applications the following conditions are to be met: 
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4. The allowable differential pressure loads and accident loads should bound those 

of the specific plant. 

5. Lattice dimensions should be compatible to those used in the analyses reported 

such that the minimum clearances with control blades continue to be acceptable. 

6. Maximum equivalent exposure and residence time should not exceed the values 

used in the analyses. 

• Implementation of SER Restrictions:  The SER restrictions are implemented in 

engineering guidelines. 

• Observations:  The methodology approved is appropriate for exposures and minor 

dimensional changes beyond those evaluated and reported in the topical.  Use of 

the methodology to extended exposure must be validated against the original design 

criteria. 

The Reference 27 letter was provided to the NRC to inform them that Revision 0 of 

the topical report had been used to confirm the fuel channel design met the design 

criteria at an approved assembly exposure for which results had not been previously 

provided.  No NRC response was requested. 
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 : BAW-10247PA Revision 0, "Realistic Thermal-Mechanical Fuel Rod 2-14

Methodology for Boiling Water Reactors," AREVA NP, February 2008. 

• Purpose:  Provide an analytical capability to predict BWR fuel thermal and 

mechanical conditions for normal core operation and to establish initial conditions for 

power ramping, and non-LOCA.  At this time RODEX4 is not approved for use with 

LOCA analyses. 

• SER Restrictions:  

1. Due to limitations within the FGR model, the analytical fuel pellet grain size shall 

not exceed 20 microns 3-D when the as-manufactured fuel pellet grain size could 

exceed 20 microns 3-D. 

2. RODEX4 shall not be used to model fuel above incipient fuel melting 

temperatures. 

3. The hydrogen pickup model within RODEX4 is not approved for use. 

4. Due to the empirical nature of the RODEX4 calibration and validation process, the 

specific values of the equation constants and tuning parameters derived in TR 

BAW-10247(P), Revision 0 (as updated by RAI responses) become inherently part 

of the approved models.  Thus, these values may not be updated without 

necessitating further NRC review. 

5. RODEX4 has no crud deposition model.  Due to the potential impact of crud 

formation on heat transfer, fuel temperature, and related calculations, RODEX4 

calculations must account for a design basis crud thickness.  The level of 

deposited crud on the fuel rod surface should be based upon an upper bound of 

expected crud and may be based on plant-specific history.  Specific analyses 

would be required if an abnormal crud or corrosion layer (beyond the design basis) 

is observed at any given plant.  For the purpose of this evaluation, an abnormal 
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crud/corrosion layer is defined by a formation that increases the calculated fuel 

average temperature by more than 25°C beyond the design basis calculation. 

• Implementation of SER Restrictions: 

1. The RODEX4 methodology is automated using the AUTOFROST and 

AUTOPOSTFROST codes.  In RODEX4 fuel rod thermal-mechanical analyses, 

AUTOFROST is used to prepare RODEX4 inputs and set up the RODEX4 runs.  

AUTOFROST has internal automatic checks to ensure the proper grain size is 

input that meets SER requirements.  (Note: Both RODEX4 and the 

manufacturing specifications define the grain size using the MLS (mean line 

intercept) method instead of a 3-D measurement.  The equivalent MLS grain size 

is on the order of 12.8 µm.) 

2. Fuel melting is a fuel rod thermal-mechanical design criterion.  No fuel design is 

allowed that would exceed fuel melting temperature.  Thus RODEX4 will not be 

applied above fuel melting.  

3. AUTOPOSTFROST, the post-processor of AUTOFROST/RODEX4 runs, writes 

hydrogen pickup calculation results to output with the qualifier “for information 

only”.  

4. The model parameters documented in BAW-10247PA have been programmed 

into AUTOFROST as default values.  By default, the automation will override 

user inputs of model parameters with the approved values. 

5. Because the crud deposition is plant specific and operation dependent, and thus 

so are the RODEX4 calculations/applications.  This requirement was 

implemented in a guideline by requiring that liftoff measurement data and/or 

visual examinations be examined to characterize plant crud conditions.  If crud 

conditions (total liftoff) indicate higher than normal crud levels, then a heat 

transfer coefficient must be estimated and input to account for the added thermal 

resistance as required by the SER.  

For Information Only



AREVA Inc.  ANP-2637 
  Revision 6 
Boiling Water Reactor 
Licensing Methodology Compendium Page 2-41 

 

• Observations:  RODEX4 is approved for modeling BWR fuel rods with the following 

conditions: 

a. Peak rod average burnup limit of 62 GWd/MTU (full length rod). 

b. Solid UO2 fuel pellet with a maximum gadolinia content of 10.0 weight 

percent. 

c. CWSR Zr-2 fuel clad material. 

A regulatory commitment was made to the NRC during the first application of 

RODEX4 that restricts the maximum external oxidation to a proprietary limit.  Until 

further data are available, it is expected that applications of RODEX4 for other plants 

will require the same limitation until data to support a higher limit is obtained.  The limit 

is included in the fuel rod analysis engineering guideline. 

RODEX4 is not yet approved for use with LOCA analyses. 
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 NUCLEAR DESIGN 3.0

Nuclear design analyses are used for nuclear fuel assembly design and core design.  The 

core design analysis demonstrates operating margins for minimum critical power ratio 

(MCPR), maximum average planar linear heat generation rate (MAPLHGR), and linear 

heat generation rate (LHGR).  Two LHGR limits are established for each fuel design.  

One is a steady-state operating fuel design limit (FDL), and the other is the protection 

against the power transient (PAPT) limit. 

An exposure dependent LHGR limit is established for each fuel assembly design as part 

of the mechanical design analysis.  The LHGR limit is consistent with the power 

histories established to perform the mechanical analyses.  Hence, operation of the fuel 

assembly within the steady-state LHGR limit ensures that the power history 

assumptions remain valid. 

 Regulatory Requirements 3.1

SRP Section 4.3 Nuclear Design discusses GDC 10-13, 20, and 25-28 that pertain to 

nuclear design.  Many of the GDCs relate to mechanical properties of the fuel assembly 

that are satisfied by meeting appropriate thermal and reactivity margin limits while the 

fuel resides in the reactor core.  AREVA standard design practice is to define these 

limits and demonstrate that the fuel maintains appropriate margin to these limits by 

calculating the expected margins in simulated projections of the cycle prior to the fuel 

being loaded in the reactor core.  In addition, by demonstrating that appropriate 

licensing criteria are met when certain postulated accidents are modeled to occur during 

the cycle in which the fuel is loaded, the safety aspects of the fuel are assured. 

Of the GDCs mentioned in 4.3 Nuclear Design, only GDC 11 is principally related to the 

neutronic response of the fuel.  GDC 11 requires that “in the power operating range, the 

prompt inherent nuclear feedback characteristics tend to compensate for a rapid 

increase in reactivity.” 

For Information Only



AREVA Inc.  ANP-2637 
  Revision 6 
Boiling Water Reactor 
Licensing Methodology Compendium Page 3-2 

 

 Nuclear Design Analyses 3.2

The nuclear design analyses demonstrate operating margin to design limits, including 

MCPR, MAPLHGR, and LHGR.  The approved nuclear design codes and 

methodologies are described in References 3-1, 3-2, and 3-4. 

 Fuel Rod Power History 3.2.1

Design Criteria 

The nuclear design analysis must be consistent with the exposure dependent LHGR 

limit established during the mechanical design analysis for each fuel assembly design. 

Two LHGR limits are established for each fuel design.  One is a steady-state limit, the 

other a PAPT limit.  Both limits are a function of fuel burnup.  The transient LHGR design 

limit satisfies the strain and fuel overheating design criteria discussed in Section 2.2.2 and 

Section 2.2.12.4.  The design margin between the steady-state and transient LHGR limits 

must be sufficient to account for increases in the LHGR during transients. 

Bases 

An exposure dependent LHGR limit is established for each fuel assembly design as part 

of the mechanical design analysis (Reference 2-6 and 2-9 with RODEX2A and 

Reference 2-14 with RODEX4). 

With the RODEX2A methodology, the LHGR limit is consistent with the power histories 

established to perform the mechanical analyses.  Therefore, operation of the fuel 

assembly within the LHGR limit is necessary to ensure that the power history assumption 

used in the mechanical design analyses remains valid.  The specific mechanical design 

criteria are provided in Reference 2-10. 

In the case of the RODEX4 methodology, the LHGR limit is validated by the analysis of 

power histories generated as part of the neutronic analyses.  The neutronic power 

histories are created based on given margins to the LHGR limit.  As part of the RODEX4 
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methodology, variations are introduced into the power histories to account for power 

uncertainties and reactor operator flexibility uncertainties.  The overpower LHGR limit is 

evaluated using the fast transient methodology to demonstrate that slow transients satisfy 

the fuel melt and cladding strain criteria. 

 Kinetics Parameters  3.2.2

Design Criteria 

The design criteria for the core reactivity coefficients are as follows: 

• Void reactivity coefficient due to boiling in the active channel shall be negative 

• Doppler coefficient shall be negative at all operating conditions 

• Power coefficient shall be negative at all operating conditions. 

Bases 

Fuel assembly designs in which less moderation and/or higher temperatures reduce the 

core reactivity will therefore act as an automatic shutdown mechanism.  Thus, prompt 

reactivity insertion events such as the control rod drop accident have an inherent 

shutdown mechanism.  AREVA calculates the reactivity coefficients on a plant and cycle 

specific basis through application of the standard neutronics design and analysis 

methodology (References 3-1, 3-2, and 3-4). 

 Stability 3.2.3

Design Criteria 

New fuel designs and new fuel design features must be stable (core decay ratio <1.0) 

and should exhibit channel decay ratio characteristics equivalent to existing NRC-

approved AREVA fuel designs. 

Bases 

Determination of the effect of all fuel designs and design features on core stability is 

made on a cycle-specific basis.  Associated with these calculations is confirmation of 
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existing power / flow range exclusion regions or redefinition of the regions, as 

necessary. 

AREVA uses the NRC-approved STAIF code (References 3-3 and 3-5) for stability 

evaluations.  STAIF is a frequency domain code that simulates the dynamics of a BWR.  

AREVA performs cycle-specific analyses in order to establish reactor operating 

parameters that ensure stable operation throughout the cycle.  

OPRM Set Points 

For plants that have implemented Long Term Stability Option III or Enhanced Option III, 

analyses are performed to establish set points for the OPRM system to ensure that the 

SLMCPR is not violated should the plant experience unstable oscillations.  AREVA uses 

the NRC-approved RAMONA5-FA code (Reference 3-6 ) in the OPRM set point 

analyses.  For EO-III, the Reference 3-7 methodology is used. 

 Core Reactivity Control 3.2.4

Design Criteria 

The design of the assembly shall be such that the technical specification shutdown 

margin will be maintained.  Specifically, the assemblies and the core must be designed 

to remain subcritical by the technical specification margin with the highest reactivity 

worth control rod fully withdrawn and the remaining control rods fully inserted.  

Calculated shutdown margin is verified using startup critical data.  At a minimum, this 

verification is performed at beginning-of-cycle (BOC) for each reactor. 

Bases 

Shutdown margin is calculated on a cycle-specific basis using NRC-approved 

methodology (References 3-1, 3-2, and 3-4).  It is calculated at exposure points 

throughout the cycle in order to determine the minimum shutdown margin for a cycle.  

The calculated shutdown margin is reported on a plant and cycle specific basis as 

required in Reference 3-2.  AREVA also confirms the worth of the standby liquid control 
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system on a cycle specific basis using the technical specification values of boron 

concentration. 

 NRC-Accepted Topical Report References 3.3

The NRC has approved the following licensing topical reports that describe the methods 

and assumptions used by AREVA to demonstrate the adequacy of its fuel system 

nuclear design.  These reports address nuclear design criteria and required fuel and 

thermal conditions used in licensing analyses.  The purpose of each topical report and 

restrictions on the methods presented are described in the following sections. 
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 : XN-NF-80-19(P)(A) Volume 1 and Supplements 1 and 2, "Exxon Nuclear 3-1

Methodology for Boiling Water Reactors - Neutronic Methods for Design and 

Analysis," Exxon Nuclear Company, March 1983. 

• Purpose:  Development of BWR core analysis methodology which comprises codes 

for fuel neutronic parameters and assembly burnup calculations, reactor core 

simulation, diffusion theory calculations, core and channel hydrodynamic stability 

predictions, and producing input for nuclear plant transient analysis.  Procedures for 

applying the codes for control rod drop, control rod withdrawal and fuel misloading 

events have been established. 

• SER Restrictions:  No restrictions 

• Implementation of SER Restrictions: 

None 

• Observations:  Portions of this topical report have been superseded by subsequently 

approved codes or methodologies.  Superseded and currently applicable portions 

are identified below: 

Superseded Portions: 

Fuel Assembly Depletion Model - XFYRE replaced with CASMO-4 (see 

Reference 3-4). 

Core Simulator - XTGBWR replaced with MICROBURN-B2 (see Reference 3-4). 

Diffusion Theory Model - XDT replaced with CASMO-4 (see Reference 3-4). 

Stability Analysis - COTRAN replaced with STAIF (see Reference 3-5). 

Control Rod Withdrawal - XTGBWR replaced with MICROBURN-B2 (see 

Reference 3-4). 
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Fuel Misloading Analysis – XFYRE replaced with CASMO-4 and XTGBWR replaced 

with MICROBURN-B2.  These analyses are performed to verify that the offsite dose 

due to such events does not exceed a small fraction of 10 CFR 100 guidelines as 

described and approved in Reference 3-2. 

Applicable Portions: 

Control Rod Drop Accident – This analysis is performed using COTRAN. 

Control Rod Withdrawal – This analysis determines the change in CPR (∆CPR) for 

error rod patterns.  In addition a check is made that the LHGR does not exceed the 

transient (PAPT) LHGR limit. 

Neutronic Reactivity Parameters – These parameters are determined as described 

in the topical report but using the most recently approved codes. 

Void Reactivity Coefficient – Method used to calculate core void reactivity coefficient 

is the same but MICROBURN-B2 is used instead of XTGBWR. 

Doppler Reactivity Coefficient – Method used to calculate the core average Doppler 

coefficient is the same but CASMO-4 is used instead of XFYRE. 

Scram Reactivity – Method used is the same except MICROBURN-B2 is used 

instead of XTGBWR. 

Delayed Neutron Fraction – Calculated using CASMO-4 instead of XFYRE. 

Prompt Neutron Lifetime – Calculated using CASMO-4 instead of XFYRE. 
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 : XN-NF-80-19(P)(A) Volume 4 Revision 1, "Exxon Nuclear Methodology for 3-2

Boiling Water Reactors:  Application of the ENC Methodology to BWR 

Reloads," Exxon Nuclear Company, June 1986. 

• Purpose:  Summarize the types of BWR licensing analyses performed, identify each 

with approved computer codes and methodologies, and develop a reload reporting 

format. 

• SER Restrictions:  Conditions imposed were based on pending approvals of 

outstanding topical reports which have been subsequently approved. 

• Implementation of SER Restrictions:  This restriction is no longer applicable 

(because of subsequent approvals). 

• Observations:  Many of the codes and methodologies referenced have changed or 

have been replaced since the report was approved. 

• Clarifications:  AREVA provided a clarification related to the topical report in 

References 28 and 29.  The clarification was associated with the use of power and 

flow dependent LHGR multipliers to establish LHGR limits that provide adequate 

margin during events initiated from off-rated conditions. 
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 : EMF-CC-074(P)(A) Volume 1, "STAIF - A Computer Program for BWR 3-3

Stability Analysis in the Frequency Domain," and Volume 2 "STAIF - A 

Computer Program for BWR Stability Analysis in the Frequency Domain - 

Code Qualification Report," Siemens Power Corporation, July 1994. 

• Purpose:  Provide a methodology for the determination of the thermal-hydraulic 

stability of BWRs, including reactivity feedback effects. 

• SER Restrictions: 

1. The core model must be divided into a minimum of 24 axial nodes. 

2. The core model must be divided into a series of radial nodes (i.e., thermal-
hydraulic regions or channels) in such a manner that: 

a) No single region can be associated with more than 20 percent of the total 
core power generation.  This requirement guarantees a good description of 
the radial power shape, especially for the high power channels. 

b) The core model must include a minimum of three regions for every bundle 
type that accounts for significant power generation. 

c) The model must include a hot channel for each significant bundle type with 
the actual conditions of the hot channel. 

3. Each of the thermal-hydraulic regions must have its own axial power shape to 
account for 3-D power distributions.  For example, high power channels are likely 
to have more bottom peaked shapes. 

4. The collapsed 1-D cross sections must represent the actual conditions being 
analyzed as closely as possible, including control rod positions. 

5. The STAIF calculation must use the "shifted Nyquist" or complex pole search 
feature to minimize the error at low decay ratio conditions. 

• Implementation of SER Restrictions:  The SER restrictions are implemented in the 

code and the user’s manual for STAIF.  The requirements will automatically be 

satisfied if the code defaults are used and the MICROBURN-B2 STAIF guideline is 

followed. 

• Observations:  Stability analysis procedures described in Reference 3-1 were 

superseded by the approval of the STAIF code (References 3-3 and 3-5). 
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 : EMF-2158(P)(A) Revision 0, "Siemens Power Corporation Methodology 3-4

for Boiling Water Reactors:  Evaluation and Validation of CASMO-4/ 

MICROBURN-B2," Siemens Power Corporation, October 1999. 

• Purpose:  Replace the MICBURN-3/CASMO-3G bundle depletion codes and the 

MICROBURN-B simulator code with the codes CASMO-4 and MICROBURN-B2, 

respectively. 

• SER Restrictions: 

1. The CASMO-4/MICROBURN-B2 code systems shall be applied in a manner that 

predicted results are within the range of the validation criteria (Tables 2.1 and 

2.2) and measurement uncertainties (Table 2.3) presented in EMF-2158(P). 

2. The CASMO-4/MICROBURN-B2 code system shall be validated for analyses of 

any new fuel design which departs from current orthogonal lattice designs and/or 

exceed gadolinia and U-235 enrichment limits. 

3. The CASMO-4/MICROBURN-B2 code system shall only be used for BWR 

licensing analyses and BWR core monitoring applications. 

4. The review of the CASMO-4/MICROBURN-B2 code system should not be 

construed as a generic review of the CASMO-4 or MICROBURN-B2 computer 

codes. 

5. The CASMO-4/MICROBURN-B2 code system is approved as a replacement for 

the CASMO-3G/MICROBURN-B code system used in NRC-approved AREVA 

BWR licensing methodology and in AREVA BWR core monitoring applications.  

Such replacements shall be evaluated to ensure that each affected methodology 

continues to comply with its SER restrictions and/or conditions. 

6. AREVA shall notify any customer who proposes to use the 

CASMO-4/MICROBURN-B2 code system independent of any AREVA fuel 

contract that conditions 1 through 4 above must be met.  AREVA's notification 
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shall provide positive evidence to the NRC that each customer has been 

informed by AREVA of the applicable conditions for using the code system. 

• Implementation of SER Restrictions:  The SER restrictions relevant to methodology 

used by AREVA are implemented in engineering guidelines. 

• Observations:  None. 
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 : EMF-CC-074(P)(A) Volume 4, Revision 0, "BWR Stability 3-5

Analysis - Assessment of STAIF with Input from MICROBURN-B2," 

Siemens Power Corporation, August 2000. 

• Purpose:  Document and justify enhancements to the STAIF code including the 

capability to accept input from the code MICROBURN-B2.  Justify a modification to 

the approved stability criteria for STAIF in conjunction with input from both 

MICROBURN-B and MICROBURN-B2.  The STAIF code is used to perform stability 

analysis for BWRs. 

• SER Restrictions: 

The SER concludes that the STAIF code is acceptable for best-estimate decay ratio 

calculations.  This conclusion applies to the three types of instabilities relevant to 

BWR operation, which are quantified by the hot-channel, core-wide, and out-of-

phase decay ratios.  The staff estimates that STAIF decay ratio calculations for the 

decay ratio range of 0.0 to 1.1 are accurate within: 

+/- .2 for the hot-channel decay ratio 
+/- .15 for the core-wide decay ratio 
+/- .2 for the out-of-phase decay ratio 

The staff concludes that the proposed modification of the E1A acceptance criteria for 

region-validation calculations is acceptable because it provides the intended 

protection against instabilities outside the E1A regions.  The following E1A region-

validation criteria are acceptable for the STAIF code: 

The calculated hot-channel decay ratio must be lower than .8. 
The calculated core-wide decay ratio must be lower than .85. 
The calculated out-of-phase decay ratio must be less than .8. 

• Implementation of SER Restrictions:  The SER restrictions are implemented in 

engineering guidelines. 
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• Observations:  The NRC stated in Reference 36, that the revised stability criteria is 

applicable to calculations with the STAIF code with input from either MICROBURN-B 

or MICROBURN-B2. 
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 : BAW-10255PA Revision 2, "Cycle-Specific DIVOM Methodology Using the 3-6

RAMONA5-FA Code," AREVA NP, May 2008. 

• Purpose:  Document and justify the use of the RAMONA5-FA code for performing 

cycle-specific DIVOM calculations. 

• SER Restrictions: 

1. If a reduced scope of parameter variations is used to define the cycle-specific 

DIVOM slope as described in Section 7 of the TR, the scope must be justified 

and documented for NRC staff review. 

2. The NRC staff imposes a condition to perform a full code review of 

RAMONA5-FA, including constitutive relations, numerics, neutronic methods, 

and benchmarks before RAMONA5-FA can be used to calculate DIVOM 

curves in EFW operating domains without the 10 percent penalty on DIVOM 

slopes, as noted in Limitation and Condition No.3 below. 

3. The NRC staff imposes an interim 10 percent penalty on DIVOM slopes 

calculated using the RAMONA5-FA methodology under EFW conditions.  

This is an interim restriction that will be revised when the full RAMONA5-FA 

Code review is completed. 

• Implementation of SER Restrictions:  SER restriction 1 is implemented in 

engineering guidelines.  SER restrictions 2 and 3 state that all DIVOM analyses 

performed in the EFW (MELLLA+) domain need to impose an interim 10% penalty 

on DIVOM slopes.  This penalty was to remain until the NRC staff had the 

opportunity to perform a full code review of RAMONA5-FA.  The NRC has since 

performed a full code review of RAMONA5-FA and has issued a new SE removing 

the 10% penalty on EFW DIVOM calculations.  The new SE documenting the 

removal of this penalty is given in Reference 41. 

• Observations:  None. 
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 : ANP-10262PA Revision 0, "Enhanced Option III Long Term Stability 3-7

Solution," AREVA NP, May 2008. 

• Purpose:  Document and justify the applicability of the Enhanced Option III Long 

Term Stability Solution methodology to the EPU/MELLLA+ operating domain. 

• SER Restrictions: 

1. The NRC staff has not reviewed the hardware and software implementation of 

EO-III Long Term Stability Solution because it will be plant specific.  AREVA 

has stated that implementation is not part of the generic EO-III Long Term 

Stability Solution, even though the EO-III Long Term Stability Solution 

implements an additional scram function (the channel-stability exclusion 

region) not present in the original Option III platforms.  Plant implementations, 

including those using any original Option III platform, will require plant-specific 

reviews. 

2. The original Option III is already approved for plant operation up to 20 percent 

EPU.  The EO-III Long Term Stability Solution is an extension of Option III, 

where the DIVOM correlation is guaranteed to be well-behaved by the 

channel-stability exclusion region.  Thus, the EO-III Long Term Stability 

Solution is, in essence, an Option III implementation with the added channel-

stability exclusion region scram.  Therefore, the NRC staff finds that EO-III 

is a technically acceptable methodology for any reactor operating up to 

20 percent EPU conditions. 

3. The confirmation analyses documented in Section 5 of TR ANP-10262(P), 

Revision 0, and the response to the NRC staff RAI, indicate that the EO-III 

Long Term Stability Solution methodology provides significant protection 

against MCPR criteria violations during anticipated instability events even 

under high-power-density conditions, including EPU and MELLLA+.  Under all 

analyzed conditions, the loss of MCPR margin induced by the instability event 
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is compensated by the gain in MCPR margin induced by the reduction in flow, 

so that the net MCPR margin is positive.  Based on this analysis, the NRC 

staff finds that the EO-III Long Term Stability Solution is a technically 

acceptable methodology for any reactor operating up to MELLLA+ conditions.  

Extension of operating domains beyond MELLLA+ have not been considered 

by the NRC staff and will require a re-evaluation of the EO-III Long Term 

Stability Solution scram effectiveness by the NRC staff. 

4. Operation with feedwater heaters out of service (FWHOOS) is not anticipated 

in EFW like MELLLA+; therefore TR ANP-10262(P), Revision 0, specifies the 

use of equilibrium feedwater conditions.  If a plant-specific application of the 

EO-III Long Term Stability Solution allows for a FWHOOS condition, two SPT 

regions will have to be calculated, with and without FWHOOS.  TSs must 

enforce the change of SPT region settings when the FWHOOS condition is 

declared.  Alternatively, a plant-specific application may choose to implement 

the more conservative of the two SPT regions. 

5. The EO-III Long Term Stability Solution does not provide an integrated 

backup stability solution if the primary stability protection system is declared 

inoperable.  Instead, it provides an example of TSs and rationale for their 

applicability in the responses to the NRC staff RAI.  Therefore, the NRC staff 

review of the stability related TS requirements and/or a different backup 

stability solution must be performed on a plant-specific basis. 

6. Plant-specific applications will include the specification of the backup stability 

protection.  One possible EO-III Long Term Stability Solution backup stability 

protection is the SPT, which provides an automated scram upon entry on the 

channel-stability exclusion region.  The SPT is an acceptable backup stability 

protection solution for up to 120 days (typical TS range) if the primary stability 

protection system is declared inoperable.  However, the SPT scram region 

must include the natural circulation line.  To be an acceptable backup stability 
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solution, the SPT must include the following scram conditions: 

(1) recirculation pumps are tripped, or (2) the power flow inside the channel-

stability exclusion region.  Either of the two conditions should result in scram.  

In addition to the SPT, administrative interim corrective actions must be 

enforced with cycle-specific regions.  The NRC staff finds that a SPT 

implemented with the above conditions would provide an acceptable backup 

stability implementation for up to 120 days under MELLLA+ conditions 

because it provides protection for the most likely scenarios where large 

amplitude oscillations could occur. 

7. Plant specific applications will include an evaluation of the uncertainty 

induced by the presence of bypass voids on the OPRM and APRM readings.  

OPRM uncertainties will result in a set-down of the OPRM PBDA setpoint.  

APRM uncertainties will be applied to the SPT exclusion region. 

• Implementation of SER Restrictions:  The SER restrictions define requirements to be 

addressed for the initial licensing application of Enhanced Option III at each plant.  

These requirements will be addressed for each Technical Specification submittal for 

Enhanced Option III as described in the methodology Topical Report. 

• Observations:  The NRC stated that the Enhanced Option III methodology is 

technically acceptable for the EPU/MELLLA+ domain.  Any extension of the 

operating window beyond MELLLA+ will require a resubmittal of the methodology. 
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 THERMAL AND HYDRAULIC DESIGN 4.0

Thermal-hydraulic analyses of the fuel and core are performed to verify that design 

criteria are satisfied and to establish an appropriate value for the MCPR fuel cladding 

integrity safety limit. 

 Regulatory Requirements 4.1

The acceptance criteria of SRP Section 4.4 Thermal and Hydraulic Design are based on 

meeting the relevant requirements of General Design Criterion 10, as it relates to the 

reactor core design, with appropriate margin to assure that SAFDLs are not exceeded 

during normal operation and AOOs.  Specific criteria are identified in Reference 2-10 

and discussed below. 

 Thermal and Hydraulic Design Analyses 4.2

 Hydraulic Compatibility 4.2.1

Design Criteria 

The hydraulic flow resistance of the reload fuel assemblies shall be sufficiently similar to 

existing fuel in the reactor such that there is no significant degradation in total core flow 

or maldistribution of the flow among assemblies in the core. 

Bases 

The Standard Review Plan (Reference 1) does not contain an explicit criterion for fuel 

assembly hydraulic compatibility.  However, flow differences between assembly types in 

a mixed core need to be accounted for in assuring that all design criteria are satisfied. 

The component hydraulic resistances in the reactor core are determined by a 

combination of analytical techniques and experimental data.  For example, the single-

phase flow resistances of the inlet region, bare rod region, spacers, and upper tie plate 

of the AREVA fuel designs and co-resident designs are generally determined in single 

phase flow tests with full scale assemblies.  The two-phase flow resistances of 
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appropriate components are determined from the single-phase loss coefficients and 

two-phase flow models.  The prediction of pressure drop by a combination of single-

phase loss coefficients and two-phase flow models has been experimentally verified. 

The AREVA thermal-hydraulic methodology implicitly includes the impact of assembly 

differences on the individual assembly flow.  The overall criterion for acceptability is that 

individual fuel types must be in compliance with the thermal hydraulic limits.  To assure 

this, for reload analyses, if there is more than a specified difference in assembly orifice 

flow for a given (or specified) assembly power at rated conditions (i.e., full flow and full 

power), additional core stability evaluations will be performed with the STAIF 

methodology (Reference 3-5).  The purpose of these evaluations is to better define the 

core stability behavior with this mismatch in flow.  The MCPR performance remains 

protected by compliance with the safety and operating limits. 

 Thermal Margin Performance 4.2.2

Design Criteria  

The fuel design shall fall within the limits of applicability of the approved critical heat flux 

(CHF) or critical power correlations.  New fuel assembly designs and/or changes in 

existing assembly designs shall minimize the likelihood of boiling transition during 

normal reactor operation and AOOs.  The applicable critical power correlation will be 

used to determine the operating limits and, for consistency, will be used to monitor the 

core. 

Bases 

AREVA fuel and reload cores are designed so that operation within the technical 

specification limits ensures that 99.9% of the fuel rods are expected to avoid boiling 

transition during AOOs.  An NRC-approved CHF or critical power correlation is used by 

AREVA to determine operating and safety limits during the design of a reload core, and, 

for consistency, the same CHF or critical power correlation is used to monitor the core 

during operation. 
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Operation of a BWR requires protection against fuel damage during normal reactor 

operation and AOOs.  A rapid decrease in heat removal capacity associated with boiling 

transition could result in high temperatures in the cladding, which may cause cladding 

degradation and a loss of fuel rod integrity.  Protection of the fuel against boiling 

transition assures that such degradation is avoided.  This protection is accomplished by 

determining the operating limit minimum critical power ratio (OLMCPR) each cycle. 

The AREVA thermal limits analysis methodology, THERMEX, is described in 

Reference 4-2.  The thermal limits methodology in THERMEX consists of a series of 

related analyses which establish an OLMCPR.  The OLMCPR is determined from two 

calculated values, the safety limit MCPR (SLMCPR) and the limiting transient ∆CPR.  

The overall methodology is comprised of four major segments:  1) reactor core hydraulic 

methodology, 2) a critical power correlation, 3) plant transient simulation methodology, 

and 4) critical power methodology. 

AREVA fuel assembly pressure drop methodology is presented in Reference 4-1.  This 

methodology is part of the calculational method used by AREVA to determine the 

assembly pressure drop that is used to calculate assembly flows for a BWR core.  The 

pressure drop methodology determines the void fraction and the two-phase pressure 

losses, which are in turn used as input to the calculation of the assembly pressure drop 

using the XCOBRA computer code described in Reference 4-2. 

The AREVA fuel assembly critical power performance is established by means of an 

empirical correlation based on results of boiling transition test programs (see 

References 4-5, 4-6, and 4-7).  The critical power performance of co-resident fuel, 

which is not in the AREVA correlation development database, is determined using the 

methodology described in Reference 4-4. 

The methodology and computer codes for AREVA BWR plant transient analyses are the 

XCOBRA-T code (Reference 5-6) and the COTRANSA2 code (Reference 5-7).  The 

COTRANSA2 code is used to calculate BWR system behavior for steady-state and 
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transient conditions.  This behavior is then used to provide input to the XCOBRA-T and 

XCOBRA codes, from which critical power ratios are determined for limiting transients. 

References 4-3 and 4-8 provide the basis for the AREVA methodologies for determining 

the SLMCPR which ensures that 99.9% of the fuel rods are expected to avoid boiling 

transition.  The SLMCPR is determined by statistically combining calculational 

uncertainties and plant measurement uncertainties associated with the calculation of 

MCPR.  This determination is carried out by a series of Monte Carlo calculations in 

which the variables affecting boiling transition are varied randomly and the total number 

of rods experiencing boiling transition is determined for each Monte Carlo trial.  The 

AREVA CPR correlations depend on the core pressure, channel mass velocity, planar 

enthalpy, a local peaking function, radial and axial power, and channel geometry 

(channel bow).  Power distribution uncertainties used in the calculation are those 

associated with the core monitoring system and are obtained from references such as 

Reference 3-4.  The CPR correlation uncertainty is accounted for through the additive 

constant uncertainty.  The additive constant uncertainties for specific fuel designs used 

in the determination of the SLMCPR are determined using the methodologies and 

values provided in References 4-5, 4-6, or 4-7. 

Plant measurement uncertainties (such as pressure, core flow, feedwater temperature, 

etc.) are plant dependent and are obtained from the utility. 

 Fuel Centerline Temperature 4.2.3

Design Criteria 

Fuel design and operation shall be such that fuel centerline melting is not predicted for 

normal operation and AOOs. 

Bases 

This design criterion is addressed during the specific mechanical design analysis 

performed for each fuel type.  The bases are discussed in Section 2.2.12.4 of this 

document. 
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 Rod Bowing 4.2.4

Design Criteria 

The anticipated magnitude of fuel rod bowing under irradiation shall be accounted for in 

establishing thermal margins requirements. 

Bases 

The bases for rod bow are discussed in Section 2.2.6.  Rod bow magnitude is 

determined during the mechanical design analyses done for each fuel type.  The need 

for a thermal margin rod bow penalty is evaluated on a plant and cycle specific basis.  

Post-irradiation examinations of BWR fuel fabricated by AREVA show that the 

magnitude of fuel rod bowing is small and the potential effect of this bow on thermal 

margins is negligible.  Rod bow at extended burnups does not affect thermal margins 

because of the lower powers experienced by high exposure assemblies. 

 Bypass Flow 4.2.5

Design Criteria 

The bypass flow characteristics of the reload fuel assemblies shall not differ significantly 

from the existing fuel in order to provide adequate flow in the bypass region. 

Bases 

The Standard Review Plan (Reference 1) does not contain an explicit criterion for fuel 

assembly bypass flow characteristics.  However, significant changes in bypass region 

flow may alter the response characteristics of the incore neutron detectors.  In order to 

avoid altering the incore neutron detector response characteristics, AREVA evaluates 

bypass flow fraction on a plant and cycle specific basis to assure that the bypass flow 

characteristics are not significantly altered. 
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 NRC-Accepted Topical Report References 4.3

The NRC has approved the following licensing topical reports that describe the methods 

and assumptions used by AREVA to demonstrate the adequacy of its thermal and 

hydraulic fuel system design analyses.  These reports address thermal and hydraulic 

criteria and thermal conditions used in steady-state and transient licensing analyses.  

The purpose of each topical report and restrictions on the methods presented are 

described in the following sections. 

 

For Information Only



AREVA Inc.  ANP-2637 
  Revision 6 
Boiling Water Reactor 
Licensing Methodology Compendium Page 4-7 

 

4-1 : XN-NF-79-59(P)(A), "Methodology for Calculation of Pressure Drop in BWR 

Fuel Assemblies," Exxon Nuclear Company, November 1983. 

• Purpose:  Develop a methodology for determining the BWR assembly pressure drop 

which determines the assembly coolant flow and which varies with total recirculating 

flow and reactor power. 

• SER Restrictions:  No restrictions. 

• Implementation of SER Restrictions:  None. 

• Observations:  This methodology continues to be used and incorporates 

experimental pressure drop data for new fuel and spacer designs. 
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4-2 : XN-NF-80-19(P)(A) Volume 3 Revision 2, "Exxon Nuclear Methodology for 

Boiling Water Reactors, THERMEX:  Thermal Limits Methodology Summary 

Description," Exxon Nuclear Company, January 1987. 

• Purpose:  Provide an overall methodology for determining a MCPR operating limit.  

The methodology comprises CHF correlations, fuel hydraulic characteristics, safety 

limit analyses, AOO analyses, and statistical combination of uncertainties. 

• SER Restriction:  Monitoring systems other than POWERPLEX®*CMSS may be 

used provided that the associated power distribution uncertainties are identified and 

appropriate operating parameters compatible with ENC transient safety analyses are 

monitored.  Whatever monitoring system is used should be specifically identified in 

plant submittals. 

• Implementation of SER Restriction:  The SER restriction is implemented in 

engineering guidelines. 

• Observations:  Although Reference 4-2 only discusses applications to ENC 8x8 and 

9x9 fuel types, the overall methodology is applicable to other AREVA fuel designs 

when appropriate CHF correlations are implemented.  Subsequent to the approval of 

this topical report, AREVA developed and the NRC approved the use of generic 

design criteria for new fuel designs (Reference 2-10).  In the SER/TER for 

Reference 2-10, the NRC concurred with the continued applicability of the 

methodology in Reference 4-2 (with the exception of the CHF correlation) for 

demonstrating compliance with thermal hydraulic design criteria. 

• Some of the computer codes referenced in the topical report have been superseded 

by other NRC-approved codes (e.g., COTRANSA with COTRANSA2, XTGBWR with 

MICROBURN-B2) and the XN-3 CHF correlation has been supplemented with the  

                                            

*  POWERPLEX is a trademark registered in the U.S. and various other countries. 
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NRC-approved SPCB CHF correlation (see Reference 4-5) and ACE critical power 

correlations (see Reference 4-6 and Reference 4-7). 

The SER states “Based on the similarity of the computational models of the two 

codes (XCOBRA and XCOBRA-T) and the NRC approval of the XCOBRA-T code 

(Reference 5-6), we find the use of the steady-state code [XCOBRA] acceptable in 

this context.”  XCOBRA continues to be applied for steady-state analyses. 
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4-3 : ANF-524(P)(A) Revision 2 and Supplements 1 and 2, "ANF Critical Power 

Methodology for Boiling Water Reactors," Advanced Nuclear Fuels 

Corporation, November 1990. 

• Purpose:  Provide a methodology for the determination of the SLMCPR. 

• SER Restrictions: 

1. The NRC approved MICROBURN-B power distribution uncertainties should be 
used in the SLMCPR determination. 

2. Since the ANFB correlation uncertainties depend on fuel design, in plant-specific 
applications the uncertainty value used for the ANFB additive constants should 
be verified.  [Note, ANFB was subsequently replaced in the methodology by the 
SPCB correlation, (Reference 4-5) and the ACE critical power correlations 
(Reference 4-6 and Reference 4-7).] 

3. The CPR channel bowing penalty for non-ANF fuel should be made using 
conservative estimates of the sensitivity of local power peaking to channel bow. 

4. The methodology for evaluating the effect of fuel channel bowing is not 
applicable to reused second-lifetime fuel channels. 

• Implementation of SER Restrictions:  SER restrictions 1 and 2 are implemented in 

engineering guidelines and automation tools.  Restrictions 3 and 4 are implemented 

in engineering guidelines. 

• Observations:  The critical power methodology is a general methodology which may 

be used with all AREVA developed CHF correlations that include additive constants 

and additive constant uncertainties. 

Power distribution uncertainties for MICROBURN-B2 and other AREVA core 

simulator codes approved by the NRC will be used in the CPR methodology. 

As additive constants and additive constant uncertainties are fuel type specific, they 

do not change for each plant specific application, as noted in SER restriction 2. 

For Information Only



AREVA Inc.  ANP-2637 
  Revision 6 
Boiling Water Reactor 
Licensing Methodology Compendium Page 4-11 

 

4-4 : EMF-2245(P)(A) Revision 0, "Application of Siemens Power Corporation's 

Critical Power Correlations to Co-Resident Fuel," Siemens Power 

Corporation, August 2000. 

• Purpose:  Present and justify the use of AREVA critical power correlations to co-

resident fuel (non-AREVA manufactured). 

• SER Restrictions:  Technology transfer to licensees who may be responsible for 

using these processes will be accomplished through AREVA and licensee 

procedures consistent with the requirements of GL 83-11, Supplement 1.  This 

process includes the performance of an independent benchmarking calculation by 

AREVA for comparison to licensee-generated results to verify that the application of 

AREVA CHF correlations is properly applied for the first application by a licensee. 

• Implementation of SER Restrictions:  The SER restriction is implemented in 

engineering work practices. 

• Observations:  None. 
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4-5 : EMF-2209(P)(A) Revision 3, "SPCB Critical Power Correlation," AREVA NP, 

September 2009. 

• Purpose:  Present and justify a critical power correlation applicable for the 

ATRIUM-9B and ATRIUM-10 fuel designs. 

• SER Restrictions: 

1. The SPCB correlation is applicable to Framatome ANP, Inc. ATRIUM-9B and 
ATRIUM-10 fuel designs with a local peaking factor no greater than 1.5. 

2. If in the process of calculating the MCPR safety limit, the local peaking factor 
exceeds 1.5, an additional uncertainty of 0.026 for ATRIUM-9B and 0.021 for 
ATRIUM-10 will be imposed on a rod by rod basis. 

3. The SPCB correlation range of applicability is 571.4 to 1432.2 psia for pressure, 
0.087 to 1.5 Mlb/hr-ft2 for inlet mass velocity and 5.55 to 148.67 Btu/lbm for inlet 
subcooling. 

4. Technology transfer will be accomplished only through the process described in 
Reference 14, which includes the performance of an independent bench-marking 
calculation by FANP for comparison to the licensee-generated results to verify 
that the new CHF correlation (SPCB) is properly applied for the first application 
by the licensee. 

5. Application of this correlation and the proposed revisions to fuel designs other 
than the ATRIUM-9B and ATRIUM-10 designs require prior staff approval. 
 
Note, restrictions 1 – 4 are from Revision 1. 

• Implementation of SER Restrictions:  SER restrictions 1 and 5 are implemented in 

engineering guidelines.  Restriction 2 is implemented in engineering guidelines and 

automation tools.  Restriction 3 is directly implemented in engineering computer 

codes.  Restriction 4 is implemented in engineering work practices. 

• Observations:  The purpose of Revision 2 was to modify the SPCB critical power 

correlation in the region of the uranium blanket at the top of the fuel.  The purpose of 

Revision 3 was to make corrections to the correlation additive constants to account 

for an error in the KATHY loop operation.   
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• Clarifications:  NRC concurrence with a clarification related to this topical report 

(Revision 1) was requested in References 31 and 32.  The NRC concurrence with 

the clarification was provided in Reference 33.  The clarification discusses the 

actions taken when the calculation values fall outside the correlation bounds. 
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4-6 : ANP-10249P-A Revision 2 "ACE/ATRIUM-10 Critical Power Correlation," 

AREVA, March 2014.  

• Purpose:  Present and justify a new critical power correlation applicable for the 

ATRIUM-10 fuel design. 

• SER Restrictions: 

1. The ACE/ATRIUM-10 methodology may only be used to perform evaluations of 
AREVA ATRIUM-10 fuel design. The ACE/ATRIUM-10 correlation may also be 
used to evaluate the performance of the co-resident fuel in mixed cores as 
discussed in Section 3.6 of the SE. 

2. ACE/ATRIUM-10 correlation shall not be used outside the range of applicability 
defined by the range of the test data prescribed in Table 2.1 of Reference 2. 
 
Note: Reference 2 from restriction 2 is ANP-10249P-A, Revision 2. 

• Implementation of SER Restrictions: 

SER restriction 1 is implemented in engineering guidelines.  Restriction 2 is 
directly implemented in the engineering software implementing the ACE 
correlation, ACELIB, for mass flow, pressure, and inlet subcooling.  For 
maximum local peaking, the restriction is implemented via neutronics bundle 
design guidelines. 

• Observations:  The purpose of Revision 1 was to make corrections to the correlation 

additive constants to account for an error in the KATHY loop operation.  The 

purpose of Revision 2 was to remove potentially non-physical behavior in the 

application of the K factor methodology. 
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4-7 : ANP-10298P-A Revision 1 "ACE/ATRIUM 10XM Critical Power Correlation,"  

AREVA, March 2014.  

• Purpose:  Present and justify a new critical power correlation applicable for the 

ATRIUM 10XM fuel design. 

• SER Restrictions: 

1. The ACE/ATRIUM 10XM methodology may only be used to perform evaluations 
of AREVA ATRIUM 10XM fuel design. The ACE/ATRIUM 10XM correlation may 
also be used to evaluate the performance of the co-resident fuel in mixed cores 
as discussed in Section 3.4 of the SE.  

2. ACE/ATRIUM 10XM correlation shall not be used outside the range of 
applicability defined by the range of the test data prescribed in Table 2.1 of 
Reference 2. 
 
Note: Reference 2 from restriction 2 is ANP-10298P-A Revision 1 
 

• Implementation of SER Restrictions: 

SER restriction 1 is implemented in engineering guidelines.  Restriction 2 is 
directly implemented in the engineering software implementing the ACE 
correlation, ACELIB, for mass flow, pressure, and inlet subcooling.  For 
maximum local peaking, the restriction is implemented via neutronics bundle 
design guidelines. 

• Observations:  The purpose of Revision 1 was to remove potentially non-physical 

behavior in the application of the K factor methodology. 
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4-8 : ANP-10307PA Revision 0 "AREVA MCPR Safety Limit Methodology for 

Boiling Water Reactors," AREVA NP, June 2011. 

• Purpose:   Present and justify a new methodology for determining the safety limit 

minimum critical power ratio (SLMCPR) to incorporate the ACE critical power 

correlations (References 4.6 and 4.7) and a realistic fuel channel bow model  

approved in Reference 2-14. 

• SER Restrictions: 

There are no specific SER restrictions 

• Implementation of SER Restrictions: 

 

 

• Observations: For non-typical situations, such as abnormal bow situations, transition 

cores, and new channel designs, the channel bow model will be applied in a 

conservative manner through use of [ modified growth models or an increased bias 

and an increased uncertainty ] according to Reference 2-14. 
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 ACCIDENT ANALYSIS 5.0

This section addresses the methodologies used to perform the analyses of AOOs and 

postulated accidents in SRP Chapter 15 that are related to core reloads. 

 Anticipated Operational Occurrences 5.1

AOOs are evaluated to determine thermal operating limits to ensure applicable event 

acceptance criteria are met.  Table 5-1 lists those AOOs analyzed with AREVA’s 

approved methodologies. 

 

Table 5-1  Anticipated Operational Occurrence Analyses 

SRP No. Chapter 15 AOO Analysis 

15.1.1 – 15.1.3 Decrease in Feedwater Temperature, Increase in Feedwater 
Flow, and Increase in Steam Flow  

15.2.1 – 15.2.5 
Loss of External Load; Turbine Trip; Loss of Condenser 
Vacuum; Closure of Main Steam Isolation Valve (BWR); and 
Steam Pressure Regulator Failure (Closed)  

15.2.7 Loss of Normal Feedwater Flow 

15.3.1 – 15.3.2 Loss of Forced Reactor Coolant Flow Including Trip of Pump 
Motor and Flow Controller Malfunctions  

15.4.2 Uncontrolled Control Rod Assembly Withdrawal at Power 

15.4.4 – 15.4.5 
Startup of an Inactive Loop or Recirculation Loop at an Incorrect 
Temperature, and Flow Controller Malfunction Causing an 
Increase in BWR Core Flow Rate  

15.5.1 Inadvertent Operation of ECCS that Increases Reactor Coolant 
Inventory  

15.6.1 Inadvertent Opening of a BWR Pressure Relief Valve 
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 Regulatory Requirements 5.1.1

The specific criteria necessary to meet the requirements of the relevant GDCs 10, 15, 

and 26 for the AOOs listed in Table 5-1 (except SRP No. 15.4.2) are: 

a) Pressure in the reactor coolant and main steam systems should be maintained 
below 110% of the design values. 

b) Fuel cladding integrity shall be maintained by ensuring that the CPR remains 
above the MCPR safety limit for BWRs based on acceptable CHF correlations 
(see SRP Section 4.4). 

c) Cladding strain does not exceed 1%. 

d) The event should not generate a more serious plant condition without other faults 
occurring independently. 

The criteria necessary to meet GDCs 10, 20, and 25 for SRP 15.4.2 AOO are: 

a) The thermal margin limits (MCPR) specified in SRP Section 4.4, II.1 are met. 
b) Uniform cladding strain does not exceed 1%. 

Analyses are performed to demonstrate that the fuel performs within design criteria 

during AOOs and to establish appropriate operating limits for the reactor.  To protect the 

established safety limit MCPR, evaluations of AOOs are performed which produce the 

limiting transient ∆CPR, which when added to the safety limit MCPR, defines the 

operating limit MCPR.  The methodologies used for the analysis of these events are 

found in References 3-1, 3-2, 4-2, 4-3, 4-4, 4-5, 4-6, 4-7, 4-8, 5-4, 5-5, 5-6, 5-7, and 5-12. 

 Limiting Transient Events 5.1.2

The loading of fresh fuel, regardless of design, into a reactor core may alter the 

characteristics of both steady-state core performance and plant transient response 

throughout each subsequent cycle of operation.  Limiting conditions for plant operations 

are established to assure that acceptable thermal operating margins are maintained 

during all anticipated operations.  Application of AREVA's methodology provides a basis 

for the determination that plant operation will meet appropriate safety criteria. 
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The evaluation of anticipated operational occurrences considers events identified in the 

FSAR.  These events are generally classified as: 

• Decrease in core coolant temperature 

• Increase in reactor pressure 

• Decrease in reactor coolant flow rate 

• Reactivity and power distribution anomalies 

• Increase in reactor coolant inventory 

• Decrease in reactor coolant inventory 

• Increase in reactor coolant flow 

• Increase in reactor core coolant temperature. 

Primarily because of the strong void reactivity feedback characteristic of a boiling water 

reactor, AOOs involving a decrease in reactor coolant inventory, a decrease in core 

flow, or an increase in core coolant temperature do not result in a limiting ∆CPR. 

A decrease in core coolant temperature may result in a gradual core heatup until the 

high neutron flux scram setpoint is exceeded.  Since the power excursion is slow and 

the fuel thermal response does not significantly lag the neutronic response, this event 

can be evaluated with either a transient code or a steady-state code. 

Rapid reactor pressure increases may result in a thermal margin limiting event for some 

designs and conditions.  The severity of the event is strongly dependent upon the 

reactivity state of the core, the valve closure characteristics initiating the event, and the 

performance of the scram shutdown system.  Thus, specific event sequences at some 

reactor conditions may emerge as consistently most limiting in nature.  Each potentially 

limiting event is considered in the determination of cycle limiting conditions for 

operation. 

Reactor and power distribution anomalies are localized reactivity additions that are 

usually initiated by operator error in selecting and withdrawing a control rod.  While the 

event during refueling and reactor startup conditions are not limiting, the rod withdrawal 

For Information Only



AREVA Inc.  ANP-2637 
  Revision 6 
Boiling Water Reactor 
Licensing Methodology Compendium Page 5-4 

 

error at power is potentially limiting and considered in the determination of the thermal 

operating limits. 

The two event categories which involve increases in either core coolant flow rate or 

reactor coolant inventory are dependent upon plant design and conditions.  Both involve 

potentially limiting conditions at partial power and flow conditions, where the 

augmentation of flow (either recirculation or feed) to the maximum physical capacity of 

equipment is greatest.  Effective designs and/or reactor protection systems may 

substantially mitigate the rate and potential acceleration of power production in the core 

or terminate the transient prior to serious degradation of thermal margin. 

Prior to the initial cycle that AREVA provides reload fuel, a disposition of events is 

performed to identify the FSAR events that may be affected by a change in fuel or core 

design.  From the affected events, the potentially limiting events relative to thermal 

margins are identified and analyzed.  The following AOOs are generally identified as 

being potentially limiting: 

• Turbine/generator trip without bypass 

• Feedwater controller failure to maximum demand 

• Loss of feedwater heating 

• Control rod withdrawal error 

• Recirculating flow increase events 

Once the applicable set of limiting transients for thermal margin has been identified for a 

specific reactor, the analysis of each event at reactor conditions at which it is potentially 

limiting provides the basis for determining the thermal operating limits. 

 Pressurization Transient Analysis 5.1.3

Events that result in significant reactor pressure increases are those that result in the 

closure of the steam isolation or turbine valves.  There are several potential causes for 

the valve closure including loss of generator load, excessive turbine vibration and 

reaching a system set point (e.g. water level, low system pressure).  The sudden 
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reduction in steam flow causes an increase in reactor system pressure and core power.  

The event is usually terminated by reactor scram.  In many cases, turbine bypass 

valves and safety relief valves operate to limit the system pressure rise.  The turbine 

trip, generator load rejection and MSIV closure events are included in this classification.  

The feedwater controller failure event has many of the characteristics of these same 

events as it is a combination of an increase in coolant inventory and decrease in core 

coolant temperature event followed by an increase in reactor pressure event when the 

high water level trip setpoint is reached.  The methodology used for the pressurization 

transient AOO analyses is presented in References 4-2, 5-6, and 5-7. 

The plant transient AOO analysis methodology is also used in the overpressurization 

analyses to demonstrate compliance with the ASME pressure vessel code 

requirements. 

 Generic Loss of Feedwater Heating Methodology 5.1.4

The NRC has approved a generic AREVA methodology for evaluating the loss of 

feedwater heating (LFWH) transient in BWRs (Reference 5-12).  The generic 

methodology is a parametric description of the critical power ratio response that was 

developed using the results of many applications of the previously approved plant and 

cycle specific methodology (Reference 3-1).  Applying this methodology results in a 

conservative MCPR operating limit for the LFWH event. 

 Control Rod Withdrawal Error 5.1.5

During the control rod withdrawal error transient, the reactor operator is assumed to 

ignore the local power range monitor alarms and the rod block monitor alarms and 

continue to withdraw the control rod until the control rod motion is stopped by the control 

rod block.  For this analysis the reactor is assumed to be in a normal mode of operation 

with the control rods being withdrawn in the proper sequence and all reactor parameters 

within technical specification limits and requirements.  The most limiting case is when 

the reactor is operating at power with a high reactivity worth control rod fully inserted. 
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A detailed description of the AREVA control rod withdrawal error evaluation 

methodology is given in Reference 3-1.  As noted in Reference 3-4, MICROBURN-B2 is 

approved for use in performing the analysis as a replacement to previously approved 

codes. 

For BWR/6 reactors, the AREVA generic control rod withdrawal error analysis 

(Reference 5-4) is used.  The generic analysis has been extended to cover maximum 

extended operating domain (MEOD) operation (Reference 5-5). 

 Recirculation Flow Increase 5.1.6

A slow flow excursion event assumes a failure of the recirculation flow control system 

such that the core flow increases slowly to the maximum flow physically attainable by 

the equipment.  An uncontrolled increase in flow creates the potential for a significant 

increase in core power and heat flux.  The analysis is performed using XCOBRA 

(Reference 4-2) to calculate the change in critical power ratio during the flow increase.  

Similar analyses are performed using MICROBURN-B2 (Reference 3-4) to determine 

the change in LHGR during a flow increase event. 

The results of the slow flow excursion analyses are used to establish flow dependent 

MCPR (MCPRf) limits and flow-dependent LHGR multipliers.  The MCPRf limits ensure 

that the SLMCPR is protected if the recirculation flow is inadvertently increased to the 

maximum attainable value based on the plant equipment limitations. 

 Determination of Thermal Limits 5.1.7

The results of the evaluation of the anticipated operational occurrences at rated and off-

rated power and flow conditions are used to establish power-dependent MCPR 

(MCPRp) operating limits, including limits at rated power.  As noted earlier, the results of 

the slow flow run-up event are used to establish the flow-dependent MCPR limits. 

The results of reduced power and reduced flow analyses are used to ensure that the 

1% strain and centerline melt criteria are met during anticipated operational 

occurrences.  If adjustments to operating limits are needed, power and flow dependent 
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LHGR multipliers (LHGRFACp and LHGRFACf) are established.  The minimum of either 

the LHGRFACp or LHGRFACf multiplier is applied directly to the steady-state LHGR 

limit to determine the applicable LHGR operating limit to ensure that the 1% strain and 

centerline melt criteria are not violated during an AOO. 

The scram insertion time used for the transient analyses may be based on either the 

technical specifications or plant measurement data.  If plant measurement data are 

used to determine the scram performance assumed in the safety analyses, surveillance 

procedures are specified to determine the continued applicability of the data. 

The core power and exposure distributions are monitored by the licensee throughout 

the cycle to assure that the end-of-cycle (EOC) axial power shape assumed in the 

licensing analysis will bound the actual EOC axial power shape. 

 Postulated Accidents 5.2

Postulated accidents for BWRs evaluated for compliance with relevant GDCs are listed 

in Table 5-2 below. 

 

Table 5-2 Postulated Accident Analyses 

SRP No. Chapter 15 Accident Analysis 

15.3.3 – 15.3.4 Reactor Coolant Pump Rotor Seizure and Reactor Coolant Pump 
Shaft Break 

15.4.7 Inadvertent Loading and Operation of a Fuel Assembly in an 
Improper Position 

15.4.9 Spectrum of Rod Drop Accidents (BWR) 

15.4.9A Radiological Consequences or Rod Drop Accident (BWR) 

15.6.5 
Loss-of-Coolant Accident Resulting from a Spectrum of 
Postulated Piping Breaks within the Reactor Coolant Pressure 
Boundary 

15.7.4 Radiological Consequences of Fuel Handling Accidents 
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 Regulatory Requirements 5.2.1

The specific analytical criteria that are necessary to meet the requirements of the 

relevant GDCs for postulated accidents in Table 5-2 are: 

SRP No. 15.3.3 – 15.3.4; GDCs 27, 28, and 31 

a) Pressure in the reactor coolant and main steam systems should be maintained 

below design limits. 

b) A small fraction of the fuel failures may occur, but these failures should not 

hinder the core coolability. 

c) Radiological consequences should be a small fraction of 10 CFR 100 guidelines 

(generally < 10%). 

d) The events should not generate a limiting fault or result in the consequential loss 

of the function of the reactor coolant system or containment barriers. 

SRP No. 15.4.7; GDC 13 

a) Offsite consequences due to fuel rod failure during this postulated accident should 

be a small fraction of 10 CFR 100 limits. 

SRP No. 15.4.9; GDC 28 

a) Reactivity excursions should not exceed a radially averaged fuel rod enthalpy 

greater than 280 cal/g at any axial location in any fuel rod. 

b) The maximum reactor pressure should be less than “Service Limit C” defined in 

the ASME code (Reference 8). 

c) The number of fuel rods predicted to reach assumed fuel failure thresholds and 

associated parameters such as the amount of fuel reaching melting conditions will 

be assessed in a radiological evaluation.  The assumed failure thresholds are 

radially averaged fuel rod enthalpy greater than 170 cal/g at any axial location for 

zero or low power initial conditions, and fuel cladding dryout for rated power initial 

conditions. 
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SRP No. 15.4.9A 

a) Calculated exposure values should be less than 25% of the 10 CFR 100 exposure 

guideline values.  The fission product source term used in the dose analysis is 

acceptable if it meets the guidelines of Regulatory Guide 1.77 (Reference 13). 

SRP No. 15.6.5; GDC 35 

a) Event-specific criteria are specified in:  10 CFR 50.46 and 10 CFR 50 

Appendix K. 

b) Regulatory Guide 1.3 (Reference 17) establishes a set of fission gas release 

fractions to be applied for radiological assessments.  Radiological consequences 

are within the guidelines of 10 CFR 100 or 10 CFR 50.67. 

SRP No. 15.7.4; GDC 61 

a) Calculated exposure values should be less than 25% of the 10 CFR 100 

exposure guideline values. 

b) The model for calculating the whole-body and thyroid doses is acceptable if it 

incorporates the appropriate conservative measurements in Regulatory Guide 

1.25 (Reference 18), with the exception of the guidelines for the atmospheric 

dispersion factors (χ/Q values).  The acceptability of the χ/Q values is 

determined under SRP Section 2.3.4. 

The methodologies used to analyze the hypothetical LOCAs and other postulated 

accidents are discussed in the following sections. 

 Pump Seizure 5.2.2

Recirculation pump seizure (RPS) event is considered an accident where an operating 

recirculation pump suddenly stops rotating.  There are three parts to the RPS analysis - 

the simulation of the reactor system response, the determination of the number of failed 

fuel rods, and the radiological dose assessment. 
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The first part of the analysis uses the COTRANSA2 (Reference 5-7) and XCOBRA-T 

(Reference 5-6) codes to simulate the system and limiting assembly response.  The key 

parameter determined is the ∆CPR for the limiting assembly during the event.  The 

second part is the determination of the number of failed rods.  The minimum CPR for 

the event is determined from the OLMCPR and the calculated ∆CPR.  The AREVA 

MCPR safety limit methodologies (References 4-3 and Reference 4-8) are used to 

calculate the number of rods expected to experience boiling transition at the minimum 

CPR during the event.  All rods that experience boiling transition are assumed to fail.  

This is a very conservative assumption because the minimum CPR occurs for a short 

period of time.  The third part determines the dose from the number of rods which are 

calculated to fail.  If the minimum CPR during the event remains above the safety limit 

MCPR, the dose calculation is not needed since operation at or above the safety limit 

MCPR meets the requirements of less than a small fraction of the 10 CFR 100 or 10 

CFR 50.67 dose limits as appropriate. 

Depending on the specific FSAR licensing requirements for a given reactor, RPS is 

specified as either an infrequent event or a limiting fault/design basis accident.  For an 

infrequent event, the dose calculation result must remain below a small fraction (10%) 

of the 10 CFR 100 or 10 CFR 50.67 limits as appropriate.  For a limiting fault/design 

basis accident, the dose calculation result must not exceed 10 CFR 100 or 10 CFR 

50.67 limits as appropriate.  If RPS is defined as a limiting fault/design basis accident, it 

is generally qualitatively dispositioned as mild and non-limiting as compared to a LOCA 

accident. 

 Fuel Loading Error 5.2.3

Two separate incidents are analyzed as part of the fuel misload analysis.  The fuel 

mislocation error assumes a fuel assembly is placed in the wrong core location during 

refueling.  The second incident, the fuel misorientation error, assumes that a fuel 

assembly is misoriented by rotation through 90° or 180° from the correct orientation 

when loaded into the reactor core.  For both the fuel mislocation error and the fuel 

misorientation error, the assumption is made that the error is not discovered during the 
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core verification and the reactor is operated during the cycle with a misloaded fuel 

assembly.  Criteria for acceptability of the fuel misloading error analyses are that the off-

site dose due to the event shall not exceed a small fraction of the 10 CFR 100 limits 

(Reference 4) as described in Reference 3-2. 

The inadvertent misloading of a fuel assembly into an incorrect core location is analyzed 

with the MICROBURN-B2 methodology described in Reference 3-4.  One approach to 

assuring that the 10 CFR 100 criteria are met is to calculate the minimum value of the 

MCPR in the misloaded core and the maximum LHGR in the mislocated fuel assembly.  

If the resulting minimum CPR is lower than the MCPR safety limit, the core configuration 

and power distribution are used to verify that at least 99.9% of the fuel rods in the core 

would be expected to avoid boiling transition during full power operation with the 

misloaded fuel assembly.  This prediction of the number of fuel rods in boiling transition 

is performed in accordance with the methodologies reported in Reference 4-3 or 

Reference 4-8. 

The inadvertent rotation of a fuel assembly from its intended orientation is evaluated 

with the CASMO-4 methodology described in Reference 3-4.  Similar to the analysis for 

misloaded fuel above, a minimum value of MCPR and a maximum LHGR associated 

with the orientation error are calculated.  If the resulting minimum CPR is lower than the 

MCPR safety limit, the core configuration and power distribution associated with the 

misorientation error are used to verify that at least 99.9% of the fuel rods in the core 

would be expected to avoid boiling transition during full power operation with the 

misoriented fuel assembly.  This prediction of the number of fuel rods in boiling 

transition is performed in accordance with the methodology reported in Reference 4-3 or 

Reference 4-8.  If an assessment of MCPR and LHGR show the potential for rod 

failures, a radiological evaluation may be needed to demonstrate that the off-site dose 

criterion (10 CFR 100) is met for both the fuel misload and fuel misorientation. 
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 Control Rod Drop Accident Analysis 5.2.4

Analysis of the postulated CRDA is performed on a generic basis in Reference 3-1.  

Because the behavior of the fuel and core during such an event is not dependent upon 

system response, a generic CRDA parametric analysis can be applied to all BWR types. 

The results of the generic CRDA analysis consist of deposited fuel enthalpy values 

parameterized as a function of effective delayed neutron fraction, Doppler coefficient, 

maximum (dropped) control rod worth, and four-bundle local peaking factor.  For each 

cycle-specific application, values of each of the parameters are calculated and applied 

to the generic parametric analysis results and the resulting deposited fuel enthalpy is 

determined.  The applicability of the generic analysis is verified for each application by 

comparison of the generic parameter range to the cycle-specific parameters, e.g., 

control rod worth, beta-eff and Doppler reactivity coefficient. 

 Loss of Coolant Accident Analysis 5.2.5

Plant specific ECCS analyses provide peak cladding temperature (PCT) and maximum 

local metal-water reaction (MWR) values and establish MAPLHGR limits for each fuel 

design.  For the limiting single failure and limiting break, calculations are performed to 

determine the PCT and MWR values over the expected exposure lifetime of the fuel 

when operating at the MAPLHGR limit.  The limiting break is determined by evaluating a 

spectrum of potential break locations, sizes, and single failures. 

The limiting single failure of ECCS equipment is that failure which results in the 

minimum margin to the PCT criterion.  The plant FSAR identifies potentially limiting 

ECCS single failures.  AREVA analyzes those potentially limiting failures and identifies 

the worst single failure for the AREVA fuel design. 

Evaluations and analyses to establish the location of the limiting break are performed.  

Analyses are performed for breaks on the suction and discharge sides of the 

recirculation pump.  Non-recirculation line breaks are also evaluated but are generally 

non-limiting.  The determination of the limiting location is based on minimum margin to 
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the PCT criterion calculated for consistent fuel exposure conditions at each of the break 

locations.  The MWR criterion is typically not challenged if the PCT limit is met, and is 

normally reported for the highest PCT case. 

Analyses to establish the size of the limiting break are performed.  Hypothetical split and 

guillotine piping system breaks are evaluated up to and including those with a break 

area equal to the cross-sectional area of the largest pipe in the recirculation system 

piping.  As with the location spectrum, the determination of the limiting break size is 

based on the minimum margin to the PCT criterion. 

The condition of the fuel during the LOCA analysis is conservatively based on exposure 

conditions which assure that the highest value of fuel stored energy is used.  The 

condition of the fuel is based on fuel conditions associated with planar average 

exposure. 

The AREVA Appendix K LOCA methodology is referred to as the EXEM BWR-2000 

Evaluation Model (Reference 5-11).  The reactor system and hot channel response is 

evaluated with RELAX (References 5-2, 5-8, and 5-9).  Fuel assembly heatup during 

the LOCA is analyzed with HUXY (Reference 5-1) which incorporates approved 

cladding swelling and rupture models (Reference 5-3).  Stored energy and fuel 

characteristics are determined with RODEX2 (Reference 2-3). 

The use of Appendix K spray heat transfer coefficients for the ATRIUM-10 fuel design is 

justified in Reference 5-10. 

 Fuel Handling Accident During Refueling 5.2.6

The introduction of a new mechanical fuel design into a reactor core must be supported 

by an evaluation of the fuel handling accident for the new fuel design.  When required, 

AREVA performs an incremental evaluation of the impact of the new fuel design on the 

fuel handling accident scenario defined in the FSAR.  Using the boundary conditions 

and conservative assumptions given in the FSAR and the relevant characteristics of the 
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new fuel design, AREVA calculates a conservative number of fuel rods expected to fail 

as a result of a fuel handling accident. 

The radiological consequences of a fuel handling accident for a new mechanical fuel 

design are assessed based on the same reactor power history assumed in the 

evaluation of the existing fuel.  The plenum activity for the new fuel is calculated based 

on the relative number of fuel rods per fuel assembly and relative maximum rod LHGR 

for the new and existing fuel designs. 

 NRC-Accepted Topical Report References 5.3

The NRC-accepted topical reports for AOO and accident analyses are listed in the 

following sections. 
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5-1 : XN-CC-33(A) Revision 1, "HUXY:  A Generalized Multirod Heatup Code with 

10 CFR 50 Appendix K Heatup Option Users Manual," Exxon Nuclear 

Company, November 1975. 

• Purpose:  Develop a planar heat transfer model which includes rod-to-rod radiation.  

This code also includes the BULGEX model for the calculation of fuel rod strains and 

ballooning. 

• SER Restrictions: 

1. The staff, however, will require that a conservative reduction of 10% be made in 

the (spray heat transfer) coefficients specified in 10 CFR 50 Appendix K for 7x7 

assemblies when applied to ENC 8x8 assemblies. 

2. In each individual plant submittal employing the Exxon model the applicant will 

be required to properly take rod bowing in account. 

3. Since GAPEX is not identical to HUXY in radial noding or solution scheme, it is 

required that the volumetric average fuel temperature for each rod be equal to or 

greater than that in the approved version of GAPEX.  If it is not, the gap 

coefficient must be adjusted accordingly. 

4. It has been demonstrated that the (2DQ local quench velocity) correlation gives 

hot plane quench time results that are suitably conservative with respect to the 

available data when a coefficient behind the quench front of 14000 Btu/(hr-ft2-°F) 

is used. 

5. It (Appendix K) requires that heat production from the decay of fission products 

shall be 1.2 times the value given by K. Shure as presented in ANS 5.1 and shall 

assume infinite operation time for the reactor. 
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6. It is to be assumed for all these heat sources (fission heat, decay of actinides 

and fission product decay) that the reactor has operated continuously at 102% of 

licensed power at maximum peaking factors allowed by Technical Specifications. 

7. For small and intermediate size breaks, the applicability of the fission power 

curve used in the calculations will be justified on a case by case basis.  This will 

include justification of the time of scram (beginning point in time of the fission 

power decrease) and the rate of fission power decrease due to voiding, if any. 

8. The rate of (metal water) reaction must be calculated using the Baker-Just 

equation with no decrease in reaction rate due to the lack of steam.  This rate 

equation must be used to calculate metal-water reactions both on the outside 

surface of the cladding, and if ruptured, on the inside surface of the cladding.  

The reaction zone must extend axially at least three inches. 

9. The initial oxide thickness (that affects the zirconium-water reaction rate) used 

should be no larger than can be reasonably justified, including consideration of 

the effects of manufacturing processes, hot-functional testing and exposure. 

10. Exxon has agreed to provide calculations on a plant by plant basis to 

demonstrate that the plane of interest assumed for each plant is the plane in 

which peak cladding temperatures occur for that plant. 

• Implementation of SER Restrictions:  SER restrictions 1, 2, 3, 4, 6, 7, 9, and 10 are 

implemented in engineering guidelines.  Restrictions 5 and 8 are directly 

implemented in engineering computer codes. 

• Observations:  None. 
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5-2 : XN-NF-80-19(P)(A) Volumes 2, 2A, 2B and 2C, "Exxon Nuclear Methodology 

for Boiling Water Reactors:  EXEM BWR ECCS Evaluation Model," Exxon 

Nuclear Company, September 1982. 

• Purpose:  Provide an evaluation model methodology for licensing analyses of 

postulated LOCAs in jet pump BWRs.  The methodology was developed to comply 

with 10 CFR 50.46 criteria and 10 CFR 50 Appendix K requirements. 

• SER Restrictions:  Counter-current flow limit correlation coefficients used in FLEX for 

new fuel designs that vary from fuel cooling test facility (FCTF) measured test 

configurations must be justified. 

• Implementation of SER Restrictions:  The FLEX computer code is no longer used.  

This was replaced in Reference 5-11. 

• Observations:  RELAX and FLEX, which are key computer codes in the 

methodology, have been subsequently modified as described in References 5-8 and 

5-9, which documents the revised EXEM BWR Model, and in Reference 5-11 which 

documents EXEM BWR-2000 in which the RELAX code replaced FLEX.  The EXEM 

BWR-2000 model supersedes the prior evaluation model. 
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5-3 : XN-NF-82-07(P)(A) Revision 1, "Exxon Nuclear Company ECCS Cladding 

Swelling and Rupture Model," Exxon Nuclear Company, November 1982. 

• Purpose:  Incorporate the swelling and rupture models described in NUREG-0630 

(Reference 12) which comply with 10 CFR 50 Appendix K requirements into the 

HUXY code (Reference 5-1). 

• SER Restrictions:  No restrictions. 

• Implementation of SER Restrictions:  None. 

• Observations:  The swelling and rupture model is currently applicable. 
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5-4 : XN-NF-825(P)(A), "BWR/6 Generic Rod Withdrawal Error Analysis, MCPRp," 

Exxon Nuclear Company, May 1986. 

• Purpose:  Modify approved control rod withdrawal error transient methodology  

(Reference 3-1) for application to BWR/6s or other BWRs with ganged control rods. 

• SER Restrictions: 

1. The methodology and results are valid for operation within the power flow domain 

illustrated in Figure 4.1 of the topical report and for the fuel management scheme 

used for determining the operating states of the database.  Use of other power-

flow domains (e.g., the MEOD) or other fuel management schemes (e.g., the 

single rod sequence loading pattern) will require verification by analysis that the 

conclusions of this report are valid. 

2. Cycle specific analyses are not required if the operating power-flow region is 

bounded by that presented in the topical report and the core loading pattern and 

control rod patterns are consistent with the database used. 

• Implementation of SER Restrictions: 

The SER restrictions are implemented in engineering guidelines. 

• Observations:  The original methodology, developed using the XTGBWR core 

simulator code which was superseded by MICROBURN-B2 (see Reference 3-4), is 

still applicable. 
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5-5 : XN-NF-825(P)(A) Supplement 2, "BWR/6 Generic Rod Withdrawal Error 

Analysis, MCPRp for Plant Operations within the Extended Operating 

Domain," Exxon Nuclear Company, October 1986. 

• Purpose:  Extend the applicability of the Reference 5-4 licensing topical report to 

control rod withdrawal error transients for BWR/6 plants within the extended 

operating domain. 

• SER Restrictions: 

1. The methodology and results are valid for operation within the power flow domain 

illustrated in Figure 3.1 of the topical report and for the fuel management scheme 

used for determining the operating states of the database for the MEOD.  Other 

fuel management schemes will require verification by analysis that the 

conclusions of this report are valid. 

2. Cycle specific analyses are not required if the operating power-flow region is 

bounded by that presented in the topical report and the core loading pattern and 

control rod patterns are consistent with the database used. 

• Implementation of SER Restrictions: 

The SER restrictions are implemented in engineering guidelines. 

• Observations:  The original methodology, developed using the XTGBWR core 

simulator code which was superseded with MICROBURN-B2 (see Reference 3-4), is 

still applicable. 
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5-6 : XN-NF-84-105(P)(A) Volume 1 and Volume 1 Supplements 1 and 2, 

"XCOBRA-T:  A Computer Code for BWR Transient Thermal-Hydraulic Core 

Analysis," Exxon Nuclear Company, February 1987. 

• Purpose:  Provide a capability to perform analyses of transient heat transfer 

behavior in BWR assemblies. 

• SER Restrictions: 

1. XCOBRA-T was found acceptable for the analysis of only the following licensing 

basis transients: 

a) Load rejection without bypass 
b) Turbine trip without bypass 
c) Feedwater controller failure 
d) Steam isolation valve closure without direct scram 
e) Loss of feedwater heating or inadvertent high pressure coolant injection 

(HPCI) actuation 
f) Flow increase transients from low-power and low-flow operation 

2. XCOBRA-T analyses that result in any calculated downflow in the bypass region 

will not be considered valid for licensing purposes. 

3. XCOBRA-T licensing calculations must use NRC approved default options for 

void-quality relationship and two-phase multiplier correlations. 

4. The use of XCOBRA-T is conditional upon a commitment by ENC to a follow-up 

program to examine the XCOBRA-T void profile against experimental data from 

other sources. 

• Implementation of SER Restrictions:  SER restrictions 1, 2, and 3 are implemented 

in engineering guidelines.  SER restriction 3 is also implemented through code 

controls (defaults, override warning messages).  Restriction 4 was subsequently 

addressed in Reference 37 and no further action is required. 
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• Observations:  None. 

• Clarifications:  NRC concurrence with an interpretation of the contents of the topical 

report was requested in References 24 and 25.  The NRC concurrence with the 

interpretation was provided in Reference 26.  The interpretation was with regard to a 

commitment to perform critical heat flux ratio evaluations at every node in the hot 

channel. 

NRC concurrence with clarifications related to SER and TER issues concerning the 

topical report was requested in References 28 and 29.  The NRC concurrence with 

these clarifications was provided in Reference 30.  These references clarify that 

XCOBRA-T is approved for the analysis of the following events: 

 
 

SRP Section  Chapter 15 Analysis 

15.1.1 – 15.1.3 Decrease in Feedwater Temperature, Increase in 
Feedwater Flow, and Increase in Steam Demand 

15.2.1 – 15.2.5 Loss of External Load, Turbine Trip, Loss of Condenser 
Vacuum, Closure of Main Steam Isolation Valve (BWR), 
and Steam Pressure Regulator Failure (Closed) 

15.2.7 Loss of Normal Feedwater Flow 

15.3.1 – 15.3.2 Loss of Forced Reactor Coolant Flow Including Trip of 
Pump Motor and Flow Controller Malfunctions 

15.3.3 – 15.3.4 Reactor Coolant Pump Rotor Seizure and Reactor Coolant 
Pump Shaft Break 

15.4.4 – 15.4.5 Startup of an Inactive Loop or Recirculation Loop at an 
Incorrect Temperature, and Flow Controller Malfunction 
Causing an Increase in BWR Core Flow Rate 

15.5.1 Inadvertent Operation of ECCS that Increases Reactor 
Coolant Inventory 

15.6.1 Inadvertent Opening of a PWR Pressure Relief Valve and 
BWR Pressure Relief Valve 

15.8 Anticipated Transients Without Scram (the Initial 
Pressurization Only) 
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5-7 : ANF-913(P)(A) Volume 1 Revision 1 and Volume 1 Supplements 2, 3 and 4, 

"COTRANSA2:  A Computer Program for Boiling Water Reactor Transient 

Analyses," Advanced Nuclear Fuels Corporation, August 1990. 

• Purpose:  Develop an improved computer program for analyzing BWR system 

transients. 

• SER Restrictions:  The staff reviewed the subject safety evaluations and identified 

the following limitations that apply to COTRANSA2: 

1. Use of COTRANSA2 is subject to limitations set forth for methodologies 

described and approved for XCOBRA-T and COTRAN. 

2. The COTRANSA2 code is not applicable to the analysis of any transient for 

which lateral flow in a bundle is significant and non-conservative in the 

calculation of system response. 

3. For those analyses in which core bypass is modeled, the effect of a computed 

negative flow in the core bypass region should be shown to make no significant 

non-conservative contribution in the system response. 

4. Licensing applications referencing the COTRANSA2 methodology must include 

confirmation that sensitivity to the time step selection has been considered in the 

analysis. 

• Implementation of SER Restrictions:  SER restrictions 1, 2, and 4 are implemented 

in engineering guidelines.  Restriction 3 is implemented in engineering guidelines 

and automation tools. 

• Observations:  The COTRANSA2 SER restrictions are similar to those for 

XCOBRA-T (Reference 5-6). 
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• Clarifications:  NRC concurrence with clarifications related to SER and TER issues 

concerning the topical report was requested in References 28 and 29.  The NRC 

concurrence with these clarifications was provided in Reference 30.  These 

references clarify that COTRANSA2 is approved for the analysis of the following 

events: 

 

 

SRP Section  Chapter 15 Analysis 

15.1.1 – 15.1.3 Decrease in Feedwater Temperature, Increase in 
Feedwater Flow, and Increase in Steam Demand 

15.2.1 – 15.2.5 Loss of External Load, Turbine Trip, Loss of Condenser 
Vacuum, Closure of Main Steam Isolation Valve (BWR), 
and Steam Pressure Regulator Failure (Closed) 

15.2.7 Loss of Normal Feedwater Flow 

15.3.1 – 15.3.2 Loss of Forced Reactor Coolant Flow Including Trip of 
Pump Motor and Flow Controller Malfunctions 

15.3.3 – 15.3.4 Reactor Coolant Pump Rotor Seizure and Reactor Coolant 
Pump Shaft Break 

15.4.4 – 15.4.5 Startup of an Inactive Loop or Recirculation Loop at an 
Incorrect Temperature, and Flow Controller Malfunction 
Causing an Increase in BWR Core Flow Rate 

15.5.1 Inadvertent Operation of ECCS that Increases Reactor 
Coolant Inventory 

15.6.1 Inadvertent Opening of a PWR Pressure Relief Valve and 
BWR Pressure Relief Valve 

15.8 Anticipated Transients Without Scram (the Initial 
Pressurization Only) 
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5-8 : ANF-91-048(P)(A), "Advanced Nuclear Fuels Corporation Methodology for 

Boiling Water Reactors EXEM BWR Evaluation Model," Advanced Nuclear 

Fuels Corporation, January 1993. 

• Purpose:  Update the RELAX system blowdown code and FLEX refill code by 

reducing code instabilities and improving their predictive capabilities. 

• SER Restrictions: 

1. The modified Dougall-Rohsenow heat transfer correlation has been shown to 

yield conservative results for many experimental measurements.  The applicant 

used a suitable multiplier in the comparison calculations.  Licensees will use this 

multiplier in licensing calculations. 

2. The revised model is valid within the range of applicability of the modified 

Dougall-Rohsenow heat transfer correlation. 

3. The staff requires that the revised evaluation model be protected with appropriate 

quality assurance procedures. 

4. The phase separation models will be limited to the models used in the topical 

report. 

5. The revised evaluation model will be limited to jet pump plant applications. 

• Implementation of SER Restrictions:  SER restrictions 1 and 2 are directly 

implemented in the RELAX engineering computer code.  The revised model is valid 

within the range of applicability of the modified Dougall-Rohsenow heat transfer 

correlation – which was implemented in the coding of RELAX in terms of the logic for 

selecting the application of the correlation.  The range of applicability, which is 

described in Section 3.3 of the NRC Safety Evaluation, is far wider than its 

application. Restriction 3 is implemented in the engineering software quality 

assurance procedures.  With respect to restriction 4, the application of the 
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phase separation models discussed in ANF-91-048 were revised in 

Reference 5-11.  Restriction 5 was reiterated in Reference 5-11 and is implemented 

in the engineering guidelines. 

• Observations:  RELAX and FLEX, which are key computer codes in the 

methodology, have been subsequently modified as described in Reference 5-9, 

which documents the revised EXEM BWR Model, and in Reference 5-11 which 

documents EXEM BWR-2000 in which the RELAX code replaced FLEX.  The EXEM 

BWR-2000 model supersedes the prior evaluation model. 
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5-9 : ANF-91-048(P)(A) Supplements 1 and 2, "BWR Jet Pump Model Revision for 

RELAX," Siemens Power Corporation, October 1997. 

• Purpose:  Modify the jet pump model in the RELAX blowdown code to better predict 

jet pump performance for all ranges of LOCA conditions. 

• SER Restrictions:  No restrictions imposed. 

• Implementation of SER Restrictions:  None.  

• Observations:  RELAX and FLEX, which are key computer codes in the 

methodology, have been subsequently modified as described in Reference 5-11  

which documents EXEM BWR-2000 in which the RELAX code replaced FLEX.  The 

EXEM BWR-2000 model supersedes the prior evaluation model. 
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5-10 : EMF-2292(P)(A) Revision 0, "ATRIUM™-10:  Appendix K Spray Heat 

Transfer Coefficients," Siemens Power Corporation, September 2000. 

• Purpose:  Justify the use of 10 CFR 50 Appendix K convective heat transfer 

coefficients during loss of coolant accident spray cooling for the ATRIUM-10 fuel 

design. 

• SER Restrictions:  None. 

• Implementation of SER Restrictions:  None. 

• Observations:  None. 
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5-11 : EMF-2361(P)(A) Revision 0, "EXEM BWR-2000 ECCS Evaluation Model," 

Framatome ANP, May 2001. 

• Purpose:  Describes an evaluation model for licensing analyses of postulated 

LOCAs in jet pump BWRs.  The methodology complies with 10 CFR 50.46 and 

10 CFR 50 Appendix K. 

• SER Restrictions:  The staff concluded that the EXEM BWR-2000 Evaluation Model 

was acceptable for referencing in BWR LOCA analysis, with the limitation that the 

application of the revised evaluation model be limited to jet pump applications. 

• Implementation of SER Restrictions:  The SER restriction is implemented in 

engineering guidelines. 

• Observations:  Replace the FLEX code by the code RELAX in the BWR LOCA 

methodology. 

 

NOTE:  The Cross-string method of developing radiation heat transfer view factors 

used in the HUXY code has been replaced with the Ray-trace method which 

produces a direct finite element evaluation of view factors.  This modification must 

be reported under 10 CFR 50.46 for each Licensee that uses the method or 

introduced as a plant specific methodology in a License Amendment Request if the 

EXEM BWR-2000 method is used. 
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5-12 : ANF-1358(P)(A) Revision 3, "The Loss of Feedwater Heating Transient in 

Boiling Water Reactors," Framatome ANP, September 2005. 

• Purpose:  Develop a generic methodology for evaluating the loss of feedwater 

heating event. 

• SER Restrictions: 

1. The methodology applies to BWR/3, BWR/4, BWR/5, and BWR/6 plants, and the 

fuel types which were part of the database (GNF-8X8, 9/9B and 11; ANF-8X8 

and 9/9; and ATRIUM-9B and 10), provided that the exposure, the ratio of rated 

power and rated steam generation rate, rated feedwater temperature, and 

change in feedwater temperature are within the range covered by the data points 

presented in ANF-1358(P)(A), Revision 3. 

2. To confirm applicability of the correlation to fuel types outside the database, 

AREVA will perform additional calculations using the methodology, as described 

in Section 3.0 of the SER.  In addition, AREVA calculations will be consistent with 

the methodology described in EMF-2158(P)(A), Revision 0 and comply with the 

guidelines and conditions identified in the associated NRC staff SE. 

3. The methodology applies only to the MCPR operating limit and the LHGR for the 

LFWH event. 

• Implementation of SER Restrictions: 

The SER restrictions are implemented in engineering guidelines. 

• Observations:  The topical report includes results for GNF-8X8, -9/9B and -11; 

ANF-8X8, -9/9; and ATRIUM-9B and -10 fuel.  Application of the correlation to fuel 

types outside the database needs to be verified according to SER Restriction Item 2. 

For Information Only



AREVA Inc.  ANP-2637 
  Revision 6 
Boiling Water Reactor 
Licensing Methodology Compendium Page 6-1 

 

 CRITICALITY SAFETY ANALYSIS 6.0

In addition to reactor systems, AREVA performs criticality safety analyses of new fuel 

storage vaults and spent fuel storage pools.  Storage array k-eff calculations are 

performed with the KENO.Va Monte Carlo code, which is part of the SCALE Modular 

Code System.  The CASMO bundle depletion code (Reference 3-4) is used to calculate 

k∞ values for fuel assemblies at beginning of life (new fuel storage) and as a function of 

exposure, void, and moderator temperature for both incore and in-rack (spent fuel 

storage) geometries. 

The KENO.Va and the CASMO computer codes are widely used throughout the nuclear 

industry.  They are used primarily for criticality safety and core physics calculations, 

respectively.  AREVA has broad experience in the use of both of these codes.  

KENO.Va has been benchmarked by AREVA against critical experiment data to define 

appropriate reactivity biases and uncertainties. 

AREVA performs criticality safety analyses consistent with the guidance given in 

References 19 - 23.  The acceptance criteria (k-eff limit) for specific analyses are as 

defined in the plant Technical Specifications or from Chapters 9.1.1 (New Fuel 

Storage) or 9.1.2 (Spent Fuel Storage) of the Standard Review Plan NUREG-0800, 

References 19 and 20, respectively. 
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Nomenclature 

Acronym Definition 

ACE  AREVA’s advanced critical power correlation [  
 ] 

BWR Boiling Water Reactor 

CHF Critical Heat Flux 

CPR Critical Power Ratio 

DIVOM Delta-over-Initial CPR Versus Oscillation Magnitude 

EPU Extended Power Uprate 

KATHY KArlstein Thermal HYdraulic test facility 

LHGR Linear Heat Generation Rate 

LOCA Loss of Coolant Accident 

LRNB Load Reject with no Bypass 

MAPLHGR Maximum Average Planar Linear Heat Generation Rate 

MCPR Minimum Critical Power Ratio 

NRC Nuclear Regulatory Commission 

OLMCPR Operating Limit Minimum Critical Power Ratio 

SLMCPR Safety Limit Minimum Critical Power Ratio 

SPCB  AREVA (formerly Siemens Power Corporation) critical power correlation 

WREM Water Reactor Evaluation Model 
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 Introduction 1

This document reviews the AREVA approved licensing methodologies to demonstrate that they 

are applicable to licensing and operation of the Dresden and Quad Cities Nuclear Power 

Generating Stations with the introduction of ATRIUM™* 10XM fuel.  This confirmation of the 

applicability of AREVA methods to these plants includes the current operating domain as 

defined by the power/flow operating map in Figure 1-1. 

All four BWR/3s (Dresden Units 2 and 3 and Quad Cities Units 1 and 2) are essentially the 

same since the core operational conditions (number of assemblies, rated thermal power, rated 

core flow), modeled geometry†, safety system performance and ECCS parameters are either 

identical or have minor differences.  The most significant difference between the units is the 

core loadings and corresponding core designs.  The impact of the differences in core designs 

between units and cycles is addressed in the cycle specific reload report for each unit.  Minor 

differences between the plants and units do not impact the application of AREVA’s methodology 

as presented in this document. 

  

                                                 
* ATRIUM is a trademark of AREVA. 
†  Dresden Units 2 and 3 have an Isolation Condenser, but this is not credited in any licensing 

calculations. 

Controlled Document



 

Applicability of AREVA BWR Methods to the Dresden and Quad 
Cities Reactors Operating at Extended Power Uprate  

ANP-3338NP 
Revision 0 

Page 1-2 
 
 

AREVA Inc. 

 

Figure 1-1 Dresden and Quad Cities Power Flow Operating Map 
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 Overview 2

The first step in determining the applicability of current licensing methods to Dresden and Quad 

Cities operating conditions was a review of AREVA BWR topical reports listed in Table 2-1 to 

identify SER restrictions.  This review identified that there are no SER restrictions on core power 

level or core flow for the AREVA topical reports.  The review also indicated that there are no 

SER restrictions on the parameters most impacted by operation at EPU power level at any core 

flow rate:  steam flow, feedwater flow, jet pump M-ratio, and core average void fraction. 

The second step consisted of an evaluation of the core and reactor conditions experienced 

under Dresden and Quad Cities operating conditions to determine any challenges to the validity 

of the models.  Operating margin for variations in the reactor power within the constraints of the 

power/flow map is mitigated to a large extent by variations in the limiting assembly radial power 

factor.  A decrease in the limiting assembly radial power factor is necessary since the thermal 

operating limits (MCPR, MAPLHGR and LHGR) that restrict assembly power are dependent on 

the limiting assembly power but are fairly insensitive to the core thermal power. 

Based on these fundamental characteristics each of the major analysis domains (thermal-

hydraulics, mechanics, core neutronics, transient analysis, LOCA and stability) are assessed to 

determine any challenges to application.  A description of the application of AREVA 

methodology to a mixed core is provided in Appendix A. 
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Table 2-1 AREVA Licensing Topical Reports 

Document Number Document Title 

XN-NF-79-56(P)(A) Revision 1 
and Supplement 1 

"Gadolinia Fuel Properties for LWR Fuel Safety Evaluation," 
Exxon Nuclear Company, November 1981 

XN-75-32(P)(A) Supplements 1 
through 4 

"Computational Procedure for Evaluating Fuel Rod Bowing," 
Exxon Nuclear Company, October 1983.  (Base document not 
approved.) 

XN-NF-81-58(P)(A) Revision 2 
and Supplements 1 and 2 

"RODEX2 Fuel Rod Thermal-Mechanical Response Evaluation 
Model," Exxon Nuclear Company, March 1984 

XN-NF-81-51(P)(A) "LOCA-Seismic Structural Response of an Exxon Nuclear 
Company BWR Jet Pump Fuel Assembly," Exxon Nuclear 
Company, May 1986 

XN-NF-85-67(P)(A) Revision 1 “Generic Mechanical Design for Exxon Nuclear Jet Pump BWR 
Reload Fuel,” Exxon Nuclear Company, September 1986 

XN-NF-85-74(P)(A)  "RODEX2A (BWR) Fuel Rod Thermal-Mechanical Evaluation 
Model" Exxon Nuclear Company, August 1986 

XN-NF-85-92(P)(A) "Exxon Nuclear Uranium Dioxide/Gadolinia Irradiation 
Examination and Thermal Conductivity Results," Exxon Nuclear 
Company, November 1986 

ANF-89-98(P)(A) Revision 1 
and Supplement 1 

"Generic Mechanical Design Criteria for BWR Fuel Designs," 
Advanced Nuclear Fuels Corporation, May 1995 

ANF-90-82(P)(A) Revision 1 "Application of ANF Design Methodology for Fuel Assembly 
Reconstitution," Advanced Nuclear Fuels Corporation, May 1995 

EMF-85-74(P) Revision 0 
Supplement 1(P)(A) and 
Supplement 2(P)(A) 

"RODEX2A (BWR) Fuel Rod Thermal-Mechanical Evaluation 
Model," Siemens Power Corporation, February 1998 

EMF-93-177(P)(A)  
Revision 1 

"Mechanical Design for BWR Fuel Channels," Framatome ANP, 
August 2005 

BAW-10247PA Revision 0 "Realistic Thermal-Mechanical Fuel Rod Methodology for Boiling 
Water Reactors," AREVA NP, February 2008 

XN-NF-80-19(P)(A) Volume 1 
and Supplements 1 and 2 

"Exxon Nuclear Methodology for Boiling Water Reactors - 
Neutronic Methods for Design and Analysis," Exxon Nuclear 
Company, March 1983 
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Table 2-1 AREVA Licensing Topical Reports (Continued) 

Document Number Document Title 

XN-NF-80-19(P)(A) Volume 4 
Revision 1 

"Exxon Nuclear Methodology for Boiling Water Reactors:  
Application of the ENC Methodology to BWR Reloads," Exxon 
Nuclear Company, June 1986 

EMF-CC-074(P)(A) Volume 1 "STAIF - A Computer Program for BWR Stability Analysis in the 
Frequency Domain," and Volume 2 "STAIF - A Computer Program 
for BWR Stability Analysis in the Frequency Domain - Code 
Qualification Report," Siemens Power Corporation, July 1994 

EMF-2158(P)(A) Revision 0 "Siemens Power Corporation Methodology for Boiling Water 
Reactors:  Evaluation and Validation of CASMO-4/ 
MICROBURN-B2," Siemens Power Corporation, October 1999 

EMF-CC-074(P)(A) Volume 4, 
Revision 0 

"BWR Stability Analysis   Assessment of STAIF with Input from 
MICROBURN-B2," Siemens Power Corporation, August 2000 

BAW-10255PA Revision 2 "Cycle-Specific DIVOM Methodology Using the RAMONA5-FA 
Code," AREVA NP, May 2008 

EMF-3028P-A Volume 2 
Revision 4 

“RAMONA5-FA:  A Computer Program for BWR Transient 
Analysis in the Time Domain Volume 2:  Theory Manual,” AREVA 
NP, May, 2013 

XN-NF-79-59(P)(A) "Methodology for Calculation of Pressure Drop in BWR Fuel 
Assemblies," Exxon Nuclear Company, November 1983 

XN-NF-80-19(P)(A) Volume 3 
Revision 2 

"Exxon Nuclear Methodology for Boiling Water Reactors, 
THERMEX:  Thermal Limits Methodology Summary Description," 
Exxon Nuclear Company, January 1987 

EMF-2245(P)(A) Revision 0 "Application of Siemens Power Corporation's Critical Power 
Correlations to Co-Resident Fuel," Siemens Power Corporation, 
August 2000 

EMF-2209(P)(A) Revision 3 "SPCB Critical Power Correlation," AREVA NP, September 2009 

ANP-10298PA Revision 1 "ACE/ATRIUM 10XM Critical Power Correlation," AREVA, March 
2014 

ANP-10307PA Revision 0 "AREVA MCPR Safety Limit Methodology for Boiling Water 
Reactors," AREVA NP, June 2011 
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Table 2-1 AREVA Licensing Topical Reports (Continued) 

Document Number Document Title 

XN-CC-33(A) Revision 1 "HUXY:  A Generalized Multirod Heatup Code with 10 CFR 50 
Appendix K Heatup Option Users Manual," Exxon Nuclear 
Company, November 1975 

XN-NF-80-19(P)(A) Volumes 2, 
2A, 2B and 2C 

"Exxon Nuclear Methodology for Boiling Water Reactors:  EXEM 
BWR ECCS Evaluation Model," Exxon Nuclear Company, 
September 1982 

XN-NF-82-07(P)(A) Revision 1 "Exxon Nuclear Company ECCS Cladding Swelling and Rupture 
Model," Exxon Nuclear Company, November 1982 

XN-NF-84-105(P)(A) Volume 1 
and Volume 1 Supplements 1 
and 2 

"XCOBRA-T:  A Computer Code for BWR Transient Thermal-
Hydraulic Core Analysis," Exxon Nuclear Company, February 
1987 

ANF-913(P)(A) Volume 1 
Revision 1 and Volume 1 
Supplements 2, 3 and 4 

"COTRANSA2:  A Computer Program for Boiling Water Reactor 
Transient Analyses," Advanced Nuclear Fuels Corporation, 
August 1990 

ANF-91-048(P)(A) "Advanced Nuclear Fuels Corporation Methodology for Boiling 
Water Reactors EXEM BWR Evaluation Model," Advanced 
Nuclear Fuels Corporation, January 1993 

ANF-91-048(P)(A) 
Supplements 1 and 2 

"BWR Jet Pump Model Revision for RELAX," Siemens Power 
Corporation, October 1997 

EMF-2292(P)(A) Revision 0 "ATRIUM™-10:  Appendix K Spray Heat Transfer Coefficients," 
Siemens Power Corporation, September 2000 

EMF-2361(P)(A) Revision 0 "EXEM BWR-2000 ECCS Evaluation Model," Framatome ANP, 
May 2001 

ANF-1358(P)(A) Revision 3 “The Loss of Feedwater Heating Transient in Boiling Water 
Reactors,” Framatome ANP, September 2005 
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 Thermal Hydraulic Analysis 3

AREVA assembly thermal-hydraulic methods are qualified and validated against full-scale 

heated bundle tests in the KATHY test facility in Karlstein, Germany.  The KATHY tests are 

used to characterize the assembly two-phase pressure drop and CHF performance.  This allows 

the hydraulic models to be verified for AREVA fuel designs over a wide range of hydraulic 

conditions prototypic of reactor conditions. 

The standard matrix of test conditions for KATHY is compared to reactor conditions in Figure 3-1.  

This figure illustrates that the test conditions bound typical assembly conditions as well as 

anticipated operation for Dresden and Quad Cities.  The data is based upon the projected 

operating conditions for the Dresden and Quad Cities reactors.  Figure 3-1 also shows that the 

key physical phenomena (e.g. fluid quality and assembly flows) for Dresden and Quad Cities 

operating conditions are consistent with current reactor experience. 

This similarity of assembly conditions is further enforced in AREVA analysis methodologies by 

the imposition of SPCB and ACE critical power correlation limits and, therefore, core designs 

must remain within the same parameter space.  Since the bundle operating conditions for 

Dresden and Quad Cities are within the envelope of hydraulic test data used for model 

qualification and operating experience, the hydraulic models used to compute the core flow 

distribution and local void content remain valid for Dresden and Quad Cities operating 

conditions. 

A more detailed discussion of the AREVA void quality correlations is presented in  

Appendix B. 
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Figure 3-1 Comparison of KATHY Two-Phase Pressure Drop and Void Fraction Test 
Matrices and Typical Dresden and Quad Cities Reactor Conditions 
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 AREVA CHF/CPR Correlations 4

All AREVA CHF and CPR correlations are approved by the NRC staff to be applicable over 

specified ranges of assembly operating conditions.  The NRC staff also approved specific 

corrective actions when the computed conditions fall outside of the approved range to assure 

that conservative calculations are obtained.  For Dresden and Quad Cities operating conditions, 

some analyses can predict assembly conditions to be outside the approved range of specified 

conditions for the CHF correlations.  Consequently, the AREVA licensing methods are 

programmed to determine whether the computed assembly conditions fall outside of the 

approved range of applicability for the CHF correlation and impose approved corrective actions 

as appropriate to conservatively assess the critical power margin for the assembly.  The CPR 

correlation used for the ATRIUM 10XM fuel is the ACE/ATRIUM 10XM critical power correlation 

and the corrective actions for when the computed conditions fall outside the approved range are 

provided in Reference 2. 

The application of AREVA critical power correlations to co-resident fuel is governed by 

Reference 7.  [  
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Figure 4-1  [  ] 
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The overall statistics for the SPCB application to OPTIMA2 fuel is given in Table 4-1.  [  

 

 

 ] 

Figure 4-2 shows the SPCB predicted critical power versus the Westinghouse critical power.  

The data shows a reasonable prediction of critical power without obvious trends. 

Table 4-1  SPCB Application to OPTIMA2 Statistics 

Figure 4-2  SPCB Critical Power Versus Westinghouse Critical Power for OPTIMA2 
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 Safety Limit MCPR  5

The safety limit MCPR (SLMCPR) methodology is used to determine the Technical Specification 

SLMCPR value that ensures that 99.9% of the fuel rods are expected to avoid boiling transition 

during normal reactor operation and anticipated operation occurrences.  The SLMCPR 

methodology for Dresden and Quad Cities is described in Reference 1.  The SLMCPR is 

determined by statistically combining calculation uncertainties and plant measurement 

uncertainties that are associated with the calculation of MCPR.  The thermal hydraulic, 

neutronic, and critical power correlation methodologies are used in the calculation of MCPR.  

The applicability of these methodologies for Dresden and Quad Cities operating conditions is 

discussed in other sections of this report. 

AREVA calculates the SLMCPR on a cycle-specific basis to protect all allowed reactor operating 

conditions.  The analysis incorporates the cycle-specific fuel and core designs.  The initial 

MCPR distribution of the core is a major factor affecting how many rods are predicted to be in 

boiling transition.  The MCPR distribution of the core depends on the neutronic design of the 

reload fuel and the fuel assembly power distributions in the core.  AREVA SLMCPR 

methodology specifies that analyses be performed with a design basis power distribution that 

“… conservatively represents expected reactor operating states which could both exist at the 

MCPR operating limit and produce a MCPR equal to the MCPR safety limit during an 

anticipated operational occurrence.” (Reference 1, Section 3.3.2). 

[  
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[  

 

 

 

 ] 

The impact that a flatter core power distribution may have on the SLMCPR is explicitly 

accounted for by the methodology.  EPU operation will lead to a flatter core power distribution;   

[  
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Figure 5-1 Assembly Power Distribution for Limiting Case 
in Safety Limit MCPR Analysis 
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 Mechanical Limits Methodology 6

The LHGR limit is established to support plant operation while satisfying the fuel mechanical 

design criteria.  The methodology for performing the fuel rod evaluation is described in 

Reference 3.  Fuel rod design criteria evaluated by the methodology are contained in 

References 3 and 4. 

Fuel rod power histories are generated as part of the methodology for equilibrium cycle 

conditions as well as cycle-specific operation.  These power histories include the impact of 

channel bow using the same model and limitations as previously described in Section 5 (Safety 

Limit MCPR).  A comprehensive number of uncertainties are taken into account in the 

categories of operating power uncertainties, code model parameter uncertainties, and fuel 

manufacturing tolerances.  In addition, adjustments are made to the power history inputs for 

possible differences in planned versus actual operation.  Upper limits on the analysis results are 

obtained for comparison to the design limits for fuel melt, cladding strain, rod internal pressure 

and other topics as described by the design criteria. 

Since the power history inputs, which include LHGR, fast neutron flux, reactor coolant pressure 

and reactor coolant temperature, are used as input to the analysis, the results explicitly account 

for conditions at EPU such as higher coolant voiding and offsets in axial power and neutron fast 

flux.  The resulting LHGR limit is used to monitor the fuel so it is maintained within the same 

maximum allowable steady-state power envelope as analyzed. 
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 Core Neutronics 7

The AREVA neutronic methodologies (Reference 19) are characterized by technically rigorous 

treatment of phenomena and are very well benchmarked (>100 cycles of operation plus gamma 

scan data for ATRIUM-10).  Recent operating experience is tabulated in Table 7-1.  These 

tables present the reactor operating conditions and in particular the average and hot assembly 

powers for both US and European applications.  As can be seen from this information, the 

average and peak bundle powers in this experience base exceed that associated with the 

Dresden and Quad Cities application. 

For Dresden and Quad Cities operation the high powered assemblies in uprated cores will be 

subject to the same LHGR, MAPLHGR, MCPR, and cold shutdown margin limits and 

restrictions as high powered assemblies in all other cores. 

Detailed analysis of the neutronic methodology is presented in Appendix C.  Specific 

applicability to Dresden and Quad Cities is addressed below. 

 Shutdown Margin 7.1

In order to accurately determine shutdown margins during transition cycles, AREVA typically 

performs detailed benchmarking analyses of the three to five cycles previous to insertion of 

AREVA fuel in that reactor.  This benchmarking is performed with the 

CASMO-4/MICROBURN-B2 3-D core simulator code system.  Hot depletions are performed 

using actually operated state conditions including as-loaded core configurations, as-operated 

control rod patterns, and operating power, pressure, flow, and inlet subcooling.  To confirm the 

validity of the hot depletions, comparison of eigenvalue trends and predicted versus measured 

TIP distributions for the benchmark cycles are performed.  These results are used to establish 

the hot-operating target k-eff for design of the first transition cycle.  All cold critical 

measurements taken during the benchmarking cycles are also modeled in MICROBURN-B2 by 

restarting from the hot cycle depletions discussed above.  The results from the cold critical 

benchmarks are used to define a cold critical k-eff target.  A typical design target is 1% Δk/k 

which ensures that the transition loading fuel design will support the 0.38% Δk/k technical 

specification cold shutdown margin requirement with additional margin to cover the uncertainty 

in the design target chosen based on the benchmarking results.  Past AREVA experience 
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indicates that the variation in the target cold critical k-eff when transitioning to AREVA fuel is 

small. 

During the design of each transition cycle, shutdown margin is computed by performing restart 

solutions based on a shuffled core from a short window previous cycle condition.  This means 

that the previous cycle is assumed to shutdown earlier than the nominal planned shutdown for 

the cycle.  The short window shutdown of the previous cycle results in additional carryover 

reactivity for the shutdown margin analysis of the cycle being designed.  Setting the gadolinia 

design of the fresh fuel and the loading plan to meet the design shutdown margin based on the 

assumed short window shutdown of the previous cycle assures that adequate shutdown margin 

exists for the entire cycle at the design stage.  At startup, when each designed cycle reaches 

cold critical conditions, comparison to the predicted point of criticality to the actual point of 

criticality is made.  High accuracy of the predicted versus actual critical eigenvalue 

demonstrates the validity of the shutdown margin design for that cycle. 

The initial critical and any subsequent cold critical data points achieved in each transition and 

follow-on cycle are fed back into the cold critical eigenvalue database for the reactor unit, and 

the target is revised as needed for the design of the subsequent cycle.  This method assures 

continued accuracy in predicting the cold shutdown margin as new fuel is transitioned into the 

reactor core during the first and second transition cycles and all subsequent cycles. 

As part of the design process for developing the fuel/core design for Dresden and Quad Cities it 

is necessary to establish a target cold critical eigenvalue.  Benchmarking of the previous 

Dresden and Quad Cities cycles that contained Westinghouse OPTIMA2* fuel resulted in the 

cold critical data presented in Figure 7-1.  The target cold critical eigenvalues used for the 

reference cycle design focused on a subset of this data.  Specifically, only the Quad Cities 

benchmark data was used since the reference cycle is based upon Quad Cities Unit 2 Cycle 24.  

Furthermore, the eigenvalue selection concentrated more heavily on the later operating cycles 

which is typical of the selection process.  The resulting target cold critical eigenvalues used for 

the Quad Cities reference design is shown in Table 7-2 and Figure 7-2.  This determination of 

the target, together with a conservatively chosen design goal, ensures conservative 

                                                 
*  Early cycles of the benchmark analysis include mixed cores containing AREVA 9X9 and GNF GE-14 

fuel. 
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determination of shutdown margin for the design.  A similar approach will be used for cold target 

determination for the initial Dresden transition cycles. 

 LHGR Monitoring of Advanced Fuel Designs 7.2

Through various interactions between AREVA and the NRC, the NRC has requested verification 

that certain detailed models available with MICROBURN-B2 are utilized in the modeling of 

advanced fuel designs.  These models include the impact of LPRM detectors (instrument tube) 

on the surrounding fuel rods and the impact of modeling the plenum region above the end of the 

heated portion of the part-length rods.  The explicit LPRM model is used in the core monitoring 

to account for perturbations to the local peaking factors of rods surrounding the LPRM, hence 

rod power biases due to the presence of LPRM detectors are accounted for in the monitoring of 

LHGR limits.  Monitoring for conformance with the operating limit LHGR will include explicit 

modeling of the fission gas plena in the node directly above the top of PLFR active fuel length.  

This provides the confirmation that the NRC has requested. 

 Bypass Boiling 7.3

The level of bypass boiling for a given state-point is a direct result of the hydraulic solution.  The 

potential for boiling increases as the power/flow ratio increases or the inlet subcooling 

decreases.  While the licensing methodology utilizes a [  

 ] to estimate 

the potential for localized bypass boiling.  This [  

 ] to specifically determine a bounding local void distribution in the bypass.  

The model is conservative in that it [  

 

 

 ].  Review of the edit of bypass channel exit void for a Dresden and Quad 

Cities equilibrium cycle case identified a few assemblies with minimal (< 0.005 void fraction) 

bypass channel exit void at a cycle exposure of 13,500 MWd/MTU.  To force more boiling in the 

bypass the inlet subcooling was set to a value of 20.1 BTU/lbm (compared to the typical value of 

25.463 for this statepoint) at the 13,500 MWd/MTU statepoint to demonstrate the capability of 

this model to predict localized bypass boiling.  The results are presented in Figure 7-3 through 

Figure 7-5. 
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Figure 7-3 presents the average void fraction for the channel bypass and Figure 7-4 presents 

the core exit bypass channel void fraction.  One of the more significant impacts of voiding in the 

bypass is the impact on the LPRM reading.  The average void fraction of the four channels 

surrounding any LPRM location is presented in Figure 7-5.  Since no boiling is observed at any 

LPRM location for normal operating conditions, there is no impact on LPRM readings. 

 Normal Operation 7.4

From a neutronic perspective, moderator density (void fraction) and exposure cause the 

greatest variation in cross sections.  Reactor conditions for Dresden and Quad Cities are not 

significantly different from that of current experience and are bounded by the experience for the 

important parameters.  Dresden and Quad Cities operating conditions (Figure 7-6, Figure 7-7, 

and Figure 7-8) can be compared to the equivalent data of the topical report EMF-2158(P)(A).  

Comparison of Figure 7-6 vs. Figure C-29 and Figure 7-7 vs. Figure C-30 shows that Dresden 

and Quad Cities operation is within the range of the original methodology approval for assembly 

power and exit void fraction.   

The axial profile of the power and void fraction of the limiting assembly and core average values 

are presented in Figure 7-8 for a Dresden and Quad Cities design.  These profiles demonstrate 

that the core average void fraction and the maximum assembly power void fractions are 

bounded by the topical report data and are consistent with recent experience on other reactors. 

Figure 7-9 presents a histogram of the void fraction for Dresden and Quad Cities conditions.  

This histogram was taken at the point of maximum exit void fraction expected during the cycle.  

The distribution of voids is shifted slightly toward the 70 -80 % void fraction levels.  The 

population of nodes experiencing 85 -90% voids is still small. 

The neutronic and thermal hydraulic conditions predicted for the Dresden and Quad Cities 

operation are bounded by the data provided in the topical report EMF-2158(P)(A).  Concerns 

about Pu production with high voids are not relevant as the isotopic validation presented in the 

topical report continues to be applicable to Dresden and Quad Cities operation. 
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Table 7-1 CASMO-4/MICROBURN-B2 Operating Experience 

Reactor 
Reactor 

Size, #FA 
Power, MWt (% 

Uprated)* 

Ave.  
Bundle 
Power, 
MWt/FA 

Approximate 
Peak Bundle 

Power, 
MWt/FA 

A 592 2575 (0.0) 4.4 7.2 
B 592 2575 (0.0) 4.4 7.4 
C 532 2292 (0.0) 4.3 7.3 
D 840 3690 (0.0) 4.4 7.5 
E 500 2500 (15.7) 5.0 8.0  
F 444 1800 (5.9) 4.1 7.3 
G 676 2928 (8.0) 4.3 7.6 
H 700 3300 (9.3) 4.7 8.0 
I 784 3840 (0.0) 4.9 8.1 
J 624 3237 (11.9) 5.2 7.8  
K 648 3600 (14.7) 5.6 8.6 
L 648 2500 (10.1) 3.9 6.9 
M 624 3091 (6.7) 5.0 7.7  
N 800 3898 (1.7) 4.9 7.7  
O 764 3489 (5.0) 4.6 7.2 
P 560 2923 (20.0) 5.2 8.0 
Q 764 3952 (20.0) 5.2 7.7 
R‡ 724 2957 (17.8) 4.1 6.6 

 
* Latest power uprates. 
‡ Dresden and Quad Cities 

 

Table 7-2 Dresden and Quad Cities Target Cold Critical Eigenvalue 

Cycle Exposure 
(MWd/MTU) k-eff 

0.0 0.9970 
6,000.0 0.9950 

20,000.0 0.9950 
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Figure 7-1 Dresden and Quad Cities Cold Critical Data 

 

Figure 7-2 Quad Cities Cold Critical Data Used For Cold Target Determination 
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Figure 7-3 MICROBURN-B2 Multi-Channel Average Bypass Void Distribution from a Dresden and Quad Cities 
Equilibrium Cycle Design 
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Figure 7-4 MICROBURN-B2 Multi-Channel Exit Bypass Void Distribution from a Dresden 
and Quad Cities Equilibrium Cycle Design 
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Figure 7-5 MICROBURN-B2 Multi-Channel Bypass Void at an LPRM Location from a 
Dresden and Quad Cities Equilibrium Cycle Design 
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Figure 7-6 Maximum Assembly Power in a Dresden and Quad Cities Design 
 

Figure 7-7 Maximum Exit Void Fraction in a Dresden and Quad Cities Design 
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Figure 7-8 Dresden and Quad Cities Design Axial Profile of Power and Void Fraction 
 

 

Figure 7-9 Dresden and Quad Cities Design Nodal Void Fraction Histogram 
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 Transient Analysis 8

The core phenomena of primary interest for limiting transients in BWRs are void fraction/quality 

relationships, determination of CHF, pressure drop, reactivity feedbacks and heat transfer 

correlations.  One fundamental validation of the core hydraulic solution is separate effects 

testing against KATHY transient CHF measurements.  The transient benchmark to time of 

dryout for prototypic Load Reject with no Bypass (LRNB) and pump trip transients encompass 

the transient integration of the continuity equations (including the void-quality closure relation), 

heat transfer, and determination of CHF.  Typical benchmarks to KATHY (Figure 8-1) illustrate 

that the transient hydraulic solution and application of ACE (AREVA Critical Power Correlation) 

result in conservative predictions of the time of dryout.  The measured data is taken from 

ATRIUM 10XM tests. 

Outside of the core, the system simulation relies primarily on solutions of the basic conservation 

equations and equations of state.  The models associated with predicting the pressure wave are 

general and have no limitation within the range of variation associated with Dresden and Quad 

Cities EPU operation. 

The reactivity feedbacks are validated by a variety of means including initial qualification of 

advanced fuel design lattice calculations to Monte Carlo results as required by SER restrictions, 

steady-state monitoring of reactor operation (power distributions and eigenvalue), and the 

Peach Bottom 2 turbine trip benchmarks that exhibited a minimum of 2% conservatism in the 

calculation of integral power. 

From these qualifications and the observation that the nodal hydraulic conditions during EPU 

operation are expected to be within the current operating experience, the transient analysis 

methods remain valid. 

Appendix D provides additional information on the transient cross section treatment in the 

COTRANSA2 transient simulator for both EPU and pre-EPU reactor conditions. 

Appendix F provides a summary of the impact of thermal conductivity degradation on transient 

analysis and corrective actions taken in the Dresden and Quad Cities analyses. 
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Figure 8-1 Typical Hydraulic Benchmarks to KATHY Transient 
Simulations (time to dryout) 
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 LOCA Analysis 9

LOCA results are strongly dependent on local power and are weakly dependent on core 

average power.  As discussed in previous sections, maximum local power is not significantly 

changed due to EPU because the core is still constrained by the same thermal limits.  The 

parameters associated with EPU that may impact LOCA results at each of the core flow rates in 

the operating domain are:  increased core average initial stored energy, decreased initial 

coolant inventory, relative flow distribution between highest power and average power 

assemblies, and increased core decay heat. 

BWR LOCA analyses are not sensitive to initial stored energy.  During the blowdown phase the 

heat transfer remains high and the stored energy is removed prior to the start of the heatup 

phase.  Initial inventory differences may impact LOCA event timing and the minimum inventory 

during blowdown prior to refill of the reactor vessel.  However, any impact on event timing or 

minimum inventory would be smaller than the impact associated with the different size breaks 

that are already considered in the break spectrum analyses.  At the elevated powers associated 

with EPU conditions, the difference in flow between the highest power assembly and the 

average power assembly is reduced.  Therefore, these parameters do not change the range of 

conditions encountered or the capability of the codes to model LOCA at EPU conditions. 

The potential impact of the EPU on LOCA analyses is thus primarily associated with the 

increase in decay heat levels in the core.  For the EXEM BWR-2000 LOCA methodology the 

decay heat is conservatively modeled.  The 11 decay equation curve fit to the 1971 draft ANS 

standard for fission product decay heat from the WREM model is used to calculate fission 

product decay heat during blowdown.  The draft ANS standard values are used for spray 

cooling and reflood.  The required multiplier of 1.2 is applied to the fission product decay heat 

throughout the LOCA scenario.  The models used for decay heat calculations are valid for EPU. 

From the above discussion and the observation that nodal thermal-hydraulic conditions during 

EPU are expected to be within the current operating experience, the LOCA methods remain 

applicable for EPU conditions. 

Independent of EPU, additional modifications have been made to the approved EXEM BWR-

2000 LOCA methodology to more accurately model advanced fuel designs and to address 
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regulatory concerns with the approved methodology.  These modifications are described in 

Appendix E.  Appendix F summarizes the assessment of thermal conductivity degradation in the 

Dresden and Quad Cities LOCA analyses. 
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 Stability Analysis 10

 Linear Stability 10.1

The flatter radial power profile characteristic of EPU core designs will tend to decrease the first 

azimuthal eigenvalue separation and result in slightly higher regional decay ratios.  These 

effects are computed by STAIF as it directly computes the channel, global, and regional decay 

ratio and does not rely on a correlation to protect the regional mode. 

STAIF has been benchmarked against full assembly tests (in KATHY facility) to validate the 

channel hydraulics from a decay ratio of approximately 0.4 to limit cycles.  These tests or 

benchmarks exceed the bounds of allowed operation.  These benchmarks include prototypical 

ATRIUM-10 assemblies.  From a reactor perspective, STAIF is benchmarked to both global and 

regional reactor data, and includes current reactor cycle and fuel design elements.  This strong 

benchmarking qualification and the direct computation of the regional mode assure that the 

impact of the EPU core designs are reflected in the stability analysis. 

 DIVOM 10.2

RAMONA5-FA has been generically approved to calculate DIVOM for EPU operation 

(Reference 5 and 6). 
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 ATWS 11

 ATWS General 11.1

The COTRANSA2 computer code is the primary code used for the ATWS overpressurization 

analysis.  The ATWS overpressurization event is not used to establish operating limits for critical 

power; therefore, the critical power correlation(s) pressure limit is not a factor in the analysis. 

Dryout conditions are not expected to occur for the core average channel that is modeled in 

COTRANSA2 for the ATWS overpressurization analysis.  Dryout might occur in the limiting 

(high power) channels of the core during the ATWS event; however, these channels are not 

modeled in COTRANSA2 analyses.  For the ATWS overpressurization analysis, ignoring dryout 

for the hot channels is conservative in that it maximizes the heat transferred to the coolant and 

results in a higher calculated pressure. 

The ATWS event is not limiting relative to acceptance criteria identified in 10 CFR 50.46.  The 

core remains covered and adequately cooled during the event.  Following the initial power 

increase during the pressurization phase, the core returns to natural circulation conditions after 

the recirculation pumps trip and fuel cladding temperatures are maintained at acceptably low 

levels.  The ATWS event is significantly less limiting than the loss of coolant accident relative to 

10 CFR 50.46 acceptance criteria. 

 Void Quality Correlation Bias 11.2

AREVA performs cycle-specific ATWS analyses of the short-term reactor vessel peak pressure 

using the COTRANSA2 computer code.  The ATWS peak pressure calculation is a core-wide 

pressurization event that is sensitive to similar phenomenon as other pressurization transients.  

Bundle design is included in the development of input for the coupled neutronic and thermal-

hydraulic COTRANSA2 core model.  Important inputs to the COTRANSA2 system model are 

biased in a conservative direction. 

The AREVA analysis methods and the correlations used by the methods are applicable for both 

pre-EPU and EPU conditions.  The transient analysis methodology is a deterministic, bounding 

approach that contains sufficient conservatism to offset biases and uncertainties in individual 

phenomena.  The void-quality correlation is robust as discussed in Appendix B for past and 
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present fuel designs.  For future fuel designs the void-quality correlation would be reviewed for 

applicability, which may involve additional verification and validation. 

A s nsitivity study was performed for the limiting ATWS pressurization event for a proposed 

BWR/4 cycle with EPU to assess the bias between the ATRIUM-10 test data and the void-

quality correlation.  The event was a pressure regulator failure-open (PRFO), which is a 

depressurization event, followed by pressurization due to main steam line isolation valve (MSIV) 

closure.  The neutronics input included the impact of the fuel depleted with the changes in the 

void-quality correlation.  To remove the bias in the MICROBURN-B2 neutronics input, the [ 

 ] void-quality correlation was modified.  To address the bias in the Ohkawa-Lahey void-

quality correlation for the COTRANSA2 code, the void-quality relationship was changed to a 

[  ] .  Additionally, the sensitivity study was repeated without depleting the fuel 

with the changes in the void-quality correlation (the change in the void-quality correlation was 

instantaneous at the exposure of interest). 

The reference ATWS case had a peak vessel pressure of 1477 psig.  The change in the void-

quality correlations resulted in a [  ] increase in the peak vessel pressure.  The results for 

an instantaneous change in the void-quality correlation showed the same impact. 

A study was also performed for the ASME overpressure event for the same BWR/4 cycle with 

EPU.  The event was the MSIV closure.  The change in the void-quality correlations resulted in 

a [  ] increase in the peak vessel pressure.  

The impact of a change in the bias of the void-quality correlations on peak pressure is expected 

to be more than offset by the model conservatisms.  Until quantitative values of the 

conservatisms can be demonstrated, AREVA has imposed that a [  ] increase to the peak 

vessel pressure for the ATWS overpressure analysis and a [  ] increase to the peak vessel 

pressure for the ASME overpressure analysis be included in analyses results.  

 ATWS Containment Heatup / Long-Term Evaluation 11.3

Fuel design differences may impact the power and pressure excursion experienced during the 

ATWS event.  This in turn may impact the amount of steam discharged to the suppression pool 

and containment.  [  

 ] 
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 Summary 12

This review concluded that there are no SER restrictions on AREVA methodology that impact 

the transition to AREVA fuel at Dresden and Quad Cities.  Since the core and assembly 

conditions for the Dresden and Quad Cities units are bounded by core and assembly conditions 

of other plants for which the methodology was benchmarked, the AREVA methodology 

(including uncertainties) remains applicable for conditions at the Dresden and Quad Cities Units. 

More specifically: 

a) The steady state and transient neutronics and thermal-hydraulic analytical methods and 

code systems supporting Dresden and Quad Cities are within NRC approved applicability 

ranges because the conditions for Dresden and Quad Cities application are bounded by 

existing core and assembly conditions in other plants for which the AREVA methodology 

was benchmarked. 

b) The calculational and measurement uncertainties applied in Dresden and Quad Cities 

applications are valid because the conditions for Dresden and Quad Cities application are 

bounded by existing core and assembly conditions for which the AREVA methodology was 

benchmarked. 

c) The assessment database and uncertainty of models used to simulate the plant response 

at Dresden and Quad Cities conditions are bounded by core and assembly conditions for 

which the AREVA methodology was benchmarked. 

Sections 4, 5, 7, 9, and 11 summarize methodology or application enhancements specifically for 

Dresden and Quad Cities: 

a) SPCB CPR correlation applied to OPTIMA2 

b) [  ] 

c) [  ] 

d) LOCA radiation view factors and [  ] 
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e) Thermal conductivity degradation 

f) Void quality correlation biases 
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Appendix A. Application of AREVA Methodology for Mixed Cores 

A.1 Discussion 

AREVA has considerable experience analyzing fuel design transition cycles and has 

methodology and procedures to analyze mixed cores composed of multiple fuel types.  For each 

core design, analyses are performed to confirm that all design and licensing criteria are 

satisfied.  The analyses performed explicitly include each fuel type in the core.  The analyses 

consider the cycle-specific core loading and use input data appropriate for each fuel type in the 

core.  The mixed core analyses are performed using generically approved methodology 

[  ] in a manner consistent with NRC approval of 

the methodology.  Based on results from the analyses, operating limits are established for each 

fuel type present in the core.  During operation, each fuel type is monitored against the 

appropriate operating limits. 

Thermal hydraulic characteristics are determined for each fuel type that will be present in the 

core.  The thermal hydraulic characteristics used in core design, safety analysis, and core 

monitoring are developed on a consistent basis for both AREVA fuel and other vendor co-

resident fuel to minimize variability due to methods. 

For core design and nuclear safety analyses, the neutronic cross-section data is developed for 

each fuel type in the core using CASMO-4.  MICROBURN-B2 is used to design the core and 

provide input to safety analyses (core neutronic characteristics, power distributions, etc.).  Each 

fuel assembly is explicitly modeled in MICROBURN-B2 using cross-section data from CASMO-4 

and geometric data appropriate for the fuel design. 

Fuel assembly thermal mechanical limits for both AREVA and co-resident fuel are verified and 

monitored for each mixed core designed by AREVA.  The thermal mechanical limits established 

by the co-resident fuel vendor continue to be applicable for mixed (transition) cores.  The 

thermal mechanical limits (steady-state and transient) for the co-resident fuel are provided to 

AREVA by the utility.  AREVA performs design and licensing analyses to demonstrate that the 

core design meets steady-state limits and that transient limits are not exceeded during 

anticipated operational occurrences. 
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The critical power ratio (CPR) is evaluated for each fuel type in the core using calculated local 

fluid conditions and an appropriate critical power correlation.  Fuel type specific correlation 

coefficients for AREVA fuel are based on data from the AREVA critical power test facility.  

Consistent with Reference 7 [  ] the SPCB critical power 

correlation will be used for monitoring OPTIMA2 fuel present in transition cycles of operation 

at Dresden and Quad Cities.  The critical power ratio (CPR) correlation used for the 

ATRIUM 10XM fuel is the ACE/ATRIUM 10XM critical power correlation described in Reference 

2.  The ACE CPR correlation uses K-factor values to account for rod local peaking, rod location 

and bundle geometry effects. 

Analyses performed to determine the safety limit MCPR explicitly address mixed core effects.  

Each fuel type present in the core is explicitly modeled using appropriate geometric data, 

thermal hydraulic characteristics, and power distribution information (from CASMO-4 and 

MICROBURN-B2 analyses).  CPR is evaluated for each assembly using fuel type specific 

correlation coefficients.  Plant and fuel type specific uncertainties are considered in the 

statistical analysis performed to determine the safety limit MCPR.  The safety limit MCPR 

analysis is performed each cycle and uses the cycle specific core configuration. 

An operating limit MCPR is established for each fuel type in the core.  For fast transients the 

COTRANSA2 code (Reference 8) is used to determine the overall system response.  The core 

nuclear characteristics used in COTRANSA2 are obtained from MICROBURN-B2 and reflect 

the actual core loading pattern.  Boundary conditions from COTRANSA2 are used with an 

XCOBRA-T core model.  In the XCOBRA-T model, a hot channel with appropriate geometric 

and thermal hydraulic characteristics is modeled for each fuel type present in the core.  Critical 

power performance is evaluated using local fluid conditions and fuel type specific CPR 

correlation coefficients.  The transient CPR response is used to establish an operating limit 

MCPR for each fuel type. 

For transient events that are sufficiently slow such that the heat transfer remains in phase with 

changes in neutron flux during the transient, evaluations are performed with steady state codes 

such as MICROBURN-B2 in accordance with NRC approval.  Such slow transients are modeled 

by performing a series of steady state solutions with appropriate boundary conditions using the 

cycle specific design core loading plan.  Each fuel assembly type in the core is explicitly 

modeled.  The change in CPR between the initial and final condition after the transient is 
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determined, and if the CPR change is more severe than those determined from fast transient 

analyses, the slow transient result is used to determine the MCPR operating limit. 

Stability analyses to establish OPRM setpoints and backup stability exclusion regions are 

performed using the cycle-specific core loading pattern.  The stability analyses performed with 

RAMONA5-FA and STAIF explicitly model each fuel type in the core.  Each fuel type is modeled 

using appropriate geometric, thermal hydraulic and nuclear characteristics determined as 

described above.  The stability OPRM setpoints and exclusion region boundaries are 

established based on the predicted performance of the actual core composition. 

MAPLHGR operating limits are established and monitored for each fuel type in the core to 

ensure that 10 CFR 50.46 acceptance criteria are met during a postulated LOCA.  MAPLHGR 

limits are established using each fuel vendor’s LOCA methodology.  For ATRIUM 10XM fuel the 

RELAX code is used to determine the overall system response during a postulated LOCA and 

provides boundary conditions for a RELAX hot channel model.  While system analyses are 

typically performed on an equilibrium core basis, the thermal hydraulic characteristics of all fuel 

assemblies in the core are considered to ensure the LOCA analysis results are applicable to 

mixed core configurations.  Results from the hot channel analysis provide boundary conditions 

to the HUXY computer code.  The HUXY model includes fuel type specific input such as 

dimensions and local power peaking for each fuel rod. 

The core monitoring system will monitor each fuel assembly in the core.  Each assembly is 

modeled with geometric, thermal hydraulic, neutronic, and CPR correlation input data 

appropriate for the specific fuel type.  Each assembly in the core will be monitored relative to 

thermal limits that have been explicitly developed for each fuel type. 

In summary, AREVA methodology is used consistent with NRC approval to perform design and 

licensing analyses for mixed cores.  The cycle design and licensing analyses explicitly consider 

each fuel type in mixed core configurations.  Limits are established for each fuel type and 

operation within these limits is verified by the monitoring system during operation. 
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Appendix B. Void-Quality Correlations 

B.1 AREVA Void Quality Correlations 

The Zuber-Findlay drift flux model (Reference 9) is utilized in the AREVA nuclear and safety 

analysis methods for predicting vapor void fraction in the BWR system.  The model has a 

generalized form that may be applied to two phase flow by defining an appropriate correlation 

for the void concentration parameter, Co, and the drift flux, Vgj.  The model parameters account 

for the radially non-uniform distribution of velocity and density and the local relative velocity 

between the phases, respectively.  This model has received broad acceptance in the nuclear 

industry and has been successfully applied to a host of different applications, geometries, and 

fluid conditions through the application of different parameter correlations (Reference 10). 

Two different correlations are utilized at AREVA to describe the drift flux parameters for the 

analysis of a BWR core.  The correlations and treatment of uncertainties are as follows: 

• The nuclear design, frequency domain stability, nuclear AOO transient and accident 

analysis methods use the [  ] void correlation (Reference 11) to predict 

nuclear parameters.  Uncertainties are addressed at the overall methodology and 

application level rather than individually for the individual correlations of each method.  

The overall uncertainties are determined statistically by comparing predictions using the 

methods against measured operating data for the reactors operating throughout the 

world. 

• The thermal-hydraulic design, system AOO transient and accident analysis, and loss of 

coolant accident (only at specified junctions) methods use the Ohkawa-Lahey void 

correlation (Reference 12).  This correlation is not used in the direct computation of 

nuclear parameters in any of the methods.  Uncertainties are addressed at the overall 

methodology level through the use of conservative assumptions and biases to assure 

uncertainties are bounded. 

The [  ] void correlation was developed for application to multi-rod geometries 

operating at typical BWR operating conditions using multi-rod data and was also validated 
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against simple geometry data available in the public domain.  The correlation was defined to be 

functionally dependent on the mass flux, hydraulic diameter, quality, and fluid properties. 

The multi-rod database used in the [  

 

 ].  As a result, the multi-rod database and prediction uncertainties 

are not available to AREVA.  However, the correlation has been independently validated by 

AREVA against public domain multi-rod data and proprietary data collected for prototypical 

ATRIUM-10 and ATRIUM 10XM test assemblies.  Selected results for the ATRIUM-10 test 

assembly are reported in the public domain in Reference 13. 

The Ohkawa-Lahey void correlation was developed for application in BWR transient 

calculations.  In particular, the correlation was carefully designed to predict the onset of counter 

current flow limit (CCFL) characteristics during the occurrence of a sudden inlet flow blockage.  

The correlation was defined to be functionally dependent on the mass flux, quality, and fluid 

properties. 

Independent validation of the Ohkawa-Lahey correlation was performed by AREVA at the 

request of the NRC during the NRC review of the XCOBRA-T code.  The NRC staff 

subsequently reviewed and approved Reference 15, which compared the code to a selected 

test from the FRIGG experiments (Reference 16).  More recently the correlation has been 

independently validated by AREVA against additional public domain multi-rod data and 

proprietary data collected for prototypic ATRIUM-10 and ATRIUM 10XM test assemblies, as 

described below. 

The characteristics of the AREVA multi-rod void fraction validation database are listed in Table 

B-1. 

The FRIGG experiments have been included in the validating database because of the broad 

industry use of these experiments in benchmarking activities, including TRAC, RETRAN, and 

S-RELAP5.  The experiments include a wide range of pressure, subcooling, and quality from 

which to validate the general applicability of a void correlation.  However, the experiments do 

not contain features found in modern rod bundles such as part length fuel rods and mixing vane 

grids.  The lack of such features makes the data less useful in validating correlations for modern 
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fuel designs.  Also the reported instrument uncertainty for these tests is provided in Table B-1 

based on mockup testing.  However, the total uncertainty of the measurements (including power 

and flow uncertainties) is larger than the indicated values. 

Because of its prototypical geometry, the ATRIUM-10 and ATRIUM 10XM void data collected at 

KATHY was useful in validating void correlation performance in modern rod bundles that include 

part length fuel rods, mixing vane grids, and prototypic axial/radial power distributions.  Void 

measurements were made at one of three different elevations in the bundle for each test point: 

just before the end of the part length fuel rods, midway between the last two spacers, and just 

before the last spacer. 

As shown in Figure 3-1, the range of conditions for the ATRIUM void data are valid for typical 

reactor conditions.  This figure compares the equilibrium quality at the plane of measurement for 

the ATRIUM 10XM void data with the exit quality of bundles in the EMF-2158 benchmarks and 

Quad Cities operating conditions.  As seen in the figure, the data at the measurement plane 

covers nearly the entire range of reactor conditions.  However, calculations of the exit quality 

from the void tests show the overall test conditions actually envelope the reactor conditions.  

Figure B-1 and Figure B-2 provide comparisons of predicted versus measured void fractions for 

both the FRIGG data and the AREVA multi-rod void fraction validation database using the [ 

 ] correlation.  These figures show the predictions fall within ±0.05 (predicted – 

measured) error bands with good reliability and with very little bias.  Also, there is no observable 

trend of uncertainty as a function of void fraction. 

Figure B-3 and Figure B-4 provide comparisons of predicted versus measured void fractions for 

both the FRIGG data and the AREVA multi-rod void fraction validation database using the 

Ohkawa-Lahey correlation.  In general, the correlation predicts the void data with a scatter of about 

±0.05 (predicted – measured), but a bias in the prediction is evident for voids between 0.5 and 0.8.  

The observed under prediction is consistent with the observations made in Reference 17. 

In conclusion, validation using the AREVA multi-rod void fraction validation database has shown 

that both drift flux correlations remain valid for modern fuel designs.  Furthermore, there is no 

observable trend of uncertainty as a function of void fraction.  This shows there is no increased 
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uncertainty in the prediction of nuclear parameters at EPU conditions within the nuclear 

methods when applied to the Dresden and Quad Cities. 

B.2 Void Quality Correlation Uncertainties 

The AREVA analysis methods and the correlations used by the methods are applicable for 

modern fuel designs in both pre-EPU and EPU conditions.  The approach for addressing the 

void-quality correlation bias and uncertainties remains unchanged and is applicable for EPU 

conditions. 

The OLMCPR is determined based on the safety limit MCPR (SLMCPR) methodology and the 

transient analysis (ΔCPR) methodology.  Void-quality correlation uncertainty is not a direct input 

to either of these methodologies; however, the impact of void-correlation uncertainty is 

inherently incorporated in both methodologies as discussed below. 

The SLMCPR methodology explicitly considers important uncertainties in the Monte Carlo 

calculation performed to determine the number of rods in boiling transition.  One of the 

uncertainties considered in the SLMCPR methodology is the bundle power uncertainty.  This 

uncertainty is determined through comparison of calculated to measured core power 

distributions.  Any miscalculation of void conditions will increase the error between the 

calculated and measured power distributions and be reflected in the bundle power uncertainty.  

Therefore, void-quality correlation uncertainty is an inherent component of the bundle power 

uncertainty used in the SLMCPR methodology. 

The transient analysis methodology is not a statistical methodology and uncertainties are not 

directly input to the analyses.  The transient analysis methodology is a deterministic, bounding 

approach that contains sufficient conservatism to offset uncertainties in individual phenomena.  

Conservatism is incorporated in the methodology in two ways:  (1) computer code models are 

developed to produce conservative results on an integral basis relative to benchmark tests, and 

(2) important input parameters are biased in a conservative direction in licensing calculations. 

The transient analysis methodology results in predicted power increases that are bounding 

relative to benchmark tests.  In addition, for licensing calculations a 110% multiplier is applied to 

the calculated integral power to provide additional conservatism to offset uncertainties in the 
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transient analyses methodology.  Therefore, uncertainty in the void-quality correlation is 

inherently incorporated in the transient analysis methodology. 

Based on the above discussions, the impact of void-quality correlation uncertainty is inherently 

incorporated in the analytical methods used to determine the OLMCPR.  Biasing of important 

input parameters in licensing calculations provides additional conservatism in establishing the 

OLMCPR.  No additional adjustments to the OLMCPR are required to address void-quality 

correlation uncertainty. 

B.3 Biasing of the Void-Quality Correlation  

AREVA has performed studies to determine the OLMCPR sensitivity to biases approaching the 

upper and lower extremes of the data comparisons shown in Figure B-1 through Figure B-4.  

For one of these studies, the transient ∆CPR impact was determined by propagating void-

quality biases through three main computer codes: MICROBURN-B2, COTRANSA2, and 

XCOBRA-T. 

The [  ] correlation in MICROBURN-B2 was modified to correct the mean to match 

the measured ATRIUM-10 void fraction data shown in Figure B-2.  The modified [  ] 

correlation parameters were then modified to generate two bounding correlations for the 

ATRIUM-10 of ±0.05 void.  The results of this modified correlation are presented in Figure B-5. 

COTRANSA2 does not have the [  ] correlation.  For COTRANSA2 the modified 

[  ] correlations in MICROBURN-B2 were approximated in COTRANSA2 with 

[  ] .  

Figure B-6 shows a comparison of the [  ] ratio results compared to the ATRIUM-10 

test data.  This approach created equivalent void fractions as the [  ] correlation 

modifications. 

The thermal hydraulic methodology incorporates the effects of subcooled boiling through use of 

the Levy model.  The Levy model predicts a critical subcooling that defines the onset of boiling.  

The critical subcooling is used with a profile fit model to determine the total flow quality that 

accounts for the presence of subcooled boiling.  The total flow quality is used with the void- 
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quality correlation to determine the void fraction.  This void fraction explicitly includes the effects 

of subcooled boiling.  Application of the Levy model results in a continuous void fraction 

distribution at the boiling boundary. 

Like COTRANSA2, XCOBRA-T does not have the [  ] correlation.  Unlike 

COTRANSA2, XCOBRA-T does not have [  

 

 ].  For the other void scenarios, no 

correction was done in XCOBRA-T.  Not modifying the void-quality correlation for the other void 

scenarios results in a very small difference in ∆CPR. 

The ransient response was assessed relative to a limiting uprated BWR plant transient 

calculation.  The impact of the change in the void correlations was also captured in the burn 

history of the fuel (the results are not for an instantaneous change in the void correlations).  The 

SLMCPR response was also assessed with the new input corresponding to the three different 

void scenarios.  The results are provided in Table B-2. 

The major influence that the void-quality models have on scram reactivity worth is through the 

predicted axial power shape.  The void-quality models, used for ATRIUM fuel, result in a very 

good prediction of the axial power shape. 

As seen in the results in Table B-2, modifying the void-quality correlations to correct the mean to 

match the measured ATRIUM-10 void fraction data results in a very small increase in ∆CPR, a 

very small decrease in SLMCPR, and a very small increase in OLMCPR for this study; 

therefore, the impact of the correlation bias is insignificant. 

The +0.05 void scenarios show an increase in the OLMCPR; however, as mentioned previously, 

the transient analysis methodology is a deterministic, bounding approach that contains sufficient 

conservatism to offset uncertainties in individual phenomena.  Conservatism is incorporated in 

the models to bound results on an integral basis relative to benchmark tests.  For licensing 

calculations, important input parameters are biased in a conservative direction.  In addition, the 

licensing calculations include a 110% multiplier to the calculated integral power to provide 

additional conservatism to offset uncertainties in the transient analysis methodology (which 

includes the void-quality correlation).  Even with an extreme bias in the void correlation of +0.05, 
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the conservatism introduced by the 110% multiplier is alone sufficient to offset the increase in 

results presented in Table B-2.  For the study, the conservatism of the 110% multiplier was 

[  ].  These calculations demonstrate that the overall methodology has sufficient 

conservatism to account for both the bias and the uncertainty in the void-quality correlation. 

To provide a more accurate assessment of the impact of a +0.05 void bias, AREVA would need 

to re-evaluate the Peach Bottom transient benchmarks; it is likely that the +0.05 void scenario 

would show overconservatism in the benchmarks.  Likewise, the pressure drop correlations and 

core monitoring predictions of power will likely show a bias relative to measured data.  

Correcting the models to new benchmarks and measured data would further reduce the 

OLMCPR sensitivity. 

B.4 Void-Quality Correlation Uncertainty Summary 

Integral power is a parameter obtainable from test measurements that is directly related to 

ΔCPR and provides a means to assess code uncertainty.  The COTRANSA transient analysis 

methodology was a predecessor to the COTRANSA2 methodology.  The integral power figure 

of merit was introduced with the COTRANSA methodology as a way to assess (not account for) 

code uncertainty impact on ΔCPR.  From COTRANSA analyses of the Peach Bottom turbine 

trip tests, the mean of the predicted to measured integral power was 99.7% with a standard 

deviation of 8.1%.  AREVA (Exxon Nuclear at the time) initially proposed to treat integral power 

as a statistical parameter.  However, following discussions with the NRC, it was agreed to apply 

a deterministic 110% integral power multiplier (penalty) on COTRANSA calculations for 

licensing analyses.  That increase was sufficient to make the COTRANSA predicted to 

measured integral power conservative for all of the Peach Bottom turbine trip tests. 

COTRANSA2 is not a statistical methodology and uncertainties are not directly input to the 

analyses.  The methodology is a deterministic bounding approach that contains sufficient 

conservatism to offset uncertainties in individual phenomena.  Conservatism is incorporated in 

the methodology in two ways: (1) computer code models are developed to produce conservative 

results on an integral basis relative to benchmark tests, and (2) important input parameters are 

biased in a conservative direction in licensing calculations.  Justification that the integrated 

effect of all the conservatisms in COTRANSA2 licensing analyses is adequate for EPU 

operation at Dresden and Quad Cities is provided below. 
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The COTRANSA2 methodology results in predicted power increases that are bounding 

( [  ] on average) relative to Peach Bottom benchmark tests.  In addition, for licensing 

calculations a 110% multiplier is applied to the calculated integral power to provide additional 

conservatism.  This approach adds significant conservatism to the calculated OLMCPR as 

discussed previously. 

Biasing of important input parameters in licensing calculations provides additional conservatism 

in establishing the OLMCPR.  The Peach Bottom turbine trips were performed assuming the 

measured performance of important input parameters such as control rod scram speed and 

turbine valve closing times.  For licensing calculations, these (and other) parameters are biased 

in a conservative bounding direction.  These conservative assumptions are not combined 

statistically; assuming all parameters are bounding at the same time produces very conservative 

results. 

With the ATRIUM 10XM void fraction benchmarks presented in Figure B-2 and Figure B-4, the 

applicability of the void-quality correlation at high void fractions is confirmed and the uncertainty 

associated with the application of the correlation to the ATRIUM 10XM design is demonstrated 

to be equivalent to the data used in the bias assessment.  Therefore, the sensitivity studies and 

conclusions drawn from the study are equally applicable to EPU operation of the ATRIUM 10XM 

fuel at Dresden and Quad Cities. 
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Table B-1   AREVA Multi-Rod Void Fraction Validation Database 
 
 

 

 

 
FRIGG-2 

(Reference 18) 
FRIGG-3  

(Reference 16 & 17) 
ATRIUM-10 KATHY 

ATRIUM 10XM 
KATHY 

Axial Power Shape uniform uniform [  ] [  ] 

Radial Power Peaking uniform mild peaking 
[  

 ] 

[  
 

 ] 

Bundle Design circular array with 36 
rods + central thimble 

circular array with 36 
rods + central thimble 

[  

 ] 

[
 

 ] 

Pressure (psi) 725 725, 1000, and 1260 [  ] [  ] 

Inlet Subcooling (0F) 4.3 to 40.3 4.1 to 54.7 [  ] [  ] 

Mass Flow Rate (lbm/s) 

(Based on  mass flux assuming 
ATRIUM-10 inlet area)  

14.3 to 31.0 10.1 to 42.5 

[  
 

 
  ] 

[  
 
 

 ] 

Equilibrium Quality at 
Measurement Plane (fraction) -0.036 to 0.203 -0.058 to 0.330 

[   
 

 
 ] 

[  
 
 

 ] 
 

Max Void at Measurement 
Plane (fraction) 0.828 0.848 

[ 
 
 ] 

[  
 

 
 ] 

 

Reported Instrument 
Uncertainty (fraction) 0.025 0.016 [  ] [  ] 

Number of Data 27 tests, 174 points 39 tests, 157 points 

[  
 
 

 ] 

[  

 ] 
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Table B-2 Void Sensitivity Results 

 

 Modified Modified Modified 
 Reference V-Q V-Q V-Q 

Parameter Calculation (0.0) (+0.05) (−0.05) 
ΔCPR 0.305 0.307 0.321 0.305 

SLMCPR 1.09 1.09 1.09 1.09 
ΔSLMCPR NA −0.001 −0.002 +0.002 
OLMCPR 1.395 1.396 1.409 1.397 
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Figure B-1 Validation of [  ] using FRIGG-2 and FRIGG-3 Void Data 

 

Figure B-2 Validation of [  ] using ATRIUM-10 and ATRIUM 10XM Void Data  
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Figure B-3 Validation of Ohkawa-Lahey using FRIGG-2 and FRIGG-3 Void Data 

Figure B-4 Validation of Ohkawa-Lahey using ATRIUM-10 and  
ATRIUM 10XM Void Data 
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Figure B-5 Modified Void Fraction Correlation Comparison to ATRIUM-10 Test Data 

Figure B-6 [  ] Void Fraction Comparison to ATRIUM-10 Test Data 
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Appendix C. Neutronic Methods 

C.1 Cross Section Representation 

CASMO-4 performs a multi-group [  ] spectrum calculation using a detailed heterogeneous 

description of the fuel lattice components.  Fuel rods, absorber rods, water rods/channels and 

structural components are modeled explicitly.  The library has cross sections for [  ] 

materials including [  ] heavy metals.  Depletion is performed with a predictor-corrector 

approach in each fuel or absorber rod.  The two-dimensional transport solution is based upon 

the [  ].  The solution provides pin-by-pin power and  

 as macro-scopic 

cross sections.  Discontinuity factors are determined from the solution.  [  ] 

gamma transport calculation are performed.  The code has the ability to perform [  

 ] calculations with different mesh spacings.  Reflector calculations are easily performed. 

MICROBURN-B2 performs microscopic fuel depletion on a nodal basis.  The neutron diffusion 

equation is solved with a full two energy group method.  A modern nodal method solution using 

discontinuity factors is used along with a [  ].  The flux discontinuity 

factors are [  ].  A multilevel iteration technique is employed for efficiency.  

MICROBURN-B2 treats a total of [ ] heavy metal nuclides to account for the primary 

reactivity components.  Models for nodal [  ] are 

used to improve the accurate representation of the in-reactor configuration.  A full three-

dimensional pin power reconstruction method is utilized.  TIP (neutron and gamma) and LPRM 

response models are included to compare calculated and measured instrument responses.  

Modern steady state thermal hydraulics models define the flow distribution among the 

assemblies.  [  ] based upon CASMO-4 calculations are used 

for the in-channel fluid conditions as well as in the bypass and water rod regions.  Modules for 

the calculation of CPR, LHGR and MAPLHGR are implemented for direct comparisons to the 

operating limits. 
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MICROBURN-B2 determines the nodal macroscopic cross sections by summing the 

contribution of the various nuclides. 

 R)(R)(N  R)( b
x

I

1i
ix ,Ε,Π,∆Σ+,Ε,Π,=,Ε,Π,Σ ∑

=

ρρσρ i
x  

where: 

xΣ  = nodal macroscopic cross section 
b
x∆Σ   = background nodal macroscopic cross section ), (D, raf Σ ,Σ Σ  

Ni  = nodal number density of nuclide “i” 
i
xσ   = microscopic cross section of nuclide “i” 

I  = total number of explicitly modeled nuclides 
ρ = nodal instantaneous coolant density 
Π  = nodal spectral history 
E  = nodal exposure 
R  = control fraction 

The functional representations of i
xσ  and b

x∆Σ come from 3 void depletion calculations with 

CASMO-4.  Instantaneous branch calculations at alternate conditions of void and control state 

are also performed.  The result is a multi-dimensional table of microscopic and macroscopic 

cross sections that are shown in Figure C-1 and Figure C-2 for a representative lattice and each 

lattice will have specific cross section data. 

At BOL the relationship is fairly simple; the cross section is only a function of void fraction (water 

density) and the reason for the variation is the change in the spectrum due to the water density 

variations.  At any exposure point, a quadratic fit of the three CASMO-4 data points is used to 

represent the continuous cross section over instantaneous variation of void or water density.  

This fit is shown in Figure C-3 and Figure C-4. 

Detailed CASMO-4 calculations confirm that a quadratic fit accurately represents the cross 

sections and diffusion coefficient as shown in Figure C-5, Figure C-6, and Figure C-7. 

With depletion the isotopic changes cause other spectral changes.  Cross sections change due 

to the spectrum changes.  Cross sections also change due to self-shielding as the 

concentrations change.  These are accounted for by the void (spectral) history and exposure 

parameters.  Exposure variations utilize a piecewise linear interpolation over tabulated values at 
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[  ] exposure points.  The four dimensional representation can be reduced to three 

dimensions (see Figure C-8) by looking at a single exposure. 

Quadratic interpolation is performed in each direction independently for the most accurate 

representation.  Considering the case at 70 GWd/MTU with an instantaneous void fraction of 

70% and a historical void fraction of 60%, Figure C-9 and Figure C-10 illustrate the interpolation 

process.  The table values from the library at 0, 40 and 80 % void fractions are used to generate 

3 quadratic curves representing the behavior of the cross section as a function of the historical 

void fraction for each of the tabular instantaneous void fractions (0, 40 and 80 %). 

The intersection of the three quadratic lines with the historical void fraction of interest are then 

used to create another quadratic fit in order to obtain the resultant cross section as shown in 

Figure C-10. 

The results of this process for all isotopes and all cross sections in MICROBURN-B2 were 

compared for an independent CASMO-4 calculation with continuous operation at 20, 60 and 

90% void and are presented in Figure C-11.  Branch calculations at 90% void from a 40% void 

depletion were performed for multiple exposures.  The results show very good agreement for 

the whole exposure range as shown in Figure C-12. 

At the peak reactivity point, multiple comparisons were made (Figure C-13) to show the results 

for various instantaneous void fractions. 

[  

 

 

 

 ] 

Void fraction has been used for the previous illustrations; however MICROBURN-B2 uses water 

density rather than void fraction in order to account for pressure changes as well as subcooled 

density changes.  This transformation does not change the basic behavior as water density is 

proportional to void fraction.  MICROBURN-B2 uses spectral history rather than void history in 

order to account for other spectral influences due to actual core conditions (fuel loading, control 
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rod inventory, leakage, etc.)  The Doppler feedback due to the fuel temperature is modeled by 

accumulating the Doppler broadening of microscopic cross sections of each nuclide. 

i
x

eff

I

x eff ref iT
i

( T T ) N∂σ

∂
∆Σ = − ∑  

where: 

Teff  = Effective Doppler Fuel Temperature 

Tref  = Reference Doppler Fuel Temperature 

i
xσ   = Microscopic Cross Section (fast and thermal absorption) of nuclide “i” 

Ni = Density of nuclide “i” 

The partial derivatives are determined from branch calculations performed with CASMO-4 at 

various exposures and void fractions for each void history depletion.  The tables of cross 

sections include data for [  ] states.  The process is the same for 

[  ] states.  Other important feedbacks to nodal cross sections are 

lattice [  ] and instantaneous [  ] between 

lattices of different [  ].  These feedbacks are modeled in detail. 

The methods used in CASMO-4 are state of the art.  The methods used in MICROBURN-B2 are 

state of the art.  The methodology accurately models a wide range of thermal hydraulic 

conditions including EPU and extended power/flow operating map conditions. 

C.2 Applicability of Uncertainties 

The TIPs directly measure the local neutron flux from the surrounding four fuel assemblies.  

Thus, the calculated bundle power distribution uncertainty will be closely related to the 

calculated TIP uncertainty.  However, the bundle powers in the assemblies surrounding a TIP 

are not independent.  If a bundle is higher in power, neutronic feedback increases the power in 

the nearby assemblies, thus producing a positive correlation between nearby bundles.  The 

gamma scan data provides the means to determine this correlation according to the 

EMF-2158(P)(A) (Reference 19) methodology.  A smaller correlation coefficient implies that 
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there is less correlation between nearby bundle powers, thus, there would be a larger bundle 

power distribution uncertainty. 

The EMF-2158(P)(A) data was re-evaluated by looking at the deviations between measured and 

calculated TIP response for each axial level.  The standard deviation of these deviations at each 

axial plane are presented in Figure C-15 and demonstrate that there is no significant trend vs. 

axial position, which indicates no significant trend vs. void fraction.  This same data was 

evaluated for trends based upon the core conditions at the time of each TIP scan.  The core 

parameters of interest that were evaluated include core thermal power, the core average void 

fraction and the ratio between core power and core flow.  The 2D standard deviations for “C” 

and “D” lattice plants are presented in Figure C-16 through Figure C-21, while the 3D standard 

deviations are presented in Figure C-22 through Figure C-27.  This evaluation of the data 

indicates that there is no significant trend in the data associated with these plant parameters. 

Parameters such as fuel density, part length rods, active fuel length, fuel pellet diameter and 

fuel cladding diameter are all inputs to the methodology.  The methodology explicitly accounts 

for such changes in design parameters.  The changes in these parameters for the ATRIUM 10 

XM fuel are insignificant relative to the changes that have been included in the validation of the 

methodology that demonstrate the methodology’s capability to evaluate these parameters.  Fuel 

designs including 7X7, 8X8, 9X9 and 10X10 with corresponding changes in pellet and cladding 

diameters were presented in Reference 19. 

The Quad Cities assembly gamma scan data was used to determine the correlation coefficient 

which accounts for the correspondence between the assembly powers of adjacent assemblies.  

This correspondence is quantified by a conservative multiplier to the uncertainty in the TIP 

measurements.  In order to conservatively account for this correspondence, the bundle power 

uncertainty is increased due to the radial TIP uncertainty by a multiplier based on the correlation 

coefficient.  The correlation coefficient is statistically calculated and shown in Figure 9.1 and 

Figure 9.2 of EMF-2158(P)(A).  It indicates a less than perfect correlation between powers of 

neighboring bundles.  The conservative multiplier is calculated as follows: 

Controlled Document



 

Applicability of AREVA BWR Methods to the Dresden and Quad 
Cities Reactors Operating at Extended Power Uprate  

ANP-3338NP 
Revision 0 
Page C-6 

 
 

AREVA Inc. 

The calculated TIP uncertainty would normally be expected to be slightly larger than the 

calculated power uncertainty due to the TIP model.  The Quad Cities gamma scan comparison 

shows the 2-D radial power uncertainty of [  ] (see Section 

9.6 of EMF-2158(P)(A)).  The D-Lattice plant calculated radial TIP uncertainty is [  ].  The 

data indicates that the calculated TIP uncertainty is indeed larger than the calculated power 

uncertainty.  The use of the correlation coefficient to increase the calculated power uncertainty 

is a very conservative approach resulting from the statistical treatment.  The types of fuel 

bundles (8x8, 9x9, or 10x10) loaded in the core has no effect on the reality of the physical 

model which precludes the possibility of the calculated power uncertainty to be larger than the 

calculated TIP uncertainty.  The accuracy of the MICROBURN-B2 models is demonstrated by 

comparisons between measured and calculated TIP’s as well as comparison of calculated and 

measured Ba-140 density distribution.  The accuracy of the MICROBURN-B2 models was 

further validated with detailed axial pin by pin gamma scan measurements of 9X9-1 and 

ATRIUM-10 fuel assemblies in the reactor designated as KWU-S.  These measurements 

demonstrated the continued accuracy of the MICROBURN-B2 models with modern fuel 

assemblies.  Details of these measurements are provided in Section 8.2.2 of the topical report, 

EMF-2158(P)(A).  Reference 19 Figures 8.18 through 8.31 showed very good comparisons 

between the calculated and measured relative Ba-140 density distributions of actual irradiated 

assemblies for both radial and axial values. 

The AREVA SAFLIM3D code is used to calculate the number of expected rods in boiling 

transition (BT) for a specified value of the SLMCPR (i.e., SLMCPR is an input, not a calculated 

result).  The extremes of the two correlation coefficients from the Quad Cities assembly gamma 

scan data sets [  ] discussed above were used for a sensitivity study of the 

MCPR safety limit.  An analysis of the safety limit was performed with SAFLIM3D using an input 

SLMCPR of 1.0658 and the base RPF and nodal power uncertainties.  The number of boiling 

transition (BT) rods was calculated to be 50 from this analysis.  The analysis was repeated in a 

series of SAFLIM3D calculations using the increased RPF and nodal power uncertainties and 

performed by iterating on the input value of SLMCPR.  Different values for the SLMCPR input 

were used until the number of BT rods calculated by SAFLIM3D was the same as the base case 

(50 rods).  A SLMCPR input value of [  ] resulted in 50 rods in BT when the increased 

RPF and nodal power uncertainties was input.  The difference in SLMCPR input [  ] for 
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the two cases that resulted in the same number of BT rods is a measure of the safety limit 

sensitivity to the increased RPF and nodal power uncertainties. 

The only input parameters that changed between the two SAFLIM3D analyses were the 

SLMCPR, the RPF, and nodal power uncertainties.  For each analysis, 1000 Monte Carlo trials 

were performed.  To minimize statistical variations in the sensitivity study, the same random 

number seed was used and all bundles were analyzed for both analyses.  As discussed above, 

50 rods were calculated to be in BT in both analyses. 

This sensitivity study was performed to quantify the sensitivity of SLMCPR to an increase in 

RPF and nodal power uncertainties and did not follow the standard approach used in SLMCPR 

licensing analyses.  In standard licensing calculations, the SLMCPR is not input at a precision 

greater than the hundredths decimal place.  As a result, the increased RPF and nodal power 

uncertainties would result [  ] in SLMCPR licensing 

analyses depending on how close the case was to the acceptance criterion prior to the increase 

in RPF uncertainty. 

Gamma scanning provides data on the relative gamma flux from the particular spectrum 

associated with La140 gamma activity.  The relative gamma flux corresponds to the relative 

La140 concentration.  Based upon the time of shutdown and the time of the gamma scan the 

Ba140 relative distribution at the time of shutdown is determined.  This Ba140 relative 

distribution is thus correlated to the pin or assembly power during the last few weeks of 

operation.  The data presented in the topical report, EMF-2158(P)(A), includes both pin and 

assembly Ba140 relative density data.  The assembly gamma scan data was taken at Quad 

Cities after the operation of cycles 2, 3 and 4.  Some of this data also included individual pin 

data.  This data was from 7X7 and 8X8 fuel types.  Additional fuel pin gamma scan data was 

taken at the Gundremingen plant for ATRIUM-9 and ATRIUM-10 fuel.  This data is also 

presented in the topical report. 

Pin-by-pin Gamma scan data is used for verification of the local peaking factor uncertainty.  

Quad Cities measurements presented in the topical report EMF-2158(P)(A) have been re-

evaluated to determine any axial dependency.  Figure C-28 presents the raw data including 

measurement uncertainty and demonstrates that there is no axial dependency.  The more 

recent Gamma scans performed by KWU, presented in the topical report EMF-2158(P)(A) and 
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re-arranged by axial level in Table C-1, indicate no axial dependency.  Full axial scans were 

performed on 16 fuel rods.  Comparisons to calculated data show excellent agreement at all 

axial levels.  The dip in power associated with spacers, observed in the measured data, is not 

modeled in MICROBURN-B2.  There is no indication of reduced accuracy at the higher void 

fractions. Details of the gamma scan process is described in Section C.4. 

CASMO-4 and MCNP calculations have been performed to compare the fission rate distribution 

statistics to Table 2-1 of the topical report EMF-2158(P)(A) which is shown in Table C-2.  The 

fission rate differences at various void fractions demonstrate that CASMO-4 calculations have 

very similar uncertainties relative to the MCNP results for all void fractions.  These fission rate 

differences also meet the criteria of the topical report EMF-2158(P)(A) for all void fractions. 

Data presented in these figures and tables demonstrate that the AREVA methodology is 

capable of accurately predicting reactor conditions for fuel designs operated under the current 

operating strategies and core conditions. 

C.3 Fuel Cycle Comparisons 

AREVA has reviewed the data presented in EMF-2158(P)(A) with regard to the maximum 

assembly power (Figure C-29) and maximum exit void fraction (Figure C-30) to determine the 

range of data previously benchmarked. 

Fuel loading patterns and operating control rod patterns are constrained by the minimum critical 

power ratio (MCPR) limit, which consequently limits the assembly power and exit void fraction 

regardless of the core power level.  Operating data from several recent fuel cycle designs have 

been evaluated and compared to that in the topical report EMF-2158(P)(A).  Maximum 

assembly power and maximum void fraction are presented in Figure C-31 and Figure C-32. 

In order to evaluate some of the details of the void distribution a current design calculation was 

reviewed in more detail.  Figure C-33 and Figure C-34 present the parameters shown below at 

the point of the highest exit void fraction (at 9336 MWd/MTU cycle exposure) in cycle core 

design for a BWR-6 reactor (high power density plant) with ATRIUM-10 fuel.  Additional details 

of the thermal hydraulic conditions is the population distribution of the void fractions.  These are 

representative figures for a high power density plant. 

• Core Average and peak assembly axial power profile 
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• Core average void axial profile 

• Axial void profile of the peak assembly 

• Histogram of the nodal void fractions in core 

The actual core designs used for each cycle will have slightly different power distributions and 

reactivity characteristics than any other cycle.  Conclusions from analyses that are dependent 

on the core design (loading pattern, control rod patterns, fuel types) are re-confirmed as part of 

the reload licensing analyses performed each cycle.  Cycle-specific reload licensing calculations 

will continue to be performed for all future cycles using NRC approved methodologies consistent 

with the current processes. 

The AREVA methodology [  ] the reactivity 

coefficients that are used in the transient analysis.  Conservatisms in the methodology are used 

to produce results that bound the uncertainties in the reactivity coefficients.  Data presented in 

these referenced figures indicate that there are no significant differences between EPU and 

non- EPU conditions that have an impact on the reactivity coefficients. 

C.3.1 Bypass Voiding 

The core bypass water is modeled in the AREVA steady-state core simulator, transient 

simulator, LOCA and stability codes as [  ]. 

The steady-state core simulator, MICROBURN-B2, explicitly models the assembly specific flow 

paths through the lower tie-plate flow holes and the channel seals in addition to a [  

 ] through the core support plate.  The numerical solution for 

the individual flow paths is computed based on a general parallel channel hydraulic solution that 

imposes a constant pressure drop across the core fuel assemblies and the bypass region.  This 

solution scheme incorporates [  

 ] that is dependent on the [  

 ]. 

The MICROBURN-B2 state-point specific solution for bypass flow rate and [  ] 

is then used as initial conditions in the transient and LOCA analyses.  When the reactor 

operates on high rod-lines at low flow conditions, the in-channel pressure drop decreases to a 
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point where a solid column of water cannot be supported in the bypass region, and voiding 

occurs in the core bypass.  For these conditions (in the region of core stability concerns) the 

neutronic feedback of bypass voiding [  

 

 

 

 

 

 

 

 

 

 

 

 

 

 ] 

Bypass voiding is of greatest concern for stability analysis due to its direct impact on the fuel 

channel flow rates and the axial power distributions.  The reduced density head in the core 

bypass due to boiling results in a higher bypass flow rate and consequently a lower hot channel 

flow rate.  This lower hot channel flow rate and a more bottom-peaked power distribution (due to 

lower reactivity in the top of the core due to boiling in the bypass region) destabilize the core 

through higher channel decay ratios.  These effects are small compared to the general 

conditions of low flow and high power that dominate the stability regime.  Never the less,  

AREVA stability methods directly model these phenomena to assure that the core stability is 

accurately predicted. 

CASMO-4 has the capability to specify the density of the moderator in the bypass and in-

channel water rods, [  

 ] .  
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Significant bypass voiding is not encountered during full power, steady-state EPU operation for 

Dresden and Quad Cities so there is no impact on steady-state analyses.  For transient 

conditions it is conservative to ignore the density changes as additional voiding aids in shutting 

down the power generation. 

For Dresden and Quad Cities, a 100% power / 85% flow statepoint (120% of the original 

licensed thermal power) was assessed even though this statepoint is outside of the power/flow 

operating map to cover a wider range of flow.  Even with the conservative multi-channel model, 

there was minimal localized bypass boiling at the EPU power level.  This assessment assures 

that the limiting transients at the uprated thermal power are not adversely affected by bypass 

boiling.  As the flow is reduced along the 100% power line, the decrease in flow is compensated 

by increased subcooling which compensates for the decrease in flow.  When flow is further 

reduced along the highest rod line, more significant boiling in the bypass is calculated to begin.  

This is in the area of stability concerns where the boiling in the bypass is modeled explicitly.  For 

normal operation at 100% power minimal boiling in the bypass is expected to occur, so there is 

no impact on the lattice local peaking or the LPRM response. 

C.3.2 Fuel Assembly Design 

No fuel design modifications have been made for EPU operation, neither mechanical nor 

thermal hydraulic.  The maximum allowed enrichment level of any fuel pellet is 4.95 wt% U-235. 

All new and spent fuel at Dresden and Quad Cities is stored in the Spent Fuel Storage Pool 

(SFSP) and in accordance with Technical Specification 4.3.1.1 must maintain a subcritical 

multiplication factor (keff) of less than 0.95 when flooded with non-borated water.  The customer 

has chosen another vendor to perform the required criticality safety analyses so AREVA 

methods are not utilized. 

C.4 Gamma Scans 

The gamma scanning process for irradiated fuel uses germanium semi-conductor detectors for 

gamma radiation energy spectral analysis.  Gamma rays deposit their energy in the germanium 

and produce free electrons and holes (vacancies where the electrons were located in the 

crystalline germanium).  The amount of charge collected is correlated with the amount of energy 
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deposited in the detector and therefore with the energy of the gamma ray that caused it.  The 

detectors are used with single channel analyzers to sort the pulses according to pulse height.  

This means that if multiple gamma-ray energies are being analyzed simultaneously, the 

germanium detector will separate them cleanly.  A single-channel analyzer (SCA) uses two 

discriminators.  The discriminators are called upper and lower level discriminators.  Pulses from 

the amplifier are fed to the analyzer, and if the pulse height falls between the lower and upper 

discriminators the usual logic is to allow such a pulse to be recorded (counted).  The voltage 

levels of the two discriminators are adjustable so that the gap between them corresponds to a 

group of pulse heights within a fixed energy interval.  Even though the gamma rays from a 

specific decay transition are of a discrete energy, there is a statistical spread of pulses coming 

from the detector and associated electronics so that the gap between the discriminators must be 

large enough to include most of such pulses.  By varying the voltage levels of each of the 

discriminators, it is possible to measure gamma rays of different energies. 

Power measurements for irradiated fuel target the gamma spectrum associated with Lanthanum 

(La) 140.  La140 is a decay product of Barium (Ba) 140 which is a direct fission product.  The 

half-life of Ba140 is 12.8 days and the half-life of La140 is 40 hours.  La140 activity is, therefore, 

directly related to the density of Ba140.  The Ba140 density is representative of the integrated 

fissions over the last 25 days due to its short half-life.  Gamma scan measurements are taken 

shortly after reactor shutdown (within 25 days) before the Ba140 decays to undetectable levels.  

Gamma scan measurements may be performed on individual fuel rods removed from 

assemblies using a high-purity germanium (HPGe) detector and an underwater collimator 

assembly or on entire fuel assemblies where the collimator has a broad opening to capture the 

gamma radiation from all of the pins in the assembly. 

To compare core physics models to the gamma scan results, the calculated pin power 

distribution is converted into a Ba140 density distribution.  A rigorous mathematical process 

using CASMO-4 pin nuclide inventory and MICROBURN-B2 nodal nuclide inventory is used. 
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Table C-1 KWU-S Gamma Scan Benchmark Results from EMF-2158(P)(A) 

 

 
 

Table C-2 Comparison of CASMO-4 and MCNP results for ATRIUM-10 Design 
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Figure C-1 Microscopic Thermal Cross Section of U-235 from Base 
Depletion and Branches 

Figure C-2 Microscopic Fast Cross Section of U-235 from Base Depletion 
and Branches 
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Figure C-3 Microscopic Thermal Cross Section of U-235 at Beginning of Life 

 
Figure C-4 Microscopic Fast Cross Section of U-235 at Beginning of Life 
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Figure C-5 Microscopic Thermal Cross Section of U-235 Comparison of 
Quadratic Fit with Explicit Calculations at Various Void Fractions 

Figure C-6 Microscopic Fast Cross Section of U-235 Comparison of 
Quadratic Fit with Explicit Calculations at Various Void Fractions 
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Figure C-7 Macroscopic Diffusion Coefficient (Fast and Thermal) 
Comparison of Quadratic Fit with Explicit Calculations at Various Void Fractions 
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Figure C-8 Microscopic Thermal Cross Section of U-235 at 70 GWd/MTU 
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Figure C-9 Quadratic Interpolation Illustration of Microscopic Thermal 
Cross Section of U-235 

Figure C-10 Illustration of Final Quadratic Interpolation for Microscopic 
Thermal Cross Section of U-235  
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Figure C-11 Comparison of k-infinity from MICROBURN-B2 Interpolation Process with 
CASMO-4 Calculations at Intermediate Void Fractions of 0.2, 0.6 and 0.9 

 

Figure C-12 Comparison of k-infinity from MICROBURN-B2 Interpolation Process with 
CASMO-4 Calculations at 0.4 Historical Void Fractions and 0.9 

Instantaneous Void Fraction 
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Figure C-13 Delta k-infinity from MICROBURN-B2 Interpolation Process with CASMO-4 
Calculations at 0.4 Historical Void Fraction and 0.9 Instantaneous Void 

Fraction 

Figure C-14 Comparison of Interpolation Process Using Void Fractions of 
0.0, 0.4 and 0.8 and Void Fractions of 0.0, 0.45 and 0.9 
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Figure C-15 EMF-2158(P)(A) TIP Statistics by Axial Level 

 

Figure C-16 EMF-2158(P)(A) 2-D TIP Statistics for C-Lattice Plants vs. Core Power 
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Figure C-17 EMF-2158(P)(A) 2-D TIP Statistics for C-Lattice Plants vs. 
Core Average Void Fraction 

 

Figure C-18 EMF-2158(P)(A) 2-D TIP Statistics for C-Lattice Plants vs. 
Core Power/Flow Ratio 
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Figure C-19 EMF-2158(P)(A) 2-D TIP Statistics for D-Lattice Plants vs. Core Power 

Figure C-20 EMF-2158(P)(A) 2-D TIP Statistics for D-Lattice Plants vs. 
Core Average Void Fraction 
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Figure C-21 EMF-2158(P)(A) 2-D TIP Statistics for D-Lattice Plants vs. 
Core Power/Flow Ratio 

Figure C-22 EMF-2158(P)(A) 3-D TIP Statistics for C-Lattice Plants vs. Core Power 
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Figure C-23 EMF-2158(P)(A) 3-D TIP Statistics for C-Lattice Plants vs. 
Core Average Void Fraction 

Figure C-24 EMF-2158(P)(A) 3-D TIP Statistics for C-Lattice Plants vs. 
Core Power/Flow Ratio 
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Figure C-25 EMF-2158(P)(A) 3-D TIP Statistics for D-Lattice Plants vs. Core Power 

Figure C-26 EMF-2158(P)(A) 3-D TIP Statistics for D-Lattice Plants vs. 
Core Average Void Fraction  
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Figure C-27 EMF-2158(P)(A) 3-D TIP Statistics for D-Lattice Plants vs. 
Core Power/Flow Ratio 

 

Figure C-28 Quad Cities Unit 1 Pin by Pin Gamma Scan Results 
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Figure C-29 Maximum Assembly Power in Topical Report EMF-2158(P)(A) 

Figure C-30 Maximum Exit Void Fraction in Topical Report EMF-2158(P)(A) 
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Figure C-31 Maximum Assembly Power Observed from Recent Operating Experience 

 

Figure C-32 Void Fractions Observed from Recent Operating Experience 
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Figure C-33 Axial Power and Void Profile Observed from Recent Design Experience 

Figure C-34 Nodal Void Fraction Histogram Observed from Recent Design Experience 

Controlled Document



 

Applicability of AREVA BWR Methods to the Dresden and Quad 
Cities Reactors Operating at Extended Power Uprate  

ANP-3338NP 
Revision 0 
Page D-1 

 
 

AREVA Inc. 

Appendix D. Transient Methods 

D.1 COTRANSA2 

D.1.1 Conservatism 

Integral power is a parameter obtainable from test measurements that is directly related to 

ΔCPR and provides a means to assess code uncertainty by increasing heat flux during the 

event.  The COTRANSA transient analysis methodology was a predecessor to the 

COTRANSA2 methodology.  The integral power figure of merit was introduced with the 

COTRANSA methodology as a way to assess (not account for) code uncertainty impact on 

ΔCPR.  From COTRANSA analyses of the Peach Bottom turbine trip tests, the mean of the 

predicted to measured integral power was 99.7% with a standard deviation of 8.1%.  AREVA 

(Exxon Nuclear at the time) initially proposed to treat integral power as a statistical parameter.  

However, following discussions with the NRC, it was agreed to apply a deterministic 110% 

integral power multiplier (penalty) on COTRANSA calculations for licensing analyses.  That 

increase was sufficient to make the COTRANSA predicted to measure integral power 

conservative for all of the Peach Bottom turbine trip tests. 

COTRANSA2 (Reference 8) was developed and approved as a replacement for COTRANSA in 

the AREVA thermal limits methodology (Reference 28).  Initially it was not planned to use the 

110% integral power multiplier with the COTRANSA2 methodology.  COTRANSA2 predictions 

of integral power were conservative for all Peach Bottom turbine trip tests.  The minimum 

conservatism was [  ] and the mean of the predicted to measured integral power was 

[  ] .  The comparisons to the Peach Bottom turbine trip tests demonstrated that the 

110% integral power multiplier was not needed for COTRANSA2.  However, because the 

thermal limits methodology that was approved independently of COTRANSA2 included 

discussion of the 110% integral power multiplier, the use of the multiplier was retained for 

COTRANSA2 licensing calculations.  With the 110% multiplier, the COTRANSA2 predicted to 

measured mean integral power is [  ] for the Peach Bottom turbine trip 

tests.  Applying a [  ] integral power multiplier provides an OLMCPR conservatism of 
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[  ] .  The 110% integral power multiplier is just one part of the conservatism in the 

COTRANSA2 methodology and application process that covers methodology uncertainties. 

The 110% integral thermal power multiplier is applied to the output of COTRANSA2 that is used 

as the input to XCOBRA-T; therefore, the 110% integral power multiplier is included in the 

transient analyses.  Important input parameters are biased in a conservative direction in 

licensing calculations.  For Technical Specification (TS) controlled input parameters, the biasing 

is either the limiting value allowable by TS, or an analytical limit that is beyond the limiting value 

allowable by TS.  If a particular equipment out-of-service is applicable to a particular transient 

event, the transient analysis is performed with the limiting plant configuration for the allowable 

equipment out-of-service. 

D.1.2 COTRANSA2 Cross Section Representation 

The COTRANSA2 transient simulator solves the one-dimensional neutron diffusion equation to 

predict the core average power response.  In order to accurately capture the core reactivity 

characteristics, a series of MICROBURN-B2 calculations are performed.  These successive 

calculations are: 
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The 1½ energy group diffusion equation in steady-state can be written as 

 

0
k

D
eff

12f
2a

21
2f

12a
2a

21
1a11 =









⋅+

+







⋅+−∇⋅∇

−

−

ΦΣν
Σ
ΣΣν

ΦΣ
Σ
ΣΣΦ

 

 

The first term is a leakage.  This equation is integrated over the cylindrical node depicted in the 

following figure.  
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The leakage term is approximated as: 
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where 

 D1,i  =  D for plane of interest 

 D1,j  =  D for the nodes adjacent to the plane of interest 

 i,1Φ   =  flux in the plane of interest 

 j,1Φ  =  flux in the regions adjacent to the plane of interest 

 A =  surface area between nodes i and j 

 H  =  distance between nodes i and nodes j 

 V  =  node volume  
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D.2 XCOBRA-T 

D.2.1 Axial Geometry Changes 

XCOBRA-T calculates the fuel rod surface heat flux using a fuel rod heat conduction model, the 

power generated in the fuel rod, and the fluid conditions at the surface of the rod.  The power 

generated in the fuel rod is described in Reference 14 Section 2.5.5.  The power generated in 

each axial section of a fuel rod is calculated using Equation 2.130 from Reference 14.  Although 

Reference 14 states that Equation 2.130 is calculated for each axial node, the equation itself 

does not denote which variables are axially dependent.  Because the equation is for each axial 
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node, the variables for heat generation rate, axial peaking factor, and number of rods are axial 

dependent.  At the time Reference 14 was prepared, the number of rods at each axial plane 

was a constant for the fuel designs being supplied.  For the ATRIUM-10 and ATRIUM 10XM fuel 

design with part-length fuel rods (PLFRs), the number of rods became axial dependent and the 

code was modified to make application of Equation 2.130 correct and consistent with the NRC-

approved Reference 14.  For application to current fuel designs, a better definition of the 

variable Nr in Equation 2.130 would be “number of heated rods per assembly at the axial plane” 

(italic indicates added text). 

For bundles with part-length fuel rods (PLFRs), the rod heat flux calculation begins by 

computing the time-dependent heat flux generation rate at each axial section in the fuel rod.  

The updated equation, corresponding to Equation 2.130 of Reference 14 is: 

( ) aliricf
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where 

P(t)  = transient reactor power 

ff = fraction of power produced in the fuel 

fc = fraction of power produced in the cladding 

Na = total number of assemblies in the core 

Nri = total number of heated rods for type i assembly at the axial plane 

Fri = radial peaking factor of type i assembly 

Fli = local peaking factor of type i assembly 

Fa = axial peaking factor at the axial plane 

Drod,i = fuel rod diameter of type i assembly 

L = axial heated length 

This equation differs from that in Reference 14 by replacing the initial reactor power in the 

denominator with π .  In addition, the variable definitions have been modified to identify that the 

total number of heated rods is dependent on both the assembly type and axial elevation and the 

definition of L has been corrected to the axial heated length of the assembly.  This equation is 

substituted into equations 2.129a and 2.129b in Section 2.5.5 of Reference 14 to define the 

volumetric heat deposition rate for the fuel pellet and cladding, respectively.  This volumetric 

heat deposition rate is used in the right-hand side of equation 2.85 of Reference 14 to iteratively 

solve the transient heat conduction equation and the hydraulic conservation equations for the 
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new time step temperatures and surface heat flux.  The heat flux is introduced into the channel 

energy equation (2.2 of Reference 14) through the term q’.  This linear heat deposition rate is a 

summation of the energy added by direct energy deposition and surface heat flux: 

irii,rodfluidNodesTsurfaricool
a

NND)TT(HFFf
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where 

fcool = fraction of power produced in the coolant 

Hsurf = film heat transfer coefficient at the axial plane 

TNodesT = cladding surface temperature at the axial plane 

Tfluid =  fluid temperature at the axial plane 

Ni = number of fuel assemblies in channel i 

In addition to axially varying number of heated rods, proper modeling of PLFRs also requires 

axial variations in the active flow area, the heated perimeter, and the wetted perimeter and 

these parameters are now defined as axially dependent quantities in AREVA methods.  

Consequently, all references to these parameters or parameters derived from the basic 

geometry data in the approved topical reports should be interpreted as being axially dependent 

variables.  The pressure drop due to the area expansion at the end of the PLFRs (or anywhere 

in the active flow path) is modeled using the specific volume for momentum as expressed in 

Equations 2.78 and 2.79 of Reference 14.  For current designs, area contractions occur in the 

single phase region, but the coding was generalized to address area contractions in the two-

phase region based on a solution of the two-phase Bernoulli equation. 

D.2.2 Power 

The decay heat is calculated by COTRANSA2 and is included in the total core power versus 

time provided as a boundary condition to XCOBRA-T.  The decay heat model used in 

COTRANSA2 is a curve fit (11 groups) to the 1973 ANS standard decay heat model.  The 

COTRANSA2 core power boundary condition includes the decay heat contribution based on the 

core average power density.  The decay heat power remains essentially constant during the 

transient.  Therefore, the decay heat during the transient is primarily a function of initial power 

density.  Application of power peaking factors (axial, radial, local) to the COTRANSA2 average 

power properly accounts for local decay heat in the XCOBRA-T hot channel analysis. 
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Gamma smearing does not affect the XCOBRA-T hot channel calculation.  The hot channel 

calculation models an average fuel rod (the average is not affected by flattening of the 

distribution).  The calculation process for determining the peak transient LHGR is equivalent [  

 ] and is 

not dependent of the actual rod local peaking factor. 

The total core power calculated by COTRANSA2 is distributed between the fuel rod, the active 

channel coolant, and the core bypass coolant.  The fraction deposited in each component is 

based on fuel type specific calculations performed with the CASMO computer code.  Power 

fractions calculated by CASMO are used in XCOBRA-T. 

D.2.3 Default Models 

The Dresden and Quad Cities transient analyses used the default models of XCOBRA-T.  The 

default models include Levy subcooled boiling model, the Martinelli-Nelson two phase friction 

multipliers, the two phase component loss multiplier, and the heated wall viscosity correction 

model.  [  

 ] as discussed with the NRC on May 4, 1995 (Reference 29).  

Thermo-dynamic properties from the ASME steam tables were used.  The code provides a 

message if the default models are not used.  Per AREVA’s licensing analyses requirements, 

use of default models is required. 

The Martinelli-Nelson two phase friction multiplier has been confirmed to be applicable in the 

annular flow regime by verifying the AREVA hydraulic models against two-phase full-scale 

heated bundle tests in the KATHY test facility in Karlstein, Germany.  The range of assembly 

conditions at EPU are bounded by the tested two-phase flow conditions.  Many of the tested 

conditions are in the annular flow regime. 

The Levy subcooled boiling model does not directly predict void fraction in subcooled boiling.  

Instead, the model predicts a critical subcooling that defines the onset of boiling.  The critical 

subcooling is used in conjunction with a profile fit model to determine the local flow quality that 

accounts for the presence of subcooled boiling.  The local flow quality is then used in the 

Ohkawa-Lahey correlation to predict the void fraction in subcooled boiling. 
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D.2.4 Bounds Checking 

Bounds checking is provided in the XCOBRA-T coding to ensure the conditions provided to the 

CPR correlations are within the correlation limits.  Should any of the condition limits be violated, 

the behavior will be as specified in Section 2.6 of Reference 30 and Section 5.13 of Reference 

2.  In the specific case where the pressure limit is exceeded, XCOBRA-T will write an 

appropriate error message and terminate the calculation. 

With respect to the remaining parameters, the behavior for transient calculations is summarized 

in Table D-1. 

The out-of-bounds corrections affect the [  ] used in the 

evaluation of the transient LHGR.  Therefore, the corrections do not impact the evaluation of the 

thermal-mechanical performance. 

The critical power calculations for Dresden and Quad Cities fuel are made with the ACE and 

SPCB critical power correlations.  The range of applicability of these parameters is sufficiently 

broad to cover the ranges of conditions encountered during the licensing calculations.  

Correlation bounds checking is incorporated in the XCOBRA-T critical power calculations.  The 

bounds checking routine does not allow a calculation outside the range of applicability of these 

parameters except as described in References 2 and 30. 

The transient code, XCOBRA-T, evaluates the Reynolds number for each node for each step of 

the calculation.  If the flow becomes negative at any node, the code stops the calculation. 

D.2.5 Heat Transfer Correlations 

The thermocouples used for measuring temperature data in full scale critical power tests are 

[  

 

 ] measure heat transfer coefficients associated with pre-CHF heat transfer in the 

range of mass and heat fluxes associated with BWRs.  As a result, no relevant qualification 

studies of the Dittus-Boelter and Thom heat transfer correlations can be performed from the test 

data. 
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As noted in Reference 31, fully developed nucleate boiling is relatively insensitive to flow rate 

and quality.  However, “boiling suppression” may occur in high quality annular flow that provides 

very high heat transfer coefficients, resulting in decreasing wall temperature as the heat flux 

increases. 

Extracted heat transfer information from experiments in a tube for a range of pressure, flow, and 

quality that is relevant to BWRs is reported in Reference 32.  This reference shows the relative 

insensitivity of heat transfer coefficient to flow rate and quality and that boiling suppression does 

not become significant until quality reaches approximately 0.47, which is well above the range of 

interest to BWRs.  [  

 ]  Therefore, it is concluded that liquid entrainment and droplet redeposition does 

not have an impact on boiling heat transfer for flow conditions that are applicable to an 

operating BWR at EPU. 

D.2.6 Axial Power Shape 

The initial axial power shape is determined from the COTRANSA2 calculation based on the 

cross section data for the core exposure considered in the analysis.  The cross section data is 

obtained from the MICROBURN-B2 computer code.  The MICROBURN-B2 calculations used to 

generate cross section data for COTRANSA2 licensing calculations are typically performed 

assuming that all control rods are fully withdrawn.  Assuming all control rods are fully withdrawn 

results in a significant conservatism in calculated scram reactivity for exposure conditions with 

some control rods partially inserted. 

During pressurization transients, the axial power shape shifts due to the void collapse in the top 

of core (void reactivity), the core flow increase in the bottom of core (void reactivity), and control 

rod insertion in the bottom of the core (scram reactivity).  The coupled 1-D neutronic and 

thermal-hydraulic core model in COTRANSA2 determines a [  ] 

including the impact of void collapse and scram.  This [  ] is used 

in XCOBRA-T.  The assembly [  

 

 ] and the assembly radial peaking factor input to XCOBRA-T. 
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The change in axial nodal power, [  

 ] results in a change in fuel rod surface heat flux and the energy transferred to the 

coolant at each axial node.  Both COTRANSA2 and XCOBRA-T have fuel rod heat transfer 

models that determine the fuel rod surface heat flux based on the nodal power history and the 

coolant conditions at each axial node. 

Both COTRANSA2 and XCOBRA-T have thermal-hydraulic models that are used to calculate 

the flow at each axial node in the core and the hot channel during the pressurization transient.  

The energy equation captures the effect of changes in fuel rod surface heat flux on coolant 

conditions.  The mass and momentum equations, with applicable correlations, are used to 

determine the local coolant flow rate during the pressurization transient.  During the initial phase 

of the pressurization transient, these models predict a decrease in flow near the top of the core 

and an increase in flow near the bottom of the core.  Note, although the flow decreases in the 

upper portion of the hot assembly, the assembly flow does not stagnate during the 

pressurization phase of an AOO or ATWS.  Local fluid conditions (enthalpy and flow) calculated 

from the thermal-hydraulic model are used to determine local dryout conditions. 

D.2.7 Thermal Mechanical Performance 

XCOBRA-T was used to demonstrate acceptable fuel rod thermal-mechanical performance 

during transients (AOOs).  The fuel rod models in XCOBRA-T are consistent with RODEX2 and 

the fuel rod gap conductance values input to XCOBRA-T are obtained from RODEX2 analyses.  

The gap conductance includes the effect of pellet geometry changes (densification, swelling, 

etc.). 
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Table D-1  Bounds Checking 
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Figure D-1 Comparison of Scram Bank Worth for [  ] 
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Appendix E. LOCA Modifications 

E.1 LOCA Analysis 

The AREVA LOCA methodology applied at Dresden and Quad Cities differs from the approved 

methodology in three aspects: 

E.1.1. Radiation View Factors 

In the Safety Evaluation for Reference 20 the NRC approved the AREVA EXEM BWR-2000 

ECCS evaluation model.  The HUXY code (Reference 21) is the part of this model that performs 

the heatup calculations and provides PCT and local clad oxidation at the axial plane of interest.  

The code evaluates the radiation heat transfer between the fuel rod of interest and other fuels 

rods, the internal water canisters, and the fuel channel.  AREVA has implemented an automated 

approach for calculating radiation view factors within the HUXY computer program. 

The original approach was based on the method of cross-strings as described in Section 2.3 of 

Reference 21.  This resulted in the derivation and programming of analytical expressions as a 

function of fuel rod diameters for the radiation view factors between each fuel rod and its 

predominant neighbors.  The view factors were then internally computed throughout the HUXY 

heatup analyses based on these analytical expressions and the time dependent evolution of the 

fuel rod dimensions. 

This analytical approach was well suited for the 7x7 and 8x8 designs analyzed at the time the 

method was originally implemented.  With the evolution of design features such as larger 

internal water structures and part-length rods, the assembly lattice has become more 

heterogeneous and the derivation of the analytical expressions for the radiation view factors has 

become more complex.  To automate the computation of the view factors for current and future 

fuel design concepts, a numerical computation of the view factors has been introduced utilizing 

a straight forward finite element method.  The numerical computation, achieved through a ray-

tracing algorithm, provides a direct accounting of the geometry to compute the view factor from 

each fuel rod to all other fuel rods, internal water structures, and the external fuel channel 

without the simplifying assumptions associated with the previous analytical approach.  
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Therefore, not only is the calculation of view factors automated, but the resulting values are 

more precise.  The view factors calculated with the ray-tracing algorithm are then utilized 

identically to the way view factors developed from the cross-string method were utilized in the 

HUXY heatup analysis. 

E.1.2. [  ] 
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[  

 ] 

E.1.3. Thermal Conductivity Degradation 

The EXEM BWR-2000 ECCS evaluation model uses the RODEX2 fuel rod models and 

therefore, underpredicts the impact of thermal conductivity degradation with exposure.  The 

evaluation of thermal conductivity degradation and impact on PCT for Dresden and Quad Cities 

are presented in F.3.2. 
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Figure E-1 [  ]
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Appendix F. Fuel Conductivity Degradation 

F.1 Introduction 

The U.S. Nuclear Regulatory Commission (NRC) issued Information Notice (IN) 2009-23 (No. 

ML091550527), dated October 8, 2009, for concerns regarding the use of historical fuel thermal 

conductivity models in the safety analysis of operating reactor plants.  IN 2009-23 discusses 

how historical fuel thermal mechanical codes may overpredict fuel rod thermal conductivity at 

higher burn-ups based on new experimental data.  This new experimental data showed 

significant degradation of fuel pellet thermal conductivity with exposure.  The NRC staff 

concluded that the use of the older legacy fuel models will result in predicted fuel pellet 

conductivities that are higher than the expected values. 

This appendix summarizes the impact and treatment of fuel conductivity degradation for 

licensing safety analyses supporting operation at Dresden and Quad Cities. 

F.2 Disposition of Licensing Safety Analysis for Dresden and Quad Cities ATRIUM 
10XM Fuel 

RODEX2 and RODEX2A codes were approved by the NRC in the early and mid-1980’s, 

respectively.  At that time, thermal conductivity degradation (TCD) with exposure was not well 

characterized by irradiation tests or post-irradiation specific-effects tests at high burnups.  The 

fuel codes developed at that time did not accurately account for this phenomenon.  Analyses 

performed with RODEX2/2A are impacted by the lack of an accurate thermal conductivity 

degradation model.  Likewise, conductivity models in the transient codes COTRANSA2 and 

XCOBRA-T do not account for thermal conductivity degradation. 

RODEX4 (Reference 3) is a best-estimate, state-of-the-art fuel code that fully accounts for 

burnup degradation of fuel thermal conductivity.  RODEX4, therefore, can be used to quantify 

the impact of burnup-dependent fuel thermal conductivity degradation and its effect on key 

analysis parameters. 

Thermal-mechanical licensing safety analyses for Dresden and Quad Cities are performed with 

RODEX4 and therefore explicitly account for thermal conductivity degradation.  No additional 
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assessment is needed for those analyses.  For thermal-hydraulic and safety analyses an 

evaluation is needed.  The following analysis methodologies use RODEX2 and/or include a 

separate UO2 thermal conductivity correlation: 

• Anticipated Operational Occurrence (AOO) analysis based on 
COTRANSA2/RODEX2/XCOBRA-T codes; 

• Loss of Coolant Accidents (LOCA) analyses based on RELAX/RODEX2/HUXY 
codes; 

• Overpressurization analyses based on COTRANSA2/RODEX2 codes; 

• Stability analyses based on STAIF/RAMONA5-FA codes. 

F.3 Assessment of Analyses for Dresden and Quad Cities Operations 

The issues identified in IN 2009-23 were entered into the AREVA corrective action program in 

2009.  A summary of the investigation was provided to the NRC in a white paper (Reference 

24).  The white paper presented results of an extensive evaluation; for BWRs the assessments 

consisted primarily of ATRIUM-10 fuel. 

The NRC reviewed Reference 24 and provided requests for information in Reference 25.  

AREVA provided responses in Reference 26.  Items relevant from References 25 and 26 are 

also discussed in the following subsections. 

F.3.1 Anticipated Operational Occurrence Analyses 

The computer codes COTRANSA2 and XCOBRA-T are used in AOO analyses.  Both codes 

use UO2 thermal conductivity correlations that do not address TCD.  In addition, the core 

average gap conductance used in the COTRANSA2 system calculations and the hot channel 

gap conductance used in XCOBRA-T hot channel calculations are obtained from RODEX2 

calculations.  In general, the sensitivity to conductivity and gap conductance for AOO analyses 

is in the opposite direction for the core and hot channel, i.e., putting more energy into the 

coolant (higher thermal conductivity/higher gap conductance) is non-conservative for the system 

calculation but conservative for the hot channel calculation.  The competing effects between the 

core and hot channel calculation minimize the overall impact of thermal conductivity 

degradation. 
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The assessment of Reference 24 demonstrated that COTRANSA2 uses several conservative 

assumptions, which results in conservatism relative to the Peach Bottom turbine trip 

qualification database.  The COTRANSA2 methodology results in predicted integral power 

increases that are bounding relative to the Peach Bottom benchmark tests.  With the 110% 

integral power multiplier used in the methodology, the COTRANSA2 predicted to measured 

mean integral power is [  ] for the Peach Bottom turbine trip tests.  The COTRANSA2 

benchmark testing was performed using the same UO2 conductivity model as used in the 

current licensing analyses.  Therefore, the benchmarking comparisons inherently include any 

impact of UO2 conductivity degradation with exposure exhibited in the Peach Bottom tests. 

The prior assessment was based on fuel designs current at the time of the Peach Bottom tests.  

To supplement the assessment with modern fuel, calculations were performed using the as-

submitted AURORA-B code (Reference 27).  AURORA-B is built from previous NRC approved 

methods.  These methods include codes RODEX4, MICROBURN-B2, and S-RELAP5; UO2 

thermal conductivity degradation is correctly modeled.  It is noted that the AURORA-B 

methodology and application have not yet been reviewed by the NRC; however, the staff 

accepted its use for sensitivity calculations for this assessment (Reference 25).  The 

AURORA-B sensitivity studies show that the impact of fuel thermal conductivity degradation with 

exposure results in a decrease in the ΔCPR of [  ] increase in the 

transient LHGR excursion. 

Based on the inherent conservatisms associated with the transient analysis codes and the small 

impact of thermal conductivity degradation with exposure for the AOO analysis, it is concluded 

that MCPR and LHGR operating limits based on the AOO methodology are not impacted. 

The application of the methodology for EPU operation does not change the conservatisms nor 

invalidate the sensitivity; therefore, the AOO methodology remains applicable for Dresden and 

Quad Cities.  It should be noted that transient LHGR analyses are performed with the RODEX4 

code for Dresden and Quad Cities ATRIUM 10XM fuel, which correctly accounts for thermal 

conductivity degradation. 
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F.3.2 Loss of Coolant Accident Analyses 

LOCA analyses are performed using the EXEM BWR-2000 methodology and include the use of 

the RODEX2, RELAX and HUXY computer codes.  In addition to the initial stored energy, the 

RODEX2 code is used to calculate fuel mechanical parameters for use in the HUXY computer 

code that potentially impact the clad ballooning and rupture models.  Clad ballooning has a 

small impact on Peak Cladding Temperature (PCT) and metal water reaction (MWR), but clad 

rupture can have a significant impact on PCT, depending on event timing. 

The LOCA event is divided into two phases: the blowdown and refill/reflood phases.  During the 

initial or blowdown portion of a LOCA, good cooling conditions exist, and the initial stored 

energy in the fuel is removed.  While a decrease in the thermal conductivity increases the 

overall thermal resistance, heat transfer conditions remain sufficient to remove the initial stored 

energy.  Numerous sensitivity studies have been performed to demonstrate that BWR LOCA 

analyses are insensitive to initial stored energy.  After the initial phase of a LOCA, the heat 

transfer coefficient at the cladding surface is degraded due to the loss of coolant (low flow and 

high quality).  As a result, the heat transfer from the fuel is primarily controlled by the surface 

heat flux, and the temperature profile across the pellet is very flat.  When compared to the rod 

surface thermal resistance, the pellet thermal conductivity is not a significant portion of the fuel 

rod total thermal resistance.  Therefore, LOCA calculations are not sensitive to the UO2 thermal 

conductivity used in RELAX and HUXY. 

To demonstrate that limiting LOCA calculations are not sensitive to UO2 thermal conductivity, 

assessments were performed for multiple BWRs.  Most LOCA analyses of record are limiting at 

beginning of life (BOL) conditions.  Thermal conductivity degradation may impact calculated 

PCTs and oxidation as exposure increases; however, since the MAPLHGR limit decreases 

linearly at higher burnups, significant margin is gained that offsets any decrease in margin 

associated with thermal conductivity degradation.  For these cases, increases in PCT at later 

exposures remained non-limiting. 

Assessments of the potential impact of exposure-dependent degradation of UO2 thermal 

conductivity on the fuel mechanical parameters were made using the RODEX4 computer code.  

The RODEX4 code explicitly incorporates the impact of UO2 thermal conductivity degradation 

with exposure.  RODEX4 calculations were performed with and without the models which 

account for TCD.  The differences in these RODEX4 results were used to adjust the RODEX2 
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data which is input to HUXY.  Evaluations were performed for plants with MAPLHGR limits that 

were constant from BOL to an exposure break point (generally 15 GWd/MTU planar average 

exposure) and then decreasing at higher exposure.  PCT drops significantly after the exposure 

break point.  At the highest exposure with the maximum MAPLHGR limit, accounting for TCD as 

described above resulted in PCT increases of 4°F and 18°F.  The results of these evaluations 

were summarized to the NRC in References 24 and 26. 

The impact of TCD was incorporated in the Dresden and Quad Cities ATRIUM 10XM HUXY 

analysis.  An input option was added to RODEX4 to allow the analyst to turn off the models for 

thermal conductivity degradation with exposure.  The impact of TCD was determined by running 

the nominal RODEX4 fuel rod depletions and then repeating them with the input option selected 

to turn off TCD.  These RODEX4 results were used to increase the stored energy (average 

pellet temperature) calculated by RODEX2 prior to their input to HUXY.  As shown below, this is 

a very conservative method for evaluating the impact of TCD since RODEX2 was developed to 

calculate conservatively high stored energy in support of its use as part of the AREVA Appendix 

K BWR LOCA methodology. 

After the NRC approval of RODEX2, more Halden tests were performed with fuel centerline 

temperature monitoring.  As with the RODEX4 submittal, this extended temperature database 

was used to benchmark RODEX2 over the approved burnup range.  The extended temperature 

benchmarking for RODEX2 shows centerline temperature remains conservative to at least 10 

GWd/MTU (Reference 24).  Even so, the increase in stored energy predicted with the TCD 

models in RODEX4 was applied to the RODEX2 calculated stored energy for all nonzero 

exposures. 

The ATRIUM 10XM PCT results with the impact of TCD will be presented in the MAPLHGR 

report that will be included in the Exelon Licensing Amendment Request to transition to AREVA 

fuel.  Each cycle the MAPLHGR limit will be analyzed for any new neutronic lattice designs.  

The impact of TCD will be analyzed if warranted by the exposure dependent PCT results for the 

new lattice. 
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F.3.2.1 Responses to NRC Requests 

From the NRC’s review of Reference 24, additional information was requested in Reference 25.  

The information requests and responses are provided as follows: 

A detailed explanation of the source of the heat transfer coefficients utilized in the HUXY 
calculation 

This request is answered in Reference 26 and this answer is applicable to Dresden and 
Quad Cities. 

A description of how LOCA analyses are initialized in terms of power distribution; 
specifically, how thermal limits (such as MLHGR or OLMCPR) are considered in the 
initialization 

This request is answered in Reference 26.  This response explains that AREVA’s goal is 
to establish an MAPLHGR limit that is less restrictive than the LHGR limit and satisfies 
10 CFR 50.46 acceptance criteria.  Because it’s a goal and not a requirement, 
MAPLHGR limits can be more restrictive than LHGR limits. 

A characterization of the PCT sensitivity to fuel conductivity for plants where early boiling 
transition is predicted to occur during the early stages of LOCA 

LOCA break spectrum analyses for ATRIUM 10XM fuel show boiling transition occurring 
after 5 seconds in the limiting two-loop operation analysis and as early as 1 second in 
the limiting single-loop analysis.  These calculations used a conservatively high initial 
stored energy.  The highest stored energy occurs at early exposure when the density of 
the pellet reaches a maximum.  The maximum stored energy for Quad Cities ATRIUM 
10XM fuel was calculated with RODEX2 at 2 GWd/MTU.  The time of boiling transition 
was calculated based on a conservatively high stored energy. 

The change in stored energy from UO2 thermal conductivity degradation is of primary 
concern for the LOCA analyses; however, it is important to note that maximum stored 
energy would occur between 0 – 15 GWd/MTU.  Within this range, maximum stored 
energy occurs from pellet densification when the gap between the cladding and pellet is 
at its maximum.  This usually occurs before 5 GWd/MTU – an exposure region that is 
not an issue for conductivity degradation.  At later exposures where conductivity 
degradation is significant, the reduction in power associated with the decreasing 
MAPLHGR limit would prevent this exposure region from being limiting in terms of stored 
energy.  The RELAX system and RELAX hot channel analyses are performed with 
stored energy determined from the earlier exposure region.  As noted in Reference 24, 
RODEX2 has an over-prediction of fuel centerline temperature to at least 10 GWd/MTU, 
therefore stored energy used in the RELAX analyses is conservative.  
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F.3.3 Overpressurization Analyses 

The COTRANSA2 code is used to perform analyses to demonstrate that the reactor vessel 

pressure will not exceed the ASME vessel pressure limit during specified events.  COTRANSA2 

is also used to demonstrate that the vessel pressure does not exceed the overpressure 

acceptance criterion for an anticipated transient without scram (ATWS) event. 

Analyses using COTRANSA2 are potentially affected by UO2 thermal conductivity degradation 

with exposure, as described in Section F.3.1 for AOO analyses.  As discussed in Reference 24, 

the impact on overpressurization analysis was assessed in two ways:  using AURORA-B to 

assess the relative impact of using UO2 thermal conductivity degradation with exposure; and 

decreasing the core average thermal conductivity input into COTRANSA2 to account for the 

effects of exposure.  Reference 24 summarized the increase in pressure as less than a [  ] 

pressure rise (peak pressure – initial pressure) for the AURORA-B assessment and a pressure 

rise of [  ] for COTRANSA2 when the core average thermal conductivity assumed a 30% 

reduction.  The Reference 24 evaluations concluded that the impact of UO2 thermal conductivity 

degradation with exposure on the peak vessel pressure in overpressurization analyses was a 

small increase, the increase is less than the existing margins to the acceptance criteria. 

The impact of TCD will be accounted for in ASME and ATWS overpressurization analyses 

performed for Dresden and Quad Cities by reducing the core average thermal conductivity in 

COTRANSA2 to account for the effects of exposure. The reduction will be calculated based on 

the exposure of the fuel in the core. 

F.3.3.1 Responses to NRC Requests 

From the NRC’s review of Reference 24, additional information was requested in Reference 25.  

The requests and responses to the requests are provided as follows: 

A comprehensive list of the identified nonconservative biases in the AREVA 
overpressure analysis methods 

The comprehensive list of items was provided in Reference 26.  The biases applicable 
for Dresden and Quad Cities are summarized as follows.  These biases are addressed 
for each cycle to ensure that the pressure limits are not exceeded. 

Void-Quality Correlation:  The bias is [  ] for ASME and [  ] for ATWS 
calculations. 
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Thermal Conductivity Degradation:  In Reference 24 AREVA evaluated the impact of 
TCD for ATRIUM-10 fuel in two ways: using the AURORA-B code (Reference 27) to 
assess the relative impact of using UO2 thermal conductivity with exposure degradation; 
and decreasing the core average thermal conductivity input into COTRANSA2 to 
account for the effects of exposure degradation.  It was noted that changing the UO2 
thermal conductivity model provides a conservative estimate of the impact of exposure 
degradation on calculated peak vessel pressure.  The limiting results obtained for the 
plants assessed in support of Reference 24 were reported as follows.  For ASME, the 
increase in peak reactor pressure is expected to be less than [  ] of the pressure 
rise (peak pressure – initial pressure).  For ATWS, the increase in pressure rise was 
[  ]. 

Doppler Model Mismatch Between MICROBURN-B2 and COTRANSA2:  The bias is 
[  ] of the calculated pressure rise from steady-state conditions for the ASME 
calculation and [  ] for the ATWS calculation. 

Verification that the nonconservative biases are considered in an integral sense in the 
safety analyses. 

Reference 26 demonstrated that it is conservative to add the biases together from 
separate effect assessments.  The integral study demonstrated a decrease in total bias 
pressure. 

F.3.4 Stability Analyses 

As summarized in Reference 24, the computer codes STAIF and RAMONA5-FA are used in 

stability analyses.  Both of these codes have fuel models that include UO2 thermal conductivity 

degradation with exposure.  Therefore, there is no impact on AREVA stability analyses. 
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Appendix G. Propagation of Errors Analysis for OPTIMA2 Quadrant Flow Uncertainty 

The approved SAFLIM3D methodology described in Reference 1 addresses uncertainties in the 

assembly power/flow calculations.  However, the existence of the water cross in the OPTIMA2 

design introduces an additional source of uncertainty.  The water cross divides the assembly 

into separate flow quadrants which introduces additional uncertainty into the SLMCPR 

calculation due to the quadrant power and flow calculations.  The use of these additional 

uncertainties represents a plant specific extension of the approved Reference 1 methodology. 

The quadrant flow uncertainty is determined by recognizing that the uncertainties in flow is 

determined by the uncertainties in the pressure drop prediction.  The uncertainties in inlet 

pressure drop, two-phase pressure drop, assembly loss coefficients, and assembly flow area 

were provided for the OPTIMA2 fuel.  A total flow uncertainty is calculated using a propagation 

of errors analysis. 
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1.0 INTRODUCTION 

This report provides a design description, mechanical design criteria, fuel structural 

analysis results, and test results for the ATRIUM™ 10XM* fuel assembly and 100/75 

Advanced Fuel Channel (AFC) designs supplied by AREVA Inc. (AREVA) for use at the 

Quad Cities and Dresden nuclear generating plants beginning with Quad Cities Unit 2 

Cycle 24 and Dresden Unit 3 Cycle 25. 

The scope of this report is limited to an evaluation of the structural design of the fuel 

assembly and fuel channel.  The fuel assembly structural design evaluation is not cycle-

specific so this report is intended to be referenced for each cycle where the fuel design 

is in use.  Minor changes to the fuel design and cycle-specific input parameters will be 

dispositioned for future reloads.  AREVA will confirm the continued applicability of this 

report prior to delivery of each subsequent reload of ATRIUM 10XM fuel at Quad Cities 

and Dresden in a cycle specific compliance document. 

The fuel assembly design was evaluated according to the AREVA boiling water reactor 

(BWR) generic mechanical design criteria (Reference 1).  The fuel channel design was 

evaluated to the criteria given in fuel channel topical report (Reference 2).  The generic 

design criteria have been approved by the U.S. Nuclear Regulatory Commission (NRC) 

and the criteria are applicable to the subject fuel assembly and channel design. 

Mechanical analyses have been performed using NRC-approved design analysis 

methodology (References 1, 2, 3 and 4).  The methodology permits maximum licensed 

assembly and fuel channel exposures of 54 MWd/kgU (Reference 3). 

                                            
*  ATRIUM is a trademark of AREVA Inc. 
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2.0 DESIGN DESCRIPTION 

This report documents the structural evaluation of the ATRIUM 10XM fuel assembly and 

fuel channel described below.  Reload-specific design information is available in the 

design package provided by AREVA for each reload delivery. 

2.1 Overview 

This ATRIUM 10XM fuel bundle geometry consists of a 10x10 fuel lattice with a square 

internal water channel that displaces a 3x3 array of rods. 

Table 2-1 lists the key design parameters of the ATRIUM 10XM fuel assembly. 

2.2 Fuel Assembly 

The ATRIUM 10XM fuel assembly consists of a lower tie plate (LTP) and upper tie plate 

(UTP), 91 fuel rods, 9 spacer grids, a central water channel [  

 ]  and miscellaneous assembly hardware.  Of the 91 fuel rods, 12 are PLFRs.  

The structural members of the fuel assembly include the tie plates, spacer grids, water 

channel, and connecting hardware.  The structural connection between the LTP and 

UTP is provided by the central water channel.  The lowest of the nine spacer grids is 

located just above the LTP to restrain the lower ends of the fuel rods. 

The fuel assembly is accompanied by a fuel channel, as described later in this section.  

Table 2-1 lists the main fuel assembly attributes, and an illustration of the fuel bundle 

assembly is provided in the appendix. 
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2.2.1 Spacer Grid 

[     

 

 

 

 

 

  

 

 

  ] 

Table 2-1 lists the main spacer grid attributes, and an illustration of the spacer grid is 

provided in the appendix. 

2.2.2 Water Channel 

 [  

 

 

  

 

 

 

 ]  

                                            
† ULTRAFLOW is a trademark of AREVA Inc. 
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[  

 

 ]  

Table 2-1 lists the main water channel attributes and the appendix provides an 

illustration of a section of the water channel. 

2.2.3 Lower Tie Plate 

 [   

 

 

 

  

 

 

 

 

 

 

 

 

  

 

 

 ]  

The appendix provides an illustration of the LTP. 

                                            
‡  FUELGUARD is a trademark of AREVA Inc. 

For Information Only



AREVA Inc.  ANP-3305NP 
  Revision 0 
Mechanical Design Report for Quad Cities and Dresden ATRIUM 10XM Fuel Assemblies   
Licensing Report Page 5  

   
AREVA Inc. 

2.2.4 Upper Tie Plate and Connecting Hardware 

[  

 

 

 

 

 

 

  

 

 

 

 

 

 

 ]  

The appendix provides an illustration of the UTP and locking components. 

2.2.5 Fuel Rods 

[  

 

 

 ] 
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[  

 

 
 

 

 

 

 

 

  

 

 

 

 

 

 

 

 ] 

Table 2-1 lists the main fuel rod attributes, and the appendix provides an illustration of 

the full length and part length fuel rods. 
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2.3 Fuel Channel and Components 

 [   

 

  

 

  

 

 

  

 

 

 ] . 

Table 2-2 lists the fuel channel component attributes.  The fuel channel and fuel 

channel fastener are depicted in the appendix.  
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Table 2-1  Fuel Assembly and Component Description 
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Table 2-2  Fuel Channel and Fastener Description 
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3.0 FUEL DESIGN EVALUATION 

A summary of the mechanical methodology and results from the structural design 

evaluations is provided in this section.  Results from the mechanical design evaluation 

demonstrate that the design satisfies the mechanical criteria to the analyzed exposure 

limit. 

3.1 Objectives 

The objectives of designing fuel assemblies (systems) to specific criteria are to provide 

assurance that:  

• The fuel assembly (system) shall not fail as a result of normal operation and 

anticipated operational occurrences (AOOs).  The fuel assembly (system) 

dimensions shall be designed to remain within operational tolerances, and the 

functional capabilities of the fuels shall be established to either meet or exceed 

those assumed in the safety analysis. 

• Fuel assembly (system) damage shall never prevent control rod insertion when it is 

required. 

• The number of fuel rod failures shall be conservatively estimated for postulated 

accidents. 

• Fuel coolability shall always be maintained. 

• The mechanical design of fuel assemblies shall be compatible with co-resident fuel 

and the reactor core internals. 

• Fuel assemblies shall be designed to withstand the loads from handling and 

shipping. 
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The first four objectives are those cited in the Standard Review Plan (SRP).  The latter 

two objectives are to assure the structural integrity of the fuel and the compatibility with 

the existing reload fuel.  To satisfy these objectives, the criteria are applied to the fuel 

rod and the fuel assembly (system) designs.  Specific component criteria are also 

necessary to assure compliance.  The criteria established to meet these objectives 

include those given in Chapter 4.2 of the SRP. 

3.2 Fuel Rod Evaluation 

The mechanical design report documents the fuel structural analyses only.  The fuel rod 

evaluation will be documented in Quad Cities and Dresden plant specific fuel rod 

thermal-mechanical report. 

3.3 Fuel System Evaluation 

The detailed fuel system design evaluation is performed to ensure the structural 

integrity of the design under normal operation, AOO, faulted conditions, handling 

operations, and shipping.  The analysis methods are based on fundamental mechanical 

engineering techniques—often employing finite element analysis, prototype testing, and 

correlations based on in-reactor performance data.  Summaries of the major 

assessment topics are described in the sections that follow. 

3.3.1 Stress, Strain, or Loading Limits on Assembly Components 

The structural integrity of the fuel assemblies is assured by setting design limits on 

stresses and deformations due to various handling, operational, and accident or faulted 

loads.  AREVA uses Section Ill of the ASME B&PV Code as a guide to establish 

acceptable stress, deformation, and load limits for standard assembly components.  

These limits are applied to the design and evaluation of the UTP, LTP, spacer grids, 

springs, and load chain components, as applicable.  The fuel assembly structural 

component criteria under faulted conditions are based on Appendix F of the ASME 

B&PV Code Section III with some criteria derived from component tests. 
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All significant loads experienced during normal operation, AOOs, and under faulted 

conditions are evaluated to confirm the structural integrity of the fuel assembly 

components.  Outside of faulted conditions, most structural components are under the 

most limiting loading conditions during fuel handling.  See Section 3.3.9 for a discussion 

of fuel handling loads and Section 3.4.4 for the structural evaluation of faulted 

conditions.  Although normal operation and AOO loads are often not limiting for 

structural components, a stress evaluation may be performed to confirm the design 

margin and to establish a baseline for adding accident loads.  The stress calculations 

use conventional, open-literature equations.  A general-purpose, finite element stress 

analysis code, such as ANSYS, may be used to calculate component stresses. 

[  

 

 

 

 

 ]  

See Table 3-1 for results from the component strength evaluations. 

3.3.2 Fatigue 

Fatigue of structural components is generally  [  

 

 

 

 

 ] . 
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3.3.3 Fretting Wear 

Fuel rod failures due to grid-to-rod fretting shall not occur.   [  

 

 ] . 

Fretting wear is evaluated by testing, as described in Section 4.5.  The testing is 

conducted by  [  

 

 

 ] .  The inspection measurements for wear 

are documented.  The lack of significant wear demonstrates adequate rod restraint 

geometry at the contact locations.  Also, the lack of significant wear at the spacer cell 

locations, relaxed to end of life (EOL) conditions, provides further assurance that no 

significant fretting will occur at higher exposure levels. 

 [  

  ] and has operated successfully 

without incidence of grid-to-rod fretting in more than 20,000 fuel assemblies. 

3.3.4 Oxidation, Hydriding, and Crud Buildup 

Because of the low amount of corrosion on fuel assembly structural components,  

[  

 

 

 

 

 ] . 
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3.3.5 Rod Bow 

Differential expansion between the fuel rods and cage structure, and lateral thermal and 

flux gradients can lead to lateral creep bow of the rods in the spans between spacer 

grids.  This lateral creep bow alters the pitch between the rods and may affect the 

peaking and local heat transfer.  The AREVA design criterion for fuel rod bowing is that  

[  

 

 

 ]  

Rod bow is calculated using the approved model described in Reference 4.  The model 

has been shown to be conservative for application to the ATRIUM-10 fuel design.  Less 

rod bow is predicted for the ATRIUM 10XM compared to the ATRIUM-10 due to a larger 

diameter fuel rod and a reduced distance between most spacer grids.   [  

 ] .  

The predicted rod-to-rod gap closure due to bow is assessed for impact on thermal 

margins. 

3.3.6 Axial Irradiation Growth 

Fuel assembly components, including the fuel channel, shall maintain clearances and 

engagements, as appropriate, throughout the design life.  Three specific growth 

calculations are considered for the ATRIUM 10XM design: 

• Minimum fuel rod clearance between the LTP and UTP 

• Minimum engagement of the fuel channel with the LTP seal spring 

• External interfaces (e.g., channel fastener springs) 
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Rod growth, assembly growth, and fuel channel growth are calculated using correlations 

derived from post-irradiation data.  The evaluation of initial engagements and 

clearances accounts for the combination of fabrication tolerances on individual 

component dimensions. 

The SRA fuel rod growth correlation was established from  [   

 

 ] .  Assembly growth is dictated 

by the water channel growth. The growth of the water channel and the fuel channel is 

based on  [  ] .  These data and the resulting growth 

correlations are described in Reference 3.  The  [  

 ] , as appropriate, are used to obtain EOL growth values. 

The minimum EOL rod growth clearance and EOL fuel channel engagement with the 

seal spring are listed in Table 3-1.  The channel fastener spring axial compatibility is 

reported in Table 3-3. 

3.3.7 Rod Internal Pressure 

This will be addressed in the Quad Cities and Dresden fuel rod thermal-mechanical 

reports. 

3.3.8 Assembly Lift-off 

Fuel assembly lift-off is evaluated under both normal operating conditions (including 

AOOs) and under faulted conditions.  The fuel shall not levitate under normal operating 

or AOO conditions.  Under postulated accident conditions, the fuel shall not become 

disengaged from the fuel support.  These criteria assure control blade insertion is not 

impaired. 
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For normal operating conditions, the net axial force acting on the fuel assembly is 

calculated by adding the loads from gravity, hydraulic resistance from coolant flow, 

difference in fluid flow entrance and exit momentum, and buoyancy.  The calculated net 

force is confirmed to be in the downward direction, indicating no assembly lift-off.  

Maximum hot channel conditions are used in the calculation because the greater two-

phase flow losses produce a higher uplift force. 

Mixed core conditions for assembly lift-off are considered on a cycle-specific basis, as 

determined by the plant and other fuel types.  Analyses to date indicate a large margin 

to assembly lift-off under normal operating conditions.  Therefore, fuel lift-off in BWRs 

under normal operating conditions is considered to be a small concern. 

For faulted conditions,  [  

 

 

 

 

 

 

 ] .  The uplift is limited to be less than the axial 

engagement such that the fuel assembly neither becomes laterally displaced nor blocks 

insertion of the control blade. 

3.3.9 Fuel Assembly Handling 

The fuel assembly shall withstand, without permanent deformation, all normal axial 

loads from shipping and fuel handling operations.  Analysis or testing shall show that 

the fuel is capable of  [  

 ] .  
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The fuel assembly structural components are assessed for axial fuel handling loads by 

testing.  To demonstrate compliance with the criteria, the test is performed by loading a 

test assembly to an axial tensile force greater than  [  

 ] .  An acceptable test shows no yielding after loading. The testing is 

described further in Section 4.1. 

There are also handling requirements for the fuel rod plenum spring which are 

addressed in the Quad Cities and Dresden fuel rod thermal-mechanical reports. 

3.3.10 Miscellaneous Component Criteria 

3.3.10.1 Compression Spring Forces 

The ATRIUM 10XM has a single large compression spring mounted on the central 

water channel.  The compression spring serves the same function as previous designs 

by providing support for the UTP and fuel channel.  The spring force is calculated based 

on the deflection and specified spring force requirements.  Irradiation-induced relaxation 

is taken into account for EOL conditions.  The minimum compression spring force at 

EOL is shown to be greater than the combined weight of the UTP and fuel channel 

(including channel fastener hardware).  Since the compression spring does not interact 

with the fuel rods, no consideration is required for fuel rod buckling loads. 

3.3.10.2 LTP Seal Spring 

The LTP seal spring shall limit the bypass coolant leakage rate between the LTP and 

fuel channel.  The seal spring shall accommodate expected channel deformation while 

remaining in contact with the fuel channel.  Also, the seal spring shall have adequate 

corrosion resistance and be able to withstand the operating stresses without yielding. 
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Flow testing is used to confirm acceptable bypass flow characteristics.  The seal spring 

is designed with adequate deflection to accommodate the maximum expected channel 

bulge while maintaining acceptable bypass flow.   [   ] is selected as 

the material because of its high strength at elevated temperature and its excellent 

corrosion resistance.  Seal spring stresses are analyzed using a finite element method. 

3.4 Fuel Coolability 

For accidents in which severe fuel damage might occur, core coolability and the 

capability to insert control blades are essential.  Chapter 4.2 of the SRP provides 

several specific areas important to fuel coolability, as discussed below. 

3.4.1 Cladding Embrittlement 

The LOCA evaluation is addressed in the Quad Cities and Dresden LOCA MAPLHGR 

analysis for ATRIUM 10XM fuel reports. 

3.4.2 Violent Expulsion of Fuel 

Results for the CRDA analysis are presented in the Quad Cities and Dresden ATRIUM 

10XM fuel transition report and the subsequent cycle-specific reload licensing reports. 

3.4.3 Fuel Ballooning 

The LOCA evaluation is addressed in the Quad Cities and Dresden LOCA MAPLHGR 

analysis for ATRIUM 10XM fuel reports. 

3.4.4 Structural Deformations 

Deformations or stresses from postulated accidents are limited according to 

requirements contained in the ASME B&PV Code, Section III, Division 1, Appendix F, 

and SRP Section 4.2, Appendix A.  The limits for each ATRIUM 10XM structural 

component are derived from analyses and/or component load tests. 
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Testing is performed to obtain the dynamic characteristics of the fuel assembly and 

spacer grids.  The stiffness, natural frequencies and damping values derived from the 

tests are used as inputs for analytical models of the fuel assembly and fuel channel.   

[  

 

 

 

 

 

 ] .  See Section 1.0 for descriptions of the testing. 

The methodology for analyzing the channeled fuel assembly under the influence of 

accident loads is described in Reference 2.  Evaluations performed for the fuel under 

accident loadings include mechanical fracturing of the fuel rod cladding, assembly 

structural integrity, and fuel assembly liftoff. 

The ATRIUM 10XM design was analyzed under a limiting top guide and core support 

time history supplied by Exelon for Quad Cities Units 1 and 2 and Dresden Units 2 

and 3.   [  

 

 ] .  Tables 3-1 

and 3-2 list the minimum design margins for the fuel assembly structural components 

and fuel channel. 

Assembly liftoff under accident conditions is described in Section 3.3.8. 
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3.4.4.1 Fuel Storage Seismic Qualification 

The New and Spent Fuel Storage Racks analysis accounts for the fuel as added mass 

in calculating the structural integrity under postulated seismic loads.  The weights of 

legacy fuel assembly designs at Quad Cities and Dresden encompass the weight of the 

ATRIUM 10XM fuel design.  Therefore, the fuel storage racks remain qualified with the 

introduction of the ATRIUM 10XM fuel design. 

3.5 Fuel Channel and Fastener 

The fuel channel and fastener design criteria are summarized below, and evaluation 

results are summarized in Table 3-2 and Table 3-3.  The analysis methods are 

described in detail in Reference 2. 

3.5.1 Design Criteria for Normal Operation 

Steady-State Stress Limits.  The stress limits during normal operation are obtained 

from the ASME B&PV Code, Section III, Division 1, Subsection NG for Service Level A.  

The calculated stress intensities are due to the differential pressure across the channel 

wall.  The pressure loading includes the normal operating pressure plus the increase 

during AOO.  The unirradiated properties of the fuel channel material are used since the 

yield and ultimate tensile strength increase during irradiation (Reference 8). 

As an alternative to the elastic analysis stress intensity limits, a plastic analysis may be 

performed as permitted by paragraph NB-3228.3 of the ASME B&PV Code. 

In the case of AOOs, the amount of bulging is limited to that value which will permit 

control blade movement.  During normal operation, any significant permanent 

deformation due to yielding is precluded by restricting the maximum stresses at the 

inner and outer faces of the channel to be less than the yield strength. 

For Information Only



AREVA Inc.  ANP-3305NP 
  Revision 0 
Mechanical Design Report for Quad Cities and Dresden ATRIUM 10XM Fuel Assemblies   
Licensing Report Page 21  

   
AREVA Inc. 

Fuel Channel Fatigue.  Cyclic changes in power and flow during operation impose a 

duty loading on the fuel channel.  The cyclic duty from pressure fluctuations is limited to 

less than the fatigue lifetime of the fuel channel.  The fatigue life is based on the 

O’Donnell and Langer curve (see Reference 5), which includes a factor of 2 on stress 

amplitude or a factor of 20 on the number of cycles, whichever is more conservative. 

Corrosion and Hydrogen Concentration.  Corrosion reduces the material thickness 

and results in less load-carrying capacity.  The fuel channels have thicker walls than 

other components (e.g., fuel rods), and the normal amounts of oxidation and hydrogen 

pickup are not limiting provided: the alloy composition and impurity limits are carefully 

selected; the heat treatments are also carefully chosen; and the water chemistry is 

controlled.   [  

 

 

 ] . 

Long-Term Creep Deformation.  Changes to the geometry of the fuel channel occur 

due to creep deformation during the long term exposure in the reactor core 

environment.  Overall deformation of the fuel channel occurs from a combination of 

bulging and bowing.  Bulging of the side walls occurs because of the differential 

pressure across the wall. Lateral bowing of the channel is caused primarily from the 

neutron flux and thermal gradients.  Too much deflection may prevent normal control 

blade maneuvers and it may increase control blade insertion time above the Technical 

Specification limits.  The total channel deformation must not stop free movement of the 

control blade. 
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3.5.2 Design Criteria for Accident Conditions 

Fuel Channel Stresses and Limit Load.  The criteria are based on the ASME B&PV 

Code, Section III, Appendix F, for faulted conditions (Service Level D).  Component 

support criteria for elastic system analysis are used as defined in paragraphs F-1332.1 

and F-1332.2.  The unirradiated properties of the fuel channel material are used since 

the yield and ultimate tensile strength increase during irradiation. 

Stresses are alternatively addressed by the plastic analysis collapse load criteria given 

in paragraph F-1332.2(b).  For the plastic analysis collapse load, the permanent 

deformation is limited to twice the deformation the structure would undergo had the 

behavior been entirely elastic. 

The amount of bulging remains limited to that value which will permit control blade 

insertion. 

Fuel Channel Gusset Load Rating.   [  

 

 

 

 ] . 
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Table 3-1  Results for ATRIUM 10XM Fuel Assembly 

Criteria 
Section Description Criteria Results 
3.3 Fuel System Criteria 

3.3.1 Stress, strain and loading 
limits on assembly 
components 

The ASME B&PV Code 
Section III is used to 
establish acceptable stress 
levels or load limits for 
assembly structural 
components.  The design 
limits for accident conditions 
are derived from Appendix F 
of Section III. 

 [  
 

 
 

 
 

 
 

 
]  

 Water channel  [  
 

 
 
 

 
 

 
 

 
 ]  

 [  
 

 
 

 
 

  
]  

3.3.2 Fatigue  [  
]  

 [  
 

 
 ]  

3.3.3 Fretting wear  [  
  ]  

 [  
 

  
 
 

 ]  
3.3.4 Oxidation, hydriding, and 

crud buildup 
 [  

 ]  
 [  

 ]  
3.3.5 Rod bow Protect thermal limits.  [  

 
 ]  

(Table continued on next page) 
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Table 3-1 Results for ATRIUM 10XM Fuel Assembly (Continued) 

Criteria 
Section Description Criteria Results 
3.3 Fuel System Criteria (Continued) 
3.3.6 Axial irradiation growth   
 Upper end cap clearance Clearance always exists.  [  

 
 

 
 

 ]  
 Seal spring engagement Remains engaged with 

channel. 
 [  

]  
3.3.7 Rod internal pressure N/A Not covered in structural 

report 
3.3.8 Assembly liftoff   
 Normal operation 

(including AOOs) 
No liftoff from fuel support.  [  

 ]  
 Postulated accident No disengagement from fuel 

support.  No liftoff from fuel 
support. 

 [  
 

 
 ]  

3.3.9 Fuel assembly handling  [  

]  

 [  
 ]  

3.3.10 Miscellaneous 
components 

  

3.3.10.1 Compression spring 
forces 

Support weight of UTP and 
fuel channel throughout 
design life. 

The design criteria are met. 

3.3.10.2 LTP seal spring Accommodate fuel channel 
deformation, adequate 
corrosion, and withstand 
operating stresses. 

The design criteria are met. 

(Table continued on next page) 
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Table 3-1 Results for ATRIUM 10XM Fuel Assembly (Continued) 

Criteria 
Section Description Criteria Results 
3.4 Fuel Coolability 
3.4.1 Cladding embrittlement N/A Not covered in structural 

report. 
3.4.2 Violent expulsion of fuel N/A Not covered in structural 

report. 
3.4.3 Fuel ballooning N/A Not covered in structural 

report. 
3.4.4 Structural deformations Maintain coolable geometry 

and ability to insert control 
blades.  SRP 4.2, App. A, and 
ASME Section III, App. F. 

See results below for 
individual components.   
 [  

]   
 Fuel rod stresses 

 [   
 ]  

 [   

]  

 Spacer grid lateral load  [  
 ]  

 [  

 ]  
 Water channel load  [  

 
 

 

 
 ]  

 [  
 

 
 

 
 

]  

 UTP lateral load  [  
 ]  

 [  

 ]  
 LTP lateral load  [  

 ]  
 [  

 ]  
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Table 3-2  Results for Advanced Fuel Channel 

Criteria 
Section Description Criteria Results 
3.5.1 Advanced Fuel Channel – Normal Operation 

 Stress due to 
pressure differential 

The pressure load including AOO 
is limited to  [  

  ] 
according to ASME B&PV Code, 
Section III.  The pressure load is 
also limited such that  
[  

 
 

  ]  

The deformation during AOO 
remains within functional limits 
for normal control blade 
operation and the collapse load 
requirement is met with  [  

 ]   
There is no significant plastic 
deformation during normal 
operation  [  

 ]  
 Fatigue Cumulative cyclic loading to be 

less than the design cyclic fatigue 
life for Zircaloy.   [  

 ]  

Expected number of cycles  
[   ] is less than 
allowable. 

 Oxidation and 
hydriding 

Oxidation shall be accounted for 
in the stress and fatigue 
analyses. 

The maximum expected 
oxidation is low in relation to 
the wall thickness. Oxidation 
was accounted in the stress 
and fatigue analyses. 

 Long-term 
deformation (bulge 
creep and bow) 

Bulge and bow shall not interfere 
with free movement of the control 
blade. 

Margin to a stuck control blade 
remains positive.  

(Table continued on next page) 
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Table 3-2  Results for Advanced Fuel Channel (Continued) 

Criteria 
Section Description Criteria Results 
3.5.2 Advanced Fuel Channel – Accident Conditions 

 Fuel channel 
stresses and load 
limit 

The pressure load is limited to  
[  

  ] according to ASME 
B&PV Code, Section III, App. F. 
The pressure load is also limited 
such that  [ 

 
 ]  

The deformation during 
blowdown does not interfere 
with control blade insertion  
[   

 
 

 ]  

 Channel bending 
from combined 
horizontal 
excitations 

Allowable bending moment 
based on ASME Code, 
Section III, Appendix F plastic 
analysis collapse load. 

[  
 

 
 

 
 ]  

 Fuel channel gusset 
strength 

ASME allowable load rating of 
one gusset is  [  

 ]  

[  
 
 

 ]  
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Table 3-3  Results for Channel Fastener 

Criteria 
Section Description Criteria Results 
3.5 Channel Fastener 

 Compatibility Spring height must extend to 
the middle of the control cell to 
ensure contact with adjacent 
spring. 
Spring axial location must be 
sufficient to ensure alignment 
with adjacent spring at all 
exposures. 

All compatibility requirements 
are met. The spring will extend 
beyond the cell mid-line.   
 
The axial location of the spring 
flat will always be in contact 
with an adjacent spring; even if 
a fresh ATRIUM 10XM is 
placed adjacent to an EOL co-
resident assembly. 

 Strength Spring must meet ASME 
stress criteria and not yield 
beyond functional limit. 
Cap screw must meet ASME 
criteria for threaded fastener. 

All ASME stress criteria are 
met for the spring and cap 
screw.  In addition, the spring 
will not yield under the 
maximum deflection. 
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4.0 MECHANICAL TESTING 

Prototype testing is an essential element of AREVA’s methodology for demonstrating 

compliance with structural design requirements.  Results from design verification testing 

may directly demonstrate compliance with criteria or may be used as input to design 

analyses.  Test results and corresponding analyses confirm that the acceptance criteria 

are met.  

Testing performed to qualify the mechanical design or evaluate assembly 

characteristics includes:  

• Fuel assembly axial load structural strength test 

• Spacer grid lateral impact strength test 

• Tie plate lateral load strength tests and LTP axial compression test  

• Debris filter efficiency test 

• Fuel assembly fretting test 

• Fuel assembly static lateral deflection test 

• Fuel assembly lateral vibration tests 

• Fuel assembly impact tests 

Summary descriptions of the tests are provided below. 
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4.1 Fuel Assembly Axial Load Test 

An axial load test was conducted by applying an axial tensile load between the LTP grid 

and UTP handle of a fuel assembly cage specimen.  The load was slowly applied while 

monitoring the load and deflection.  No significant permanent deformation was detected 

for loads in excess  [   

 

 

 

 

 ] . 

4.2 Spacer Grid Lateral Impact Strength Test 

Spacer grid impact strength was determined by a  [  

 

 

 

 

 

 

 

 

 

 

 ] . 

The maximum force prior to the onset of buckling was determined from the testing.  The 

results were adjusted to reactor operating temperature conditions to establish an 

allowable lateral load. 
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4.3 Tie Plate Strength Tests 

In addition to the axial tensile tests described above, a lateral load test is performed on 

the UTP and LTP, and a compressive load test is performed on the LTP. 

The UTP lateral load test was conducted on a test machine which applied an increasing 

load until a measurable amount of plastic deformation was detected.  This provides a 

limiting lateral load for accident conditions.   [  

 

 ] . 

For the Improved FUELGUARD LTP compressive load test, the tie plate was supported 

by the nozzle to simulate the fuel support conditions.  A uniform, compressive axial load 

was applied to the grid.   [  

 

 ] . 

To determine a limiting lateral load for accident conditions, the LTP lateral load test was 

conducted by attaching the grid of the tie plate to a rigid vertical plate and applying a 

side load to the cylindrical part of the nozzle.   [  

 ] . 
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4.4 Debris Filter Efficiency Test 

Debris filtering tests were performed for the Improved FUELGUARD lower tie plate to 

evaluate its debris filtering efficiency.  These tests evaluated the ability of the Improved 

FUELGUARD to protect the fuel rod array from a wide set of debris forms.  In particular, 

testing was performed using small filamentary debris (e.g., wire brush debris) as this 

form is known to be a cause of debris fretting fuel failures.  When testing the small 

filamentary debris forms, the debris filter is placed in a hydraulic test loop above a 

debris chamber.  After insertion of a debris set in the debris chamber, the loop pump is 

started to circulate water in the loop for a given amount of time.  Multiple pump 

shutdowns and restarts are then simulated.  At the end of the test, the location of all 

debris is recorded and the filtering efficiency is determined.  These debris filtering tests 

demonstrate that the Improved FUELGUARD is effective at protecting the fuel rod array 

from all high-risk debris forms. 

4.5 Fuel Assembly Fretting Test 

A fretting test was conducted on a full-size test assembly to evaluate the ATRIUM 10XM 

fuel rod support design.  Spacer springs were relaxed in selected locations to simulate 

irradiation relaxation.   [  

 ] .  After the test, the assembly was inspected for signs 

of fretting wear.  No significant wear was found on fuel rods in contact with spacer 

springs relaxed to EOL conditions.  The results agree with past test results on BWR 

designs where no noticeable wear was found on the fuel rods or other interfacing 

components following exposure to coolant flow conditions. 

4.6 Fuel Assembly Static Lateral Deflection Test 

A lateral deflection test was performed to determine the fuel assembly stiffness, both 

with and without the fuel channel.  The stiffness is obtained by supporting the fuel 

assembly at the two ends in a vertical position, applying a side displacement at the 

central spacer location, and measuring the corresponding force. 
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4.7 Fuel Assembly Lateral Vibration Tests 

The lateral vibration testing consists of both a free vibration test and a forced vibration 

test  [  

 

 ] . 

The test setup for the free vibration test is similar to the lateral deflection test described 

above. The fuel assembly is deflected to a specific displacement and then released.  

Displacement data are recorded at several spacer locations.  The assembly natural 

frequencies and damping ratios are derived from the recorded motion.  The test is 

repeated for several initial displacements. 

The forced vibration testing  [  

 

 

 

 

 

 

 

 ] . 
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4.8 Fuel Assembly Impact Tests 

Impact testing was performed in a similar manner to the lateral deflection test.  The 

unchanneled assembly is supported in a vertical position with both ends fixed.  The 

assembly is displaced a specified amount and then released.  A load cell is fixed to a 

rigid structure and located adjacent to a mid-assembly spacer.  The fuel assembly 

impacts the load cell and the resulting impact force is recorded as a function of the initial 

displacement.  The measured impact loads are used in establishing the spacer grid 

stiffness. 

5.0 CONCLUSION 

The fuel assembly and channel meet all the mechanical design requirements identified 

in References 1 and 2. Additionally, the fuel assembly and channel meet the 

mechanical compatibility requirements for use in Quad Cities and Dresden.  This 

includes compatibility with both co-resident fuel and the reactor core internals. 

For Information Only



AREVA Inc.  ANP-3305NP 
  Revision 0 
Mechanical Design Report for Quad Cities and Dresden ATRIUM 10XM Fuel Assemblies   
Licensing Report Page 35  

   
AREVA Inc. 

6.0 REFERENCES 

1. ANF-89-98(P)(A) Revision 1 and Supplement 1, Generic Mechanical Design 
Criteria for BWR Fuel Designs, Advanced Nuclear Fuels Corporation, May 1995. 

2. EMF-93-177(P)(A) Revision 1, Mechanical Design for BWR Fuel Channels, 
Framatome ANP Inc., August 2005. 

3. EMF-85-74(P) Revision 0 Supplement 1(P)(A) and Supplement 2(P)(A), 
RODEX2A (BWR) Fuel Rod Thermal-Mechanical Evaluation Model, Siemens 
Power Corporation, February 1998. 

4. XN-NF-75-32(P)(A) Supplements 1 through 4, Computational Procedure for 
Evaluating Fuel Rod Bowing, Exxon Nuclear Company, October 1983. (Base 
document not approved.) 

5. W. J. O’Donnell and B. F. Langer, Fatigue Design Basis for Zircaloy 
Components, Nuclear Science and Engineering, Volume 20, January 1964. 

6. XN-NF-81-51(P)(A), LOCA - Seismic Structural Response of an Exxon Nuclear 
Company BWR Jet Pump Fuel Assembly, Exxon Nuclear Company, May 1986. 

7. XN-NF-84-97(P)(A), LOCA - Seismic Structural Response of an ENC 9x9 BWR 
Jet Pump Fuel Assembly, Exxon Nuclear Company, August 1986. 

8. Huan, P. Y., Mahmood, S. T., and R. Adamson, R. B. “Effects of 
Thermomechanical Processing on In-Reactor Corrosion and Post-Irradiation 
Properties of Zircaloy-2”, Zirconium in the Nuclear Industry: Eleventh 
International Symposium, ASTM STP 1295, E. R. Bradley and G. P. Sabol, Eds., 
American Society for Testing and Materials, 1996, pp. 726-757. 

For Information Only



AREVA Inc.  ANP-3305NP 
  Revision 0 
Mechanical Design Report for Quad Cities and Dresden ATRIUM 10XM Fuel Assemblies   
Licensing Report Page 36  

   
AREVA Inc. 

APPENDIX A ILLUSTRATIONS 

The following table lists the fuel assembly and fuel channel component illustrations in 

this section: 

 
Description Page 

ATRIUM 10XM Fuel Assembly 37 
UTP with Locking Hardware 38 
Improved FUELGUARD LTP 39 
ATRIUM 10XM ULTRAFLOW Spacer Grid 40 
Fuel and Part-Length Fuel Rods 41 
Advanced Fuel Channel 42 
Fuel Channel Fastener Assembly 43 

 

These illustrations are for descriptive purpose only.  Please refer to the current reload 

design package for product dimensions and specifications. 
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Figure A-1  ATRIUM 10XM Fuel Assembly 

(not to scale) 
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Figure A-2  UTP with Locking Hardware 
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Figure A-3  Improved FUELGUARD LTP 
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Figure A-4  ATRIUM 10XM ULTRAFLOW Spacer Grid 
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Figure A-5  Full and Part-Length Fuel Rods 

(not to scale) 
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Figure A-6  Advanced Fuel Channel 
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Figure A-7  Fuel Channel Fastener Assembly 
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Nomenclature 

 
AOO anticipated operational occurrence 
ASME American Society of Mechanical Engineers 
 
BWR boiling water reactor 
 
CHF critical heat flux 
CPR critical power ratio 
CRDA control rod drop accident 
 
LOCA loss-of-coolant accident 
LTP lower tie plate 
 
MAPLHGR maximum average planar linear heat generation rate 
MCPR minimum critical power ratio 
 
NRC Nuclear Regulatory Commission, U.S.  
 
OD outside diameter 
 
PLFR part-length fuel rod 
 
RPF radial peaking factor 
 
UTP upper tie plate 
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1.0 Introduction 

The results of Quad Cities thermal-hydraulic analyses are presented to demonstrate that 

AREVA ATRIUM™ 10XM* fuel is hydraulically compatible with the previously loaded 

Westinghouse fuel, OPTIMA2.  This report also provides the hydraulic characterization of the 

ATRIUM 10XM and the co-resident OPTIMA2 design for both Quad Cities Units. 

The generic thermal-hydraulic design criteria applicable to the design have been reviewed and 

approved by the U.S. Nuclear Regulatory Commission (NRC) in the topical report 

ANF-89-98(P)(A) Revision 1 and Supplement 1 (Reference 1).  In addition, thermal-hydraulic 

criteria applicable to the design have also been reviewed and approved by the NRC in the 

topical report XN-NF-80-19(P)(A) Volume 4 Revision 1 (Reference 2). 

 

                                                
* ATRIUM is a trademark of AREVA Inc. 
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2.0 Summary and Conclusions 

ATRIUM 10XM fuel assemblies have been determined to be hydraulically compatible with the 

co-resident OPTIMA2 fuel design in the Quad Cities reactors for the entire range of the licensed 

power-to-flow operating map.  Detailed calculation results supporting this conclusion are 

provided in Section 3.2 and Table 3.4 to Table 3.8. 

The ATRIUM 10XM fuel design is geometrically different from the co-resident OPTIMA2 design, 

but the designs are hydraulically compatible.  [ 

 

 

 

  ] 

Core bypass flow (defined as leakage flow through the lower tie plate (LTP) flow holes, channel 

seal, core support plate, and LTP-fuel support interface) is not adversely affected by the 

introduction of the ATRIUM 10XM fuel design.  Analyses at rated conditions show core bypass 

flow varying between [  ] of rated flow for transition core configurations 

ranging from a full OPTIMA2 core, transition cores with both OPTIMA2 and ATRIUM 10XM fuel, 

and a full ATRIUM 10XM core.  

Analyses demonstrate the thermal-hydraulic design and compatibility criteria discussed in 

Section 3.0 are satisfied for the Quad Cities transition cores consisting of ATRIUM 10XM and 

OPTIMA2 fuel for the expected core power distributions and core power/flow conditions 

encountered during operation.  It is noted that some of the generic fuel rod mechanical issues 

are addressed in the fuel rod thermal and mechanical design reports (as specified in Table 3.1). 

All analyses supporting this report were performed consistent with the safety evaluation report 

limitations and conditions associated with the NRC-approved methods. 
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3.0 Thermal-Hydraulic Design Evaluation 

Thermal-hydraulic analyses are performed to verify that design criteria are satisfied and to help 

establish thermal operating limits with acceptable margins of safety during normal reactor 

operation and anticipated operational occurrences (AOOs).  The design criteria that are 

applicable to the ATRIUM 10XM fuel design are described in Reference 1.  To the extent 

possible, these analyses are performed on a generic fuel design basis.  However, due to reactor 

and cycle operating differences, many of the analyses supporting these thermal-hydraulic 

operating limits are performed on a plant- and cycle-specific basis and are documented in 

plant- and cycle-specific reports. It is noted that some of the generic fuel rod mechanical issues 

are addressed in the mechanical and fuel rod thermal-mechanical design reports. 

The thermal-hydraulic design criteria are summarized below: 

• Hydraulic compatibility.  The hydraulic flow resistance of the reload fuel assemblies 
shall be sufficiently similar to the existing fuel in the reactor such that there is no 
significant impact on total core flow or the flow distribution among assemblies in the 
core.  This criterion evaluation is addressed in Sections 3.1 and 3.2. 

• Thermal margin performance.  Fuel assembly geometry, including spacer design and 
rod-to-rod local power peaking, should minimize the likelihood of boiling transition during 
normal reactor operation as well as during AOOs.  The fuel design should fall within the 
bounds of the applicable empirically based boiling transition correlation approved for 
AREVA reload fuel.  Within other applicable mechanical, nuclear, and fuel performance 
constraints, the fuel design should achieve good thermal margin performance.  The 
thermal-hydraulic design impact on steady-state thermal margin performance is 
addressed in Section 3.3.  Additional thermal margin performance evaluations 
dependent on the cycle-specific design are addressed in the reload licensing report. 

• Fuel centerline temperature.  Fuel design and operation shall be such that fuel 
centerline melting is not projected for normal operation and AOOs.  This criterion 
evaluation is addressed in the fuel rod thermal and mechanical evaluation report. 

• Rod bow.  The anticipated magnitude of fuel rod bowing under irradiation shall be 
accounted for in establishing thermal margin requirements.  This criterion evaluation is 
addressed in Section 3.4. 

• Bypass flow.  The bypass flow characteristics of the reload fuel assemblies shall not 
differ significantly from the existing fuel in order to provide adequate flow in the bypass 
region.  This criterion evaluation is addressed in Section 3.5. 

• Stability.  Reactors fueled with new fuel designs must be stable in the approved power 
and flow operating region.  The stability performance of new fuel designs will be 
equivalent to, or better than, existing (approved) AREVA fuel designs.  This criterion 
evaluation is addressed in Section 3.6.  Additional core stability evaluations dependent 
on the cycle-specific design are addressed in the reload licensing report. 
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• Loss-of-coolant accident (LOCA) analysis.  LOCAs are analyzed in accordance with 
Appendix K modeling requirements using NRC-approved models.  The criteria are 
defined in 10 CFR 50.46.  LOCA analysis results are presented in the break spectrum 
and MAPLHGR reports.   

• Control rod drop accident (CRDA) analysis.  The deposited enthalpy must be less 
than 280 cal/gm for fuel coolability.  The fuel failure limit for deposited enthalpy is 170 
cal/gm. The evaluation for these criteria is addressed in the reload licensing report. 

• ASME overpressurization analysis.  ASME pressure vessel code requirements must 
be satisfied.  This criterion evaluation is addressed in the reload licensing report. 

• Seismic/LOCA liftoff.  Under accident conditions, the assembly must remain engaged 
in the fuel support.  This criterion evaluation will be addressed in the mechanical design 
report. 

A summary of the thermal-hydraulic design evaluations is given in Table 3.1.   

3.1 Hydraulic Characterization 

Basic geometric parameters for the ATRIUM 10XM and OPTIMA2 fuel designs are summarized 

in Table 3.2.  Component loss coefficients for the ATRIUM 10XM are based on tests and are 

presented in Table 3.3.  These loss coefficients include modifications to the test data reduction 

process [  

 

 ]  The bare rod friction, ULTRAFLOW™* spacer, UTP and LTP losses 

for ATRIUM 10XM are based on tests performed at AREVA’s Portable Hydraulic Test Facility.  

[  

 ] 

The primary resistance for the leakage flow through the ATRIUM 10XM LTP flow holes is 

[  

 

 ]  The resistances for 

the leakage paths are shown in Table 3.3. 

The local component (LTP, spacer, UTP, and LTP flow holes) loss coefficients for the OPTIMA2 

fuel is based on pressure drop and flow distribution information provided by Westinghouse. 

                                                
*  ULTRAFLOW is a trademark of AREVA Inc. 
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3.2 Hydraulic Compatibility 

The thermal-hydraulic analyses were performed in accordance with the AREVA 

thermal-hydraulic methodology for BWRs.  The methodology and constitutive relationships used 

by AREVA for the calculation of pressure drop in BWR fuel assemblies are presented in 

Reference 3 and are implemented in the XCOBRA code.  The XCOBRA code predicts 

steady-state thermal-hydraulic performance of the fuel assemblies of BWR cores at various 

operating conditions and power distributions.  XCOBRA received NRC approval in Reference 4.  

The NRC reviewed the information provided in Reference 5 regarding inclusion of water rod 

models in XCOBRA and accepted the inclusion in Reference 6. 

Hydraulic compatibility, as it relates to the relative performance of the ATRIUM 10XM and 

OPTIMA2 fuel designs, has been evaluated.  Detailed Quad Cities analyses were performed for 

full core OPTIMA2 and full core ATRIUM 10XM configurations.  Analyses for mixed cores with 

ATRIUM 10XM and OPTIMA2 fuel were also performed. 

The hydraulic compatibility analysis is based on [  

 

 

 

 

 ]   

Table 3.4 summarizes the input conditions for the analyses.  These conditions reflect two of the 

state points considered in the analyses: 100% power / 100% flow and 55% power / 38.5% flow.  

Table 3.4 also defines the core loading for the transition core configurations.  Input for other 

core configurations is similar in that core operating conditions remain the same and the same 

axial power distribution is used.  Evaluations were made with the bottom-, middle-, and top-

peaked axial power distributions presented in Figure 3.1.  Results presented in this report are 

for the middle-peaked power distribution.  Results for bottom- and top-peaked axial power 

distributions show similar trends.   

Table 3.5 and Table 3.6 provide a summary of calculated thermal-hydraulic results using the 

first transition core configuration.  Table 3.7 and Table 3.8 provide a summary of results for all 

core configurations evaluated.  Core average results and the differences between the 
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ATRIUM 10XM and OPTIMA2 results at rated power are within the range considered 

compatible.  Similar agreement occurs at lower power levels.  As shown in Table 3.5, [  

 

 ]   

Table 3.6 shows that [  

 ]  

Differences in assembly flow between the ATRIUM 10XM and OPTIMA2 fuel designs as a 

function of assembly power level are shown in Figure 3.2 and Figure 3.3. 

Core pressure drop and core bypass flow fraction are also provided for the configurations 

evaluated.  Based on the reported changes in pressure drop and assembly flow caused by the 

transition from a full core of OPTIMA2 fuel to a full core of ATRIUM 10XM, the ATRIUM 10XM 

design is considered hydraulically compatible with the co-resident fuel design based on the 

analysis results. 

3.3 Thermal Margin Performance 

Relative thermal margin analyses were performed in accordance with the thermal-hydraulic 

methodology for AREVA's XCOBRA code.  The calculation of the fuel assembly critical power 

ratio (CPR) (thermal margin performance) is established by means of an empirical correlation 

based on results of boiling transition test programs.  The CPR methodology is the approach 

used by AREVA to determine the margin to thermal limits for BWRs. 

CPR values for ATRIUM 10XM are calculated with the ACE/ATRIUM 10XM critical power 

correlation (Reference 7) while the CPR values for the OPTIMA2 fuel are calculated with the 

SPCB critical power correlation (Reference 8) [  

 ].  The NRC-approved methodology to demonstrate the acceptability of using the 

SPCB correlation for computing OPTIMA2 fuel CPR is presented in Reference 9 [  

 ].  Assembly design features are 

incorporated in the CPR calculation through the K-factor term for the ACE correlation and the 

F-eff term for the SPCB correlation.  The K-factors and F-effs are made up of two parts which 

are added together.  The first part depends on the local power peaking in the fuel assembly, 

which depends on the nuclear design and is a function of void fraction and exposure.  The 
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second part is called an additive constant, which is determined for each rod position based on 

critical power testing and calculated using the methods approved in References 7 and 8. 

For the compatibility evaluation, steady-state analyses evaluated ATRIUM 10XM and OPTIMA2 

assemblies with radial peaking factors (RPFs) between [  

 

 ] 

Table 3.5 and Table 3.6 show CPR results of the ATRIUM 10XM and OPTIMA2 fuel.  Table 3.7 

and Table 3.8 show similar comparisons of CPR and assembly flow for the various core 

configurations evaluated.  Analysis results indicate ATRIUM 10XM fuel will not cause thermal 

margin problems for the co-resident fuel designs.  

3.4 Rod Bow 

The bases for rod bow are discussed in the mechanical design report.  Rod bow magnitude is 

determined during the fuel-specific mechanical design analyses.  Rod bow has been measured 

during post-irradiation examinations of BWR fuel fabricated by AREVA.   

[  

  

 

 

 ] 

3.5 Bypass Flow 

Total core bypass flow is defined as leakage flow through the LTP flow holes, channel seal, core 

support plate, and LTP-fuel support interface.  Table 3.7 shows that total core bypass flow 

(excluding water rod flow) fraction at rated conditions changes from [  ] of rated 

core flow during the transition from a full OPTIMA2 core loading to a full ATRIUM 10XM core 

(middle-peaked power shape).   

In summary, adequate bypass flow will be available with the introduction of the ATRIUM 10XM 

fuel design.  
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3.6 Stability 

Each new fuel design is analyzed to demonstrate that the stability performance is equivalent to 

or better than an existing (NRC-approved) AREVA fuel design.  The stability performance is a 

function of the core power, core flow, core power distribution, and to a lesser extent, the fuel 

design.  [   

 

 ]  A comparative 

stability analysis was performed with the NRC-approved STAIF code (Reference 10).  The study 

shows that the ATRIUM 10XM fuel design has decay ratios equivalent to or better than other 

approved AREVA fuel designs. 

[  

 

 

 ] 

As stated above, the stability performance of a core is strongly dependent on the core power, 

core flow, and power distribution in the core.  Therefore, core stability is evaluated on a 

cycle-specific basis and addressed in the reload licensing report.  The cycle-specific stability 

evaluations are performed consistent with the BWR Owner’s Group Option III solution.  
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Table 3.1  Design Evaluation of 
Thermal and Hydraulic Criteria for the 

ATRIUM 10XM Fuel Assembly 

Report 
Section Description Criteria Results or Disposition 

 Thermal and Hydraulic Criteria 

3.1 / 3.2 Hydraulic 
compatibility 

Hydraulic flow resistance 
shall be sufficiently 
similar to existing fuel 
such that there is no 
significant impact on total 
core flow or flow 
distribution among 
assemblies. 

Verified on a plant-specific basis. 

ATRIUM 10XM evaluated to be 
compatible with OPTIMA2 fuel. 

[  
 

 
] 

3.3 Thermal margin 
performance 

Fuel design shall be 
within the limits of 
applicability of an 
approved CHF 
correlation.  

ACE/ATRIUM 10XM critical power 
correlation is applied to the 
ATRIUM 10XM fuel.  

SPCB critical power correlation is 
applied to the OPTIMA2 fuel. 

< 0.1% of rods in boiling 
transition. 

Verified on cycle-specific basis for 
Chapter 15 analyses. 

 Fuel centerline 
temperature 

No centerline melting.  Plant- and fuel-specific analyses 
are performed. 

3.4 Rod bow Rod bow must be 
accounted for in 
establishing thermal 
margins. 

The lateral displacement of the fuel 
rods due to fuel rod bowing is not of 
sufficient magnitude to impact 
thermal margins.  

3.5 Bypass flow Bypass flow 
characteristics shall be 
similar among 
assemblies to provide 
adequate bypass flow.  

Verified on a plant-specific basis. 

Analysis results demonstrate that 
adequate bypass flow is provided 
and no boiling occurs in the bypass 
region. 
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Table 3.1 Design Evaluation of 
Thermal and Hydraulic Criteria for the  

ATRIUM 10XM Fuel Assembly (Continued) 

Report 
Section Description Criteria Results or Disposition 

 Thermal and Hydraulic Criteria (Continued) 

3.6 Stability New fuel designs are 
stable in the approved 
power and flow operating 
region, and stability 
performance will be 
equivalent to (or better 
than) existing (approved) 
AREVA fuel designs.  

 

ATRIUM 10XM channel and core 
decay ratios have been 
demonstrated to be equivalent to or 
better than other approved AREVA 
fuel designs.  

Core stability behavior is evaluated 
on a cycle-specific basis. 

[  
 

 
 
 

 
 

 
 
 ] 

[  
 

 
 
 

 ] 

 LOCA analysis LOCA analyzed in 
accordance with 
Appendix K modeling 
requirements. Criteria 
defined in 10 CFR 50.46. 

Approved Appendix K LOCA 
model. 

Plant- and fuel-specific analysis 
with cycle-specific verifications. 

 CRDA analysis < 280 cal/gm for 
coolability. 

170 cal/gm fuel  
failure limit 

Cycle-specific analysis is 
performed. 

 ASME over-
pressurization 
analysis 

ASME pressure vessel 
core requirements shall 
be satisfied. 

Cycle-specific analysis is 
performed. 

 Seismic/LOCA 
liftoff 

Assembly remains 
engaged in fuel support. 

Criterion will be discussed in the 
mechanical design report. 
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Table 3.2  Comparative Description for 
Quad Cities Units 1 and 2 

ATRIUM 10XM and OPTIMA2 Fuel Types 

Fuel Parameter ATRIUM 10XM OPTIMA2 

Number of fuel rods   

Full-length fuel rods 79 84 
PLFRs 12 8 (2/3 length) 

  4 (1/3 length) 

Fuel clad OD, in 0.4047 0.3874 

Number of spacers 9 8 

Active fuel length, in   

Full-length fuel rods 145.24 145.28 

PLFRs 
 

75 
 

99.6 (2/3 length) 
50.4 (1/3 length) 

Hydraulic resistance  
characteristics Table 3.3 Table 3.3 

Number of water rods 1 1* 

Total Water rod flow area, in2 1.7228 1.677* 

 

                                                
*  The OPTIMA2 fuel is modeled with 1 water rod.  The water flow area includes the flow area of the 

OPTIMA2 water wings. 
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Table 3.3  Hydraulic Characterization Comparison for 
Quad Cities Units 1 and 2 

ATRIUM 10XM and OPTIMA2 Fuel 

[ 

 

                                                
  
     

    
 

   
   

 ] 

[ 

] 
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Table 3.4  Quad Cities Units 1 and 2  
Thermal-Hydraulic Design Conditions 

 

Reactor Conditions 100%P / 100%F 55%P / 38.5%F 

Core power level, MWt 2957.0 1626.3 

Core exit pressure, psia 1015.0 927.05 

Core inlet enthalpy, Btu/lbm 521.2 493.0 

Total core coolant flow, Mlbm/hr 98.0 37.7 

Axial power shape Middle-peaked 
(Figure 3.1) 

Middle-peaked 
(Figure 3.1) 

 
 

 
Number of  
Assemblies 

 
Central                               
Region 

Peripheral 
Region 

Full Core OPTIMA2 Core Loading 

[    ]   

First Transition Core Loading 

[    ]   

[    ]   

Second Transition Core Loading 

[    ]   

[    ]   

Full Core ATRIUM 10XM Core Loading 

[    ]   
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Table 3.5  Quad Cities Units 1 and 2 
First Transition Core Thermal-Hydraulic Results at 

Rated Conditions (100%P / 100%F) 
[ 

 
 

 ]  

                                                
   

 
   

 ] 

[ 
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Table 3.6  Quad Cities Units 1 and 2 
First Transition Core Thermal-Hydraulic Results at 

Off-Rated Conditions (55%P / 38.5%F) 
[  

 
 

 ]  

                                                
   

 
   

 ] 

[ 
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Table 3.7  Quad Cities Units 1 and 2 Thermal-Hydraulic Results at 
Rated Conditions (100%P / 100%F) for 

Transition to ATRIUM 10XM Fuel 
[ 

 ] 
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Table 3.8  Quad Cities Units 1 and 2 Thermal-Hydraulic Results at 
Off-Rated Conditions (55.0%P / 38.5%F) for 

Transition to ATRIUM 10XM Fuel 
[ 

]  
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[ 

] 

Figure 3.1  Axial Power Shapes 
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[ 
 

 
] 

 
Figure 3.2  First Transition Core: 

Hydraulic Demand Curves 
100%P / 100%F 
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[ 

] 
 

Figure 3.3  First Transition Core: 
Hydraulic Demand Curves 

55%P / 38.5%F 
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1.0 INTRODUCTION 

Results of the fuel rod thermal-mechanical analyses are presented to demonstrate that the 

applicable design criteria are satisfied.  The analyses are for the AREVA Inc. (AREVA) 

ATRIUM™ 10XM* fuel that will be inserted for operation in Quad Cities Unit 2 Cycle 24 as 

reload batch QCI2-24.  The evaluations are based on methodologies and design criteria 

approved by the U. S. Nuclear Regulatory Commission (NRC).  Equilibrium cycle conditions as 

well as Cycle 24 conditions are included in the analyses.  

The analysis results are evaluated according to the generic fuel rod thermal and mechanical 

design criteria contained in ANF-89-98(P)(A) Revision 1 and Supplement 1 (Reference 1) along 

with design criteria provided in the RODEX4 fuel rod thermal-mechanical topical report 

(Reference 2).  The cladding external oxidation limit defined by Reference 2 is 130 μm, however 

the reduced value of 85 μm was used to match a regulatory commitment made to the NRC 

when RODEX4 was first implemented in the U.S. 

The RODEX4 fuel rod thermal-mechanical analysis code is used to analyze the fuel rod for fuel 

centerline temperature, cladding strain, rod internal pressure, cladding collapse, cladding fatigue 

and external oxidation.  The code and application methodology are described in the RODEX4 

topical report (Reference 2).  The cladding steady-state stress and plenum spring design 

methodology are summarized in Reference 1. 

The fuel rod design is very similar to the ATRIUM 10XM design currently supplied in reload 

quantities to two U.S. BWR/4 units except the fuel column length is shorter by 4.76 inches for 

compatibility with a BWR/3 core height.  The ATRIUM 10XM fuel rod design is based on the 

ATRIUM-10 design in a way that preserves the nearly 20 years of extensive operating 

experience and performance history of the ATRIUM-10 rod design. 

The following sections describe the fuel rod design, design criteria and methodology with 

reference to the source topical reports.  Results from the analyses are summarized for 

comparison to the design criteria. 

                                            
*  ATRIUM is a trademark of AREVA Inc. 
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2.0 SUMMARY AND CONCLUSIONS 

Key results are shown in Table 2-1 in comparison to each of the design criterion.  Results are 

presented for the limiting cases. Additional RODEX4 results from different cases are given in 

Section 3.0. 

The analysis methodology supports a maximum fuel rod discharge exposure of 62 MWd/kgU. 

Fuel rod criteria applicable to the design are summarized in Section 3.0. Analyses show the 

criteria are satisfied when the fuel is operated at or below the LHGR (linear heat generation 

rate) limit presented in Figure 2-1. 
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Table 2-1  Summary of Fuel Rod Design Evaluation Results 

Criteria 
Section* Description Criteria Result, Margin† or Comment 

3.2 Fuel Rod Criteria 

3.2.1 Internal hydriding [    
 ] 

(3.1.1) Cladding collapse [ 
  

 ] 

(3.1.2) Overheating of fuel 
pellets 

No fuel melting 
margin to fuel melt > 0. °C 

[  ] 

3.2.5 Stress and strain limits 

(3.1.1) 
(3.1.2) 

Pellet-cladding 
interaction 

[ 
  

 ] 

3.2.5.2 Cladding stress [ 
 

 

 ] 

3.3 Fuel System Criteria 

(3.1.1) Fatigue [  
  

 ] 

(3.1.1)‡ Oxidation, hydriding, 
and crud buildup 

[  
 

 ] 

(3.1.1) 
(3.1.2) 

Rod internal pressure [  
 

 ] 

3.3.9 Fuel rod plenum spring 
(fuel handling) 

Plenum spring to [  
 

  

 
 

 ] 

                                            
*  Numbers in the column refer to paragraph sections in the generic design criteria document, ANF-89-

98(P)(A) Revision 1 and Supplement 1 (Reference 1). A number in parentheses is the paragraph 
section in the RODEX4 fuel rod topical report (Reference 2). 

†  Margin is expressed as (limit – result) 
‡  The cladding external oxidation limit is restricted to the reduced value of [   ] µm. 
§  All values except the oxidation margin are taken from calculations which conservatively assume that 

the oxidation limit of [   ] µm will be reached at EOL. The oxidation margin is taken from standard 
runs and represents the actual expected margin for EOL oxidation. 
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[ 

] 

 

Figure 2-1  LHGR Limit (Normal Operation) 
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3.0 FUEL ROD DESIGN EVALUATION 

Summaries of the design criteria and methodology are provided in this section along with 

analysis results in comparison to criteria. Both the fuel rod criteria and fuel system criteria as 

directly related to the fuel rod analyses are covered. 

The fuel rod analyses cover normal operating conditions and AOOs (anticipated operational 

occurrences).  The fuel centerline temperature analysis (overheating of fuel) and cladding strain 

analysis take into account slow transients at rated operating conditions. 

Other fuel rod related topics on overheating of cladding, cladding rupture, fuel rod mechanical 

fracturing, rod bow, axial irradiation growth, cladding embrittlement, violent expulsion of fuel and 

fuel ballooning are evaluated as part of the respective fuel assembly structural analysis, thermal 

hydraulic analyses, or LOCA analyses and are reported elsewhere.  The evaluation of fast 

transients and transients at off-rated conditions also are reported separate from this report. 

3.1 Fuel Rod Design 

[  

 

 

 

 

 

 

 

 

 

 

 

  

 

 ] plenum spring on the upper end of 
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the fuel column [  

 

 

 

 

 

 

 

 

 

 

 

 

 ]. 

Table 3-1 lists the main parameters for the fuel rod and components. 

3.2 Summary of Fuel Rod Design Evaluation 

Results from the analyses are listed in Table 3-2 through Table 3-4.  Summaries of the methods 

and codes used in the evaluation are provided in the following paragraphs.  The design criteria 

also are listed along with references to the sections of the design criteria topical reports 

(References 1 and 2). 

The fuel rod thermal and mechanical design criteria are summarized as follows. 

• Internal Hydriding.  The fabrication limit [  
 ] to preclude cladding failure caused by internal sources of hydrogen 

(Section 3.2.1 of Reference 1). 

• Cladding Collapse.  Clad creep collapse shall be prevented.  [  

  
 

 ] (Section 3.1.1 of Reference 2). 
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• Overheating of Fuel Pellets.  The fuel pellet centerline temperature during anticipated 
transients shall remain below the melting temperature (Section 3.1.2 of Reference 2). 

• Stress and Strain Limits.  [  
 ] during normal operation and during anticipated 

transients (Sections 3.1.1 and 3.1.2 of Reference 2). 
 
Fuel rod cladding steady-state stresses are restricted to satisfy limits derived from the 
American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel (B&PV) 
Code (Section 3.2.5.2 of Reference 1). 

• Cladding Fatigue.  The fatigue cumulative usage factor for clad stresses during normal 
operation and design cyclic maneuvers shall be below [  ] (Section 3.1.1 of 
Reference 2). 

• Cladding Oxidation, Hydriding and Crud Buildup.  Section 3.1.1 of Reference 2 limits the 
maximum cladding oxidation to less than [  ] µm to prevent clad corrosion failure. The 
oxidation limit is further reduced to [   ] µm consistent with a regulatory commitment made 
to the NRC during the first application of the RODEX4 methodology in the U.S. 

• Rod Internal Pressure.  The rod internal pressure is limited [  
 ] to assure that significant 

outward clad creep does not occur and unfavorable hydride reorientation on cooldown does 
not occur (Section 3.1.1 of Reference 2). 

• Plenum Spring Design (Fuel Handling).  The rod plenum spring must maintain a force 
against the fuel column stack [  ] (Section 3.3.9 of 
Reference 1). 

The cladding collapse, overheating of fuel, cladding transient strain, cladding cyclic fatigue, 

cladding oxidation, and rod pressure are evaluated [  ].  Cladding stress 

and the plenum spring are evaluated on a design basis. 

3.2.1 Internal Hydriding 

The absorption of hydrogen by the cladding can result in cladding failure due to reduced ductility 

and formation of hydride platelets.  Careful moisture control during fuel fabrication reduces the 

potential for hydrogen absorption on the inside of the cladding.  The fabrication limit [  

 ] is verified by quality 

control inspection during fuel manufacturing. 
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3.2.2 Cladding Collapse 

Creep collapse of the cladding and the subsequent potential for fuel failure is avoided in the 

design by limiting the gap formation due to fuel densification subsequent to pellet-clad contact.  

The size of the axial gaps which may form due to densification following first pellet-clad contact 

shall be less than [  ]. 

The evaluation is performed using RODEX4.  The design criterion and methodology are 

described in Reference 2.  RODEX4 takes into account the [  

 

  

 

 ].  A brief overview of RODEX4 and the 

statistical methodology is provided in the next section. 

Table 3-2 and Table 3-3 list the results for equilibrium and cycle-specific conditions, 

respectively. 

3.2.3 Overheating of Fuel Pellets 

Fuel failure from the overheating of the fuel pellets is not allowed.  The centerline temperature of 

the fuel pellets must remain below melting during normal operation and AOOs.  The melting 

point of the fuel includes adjustments for gadolinia content.  AREVA establishes an LHGR limit 

to protect against fuel centerline melting during steady-state operation and during AOOs. 

Fuel centerline temperature is evaluated using the RODEX4 code (Reference 2) for both normal 

operating conditions and AOOs.  A brief overview of the code and methodology follow. 

RODEX4 evaluates the thermal-mechanical responses of the fuel rod surrounded by coolant.  

The fuel rod model considers the fuel column, gap region, cladding, gas plena and the fill gas 

and released fission gases.  The fuel rod is divided into axial and radial regions with conditions 

computed for each region.  The operational conditions are controlled by the [  

  

 

 ] 

Controlled Document



AREVA Inc.  ANP-3324NP 
  Revision 0 
ATRIUM 10XM Fuel Rod Thermal-Mechanical Design for Quad Cities 
Unit 2 Cycle 24 Representative Fuel Cycle Design   
Licensing Report Page 3-5  
 

 

[  

 

 

 

 

 ]. 

The heat conduction in the fuel and clad is [  

 

 

 

 

 

 ]. 

Mechanical processes include [  

 

  

 

 

 

 

 ]. 

As part of the methodology, fuel rod power histories are generated [  

 

 

 

  

 

 ] 
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[  

 

 

 

 

 

 

 ]. 

Since RODEX4 is a best-estimate code, uncertainties [  

 

 

 

 ].  Uncertainties 

taken into account in the analysis are summarized as: 

• Power measurement and operational uncertainties – [  
 

 
 

 ] 

• Manufacturing uncertainties – [  
 ]. 

• Model uncertainties – [  
 

 
 

 

  

 

 

 ] 
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[  

 

 

 ]. 

Table 3-2 and Table 3-3 list the results for equilibrium and cycle-specific conditions, respectively. 

3.2.4 Stress and Strain Limits 

3.2.4.1 Pellet/Cladding Interaction 

Cladding strain caused by transient-induced deformations of the cladding is calculated using the 

RODEX4 code and methodology as described in Reference 2.  See Section 3.2.3 for an 

overview of the code and method.  [  

 

 ]. 

Table 3-2 and Table 3-3 list the results for equilibrium and cycle-specific conditions, 

respectively. 

3.2.4.2 Cladding Stress 

Cladding stresses are calculated using solid mechanics elasticity solutions and finite element 

methods.  The stresses are conservatively calculated for the individual loadings and are 

categorized as follows: 

 

Category Membrane Bending 

Primary [ 
 

 

 ] 

Secondary [  
  

 
 

 
 ] 
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Stresses are calculated at the cladding outer and inner diameter in the three principal directions 

for both beginning of life (BOL) and end of life (EOL) conditions.  At EOL, the stresses due to 

mechanical bow and contact stress are decreased due to irradiation relaxation.  The separate 

stress components are then combined, and the stress intensities for each category are 

compared to their respective limits. 

The cladding-to-end cap weld stresses are evaluated for loadings from differential pressure, 

differential thermal expansion, rod weight, and plenum spring force. 

The design limits are derived from the ASME (American Society of Mechanical Engineers) 

Boiler and Pressure Vessel (B&PV) Code Section III (Reference 3) and the minimum specified 

material properties. 

Table 3-4 lists the results in comparison to the limits for hot, cold, BOL and EOL conditions. 

3.2.5 Fuel Densification and Swelling 

Fuel densification and swelling are limited by the design criteria for fuel temperature, cladding 

strain, cladding collapse, and rod internal pressure criteria.  Although there are no explicit 

criteria for fuel densification and swelling, the effect of these phenomena are included in the 

RODEX4 fuel rod performance code. 

3.2.6 Fatigue 

[  

 

 

 

 ].  The CUF (cumulative usage factor) is summed for all of 

the axial regions of the fuel rod using Miner’s rule.  The axial region with the highest CUF is 

used in the subsequent [  

 ] is determined.  The maximum CUF for the cladding must 

remain below [  ] to satisfy the design criterion. 
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Table 3-2 and Table 3-3 list the results for equilibrium and cycle-specific conditions, 

respectively. 

3.2.7 Oxidation, Hydriding, and Crud Buildup 

Cladding external oxidation is calculated using RODEX4.  Section 3.2.3 includes an overview of 

the code and method.  The corrosion model includes an enhancement factor that is derived 

from poolside measurement data to obtain a fit of the expected oxide thickness.  An uncertainty 

on the model enhancement factor also is determined from the data.  The model uncertainty is 

included as part of the [  

 

 

 

 ]. 

In the event abnormal crud is observed for a plant, a specific analysis is required to address the 

higher crud level.  An abnormal level of crud is defined by a formation that increases the 

calculated fuel average temperature by 25°C above the design basis calculation.  The formation 

of crud is not calculated within RODEX4.  Instead, an upper bound of expected crud is input by 

the use of the crud heat transfer coefficient. The corrosion model also takes into consideration 

the effect of the higher thermal resistance from the crud on the corrosion rate.  A higher 

corrosion rate is therefore included as part of the abnormal crud evaluation.  A similar specific 

analysis is required if a plant experiences higher corrosion instead of crud. 

The maximum calculated oxide on the fuel rod cladding shall not exceed [   ] µm.  Previously, 

a [  ] µm limit was approved as part of the RODEX4 methodology (Reference 2).  Concerns 

were raised on the effect of non-uniform corrosion, such as spallation, and localized hydride 

formations on the ductility limit of the cladding.  As a result, a regulatory commitment was made 

for the first U.S. application to reduce the limit to [   ] µm. While not formally required, this 

reduced value has been conservatively adopted for Quad Cities analyses. 

The current measurements of crud at Quad Cities Unit 2 indicate normal low crud levels. 

However, in order to address the potential impact of changing water chemistry conditions, the 
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input parameters have been conservatively selected in order to generate corrosion in excess of 

the current operating experience at Quad Cities. The values given in this report are the results 

from these conservative calculations, and as shown, meet all design criteria. 

Currently, there is [  ].  However, as 

mentioned above, the [   ] µm was established, in part, as a means of [  

 ]. 

The oxide limit is evaluated such that greater than [  

 ]. 

Table 3-2 and Table 3-3 list the results for equilibrium and cycle-specific conditions, 

respectively. 

3.2.8 Rod Internal Pressure 

Fuel rod internal pressure is calculated using the RODEX4 code and methodology as described 

in Reference 2.  Section 3.2.3 provides an overview of the code and methodology.  The 

maximum rod pressure is calculated under steady-state conditions and also takes into account 

slow transients.  Rod internal pressure is limited to [  

 ].  The expected upper bound of rod pressure [  

 ] is calculated for comparison to the limit. 

Table 3-2 and Table 3-3 list the results for equilibrium and cycle-specific conditions, 

respectively. 

3.2.9 Plenum Spring Design (Fuel Assembly Handling) 

The plenum spring must maintain a force against the fuel column to [  

 ].  This is accomplished by designing and verifying the spring force in relation to 

the fuel column weight. The plenum spring is designed such that the [  

 

 

 ].  
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Table 3-1  Key Fuel Rod Design Parameters 

[ 

] 
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Table 3-2  RODEX4 Fuel Rod Results for Equilibrium 
Cycle Conditions 

  Margin* to Limit 

Criteria Topic Limit Steady-
State [  ] [  ] 

[  
 

 
 

   ] 

[  
 

    ] 

[  
 

 
 

   ] 

[  
 

  ]   

[    ]   

[    ]   

 
  

                                            
*  Margin is defined as (limit – result). 
†  [  

 
 ] 
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Table 3-3  RODEX4 Fuel Rod Results for Quad Cities Unit 2 Cycle 24* 

  Margin† to Limit 

Criteria Topic Limit Steady-
State [  ]‡ [  ] 

[  
 

 
 

   ] 

[  
 

    ] 

[  
 

 
 

   ] 

[  
 

  ]   

[    ]    

[    ]   

 

  

                                            
*  Note that cycle-specific results are provided up to the end of cycle. 
†  Margin is defined as (limit – result). 
‡  Note that Quad Cities Unit 2 intends to operate cycle 24 with a single rod sequence (SRS) that limits 

the number of control rods inserted in the core. For this cycle none of the ATRIUM-10XM fuel 
assemblies reside in a SRS control cell. As such, control rod withdrawal error transients are not part 
of the scope of this calculation. 

Controlled Document



AREVA Inc.  ANP-3324NP 
  Revision 0 
ATRIUM 10XM Fuel Rod Thermal-Mechanical Design for Quad Cities 
Unit 2 Cycle 24 Representative Fuel Cycle Design   
Licensing Report Page 3-14  
 

 

 

Table 3-4  Cladding and Cladding-End Cap Steady-State Stresses 

Description, Stress Category Criteria‡ Result 

Cladding stress  
[  

 
 
 

 
 ] 

Pm (primary membrane stress) [        ] 

Pm + Pb (primary membrane + bending) [          ] 

P + Q (primary + secondary) [          ] 

Cladding-End Cap stress     

Pm + Pb [           ]  

‡ In all analyzed conditions, the value of Su is less than twice the value of Sy. As such, the Su criteria are 
more limiting than the Sy criteria and only the stress result ratios to Su have been reported. 
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Nomenclature 
 
 
ACE AREVA’s advanced critical power correlation [  

 ] 
  
BOC beginning of cycle  
BOL beginning of life   
BWR boiling water reactor  
  
CSDM cold shutdown margin  
  
EOC end of cycle   
EOFP end of full power capability  
  
FFTR final feedwater temperature reduction  
  
GWd/MTU gigawatt days per metric ton of initial uranium  
  
HEXR hot excess reactivity  
  
ICF increased core flow 
  
LAR license amendment request 
LHGR linear heat generation rate  
  
MCPR minimum critical power ratio   
MICROBURN-B2 AREVA Inc. advanced BWR core simulator methodology with PPR 

capability   
MWd/MTU megawatt days per metric ton of initial uranium  
  
NRC Nuclear Regulatory Commission, U. S.  
  
PLFR part-length fuel rod  
PPR Pin Power Reconstruction. The PPR methodology accounts for variation 

in local rod power distributions due to neighboring assemblies and control 
state. The local rod power distributions are reconstructed based on the 
actual flux solution for each statepoint.  

  
R Value the larger of zero or the shutdown margin at BOC minus the minimum 

calculated shutdown margin in the cycle  
  
SLC standby liquid control  
SPCB AREVA (formerly Siemens Power Corporation) critical power correlation 
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1.0 Introduction  

AREVA Inc. (AREVA) has performed a representative fuel cycle design and fuel management 

calculations based on expected Cycle 24 operation of the Quad Cities Unit 2 BWR as defined in 

References 3 and 4.  The core design presented within is the basis for the safety analyses 

supporting the License Amendment Request (LAR) for the inclusion of AREVA’s methodology in 

the Tech Specs for both Dresden and Quad Cities.  This methodology addition supports the 

introduction of the ATRIUMTM* 10XM fuel design.  

These analyses have been performed with the approved AREVA neutronics methodology 

(Reference 1). The CASMO-4 lattice depletion code was used to generate nuclear data 

including cross sections and local power peaking factors. The MICROBURN-B2 three 

dimensional core simulator code, combined with the application of the applicable critical power 

correlations, was used to model the core. The MICROBURN-B2 pin power reconstruction (PPR) 

model was used to determine the thermal margins presented in this report. The ACE critical 

power correlation (Reference 5) was utilized for the ATRIUM 10XM fuel assemblies while the 

co-resident Westinghouse OPTIMA-2 fuel assemblies will utilize the SPCB critical power 

correlation (Reference 6) with appropriate additive constants developed consistent with the 

NRC approved co-resident fuel topical report (Reference 7). The following MICROBURN-B2 

modeling features are included in this analysis: 

• Version 2 of MICROBURN-B2 
• Explicit control blade modeling 

• Control blade 10B depletion 

• Explicit neutronic treatment of the spacer grids 

• Explicit thermal-hydraulic modeling of the water rod flow 
• Explicit modeling of the plenum/spring region above the PLFRs 

Design results for the representative Cycle 24 reactor core loading including projected control 

rod patterns and evaluations of thermal and reactivity margins are presented. The 

representative Cycle 24 results are based on Cycle 22 and 23 core operational history and/or 

projections as summarized in Table 2.1.  

                                                
*  ATRIUM is a trademark of AREVA Inc. 
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2.0 Summary  

The representative Cycle 24 fresh batch size (248 assemblies) and batch average enrichment 

[  ] were determined to meet the energy requirements provided by Exelon 

(Reference 4).  For a complete description of the fresh reload assemblies, see Reference 2. The 

loading of the representative Cycle 24 fuel as described in this report results in a projected full 

power energy capability (including ICF out to 102% of rated) of 1,948±38 GWd (15,485±300 

MWd/MTU). Beyond the full power capability, the cycle has been designed to achieve 110 GWd 

of additional energy via Constant Pressure Power Coastdown operation.  

In order to obtain optimum operating flexibility, the projected control rod patterns were 

developed to be consistent with a conservative margin to thermal limits. The cycle design 

calculations also demonstrate adequate hot excess reactivity and cold shutdown margin 

throughout the cycle.  Key results from the design analysis are summarized in Table 2.1. Table 

2.2 summarizes the assembly identification range by nuclear fuel type batch for the Cycle 24 

design.  Figure 2.1 and Figure 2.2 provide a summary of the cycle design step-through 

projection.  
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Table 2.1  Quad Cities Unit 2 Representative Cycle 24 Energy and Key Results Summary 

Cycle Energy, GWd (Cycle Exposure, MWd/MTU) 
 

Cycle 22  

• Core follow through October 8, 2013 1,570 (12,590) 

• Best estimate depletion to Nominal EOC 22 2,082 (16,690) 

Cycle 23  

• Best estimate depletion to Nominal EOC 23 2,013 (16,132)  

• Short window EOC 23 1,959 (15,700) 

Cycle 24  

• EOFP Energy 1,948±38 (15,485±300) 

• Constant Pressure Power Coastdown Energy 110 (878) 

• EOC Energy 2,058±38 (16,362±300) 

 

Key Results 

 BOC CSDM, %Δk/k (based on short EOC 23) 1.60 

Minimum CSDM, %Δk/k (based on short EOC 23) 1.60 

Cycle Exposure of Minimum CSDM, MWd/MTU (short basis) 0 

Moderator Temperature of Minimum CSDM, °F (short basis) 68 

Cycle R Value, %Δk/k (short basis) 0.00 

Minimum SLC SDM, %Δk/k (based on short EOC 23)  6.54 

Cycle Exposure of Minimum SLC SDM, MWd/MTU (short basis) 0 

BOC HEXR, %Δk/k (based on nominal EOC 23) 1.23 

Maximum HEXR, %Δk/k (based on nominal EOC 23) 1.39 

Cycle Exposure of Maximum HEXR, MWd/MTU (nominal basis) 11,950.0 

Minimum MAPLHGR Margin, % 13.0 

Exposure of Minimum MAPLHGR Margin, MWd/MTU 9,351.0 

Minimum LHGR Margin, % 14.1 

Exposure of Minimum LHGR Margin, MWd/MTU 250.0 

Minimum CPR Margin, % 13.6 

Exposure of Minimum CPR Margin, MWd/MTU 15,250.0 

Minimum Pellet Exposure Ratio Margin, % 3.31 

Minimum Rod (including PLFRs) Average Exposure Ratio Margin, % 3.11 

Minimum Assembly Average Exposure Ratio Margin, % 11.75 

EOC Core Average Exposure (CAVEX), MWd/MTU 37,064.4 
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Table 2.2  Quad Cities Unit 2 Representative Cycle 24 Fuel Cycle 
Design Assembly ID Range by Nuclear Fuel Type 

 

Nuclear 
Fuel Type 

Number of 
Assemblies 

Assembly ID 
Range 

19 84 QBD001-QBD088 
20 8 QBD089-QBD096 
21 96 QBD097-QBD200 
22 48 QBD201-QBD248 
23 104 QBE001-QBE104 
24 80 QBE105-QBE184 
25 56 QBE185-QBE240 
26 96 XRA001-XRA096 
27 64 XRA097-XRA160 
28 88 XRA161-XRA248 
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Figure 2.1  Quad Cities Unit 2 Representative Cycle 24 Design 
Step-Through k-eff versus Cycle Exposure 
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Figure 2.2  Quad Cities Unit 2 Representative Cycle 24 Design 
Margin to Thermal Limits versus Cycle Exposure 
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3.0 Representative Cycle 24 Fuel Cycle Design  

3.1 General Description  

The assembly design for the representative Quad Cities Unit 2 Cycle 24 fresh reload fuel is 

described in detail in Reference 2.  Elevation views of the fresh reload fuel design axial 

enrichment and gadolinia distributions are shown in Appendix B, Figures B.1 through B.3.  The 

loading pattern maintains octant symmetry (with the exception of a limited number of locations 

near the core periphery to maintain exposure limit margin and SIL320 compliance) within a 

Single Rod Sequence (SRS) fuel management scheme.  This loading in conjunction with the 

control rod patterns presented in Appendix A shows acceptable power peaking and associated 

margins to limits for projected operation.  The analyses supporting this fuel cycle design were 

based on the core parameters shown in Table 3.1.  Figure 3.1 through Figure 3.5, along with 

Table 3.1 define the reference loading pattern used in the fuel cycle design. The specific core 

location of the fresh assemblies is provided in Appendix C.  Key results for the cycle are 

summarized in Table 2.1.   

3.2 Control Rod Patterns and Thermal Limits  

Projected control rod patterns and resultant key operating parameters including thermal margins 

are shown in Appendix A.  The thermal margins presented in this report were determined using 

the MICROBURN-B2 3D core simulator PPR model to provide adequate margin to the thermal 

limits.  The limits used to calculate thermal margins are representative and based on best-

estimates from the thermal-mechanical, LOCA and safety analyses.  A detailed summary of the 

core parameters resulting from the step-through projection analysis is provided in Tables A.1 

and A.2.  Limiting results from the step-through are summarized in Table 2.1 and in Figure 2.2.  

The hot operating target k-eff versus cycle exposure which was determined to be appropriate for 

the representative Cycle 24 is shown in Table 3.2 (Reference 8).  The k-eff and margin to limits 

results from the design cycle depletion are presented graphically in Figure 2.1 and Figure 2.2.  

The k-eff values presented in Figure 2.1 and in Appendix A are not bias corrected.  Selected 

exposure and radial power distributions from the design step-through are presented in Appendix 

D.   
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3.3 Hot Excess Reactivity and Cold Shutdown Margin 

The cycle design calculations demonstrate adequate hot excess reactivity, SLC shutdown 

margin, and cold shutdown margin throughout the cycle.  Key shutdown margin and R-Value 

results are presented in Table 2.1.  The shutdown margin is in conformance with the Technical 

Specification limit of 0.38 + R %Δk/k at BOC.  The cold target k-eff versus exposure determined 

to be appropriate for calculation of cold shutdown margin is shown in Table 3.3 (Reference 8).  

Calculations have been performed for a range of increased temperatures from 100 °F to 220 °F 

(in addition to 68 °F) to verify the most limiting shutdown margin was calculated.  The core hot 

excess reactivity was calculated at full power with all rods out, 98.0 Mlb/hr core flow, with 

equilibrium xenon.  Table 3.4 summarizes reactivity margins versus cycle exposure, including 

the SLC shutdown margin for the representative cycle.   
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Table 3.1  Representative Cycle 24 Core Composition and Design 
Parameters  

 
 

Fuel Description Cycle 
Loaded 

Nuclear 
Fuel Type 

Number of 
Assemblies 

OPTIMA-2 [  ] 22 19 84 

OPTIMA-2 [   
] 

22 20 8 

OPTIMA-2 [  ] 22 21 96 

OPTIMA-2 [  ] 22 22 48 

OPTIMA-2 [  ] 23 23 104 

OPTIMA-2 [  ] 23 24 80 

OPTIMA-2 [  ] 23 25 56 

ATRIUM 10XM [  ] 24 26 96 

ATRIUM 10XM [  ] 24 27 64 

ATRIUM 10XM [  ] 24 28 88 
 
 

Number of Fuel Assemblies in Core 724 

Total Number of Fresh Assemblies 248 

Total Core Mass, MTU 125.81 

Rated Thermal Power Level, MWt 2,957 

Rated Core Flow, Mlb/hr 98.0 

Reference Pressure, psia 1,015* 

Reference Inlet Subcooling, Btu/lbm 24.21† 
 
  

                                                
*  Value is representative of MICROBURN-B2 input for dome pressure at rated conditions and varies 

depending on core state point. 
†  Value shown is from the 100% Power, 100% Flow condition and is determined by MICROBURN-B2 

using a heat balance method based on nominal feedwater temperature and other parameters 
identified in the cycle specific plant parameters document. 
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Table 3.2  Hot Operating Target k-eff versus Cycle Exposure  
 

Cycle Exposure 
(MWd/MTU) 

Hot Operating 
k-eff* 

0.0 1.0000 
7,000.0 0.9975 
20,000.0 0.9975 

 
 

Table 3.3  Cold Critical Target k-eff versus Cycle Exposure  
 

Cycle Exposure 
(MWd/MTU) 

Cold Critical 
k-eff* 

0.0 0.9970 
6,000.0 0.9950 
20,000.0 0.9950 

 

                                                
*  Values are linearly interpolated between cycle exposure points. 
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Table 3.4  Quad Cities Unit 2 Representative Cycle 24 Reactivity 
Margin Summary  

 

Cycle Exposure 
(MWd/MTU) 

Cold Shutdown 
Margin*  
(% Δk/k) 

SLC Cold Shutdown 
Margin†  
(% Δk/k) 

Hot Excess 
Reactivity‡ 
(% Δk/k) 

0 1.60 6.54 1.23 
250 1.66 6.83 1.14 

1,200 1.93 7.16 1.05 
2,500 2.49 7.42 1.08 
3,825 2.93 7.66 1.07 
5,000 3.26 7.81 1.08 
6,000 3.34 7.97 1.12 
7,000 3.32 8.05 1.17 
8,000 3.29 8.16 1.19 
9,000 3.22 8.22 1.24 
10,000 3.13 8.26 1.28 
11,000 2.98 8.28 1.34 
11,950 2.72 8.31 1.39 
13,000 2.39 8.38 1.31 
14,000 2.24 8.72 0.98 
15,000 2.27 9.33 0.37 
15,405 2.38 9.65 0.06 
15,485 2.40 9.71 -- 
16,362 2.74 10.51 -- 

 
NOTE: Values shown for cold shutdown margin are shown in BOLD if the most reactive temperature is 
greater than 68 °F. 
 
 

                                                
*  Based on short window EOC 23. 
†  Based on short window EOC 23, calculated at 358.3 °F ARO conditions which correspond to the 

saturation temperature for the RHR suction low pressure permissive (Reference 9). 
‡  Based on nominal EOC 23. 
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         1     3     5     7     9    11    13    15    17    19    21    23    25    27    29 
 
 60                                                                 19    19    19    19    21 
                                                                  44.5  41.8  43.5  43.4  43.7 
 
 58     Nuclear Fuel Type                                     20    19    21    19    19    19 
        BOC Exposure (GWd/MTU)                              41.6  43.2  42.8  42.8  41.7  43.8 
 
 56                                         21    21    19    21    19    22    22    21    22 
                                          44.9  44.2  44.1  42.1  41.8  41.8  40.8  40.7  40.1 
 
 54                                   21    19    21    25    21    25    28    28    28    28 
                                    44.6  43.4  42.6  19.5  39.2  18.6   0.0   0.0   0.0   0.0 
 
 52                             19    21    21    22    25    28    25    28    23    28    25 
                              44.6  43.6  41.6  36.1  19.5   0.0  20.3   0.0  22.2   0.0  19.9 
 
 50                       21    21    21    22    25    28    27    27    27    28    26    26 
                        44.5  43.6  43.1  36.6  17.5   0.0   0.0   0.0   0.0   0.0   0.0   0.0 
 
 48                 21    21    19    22    22    28    25    27    23    23    27    23    23 
                  44.9  43.1  41.7  36.5  35.7   0.0  20.0   0.0  22.4  23.6   0.0  22.9  22.9 
 
 46                 21    21    22    25    28    24    27    26    23    23    27    26    23 
                  44.1  42.5  36.2  17.5   0.0  20.9   0.0   0.0  23.0  23.2   0.0   0.0  22.9 
 
 44                 19    25    25    28    25    27    24    28    23    26    24    26    23 
                  44.1  19.5  19.5   0.0  20.0   0.0  21.6   0.0  22.6   0.0  21.3   0.0  22.0 
 
 42           20    21    21    28    27    27    26    28    24    26    24    26    24    26 
            34.3  42.0  39.1   0.0   0.0   0.0   0.0   0.0  21.6   0.0  22.5   0.0  20.0   0.0 
 
 40     19    19    19    25    25    27    23    23    23    26    24    24    23    26    23 
      44.4  43.1  41.8  18.6  20.3   0.0  22.5  23.0  22.6   0.0  23.3  23.6  21.9   0.0  22.9 
 
 38     21    21    21    28    28    27    23    23    26    24    24    24    27    23    24 
      40.6  42.7  41.5   0.0   0.0   0.0  23.6  23.2   0.0  22.6  23.6  23.4   0.0  20.8  23.5 
 
 36     19    19    22    28    23    28    27    27    24    26    23    27    24    26    24 
      43.7  42.7  39.8   0.0  22.2   0.0   0.0   0.0  21.3   0.0  22.0   0.0  21.0   0.0  22.9 
 
 34     19    22    22    28    28    26    23    26    26    24    26    23    26    24    26 
      43.3  42.8  40.7   0.0   0.0   0.0  23.0   0.0   0.0  20.0   0.0  20.8   0.0  22.1   0.0 
 
 32     21    19    22    28    25    26    23    23    23    26    23    24    24    26    24 
      43.7  43.8  40.0   0.0  20.0   0.0  22.9  22.9  22.0   0.0  22.9  23.5  23.0   0.0  22.1 
 

[  
    
    
    
    
    
    
    
    
    
    
    
    
    
    
 

 ] 
 

Figure 3.2  Quad Cities Unit 2 Representative Cycle 24 Upper Left 
Quarter Core Layout by Fuel Type 
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        31    33    35    37    39    41    43    45    47    49    51    53    55    57    59 
 
 60     21    19    19    19    19 
      43.7  43.3  43.5  41.8  44.5 
 
 58     19    19    19    21    19    20                            Nuclear Fuel Type 
      43.7  41.8  42.8  42.8  43.1  41.5                            BOC Exposure (GWd/MTU) 
 
 56     22    21    22    21    19    21    19    21    21 
      40.2  40.7  40.8  41.6  41.9  42.2  44.0  44.1  44.9 
 
 54     28    28    28    28    25    21    25    21    19    21 
       0.0   0.0   0.0   0.0  18.6  39.2  19.5  42.7  43.4  44.6 
 
 52     25    28    23    28    25    28    25    22    22    21    19 
      20.0   0.0  22.2   0.0  20.3   0.0  19.4  36.1  41.7  43.7  44.4 
 
 50     26    26    28    27    27    27    28    25    22    21    21    21 
       0.0   0.0   0.0   0.0   0.0   0.0   0.0  17.5  36.6  43.0  43.7  44.6 
 
 48     23    23    27    23    23    27    25    28    22    22    21    21    21 
      22.9  22.9   0.0  23.6  22.4   0.0  20.0   0.0  35.7  36.5  41.5  43.0  44.9 
 
 46     23    26    27    23    23    26    27    24    28    25    22    21    21 
      22.8   0.0   0.0  23.2  23.0   0.0   0.0  20.9   0.0  17.5  36.1  42.6  44.1 
 
 44     23    26    24    26    23    28    24    27    25    28    25    25    19 
      22.0   0.0  21.3   0.0  22.6   0.0  21.5   0.0  20.0   0.0  19.5  19.5  44.0 
 
 42     26    24    26    24    26    24    28    26    27    27    28    21    21    20 
       0.0  20.0   0.0  22.5   0.0  21.6   0.0   0.0   0.0   0.0   0.0  39.2  42.1  34.4 
 
 40     23    26    23    24    24    26    23    23    23    27    25    25    19    19    19 
      22.9   0.0  21.9  23.6  23.3   0.0  22.6  23.0  22.4   0.0  20.3  18.6  41.9  43.1  44.4 
 
 38     24    23    27    24    24    24    26    23    23    27    28    28    22    21    19 
      23.5  20.8   0.0  23.3  23.6  22.5   0.0  23.2  23.6   0.0   0.0   0.0  39.8  42.7  41.7 
 
 36     24    26    24    27    23    26    24    27    27    28    23    28    22    19    19 
      22.9   0.0  21.0   0.0  21.9   0.0  21.3   0.0   0.0   0.0  22.2   0.0  40.8  42.7  43.7 
 
 34     26    24    26    23    26    24    26    26    23    26    28    28    21    22    19 
       0.0  22.0   0.0  20.8   0.0  20.0   0.0   0.0  22.9   0.0   0.0   0.0  40.6  42.7  43.3 
 
 32     24    26    24    24    23    26    23    23    23    26    25    28    22    19    21 
      22.1   0.0  22.9  23.5  22.9   0.0  22.0  22.8  22.9   0.0  20.0   0.0  40.1  43.7  43.7 
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Figure 3.3  Quad Cities Unit 2 Representative Cycle 24 Upper Right 
Quarter Core Layout by Fuel Type 
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         1     3     5     7     9    11    13    15    17    19    21    23    25    27    29 
 
 30     21    19    22    28    25    26    23    23    23    26    23    24    24    26    24 
      43.7  43.8  40.0   0.0  20.0   0.0  22.9  22.9  22.1   0.0  22.9  23.5  22.9   0.0  22.1 
 
 28     19    22    22    28    28    26    23    26    26    24    26    23    26    24    26 
      43.3  42.7  40.8   0.0   0.0   0.0  23.0   0.0   0.0  20.0   0.0  20.8   0.0  22.0   0.0 
 
 26     19    19    21    28    23    28    27    27    24    26    23    27    24    26    24 
      43.7  42.7  40.6   0.0  22.2   0.0   0.0   0.0  21.3   0.0  21.9   0.0  21.0   0.0  22.9 
 
 24     19    21    21    28    28    27    23    23    26    24    24    24    27    23    24 
      41.7  42.7  41.5   0.0   0.0   0.0  23.6  23.2   0.0  22.5  23.6  23.3   0.0  20.8  23.5 
 
 22     19    19    19    25    25    27    23    23    23    26    24    24    23    26    23 
      44.4  43.1  41.9  18.6  20.3   0.0  22.5  23.0  22.6   0.0  23.3  23.6  22.0   0.0  22.9 
 
 20           20    21    21    28    27    27    26    28    24    26    24    26    24    26 
            34.4  42.1  39.1   0.0   0.0   0.0   0.0   0.0  21.6   0.0  22.6   0.0  20.0   0.0 
 
 18                 19    25    25    28    25    27    24    28    23    26    24    26    23 
                  44.1  19.5  19.5   0.0  20.0   0.0  21.5   0.0  22.6   0.0  21.3   0.0  22.1 
 
 16                 21    21    22    25    28    24    27    26    23    23    27    26    23 
                  44.2  42.5  36.1  17.5   0.0  20.9   0.0   0.0  23.0  23.2   0.0   0.0  22.9 
 
 14                 21    21    19    22    22    28    25    27    23    23    27    23    23 
                  44.9  43.0  41.8  36.5  35.8   0.0  20.0   0.0  22.5  23.6   0.0  23.0  22.9 
 
 12                       21    21    21    22    25    28    27    27    27    28    26    26 
                        44.5  43.7  43.0  36.6  17.5   0.0   0.0   0.0   0.0   0.0   0.0   0.0 
 
 10                             19    21    22    22    25    28    25    28    23    28    25 
                              44.6  43.7  41.7  36.1  19.4   0.0  20.4   0.0  22.2   0.0  20.0 
 
  8                                   21    19    21    25    21    25    28    28    28    28 
                                    44.6  43.4  42.7  19.5  39.2  18.6   0.0   0.0   0.0   0.0 
 
  6                                         21    21    19    21    19    21    22    22    22 
                                          44.9  44.1  44.1  42.1  42.0  41.6  39.8  40.8  40.2 
 
  4     Nuclear Fuel Type                                     20    19    21    19    19    19 
        BOC Exposure (GWd/MTU)                              41.5  43.1  42.8  42.8  41.7  43.8 
 
  2                                                                 19    21    19    19    21 
                                                                  44.5  40.7  43.5  43.4  43.7 
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Figure 3.4  Quad Cities Unit 2 Representative Cycle 24 Lower Left 
Quarter Core Layout by Fuel Type 
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        31    33    35    37    39    41    43    45    47    49    51    53    55    57    59 
 
 30     24    26    24    24    23    26    23    23    23    26    25    28    22    19    21 
      22.1   0.0  22.9  23.5  22.9   0.0  22.0  22.8  22.9   0.0  20.0   0.0  40.1  43.8  43.7 
 
 28     26    24    26    23    26    24    26    26    23    26    28    28    22    22    19 
       0.0  22.1   0.0  20.8   0.0  20.0   0.0   0.0  23.0   0.0   0.0   0.0  40.7  42.8  43.3 
 
 26     24    26    24    27    23    26    24    27    27    28    23    28    21    19    19 
      22.9   0.0  21.0   0.0  22.0   0.0  21.3   0.0   0.0   0.0  22.2   0.0  40.6  42.7  43.8 
 
 24     24    23    27    24    24    24    26    23    23    27    28    28    21    21    19 
      23.5  20.8   0.0  23.3  23.6  22.6   0.0  23.2  23.6   0.0   0.0   0.0  41.6  42.7  41.7 
 
 22     23    26    23    24    24    26    23    23    23    27    25    25    19    19    19 
      22.9   0.0  22.0  23.6  23.3   0.0  22.6  23.0  22.5   0.0  20.4  18.6  41.9  43.1  44.4 
 
 20     26    24    26    24    26    24    28    26    27    27    28    21    21    20 
       0.0  20.0   0.0  22.6   0.0  21.6   0.0   0.0   0.0   0.0   0.0  39.2  42.0  34.4 
 
 18     23    26    24    26    23    28    24    27    25    28    25    25    19 
      22.0   0.0  21.3   0.0  22.6   0.0  21.6   0.0  20.0   0.0  19.5  19.5  44.1 
 
 16     23    26    27    23    23    26    27    24    28    25    22    21    21 
      22.8   0.0   0.0  23.3  23.0   0.0   0.0  21.0   0.0  17.5  36.2  42.5  44.1 
 
 14     23    23    27    23    23    27    25    28    22    22    21    21    21 
      22.9  23.0   0.0  23.6  22.5   0.0  20.0   0.0  35.8  36.5  41.5  43.0  44.9 
 
 12     26    26    28    27    27    27    28    25    22    21    21    21 
       0.0   0.0   0.0   0.0   0.0   0.0   0.0  17.5  36.6  43.1  43.6  44.6 
 
 10     25    28    23    28    25    28    25    22    19    21    19 
      20.0   0.0  22.2   0.0  20.4   0.0  19.5  36.1  41.8  43.7  44.6 
 
  8     28    28    28    28    25    21    25    21    19    21 
       0.0   0.0   0.0   0.0  18.6  39.3  19.5  42.7  43.4  44.6 
 
  6     22    22    22    22    19    21    19    21    21 
      40.2  40.8  39.8  41.7  42.0  42.2  44.1  44.2  44.9 
 
  4     19    19    19    21    19    20                            Nuclear Fuel Type 
      43.8  41.8  42.8  42.8  43.2  41.6                            BOC Exposure (GWd/MTU) 
 
  2     21    19    19    21    19 
      43.7  43.4  43.5  40.7  44.5 
 

[  
    
    
    
    
    
    
    
    
    
    
    
    
    
    
 

 ] 
 

Figure 3.5  Quad Cities Unit 2 Representative Cycle 24 Lower Right 
Quarter Core Layout by Fuel Type 
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Summary, Control Rod Patterns and Core Average Axial Power and Exposure 

Distributions 
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Table A.1  Quad Cities Unit 2 Representative Cycle 24 Design 
Depletion Summary 

 
 
 
                                 Total    Total               Inlet                       Core     Core 
  Cycle                Control   Core     Core      Ref.      Sub-               Core    Maximum  Maximum 
 Exposure  Calculated    Rod     Power    Flow    Pressure   Cooling    Void    Minimum   LHGR    APLHGR 
 (GWd/MT)     K-eff    Density    MWt   (Mlb/hr)   (psia)   (Btu/lb)  Fraction    CPR    (kW/ft)  (kW/ft) 
 ________  __________  _______  ______  ________  ________  ________  ________  _______  _______  _______ 
 
   0.000     1.00000     4.28   2957.0     96.04  1015.00     24.74    0.407     1.793     12.33     9.10 
   0.250     0.99988     4.19   2957.0     96.04  1015.00     24.74    0.400     1.758     11.63     8.57 
   0.500     0.99979     3.48   2957.0     96.04  1015.00     24.74    0.404     1.755     11.54     8.91 
   1.000     0.99969     3.46   2957.0     96.04  1015.00     24.74    0.401     1.752     11.37     8.84 
   1.200     0.99953     3.48   2957.0     96.04  1015.00     24.74    0.401     1.766     11.38     8.86 
   1.201     0.99952     4.05   2957.0     96.04  1015.00     24.74    0.389     1.765     11.16     8.40 
   1.500     0.99941     4.07   2957.0     96.04  1015.00     24.74    0.388     1.770     11.03     8.36 
   2.000     0.99922     4.10   2957.0     96.04  1015.00     24.74    0.387     1.792     10.82     8.31 
   2.500     0.99918     4.10   2957.0     96.04  1015.00     24.74    0.384     1.791     10.59     8.25 
   3.000     0.99907     4.10   2957.0     96.04  1015.00     24.74    0.382     1.788     10.40     8.26 
   3.500     0.99877     4.12   2957.0     96.04  1015.00     24.74    0.382     1.788     10.45     8.38 
   3.825     0.99872     4.12   2957.0     96.04  1015.00     24.74    0.381     1.788     10.45     8.44 
   3.826     0.99864     3.58   2957.0     96.04  1015.00     24.74    0.395     1.848     11.25     9.06 
   4.000     0.99857     3.58   2957.0     96.04  1015.00     24.74    0.395     1.851     11.23     9.06 
   4.500     0.99851     3.58   2957.0     96.04  1015.00     24.74    0.393     1.859     11.16     9.08 
   5.000     0.99834     3.60   2957.0     96.04  1015.00     24.74    0.392     1.865     11.17     9.14 
   5.500     0.99792     3.72   2957.0     96.04  1015.00     24.74    0.393     1.873     11.27     9.30 
   6.000     0.99770     3.77   2957.0     96.04  1015.00     24.74    0.393     1.880     11.36     9.49 
   6.500     0.99760     3.81   2957.0     96.04  1015.00     24.74    0.393     1.888     11.46     9.70 
   6.750     0.99768     3.81   2957.0     96.04  1015.00     24.74    0.393     1.892     11.52     9.80 
   6.751     0.99765     4.47   2957.0     96.04  1015.00     24.74    0.378     1.811     10.92     9.36 
   7.000     0.99746     4.52   2957.0     96.04  1015.00     24.74    0.379     1.819     11.01     9.48 
   7.500     0.99759     4.52   2957.0     96.04  1015.00     24.74    0.379     1.828     11.08     9.64 
   8.000     0.99751     4.57   2957.0     96.04  1015.00     24.74    0.379     1.834     11.07     9.70 
   8.500     0.99755     4.61   2957.0     96.04  1015.00     24.74    0.378     1.841     11.02     9.67 
   9.000     0.99761     4.66   2957.0     96.04  1015.00     24.74    0.376     1.835     10.95     9.72 
   9.350     0.99763     4.71   2957.0     96.04  1015.00     24.74    0.374     1.832     10.82     9.67 
   9.351     0.99746     4.73   2957.0     96.04  1015.00     24.74    0.383     1.877     11.51    10.18 
   9.500     0.99741     4.76   2957.0     96.04  1015.00     24.74    0.383     1.871     11.46    10.14 
  10.000     0.99746     4.80   2957.0     96.04  1015.00     24.74    0.378     1.857     10.95     9.76 
  10.500     0.99743     4.90   2957.0     96.04  1015.00     24.74    0.373     1.833     10.37     9.30 
  11.000     0.99740     5.18   2957.0     96.04  1015.00     24.74    0.368     1.807      9.71     8.75 
  11.500     0.99759     5.23   2957.0     96.04  1015.00     24.74    0.361     1.780      9.12     8.22 
  11.950     0.99760     5.27   2957.0     96.04  1015.00     24.74    0.355     1.761      9.16     8.09 
  11.951     0.99761     5.11   2957.0     96.04  1015.00     24.74    0.345     1.768      9.45     8.38 
  12.000     0.99757     5.13   2957.0     96.04  1015.00     24.74    0.344     1.764      9.47     8.40 
  12.500     0.99758     5.13   2957.0     96.04  1015.00     24.74    0.337     1.755      9.60     8.53 
  13.000     0.99753     5.06   2957.0     96.04  1015.00     24.74    0.329     1.722      9.60     8.60 
  13.500     0.99750     4.94   2957.0     96.04  1015.00     24.74    0.320     1.719      9.66     8.69 
  13.600     0.99753     4.92   2957.0     96.04  1015.00     24.74    0.319     1.722      9.68     8.71 
  13.601     0.99751     4.17   2957.0     96.04  1015.00     24.74    0.333     1.719      9.41     8.47 
  14.000     0.99748     3.91   2957.0     96.04  1015.00     24.74    0.324     1.721      9.52     8.55 
  14.500     0.99746     2.38   2957.0     96.04  1015.00     24.74    0.323     1.721      9.56     8.71 
  15.000     0.99736     1.93   2957.0     96.04  1015.00     24.74    0.310     1.725      9.57     8.65 
  15.250     0.99768     0.49   2957.0     96.04  1015.00     24.74    0.316     1.701      9.79     8.79 
  15.405     0.99807     0.00   2957.0     98.00  1015.00     24.21    0.312     1.732      9.74     8.74 
  15.485     0.99794     0.00   2957.0     99.96  1015.00     23.70    0.308     1.741      9.78     8.78 
  15.963     0.99731     0.00   2735.9     99.96  1015.00     22.15    0.289     1.862      9.23     8.28 
  16.362     0.99733     0.00   2513.4     99.96  1015.00     20.61    0.270     1.996      8.64     7.74 
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Table A.2  Quad Cities Unit 2 Representative Cycle 24 Design 
Depletion Thermal Margin Summary 

 
 
 
                                                  Fraction      Core      Fraction      Core      Fraction 
   Cycle                   Control      Core         of        Limiting      of        Limiting      of 
  Exposure   Calculated      Rod      Limiting    Limiting      LHGR      Limiting     APLHGR     Limiting 
  (GWd/MT)      K-eff      Density       CPR         CPR       (kW/ft)      LHGR       (kW/ft)     APLHGR 
 __________  __________  __________  __________  __________  __________  __________  __________  __________ 
 
    0.000     1.00000       4.284       1.793       0.814       10.48      0.905         9.10       0.903 
    0.250     0.99988       4.190       1.758       0.831        9.58      0.859         8.57       0.854 
    0.500     0.99979       3.484       1.755       0.832        9.32      0.841         8.05       0.838 
    1.000     0.99969       3.460       1.752       0.833        9.01      0.822         7.86       0.818 
    1.200     0.99953       3.484       1.766       0.827        8.94      0.819         7.84       0.815 
    1.201     0.99952       4.049       1.765       0.827        8.78      0.804         7.92       0.809 
    1.500     0.99941       4.073       1.770       0.825        8.65      0.798         7.80       0.801 
    2.000     0.99922       4.096       1.792       0.815        8.64      0.790         7.62       0.785 
    2.500     0.99918       4.096       1.804       0.809        8.46      0.782         7.45       0.768 
    3.000     0.99907       4.096       1.788       0.805        8.32      0.777         7.34       0.759 
    3.500     0.99877       4.120       1.788       0.805        8.22      0.776         7.28       0.754 
    3.825     0.99872       4.120       1.788       0.805        8.13      0.773         7.23       0.750 
    3.826     0.99864       3.578       1.848       0.790        8.73      0.817         7.83       0.809 
    4.000     0.99857       3.578       1.851       0.789        8.67      0.815         7.79       0.806 
    4.500     0.99851       3.578       1.869       0.781        8.49      0.807         7.67       0.795 
    5.000     0.99834       3.602       1.865       0.772        8.37      0.805         7.59       0.789 
    5.500     0.99792       3.719       1.873       0.769        8.30      0.812         9.30       0.794 
    6.000     0.99770       3.766       1.880       0.766        8.31      0.822         9.49       0.811 
    6.500     0.99760       3.814       1.888       0.763        8.33      0.834         9.70       0.829 
    6.750     0.99768       3.814       1.892       0.761        8.34      0.839         9.80       0.837 
    6.751     0.99765       4.473       1.811       0.795        8.06      0.807         9.36       0.800 
    7.000     0.99746       4.520       1.819       0.791        7.85      0.811         9.48       0.810 
    7.500     0.99759       4.520       1.828       0.788        7.82      0.817         9.64       0.824 
    8.000     0.99751       4.567       1.834       0.785        7.80      0.820         9.70       0.829 
    8.500     0.99755       4.614       1.841       0.782        7.78      0.827         9.67       0.827 
    9.000     0.99761       4.661       1.835       0.785        7.67      0.825         9.72       0.831 
    9.350     0.99763       4.708       1.832       0.786        7.55      0.818         9.67       0.826 
    9.351     0.99746       4.732       1.877       0.767        8.09      0.858        10.18       0.870 
    9.500     0.99741       4.755       1.871       0.770        8.03      0.855        10.14       0.868 
   10.000     0.99746       4.802       1.857       0.775        7.66      0.824         9.76       0.846 
   10.500     0.99743       4.896       1.833       0.785        7.14      0.789         9.30       0.815 
   11.000     0.99740       5.179       1.807       0.797        6.80      0.759         8.75       0.775 
   11.500     0.99759       5.226       1.780       0.809        6.53      0.733         8.22       0.733 
   11.950     0.99760       5.273       1.761       0.818        6.91      0.747         8.09       0.715 
   11.951     0.99761       5.108       1.768       0.814        7.33      0.765         8.35       0.739 
   12.000     0.99757       5.132       1.764       0.817        7.34      0.767         8.37       0.741 
   12.500     0.99758       5.132       1.755       0.820        7.37      0.778         8.53       0.758 
   13.000     0.99753       5.061       1.722       0.836        7.33      0.782         8.58       0.770 
   13.500     0.99750       4.944       1.719       0.855        7.51      0.801         8.68       0.785 
   13.600     0.99753       4.920       1.722       0.854        7.52      0.803         8.68       0.786 
   13.601     0.99751       4.167       1.719       0.855        6.80      0.763         8.47       0.771 
   14.000     0.99748       3.908       1.721       0.854        7.97      0.804         8.55       0.785 
   14.500     0.99746       2.378       1.721       0.854        7.14      0.802         8.71       0.807 
   15.000     0.99736       1.930       1.725       0.852        7.58      0.819         8.65       0.810 
   15.250     0.99768       0.494       1.701       0.864        7.36      0.823         8.78       0.814 
   15.405     0.99807       0.000       1.732       0.849        7.29      0.818         8.71       0.811 
   15.485     0.99794       0.000       1.741       0.844        7.30      0.820         8.74       0.814 
   15.963     0.99731       0.000       1.862       0.789        6.76      0.768         8.19       0.771 
   16.362     0.99733       0.000       1.996       0.737        6.41      0.721         7.61       0.723 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    20701.2 
 Exposure: MWd/MTU (GWd)         0.0 (   0.00 ) 
 Delta E: MWd/MTU, (GWd)         0.0 (   0.00 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.141   3.641    19  0.376 0.643  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.259   8.406    20  0.333 0.348   3 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.547  16.276    21  0.455 0.801  53 42 
                                                             21  0.658  19.868    22  0.712 0.864  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.739  21.758    23  1.319 1.504  27 38 
 59                -- -- -- -- --                59          19  0.794  22.672    24  1.324 1.548  29 38 
 55          -- -- -- -- -- -- -- -- --          55          18  0.831  22.587    25  1.118 1.305  13 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  0.884  22.593    26  1.301 1.428  27 36 
 47    -- -- 34 -- -- -- 20 -- -- -- 34 -- --    47          16  0.920  22.785    27  1.281 1.378  23 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  0.954  23.190    28  1.129 1.394  17 42 
 39 -- -- -- -- --  8 -- -- --  8 -- -- -- -- -- 39          14  0.984  23.788 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.079  23.089 
 31 -- -- -- 20 -- -- -- 12 -- -- -- 20 -- -- -- 31          12  1.137  23.463 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.193  24.076 
 23 -- -- -- -- --  8 -- -- --  8 -- -- -- -- -- 23          10  1.246  24.479 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.302  24.620 
 15    -- -- 34 -- -- -- 20 -- -- -- 34 -- --    15           8  1.364  25.091 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.408  25.438 
  7          -- -- -- -- -- -- -- -- --           7           6  1.475  25.487 
  3                -- -- -- -- --                 3           5  1.542  25.554* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.558* 24.637 
                                                              3  1.488  22.197 
 Control Rod Density: %         4.28                          2  1.169  16.960 
                                                      Bottom  1  0.328   5.075 
 k-effective:                1.00000 
 Void Fraction:                0.407              % AXIAL TILT -26.752  -7.822 
 Core Delta-P: psia           21.961          AVG BOT 8ft/12ft  1.1967  1.0860 
 Core Plate Delta-P: psia     17.528 
 Coolant Temp: Deg-F           543.9 
 In Channel Flow: Mlb/hr       85.42   Active Channel Flow: Mlb/hr        81.53 
 Total Bypass Flow (%):         11.1   (of total core flow) 
 Total Water Rod Flow (%):       4.1   (of total core flow) 
 Source Convergence          0.00042 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.548  24 29 38    1.793  0.814  23 23 34    9.10  0.903 24.9  24 31 24  3   10.48  0.905 29.6  24 31 26  3 
 1.547  24 23 32    1.794  0.814  24 25 32    9.08  0.902 24.8  24 37 30  3   10.27  0.904 31.7  24 31 24  3 
 1.516  24 29 36    1.795  0.813  24 31 26    8.80  0.883 22.2  23 31 22  3   10.43  0.903 29.8  24 25 32  3 
 1.514  24 25 32    1.797  0.813  23 33 24    8.78  0.881 22.3  23 39 30  3   10.24  0.902 31.7  24 23 32  3 
 1.504  23 27 38    1.803  0.810  24 23 32    8.82  0.871 23.0  24 31 26  3   10.04  0.890 32.5  23 33 24  4 
 1.504  23 23 34    1.804  0.809  24 31 24    8.79  0.869 23.1  24 35 30  3   10.03  0.889 32.5  23 23 34  4 
 1.501  23 29 40    1.862  0.784  23 31 40    8.47  0.860 26.9  23 27 24  4   12.33  0.875  0.0  26 39 34  4 
 1.500  23 21 32    1.838  0.783  26 27 36    8.48  0.860 26.8  23 37 28  4   12.33  0.875  0.0  26 33 40  4 
 1.458  24 25 36    1.864  0.783  23 39 32    8.25  0.833 25.9  23 21 16  4    9.84  0.861 31.0  23 31 22  4 
 1.449  24 27 34    1.842  0.782  26 35 28    8.22  0.831 26.0  23 45 22  4    9.69  0.861 32.8  23 39 32  4 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.1  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 0.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    20951.2 
 Exposure: MWd/MTU (GWd)       250.0 (  31.45 ) 
 Delta E: MWd/MTU, (GWd)       250.0 (  31.45 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.153   3.672    19  0.377 0.642  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.280   8.476    20  0.334 0.349   3 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.592  16.425    21  0.456 0.799  53 42 
                                                             21  0.713  20.048    22  0.711 0.866  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.802  21.960    23  1.322 1.514  27 38 
 59                -- -- -- -- --                59          19  0.850  22.889    24  1.337 1.554  29 38 
 55          -- -- -- -- -- -- -- -- --          55          18  0.881  22.814    25  1.114 1.300  13 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  0.929  22.826    26  1.301 1.431  27 36 
 47    -- -- 34 -- -- -- 20 -- -- -- 34 -- --    47          16  0.960  23.022    27  1.273 1.386  23 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  0.987  23.435    28  1.119 1.387  17 42 
 39 -- -- -- -- -- 10 -- -- -- 10 -- -- -- -- -- 39          14  1.011  24.041 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.098  23.353 
 31 -- -- -- 20 -- -- -- 12 -- -- -- 20 -- -- -- 31          12  1.148  23.742 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.195  24.368 
 23 -- -- -- -- -- 10 -- -- -- 10 -- -- -- -- -- 23          10  1.239  24.784 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.285  24.935 
 15    -- -- 34 -- -- -- 20 -- -- -- 34 -- --    15           8  1.337  25.416 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.369  25.773 
  7          -- -- -- -- -- -- -- -- --           7           6  1.423  25.838 
  3                -- -- -- -- --                 3           5  1.474  25.921* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.475* 25.008 
                                                              3  1.397  22.552 
 Control Rod Density: %         4.19                          2  1.096  17.239 
                                                      Bottom  1  0.307   5.154 
 k-effective:                0.99988 
 Void Fraction:                0.400              % AXIAL TILT -22.879  -8.002 
 Core Delta-P: psia           21.857          AVG BOT 8ft/12ft  1.1751  1.0869 
 Core Plate Delta-P: psia     17.424 
 Coolant Temp: Deg-F           543.8 
 In Channel Flow: Mlb/hr       85.48   Active Channel Flow: Mlb/hr        81.62 
 Total Bypass Flow (%):         11.0   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00048 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.554  24 29 38    1.758  0.831  23 23 34    8.57  0.854 25.5  24 31 24  3    9.58  0.859 33.8  24 31 26  4 
 1.553  24 23 32    1.761  0.829  23 33 24    8.56  0.853 25.5  24 37 30  3    9.55  0.857 33.9  24 25 32  4 
 1.523  24 29 36    1.767  0.826  24 25 32    8.25  0.834 26.1  23 31 22  4    9.36  0.857 36.1  24 31 24  4 
 1.521  24 25 32    1.767  0.826  24 31 26    8.23  0.833 26.2  23 39 30  4    9.34  0.855 36.1  24 23 32  4 
 1.514  23 27 38    1.799  0.811  24 23 30    8.24  0.828 26.8  24 31 26  4    9.51  0.848 33.2  23 33 24  4 
 1.514  23 23 34    1.799  0.811  24 29 38    8.22  0.826 26.9  24 35 30  4    9.50  0.847 33.2  23 23 34  4 
 1.506  23 31 40    1.830  0.798  23 31 40    8.05  0.819 27.5  23 27 24  4   11.63  0.825  0.8  26 39 34  4 
 1.506  23 21 32    1.832  0.797  23 39 32    8.05  0.819 27.4  23 37 28  4   11.63  0.825  0.8  26 33 40  4 
 1.470  24 25 36    1.838  0.794  24 29 30    7.83  0.793 26.5  23 21 16  4    9.20  0.821 33.4  23 31 40  4 
 1.457  24 27 34    1.857  0.786  24 19 34    7.81  0.791 26.6  23 45 22  4    9.19  0.821 33.5  23 39 32  4 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.2  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 250.0 MWd/MTU 

Controlled Document



 

Quad Cities Unit 2 Cycle 24 Representative Fuel Cycle Design 

ANP-3293NP 
Revision 0  
Page A-6 

 

 
 
 
AREVA Inc. 

 
 
 
 Cycle:                           24                            Core Average Exposure: MWd/MTU    21201.2 
 Exposure: MWd/MTU (GWd)       500.0 (  62.90 ) 
 Delta E: MWd/MTU, (GWd)       250.0 (  31.45 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.153   3.706    19  0.372 0.632  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.279   8.551    20  0.328 0.342   3 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.589  16.586    21  0.453 0.790  53 42 
                                                             21  0.707  20.242    22  0.719 0.960  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.794  22.179    23  1.315 1.513  27 38 
 59                -- -- -- -- --                59          19  0.842  23.122    24  1.346 1.551  29 38 
 55          -- -- -- -- -- -- -- -- --          55          18  0.874  23.055    25  1.117 1.330  13 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  0.918  23.071    26  1.300 1.437  27 36 
 47    -- -- -- -- -- -- 20 -- -- -- -- -- --    47          16  0.942  23.269    27  1.275 1.383  23 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  0.963  23.690    28  1.123 1.391  17 42 
 39 -- -- -- -- -- 10 -- -- -- 10 -- -- -- -- -- 39          14  0.979  24.301 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.059  23.622 
 31 -- -- -- 20 -- -- -- 16 -- -- -- 20 -- -- -- 31          12  1.104  24.023 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.149  24.661 
 23 -- -- -- -- -- 10 -- -- -- 10 -- -- -- -- -- 23          10  1.194  25.087 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.248  25.247 
 15    -- -- -- -- -- -- 20 -- -- -- -- -- --    15           8  1.316  25.735 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.378  26.099 
  7          -- -- -- -- -- -- -- -- --           7           6  1.455  26.177 
  3                -- -- -- -- --                 3           5  1.526  26.272* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.543* 25.360 
                                                              3  1.478  22.885 
 Control Rod Density: %         3.48                          2  1.176  17.500 
                                                      Bottom  1  0.334   5.228 
 k-effective:                0.99979 
 Void Fraction:                0.404              % AXIAL TILT -24.173  -8.131 
 Core Delta-P: psia           21.899          AVG BOT 8ft/12ft  1.1777  1.0876 
 Core Plate Delta-P: psia     17.469 
 Coolant Temp: Deg-F           543.9 
 In Channel Flow: Mlb/hr       85.46   Active Channel Flow: Mlb/hr        81.58 
 Total Bypass Flow (%):         11.0   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00030 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.551  24 29 38    1.755  0.832  24 25 32    8.05  0.838 25.9  25 17 14  4    9.32  0.841 34.5  24 31 26  4 
 1.551  24 23 32    1.755  0.832  24 31 26    8.05  0.837 26.0  25 47 44  4    9.29  0.839 34.6  24 25 32  4 
 1.529  24 29 36    1.760  0.830  23 23 34    8.18  0.836 29.3  24 31 24  4    9.11  0.839 36.7  24 31 24  4 
 1.527  24 25 32    1.763  0.828  23 33 24    8.17  0.835 29.2  24 37 30  4    9.09  0.837 36.8  24 23 32  4 
 1.513  23 27 38    1.780  0.820  24 29 30    8.09  0.821 27.0  23 21 16  4    9.28  0.833 33.9  23 33 24  4 
 1.513  23 23 34    1.790  0.815  24 29 38    8.09  0.820 26.7  23 31 22  4    9.27  0.832 33.9  23 23 34  4 
 1.501  23 31 40    1.791  0.815  24 23 30    8.06  0.819 27.1  23 45 22  4    9.10  0.821 34.5  23 39 18  4 
 1.500  23 21 32    1.809  0.796  26 27 36    8.07  0.819 26.8  23 39 30  4   11.54  0.819  1.5  28 41 18  4 
 1.472  24 27 34    1.836  0.795  23 31 40    8.04  0.817 28.4  24 17 18  4    9.06  0.818 34.7  23 17 40  4 
 1.472  24 25 36    1.838  0.794  23 39 32    8.00  0.812 26.9  23 21 18  4   11.54  0.818  1.4  28 17 20  4 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.3  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 500.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    21701.2 
 Exposure: MWd/MTU (GWd)      1000.0 ( 125.81 ) 
 Delta E: MWd/MTU, (GWd)       500.0 (  62.90 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.158   3.774    19  0.366 0.623  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.288   8.701    20  0.322 0.336   3 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.603  16.906    21  0.446 0.783   7 20 
                                                             21  0.722  20.627    22  0.711 0.952  13 14 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.809  22.613    23  1.315 1.520  23 28 
 59                -- -- -- -- --                59          19  0.858  23.582    24  1.348 1.549  23 30 
 55          -- -- -- -- -- -- -- -- --          55          18  0.889  23.534    25  1.110 1.329  13 18 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  0.933  23.555    26  1.312 1.454  27 26 
 47    -- -- -- -- -- -- 20 -- -- -- -- -- --    47          16  0.956  23.754    27  1.282 1.406  23 26 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  0.974  24.185    28  1.124 1.408  17 20 
 39 -- -- -- -- -- 10 -- -- -- 10 -- -- -- -- -- 39          14  0.988  24.805 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.063  24.141 
 31 -- -- -- 20 -- -- -- 16 -- -- -- 20 -- -- -- 31          12  1.104  24.564 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.145  25.224 
 23 -- -- -- -- -- 12 -- -- -- 10 -- -- -- -- -- 23          10  1.188  25.673 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.240  25.852 
 15    -- -- -- -- -- -- 20 -- -- -- -- -- --    15           8  1.305  26.362 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.365  26.756 
  7          -- -- -- -- -- -- -- -- --           7           6  1.439  26.870 
  3                -- -- -- -- --                 3           5  1.506  26.999* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.518* 26.095 
                                                              3  1.453  23.589 
 Control Rod Density: %         3.46                          2  1.162  18.060 
                                                      Bottom  1  0.334   5.388 
 k-effective:                0.99969 
 Void Fraction:                0.401              % AXIAL TILT -22.992  -8.412 
 Core Delta-P: psia           21.878          AVG BOT 8ft/12ft  1.1712  1.0890 
 Core Plate Delta-P: psia     17.448 
 Coolant Temp: Deg-F           543.9 
 In Channel Flow: Mlb/hr       85.47   Active Channel Flow: Mlb/hr        81.60 
 Total Bypass Flow (%):         11.0   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00039 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.549  24 23 30    1.752  0.833  24 25 32    7.86  0.818 27.0  25 17 14  4    9.01  0.822 35.8  24 31 26  4 
 1.548  24 29 24    1.753  0.833  24 31 26    7.86  0.817 27.1  25 47 44  4    8.98  0.820 35.9  24 25 32  4 
 1.528  24 29 26    1.759  0.830  23 23 28    7.94  0.816 30.4  24 31 24  4    8.80  0.819 38.0  24 31 24  4 
 1.527  24 25 30    1.762  0.829  23 27 24    7.93  0.815 30.4  24 37 30  4    8.78  0.818 38.0  24 23 32  4 
 1.520  23 23 28    1.773  0.823  24 29 30    7.91  0.807 28.2  23 39 16  4    9.00  0.816 35.2  23 33 24  4 
 1.519  23 27 24    1.784  0.818  24 23 30    7.89  0.807 29.5  24 43 18  4    8.99  0.815 35.2  23 23 34  4 
 1.502  23 21 30    1.786  0.818  24 29 24    7.89  0.805 28.3  23 45 22  4    8.87  0.809 35.8  23 39 18  4 
 1.501  23 29 22    1.778  0.810  26 27 26    7.89  0.804 27.9  23 31 22  4    8.83  0.807 36.0  23 17 40  4 
 1.482  24 25 26    1.779  0.810  26 25 28    7.88  0.803 27.9  23 39 30  4   11.37  0.807  2.9  28 19 18  4 
 1.477  24 27 28    1.817  0.792  26 21 28    7.83  0.799 28.1  23 39 18  4   11.37  0.806  2.9  28 17 20  4 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.4  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 1,000.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    21901.2 
 Exposure: MWd/MTU (GWd)      1200.0 ( 150.97 ) 
 Delta E: MWd/MTU, (GWd)       200.0 (  25.16 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.158   3.802    19  0.365 0.622  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.289   8.763    20  0.320 0.334   3 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.603  17.037    21  0.444 0.780  53 42 
                                                             21  0.719  20.784    22  0.709 0.947  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.805  22.790    23  1.314 1.508  27 38 
 59                -- -- -- -- --                59          19  0.852  23.770    24  1.344 1.539  29 38 
 55          -- -- -- -- -- -- -- -- --          55          18  0.886  23.728    25  1.109 1.324  13 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  0.932  23.752    26  1.316 1.451  27 36 
 47    -- -- -- -- -- -- 20 -- -- -- -- -- --    47          16  0.957  23.951    27  1.286 1.394  23 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  0.976  24.386    28  1.127 1.402  17 42 
 39 -- -- -- -- -- 10 -- -- -- 10 -- -- -- -- -- 39          14  0.990  25.009 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.064  24.349 
 31 -- -- -- 20 -- -- -- 16 -- -- -- 20 -- -- -- 31          12  1.105  24.781 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.146  25.449 
 23 -- -- -- -- -- 10 -- -- -- 10 -- -- -- -- -- 23          10  1.188  25.905 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.240  26.092 
 15    -- -- -- -- -- -- 20 -- -- -- -- -- --    15           8  1.306  26.611 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.365  27.016 
  7          -- -- -- -- -- -- -- -- --           7           6  1.440  27.144 
  3                -- -- -- -- --                 3           5  1.507  27.286* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.518* 26.384 
                                                              3  1.453  23.866 
 Control Rod Density: %         3.48                          2  1.166  18.282 
                                                      Bottom  1  0.336   5.452 
 k-effective:                0.99953 
 Void Fraction:                0.401              % AXIAL TILT -23.085  -8.510 
 Core Delta-P: psia           21.884          AVG BOT 8ft/12ft  1.1723  1.0895 
 Core Plate Delta-P: psia     17.454 
 Coolant Temp: Deg-F           543.9 
 In Channel Flow: Mlb/hr       85.47   Active Channel Flow: Mlb/hr        81.60 
 Total Bypass Flow (%):         11.0   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00039 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.539  24 29 38    1.766  0.827  24 25 32    7.84  0.815 27.5  25 17 14  4    8.94  0.819 36.3  24 31 26  4 
 1.539  24 23 32    1.767  0.826  24 31 26    7.83  0.814 27.6  25 47 44  4    8.91  0.817 36.4  24 25 32  4 
 1.521  24 29 36    1.768  0.826  23 23 34    7.89  0.812 30.9  24 31 24  4    8.73  0.816 38.5  24 31 24  4 
 1.519  24 25 32    1.772  0.824  23 33 24    7.88  0.811 30.8  24 37 30  4    8.71  0.815 38.5  24 23 32  4 
 1.508  23 27 38    1.784  0.818  24 29 30    7.87  0.808 29.9  24 17 18  4    8.93  0.814 35.7  23 33 24  4 
 1.508  23 23 34    1.798  0.812  24 29 38    7.88  0.806 28.6  23 21 16  4    8.93  0.813 35.7  23 23 34  4 
 1.494  23 29 40    1.799  0.812  24 23 30    7.86  0.804 28.7  23 45 22  4    8.83  0.809 36.3  23 39 18  4 
 1.494  23 21 32    1.799  0.801  26 27 36    7.86  0.802 28.3  23 31 22  4   11.38  0.807  3.5  28 19 18  4 
 1.470  24 27 34    1.803  0.799  26 25 28    7.84  0.801 28.4  23 39 30  4    8.79  0.807 36.5  23 17 40  4 
 1.469  24 25 36    1.848  0.790  23 31 40    7.81  0.798 28.5  23 21 18  4   11.37  0.807  3.5  28 17 20  4 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.5  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 1,200.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    21902.2 
 Exposure: MWd/MTU (GWd)      1201.0 ( 151.10 ) 
 Delta E: MWd/MTU, (GWd)         1.0 (   0.13 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.165   3.802    19  0.368 0.618  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.303   8.764    20  0.319 0.333  57 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.633  17.038    21  0.444 0.768  53 42 
                                                             21  0.759  20.785    22  0.713 0.935  47 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.852  22.791    23  1.273 1.490  39 36 
 59                -- -- -- -- --                59          19  0.908  23.770    24  1.416 1.541  39 38 
 55          -- -- -- -- -- -- -- -- --          55          18  0.950  23.729    25  1.096 1.282  47 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.009  23.753    26  1.337 1.422  31 28 
 47    -- -- -- -- 24 -- -- -- 24 -- -- -- --    47          16  1.047  23.952    27  1.245 1.481  37 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.077  24.387    28  1.121 1.390  43 42 
 39 -- -- -- 24 -- -- -- 10 -- -- -- 24 -- -- -- 39          14  1.095  25.010 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.155  24.350 
 31 -- -- -- -- -- 10 -- -- -- 10 -- -- -- -- -- 31          12  1.153  24.782 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.160  25.450 
 23 -- -- -- 24 -- -- -- 10 -- -- -- 24 -- -- -- 23          10  1.175  25.907 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.205  26.093 
 15    -- -- -- -- 24 -- -- -- 24 -- -- -- --    15           8  1.251  26.612 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.294  27.018 
  7          -- -- -- -- -- -- -- -- --           7           6  1.353  27.145 
  3                -- -- -- -- --                 3           5  1.401* 27.287* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.393  26.386 
                                                              3  1.317  23.867 
 Control Rod Density: %         4.05                          2  1.044  18.283 
                                                      Bottom  1  0.300   5.452 
 k-effective:                0.99952 
 Void Fraction:                0.389              % AXIAL TILT -17.055  -8.510 
 Core Delta-P: psia           21.743          AVG BOT 8ft/12ft  1.1513  1.0895 
 Core Plate Delta-P: psia     17.311 
 Coolant Temp: Deg-F           543.7 
 In Channel Flow: Mlb/hr       85.56   Active Channel Flow: Mlb/hr        81.72 
 Total Bypass Flow (%):         10.9   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00038 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.541  24 39 38    1.765  0.827  23 25 40    7.92  0.809 29.3  24 37 22  4    8.78  0.804 36.3  23 39 26  4 
 1.540  24 37 40    1.766  0.827  23 39 26    7.91  0.809 29.4  24 39 24  4    8.74  0.802 36.5  24 39 24  4 
 1.539  24 37 38    1.799  0.812  24 25 36    7.89  0.806 29.3  24 37 24  4    8.75  0.801 36.2  23 25 40  4 
 1.523  24 39 40    1.811  0.806  24 41 38    7.75  0.792 29.2  24 39 22  4    8.92  0.801 34.1  23 31 18  4 
 1.513  24 29 30    1.812  0.806  24 23 24    7.75  0.787 27.0  23 31 16  4    8.70  0.799 36.5  24 23 40  4 
 1.493  24 35 36    1.814  0.805  24 37 42    7.74  0.786 27.1  23 45 30  4    8.87  0.798 34.1  23 17 32  4 
 1.490  23 39 36    1.814  0.805  24 37 30    7.71  0.786 29.0  24 31 30  4    8.87  0.794 33.6  23 31 16  4 
 1.489  23 35 40    1.816  0.804  24 29 24    7.54  0.774 29.4  23 35 22  4   11.16  0.792  3.1  27 25 24  4 
 1.481  27 37 36    1.817  0.804  24 23 40    7.53  0.773 29.4  23 39 26  4    8.95  0.791 32.2  24 37 24  3 
 1.480  24 41 38    1.818  0.803  24 39 24    7.62  0.773 27.0  23 31 18  4   11.15  0.791  3.1  27 23 26  4 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.6  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 1,201.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    22201.2 
 Exposure: MWd/MTU (GWd)      1500.0 ( 188.71 ) 
 Delta E: MWd/MTU, (GWd)       299.0 (  37.62 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.166   3.846    19  0.365 0.614  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.305   8.861    20  0.317 0.331   3 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.635  17.244    21  0.441 0.766   7 42 
                                                             21  0.758  21.032    22  0.711 0.933  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.849  23.069    23  1.272 1.487  21 26 
 59                -- -- -- -- --                59          19  0.907  24.067    24  1.411 1.535  23 40 
 55          -- -- -- -- -- -- -- -- --          55          18  0.951  24.040    25  1.095 1.282  13 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.013  24.071    26  1.342 1.427  19 40 
 47    -- -- -- -- 24 -- -- -- 24 -- -- -- --    47          16  1.053  24.274    27  1.251 1.484  23 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.082  24.718    28  1.125 1.397  17 42 
 39 -- -- -- 24 -- -- -- 10 -- -- -- 24 -- -- -- 39          14  1.099  25.347 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.158  24.688 
 31 -- -- -- -- -- 10 -- -- --  8 -- -- -- -- -- 31          12  1.154  25.120 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.159  25.790 
 23 -- -- -- 24 -- -- -- 10 -- -- -- 24 -- -- -- 23          10  1.174  26.251 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.203  26.442 
 15    -- -- -- -- 24 -- -- -- 24 -- -- -- --    15           8  1.249  26.969 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.292  27.386 
  7          -- -- -- -- -- -- -- -- --           7           6  1.351  27.530 
  3                -- -- -- -- --                 3           5  1.398* 27.687* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.388  26.783 
                                                              3  1.312  24.243 
 Control Rod Density: %         4.07                          2  1.043  18.580 
                                                      Bottom  1  0.301   5.538 
 k-effective:                0.99941 
 Void Fraction:                0.388              % AXIAL TILT -16.877  -8.572 
 Core Delta-P: psia           21.744          AVG BOT 8ft/12ft  1.1511  1.0899 
 Core Plate Delta-P: psia     17.312 
 Coolant Temp: Deg-F           543.7 
 In Channel Flow: Mlb/hr       85.56   Active Channel Flow: Mlb/hr        81.73 
 Total Bypass Flow (%):         10.9   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00032 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.535  24 23 40    1.770  0.825  23 25 40    7.80  0.801 30.0  24 37 22  4    8.65  0.798 37.0  23 39 26  4 
 1.535  24 21 38    1.783  0.819  23 21 26    7.79  0.800 30.0  24 39 24  4    8.81  0.797 34.8  23 31 18  4 
 1.533  24 23 38    1.801  0.811  24 25 36    7.77  0.798 30.0  24 37 24  4    8.61  0.794 37.0  23 25 40  4 
 1.518  24 21 40    1.820  0.802  24 23 24    7.65  0.784 29.8  24 39 22  4    8.59  0.794 37.2  24 39 24  4 
 1.507  24 29 30    1.820  0.802  24 19 38    7.63  0.782 29.7  24 31 30  4    8.77  0.793 34.9  23 17 32  4 
 1.490  24 25 36    1.795  0.802  26 19 40    7.68  0.782 27.7  23 31 16  4    8.55  0.790 37.2  24 23 40  4 
 1.487  23 21 26    1.822  0.802  24 23 40    7.66  0.781 27.7  23 45 30  4    8.75  0.789 34.4  23 31 16  4 
 1.486  23 25 40    1.797  0.801  26 21 42    7.55  0.769 27.6  23 31 18  4    8.71  0.785 34.5  23 15 32  4 
 1.484  27 23 36    1.822  0.801  24 37 42    7.55  0.768 27.6  23 43 30  4   11.03  0.782  3.9  27 25 24  4 
 1.483  27 25 24    1.822  0.801  24 23 30    7.46  0.767 30.0  23 35 22  4   11.02  0.782  3.9  27 23 26  4 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.7  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 1,500.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    22701.2 
 Exposure: MWd/MTU (GWd)      2000.0 ( 251.62 ) 
 Delta E: MWd/MTU, (GWd)       500.0 (  62.90 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.168   3.919    19  0.361 0.609  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.308   9.025    20  0.312 0.325  57 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.639  17.589    21  0.435 0.760  53 42 
                                                             21  0.759  21.445    22  0.705 0.925  47 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.848  23.533    23  1.271 1.477  35 40 
 59                -- -- -- -- --                59          19  0.907  24.563    24  1.404 1.522  37 40 
 55          -- -- -- -- -- -- -- -- --          55          18  0.954  24.561    25  1.091 1.280  47 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.018  24.605    26  1.352 1.434  39 42 
 47    -- -- -- -- 24 -- -- -- 24 -- -- -- --    47          16  1.060  24.816    27  1.261 1.484  35 38 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.089  25.276    28  1.131 1.405  43 42 
 39 -- -- -- 24 -- -- -- 10 -- -- -- 24 -- -- -- 39          14  1.105  25.913 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.160  25.256 
 31 -- -- -- -- --  8 -- -- --  8 -- -- -- -- -- 31          12  1.154  25.685 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.158  26.358 
 23 -- -- -- 24 -- -- -- 10 -- -- -- 24 -- -- -- 23          10  1.172  26.826 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.200  27.025 
 15    -- -- -- -- 24 -- -- -- 24 -- -- -- --    15           8  1.246  27.564 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.289  28.002 
  7          -- -- -- -- -- -- -- -- --           7           6  1.348  28.174 
  3                -- -- -- -- --                 3           5  1.394* 28.353* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.380  27.444 
                                                              3  1.302  24.868 
 Control Rod Density: %         4.10                          2  1.038  19.078 
                                                      Bottom  1  0.302   5.683 
 k-effective:                0.99922 
 Void Fraction:                0.387              % AXIAL TILT -16.520  -8.669 
 Core Delta-P: psia           21.744          AVG BOT 8ft/12ft  1.1498  1.0906 
 Core Plate Delta-P: psia     17.312 
 Coolant Temp: Deg-F           543.6 
 In Channel Flow: Mlb/hr       85.56   Active Channel Flow: Mlb/hr        81.73 
 Total Bypass Flow (%):         10.9   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00047 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.522  24 37 40    1.792  0.815  23 25 40    7.62  0.785 31.1  24 37 22  4    8.64  0.790 36.0  23 31 18  4 
 1.520  24 39 38    1.803  0.810  23 39 26    7.62  0.784 31.1  24 39 24  4    8.44  0.787 38.2  23 39 26  4 
 1.518  24 37 38    1.818  0.803  24 25 36    7.59  0.782 31.1  24 37 24  4    8.60  0.786 36.1  23 17 32  4 
 1.506  24 39 40    1.797  0.801  26 21 42    7.54  0.775 30.7  24 31 30  4    8.41  0.784 38.2  23 25 40  4 
 1.498  24 29 30    1.800  0.800  26 19 40    7.56  0.773 28.8  23 31 16  4    8.37  0.782 38.4  24 39 24  4 
 1.484  27 35 38    1.828  0.799  24 37 42    7.55  0.772 28.8  23 45 30  4    8.58  0.781 35.6  23 31 16  4 
 1.481  27 37 36    1.834  0.796  24 41 38    7.49  0.771 30.9  24 39 22  4    8.34  0.779 38.4  24 23 40  4 
 1.478  24 35 36    1.844  0.792  24 23 40    7.46  0.763 28.7  23 31 18  4    8.53  0.778 35.7  23 15 32  4 
 1.477  23 35 40    1.845  0.791  24 29 24    7.45  0.762 28.7  23 43 30  4    8.28  0.771 38.1  24 41 24  4 
 1.473  23 39 36    1.846  0.791  24 39 24    7.33  0.756 31.1  23 35 22  4    8.41  0.768 36.0  24 37 24  4 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.8  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 2,000.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    23201.6 
 Exposure: MWd/MTU (GWd)      2500.0 ( 314.52 ) 
 Delta E: MWd/MTU, (GWd)       500.0 (  62.90 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.172   3.995    19  0.355 0.602  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.315   9.192    20  0.306 0.320  57 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.650  17.939    21  0.429 0.753  53 42 
                                                             21  0.769  21.861    22  0.698 0.918  47 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.857  23.999    23  1.270 1.471  35 40 
 59                -- -- -- -- --                59          19  0.916  25.061    24  1.400 1.511  37 40 
 55          -- -- -- -- -- -- -- -- --          55          18  0.963  25.086    25  1.086 1.277  47 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.027  25.144    26  1.364 1.443  31 28 
 47    -- -- -- -- 24 -- -- -- 24 -- -- -- --    47          16  1.070  25.364    27  1.270 1.489  35 38 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.098  25.839    28  1.135 1.413  43 42 
 39 -- -- -- 24 -- -- -- 10 -- -- -- 24 -- -- -- 39          14  1.110  26.483 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.161  25.824 
 31 -- -- -- -- --  8 -- -- --  8 -- -- -- -- -- 31          12  1.151  26.250 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.153  26.924 
 23 -- -- -- 24 -- -- -- 10 -- -- -- 24 -- -- -- 23          10  1.165  27.399 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.193  27.605 
 15    -- -- -- -- 24 -- -- -- 24 -- -- -- --    15           8  1.239  28.156 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.282  28.615 
  7          -- -- -- -- -- -- -- -- --           7           6  1.341  28.814 
  3                -- -- -- -- --                 3           5  1.386* 29.014* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.368  28.099 
                                                              3  1.288  25.485 
 Control Rod Density: %         4.10                          2  1.028  19.570 
                                                      Bottom  1  0.300   5.827 
 k-effective:                0.99918 
 Void Fraction:                0.384              % AXIAL TILT -15.777  -8.745 
 Core Delta-P: psia           21.734          AVG BOT 8ft/12ft  1.1457  1.0912 
 Core Plate Delta-P: psia     17.302 
 Coolant Temp: Deg-F           543.6 
 In Channel Flow: Mlb/hr       85.57   Active Channel Flow: Mlb/hr        81.75 
 Total Bypass Flow (%):         10.9   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00044 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.511  24 37 40    1.804  0.809  23 25 40    7.45  0.768 32.2  24 37 22  4    8.46  0.782 37.2  23 31 18  4 
 1.510  24 39 38    1.815  0.805  23 39 26    7.44  0.768 32.2  24 39 24  4    8.42  0.778 37.3  23 17 32  4 
 1.507  24 37 38    1.791  0.804  26 21 42    7.44  0.767 31.8  24 31 30  4    8.22  0.776 39.4  23 39 26  4 
 1.497  24 39 40    1.794  0.803  26 19 40    7.42  0.765 32.2  24 37 24  4    8.40  0.773 36.8  23 31 16  4 
 1.494  24 31 32    1.825  0.800  24 25 36    7.43  0.764 29.8  23 31 16  4    8.20  0.773 39.3  23 25 40  4 
 1.489  27 35 38    1.836  0.795  24 37 42    7.42  0.763 29.8  23 45 30  4    8.16  0.770 39.5  24 39 24  4 
 1.486  27 37 36    1.842  0.793  24 41 38    7.34  0.757 32.0  24 39 22  4    8.35  0.769 36.8  23 15 32  4 
 1.472  24 35 36    1.856  0.786  24 29 24    7.35  0.756 29.8  23 31 18  4    8.12  0.767 39.6  24 23 40  4 
 1.471  23 35 40    1.857  0.786  24 23 40    7.35  0.755 29.7  23 43 30  4    8.07  0.760 39.2  24 41 24  4 
 1.467  23 39 36    1.860  0.785  24 39 24    7.20  0.744 32.1  23 35 22  4    8.32  0.758 35.7  24 31 30  4 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.9  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 2,500.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    23701.7 
 Exposure: MWd/MTU (GWd)      3000.0 ( 377.42 ) 
 Delta E: MWd/MTU, (GWd)       500.0 (  62.90 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.175   4.072    19  0.350 0.595  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.320   9.363    20  0.301 0.314  57 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.659  18.295    21  0.423 0.747  53 42 
                                                             21  0.777  22.283    22  0.692 0.910  47 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.863  24.469    23  1.269 1.465  35 40 
 59                -- -- -- -- --                59          19  0.921  25.563    24  1.395 1.500  37 40 
 55          -- -- -- -- -- -- -- -- --          55          18  0.969  25.614    25  1.081 1.274  47 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.034  25.688    26  1.375 1.453  31 28 
 47    -- -- -- -- 24 -- -- -- 24 -- -- -- --    47          16  1.077  25.917    27  1.279 1.493  35 38 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.104  26.405    28  1.140 1.420  43 42 
 39 -- -- -- 24 -- -- -- 10 -- -- -- 24 -- -- -- 39          14  1.113  27.055 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.161  26.393 
 31 -- -- -- -- --  8 -- -- --  8 -- -- -- -- -- 31          12  1.149  26.813 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.149  27.488 
 23 -- -- -- 24 -- -- -- 10 -- -- -- 24 -- -- -- 23          10  1.160  27.969 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.187  28.182 
 15    -- -- -- -- 24 -- -- -- 24 -- -- -- --    15           8  1.233  28.745 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.276  29.224 
  7          -- -- -- -- -- -- -- -- --           7           6  1.338  29.452 
  3                -- -- -- -- --                 3           5  1.381* 29.673* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.360  28.749 
                                                              3  1.277  26.096 
 Control Rod Density: %         4.10                          2  1.019  20.057 
                                                      Bottom  1  0.299   5.971 
 k-effective:                0.99907 
 Void Fraction:                0.382              % AXIAL TILT -15.231  -8.805 
 Core Delta-P: psia           21.729          AVG BOT 8ft/12ft  1.1426  1.0918 
 Core Plate Delta-P: psia     17.297 
 Coolant Temp: Deg-F           543.6 
 In Channel Flow: Mlb/hr       85.58   Active Channel Flow: Mlb/hr        81.76 
 Total Bypass Flow (%):         10.9   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00047 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.500  24 37 40    1.788  0.805  26 21 42    7.34  0.759 32.8  24 31 30  4    8.32  0.777 38.4  23 31 18  4 
 1.499  24 39 38    1.791  0.804  26 19 40    7.34  0.757 30.9  23 31 16  4    8.27  0.773 38.4  23 17 32  4 
 1.496  24 37 38    1.818  0.803  23 25 40    7.33  0.756 30.9  23 45 30  4    8.25  0.767 37.9  23 31 16  4 
 1.493  27 35 38    1.828  0.798  23 39 26    7.28  0.753 33.2  24 37 22  4    8.02  0.765 40.5  23 39 26  4 
 1.490  27 37 36    1.834  0.796  24 25 36    7.28  0.752 33.2  24 39 24  4    8.21  0.764 38.0  23 15 32  4 
 1.488  24 31 32    1.846  0.791  24 37 42    7.28  0.750 30.8  23 31 18  4    8.00  0.762 40.5  23 25 40  4 
 1.488  24 39 40    1.852  0.788  24 41 38    7.25  0.750 33.2  24 37 24  4    7.95  0.758 40.6  24 39 24  4 
 1.466  24 35 36    1.838  0.783  26 27 36    7.27  0.750 30.8  23 43 30  4    7.92  0.755 40.7  24 23 40  4 
 1.465  23 35 40    1.839  0.783  26 35 28    7.19  0.743 33.0  24 39 22  4    8.18  0.753 36.8  24 31 30  4 
 1.460  23 39 36    1.840  0.783  26 35 20    7.11  0.735 32.5  23 31 14  4    7.88  0.750 40.4  24 41 24  4 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.10  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 3,000.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    24201.2 
 Exposure: MWd/MTU (GWd)      3500.0 ( 440.33 ) 
 Delta E: MWd/MTU, (GWd)       500.0 (  62.90 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.176   4.150    19  0.346 0.590  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.321   9.535    20  0.297 0.310  57 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.660  18.654    21  0.417 0.742  53 42 
                                                             21  0.775  22.706    22  0.687 0.903  13 14 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.858  24.940    23  1.267 1.458  35 22 
 59                -- -- -- -- --                59          19  0.918  26.067    24  1.387 1.489  37 22 
 55          -- -- -- -- -- -- -- -- --          55          18  0.967  26.144    25  1.077 1.272  47 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.035  26.233    26  1.386 1.462  31 28 
 47    -- -- -- -- 24 -- -- -- 24 -- -- -- --    47          16  1.080  26.472    27  1.289 1.498  25 24 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.108  26.974    28  1.147 1.428  43 20 
 39 -- -- -- 24 -- -- --  8 -- -- -- 24 -- -- -- 39          14  1.115  27.628 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.160  26.962 
 31 -- -- -- -- --  8 -- -- --  8 -- -- -- -- -- 31          12  1.147  27.376 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.147  28.051 
 23 -- -- -- 24 -- -- -- 10 -- -- -- 24 -- -- -- 23          10  1.158  28.537 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.186  28.757 
 15    -- -- -- -- 24 -- -- -- 24 -- -- -- --    15           8  1.232  29.332 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.277  29.832 
  7          -- -- -- -- -- -- -- -- --           7           6  1.341  30.089 
  3                -- -- -- -- --                 3           5  1.385* 30.331* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.361  29.397 
                                                              3  1.276  26.704 
 Control Rod Density: %         4.12                          2  1.017  20.543 
                                                      Bottom  1  0.300   6.114 
 k-effective:                0.99877 
 Void Fraction:                0.382              % AXIAL TILT -15.213  -8.856 
 Core Delta-P: psia           21.738          AVG BOT 8ft/12ft  1.1431  1.0922 
 Core Plate Delta-P: psia     17.306 
 Coolant Temp: Deg-F           543.5 
 In Channel Flow: Mlb/hr       85.58   Active Channel Flow: Mlb/hr        81.76 
 Total Bypass Flow (%):         10.9   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00041 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.498  27 25 24    1.788  0.805  26 39 20    7.28  0.754 33.9  24 31 30  4    8.22  0.776 39.6  23 31 18  4 
 1.494  27 23 26    1.790  0.804  26 41 22    7.29  0.753 31.9  23 31 16  4    8.18  0.772 39.6  23 17 32  4 
 1.489  24 37 22    1.844  0.792  23 39 26    7.28  0.752 31.9  23 45 30  4    8.15  0.766 39.1  23 31 16  4 
 1.487  24 39 24    1.849  0.790  23 25 22    7.24  0.748 31.8  23 31 18  4    8.11  0.763 39.1  23 15 32  4 
 1.484  24 37 24    1.852  0.788  24 35 26    7.24  0.748 31.8  23 43 30  4    7.86  0.757 41.6  23 39 26  4 
 1.480  24 29 30    1.833  0.786  26 35 20    7.15  0.741 34.2  24 37 22  4    7.84  0.755 41.6  23 25 40  4 
 1.478  24 39 22    1.863  0.784  24 37 20    7.15  0.741 34.2  24 39 24  4    7.85  0.753 41.2  24 31 32  5 
 1.462  26 31 28    1.839  0.783  26 35 28    7.12  0.738 34.2  24 37 24  4    7.78  0.750 41.7  24 39 24  4 
 1.461  26 39 20    1.842  0.782  26 27 26    7.08  0.734 33.5  23 31 14  4    7.75  0.748 41.8  24 23 40  4 
 1.460  26 41 22    1.867  0.782  24 41 38    7.08  0.733 34.0  24 39 22  4    7.77  0.744 41.1  23 47 34  4 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.11  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 3,500.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    24526.7 
 Exposure: MWd/MTU (GWd)      3825.0 ( 481.22 ) 
 Delta E: MWd/MTU, (GWd)       325.0 (  40.89 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.178   4.201    19  0.343 0.586  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.324   9.648    20  0.293 0.306  57 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.664  18.888    21  0.413 0.737  53 42 
                                                             21  0.778  22.981    22  0.683 0.898  13 14 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.860  25.245    23  1.266 1.453  35 22 
 59                -- -- -- -- --                59          19  0.920  26.393    24  1.384 1.482  37 22 
 55          -- -- -- -- -- -- -- -- --          55          18  0.969  26.489    25  1.074 1.270  47 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.037  26.588    26  1.393 1.468  31 28 
 47    -- -- -- -- 24 -- -- -- 24 -- -- -- --    47          16  1.084  26.834    27  1.295 1.500  25 24 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.110  27.345    28  1.150 1.433  43 20 
 39 -- -- -- 24 -- -- --  8 -- -- -- 24 -- -- -- 39          14  1.117  28.002 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.160  27.331 
 31 -- -- -- -- --  8 -- -- --  8 -- -- -- -- -- 31          12  1.145  27.741 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.144  28.416 
 23 -- -- -- 24 -- -- -- 10 -- -- -- 24 -- -- -- 23          10  1.155  28.906 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.182  29.130 
 15    -- -- -- -- 24 -- -- -- 24 -- -- -- --    15           8  1.229  29.714 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.275  30.228 
  7          -- -- -- -- -- -- -- -- --           7           6  1.341  30.505 
  3                -- -- -- -- --                 3           5  1.385* 30.760* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.359  29.819 
                                                              3  1.272  27.099 
 Control Rod Density: %         4.12                          2  1.012  20.857 
                                                      Bottom  1  0.299   6.208 
 k-effective:                0.99872 
 Void Fraction:                0.381              % AXIAL TILT -14.993  -8.887 
 Core Delta-P: psia           21.738          AVG BOT 8ft/12ft  1.1419  1.0925 
 Core Plate Delta-P: psia     17.306 
 Coolant Temp: Deg-F           543.5 
 In Channel Flow: Mlb/hr       85.58   Active Channel Flow: Mlb/hr        81.77 
 Total Bypass Flow (%):         10.9   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00042 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.500  27 25 24    1.788  0.805  26 39 20    7.23  0.750 34.5  24 31 30  4    8.13  0.773 40.3  23 31 18  4 
 1.496  27 23 26    1.791  0.804  26 41 22    7.23  0.748 32.6  23 31 16  4    8.09  0.769 40.3  23 17 32  4 
 1.482  24 37 22    1.855  0.787  23 39 26    7.22  0.747 32.6  23 45 30  4    8.06  0.763 39.8  23 31 16  4 
 1.480  24 39 24    1.830  0.787  26 35 20    7.20  0.745 32.5  23 31 18  4    8.02  0.760 39.8  23 15 32  4 
 1.477  24 37 24    1.859  0.785  23 25 22    7.19  0.744 32.5  23 43 30  4    7.81  0.754 41.9  24 31 32  5 
 1.476  24 29 30    1.860  0.785  24 35 26    7.06  0.732 34.9  24 37 22  4    7.75  0.751 42.3  23 39 26  4 
 1.471  24 39 22    1.838  0.783  26 35 28    7.05  0.732 34.9  24 39 24  4    7.72  0.748 42.3  23 25 40  4 
 1.468  26 31 28    1.841  0.782  26 27 26    7.04  0.731 34.1  23 31 14  4    7.61  0.745 43.4  23 47 34  5 
 1.466  26 39 20    1.842  0.782  26 31 28    7.03  0.730 34.8  24 37 24  4    7.67  0.744 42.4  24 39 24  4 
 1.465  26 41 22    1.842  0.782  26 19 26    7.02  0.729 34.2  23 47 30  4    7.60  0.743 43.3  23 33 48  5 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.12  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 3,825.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    24527.2 
 Exposure: MWd/MTU (GWd)      3826.0 ( 481.34 ) 
 Delta E: MWd/MTU, (GWd)         1.0 (   0.13 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.168   4.201    19  0.340 0.590  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.305   9.649    20  0.294 0.307   3 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.624  18.888    21  0.414 0.749  53 42 
                                                             21  0.729  22.981    22  0.680 0.910  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.803  25.246    23  1.311 1.476  21 32 
 59                -- -- -- -- --                59          19  0.846  26.394    24  1.308 1.493  23 32 
 55          -- -- -- -- -- -- -- -- --          55          18  0.882  26.490    25  1.086 1.311  47 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  0.937  26.589    26  1.370 1.466  27 36 
 47    -- -- -- -- -- -- 20 -- -- -- -- -- --    47          16  0.974  26.835    27  1.336 1.408  23 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  0.994  27.346    28  1.157 1.449  17 42 
 39 -- -- -- -- -- 10 -- -- -- 10 -- -- -- -- -- 39          14  1.000  28.003 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.061  27.333 
 31 -- -- -- 20 -- -- --  8 -- -- -- 20 -- -- -- 31          12  1.094  27.743 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.129  28.417 
 23 -- -- -- -- -- 10 -- -- -- 10 -- -- -- -- -- 23          10  1.169  28.907 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.222  29.131 
 15    -- -- -- -- -- -- 20 -- -- -- -- -- --    15           8  1.289  29.715 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.356  30.229 
  7          -- -- -- -- -- -- -- -- --           7           6  1.441  30.506 
  3                -- -- -- -- --                 3           5  1.510* 30.762* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.509  29.820 
                                                              3  1.442  27.100 
 Control Rod Density: %         3.58                          2  1.167  20.858 
                                                      Bottom  1  0.348   6.208 
 k-effective:                0.99864 
 Void Fraction:                0.395              % AXIAL TILT -22.299  -8.887 
 Core Delta-P: psia           21.909          AVG BOT 8ft/12ft  1.1691  1.0925 
 Core Plate Delta-P: psia     17.479 
 Coolant Temp: Deg-F           543.8 
 In Channel Flow: Mlb/hr       85.48   Active Channel Flow: Mlb/hr        81.62 
 Total Bypass Flow (%):         11.0   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00028 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.493  24 23 32    1.848  0.790  23 23 34    7.83  0.809 31.8  23 21 16  4    8.73  0.817 38.7  23 39 16  4 
 1.492  24 29 38    1.855  0.787  23 33 24    7.81  0.807 31.9  23 45 22  4    8.69  0.815 38.8  23 15 40  4 
 1.476  23 21 32    1.873  0.780  24 19 34    7.69  0.795 31.8  23 31 22  4    8.48  0.812 40.9  23 39 18  4 
 1.476  23 29 40    1.881  0.776  24 33 20    7.68  0.793 31.9  23 39 30  4    8.45  0.809 41.1  23 17 40  4 
 1.466  26 27 36    1.863  0.773  26 21 34    7.63  0.792 34.8  24 43 18  4    8.52  0.800 38.9  23 31 40  4 
 1.465  26 25 34    1.864  0.773  26 27 36    7.56  0.784 33.3  23 21 18  4    8.52  0.800 39.0  23 39 32  4 
 1.462  26 27 40    1.864  0.772  26 27 40    7.56  0.783 32.8  23 39 14  4    8.32  0.800 41.4  23 23 16  4 
 1.462  26 21 34    1.893  0.771  24 25 32    7.55  0.782 33.5  23 43 22  4    8.38  0.799 40.6  23 47 40  4 
 1.459  23 23 34    1.867  0.771  26 19 32    7.54  0.781 34.4  24 31 24  4    8.39  0.799 40.5  23 39 48  4 
 1.458  23 27 38    1.868  0.771  26 29 42    7.53  0.781 33.9  23 37 16  4   11.25  0.798 10.1  28 19 18  4 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.13  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 3,826.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    24701.7 
 Exposure: MWd/MTU (GWd)      4000.0 ( 503.23 ) 
 Delta E: MWd/MTU, (GWd)       174.0 (  21.89 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.168   4.227    19  0.338 0.587  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.307   9.706    20  0.292 0.306   3 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.627  19.007    21  0.412 0.747  53 42 
                                                             21  0.731  23.120    22  0.677 0.907  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.804  25.399    23  1.311 1.474  21 32 
 59                -- -- -- -- --                59          19  0.847  26.556    24  1.307 1.490  23 32 
 55          -- -- -- -- -- -- -- -- --          55          18  0.884  26.658    25  1.084 1.309  47 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  0.939  26.761    26  1.375 1.469  27 36 
 47    -- -- -- -- -- -- 20 -- -- -- -- -- --    47          16  0.976  27.010    27  1.339 1.410  23 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  0.996  27.524    28  1.159 1.451  17 42 
 39 -- -- -- -- -- 10 -- -- -- 10 -- -- -- -- -- 39          14  1.001  28.182 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.061  27.514 
 31 -- -- -- 20 -- -- --  8 -- -- -- 20 -- -- -- 31          12  1.093  27.929 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.128  28.610 
 23 -- -- -- -- -- 10 -- -- -- 10 -- -- -- -- -- 23          10  1.168  29.106 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.220  29.337 
 15    -- -- -- -- -- -- 20 -- -- -- -- -- --    15           8  1.288  29.928 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.354  30.454 
  7          -- -- -- -- -- -- -- -- --           7           6  1.441  30.745 
  3                -- -- -- -- --                 3           5  1.509* 31.012* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.508  30.070 
                                                              3  1.439  27.339 
 Control Rod Density: %         3.58                          2  1.164  21.051 
                                                      Bottom  1  0.347   6.266 
 k-effective:                0.99857 
 Void Fraction:                0.395              % AXIAL TILT -22.166  -8.954 
 Core Delta-P: psia           21.909          AVG BOT 8ft/12ft  1.1683  1.0928 
 Core Plate Delta-P: psia     17.478 
 Coolant Temp: Deg-F           543.8 
 In Channel Flow: Mlb/hr       85.48   Active Channel Flow: Mlb/hr        81.62 
 Total Bypass Flow (%):         11.0   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00028 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.490  24 23 32    1.851  0.789  23 23 34    7.79  0.806 32.2  23 21 16  4    8.67  0.815 39.1  23 39 16  4 
 1.489  24 29 38    1.858  0.786  23 33 24    7.77  0.804 32.3  23 45 22  4    8.63  0.812 39.2  23 15 40  4 
 1.474  23 21 32    1.873  0.779  24 19 34    7.64  0.790 32.2  23 31 22  4    8.44  0.811 41.4  23 39 18  4 
 1.473  23 29 40    1.881  0.776  24 27 42    7.61  0.790 35.2  24 43 18  4    8.40  0.808 41.5  23 17 40  4 
 1.469  26 27 36    1.860  0.774  26 21 34    7.63  0.789 32.3  23 39 30  4    8.47  0.798 39.4  23 31 40  4 
 1.468  26 25 34    1.862  0.773  26 27 40    7.53  0.781 33.7  23 21 18  4    8.46  0.798 39.4  23 39 32  4 
 1.466  26 27 40    1.862  0.773  26 27 36    7.53  0.781 33.2  23 39 14  4    8.33  0.798 41.0  23 47 40  4 
 1.466  26 21 34    1.865  0.772  26 19 32    7.52  0.780 33.8  23 43 22  4    8.34  0.798 40.9  23 39 48  4 
 1.456  23 23 34    1.865  0.772  26 29 42    7.49  0.778 34.3  23 37 16  4    8.27  0.798 41.8  23 23 16  4 
 1.456  23 27 38    1.868  0.771  26 35 34    7.51  0.778 33.3  23 47 22  4   11.23  0.797 10.7  28 19 18  4 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.14  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 4,000.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    25201.7 
 Exposure: MWd/MTU (GWd)      4500.0 ( 566.14 ) 
 Delta E: MWd/MTU, (GWd)       500.0 (  62.90 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.170   4.302    19  0.334 0.581  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.310   9.872    20  0.288 0.301   3 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.633  19.349    21  0.407 0.741  53 42 
                                                             21  0.736  23.519    22  0.672 0.900  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.808  25.840    23  1.308 1.462  21 32 
 59                -- -- -- -- --                59          19  0.852  27.020    24  1.302 1.473  23 32 
 55          -- -- -- -- -- -- -- -- --          55          18  0.889  27.143    25  1.079 1.306  47 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  0.945  27.258    26  1.385 1.473  27 36 
 47    -- -- -- -- -- -- 20 -- -- -- -- -- --    47          16  0.983  27.514    27  1.348 1.414  23 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.003  28.039    28  1.164 1.459  17 42 
 39 -- -- -- -- -- 10 -- -- -- 10 -- -- -- -- -- 39          14  1.006  28.699 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.064  28.034 
 31 -- -- -- 20 -- -- --  8 -- -- -- 20 -- -- -- 31          12  1.093  28.465 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.126  29.162 
 23 -- -- -- -- -- 10 -- -- -- 10 -- -- -- -- -- 23          10  1.165  29.678 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.216  29.927 
 15    -- -- -- -- -- -- 20 -- -- -- -- -- --    15           8  1.284  30.541 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.351  31.098 
  7          -- -- -- -- -- -- -- -- --           7           6  1.439  31.431 
  3                -- -- -- -- --                 3           5  1.507* 31.730* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.500  30.787 
                                                              3  1.426  28.022 
 Control Rod Density: %         3.58                          2  1.150  21.603 
                                                      Bottom  1  0.343   6.431 
 k-effective:                0.99851 
 Void Fraction:                0.393              % AXIAL TILT -21.664  -9.134 
 Core Delta-P: psia           21.904          AVG BOT 8ft/12ft  1.1660  1.0937 
 Core Plate Delta-P: psia     17.474 
 Coolant Temp: Deg-F           543.7 
 In Channel Flow: Mlb/hr       85.48   Active Channel Flow: Mlb/hr        81.63 
 Total Bypass Flow (%):         11.0   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00029 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.473  24 23 32    1.869  0.781  23 23 34    7.67  0.795 33.3  23 21 16  4    8.49  0.807 40.3  23 39 16  4 
 1.473  26 27 36    1.876  0.778  23 33 24    7.65  0.793 33.4  23 45 22  4    8.46  0.805 40.4  23 15 40  4 
 1.473  26 25 34    1.881  0.776  24 19 34    7.54  0.785 36.3  24 43 18  4    8.29  0.805 42.5  23 39 18  4 
 1.473  24 29 38    1.859  0.775  26 21 34    9.08  0.776  9.5  28 41 18  4    8.25  0.802 42.6  23 17 40  4 
 1.472  26 27 40    1.860  0.774  26 27 40    9.07  0.775  9.5  28 43 20  4    8.31  0.796 41.0  24 17 18  4 
 1.472  26 21 34    1.889  0.773  24 27 42    7.47  0.774 33.2  23 31 22  4    8.20  0.794 42.2  23 47 40  4 
 1.462  26 29 42    1.863  0.773  26 19 32    7.43  0.773 34.8  23 21 18  4    8.21  0.794 42.0  23 39 48  4 
 1.462  26 19 32    1.864  0.773  26 29 42    7.46  0.773 33.3  23 39 30  4   11.16  0.791 12.1  28 19 18  4 
 1.462  23 21 32    1.865  0.772  26 27 36    7.42  0.772 34.9  23 43 22  4    8.11  0.791 43.0  23 23 16  4 
 1.461  23 29 40    1.870  0.770  26 35 28    7.43  0.771 34.2  23 39 14  4   11.16  0.791 12.1  28 17 20  4 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.15  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 4,500.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    25701.2 
 Exposure: MWd/MTU (GWd)      5000.0 ( 629.04 ) 
 Delta E: MWd/MTU, (GWd)       500.0 (  62.90 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.171   4.378    19  0.330 0.577  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.311  10.039    20  0.284 0.297   3 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.633  19.693    21  0.402 0.737  53 42 
                                                             21  0.734  23.920    22  0.668 0.895  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.807  26.281    23  1.304 1.447  21 32 
 59                -- -- -- -- --                59          19  0.852  27.486    24  1.293 1.453  23 32 
 55          -- -- -- -- -- -- -- -- --          55          18  0.890  27.630    25  1.077 1.305  13 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  0.948  27.756    26  1.394 1.475  27 40 
 47    -- -- -- -- -- -- 20 -- -- -- -- -- --    47          16  0.988  28.020    27  1.359 1.424  15 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.008  28.556    28  1.172 1.469  17 42 
 39 -- -- -- -- -- 10 -- -- -- 10 -- -- -- -- -- 39          14  1.010  29.217 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.064  28.555 
 31 -- -- -- 20 -- -- --  6 -- -- -- 20 -- -- -- 31          12  1.092  29.000 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.123  29.714 
 23 -- -- -- -- -- 10 -- -- -- 10 -- -- -- -- -- 23          10  1.161  30.248 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.213  30.516 
 15    -- -- -- -- -- -- 20 -- -- -- -- -- --    15           8  1.282  31.153 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.351  31.742 
  7          -- -- -- -- -- -- -- -- --           7           6  1.442  32.116 
  3                -- -- -- -- --                 3           5  1.510* 32.448* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.500  31.502 
                                                              3  1.424  28.701 
 Control Rod Density: %         3.60                          2  1.145  22.151 
                                                      Bottom  1  0.343   6.596 
 k-effective:                0.99834 
 Void Fraction:                0.392              % AXIAL TILT -21.542  -9.302 
 Core Delta-P: psia           21.910          AVG BOT 8ft/12ft  1.1659  1.0945 
 Core Plate Delta-P: psia     17.480 
 Coolant Temp: Deg-F           543.7 
 In Channel Flow: Mlb/hr       85.48   Active Channel Flow: Mlb/hr        81.63 
 Total Bypass Flow (%):         11.0   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00041 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.475  26 27 40    1.865  0.772  26 19 32    7.59  0.789 34.4  23 21 16  4    8.37  0.805 41.4  23 39 16  4 
 1.475  26 21 34    1.866  0.772  26 29 42    7.58  0.787 34.5  23 45 22  4    8.18  0.803 43.7  23 39 18  4 
 1.471  26 27 36    1.894  0.771  23 23 34    7.52  0.784 37.3  24 43 18  4    8.34  0.802 41.6  23 15 40  4 
 1.471  26 25 34    1.894  0.771  24 19 34    9.14  0.781 10.6  28 41 18  4    8.15  0.801 43.8  23 17 40  4 
 1.469  28 17 42    1.869  0.770  26 21 34    9.14  0.781 10.6  28 43 20  4    8.27  0.800 42.1  24 17 18  4 
 1.469  26 19 32    1.871  0.770  26 27 40    9.09  0.777  9.9  26 41 16  5    8.13  0.796 43.3  23 47 40  4 
 1.469  26 29 42    1.901  0.768  23 33 24    9.09  0.777  9.9  26 45 20  5    8.14  0.796 43.1  23 39 48  4 
 1.468  28 19 44    1.902  0.767  24 27 42    7.38  0.769 35.8  23 21 18  4   11.17  0.792 13.4  28 19 18  4 
 1.453  24 23 32    1.880  0.766  26 27 36    7.38  0.768 35.3  23 39 14  4   11.16  0.791 13.3  28 17 20  4 
 1.452  24 29 38    1.885  0.764  26 35 34    7.36  0.767 35.9  23 43 22  4    8.01  0.790 44.1  23 23 16  4 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.16  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 5,000.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    26201.2 
 Exposure: MWd/MTU (GWd)      5500.0 ( 691.94 ) 
 Delta E: MWd/MTU, (GWd)       500.0 (  62.90 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.166   4.453    19  0.328 0.573  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.303  10.206    20  0.281 0.294   3 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.618  20.037    21  0.399 0.735   7 42 
                                                             21  0.717  24.320    22  0.666 0.893  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.789  26.723    23  1.300 1.431  21 32 
 59                -- -- -- -- --                59          19  0.839  27.952    24  1.278 1.431  23 32 
 55          -- -- -- -- -- -- -- -- --          55          18  0.881  28.117    25  1.076 1.309  13 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  0.943  28.256    26  1.401 1.478  21 34 
 47    -- -- -- -- -- -- 20 -- -- -- -- -- --    47          16  0.986  28.529    27  1.371 1.440  15 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.009  29.075    28  1.183 1.483  17 42 
 39 -- -- -- -- -- 10 -- -- --  8 -- -- -- -- -- 39          14  1.012  29.737 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.065  29.077 
 31 -- -- -- 20 -- -- --  0 -- -- -- 20 -- -- -- 31          12  1.092  29.535 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.124  30.264 
 23 -- -- -- -- --  8 -- -- -- 10 -- -- -- -- -- 23          10  1.162  30.818 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.215  31.104 
 15    -- -- -- -- -- -- 20 -- -- -- -- -- --    15           8  1.286  31.764 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.359  32.386 
  7          -- -- -- -- -- -- -- -- --           7           6  1.455  32.803 
  3                -- -- -- -- --                 3           5  1.526* 33.167* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.515  32.216 
                                                              3  1.437  29.380 
 Control Rod Density: %         3.72                          2  1.155  22.697 
                                                      Bottom  1  0.347   6.761 
 k-effective:                0.99792 
 Void Fraction:                0.393              % AXIAL TILT -22.265  -9.462 
 Core Delta-P: psia           21.938          AVG BOT 8ft/12ft  1.1715  1.0954 
 Core Plate Delta-P: psia     17.507 
 Coolant Temp: Deg-F           543.7 
 In Channel Flow: Mlb/hr       85.47   Active Channel Flow: Mlb/hr        81.62 
 Total Bypass Flow (%):         11.0   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00040 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.483  28 17 42    1.873  0.769  26 19 32    9.30  0.794 11.0  26 19 16  5    8.30  0.812 43.3  24 17 18  4 
 1.482  28 19 44    1.874  0.768  26 29 42    9.29  0.794 11.1  26 45 42  5    8.29  0.810 43.2  23 39 16  4 
 1.478  26 21 34    1.912  0.763  24 19 34    9.29  0.794 11.8  28 19 18  4    8.15  0.809 44.8  23 39 18  4 
 1.478  26 27 40    1.887  0.763  26 21 34    9.28  0.793 11.8  28 43 20  4    8.25  0.808 43.3  23 15 40  4 
 1.475  26 19 32    1.887  0.763  26 27 40    7.59  0.791 35.4  23 21 16  4    8.12  0.807 44.9  23 17 40  4 
 1.475  26 29 42    1.920  0.760  24 27 42    7.56  0.790 38.4  24 43 18  4    8.14  0.805 44.4  23 47 40  4 
 1.468  26 27 36    1.923  0.759  23 23 34    7.57  0.788 35.6  23 45 22  4    8.15  0.805 44.3  23 39 48  4 
 1.467  26 25 34    1.897  0.759  26 27 36    9.11  0.779 11.2  27 17 16  4   11.27  0.799 14.8  28 19 18  4 
 1.446  26 17 38    1.903  0.757  26 35 28    9.11  0.779 11.3  27 45 18  4   11.27  0.799 14.8  28 17 20  4 
 1.446  26 23 44    1.929  0.757  23 33 24    7.41  0.773 36.3  23 21 14  4    7.98  0.795 45.2  23 23 16  4 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.17  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 5,500.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    26701.2 
 Exposure: MWd/MTU (GWd)      6000.0 ( 754.85 ) 
 Delta E: MWd/MTU, (GWd)       500.0 (  62.90 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.165   4.527    19  0.324 0.570  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.300  10.369    20  0.277 0.290   3 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.612  20.373    21  0.395 0.731   7 42 
                                                             21  0.708  24.711    22  0.662 0.886  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.776  27.154    23  1.295 1.415  21 32 
 59                -- -- -- -- --                59          19  0.830  28.410    24  1.267 1.410  23 32 
 55          -- -- -- -- -- -- -- -- --          55          18  0.876  28.599    25  1.074 1.306  13 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  0.940  28.753    26  1.409 1.479  19 32 
 47    -- -- -- -- -- -- 20 -- -- -- -- -- --    47          16  0.986  29.037    27  1.383 1.451  15 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.010  29.594    28  1.192 1.487  17 42 
 39 -- -- -- -- --  8 -- -- --  8 -- -- -- -- -- 39          14  1.013  30.258 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.064  29.599 
 31 -- -- -- 20 -- -- --  0 -- -- -- 20 -- -- -- 31          12  1.090  30.070 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.121  30.815 
 23 -- -- -- -- --  8 -- -- --  8 -- -- -- -- -- 23          10  1.160  31.387 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.214  31.693 
 15    -- -- -- -- -- -- 20 -- -- -- -- -- --    15           8  1.287  32.377 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.363  33.033 
  7          -- -- -- -- -- -- -- -- --           7           6  1.465  33.496 
  3                -- -- -- -- --                 3           5  1.539* 33.894* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.527  32.938 
                                                              3  1.446  30.065 
 Control Rod Density: %         3.77                          2  1.160  23.247 
                                                      Bottom  1  0.349   6.927 
 k-effective:                0.99770 
 Void Fraction:                0.393              % AXIAL TILT -22.659  -9.629 
 Core Delta-P: psia           21.958          AVG BOT 8ft/12ft  1.1745  1.0962 
 Core Plate Delta-P: psia     17.527 
 Coolant Temp: Deg-F           543.7 
 In Channel Flow: Mlb/hr       85.47   Active Channel Flow: Mlb/hr        81.61 
 Total Bypass Flow (%):         11.0   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00038 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.487  28 17 42    1.880  0.766  26 19 32    9.49  0.811 12.3  26 41 16  5    8.31  0.822 44.4  24 17 18  4 
 1.487  28 19 44    1.881  0.765  26 29 42    9.49  0.811 12.3  26 45 20  5    8.28  0.818 44.3  23 39 16  4 
 1.479  26 19 32    1.936  0.754  24 19 34    9.42  0.805 13.0  28 41 18  4    8.24  0.816 44.4  23 15 40  4 
 1.479  26 29 42    1.910  0.754  26 21 34    9.42  0.805 13.0  28 43 20  4    8.14  0.814 45.5  23 47 40  4 
 1.475  26 21 34    1.911  0.754  26 27 40    7.59  0.795 39.4  24 43 18  4    8.15  0.814 45.4  23 39 48  4 
 1.475  26 27 40    1.941  0.752  24 33 20    9.29  0.794 12.4  27 45 18  4    8.10  0.814 45.9  23 39 18  4 
 1.464  26 27 36    1.918  0.751  26 27 36    9.29  0.794 12.4  27 17 16  4    8.07  0.811 46.1  23 17 40  4 
 1.464  26 25 34    1.922  0.749  26 19 36    7.57  0.790 36.5  23 21 16  4   11.36  0.805 16.2  28 19 18  4 
 1.451  27 15 36    1.924  0.749  26 25 28    7.55  0.788 36.6  23 45 22  4   11.35  0.805 16.2  28 17 20  4 
 1.450  27 25 46    1.953  0.748  23 23 34    9.14  0.781 12.3  26 23 18  5    7.93  0.799 46.3  23 23 16  4 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.18  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 6,000.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    27201.2 
 Exposure: MWd/MTU (GWd)      6500.0 ( 817.75 ) 
 Delta E: MWd/MTU, (GWd)       500.0 (  62.90 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.163   4.600    19  0.321 0.567  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.297  10.530    20  0.274 0.287  57 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.605  20.706    21  0.391 0.728  53 42 
                                                             21  0.698  25.097    22  0.659 0.882  47 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.769  27.578    23  1.290 1.400  21 30 
 59                -- -- -- -- --                59          19  0.825  28.864    24  1.256 1.402  19 28 
 55          -- -- -- -- -- -- -- -- --          55          18  0.872  29.078    25  1.072 1.307  47 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  0.939  29.249    26  1.417 1.485  19 30 
 47    -- -- -- -- -- -- 20 -- -- -- -- -- --    47          16  0.986  29.544    27  1.395 1.466  15 26 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.011  30.114    28  1.201 1.499  17 20 
 39 -- -- -- -- --  6 -- -- --  8 -- -- -- -- -- 39          14  1.012  30.779 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.061  30.120 
 31 -- -- -- 20 -- -- --  0 -- -- -- 20 -- -- -- 31          12  1.084  30.604 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.115  31.364 
 23 -- -- -- -- --  8 -- -- --  6 -- -- -- -- -- 23          10  1.154  31.955 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.209  32.281 
 15    -- -- -- -- -- -- 20 -- -- -- -- -- --    15           8  1.286  32.990 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.366  33.683 
  7          -- -- -- -- -- -- -- -- --           7           6  1.475  34.194 
  3                -- -- -- -- --                 3           5  1.554* 34.627* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.541  33.666 
                                                              3  1.458  30.753 
 Control Rod Density: %         3.81                          2  1.168  23.800 
                                                      Bottom  1  0.352   7.094 
 k-effective:                0.99760 
 Void Fraction:                0.393              % AXIAL TILT -23.024  -9.797 
 Core Delta-P: psia           21.976          AVG BOT 8ft/12ft  1.1770  1.0971 
 Core Plate Delta-P: psia     17.545 
 Coolant Temp: Deg-F           543.7 
 In Channel Flow: Mlb/hr       85.46   Active Channel Flow: Mlb/hr        81.60 
 Total Bypass Flow (%):         11.0   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00049 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.499  28 17 20    1.888  0.763  26 19 32    9.70  0.829 13.5  26 41 16  5    8.33  0.834 45.6  24 17 18  4 
 1.498  28 19 18    1.889  0.762  26 29 42    9.70  0.829 13.5  26 45 20  5    8.28  0.828 45.5  23 39 16  4 
 1.485  26 19 30    1.948  0.750  24 19 34    9.59  0.819 14.2  28 41 18  4    8.25  0.825 45.6  23 15 40  4 
 1.484  26 31 42    1.924  0.748  26 21 28    9.58  0.819 14.2  28 43 20  4    8.15  0.824 46.6  23 47 40  4 
 1.478  26 21 28    1.954  0.747  24 33 20    9.49  0.811 13.6  27 43 16  4    8.16  0.824 46.5  23 39 48  4 
 1.477  26 33 40    1.928  0.747  26 27 22    9.49  0.811 13.6  27 45 18  4    8.06  0.819 47.1  23 39 18  4 
 1.466  27 15 26    1.928  0.747  26 17 28    7.64  0.802 40.5  24 43 18  4    7.92  0.817 48.7  23 17 40  5 
 1.464  27 25 16    1.928  0.747  26 19 26    9.35  0.799 13.0  27 41 14  4   11.46  0.813 17.7  28 19 18  4 
 1.464  26 25 28    1.931  0.746  26 33 44    9.34  0.798 13.0  27 47 20  4   11.46  0.813 17.7  28 17 20  4 
 1.464  26 33 36    1.932  0.745  26 35 42    9.31  0.796 13.5  26 23 18  5    7.89  0.808 47.9  24 25 18  5 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.19  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 6,500.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    27451.7 
 Exposure: MWd/MTU (GWd)      6750.0 ( 849.20 ) 
 Delta E: MWd/MTU, (GWd)       250.0 (  31.45 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.163   4.636    19  0.319 0.564  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.297  10.610    20  0.272 0.284  57 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.605  20.871    21  0.388 0.725  53 42 
                                                             21  0.698  25.287    22  0.657 0.879  47 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.768  27.788    23  1.288 1.393  21 30 
 59                -- -- -- -- --                59          19  0.824  29.089    24  1.253 1.399  19 28 
 55          -- -- -- -- -- -- -- -- --          55          18  0.872  29.317    25  1.070 1.307  47 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  0.938  29.496    26  1.421 1.488  19 30 
 47    -- -- -- -- -- -- 20 -- -- -- -- -- --    47          16  0.986  29.798    27  1.401 1.472  15 26 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.010  30.374    28  1.205 1.504  17 20 
 39 -- -- -- -- --  6 -- -- --  8 -- -- -- -- -- 39          14  1.010  31.040 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.058  30.380 
 31 -- -- -- 20 -- -- --  0 -- -- -- 20 -- -- -- 31          12  1.080  30.869 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.110  31.637 
 23 -- -- -- -- --  8 -- -- --  6 -- -- -- -- -- 23          10  1.150  32.238 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.206  32.573 
 15    -- -- -- -- -- -- 20 -- -- -- -- -- --    15           8  1.283  33.296 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.366  34.008 
  7          -- -- -- -- -- -- -- -- --           7           6  1.479  34.545 
  3                -- -- -- -- --                 3           5  1.560* 34.998* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.548  34.034 
                                                              3  1.465  31.102 
 Control Rod Density: %         3.81                          2  1.172  24.079 
                                                      Bottom  1  0.353   7.179 
 k-effective:                0.99768 
 Void Fraction:                0.393              % AXIAL TILT -23.099  -9.883 
 Core Delta-P: psia           21.983          AVG BOT 8ft/12ft  1.1772  1.0976 
 Core Plate Delta-P: psia     17.552 
 Coolant Temp: Deg-F           543.7 
 In Channel Flow: Mlb/hr       85.46   Active Channel Flow: Mlb/hr        81.60 
 Total Bypass Flow (%):         11.0   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00043 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.504  28 17 20    1.892  0.761  26 19 32    9.80  0.837 14.1  26 41 16  5    8.34  0.839 46.2  24 17 18  4 
 1.503  28 19 18    1.893  0.761  26 29 42    9.79  0.837 14.1  26 45 20  5    8.29  0.833 46.0  23 39 16  4 
 1.488  26 19 30    1.955  0.747  24 19 34    9.67  0.827 14.8  28 41 18  4    8.25  0.830 46.1  23 15 40  4 
 1.487  26 31 42    1.929  0.747  26 17 28    9.67  0.826 14.8  28 43 20  4    8.16  0.830 47.2  23 47 40  4 
 1.480  26 21 28    1.930  0.746  26 21 28    9.60  0.820 14.2  27 43 16  4    8.17  0.829 47.1  23 39 48  4 
 1.478  26 33 40    1.931  0.746  26 19 26    9.60  0.820 14.2  27 45 18  4    7.92  0.821 49.2  23 39 18  5 
 1.472  27 15 26    1.932  0.746  26 33 44    9.46  0.809 13.6  27 41 14  4    7.90  0.820 49.3  23 17 40  5 
 1.471  27 25 16    1.933  0.745  26 27 22    9.45  0.808 13.6  27 47 20  4   11.52  0.817 18.4  28 19 18  4 
 1.466  26 17 24    1.961  0.745  24 27 42    9.42  0.805 13.8  27 35 14  4   11.51  0.817 18.4  28 17 20  4 
 1.465  26 15 20    1.934  0.745  26 35 42    7.66  0.805 41.1  24 43 18  4    7.90  0.814 48.4  24 25 18  5 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.20  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 6,750.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    27452.2 
 Exposure: MWd/MTU (GWd)      6751.0 ( 849.33 ) 
 Delta E: MWd/MTU, (GWd)         1.0 (   0.13 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.191   4.636    19  0.318 0.553  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.346  10.610    20  0.267 0.279  57 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.705  20.872    21  0.383 0.704  53 42 
                                                             21  0.814  25.288    22  0.653 0.857  47 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.891  27.789    23  1.241 1.417  35 40 
 59                -- -- -- -- --                59          19  0.943  29.090    24  1.361 1.483  31 32 
 55          -- -- -- -- -- -- -- -- --          55          18  0.984  29.318    25  1.046 1.268  31 10 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.043  29.497    26  1.458 1.529  31 34 
 47    -- -- -- -- 20 -- -- -- 20 -- -- -- --    47          16  1.076  29.799    27  1.347 1.534  35 38 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.075  30.375    28  1.185 1.470  43 42 
 39 -- -- -- 20 -- -- -- 10 -- -- -- 20 -- -- -- 39          14  1.041  31.041 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.062  30.381 
 31 -- -- -- -- --  8 -- -- --  8 -- -- -- -- -- 31          12  1.062  30.870 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.074  31.638 
 23 -- -- -- 20 -- -- -- 10 -- -- -- 20 -- -- -- 23          10  1.099  32.239 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.143  32.575 
 15    -- -- -- -- 20 -- -- -- 20 -- -- -- --    15           8  1.209  33.297 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.283  34.010 
  7          -- -- -- -- -- -- -- -- --           7           6  1.385  34.547 
  3                -- -- -- -- --                 3           5  1.453* 34.999* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.425  34.035 
                                                              3  1.330  31.103 
 Control Rod Density: %         4.47                          2  1.051  24.080 
                                                      Bottom  1  0.314   7.179 
 k-effective:                0.99765 
 Void Fraction:                0.378              % AXIAL TILT -15.233  -9.883 
 Core Delta-P: psia           21.788          AVG BOT 8ft/12ft  1.1302  1.0976 
 Core Plate Delta-P: psia     17.355 
 Coolant Temp: Deg-F           543.4 
 In Channel Flow: Mlb/hr       85.57   Active Channel Flow: Mlb/hr        81.77 
 Total Bypass Flow (%):         10.9   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00037 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.534  27 35 38    1.811  0.795  26 29 34    9.36  0.800 13.2  26 31 12  5    8.06  0.807 45.7  23 47 32  4 
 1.531  27 37 36    1.814  0.794  26 21 42    9.34  0.799 13.2  26 49 32  5    8.05  0.806 45.6  23 31 48  4 
 1.529  26 31 34    1.817  0.793  26 19 40    9.32  0.797 13.8  26 33 16  5    8.14  0.802 44.1  23 31 16  4 
 1.525  26 33 32    1.825  0.789  26 27 44    9.32  0.796 14.3  26 43 28  5    7.73  0.798 48.7  23 47 34  5 
 1.518  26 35 42    1.832  0.786  26 35 28    9.32  0.796 14.3  26 33 18  5    8.09  0.798 44.1  23 15 32  4 
 1.514  26 41 36    1.833  0.786  26 27 36    9.32  0.796 13.8  26 45 28  5    7.72  0.796 48.6  23 33 48  5 
 1.508  26 39 42    1.833  0.786  26 33 30    9.26  0.791 13.5  26 33 12  5    7.73  0.794 48.2  23 31 18  5 
 1.508  26 41 40    1.833  0.786  26 35 20    9.24  0.790 13.5  26 49 34  5    7.70  0.791 48.2  23 17 32  5 
 1.503  26 27 44    1.836  0.784  26 43 34    9.10  0.778 14.1  26 31 28  5    7.74  0.788 47.4  24 31 32  5 
 1.499  26 43 34    1.863  0.784  24 29 32    9.09  0.777 14.1  26 33 30  5   10.92  0.775 15.9  26 49 32  5 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.21  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 6,751.0 MWd/MTU 
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Cycle:                           24                            Core Average Exposure: MWd/MTU    27701.2 
 Exposure: MWd/MTU (GWd)      7000.0 ( 880.66 ) 
 Delta E: MWd/MTU, (GWd)       249.0 (  31.33 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.189   4.679    19  0.318 0.553  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.342  10.703    20  0.266 0.278  57 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.696  21.062    21  0.382 0.704  53 42 
                                                             21  0.803  25.508    22  0.653 0.857  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.877  28.031    23  1.238 1.405  39 36 
 59                -- -- -- -- --                59          19  0.933  29.346    24  1.351 1.467  31 32 
 55          -- -- -- -- -- -- -- -- --          55          18  0.978  29.586    25  1.048 1.270  51 32 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.040  29.771    26  1.459 1.520  31 28 
 47    -- -- -- -- 20 -- -- -- 20 -- -- -- --    47          16  1.075  30.075    27  1.354 1.528  37 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.075  30.651    28  1.192 1.477  43 42 
 39 -- -- -- 20 -- -- --  8 -- -- -- 20 -- -- -- 39          14  1.041  31.308 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.062  30.640 
 31 -- -- -- -- --  8 -- -- --  8 -- -- -- -- -- 31          12  1.062  31.130 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.073  31.900 
 23 -- -- -- 20 -- -- --  8 -- -- -- 20 -- -- -- 23          10  1.099  32.507 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.143  32.850 
 15    -- -- -- -- 20 -- -- -- 20 -- -- -- --    15           8  1.212  33.584 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.288  34.314 
  7          -- -- -- -- -- -- -- -- --           7           6  1.393  34.875 
  3                -- -- -- -- --                 3           5  1.463* 35.344* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.438  34.374 
                                                              3  1.342  31.419 
 Control Rod Density: %         4.52                          2  1.060  24.329 
                                                      Bottom  1  0.317   7.254 
 k-effective:                0.99746 
 Void Fraction:                0.379              % AXIAL TILT -15.748  -9.896 
 Core Delta-P: psia           21.806          AVG BOT 8ft/12ft  1.1339  1.0976 
 Core Plate Delta-P: psia     17.372 
 Coolant Temp: Deg-F           543.5 
 In Channel Flow: Mlb/hr       85.56   Active Channel Flow: Mlb/hr        81.76 
 Total Bypass Flow (%):         10.9   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00036 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.528  27 37 36    1.819  0.791  26 19 40    9.48  0.810 13.8  26 31 12  5    7.85  0.811 48.8  23 47 32  5 
 1.527  27 35 38    1.821  0.791  26 21 42    9.46  0.809 13.8  26 49 32  5    7.84  0.810 48.8  23 31 48  5 
 1.520  26 31 28    1.836  0.784  26 43 34    9.42  0.805 14.4  26 33 16  5    8.12  0.805 44.7  23 31 16  4 
 1.519  26 33 32    1.839  0.783  26 27 44    9.41  0.805 14.4  26 45 28  5    7.74  0.804 49.2  23 47 34  5 
 1.517  26 41 36    1.850  0.779  26 19 36    9.40  0.803 14.9  26 33 18  5    7.73  0.802 49.2  23 33 48  5 
 1.515  26 25 42    1.853  0.777  26 35 20    9.40  0.803 14.9  26 43 28  5    8.07  0.801 44.7  23 15 32  4 
 1.511  26 41 40    1.857  0.776  26 31 28    9.39  0.803 14.1  26 33 12  5    7.73  0.798 48.7  23 31 18  5 
 1.510  26 39 42    1.858  0.775  26 33 30    9.37  0.801 14.1  26 49 34  5    7.70  0.795 48.7  23 17 32  5 
 1.505  26 43 34    1.862  0.774  26 27 36    9.15  0.782 14.7  26 31 28  5    7.70  0.788 47.9  24 31 32  5 
 1.502  26 27 44    1.862  0.773  26 35 28    9.14  0.781 14.6  26 33 30  5   11.01  0.781 16.6  26 49 32  5 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.22  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 7,000.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    28201.9 
 Exposure: MWd/MTU (GWd)      7500.0 ( 943.56 ) 
 Delta E: MWd/MTU, (GWd)       500.0 (  62.90 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.189   4.762    19  0.314 0.549  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.343  10.887    20  0.262 0.274  57 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.697  21.442    21  0.377 0.700  53 42 
                                                             21  0.803  25.946    22  0.649 0.852  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.876  28.510    23  1.234 1.392  39 36 
 59                -- -- -- -- --                59          19  0.933  29.856    24  1.341 1.451  29 30 
 55          -- -- -- -- -- -- -- -- --          55          18  0.978  30.122    25  1.045 1.272   9 32 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.040  30.320    26  1.466 1.520  41 36 
 47    -- -- -- -- 20 -- -- -- 20 -- -- -- --    47          16  1.076  30.629    27  1.367 1.527  37 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.076  31.205    28  1.201 1.486  43 42 
 39 -- -- -- 20 -- -- --  8 -- -- -- 20 -- -- -- 39          14  1.040  31.843 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.057  31.159 
 31 -- -- -- -- --  8 -- -- --  8 -- -- -- -- -- 31          12  1.054  31.648 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.065  32.424 
 23 -- -- -- 20 -- -- --  8 -- -- -- 20 -- -- -- 23          10  1.090  33.043 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.136  33.402 
 15    -- -- -- -- 20 -- -- -- 20 -- -- -- --    15           8  1.206  34.161 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.285  34.927 
  7          -- -- -- -- -- -- -- -- --           7           6  1.396  35.539 
  3                -- -- -- -- --                 3           5  1.470* 36.042* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.449  35.062 
                                                              3  1.354  32.061 
 Control Rod Density: %         4.52                          2  1.067  24.836 
                                                      Bottom  1  0.320   7.407 
 k-effective:                0.99759 
 Void Fraction:                0.379              % AXIAL TILT -15.777  -9.930 
 Core Delta-P: psia           21.816          AVG BOT 8ft/12ft  1.1338  1.0977 
 Core Plate Delta-P: psia     17.382 
 Coolant Temp: Deg-F           543.5 
 In Channel Flow: Mlb/hr       85.56   Active Channel Flow: Mlb/hr        81.75 
 Total Bypass Flow (%):         10.9   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00040 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.527  27 37 36    1.828  0.788  26 19 40    9.64  0.824 15.0  26 31 12  5    7.82  0.817 49.9  23 47 32  5 
 1.526  27 35 38    1.829  0.787  26 21 42    9.62  0.822 15.0  26 49 32  5    7.82  0.816 49.8  23 31 48  5 
 1.520  26 41 36    1.839  0.783  26 43 34    9.57  0.818 15.3  26 33 12  5    7.66  0.810 51.1  23 47 34  5 
 1.520  26 31 34    1.841  0.782  26 27 44    9.55  0.816 15.3  26 49 34  5    7.65  0.808 51.0  23 33 48  5 
 1.519  26 33 32    1.856  0.776  26 41 36    9.51  0.813 15.6  26 33 16  5    8.05  0.806 45.8  23 31 16  4 
 1.518  26 25 42    1.859  0.775  26 35 20    9.51  0.813 15.6  26 45 28  5    7.86  0.802 47.6  23 15 32  5 
 1.515  26 41 40    1.866  0.772  26 31 28    9.44  0.807 16.1  26 33 18  5    7.65  0.798 49.8  23 31 18  5 
 1.513  26 39 42    1.867  0.771  26 33 30    9.44  0.806 16.1  26 43 28  5    7.63  0.796 49.8  23 17 32  5 
 1.513  26 43 34    1.869  0.771  28 17 42    9.10  0.778 15.8  26 31 28  5    7.99  0.786 43.8  25 31 10  4 
 1.510  26 27 44    1.871  0.770  26 27 36    9.09  0.777 15.8  26 33 30  5   11.08  0.786 18.0  26 49 32  5 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.23  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 7,500.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    28701.2 
 Exposure: MWd/MTU (GWd)      8000.0 (1006.50 ) 
 Delta E: MWd/MTU, (GWd)       500.0 (  62.90 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.187   4.846    19  0.312 0.547  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.339  11.071    20  0.260 0.272  57 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.691  21.821    21  0.375 0.699  53 42 
                                                             21  0.794  26.383    22  0.647 0.849  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.871  28.989    23  1.228 1.385  45 32 
 59                -- -- -- -- --                59          19  0.930  30.366    24  1.327 1.428  31 32 
 55          -- -- -- -- -- -- -- -- --          55          18  0.979  30.657    25  1.045 1.277   9 32 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.044  30.868    26  1.470 1.523  41 36 
 47    -- -- -- -- 20 -- -- -- 20 -- -- -- --    47          16  1.081  31.182    27  1.381 1.524  37 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.081  31.759    28  1.213 1.497  43 42 
 39 -- -- -- 20 -- -- --  6 -- -- -- 20 -- -- -- 39          14  1.044  32.379 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.058  31.677 
 31 -- -- -- -- --  8 -- -- --  8 -- -- -- -- -- 31          12  1.053  32.165 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.062  32.946 
 23 -- -- -- 20 -- -- --  6 -- -- -- 20 -- -- -- 23          10  1.087  33.577 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.132  33.953 
 15    -- -- -- -- 20 -- -- -- 20 -- -- -- --    15           8  1.203  34.735 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.283  35.540 
  7          -- -- -- -- -- -- -- -- --           7           6  1.394  36.204 
  3                -- -- -- -- --                 3           5  1.470* 36.743* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.456  35.752 
                                                              3  1.364  32.707 
 Control Rod Density: %         4.57                          2  1.074  25.345 
                                                      Bottom  1  0.321   7.560 
 k-effective:                0.99751 
 Void Fraction:                0.379              % AXIAL TILT -15.838  -9.964 
 Core Delta-P: psia           21.826          AVG BOT 8ft/12ft  1.1353  1.0979 
 Core Plate Delta-P: psia     17.393 
 Coolant Temp: Deg-F           543.4 
 In Channel Flow: Mlb/hr       85.56   Active Channel Flow: Mlb/hr        81.75 
 Total Bypass Flow (%):         10.9   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00038 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.524  27 37 36    1.834  0.785  26 19 40    9.70  0.829 16.3  26 31 12  5    7.80  0.820 50.5  23 47 34  4 
 1.523  26 41 36    1.838  0.784  26 21 42    9.69  0.828 16.2  26 49 32  5    7.76  0.820 51.0  23 47 32  5 
 1.521  26 43 34    1.840  0.783  26 43 34    9.66  0.825 16.6  26 33 12  5    7.75  0.818 50.9  23 31 48  5 
 1.520  27 35 38    1.849  0.779  26 27 44    9.64  0.824 16.5  26 49 34  5    7.80  0.818 50.4  23 33 48  4 
 1.518  26 41 40    1.859  0.774  28 17 42    9.50  0.812 16.8  26 33 16  5    7.94  0.804 46.9  23 31 16  4 
 1.516  26 25 42    1.860  0.774  26 19 36    9.49  0.811 16.8  26 45 28  5    7.76  0.800 48.6  23 15 32  5 
 1.516  26 39 42    1.863  0.773  28 41 18    9.37  0.800 17.3  26 33 18  5    8.03  0.798 44.9  25 31 10  4 
 1.512  26 27 44    1.870  0.770  26 35 20    9.36  0.800 17.3  26 43 28  5    7.98  0.793 45.0  25  9 32  4 
 1.511  26 45 34    1.888  0.763  26 45 34    9.23  0.789 16.6  28 35 12  4    7.51  0.792 50.8  23 31 18  5 
 1.511  26 33 32    1.889  0.762  26 43 38    9.20  0.786 16.5  28 49 36  4    7.49  0.790 50.8  23 17 32  5 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.24  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 8,000.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    29201.2 
 Exposure: MWd/MTU (GWd)      8500.0 (1069.40 ) 
 Delta E: MWd/MTU, (GWd)       500.0 (  62.90 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.186   4.929    19  0.310 0.544  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.337  11.254    20  0.257 0.269  57 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.686  22.197    21  0.372 0.697  53 42 
                                                             21  0.788  26.815    22  0.646 0.846  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.869  29.464    23  1.223 1.372  45 32 
 59                -- -- -- -- --                59          19  0.932  30.875    24  1.313 1.406  31 32 
 55          -- -- -- -- -- -- -- -- --          55          18  0.984  31.193    25  1.046 1.279   9 32 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.052  31.419    26  1.473 1.521  43 34 
 47    -- -- -- -- 20 -- -- -- 20 -- -- -- --    47          16  1.091  31.739    27  1.395 1.517  37 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.092  32.315    28  1.225 1.507  43 42 
 39 -- -- -- 20 -- -- --  6 -- -- -- 20 -- -- -- 39          14  1.053  32.916 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.063  32.196 
 31 -- -- -- -- --  6 -- -- --  6 -- -- -- -- -- 31          12  1.055  32.681 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.062  33.466 
 23 -- -- -- 20 -- -- --  6 -- -- -- 20 -- -- -- 23          10  1.085  34.110 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.130  34.502 
 15    -- -- -- -- 20 -- -- -- 20 -- -- -- --    15           8  1.199  35.309 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.278  36.151 
  7          -- -- -- -- -- -- -- -- --           7           6  1.385  36.868 
  3                -- -- -- -- --                 3           5  1.460* 37.443* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.453  36.446 
                                                              3  1.365  33.357 
 Control Rod Density: %         4.61                          2  1.073  25.856 
                                                      Bottom  1  0.321   7.714 
 k-effective:                0.99755 
 Void Fraction:                0.378              % AXIAL TILT -15.553  -9.997 
 Core Delta-P: psia           21.828          AVG BOT 8ft/12ft  1.1353  1.0980 
 Core Plate Delta-P: psia     17.394 
 Coolant Temp: Deg-F           543.4 
 In Channel Flow: Mlb/hr       85.56   Active Channel Flow: Mlb/hr        81.76 
 Total Bypass Flow (%):         10.9   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00041 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.521  26 43 34    1.841  0.782  26 19 40    9.67  0.827 17.3  26 33 12  4    7.78  0.827 51.5  23 47 34  4 
 1.520  26 41 40    1.842  0.782  26 21 42    9.66  0.825 17.5  26 31 12  5    7.77  0.825 51.4  23 33 48  4 
 1.519  26 41 36    1.845  0.780  26 43 34    9.65  0.824 17.5  26 49 32  5    7.64  0.816 52.0  23 47 32  5 
 1.519  26 27 44    1.848  0.779  26 27 44    9.64  0.824 17.3  26 49 34  4    7.63  0.815 52.0  23 31 48  5 
 1.518  26 39 42    1.848  0.779  28 17 42    9.41  0.805 17.7  28 35 12  4    8.02  0.806 46.0  25 31 10  4 
 1.518  26 25 42    1.852  0.778  28 41 18    9.38  0.802 17.7  28 49 36  4    7.97  0.801 46.1  25  9 32  4 
 1.517  26 45 34    1.870  0.770  26 19 36    9.37  0.801 18.0  26 33 16  5   11.02  0.801 21.7  26 49 34  4 
 1.517  27 37 36    1.873  0.769  26 35 20    9.37  0.801 18.0  26 45 28  5   11.00  0.799 21.7  26 33 50  4 
 1.516  27 35 38    1.884  0.764  26 45 34    9.18  0.785 18.5  26 33 18  5   10.99  0.799 21.7  28 35 12  4 
 1.515  26 27 46    1.888  0.763  26 33 46    9.18  0.785 18.5  26 43 28  5   10.97  0.797 21.7  28 49 36  4 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.25  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 8,500.0 MWd/MTU 
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Cycle:                           24                            Core Average Exposure: MWd/MTU    29701.2 
  Exposure: MWd/MTU (GWd)      9000.0 (1132.30 ) 
 Delta E: MWd/MTU, (GWd)       500.0 (  62.90 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.188   5.011    19  0.307 0.544  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.342  11.435    20  0.255 0.268  57 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.695  22.570    21  0.369 0.697  53 42 
                                                             21  0.798  27.245    22  0.643 0.846  47 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.880  29.939    23  1.218 1.366  45 32 
 59                -- -- -- -- --                59          19  0.944  31.384    24  1.304 1.393  31 32 
 55          -- -- -- -- -- -- -- -- --          55          18  0.996  31.732    25  1.044 1.284  51 32 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.064  31.973    26  1.476 1.528  43 34 
 47    -- -- -- -- 18 -- -- -- 20 -- -- -- --    47          16  1.100  32.301    27  1.406 1.518  37 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.096  32.877    28  1.235 1.519  43 42 
 39 -- -- -- 20 -- -- --  6 -- -- -- 20 -- -- -- 39          14  1.058  33.458 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.067  32.717 
 31 -- -- -- -- --  6 -- -- --  6 -- -- -- -- -- 31          12  1.057  33.198 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.063  33.987 
 23 -- -- -- 20 -- -- --  6 -- -- -- 20 -- -- -- 23          10  1.085  34.641 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.128  35.049 
 15    -- -- -- -- 20 -- -- -- 18 -- -- -- --    15           8  1.195  35.880 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.269  36.760 
  7          -- -- -- -- -- -- -- -- --           7           6  1.368  37.528 
  3                -- -- -- -- --                 3           5  1.437* 38.138* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.436  37.139 
                                                              3  1.353  34.007 
 Control Rod Density: %         4.66                          2  1.063  26.368 
                                                      Bottom  1  0.318   7.868 
 k-effective:                0.99761 
 Void Fraction:                0.376              % AXIAL TILT -14.763 -10.024 
 Core Delta-P: psia           21.811          AVG BOT 8ft/12ft  1.1308  1.0982 
 Core Plate Delta-P: psia     17.378 
 Coolant Temp: Deg-F           543.4 
 In Channel Flow: Mlb/hr       85.57   Active Channel Flow: Mlb/hr        81.77 
 Total Bypass Flow (%):         10.9   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00044 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.528  26 43 34    1.835  0.785  28 43 42    9.72  0.831 18.6  26 33 12  4    7.67  0.825 52.6  23 47 34  4 
 1.527  26 45 34    1.837  0.784  28 41 44    9.69  0.828 18.5  26 49 34  4    7.67  0.824 52.5  23 33 48  4 
 1.525  26 41 40    1.838  0.783  26 43 34    9.59  0.820 18.2  26 31 12  4    7.95  0.807 47.1  25 31 10  4 
 1.523  26 41 36    1.841  0.782  26 19 22    9.57  0.818 18.1  26 49 32  4    7.61  0.807 51.2  23 47 32  4 
 1.523  26 39 42    1.845  0.781  26 21 20    9.49  0.811 19.0  28 35 12  4    7.62  0.806 51.1  23 31 48  4 
 1.522  26 33 44    1.847  0.780  26 33 44    9.46  0.809 18.9  28 49 36  4   10.95  0.806 23.1  26 49 34  4 
 1.521  26 33 46    1.867  0.771  26 41 36    9.21  0.787 18.8  26 33 16  4   10.94  0.805 23.1  28 35 12  4 
 1.520  26 35 42    1.871  0.770  26 45 34    9.19  0.785 18.8  26 45 28  4   10.94  0.804 23.1  26 33 50  4 
 1.519  28 43 42    1.874  0.768  26 35 42    9.15  0.782 18.9  27 35 14  4   10.92  0.803 23.0  28 49 36  4 
 1.518  27 37 36    1.882  0.765  26 33 46    9.15  0.782 17.9  28 33 10  4    7.90  0.803 47.2  25  9 32  4 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.26  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 9,000.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    30051.2 
 Exposure: MWd/MTU (GWd)      9350.0 (1176.30 ) 
 Delta E: MWd/MTU, (GWd)       350.0 (  44.03 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.190   5.070    19  0.306 0.543  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.345  11.564    20  0.253 0.266  57 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.702  22.835    21  0.367 0.697  53 42 
                                                             21  0.807  27.549    22  0.642 0.840  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.889  30.276    23  1.214 1.362  45 32 
 59                -- -- -- -- --                59          19  0.954  31.746    24  1.299 1.386  31 32 
 55          -- -- -- -- -- -- -- -- --          55          18  1.007  32.113    25  1.044 1.289   9 32 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.074  32.366    26  1.479 1.534  45 34 
 47    -- -- -- -- 18 -- -- -- 18 -- -- -- --    47          16  1.108  32.697    27  1.413 1.518  37 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.100  33.272    28  1.242 1.519  43 42 
 39 -- -- -- 20 -- -- --  6 -- -- -- 20 -- -- -- 39          14  1.063  33.840 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.072  33.083 
 31 -- -- -- -- --  6 -- -- --  6 -- -- -- -- -- 31          12  1.061  33.560 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.067  34.352 
 23 -- -- -- 20 -- -- --  6 -- -- -- 20 -- -- -- 23          10  1.088  35.014 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.130  35.431 
 15    -- -- -- -- 18 -- -- -- 18 -- -- -- --    15           8  1.195  36.279 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.264  37.184 
  7          -- -- -- -- -- -- -- -- --           7           6  1.355  37.984 
  3                -- -- -- -- --                 3           5  1.416* 38.617* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.415  37.618 
                                                              3  1.336  34.459 
 Control Rod Density: %         4.71                          2  1.049  26.722 
                                                      Bottom  1  0.314   7.975 
 k-effective:                0.99763 
 Void Fraction:                0.374              % AXIAL TILT -14.082 -10.034 
 Core Delta-P: psia           21.795          AVG BOT 8ft/12ft  1.1270  1.0982 
 Core Plate Delta-P: psia     17.362 
 Coolant Temp: Deg-F           543.4 
 In Channel Flow: Mlb/hr       85.58   Active Channel Flow: Mlb/hr        81.79 
 Total Bypass Flow (%):         10.9   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00043 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.534  26 45 34    1.832  0.786  28 17 42    9.67  0.826 19.5  26 33 12  4    7.55  0.818 53.4  23 47 34  4 
 1.532  26 43 34    1.835  0.785  26 43 34    9.64  0.824 19.4  26 49 34  4    7.56  0.818 53.3  23 33 48  4 
 1.524  26 41 36    1.846  0.780  28 41 18    9.53  0.815 19.0  26 31 12  4    7.86  0.805 47.9  25 31 10  4 
 1.523  26 41 40    1.846  0.780  26 19 40    9.51  0.813 19.0  26 49 32  4   10.82  0.803 24.1  26 49 34  4 
 1.519  28 43 42    1.860  0.774  26 27 44    9.46  0.809 19.8  28 35 12  4   10.82  0.803 24.1  26 33 50  4 
 1.518  26 27 44    1.861  0.774  26 21 42    9.43  0.806 19.7  28 49 36  4   10.81  0.802 24.1  28 35 12  4 
 1.518  27 37 36    1.863  0.773  26 45 34    9.16  0.783 18.7  28 33 10  4   10.80  0.801 24.0  28 49 36  4 
 1.517  26 27 46    1.866  0.772  26 19 36    9.12  0.780 18.6  28 51 34  4    7.81  0.800 47.9  25  9 32  4 
 1.517  26 39 42    1.891  0.762  26 35 20    9.06  0.774 19.7  27 35 14  4   10.81  0.798 23.5  28 33 10  4 
 1.515  27 35 38    1.892  0.761  26 43 38    9.05  0.774 19.7  26 33 16  4    7.46  0.796 52.0  23 47 32  4 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.27  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 9,350.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    30052.2 
 Exposure: MWd/MTU (GWd)      9351.0 (1176.40 ) 
 Delta E: MWd/MTU, (GWd)         1.0 (   0.13 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.176   5.070    19  0.304 0.549  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.319  11.564    20  0.257 0.269  57 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.651  22.835    21  0.367 0.713  53 42 
                                                             21  0.747  27.550    22  0.626 0.775  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.815  30.277    23  1.262 1.371  21 46 
 59                -- -- -- -- --                59          19  0.857  31.747    24  1.226 1.374  17 44 
 55          -- -- -- -- -- -- -- -- --          55          18  0.891  32.114    25  1.053 1.289  47 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  0.953  32.367    26  1.454 1.527  15 42 
 47    -- -- 34 -- -- -- 12 -- -- -- 34 -- --    47          16  1.002  32.698    27  1.466 1.533  25 46 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.032  33.274    28  1.243 1.558  17 42 
 39 -- -- -- -- -- 10 -- -- -- 10 -- -- -- -- -- 39          14  1.040  33.841 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.082  33.084 
 31 -- -- -- 12 -- -- --  0 -- -- -- 12 -- -- -- 31          12  1.100  33.562 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.126  34.353 
 23 -- -- -- -- --  8 -- -- -- 10 -- -- -- -- -- 23          10  1.161  35.015 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.210  35.433 
 15    -- -- 34 -- -- -- 12 -- -- -- 34 -- --    15           8  1.272  36.280 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.329  37.185 
  7          -- -- -- -- -- -- -- -- --           7           6  1.413  37.985 
  3                -- -- -- -- --                 3           5  1.476  38.618* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.482* 37.619 
                                                              3  1.411  34.460 
 Control Rod Density: %         4.73                          2  1.118  26.723 
                                                      Bottom  1  0.336   7.976 
 k-effective:                0.99746 
 Void Fraction:                0.383              % AXIAL TILT -20.285 -10.034 
 Core Delta-P: psia           21.937          AVG BOT 8ft/12ft  1.1619  1.0982 
 Core Plate Delta-P: psia     17.503 
 Coolant Temp: Deg-F           543.5 
 In Channel Flow: Mlb/hr       85.51   Active Channel Flow: Mlb/hr        81.68 
 Total Bypass Flow (%):         11.0   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00038 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.558  28 17 42    1.877  0.767  28 17 42   10.18  0.870 19.8  28 35 12  4    8.09  0.858 51.3  23 47 40  4 
 1.557  28 19 44    1.884  0.764  28 19 44   10.16  0.868 19.7  28 11 36  4    8.10  0.857 51.2  23 39 48  4 
 1.533  27 25 46    1.921  0.750  26 27 40   10.09  0.862 18.8  27 37 12  4    8.14  0.857 50.7  23 23 48  4 
 1.533  27 45 36    1.925  0.748  26 39 28   10.07  0.860 18.8  27 49 38  4    8.13  0.857 50.6  23 47 24  4 
 1.527  26 15 42    1.934  0.744  26 27 44   10.05  0.859 19.7  27 25 14  4   11.50  0.848 23.3  27 25 14  4 
 1.527  26 19 46    1.936  0.744  26 43 34   10.03  0.857 19.6  27 13 36  4   11.51  0.846 23.0  27 37 12  4 
 1.518  27 47 36    1.943  0.741  26 23 44    9.68  0.827 18.1  27 39 12  4   11.48  0.846 23.3  27 47 36  4 
 1.517  27 25 48    1.944  0.741  26 17 38    9.68  0.827 19.5  26 33 12  4   11.49  0.844 23.0  27 49 38  4 
 1.511  26 23 44    1.946  0.740  26 29 42    9.67  0.827 19.9  27 25 16  4   11.35  0.839 23.6  28 25 50  4 
 1.511  26 17 38    1.946  0.740  26 41 30    9.66  0.826 18.1  27 49 40  4   11.34  0.838 23.6  28 49 26  4 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.28  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 9,351.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    30201.2 
 Exposure: MWd/MTU (GWd)      9500.0 (1195.20 ) 
 Delta E: MWd/MTU, (GWd)       149.0 (  18.75 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.175   5.093    19  0.303 0.548   5 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.318  11.616    20  0.256 0.269   3 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.648  22.941    21  0.367 0.713   7 42 
                                                             21  0.744  27.671    22  0.626 0.776  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.811  30.410    23  1.260 1.370  15 40 
 59                -- -- -- -- --                59          19  0.856  31.886    24  1.221 1.375  17 44 
 55          -- -- -- -- -- -- -- -- --          55          18  0.892  32.260    25  1.054 1.290  13 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  0.956  32.517    26  1.454 1.532  15 42 
 47    -- -- 34 -- -- -- 12 -- -- -- 34 -- --    47          16  1.007  32.852    27  1.470 1.537  15 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.038  33.432    28  1.247 1.561  17 42 
 39 -- -- -- -- -- 10 -- -- --  8 -- -- -- -- -- 39          14  1.046  34.000 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.089  33.242 
 31 -- -- -- 12 -- -- --  0 -- -- -- 12 -- -- -- 31          12  1.106  33.722 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.132  34.517 
 23 -- -- -- -- --  8 -- -- -- 10 -- -- -- -- -- 23          10  1.166  35.184 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.214  35.607 
 15    -- -- 34 -- -- -- 12 -- -- -- 34 -- --    15           8  1.275  36.461 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.329  37.374 
  7          -- -- -- -- -- -- -- -- --           7           6  1.408  38.186 
  3                -- -- -- -- --                 3           5  1.467  38.828* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.472* 37.829 
                                                              3  1.403  34.660 
 Control Rod Density: %         4.76                          2  1.113  26.882 
                                                      Bottom  1  0.334   8.024 
 k-effective:                0.99741 
 Void Fraction:                0.383              % AXIAL TILT -20.155 -10.065 
 Core Delta-P: psia           21.934          AVG BOT 8ft/12ft  1.1624  1.0984 
 Core Plate Delta-P: psia     17.500 
 Coolant Temp: Deg-F           543.5 
 In Channel Flow: Mlb/hr       85.51   Active Channel Flow: Mlb/hr        81.68 
 Total Bypass Flow (%):         11.0   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00041 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.561  28 17 42    1.871  0.770  28 17 42   10.14  0.868 20.2  28 35 12  4    8.03  0.855 51.7  23 47 40  4 
 1.561  28 19 44    1.878  0.767  28 19 44   10.13  0.867 20.1  28 49 36  4    8.04  0.854 51.5  23 39 48  4 
 1.537  27 15 36    1.925  0.748  26 21 34   10.06  0.860 19.2  27 37 12  4    8.08  0.853 51.0  23 23 48  4 
 1.536  27 25 46    1.926  0.748  26 27 40   10.05  0.859 19.2  27 49 38  4    8.07  0.853 51.0  23 47 24  4 
 1.532  26 15 42    1.935  0.744  26 27 44    9.99  0.854 20.1  27 35 14  4   11.44  0.846 23.7  27 25 14  4 
 1.531  26 19 46    1.940  0.742  26 43 28    9.97  0.853 20.1  27 47 26  4   11.45  0.845 23.5  27 37 12  4 
 1.523  27 13 36    1.941  0.742  26 17 38    9.67  0.826 18.5  27 39 12  4   11.42  0.844 23.7  27 47 36  4 
 1.521  27 25 48    1.942  0.741  26 23 44    9.66  0.825 18.5  27 49 40  4   11.44  0.844 23.4  27 49 38  4 
 1.514  26 17 38    1.944  0.741  26 15 42    9.65  0.825 19.8  26 33 12  4   11.30  0.838 24.0  28 25 50  4 
 1.513  26 23 44    1.947  0.740  26 19 46    9.63  0.823 19.7  26 11 34  4   11.29  0.837 24.0  28 49 26  4 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.29  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 9,500.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    30701.2 
 Exposure: MWd/MTU (GWd)     10000.0 (1258.10 ) 
 Delta E: MWd/MTU, (GWd)       500.0 (  62.90 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.177   5.171    19  0.303 0.548  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.321  11.786    20  0.255 0.267   3 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.655  23.293    21  0.366 0.712   7 42 
                                                             21  0.753  28.077    22  0.627 0.776  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.821  30.853    23  1.255 1.359  15 40 
 59                -- -- -- -- --                59          19  0.874  32.355    24  1.210 1.370  17 44 
 55          -- -- -- -- -- -- -- -- --          55          18  0.916  32.748    25  1.055 1.290  13 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  0.986  33.021    26  1.455 1.536  15 42 
 47    -- -- 34 -- -- -- 12 -- -- -- 34 -- --    47          16  1.041  33.371    27  1.478 1.540  15 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.074  33.966    28  1.258 1.560  17 42 
 39 -- -- -- -- --  8 -- -- --  8 -- -- -- -- -- 39          14  1.079  34.539 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.118  33.775 
 31 -- -- -- 12 -- -- --  0 -- -- -- 12 -- -- -- 31          12  1.132  34.264 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.153  35.072 
 23 -- -- -- -- --  8 -- -- --  8 -- -- -- -- -- 23          10  1.184  35.756 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.226  36.196 
 15    -- -- 34 -- -- -- 12 -- -- -- 34 -- --    15           8  1.278  37.068 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.318  38.007 
  7          -- -- -- -- -- -- -- -- --           7           6  1.374  38.856 
  3                -- -- -- -- --                 3           5  1.410* 39.527* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.403  38.531 
                                                              3  1.333  35.329 
 Control Rod Density: %         4.80                          2  1.057  27.412 
                                                      Bottom  1  0.317   8.184 
 k-effective:                0.99746 
 Void Fraction:                0.378              % AXIAL TILT -18.203 -10.166 
 Core Delta-P: psia           21.885          AVG BOT 8ft/12ft  1.1560  1.0990 
 Core Plate Delta-P: psia     17.451 
 Coolant Temp: Deg-F           543.4 
 In Channel Flow: Mlb/hr       85.54   Active Channel Flow: Mlb/hr        81.73 
 Total Bypass Flow (%):         10.9   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00041 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.560  28 17 42    1.857  0.775  28 17 42    9.76  0.846 21.5  28 35 12  4    7.66  0.824 52.6  23 39 48  4 
 1.559  28 19 44    1.865  0.772  28 19 44    9.76  0.845 21.4  28 11 36  4    7.65  0.824 52.8  23 47 40  4 
 1.540  27 15 36    1.918  0.751  26 15 42    9.71  0.834 20.5  27 37 12  4    7.69  0.822 52.1  23 23 48  4 
 1.538  27 25 46    1.929  0.746  26 19 46    9.71  0.833 20.4  27 11 38  4    7.68  0.821 52.1  23 47 24  4 
 1.536  26 15 42    1.930  0.746  27 15 26    9.52  0.824 21.4  27 25 14  4   10.95  0.819 24.9  27 23 12  4 
 1.534  26 19 46    1.933  0.745  26 27 44    9.52  0.824 21.3  27 13 36  4   10.95  0.818 24.8  27 11 38  4 
 1.531  27 13 36    1.935  0.744  26 17 34    9.31  0.804 21.1  26 33 12  4   10.90  0.817 25.2  27 25 14  4 
 1.528  27 25 48    1.936  0.744  27 25 16    9.30  0.802 21.0  26 11 34  4   10.90  0.816 25.1  27 13 26  4 
 1.509  26 17 38    1.947  0.740  27 25 48    9.37  0.801 19.7  27 21 12  4   10.77  0.812 25.8  28 35 12  4 
 1.508  26 23 44    1.948  0.739  26 17 38    9.37  0.801 19.7  27 11 40  4   10.77  0.811 25.7  28 11 36  4 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.30  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 10,000.0 MWd/MTU 

Controlled Document



 

Quad Cities Unit 2 Cycle 24 Representative Fuel Cycle Design 

ANP-3293NP 
Revision 0  
Page A-34 

 

 
 
 
AREVA Inc. 

 
 
 
 Cycle:                           24                            Core Average Exposure: MWd/MTU    31201.2 
 Exposure: MWd/MTU (GWd)     10500.0 (1321.00 ) 
 Delta E: MWd/MTU, (GWd)       500.0 (  62.90 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.176   5.250    19  0.302 0.548  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.319  11.959    20  0.254 0.266   3 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.650  23.650    21  0.365 0.713   7 42 
                                                             21  0.748  28.487    22  0.629 0.780  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.826  31.301    23  1.249 1.354  15 40 
 59                -- -- -- -- --                59          19  0.888  32.832    24  1.196 1.371  17 44 
 55          -- -- -- -- -- -- -- -- --          55          18  0.939  33.250    25  1.058 1.294  13 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.016  33.541    26  1.455 1.544  15 42 
 47    -- -- 34 -- -- -- 12 -- -- -- 34 -- --    47          16  1.077  33.907    27  1.486 1.545  15 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.114  34.519    28  1.270 1.564  17 42 
 39 -- -- -- -- --  6 -- -- --  6 -- -- -- -- -- 39          14  1.119  35.095 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.155  34.323 
 31 -- -- -- 12 -- -- --  0 -- -- -- 12 -- -- -- 31          12  1.166  34.819 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.185  35.637 
 23 -- -- -- -- --  6 -- -- --  6 -- -- -- -- -- 23          10  1.211  36.336 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.247  36.790 
 15    -- -- 34 -- -- -- 12 -- -- -- 34 -- --    15           8  1.289  37.678 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.311  38.635 
  7          -- -- -- -- -- -- -- -- --           7           6  1.340  39.511 
  3                -- -- -- -- --                 3           5  1.352* 40.198* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.327  39.199 
                                                              3  1.254  35.965 
 Control Rod Density: %         4.90                          2  0.996  27.916 
                                                      Bottom  1  0.298   8.336 
 k-effective:                0.99743 
 Void Fraction:                0.373              % AXIAL TILT -16.451 -10.232 
 Core Delta-P: psia           21.840          AVG BOT 8ft/12ft  1.1524  1.0994 
 Core Plate Delta-P: psia     17.407 
 Coolant Temp: Deg-F           543.3 
 In Channel Flow: Mlb/hr       85.56   Active Channel Flow: Mlb/hr        81.77 
 Total Bypass Flow (%):         10.9   (of total core flow) 
 Total Water Rod Flow (%):       4.0   (of total core flow) 
 Source Convergence          0.00048 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.564  28 17 42    1.833  0.785  28 17 42    9.30  0.815 22.7  28 25 50  4    7.14  0.789 55.3  23 47 40  5 
 1.563  28 19 44    1.841  0.782  28 19 44    9.29  0.814 22.6  28 11 36  4    7.14  0.789 55.1  23 39 48  5 
 1.545  27 15 36    1.883  0.765  26 15 42    9.27  0.804 21.7  27 23 50  4    7.16  0.785 54.5  23 23 48  5 
 1.544  26 15 42    1.894  0.760  26 19 46    9.26  0.804 21.6  27 11 38  4   10.37  0.785 26.3  27 23 12  4 
 1.543  27 25 46    1.899  0.758  27 15 26    9.00  0.788 22.5  27 25 48  4   10.37  0.785 26.2  27 11 38  4 
 1.542  26 19 46    1.905  0.756  27 25 16    8.99  0.787 22.5  27 13 36  4    7.15  0.785 54.5  23 47 24  5 
 1.540  27 13 36    1.911  0.754  26 17 34    8.88  0.775 22.2  26 27 12  4   10.33  0.782 26.3  28 25 50  4 
 1.537  27 25 48    1.912  0.753  27 25 48    8.88  0.775 22.2  26 11 34  4   10.24  0.781 27.1  28 11 36  4 
 1.516  27 13 42    1.916  0.751  26 27 44    8.98  0.774 20.9  27 21 12  4   10.29  0.781 26.6  27 25 14  4 
 1.516  27 15 44    1.917  0.751  27 47 26    8.98  0.774 20.9  27 11 40  4   10.29  0.780 26.5  27 13 26  4 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.31  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 10,500.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    31701.2 
 Exposure: MWd/MTU (GWd)     11000.0 (1383.90 ) 
 Delta E: MWd/MTU, (GWd)       500.0 (  62.90 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.169   5.327    19  0.302 0.548  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.308  12.130    20  0.254 0.265   3 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.639  24.003    21  0.365 0.715   7 42 
                                                             21  0.748  28.895    22  0.631 0.784  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.836  31.753    23  1.244 1.351  13 40 
 59                -- -- -- -- --                59          19  0.906  33.317    24  1.180 1.371  17 44 
 55          -- -- -- -- -- -- -- -- --          55          18  0.966  33.763    25  1.060 1.298  13 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.052  34.077    26  1.455 1.552  15 42 
 47    -- -- 34 -- -- -- 12 -- -- -- 34 -- --    47          16  1.120  34.461    27  1.494 1.551  15 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.159  35.093    28  1.282 1.568  17 42 
 39 -- -- -- -- --  0 -- -- --  0 -- -- -- -- -- 39          14  1.164  35.671 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.199  34.889 
 31 -- -- -- 12 -- -- --  0 -- -- -- 12 -- -- -- 31          12  1.206  35.390 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.222  36.217 
 23 -- -- -- -- --  0 -- -- --  0 -- -- -- -- -- 23          10  1.243  36.929 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.271  37.394 
 15    -- -- 34 -- -- -- 12 -- -- -- 34 -- --    15           8  1.300  38.292 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.302  39.259 
  7          -- -- -- -- -- -- -- -- --           7           6  1.302* 40.149 
  3                -- -- -- -- --                 3           5  1.285  40.842* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.241  39.832 
                                                              3  1.162  36.562 
 Control Rod Density: %         5.18                          2  0.924  28.391 
                                                      Bottom  1  0.277   8.479 
 k-effective:                0.99740 
 Void Fraction:                0.368              % AXIAL TILT -14.453 -10.268 
 Core Delta-P: psia           21.792          AVG BOT 8ft/12ft  1.1485  1.0998 
 Core Plate Delta-P: psia     17.357 
 Coolant Temp: Deg-F           543.2 
 In Channel Flow: Mlb/hr       85.59   Active Channel Flow: Mlb/hr        81.81 
 Total Bypass Flow (%):         10.9   (of total core flow) 
 Total Water Rod Flow (%):       3.9   (of total core flow) 
 Source Convergence          0.00045 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.568  28 17 42    1.807  0.797  28 17 42    8.75  0.775 23.9  28 25 50  4    6.80  0.759 56.1  23 39 48  5 
 1.567  28 19 44    1.814  0.794  28 19 44    8.74  0.775 23.8  28 11 36  4    6.79  0.759 56.2  23 47 40  5 
 1.552  26 15 42    1.846  0.780  26 15 42    8.72  0.766 22.8  27 23 50  4    6.81  0.755 55.5  23 23 48  5 
 1.551  26 19 46    1.857  0.776  26 19 46    8.72  0.765 22.8  27 11 38  4    6.80  0.754 55.5  23 47 24  5 
 1.551  27 15 36    1.867  0.771  27 15 26    8.40  0.744 23.7  27 25 48  4    9.71  0.744 27.6  28 25 50  4 
 1.549  27 13 36    1.872  0.769  27 25 16    8.40  0.743 23.7  27 13 36  4    9.63  0.743 28.4  28 11 36  4 
 1.549  27 25 46    1.875  0.768  27 25 48    8.48  0.738 22.0  27 21 50  4    9.70  0.743 27.5  27 11 38  4 
 1.546  27 25 48    1.880  0.766  27 47 26    8.48  0.738 22.0  27 11 40  4    9.70  0.743 27.6  27 23 12  4 
 1.528  27 13 42    1.883  0.765  26 17 34    8.37  0.738 23.3  26 11 34  4    6.79  0.740 53.8  23 25 10  5 
 1.527  27 15 44    1.884  0.764  27 15 18    8.36  0.738 23.3  26 27 50  4    6.79  0.739 53.8  23  9 26  5 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.32  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 11,000.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    32201.2 
 Exposure: MWd/MTU (GWd)     11500.0 (1446.80 ) 
 Delta E: MWd/MTU, (GWd)       500.0 (  62.90 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.172   5.402    19  0.301 0.548  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.314  12.296    20  0.252 0.265   3 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.652  24.351    21  0.364 0.716   7 42 
                                                             21  0.765  29.302    22  0.631 0.788  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.855  32.209    23  1.238 1.352  13 40 
 59                -- -- -- -- --                59          19  0.929  33.813    24  1.175 1.373  17 44 
 55          -- -- -- -- -- -- -- -- --          55          18  0.997  34.292    25  1.061 1.302  13 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.091  34.631    26  1.456 1.562  15 42 
 47    -- -- 34 -- -- -- 10 -- -- -- 34 -- --    47          16  1.164  35.038    27  1.500 1.559  13 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.207  35.689    28  1.291 1.574  17 42 
 39 -- -- -- -- --  0 -- -- --  0 -- -- -- -- -- 39          14  1.210  36.270 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.242  35.477 
 31 -- -- -- 12 -- -- --  0 -- -- -- 12 -- -- -- 31          12  1.245  35.981 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.256  36.816 
 23 -- -- -- -- --  0 -- -- --  0 -- -- -- -- -- 23          10  1.271  37.538 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.290  38.010 
 15    -- -- 34 -- -- -- 10 -- -- -- 34 -- --    15           8  1.304* 38.911 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.282  39.880 
  7          -- -- -- -- -- -- -- -- --           7           6  1.252  40.769 
  3                -- -- -- -- --                 3           5  1.208  41.454* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.143  40.423 
                                                              3  1.057  37.116 
 Control Rod Density: %         5.23                          2  0.841  28.831 
                                                      Bottom  1  0.252   8.611 
 k-effective:                0.99759 
 Void Fraction:                0.361              % AXIAL TILT -11.685 -10.272 
 Core Delta-P: psia           21.723          AVG BOT 8ft/12ft  1.1391  1.1001 
 Core Plate Delta-P: psia     17.288 
 Coolant Temp: Deg-F           543.0 
 In Channel Flow: Mlb/hr       85.64   Active Channel Flow: Mlb/hr        81.87 
 Total Bypass Flow (%):         10.8   (of total core flow) 
 Total Water Rod Flow (%):       3.9   (of total core flow) 
 Source Convergence          0.00047 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.574  28 17 42    1.780  0.809  28 17 42    8.22  0.733 24.5  28 25 50  5    6.53  0.733 56.6  23 47 40  6 
 1.572  28 19 44    1.789  0.805  28 19 44    8.21  0.732 24.5  28 11 36  5    6.84  0.733 52.3  24 17 18  9 
 1.562  26 15 42    1.808  0.796  26 15 42    8.19  0.724 23.5  27 23 50  5    6.53  0.732 56.5  23 39 48  6 
 1.559  27 13 36    1.823  0.790  26 19 46    8.19  0.723 23.5  27 11 38  5    6.58  0.729 55.4  23 17 40 10 
 1.559  27 15 36    1.831  0.786  27 15 26    7.94  0.708 24.4  27 25 48  5    6.54  0.727 55.7  23 23 48  6 
 1.558  26 19 46    1.840  0.782  27 47 26    7.94  0.707 24.4  27 13 36  5    6.56  0.726 55.3  23 39 18 10 
 1.546  27 25 46    1.843  0.781  27 15 18    7.86  0.703 24.8  26 27 12  5    6.53  0.726 55.7  23 47 24  6 
 1.545  27 25 48    1.844  0.781  27 47 42    7.86  0.702 24.7  26 11 34  5    6.65  0.724 53.9  23 15 40 10 
 1.539  27 13 42    1.849  0.779  27 17 16    8.00  0.702 22.8  27 21 50  5    6.79  0.723 51.8  24 15 16  9 
 1.538  27 15 44    1.850  0.778  26 17 34    8.00  0.702 22.8  27 11 40  5    6.62  0.721 53.8  23 39 16 10 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.33  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 11,500.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    32651.2 
 Exposure: MWd/MTU (GWd)     11950.0 (1503.40 ) 
 Delta E: MWd/MTU, (GWd)       450.0 (  56.61 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.175   5.471    19  0.301 0.546  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.319  12.449    20  0.251 0.263   3 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.662  24.670    21  0.363 0.715   7 42 
                                                             21  0.779  29.677    22  0.632 0.792  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  0.872  32.630    23  1.231 1.348  13 40 
 59                -- -- -- -- --                59          19  0.947  34.270    24  1.169 1.374  17 44 
 55          -- -- -- -- -- -- -- -- --          55          18  1.023  34.783    25  1.062 1.304  13 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.124  35.149    26  1.456 1.568  15 42 
 47    -- -- 34 -- -- -- 10 -- -- -- 34 -- --    47          16  1.203  35.577    27  1.506 1.558  13 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.248  36.249    28  1.300 1.578  17 42 
 39 -- -- -- -- --  0 -- -- --  0 -- -- -- -- -- 39          14  1.251  36.831 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.281  36.024 
 31 -- -- -- 10 -- -- --  0 -- -- -- 10 -- -- -- 31          12  1.281  36.530 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.288  37.370 
 23 -- -- -- -- --  0 -- -- --  0 -- -- -- -- -- 23          10  1.296  38.099 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.306* 38.572 
 15    -- -- 34 -- -- -- 10 -- -- -- 34 -- --    15           8  1.306  39.471 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.262  40.430 
  7          -- -- -- -- -- -- -- -- --           7           6  1.207  41.306 
  3                -- -- -- -- --                 3           5  1.140  41.972* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.059  40.913 
                                                              3  0.969  37.569 
 Control Rod Density: %         5.27                          2  0.772  29.192 
                                                      Bottom  1  0.231   8.720 
 k-effective:                0.99760 
 Void Fraction:                0.355              % AXIAL TILT  -9.306 -10.237 
 Core Delta-P: psia           21.666          AVG BOT 8ft/12ft  1.1312  1.1002 
 Core Plate Delta-P: psia     17.231 
 Coolant Temp: Deg-F           542.9 
 In Channel Flow: Mlb/hr       85.67   Active Channel Flow: Mlb/hr        81.92 
 Total Bypass Flow (%):         10.8   (of total core flow) 
 Total Water Rod Flow (%):       3.9   (of total core flow) 
 Source Convergence          0.00044 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.578  28 17 42    1.761  0.818  28 17 42    8.09  0.715 19.0  28 17 42 15    6.91  0.747 53.1  24 17 18  9 
 1.577  28 19 44    1.768  0.814  28 19 44    8.09  0.715 18.9  28 19 44 15    6.68  0.746 56.2  23 17 40 10 
 1.568  26 15 42    1.780  0.809  26 15 42    7.99  0.706 18.9  26 27 36 15    6.66  0.744 56.1  23 39 18 10 
 1.566  26 19 46    1.790  0.804  26 19 46    7.99  0.706 18.9  26 25 34 15    6.75  0.741 54.6  23 47 40  9 
 1.558  27 13 36    1.813  0.794  27 15 18    7.82  0.704 25.5  28 25 50  5    6.73  0.740 54.7  23 15 40 10 
 1.555  27 25 48    1.815  0.793  27 47 42    7.82  0.704 25.5  28 11 36  5    6.74  0.740 54.5  23 39 48  9 
 1.555  27 15 36    1.815  0.793  27 17 16    7.97  0.698 17.9  27 15 44 14    6.72  0.738 54.6  23 39 16 10 
 1.553  27 25 46    1.818  0.792  27 41 48    7.96  0.697 17.9  27 17 46 14    6.98  0.735 50.7  24 15 46 10 
 1.546  27 15 44    1.823  0.790  27 15 26    7.90  0.696 18.6  26 21 34 15    6.60  0.728 54.9  23 23 48  9 
 1.545  27 13 42    1.825  0.789  27 25 48    7.90  0.696 18.6  26 27 40 15    6.60  0.728 54.9  23 47 24  9 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.34  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 11,950.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    32652.2 
 Exposure: MWd/MTU (GWd)     11951.0 (1503.50 ) 
 Delta E: MWd/MTU, (GWd)         1.0 (   0.13 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.213   5.471    19  0.298 0.529  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.386  12.449    20  0.242 0.253  57 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.790  24.671    21  0.355 0.682  53 42 
                                                             21  0.916  29.678    22  0.636 0.824  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  1.005  32.631    23  1.186 1.360  47 32 
 59                -- -- -- -- --                59          19  1.073  34.271    24  1.280 1.397  29 30 
 55          -- -- -- -- -- -- -- -- --          55          18  1.123  34.784    25  1.034 1.297  51 32 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.178  35.150    26  1.500 1.554  45 34 
 47    -- -- -- -- 14 -- -- -- 14 -- -- -- --    47          16  1.218  35.578    27  1.439 1.534  23 26 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.232* 36.250    28  1.281 1.520  43 20 
 39 -- -- -- 14 -- -- --  6 -- -- -- 14 -- -- -- 39          14  1.209  36.832 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.218  36.026 
 31 -- -- -- -- --  8 -- -- --  8 -- -- -- -- -- 31          12  1.203  36.531 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.199  37.371 
 23 -- -- -- 14 -- -- --  8 -- -- -- 14 -- -- -- 23          10  1.203  38.100 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.215  38.573 
 15    -- -- -- -- 14 -- -- -- 14 -- -- -- --    15           8  1.226  39.472 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.205  40.431 
  7          -- -- -- -- -- -- -- -- --           7           6  1.164  41.307 
  3                -- -- -- -- --                 3           5  1.104  41.973* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.025  40.914 
                                                              3  0.934  37.570 
 Control Rod Density: %         5.11                          2  0.741  29.193 
                                                      Bottom  1  0.221   8.720 
 k-effective:                0.99761 
 Void Fraction:                0.345              % AXIAL TILT  -3.652 -10.237 
 Core Delta-P: psia           21.525          AVG BOT 8ft/12ft  1.0822  1.1002 
 Core Plate Delta-P: psia     17.091 
 Coolant Temp: Deg-F           542.8 
 In Channel Flow: Mlb/hr       85.75   Active Channel Flow: Mlb/hr        82.04 
 Total Bypass Flow (%):         10.7   (of total core flow) 
 Total Water Rod Flow (%):       3.9   (of total core flow) 
 Source Convergence          0.00043 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.554  26 45 34    1.768  0.814  26 43 28    8.35  0.739 19.1  27 23 26 15    7.33  0.765 49.8  24 31 32 15 
 1.552  26 33 16    1.769  0.814  26 33 18    8.35  0.739 19.1  27 25 24 15    7.13  0.748 50.2  24 23 24 15 
 1.550  26 43 28    1.790  0.805  26 45 34    8.38  0.738 18.4  26 29 28 15    6.97  0.747 52.3  24 39 24 14 
 1.548  26 33 18    1.793  0.803  26 33 16    8.38  0.737 18.4  26 27 30 15    6.95  0.745 52.4  24 23 40 14 
 1.534  27 23 26    1.794  0.803  26 41 26    8.17  0.722 18.9  26 27 26 15    6.91  0.728 50.7  23 39 26 14 
 1.534  27 25 24    1.796  0.802  26 35 20    8.17  0.722 18.9  26 25 28 15    6.97  0.728 49.9  24 39 40 15 
 1.534  26 31 28    1.798  0.801  28 41 18    8.11  0.715 18.6  26 19 26 15    6.93  0.726 50.2  24 33 34 15 
 1.533  26 41 26    1.801  0.800  28 17 20    8.10  0.714 18.6  26 25 20 15    6.89  0.726 50.7  23 25 40 14 
 1.532  26 35 20    1.804  0.798  26 31 28    8.00  0.703 18.3  26 17 28 15    7.07  0.725 47.9  24 25 26 15 
 1.532  26 33 30    1.805  0.798  26 33 32    7.99  0.703 18.3  26 19 22 15    6.72  0.711 51.0  24 31 26 15 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.35  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 11,951.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    32701.2 
 Exposure: MWd/MTU (GWd)     12000.0 (1509.70 ) 
 Delta E: MWd/MTU, (GWd)        49.0 (   6.16 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.213   5.480    19  0.298 0.530  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.385  12.469    20  0.242 0.253  57 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.787  24.713    21  0.355 0.683  53 42 
                                                             21  0.913  29.727    22  0.636 0.826  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  1.005  32.685    23  1.186 1.362  47 32 
 59                -- -- -- -- --                59          19  1.075  34.328    24  1.277 1.392  31 32 
 55          -- -- -- -- -- -- -- -- --          55          18  1.127  34.844    25  1.035 1.299  51 32 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.183  35.211    26  1.500 1.557  45 34 
 47    -- -- -- -- 14 -- -- -- 14 -- -- -- --    47          16  1.224  35.640    27  1.440 1.531  37 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.238* 36.312    28  1.283 1.522  43 42 
 39 -- -- -- 14 -- -- --  6 -- -- -- 14 -- -- -- 39          14  1.214  36.893 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.223  36.084 
 31 -- -- -- -- --  8 -- -- --  8 -- -- -- -- -- 31          12  1.207  36.589 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.202  37.429 
 23 -- -- -- 14 -- -- --  6 -- -- -- 14 -- -- -- 23          10  1.206  38.158 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.217  38.631 
 15    -- -- -- -- 14 -- -- -- 14 -- -- -- --    15           8  1.226  39.529 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.203  40.487 
  7          -- -- -- -- -- -- -- -- --           7           6  1.159  41.362 
  3                -- -- -- -- --                 3           5  1.097  42.024* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  1.017  40.962 
                                                              3  0.926  37.614 
 Control Rod Density: %         5.13                          2  0.734  29.227 
                                                      Bottom  1  0.220   8.731 
 k-effective:                0.99757 
 Void Fraction:                0.344              % AXIAL TILT  -3.450 -10.221 
 Core Delta-P: psia           21.522          AVG BOT 8ft/12ft  1.0820  1.1002 
 Core Plate Delta-P: psia     17.088 
 Coolant Temp: Deg-F           542.8 
 In Channel Flow: Mlb/hr       85.75   Active Channel Flow: Mlb/hr        82.04 
 Total Bypass Flow (%):         10.7   (of total core flow) 
 Total Water Rod Flow (%):       3.9   (of total core flow) 
 Source Convergence          0.00039 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.557  26 45 34    1.764  0.817  26 43 34    8.37  0.741 19.1  27 37 36 15    7.34  0.767 49.9  24 31 32 15 
 1.552  26 43 34    1.774  0.812  26 33 18    8.36  0.740 19.1  27 35 38 15    6.98  0.749 52.4  24 39 24 14 
 1.549  26 33 46    1.784  0.807  26 45 34    8.40  0.740 18.5  26 31 34 15    7.13  0.749 50.3  24 23 24 15 
 1.542  26 33 44    1.791  0.804  26 41 36    8.40  0.739 18.5  26 33 32 15    6.97  0.748 52.5  24 23 40 14 
 1.534  26 41 36    1.794  0.803  26 33 46    8.18  0.724 19.0  26 25 34 15    7.00  0.732 49.9  24 39 40 15 
 1.531  27 37 36    1.796  0.802  28 17 42    8.18  0.724 19.0  26 27 26 15    6.92  0.730 50.8  23 39 26 14 
 1.528  26 33 32    1.800  0.800  28 41 18    8.15  0.719 18.7  26 41 36 15    6.91  0.729 50.8  23 25 40 14 
 1.527  27 35 38    1.801  0.800  26 25 42    8.12  0.717 18.7  26 25 42 15    6.94  0.729 50.3  24 33 34 15 
 1.527  26 31 34    1.806  0.797  26 33 32    8.05  0.708 18.4  26 43 34 15    7.07  0.725 48.0  24 25 26 15 
 1.526  26 35 42    1.807  0.797  26 31 34    8.03  0.707 18.4  26 41 40 15    6.77  0.714 50.8  23 15 32 14 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.36  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 12,000.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    33201.9 
 Exposure: MWd/MTU (GWd)     12500.0 (1572.60 ) 
 Delta E: MWd/MTU, (GWd)       500.0 (  62.90 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.217   5.576    19  0.298 0.531  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.393  12.678    20  0.242 0.253  57 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.805  25.146    21  0.355 0.685  53 42 
                                                             21  0.937  30.231    22  0.638 0.826  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  1.034  33.242    23  1.182 1.355  47 32 
 59                -- -- -- -- --                59          19  1.109  34.926    24  1.263 1.366  31 32 
 55          -- -- -- -- -- -- -- -- --          55          18  1.164  35.471    25  1.038 1.304  51 32 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.223  35.845    26  1.498 1.559  45 34 
 47    -- -- -- -- 14 -- -- -- 14 -- -- -- --    47          16  1.265  36.280    27  1.448 1.525  45 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.278* 36.960    28  1.294 1.525  43 42 
 39 -- -- -- 14 -- -- --  6 -- -- -- 14 -- -- -- 39          14  1.252  37.528 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.258  36.692 
 31 -- -- -- -- --  8 -- -- --  8 -- -- -- -- -- 31          12  1.239  37.188 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.229  38.025 
 23 -- -- -- 14 -- -- --  6 -- -- -- 14 -- -- -- 23          10  1.226  38.754 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.226  39.223 
 15    -- -- -- -- 14 -- -- -- 14 -- -- -- --    15           8  1.219  40.112 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.172  41.053 
  7          -- -- -- -- -- -- -- -- --           7           6  1.104  41.901 
  3                -- -- -- -- --                 3           5  1.022  42.529* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  0.929  41.426 
                                                              3  0.837  38.034 
 Control Rod Density: %         5.13                          2  0.665  29.561 
                                                      Bottom  1  0.199   8.831 
 k-effective:                0.99758 
 Void Fraction:                0.337              % AXIAL TILT  -0.549 -10.036 
 Core Delta-P: psia           21.456          AVG BOT 8ft/12ft  1.0699  1.0994 
 Core Plate Delta-P: psia     17.022 
 Coolant Temp: Deg-F           542.6 
 In Channel Flow: Mlb/hr       85.79   Active Channel Flow: Mlb/hr        82.10 
 Total Bypass Flow (%):         10.7   (of total core flow) 
 Total Water Rod Flow (%):       3.9   (of total core flow) 
 Source Convergence          0.00036 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.559  26 45 34    1.755  0.820  26 43 34    8.53  0.758 19.6  26 31 34 15    7.37  0.778 50.9  24 31 32 15 
 1.551  26 33 16    1.763  0.817  26 45 34    8.52  0.758 19.6  26 33 32 15    7.11  0.761 52.2  24 39 24 15 
 1.550  26 43 34    1.765  0.816  26 33 18    8.46  0.756 20.2  27 37 36 15    7.17  0.760 51.3  24 23 24 15 
 1.541  26 33 18    1.772  0.812  26 33 16    8.45  0.755 20.2  27 35 38 15    7.10  0.760 52.2  24 23 40 15 
 1.534  26 49 32    1.783  0.808  28 17 42    8.35  0.744 19.8  26 41 36 15    7.09  0.749 50.9  24 39 40 15 
 1.532  26 49 34    1.785  0.807  28 41 18    8.32  0.741 19.7  26 35 42 15    6.97  0.743 51.8  23 39 26 14 
 1.527  26 31 12    1.786  0.806  26 41 36    8.30  0.741 20.1  26 35 34 15    6.96  0.741 51.8  23 25 40 14 
 1.527  26 41 36    1.795  0.802  26 35 20    8.29  0.740 20.1  26 33 26 15    6.98  0.740 51.3  24 33 34 15 
 1.526  26 33 12    1.800  0.800  26 41 40    8.31  0.738 19.4  26 43 34 15    7.11  0.736 49.0  24 25 26 15 
 1.525  27 45 36    1.806  0.797  26 39 42    8.27  0.734 19.4  26 33 44 15    6.90  0.735 51.7  23 15 32 14 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.37  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 12,500.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    33701.2 
 Exposure: MWd/MTU (GWd)     13000.0 (1635.50 ) 
 Delta E: MWd/MTU, (GWd)       500.0 (  62.90 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.226   5.672    19  0.298 0.533  39  6 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.409  12.890    20  0.241 0.252  57 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.841  25.583    21  0.354 0.691  41  8 
                                                             21  0.984  30.742    22  0.639 0.829  47 14 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  1.082  33.807    23  1.181 1.357  33 14 
 59                -- -- -- -- --                59          19  1.158  35.532    24  1.251 1.343  31 30 
 55          -- -- -- -- -- -- -- -- --          55          18  1.213  36.108    25  1.040 1.313  31 10 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.271  36.490    26  1.495 1.569  33 16 
 47    -- -- -- -- 14 -- -- -- 14 -- -- -- --    47          16  1.306  36.932    27  1.453 1.544  35 14 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.313* 37.618    28  1.304 1.537  41 18 
 39 -- -- -- 14 -- -- --  8 -- -- -- 14 -- -- -- 39          14  1.282  38.173 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.285  37.309 
 31 -- -- -- -- --  8 -- -- --  8 -- -- -- -- -- 31          12  1.260  37.795 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.244  38.627 
 23 -- -- -- 14 -- -- --  8 -- -- -- 14 -- -- -- 23          10  1.231  39.354 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.220  39.817 
 15    -- -- -- -- 14 -- -- -- 16 -- -- -- --    15           8  1.196  40.692 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.129  41.612 
  7          -- -- -- -- -- -- -- -- --           7           6  1.041  42.427 
  3                -- -- -- -- --                 3           5  0.942  43.016* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  0.841  41.869 
                                                              3  0.750  38.433 
 Control Rod Density: %         5.06                          2  0.596  29.877 
                                                      Bottom  1  0.178   8.926 
 k-effective:                0.99753 
 Void Fraction:                0.329              % AXIAL TILT   3.098  -9.834 
 Core Delta-P: psia           21.374          AVG BOT 8ft/12ft  1.0510  1.0985 
 Core Plate Delta-P: psia     16.940 
 Coolant Temp: Deg-F           542.4 
 In Channel Flow: Mlb/hr       85.84   Active Channel Flow: Mlb/hr        82.17 
 Total Bypass Flow (%):         10.6   (of total core flow) 
 Total Water Rod Flow (%):       3.8   (of total core flow) 
 Source Convergence          0.00028 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.569  26 33 16    1.722  0.836  26 33 16    8.58  0.770 20.7  26 35 20 15    7.33  0.782 51.9  24 31 32 15 
 1.557  26 45 28    1.737  0.829  26 33 18    8.60  0.770 20.4  26 33 18 15    7.35  0.774 50.7  23 39 18 17 
 1.553  26 33 18    1.746  0.825  28 41 18    8.52  0.768 21.3  27 35 24 15    7.24  0.774 52.1  24 39 24 16 
 1.552  26 33 12    1.751  0.822  26 45 28    8.55  0.768 20.7  26 31 28 15    7.14  0.765 52.3  24 23 24 15 
 1.548  26 31 12    1.753  0.821  26 43 28    8.55  0.767 20.7  26 33 30 15    7.06  0.764 53.2  24 23 40 15 
 1.544  27 35 14    1.754  0.821  27 35 14    8.50  0.767 21.3  27 37 26 15    7.28  0.762 50.0  23 39 16 18 
 1.543  26 43 28    1.762  0.817  28 43 20    8.53  0.764 20.4  26 39 20 15    7.07  0.760 52.5  23 31 18 15 
 1.542  27 35 16    1.764  0.816  26 39 20    8.48  0.762 20.8  26 41 26 15    7.11  0.758 51.9  24 39 40 15 
 1.541  26 49 32    1.767  0.815  27 35 16    8.54  0.760 19.8  26 33 16 15    7.04  0.756 52.6  23 31 16 14 
 1.540  26 49 34    1.767  0.815  26 35 20    8.48  0.760 20.5  26 43 28 15    7.09  0.753 51.5  23 39 26 15 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.38  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 13,000.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    34201.2 
 Exposure: MWd/MTU (GWd)     13500.0 (1698.40 ) 
 Delta E: MWd/MTU, (GWd)       500.0 (  62.90 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.234   5.772    19  0.299 0.535  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.423  13.110    20  0.242 0.254   3 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.871  26.041    21  0.356 0.693   7 42 
                                                             21  1.024  31.277    22  0.642 0.830  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  1.130  34.398    23  1.181 1.352  47 28 
 59                -- -- -- -- --                59          19  1.212  36.165    24  1.231 1.332  43 18 
 55          -- -- -- -- -- -- -- -- --          55          18  1.273  36.772    25  1.046 1.320  51 32 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.339  37.160    26  1.485 1.561  45 28 
 47    -- -- -- -- 16 -- -- -- 14 -- -- -- --    47          16  1.358* 37.604    27  1.462 1.544  47 26 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.353  38.294    28  1.318 1.543  11 36 
 39 -- -- -- 16 -- -- --  8 -- -- -- 16 -- -- -- 39          14  1.312  38.833 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.311  37.939 
 31 -- -- -- -- --  8 -- -- --  8 -- -- -- -- -- 31          12  1.279  38.413 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.254  39.237 
 23 -- -- -- 16 -- -- --  8 -- -- -- 16 -- -- -- 23          10  1.232  39.958 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.207  40.408 
 15    -- -- -- -- 14 -- -- -- 16 -- -- -- --    15           8  1.166  41.262 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.079  42.149 
  7          -- -- -- -- -- -- -- -- --           7           6  0.974  42.922 
  3                -- -- -- -- --                 3           5  0.862  43.464* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  0.754  42.269 
                                                              3  0.666  38.791 
 Control Rod Density: %         4.94                          2  0.529  30.161 
                                                      Bottom  1  0.158   9.012 
 k-effective:                0.99750 
 Void Fraction:                0.320              % AXIAL TILT   6.995  -9.585 
 Core Delta-P: psia           21.291          AVG BOT 8ft/12ft  1.0309  1.0975 
 Core Plate Delta-P: psia     16.857 
 Coolant Temp: Deg-F           542.2 
 In Channel Flow: Mlb/hr       85.89   Active Channel Flow: Mlb/hr        82.25 
 Total Bypass Flow (%):         10.6   (of total core flow) 
 Total Water Rod Flow (%):       3.8   (of total core flow) 
 Source Convergence          0.00045 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.561  26 45 28    1.719  0.855  26 45 28    8.68  0.785 21.5  26 43 28 15    7.51  0.801 51.8  23 17 40 17 
 1.561  26 11 34    1.730  0.850  26 33 16    8.69  0.782 20.9  26 45 28 15    7.50  0.798 51.7  23 39 18 17 
 1.558  26 49 32    1.737  0.846  26 43 28    8.63  0.780 21.5  26 33 18 15    7.39  0.793 52.5  24 39 24 17 
 1.554  26 33 16    1.739  0.845  27 47 26    8.67  0.779 20.8  28 17 42 17    7.39  0.793 52.5  24 23 40 17 
 1.553  26 33 12    1.741  0.844  26 49 34    8.58  0.779 21.9  26 41 26 15    7.45  0.788 51.0  23 15 40 18 
 1.548  26 31 12    1.742  0.844  28 17 42    8.67  0.778 20.7  28 19 44 17    7.47  0.787 50.7  23 15 24 18 
 1.544  27 47 26    1.742  0.844  28 41 18    8.60  0.778 21.6  26 41 22 15    7.41  0.783 51.0  23 39 16 18 
 1.543  28 11 36    1.746  0.842  26 27 44    8.59  0.777 21.5  26 39 20 15    7.37  0.779 51.0  24 39 40 17 
 1.538  27 35 14    1.750  0.840  26 49 32    8.63  0.776 20.9  26 33 16 15    7.27  0.777 52.0  23 23 46 16 
 1.538  26 43 28    1.750  0.840  27 25 48    8.56  0.776 21.9  26 35 20 15    7.19  0.776 52.9  24 31 32 15 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.39  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 13,500.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    34301.2 
 Exposure: MWd/MTU (GWd)     13600.0 (1711.00 ) 
 Delta E: MWd/MTU, (GWd)       100.0 (  12.58 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.235   5.793    19  0.300 0.534  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.426  13.155    20  0.242 0.254   3 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.878  26.135    21  0.356 0.692   7 42 
                                                             21  1.033  31.389    22  0.642 0.828  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  1.141  34.522    23  1.181 1.349  13 28 
 59                -- -- -- -- --                59          19  1.224  36.298    24  1.227 1.330  17 18 
 55          -- -- -- -- -- -- -- -- --          55          18  1.286  36.911    25  1.047 1.320   9 32 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.354  37.301    26  1.483 1.562  11 34 
 47    -- -- -- -- 16 -- -- -- 14 -- -- -- --    47          16  1.370* 37.744    27  1.463 1.543  47 26 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.361  38.433    28  1.321 1.543  11 36 
 39 -- -- -- 16 -- -- --  8 -- -- -- 16 -- -- -- 39          14  1.318  38.968 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.316  38.067 
 31 -- -- -- -- --  8 -- -- --  8 -- -- -- -- -- 31          12  1.283  38.539 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.256  39.360 
 23 -- -- -- 16 -- -- --  8 -- -- -- 16 -- -- -- 23          10  1.231  40.079 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.203  40.525 
 15    -- -- -- -- 16 -- -- -- 16 -- -- -- --    15           8  1.158  41.373 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.068  42.252 
  7          -- -- -- -- -- -- -- -- --           7           6  0.959  43.015 
  3                -- -- -- -- --                 3           5  0.845  43.546* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  0.737  42.341 
                                                              3  0.649  38.854 
 Control Rod Density: %         4.92                          2  0.515  30.212 
                                                      Bottom  1  0.154   9.027 
 k-effective:                0.99753 
 Void Fraction:                0.319              % AXIAL TILT   7.847  -9.525 
 Core Delta-P: psia           21.273          AVG BOT 8ft/12ft  1.0265  1.0972 
 Core Plate Delta-P: psia     16.839 
 Coolant Temp: Deg-F           542.2 
 In Channel Flow: Mlb/hr       85.90   Active Channel Flow: Mlb/hr        82.26 
 Total Bypass Flow (%):         10.6   (of total core flow) 
 Total Water Rod Flow (%):       3.8   (of total core flow) 
 Source Convergence          0.00050 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.562  26 11 34    1.722  0.854  26 45 28    8.68  0.786 21.8  26 43 28 15    7.52  0.803 52.0  23 17 40 17 
 1.559  26 33 12    1.723  0.853  26 33 16    8.68  0.786 21.7  26 33 18 15    7.52  0.802 51.9  23 39 18 17 
 1.559  26 11 32    1.739  0.846  26 49 34    8.70  0.784 21.2  26 45 28 15    7.55  0.797 50.9  23 15 24 18 
 1.558  26 45 28    1.739  0.845  26 17 28    8.70  0.784 21.1  26 33 16 15    7.54  0.796 50.9  23 23 16 18 
 1.557  26 33 16    1.740  0.845  27 47 26    8.71  0.784 21.0  28 17 20 17    7.39  0.795 52.7  24 39 24 17 
 1.556  26 31 12    1.741  0.845  26 27 18    8.71  0.783 20.9  28 19 18 17    7.38  0.794 52.7  24 23 40 17 
 1.543  28 11 36    1.743  0.843  28 41 18    8.64  0.780 21.3  26 19 22 16    7.47  0.791 51.3  23 15 40 18 
 1.543  27 47 26    1.745  0.842  28 17 42    8.57  0.779 22.1  26 41 26 15    7.44  0.788 51.2  23 39 16 18 
 1.542  27 35 14    1.745  0.842  27 15 26    8.64  0.779 21.3  26 21 20 16    7.53  0.782 49.3  24 17 26 17 
 1.541  28 35 12    1.747  0.842  26 49 32    8.57  0.779 22.1  26 35 20 15    7.52  0.780 49.3  24 25 18 17 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.40  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 13,600.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    34302.2 
 Exposure: MWd/MTU (GWd)     13601.0 (1711.10 ) 
 Delta E: MWd/MTU, (GWd)         1.0 (   0.13 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.209   5.793    19  0.297 0.540  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.377  13.156    20  0.246 0.257   3 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.774  26.136    21  0.360 0.710  53 42 
                                                             21  0.905  31.390    22  0.641 0.855  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  1.009  34.523    23  1.208 1.350  47 40 
 59                -- -- -- -- --                59          19  1.090  36.299    24  1.170 1.372  17 18 
 55          -- -- -- -- -- -- -- -- --          55          18  1.151  36.913    25  1.064 1.314  47 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.240  37.303    26  1.447 1.583  15 42 
 47    -- -- -- -- -- --  6 -- -- -- -- -- --    47          16  1.304  37.745    27  1.517 1.570  15 44 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.332  38.434    28  1.329 1.580  17 42 
 39 -- -- -- -- -- 12 -- -- -- 12 -- -- -- -- -- 39          14  1.320  38.969 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.341* 38.068 
 31 -- -- --  6 -- -- --  6 -- -- --  6 -- -- -- 31          12  1.325  38.540 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.312  39.361 
 23 -- -- -- -- -- 12 -- -- -- 12 -- -- -- -- -- 23          10  1.295  40.080 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.271  40.526 
 15    -- -- -- -- -- --  6 -- -- -- -- -- --    15           8  1.231  41.374 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.147  42.253 
  7          -- -- -- -- -- -- -- -- --           7           6  1.045  43.016 
  3                -- -- -- -- --                 3           5  0.940  43.547* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  0.839  42.342 
                                                              3  0.754  38.855 
 Control Rod Density: %         4.17                          2  0.606  30.212 
                                                      Bottom  1  0.183   9.027 
 k-effective:                0.99751 
 Void Fraction:                0.333              % AXIAL TILT   0.428  -9.524 
 Core Delta-P: psia           21.437          AVG BOT 8ft/12ft  1.0778  1.0972 
 Core Plate Delta-P: psia     17.005 
 Coolant Temp: Deg-F           542.5 
 In Channel Flow: Mlb/hr       85.80   Active Channel Flow: Mlb/hr        82.12 
 Total Bypass Flow (%):         10.7   (of total core flow) 
 Total Water Rod Flow (%):       3.8   (of total core flow) 
 Source Convergence          0.00046 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.583  26 15 42    1.719  0.855  26 15 42    8.47  0.771 22.3  28 43 42 15    6.80  0.763 56.6  23 15 40 11 
 1.582  26 19 46    1.724  0.853  26 41 16    8.47  0.771 22.3  28 19 44 15    6.80  0.763 56.5  23 39 16 11 
 1.580  28 17 42    1.729  0.850  27 15 18    8.43  0.760 21.1  26 45 42 15    7.05  0.762 53.2  23 31 40 15 
 1.579  28 19 44    1.730  0.850  27 17 16    8.43  0.759 21.0  26 19 46 15    7.05  0.762 53.2  23 39 32 15 
 1.570  27 15 44    1.734  0.848  28 17 42    8.33  0.750 21.1  27 45 44 15    6.80  0.759 56.1  23 17 40 13 
 1.569  27 17 46    1.738  0.846  28 41 18    8.33  0.750 21.0  27 43 46 15    6.82  0.759 55.8  23 47 40 11 
 1.565  27 13 42    1.746  0.842  27 47 42    8.25  0.748 21.7  27 45 36 15    6.66  0.759 57.9  23 39 18 11 
 1.564  27 19 48    1.748  0.841  27 41 48    8.25  0.747 21.7  27 25 46 15    6.81  0.757 55.7  23 39 48 11 
 1.555  27 13 36    1.777  0.827  27 25 48    8.18  0.742 21.9  26 23 44 15    6.76  0.755 56.1  23 47 24 11 
 1.554  27 25 48    1.778  0.827  27 47 26    8.17  0.742 21.9  26 43 38 15    6.76  0.755 56.1  23 23 48 11 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.41  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 13,601.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    34701.2 
 Exposure: MWd/MTU (GWd)     14000.0 (1761.30 ) 
 Delta E: MWd/MTU, (GWd)       399.0 (  50.20 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.226   5.867    19  0.297 0.540  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.409  13.318    20  0.244 0.256  57 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.840  26.472    21  0.359 0.708  53 42 
                                                             21  0.990  31.784    22  0.640 0.846  47 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  1.097  34.963    23  1.213 1.342  47 40 
 59                -- -- -- -- --                59          19  1.166  36.774    24  1.167 1.362  43 44 
 55          -- -- -- -- -- -- -- -- --          55          18  1.219  37.415    25  1.061 1.304  47 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.289  37.825    26  1.447 1.573  45 42 
 47    -- -- -- -- -- -- 10 -- -- -- -- -- --    47          16  1.335  38.281    27  1.513 1.562  47 36 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.350* 38.982    28  1.333 1.569  43 42 
 39 -- -- -- -- -- 12 -- -- -- 14 -- -- -- -- -- 39          14  1.328  39.511 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.344  38.593 
 31 -- -- -- 10 -- -- --  6 -- -- -- 10 -- -- -- 31          12  1.322  39.058 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.300  39.874 
 23 -- -- -- -- -- 14 -- -- -- 14 -- -- -- -- -- 23          10  1.274  40.586 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.240  41.018 
 15    -- -- -- -- -- -- 10 -- -- -- -- -- --    15           8  1.187  41.843 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.090  42.690 
  7          -- -- -- -- -- -- -- -- --           7           6  0.978  43.413 
  3                -- -- -- -- --                 3           5  0.865  43.904* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  0.761  42.661 
                                                              3  0.678  39.142 
 Control Rod Density: %         3.91                          2  0.545  30.443 
                                                      Bottom  1  0.165   9.097 
 k-effective:                0.99748 
 Void Fraction:                0.324              % AXIAL TILT   4.945  -9.363 
 Core Delta-P: psia           21.334          AVG BOT 8ft/12ft  1.0478  1.0967 
 Core Plate Delta-P: psia     16.903 
 Coolant Temp: Deg-F           542.3 
 In Channel Flow: Mlb/hr       85.86   Active Channel Flow: Mlb/hr        82.21 
 Total Bypass Flow (%):         10.6   (of total core flow) 
 Total Water Rod Flow (%):       3.8   (of total core flow) 
 Source Convergence          0.00046 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.573  26 45 42    1.721  0.854  26 41 16    8.55  0.785 23.1  28 43 20 15    7.97  0.804 46.4  24 37 38 19 
 1.572  26 19 16    1.727  0.851  27 17 16    8.55  0.784 23.1  28 41 18 15    7.87  0.800 47.2  24 39 38 19 
 1.569  28 43 42    1.728  0.851  27 15 18    8.54  0.775 21.9  26 45 42 15    7.86  0.799 47.2  24 37 40 19 
 1.568  28 19 18    1.728  0.851  26 45 42    8.54  0.774 21.9  26 41 16 15    7.87  0.791 46.1  24 39 40 19 
 1.562  27 47 36    1.736  0.847  28 41 18    8.42  0.764 21.9  27 45 44 15    7.16  0.773 53.0  23 39 32 17 
 1.561  27 25 14    1.741  0.844  28 43 42    8.42  0.764 21.8  27 43 16 15    7.12  0.768 53.0  23 31 40 17 
 1.557  27 45 44    1.744  0.843  27 47 42    8.36  0.763 22.6  27 45 36 15    6.98  0.767 54.6  23 39 18 15 
 1.556  27 47 42    1.747  0.842  27 41 48    8.36  0.763 22.5  27 35 16 15    7.07  0.766 53.3  24 31 24 17 
 1.556  27 17 16    1.757  0.837  27 47 26    8.39  0.760 21.7  27 47 36 15    7.01  0.765 54.0  23 47 40 14 
 1.555  27 19 14    1.765  0.833  27 49 24    8.39  0.760 21.7  27 35 14 15    7.00  0.763 53.9  23 39 48 14 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.42  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 14,000.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    35201.2 
 Exposure: MWd/MTU (GWd)     14500.0 (1824.20 ) 
 Delta E: MWd/MTU, (GWd)       500.0 (  62.90 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.216   5.967    19  0.289 0.527  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.391  13.538    20  0.237 0.248  57 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.805  26.929    21  0.349 0.693  53 42 
                                                             21  0.950  32.323    22  0.626 0.829  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  1.052  35.563    23  1.203 1.320  47 40 
 59                -- -- -- -- --                59          19  1.134  37.412    24  1.236 1.353  43 44 
 55          -- -- -- -- -- -- -- -- --          55          18  1.204  38.083    25  1.041 1.283  47 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.294  38.504    26  1.455 1.562  45 42 
 47    -- -- -- -- -- --  8 -- -- -- -- -- --    47          16  1.353  38.969    27  1.506 1.540  45 44 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.377  39.677    28  1.318 1.575  43 42 
 39 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 39          14  1.363  40.195 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.389* 39.252 
 31 -- -- --  8 -- -- --  8 -- -- --  8 -- -- -- 31          12  1.368  39.706 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.342  40.511 
 23 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 23          10  1.307  41.210 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.263  41.619 
 15    -- -- -- -- -- --  6 -- -- -- -- -- --    15           8  1.199  42.409 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.091  43.209 
  7          -- -- -- -- -- -- -- -- --           7           6  0.968  43.879 
  3                -- -- -- -- --                 3           5  0.847  44.316* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  0.739  43.024 
                                                              3  0.657  39.465 
 Control Rod Density: %         2.38                          2  0.531  30.702 
                                                      Bottom  1  0.162   9.176 
 k-effective:                0.99746 
 Void Fraction:                0.323              % AXIAL TILT   4.389  -9.101 
 Core Delta-P: psia           21.358          AVG BOT 8ft/12ft  1.0596  1.0956 
 Core Plate Delta-P: psia     16.931 
 Coolant Temp: Deg-F           542.2 
 In Channel Flow: Mlb/hr       85.84   Active Channel Flow: Mlb/hr        82.18 
 Total Bypass Flow (%):         10.6   (of total core flow) 
 Total Water Rod Flow (%):       3.8   (of total core flow) 
 Source Convergence          0.00050 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.575  28 43 42    1.721  0.854  28 17 42    8.71  0.807 24.3  28 43 42 15    7.14  0.802 56.6  23 17 40 14 
 1.575  28 41 44    1.725  0.852  28 41 18    8.70  0.807 24.3  28 41 44 15    7.14  0.801 56.6  23 39 18 14 
 1.562  26 45 42    1.732  0.849  26 15 42    8.61  0.794 23.7  26 41 40 15    7.09  0.799 57.0  24 23 40 14 
 1.562  26 41 46    1.737  0.846  26 41 16    8.61  0.794 23.6  26 39 42 15    7.09  0.798 56.9  24 39 24 14 
 1.540  27 45 44    1.745  0.842  27 15 18    8.57  0.786 23.0  26 45 42 15    7.19  0.790 54.6  24 39 40 15 
 1.539  27 43 46    1.746  0.842  27 17 16    8.57  0.785 23.0  26 41 46 15    6.99  0.789 57.2  23 39 16 12 
 1.537  27 47 42    1.767  0.832  27 47 42    8.49  0.784 23.9  26 43 38 15    6.98  0.789 57.2  23 15 40 12 
 1.536  27 41 48    1.768  0.832  27 41 48    8.48  0.784 24.0  26 35 42 15    7.21  0.786 53.9  24 41 42 14 
 1.536  27 47 36    1.781  0.825  27 25 48    8.48  0.784 24.0  26 41 36 15    7.01  0.778 55.6  23 31 40 15 
 1.535  27 35 48    1.781  0.825  26 41 40    8.50  0.784 23.8  26 37 44 15    7.05  0.778 55.0  24 23 24 15 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.43  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 14,500.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    35701.2 
 Exposure: MWd/MTU (GWd)     15000.0 (1887.10 ) 
 Delta E: MWd/MTU, (GWd)       500.0 (  62.90 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.239   6.063    19  0.290 0.526  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.432  13.748    20  0.236 0.246  57 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.892  27.367    21  0.347 0.689  53 42 
                                                             21  1.061  32.840    22  0.627 0.812  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  1.183  36.138    23  1.219 1.305  47 38 
 59                -- -- -- -- --                59          19  1.264  38.032    24  1.218 1.325  43 44 
 55          -- -- -- -- -- -- -- -- --          55          18  1.318  38.742    25  1.038 1.261  47 44 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.383  39.187    26  1.454 1.534  45 20 
 47    -- -- -- -- -- -- 16 -- -- -- -- -- --    47          16  1.405* 39.665    27  1.496 1.548  47 26 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.399  40.385    28  1.325 1.540  43 20 
 39 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 39          14  1.364  40.897 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.378  39.932 
 31 -- -- -- 16 -- -- -- 12 -- -- -- 16 -- -- -- 31          12  1.344  40.376 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.305  41.168 
 23 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 23          10  1.260  41.851 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.204  42.231 
 15    -- -- -- -- -- -- 16 -- -- -- -- -- --    15           8  1.127  42.980 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.007  43.729 
  7          -- -- -- -- -- -- -- -- --           7           6  0.876  44.340 
  3                -- -- -- -- --                 3           5  0.751  44.720* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  0.644  43.376 
                                                              3  0.567  39.778 
 Control Rod Density: %         1.93                          2  0.458  30.956 
                                                      Bottom  1  0.139   9.254 
 k-effective:                0.99736 
 Void Fraction:                0.310              % AXIAL TILT  10.987  -8.855 
 Core Delta-P: psia           21.216          AVG BOT 8ft/12ft  1.0142  1.0947 
 Core Plate Delta-P: psia     16.790 
 Coolant Temp: Deg-F           541.9 
 In Channel Flow: Mlb/hr       85.92   Active Channel Flow: Mlb/hr        82.30 
 Total Bypass Flow (%):         10.5   (of total core flow) 
 Total Water Rod Flow (%):       3.8   (of total core flow) 
 Source Convergence          0.00044 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.548  27 47 26    1.725  0.852  27 47 26    8.65  0.810 25.4  28 43 20 15    7.58  0.819 53.1  23 31 16 18 
 1.548  27 25 14    1.727  0.851  27 25 48    8.65  0.809 25.3  28 41 18 15    7.56  0.818 53.2  23 15 32 18 
 1.540  28 43 20    1.736  0.847  27 25 16    8.63  0.796 23.8  27 35 14 15    7.64  0.812 51.5  23 47 32 18 
 1.540  28 41 18    1.738  0.846  27 15 26    8.56  0.796 24.7  27 35 16 15    7.63  0.810 51.5  23 31 48 18 
 1.540  28 49 36    1.741  0.845  28 49 26    8.61  0.795 23.9  27 47 36 15    7.15  0.803 56.6  23 39 18 15 
 1.539  28 25 12    1.742  0.844  28 25 50    8.55  0.795 24.7  27 45 26 15    7.33  0.803 54.4  23 39 32 17 
 1.534  26 45 20    1.743  0.843  28 41 18    8.54  0.795 24.7  26 41 22 15    7.33  0.803 54.3  23 31 40 17 
 1.533  26 41 16    1.744  0.843  28 17 42    8.54  0.795 24.7  26 39 20 15    7.14  0.802 56.7  23 17 40 15 
 1.528  27 25 16    1.755  0.838  26 41 16    8.51  0.793 24.9  26 37 18 15    7.26  0.798 54.6  23 31 18 17 
 1.528  27 45 26    1.757  0.837  26 15 42    8.51  0.793 24.9  26 43 24 15    8.15  0.797 43.2  24 31 32 20 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.44  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 15,000.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    35951.2 
 Exposure: MWd/MTU (GWd)     15250.0 (1918.60 ) 
 Delta E: MWd/MTU, (GWd)       250.0 (  31.45 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.224   6.116    19  0.289 0.522  55 40 
 Inlet Subcooling: Btu/lbm    -24.74                         23  0.404  13.864    20  0.232 0.242  57 42 
 Flow: Mlb/hr                  96.04 ( 98.00 %)              22  0.834  27.609    21  0.342 0.679  53 42 
                                                             21  0.993  33.129    22  0.624 0.793  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  1.108  36.461    23  1.260 1.329  33 14 
 59                -- -- -- -- --                59          19  1.191  38.377    24  1.179 1.295  43 44 
 55          -- -- -- -- -- -- -- -- --          55          18  1.254  39.102    25  1.031 1.296  51 32 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.336  39.551    26  1.455 1.563  33 12 
 47    -- -- -- -- -- -- -- -- -- -- -- -- --    47          16  1.386  40.027    27  1.487 1.579  25 14 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.401  40.746    28  1.331 1.567  25 12 
 39 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 39          14  1.382  41.248 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.410* 40.270 
 31 -- -- -- -- -- -- --  6 -- -- -- -- -- -- -- 31          12  1.384  40.705 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.347  41.488 
 23 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 23          10  1.300  42.160 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.241  42.523 
 15    -- -- -- -- -- -- -- -- -- -- -- -- --    15           8  1.162  43.249 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.039  43.969 
  7          -- -- -- -- -- -- -- -- --           7           6  0.907  44.549 
  3                -- -- -- -- --                 3           5  0.782  44.898* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  0.676  43.530 
                                                              3  0.601  39.913 
 Control Rod Density: %         0.49                          2  0.489  31.065 
                                                      Bottom  1  0.150   9.287 
 k-effective:                0.99768 
 Void Fraction:                0.316              % AXIAL TILT   7.684  -8.688 
 Core Delta-P: psia           21.293          AVG BOT 8ft/12ft  1.0410  1.0940 
 Core Plate Delta-P: psia     16.871 
 Coolant Temp: Deg-F           542.0 
 In Channel Flow: Mlb/hr       85.87   Active Channel Flow: Mlb/hr        82.22 
 Total Bypass Flow (%):         10.6   (of total core flow) 
 Total Water Rod Flow (%):       3.8   (of total core flow) 
 Source Convergence          0.00038 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.579  27 25 14    1.701  0.864  27 47 26    8.78  0.814 24.4  27 35 14 15    7.36  0.823 56.3  23 47 32 13 
 1.579  27 47 26    1.702  0.864  27 25 48    8.76  0.813 24.4  27 47 26 15    7.36  0.823 56.2  23 31 48 13 
 1.567  28 25 12    1.709  0.860  28 49 26    8.66  0.809 25.2  27 35 16 15    7.31  0.811 55.5  23 31 16 14 
 1.567  28 49 36    1.710  0.860  28 25 50    8.65  0.809 25.3  27 45 26 15    7.31  0.811 55.5  23 47 34 14 
 1.563  26 33 12    1.719  0.855  26 49 34    8.69  0.807 24.5  26 33 16 15    7.31  0.810 55.4  23 33 48 14 
 1.563  26 49 34    1.720  0.855  26 33 50    8.68  0.807 24.6  26 45 28 15    7.28  0.808 55.6  23 15 32 14 
 1.552  27 35 16    1.729  0.850  27 25 16    8.74  0.802 23.2  28 35 12 15    7.09  0.799 56.9  23 47 24 14 
 1.552  27 45 26    1.733  0.848  27 15 26    8.79  0.802 22.4  26 33 12 15    7.10  0.798 56.8  23 23 48 14 
 1.547  26 49 32    1.737  0.846  26 33 16    8.72  0.801 23.3  28 49 36 15    7.07  0.794 56.6  23 23 16 14 
 1.547  26 31 12    1.742  0.844  26 15 34    8.56  0.801 25.2  26 33 18 15    7.05  0.792 56.6  23 15 24 14 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.45  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 15,250.0 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    36106.4 
 Exposure: MWd/MTU (GWd)     15405.2 (1938.10 ) 
 Delta E: MWd/MTU, (GWd)       155.2 (  19.53 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.226   6.147    19  0.284 0.514  55 40 
 Inlet Subcooling: Btu/lbm    -24.21                         23  0.410  13.932    20  0.228 0.238  57 42 
 Flow: Mlb/hr                  98.00 (100.00 %)              22  0.847  27.750    21  0.336 0.670  53 42 
                                                             21  1.010  33.297    22  0.615 0.781  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  1.126  36.649    23  1.253 1.316  33 48 
 59                -- -- -- -- --                59          19  1.207  38.579    24  1.217 1.284  35 44 
 55          -- -- -- -- -- -- -- -- --          55          18  1.268  39.315    25  1.020 1.285  51 32 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.347  39.770    26  1.470 1.549  33 12 
 47    -- -- -- -- -- -- -- -- -- -- -- -- --    47          16  1.393  40.248    27  1.477 1.564  35 14 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.405  40.969    28  1.319 1.553  25 12 
 39 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 39          14  1.385  41.469 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.412* 40.484 
 31 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 31          12  1.384  40.916 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.346  41.693 
 23 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 23          10  1.297  42.357 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.235  42.709 
 15    -- -- -- -- -- -- -- -- -- -- -- -- --    15           8  1.153  43.420 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.028  44.123 
  7          -- -- -- -- -- -- -- -- --           7           6  0.893  44.683 
  3                -- -- -- -- --                 3           5  0.766  45.014* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  0.659  43.630 
                                                              3  0.584  40.002 
 Control Rod Density: %         0.00                          2  0.476  31.137 
                                                      Bottom  1  0.146   9.309 
 k-effective:                0.99807 
 Void Fraction:                0.312              % AXIAL TILT   8.623  -8.600 
 Core Delta-P: psia           21.927          AVG BOT 8ft/12ft  1.0349  1.0936 
 Core Plate Delta-P: psia     17.507 
 Coolant Temp: Deg-F           542.0 
 In Channel Flow: Mlb/hr       87.66   Active Channel Flow: Mlb/hr        83.96 
 Total Bypass Flow (%):         10.5   (of total core flow) 
 Total Water Rod Flow (%):       3.8   (of total core flow) 
 Source Convergence          0.00035 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.564  27 35 14    1.732  0.849  27 47 26    8.71  0.811 24.7  27 35 14 15    7.29  0.818 56.6  23 47 32 13 
 1.563  27 47 26    1.732  0.849  27 25 48    8.70  0.810 24.8  27 47 26 15    7.30  0.818 56.5  23 31 48 13 
 1.553  28 25 12    1.738  0.846  28 49 26    8.60  0.807 25.6  27 35 16 15    7.26  0.807 55.8  23 47 34 14 
 1.553  28 49 36    1.739  0.845  28 25 50    8.59  0.806 25.6  27 45 26 15    7.26  0.807 55.7  23 33 48 14 
 1.549  26 33 12    1.748  0.841  26 49 34    8.64  0.805 24.9  26 33 16 15    7.25  0.807 55.8  23 31 16 14 
 1.549  26 49 34    1.749  0.841  26 33 50    8.63  0.804 24.9  26 45 28 15    7.22  0.804 55.9  23 15 32 14 
 1.537  27 35 16    1.761  0.835  27 25 16    8.53  0.800 25.6  26 33 18 15    7.04  0.795 57.2  23 47 24 14 
 1.537  27 45 26    1.765  0.833  27 15 26    8.52  0.800 25.6  26 43 34 15    7.04  0.795 57.1  23 23 48 14 
 1.533  26 31 12    1.768  0.831  26 33 16    8.69  0.800 23.5  28 35 12 15    7.01  0.790 56.9  23 23 16 14 
 1.533  26 49 32    1.773  0.829  26 15 34    8.74  0.800 22.8  26 33 12 15    6.99  0.788 56.9  23 15 24 14 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.46  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 15,405.2 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    36186.7 
 Exposure: MWd/MTU (GWd)     15484.8 (1948.10 ) 
 Delta E: MWd/MTU, (GWd)        79.6 (  10.01 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2957.0 (100.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.229   6.163    19  0.284 0.514  55 40 
 Inlet Subcooling: Btu/lbm    -23.70                         23  0.414  13.967    20  0.228 0.238  57 42 
 Flow: Mlb/hr                  99.96 (102.00 %)              22  0.857  27.824    21  0.336 0.670  53 42 
                                                             21  1.021  33.385    22  0.616 0.781  13 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  1.138  36.747    23  1.252 1.316  33 48 
 59                -- -- -- -- --                59          19  1.218  38.685    24  1.215 1.283  35 44 
 55          -- -- -- -- -- -- -- -- --          55          18  1.277  39.426    25  1.021 1.287  29 10 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.353  39.883    26  1.469 1.552  33 12 
 47    -- -- -- -- -- -- -- -- -- -- -- -- --    47          16  1.397  40.363    27  1.478 1.565  35 14 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.408  41.085    28  1.322 1.556  25 12 
 39 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 39          14  1.387  41.582 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.413* 40.594 
 31 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 31          12  1.385  41.024 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.345  41.798 
 23 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 23          10  1.295  42.458 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.231  42.804 
 15    -- -- -- -- -- -- -- -- -- -- -- -- --    15           8  1.146  43.508 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  1.019  44.200 
  7          -- -- -- -- -- -- -- -- --           7           6  0.882  44.750 
  3                -- -- -- -- --                 3           5  0.754  45.072* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  0.648  43.679 
                                                              3  0.573  40.046 
 Control Rod Density: %         0.00                          2  0.467  31.173 
                                                      Bottom  1  0.143   9.321 
 k-effective:                0.99794 
 Void Fraction:                0.308              % AXIAL TILT   9.264  -8.552 
 Core Delta-P: psia           22.574          AVG BOT 8ft/12ft  1.0308  1.0934 
 Core Plate Delta-P: psia     18.153 
 Coolant Temp: Deg-F           542.1 
 In Channel Flow: Mlb/hr       89.45   Active Channel Flow: Mlb/hr        85.69 
 Total Bypass Flow (%):         10.5   (of total core flow) 
 Total Water Rod Flow (%):       3.8   (of total core flow) 
 Source Convergence          0.00044 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.565  27 35 14    1.741  0.844  27 47 26    8.74  0.814 24.9  27 35 14 15    7.30  0.820 56.7  23 47 32 13 
 1.564  27 47 26    1.741  0.844  27 25 48    8.72  0.813 24.9  27 47 26 15    7.30  0.820 56.7  23 31 48 13 
 1.556  28 25 12    1.746  0.842  28 49 26    8.62  0.809 25.7  27 35 16 15    7.28  0.811 56.0  23 47 34 14 
 1.556  28 49 36    1.747  0.842  28 25 50    8.61  0.809 25.8  27 45 26 15    7.28  0.811 55.9  23 33 48 14 
 1.552  26 33 12    1.756  0.837  26 49 34    8.65  0.808 25.0  26 33 16 15    7.26  0.809 55.9  23 31 16 14 
 1.552  26 49 34    1.756  0.837  26 33 50    8.64  0.807 25.1  26 45 28 15    7.22  0.805 56.0  23 15 32 14 
 1.537  27 35 16    1.771  0.830  27 25 16    8.78  0.804 23.0  26 33 12 15    7.05  0.798 57.3  23 47 24 14 
 1.537  27 45 26    1.776  0.828  27 15 26    8.72  0.804 23.7  28 35 12 15    7.05  0.797 57.3  23 23 48 14 
 1.536  26 31 12    1.780  0.826  26 33 16    8.76  0.803 23.0  26 49 34 15    7.02  0.792 57.1  23 23 16 14 
 1.536  26 49 32    1.782  0.825  26 49 32    8.70  0.803 23.8  28 49 36 15    7.00  0.790 57.1  23 15 24 14 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.47  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 15,484.8 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    36664.4 
 Exposure: MWd/MTU (GWd)     15962.5 (2008.20 ) 
 Delta E: MWd/MTU, (GWd)       477.7 (  60.10 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2735.9 ( 92.52 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.242   6.262    19  0.285 0.517  55 40 
 Inlet Subcooling: Btu/lbm    -22.15                         23  0.442  14.187    20  0.228 0.238  57 42 
 Flow: Mlb/hr                  99.96 (102.00 %)              22  0.916  28.284    21  0.337 0.674  53 42 
                                                             21  1.089  33.934    22  0.619 0.782  47 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  1.205  37.359    23  1.247 1.320  33 48 
 59                -- -- -- -- --                59          19  1.275  39.335    24  1.199 1.283  43 44 
 55          -- -- -- -- -- -- -- -- --          55          18  1.321  40.105    25  1.029 1.305  31 10 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.386  40.573    26  1.460 1.570  33 12 
 47    -- -- -- -- -- -- -- -- -- -- -- -- --    47          16  1.419  41.055    27  1.483 1.572  35 14 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.420* 41.780    28  1.340 1.573  25 12 
 39 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 39          14  1.391  42.265 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.415  41.256 
 31 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 31          12  1.381  41.671 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.336  42.426 
 23 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 23          10  1.277  43.060 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.203  43.368 
 15    -- -- -- -- -- -- -- -- -- -- -- -- --    15           8  1.108  44.021 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  0.970  44.653 
  7          -- -- -- -- -- -- -- -- --           7           6  0.828  45.139 
  3                -- -- -- -- --                 3           5  0.698  45.402* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  0.594  43.962 
                                                              3  0.524  40.296 
 Control Rod Density: %         0.00                          2  0.428  31.376 
                                                      Bottom  1  0.132   9.384 
 k-effective:                0.99731 
 Void Fraction:                0.289              % AXIAL TILT  12.666  -8.243 
 Core Delta-P: psia           22.189          AVG BOT 8ft/12ft  1.0078  1.0921 
 Core Plate Delta-P: psia     17.775 
 Coolant Temp: Deg-F           542.2 
 In Channel Flow: Mlb/hr       89.70   Active Channel Flow: Mlb/hr        86.04 
 Total Bypass Flow (%):         10.3   (of total core flow) 
 Total Water Rod Flow (%):       3.7   (of total core flow) 
 Source Convergence          0.00039 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.573  28 25 12    1.862  0.789  28 49 26    8.19  0.771 26.0  27 35 14 15    6.76  0.768 57.7  23 31 48 13 
 1.573  28 49 26    1.862  0.789  28 25 50    8.17  0.770 26.0  27 47 26 15    6.89  0.768 56.0  23 33 48 15 
 1.572  27 35 14    1.864  0.789  27 25 48    8.28  0.766 24.1  26 33 12 15    6.88  0.768 56.0  23 47 34 15 
 1.571  27 47 26    1.864  0.789  27 47 26    8.22  0.766 24.8  28 35 12 15    6.81  0.768 56.9  23 47 32 14 
 1.570  26 33 12    1.868  0.787  26 33 50    8.26  0.765 24.1  26 49 34 15    6.64  0.757 58.1  23 31 16 14 
 1.569  26 49 34    1.869  0.787  26 49 34    8.20  0.764 24.8  28 49 26 15    6.60  0.754 58.1  23 15 32 14 
 1.552  26 31 12    1.898  0.775  26 31 50    8.03  0.762 26.8  27 35 16 15    6.55  0.750 58.3  23 47 24 14 
 1.551  26 49 32    1.898  0.774  26 49 32    8.02  0.761 26.8  27 45 26 15    6.56  0.749 58.2  23 23 48 14 
 1.536  27 35 16    1.899  0.774  27 25 16    8.24  0.761 23.8  26 31 12 15    6.51  0.742 58.0  23 23 16 14 
 1.535  27 45 26    1.903  0.772  27 15 26    8.06  0.759 26.1  26 33 16 15    6.66  0.741 55.8  24 25 18 15 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.48  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 15,962.5 MWd/MTU 
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 Cycle:                           24                            Core Average Exposure: MWd/MTU    37064.4 
 Exposure: MWd/MTU (GWd)     16362.5 (2058.50 ) 
 Delta E: MWd/MTU, (GWd)       400.0 (  50.32 )                 Axial Profile    Edit   Radial Power 
 Power: MWt                   2513.4 ( 85.00 %)           N(PRA) Power Exposure  Zone  Avg.  Max.  IR JR 
 Core Pressure: psia          1015.0                     Top 24  0.253   6.350    19  0.284 0.517  55 40 
 Inlet Subcooling: Btu/lbm    -20.61                         23  0.466  14.383    20  0.227 0.237  57 42 
 Flow: Mlb/hr                  99.96 (102.00 %)              22  0.969  28.695    21  0.336 0.678  55 34 
                                                             21  1.149  34.422    22  0.621 0.781  47 48 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58             20  1.263  37.898    23  1.243 1.324  33 14 
 59                -- -- -- -- --                59          19  1.323  39.904    24  1.185 1.285  43 18 
 55          -- -- -- -- -- -- -- -- --          55          18  1.358  40.692    25  1.036 1.322  31 10 
 51       -- -- -- -- -- -- -- -- -- -- --       51          17  1.414  41.164    26  1.454 1.587  33 12 
 47    -- -- -- -- -- -- -- -- -- -- -- -- --    47          16  1.437* 41.643    27  1.489 1.580  35 14 
 43    -- -- -- -- -- -- -- -- -- -- -- -- --    43          15  1.429  42.367    28  1.356 1.590  35 12 
 39 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 39          14  1.395  42.839 
 35 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 35          13  1.417  41.811 
 31 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 31          12  1.380  42.213 
 27 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 27          11  1.329  42.948 
 23 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 23          10  1.262  43.558 
 19    -- -- -- -- -- -- -- -- -- -- -- -- --    19           9  1.179  43.830 
 15    -- -- -- -- -- -- -- -- -- -- -- -- --    15           8  1.073  44.436 
 11       -- -- -- -- -- -- -- -- -- -- --       11           7  0.927  45.015 
  7          -- -- -- -- -- -- -- -- --           7           6  0.780  45.445 
  3                -- -- -- -- --                 3           5  0.650  45.659* 
     2  6 10 14 18 22 26 30 34 38 42 46 50 54 58              4  0.548  44.180 
                                                              3  0.483  40.488 
 Control Rod Density: %         0.00                          2  0.394  31.533 
                                                      Bottom  1  0.122   9.432 
 k-effective:                0.99733 
 Void Fraction:                0.270              % AXIAL TILT  15.614  -7.957 
 Core Delta-P: psia           21.825          AVG BOT 8ft/12ft  0.9877  1.0908 
 Core Plate Delta-P: psia     17.418 
 Coolant Temp: Deg-F           542.3 
 In Channel Flow: Mlb/hr       89.93   Active Channel Flow: Mlb/hr        86.39 
 Total Bypass Flow (%):         10.0   (of total core flow) 
 Total Water Rod Flow (%):       3.6   (of total core flow) 
 Source Convergence          0.00049 
 
 
 
                            Top Ten Thermal Limits Summary - Sorted by Margin 
 
      Power                  MCPR                        APLHGR                             LHGR 
 Value FT  IR JR    Value Margin FT  IR JR   Value Margin Exp. FT  IR JR  K   Value Margin Exp. FT  IR JR  K 
 1.590  28 35 12    1.996  0.737  27 47 26    7.61  0.723 26.9  27 35 14 15    6.41  0.721 56.8  23 33 48 15 
 1.589  28 49 26    1.996  0.736  28 49 26    7.74  0.722 25.0  26 33 12 15    6.41  0.721 56.9  23 47 34 15 
 1.587  26 33 12    1.997  0.736  27 25 48    7.68  0.722 25.7  28 35 12 15    6.36  0.716 56.8  23 31 48 14 
 1.585  26 49 34    1.998  0.736  28 25 50    7.60  0.721 26.9  27 47 26 15    6.36  0.716 56.9  23 47 32 14 
 1.580  27 35 14    2.007  0.732  26 33 50    7.72  0.720 25.1  26 49 34 15    6.11  0.703 58.8  23 31 16 14 
 1.579  27 47 26    2.008  0.732  26 49 34    7.66  0.720 25.7  28 49 26 15    6.08  0.700 58.9  23 15 32 14 
 1.568  26 31 12    2.039  0.721  27 25 16    7.70  0.717 24.8  26 31 12 15    6.05  0.698 59.1  23 47 24 14 
 1.566  26 49 32    2.040  0.720  26 31 50    7.67  0.715 24.8  26 49 32 15    6.06  0.698 59.0  23 23 48 14 
 1.548  27 23 12    2.042  0.720  26 49 32    7.44  0.711 27.7  27 35 16 15    3.21  0.697 71.9  22 33  6 11 
 1.548  27 49 24    2.045  0.719  27 15 26    7.42  0.710 27.7  27 45 26 15    6.12  0.691 57.3  23 39 18 17 
 
   * LHGR calculated with pin-power reconstruction 
   * CPR calculated with pin-power reconstruction & CPR limit type 3 
 

Figure A.49  Quad Cities Unit 2 Representative Cycle 24 Control Rod 
Pattern and Axial Distributions at 16,362.5 MWd/MTU 

 

Controlled Document



 

Quad Cities Unit 2 Cycle 24 Representative Fuel Cycle Design 

ANP-3293NP 
Revision 0  
Page B-1 

 

 
 
 
AREVA Inc. 

Appendix B Elevation Views of the Quad Cities Unit 2 Representative Cycle 24 Fresh 
Reload Batch Fuel Assemblies 
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Figure B.1  Elevation View for the Quad Cities Unit 2 Representative 
Cycle 24 Fresh Fuel ATRIUM 10XM [  ] Fuel 

Assembly Design 
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Figure B.2  Elevation View for the Quad Cities Unit 2 Representative 
Cycle 24 Fresh Fuel  ATRIUM 10XM [  ] Fuel 

Assembly Design 
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Figure B.3  Elevation View for the Quad Cities Unit 2 Representative 
Cycle 24 Fresh Fuel ATRIUM 10XM [  ] Fuel 

Assembly Design 
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Appendix C Quad Cities Unit 2 Representative Cycle 24 Fresh Fuel Locations 
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Table C.1  Quad Cities Unit 2 Representative Cycle 24 Reload Fuel 
Identification and Locations (Core Coordinates)  

 
 
 

Assembly Type: ATRIUM 10XM QCI2-24 
Bundle Description: [  ] 

Number Loaded: 96 
 
 
       Fuel    Core     Fuel    Core     Fuel    Core     Fuel    Core 
        ID    Coord.     ID    Coord.     ID    Coord.     ID    Coord. 
      ______________   ______________   ______________   ______________ 
 
      XRA001   27-32   XRA025   19-32   XRA049   15-34   XRA073   11-32   
      XRA002   29-34   XRA026   29-42   XRA050   27-46   XRA074   29-50   
      XRA003   31-34   XRA027   31-42   XRA051   33-46   XRA075   31-50   
      XRA004   33-32   XRA028   41-32   XRA052   45-34   XRA076   49-32   
      XRA005   33-30   XRA029   41-30   XRA053   45-28   XRA077   49-30   
      XRA006   31-28   XRA030   31-20   XRA054   33-16   XRA078   31-12   
      XRA007   29-28   XRA031   29-20   XRA055   27-16   XRA079   29-12   
      XRA008   27-30   XRA032   19-30   XRA056   15-28   XRA080   11-30   
      XRA009   25-34   XRA033   19-36   XRA057   19-40   XRA081   11-34   
      XRA010   27-36   XRA034   25-42   XRA058   21-42   XRA082   27-50   
      XRA011   33-36   XRA035   35-42   XRA059   39-42   XRA083   33-50   
      XRA012   35-34   XRA036   41-36   XRA060   41-40   XRA084   49-34   
      XRA013   35-28   XRA037   41-26   XRA061   41-22   XRA085   49-28   
      XRA014   33-26   XRA038   35-20   XRA062   39-20   XRA086   33-12   
      XRA015   27-26   XRA039   25-20   XRA063   21-20   XRA087   27-12   
      XRA016   25-28   XRA040   19-26   XRA064   19-22   XRA088   11-28   
      XRA017   21-34   XRA041   17-34   XRA065   17-38   XRA089   15-42   
      XRA018   27-40   XRA042   27-44   XRA066   23-44   XRA090   19-46   
      XRA019   33-40   XRA043   33-44   XRA067   37-44   XRA091   41-46   
      XRA020   39-34   XRA044   43-34   XRA068   43-38   XRA092   45-42   
      XRA021   39-28   XRA045   43-28   XRA069   43-24   XRA093   45-20   
      XRA022   33-22   XRA046   33-18   XRA070   37-18   XRA094   41-16   
      XRA023   27-22   XRA047   27-18   XRA071   23-18   XRA095   19-16   
      XRA024   21-28   XRA048   17-28   XRA072   17-24   XRA096   15-20   
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Table C.2  Quad Cities Unit 2 Representative Cycle 24 Reload Fuel 
Identification and Locations (Core Coordinates) 

 
 

Assembly Type: ATRIUM 10XM QCI2-24 
Bundle Description: [  ] 

Number Loaded: 64 
 
 
       Fuel    Core     Fuel    Core     Fuel    Core     Fuel    Core 
        ID    Coord.     ID    Coord.     ID    Coord.     ID    Coord. 
      ______________   ______________   ______________   ______________ 
 
      XRA097   23-36   XRA113   13-36   XRA129   15-44   XRA145   11-40   
      XRA098   25-38   XRA114   25-48   XRA130   17-46   XRA146   21-50   
      XRA099   35-38   XRA115   35-48   XRA131   43-46   XRA147   39-50   
      XRA100   37-36   XRA116   47-36   XRA132   45-44   XRA148   49-40   
      XRA101   37-26   XRA117   47-26   XRA133   45-18   XRA149   49-22   
      XRA102   35-24   XRA118   35-14   XRA134   43-16   XRA150   39-12   
      XRA103   25-24   XRA119   25-14   XRA135   17-16   XRA151   21-12   
      XRA104   23-26   XRA120   13-26   XRA136   15-18   XRA152   11-22   
      XRA105   15-36   XRA121   11-38   XRA137   13-42   XRA153   11-42   
      XRA106   25-46   XRA122   23-50   XRA138   19-48   XRA154   19-50   
      XRA107   35-46   XRA123   37-50   XRA139   41-48   XRA155   41-50   
      XRA108   45-36   XRA124   49-38   XRA140   47-42   XRA156   49-42   
      XRA109   45-26   XRA125   49-24   XRA141   47-20   XRA157   49-20   
      XRA110   35-16   XRA126   37-12   XRA142   41-14   XRA158   41-12   
      XRA111   25-16   XRA127   23-12   XRA143   19-14   XRA159   19-12   
      XRA112   15-26   XRA128   11-24   XRA144   13-20   XRA160   11-20   
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Table C.3  Quad Cities Unit 2 Representative Cycle 24 Reload Fuel 
Identification and Locations (Core Coordinates) 

 
 

Assembly Type: ATRIUM 10XM QCI2-24 
Bundle Description: [  ] 

Number Loaded: 88 
 
 
       Fuel    Core     Fuel    Core     Fuel    Core     Fuel    Core 
        ID    Coord.     ID    Coord.     ID    Coord.     ID    Coord. 
      ______________   ______________   ______________   ______________ 
 
      XRA161   17-42   XRA183   27-10   XRA205   51-24   XRA227   45-48   
      XRA162   19-44   XRA184    9-28   XRA206   37-10   XRA228   47-46   
      XRA163   41-44   XRA185    7-32   XRA207   23-10   XRA229   47-16   
      XRA164   43-42   XRA186   29-54   XRA208    9-24   XRA230   45-14   
      XRA165   43-20   XRA187   31-54   XRA209    7-36   XRA231   15-14   
      XRA166   41-18   XRA188   53-32   XRA210   25-54   XRA232   13-16   
      XRA167   19-18   XRA189   53-30   XRA211   35-54   XRA233   11-44   
      XRA168   17-20   XRA190   31- 8   XRA212   53-36   XRA234   17-50   
      XRA169   11-36   XRA191   29- 8   XRA213   53-26   XRA235   43-50   
      XRA170   25-50   XRA192    7-30   XRA214   35- 8   XRA236   49-44   
      XRA171   35-50   XRA193    7-34   XRA215   25- 8   XRA237   49-18   
      XRA172   49-36   XRA194   27-54   XRA216    7-26   XRA238   43-12   
      XRA173   49-26   XRA195   33-54   XRA217    7-38   XRA239   17-12   
      XRA174   35-12   XRA196   53-34   XRA218   23-54   XRA240   11-18   
      XRA175   25-12   XRA197   53-28   XRA219   37-54   XRA241    9-42   
      XRA176   11-26   XRA198   33- 8   XRA220   53-38   XRA242   19-52   
      XRA177    9-34   XRA199   27- 8   XRA221   53-24   XRA243   41-52   
      XRA178   27-52   XRA200    7-28   XRA222   37- 8   XRA244   51-42   
      XRA179   33-52   XRA201    9-38   XRA223   23- 8   XRA245   51-20   
      XRA180   51-34   XRA202   23-52   XRA224    7-24   XRA246   41-10   
      XRA181   51-28   XRA203   37-52   XRA225   13-46   XRA247   19-10   
      XRA182   33-10   XRA204   51-38   XRA226   15-48   XRA248    9-20   
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Appendix D Quad Cities Unit 2 Representative Cycle 24 Radial Exposure and Power 
Distributions 
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1.0 Introduction 

Reload licensing analyses results generated by AREVA Inc. (AREVA) are presented in support 

of the Quad Cities Unit 2 Cycle 24 representative cycle design. The analyses reported in this 

document were performed using methodologies previously approved for generic application to 

boiling water reactors with some exceptions which are explicitly described in Reference 2. The 

NRC technical limitations associated with the application of the approved methodologies have 

been satisfied by these analyses. 

The Cycle 24 representative core design consists of a total of 724 fuel assemblies, including 

248 fresh ATRIUM™ 10XM* assemblies and 476 irradiated OPTIMA2 assemblies. The 

licensing analysis supports the core design presented in Reference 1. 

The reload licensing analyses for the Cycle 24 representative core design were performed for 

the potentially limiting events and analyses that were identified in the disposition of events. A 

summary of the disposition of events is presented in Section 2. The results of the analyses are 

used to establish the Technical Specifications/COLR limits and ensure that the design and 

licensing criteria are met. The design and safety analyses are based on the design and 

operational assumptions and plant parameters provided by the utility. The results of the reload 

licensing analysis support operation for the power/flow map presented in Figure 1.1 and also 

support operation with the equipment out-of-service (EOOS) scenarios presented in Table 1.1.  

                                                
*  ATRIUM is a trademark of AREVA Inc.  
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Table 1.1  EOOS 
Operating Conditions 

 
 

Single-loop operation (SLO)* 

Turbine bypass valves out-of-service (TBVOOS) 

Feedwater heaters out-of-service (FHOOS) 

One safety relief valve out-of-service (SRVOOS) 

One main steam isolation valve out-of-service 
(MSIVOOS)†  

Power load unbalance out-of-service (PLUOOS) 

1 stuck closed TCV or TSV‡ 

TCV slow closure 

Pressure controller out-of-service (PCOOS) 

Up to 40% of the TIP channels out-of-service  

Up to 50% of the LPRMs out-of-service 

 

                                                
*  SLO is only supported at power levels less than 50% of rated and core flows less than 51% of rated. 
†  Operation with One MSIVOOS is only supported at power levels less than 75% of rated. 
‡  Operation with 1 stuck closed TCV or TSV is only supported at power levels less than 75% of rated. 
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Figure 1.1  Quad Cities Unit 2 
Power/Flow Map 
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2.0 Disposition of Events for ATRIUM 10XM Fuel Introduction 

The objective of the disposition of events is to identify the limiting events which must be 

analyzed to support operation at the Quad Cities Nuclear Power Station with the introduction of 

ATRIUM 10XM fuel. Events and analyses identified as potentially limiting are either evaluated 

generically for the introduction of ATRIUM 10XM fuel or on a cycle-specific basis. 

The first step in the disposition of events is to identify the licensing basis of the plant. Included in 

the licensing basis are descriptions of the postulated events/analyses and the associated 

criteria. Fuel-related system design criteria which must be met to ensure regulatory compliance 

and safe operation are also included. The Quad Cities licensing basis is contained in the 

Updated Final Safety Analysis Report (UFSAR), the Technical Specifications, Core Operating 

Limits Reports (COLR), and other reload analysis reports. 

AREVA reviewed all the fuel-related design criteria, events, and analyses identified in the 

licensing basis. In many cases, when the operating limits are established to ensure acceptable 

consequences of an anticipated operational occurrence or accident, the fuel-related aspects of 

the system design criteria are met. All the fuel-related events were reviewed and dispositioned 

into one of the following categories: 

• No further analysis required. This classification may result from one of the following: 

− The consequences of the event are bound by consequences of a different event. 

− The consequences of the event are benign, i.e., the event causes no significant 
change in margins to the operating limits. 

− The event or safety design basis is not affected by the introduction of a new fuel 
design and/or the current analysis of record remains applicable.  

• Address event each reload. The consequences of the event are potentially limiting and 
need to be addressed each reload. 

• Address for initial reload. This classification may result from one of the following: 

− The analysis is performed using conservative bounding assumptions and inputs 
such that the initial reload results will remain applicable for future reloads of the 
same fuel design. 

− Results from the first reload will be used to quantitatively demonstrate that the 
results remain applicable for future reloads of the same fuel design because the 
consequences are benign or bound by those of another event.  
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A summary of the disposition of events results is presented in Tables 2.1, 2.2 and 2.3. Table 2.1 

presents a list of the events and analyses, the corresponding UFSAR section, the disposition 

status, and any applicable comments. Table 2.2 presents a summary of the disposition of fuel-

related design criteria evaluations.  Table 2.3 presents a summary of the disposition of events 

for the EOOS scenarios.  
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Table 2.1  Disposition of Events Summary for 
ATRIUM 10XM Fuel Introduction at Quad Cities 

 
 
UFSAR 
Section Event Disposition Status Comments 

15.1.1 Loss of Feedwater Heater 
(LFWH) 

Address each reload  Potentially limiting AOO. 

15.1.2 Increase in Feedwater Flow 
(FWCF) - Maximum Demand 

Address each reload Potentially limiting AOO. 

15.1.3 Increase in Steam Flow 
(PRFO) 

No further analysis 
required 

Consequences bound by the TTNB. 

15.2.1 Steam Pressure Regulator 
Malfunction 

No further analysis 
required 

Benign event. 

15.2.2 Load Rejection with bypass 
and with TBVs fail to open 
(LRNB) 

Address each reload Potentially limiting AOO with bypass 
inoperable. 

At 50% power and below, the effects of the 
PLU device need to be addressed. 

15.2.3 Turbine Trip with bypass  
and with TBVs fail to open 
(TTNB) 

Address each reload Potentially limiting AOO with bypass 
inoperable. 

15.2.4 Inadvertent Closure of Main 
Steam Isolation Valves 
(MSIV) 
   -  4 valve closure 
   -  single valve closure 

No further analyses 
required 

Consequences bound by the LRNB and 
TTNB for both single and 4 valve closures. 

15.2.5 Loss of Condenser Vacuum No further analyses 
required 

Consequences bound by the TTNB. 

15.2.6 Loss of AC Power No further analyses 
required 

Consequences bound by LRNB/TTNB. 

15.2.7 Loss of Normal Feedwater 
Flow 

No further analysis 
required 

Benign event. 

15.3.1 Single and Multiple 
Recirculation Pump Trips 

No further analyses 
required 

Benign event. 

15.3.2 Recirculation Flow Controller 
Malfunctions 

No further analyses 
required 

Benign event and bound by pump trips. 

15.3.3 Recirculation Pump Shaft 
Seizure 

No further analysis 
required 

Non-limiting event in two loop operation. 
See Table 2.3 for SLO disposition. 

15.3.4 Recirculation Pump Shaft 
Break 

No further analysis 
required 

Bound by consequences of the pump 
seizure event. 

15.3.5 Jet Pump Malfunction  No further analysis 
required 

Bound by other flow reduction events. 

15.3.6 Transients During Single 
Loop Operation 

Discussed in Table 2.3  

15.4.1 Control Rod Withdrawal Error 
During Refueling 

No further analyses 
required 

Benign event. 
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UFSAR 
Section Event Disposition Status Comments 

15.4.2 Rod Withdrawal Error - at 
Power 

Address each reload Potentially limiting AOO. 

15.4.3 Control Rod Maloperation No further analyses 
required 

Not analyzed for Quad Cities. 

15.4.4 Startup of Idle Recirculation 
Loop at Incorrect 
Temperature 

No further analyses 
required 

Non-limiting event. 

15.4.5 Recirculation Loop Flow 
Controller Failure with 
Increasing Flow 

No further analyses 
required 

Non-limiting event. Flow-dependent limits 
are bounding. 

15.4.6 Chemical and Volume 
Control System Malfunction 

No further analyses 
required 

Event is not applicable to Quad Cities. 

15.4.7 Mislocated Fuel Assembly 
Accident 

Address each reload Infrequent event criteria per AREVA 
methodology.  

15.4.8 Misoriented Fuel Assembly 
Accident 

Address each reload Infrequent event criteria per AREVA 
methodology. 

15.4.9 Control Rod Ejection Event No further analyses 
required 

Event is not applicable at Quad Cities. 

15.4.10 Control Rod Drop Accident  Address each reload Potentially limiting event. 

15.4.11 Thermal Hydraulic Instability 
Transient 

Address each reload Potentially limiting event. 

15.5.1 Inadvertent Initiation of  HPCI 
During Power Operation 

Address for initial 
reload 

At low power, level control may not keep 
water level from reaching high level trip. 

15.6.1 Inadvertent Opening of a 
Safety Valve, Relief Valve, or 
Safety Relief Valve 

No further analysis 
required 

Benign event. 

15.6.2 Break in Reactor Coolant 
Pressure Boundary 
Instrument Line Outside 
Containment 

No further analysis 
required 

Benign event relative to acceptance 
criteria. 

15.6.3 Steam Generator Tube 
Failure 

No further analysis 
required 

Event is not applicable to Quad Cities. 

15.6.4 Steam System Line Break 
Outside Containment 

No additional analysis 
required 

Fuel-related consequences bound by 
limiting LOCA evaluation. 

Current radiological release evaluation 
remains applicable.  

15.6.5 Loss of Coolant Accident  
Resulting from  Piping 
Breaks Inside Containment 

Address for initial 
reload  

Fuel response and ECCS performance 
addressed in UFSAR 6.3.3. 

Applicability of the AST evaluation to 
ATRIUM 10XM fuel is needed.  Exelon will 
perform the assessment based on source 
term inputs provided by AREVA.  

15.7.1 Postulated Liquid Releases 
Due to Liquid Tank Failures 

No further analysis 
required 

No impact on current evaluation. 
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UFSAR 
Section Event Disposition Status Comments 

15.7.2 Design Basis Fuel Handling 
Accidents Inside 
Containment and Spent Fuel 
Storage Buildings 

Address for initial 
reload 

Potentially limiting accident. Dose 
consequences need to meet AST 
evaluation. 

Applicability of the AST evaluation to 
ATRIUM 10XM fuel is needed.  Exelon will 
perform the assessment based on source 
term inputs provided by AREVA.  

15.7.3 Spent Fuel Cask Drop 
Accident 

No further analysis 
required 

No longer considered a credible design 
basis accident. 

15.7.4 Radioactive Gas Waste 
System Leak or Failure 

No further analysis 
required 

Current evaluation remains applicable as it 
is not affected by fuel design.  

15.8 Anticipated Transient Without 
Scram 

Address each reload Peak pressure evaluation needs to be 
addressed each reload.  

Pressure margin to lifting the SLC system 
relief valve needs to be evaluated.  

Evaluations needed to show current long 
term ATWS evaluations for suppression 
pool temperature and containment remain 
applicable.  

PCT and oxidation are bound by LOCA. 

The current ATWS with core instability 
analysis remains applicable for the 
introduction of ATRIUM 10XM fuel. 

 Backup Stability Protection 
(BSP) 

Address each reload Required to establish exclusion regions to 
support operation when the OPRM system 
is inoperable.  

 Safety Limit MCPR Address each reload Analyses performed to establish the 
SLMCPR for the cycle. 

 Slow Flow Run-up Address each reload Analysis results form the basis of the flow-
dependent operating limits. 

 Loss of Stator Cooling 
(LOSC) 

Address at least for the 
initial reload 

Potentially limiting AOO at certain power 
levels.  

 Station Blackout No further analyses 
required 

Bound by other pressurization events. 
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Table 2.2  Disposition of Licensing and Safety Design Criteria 
Evaluations for Quad Cities 

 
 

UFSAR 
Section Design Criteria Disposition Status Comments 

3.9 Mechanical Systems 
and Components 

Address for initial reload ATRIUM 10XM seismic evaluation is needed.  

4.2 Fuel System Design Address for initial reload The analysis scope is described in References 5 
and 6.  Analyses for initial reload are applicable 
for follow-on reloads of the same fuel design. 

4.3 Nuclear Design Address each reload The cycle-specific analysis scope for nuclear 
design is generally described in References 5, 
19 and 25.  

4.4 Thermal and 
Hydraulic Design  

Address for initial reload The thermal hydraulic compatibility analysis is 
addressed for the initial reload.  Other thermal 
hydraulic design criteria discussed in Reference 5 
are addressed by establishing operating limits to 
ensure AOO, accident and stability criteria are 
met. 

4.6 Functional Design of 
Reactivity Control 
Systems 

Address each reload Scram speed dependent operating limits are 
established on a cycle-specific basis. The CRDA 
event is addressed in UFSAR Section 15.4.10. 

5.2.2 Overpressurization 
Protection 

Address each reload ASME overpressurization analysis will be 
performed each reload. Potentially limiting 
analyses include MSIV, TCV, and TSV closures; 
including the FWCF with TBVOOS. 

5.3 Reactor Vessels No further analyses 
required 

Current evaluation remains applicable. 

5.4.1 Reactor Recirculation 
System 

No additional analysis 
required 

Fuel-related design basis items that may need to 
be evaluated are addressed in other portions of 
the disposition of events. 

5.4.6 Reactor Core 
Isolation Cooling 
System  

No further analyses 
required 

Reactor core isolation cooling system safety 
design basis is independent of fuel design. 

5.4.7 Residual Heat 
Removal (RHR) 
System 

No additional analysis 
required 

Fuel-related design basis items that may need to 
be evaluated are addressed in other portions of 
the disposition of events. 

5.4.9 Main Steam Line and 
Feedwater Piping 

No additional analysis 
required 

Fuel-related design basis items that may need to 
be evaluated are addressed in other portions of 
the disposition of events. 

5.4.13 Safety/Relief Valves No additional analysis 
required 

Fuel-related design basis items that may need to 
be evaluated are addressed in other portions of 
the disposition of events. 

6.2.1 Primary Containment 
Functional Design 

No additional analysis 
required 

Current evaluation remains applicable. 

6.2.2 Containment Heat 
Removal 

No further analyses 
required 

The containment cooling subsystem of the RHR 
system is not impacted by fuel design. 
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UFSAR 
Section Design Criteria Disposition Status Comments 

6.2.3 Secondary 
Containment System 

No further analyses 
required 

Current evaluation remains applicable. 

6.2.5 Combustible Gas 
Control in 
Containment 

No further analysis 
required 

Current evaluation remains applicable. 

6.3 Emergency Core 
Cooling Systems 
(ECCS) 

Address each reload Limiting break characteristics are identified for 
the initial ATRIUM 10XM reload.  

Heatup analysis for reload fuel is expected for 
follow-on reloads.  

Also see the disposition for LOCA addressed in 
UFSAR 15.6.5.  

6.4 Habitability System No additional analysis 
required 

Fuel-related design basis items that may need to 
be evaluated are addressed in other portions of 
the disposition of events. 

7.2 Reactor Protection 
System  

No additional analysis 
required 

Fuel-related design basis items that may need to 
be evaluated are addressed in other portions of 
the disposition of events. 

7.3.2 Primary Containment 
Isolation  

No additional analysis 
required 

Fuel-related design basis items that may need to 
be evaluated are addressed in other portions of 
the disposition of events. 

7.6.1. Nuclear 
Instrumentation  

No additional analysis 
required 

Fuel-related design basis items that may need to 
be evaluated are addressed in other portions of 
the disposition of events. 

7.6.2 Reactor vessel 
instrumentation 

No further analyses 
required 

The safety design basis for the reactor vessel 
instrumentation is independent of the fuel design.  

7.7.1 Reactor Control Rod 
Control Systems 

No additional analysis 
required 

The reactor control rod system is independent of 
fuel design. 

7.7.2 Rod Worth Minimizer 
System 

No additional analysis 
required 

Fuel-related design basis items that may need to 
be evaluated are addressed in other portions of 
the disposition of events, particularly the CRDA 
event. 

7.7.3.1 Recirculation Flow 
Control System 

No additional analysis 
required 

Fuel-related design basis items that may need to 
be evaluated are addressed in other portions of 
the disposition of events. 

7.7.4 Pressure Regulator 
and Turbine 
Generator Control 
System 

No additional analysis 
required 

Fuel-related design basis items that may need to 
be evaluated are addressed in other portions of 
the disposition of events. 

7.7.5 Feedwater Level 
Control System 

No additional analysis 
required 

Fuel-related design basis items that may need to 
be evaluated are addressed in other portions of 
the disposition of events. 

7.8 ATWS Mitigation 
System 

No additional analysis 
required 

Fuel-related design basis items that may need to 
be evaluated are addressed in other portions of 
the disposition of events. 
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UFSAR 
Section Design Criteria Disposition Status Comments 

9.1.1 New Fuel Storage Address for initial reload Exelon has selected a third party vendor to 
perform this evaluation. Any validation of the 
criticality requirements will be Exelon’s 
responsibility. 

9.1.2 Spent Fuel Storage Address for initial reload Criticality – to be addressed by a third party. 

Thermal Hydraulic evaluation – no further 
analysis required. 

Mechanical – seismic evaluation is needed. 

9.1.3 Spent Fuel Pool 
Cooling and Cleanup 
System 

No further analyses 
required 

The safety design basis for the spent fuel 
storage pool cooling and cleanup system is 
unaffected by the introduction of ATRIUM 10XM 
fuel. 

9.3.4 Standby Liquid 
Control (SLC) System  

Address each reload Analysis performed each reload to verify 
adequate SLC system shutdown capability. 

9.5.1 Fire Protection 
Systems 

No further analyses 
required 

Current analysis remains applicable. 

11.0 Radioactive Waste 
Management 

No further analyses 
required 

The radionuclide source terms are generic and 
are unaffected by the introduction of ATRIUM 
10XM fuel. 

12.3 Radiation Protection 
Design Features 

No additional analysis 
required 

Introduction of ATRIUM 10XM fuel has no impact 
on the evaluations.  
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Table 2.3  Disposition of Equipment Out of Service Flexibility 
Options on Limiting Events 

 
 

Option 
Affected Limiting 
Event/Analysis Comments 

MSIV Out of Service Slow flow run up The impact of the increase in steam line pressure 
drop on the slow flow run-up analysis will be 
evaluated each reload. 

SRV Out of Service  This condition will be included as part of the base 
case analyses where applicable. 

FWTR/Feedwater Heater 
Out of Service 

FWCF 

LRNB 

TTNB 

Option III Stability Solution 

IHPCIS 

CRWE 

Backup Stability Protection 
(BSP) 

This scenario should be examined each reload for the 
FWCF and stability analyses.  For the LRNB and 
TTNB events, reduced feedwater temperature impact 
at high power should be examined for the initial 
reload. The IHPCIS event needs to be reviewed at 
least for the initial reload to ensure it is non-limiting. 
The CRWE event will be addressed for the initial 
reload. 

Single Loop Operation LOCA 

SLMCPR 

Recirculation Pump 
Seizure 

BSP 

The impact of SLO will be addressed for the initial 
cycle in the break spectrum analyses. 

SLO SLMCPR will be evaluated each reload, 
including the impact on uncertainties associated with 
LPRMs out of service, TIP channels out of service 
and the LPRM calibration interval. 

SLO pump seizure event is a potentially limiting event 
relative to the AOO acceptance criteria and will be 
evaluated each reload.  

SLO impact on BSP will be addressed for the initial 
reload. 

Turbine Bypass Valves Out 
of Service 

FWCF 

LFWH 

CRWE 

LOSC 

Slow flow run up 

IHPCIS 

PRFO 

The FWCF with TBVOOS will be evaluated each 
reload. The other events may be impacted if the base 
case analyses indicate the steam flow increases 
above the capacity of the turbine control valves. 

PRFO and IHPCIS events will be evaluated if a high 
level trip occurs in the base case analyses. 

PLUOOS LRNB Condition is bound by TCV slow closure condition.  
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Option 
Affected Limiting 
Event/Analysis Comments 

1 Stuck Closed TCV/TSV FWCF 

Slow flow run up 

FWCF analyses will be performed for the initial reload 
to determine the maximum power level supported for 
this condition. 

Slow flow run up will be evaluated if the steam flow in 
the base case analysis increases above the MCFL 
limit for this condition. 

While not expected, analyses using steady state 
methods are potentially impacted if, in the base case 
analyses, the steam flow increases above the MCFL 
for this condition. 

TCV Slow Closure LRNB LRNB analyses to consider various combinations of 
fast and slow closing TCVs. Limiting combinations 
will be evaluated each reload. 

Pressure Controller Out of 
Service 

NA Events with PCOOS are bound by the TCV slow 
closure events for the closure event and bound by 
TTNB for the opening event. No additional analysis 
required. 

TIPs Out of Service 
LPRMS Out of Service 
Extended LPRM calibration 
interval 

SLMCPR Base analysis to include uncertainties associated with 
these conditions.  

Combined EOOS Conditions 

FWTR/FHOOS and 
MSIVOOS 

NA No additional analyses required. 

FWTR/FHOOS and 
TBVOOS 

FWCF 

IHPCIS 

FWCF will be addressed each reload.  The IHPCIS 
event needs to be reviewed to ensure it is non-
limiting at least for the initial reload. 

FWTR/FHOOS with 
PLUOOS 

NA No additional analyses required. 

FWTR/FHOOS with 1 Stuck 
Closed TCV/TSV 

NA No additional analyses required. 

FWTR/FHOOS with TCV 
Slow Closure 

LRNB Analyses will be performed for the initial reload to 
determine if the decrease in steam flow due to lower 
feedwater temperature offsets the further closed TCV 
position.  

FWTR/FHOOS with PCOOS NA No additional analyses required. 

SLO with 1 MSIVOOS NA Results for TLO with 1 MSIVOOS are bounding or 
applicable. No additional analyses required. 

SLO with TBVOOS Recirculation pump seizure If the pump seizure evaluation results in a high level 
trip, then an evaluation with TBVOOS will be needed.  

SLO with PLUOOS NA Results for TLO with PLUOOS are bounding or 
applicable. No additional analyses required. 
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Option 
Affected Limiting 
Event/Analysis Comments 

SLO with 1 Stuck Closed 
TCV/TSV 

NA Results for TLO with 1 stuck closed TCV/TSV are 
bounding or applicable. No additional analyses 
required. 

SLO with TCV Slow Closure NA Results for TLO with TCV slow closure are bounding 
or applicable.  No additional analyses required. 

SLO with PCOOS NA Results for TLO with PCOOS are bounding or 
applicable. No additional analyses required. 

PCOOS and 1 Stuck Closed 
TCV/TSV 

NA Equivalent to or bound by the PCOOS condition by 
itself or the 1 stuck closed TCV/TSV condition by 
itself. No additional analyses required. 

PCOOS and PLUOOS NA Equivalent to or bound by the PCOOS condition by 
itself or the PLUOOS condition by itself. No additional 
analyses required. 

PLUOOS and 1 Stuck 
Closed TCV/TSV 

NA Equivalent to or bound by the PLUOOS condition by 
itself or the 1 stuck closed TCV/TSV condition by 
itself. No additional analyses required. 
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3.0 Mechanical Design Analysis 

The mechanical design analyses for ATRIUM 10XM fuel are presented in the applicable 

mechanical and thermal-mechanical design reports (References 3 and 4). The maximum 

exposure limits for the ATRIUM 10XM fuel are: 

 54.0 GWd/MTU average assembly exposure 
 62.0 GWd/MTU rod average exposure (full-length fuel rods) 
 

The ATRIUM 10XM LHGR limits are presented in Section 8.0. The OPTIMA2 LHGR multipliers 

presented in Section 8.0 ensure that the thermal-mechanical design criteria for OPTIMA2 fuel 

are satisfied. The fuel cycle design analyses (Reference 1) have verified that all ATRIUM 10XM 

and OPTIMA2 fuel assemblies remain within licensed burnup limits.  
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4.0 Thermal-Hydraulic Design Analysis 

4.1 Thermal-Hydraulic Design and Compatibility 

The ATRIUM 10XM fuel is analyzed and monitored with the ACE critical power correlation 

(Reference 9).  The OPTIMA2 fuel is analyzed and monitored with the SPCB critical power 

correlation (Reference 10) [  ] The 

SPCB additive constants and additive constant uncertainty for the OPTIMA2 fuel were 

developed using the indirect approach described in Reference 11.  

The results of the thermal-hydraulic characterization and compatibility analyses are presented in 

the thermal-hydraulic design report (Reference 7). The analysis results demonstrate that the 

thermal-hydraulic design and compatibility criteria are satisfied for the Quad Cities transition 

cores consisting of ATRIUM 10XM and OPTIMA2 fuel.  

4.2 Safety Limit MCPR Analysis 

The safety limit MCPR (SLMCPR) is determined such that at least 99.9% of the fuel rods in the 

core are expected to avoid boiling transition during normal operation or an anticipated 

operational occurrence (AOO). The SLMCPR for all fuel in the Quad Cities Unit 2 Cycle 24 

representative core design was determined using the methodology described in Reference 8 

[  ] The SLMCPR 

analysis explicitly includes the effects of channel bow and assumes that no fuel channels are 

used for more than one fuel bundle lifetime.   

The analysis was performed with a power distribution that conservatively represents expected 

reactor operation through the cycle. The fuel- and plant-related uncertainties used in the 

SLMCPR analysis are presented in Table 4.1. The radial and nodal power uncertainties used in 

the analysis include the effects of up to 40% of the TIP channels out-of-service, up to 50% of 

the LPRMs out-of-service, and a 2500 EFPH LPRM calibration interval. The radial and nodal 

power uncertainties allow for startup with up to 40% of the TIP channels out-of-service.  

The analysis results support a two-loop operation (TLO) SLMCPR of 1.10 and a single-loop 

operation (SLO) SLMCPR of 1.11. Table 4.2 presents a summary of the analysis results 

including the SLMCPR and the percentage of rods expected to experience boiling transition. 

The values currently in the Quad Cities Technical Specifications are 1.12 for TLO and 1.14 for 
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SLO.  The limits presented in this report are based on the current TLO SLMCPR of 1.12 and 

SLO SLMCPR of 1.14. 

4.3 Core Hydrodynamic Stability 

Quad Cities has implemented BWROG Long Term Stability Solution Option III (Oscillation 

Power Range Monitor-OPRM). Reload validation has been performed in accordance with 

Reference 12. The stability based Operating Limit MCPR (OLMCPR) is provided for two 

conditions as a function of OPRM amplitude setpoint in Table 4.3. The two conditions evaluated 

are for a postulated oscillation at 45% core flow steady state operation (SS) and following a two 

recirculation pump trip (2PT) from the limiting full power operation state point. The power- and 

flow-dependent limits for the Unit 2 Cycle 24 representative core design provide adequate 

protection against violation of the SLMCPR for postulated reactor instability as long as the 

operating limit is greater than or equal to the specified value for the selected OPRM setpoint. 

The results in Table 4.3 are valid for normal and reduced feedwater temperature operation and 

allow for the dome pressure variation specified by Exelon. The limits in this table are based 

upon the current Technical Specification TLO SLMCPR value of 1.12. 

AREVA has performed calculations for the relative change in CPR as a function of the 

calculated hot channel oscillation magnitude (HCOM). These calculations were performed with 

the RAMONA5-FA code in accordance with Reference 13. This code is a coupled neutronic-

thermal-hydraulic three-dimensional transient model for the purpose of determining the 

relationship between the relative change in ΔCPR and the HCOM on a plant specific basis. The 

stability-based OLMCPRs are calculated using the most limiting of the calculated change in 

relative ΔCPR for a given oscillation magnitude or the generic value provided in Reference 12. 

The generic value was determined to be limiting for the Unit 2 Cycle 24 representative core 

design.  

In cases where the OPRM system is declared inoperable, Backup Stability Protection (BSP) is 

provided in accordance with Reference 14. BSP curves have been evaluated using STAIF 

(Reference 15) to determine endpoints that meet decay ratio criteria for the BSP Base Minimal 

Region I (scram region) and Base Minimal Region II (controlled entry region). Stability 

boundaries based on these endpoints are then determined using the modified shape function 

provided by Exelon. Analyses have been performed to support operation with both nominal and 

reduced feedwater temperature conditions. The stability regions have been verified to remain 
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applicable for single loop operation (SLO) and allow for the dome pressure variation specified 

by Exelon. The core has been determined to remain stable at the lowest achievable core flow 

rate at 25% of rated core thermal power, which demonstrates that the current OPRM 

trip-enabled region remains applicable.  The endpoints for the BSP regions are provided in 

Table 4.4. 
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Table 4.1  Fuel- and Plant-Related Uncertainties 
for Safety Limit MCPR Analyses 

 
 

 Parameter Uncertainty  

 Fuel-Related Uncertainties 

[  
 

      
       

 
 

 
 

 

  
      
      

 
 
 

 

    

  
      
      

 
 
 

 

    

    

   ] 

 Plant-Related Uncertainties  

 Feedwater flow rate 0.229 Mlbm/hr*  

 Feedwater temperature 8.50°F*  

 Core pressure 22.56 psig*  

 Total core flow rate 
     TLO 
     SLO 

 
2.5% 
6% 

 

 
 
 
 

                                                
*  [   ]   
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Table 4.2  Results Summary 
for Safety Limit MCPR Analyses 

SLMCPR 
Percentage  

of Rods in Boiling 
Transition 

TLO – 1.10 0.0513 

SLO – 1.11 0.0293 
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Table 4.3  OPRM Setpoints 

OPRM 
Setpoint 

OLMCPR 
(SS) 

OLMCPR 
(2PT) 

1.05 1.24 1.27 

1.06 1.27 1.30 

1.07 1.30 1.33 

1.08 1.32 1.35 

1.09 1.35 1.38 

1.10 1.38 1.42 

1.11 1.42 1.45 

1.12 1.45 1.48 

1.13 1.48 1.52 

1.14 1.52 1.55 

1.15 1.56 1.59 

Acceptance 
Criteria 

Less than or 
equal to the 
Off-Rated  
OLMCPR 

at 45% Flow 

Less than or 
equal to the 
Rated Power  
OLMCPR as 
described in  
Section 8.0 
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Table 4.4  BSP Endpoints for 
Quad Cities Unit 2 Cycle 24  
Representative Core Design 

 

Feedwater 
Temperature 

Operation 
Mode Region 

End Point 
Designation 

Power 
(% rated) 

Flow 
(% rated) 

Nominal Scram IA 61.05 43.70 

Nominal Scram IB 24.90 20.80 

Nominal Controlled 
entry 

IIA 67.40 51.55 

Nominal Controlled 
entry 

IIB 23.90 20.60 

FHOOS Scram IA 67.20 51.40 

FHOOS Scram IB 26.20 21.00 

FHOOS Controlled 
entry 

IIA 68.80 53.30 

FHOOS Controlled 
entry 

IIB 23.90 20.60 
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5.0 Anticipated Operational Occurrences 

This section describes the analyses performed to determine the power- and flow-dependent 

MCPR operating limits for base case operation for the Quad Cities Unit 2 Cycle 24 

representative core design. 

COTRANSA2 (Reference 16), XCOBRA-T (Reference 17), XCOBRA (Reference 18), and 

CASMO-4/MICROBURN-B2 (Reference 19) are the major codes used in the thermal limits 

analyses as described in the AREVA THERMEX methodology report (Reference 18) and 

neutronics methodology report (Reference 19). COTRANSA2 is a system transient simulation 

code, which includes an axial one-dimensional neutronics model that captures the effects of 

axial power shifts associated with the system transients. XCOBRA-T is a transient 

thermal-hydraulics code used in the analysis of thermal margins for the limiting fuel assembly. 

XCOBRA is used in steady-state analyses. 

Fuel pellet-to-cladding gap conductance values are based on RODEX2 (Reference 20) 

calculations. 

The ACE/ATRIUM 10XM critical power correlation (Reference 9) is used to evaluate the thermal 

margin for the ATRIUM 10XM fuel. The SPCB critical power correlation (Reference 10 [  

 ] ) is used in the thermal margin 

evaluations for the OPTIMA2 fuel. The application of the SPCB correlation to OPTIMA2 fuel 

follows the indirect process described in Reference 11 [  

 ].  

5.1 System Transients 

The reactor plant parameters for the system transient analyses were provided by the utility. 

Analyses have been performed to determine power-dependent MCPR limits and power-

dependent LHGR multipliers that protect operation throughout the power/flow domain shown in 

Figure 1.1.  

At Quad Cities, direct scram on turbine stop valve (TSV) position and turbine control valve 

(TCV) fast closure are bypassed at power levels less than or equal to 38.5% of rated (Pbypass). 

Scram will occur if and when the high pressure or high neutron flux scram setpoint is reached. 
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Reference 21 indicates that MCPR and LHGR limits only need to be monitored at power levels 

greater than or equal to 25% of rated, which is the lowest power analyzed for this report.  

The limiting exposure for rated power pressurization transients is typically at end of full power 

(EOFP) when the control rods are fully withdrawn. To provide additional margin to the operating 

limits earlier in the cycle, analyses were also performed to establish operating limits at a near 

end-of-cycle (NEOC) exposure of 14,000 MWd/MTU. Analyses were performed at cycle 

exposures prior to NEOC to ensure that the operating limits provide the necessary protection. 

The end-of-cycle licensing basis (EOCLB) analysis was performed at EOFP + 25 EFPD 

(16,072 MWd/MTU). Table 5.1 presents the licensing basis exposures used to develop the 

neutronics inputs to the transient analyses for the Quad Cities Unit 2 Cycle 24 representative 

core design. The same methods described in this report will be used to establish operating limits 

to support final feedwater temperature reduction and/or power coastdown operation to extend 

cycle operation. 

All pressurization transients assumed that the single most beneficial relief, safety or safety/relief 

valve is out of service. Since the Target Rock safety relief valve has the highest flow capacity 

and provides the most pressure relief, it was assumed out of service in the pressurization 

transient analyses. This basis supports operation with 1 SRV out-of-service. 

The Quad Cities turbine bypass system includes 9 bypass valves. However, for base case 

analyses in which credit is taken for turbine bypass operation, only 8 of the turbine bypass 

valves are assumed operable. 

Variations in feedwater temperature of +10/-30°F from the nominal feedwater temperature are 

considered base case operation and not an EOOS condition. The nominal feedwater 

temperature is provided as a function of power as  

FWT = -98 FRP2 + 242.78 FRP + 210.82 
 

where 
FWT = nominal feedwater temperature (°F) 
FRP = fraction of rated power 

 

The base case operating limits also support operation for a range of dome pressures. The 

minimum dome pressure is defined as a function of power as  
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MDP = 116.96 FRP2 – 9.69 FRP + 897  
 

where 
MDP = minimum dome pressure (psia) 

and the maximum dome pressure is 1019.7 psia for all power levels. Analyses were performed 

to support operation in the allowable ranges. 

The thermal limits are applicable for single and three element feedwater control systems and for 

dome pressure and throttle pressure regulator control systems.  

The results of the system pressurization transients are sensitive to the scram speed used in the 

calculations. To take advantage of average scram speeds faster than those associated with the 

Technical Specifications requirements, scram speed-dependent MCPRp limits are provided. The 

nominal scram speed (NSS), intermediate scram speed (ISS), and the Technical Specifications 

scram speed (TSSS) insertion times are presented in Table 5.2. The NSS and ISS MCPRp limits 

can only be applied if the 5%, 20%, 50%, and 90% scram speed test results meet the NSS and 

ISS insertion times. System transient analyses were performed to establish MCPRp limits for 

NSS, ISS, and TSSS insertion times. The Quad Cities Technical Specifications (Reference 21) 

allow operation with up to 12 “slow” and 1 stuck control rod. One additional control rod is 

assumed to fail to scram. Conservative adjustments to the NSS, ISS, and TSSS scram speeds 

were made to the analysis inputs to appropriately account for these effects on scram reactivity. 

For cases below 38.5% power, the results are relatively insensitive to scram speed, and only 

TSSS analyses are performed.  At 38.5% power (Pbypass), some analyses were performed both 

with and without bypass of the direct scram function which can result in a step change in the 

operating limits. 

5.1.1 Load Rejection No Bypass (LRNB) 

The load rejection causes a fast closure of the turbine control valves. The resulting compression 

wave travels through the steam lines into the vessel and creates a rapid pressurization. The 

increase in pressure causes a decrease in core voids, which in turn causes a rapid increase in 

power. The fast closure of the turbine control valves also causes a reactor scram. Turbine 

bypass system operation, which also mitigates the consequences of the event, is not credited. 

The excursion of the core power due to the void collapse is terminated primarily by the reactor 

scram and revoiding of the core.  
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For power levels less than or equal to 50% of rated, the LRNB analyses assume that the power 

load unbalance (PLU) is inoperable. With the PLU inoperable, the LRNB sequence of events is 

different than the standard event. Instead of a fast closure, the TCVs close in servo mode and 

there is no direct scram on TCV closure. A turbine trip (i.e., TSV closure) signal is assumed to 

occur 0.625 second after the load rejection signal due to crediting the 86 device. The turbine trip 

signal results in closure of the TSVs and a reactor scram. Below Pbypass, there is no direct scram 

on the TSV closure. As a result, the event continues until the high pressure scram set point is 

reached.  

LRNB analyses were performed for a range of power/flow conditions to support generation of 

the thermal limits. Tables 5.3 and 5.4 present the base case limiting LRNB transient analysis 

results used to generate the NEOC and EOCLB operating limits for TSSS, ISS and NSS 

insertion times. Figures 5.1 – 5.2 show the responses of various reactor and plant parameters 

during the LRNB event initiated at 100% of rated power and 108% of rated core flow with TSSS 

insertion times.  

5.1.2 Turbine Trip No Bypass (TTNB) 

The turbine trip causes a closure of the turbine stop valves. The resulting compression wave 

travels through the steam lines into the vessel and creates a rapid pressurization. The increase 

in pressure causes a decrease in core voids, which in turn causes a rapid increase in power. 

The closure of the turbine stop valves also causes a reactor scram. Turbine bypass system 

operation, which also mitigates the consequences of the event, is not credited. The excursion of 

the core power due to the void collapse is terminated primarily by the reactor scram and 

revoiding of the core. Below Pbypass, there is no direct scram on the TSV closure. As a result, the 

event will continue until the high pressure scram set point is reached.  

Tables 5.5 and 5.6 present the base case TTNB transient analysis results for TSSS, ISS, and 

NSS insertion times for the Quad Cities representative cycle.  

5.1.3 Feedwater Controller Failure (FWCF) 

The increase in feedwater flow due to a failure of the feedwater control system to maximum 

demand results in an increase in the water level and a decrease in the coolant temperature at 

the core inlet. The increase in core inlet subcooling causes an increase in core power. As the 

feedwater flow continues at maximum demand, the water level continues to rise and eventually 
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reaches the high water level trip setpoint. The initial water level is conservatively assumed to be 

at the low-level normal operating range to delay the high-level trip and maximize the core inlet 

subcooling resulting from the FWCF. The high water level trip causes the turbine stop valves to 

close in order to prevent damage to the turbine from excessive liquid inventory in the steam line. 

The feedwater pumps also trip on high level. The valve closures create a compression wave 

that travels to the core causing a void collapse and subsequent rapid power excursion. The 

closure of the turbine stop valves also initiates a reactor scram. Eight of the nine installed 

turbine bypass valves are assumed operable and provide pressure relief. The core power 

excursion is mitigated in part by the pressure relief, but the primary mechanism for termination 

of the event is reactor scram.  

FWCF analyses were performed for a range of power/flow conditions to support generation of 

the thermal limits. Tables 5.7 and 5.8 present the base case limiting FWCF transient analysis 

results used to generate the NEOC and EOCLB operating limits for TSSS, ISS, and NSS 

insertion times. Figures 5.3 – 5.4 show the responses of various reactor and plant parameters 

during the FWCF event initiated at 100% of rated power and 108% of rated core flow with TSSS 

insertion times.  

5.1.4 Inadvertent HPCI Startup (IHPCIS) 

The inadvertent HPCI startup results in cold water being injected in the feedwater line sparger. 

This causes an increase in core inlet subcooling and a subsequent increase in the core power. 

The water injection also causes an increase in the water level.  In an effort to maintain the water 

level, the feedwater/level control system responds to the water level increase by decreasing the 

feedwater flow.  At most power levels, the decrease in feedwater flow is sufficient to offset the 

HPCI injection flow and avoid reaching the high level trip. At lower power levels, the decrease in 

feedwater flow may not be enough to offset the HPCI injection so the water level may increase 

until a high level turbine trip occurs.  The turbine trip results in a pressurization event similar to 

the TTNB discussion above. For power levels at which the high level set point is not reached, 

the power will increase some due to the increase in subcooling and the core will reach a new 

pseudo steady state condition at a higher power.  

IHPCIS analyses were performed for a range of power/flow conditions to support generation of 

the thermal limits. The results showed that above Pbypass, the feedwater/level control system 

decreases the feedwater flow such that a high level trip does not occur.  Below Pbypass, avoiding 
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the high level trip is not assured so the analyses were performed forcing the high level trip to 

occur. Table 5.9 presents the base case limiting IHPCIS transient analysis results.     

5.1.5 Loss of Stator Cooling (LOSC) 

A loss of stator cooling event results in a turbine runback or decrease in turbine steam flow. The 

analysis assumes the turbine steam flow decreases or runs back at a rate of 40% of rated 

steam flow per minute (maximum value).  The runback continues until the steam flow reaches 

23% of rated steam flow (minimum value).  Since the runback rate is relatively slow, the turbine 

bypass valves open to maintain the target pressure.  If the decrease in steam flow is less than 

the capacity of the bypass valves, there is no system pressurization and the reactor remains at 

the initial state but with some of the steam flow passing through the bypass valves instead of 

the turbine. At power levels with steam flows greater than the sum of the bypass capacity and 

23% of rated steam flow, the system starts to slowly pressurize when the turbine bypass valves 

reach the maximum relief capacity.  The pressure slowly increases until the high pressure 

scram set point is reached.   

Table 5.10 presents the base case LOSC transient analysis results for the Quad Cities 

representative cycle.  

5.1.6 Loss of Feedwater Heating (LFWH) 

The loss of feedwater heating event analysis supports a 120°F decrease in the feedwater 

temperature. The temperature is assumed to decrease linearly over 58.6 seconds. The result is 

an increase in core inlet subcooling, which reduces voids, thereby increasing core power and 

shifting the axial power distribution toward the bottom of the core. As a result of the axial power 

shift and increased core power, voids begin to build up in the bottom region of the core, 

providing negative feedback to the increased subcooling effect. The negative feedback 

moderates the core power increase. Although there is a substantial increase in core thermal 

power during the event, the increase in steam flow is much less because a large part of the 

added power is used to overcome the increase in inlet subcooling. The increase in steam flow is 

accommodated by the pressure control system via the TCVs and/or the turbine bypass valves, 

so no pressurization occurs. The COTRANSA2/XCOBRA/XCOBRA-T code package was used 

to analyze this event due to the time over which the feedwater temperature decrease occurs. 

The LFWH results are presented in Table 5.11. The base case results also show that at power 

levels less than 99% of rated there is sufficient capacity in the turbine control valves to 
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accommodate the increase in steam flow during the event and no turbine bypass valves open. 

The LFWH results are used to establish the MCPRp limits and LHGRFACp multipliers.  

5.1.7 Control Rod Withdrawal Error (CRWE) 

The control rod withdrawal error transient is an inadvertent reactor operator initiated withdrawal 

of a control rod. This withdrawal increases local power and core thermal power, lowering the 

core MCPR. Quad Cities Unit 2 is a partial-ARTS plant so the CRWE analysis is performed 

assuming the reactor is above 75% power when the event occurs and the rated power 

conservative error rod patterns are used to determine the change in MCPR over the event. The 

CRWE transient for Quad Cities is analyzed without credit taken for the rod block monitor (RBM) 

system and is analyzed assuming no xenon. The analysis further assumes that the plant could 

be operating in either an A or B sequence control rod pattern. The limiting ∆CPR for the base 

case CRWE event is 0.32 for both nominal and reduced feedwater temperature conditions and 

allows for one TBVOOS. Analyses have been performed for TBVOOS and include the effects of 

pressurization when steam flow exceeds the TCV capacity. The limiting ∆CPR results for this 

EOOS case is 0.35. Operation with 1 Stuck Closed TCV/TSV is limited to 75% of rated core 

thermal power which eliminates the possibility of system pressurization during the CRWE event 

which results in this EOOS condition being bound by the base case results.  

Analyses demonstrate that the 1% strain and centerline melt criteria are met for both ATRIUM 

10XM without any LHGR set down for the base case and all EOOS conditions.  The results 

show that the OPTIMA2 fuel also meets the thermal-mechanical design criteria (i.e., strain and 

centerline melt) with the base case LHGR multipliers presented in Section 8.2.   

5.2 Slow Flow Runup Analysis 

Flow-dependent MCPR and LHGR limits are established to support operation at off-rated core 

flow conditions. The limits are based on the CPR and heat flux changes experienced by the fuel 

during slow flow excursions. The slow flow excursion event assumes a failure of the 

recirculation flow control system such that the core flow increases slowly to the maximum flow 

physically permitted by the equipment (110% of rated core flow). An uncontrolled increase in 

flow creates the potential for a significant increase in core power and heat flux. A conservatively 

steep flow runup path was used in the analyses. Slow flow runup analyses were performed to 

support operation in all the EOOS scenarios – including One MSIVOOS, TBVOOS, and 1 stuck 

closed TCV/TSV. Operation with One MSIVOOS causes a larger increase in pressure and 
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power during the flow excursion which results in a steeper flow runup path.  For TBVOOS and 

1 stuck closed TCV/TSV, the steam flow increases beyond the capacity of the available TCVs 

and turbine bypass valves resulting in a pressurization of the system. This system 

pressurization is accounted for in the analyses. 

MCPRf limits are determined for all fuel types in the core. XCOBRA is used to calculate the 

change in critical power ratio during a two-loop flow runup to the maximum flow rate. The 

MCPRf limit is set such that the increase in core power, resulting from the maximum increase in 

core flow, assures that the TLO safety limit MCPR is not violated. Calculations were performed 

for a range of initial flow rates to determine the corresponding MCPR values that put the limiting 

assembly on the safety limit MCPR at the high flow condition at the end of the flow excursion.  

MCPRf limits that provide the required protection are presented in Table 8.16. The MCPRf limits 

are applicable for all exposures in the Unit 2 Cycle 24 representative core design. 

Flow runup analyses were performed with CASMO-4/MICROBURN-B2 to determine flow-

dependent LHGR multipliers (LHGRFACf) for ATRIUM 10XM and OPTIMA2 fuel. The analysis 

assumes that the recirculation flow increases slowly along the limiting rod line to the maximum 

flow physically permitted by the equipment. A series of flow excursion analyses were performed 

at several exposures throughout the cycle starting from different initial power/flow conditions. 

Xenon is assumed to remain constant during the event. The LHGRFACf multipliers are 

established to provide protection against fuel centerline melt and overstraining of the cladding 

during a flow runup. Analyses were performed to support operation in all the EOOS scenarios – 

including One MSIVOOS, TBVOOS, and 1 stuck closed TSV/TCV. As described above, these 4 

EOOS conditions can impact the results of the analysis due to the increase in pressure during 

the flow runup. This system pressurization is accounted for in the analyses.  

The Cycle 24 LHGRFACf multipliers are presented in Table 8.25 for ATRIUM 10XM fuel. A 

process consistent with the Westinghouse thermal-mechanical methodology was used to 

determine flow-dependent LHGR multipliers for OPTIMA2 fuel. The OPTIMA2 LHGRFACf 

multipliers, presented in Table 8.26, provide protection against fuel centerline melt and 

overstraining of the cladding for OPTIMA2 fuel during operation at off-rated core flow conditions. 

The same set of LHGRFACf multipliers supports base case operation and all the EOOS 

conditions for all Cycle 24 exposures.  
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The maximum flow during a flow excursion in single-loop operation is much less than the 

maximum flow during two-loop operation. Therefore, the flow-dependent MCPR limits and 

LHGR multipliers for two-loop operation are applicable for SLO. 

5.3 Equipment Out-of-Service Scenarios 

The following equipment out-of-service (EOOS) scenarios are supported for Quad Cities: 

• One safety/relief valve out-of-service (One SRVOOS) 

• Feedwater heater out-of-service (FHOOS) 

• Turbine bypass valves out-of-service (TBVOOS) 

• Combined FHOOS and TBVOOS 

• Turbine control valve slow closure 

• Power load unbalance out-of-service (PLUOOS) 

• Pressure controller out-of-service (PCOOS) 

• One stuck closed TCV or TSV 

• One main steam isolation valve out-of-service (One MSIVOOS) 

• Single-loop operation (SLO) 

Operating limits for the EOOS scenario are established using the base case results for those 

events not affected by the specific scenario and analyses performed explicitly modeling the 

EOOS condition.  

5.3.1 One SRVOOS 

As noted earlier, the base case pressurization transient analyses were performed with the most 

beneficial relief, safety or safety/relief valve out-of-service.  Therefore, the base case operating 

limits support operation with one relief, safety or safety/relief valve out-of-service. The EOOS 

operating limits also support operation with one relief, safety or safety/relief valve out-of-service. 

5.3.2 FHOOS 

The FHOOS scenario assumes a feedwater temperature reduction of 120°F at rated power and 

steam flow. At lower power levels the feedwater temperature reduction is less. Analyses were 

performed to support operation with reduced feedwater temperature at rated and reduced power 

operation. The effect of the reduced feedwater temperature is an increase in the core inlet 

subcooling which can change the axial power shape and core void fraction. In addition, the 

steam flow for a given power level decreases since more power is required to increase the 
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enthalpy of the coolant to saturated conditions. The consequences of the FWCF event are 

potentially more severe as a result of the increase in core inlet subcooling during the 

overcooling phase of the event. While the decrease in steam flow tends to make the LRNB 

event less severe, the TCV initial position is further closed which tends to make the event more 

severe, especially at higher power levels.  

FWCF events were analyzed to ensure that appropriate FHOOS operating limits are 

established. Results of high power LRNB and TTNB analyses show that the event with FHOOS 

is bound by the base case analysis. Analysis results also show that the IHPCIS with FHOOS is 

bound by the base case IHPCIS event.  CRWE analyses were also evaluated for FHOOS and 

the base case result reported in Section 5.1.7 remains applicable.   

5.3.3 TBVOOS 

For this EOOS scenario, operation with TBVOOS means that the opening of the of the turbine 

bypass valves cannot be assured, thereby reducing the pressure relief capacity during 

anticipated operation occurrences.  While the base case LRNB and TTNB events are analyzed 

assuming the turbine bypass valves are inoperable, operation with TBVOOS has a potential 

adverse effect on other events including: FWCF, LFWH, IHPCIS, LOSC, and CRWE.  Analyses 

with the TBVOOS were performed for high power LFWH and CRWE events since the base case 

analyses showed that the steam flow increase during the event was greater than the available 

overcapacity of the turbine control valves.  Analyses of the LOSC event with TBVOOS were 

performed because the decreased relief capacity with the TBVOOS results in system 

pressurization at a lower power level than the base case event. The low power IHPCIS events 

were analyzed with TBVOOS since they have the potential to reach the high level trip set point 

which results in a turbine trip.  Analyses of the FWCF event with TBVOOS were also performed. 

The results of these EOOS analyses formed the basis of establishing the power-dependent 

MCPR limits and LHGR multipliers for the TBVOOS scenario. 

Slow flow runup analyses were performed assuming pressurization occurs at or near the end of 

the flow run up excursion when the steam flow reaches the capacity of the turbine control 

valves. The results of the slow flow runup analysis with TBVOOS are used to establish flow-

dependent MCPR limits and LHGR multipliers for the TBVOOS scenario as described in 

Section 5.2.  
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5.3.4 Combined FHOOS and TBVOOS 

FWCF and IHPCIS analyses with both FHOOS and TBVOOS were performed to establish 

operating limits for the combined FHOOS and TBVOOS scenario.  The results of the IHPCIS 

analysis show that the event with FHOOS and TBVOOS is bound by the IHPCIS event with 

TBVOOS.  

5.3.5 Turbine Control Valve Slow Closure 

LRNB analyses were performed to evaluate the impact of a TCV slow closure.  The analyses 

included evaluating different combinations of valves closing slowly with a full stroke closure time 

of 5.0 seconds with the other valve(s) closing in fast closure mode with a full stroke closure time 

of 0.150 second. Combinations of 3 fast/ 1 slow, 2 fast/ 2 slow, 1 fast/ 3 slow and 4 slow were 

analyzed. No direct scram on TCV fast closure was credited. The event progresses towards the 

high flux scram and high pressure scram set points. The analyses assumed a turbine stop valve 

closure occurs when either the high flux or high pressure scram set point is reached. The 

reactor scram in the event occurs on the later of either TSV position or the earliest scram set 

point signal (high flux or high pressure). At power levels above 68% rated, the high flux scram 

set point was always attained for all the slow closure combinations. Below 68% power, the high 

flux scram was not credited in the analysis to ensure that all valve closure combinations are 

supported. The TCV slow closure results were used to establish power-dependent MCPR limits 

and LHGR multipliers. Analysis results for TCV slow closure with FHOOS show they are bound 

by the TCV slow closure results. 

5.3.6 PLUOOS 

The response to a load rejection event with the PLUOOS is different than the standard load 

rejection described in Section 5.1.1.  With the PLUOOS, the TCVs close in the slow or servo 

mode and there is no direct scram on TCV fast closure. The sequence of events is similar to the 

PLU inoperable condition in which all the TCVs also close slowly.  However, the turbine trip is 

not assumed to occur 0.625 seconds after the event initiation.  Rather, the scenario is modeled 

assuming a TSV closure occurs when either the high flux or high pressure scram set point is 

reached, similar to the TCV slow closure scenario. The reactor scram in the event occurs on the 

later of either TSV position or the earliest scram set point signal (high flux or high pressure). In 

each case, the scram occurs on either a high flux or high pressure scram signal as the delays 

are always longer than the scram delay on TSV closure. The PLUOOS is a subset of the TCV 
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slow closure condition; therefore, the TCV slow closure operating limits are applied for operation 

with PLUOOS. Operation with PLUOOS and FHOOS is supported by the TCV slow closure with 

FHOOS limits.  

5.3.7 PCOOS 

The PCOOS scenario assumes one pressure controller is out-of-service.  In most situations, the 

backup controller will take over when the pressure mismatch occurs. However, if the pressure 

controller fails with one controller out of service, there is no backup and the pressure controller 

will open or close the TCVs resulting in a pressure regulator failure open (PRFO) or pressure 

regulator failure closure event. The consequences of the PRFO event are bound by the TTNB 

event as indicated in Section 2 and the pressure regulator failure closure event with one 

PCOOS results in the same sequence of events as LRNB with PLUOOS. Therefore, the TCV 

slow closure operating limits are applied for operation with PCOOS. The TCV slow closure limits 

also support operation with both PCOOS and PLUOOS. Operation with PCOOS and FHOOS is 

supported by the TCV slow closure with FHOOS limits. 

5.3.8 One Stuck Closed TCV/TSV 

With one of the turbine control valves assumed stuck closed, the other three TCVs will be 

further opened when operating at a given power level. In addition, the highest attainable power 

is decreased because of the decreased total steam flow capacity of the TCVs. At the same 

initial power with the valves further open, TCV closure events such as the LRNB are less severe 

because the pressurization occurs over a longer period of time.  In addition, the steam line 

pressure drop would be slightly larger which also makes the pressurization less severe. While 

the FWCF event is not affected during the turbine stop valve closure portion of the event it may 

be impacted during the overcooling phase. At a certain power level, the TCVs will be in the full 

open position with no ability to accommodate any increase steam flow during the overcooling 

phase. The result would be an increase in pressure prior to the high level trip and a more severe 

event. Analyses show that below 75% of rated power, there would be no system pressurization 

during the overcooling phase of the FWCF at all feedwater temperature conditions (including the 

base case feedwater temperature range of +10/-30°F from nominal and FHOOS). Therefore, 

operation with 1 stuck closed TCV is supported with a maximum power of 75% of rated with the 

base case MCPRp limits and LHGRFACp multipliers. The FHOOS MCPRp limits and LHGRFACp 

multipliers support operation with the combined 1 stuck closed TCV and FHOOS condition. The 

TCV slow closure MCPRp limits and LHGRFACp multipliers support operation with the following 
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combined EOOS conditions: PCOOS with 1 stuck closed TCV; and PLUOOS with 1 stuck 

closed TCV. 

As noted earlier, slow flow runup analyses were performed to establish flow-dependent limits for 

operation with 1 stuck closed TCV/TSV. 

The discussion presented above for 1 stuck closed TCV is also applicable to the 1 stuck closed 

turbine stop valve condition.  

5.3.9 One MSIVOOS 

Operation with One MSIVOOS is supported for operation less than 75% of rated power. At 

these reduced power levels, the flow through any one steam line will not be greater than the 

flow at rated power when all MSIVs are available. Since all four turbine control valves are 

available, adequate pressure control can be maintained. The main difference in operation with 

One MSIVOOS is that the steam line pressure drop between the steam dome and the turbine 

valves is higher than if all MSIVs are available. Since low steam line pressure drop is limiting for 

pressurization transients, the results of the pressurization events with all MSIVs in service 

bound the results with One MSIVOOS. In addition, operation with One MSIVOOS has no impact 

on the other non-pressurization events evaluated to establish power-dependent operating limits. 

Therefore, the power-dependent operating limits applicable to base case operation with all 

MSIVs in service remain applicable for operation with One MSIVOOS for power levels less than 

or equal to 75% of rated. As noted earlier, slow flow runup analyses were performed to support 

operation with One MSIVOOS. The FHOOS power-dependent operating limits are applicable for 

operating with One MSIVOOS and FHOOS. The One MSIVOOS flow-dependent operating 

limits are applicable for operation in the combined One MSIVOOS and FHOOS condition.  

5.3.10 Single-Loop Operation 

In SLO, the two-loop operation ∆CPRs and LHGRFAC multipliers from the anticipated operation 

occurrences remain applicable.  

While the SLO pump seizure is classified as a limiting fault, the event is evaluated to protect the 

AOO acceptance criteria.  A SLO pump seizure analysis was performed at 50% rated power 

and a core flow of 50 Mlbm/hr. After the initial significant core flow decrease, the core flow 

recovers some and the system experiences a level swell to the point where the high level trip 

set point is reached. A nominal level setpoint is used in the analysis to ensure that a turbine trip 
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would occur should the level increase enough to cause a turbine trip. The subsequent turbine 

trip causes a pressurization event with the associated power and heat flux excursion.  The 

analysis also assumed that the turbine bypass valves are out of service.  The limiting CPR 

occurs near the time of the lowest core flow during the event, well before the turbine trip occurs.  

As a result, the results for the SLO pump seizure base case event remain limiting whether or not 

the turbine trip occurs or whether or not the turbine bypass valves are out of service. The EOOS 

scenarios do not adversely impact the consequences of the SLO pump seizure event. The 

∆CPRs for the analysis are 1.01 for the OPTIMA2 fuel and 0.93 for the ATRIUM 10XM fuel. The 

event is a power decrease event so there is no threat to the transient thermal-mechanical limits 

during this event. The results for the state point analyzed are limiting for lower power levels and 

core flows.   

Figures 5.5 and 5.6 show the response of various reactor and plant parameters during the SLO 

pump seizure event. Since the SLO pump seizure ∆CPR results are limiting for single loop 

operation and are used to establish the SLO MCPR operating limits, SLO is only supported for 

power levels ≤ 50% of rated and core flows ≤ 50 Mlbm/hr (51% of rated). 

In addition to the inclusion of the SLO pump seizure analysis results, the other impacts on the 

MCPR and MAPLHGR limits for SLO are an increase of 0.02 in the SLMCPR as discussed in 

Section 4.2, and the application of an SLO MAPLHGR multiplier discussed in Section 8.3. The 

SLO MCPR results are presented in Section 8.1 for base SLO and for SLO with the EOOS 

scenarios.  The TLO EOOS LHGRFACp multipliers remain applicable in SLO.  

5.4 Licensing Power Shape 

The licensing axial power profile used by AREVA for the plant transient analyses bounds the 

projected end of full power axial power profile. The conservative licensing axial power profile 

generated at the EOCLB core average exposure of 36,774 MWd/MTU is given in Table 5.12. 

Cycle 24 operation is considered to be in compliance when: 

• The normalized power generated in the bottom 7 nodes from the projected EOFP 
solution at the state conditions provided in Table 5.12 is greater than the normalized 
power generated in the bottom 7 nodes in the licensing basis axial power profile and the 
individual normalized power from the EOFP solution is greater than the corresponding 
normalized power from the licensing basis axial power profile for at least 6 of the 7 
bottom nodes.  

• The projected EOFP condition occurs at a core average exposure less than or equal to 
EOCLB. 
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If the criteria cannot be fully met, the licensing basis may nevertheless remain valid but further 

assessment will be required.  

The licensing basis power profile in Table 5.12 was calculated using the MICROBURN-B2 code. 

Compliance analyses must also be performed using MICROBURN-B2. Note that the power 

profile comparison should be done without incorporating instrument updates to the axial profile 

because the updated power is not used in the core monitoring system to accumulate assembly 

burnups. 
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Table 5.1  Exposure Basis for 
Quad Cities Unit 2 Cycle 24  

Representative Cycle 
Transient Analysis 

 
 

Cycle 
Exposure at 

End of Interval 
(MWd/MTU) 

Core 
Average 
Exposure 

(MWd/MTU)* 

 
 
 

Comments 

0 20,702 Beginning of cycle 

14,000 34,702 Break point for exposure-
dependent MCPRp limits 
(NEOC) 

16,072 36,774 Design basis rod patterns to  
EOFP + 25 EFPD (EOCLB) 

 
 
 
 
 
 

                                                
*  Note that the thermal limits presented in Section 8.0 are based on core average exposure. 
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Table 5.2  Scram Speed 
Insertion Times* 

 
 

Control Rod 
Position 

(% Insertion) 

TSSS  
Time 
(sec) 

ISS 
Time 
(sec) 

NSS 
Time 
(sec) 

 0 (full-out) 0.00 0.00 0.00 

 0 0.20 0.20 0.20 

 5 0.48 0.36 0.324 

 20 0.89 0.72 0.694 

 50 1.98 1.58 1.510 

 90 3.44 2.80 2.670 
 

                                                
*  Adjustments to the NSS, ISS, and TSSS scram speeds inputs were made in the analyses to account 

for the effects of slow and stuck rods.  
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Table 5.3  NEOC Base Case LRNB 

Transient Results 
 

Power (% rated) 
OPTIMA2 
∆CPR 

ATRIUM 10XM  
∆CPR 

TSSS Insertion Times 
100 0.34 0.31 
  90 0.34 0.31 
  80 0.35 0.32 
  70 0.38 0.36 
  60 0.38 0.34 
  50 0.39 0.32 
  50 PLU inoperable 0.46 0.36 
  38.5 PLU inoperable 0.47 0.35 
  38.5 at > 60%F below Pbypass 1.20 1.23 
  38.5 at ≤ 60%F below Pbypass 0.93 1.03 
  25 at > 60%F below Pbypass 1.58 1.66 
  25 at ≤ 60%F below Pbypass 1.25 1.42 

NSS Insertion Times 
100 0.29 0.26 
  90 0.30 0.27 
  80 0.31 0.28 
  70 0.31 0.33 
  60 0.30 0.32 
  50 0.31 0.30 
  50 PLU inoperable 0.39 0.33 
  38.5 PLU inoperable 0.41 0.31 

ISS Insertion Times 
100 0.30 0.27 
  90 0.31 0.28 
  80 0.32 0.29 
  70 0.31 0.33 
  60 0.30 0.33 
  50 0.32 0.31 
  50 PLU inoperable 0.41 0.33 
  38.5 PLU inoperable 0.42 0.32 
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Table 5.4  EOCLB Base Case LRNB 

Transient Results 
 

Power (% rated) 
OPTIMA2  
∆CPR 

ATRIUM 10XM  
∆CPR 

TSSS Insertion Times 
100 0.37 0.33 
  90 0.38 0.33 
  80 0.38 0.33 
  70 0.42 0.36 
  60 0.44 0.35 
  50 0.45 0.34 
  50 PLU inoperable 0.51 0.37 
  38.5 PLU inoperable 0.50 0.36 
  38.5 at > 60%F below Pbypass 1.20 1.23 
  38.5 at ≤ 60%F below Pbypass 0.93 1.03 
  25 at > 60%F below Pbypass 1.58 1.66 
  25 at ≤ 60%F below Pbypass 1.25 1.42 

NSS Insertion Times 
100 0.34 0.30 
  90 0.35 0.31 
  80 0.36 0.32 
  70 0.35 0.35 
  60 0.34 0.33 
  50 0.36 0.31 
  50 PLU inoperable 0.44 0.34 
  38.5 PLU inoperable 0.44 0.32 

ISS Insertion Times 
100 0.35 0.31 
  90 0.36 0.32 
  80 0.36 0.32 
  70 0.37 0.35 
  60 0.36 0.34 
  50 0.37 0.32 
  50 PLU inoperable 0.45 0.34 
  38.5 PLU inoperable 0.45 0.33 
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Table 5.5  NEOC Base Case TTNB 
Transient Results 

 

Power (% rated) 
OPTIMA2  
∆CPR 

ATRIUM 10XM  
∆CPR 

TSSS Insertion Times 
100 0.34 0.31 
  90 0.34 0.31 
  80 0.34 0.31 
  70 0.36 0.31 
  60 0.35 0.30 
  50 0.37 0.28 
  38.5  0.36 0.26 
  38.5 at > 60%F below Pbypass 1.20 1.23 
  38.5 at ≤ 60%F below Pbypass 0.93 1.03 
  25 at > 60%F below Pbypass 1.58 1.66 
  25 at ≤ 60%F below Pbypass 1.25 1.42 

NSS Insertion Times 
100 0.29 0.26 
  90 0.29 0.27 
  80 0.30 0.27 
  70 0.30 0.28 
  60 0.29 0.27 
  50 0.28 0.25 
  38.5  0.28 0.22 

ISS Insertion Times 
100 0.30 0.27 
  90 0.30 0.27 
  80 0.31 0.28 
  70 0.30 0.28 
  60 0.29 0.28 
  50 0.30 0.26 
  38.5 0.29 0.22 
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Table 5.6  EOCLB Base Case TTNB 
Transient Results 

 

Power (% rated) 
OPTIMA2  
∆CPR 

ATRIUM 10XM  
∆CPR 

TSSS Insertion Times 
100 0.37 0.33 
  90 0.38 0.33 
  80 0.38 0.33 
  70 0.41 0.32 
  60 0.42 0.30 
  50 0.43 0.30 
  38.5  0.40 0.28 
  38.5 at > 60%F below Pbypass 1.20 1.23 
  38.5 at ≤ 60%F below Pbypass 0.93 1.03 
  25 at > 60%F below Pbypass 1.58 1.66 
  25 at ≤ 60%F below Pbypass 1.25 1.42 

NSS Insertion Times 
100 0.34 0.31 
  90 0.35 0.31 
  80 0.35 0.31 
  70 0.34 0.30 
  60 0.33 0.29 
  50 0.35 0.27 
  38.5  0.31 0.23 

ISS Insertion Times 
100 0.35 0.31 
  90 0.35 0.31 
  80 0.36 0.32 
  70 0.35 0.30 
  60 0.34 0.29 
  50 0.36 0.27 
  38.5 0.32 0.24 
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Table 5.7  NEOC Base Case FWCF 
Transient Results 

 

Power (% rated) 
OPTIMA2  
∆CPR 

ATRIUM 10XM  
∆CPR 

TSSS Insertion Times 
100 0.31 0.29 
  90 0.35 0.33 
  80 0.39 0.38 
  70 0.45 0.43 
  60 0.52 0.50 
  50 0.62 0.59 
  38.5  0.79 0.76 
  38.5 at > 60%F below Pbypass 1.17 1.24 
  38.5 at ≤ 60%F below Pbypass 1.10 1.24 
  25 at > 60%F below Pbypass 1.40 1.42 
  25 at ≤ 60%F below Pbypass 1.33 1.42 

NSS Insertion Times 
100 0.28 0.26 
  90 0.31 0.30 
  80 0.36 0.35 
  70 0.42 0.40 
  60 0.49 0.48 
  50 0.60 0.57 
  38.5  0.77 0.74 

ISS Insertion Times 
100 0.28 0.27 
  90 0.32 0.30 
  80 0.37 0.35 
  70 0.42 0.41 
  60 0.50 0.48 
  50 0.60 0.58 
  38.5 0.78 0.74 

 

Controlled Document



 

Quad Cities Unit 2 Cycle 24 Representative 
Cycle Design Reload Safety Analysis 

ANP-3361NP 
Revision 0 
Page 5-23 

 

  
AREVA Inc.  

 

Table 5.8  EOCLB Base Case FWCF 
Transient Results 

 

Power (% rated) 
OPTIMA2  
∆CPR 

ATRIUM 10XM  
∆CPR 

TSSS Insertion Times 
100 0.34 0.31 
  90 0.37 0.34 
  80 0.41 0.38 
  70 0.46 0.43 
  60 0.52 0.50 
  50 0.62 0.59 
  38.5  0.79 0.76 
  38.5 at > 60%F below Pbypass 1.17 1.24 
  38.5 at ≤ 60%F below Pbypass 1.10 1.24 
  25 at > 60%F below Pbypass 1.40 1.42 
  25 at ≤ 60%F below Pbypass 1.33 1.42 

NSS Insertion Times 
100 0.32 0.29 
  90 0.35 0.32 
  80 0.39 0.37 
  70 0.44 0.41 
  60 0.50 0.48 
  50 0.60 0.57 
  38.5  0.77 0.74 

ISS Insertion Times 
100 0.32 0.29 
  90 0.35 0.33 
  80 0.40 0.37 
  70 0.45 0.41 
  60 0.51 0.48 
  50 0.60 0.58 
  38.5 0.78 0.74 
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Table 5.9  EOCLB Base Case IHPCIS 
Transient Results* 

 
 

Power (% rated) 
OPTIMA2  
∆CPR 

ATRIUM 10XM  
∆CPR 

All Insertion Times 
  80 0.19 0.22 
  50 0.58 0.53 
  38.5  0.79 0.73 
  38.5 at > 60%F below Pbypass 0.98 1.08 
  38.5 at ≤ 60%F below Pbypass 0.94 1.05 
  25 at > 60%F below Pbypass 0.98 0.96 
  25 at ≤ 60%F below Pbypass 1.08 0.98 

 
 

                                                
*  100% power analyses were not performed due to the significant available margin to limits.  
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Table 5.10  EOCLB Base Case LOSC 
Transient Results 

 
 

Power 
(% rated) 

OPTIMA2  
∆CPR 

ATRIUM 10XM  
∆CPR 

TSSS Insertion Times 
100 0.19 0.19 
  90 0.25 0.26 
  80 0.33 0.33 
  70 0.41 0.42 
  65 0.44 0.46 

NSS and ISS Insertion Times 
100 0.18 0.19 
  90 0.25 0.26 
  80 0.33 0.33 
  70 0.40 0.42 
  65 0.44 0.46 
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Table 5.11  Limiting Loss of Feedwater Heating 
Transient Analysis Results, All Exposures 

 
 

Power 
(% rated) 

OPTIMA2  
∆CPR 

ATRIUM 10XM  
∆CPR 

All Scram Insertion Times 
100 0.22 0.21 
  95 0.23 0.22 
  90 0.24 0.21 
  80 0.22 0.25 
  75 0.26 0.25 
  70 0.27 0.26 
  65 0.28 0.26 
  60 0.29 0.27 
  55 0.49 0.44 
  50 0.58 0.53 
  38.5 0.72 0.67 
  25 0.41 0.37 
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Table 5.12  Licensing Basis Core Average  
Axial Power Profile  

 
State Conditions for  

Power Shape Evaluation 

Power, MWt 2957.0 

MICROBURN-B2 
pressure, psia 1015.0 

Inlet subcooling, Btu/lbm 22.3 

Flow, Mlb/hr 105.84 

Control state ARO 

Core average exposure 
(EOCLB), MWd/MTU 36,774 

Licensing Axial Power Profile  
(Normalized) 

 
       Node  Power   

Top   24 0.241 
23 0.440 
22 0.908 
21 1.082 
20 1.208 
19 1.293 
18 1.354 
17 1.434 
16 1.478 
15 1.485 
14 1.458 
13 1.482 
12 1.448 
11 1.402 
10 1.340 
9 1.254 
8 1.134 
7 0.959 
6 0.773 
5 0.602 
4 0.466 
3 0.377 
2 0.294 

Bottom 1 0.090 
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Figure 5.1  EOCLB LRNB at 100P/108F – TSSS 
Key Parameters 
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Figure 5.2  EOCLB LRNB at 100P/108F – TSSS 
Sensed Water Level 
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Figure 5.3  EOCLB FWCF at 100P/108F – TSSS 
Key Parameters  
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Figure 5.4  EOCLB FWCF at 100P/108F – TSSS 
Sensed Water Level 
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Figure 5.5  SLO Pump Seizure at 50P/51F – TSSS 
Key Parameters  
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Figure 5.6  SLO Pump Seizure at 50P/51F – TSSS 
Sensed Water Level 
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6.0 Postulated Accidents 

6.1 Loss-of-Coolant Accident (LOCA) 

The results of the ATRIUM 10XM LOCA analysis are presented in References 22 and 23. The 

ATRIUM 10XM PCT is 2138°F. The peak local metal water reaction is 4.05% and the core wide 

metal water reaction is < 1%. The SLO MAPLHGR multiplier is 0.80. 

The LOCA analysis for OPTIMA2 fuel is presented in Reference 24 (UFSAR). 

6.2 Control Rod Drop Accident (CRDA) 

Quad Cities Unit 2 uses an analyzed rod sequence with a bank position withdrawal sequence 

(BPWS) rod group definition to limit high worth control rod movements. A CRDA evaluation was 

performed for A sequence startups consistent with the withdrawal sequence specified by Exelon 

in Reference 29. Reference 25 describes the approved AREVA generic CRDA methodology. 

Subsequent calculations have shown that the methodology is applicable to fuel modeled with 

the CASMO4/MICROBURN-B2 code system. The CRDA analysis was performed with the 

approved methodology described in Reference 25.  

The CRDA analysis results demonstrate that the maximum deposited fuel rod enthalpy is less 

than the NRC licensing threshold of 280 cal/g and that the estimated number of fuel rods that 

exceed the fuel damage threshold of 170 cal/g is less than the number of failed rods supported 

by the Quad Cities licensing basis. Quad Cities UFSAR Section 15.4.10 identifies a value of 850 

failed rods for 8x8 and 9x9 fuel designs which was later increased to 1153 rods for the GE14 

(10x10) fuel design at uprated power. The number of fuel rods estimated to exceed the fuel 

damage threshold is well below the more limiting value of 850 for all fuel designs.  

Maximum dropped control rod worth, mk  11.13 
Core average Doppler coefficient, ∆k/k/oF  –10.17 x 10−6 
Effective delayed neutron fraction  0.0052 
Four-bundle local peaking factor  1.389 
Maximum deposited fuel rod enthalpy, cal/g  190.6 
Maximum number of rods exceeding 170 cal/g  546 

6.3 Fuel and Equipment Handling Accident 

AREVA has performed a fuel handling accident analysis for the ATRIUM 10XM fuel design and 

determined that a maximum of 162 fuel rods fail.  This number of failed rods is less than the 176 
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failed rods in the GE14 10x10 FHA analysis, and is bounded by dose from the licensing basis 

failure of 111 fuel rods in the GE 7x7 fuel.  Therefore, the current fuel handling accident AST 

analysis remains applicable for the introduction of the ATRIUM 10XM fuel design. 

6.4 Fuel Loading Error (Infrequent Event) 

There are two types of fuel loading errors possible in a BWR: the mislocation of a fuel assembly 

in a core position prescribed to be loaded with another fuel assembly, and the misorientation of 

a fuel assembly with respect to the control blade. As described in Reference 26, the fuel loading 

error is characterized as an infrequent event. The acceptance criteria are that the offsite dose 

consequences due to the event shall not exceed a small fraction of the 10 CFR 50.67 limits. 

6.4.1 Mislocated Fuel Bundle 

AREVA has performed a cycle specific fuel mislocation error analysis for the Quad Cities Unit 2 

Cycle 24 representative core design which covers both the ATRIUM 10XM and OPTIMA2 fuel 

types. This analysis evaluated the impact of a mislocated assembly against potential fuel rod 

failure mechanisms due to increased LHGR and reduced CPR. Based on this analysis, the 

offsite dose criteria (a small fraction of 10 CFR 50.67) is conservatively satisfied. A dose 

consequence evaluation is not necessary since no rod approached the fuel centerline melt or 

1% strain limits, and less than 0.1% of the fuel rods are expected to experience boiling transition 

which could result in a dryout induced failure. 

6.4.2 Misoriented Fuel Bundle 

AREVA has performed cycle specific fuel assembly misorientation analyses for the ATRIUM 

10XM and OPTIMA2 fuel assemblies in the Quad Cities Unit 2 Cycle 24 representative core 

design. The analysis was performed assuming that the limiting assembly was loaded with either 

a 90° or 180° misorientation and depleted through the cycle without operator interaction. These 

analyses demonstrate that the small fraction of 10 CFR 50.67 offsite dose criteria is 

conservatively satisfied. A dose consequence evaluation is not necessary since less than 0.1% 

of fuel rods approached the fuel centerline melt or 1% strain limits and less than 0.1% of the fuel 

rods are expected to experience boiling transition. 
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7.0 Special Analyses 

7.1 ASME Overpressurization Analysis 

This section describes the maximum overpressurization analyses performed to demonstrate 

compliance with the ASME Boiler and Pressure Vessel Code. The analysis shows that the 

safety and safety/relief valves at Quad Cities Unit 2 have sufficient capacity and performance to 

prevent the reactor vessel pressure from reaching the safety limit of 110% of the design 

pressure. 

Analyses were performed with the AREVA plant simulator code COTRANSA2 (Reference 16) 

for 102% power and both 95.3% and 108% core flow at the highest Cycle 24 exposure where 

rated power operation can be attained. The following events were evaluated: MSIV closure, 

TCV closure, TSV closure and the FWCF event with TBVOOS.  The limiting overpressurization 

event was the FWCF with TBVOOS. The base FWCF event is described in Section 5.1.3. The 

main differences in the FWCF overpressurization analysis are that no credit is taken for the 

direct scram on TSV position or pressure relief from the turbine bypass valves. Sensitivity 

analyses showed that crediting the ATWS-RPT resulted in higher peak vessel and peak dome 

pressures. The following assumptions were made in the analysis: 

• The most critical active component (direct scram on valve position) was assumed to fail. 
However, scram on high neutron flux and high dome pressure is available. 

• The plant configuration analyzed assumed that one of the lowest setpoint safety or 
safety/relief valves is inoperable. No credit was taken for relief valve operation. 

• The turbine bypass valves are assumed out of service. 

• TSSS insertion times were used. 

• A nominal ATWS-RPT set point of 1170 psig was used. 

• The initial dome pressure was set at the maximum allowed by the Technical 
Specifications, 1019.7 psia (1005 psig). 

Results of the limiting overpressurization analyses are presented in Table 7.1. Figures 7.1 – 7.4 

show the response of various reactor plant parameters during the limiting FWCF with TBVOOS 

event. The maximum pressure of 1362 psig occurs in the lower plenum. The maximum dome 

pressure for the same event is 1342 psig. These peak pressure results have been adjusted to 

address NRC concerns associated with the void-quality correlation and Doppler effects. The 

effects of exposure-dependent thermal conductivity degradation were included in the analysis. 

The results demonstrate that the maximum vessel pressure limit of 1375 psig and dome 

Controlled Document



 

Quad Cities Unit 2 Cycle 24 Representative 
Cycle Design Reload Safety Analysis 

ANP-3361NP 
Revision 0 

Page 7-2 
 

  
AREVA Inc.  

pressure limit of 1345 psig are not exceeded. The ASME analysis results are applicable to all 

EOOS conditions presented in Table 1.1. 

7.2 ATWS Event Evaluation 

7.2.1 ATWS Overpressurization Analysis 

This section describes the analyses performed to demonstrate that the peak vessel pressure for 

the limiting ATWS event is less than the ASME Service Level C limit of 120% of the design 

pressure (1500 psig). The ATWS overpressurization analyses were performed at 100% power 

at 95.3% and 108% flow. The MSIV closure and pressure regulator failure open (PRFO) events 

were evaluated. Failure of the pressure regulator in the open position causes the turbine control 

and turbine bypass valves to open such that steam flow increases until the maximum flow 

through all TCVs and all 9 turbine bypass valves is attained. The system pressure decreases 

until the low pressure setpoint is reached, resulting in the closure of the MSIVs. The resulting 

pressurization wave causes a decrease in core voids and an increase in core pressure thereby 

increasing the core power.  

The following assumptions were made in the analyses: 

• The analytical limit ATWS-RPT setpoint (1200 psig) and function were assumed.  

• All relief, safety and safety/relief valves were assumed in service.  

• All scram functions were disabled.  

• The initial dome pressure was set to 1004.3 psia. 

• The MSIV closure is based on a nominal closure time of 4.0 seconds for both events.  

Results of ATWS overpressurization analyses are presented in Table 7.2. Figures 7.5 – 7.8 

show the response of various reactor plant parameters during the limiting PRFO event, the 

event which results in the maximum vessel pressure. The maximum lower plenum pressure is 

1489 psig and the maximum dome pressure is 1473 psig. The peak pressure results have been 

adjusted to address NRC concerns associated with the void-quality correlation and Doppler 

effects. The effects of exposure-dependent thermal conductivity degradation were included in 

the analysis. The results demonstrate that the ATWS maximum vessel pressure limit of 1500 

psig is not exceeded. 

The analyses also showed that 57 seconds after event initiation, the maximum pressure in the 

reactor vessel at the SLC system injection elevation is 1346 psig.  
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7.2.2 Long-Term Evaluation 

Fuel design differences may impact the power and pressure excursion experienced during the 

ATWS event. This in turn may impact the amount of steam discharged to the suppression pool 

and containment. [  

 

 

 

 ]  

Relative to the 10 CFR 50.46 acceptance criteria (i.e., PCT and cladding oxidation), the 

consequences of an ATWS event are bound by those of the limiting LOCA event.  

7.3 Standby Liquid Control System 

In the event that the control rod scram function becomes incapable of rendering the core in a 

shutdown state, the standby liquid control (SLC) system is required to be capable of bringing the 

reactor from full power to a cold shutdown condition at any time in the core life. The Quad Cities 

Unit 2 SLC system is required to be able to inject 918 ppm natural boron equivalent at 68°F into 

the reactor coolant (including a 25% allowance for imperfect mixing, leakage, and volume of 

other piping connected to the reactor). AREVA has performed an analysis that demonstrates 

that the SLC system meets the required shutdown capability for the Cycle 24 representative 

core design. The analysis was performed to support a coolant temperature of 358.3°F with a 

boron concentration equivalent to 918 ppm at 68°F. The temperature of 358.3°F corresponds to 

the low pressure permissive for the RHR shutdown cooling suction valves, and represents the 

maximum reactivity condition with soluble boron in the coolant. The analysis shows the core to 

be subcritical throughout the cycle by at least 6.54% Δk/k. 

Controlled Document



 

Quad Cities Unit 2 Cycle 24 Representative 
Cycle Design Reload Safety Analysis 

ANP-3361NP 
Revision 0 

Page 7-4 
 

  
AREVA Inc.  

 
 
 

Table 7.1  ASME Overpressurization 
Analysis Results*  

 
 

Event 

Peak 
Neutron 

Flux 
(% rated) 

Peak 
Heat 
Flux 

(% rated) 

Maximum  
Vessel  

Pressure 
Lower-Plenum 

(psig) 

Maximum  
Dome 

Pressure 
(psig) 

MSIV Closure 
(102P/108F) 

282 127 1360 1340 

MSIV Closure 
(102P/95.3F) 

268 126 1359 1340 

TCV Closure 
(102P/108F) 

454 128 1360 1340 

TCV Closure 
(102P/95.3F) 

398 127 1358 1339 

TSV Closure 
(102P/108F) 

453 128 1360 1340 

TSV Closure 
(102P/95.3F) 

397 127 1358 1339 

FWCF with TBVOOS 
(102P/108F) 

477 133 1362 1342 

FWCF with TBVOOS 
(102P/95.3F) 

420 131 1360 1341 

 
 
 
 
 
 
 

                                                
* The peak pressure results include adjustments to address the NRC concerns discussed in 

Section 7.1. 
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Table 7.2  ATWS Overpressurization 
Analysis Results*  

 
 

Event 

Peak 
Neutron 

Flux 
(% rated) 

Peak 
Heat 
Flux 

(% rated) 

Maximum  
Vessel  

Pressure 
Lower-Plenum 

(psig) 

Maximum  
Dome 

Pressure 
(psig) 

MSIV closure 
(100P/108F) 237 150 1468 1452 

MSIV closure 
(100P/95.3F) 230 147 1479 1463 

PRFO 
(100P/108F) 251 158 1480 1464 

PRFO 
(100P/95.3F) 240 154 1489 1473 

 
 
 

                                                
* The peak pressure results include adjustments to address the NRC concerns discussed in 

Section 7.2. 
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Figure 7.1  FWCF with TBVOOS ASME Overpressurization Event at 
102P/108F – Key Parameters 
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Figure 7.2  FWCF with TBVOOS ASME Overpressurization Event at 
102P/108F – Sensed Water Level  
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Figure 7.3  FWCF with TBVOOS ASME Overpressurization Event at 
102P/108F – Vessel Pressures*  

                                                
* The pressures presented in this figure do not include the adjustments associated with the NRC 

concerns discussed in Section 7.1. 
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Figure 7.4  FWCF with TBVOOS ASME Overpressurization Event at 
102P/108F – Safety/Relief Valve Flow Rates 
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Figure 7.5  PRFO ATWS Overpressurization Event at 
100P/95.3F – Key Parameters 
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Figure 7.6  PRFO ATWS Overpressurization Event at 
100P/95.3F – Sensed Water Level 
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Figure 7.7  PRFO ATWS Overpressurization Event at 
100P/95.3F – Vessel Pressures* 

                                                
* The pressures presented in this figure do not include the adjustments associated with the NRC 

concerns discussed in Section 7.2. 
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Figure 7.8  PRFO ATWS Overpressurization Event at 
100P/95.3F – Safety/Relief Valve Flow Rates 
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8.0 Operating Limits and COLR Input 

The thermal limits for the Quad Cities Unit 2 Cycle 24 representative core design are presented 

in this section.  Limits are provided to support base case two loop operation, base case single 

loop operation and several EOOS scenarios.  Several of the operating limits are applicable for 

multiple EOOS conditions.  Table 8.1 identifies the appropriate operating limits and multipliers 

(both MCPR and LHGRFAC) that should be applied for the various EOOS conditions. Table 8.1 

also presents any applicable power and core flow restrictions for the EOOS scenarios. The base 

case and EOOS limits and multipliers support operation with 8 of the 9 turbine bypass 

operational (i.e., 1 bypass valve out-of-service) with the exception of the TBVOOS condition in 

which all bypass valves are inoperable.  

8.1 MCPR Limits 

The determination of the MCPR limits for the Quad Cities Unit 2 Cycle 24 representative core 

design is based on the analyses of the limiting anticipated operational occurrences (AOOs). The 

MCPR operating limits are established so that less than 0.1% of the fuel rods in the core are 

expected to experience boiling transition during an AOO initiated from rated or off-rated 

conditions and are based on the Technical Specifications TLO SLMCPR of 1.12 and SLO 

SLMCPR of 1.14. Exposure-dependent MCPR limits were established to support operation from 

BOC to NEOC (core average exposure of 34,702 MWd/MTU) and NEOC to EOCLB (core 

average exposure of 36,774 MWd/MTU) as defined by the core average exposures listed in 

Table 5.1. The limits for the later exposure range can be used earlier in the cycle as they are the 

same or more conservative. 

Two-loop operation MCPRp limits for ATRIUM 10XM and OPTIMA2 fuel are presented in Tables 

8.2 – 8.13 for base case operation and the EOOS conditions. Limits are presented for NSS, ISS 

and TSSS insertion times for the exposure ranges considered. Tables 8.2 – 8.7 present the 

exposure-dependent MCPRp limits for the ATRIUM 10XM fuel for all scram insertion times. 

Tables 8.8 – 8.13 present the exposure-dependent MCPRp limits for the OPTIMA2 fuel for all 

scram insertion times. All the MCPR limits support operation with any combination of 1 

SRVOOS, up to 40% of the TIP channels out-of-service, and up to 50% of the LPRMS out-of-

service. 

MCPRp limits for SLO are presented in Tables 8.14 and 8.15. The SLO MCPRp limits are 

established using the TLO AOO results, a SLMCPR of 1.14 and the results of the SLO pump 
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seizure analysis. In most cases, the pump seizure analysis results are limiting for power levels 

between 38.5 and 50% of rated. Single loop operation is limited to operation less than 50% 

rated power and less than 51% core flow (50 Mlbm/hr). The core monitoring system may require 

inputs below Pbypass for core flows above and below 60% of rated even though SLO is limited to 

core flows below 51% of rated. The below Pbypass SLO MCPRp limits presented in Tables 8.14 

and 8.15 can be used for the high and low flow values in the core monitoring system input.  

MCPRf limits that protect against fuel failures during a postulated slow flow excursion are 

presented in Table 8.16 and are applicable for all Cycle 24 exposures. 

The MCPRp and MCPRf limits presented in Tables 8.2 through 8.16 are operating limit MCPR 

values. The margin to the OLMCPR is determined using the limiting or highest MCPR from the 

applicable MCPRp or MCPRf limits for the given power/flow statepoint.  

If there is a need to input MCPRp limits in the core monitoring system for power levels above 

100% of rated, the rated power MCPRp limit can be used as it would be bounding. 

8.2 LHGR Limits 

The LHGR limits for ATRIUM 10XM fuel are presented in Table 8.17. The LHGR limits for 

OPTIMA2 fuel presented in Reference 28 remain applicable for transition cores. The power- and 

flow-dependent multipliers (LHGRFACp and LHGRFACf) are applied directly to the LHGR limits 

to protect against fuel melting and overstraining of the cladding during an AOO. 

The ATRIUM 10XM LHGRFACp multipliers are determined using the RODEX4 thermal-

mechanical methodology (Reference 27). A process consistent with the Westinghouse thermal-

mechanical methodology was used to determine LHGRFACp multipliers from the transient 

analyses for OPTIMA2 fuel. Exposure-dependent LHGRFACp multipliers were established to 

support base case and EOOS operation from BOC to NEOC (core average exposure of 34,702 

MWd/MTU) and from NEOC to EOCLB (core average exposure of 36,774 MWd/MTU) for NSS, 

ISS and TSSS insertion times. The ATRIUM 10XM and OPTIMA2 LHGRFACp multipliers are 

presented in Tables 8.18 through 8.24. The LHGR multipliers for the later exposure range can 

be used earlier in the cycle as they are the same or more conservative. 

LHGRFACf multipliers are established to provide protection against fuel centerline melt and 

overstraining of the cladding during a postulated slow flow excursion. For ATRIUM 10XM and 
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OPTIMA2 fuel, the LHGRFACf multipliers are presented in Tables 8.25 and 8.26 respectively. 

They are applicable for all Cycle 24 exposures and the EOOS conditions identified in Table 8.1. 

The LHGRFACp and LHGRFACf multipliers presented in Tables 8.18 through 8.26 are applied to 

the ATRIUM 10XM and OPTIMA2 LHGR limits. In all conditions, the margin to the LHGR limits 

is determined by applying the lowest multiplier from the applicable LHGRFACp and LHGRFACf 

multipliers for the power/flow statepoint of interest to the steady-state LHGR limit. 

If there is a need to input LHGRFACp multipliers in the core monitoring system for power levels 

above 100% of rated, the rated power LHGRFACp multiplier can be used.  

8.3 MAPLHGR Limits 

The ATRIUM 10XM TLO MAPLHGR limits are presented in Tables 8.27 and 8.28. For operation 

in SLO, a multiplier of 0.8 must be applied to the TLO MAPLHGR limits.  

The OPTIMA2 MAPLHGR limits (including the SLO MAPLHGR multiplier) are presented in 

Reference 28 and remain applicable for transition cores.  
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Table 8.1  Applicable Operating Limits and Multipliers for EOOS Conditions* 
 

EOOS Condition 
Applicable MCPRp Limits and 
LHGRFACp Multipliers 

Applicable  
MCPRf Limits 

Power/Flow 
restrictions 

Base TLO Base TLO Base  

Base SLO Base SLO Base <50%P, <51%F 

FHOOS FHOOS Base  

PLUOOS TLO TCV Slow TLO Base  

PLUOOS SLO TCV Slow SLO Base <50%P, <51%F 

PLUOOS TLO FHOOS TCV Slow TLO and FHOOS Base  

PLUOOS and 1 stuck closed 
TCV/TSV TLO  TCV Slow TLO 1 stuck closed TCV/TSV <75%P 

TBVOOS TLO TBVOOS TLO TBVOOS  

TBVOOS SLO TBVOOS SLO TBVOOS <50%P, <51%F 

TBVOOS TLO FHOOS TBVOOS and FHOOS TBVOOS  

TCV Slow TLO TCV Slow TLO Base  

TCV Slow SLO TCV Slow SLO Base <50%P, <51%F 

TCV Slow TLO FHOOS TCV Slow TLO and FHOOS Base  

1 stuck closed TCV/TSV TLO Base TLO 1 stuck closed TCV/TSV <75%P 

1 stuck closed TCV/TSV SLO Base SLO 1 stuck closed TCV/TSV <50%P, <51%F 

1 stuck closed TCV/TSV TLO 
FHOOS FHOOS 1 stuck closed TCV/TSV <75%P 

PCOOS TLO TCV Slow TLO Base  

PCOOS SLO TCV Slow SLO Base <50%P, <51%F 

PCOOS TLO FHOOS TCV Slow TLO and FHOOS Base  

PCOOS and PLUOOS TLO TCV Slow TLO Base  

PCOOS and 1 stuck closed 
TCV/TSV TLO TCV Slow TLO 1 stuck closed TCV/TSV <75%P 

One MSIVOOS TLO Base TLO One MSIVOOS <75%P 

One MSIVOOS SLO Base SLO One MSIVOOS <50%P, <51%F 

One MSIVOOS TLO and 
FHOOS FHOOS One MSIVOOS <75%P 

                                                
*  LHGRFACf multipliers presented in Tables 8.25 and 8.26 for ATRIUM 10XM and OPTIMA2 fuel are 

applicable for all base case and EOOS conditions. 
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Table 8.2  ATRIUM 10XM TLO MCPRp Limits for NSS Insertion Times 
BOC to 34,702 MWd/MTU Core Average Exposure 

 
EOOS 
Condition 

Core Flow 
(% rated) 

Core Power (% rated) 

0 25 ≤ 38.5 >38.5 70 100 
Base ≤ 60 2.54 2.54 2.36 

1.86  1.44 
> 60 2.78 2.78 2.36 

TBVOOS ≤ 60 3.41 3.41 2.54 
1.94  1.47 

> 60 3.51 3.51 2.73 
TCV Slow 
Closure 

≤ 60 2.54 2.54 2.36 
2.33 1.98 1.44 

> 60 2.78 2.78 2.36 
FHOOS ≤ 60 2.75 2.75 2.43 

1.97  1.44 
> 60 2.78 2.78 2.43 

TBVOOS and 
FHOOS 

≤ 60 3.55 3.55 2.65 
2.01  1.47 

> 60 3.71 3.71 2.81 
TCV Slow 
Closure and 
FHOOS 

≤ 60 2.75 2.75 2.43 
2.33 1.98 1.44 

> 60 2.78 2.78 2.43 
 

Table 8.3  ATRIUM 10XM TLO MCPRp Limits for ISS Insertion Times 
BOC to 34,702 MWd/MTU Core Average Exposure 

 
EOOS 
Condition 

Core Flow 
(% rated) 

Core Power (% rated) 

0 25 ≤ 38.5 >38.5 70 100 
Base ≤ 60 2.54 2.54 2.36 

1.86  1.44 
> 60 2.78 2.78 2.36 

TBVOOS ≤ 60 3.41 3.41 2.54 
1.94  1.47 

> 60 3.51 3.51 2.73 
TCV Slow 
Closure 

≤ 60 2.54 2.54 2.36 
2.34 1.98 1.44 

> 60 2.78 2.78 2.36 
FHOOS ≤ 60 2.75 2.75 2.43 

1.97  1.44 
> 60 2.78 2.78 2.43 

TBVOOS and 
FHOOS 

≤ 60 3.55 3.55 2.65 
2.02  1.47 

> 60 3.71 3.71 2.81 
TCV Slow 
Closure and 
FHOOS 

≤ 60 2.75 2.75 2.43 
2.34 1.98 1.44 

> 60 2.78 2.78 2.43 
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Table 8.4  ATRIUM 10XM TLO MCPRp Limits for TSSS Insertion 
Times BOC to 34,702 MWd/MTU Core Average Exposure 

 
EOOS 
Condition 

Core Flow 
(% rated) 

Core Power (% rated) 

0 25 ≤ 38.5 >38.5 70 100 
Base ≤ 60 2.54 2.54 2.36 

1.88  1.44 
> 60 2.78 2.78 2.36 

TBVOOS ≤ 60 3.41 3.41 2.54 
1.94  1.47 

> 60 3.51 3.51 2.73 
TCV Slow 
Closure 

≤ 60 2.54 2.54 2.36 
2.35 2.00 1.47 

> 60 2.78 2.78 2.36 
FHOOS ≤ 60 2.75 2.75 2.43 

2.02  1.44 
> 60 2.78 2.78 2.43 

TBVOOS and 
FHOOS 

≤ 60 3.55 3.55 2.65 
2.04  1.48 

> 60 3.71 3.71 2.81 
TCV Slow 
Closure and 
FHOOS 

≤ 60 2.75 2.75 2.43 
2.35 2.00 1.47 

> 60 2.78 2.78 2.43 
 

Table 8.5  ATRIUM 10XM  TLO MCPRp Limits for NSS Insertion Times 
34,702 to 36,774 MWd/MTU Core Average Exposure 

 
EOOS 
Condition 

Core Flow 
(% rated) 

Core Power (% rated) 

0 25 ≤ 38.5 >38.5 70 100 
Base ≤ 60 2.54 2.54 2.36 

1.86  1.44 
> 60 2.78 2.78 2.36 

TBVOOS ≤ 60 3.41 3.41 2.54 
1.94  1.47 

> 60 3.51 3.51 2.73 
TCV Slow 
Closure 

≤ 60 2.54 2.54 2.36 
2.33 1.98 1.46 

> 60 2.78 2.78 2.36 
FHOOS ≤ 60 2.75 2.75 2.43 

1.97  1.44 
> 60 2.78 2.78 2.43 

TBVOOS and 
FHOOS 

≤ 60 3.55 3.55 2.65 
2.01  1.47 

> 60 3.71 3.71 2.81 
TCV Slow 
Closure and 
FHOOS 

≤ 60 2.75 2.75 2.43 
2.33 1.98 1.46 

> 60 2.78 2.78 2.43 
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Table 8.6  ATRIUM 10XM  TLO MCPRp Limits for ISS Insertion Times 
34,702 to 36,774 MWd/MTU Core Average Exposure 

 
EOOS 
Condition 

Core Flow 
(% rated) 

Core Power (% rated) 

0 25 ≤ 38.5 >38.5 70 100 
Base ≤ 60 2.54 2.54 2.36 

1.86  1.44 
> 60 2.78 2.78 2.36 

TBVOOS ≤ 60 3.41 3.41 2.54 
1.94  1.47 

> 60 3.51 3.51 2.73 
TCV Slow 
Closure 

≤ 60 2.54 2.54 2.36 
2.34 1.98 1.46 

> 60 2.78 2.78 2.36 
FHOOS ≤ 60 2.75 2.75 2.43 

1.97  1.44 
> 60 2.78 2.78 2.43 

TBVOOS and 
FHOOS 

≤ 60 3.55 3.55 2.65 
2.02  1.48 

> 60 3.71 3.71 2.81 
TCV Slow 
Closure and 
FHOOS 

≤ 60 2.75 2.75 2.43 
2.34 1.98 1.46 

> 60 2.78 2.78 2.43 
 

Table 8.7  ATRIUM 10XM TLO MCPRp Limits for TSSS Insertion 
Times 34,702 to 36,774 MWd/MTU Core Average Exposure 

 
EOOS 
Condition 

Core Flow 
(% rated) 

Core Power (% rated) 

0 25 ≤ 38.5 >38.5 70 100 
Base ≤ 60 2.54 2.54 2.36 

1.88  1.45 
> 60 2.78 2.78 2.36 

TBVOOS ≤ 60 3.41 3.41 2.54 
1.94  1.49 

> 60 3.51 3.51 2.73 
TCV Slow 
Closure 

≤ 60 2.54 2.54 2.36 
2.35 2.00 1.49 

> 60 2.78 2.78 2.36 
FHOOS ≤ 60 2.75 2.75 2.43 

2.02  1.45 
> 60 2.78 2.78 2.43 

TBVOOS and 
FHOOS 

≤ 60 3.55 3.55 2.65 
2.04  1.50 

> 60 3.71 3.71 2.81 
TCV Slow 
Closure and 
FHOOS 

≤ 60 2.75 2.75 2.43 
2.35 2.00 1.49 

> 60 2.78 2.78 2.43 
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Table 8.8  OPTIMA2 TLO MCPRp Limits for NSS Insertion Times 
 BOC to 34,702 MWd/MTU Core Average Exposure  

 
EOOS 
Condition 

Core Flow 
(% rated) 

Core Power (% rated) 

0 25 ≤ 38.5 >38.5 70 100 
Base ≤ 60 2.45 2.45 2.22 

1.91  1.44 
> 60 2.70 2.70 2.32 

TBVOOS ≤ 60 3.28 3.28 2.45 
1.97  1.47 

> 60 3.59 3.59 2.77 
TCV Slow 
Closure 

≤ 60 2.45 2.45 2.30 
2.30 1.97 1.46 

> 60 2.70 2.70 2.32 
FHOOS ≤ 60 2.65 2.65 2.32 

2.03  1.44 
> 60 2.73 2.73 2.40 

TBVOOS and 
FHOOS 

≤ 60 3.41 3.41 2.52 
2.07  1.47 

> 60 3.70 3.70 2.87 
TCV Slow 
Closure and 
FHOOS 

≤ 60 2.65 2.65 2.32 
2.30 1.97 1.46 

> 60 2.73 2.73 2.40 
 

Table 8.9  OPTIMA2 TLO MCPRp Limits for ISS Insertion Times  
BOC to 34,702 MWd/MTU Core Average Exposure 

 
EOOS 
Condition 

Core Flow 
(% rated) 

Core Power (% rated) 

0 25 ≤ 38.5 >38.5 70 100 
Base ≤ 60 2.45 2.45 2.22 

1.91  1.44 
> 60 2.70 2.70 2.32 

TBVOOS ≤ 60 3.28 3.28 2.45 
1.97  1.47 

> 60 3.59 3.59 2.77 
TCV Slow 
Closure 

≤ 60 2.45 2.45 2.31 
2.31 1.98 1.47 

> 60 2.70 2.70 2.32 
FHOOS ≤ 60 2.65 2.65 2.32 

2.03  1.44 
> 60 2.73 2.73 2.40 

TBVOOS and 
FHOOS 

≤ 60 3.41 3.41 2.52 
2.08  1.47 

> 60 3.70 3.70 2.87 
TCV Slow 
Closure and 
FHOOS 

≤ 60 2.65 2.65 2.32 
2.31 1.98 1.47 

> 60 2.73 2.73 2.40 
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Table 8.10  OPTIMA2 TLO MCPRp Limits for TSSS Insertion Times 
BOC to 34,702 MWd/MTU Core Average Exposure 

 
EOOS 
Condition 

Core Flow 
(% rated) 

Core Power (% rated) 

0 25 ≤ 38.5 >38.5 70 100 
Base ≤ 60 2.45 2.45 2.22 

1.91  1.46 
> 60 2.70 2.70 2.32 

TBVOOS ≤ 60 3.28 3.28 2.45 
2.00  1.50 

> 60 3.59 3.59 2.77 
TCV Slow 
Closure 

≤ 60 2.45 2.45 2.32 
2.32 2.01 1.50 

> 60 2.70 2.70 2.32 
FHOOS ≤ 60 2.65 2.65 2.32 

2.06  1.46 
> 60 2.73 2.73 2.40 

TBVOOS and 
FHOOS 

≤ 60 3.41 3.41 2.52 
2.12  1.51 

> 60 3.70 3.70 2.87 
TCV Slow 
Closure and 
FHOOS 

≤ 60 2.65 2.65 2.32 
2.32 2.01 1.50 

> 60 2.73 2.73 2.40 
 

Table 8.11  OPTIMA2 TLO MCPRp Limits for NSS Insertion Times 
34,702 to 36,774 MWd/MTU Core Average Exposure 

 
EOOS 
Condition 

Core Flow 
(% rated) 

Core Power (% rated) 

0 25 ≤ 38.5 >38.5 70 100 
Base ≤ 60 2.45 2.45 2.22 

1.91  1.46 
> 60 2.70 2.70 2.32 

TBVOOS ≤ 60 3.28 3.28 2.45 
1.97  1.50 

> 60 3.59 3.59 2.77 
TCV Slow 
Closure 

≤ 60 2.45 2.45 2.30 
2.30 1.98 1.50 

> 60 2.70 2.70 2.32 
FHOOS ≤ 60 2.65 2.65 2.32 

2.03  1.46 
> 60 2.73 2.73 2.40 

TBVOOS and 
FHOOS 

≤ 60 3.41 3.41 2.52 
2.07  1.51 

> 60 3.70 3.70 2.87 
TCV Slow 
Closure and 
FHOOS 

≤ 60 2.65 2.65 2.32 
2.30 1.98 1.50 

> 60 2.73 2.73 2.40 
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Table 8.12  OPTIMA2 TLO MCPRp Limits for ISS Insertion Times 
34,702 to 36,774 MWd/MTU Core Average Exposure 

 
EOOS 
Condition 

Core Flow 
(% rated) 

Core Power (% rated) 

0 25 ≤ 38.5 >38.5 70 100 
Base ≤ 60 2.45 2.45 2.22 

1.91  1.47 
> 60 2.70 2.70 2.32 

TBVOOS ≤ 60 3.28 3.28 2.45 
1.97  1.50 

> 60 3.59 3.59 2.77 
TCV Slow 
Closure 

≤ 60 2.45 2.45 2.31 
2.31 1.99 1.50 

> 60 2.70 2.70 2.32 
FHOOS ≤ 60 2.65 2.65 2.32 

2.03  1.47 
> 60 2.73 2.73 2.40 

TBVOOS and 
FHOOS 

≤ 60 3.41 3.41 2.52 
2.08  1.51 

> 60 3.70 3.70 2.87 
TCV Slow 
Closure and 
FHOOS 

≤ 60 2.65 2.65 2.32 
2.31 1.99 1.50 

> 60 2.73 2.73 2.40 
 

Table 8.13  OPTIMA2 TLO MCPRp Limits for TSSS Insertion Times 
34,702 to 36,774 MWd/MTU Core Average Exposure 

 
EOOS 
Condition 

Core Flow 
(% rated) 

Core Power (% rated) 

0 25 ≤ 38.5 >38.5 70 100 
Base ≤ 60 2.45 2.45 2.22 

1.91  1.49 
> 60 2.70 2.70 2.32 

TBVOOS ≤ 60 3.28 3.28 2.45 
2.00  1.52 

> 60 3.59 3.59 2.77 
TCV Slow 
Closure 

≤ 60 2.45 2.45 2.32 
2.32 2.03 1.52 

> 60 2.70 2.70 2.32 
FHOOS ≤ 60 2.65 2.65 2.32 

2.06  1.49 
> 60 2.73 2.73 2.40 

TBVOOS and 
FHOOS 

≤ 60 3.41 3.41 2.52 
2.12  1.53 

> 60 3.70 3.70 2.87 
TCV Slow 
Closure and 
FHOOS 

≤ 60 2.65 2.65 2.32 
2.32 2.03 1.52 

> 60 2.73 2.73 2.40 
 

Controlled Document



 

Quad Cities Unit 2 Cycle 24 Representative 
Cycle Design Reload Safety Analysis 

ANP-3361NP 
Revision 0 
Page 8-11 

 

  
AREVA Inc.  

 

Table 8.14  ATRIUM 10XM SLO MCPRp Limits All Exposures 
 

EOOS Condition Scram 
Speed 

Core Power (% rated) 

0 25 ≤ 38.5 >38.5 50 

SLO Base all 2.56 2.56 2.38 2.07 2.07 

SLO and TBVOOS all 3.43 3.43 2.56 2.07 2.07 

SLO and TCV Slow 
Closure 

NSS 2.56 2.56 2.38 2.35 2.23 

ISS 2.56 2.56 2.38 2.36 2.23 

TSS 2.56 2.56 2.38 2.37 2.25 
 
 
 
 

Table 8.15  OPTIMA2 SLO MCPRp Limits All Exposures 
 

EOOS Condition Scram 
Speed 

Core Power (% rated) 

0 25 ≤ 38.5 >38.5 50 

SLO Base all 2.47 2.47 2.24 2.15 2.15 

SLO and TBVOOS all 3.30 3.30 2.47 2.15 2.15 

SLO and TCV Slow 
Closure 

NSS 2.47 2.47 2.32 2.32 2.21 

ISS 2.47 2.47 2.33 2.33 2.22 

TSSS 2.47 2.47 2.34 2.34 2.24 
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Table 8.16  Flow-Dependent MCPR Limits 
ATRIUM 10XM and OPTIMA2 Fuel 

 
 

Core Flow 
(% of rated) 

 
ATRIUM 10XM 

 
OPTIMA2 

Supports base case, FHOOS, PCOOS, 
PLUOOS, TCV Slow Closure, PLUOOS and 

PCOOS in TLO and SLO 

0 1.70 1.70 

35 1.70 1.70 

108 1.19 1.19 

Supports any scenario with One MSIVOOS  

0 1.81 1.81 

35 1.81 1.81 

108 1.19 1.19 

Supports any scenario with TBVOOS  

0 1.91 1.91 

35 1.91 1.91 

108 1.35 1.35 

Supports any scenario with  
1 stuck closed TCV/TSV  

0 2.85 2.85 

35 2.85 2.85 

108 1.54 1.54 
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Table 8.17  Steady-State 
LHGR Limits 

 
 

Peak  
Pellet Exposure  

(GWd/MTU) 

ATRIUM 10XM 
LHGR  
(kW/ft) 

  0.0 14.1 

18.9 14.1 

74.4 7.4 
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Table 8.18  ATRIUM 10XM LHGRFACp Multipliers for  
All Scram Insertion Times, All Exposures 

 
EOOS Condition Core Flow 

(% rated) 
Core Power (% rated) 

0 25 ≤ 38.5 >38.5 ≤ 60 >60 100 

Base ≤ 60 0.44 0.44 0.51 
0.53 0.73 0.85 0.98 

> 60 0.44 0.44 0.51 
TBVOOS ≤ 60 0.37 0.37 0.48 

0.53 0.73 0.85 0.97 
> 60 0.37 0.37 0.48 

TCV Slow 
Closure 

≤ 60 0.44 0.44 0.51 
0.53 0.73 0.85 0.98 

> 60 0.44 0.44 0.51 
FHOOS ≤ 60 0.39 0.39 0.48 

0.53 0.73 0.83 0.98 
> 60 0.39 0.39 0.48 

TBVOOS and 
FHOOS 

≤ 60 0.34 0.34 0.45 
0.53 0.73 0.82 0.97 

> 60 0.34 0.34 0.45 
TCV Slow 
Closure and 
FHOOS 

≤ 60 0.39 0.39 0.48 
0.53 0.73 0.83 0.98 

> 60 0.39 0.39 0.48 
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Table 8.19  OPTIMA2 LHGRFACp Multipliers for NSS Insertion Times 
BOC to 34,702 MWd/MTU Core Average Exposure 

 
EOOS 
Condition 

Core Flow 
(% rated) 

Core Power (% rated) 

0 25 ≤38.5 >38.5 50 70 80 <90 ≥90 100 

Base ≤ 60 0.45 0.45 0.50 
0.54 0.63 0.78 0.85 0.85 0.93 0.95 

> 60 0.44 0.44 0.50 
TBVOOS ≤ 60 0.35 0.35 0.47 

0.54 0.63 0.76 0.80 0.83 0.83 0.84 
> 60 0.35 0.35 0.43 

TCV Slow 
Closure 

≤ 60 0.45 0.45 0.50 
0.54 0.62 0.66 0.85 0.85 0.93 0.95 

> 60 0.44 0.44 0.50 
FHOOS ≤ 60 0.40 0.40 0.48 

0.54 0.63 0.71 0.80 0.82 0.82 0.85 
> 60 0.40 0.40 0.48 

TBVOOS 
and FHOOS 

≤ 60 0.33 0.33 0.44 
0.54 0.63 0.71 0.78 0.80 0.80 0.83 

> 60 0.33 0.33 0.42 
TCV Slow 
Closure and 
FHOOS 

≤ 60 0.40 0.40 0.48 
0.54 0.62 0.66 0.80 0.82 0.82 0.85 

> 60 0.40 0.40 0.48 

 

 

Table 8.20  OPTIMA2 LHGRFACp Multipliers for ISS Insertion Times 
BOC to 34,702 MWd/MTU Core Average Exposure 

 
EOOS 
Condition 

Core Flow 
(% rated) 

Core Power (% rated) 

0 25 ≤38.5 >38.5 50 70 80 <90 ≥90 100 

Base ≤ 60 0.45 0.45 0.50 
0.54 0.63 0.77 0.85 0.85 0.93 0.95 

> 60 0.44 0.44 0.50 
TBVOOS ≤ 60 0.35 0.35 0.47 

0.54 0.63 0.76 0.80 0.82 0.82 0.83 
> 60 0.35 0.35 0.43 

TCV Slow 
Closure 

≤ 60 0.45 0.45 0.50 
0.54 0.62 0.66 0.85 0.85 0.93 0.95 

> 60 0.44 0.44 0.50 
FHOOS ≤ 60 0.40 0.40 0.48 

0.54 0.63 0.70 0.80 0.82 0.82 0.85 
> 60 0.40 0.40 0.48 

TBVOOS 
and FHOOS 

≤ 60 0.33 0.33 0.44 
0.54 0.63 0.70 0.78 0.80 0.80 0.83 

> 60 0.33 0.33 0.42 
TCV Slow 
Closure and 
FHOOS 

≤ 60 0.40 0.40 0.48 
0.54 0.62 0.66 0.80 0.82 0.82 0.85 

> 60 0.40 0.40 0.48 
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Table 8.21  OPTIMA2 LHGRFACp Multipliers for TSSS Insertion Times 
BOC to 34,702 MWd/MTU Core Average Exposure 

 
EOOS 
Condition 

Core Flow 
(% rated) 

Core Power (% rated) 

0 25 ≤38.5 >38.5 50 70 80 <90 ≥90 100 

Base ≤ 60 0.45 0.45 0.50 
0.54 0.63 0.74 0.83 0.83 0.93 0.95 

> 60 0.44 0.44 0.50 
TBVOOS ≤ 60 0.35 0.35 0.47 

0.54 0.63 0.73 0.80 0.81 0.81 0.83 
> 60 0.35 0.35 0.43 

TCV Slow 
Closure 

≤ 60 0.45 0.45 0.50 
0.54 0.62 0.65 0.83 0.83 0.93 0.94 

> 60 0.44 0.44 0.50 
FHOOS ≤ 60 0.40 0.40 0.48 

0.54 0.62 0.67 0.79 0.82 0.82 0.85 
> 60 0.40 0.40 0.48 

TBVOOS 
and FHOOS 

≤ 60 0.33 0.33 0.44 
0.54 0.62 0.67 0.76 0.79 0.79 0.83 

> 60 0.33 0.33 0.42 
TCV Slow 
Closure and 
FHOOS 

≤ 60 0.40 0.40 0.48 
0.54 0.62 0.65 0.79 0.82 0.82 0.85 

> 60 0.40 0.40 0.48 

 

 

Table 8.22  OPTIMA2 LHGRFACp Multipliers for NSS Insertion Times 
34,702 to 36,774 MWd/MTU Core Average Exposure 

 
EOOS 
Condition 

Core Flow 
(% rated) 

Core Power (% rated) 

0 25 ≤38.5 >38.5 50 70 80 90 <92 ≥92 100 

Base ≤ 60 0.45 0.45 0.50 
0.54 0.63 0.77 0.82 0.85 0.85 0.93 0.94 

> 60 0.44 0.44 0.50 
TBVOOS ≤ 60 0.35 0.35 0.47 

0.54 0.63 0.74 0.79 0.81   0.84 
> 60 0.35 0.35 0.43 

TCV Slow 
Closure 

≤ 60 0.45 0.45 0.50 
0.54 0.62 0.66 0.82 0.85 0.85 0.93 0.93 

> 60 0.44 0.44 0.50 
FHOOS ≤ 60 0.40 0.40 0.48 

0.54 0.63 0.70 0.80 0.82   0.85 
> 60 0.40 0.40 0.48 

TBVOOS 
and FHOOS 

≤ 60 0.33 0.33 0.44 
0.54 0.63 0.70 0.77 0.80   0.83 

> 60 0.33 0.33 0.42 
TCV Slow 
Closure and 
FHOOS 

≤ 60 0.40 0.40 0.48 
0.54 0.62 0.66 0.80 0.82   0.85 

> 60 0.40 0.40 0.48 
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Table 8.23  OPTIMA2 LHGRFACp Multipliers for ISS Insertion Times 
34,702 to 36,774 MWd/MTU Core Average Exposure 

 
EOOS 
Condition 

Core Flow 
(% rated) 

Core Power (% rated) 

0 25 ≤38.5 >38.5 50 70 80 90 <93 ≥93 100 

Base ≤ 60 0.45 0.45 0.50 
0.54 0.63 0.77 0.82 0.85 0.85 0.92 0.93 

> 60 0.44 0.44 0.50 
TBVOOS ≤ 60 0.35 0.35 0.47 

0.54 0.63 0.74 0.79 0.81   0.83 
> 60 0.35 0.35 0.43 

TCV Slow 
Closure 

≤ 60 0.45 0.45 0.50 
0.54 0.62 0.66 0.82 0.85 0.85 0.92 0.93 

> 60 0.44 0.44 0.50 
FHOOS ≤ 60 0.40 0.40 0.48 

0.54 0.63 0.70 0.79 0.82   0.85 
> 60 0.40 0.40 0.48 

TBVOOS 
and FHOOS 

≤ 60 0.33 0.33 0.44 
0.54 0.63 0.70 0.77 0.80   0.83 

> 60 0.33 0.33 0.42 
TCV Slow 
Closure and 
FHOOS 

≤ 60 0.40 0.40 0.48 
0.54 0.62 0.66 0.79 0.82   0.85 

> 60 0.40 0.40 0.48 

 

 

Table 8.24  OPTIMA2 LHGRFACp Multipliers for TSSS Insertion 
Times 34,702 to 36,774 MWd/MTU Core Average Exposure 

 
EOOS 
Condition 

Core Flow 
(% rated) 

Core Power (% rated) 

0 25 ≤38.5 >38.5 50 70 80 90 <97 ≥97 100 

Base ≤ 60 0.45 0.45 0.50 
0.54 0.63 0.74 0.81 0.83 0.85 0.92 0.92 

> 60 0.44 0.44 0.50 
TBVOOS ≤ 60 0.35 0.35 0.47 

0.54 0.63 0.73 0.78 0.80   0.82 
> 60 0.35 0.35 0.43 

TCV Slow 
Closure 

≤ 60 0.45 0.45 0.50 
0.54 0.62 0.64 0.81 0.83 0.85 0.92 0.92 

> 60 0.44 0.44 0.50 
FHOOS ≤ 60 0.40 0.40 0.48 

0.54 0.62 0.67 0.79 0.82   0.85 
> 60 0.40 0.40 0.48 

TBVOOS 
and FHOOS 

≤ 60 0.33 0.33 0.44 
0.54 0.62 0.67 0.76 0.79   0.82 

> 60 0.33 0.33 0.42 
TCV Slow 
Closure and 
FHOOS 

≤ 60 0.40 0.40 0.48 
0.54 0.62 0.64 0.79 0.82   0.85 

> 60 0.40 0.40 0.48 
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Table 8.25  ATRIUM 10XM 
LHGRFACf Multipliers 

All Cycle 24 Exposures, All EOOS 
 
 

Core Flow 
(% of rated) 

 
LHGRFACf 

  0.0 0.60 

35.0 0.60 

75.0 1.00 

108.0 1.00 
 
 
 
 
 
 
 
 
 

Table 8.26  OPTIMA2 
LHGRFACf Multipliers 

All Cycle 24 Exposures, All EOOS 
 
 

Core Flow 
(% of rated) 

 
LHGRFACf 

  0.0 0.45 

35.0 0.45 

90.0 1.00 

108.0 1.00 
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Table 8.27  AREVA Fuel 
MAPLHGR Limits – Bottom Lattices 

 
 

Average Planar 
Exposure  

(GWd/MTU) 

ATRIUM 10XM 
MAPLHGR  

(kW/ft) 

0.0 11.7 

20.0 11.7 

67.0 6.6 

Limits for the following Cycle 24 lattices:  
  

 

 
 
 
 
 

Table 8.28  AREVA Fuel 
MAPLHGR Limits – Top Lattices 

 
 

Average Planar 
Exposure  

(GWd/MTU) 

ATRIUM 10XM 
MAPLHGR  

(kW/ft) 

0.0 11.7 

15.0 11.7 

67.0 6.6 

Limits for the following Cycle 24 lattices:  
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Nomenclature 
 
ADS automatic depressurization system  
ANS American Nuclear Society  
APF axial peaking factor 

BL broken loop 
BOL beginning of life  
BWR boiling-water reactor  

CFR Code of Federal Regulations  

DEG double-ended guillotine  

ECCS emergency core cooling system  
EDG emergency diesel generator  
EOB end of blowdown  
EPU extended power uprate 

HPCI high-pressure coolant injection  

ID inside diameter 

LOCA loss-of-coolant accident  
LPCI low-pressure coolant injection  
LPCS low-pressure core spray  

MAPLHGR maximum average planar linear heat generation rate  
MCPR minimum critical power ratio  
MSIV main steam isolation valve 
MWR metal-water reaction  

NRC Nuclear Regulatory Commission, U.S.  

OD outside diameter 

PCT peak cladding temperature  
PD pump discharge 
PS pump suction 

RDIV recirculation discharge isolation valve 
RPF radial peaking factor 

SF-ADS single failure of ADS valve 
SF-DGEN single failure of diesel generator  
SF-HPCI single failure of the HPCI system  
SF-LPCI single failure of an LPCI injection valve  
SF-LSL single failure of the loop selection logic 
SLO single-loop operation  

TCV turbine control valve 
TLO two-loop operation 
TSV turbine step valve 

UFSAR updated safety analysis report 

VDC volts direct current 
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1.0 Introduction 

The results of a loss-of-coolant accident (LOCA) break spectrum analysis at extended power 

uprate (EPU) conditions for Quad Cities are documented in this report.  The purpose of the 

break spectrum analysis is to identify the parameters that result in the highest calculated peak 

cladding temperature (PCT) during a postulated LOCA.  The LOCA parameters addressed in 

this report include the following: 

• Break location  
• Break type (double-ended guillotine (DEG) or split)  
• Break size  
• Limiting emergency core cooling system (ECCS) single failure  
• Axial power shape (top- or mid-peaked)  

The analyses documented in this report were performed with LOCA Evaluation Models 

developed by AREVA Inc. (AREVA) and approved for reactor licensing analyses by the U.S. 

Nuclear Regulatory Commission (NRC).  The models and computer codes used by AREVA for 

LOCA analyses are collectively referred to as the EXEM BWR-2000 Evaluation Model  

(References 1 – 4).  The EXEM BWR-2000 Evaluation Model and NRC approval are 

documented in Reference 1.  A summary description of the LOCA analysis methodology is 

provided in Section 4.0.  The calculations described in this report were performed in 

conformance with 10 CFR 50 Appendix K requirements and satisfy the event acceptance 

criteria identified in 10 CFR 50.46.  [  

 

 ] 

The break spectrum analyses documented in this report were performed for a core composed 

entirely of ATRIUM™ 10XM* fuel at beginning-of-life (BOL) conditions.  Calculations assumed 

an initial core power of 102% of 2957 MWt, providing a licensing basis power of 3016.14 MWt. 

The 2.0% increase reflects the maximum uncertainty in monitoring reactor power, as per NRC 

requirements.  The limiting assembly in the core was assumed to be at a maximum average 

planar linear heat generation rate (MAPLHGR) limit of 11.7 kW/ft.  Other initial conditions used 

in the analyses are described in Section 4.0. 

This report identifies the limiting LOCA break characteristics (location, type, size, single failure 

and axial power shape) that will be used in future analyses to determine the MAPLHGR limit 

                                                
*  ATRIUM is a trademark of AREVA Inc. 
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versus exposure for ATRIUM 10XM fuel contained in Quad Cities.  Even though the limiting 

break will not change with exposure or nuclear fuel design, the value of PCT calculated for any 

given set of break characteristics is dependent on exposure and local power peaking.  

Therefore, heatup analyses are performed to determine the PCT versus exposure for each 

nuclear design in the core.  The heatup analyses are performed each cycle using the limiting 

boundary conditions determined in the break spectrum analysis.  The maximum PCT versus 

exposure from the heatup analyses are documented in the MAPLHGR report. 

[  

 ]  Limiting reactor power and core flow conditions were selected 

with consideration for the EPU range of operating conditions.  This report also addresses 

long-term coolability. 

The impact on LOCA of operation with equipment out-of-service and their combinations as per 

the COLR have been considered. The LOCA analyses include the effects of 1 relief valve 

out-of-service. Operation with an ADS valve out-of-service is not currently allowed by the Quad 

Cities Technical Specification. Since the consequences of a LOCA would be more severe 

during operation with one of the recirculation lines out-of-service, this report presents results for 

single-loop operation (SLO). Operation with other allowed equipment out-of-service conditions 

are supported (turbine bypass valves, feedwater heaters, one MSIV, power load unbalance, 

pressure controller, TCV slow closure, and one stuck closed TCV or TSV). 

 

Controlled Document



 
Quad Cities Units 1 and 2 
LOCA Break Spectrum Analysis 
for ATRIUM 10XM Fuel 

ANP-3328NP 
Revision 0 

Page 2-1 
 

 
AREVA Inc. 

2.0 Summary of Results 

Based on analyses presented in this report, the limiting break characteristics are identified 

below. 

Limiting LOCA  
Break Characteristics 

Location Recirculation discharge pipe 
Type / size Split break / 0.13 ft2 
Single failure HPCI 
Axial power shape Top-peaked 
Initial state 102% power / [  ] 

 

A more detailed discussion of results is provided in Sections 6.0 – 7.0. 

[  

 

 

 

 

 

 

 

 

 ]  The break characteristics identified in this report can be used in 

subsequent fuel type specific LOCA heatup analyses to determine the MAPLHGR limit 

appropriate for the fuel type. 

The SLO LOCA analyses support operation with an ATRIUM 10XM MAPLHGR multiplier of 

0.80 applied to the normal two-loop operation MAPLHGR limit. 

The long-term coolability evaluation confirms that the ECCS capacity is sufficient to maintain 

adequate cooling in an ATRIUM 10XM core for an extended period after a LOCA. 

[  

 

 ]   
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While the fuel rod temperatures in the limiting plane of the hot channel during a LOCA are 

dependent on exposure, the factors that determine the limiting break characteristics are 

primarily associated with the reactor system and are not dependent on fuel-exposure 

characteristics.  Fuel parameters that are dependent on exposure (e.g., stored energy, local 

peaking) have an insignificant effect on the reactor system response during a LOCA.  The 

limiting break characteristics are determined using BOL fuel conditions for a representative 

ATRIUM 10XM lattice design and conservative stored energy. These limiting break conditions 

are applicable for exposed fuel.  Fuel exposure effects are addressed in heatup analyses 

performed to determine or verify MAPLHGR limits versus exposure for each fuel design. 

The break spectrum analysis was performed using the NRC approved AREVA EXEM 

BWR-2000 LOCA methodology.  A modified application approach to [  

 ] is presented in Section 4.4.  This modification is conservative relative to the application 

approach for the approved methodology utilized in Reference 1.  The modified application 

approach was communicated to the NRC in Reference 8.  The NRC acknowledged the modified 

approach in Reference 9.  

Differences between the break spectrum results for the AREVA fuel and the co-resident legacy 

fuel will primarily be the result of differences between the fuel vendor LOCA methodologies. 
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3.0 LOCA Description 

3.1 Accident Description 

The LOCA is described in the Code of Federal Regulations 10 CFR 50.46 as a hypothetical 

accident that results in a loss of reactor coolant from breaks in reactor coolant pressure 

boundary piping up to and including a break equivalent in size to a double-ended rupture of the 

largest pipe in the reactor coolant system.  There is not a specifically identified cause that 

results in the pipe break.  However, for the purpose of identifying a design basis accident, the 

pipe break is postulated to occur inside the primary containment before the first isolation valve. 

For a boiling water reactor (BWR), a LOCA may occur over a wide spectrum of break locations 

and sizes.  Responses to the break vary significantly over the break spectrum.  The largest 

possible break is a double-ended rupture of a recirculation pipe; however, this is not necessarily 

the most severe challenge to the emergency core cooling system (ECCS).  A double-ended 

rupture of a main steam line causes the most rapid primary system depressurization, but 

because of other phenomena, steam line breaks are seldom limiting with respect to the event 

acceptance criteria (10 CFR 50.46).  In addition to break location dependence, different break 

sizes in the same pipe produce quite different event responses, and the largest break area is 

not necessarily the most severe challenge to the event acceptance criteria.  Because of these 

complexities, an analysis covering the full range of break sizes and locations is performed to 

identify the limiting break characteristics.  

Regardless of the initiating break characteristics, the event response is conveniently separated 

into three phases: the blowdown phase, the refill phase, and the reflood phase.  The relative 

duration of each phase is strongly dependent upon the break size and location.  The last two 

phases are often combined and will be discussed together in this report. 

During the blowdown phase of a LOCA, there is a net loss of coolant inventory, an increase in 

fuel cladding temperature due to core flow degradation, and for the larger breaks, the core 

becomes fully or partially uncovered.  There is a rapid decrease in pressure during the 

blowdown phase.  During the early phase of the depressurization, the exiting coolant provides 

core cooling.  Later in the blowdown, core cooling is provided by lower plenum flashing as the 

system continues to depressurize and the injection of ECCS flows.  The blowdown phase is 

defined to end when rated LPCS flow is attained. 
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In the refill phase of a LOCA, the ECCS is functioning and there is a net increase of coolant 

inventory.  During this phase the core sprays provide core cooling and, along with low-pressure 

and high-pressure coolant injection (LPCI and HPCI), supply liquid to refill the lower portion of 

the reactor vessel.  In general, the core heat transfer to the coolant is less than the fuel decay 

heat rate and the fuel cladding temperature continues to increase during the refill phase.   

In the reflood phase, the coolant inventory has increased to the point where the mixture level 

reenters the core region.  During the core reflood phase, cooling is provided above the mixture 

level by entrained reflood liquid and below the mixture level by pool boiling.  Sufficient coolant 

eventually reaches the core hot node and the fuel cladding temperature decreases. 

3.2 Acceptance Criteria 

A LOCA is a potentially limiting event that may place constraints on fuel design, local power 

peaking, and in some cases, acceptable core power level.  During a LOCA, the normal transfer 

of heat from the fuel to the coolant is disrupted.  As the liquid inventory in the reactor decreases, 

the decay heat and stored energy of the fuel cause a heatup of the undercooled fuel assembly.  

In order to limit the amount of heat that can contribute to the heatup of the fuel assembly during 

a LOCA, an operating limit on the MAPLHGR is applied to each fuel assembly in the core.   

The Code of Federal Regulations prescribes specific acceptance criteria (10 CFR 50.46) for a 

LOCA event as well as specific requirements and acceptable features for Evaluation Models 

(10 CFR 50 Appendix K).  The conformance of the EXEM BWR-2000 LOCA Evaluation Models 

to Appendix K is described in Reference 1.  The ECCS must be designed such that the plant 

response to a LOCA meets the following acceptance criteria specified in 10 CFR 50.46: 

• The calculated maximum fuel element cladding temperature shall not exceed 2200°F. 

• The calculated local oxidation of the cladding shall nowhere exceed 0.17 times the local 
cladding thickness. 

• The calculated total amount of hydrogen generated from the chemical reaction of the 
cladding with water or steam shall not exceed 0.01 times the hypothetical amount that 
would be generated if all of the metal in the cladding cylinders surrounding the fuel, 
except the cladding surrounding the plenum volume, were to react. 

• Calculated changes in core geometry shall be such that the core remains amenable to 
cooling. 

• After any calculated successful initial operation of the ECCS, the calculated core 
temperature shall be maintained at an acceptably low value and decay heat shall be 
removed for the extended period of time required by the long-lived radioactivity 
remaining in the core. 
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These criteria are commonly referred to as the peak cladding temperature (PCT) criterion, the 

local oxidation criterion, the hydrogen generation criterion, the coolable geometry criterion, and 

the long-term cooling criterion.  A MAPLHGR limit versus fuel exposure is established to ensure 

that these criteria are met.  For jet pump BWRs, the most challenging criterion is that PCT must 

not exceed 2200°F.  LOCA PCT results are provided in Sections 6.0 - 7.0 to determine the 

limiting LOCA event.   

LOCA analysis results demonstrating that the PCT, local oxidation, and hydrogen generation 

criteria are met are provided in follow-on MAPLHGR report and cycle specific heatup analyses 

performed to determine MAPLHGR limits versus exposure for each fuel design.  Cycle-specific 

heatup analyses are performed to demonstrate that the MAPLHGR limit versus exposure for the 

ATRIUM 10XM fuel remains applicable for cycle-specific nuclear designs.  Compliance with 

these three criteria ensures that a coolable geometry is maintained.  Long-term coolability 

criterion is discussed in Section 8.0. 
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4.0 LOCA Analysis Description 

The Evaluation Model used for the break spectrum analysis is the EXEM BWR-2000 LOCA 

analysis methodology described in Reference 1.  The EXEM BWR-2000 methodology employs 

three major computer codes to evaluate the system and fuel response during all phases of a 

LOCA.  These are the RELAX, HUXY, and RODEX2 computer codes.  RELAX is used to 

calculate the system and hot channel response during the blowdown, refill and reflood phases 

of the LOCA.  The HUXY code is used to perform heatup calculations for the entire LOCA, and 

calculates the PCT and local clad oxidation at the axial plane of interest.  RODEX2 is used to 

determine fuel parameters (such as stored energy) for input to the other LOCA codes.  The 

code interfaces for the LOCA methodology are illustrated in Figure 4.1. 

A complete analysis for a given break size starts with the specification of fuel parameters using 

RODEX2 (Reference 4).  RODEX2 is used to determine the initial stored energy for both the 

blowdown analysis (RELAX hot channel) and the heatup analysis (HUXY).  This is 

accomplished by ensuring that the initial stored energy in RELAX and HUXY is the same or 

higher than that calculated by RODEX2 for the power, exposure, and fuel design being 

considered.   

4.1 Blowdown Analysis 

The RELAX code (Reference 1) is used to calculate the system thermal-hydraulic response 

during the blowdown phase of the LOCA.  For the system blowdown analysis, the core is 

represented by an average core channel.  The reactor core is modeled with heat generation 

rates determined from reactor kinetics equations with reactivity feedback and with decay heating 

as required by Appendix K of 10 CFR 50.  The reactor vessel nodalization for the system 

analysis is shown in Figure 4.3.  This nodalization is consistent with that used in the topical 

report submitted to the NRC (Reference 1). 

The RELAX blowdown analysis is performed from the time of the break initiation through the 

end of blowdown (EOB).  The system blowdown calculation provides the upper and lower 

plenum transient boundary conditions for the hot channel analysis. 

Following the system blowdown calculation, another RELAX analysis is performed to analyze 

the maximum power assembly (hot channel) of the core.  The RELAX hot channel blowdown 

calculation determines hot channel fuel, cladding, and coolant temperatures during the 

blowdown phase of the LOCA.  The RELAX hot channel nodalization is shown in Figure 4.4 for 
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a top-peaked power shape, and in Figure 4.5 for a mid-peaked axial power shape.  The hot 

channel analysis is performed using the system blowdown results to supply the core power and 

the system boundary conditions at the core inlet and exit.  The initial average fuel rod 

temperature at the limiting plane of the hot channel is conservative relative to the average fuel 

rod temperature calculated by RODEX2 for operation of the ATRIUM 10XM assembly at the 

MAPLHGR limit.  The heat transfer coefficients and fluid conditions at the limiting plane of the 

RELAX hot channel calculation are used as input to the HUXY heatup analysis.  

4.2 Refill/Reflood Analysis 

The RELAX code is also used to compute the system and hot channel hydraulic response 

during the refill/reflood phase of the LOCA.  The RELAX system and RELAX hot channel 

analyses continue beyond the end of blowdown to analyze system and hot channel responses 

during the refill and reflood phases.  The refill phase is the period when the lower plenum is 

filling due to ECCS injection.  The reflood phase is the period when some portions of the core 

and hot assembly are being cooled with ECCS water entering from the lower plenum.  The 

purpose of the RELAX calculations beyond blowdown is to determine the time when the liquid 

flow via upward entrainment from the bottom of the core becomes high enough at the hot node 

in the hot assembly to end the temperature increase of the fuel rod cladding.  This event time is 

called the time of hot node reflood.  [  

 ]  The time when the core bypass mixture level rises to the 

elevation of the hot node in the hot assembly is also determined. 

RELAX provides a prediction of fluid inventory during the ECCS injection period.  Allowing for 

countercurrent flow through the core and bypass, RELAX determines the refill rate of the lower 

plenum due to ECCS water and the subsequent reflood times for the core, hot assembly, and 

the core bypass.  The RELAX calculations provide HUXY with the time of hot node reflood and 

the time when the liquid has risen in the bypass to the height of the axial plane of interest (time 

of bypass reflood). 

4.3 Heatup Analysis 

The HUXY code (Reference 2) is used to perform heatup calculations for the entire LOCA 

transient and provides PCT and local clad oxidation at the axial plane of interest.  The heat 

generated by metal-water reaction (MWR) is included in the HUXY analysis.  HUXY is used to 

calculate the thermal response of each fuel rod in one axial plane of the hot channel assembly.  

These calculations consider thermal-mechanical interactions within the fuel rod.  The clad 
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swelling and rupture models from NUREG-0630 have been incorporated into HUXY 

(Reference 3).  The HUXY code complies with the 10 CFR 50 Appendix K criteria for LOCA 

Evaluation Models. 

HUXY uses the EOB time and the times of core bypass reflood and core reflood at the axial 

plane of interest from the RELAX analysis.  Until the EOB, HUXY uses RELAX hot channel heat 

transfer coefficients, fluid temperatures, fluid qualities, and power.  Throughout the calculations, 

decay power is determined based on the ANS 1971 decay heat curve plus 20% as described in 

Reference 1.  After the EOB and prior to the time of hot node reflood, HUXY uses Appendix K 

spray heat transfer coefficients for the fuel rods, water channel and fuel channel. Experimental 

data for AREVA 10X10 fuel which supports the use of the convective heat transfer coefficients 

listed in Appendix K is documented in Reference 5.  After the time of hot node reflood, 

Appendix K reflood heat transfer coefficients are used in the HUXY analysis.  The principal 

results of a HUXY heatup analysis are the PCT and the percent local oxidation of the fuel 

cladding, often called the %MWR. 

4.4 [  ] 

[  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 ] 
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4.4.1 Calculation Approach 

[  

 

 

 

 

 

 

 

 

 

 ] 

4.5 Plant Parameters and Initial Conditions 

The LOCA break spectrum analysis is performed using plant parameters provided by Exelon.  

Limiting reactor power and core flow conditions were selected with consideration for the EPU 

range of operating conditions.  The control blades are modeled as inserting with the scram 

timing required by the Quad Cities Technical Specification.  Table 4.1 provides a summary of 

reactor initial conditions used in the break spectrum analysis.  Table 4.2 lists selected reactor 

system parameters. 

AREVA uses a process for determining initial power distributions that produce conservative 

LOCA results compared to the power distributions that could exist during actual operation.  The 

initial power distributions are based on a conservatively low MCPR operating limit and the 

MAPLHGR limit to be supported.  

The radial peaking factor for the hot bundle is established through calculations that determine 

the maximum radial that could be achieved without violating a conservatively low MCPR 

operating limit when the highest planar power is at the MAPLHGR limit.  The use of a low 

MCPR operating limit results in a high bundle power.  Since MCPR depends on core flow and 

axial power shape, a different radial peaking factor is used for each combination of core flow 

and axial power shape.  After the radial peaking is calculated, the axial peaking factor at the 

peak power plane is calculated to put the nodal power at the MAPLHGR limit.  Table 4.1 

summarizes the MAPLHGR limit and the MCPR operating limit that were used to establish the 

radial and axial peaking factors for each of the power/flow conditions that have been analyzed. 
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The rod average axial power profiles resulting from the application of this process for 102%P 

[  ] are shown in Figure 4.7. The axial power profiles for the other power and flow 

conditions are similar. 

The break spectrum analysis is performed for a full core of ATRIUM 10XM fuel.  Some of the 

key ATRIUM 10XM fuel parameters used in the break spectrum analysis are summarized in 

Table 4.3. 

4.6 ECCS Parameters 

The ECCS configuration is shown in Figure 4.6.  Table 4.4 – Table 4.7 provide the important 

ECCS characteristics assumed in the analysis.  The ECCS is modeled as fill junctions 

connected to the appropriate reactor locations: LPCS injects into the upper plenum, HPCI 

injects into the upper downcomer, and LPCI injects into the recirculation lines.  

The flow through each ECCS valve is determined based on system pressure and valve position.  

Flow versus pressure for a fully open valve is obtained by linearly interpolating the pump 

capacity data provided in Table 4.4 – Table 4.6.  No HPCI flow is credited until the injection 

valve is fully open.  LPCI and LPCS flow is governed by the valve characteristics provided by 

Exelon.  Also, no credit for ECCS flow is assumed until ECCS pumps reach rated speed. 

[  

 

 

 

 

 

 

 

 

 

 

 

 

 

 ] 
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The ADS valves are modeled as a junction connecting the reactor steam line to the suppression 

pool.  The flow through the ADS valves is calculated based on pressure and valve flow 

characteristics.  The valve flow characteristics are determined such that the calculated flow is 

equal to the rated capacity at the reference pressure shown in Table 4.7.  All five ADS valves 

are assumed operable during the LOCA except when a single failure is assumed to prevent one 

ADS valve from opening. 

In the AREVA LOCA analysis model, ECCS initiation is assumed to occur when the water level 

drops to the applicable level setpoint.  No credit is assumed for the start of LPCS or LPCI due to 

high drywell pressure.  [  

 ] 

Recirculation discharge isolation valve (RDIV) and loop selection logic parameters are 

presented in Table 4.8. For recirculation line breaks sizes ≥ 0.15 ft2, the loop selection logic 

directs all available LPCI flow to the intact loop and closes the RDIV in the intact loop. For break 

sizes < 0.15 ft2, all available LPCI flow is assumed to be injected into the broken loop and the 

RDIV in the broken loop is closed. 
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Table 4.1  Initial Conditions* 
 
 

 Reactor power (% of rated) 102  102   

[       ] 

 Reactor power (MWt) 3016.14 3016.14  

[     ] 

[     ] 

 Steam flow rate (Mlb/hr) 11.98 11.98  

 Steam dome pressure (psia) 1020 1020  

 Core inlet enthalpy (Btu/lb) 521.6 518.4  

 ATRIUM 10XM hot assembly MAPLHGR (kW/ft) 11.7 11.7  

[     ] 
 
 
 

                                                
* The AREVA calculated heat balance is adjusted to match the heat balance at 100% power and 100% 

core flow.  AREVA heat balance calculations establish these initial conditions at the stated power and 
flow.  Initial conditions are based on nominal values, except for initial core power and dome pressure 
which use conservative values.  

[     ] 
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Table 4.2  Reactor System 
Parameters 

 
 

Parameter Value 

Vessel ID (in) 251 

Number of fuel assemblies 724 

Recirculation suction pipe area (ft2) 3.581 

Recirculation discharge pipe area (ft2) 3.477 
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Table 4.3  ATRIUM 10XM Fuel 
Assembly Parameters 

 
 

Parameter Value 

Fuel rod array 10x10 

Number of fuel rods per  
assembly 

79 (full-length rods)  
12 (part-length rods) 

Non-fuel rod type Water channel replaces 
9 fuel rods 

Fuel rod OD (in) 0.4047 

Active fuel length (in) 
(including blankets) 

145.24 (full-length rods)  
75.0 (part-length rods) 

Water channel outside width (in) 1.378 

Fuel channel thickness (in) 0. 075 (minimum wall) 
0. 100 (corner) 

Fuel channel internal width (in) 5.278 
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Table 4.4  High-Pressure Coolant 
Injection Parameters 

 
 

Parameter Value 

Coolant temperature  
(maximum) (°F) 140 

Initiating Signals 
and Setpoints 

Water level (in)* 444 
High drywell pressure (psig)† 2.5 

Time 
Delays 

Time for HPCI pump to reach  
rated speed and injection valve 
wide open (sec) 55 

Coolant Flow Rate  
Vs. Pressure 

Vessel to Torus DP 
(psid) 

Flow Rate 
(gpm) 

0 0 

150 5000 

1120 5000 

 

                                                
*  Relative to vessel zero. 
†  The time when the drywell reaches 2.5 psig is not explicitly calculated in the EXEM BWR-2000 LOCA 

methodology.  [  
] 
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Table 4.5  Low-Pressure Coolant 
Injection Parameters 

 

Parameter Value 

Reactor pressure permissive for opening 
injection valves - analytical (psig) 300 

Coolant temperature  
(maximum) (°F) 160 

Initiating Signals 
and Setpoints 

Water level (in)* 444 

High drywell pressure (psig)† 2.5 

Time 
Delays 

Initiating signal processing delay 1 

Time from EDG started and initiated 
signal to LPCI pump at rated speed  
(sec) 14 

Time for power at the injection valve 
(sec) 26 

LPCI injection valve stroke time (sec) 28 

Coolant Flow Rate‡  
Vs. Pressure 

Vessel to  
Torus DP 

(psid) 

Flow Rate for 
2 Pumps  

(gpm) 

Flow Rate for 
4 Pumps  

(gpm) 

0 9,300 15,700 

20 9,000 15,200 

150 6,200 10,200 

257 0 0 

                                                
*  Relative to vessel zero. 
†  The time when the drywell reaches 2.5 psig is not explicitly calculated in the EXEM BWR-2000 LOCA 

methodology.  [  
] 

‡  [  ] 
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Table 4.6  Low-Pressure Core Spray 
Parameters 

 

Parameter Value 

Reactor pressure permissive for opening 
injection valves - analytical (psig) 300 

Coolant temperature  
(maximum) (°F) 160 

Initiating Signals 
and Setpoints 

Water level (in)* 444 

High drywell pressure (psig)† 2.5 

Time 
Delays 

Initiating signal processing delay 1 

Time from EDG started and initiated 
signal to LPCS pump at rated speed 
(sec) 17 

Time for power at the injection valve 
(sec) 17 

LPCS injection valve stroke time (sec) 53 

Coolant Flow Rate‡  
Vs. Pressure 

Vessel to  
Torus DP 

(psid) 

Flow Rate for  
1 Pump 
(gpm) 

0 5,650 

90 4,500 

200 3,000 

325 0 

                                                
*  Relative to vessel zero. 
†  The time when the drywell reaches 2.5 psig is not explicitly calculated in the EXEM BWR-2000 LOCA 

methodology.  [  
] 

‡  [  ] 
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Table 4.7  Automatic Depressurization 
System Parameters 

 
 

Parameter Value 

Number of valves installed 5 

Number of valves available* 5 

Minimum flow capacity per valve 
of available valves (4 relief) 
(lbm/hr at psig) 

558,000 
at 

1120 

Minimum flow capacity of 
available valves (1 Target Rock) 
(lbm/hr at psig) 

598,000 
at 

1080 

Initiating Signals  
and Setpoints 

Water level (in)† 444 

High drywell pressure (psig)‡ 2.5 

Time  
Delays 

ADS timer (delay time from  
initiating signal to time valves  
are open) (sec) 120 

 

                                                
*  All 5 valves are assumed operable in the analyses except when analyzing the potential single failure 

of 1 ADS valve during the LOCA. 
†  Relative to vessel zero. 
‡  The time when the drywell reaches 2.5 psig is not explicitly calculated in the EXEM BWR-2000 LOCA 

methodology.  [  
] 
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Table 4.8  Recirculation Discharge 
Isolation Valve and  

LPCI Loop Selection Logic  
Parameters 

 
 

Parameter Value 

Minimum break area for loop 
selection logic to select intact loop* 
(ft2)  0.15 

LPCI loop selection logic pressure 
permissive (minimum) (psig) 860 

Time to power at the RDIV (sec) 26 

RDIV stroke time (sec) 48 

 
 

                                                
*  For break sizes ≥ 0.15 ft2, loop selection logic opens the LPCI injection valves in the intact loop and 

closes the RDIV in the intact loop. For break sizes < 0.15 ft2, the available LPCI flow is assumed to be 
injected into the broken loop and the RDIV in the broken loop is closed. 
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Figure 4.1  Flow Diagram for  
EXEM BWR-2000 ECCS Evaluation Model 
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Figure 4.2  [ 
 ] 
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Figure 4.3  RELAX System Model 
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Figure 4.4  RELAX Hot Channel Model  
Top-Peaked Axial 
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Figure 4.5  RELAX Hot Channel Model  
Mid-Peaked Axial 
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Figure 4.6  ECCS Schematic 
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Figure 4.7  Rod Average Power Distributions 
for 102%P [  ] 

Mid- and Top-Peaked 
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5.0 Break Spectrum Analysis Description 

The objective of these LOCA analyses is to ensure that the limiting break location, break type, 

break size, and ECCS single failure are identified.  The LOCA response scenario varies 

considerably over the spectrum of break locations.  Potential break locations have been 

separated into two groups: recirculation line breaks and non-recirculation line breaks.  The basis 

for the break locations and potentially limiting single failures analyzed in this report is described 

in the following sections. 

5.1 Limiting Single Failure 

Regulatory requirements specify that the LOCA analysis be performed assuming that all offsite 

power supplies are lost instantaneously and that only safety grade systems and components 

are available.  In addition, regulatory requirements also specify that the most limiting single 

failure of ECCS equipment must be assumed in the LOCA analysis.  The term "most limiting" 

refers to the ECCS equipment failure that produces the greatest challenge to event acceptance 

criteria.  The limiting single failure can be a common power supply, an injection valve, a system 

pump, or system initiation logic.  The most limiting single failure may vary with break size and 

location.  The potential limiting single failures identified in the UFSAR (Reference 6) are shown 

below: 

• LPCI injection valve (SF-LPCI)) 
• Diesel generator or 125-VDC (SF-DGEN) 
• High-pressure coolant injection system (SF-HPCI) 
• Loop Select Logic (SF-LSL) 
• ADS valve (SF-ADS) 

The single failures and the available ECCS for each failure assumed in these analyses are 

summarized in Table 5.1.  Other potential failures are not specifically considered because they 

result in as much or more ECCS capacity. 

The loop selection logic single failure results in all available LPCI flow directed to the default 

recirculation loop, and the closure of the RDIV in the same loop.  The limiting scenario would be 

if the break is in the default loop, i.e., the loop in which the LPCI flow is injected. Depending on 

the break size and location relative to the RDIV, some or all of the LPCI flow will flow out the 

break, minimizing the amount of LPCI flow reaching the core.  A comparison of the available 

ECCS equipment available for the other assumed failures shows that the loop selection logic 

failure has more or the same amount of ECCS capacity (even if one assumes no benefit from 

the LPCI system) as the SF-LPCI condition.  Therefore, PCT results obtained for SF-LPCI are 
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the same as or bound those obtained for loop selection logic failure.  As a result, results 

reported here are those considering SF-LPCI, SF-DGEN, SF-HPCI and SF-ADS. 

5.2 Recirculation Line Breaks 

The response during a recirculation line LOCA is dependent on break size.  The rate of reactor 

vessel depressurization decreases as the break size decreases.  The high pressure ECCS and 

ADS will assist in reducing the reactor vessel pressure to the pressure where the LPCI and 

LPCS flows start.  For large breaks, rated LPCS and LPCI flow is generally reached before or 

shortly after the time when the ADS valves open so the ADS system is not required to mitigate 

the LOCA.  HPCI and ADS operation are important emergency systems for small breaks where 

they assist in depressurizing the reactor system faster, and thereby reduce the time required to 

reach rated LPCS and LPCI flow.   

The two largest flow resistances in the recirculation piping are the recirculation pump and the jet 

pump nozzle.  For breaks in the discharge piping (PD), there is a major flow resistance in both 

flow paths from the reactor vessel to the break.  For breaks in the suction piping (PS), the major 

flow resistances are in the same flow path from the vessel to the break.  As a result, pump 

suction side breaks experience a more rapid blowdown, which tends to make the large break 

events more severe.  For recirculation line breaks with areas ≥ 0.15 ft2, the LPCI loop selection 

logic directs all available LPCI flow to the intact loop and also closes the RDIV in the intact loop. 

For recirculation line break areas < 0.15 ft2, the loop selection logic is not able to determine 

which loop is broken so the limiting scenario is injecting all available LPCI flow into the broken 

loop where at least some of the flow will exit out the break. In this limiting scenario, the RDIV in 

the broken loop will close.   Both suction and discharge recirculation pipe breaks are considered 

in the break spectrum analysis. 

Two break types (geometries) are considered for the recirculation line break.  The two types are 

the double-ended guillotine (DEG) break and the split break. 

For a DEG break, the piping is assumed to be completely severed resulting in two independent 

flow paths to the containment.  The DEG break is modeled by setting the break area (at both 

ends of the pipe) equal to the full pipe cross-sectional area and varying the discharge coefficient 

between 1.0 and 0.4.  The range of discharge coefficients is used to cover uncertainty in the 

actual geometry at the break.  Discharge coefficients below 0.4 are unrealistic and not 

considered in the EXEM BWR-2000 methodology.  The most limiting DEG break is determined 

by varying the discharge coefficient.  The labeling convention for guillotine breaks is to list the 
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discharge coefficient before DEG.  For example, a guillotine break with a discharge coefficient 

of 0.8 on the suction side of the recirculation pump would be labeled as 0.8DEGPS. 

A split type break is assumed to be a longitudinal opening or hole in the piping that results in a 

single break flow path to the containment.  Appendix K of 10 CFR 50 defines the cross-sectional 

area of the piping as the maximum split break area required for analysis.  The labeling 

convention for split breaks is to list the flow area using the letter “P” instead of a period.  For 

example, a split break with a flow area of 3.5 ft2 on the suction side of the recirculation pump 

would be labeled as 3P5FT2PS.  These labeling conventions for double-ended guillotine and 

split breaks are typically used in figures such as those in Section 6.0 of this report.   

Break types, break sizes and single failures are analyzed for both suction and discharge 

recirculation line breaks. 

Section 6.0 provides a description and results summary for breaks in the recirculation line. 

5.3 Non-Recirculation Line Breaks 

In addition to breaks in the recirculation line, breaks in other reactor coolant system piping must 

be considered in the LOCA break spectrum analysis.  Although the recirculation line large 

breaks result in the largest coolant inventory loss, they do not necessarily result in the most 

severe challenge to event acceptance criteria.  The double-ended rupture of a main steam line 

is expected to result in the fastest depressurization of the reactor vessel.  Special consideration 

is required when the postulated break occurs in ECCS piping.  Although ECCS piping breaks 

are small relative to a recirculation pipe DEG break, the potential to disable an ECCS system 

increases their severity.  

The following sections address potential LOCAs due to breaks in non-recirculation line piping. 

Non-recirculation line breaks outside of the containment are inherently less challenging to fuel 

limits than breaks inside the containment.  For breaks outside containment, isolation or check 

valve closure will terminate break flow prior to the loss of significant liquid inventory and the core 

will remain covered.  If high-pressure coolant inventory makeup cannot be reestablished, ADS 

actuation may become necessary.  [  

 

 

 ]  Although analyses of breaks outside containment may be required to 
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address non-fuel related regulatory requirements, these breaks are not limiting relative to fuel 

acceptance criteria such as PCT. 

5.3.1 Main Steam Line Breaks 

A steam line break inside containment is assumed to occur between the reactor vessel and the 

inboard main steam line isolation valve (MSIV) upstream of the flow limiters.  The break results 

in high steam flow out of the broken line and into the containment.  Prior to MSIV closure, a 

steam line break also results in high steam flow in the intact steam lines as they feed the break 

via the steam line manifold.  A steam line break inside containment results in a rapid 

depressurization of the reactor vessel.  Initially the break flow will be high quality steam; 

however, the rapid depressurization produces a water level swell that results in liquid discharge 

at the break.  For steam line breaks, the largest break size is most limiting because it results in 

the most level swell and liquid loss out of the break. 

[  

 

 

 

 

 

 

 ] 

5.3.2 Feedwater Line Breaks 

[  

 

 

 

 

 

 

 ] 
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5.3.3 HPCI Line Breaks 

The HPCI injection line is connected to the feedwater line outside of the containment.  

[  

 ] 

The HPCI steam supply line is connected to the main steam line inside of containment.  

[  

 

 ] 

HPCI and ADS are important for small breaks.  With an HPCI line break, failure of an ADS valve 

is a potentially limiting single failure.  [ 

 

 ]  

5.3.4 LPCS Line Breaks 

A break in the LPCS line is expected to have many characteristics similar to [  

 ] .  However, some characteristics of the LPCS line break are unique and are not 

addressed in other LOCA analyses.  Two important differences from other LOCA analyses are 

that the break flow will exit from the region inside the core shroud and the break will disable one 

LPCS system.  The LPCS line break is assumed to occur just outside the reactor vessel.  [  

 

 

 

 ] 

5.3.5 LPCI Line Breaks 

The LPCI injection lines are connected to the larger recirculation discharge lines.  [  

 ]  
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5.3.6 Reactor Water Cleanup Line Breaks 

The extraction line is connected to a recirculation suction line with an additional connection to 

the vessel bottom head.  [  

 ]  

The return line is connected to the feedwater line; [  

 ] . 

5.3.7 Shutdown Cooling Line Breaks 

The shutdown cooling suction piping is connected to a recirculation suction line and the 

shutdown cooling return line is connected to a recirculation discharge line.  [  

 

 ] 

5.3.8 Instrument Line Breaks 

[  

 

 

 ] 
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Table 5.1  Available ECCS for 
Recirculation Line Break LOCAs 

 
 

Assumed 
Failure 

Systems  
Remaining*, † 

LPCI injection valve 
(SF-LPCI) 

 2 LPCS + HPCI + 5 ADS 

Diesel generator or 
125-VDC 
(SF-DGEN) 

1 LPCS + 2 LPCI + HPCI + 5 ADS 

HPCI system  
(SF-HPCI) 

2 LPCS + 4 LPCI + 5 ADS 

Loop select logic 
(SF-LSL) 

2 LPCS + 4 LPCI + HPCI + 5 ADS 

ADS valve  
(SF-ADS) 

2 LPCS + 4 LPCI + HPCI + 4 ADS 

 

                                                
*  Systems remaining, as identified in this table for recirculation line breaks, are applicable to all non-

ECCS line breaks.  For ECCS line breaks, the systems remaining are those listed for recirculation 
breaks, less the ECCS in which the break is assumed 

†  With loop selection logic operational, all available LPCI flow is directed to the intact loop for breaks ≥ 
0.15 ft2. All available LPCI flow is directed to the broken loop for breaks < 0.15 ft2. The limiting 
condition for a loop selection logic failure would result in all available LPCI flow directed to the broken 
loop for all break sizes. 
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6.0 Recirculation Line Break LOCA Analyses 

The largest diameter recirculation system pipes are the suction line between the reactor vessel 

and the recirculation pump and the discharge line between the recirculation pump and the riser 

manifold ring.  LOCA analyses are performed for breaks in both of these locations with 

consideration for both DEG and split break geometries.  The break sizes considered included 

DEG breaks with discharge coefficients from 1.0 to 0.4 and split breaks with areas ranging 

between the full pipe area and 0.05 ft2.  As discussed in Section 5.0, the single failures 

considered in the recirculation line break analyses are SF-LPCI, SF-DGEN, SF-HPCI, SF-LSL 

and SF-ADS. 

[  

 

 ]  

6.1 Limiting Break Analysis Results 

The analyses demonstrate that the limiting (highest PCT) recirculation line break is the 0.13 ft2 

split break in the pump discharge piping with an SF-HPCI single failure and a top-peaked axial 

power shape when operating at 102% rated core power [  ] .  The 

PCT is 2127°F.  The key results and event times for this limiting break are provided in Table 6.1 

and Table 6.2, respectively.  Figure 6.1 – Figure 6.23 provide plots of key parameters from the 

RELAX system and hot channel analyses.  A plot of cladding temperature versus time in the hot 

assembly from the HUXY heatup analysis is provided in Figure 6.24. 

Table 6.3 presents SF-HPCI results obtained from calculations performed for the range of break 

sizes, break locations, and axial power shapes that were considered when operating at 102% 

rated core power [  ] .  Calculations were performed for this same 

range for each combination of initial operating state point and single failure.  Table 6.4 provides 

a summary of the highest PCT recirculation line break calculations for each of the single 

failures, state points, and axial power shapes.  The results of the break spectrum analyses are 

discussed in the following sections. 

6.2 Break Location Analysis Results 

Table 6.4 shows that the maximum PCT calculated for a recirculation line break occurs in the 

pump discharge piping. 
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6.3 Break Geometry and Size Analysis Results 

Recirculation line break PCT results versus break geometry (DEG or split) and size were 

performed for  

• DEG breaks with discharge coefficients of 1.0, 0.8, 0.6, and 0.4. 

• Split breaks ranging in size from the full pipe diameter to 0.1 ft2 in increments of 0.1 ft2 

and a final size of 0.05 ft2.  Based on the results for small breaks, for some conditions 
the break size increment was reduced to 0.01 ft2 in order to assure the limiting break 
size has been identified.  

Table 6.4 shows that the maximum PCT calculated for a recirculation line break occurs for a 

split break of 0.13 ft2. 

6.4 Limiting Single-Failure Analysis Results 

The results in Table 6.4 show that the limiting single-failure is SF-HPCI.  

6.5 Axial Power Shape Analysis Results 

The results in Table 6.4 show that the top-peaked axial power shape is generally limiting 

compared to the mid-peaked shape analyses for the limiting break size. 

6.6 State Point Analysis 

Table 6.4 shows that 102% rated core power [  ] is generally the 

limiting state point for the recirculation line breaks. 
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Table 6.1  Results for  
Limiting TLO Recirculation Line Break 
0.13 ft2 Split Pump Discharge SF-HPCI 

Top-Peaked Axial 102% Power [  ] 
 
 

PCT 2127°F 

Maximum local cladding oxidation 3.02% 

Maximum planar average cladding oxidation 2.40% 
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Table 6.2  Event Times for  
Limiting TLO Recirculation Line Break 
0.13 ft2 Split Pump Discharge SF-HPCI 

Top-Peaked Axial 102% Power [  ]  
 

Event Time (sec) 

Initiate Break  0.0 
Initiate Scram  0.6 
Diesel Generators Started  17.0 
Low-Low Liquid Level, L2 (444 in)  48.5 
Power at LPCS Injection Valves  17.0 
ADS with ECCS Pump(s) Running 56.5 
LPCS Pump at Rated Speed  66.5 
LPCS High-Pressure Cutoff  338.4 
LPCS Valve Pressure Permissive  348.5 
LPCS Valve Starts to Open  348.5 
LPCS Flow Starts  351.2 
Top Down Cooling Restriction Begins 
in the Hot Channel 351.2 

LPCS Valve Fully Open  401.5 
Rated LPCS Flow  549.1 
LPCI Pump at Rated Speed 63.5 

LPCI Valve Pressure Permissive 348.5 

LPCI Valve Starts to Open 348.5 

LPCI Flow Starts 366.7 

LPCI Valve Fully Open 376.5 

Jet Pump Uncovers  139.8 
Recirculation Suction Uncovers  414.1 
ADS Valves Open 169.5 

RDIV Pressure Permissive  207.8 
RDIV Starts to Close  207.8 
RDIV Closed  255.8 
PCT 452.8 

Time of Bypass Reflood  513.1 
Time of Rated Spray  549.1 
Time of Hot Node Reflood  549.1 
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Table 6.3  TLO Recirculation Line Break Spectrum Results 

for 102% Power [  ] SF-HPCI 

 

 

                                                
[     ] 
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Table 6.4  Summary of TLO Recirculation Line 
Break Results 

Highest PCT Cases 
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Figure 6.1  Limiting TLO Recirculation Line Break 
Upper Plenum Pressure   

 
 
 

Figure 6.2  Limiting TLO Recirculation Line Break 
Total Break Flow Rate   
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Figure 6.3  Limiting TLO Recirculation Line Break 
Core Inlet Flow Rate  

 
 
 

Figure 6.4  Limiting TLO Recirculation Line Break 
Core Outlet Flow Rate   
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Figure 6.5  Limiting TLO Recirculation Line Break 
Intact Loop Jet Pump Exit Flow Rate 

 
 
 

Figure 6.6  Limiting TLO Recirculation Line Break 
Broken Loop Jet Pump Exit Flow Rate  
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Figure 6.7  Limiting TLO Recirculation Line Break 
Relief Valve Flow Rate 

 
 
 

 
Figure 6.8  Limiting TLO Recirculation Line Break 

ADS Flow Rate 
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Figure 6.9  Limiting TLO Recirculation Line Break 

HPCI Flow Rate  
 
 
 

 

Figure 6.10  Limiting TLO Recirculation Line Break 
LPCS Flow Rate  
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Figure 6.11  Limiting TLO Recirculation Line Break 

Intact Loop LPCI Flow Rate 
 
 
 

 
Figure 6.12  Limiting TLO Recirculation Line Break 

Broken Loop LPCI Flow Rate 
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Figure 6.13  Limiting TLO Recirculation Line Break 

Upper Downcomer Mixture Level 
 
 
 

 
Figure 6.14  Limiting TLO Recirculation Line Break 

Lower Downcomer Mixture Level   
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Figure 6.15  Limiting TLO Recirculation Line Break 

Intact Loop Discharge Line Liquid Mass 
 
 
 

 
Figure 6.16  Limiting TLO Recirculation Line Break 

Upper Plenum Liquid Mass   
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Figure 6.17  Limiting TLO Recirculation Line Break 
Lower Plenum Liquid Mass   

 
 
 

 
Figure 6.18  Limiting TLO Recirculation Line Break 

Hot Channel Inlet Flow Rate  
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Figure 6.19  Limiting TLO Recirculation Line Break 

Hot Channel Outlet Flow Rate 
 
 
 

Figure 6.20  Limiting TLO Recirculation Line Break 
Hot Channel Coolant Temperature at the Hot Node at EOB  
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Figure 6.21  Limiting TLO Recirculation Line Break 
Hot Channel Quality at the Hot Node at EOB 

 
 
 

Figure 6.22  Limiting TLO Recirculation Line Break 
Hot Channel Heat Transfer Coeff. at the Hot Node at EOB  
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Figure 6.23  Limiting TLO Recirculation Line Break 
Hot Channel Reflood Junction Liquid Mass Flow Rate 

 
 
 

 
Figure 6.24  Limiting TLO Recirculation Line Break 

Cladding Temperatures 
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7.0 Single-Loop Operation LOCA Analysis 

During SLO, the pump in one recirculation loop is not operating.  A break may occur in either 

loop, but results from a break in the inactive loop would be similar to those from a two-loop 

operation break.  If a break occurs in the inactive loop during SLO, the intact active loop flow to 

the reactor vessel would continue during the recirculation pump coastdown period and would 

provide core cooling similar to that which would occur in breaks during TLO.  The system 

response would be similar to that resulting from an equal-sized break during two-loop operation.  

A break in the active loop during SLO results in a more rapid loss of core flow and earlier 

degraded core conditions relative to those from a break in the inactive loop.  Therefore, only 

breaks in the active recirculation loop are analyzed. 

A break in the active recirculation loop during SLO will result in an earlier loss of core heat 

transfer relative to a similar break occurring during two-loop operation.  This occurs because 

there will be an immediate loss of jet pump drive flow.  Therefore, fuel rod surface temperatures 

will increase faster in an SLO LOCA relative to a TLO LOCA.  Also, the early loss of core heat 

transfer will result in higher stored energy in the fuel rods at the start of the heatup.  The 

increased severity of an SLO LOCA can be reduced by applying an SLO multiplier to the 

two-loop MAPLHGR limits.  [  

 ] 

7.1 SLO Analysis Modeling Methodology 

[  

 

 

 

  

 

 

 

  

 

 

 ] 
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[  

 

 ]  

7.2 SLO Analysis Results 

[  

 

 

 

 

 

 

 

 

 ] 

The SLO analyses are performed with a 0.80 multiplier applied to the two-loop MAPLHGR limit 

resulting in an SLO MAPLHGR limit of 9.36 kW/ft.  The analyses are performed at BOL fuel 

conditions.  The limiting SLO LOCA is the 0.1 ft2 split pump discharge line break with SF-HPCI 

and a top-peaked axial power shape.  The PCT for this case is 2047°F.  Other key results and 

event times for the limiting SLO LOCA are provided in Table 7.1 and Table 7.2 respectively.   

Figure 7.1 – Figure 7.23 show important RELAX system and hot channel results from the SLO 

limiting LOCA analysis.  Figure 7.24 shows the cladding surface temperature for the limiting rod 

as calculated by HUXY. 

A comparison of the limiting SLO and the limiting two-loop results is provided in Table 7.3.  The 

results in Table 7.3 show that the limiting two-loop LOCA PCT bounds the limiting SLO PCT 

when a 0.80 multiplier is applied to the two-loop MAPLHGR limit. 
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Table 7.1  Results for 
Limiting SLO Recirculation Line Break 
0.1 ft2 Split Pump Discharge SF-HPCI 

Top-Peaked Axial 102% Power [  ]  
 
 

PCT 2047°F 

Maximum local cladding oxidation 2.21% 

Maximum planar average cladding oxidation 1.81% 
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Table 7.2  Event Times for 
Limiting SLO Recirculation Line Break 
0.1 ft2 Split Pump Discharge SF-HPCI 

Top-Peaked Axial 102% Power [  ] 
 

Event Time (sec) 

Initiate Break  0.0 
Initiate Scram  0.6 
Diesel Generators Started  17.0 
Low-Low Liquid Level, L2 (444 in)  58.8 
Power at LPCS Injection Valves  17.0 
ADS with ECCS Pump(s) Running 66.8 
LPCS Pump at Rated Speed  76.8 
LPCS High-Pressure Cutoff  375.3 
LPCS Valve Pressure Permissive  387.5 
LPCS Valve Starts to Open  387.5 
LPCS Flow Starts  390.2 
Top Down Cooling Restriction Begins 
in the Hot Channel 390.2 

LPCS Valve Fully Open  440.5 
Rated LPCS Flow  704.3 
Power at LPCI Injection Valves 26.0 
LPCI Pump at Rated Speed 73.8 
LPCI Valve Pressure Permissive 387.5 
LPCI Valve Starts to Open 387.5 
LPCI Flow Starts 410.9 
LPCI Valve Fully Open 415.5 
Jet Pump Uncovers  175.6 
Recirculation Suction Uncovers  No Uncovery 
ADS Valves Open  179.8 
RDIV Pressure Permissive  219.8 
RDIV Starts to Close  219.8 
RDIV Closed  267.8 
PCT 493.2 
Time of Rated Spray  704.3 
Time of Hot Node Reflood  704.3 
Time of Bypass Reflood  538.1 
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Table 7.3  Single- and Two-Loop Operation 
PCT Summary 

 
 

Operation Limiting Case 
PCT 
(°F) 

Single-loop 0.1 ft2 split pump discharge top-peaked SF-HPCI 2047 

Two-loop 0.13 ft2 split pump discharge top-peaked SF-HPCI 2127 
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Figure 7.1  Limiting SLO Recirculation Line Break 

Upper Plenum Pressure 
 
 

 
 

Figure 7.2  Limiting SLO Recirculation Line Break 
Total Break Flow Rate 
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Figure 7.3  Limiting SLO Recirculation Line Break 

Core Inlet Flow Rate   
 
 

 
Figure 7.4  Limiting SLO Recirculation Line Break 

Core Outlet Flow Rate 
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Figure 7.5  Limiting SLO Recirculation Line Break 

Intact Loop Jet Pump Exit Flow Rate 
 
 

 
 

Figure 7.6  Limiting SLO Recirculation Line Break 
Broken Loop Jet Pump Exit Flow Rate   
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Figure 7.7  Limiting SLO Recirculation Line Break 
Relief Valve Flow Rate 

 
 

 
 

Figure 7.8  Limiting SLO Recirculation Line Break 
ADS Flow Rate  
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Figure 7.9  Limiting SLO Recirculation Line Break 
HPCI Flow Rate  

 
 

 
 

Figure 7.10  Limiting SLO Recirculation Line Break 
LPCS Flow Rate   
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Figure 7.11  Limiting SLO Recirculation Line Break 
Intact Loop LPCI Flow Rate   

 
 

 
 

Figure 7.12  Limiting SLO Recirculation Line Break 
Broken Loop LPCI Flow Rate   
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Figure 7.13  Limiting SLO Recirculation Line Break 
Upper Downcomer Mixture Level  

 
 

 
 

Figure 7.14  Limiting SLO Recirculation Line Break 
Lower Downcomer Mixture Level   
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Figure 7.15  Limiting SLO Recirculation Line Break 
Intact Loop Discharge Line Liquid Mass   

 
 

 

Figure 7.16  Limiting SLO Recirculation Line Break 
Upper Plenum Liquid Mass  
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Figure 7.17  Limiting SLO Recirculation Line Break 
Lower Plenum Liquid Mass   

 
 

 
 

Figure 7.18  Limiting SLO Recirculation Line Break 
Hot Channel Inlet Flow Rate   
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Figure 7.19  Limiting SLO Recirculation Line Break 
Hot Channel Outlet Flow Rate 

 
 

 
Figure 7.20  Limiting SLO Recirculation Line Break 

Hot Channel Coolant Temperature at the Hot Node at EOB   
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Figure 7.21  Limiting SLO Recirculation Line Break 

Hot Channel Quality at the Hot Node at EOB   
 
 

 
 

Figure 7.22  Limiting SLO Recirculation Line Break 
Hot Channel Heat Transfer Coeff. at the Hot Node at EOB   
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Figure 7.23  Limiting SLO Recirculation Line Break 

Hot Channel Reflood Junction Liquid Mass Flow Rate   
 
 

 
 

Figure 7.24  Limiting SLO Recirculation Line Break 
Cladding Temperatures   
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8.0 Long-Term Coolability 

Long-term coolability addresses the issue of reflooding the core and maintaining a water level 

adequate to cool the core and remove decay heat for an extended time period following a 

LOCA. For non-recirculation line breaks, the core can be reflooded to the top of the active fuel 

and be adequately cooled indefinitely. For recirculation line breaks, the core will initially remain 

covered following reflood due to the static head provided by the water filling the jet pumps to a 

level of approximately two-thirds core height. Eventually, the heat flux in the core will not be 

adequate to maintain a two-phase water level over the entire length of the core. Beyond this 

time, the upper third of the core will remain wetted and adequately cooled by core spray. 

Maintaining water level at two-thirds core height with one core spray system operating is 

sufficient to maintain long-term coolability as demonstrated by the NSSS vendor (Reference 7). 

The first step in the long-term cooling analysis is to demonstrate that sufficient ECCS flow is 

always available to fill the inside of the core shroud to two-thirds core height. This was done by 

reviewing a subset of the breaks including the break that has the minimum mass inventory in 

the lower plenum region and the reactor core anytime during the event and the large break case 

with the minimum ECCS flow.  The review considered the minimum number of ECCS available 

for any recirculation line break combined with the effects of axial power shape.  In each case, 

the analysis was extended to 10 minutes and all potential leakage paths were conservatively 

accounted for.  For the minimum ECCS flow case, the limiting break is the 1.0 DEG PS 

SF-LPCI.  For this case, two core sprays are available and provide 9854 gpm at the core spray 

sparger. The results of these analyses show that in all cases the time to fill the core to the jet 

pump nozzle elevation (two-thirds core height) was less than 10 minutes.  

The second step in the analysis is to demonstrate that after 10 minutes, sufficient ECCS flow is 

available to remove decay heat and maintain the water level at two-thirds core height. The 

results of the first step showed that at 10 minutes the vessel pressure dropped far enough to 

ensure rated core spray (i.e. 4500 gpm) is attained at the core spray sparger (even with 

leakages considered) and distribution of the core spray to all assemblies. ECCS flow of 3300 

gpm is needed to remove decay heat and maintain the water level. This flow can be provided 

from one core spray; meeting the long-term coolability needs demonstrated by the NSSS 

vendor discussed above.  

In summary, maintaining water level at two-thirds core height with one core spray operating or 

the core flooded to the top of active fuel is required for long-term cooling beyond 10 minutes for 
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ATRIUM 10XM fuel.  When the core is not flooded to the top of active fuel, the conclusions 

demonstrate that as long as there is adequate water from LPCI or core spray to maintain the 

two-thirds core height water level, a single core spray of 4500 gpm to the top of the core is 

needed to meet the fuel safety limits for long-term core cooling. 
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9.0 Conclusions 

The major conclusions of this LOCA break spectrum analysis are: 

• The limiting recirculation line break is a 0.13 ft2 split break in the pump discharge piping 
with single failure SF-HPCI and a top-peaked axial shape when operating at 102% rated 
core power [  ] . 

• The limiting break analysis identified above satisfies all the acceptance criteria specified 
in 10 CFR 50.46.  The analysis is performed in accordance with 10 CFR 50.46 
Appendix K requirements.  

• The MAPLHGR limit multiplier for SLO is 0.80 for ATRIUM 10XM fuel.  This multiplier 
ensures that a LOCA from SLO is less limiting than a LOCA from two-loop operation. 

The limiting break characteristics determined in this report can be referenced and used in future 

Quad Cities analyses to establish the MAPLHGR limit versus exposure for ATRIUM 10XM fuel. 
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Nomenclature 
 
 
ADS automatic depressurization system  
ANS American Nuclear Society 
  
BOL beginning of life  
BWR boiling-water reactor  
  
CFR Code of Federal Regulations  
  
ECCS emergency core cooling system  
EDG emergency diesel generator  
EOB end of blowdown  
  
HPCI high-pressure coolant injection  
 
ID inside diameter 
  
LOCA loss-of-coolant accident  
LPCI low-pressure coolant injection  
LPCS low-pressure core spray  
  
MAPLHGR maximum average planar linear heat generation rate  
MCPR minimum critical power ratio  
MWR metal-water reaction  
  
NRC Nuclear Regulatory Commission, U.S.  
  
PCT peak cladding temperature  
  
RDIV recirculation discharge isolation valve 
  
SF-ADS single failure of ADS valve  
SF-DGEN single failure of diesel generator  
SF-HPCI single failure of the HPCI system  
SF-LPCI single failure of an LPCI injection valve  
SF-LSL single failure of the loop selection logic  
  
TCD thermal conductivity degradation 
TCV turbine control valve 
TLO two-loop operation  
TSV turbine stop valve 
 
VDC volts direct current 
 
 

Controlled Document



 
Quad Cities Units 1 and 2 
LOCA-ECCS Analysis MAPLHGR 
Limits for ATRIUM 10XM Fuel 

ANP-3356NP  
Revision 0 

Page 1-1 
 

 
AREVA Inc. 

1.0 Introduction 

The results of the loss-of-coolant accident emergency core cooling system (LOCA-ECCS) 

analyses for Quad Cities Units 1 and 2 are documented in this report.  The results provide the 

maximum average planar linear heat generation rate (MAPLHGR) limits for ATRIUM™ 10XM* 

fuel as a function of exposure and demonstrate the MAPLHGR limits are adequate to ensure 

that the LOCA-ECCS criteria in 10 CFR 50.46 are satisfied for operation at or below the limit.  

MAPLHGR limits are established for normal (two-loop) operation and for operation when one of 

the recirculation loops is out-of-service (single-loop).  The report also documents the licensing 

basis peak cladding temperature (PCT) and corresponding local cladding oxidation from the 

metal-water reaction (MWR) for ATRIUM 10XM fuel at Quad Cities Units 1 and 2.  

The analyses documented in this report were performed with LOCA Evaluation Models 

developed by AREVA Inc. (AREVA) and approved for reactor licensing analyses by the U.S. 

Nuclear Regulatory Commission (NRC).  The models and computer codes used by AREVA for 

LOCA analyses are collectively referred to as the EXEM BWR-2000 Evaluation Model.  The 

EXEM BWR-2000 Evaluation Model and NRC approval are documented in Reference 2.  

A summary description of the LOCA analysis methodology is provided in Section 4.0. 

[  

 

 ] 

The application of the EXEM BWR-2000 Evaluation Model for the Quad Cities LOCA break 

spectrum analysis is documented in Reference 1.  The LOCA conditions evaluated in 

Reference 1 include break size, type, location, axial power shape, and ECCS single failure.  The 

limiting LOCA break characteristics identified in Reference 1 are presented below: 

 
Limiting LOCA  

Break Characteristics 
Location Recirculation discharge pipe 
Type / size Split break / 0.13 ft2 
Single failure HPCI 
Axial power shape Top-peaked 
Initial state 102% power/ [  ]  

                                                      
*  ATRIUM is a trademark of AREVA Inc. 
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The LOCA break spectrum analysis documented in Reference 1 was based on a generic 

ATRIUM 10XM neutronic design at beginning of life conditions.  The PCT and MWR calculated 

for a fuel rod experiencing the fluid conditions during the limiting LOCA are affected by fuel 

characteristics that depend on the fuel assembly neutronic design and exposure (e.g., local rod 

power, stored energy).  The fuel assembly heatup analysis results presented in this report are 

for the limiting (minimum margin to acceptance criteria) ATRIUM 10XM neutronic design 

currently designed for use at Quad Cities.  This includes all of the ATRIUM 10XM enriched 

lattices in the representative Quad Cities Unit 2 cycle design.  The heatup analyses were 

performed using the fluid conditions from the limiting LOCA identified in Reference 1.  Cycle-

specific heatup analyses are performed to confirm that the applicability of the MAPLHGR limits 

for future nuclear designs.  The results of cycle-specific heatup analyses will be reported in the 

Quad Cities cycle-specific reload safety analysis report. 

The impact on LOCA of operation with equipment out-of-service and their combinations as per 

the COLR have been considered. The LOCA analyses include the effects of 1 relief valve 

out-of-service. Operation with an ADS valve out-of-service is not currently allowed by the Quad 

Cities Technical Specification. Since the consequence of a LOCA would be more severe during 

operation with one of the recirculation lines out-of-service, a MAPLHGR multiplier is applied to 

support single-loop operation (SLO). Operation with other allowed equipment out-of-service 

conditions are supported (turbine bypass valves, feedwater heaters, one MSIV, power load 

unbalance, pressure controller, TCV slow closure, and one stuck closed TCV or TSV). 
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2.0 Summary 

The MAPLHGR limits were determined by applying the EXEM BWR-2000 Evaluation Model for 

the analysis of the limiting LOCA event.  The exposure-dependent MAPLHGR limits for 

ATRIUM 10XM fuel are shown in Figure 2.1.  As indicated, one MAPLHGR limit is applied to the 

fully rodded lattices (91 fuel rods) and a slightly different MAPLHGR limit is applied to the 

partially rodded lattices (79 fuel rods).  The fully rodded lattices (enriched and natural) are often 

referred to as bottom lattices and the partially rodded lattices (enriched and natural) are often 

referred to as top lattices.  The results of these calculations confirm that the LOCA acceptance 

criteria in the Code of Federal Regulations (10 CFR 50.46) are met for operation at or below 

these MAPLHGR limits. 

The MAPLHGR analysis results for the limiting lattice design are presented in Section 5.0.  The 

peak cladding temperature (PCT) and the maximum local cladding oxidation results for the 

ATRIUM 10XM limiting lattice design are presented in Table 2.1. 

Operation with only one recirculation loop (single-loop operation) requires that a MAPLHGR 

multiplier of 0.80 be applied to the two-loop operation MAPLHGR limits. 

[  

 

 

 

 

 

 

 

 ] 
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Table 2.1  LOCA Results for 
PCT and Local Cladding Oxidation 

 
 

Parameter ATRIUM 10XM 

Peak cladding temperature (°F) 2138°F 

Local cladding oxidation (max %) 4.05% 

Total hydrogen generated 
(% of total hydrogen possible) < 1.0% 
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Average Planar 
Exposure 

(GWd/MTU) 

ATRIUM 10XM 
MAPLHGR (kW/ft) 

Bottom Lattices 
(91 fuel rods) 

(natural & enriched)  

Average Planar 
Exposure 

(GWd/MTU) 

ATRIUM 10XM 
MAPLHGR (kW/ft) 

Top Lattices 
(79 fuel rods) 

(natural & enriched) 

0.0 11.7  0.0 11.7 
20.0 11.7  15.0 11.7 
67.0 6.6  67.0 6.6 

 

Figure 2.1  MAPLHGR Limits 
for Two-Loop Operation* 

 
                                                      
*  A MAPLHGR multiplier of 0.8 is required for single-loop operation. 
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3.0 LOCA Description 

3.1 Accident Description 

The LOCA is described in the Code of Federal Regulations 10 CFR 50.46 as a hypothetical 

accident that results in a loss of reactor coolant from breaks in reactor coolant pressure 

boundary piping up to and including a break equivalent in size to a double-ended rupture of the 

largest pipe in the reactor coolant system.  There is not a specifically identified cause that 

results in the pipe break.  However, for the purpose of identifying a design basis accident, the 

pipe break is postulated to occur inside the primary containment before the first isolation valve. 

For a boiling water reactor (BWR), a LOCA may occur over a wide spectrum of break locations 

and sizes.  Responses to the break vary significantly over the break spectrum.  The largest 

possible break is a double-ended rupture of a recirculation pipe; however, this is not necessarily 

the most severe challenge to the emergency core cooling system (ECCS).  A double-ended 

rupture of a main steam line causes the most rapid primary system depressurization, but 

because of other phenomena, steam line breaks are seldom limiting with respect to the event 

acceptance criteria (10 CFR 50.46).  In addition to break location dependence, different break 

sizes in the same pipe produce quite different event responses, and the largest break area is 

not necessarily the most severe challenge to the event acceptance criteria.  Because of these 

complexities, an analysis covering the full range of break sizes and locations is required.  The 

results of the Quad Cities Units 1 and 2 ATRIUM 10XM break spectrum calculations using the 

EXEM BWR-2000 LOCA methodology are summarized in Reference 1. 

Regardless of the initiating break characteristics, the event response is conveniently separated 

into three phases: the blowdown phase, the refill phase, and the reflood phase.  The relative 

duration of each phase is strongly dependent upon the break size and location.  The last two 

phases are often combined and will be discussed together in this report. 

During the blowdown phase of a LOCA, there is a net loss-of-coolant inventory, an increase in 

fuel cladding temperature due to core flow degradation, and for the larger breaks, the core 

becomes fully or partially uncovered.  There is a rapid decrease in pressure during the 

blowdown phase.  During the early phase of the depressurization, the exiting coolant provides 

core cooling.  Later in the blowdown, core cooling is provided by the injection of ECCS flows 

and by lower plenum flashing as the system continues to depressurize.  The blowdown phase is 

defined to end when rated LPCS flow is attained. 
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In the refill phase of a LOCA, the ECCS is functioning and there is a net increase of coolant 

inventory.  During this phase the core sprays provide core cooling and, along with low-pressure 

and high-pressure coolant injection (LPCI and HPCI), supply liquid to refill the lower portion of 

the reactor vessel.  In general, the core heat transfer to the coolant is less than the fuel decay 

heat rate and the fuel cladding temperature continues to increase during the refill phase. 

In the reflood phase, the coolant inventory has increased to the point where the mixture level 

reenters the core region.  During the core reflood phase, cooling is provided above the mixture 

level by entrained reflood liquid and below the mixture level by pool boiling.  Sufficient coolant 

eventually reaches the core hot node and the fuel cladding temperature decreases. 

3.2 Acceptance Criteria 

A LOCA is a potentially limiting event that may place constraints on fuel design, local power 

peaking, and in some cases, acceptable core power level.  During a LOCA, the normal transfer 

of heat from the fuel to the coolant is disrupted.  As the liquid inventory in the reactor decreases, 

the decay heat and stored energy of the fuel cause a heatup of the undercooled fuel assembly.  

In order to limit the amount of heat that can contribute to the heatup of the fuel assembly during 

a LOCA, an operating limit on the MAPLHGR is applied to each fuel assembly in the core.  

The Code of Federal Regulations prescribes specific acceptance criteria (10 CFR 50.46) for a 

LOCA event as well as specific requirements and acceptable features for Evaluation Models 

(10 CFR 50 Appendix K).  The conformance of the EXEM BWR-2000 LOCA Evaluation Models 

to Appendix K is described in Reference 2.  The ECCS must be designed such that the plant 

response to a LOCA meets the following acceptance criteria specified in 10 CFR 50.46: 

• The calculated maximum fuel element cladding temperature shall not exceed 2200°F.  

• The calculated local oxidation of the cladding shall nowhere exceed 0.17 times the local 
cladding thickness. 

• The calculated total amount of hydrogen generated from the chemical reaction of the 
cladding with water or steam shall not exceed 0.01 times the hypothetical amount that 
would be generated if all of the metal in the cladding cylinders surrounding the fuel, 
except the cladding surrounding the plenum volume, were to react. 

• Calculated changes in core geometry shall be such that the core remains amenable to 
cooling. 

• After any calculated successful initial operation of the ECCS, the calculated core 
temperature shall be maintained at an acceptably low value and decay heat shall be 
removed for the extended period of time required by the long-lived radioactivity 
remaining in the core. 

Controlled Document



 
Quad Cities Units 1 and 2 
LOCA-ECCS Analysis MAPLHGR 
Limits for ATRIUM 10XM Fuel 

ANP-3356NP  
Revision 0 

Page 3-3 
 

 
AREVA Inc. 

These criteria are commonly referred to as the peak cladding temperature (PCT) criterion, the 

local oxidation criterion, the hydrogen generation criterion, the coolable geometry criterion, and 

the long-term cooling criterion.  MAPLHGR limits are established to ensure that these criteria 

are met.  For jet pump BWRs, the most challenging criterion is that PCT must not exceed 

2200°F. 

LOCA analysis results demonstrating that the PCT, local oxidation, and hydrogen generation 

criteria are met are provided in Section 5.0.  Compliance with these three criteria ensures that a 

coolable geometry is maintained.  Compliance with the long-term coolability criterion is 

discussed in Reference 1. 
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4.0 LOCA Analysis Description 

The Evaluation Model used for the break spectrum analysis is the EXEM BWR-2000 LOCA 

analysis methodology described in Reference 2.  The EXEM BWR-2000 methodology employs 

three major computer codes to evaluate the system and fuel response during all phases of a 

LOCA.  These are the RELAX, HUXY, and RODEX2 computer codes.  RELAX is used to 

calculate the system and hot channel response during the blowdown, refill, and reflood phases 

of the LOCA.  The HUXY code is used to perform heatup calculations for the entire LOCA, and 

calculates the PCT and local clad oxidation at the axial plane of interest.  RODEX2 is used to 

determine fuel parameters (such as stored energy) for input to the other LOCA codes.  The 

code interfaces for the LOCA methodology are illustrated in Figure 4.1. 

A complete analysis for a given break size starts with the specification of fuel parameters using 

RODEX2 (Reference 3).  RODEX2 is used to determine the initial stored energy for both the 

blowdown analysis (RELAX hot channel) and the heatup analysis (HUXY).  This is 

accomplished by ensuring that the initial stored energy in RELAX and HUXY is the same or 

higher than that calculated by RODEX2 for the power, exposure, and fuel design being 

considered. 

4.1 Blowdown Analysis 

The RELAX code (Reference 2) is used to calculate the system thermal-hydraulic response 

during the blowdown phase of the LOCA.  For the system blowdown analysis, the core is 

represented by an average core channel.  The reactor core is modeled with heat generation 

rates determined from reactor kinetics equations with reactivity feedback and with decay heating 

as required by Appendix K of 10 CFR 50.  The reactor vessel nodalization for the system 

blowdown analysis is shown in Figure 4.3.  This nodalization is consistent with that used in the 

topical report submitted to the NRC (Reference 2). 

The RELAX analysis is performed from the time of the break initiation through the end of 

blowdown (EOB).  The system blowdown calculation provides the upper and lower plenum 

transient boundary conditions for the hot channel analysis. 

Following the system blowdown calculation, another RELAX analysis is performed to analyze 

the maximum power assembly (hot channel) of the core.  The RELAX hot channel blowdown 

calculation determines hot channel fuel, cladding, and coolant temperatures during the 

blowdown phase of the LOCA.  The RELAX hot channel nodalization in Figure 4.4 is used to 
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model a top-peaked power shape, which is the axial power shape for the limiting break 

conditions identified in the break spectrum analysis (Reference 1).  The hot channel analysis is 

performed using the system blowdown results to supply the core power and the system 

boundary conditions at the core inlet and exit.  The initial average fuel rod temperature at the 

limiting plane of the hot channel is conservative relative to the average fuel rod temperature 

calculated by RODEX2 for operation of the ATRIUM 10XM assembly at the MAPLHGR limit.  

The heat transfer coefficients and fluid conditions at the limiting plane of the RELAX hot channel 

calculation are used as input to the HUXY heatup analysis. 

4.2 Refill / Reflood Analysis 

The RELAX code is also used to compute the system and hot channel hydraulic response 

during the refill/reflood phase of the LOCA.  The RELAX system and RELAX hot channel 

analyses continue beyond the end of blowdown to analyze system and hot channel responses 

during the refill and reflood phases.  The refill phase is the period when the lower plenum is 

filling due to ECCS injection.  The reflood phase is the period when some portions of the core 

and hot assembly are being cooled with ECCS water entering from the lower plenum.  The 

purpose of the RELAX calculations beyond blowdown is to determine the time when the liquid 

flow via upward entrainment from the bottom of the core becomes high enough at the hot node 

in the hot assembly to end the temperature increase of the fuel rod cladding.  This event time is 

called the time of hot node reflood.  [  

 ]  The time when the core bypass mixture level rises to the 

elevation of the hot node in the hot assembly is also determined. 

RELAX provides a prediction of fluid inventory during the ECCS injection period.  Allowing for 

countercurrent flow through the core and bypass, RELAX determines the refill rate of the lower 

plenum due to ECCS water and the subsequent reflood times for the core, hot assembly, and 

the core bypass.  The RELAX calculations provide HUXY with the time of hot node reflood and 

the time when the liquid has risen in the bypass to the height of the axial plane of interest (time 

of bypass reflood). 

4.3 Heatup Analysis 

The HUXY code (Reference 4) is used to perform heatup calculations for the entire LOCA 

transient and provides PCT and local clad oxidation at the axial plane of interest.  The heat 

generated by metal-water reaction (MWR) is included in the HUXY analysis.  HUXY is used to 

calculate the thermal response of each fuel rod in one axial plane of the hot channel assembly.  
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These calculations consider thermal-mechanical interactions within the fuel rod.  The clad 

swelling and rupture models from NUREG-0630 have been incorporated into HUXY 

(Reference 5).  The HUXY code complies with the 10 CFR 50 Appendix K criteria for LOCA 

Evaluation Models. 

[  

 

 

 

 ] 

HUXY uses the EOB time and the times of core bypass reflood and core reflood at the axial 

plane of interest from the RELAX analysis.  Until the EOB, HUXY uses RELAX hot channel heat 

transfer coefficients, fluid temperatures, fluid qualities, and power.  Throughout the calculations, 

decay power is determined based on the ANS 1971 decay heat curve plus 20% as described in 

Reference 2.  After the EOB and prior to the time of hot node reflood, HUXY uses Appendix K 

spray heat transfer coefficients for the fuel rods, water canister and fuel channel.  Experimental 

data for AREVA 10x10 fuel which supports the use of the convective heat transfer coefficients 

listed in Appendix K is documented in Reference 6.  After the time of hot node reflood, 

Appendix K reflood heat transfer coefficients are used in the HUXY analysis.  The principal 

results of a HUXY heatup analysis are the PCT and the percent local oxidation of the fuel 

cladding, often called the percent maximum local metal-water reaction (%MWR).  An evaluation 

of the total hydrogen generated is also performed. 

4.4 [  ] 
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4.4.1 Calculation Approach 

[  

 

 

 

 

  

 

 

 

 ] 

4.5 Plant Parameters 

The LOCA break spectrum analysis is performed using plant parameters provided by Exelon. 

Table 4.1 provides a summary of reactor initial conditions that were determined to be limiting in 

the break spectrum analysis.  Table 4.2 lists selected reactor system parameters. 

The break spectrum analysis is performed for a full core of ATRIUM 10XM fuel.  Some of the 

key fuel parameters used in the break spectrum analysis are summarized in Table 4.3.  The 

break spectrum calculations identified that the most limiting conditions include a top-peaked 

axial power shape (Reference 1). The boundary conditions from the limiting break conditions 

are used during the exposure dependent MAPLHGR analyses for bottom and top lattices. In 

order to put the bottom and top lattices at 102% of the MAPLHGR limit in the HUXY heatup 

calculations, bottom lattices use a mid-peaked power shape and top lattices use a top-peaked 

power shape (Figure 4.6). 
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4.6 ECCS Parameters 

The ECCS configuration is shown in Figure 4.5.  Table 4.4 –Table 4.7 provide the important 

ECCS characteristics assumed in the LOCA break spectrum analysis.  The ECCS is modeled 

as fill junctions connected to the appropriate reactor locations: LPCS injects into the upper 

plenum, HPCI injects into the upper downcomer, and LPCI injects into the recirculation lines. 

The flow through each ECCS valve is determined based on system pressure and valve position.  

Flow versus pressure for a fully open valve is obtained by linearly interpolating the pump 

capacity data provided in Table 4.4 – Table 4.6. No HPCI flow is credited until the injection valve 

is fully open.  LPCI and LPCS flow is governed by the valve characteristics provided by Exelon.  

Also, no credit for ECCS flow is assumed until ECCS pumps reach rated speed. 

[  

 

 

 

 

 

 ] 

The automatic depressurization system (ADS) valves are modeled as a junction connecting the 

reactor steam line to the suppression pool.  The flow through the ADS valves is calculated 

based on pressure and valve flow characteristics.  The valve flow characteristics are determined 

such that the calculated flow is equal to the rated capacity at the reference pressure shown in 

Table 4.7.  All five ADS valves are assumed operable during the LOCA except when a single 

failure is assumed to prevent one ADS valve from opening. 

In the AREVA LOCA analysis model, ECCS initiation is assumed to occur when the water level 

drops to the applicable level setpoint.  No credit is assumed for the start of LPCS or LPCI due to 

high drywell pressure.  [  

 ]   

Recirculation discharge isolation valve (RDIV) and loop selection logic parameters are 

presented in Table 4.8. For recirculation line breaks sizes ≥ 0.15 ft2, the loop selection logic 

directs all available LPCI flow to the intact loop and closes the RDIV in the intact loop. For break 
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sizes < 0.15 ft2, all available LPCI flow is assumed to be injected into the broken loop and the 

RDIV in the broken loop is closed. 

The single failures and the available ECCS for each failure are summarized in Table 4.9.  The 

potential single failures are discussed in Section 5.1 of Reference 1.   
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Table 4.1  Initial Conditions* 
 
 

 Reactor power (% of rated) 102   

[     ] 

 Reactor power (MWt) 3016.14  

[    ] 

[    ] 

 Steam flow rate (Mlb/hr) 11.98  

 Steam dome pressure (psia) 1020  

 Core inlet enthalpy (Btu/lb) 521.6  

 ATRIUM 10XM hot assembly MAPLHGR (kW/ft) 11.7  

[    ] 
 

 

 

                                                      
* The AREVA calculated heat balance is adjusted to match the heat balance at 100% power and 100% 

core flow.  AREVA heat balance calculations establish these initial conditions at the stated power and 
flow.  Initial conditions are based on nominal values, except for initial core power and dome pressure 
which use conservative values. 

[     ] 
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Table 4.2  Reactor System 
Parameters 

 
 

Parameter Value 

Vessel ID (in) 251 

Number of fuel assemblies 724 

Recirculation suction pipe area (ft2) 3.581 

Recirculation discharge pipe area (ft2) 3.477 
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Table 4.3  ATRIUM 10XM Fuel 
Assembly Parameters 

 
 

Parameter Value 

Fuel rod array 10x10 

Number of fuel rods per  
assembly 

79 (full-length rods)  
12 (part-length rods) 

Non-fuel rod type Water channel replaces 
9 fuel rods 

Fuel rod OD (in) 0.4047 

Active fuel length (in) 
(including blankets) 

145.24 (full-length rods)  
75.0 (part-length rods) 

Water channel outside width (in) 1.378 

Fuel channel thickness (in) 0.075 (minimum wall) 
0.100 (corner) 

Fuel channel internal width (in) 5.278 
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Table 4.4  High-Pressure Coolant 
Injection Parameters 

 
 

Parameter Value 

Coolant temperature  
(maximum) (°F) 140 

Initiating Signals 
and Setpoints 

Water level (in)* 444 
High drywell pressure (psig)† 2.5 

Time 
Delays 

Time for HPCI pump to reach  
rated speed and injection valve 
wide open (sec) 55 

Coolant Flow Rate  
Vs. Pressure 

Vessel to Torus DP 
(psid) 

Flow Rate 
(gpm) 

0 0 

150 5000 

1120 5000 

 

                                                      
*  Relative to vessel zero. 
†  The time when the drywell reaches 2.5 psig is not explicitly calculated in the EXEM BWR-2000 LOCA 

methodology.  [  
] 
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Table 4.5  Low-Pressure Coolant 
Injection Parameters 

 

Parameter Value 

Reactor pressure permissive for 
opening injection valves - analytical 
(psig) 300 

Coolant temperature  
(maximum) (°F) 160 

Initiating Signals 
and Setpoints 

Water level (in)* 444 

High drywell pressure (psig)† 2.5 

Time 
Delays 

Initiating signal processing delay 1 

Time from EDG started and initiating 
signal to LPCI pump at rated speed 
(sec) 14 

Time for power at the injection valve 
(sec) 26 

LPCI injection valve stroke time (sec) 28 

Coolant Flow Rate‡  
Vs. Pressure 

Vessel to  
Torus DP 

(psid) 

Flow Rate for 
2 Pumps  

(gpm) 

Flow Rate for 
4 Pumps  

(gpm) 

0 9,300 15,700 

20 9,000 15,200 

150 6,200 10,200 

257 0 0 

                                                      
*  Relative to vessel zero. 
†  The time when the drywell reaches 2.5 psig is not explicitly calculated in the EXEM BWR-2000 LOCA 

methodology.  [  
] 

‡  [  ] 
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Table 4.6  Low-Pressure Core Spray 
Parameters 

 

Parameter Value 

Reactor pressure permissive for 
opening injection valves - analytical 
(psig) 300 

Coolant temperature  
(maximum) (°F) 160 

Initiating Signals 
and Setpoints 

Water level (in)* 444 

High drywell pressure (psig)† 2.5 

Time 
Delays 

Initiating signal processing delay 1 

Time from EDG started and initiating 
signal to LPCS pump at rated speed 
(sec) 17 

Time for power at the injection valve 
(sec) 17 

LPCS injection valve stroke time (sec) 53 

Coolant Flow Rate‡  
Vs. Pressure 

Vessel to  
Torus DP 

(psid) 

Flow Rate for  
1 Pump 
(gpm) 

0 5,650 

90 4,500 

200 3,000 

325 0 

                                                      
*  Relative to vessel zero. 
†  The time when the drywell reaches 2.5 psig is not explicitly calculated in the EXEM BWR-2000 LOCA 

methodology.  [  
] 

‡  [  ] 
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Table 4.7  Automatic Depressurization 
System Parameters 

 
 

Parameter Value 

Number of valves installed 5 

Number of valves available* 5 

Minimum flow capacity per valve 
of available valves (4 relief) 
(lbm/hr at psig) 

558,000 
at 

1120 

Minimum flow capacity of 
available valves (1 Target Rock) 
(lbm/hr at psig) 

598,000 
at 

1080 

Initiating Signals  
and Setpoints 

Water level (in)† 444 

High drywell pressure (psig)‡ 2.5 

Time  
Delays 

ADS timer (delay time from  
initiating signal to time valves  
are open) (sec) 120 

 

                                                      
*  All 5 valves are assumed operable in the analyses except when analyzing the potential single failure 

of 1 ADS valve during the LOCA. 
†  Relative to vessel zero. 
‡  The time when the drywell reaches 2.5 psig is not explicitly calculated in the EXEM BWR-2000 LOCA 

methodology.  [  
 ] 
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Table 4.8  Recirculation Discharge 
Isolation Valve and  

LPCI Loop Selection Logic 
Parameters 

 
 

Parameter Value 

Minimum break area for loop 
selection logic to select intact loop* 
(ft2)  0.15 

LPCI loop selection logic pressure 
permissive (minimum) (psig) 860 

Time to power at the RDIV (sec) 26 

RDIV stroke time (sec) 48 

 

                                                      
*  For break sizes ≥ 0.15 ft2, loop selection logic opens the LPCI injection valves in the intact loop and 

closes the RDIV in the intact loop. For break sizes < 0.15 ft2, the available LPCI flow is assumed to be 
injected into the broken loop and the RDIV in the broken loop is closed. 
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Table 4.9  Available ECCS for 
Recirculation Line Break LOCAs 

 
 

Assumed 
Failure 

Systems  
Remaining*, † 

LPCI injection valve 
(SF-LPCI) 

2 LPCS + HPCI + 5 ADS 

Diesel generator or 
125-VDC 
(SF-DGEN) 

1 LPCS + 2 LPCI + HPCI + 5 ADS 

HPCI system  
(SF-HPCI) 

2 LPCS + 4 LPCI + 5 ADS 

Loop select logic 
(SF-LSL) 

2 LPCS + 4 LPCI + HPCI + 5 ADS 

ADS valve  
(SF-ADS) 

2 LPCS + 4 LPCI + HPCI + 4 ADS 

 
 
 

                                                      
*  Systems remaining, as identified in this table for recirculation line breaks, are applicable to all non-

ECCS line breaks.  For ECCS line breaks, the systems remaining are those listed for recirculation 
breaks, less the ECCS in which the break is assumed 

†  With loop selection logic operational, all available LPCI flow is directed to the intact loop for breaks ≥ 
0.15 ft2. All available LPCI flow is directed to the broken loop for breaks < 0.15 ft2. The limiting 
condition for a loop selection logic failure would result in all available LPCI flow directed to the broken 
loop for all break sizes. 
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Figure 4.1  Flow Diagram for 
EXEM BWR-2000 ECCS Evaluation Model 
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Figure 4.2  [  
 ] 
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Figure 4.3  RELAX System Blowdown Model 
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Figure 4.4  RELAX Hot Channel Model  
Top-Peaked Axial 
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Figure 4.5  ECCS Schematic 
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Figure 4.6  Rod Average Power Distributions 
for 102%P [  ] 

Mid- and Top-Peaked 
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5.0 MAPLHGR Analysis Results 

Exposure-dependent MAPLHGR limits for ATRIUM 10XM fuel are obtained by performing 

HUXY heatup analyses using results from the limiting LOCA analysis case identified in 

Reference 1.  The break characteristics for the limiting analysis are summarized in Section 1.0.  

Table 5.1 shows event times for the analysis.  The response of the reactor system is shown in 

Figures 5.1 – 5.23.  In the MAPLHGR analysis, the ATRIUM 10XM fuel rod stored energy is set 

to be bounding at all exposures and the RELAX hot channel peak power node is modeled at a 

MAPLHGR at or above 102% of the MAPLHGR limit for a given average planar exposure.  For 

example, the RELAX hot channel peak power node is modeled at 102% of 11.7 kW/ft for the 

bottom peaked lattices from 0 – 20 GWd/MTU. [  

 

 ] 

Table 5.2 shows the MAPLHGR analysis results for the ATRIUM 10XM fuel.  The HUXY model 

of the ATRIUM 10XM fuel is applied to obtain these results as described in Section 4.3.  The 

HUXY analysis is performed at average planar exposure intervals between 0 and 67 GWd/MTU.  

Some of the Quad Cities neutronic lattice designs experienced higher PCTs than the generic 

ATRIUM 10XM lattice design used in the Quad Cities break spectrum analyses reported in 

Reference 1, but remain within 10 CFR 50.46 limits. The HUXY MAPLHGR input is consistent 

with the data in Figure 2.1.  Exposure-dependent ATRIUM 10XM fuel rod data is provided from 

RODEX2 results and includes gap coefficient, hot gap thickness, cold gap thickness, gas moles, 

fuel rod plenum length, and spring relaxation time.  This data is provided as a function of linear 

heat generation rate at each exposure analyzed. 

The ATRIUM 10XM limiting PCT is 2138°F at the 0.0 GWd/MTU exposure.  The corresponding 

maximum local cladding oxidation at the PCT limiting exposure is 3.20%.  The maximum local 

cladding oxidation of 4.05% occurred at 30 GWd/MTU. The limiting results are for a fully-rodded 

or bottom lattice. Analysis results show the total hydrogen generated is less than 1.0% of the 

hypothetical amount that would be generated if all cladding surrounding the fuel were to react.  

Figure 5.24 shows temperatures for the limiting ATRIUM 10XM neutronic lattice as a function of 

time for the limiting break.  The PCT is 2138°F and occurs at 452.5 seconds.  These results 

demonstrate the acceptability of the ATRIUM 10XM MAPLHGR limit shown in Figure 2.1. 
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5.1 Thermal Conductivity Degradation 

The RODEX2 code was approved by the NRC in the early 1980s.  At that time, thermal 

conductivity degradation with burnup was not well characterized by irradiation or post-irradiation 

testing.  As a result, fuel codes at that time did not account for thermal conductivity degradation 

(TCD).  In the past 20 years, requests to the NRC have been made for commercial fuel 

operation to increasingly higher burnup levels.  This has resulted in renewed interest in the 

degree and nature of burnup-induced TCD.  Interactions between AREVA and the NRC on this 

topic are summarized in Appendix F of Reference 9, which describes how TCD is addressed in 

the AREVA analyses for Quad Cities.  

[  

 

 

 ]   

The impact of TCD is included in the results summarized in Table 5.2.  The assessment for 

Quad Cities ATRIUM 10XM fuel shows that the PCT calculated at 0.0 GWd/MTU, which is not 

affected by TCD, is still the highest exposure-dependent PCT when the effects of TCD are 

included.   
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Table 5.1  Event Times for  
Limiting TLO Recirculation Line Break 
0.13 ft2 Split Pump Discharge SF-HPCI 

Top-Peaked Axial 102% Power [  ]  
 

Event Time (sec) 

Initiate Break  0.0 
Initiate Scram  0.6 
Diesel Generators Started  17.0 
Low-Low Liquid Level, L2 (444 in)  48.5 
Power at LPCS Injection Valves  17.0 
ADS with ECCS Pump(s) Running 56.5 
LPCS Pump at Rated Speed  66.5 
LPCS High-Pressure Cutoff  338.4 
LPCS Valve Pressure Permissive  348.5 
LPCS Valve Starts to Open  348.5 
LPCS Flow Starts  351.2 
Top Down Cooling Restriction Begins 
in the Hot Channel 351.2 

LPCS Valve Fully Open  401.5 
Rated LPCS Flow  549.1 
LPCI Pump at Rated Speed 63.5 

LPCI Valve Pressure Permissive 348.5 

LPCI Valve Starts to Open 348.5 

LPCI Flow Starts 366.7 

LPCI Valve Fully Open 376.5 

Jet Pump Uncovers  139.8 
Recirculation Suction Uncovers  414.1 
ADS Valves Open 169.5 

RDIV Pressure Permissive  207.8 
RDIV Starts to Close  207.8 
RDIV Closed  255.8 
PCT 452.5 

Time of Bypass Reflood  513.1 
Time of Rated Spray  549.1 
Time of Hot Node Reflood  549.1 
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Table 5.2  ATRIUM 10XM MAPLHGR 
Analysis Results 

 
 

Average  
Planar  

Exposure  
(GWd/MTU) 

PCT  
(ºF) 

Local  
Cladding  
Oxidation  

(%) 
0 2138 3.20* 
5 2118 2.93 

10 2105 2.71 

15 2097 2.56 

20 2092 2.52 

25 2018 2.00 

30 2008 4.05 

40 1945 3.46 

50 1952 2.82 

60 1844 2.24 

67 1804 1.87 
 
 

                                                      
*  The corresponding planar average cladding oxidation is 2.35%. 
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Figure 5.1  Limiting TLO Recirculation Line Break 
Upper Plenum Pressure   

 
 
 

Figure 5.2  Limiting TLO Recirculation Line Break 
Total Break Flow Rate   
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Figure 5.3  Limiting TLO Recirculation Line Break 
Core Inlet Flow Rate  

 
 
 

Figure 5.4  Limiting TLO Recirculation Line Break 
Core Outlet Flow Rate   
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Figure 5.5  Limiting TLO Recirculation Line Break 
Intact Loop Jet Pump Exit Flow Rate 

 
 
 

Figure 5.6  Limiting TLO Recirculation Line Break 
Broken Loop Jet Pump Exit Flow Rate  
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Figure 5.7  Limiting TLO Recirculation Line Break 
Relief Valve Flow Rate 

 
 

 
Figure 5.8  Limiting TLO Recirculation Line Break 

ADS Flow Rate 
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Figure 5.9  Limiting TLO Recirculation Line Break 

HPCI Flow Rate  
 
 

 

Figure 5.10  Limiting TLO Recirculation Line Break 
LPCS Flow Rate  
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Figure 5.11  Limiting TLO Recirculation Line Break 

Intact Loop LPCI Flow Rate 
 
 

 
Figure 5.12  Limiting TLO Recirculation Line Break 

Broken Loop LPCI Flow Rate 
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Figure 5.13  Limiting TLO Recirculation Line Break 

Upper Downcomer Mixture Level 
 
 

 
Figure 5.14  Limiting TLO Recirculation Line Break 

Lower Downcomer Mixture Level   
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Figure 5.15  Limiting TLO Recirculation Line Break 

Intact Loop Discharge Line Liquid Mass 
 
 

 
Figure 5.16  Limiting TLO Recirculation Line Break 

Upper Plenum Liquid Mass   
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Figure 5.17  Limiting TLO Recirculation Line Break 
Lower Plenum Liquid Mass   

 
 

 
Figure 5.18  Limiting TLO Recirculation Line Break 

Hot Channel Inlet Flow Rate  
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Figure 5.19  Limiting TLO Recirculation Line Break 

Hot Channel Outlet Flow Rate 
 
 

Figure 5.20  Limiting TLO Recirculation Line Break 
Hot Channel Coolant Temperature at the Hot Node at EOB  
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Figure 5.21  Limiting TLO Recirculation Line Break 
Hot Channel Quality at the Hot Node at EOB 

 
 

Figure 5.22  Limiting TLO Recirculation Line Break 
Hot Channel Heat Transfer Coeff. at the Hot Node at EOB  
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Figure 5.23  Limiting TLO Recirculation Line Break 
Hot Channel Reflood Junction Liquid Mass Flow Rate 

 
 

 
Figure 5.24  Limiting TLO Recirculation Line Break 

Cladding Temperatures 
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6.0 Conclusions 

The EXEM BWR-2000 Evaluation Model was applied to confirm the acceptability of the 

ATRIUM 10XM MAPLHGR limits for Quad Cities Units 1 and 2.  The following conclusions were 

made from the analyses presented. 

• The acceptance criteria of the Code of Federal Regulations (10 CFR 50.46) are met for 
operation at or below the ATRIUM 10XM MAPLHGR limits presented in Figure 2.1. 

– Peak PCT < 2200°F. 

– Local cladding oxidation thickness < 0.17. 

– Total hydrogen generation < 0.01. 

– Coolable geometry satisfied by meeting peak PCT, local cladding oxidation, and 
total hydrogen generation criteria. 

– Core long-term cooling is satisfied by concluding the core is flooded to the top of 
active fuel or the core is flooded to the elevation of the jet pump suction elevation 
(approximately two-thirds core height) with one core spray operating 
(Reference 1). 

• The MAPLHGR limit is applicable for ATRIUM 10XM full cores as well as transition cores 
containing ATRIUM 10XM fuel. 

• [  
 ] 
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Nomenclature 
 
  
BOL beginning of life  
BWR boiling water reactor  
   
EVC plenum region in a fuel pin modeled as an evacuated section  
   
GE General Electric 
GWd/MTU gigawatt days per metric ton of initial uranium  
   
kg/MTU kilograms per metric ton of initial uranium  
   
LAR license amendment request 
LHGR linear heat generation rate  
LPF local peaking factor  
   
MCPR minimum critical power ratio  
MWd/MTU megawatt days per metric ton of initial uranium  
   
NRC Nuclear Regulatory Commission, U. S. 
 
PLFR part-length fuel rod  
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1.0 Introduction 

This report provides results of the neutronic design analyses performed by AREVA Inc. 

(AREVA) for the Quad Cities Unit 2 fabrication batch QCI2-24 ATRIUM™* 10XM boiling water 

reactor (BWR) fuel assemblies for Cycle 24.  The fuel designs presented within will be used for 

the reference cycle to support the License Amendment Request for the inclusion of AREVA’s 

methodology in the Technical Specifications for both Dresden and Quad Cities to support the 

introduction of the ATRIUM 10XM fuel design.  The mechanical design parameters for the 

QCI2-24 fuel are summarized in Table 2.1.  

Applicable neutronic design criteria are provided in the approved topical report ANF-89-98(P)(A) 

Revision 1 and Supplement 1 (Reference 2).  Neutronic design analysis methodology used to 

determine conformance to design criteria has been reviewed and approved by the NRC in the 

topical report EMF-2158(P)(A) (Reference 3). 

The fuel design includes AREVA advanced fuel channels.  Mechanical design criteria applicable 

to the design of these channels have been reviewed and approved by the NRC in Reference 1. 

The neutronic design for the fabrication batch includes axially-varying enrichment and gadolinia 

designs with natural UO2 blankets at the top and bottom of the assembly.  The fabrication batch 

consists of 96 [  ], 64 [  ] and 88 [ 

 ] assemblies.   Pertinent fuel and reactor core design information associated with this 

fabrication batch is given in Section 2.0 and in Appendices A through D. 

 

 

                                                
*  ATRIUM is a trademark of AREVA Inc. 
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2.0 Neutronic Design 

The results of the Quad Cities Unit 2 fabrication batch QCI2-24 ATRIUM 10XM neutronic design 

analyses are presented in this section.  The fuel was designed to meet applicable design 

criteria, as well as reactivity and control requirements.  Reactor core loading patterns and the 

number of assemblies to be loaded will depend upon final cycle energy requirements as 

specified by the utility.  Applicable neutronic design criteria outlined in Reference 2 are 

summarized below: 

• Power Distribution.  The local power distribution in the fuel assembly combined with 
the core power distribution shall result in Linear Heat Generation Rate (LHGR) and 
Minimum Critical Power Ratio (MCPR) values that are within the limits established for 
each fuel design.  

• Kinetics Parameters.  The moderator void reactivity coefficient due to boiling in the 
active channels and the Doppler fuel temperature reactivity coefficient shall be negative.  
The negative void and Doppler reactivity coefficients ensure a negative power coefficient 
during reactor operation.  Additional calculations were performed to show that the 
assembly average Doppler and void reactivity coefficients remain negative for the life of 
the assembly.  These results demonstrate that the Reference 2 kinetics criteria are met 
on a bundle average basis.  

• Control Blade Reactivity.  The design of the fuel assembly and the reactor core loading 
shall be such that the technical specification shutdown margin requirement is met for all 
reactor conditions.  

2.1 Neutronic Design Description 

The neutronic design parameters for fabrication batch QCI2-24 are presented in Table 2.1.  The 

key ATRIUM 10XM reload assembly nuclear design characteristics are summarized below: 

• The fuel assembly contains [  
 ].  The water channel 

also serves the function of the spacer capture rod.  

• Each fuel assembly has top and bottom natural uranium blankets. 

• The plenum/spring region above the PLFRs will be explicitly modeled.  

• The enrichments are designed to yield a local power distribution which results in a 
balanced design relative to MCPR, LHGR, and other reactor operating requirements, 
e.g., power peaking.  

• Gadolinia (Gd2O3 blended with UO2) rods are designed to control assembly reactivity in 
order to meet reactivity control requirements in the reactor, e.g. cold shutdown margin.  
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• The reload batch consists of 3 assembly designs which vary axially in enrichment and/or 
gadolinia.  The axial distributions of the lattices in the assemblies are shown in Figures 
2.1, 2.2, and 2.3.  The fuel rod distribution and axial descriptions are presented in 
Figures 2.4 through 2.7.  The enrichment and gadolinia distribution maps for each of the 
reload assembly lattices are displayed in Appendix D.  

• The fuel assembly incorporates the AREVA advanced fuel channel which improves 
uranium utilization.  For D-lattice plants, the fuel assembly is offset 40 mils toward the 
control blade.  

2.2 Lattice Control Blade Worths and Kinetics Parameters 

Beginning of life (BOL) lattice reactivities (k∞) have been calculated for moderator and fuel 

conditions ranging from cold to hot operating conditions.  From these reactivities, BOL control 

blade worths and kinetics parameters have been determined based on the following control 

designs: 

• GE DuraLife D100(OEM)/D120, D160, D190 and D230 

• GE Marathon and Marathon Ultra HD 

• Westinghouse CR82M-1/CR82B 

• Westinghouse CR99 

The DuraLife D-100 (OEM) and DuraLife D-120 control blades were found to have equivalent 

neutronic performance and due to the prevalence of the D-100 control blades, it will be used to 

model both blade types. The same conclusion was reached for the CR82B blade which will be 

modeled as the more prevalent CR82M-1 blade design. Certain zones of the Marathon Ultra HD 

were determined to have equivalent neutronic performance as the standard Marathon control 

blade and have been modeled as such. The other axial zones of the Marathon Ultra HD blade 

are explicitly modeled and are presented in this report as HD2 and HD3. 

Due to the 3rd party proprietary nature of the control blade designs, control blade dimensional 

information has been withheld from this report. Kinetics parameters are calculated for fuel 

temperature (Doppler), moderator void, and moderator temperature.  The Doppler reactivity was 

calculated over a fuel temperature range from hot standby to hot operating.  The moderator void 

reactivity was evaluated between the 0% and 40% voided hot operating cases, and the 

moderator temperature reactivity was calculated from the cold to hot standby condition.  The 

calculations neglect the spacer material and assume zero void in the coolant outside the fuel 
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assembly channel as well as inside the internal water channel.  The results of these calculations 

are presented in Tables 2.2 through 2.197. 

2.3 Enriched Lattice Uncontrolled Reactivities and Isotopic Data 

The enriched lattice exposure-dependent uncontrolled reactivities calculated at three void 

fractions are presented graphically in Appendix A, and in tabular format in Appendix B.  The 

enriched lattice exposure-dependent isotopic data calculated at three void fractions are 

presented in Appendix C. 
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Table 2.1  Neutronic Design Parameters 

[  

 ] 

                                                

*  [  ] 
†  [  ] 
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Table 2.1  Neutronic Design Parameters (Continued) 

[  

 ] 
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Table 2.1  Neutronic Design Parameters (Continued) 

Core Data* 

Number of fuel assemblies in the core 724 

Rated thermal power level, MWt 2957 

Rated core flow, Mlbm/hr 98.00 

Inlet subcooling, Btu/lbm 24.21 

Dome pressure, psia 1015.0 

Boron concentration, PPM 918.0 
(equivalent natural 10B) 

Intermediate temperature, °F 200.00 

Warm temperature, °F 358.30 
 

                                                
*  Some values are representative of rated conditions and may vary depending on the core statepoint. 
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Table 2.2  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE OEM and D120  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.92163 1.08439 -0.1501 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.90643 1.07403 -0.1560 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.85268 1.04096 -0.1809 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.84899 1.03648 -0.1809 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.84906 1.03648 -0.1808 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.81356 1.02079 -0.2030 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.77089 1.00157 -0.2303 
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Table 2.3  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D160 and D190 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.91987 1.08439 -0.1517 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.90473 1.07403 -0.1576 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.85087 1.04096 -0.1826 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.84720 1.03648 -0.1826 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.84726 1.03648 -0.1826 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.81117 1.02079 -0.2054 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.76757 1.00157 -0.2336 

 

For Information Only



 
Nuclear Fuel Design Report 
Quad Cities Unit 2 Cycle 24 
Representative Cycle 
ATRIUM 10XM Fuel 

ANP-3294NP 
Revision 0 

Page 2-9 
 

  
AREVA Inc.  

 

Table 2.4  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D190 Blade Tip 

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.91662 1.08439 -0.1547 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.90125 1.07403 -0.1609 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.84574 1.04096 -0.1875 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.84211 1.03648 -0.1875 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.84211 1.03648 -0.1875 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.80456 1.02079 -0.2118 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.75901 1.00157 -0.2422 
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Table 2.5  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D230 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.90909 1.08439 -0.1617 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.89357 1.07403 -0.1680 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.83686 1.04096 -0.1961 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.83327 1.03648 -0.1961 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.83333 1.03648 -0.1960 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.79432 1.02079 -0.2219 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.74689 1.00157 -0.2543 
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Table 2.6  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D230 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.91254 1.08439 -0.1585 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.89692 1.07403 -0.1649 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.84024 1.04096 -0.1928 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.83663 1.03648 -0.1928 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.83663 1.03648 -0.1928 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.79840 1.02079 -0.2179 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.75221 1.00157 -0.2490 
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Table 2.7  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Blade Bottom Segment 

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.92381 1.08439 -0.1481 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.90880 1.07403 -0.1538 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.85477 1.04096 -0.1789 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.85109 1.03648 -0.1789 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.85114 1.03648 -0.1788 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.81524 1.02079 -0.2014 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.77190 1.00157 -0.2293 
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Table 2.8  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Blade Main Segment  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.91638 1.08439 -0.1549 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.90115 1.07403 -0.1610 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.84557 1.04096 -0.1877 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.84194 1.03648 -0.1877 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.84200 1.03648 -0.1876 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.80406 1.02079 -0.2123 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.75803 1.00157 -0.2432 
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Table 2.9  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR82M1 and CR82B Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.91744 1.08439 -0.1540 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.90242 1.07403 -0.1598 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.84768 1.04096 -0.1857 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.84404 1.03648 -0.1857 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.84411 1.03648 -0.1856 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.80712 1.02079 -0.2093 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.76192 1.00157 -0.2393 

 

For Information Only



 
Nuclear Fuel Design Report 
Quad Cities Unit 2 Cycle 24 
Representative Cycle 
ATRIUM 10XM Fuel 

ANP-3294NP 
Revision 0 

Page 2-15 
 

  
AREVA Inc.  

 

Table 2.10  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR82M1 and CR82B Blade Tip 

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.93855 1.08439 -0.1345 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.92425 1.07403 -0.1395 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.87450 1.04096 -0.1599 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.87069 1.03648 -0.1600 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.87069 1.03648 -0.1600 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.83893 1.02079 -0.1782 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.80063 1.00157 -0.2006 
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Table 2.11  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR99 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.91546 1.08439 -0.1558 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.90020 1.07403 -0.1618 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.84454 1.04096 -0.1887 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.84090 1.03648 -0.1887 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.84098 1.03648 -0.1886 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.80292 1.02079 -0.2134 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.75614 1.00157 -0.2450 

 

For Information Only



 
Nuclear Fuel Design Report 
Quad Cities Unit 2 Cycle 24 
Representative Cycle 
ATRIUM 10XM Fuel 

ANP-3294NP 
Revision 0 

Page 2-17 
 

  
AREVA Inc.  

 

Table 2.12  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR99 Blade Main 

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.91390 1.08439 -0.1572 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.89861 1.07403 -0.1633 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.84256 1.04096 -0.1906 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.83894 1.03648 -0.1906 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.83902 1.03648 -0.1905 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.80050 1.02079 -0.2158 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.75308 1.00157 -0.2481 
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Table 2.13  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Ultra HD2  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.93694 1.08439 -0.1360 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.92232 1.07403 -0.1412 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.87056 1.04096 -0.1637 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.86679 1.03648 -0.1637 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.86684 1.03648 -0.1637 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.83298 1.02079 -0.1840 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.79177 1.00157 -0.2095 
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Table 2.14  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Ultra HD3  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.95946 1.08439 -0.1152 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.94554 1.07403 -0.1196 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.89776 1.04096 -0.1376 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.89382 1.03648 -0.1376 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.89387 1.03648 -0.1376 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.86394 1.02079 -0.1537 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.82730 1.00157 -0.1740 

 

Table 2.15  Lattice [  ] Kinetics Parameters at 
BOL 

 

 

kα kβ 

Kinetics 
Parameter 

(∆k/k) 

 

1.03648 1.04096 -0.0043 

 

1.02079 1.03648 -0.0151 

 

1.04096 1.08439 -0.0401 
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Table 2.16  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE OEM and D120  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.91223 1.07416 -0.1507 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.89663 1.06324 -0.1567 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.84066 1.02690 -0.1814 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.83698 1.02242 -0.1814 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.83704 1.02242 -0.1813 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.80062 1.00489 -0.2033 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.75747 0.98363 -0.2299 
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Table 2.17  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D160 and D190 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.91050 1.07416 -0.1524 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.89495 1.06324 -0.1583 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.83889 1.02690 -0.1831 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.83523 1.02242 -0.1831 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.83528 1.02242 -0.1830 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.79829 1.00489 -0.2056 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.75424 0.98363 -0.2332 
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Table 2.18  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D190 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.90725 1.07416 -0.1554 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.89150 1.06324 -0.1615 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.83384 1.02690 -0.1880 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.83021 1.02242 -0.1880 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.83021 1.02242 -0.1880 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.79180 1.00489 -0.2120 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.74592 0.98363 -0.2417 
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Table 2.19  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D230 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.89983 1.07416 -0.1623 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.88392 1.06324 -0.1686 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.82510 1.02690 -0.1965 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.82152 1.02242 -0.1965 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.82157 1.02242 -0.1965 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.78177 1.00489 -0.2220 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.73408 0.98363 -0.2537 
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Table 2.20  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D230 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.90320 1.07416 -0.1592 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.88721 1.06324 -0.1656 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.82842 1.02690 -0.1933 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.82481 1.02242 -0.1933 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.82481 1.02242 -0.1933 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.78577 1.00489 -0.2180 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.73931 0.98363 -0.2484 
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Table 2.21  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Blade Bottom Segment  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.91443 1.07416 -0.1487 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.89902 1.06324 -0.1545 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.84279 1.02690 -0.1793 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.83912 1.02242 -0.1793 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.83917 1.02242 -0.1792 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.80236 1.00489 -0.2015 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.75859 0.98363 -0.2288 
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Table 2.22  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Blade Main Segment  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.90706 1.07416 -0.1556 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.89143 1.06324 -0.1616 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.83369 1.02690 -0.1882 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.83007 1.02242 -0.1881 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.83012 1.02242 -0.1881 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.79135 1.00489 -0.2125 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.74500 0.98363 -0.2426 
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Table 2.23  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR82M1 and CR82B Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.90817 1.07416 -0.1545 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.89276 1.06324 -0.1603 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.83589 1.02690 -0.1860 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.83225 1.02242 -0.1860 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.83232 1.02242 -0.1859 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.79449 1.00489 -0.2094 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.74892 0.98363 -0.2386 
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Table 2.24  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR82M1 and CR82B Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.92901 1.07416 -0.1351 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.91429 1.06324 -0.1401 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.86223 1.02690 -0.1604 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.85843 1.02242 -0.1604 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.85843 1.02242 -0.1604 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.82562 1.00489 -0.1784 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.78665 0.98363 -0.2003 
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Table 2.25  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR99 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.90614 1.07416 -0.1564 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.89050 1.06324 -0.1625 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.83270 1.02690 -0.1891 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.82907 1.02242 -0.1891 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.82914 1.02242 -0.1890 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.79024 1.00489 -0.2136 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.74313 0.98363 -0.2445 
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Table 2.26  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR99 Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.90461 1.07416 -0.1578 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.88893 1.06324 -0.1639 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.83075 1.02690 -0.1910 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.82714 1.02242 -0.1910 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.82722 1.02242 -0.1909 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.78787 1.00489 -0.2160 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.74014 0.98363 -0.2475 
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Table 2.27  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Ultra HD2  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.92739 1.07416 -0.1366 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.91234 1.06324 -0.1419 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.85826 1.02690 -0.1642 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.85449 1.02242 -0.1643 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.85454 1.02242 -0.1642 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.81965 1.00489 -0.1843 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.77781 0.98363 -0.2092 
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Table 2.28  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Ultra HD3  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.94964 1.07416 -0.1159 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.93528 1.06324 -0.1203 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.88500 1.02690 -0.1382 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.88106 1.02242 -0.1383 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.88111 1.02242 -0.1382 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.84995 1.00489 -0.1542 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.81238 0.98363 -0.1741 

 

Table 2.29  Lattice [  ] Kinetics Parameters at 
BOL 

 

 

kα kβ 

Kinetics 
Parameter 

(∆k/k) 

 

1.02242 1.02690 -0.0044 

 

1.00489 1.02242 -0.0171 

 

1.02690 1.07416 -0.0440 
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Table 2.30  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type GE OEM and D120  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.83558 1.00046 -0.1648 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.82081 0.99033 -0.1712 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.77149 0.95996 -0.1963 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.76793 0.95554 -0.1963 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.76799 0.95554 -0.1963 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.73622 0.94208 -0.2185 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.69768 0.92519 -0.2459 

 

For Information Only



 
Nuclear Fuel Design Report 
Quad Cities Unit 2 Cycle 24 
Representative Cycle 
ATRIUM 10XM Fuel 

ANP-3294NP 
Revision 0 

Page 2-34 
 

  
AREVA Inc.  

 

Table 2.31  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type GE D160 and D190 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.83402 1.00046 -0.1664 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.81932 0.99033 -0.1727 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.76994 0.95996 -0.1979 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.76639 0.95554 -0.1979 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.76644 0.95554 -0.1979 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.73412 0.94208 -0.2208 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.69471 0.92519 -0.2491 
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Table 2.32  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type GE D190 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.83073 1.00046 -0.1696 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.81583 0.99033 -0.1762 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.76502 0.95996 -0.2031 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.76151 0.95554 -0.2031 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.76151 0.95554 -0.2031 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.72783 0.94208 -0.2274 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.68661 0.92519 -0.2579 
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Table 2.33  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type GE D230 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.82347 1.00046 -0.1769 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.80841 0.99033 -0.1837 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.75642 0.95996 -0.2120 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.75296 0.95554 -0.2120 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.75301 0.95554 -0.2119 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.71795 0.94208 -0.2379 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.67493 0.92519 -0.2705 
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Table 2.34  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type GE D230 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.82668 1.00046 -0.1737 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.81154 0.99033 -0.1805 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.75961 0.95996 -0.2087 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.75612 0.95554 -0.2087 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.75612 0.95554 -0.2087 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.72180 0.94208 -0.2338 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.67997 0.92519 -0.2651 
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Table 2.35  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type GE Marathon Blade Bottom Segment  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.83759 1.00046 -0.1628 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.82308 0.99033 -0.1689 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.77370 0.95996 -0.1940 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.77014 0.95554 -0.1940 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.77019 0.95554 -0.1940 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.73807 0.94208 -0.2165 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.69893 0.92519 -0.2446 
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Table 2.36  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type GE Marathon Blade Main Segment  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.83037 1.00046 -0.1700 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.81562 0.99033 -0.1764 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.76481 0.95996 -0.2033 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.76131 0.95554 -0.2033 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.76136 0.95554 -0.2032 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.72733 0.94208 -0.2280 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.68568 0.92519 -0.2589 
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Table 2.37  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type CR82M1 and CR82B Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.83158 1.00046 -0.1688 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.81704 0.99033 -0.1750 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.76700 0.95996 -0.2010 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.76349 0.95554 -0.2010 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.76356 0.95554 -0.2009 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.73042 0.94208 -0.2247 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.68950 0.92519 -0.2547 
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Table 2.38  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type CR82M1 and CR82B Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.85199 1.00046 -0.1484 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.83815 0.99033 -0.1537 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.79282 0.95996 -0.1741 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.78914 0.95554 -0.1741 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.78914 0.95554 -0.1741 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.76090 0.94208 -0.1923 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.72653 0.92519 -0.2147 
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Table 2.39  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type CR99 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.82982 1.00046 -0.1706 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.81503 0.99033 -0.1770 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.76407 0.95996 -0.2041 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.76056 0.95554 -0.2041 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.76063 0.95554 -0.2040 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.72648 0.94208 -0.2289 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.68409 0.92519 -0.2606 
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Table 2.40  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type CR99 Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.82830 1.00046 -0.1721 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.81348 0.99033 -0.1786 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.76217 0.95996 -0.2060 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.75868 0.95554 -0.2060 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.75875 0.95554 -0.2059 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.72416 0.94208 -0.2313 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.68116 0.92519 -0.2638 
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Table 2.41  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type GE Marathon Ultra HD2  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.85060 1.00046 -0.1498 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.83644 0.99033 -0.1554 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.78913 0.95996 -0.1780 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.78548 0.95554 -0.1780 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.78553 0.95554 -0.1779 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.75531 0.94208 -0.1983 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.71816 0.92519 -0.2238 
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Table 2.42  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type GE Marathon Ultra HD3  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.87287 1.00046 -0.1275 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.85936 0.99033 -0.1323 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.81576 0.95996 -0.1502 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.81193 0.95554 -0.1503 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.81197 0.95554 -0.1502 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.78542 0.94208 -0.1663 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.75256 0.92519 -0.1866 

 

Table 2.43  Lattice [  ] Kinetics Parameters at 
BOL 

 

 

kα kβ 

Kinetics 
Parameter 

(∆k/k) 

 

0.95554 0.95996 -0.0046 

 

0.94208 0.95554 -0.0141 

 

0.95996 1.00046 -0.0405 
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Table 2.44  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE OEM and D120 

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.84699 1.00447 -0.1568 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.83226 0.99467 -0.1633 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.78393 0.96653 -0.1889 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.78047 0.96226 -0.1889 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.78053 0.96226 -0.1889 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.74807 0.94979 -0.2124 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.70599 0.93242 -0.2428 
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Table 2.45  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D160 and D190 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.84552 1.00447 -0.1582 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.83086 0.99467 -0.1647 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.78248 0.96653 -0.1904 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.77903 0.96226 -0.1904 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.77908 0.96226 -0.1904 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.74605 0.94979 -0.2145 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.70307 0.93242 -0.2460 
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Table 2.46  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D190 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.84243 1.00447 -0.1613 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.82760 0.99467 -0.1680 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.77787 0.96653 -0.1952 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.77445 0.96226 -0.1952 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.77445 0.96226 -0.1952 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.74002 0.94979 -0.2209 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.69506 0.93242 -0.2546 
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Table 2.47  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D230 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.83560 1.00447 -0.1681 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.82056 0.99467 -0.1750 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.76957 0.96653 -0.2038 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.76619 0.96226 -0.2038 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.76624 0.96226 -0.2037 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.73033 0.94979 -0.2311 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.68339 0.93242 -0.2671 

 

For Information Only



 
Nuclear Fuel Design Report 
Quad Cities Unit 2 Cycle 24 
Representative Cycle 
ATRIUM 10XM Fuel 

ANP-3294NP 
Revision 0 

Page 2-50 
 

  
AREVA Inc.  

 

Table 2.48  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D230 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.83862 1.00447 -0.1651 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.82351 0.99467 -0.1721 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.77262 0.96653 -0.2006 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.76923 0.96226 -0.2006 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.76923 0.96226 -0.2006 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.73408 0.94979 -0.2271 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.68839 0.93242 -0.2617 
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Table 2.49  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Blade Bottom Segment  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.84900 1.00447 -0.1548 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.83457 0.99467 -0.1610 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.78636 0.96653 -0.1864 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.78290 0.96226 -0.1864 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.78295 0.96226 -0.1863 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.75018 0.94979 -0.2102 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.70745 0.93242 -0.2413 
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Table 2.50  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Blade Main Segment  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.84210 1.00447 -0.1616 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.82743 0.99467 -0.1681 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.77771 0.96653 -0.1954 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.77430 0.96226 -0.1953 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.77435 0.96226 -0.1953 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.73957 0.94979 -0.2213 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.69416 0.93242 -0.2555 
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Table 2.51  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR82M1 and CR82B Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.84330 1.00447 -0.1605 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.82884 0.99467 -0.1667 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.77998 0.96653 -0.1930 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.77656 0.96226 -0.1930 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.77662 0.96226 -0.1929 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.74280 0.94979 -0.2179 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.69812 0.93242 -0.2513 
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Table 2.52  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR82M1 and CR82B Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.86249 1.00447 -0.1414 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.84876 0.99467 -0.1467 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.80465 0.96653 -0.1675 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.80108 0.96226 -0.1675 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.80108 0.96226 -0.1675 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.77243 0.94979 -0.1867 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.73494 0.93242 -0.2118 
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Table 2.53  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR99 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.84161 1.00447 -0.1621 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.82689 0.99467 -0.1687 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.77705 0.96653 -0.1960 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.77364 0.96226 -0.1960 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.77370 0.96226 -0.1960 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.73886 0.94979 -0.2221 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.69270 0.93242 -0.2571 
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Table 2.54  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR99 Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.84019 1.00447 -0.1636 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.82543 0.99467 -0.1701 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.77524 0.96653 -0.1979 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.77184 0.96226 -0.1979 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.77191 0.96226 -0.1978 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.73660 0.94979 -0.2245 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.68978 0.93242 -0.2602 
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Table 2.55  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Ultra HD2  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.86138 1.00447 -0.1424 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.84730 0.99467 -0.1482 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.80124 0.96653 -0.1710 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.79769 0.96226 -0.1710 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.79774 0.96226 -0.1710 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.76708 0.94979 -0.1924 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.72665 0.93242 -0.2207 
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Table 2.56  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Ultra HD3  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.88248 1.00447 -0.1215 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.86911 0.99467 -0.1262 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.82689 0.96653 -0.1445 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.82318 0.96226 -0.1445 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.82322 0.96226 -0.1445 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.79656 0.94979 -0.1613 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.76097 0.93242 -0.1839 

 

Table 2.57  Lattice [  ] Kinetics Parameters at 
BOL 

 

 

kα kβ 

Kinetics 
Parameter 

(∆k/k) 

 

0.96226 0.96653 -0.0044 

 

0.94979 0.96226 -0.0130 

 

0.96653 1.00447 -0.0378 
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Table 2.58  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE OEM and D120  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.89564 1.04805 -0.1454 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.88221 1.03979 -0.1515 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.83156 1.01261 -0.1788 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.82785 1.00810 -0.1788 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.82791 1.00810 -0.1787 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.78978 0.99291 -0.2046 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.73936 0.97092 -0.2385 
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Table 2.59  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D160 and D190 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.89413 1.04805 -0.1469 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.88076 1.03979 -0.1529 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.83003 1.01261 -0.1803 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.82634 1.00810 -0.1803 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.82638 1.00810 -0.1803 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.78765 0.99291 -0.2067 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.73625 0.97092 -0.2417 
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Table 2.60  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D190 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.89122 1.04805 -0.1496 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.87766 1.03979 -0.1559 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.82545 1.01261 -0.1848 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.82179 1.00810 -0.1848 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.82179 1.00810 -0.1848 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.78153 0.99291 -0.2129 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.72801 0.97092 -0.2502 
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Table 2.61  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D230 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.88447 1.04805 -0.1561 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.87072 1.03979 -0.1626 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.81714 1.01261 -0.1930 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.81352 1.00810 -0.1930 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.81357 1.00810 -0.1930 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.77170 0.99291 -0.2228 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.71605 0.97092 -0.2625 
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Table 2.62  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D230 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.88766 1.04805 -0.1530 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.87382 1.03979 -0.1596 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.82036 1.01261 -0.1899 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.81672 1.00810 -0.1898 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.81672 1.00810 -0.1898 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.77565 0.99291 -0.2188 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.72128 0.97092 -0.2571 
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Table 2.63  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Blade Bottom Segment  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.89760 1.04805 -0.1436 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.88443 1.03979 -0.1494 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.83395 1.01261 -0.1764 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.83024 1.00810 -0.1764 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.83029 1.00810 -0.1764 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.79189 0.99291 -0.2025 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.74086 0.97092 -0.2369 
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Table 2.64  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Blade Main Segment  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.89077 1.04805 -0.1501 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.87738 1.03979 -0.1562 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.82519 1.01261 -0.1851 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.82154 1.00810 -0.1851 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.82159 1.00810 -0.1850 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.78100 0.99291 -0.2134 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.72709 0.97092 -0.2511 
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Table 2.65  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR82M1 and CR82B Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.89199 1.04805 -0.1489 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.87879 1.03979 -0.1548 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.82754 1.01261 -0.1828 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.82387 1.00810 -0.1827 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.82394 1.00810 -0.1827 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.78439 0.99291 -0.2100 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.73127 0.97092 -0.2468 
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Table 2.66  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR82M1 and CR82B Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.91097 1.04805 -0.1308 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.89855 1.03979 -0.1358 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.85243 1.01261 -0.1582 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.84861 1.00810 -0.1582 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.84861 1.00810 -0.1582 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.81469 0.99291 -0.1795 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.76931 0.97092 -0.2077 

 

For Information Only



 
Nuclear Fuel Design Report 
Quad Cities Unit 2 Cycle 24 
Representative Cycle 
ATRIUM 10XM Fuel 

ANP-3294NP 
Revision 0 

Page 2-68 
 

  
AREVA Inc.  

 

Table 2.67  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR99 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.89046 1.04805 -0.1504 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.87703 1.03979 -0.1565 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.82472 1.01261 -0.1855 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.82106 1.00810 -0.1855 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.82113 1.00810 -0.1855 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.78049 0.99291 -0.2139 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.72582 0.97092 -0.2524 
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Table 2.68  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR99 Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.88904 1.04805 -0.1517 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.87557 1.03979 -0.1579 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.82288 1.01261 -0.1874 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.81923 1.00810 -0.1873 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.81930 1.00810 -0.1873 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.77817 0.99291 -0.2163 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.72278 0.97092 -0.2556 
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Table 2.69  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Ultra HD2  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.90970 1.04805 -0.1320 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.89690 1.03979 -0.1374 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.84881 1.01261 -0.1618 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.84501 1.00810 -0.1618 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.84505 1.00810 -0.1617 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.80904 0.99291 -0.1852 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.76060 0.97092 -0.2166 
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Table 2.70  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Ultra HD3  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.93037 1.04805 -0.1123 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.91834 1.03979 -0.1168 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.87448 1.01261 -0.1364 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.87053 1.00810 -0.1365 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.87056 1.00810 -0.1364 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.83903 0.99291 -0.1550 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.79596 0.97092 -0.1802 

 

Table 2.71  Lattice [  ] Kinetics Parameters at 
BOL 

 

 

kα kβ 

Kinetics 
Parameter 

(∆k/k) 

 

1.00810 1.01261 -0.0044 

 

0.99291 1.00810 -0.0151 

 

1.01261 1.04805 -0.0338 
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Table 2.72  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE OEM and D120  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.92595 1.08128 -0.1436 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.91455 1.07576 -0.1499 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.87375 1.06264 -0.1778 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.87002 1.05813 -0.1778 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.87009 1.05813 -0.1777 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.83526 1.04960 -0.2042 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.78671 1.03566 -0.2404 
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Table 2.73  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D160 and D190 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.92437 1.08128 -0.1451 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.91303 1.07576 -0.1513 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.87212 1.06264 -0.1793 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.86841 1.05813 -0.1793 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.86846 1.05813 -0.1792 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.83295 1.04960 -0.2064 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.78333 1.03566 -0.2436 
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Table 2.74  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D190 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.92138 1.08128 -0.1479 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.90986 1.07576 -0.1542 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.86729 1.06264 -0.1838 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.86362 1.05813 -0.1838 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.86362 1.05813 -0.1838 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.82641 1.04960 -0.2126 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.77428 1.03566 -0.2524 
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Table 2.75  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D230 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.91436 1.08128 -0.1544 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.90261 1.07576 -0.1610 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.85846 1.06264 -0.1921 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.85483 1.05813 -0.1921 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.85488 1.05813 -0.1921 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.81586 1.04960 -0.2227 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.76127 1.03566 -0.2649 
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Table 2.76  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D230 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.91772 1.08128 -0.1513 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.90590 1.07576 -0.1579 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.86190 1.06264 -0.1889 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.85825 1.05813 -0.1889 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.85825 1.05813 -0.1889 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.82009 1.04960 -0.2187 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.76685 1.03566 -0.2596 
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Table 2.77  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Blade Bottom Segment  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.92783 1.08128 -0.1419 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.91671 1.07576 -0.1479 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.87604 1.06264 -0.1756 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.87233 1.05813 -0.1756 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.87238 1.05813 -0.1756 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.83721 1.04960 -0.2024 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.78795 1.03566 -0.2392 
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Table 2.78  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Blade Main Segment  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.92083 1.08128 -0.1484 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.90945 1.07576 -0.1546 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.86694 1.06264 -0.1842 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.86328 1.05813 -0.1842 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.86333 1.05813 -0.1841 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.82575 1.04960 -0.2133 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.77318 1.03566 -0.2534 
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Table 2.79  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR82M1 and CR82B Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.92189 1.08128 -0.1474 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.91070 1.07576 -0.1534 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.86900 1.06264 -0.1822 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.86533 1.05813 -0.1822 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.86540 1.05813 -0.1821 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.82886 1.04960 -0.2103 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.77722 1.03566 -0.2495 
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Table 2.80  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR82M1 and CR82B Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.94170 1.08128 -0.1291 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.93133 1.07576 -0.1343 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.89550 1.06264 -0.1573 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.89166 1.05813 -0.1573 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.89166 1.05813 -0.1573 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.86150 1.04960 -0.1792 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.81883 1.03566 -0.2094 
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Table 2.81  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR99 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.92048 1.08128 -0.1487 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.90905 1.07576 -0.1550 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.86634 1.06264 -0.1847 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.86267 1.05813 -0.1847 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.86275 1.05813 -0.1847 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.82512 1.04960 -0.2139 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.77186 1.03566 -0.2547 
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Table 2.82  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR99 Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.91899 1.08128 -0.1501 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.90751 1.07576 -0.1564 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.86437 1.06264 -0.1866 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.86072 1.05813 -0.1866 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.86079 1.05813 -0.1865 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.82261 1.04960 -0.2163 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.76855 1.03566 -0.2579 
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Table 2.83  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Ultra HD2  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.94052 1.08128 -0.1302 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.92990 1.07576 -0.1356 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.89204 1.06264 -0.1605 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.88823 1.05813 -0.1606 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.88828 1.05813 -0.1605 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.85596 1.04960 -0.1845 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.81002 1.03566 -0.2179 
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Table 2.84  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Ultra HD3  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.96199 1.08128 -0.1103 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.95214 1.07576 -0.1149 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.91931 1.06264 -0.1349 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.91534 1.05813 -0.1349 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.91538 1.05813 -0.1349 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.88824 1.04960 -0.1537 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.84889 1.03566 -0.1803 

 

Table 2.85  Lattice [  ] Kinetics Parameters at 
BOL 

 

 

kα kβ 

Kinetics 
Parameter 

(∆k/k) 

 

1.05813 1.06264 -0.0042 

 

1.04960 1.05813 -0.0081 

 

1.06264 1.08128 -0.0172 
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Table 2.86  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE OEM and D120  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.95930 1.11765 -0.1417 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.94431 1.10727 -0.1472 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.88618 1.07039 -0.1721 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.88224 1.06567 -0.1721 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.88231 1.06567 -0.1721 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.84000 1.04412 -0.1955 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.78885 1.01855 -0.2255 
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Table 2.87  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D160 and D190 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.95738 1.11765 -0.1434 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.94245 1.10727 -0.1489 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.88420 1.07039 -0.1739 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.88028 1.06567 -0.1740 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.88033 1.06567 -0.1739 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.83741 1.04412 -0.1980 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.78533 1.01855 -0.2290 

 

For Information Only



 
Nuclear Fuel Design Report 
Quad Cities Unit 2 Cycle 24 
Representative Cycle 
ATRIUM 10XM Fuel 

ANP-3294NP 
Revision 0 

Page 2-87 
 

  
AREVA Inc.  

 

Table 2.88  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D190 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.95421 1.11765 -0.1462 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.93902 1.10727 -0.1520 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.87902 1.07039 -0.1788 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.87514 1.06567 -0.1788 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.87514 1.06567 -0.1788 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.83069 1.04412 -0.2044 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.77664 1.01855 -0.2375 
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Table 2.89  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D230 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.94652 1.11765 -0.1531 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.93117 1.10727 -0.1590 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.86996 1.07039 -0.1872 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.86613 1.06567 -0.1872 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.86619 1.06567 -0.1872 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.82026 1.04412 -0.2144 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.76429 1.01855 -0.2496 
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Table 2.90  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D230 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.95023 1.11765 -0.1498 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.93477 1.10727 -0.1558 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.87352 1.07039 -0.1839 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.86966 1.06567 -0.1839 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.86966 1.06567 -0.1839 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.82450 1.04412 -0.2103 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.76974 1.01855 -0.2443 
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Table 2.91  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Blade Bottom Segment  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.96076 1.11765 -0.1404 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.94591 1.10727 -0.1457 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.88736 1.07039 -0.1710 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.88343 1.06567 -0.1710 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.88349 1.06567 -0.1709 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.84068 1.04412 -0.1948 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.78887 1.01855 -0.2255 
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Table 2.92  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Blade Main Segment  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.95378 1.11765 -0.1466 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.93874 1.10727 -0.1522 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.87867 1.07039 -0.1791 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.87479 1.06567 -0.1791 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.87485 1.06567 -0.1791 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.82997 1.04412 -0.2051 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.77538 1.01855 -0.2387 

 

For Information Only



 
Nuclear Fuel Design Report 
Quad Cities Unit 2 Cycle 24 
Representative Cycle 
ATRIUM 10XM Fuel 

ANP-3294NP 
Revision 0 

Page 2-92 
 

  
AREVA Inc.  

 

Table 2.93  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR82M1 and CR82B Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.95332 1.11765 -0.1470 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.93834 1.10727 -0.1526 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.87880 1.07039 -0.1790 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.87492 1.06567 -0.1790 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.87500 1.06567 -0.1789 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.83098 1.04412 -0.2041 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.77737 1.01855 -0.2368 
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Table 2.94  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR82M1 and CR82B Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.97503 1.11765 -0.1276 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.96078 1.10727 -0.1323 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.90632 1.07039 -0.1533 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.90227 1.06567 -0.1533 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.90227 1.06567 -0.1533 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.86357 1.04412 -0.1729 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.81687 1.01855 -0.1980 
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Table 2.95  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR99 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.95248 1.11765 -0.1478 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.93737 1.10727 -0.1534 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.87709 1.07039 -0.1806 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.87322 1.06567 -0.1806 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.87330 1.06567 -0.1805 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.82828 1.04412 -0.2067 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.77306 1.01855 -0.2410 
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Table 2.96  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR99 Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.95092 1.11765 -0.1492 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.93578 1.10727 -0.1549 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.87510 1.07039 -0.1825 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.87124 1.06567 -0.1825 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.87132 1.06567 -0.1824 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.82584 1.04412 -0.2091 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.76997 1.01855 -0.2440 

 

For Information Only



 
Nuclear Fuel Design Report 
Quad Cities Unit 2 Cycle 24 
Representative Cycle 
ATRIUM 10XM Fuel 

ANP-3294NP 
Revision 0 

Page 2-96 
 

  
AREVA Inc.  

 

Table 2.97  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Ultra HD2  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.97457 1.11765 -0.1280 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.96017 1.10727 -0.1328 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.90403 1.07039 -0.1554 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.90000 1.06567 -0.1555 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.90006 1.06567 -0.1554 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.85943 1.04412 -0.1769 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.80982 1.01855 -0.2049 
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Table 2.98  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Ultra HD3  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.99721 1.11765 -0.1078 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.98350 1.10727 -0.1118 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.93145 1.07039 -0.1298 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.92726 1.06567 -0.1299 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.92730 1.06567 -0.1298 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.89072 1.04412 -0.1469 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.84579 1.01855 -0.1696 

 

Table 2.99  Lattice [  ] Kinetics Parameters at 
BOL 

 

 

kα kβ 

Kinetics 
Parameter 

(∆k/k) 

 

1.06567 1.07039 -0.0044 

 

1.04412 1.06567 -0.0202 

 

1.07039 1.11765 -0.0423 
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Table 2.100  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type GE OEM and D120  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.89052 1.05078 -0.1525 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.87612 1.04104 -0.1584 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.82362 1.00975 -0.1843 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.81975 1.00503 -0.1844 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.81982 1.00503 -0.1843 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.78126 0.98706 -0.2085 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.73345 0.96512 -0.2400 
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Table 2.101  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type GE D160 and D190 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.88874 1.05078 -0.1542 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.87440 1.04104 -0.1601 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.82181 1.00975 -0.1861 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.81796 1.00503 -0.1861 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.81801 1.00503 -0.1861 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.77887 0.98706 -0.2109 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.73016 0.96512 -0.2434 
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Table 2.102  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type GE D190 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.88553 1.05078 -0.1573 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.87096 1.04104 -0.1634 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.81675 1.00975 -0.1911 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.81294 1.00503 -0.1911 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.81294 1.00503 -0.1911 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.77232 0.98706 -0.2176 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.72164 0.96512 -0.2523 
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Table 2.103  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type GE D230 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.87798 1.05078 -0.1645 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.86323 1.04104 -0.1708 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.80777 1.00975 -0.2000 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.80401 1.00503 -0.2000 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.80406 1.00503 -0.2000 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.76197 0.98706 -0.2280 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.70936 0.96512 -0.2650 
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Table 2.104  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type GE D230 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.88156 1.05078 -0.1610 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.86671 1.04104 -0.1675 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.81125 1.00975 -0.1966 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.80746 1.00503 -0.1966 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.80746 1.00503 -0.1966 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.76610 0.98706 -0.2239 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.71466 0.96512 -0.2595 
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Table 2.105  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type GE Marathon Blade Bottom Segment  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.89163 1.05078 -0.1515 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.87742 1.04104 -0.1572 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.82471 1.00975 -0.1832 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.82086 1.00503 -0.1832 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.82091 1.00503 -0.1832 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.78190 0.98706 -0.2079 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.73347 0.96512 -0.2400 
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Table 2.106  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type GE Marathon Blade Main Segment  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.88489 1.05078 -0.1579 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.87049 1.04104 -0.1638 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.81630 1.00975 -0.1916 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.81250 1.00503 -0.1916 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.81256 1.00503 -0.1915 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.77152 0.98706 -0.2184 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.72032 0.96512 -0.2536 
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Table 2.107  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type CR82M1 and CR82B Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.88422 1.05078 -0.1585 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.86987 1.04104 -0.1644 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.81610 1.00975 -0.1918 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.81229 1.00503 -0.1918 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.81237 1.00503 -0.1917 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.77216 0.98706 -0.2177 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.72195 0.96512 -0.2520 
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Table 2.108  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type CR82M1 and CR82B Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.90560 1.05078 -0.1382 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.89197 1.04104 -0.1432 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.84328 1.00975 -0.1649 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.83930 1.00503 -0.1649 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.83930 1.00503 -0.1649 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.80432 0.98706 -0.1851 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.76105 0.96512 -0.2114 
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Table 2.109  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type CR99 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.88386 1.05078 -0.1588 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.86937 1.04104 -0.1649 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.81488 1.00975 -0.1930 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.81108 1.00503 -0.1930 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.81115 1.00503 -0.1929 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.77000 0.98706 -0.2199 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.71821 0.96512 -0.2558 
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Table 2.110  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type CR99 Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.88231 1.05078 -0.1603 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.86779 1.04104 -0.1664 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.81292 1.00975 -0.1949 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.80914 1.00503 -0.1949 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.80922 1.00503 -0.1948 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.76760 0.98706 -0.2223 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.71517 0.96512 -0.2590 
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Table 2.111  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type GE Marathon Ultra HD2  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.90569 1.05078 -0.1381 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.89190 1.04104 -0.1433 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.84159 1.00975 -0.1665 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.83763 1.00503 -0.1666 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.83768 1.00503 -0.1665 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.80089 0.98706 -0.1886 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.75473 0.96512 -0.2180 
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Table 2.112  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type GE Marathon Ultra HD3  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.92840 1.05078 -0.1165 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.91531 1.04104 -0.1208 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.86904 1.00975 -0.1394 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.86490 1.00503 -0.1394 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.86495 1.00503 -0.1394 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.83219 0.98706 -0.1569 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.79080 0.96512 -0.1806 

 

Table 2.113  Lattice [  ] Kinetics Parameters at 
BOL 

 

 

kα kβ 

Kinetics 
Parameter 

(∆k/k) 

 

1.00503 1.00975 -0.0047 

 

0.98706 1.00503 -0.0179 

 

1.00975 1.05078 -0.0391 
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Table 2.114  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE OEM and D120 

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.90635 1.05942 -0.1445 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.89205 1.05008 -0.1505 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.84055 1.02089 -0.1767 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.83678 1.01633 -0.1767 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.83684 1.01633 -0.1766 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.79676 0.99848 -0.2020 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.74354 0.97433 -0.2369 
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Table 2.115  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D160 and D190 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.90466 1.05942 -0.1461 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.89044 1.05008 -0.1520 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.83885 1.02089 -0.1783 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.83509 1.01633 -0.1783 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.83515 1.01633 -0.1783 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.79444 0.99848 -0.2044 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.74028 0.97433 -0.2402 
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Table 2.116  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D190 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.90166 1.05942 -0.1489 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.88725 1.05008 -0.1551 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.83410 1.02089 -0.1830 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.83038 1.01633 -0.1830 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.83038 1.01633 -0.1830 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.78814 0.99848 -0.2107 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.73185 0.97433 -0.2489 
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Table 2.117  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D230 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.89450 1.05942 -0.1557 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.87989 1.05008 -0.1621 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.82541 1.02089 -0.1915 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.82173 1.01633 -0.1915 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.82178 1.01633 -0.1914 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.77798 0.99848 -0.2208 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.71955 0.97433 -0.2615 
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Table 2.118  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D230 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.89791 1.05942 -0.1525 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.88320 1.05008 -0.1589 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.82876 1.02089 -0.1882 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.82506 1.01633 -0.1882 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.82506 1.01633 -0.1882 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.78201 0.99848 -0.2168 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.72482 0.97433 -0.2561 
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Table 2.119  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Blade Bottom Segment  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.90752 1.05942 -0.1434 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.89345 1.05008 -0.1492 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.84191 1.02089 -0.1753 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.83815 1.01633 -0.1753 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.83820 1.01633 -0.1753 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.79767 0.99848 -0.2011 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.74376 0.97433 -0.2366 
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Table 2.120  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Blade Main Segment  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.90108 1.05942 -0.1495 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.88681 1.05008 -0.1555 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.83373 1.02089 -0.1833 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.83002 1.01633 -0.1833 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.83007 1.01633 -0.1833 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.78742 0.99848 -0.2114 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.73057 0.97433 -0.2502 

 

For Information Only



 
Nuclear Fuel Design Report 
Quad Cities Unit 2 Cycle 24 
Representative Cycle 
ATRIUM 10XM Fuel 

ANP-3294NP 
Revision 0 

Page 2-118 
 

  
AREVA Inc.  

 

Table 2.121  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR82M1 and CR82B Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.90050 1.05942 -0.1500 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.88628 1.05008 -0.1560 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.83364 1.02089 -0.1834 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.82992 1.01633 -0.1834 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.82999 1.01633 -0.1834 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.78818 0.99848 -0.2106 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.73228 0.97433 -0.2484 
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Table 2.122  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR82M1 and CR82B Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.92068 1.05942 -0.1310 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.90721 1.05008 -0.1361 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.85970 1.02089 -0.1579 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.85583 1.01633 -0.1579 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.85583 1.01633 -0.1579 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.81954 0.99848 -0.1792 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.77124 0.97433 -0.2084 
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Table 2.123  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR99 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.90015 1.05942 -0.1503 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.88578 1.05008 -0.1565 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.83239 1.02089 -0.1846 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.82867 1.01633 -0.1846 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.82875 1.01633 -0.1846 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.78601 0.99848 -0.2128 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.72857 0.97433 -0.2522 
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Table 2.124  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR99 Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.89869 1.05942 -0.1517 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.88429 1.05008 -0.1579 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.83052 1.02089 -0.1865 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.82682 1.01633 -0.1865 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.82689 1.01633 -0.1864 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.78367 0.99848 -0.2151 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.72553 0.97433 -0.2554 
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Table 2.125  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Ultra HD2  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.92089 1.05942 -0.1308 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.90727 1.05008 -0.1360 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.85820 1.02089 -0.1594 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.85434 1.01633 -0.1594 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.85439 1.01633 -0.1593 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.81630 0.99848 -0.1825 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.76502 0.97433 -0.2148 

 

For Information Only



 
Nuclear Fuel Design Report 
Quad Cities Unit 2 Cycle 24 
Representative Cycle 
ATRIUM 10XM Fuel 

ANP-3294NP 
Revision 0 

Page 2-123 
 

  
AREVA Inc.  

 

Table 2.126  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Ultra HD3  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.94244 1.05942 -0.1104 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.92955 1.05008 -0.1148 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.88466 1.02089 -0.1334 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.88064 1.01633 -0.1335 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.88068 1.01633 -0.1335 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.84698 0.99848 -0.1517 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.80105 0.97433 -0.1779 
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Table 2.127  Lattice [  ] Kinetics Parameters at 
BOL 

 

kα kβ 

Kinetics 
Parameter 

(∆k/k) 

 

1.01633 1.02089 -0.0045 

 

0.99848 1.01633 -0.0176 

 

1.02089 1.05942 -0.0364 
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Table 2.128  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE OEM and D120  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.91544 1.06926 -0.1439 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.90164 1.06059 -0.1499 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.85280 1.03526 -0.1762 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.84903 1.03070 -0.1763 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.84910 1.03070 -0.1762 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.81022 1.01507 -0.2018 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.75790 0.99362 -0.2372 
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Table 2.129  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D160 and D190 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.91374 1.06926 -0.1454 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.90000 1.06059 -0.1514 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.85107 1.03526 -0.1779 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.84732 1.03070 -0.1779 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.84737 1.03070 -0.1779 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.80786 1.01507 -0.2041 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.75455 0.99362 -0.2406 
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Table 2.130  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D190 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.91071 1.06926 -0.1483 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.89678 1.06059 -0.1545 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.84625 1.03526 -0.1826 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.84254 1.03070 -0.1826 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.84254 1.03070 -0.1826 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.80143 1.01507 -0.2105 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.74588 0.99362 -0.2493 
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Table 2.131  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D230 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.90349 1.06926 -0.1550 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.88933 1.06059 -0.1615 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.83742 1.03526 -0.1911 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.83375 1.03070 -0.1911 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.83380 1.03070 -0.1910 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.79106 1.01507 -0.2207 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.73328 0.99362 -0.2620 
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Table 2.132  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D230 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.90694 1.06926 -0.1518 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.89270 1.06059 -0.1583 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.84083 1.03526 -0.1878 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.83714 1.03070 -0.1878 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.83714 1.03070 -0.1878 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.79518 1.01507 -0.2166 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.73867 0.99362 -0.2566 
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Table 2.133  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Blade Bottom Segment  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.91660 1.06926 -0.1428 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.90303 1.06059 -0.1486 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.85415 1.03526 -0.1749 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.85039 1.03070 -0.1749 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.85045 1.03070 -0.1749 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.81111 1.01507 -0.2009 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.75806 0.99362 -0.2371 
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Table 2.134  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Blade Main Segment  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.91011 1.06926 -0.1488 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.89632 1.06059 -0.1549 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.84585 1.03526 -0.1830 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.84215 1.03070 -0.1829 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.84220 1.03070 -0.1829 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.80066 1.01507 -0.2112 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.74455 0.99362 -0.2507 
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Table 2.135  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR82M1 and CR82B Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.90951 1.06926 -0.1494 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.89578 1.06059 -0.1554 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.84574 1.03526 -0.1831 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.84204 1.03070 -0.1830 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.84211 1.03070 -0.1830 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.80143 1.01507 -0.2105 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.74631 0.99362 -0.2489 
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Table 2.136  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR82M1 and CR82B Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.92991 1.06926 -0.1303 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.91695 1.06059 -0.1354 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.87225 1.03526 -0.1575 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.86837 1.03070 -0.1575 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.86837 1.03070 -0.1575 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.83345 1.01507 -0.1789 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.78630 0.99362 -0.2087 
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Table 2.137  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR99 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.90918 1.06926 -0.1497 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.89529 1.06059 -0.1559 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.84450 1.03526 -0.1843 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.84079 1.03070 -0.1842 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.84087 1.03070 -0.1842 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.79925 1.01507 -0.2126 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.74256 0.99362 -0.2527 
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Table 2.138  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR99 Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.90770 1.06926 -0.1511 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.89377 1.06059 -0.1573 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.84260 1.03526 -0.1861 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.83890 1.03070 -0.1861 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.83898 1.03070 -0.1860 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.79686 1.01507 -0.2150 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.73945 0.99362 -0.2558 
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Table 2.139  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Ultra HD2  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.93013 1.06926 -0.1301 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.91701 1.06059 -0.1354 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.87074 1.03526 -0.1589 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.86688 1.03070 -0.1589 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.86693 1.03070 -0.1589 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.83018 1.01507 -0.1822 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.77998 0.99362 -0.2150 
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Table 2.140  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Ultra HD3  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.95189 1.06926 -0.1098 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.93955 1.06059 -0.1141 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.89764 1.03526 -0.1329 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.89363 1.03070 -0.1330 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.89367 1.03070 -0.1330 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.86151 1.01507 -0.1513 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.81705 0.99362 -0.1777 

 

Table 2.141  Lattice [  ] Kinetics Parameters at 
BOL 

 

 

kα kβ 

Kinetics 
Parameter 

(∆k/k) 

 

1.03070 1.03526 -0.0044 

 

1.01507 1.03070 -0.0152 

 

1.03526 1.06926 -0.0318 
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Table 2.142  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE OEM and D120  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.99162 1.14917 -0.1371 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.97775 1.14039 -0.1426 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.91925 1.10578 -0.1687 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.91518 1.10092 -0.1687 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.91525 1.10092 -0.1686 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.87072 1.07923 -0.1932 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.81619 1.05218 -0.2243 
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Table 2.143  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D160 and D190 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.98976 1.14917 -0.1387 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.97589 1.14039 -0.1442 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.91728 1.10578 -0.1705 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.91323 1.10092 -0.1705 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.91329 1.10092 -0.1704 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.86811 1.07923 -0.1956 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.81259 1.05218 -0.2277 
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Table 2.144  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D190 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.98669 1.14917 -0.1414 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.97257 1.14039 -0.1472 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.91214 1.10578 -0.1751 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.90813 1.10092 -0.1751 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.90813 1.10092 -0.1751 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.86136 1.07923 -0.2019 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.80375 1.05218 -0.2361 
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Table 2.145  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D230 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.97914 1.14917 -0.1480 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.96486 1.14039 -0.1539 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.90312 1.10578 -0.1833 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.89915 1.10092 -0.1833 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.89921 1.10092 -0.1832 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.85085 1.07923 -0.2116 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.79122 1.05218 -0.2480 
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Table 2.146  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D230 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.98283 1.14917 -0.1447 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.96845 1.14039 -0.1508 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.90672 1.10578 -0.1800 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.90273 1.10092 -0.1800 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.90273 1.10092 -0.1800 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.85519 1.07923 -0.2076 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.79680 1.05218 -0.2427 
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Table 2.147  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Blade Bottom Segment 

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.99372 1.14917 -0.1353 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.98000 1.14039 -0.1406 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.92125 1.10578 -0.1669 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.91719 1.10092 -0.1669 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.91724 1.10092 -0.1668 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.87231 1.07923 -0.1917 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.81717 1.05218 -0.2234 
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Table 2.148  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Blade Main Segment  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.98638 1.14917 -0.1417 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.97243 1.14039 -0.1473 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.91195 1.10578 -0.1753 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.90794 1.10092 -0.1753 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.90800 1.10092 -0.1752 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.86086 1.07923 -0.2023 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.80281 1.05218 -0.2370 
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Table 2.149  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR82M1 and CR82B Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.98710 1.14917 -0.1410 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.97332 1.14039 -0.1465 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.91369 1.10578 -0.1737 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.90967 1.10092 -0.1737 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.90976 1.10092 -0.1736 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.86362 1.07923 -0.1998 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.80651 1.05218 -0.2335 
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Table 2.150  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR82M1 and CR82B Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

1.00837 1.14917 -0.1225 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.99534 1.14039 -0.1272 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.94110 1.10578 -0.1489 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.93691 1.10092 -0.1490 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.93691 1.10092 -0.1490 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.89646 1.07923 -0.1694 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.84672 1.05218 -0.1953 
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Table 2.151  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR99 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.98536 1.14917 -0.1426 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.97138 1.14039 -0.1482 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.91076 1.10578 -0.1764 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.90675 1.10092 -0.1764 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.90683 1.10092 -0.1763 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.85958 1.07923 -0.2035 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.80083 1.05218 -0.2389 
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Table 2.152  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR99 Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.98379 1.14917 -0.1439 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.96976 1.14039 -0.1496 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.90872 1.10578 -0.1782 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.90473 1.10092 -0.1782 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.90481 1.10092 -0.1781 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.85704 1.07923 -0.2059 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.79760 1.05218 -0.2419 
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Table 2.153  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Ultra HD2  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

1.00696 1.14917 -0.1237 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.99369 1.14039 -0.1286 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.93742 1.10578 -0.1522 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.93326 1.10092 -0.1523 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.93331 1.10092 -0.1522 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.89069 1.07923 -0.1747 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.83791 1.05218 -0.2036 
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Table 2.154  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Ultra HD3  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

1.02933 1.14917 -0.1043 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

1.01676 1.14039 -0.1084 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.96493 1.10578 -0.1274 

Hot OperatingNoXe TModerator=546° F TFuel=930° F  
0% Void, No xenon 

0.96060 1.10092 -0.1275 

Hot Operating0 TModerator=546° F TFuel=930° F  
0% Void 

0.96065 1.10092 -0.1274 

Hot Operating40 TModerator=546° F TFuel=930° F  
40% Void 

0.92240 1.07923 -0.1453 

Hot Operating 80 TModerator=546° F TFuel=930° F  
80% Void 

0.87465 1.05218 -0.1687 

 

Table 2.155  Lattice [  ] Kinetics Parameters at 
BOL 

 

 

kα kβ 

Kinetics 
Parameter 

(∆k/k) 

 

1.10092 1.10578 -0.0044 

 

1.07923 1.10092 -0.0197 

 

1.10578 1.14917 -0.0378 
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Table 2.156  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type GE OEM and D120  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.92547 1.08498 -0.1470 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.91218 1.07695 -0.1530 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.85911 1.04807 -0.1803 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.85509 1.04319 -0.1803 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.85516 1.04319 -0.1802 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.81437 1.02535 -0.2058 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.76290 1.00194 -0.2386 
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Table 2.157  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type GE D160 and D190 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.92373 1.08498 -0.1486 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.91050 1.07695 -0.1546 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.85731 1.04807 -0.1820 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.85332 1.04319 -0.1820 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.85337 1.04319 -0.1820 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.81194 1.02535 -0.2081 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.75950 1.00194 -0.2420 
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Table 2.158  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type GE D190 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.92066 1.08498 -0.1515 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.90721 1.07695 -0.1576 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.85233 1.04807 -0.1868 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.84837 1.04319 -0.1867 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.84837 1.04319 -0.1867 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.80538 1.02535 -0.2145 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.75083 1.00194 -0.2506 
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Table 2.159  Lattice [ ] Control Blade Worths 
at BOL for Control Blade Type GE D230 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.91325 1.08498 -0.1583 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.89962 1.07695 -0.1647 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.84337 1.04807 -0.1953 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.83945 1.04319 -0.1953 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.83951 1.04319 -0.1953 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.79493 1.02535 -0.2247 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.73833 1.00194 -0.2631 
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Table 2.160  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type GE D230 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.91682 1.08498 -0.1550 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.90309 1.07695 -0.1614 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.84689 1.04807 -0.1920 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.84295 1.04319 -0.1920 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.84295 1.04319 -0.1920 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.79917 1.02535 -0.2206 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.74379 1.00194 -0.2576 
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Table 2.161  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type GE Marathon Blade Bottom Segment  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.92741 1.08498 -0.1452 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.91437 1.07695 -0.1510 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.86120 1.04807 -0.1783 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.85720 1.04319 -0.1783 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.85725 1.04319 -0.1782 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.81609 1.02535 -0.2041 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.76405 1.00194 -0.2374 
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Table 2.162  Lattice [ ] Control Blade Worths 
at BOL for Control Blade Type GE Marathon Blade Main Segment  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.92024 1.08498 -0.1518 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.90695 1.07695 -0.1578 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.85212 1.04807 -0.1870 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.84816 1.04319 -0.1870 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.84822 1.04319 -0.1869 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.80488 1.02535 -0.2150 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.74992 1.00194 -0.2515 
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Table 2.163  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type CR82M1 and CR82B Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.92089 1.08498 -0.1512 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.90777 1.07695 -0.1571 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.85368 1.04807 -0.1855 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.84972 1.04319 -0.1855 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.84979 1.04319 -0.1854 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.80742 1.02535 -0.2125 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.75338 1.00194 -0.2481 
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Table 2.164  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type CR82M1 and CR82B Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.94174 1.08498 -0.1320 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.92939 1.07695 -0.1370 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.88072 1.04807 -0.1597 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.87658 1.04319 -0.1597 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.87658 1.04319 -0.1597 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.83987 1.02535 -0.1809 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.79333 1.00194 -0.2082 
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Table 2.165  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type CR99 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.91945 1.08498 -0.1526 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.90611 1.07695 -0.1586 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.85106 1.04807 -0.1880 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.84710 1.04319 -0.1880 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.84718 1.04319 -0.1879 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.80374 1.02535 -0.2161 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.74813 1.00194 -0.2533 
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Table 2.166  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type CR99 Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.91790 1.08498 -0.1540 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.90452 1.07695 -0.1601 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.84905 1.04807 -0.1899 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.84511 1.04319 -0.1899 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.84519 1.04319 -0.1898 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.80125 1.02535 -0.2186 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.74494 1.00194 -0.2565 
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Table 2.167  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type GE Marathon Ultra HD2  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.94078 1.08498 -0.1329 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.92815 1.07695 -0.1382 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.87752 1.04807 -0.1627 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.87340 1.04319 -0.1628 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.87346 1.04319 -0.1627 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.83466 1.02535 -0.1860 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.78509 1.00194 -0.2164 
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Table 2.168  Lattice [  ] Control Blade Worths 
at BOL for Control Blade Type GE Marathon Ultra HD3 

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.96313 1.08498 -0.1123 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.95123 1.07695 -0.1167 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.90502 1.04807 -0.1365 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.90073 1.04319 -0.1366 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.90077 1.04319 -0.1365 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.86640 1.02535 -0.1550 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.82203 1.00194 -0.1796 

 

Table 2.169  Lattice [  ] Kinetics Parameters at 
BOL 

 

 

kα kβ 

Kinetics 
Parameter 

(∆k/k) 

 

1.04319 1.04807 -0.0047 

 

1.02535 1.04319 -0.0171 

 

1.04807 1.08498 -0.0340 
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Table 2.170  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE OEM and D120  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.94095 1.09259 -0.1388 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.92801 1.08514 -0.1448 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.87659 1.05906 -0.1723 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.87268 1.05435 -0.1723 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.87274 1.05435 -0.1722 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.83059 1.03705 -0.1991 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.77362 1.01170 -0.2353 
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Table 2.171  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D160 and D190 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.93931 1.09259 -0.1403 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.92644 1.08514 -0.1462 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.87492 1.05906 -0.1739 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.87102 1.05435 -0.1739 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.87107 1.05435 -0.1738 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.82826 1.03705 -0.2013 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.77025 1.01170 -0.2387 
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Table 2.172  Lattice [ ] Control Blade Worths at 
BOL for Control Blade Type GE D190 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.93646 1.09259 -0.1429 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.92339 1.08514 -0.1491 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.87026 1.05906 -0.1783 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.86639 1.05435 -0.1783 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.86639 1.05435 -0.1783 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.82195 1.03705 -0.2074 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.76166 1.01170 -0.2472 
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Table 2.173  Lattice [ ] Control Blade Worths at 
BOL for Control Blade Type GE D230 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.92948 1.09259 -0.1493 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.91619 1.08514 -0.1557 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.86161 1.05906 -0.1864 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.85779 1.05435 -0.1864 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.85784 1.05435 -0.1864 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.81171 1.03705 -0.2173 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.74915 1.01170 -0.2595 
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Table 2.174  Lattice [ ] Control Blade Worths at 
BOL for Control Blade Type GE D230 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.93284 1.09259 -0.1462 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.91949 1.08514 -0.1527 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.86500 1.05906 -0.1832 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.86116 1.05435 -0.1832 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.86116 1.05435 -0.1832 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.81585 1.03705 -0.2133 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.75460 1.01170 -0.2541 
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Table 2.175  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Blade Bottom Segment  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.94290 1.09259 -0.1370 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.93024 1.08514 -0.1427 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.87892 1.05906 -0.1701 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.87502 1.05435 -0.1701 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.87506 1.05435 -0.1701 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.83259 1.03705 -0.1972 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.77497 1.01170 -0.2340 

 

For Information Only



 
Nuclear Fuel Design Report 
Quad Cities Unit 2 Cycle 24 
Representative Cycle 
ATRIUM 10XM Fuel 

ANP-3294NP 
Revision 0 

Page 2-170 
 

  
AREVA Inc.  

 

Table 2.176  Lattice [ ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Blade Main Segment  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.93609 1.09259 -0.1432 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.92317 1.08514 -0.1493 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.87009 1.05906 -0.1784 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.86624 1.05435 -0.1784 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.86629 1.05435 -0.1784 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.82149 1.03705 -0.2079 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.76079 1.01170 -0.2480 
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Table 2.177  Lattice [ ] Control Blade Worths at 
BOL for Control Blade Type CR82M1 and CR82B Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.93672 1.09259 -0.1427 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.92399 1.08514 -0.1485 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.87174 1.05906 -0.1769 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.86787 1.05435 -0.1769 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.86794 1.05435 -0.1768 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.82419 1.03705 -0.2053 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.76439 1.01170 -0.2445 
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Table 2.178  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR82M1 and CR82B Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.95628 1.09259 -0.1248 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.94433 1.08514 -0.1298 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.89756 1.05906 -0.1525 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.89353 1.05435 -0.1525 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.89353 1.05435 -0.1525 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.85577 1.03705 -0.1748 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.80417 1.01170 -0.2051 
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Table 2.179  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR99 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.93537 1.09259 -0.1439 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.92238 1.08514 -0.1500 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.86912 1.05906 -0.1794 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.86526 1.05435 -0.1793 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.86533 1.05435 -0.1793 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.82050 1.03705 -0.2088 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.75913 1.01170 -0.2497 
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Table 2.180  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR99 Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.93390 1.09259 -0.1452 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.92088 1.08514 -0.1514 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.86721 1.05906 -0.1812 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.86337 1.05435 -0.1811 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.86344 1.05435 -0.1811 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.81808 1.03705 -0.2112 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.75594 1.01170 -0.2528 
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Table 2.181  Lattice [ ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Ultra HD2  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.95559 1.09259 -0.1254 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.94335 1.08514 -0.1307 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.89463 1.05906 -0.1553 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.89062 1.05435 -0.1553 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.89067 1.05435 -0.1552 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.85079 1.03705 -0.1796 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.79602 1.01170 -0.2132 
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Table 2.182  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Ultra HD3  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.97669 1.09259 -0.1061 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.96522 1.08514 -0.1105 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.92106 1.05906 -0.1303 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.91690 1.05435 -0.1304 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.91694 1.05435 -0.1303 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.88186 1.03705 -0.1497 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.83292 1.01170 -0.1767 

 

Table 2.183  Lattice [ ] Kinetics Parameters at 
BOL 

 

 

kα kβ 

Kinetics 
Parameter 

(∆k/k) 

 

1.05435 1.05906 -0.0044 

 

1.03705 1.05435 -0.0164 

 

1.05906 1.09259 -0.0307 
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Table 2.184  Lattice [ ] Control Blade Worths at 
BOL for Control Blade Type GE OEM and D120  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.94929 1.10181 -0.1384 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.93680 1.09498 -0.1445 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.88788 1.07252 -0.1722 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.88398 1.06781 -0.1722 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.88404 1.06781 -0.1721 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.84305 1.05261 -0.1991 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.78693 1.02986 -0.2359 
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Table 2.185  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D160 and D190 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.94763 1.10181 -0.1399 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.93521 1.09498 -0.1459 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.88618 1.07252 -0.1737 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.88228 1.06781 -0.1737 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.88233 1.06781 -0.1737 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.84067 1.05261 -0.2014 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.78348 1.02986 -0.2392 
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Table 2.186  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D190 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.94475 1.10181 -0.1426 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.93213 1.09498 -0.1487 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.88145 1.07252 -0.1782 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.87759 1.06781 -0.1781 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.87759 1.06781 -0.1781 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.83424 1.05261 -0.2075 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.77466 1.02986 -0.2478 
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Table 2.187  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D230 Lower Blade  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.93769 1.10181 -0.1489 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.92484 1.09498 -0.1554 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.87266 1.07252 -0.1863 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.86885 1.06781 -0.1863 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.86890 1.06781 -0.1863 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.82379 1.05261 -0.2174 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.76186 1.02986 -0.2602 
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Table 2.188  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE D230 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.94110 1.10181 -0.1459 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.92819 1.09498 -0.1523 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.87611 1.07252 -0.1831 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.87228 1.06781 -0.1831 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.87228 1.06781 -0.1831 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.82801 1.05261 -0.2134 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.76739 1.02986 -0.2549 
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Table 2.189  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Blade Bottom Segment  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.95120 1.10181 -0.1367 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.93900 1.09498 -0.1424 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.89018 1.07252 -0.1700 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.88628 1.06781 -0.1700 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.88633 1.06781 -0.1700 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.84499 1.05261 -0.1972 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.78819 1.02986 -0.2347 

 

For Information Only



 
Nuclear Fuel Design Report 
Quad Cities Unit 2 Cycle 24 
Representative Cycle 
ATRIUM 10XM Fuel 

ANP-3294NP 
Revision 0 

Page 2-183 
 

  
AREVA Inc.  

 

Table 2.190  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Blade Main Segment  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.94434 1.10181 -0.1429 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.93188 1.09498 -0.1489 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.88126 1.07252 -0.1783 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.87741 1.06781 -0.1783 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.87746 1.06781 -0.1783 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.83374 1.05261 -0.2079 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.77372 1.02986 -0.2487 
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Table 2.191  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR82M1 and CR82B Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.94494 1.10181 -0.1424 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.93265 1.09498 -0.1482 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.88283 1.07252 -0.1769 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.87897 1.06781 -0.1769 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.87904 1.06781 -0.1768 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.83637 1.05261 -0.2054 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.77730 1.02986 -0.2452 

 

For Information Only



 
Nuclear Fuel Design Report 
Quad Cities Unit 2 Cycle 24 
Representative Cycle 
ATRIUM 10XM Fuel 

ANP-3294NP 
Revision 0 

Page 2-185 
 

  
AREVA Inc.  

 

Table 2.192  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR82M1 and CR82B Blade Tip 

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.96474 1.10181 -0.1244 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.95325 1.09498 -0.1294 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.90910 1.07252 -0.1524 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.90507 1.06781 -0.1524 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.90507 1.06781 -0.1524 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.86861 1.05261 -0.1748 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.81810 1.02986 -0.2056 
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Table 2.193  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR99 Blade Tip  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.94362 1.10181 -0.1436 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.93109 1.09498 -0.1497 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.88025 1.07252 -0.1793 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.87640 1.06781 -0.1792 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.87647 1.06781 -0.1792 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.83273 1.05261 -0.2089 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.77207 1.02986 -0.2503 
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Table 2.194  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type CR99 Blade Main  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.94214 1.10181 -0.1449 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.92956 1.09498 -0.1511 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.87831 1.07252 -0.1811 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.87447 1.06781 -0.1811 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.87454 1.06781 -0.1810 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.83025 1.05261 -0.2112 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.76880 1.02986 -0.2535 
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Table 2.195  Lattice [  ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Ultra HD2  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.96406 1.10181 -0.1250 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.95230 1.09498 -0.1303 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.90620 1.07252 -0.1551 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.90220 1.06781 -0.1551 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.90226 1.06781 -0.1550 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.86365 1.05261 -0.1795 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.80990 1.02986 -0.2136 
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Table 2.196  Lattice [ ] Control Blade Worths at 
BOL for Control Blade Type GE Marathon Ultra HD3  

 

 

kControlled kUncontrolled Blade 
Worth 
(∆k/k) 

Cold TModerator=68° F TFuel=68° F  
0% Void, No xenon 

0.98540 1.10181 -0.1056 

Intermediate TModerator=200° F TFuel=200° F  
0% Void, No xenon 

0.97444 1.09498 -0.1101 

Hot Standby TModerator=546° F TFuel=546° F  
0% Void, No xenon 

0.93309 1.07252 -0.1300 

Hot OperatingNoXe TModerator=546° F TFuel=989° F  
0% Void, No xenon 

0.92892 1.06781 -0.1301 

Hot Operating0 TModerator=546° F TFuel=989° F  
0% Void 

0.92897 1.06781 -0.1300 

Hot Operating40 TModerator=546° F TFuel=989° F  
40% Void 

0.89537 1.05261 -0.1494 

Hot Operating 80 TModerator=546° F TFuel=989° F  
80% Void 

0.84782 1.02986 -0.1768 

 

Table 2.197  Lattice [  ] Kinetics Parameters at 
BOL 

 

 

kα kβ 

Kinetics 
Parameter 

(∆k/k) 

 

1.06781 1.07252 -0.0044 

 

1.05261 1.06781 -0.0142 

 

1.07252 1.10181 -0.0266 
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 [  

] 

Figure 2.1  Assembly Type [  ] 
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[ 

] 
Figure 2.2  Assembly Type [  ] 
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[ 

] 
Figure 2.3  Assembly Type [  ] 
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Figure 2.4  [ ] Fuel Rod Distribution 
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Figure 2.5  [ ] Fuel Rod Distribution 
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Figure 2.6  [  ] Fuel Rod Distribution 
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[ 

     
     
     

] 

Figure 2.7  Fuel Rod Axial Description 
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Appendix A Enriched Lattice Hot Uncontrolled Reactivity and LPF Plots 
 
The results in this appendix are based on hot operating and equilibrium xenon conditions. 
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Figure A.1  [ ] Hot Uncontrolled k∞ 
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Figure A.2  [ ] Hot Uncontrolled LPF 

 

For Information Only



 
Nuclear Fuel Design Report 
Quad Cities Unit 2 Cycle 24 
Representative Cycle 
ATRIUM 10XM Fuel 

ANP-3294NP 
Revision 0 

Page A-3 
 

  
AREVA Inc.  

0.76

0.81

0.86

0.91

0.96

1.01

1.06

1.11

1.16

1.21

0 10 20 30 40 50 60 70

H
o

t 
U

n
co

n
tr

o
lle

d
 k

∞

Lattice Exposure (GWd/MTU)

0%

40%

80%

 

Figure A.3  [ ] Hot Uncontrolled k∞ 
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Figure A.4  [  ] Hot Uncontrolled LPF 
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Figure A.5  [ ] Hot Uncontrolled k∞ 
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Figure A.6  [ ] Hot Uncontrolled LPF
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Figure A.7  [ ] Hot Uncontrolled k∞ 
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Figure A.8  [ ] Hot Uncontrolled LPF 
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Figure A.9  [ ] Hot Uncontrolled k∞ 
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Figure A.10  [ ] Hot Uncontrolled LPF 
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Figure A.11  [ ] Hot Uncontrolled k∞ 

 

 

1.04

1.09

1.14

1.19

1.24

1.29

1.34

1.39

0 10 20 30 40 50 60 70

H
o

t 
U

n
co

n
tr

o
lle

d
 L

oc
al

 P
e

ak
in

g 
Fa

ct
o

r

Lattice Exposure (GWd/MTU)

0%

40%

80%

 

Figure A.12  [ ] Hot Uncontrolled LPF 
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Figure A.13  [ ] Hot Uncontrolled k∞ 
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Figure A.14  [ ] Hot Uncontrolled LPF 
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Figure A.15  [ ] Hot Uncontrolled k∞ 
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Figure A.16  [ ] Hot Uncontrolled LPF 
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Figure A.17  [  ] Hot Uncontrolled k∞ 
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Figure A.18  [  ] Hot Uncontrolled LPF 
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Figure A.19  [ ] Hot Uncontrolled k∞ 
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Figure A.20  [  ] Hot Uncontrolled LPF 
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Figure A.21  [  ] Hot Uncontrolled k∞ 
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Figure A.22  [  ] Hot Uncontrolled LPF 
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Figure A.23  [  ] Hot Uncontrolled k∞ 
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Figure A.24  [  ] Hot Uncontrolled LPF 
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Figure A.25  [ ] Hot Uncontrolled k∞ 
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Figure A.26  [  ] Hot Uncontrolled LPF 
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Figure A.27  [ ] Hot Uncontrolled k∞ 
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Figure A.28  [  ] Hot Uncontrolled LPF 
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Appendix B Enriched Lattice Hot Uncontrolled Reactivity and LPF Tables 
 
The results in this appendix are based on hot operating and equilibrium xenon conditions. 
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Table B.1  [  ] Hot Uncontrolled k∞ 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.      1.03648      1.02079      1.00157 
                                             100.      1.01611      1.00216      0.98536 
                                             500.      1.01579      1.00267      0.98676 
                                            1000.      1.01919      1.00660      0.99102 
                                            1500.      1.02374      1.01142      0.99580 
                                            2000.      1.02865      1.01648      1.00063 
                                            2500.      1.03371      1.02158      1.00537 
                                            3000.      1.03889      1.02669      1.00999 
                                            3500.      1.04422      1.03184      1.01454 
                                            4000.      1.04975      1.03706      1.01905 
                                            4500.      1.05552      1.04239      1.02355 
                                            5000.      1.06153      1.04786      1.02806 
                                            5500.      1.06777      1.05346      1.03262 
                                            6000.      1.07417      1.05916      1.03721 
                                            6500.      1.08063      1.06491      1.04185 
                                            7000.      1.08707      1.07064      1.04650 
                                            7500.      1.09345      1.07630      1.05113 
                                            8000.      1.09978      1.08190      1.05572 
                                            8500.      1.10608      1.08747      1.06026 
                                            9000.      1.11235      1.09300      1.06474 
                                            9500.      1.11864      1.09852      1.06918 
                                           10000.      1.12502      1.10405      1.07358 
                                           10500.      1.13155      1.10964      1.07795 
                                           11000.      1.13829      1.11531      1.08229 
                                           11500.      1.14526      1.12109      1.08663 
                                           12000.      1.15242      1.12696      1.09096 
                                           12500.      1.15968      1.13288      1.09528 
                                           13000.      1.16683      1.13873      1.09954 
                                           13500.      1.17359      1.14438      1.10370 
                                           14000.      1.17974      1.14963      1.10768 
                                           14500.      1.18499      1.15434      1.11138 
                                           15000.      1.18915      1.15833      1.11474 
                                           15500.      1.19205      1.16152      1.11766 
                                           16000.      1.19363      1.16379      1.12009 
                                           16500.      1.19392      1.16510      1.12196 
                                           17000.      1.19304      1.16546      1.12322 
                                           17500.      1.19115      1.16494      1.12386 
                                           18000.      1.18846      1.16361      1.12389 
                                           18500.      1.18515      1.16159      1.12334 
                                           19000.      1.18141      1.15901      1.12225 
                                           19500.      1.17735      1.15598      1.12069 
                                           20000.      1.17309      1.15260      1.11869 
                                           20500.      1.16853      1.14897      1.11634 
                                           21000.      1.16397      1.14517      1.11368 
                                           21500.      1.15940      1.14124      1.11077 
                                           22000.      1.15484      1.13724      1.10767 
                                           22500.      1.15028      1.13313      1.10441 
                                           23000.      1.14571      1.12901      1.10105 
                                           23500.      1.14114      1.12489      1.09761 
                                           24000.      1.13656      1.12076      1.09411 
                                           24500.      1.13199      1.11664      1.09058 
                                           25000.      1.12742      1.11252      1.08700 
                                           27500.      1.10449      1.09219      1.06921 
                                           30000.      1.08149      1.07206      1.05177 
                                           32500.      1.05840      1.05211      1.03471 
                                           35000.      1.03523      1.03234      1.01802 
                                           37500.      1.01201      1.01277      1.00173 
                                           40000.      0.98880      0.99343      0.98582 
                                           42500.      0.96568      0.97436      0.97034 
                                           45000.      0.94274      0.95561      0.95530 
                                           47500.      0.92011      0.93724      0.94072 
                                           50000.      0.89792      0.91930      0.92665 
                                           52500.      0.87636      0.90187      0.91310 
                                           55000.      0.85558      0.88502      0.90008 
                                           57500.      0.83576      0.86885      0.88763 
                                           60000.      0.81708      0.85342      0.87575 
                                           62500.      0.79967      0.83879      0.86446 
                                           65000.      0.78366      0.82503      0.85377 
                                           67500.      0.76914      0.81219      0.84368 
                                           70000.      0.75613      0.80029      0.83421 
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Table B.2  [  ] Hot Uncontrolled LPF 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.        1.366        1.351        1.325 
                                             100.        1.359        1.345        1.315 
                                             500.        1.351        1.337        1.306 
                                            1000.        1.341        1.329        1.300 
                                            1500.        1.330        1.319        1.293 
                                            2000.        1.319        1.309        1.285 
                                            2500.        1.307        1.299        1.278 
                                            3000.        1.295        1.289        1.270 
                                            3500.        1.283        1.279        1.262 
                                            4000.        1.274        1.269        1.255 
                                            4500.        1.266        1.260        1.247 
                                            5000.        1.258        1.253        1.242 
                                            5500.        1.250        1.246        1.237 
                                            6000.        1.242        1.239        1.232 
                                            6500.        1.234        1.232        1.226 
                                            7000.        1.228        1.225        1.221 
                                            7500.        1.223        1.219        1.216 
                                            8000.        1.216        1.213        1.211 
                                            8500.        1.209        1.207        1.207 
                                            9000.        1.201        1.201        1.202 
                                            9500.        1.193        1.196        1.198 
                                           10000.        1.187        1.191        1.193 
                                           10500.        1.181        1.185        1.189 
                                           11000.        1.175        1.180        1.185 
                                           11500.        1.169        1.175        1.181 
                                           12000.        1.163        1.170        1.176 
                                           12500.        1.157        1.165        1.172 
                                           13000.        1.151        1.160        1.168 
                                           13500.        1.145        1.155        1.164 
                                           14000.        1.139        1.149        1.160 
                                           14500.        1.134        1.145        1.156 
                                           15000.        1.128        1.140        1.152 
                                           15500.        1.123        1.135        1.149 
                                           16000.        1.119        1.131        1.145 
                                           16500.        1.115        1.127        1.141 
                                           17000.        1.111        1.123        1.138 
                                           17500.        1.108        1.120        1.135 
                                           18000.        1.106        1.117        1.132 
                                           18500.        1.103        1.114        1.129 
                                           19000.        1.101        1.112        1.126 
                                           19500.        1.099        1.110        1.124 
                                           20000.        1.098        1.108        1.122 
                                           20500.        1.097        1.106        1.120 
                                           21000.        1.095        1.105        1.118 
                                           21500.        1.094        1.103        1.117 
                                           22000.        1.092        1.102        1.116 
                                           22500.        1.091        1.100        1.114 
                                           23000.        1.090        1.099        1.113 
                                           23500.        1.090        1.097        1.112 
                                           24000.        1.089        1.096        1.111 
                                           24500.        1.089        1.094        1.110 
                                           25000.        1.088        1.093        1.109 
                                           27500.        1.084        1.085        1.103 
                                           30000.        1.081        1.080        1.098 
                                           32500.        1.076        1.077        1.092 
                                           35000.        1.072        1.074        1.087 
                                           37500.        1.067        1.071        1.082 
                                           40000.        1.063        1.068        1.077 
                                           42500.        1.059        1.064        1.073 
                                           45000.        1.055        1.060        1.069 
                                           47500.        1.055        1.058        1.068 
                                           50000.        1.055        1.055        1.066 
                                           52500.        1.054        1.052        1.076 
                                           55000.        1.052        1.050        1.088 
                                           57500.        1.049        1.048        1.100 
                                           60000.        1.044        1.046        1.113 
                                           62500.        1.037        1.058        1.126 
                                           65000.        1.058        1.075        1.139 
                                           67500.        1.079        1.092        1.151 
                                           70000.        1.098        1.108        1.163 
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Table B.3  [  ] Hot Uncontrolled k∞ 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.      1.02242      1.00489      0.98363 
                                             100.      1.00211      0.98635      0.96753 
                                             500.      1.00101      0.98616      0.96831 
                                            1000.      1.00325      0.98906      0.97171 
                                            1500.      1.00647      0.99271      0.97555 
                                            2000.      1.01003      0.99656      0.97941 
                                            2500.      1.01373      1.00045      0.98319 
                                            3000.      1.01748      1.00430      0.98684 
                                            3500.      1.02132      1.00813      0.99038 
                                            4000.      1.02529      1.01200      0.99386 
                                            4500.      1.02940      1.01591      0.99730 
                                            5000.      1.03366      1.01988      1.00071 
                                            5500.      1.03806      1.02392      1.00413 
                                            6000.      1.04257      1.02802      1.00755 
                                            6500.      1.04708      1.03214      1.01098 
                                            7000.      1.05153      1.03622      1.01441 
                                            7500.      1.05586      1.04021      1.01781 
                                            8000.      1.06005      1.04409      1.02116 
                                            8500.      1.06409      1.04788      1.02443 
                                            9000.      1.06800      1.05156      1.02763 
                                            9500.      1.07181      1.05515      1.03075 
                                           10000.      1.07559      1.05868      1.03380 
                                           10500.      1.07938      1.06217      1.03677 
                                           11000.      1.08322      1.06566      1.03969 
                                           11500.      1.08712      1.06918      1.04256 
                                           12000.      1.09112      1.07273      1.04541 
                                           12500.      1.09525      1.07634      1.04825 
                                           13000.      1.09955      1.08004      1.05109 
                                           13500.      1.10406      1.08384      1.05395 
                                           14000.      1.10883      1.08777      1.05684 
                                           14500.      1.11389      1.09185      1.05978 
                                           15000.      1.11923      1.09609      1.06278 
                                           15500.      1.12481      1.10050      1.06583 
                                           16000.      1.13056      1.10501      1.06892 
                                           16500.      1.13632      1.10955      1.07205 
                                           17000.      1.14186      1.11399      1.07515 
                                           17500.      1.14694      1.11824      1.07818 
                                           18000.      1.15139      1.12215      1.08107 
                                           18500.      1.15497      1.12556      1.08376 
                                           19000.      1.15752      1.12836      1.08621 
                                           19500.      1.15895      1.13045      1.08834 
                                           20000.      1.15924      1.13178      1.09008 
                                           20500.      1.15847      1.13232      1.09139 
                                           21000.      1.15675      1.13206      1.09222 
                                           21500.      1.15425      1.13107      1.09257 
                                           22000.      1.15114      1.12940      1.09242 
                                           22500.      1.14754      1.12717      1.09179 
                                           23000.      1.14360      1.12447      1.09069 
                                           23500.      1.13943      1.12139      1.08918 
                                           24000.      1.13491      1.11802      1.08729 
                                           24500.      1.13040      1.11443      1.08507 
                                           25000.      1.12588      1.11068      1.08257 
                                           25500.      1.12132      1.10682      1.07984 
                                           26000.      1.11676      1.10278      1.07691 
                                           26500.      1.11219      1.09875      1.07383 
                                           27000.      1.10763      1.09471      1.07063 
                                           27500.      1.10307      1.09068      1.06736 
                                           28000.      1.09850      1.08668      1.06402 
                                           28500.      1.09393      1.08268      1.06065 
                                           30000.      1.08021      1.07069      1.05032 
                                           32500.      1.05727      1.05086      1.03340 
                                           35000.      1.03427      1.03123      1.01682 
                                           37500.      1.01122      1.01179      1.00062 
                                           40000.      0.98818      0.99259      0.98481 
                                           42500.      0.96521      0.97365      0.96941 
                                           45000.      0.94242      0.95501      0.95446 
                                           47500.      0.91991      0.93674      0.93996 
                                           50000.      0.89782      0.91890      0.92596 
                                           52500.      0.87633      0.90154      0.91246 
                                           55000.      0.85559      0.88476      0.89949 
                                           57500.      0.83578      0.86862      0.88707 
                                           60000.      0.81707      0.85320      0.87521 
                                           62500.      0.79960      0.83856      0.86393 
                                           65000.      0.78351      0.82478      0.85324 
                                           67500.      0.76887      0.81188      0.84314 
                                           70000.      0.75573      0.79992      0.83365 
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Table B.4  [  ] Hot Uncontrolled LPF 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.        1.378        1.363        1.337 
                                             100.        1.371        1.357        1.328 
                                             500.        1.363        1.350        1.318 
                                            1000.        1.354        1.342        1.312 
                                            1500.        1.344        1.333        1.306 
                                            2000.        1.334        1.324        1.299 
                                            2500.        1.323        1.315        1.292 
                                            3000.        1.312        1.306        1.285 
                                            3500.        1.301        1.296        1.278 
                                            4000.        1.290        1.287        1.271 
                                            4500.        1.279        1.278        1.264 
                                            5000.        1.270        1.268        1.257 
                                            5500.        1.263        1.259        1.250 
                                            6000.        1.258        1.251        1.243 
                                            6500.        1.256        1.245        1.238 
                                            7000.        1.252        1.239        1.233 
                                            7500.        1.248        1.234        1.229 
                                            8000.        1.243        1.228        1.224 
                                            8500.        1.237        1.223        1.220 
                                            9000.        1.230        1.218        1.216 
                                            9500.        1.223        1.213        1.212 
                                           10000.        1.217        1.208        1.208 
                                           10500.        1.209        1.204        1.204 
                                           11000.        1.202        1.199        1.200 
                                           11500.        1.195        1.195        1.197 
                                           12000.        1.188        1.190        1.193 
                                           12500.        1.182        1.186        1.189 
                                           13000.        1.177        1.181        1.186 
                                           13500.        1.171        1.177        1.182 
                                           14000.        1.166        1.173        1.179 
                                           14500.        1.161        1.168        1.175 
                                           15000.        1.155        1.164        1.172 
                                           15500.        1.150        1.159        1.168 
                                           16000.        1.144        1.154        1.165 
                                           16500.        1.139        1.150        1.161 
                                           17000.        1.133        1.145        1.158 
                                           17500.        1.128        1.140        1.154 
                                           18000.        1.122        1.136        1.151 
                                           18500.        1.117        1.131        1.147 
                                           19000.        1.112        1.127        1.144 
                                           19500.        1.108        1.122        1.140 
                                           20000.        1.103        1.118        1.137 
                                           20500.        1.100        1.114        1.133 
                                           21000.        1.096        1.111        1.130 
                                           21500.        1.093        1.108        1.127 
                                           22000.        1.092        1.105        1.124 
                                           22500.        1.091        1.102        1.121 
                                           23000.        1.091        1.100        1.119 
                                           23500.        1.090        1.097        1.116 
                                           24000.        1.089        1.095        1.114 
                                           24500.        1.089        1.094        1.112 
                                           25000.        1.088        1.092        1.111 
                                           25500.        1.087        1.090        1.109 
                                           26000.        1.087        1.089        1.107 
                                           26500.        1.086        1.087        1.106 
                                           27000.        1.086        1.086        1.105 
                                           27500.        1.085        1.084        1.104 
                                           28000.        1.084        1.083        1.102 
                                           28500.        1.083        1.083        1.101 
                                           30000.        1.081        1.081        1.098 
                                           32500.        1.077        1.078        1.093 
                                           35000.        1.073        1.075        1.087 
                                           37500.        1.068        1.072        1.082 
                                           40000.        1.064        1.069        1.078 
                                           42500.        1.060        1.066        1.073 
                                           45000.        1.061        1.062        1.071 
                                           47500.        1.062        1.060        1.070 
                                           50000.        1.062        1.057        1.068 
                                           52500.        1.062        1.054        1.075 
                                           55000.        1.061        1.052        1.087 
                                           57500.        1.057        1.050        1.100 
                                           60000.        1.052        1.048        1.113 
                                           62500.        1.045        1.057        1.125 
                                           65000.        1.057        1.074        1.138 
                                           67500.        1.078        1.091        1.151 
                                           70000.        1.098        1.108        1.163 
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Table B.5  [ ] Hot Uncontrolled k∞ 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.      0.95554      0.94208      0.92519 
                                             100.      0.93632      0.92444      0.90974 
                                             500.      0.93616      0.92526      0.91159 
                                            1000.      0.93967      0.92956      0.91650 
                                            1500.      0.94433      0.93478      0.92201 
                                            2000.      0.94944      0.94032      0.92765 
                                            2500.      0.95475      0.94595      0.93325 
                                            3000.      0.96021      0.95160      0.93876 
                                            3500.      0.96589      0.95735      0.94421 
                                            4000.      0.97181      0.96321      0.94965 
                                            4500.      0.97797      0.96921      0.95510 
                                            5000.      0.98437      0.97533      0.96057 
                                            5500.      0.99093      0.98154      0.96607 
                                            6000.      0.99750      0.98777      0.97158 
                                            6500.      1.00395      0.99391      0.97704 
                                            7000.      1.01024      0.99993      0.98243 
                                            7500.      1.01634      1.00580      0.98771 
                                            8000.      1.02225      1.01152      0.99289 
                                            8500.      1.02802      1.01711      0.99797 
                                            9000.      1.03372      1.02260      1.00294 
                                            9500.      1.03942      1.02805      1.00783 
                                           10000.      1.04518      1.03350      1.01265 
                                           10500.      1.05102      1.03900      1.01744 
                                           11000.      1.05699      1.04457      1.02220 
                                           11500.      1.06312      1.05023      1.02698 
                                           12000.      1.06949      1.05601      1.03179 
                                           12500.      1.07614      1.06196      1.03664 
                                           13000.      1.08314      1.06810      1.04156 
                                           13500.      1.09054      1.07450      1.04658 
                                           14000.      1.09839      1.08118      1.05171 
                                           14500.      1.10667      1.08816      1.05698 
                                           15000.      1.11520      1.09536      1.06239 
                                           15500.      1.12378      1.10267      1.06789 
                                           16000.      1.13212      1.10987      1.07343 
                                           16500.      1.13984      1.11676      1.07887 
                                           17000.      1.14664      1.12309      1.08410 
                                           17500.      1.15211      1.12864      1.08900 
                                           18000.      1.15600      1.13318      1.09343 
                                           18500.      1.15827      1.13650      1.09728 
                                           19000.      1.15892      1.13856      1.10039 
                                           19500.      1.15809      1.13938      1.10269 
                                           20000.      1.15599      1.13903      1.10415 
                                           20500.      1.15292      1.13766      1.10478 
                                           21000.      1.14917      1.13542      1.10460 
                                           21500.      1.14461      1.13252      1.10369 
                                           22000.      1.14006      1.12912      1.10213 
                                           22500.      1.13550      1.12538      1.10002 
                                           23000.      1.13068      1.12114      1.09747 
                                           23500.      1.12587      1.11690      1.09456 
                                           24000.      1.12105      1.11267      1.09139 
                                           24500.      1.11624      1.10843      1.08802 
                                           25000.      1.11142      1.10419      1.08453 
                                           27500.      1.08705      1.08276      1.06603 
                                           30000.      1.06241      1.06129      1.04765 
                                           32500.      1.03745      1.03983      1.02950 
                                           35000.      1.01218      1.01839      1.01162 
                                           37500.      0.98665      0.99698      0.99403 
                                           40000.      0.96095      0.97564      0.97673 
                                           42500.      0.93520      0.95443      0.95976 
                                           45000.      0.90954      0.93344      0.94315 
                                           47500.      0.88417      0.91275      0.92696 
                                           50000.      0.85935      0.89247      0.91124 
                                           52500.      0.83534      0.87274      0.89601 
                                           55000.      0.81241      0.85369      0.88133 
                                           57500.      0.79084      0.83547      0.86724 
                                           60000.      0.77089      0.81820      0.85378 
                                           62500.      0.75274      0.80200      0.84100 
                                           65000.      0.73652      0.78698      0.82893 
                                           67500.      0.72229      0.77320      0.81758 
                                           70000.      0.70999      0.76070      0.80700 
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Table B.6  [  ] Hot Uncontrolled LPF 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.        1.349        1.323        1.297 
                                             100.        1.345        1.320        1.293 
                                             500.        1.337        1.315        1.288 
                                            1000.        1.328        1.309        1.281 
                                            1500.        1.316        1.300        1.274 
                                            2000.        1.302        1.290        1.268 
                                            2500.        1.291        1.279        1.261 
                                            3000.        1.281        1.269        1.253 
                                            3500.        1.271        1.260        1.246 
                                            4000.        1.263        1.252        1.239 
                                            4500.        1.263        1.243        1.232 
                                            5000.        1.262        1.237        1.226 
                                            5500.        1.261        1.235        1.219 
                                            6000.        1.258        1.232        1.212 
                                            6500.        1.253        1.228        1.206 
                                            7000.        1.246        1.223        1.199 
                                            7500.        1.237        1.216        1.193 
                                            8000.        1.227        1.208        1.187 
                                            8500.        1.217        1.200        1.182 
                                            9000.        1.209        1.191        1.176 
                                            9500.        1.200        1.182        1.171 
                                           10000.        1.192        1.175        1.165 
                                           10500.        1.184        1.168        1.160 
                                           11000.        1.176        1.161        1.155 
                                           11500.        1.168        1.154        1.150 
                                           12000.        1.164        1.147        1.145 
                                           12500.        1.160        1.140        1.140 
                                           13000.        1.156        1.137        1.136 
                                           13500.        1.153        1.134        1.131 
                                           14000.        1.149        1.131        1.126 
                                           14500.        1.145        1.128        1.121 
                                           15000.        1.140        1.125        1.117 
                                           15500.        1.136        1.122        1.112 
                                           16000.        1.132        1.119        1.107 
                                           16500.        1.127        1.116        1.103 
                                           17000.        1.123        1.113        1.101 
                                           17500.        1.118        1.111        1.100 
                                           18000.        1.115        1.108        1.099 
                                           18500.        1.111        1.106        1.098 
                                           19000.        1.108        1.104        1.097 
                                           19500.        1.106        1.102        1.096 
                                           20000.        1.104        1.100        1.096 
                                           20500.        1.102        1.099        1.095 
                                           21000.        1.101        1.098        1.095 
                                           21500.        1.100        1.097        1.094 
                                           22000.        1.098        1.096        1.094 
                                           22500.        1.097        1.095        1.094 
                                           23000.        1.096        1.094        1.093 
                                           23500.        1.094        1.093        1.093 
                                           24000.        1.093        1.093        1.093 
                                           24500.        1.091        1.092        1.093 
                                           25000.        1.090        1.091        1.092 
                                           27500.        1.084        1.087        1.091 
                                           30000.        1.078        1.083        1.089 
                                           32500.        1.074        1.080        1.088 
                                           35000.        1.073        1.076        1.086 
                                           37500.        1.073        1.072        1.084 
                                           40000.        1.078        1.071        1.083 
                                           42500.        1.083        1.071        1.082 
                                           45000.        1.086        1.070        1.080 
                                           47500.        1.086        1.069        1.079 
                                           50000.        1.085        1.068        1.078 
                                           52500.        1.082        1.066        1.077 
                                           55000.        1.076        1.064        1.076 
                                           57500.        1.069        1.061        1.075 
                                           60000.        1.060        1.058        1.075 
                                           62500.        1.050        1.055        1.074 
                                           65000.        1.042        1.053        1.074 
                                           67500.        1.044        1.054        1.074 
                                           70000.        1.059        1.055        1.074 
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Table B.7  [ ] Hot Uncontrolled k∞ 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.      0.96226      0.94979      0.93242 
                                             100.      0.94267      0.93178      0.91672 
                                             500.      0.94237      0.93251      0.91854 
                                            1000.      0.94585      0.93683      0.92353 
                                            1500.      0.95056      0.94217      0.92917 
                                            2000.      0.95578      0.94787      0.93497 
                                            2500.      0.96123      0.95370      0.94076 
                                            3000.      0.96689      0.95960      0.94647 
                                            3500.      0.97281      0.96563      0.95215 
                                            4000.      0.97901      0.97181      0.95783 
                                            4500.      0.98551      0.97816      0.96353 
                                            5000.      0.99228      0.98466      0.96927 
                                            5500.      0.99924      0.99127      0.97505 
                                            6000.      1.00619      0.99789      0.98083 
                                            6500.      1.01302      1.00441      0.98656 
                                            7000.      1.01965      1.01079      0.99221 
                                            7500.      1.02604      1.01701      0.99774 
                                            8000.      1.03220      1.02305      1.00318 
                                            8500.      1.03820      1.02895      1.00849 
                                            9000.      1.04414      1.03474      1.01371 
                                            9500.      1.05009      1.04050      1.01883 
                                           10000.      1.05612      1.04629      1.02390 
                                           10500.      1.06226      1.05213      1.02893 
                                           11000.      1.06856      1.05807      1.03396 
                                           11500.      1.07509      1.06413      1.03901 
                                           12000.      1.08190      1.07034      1.04411 
                                           12500.      1.08907      1.07677      1.04926 
                                           13000.      1.09666      1.08344      1.05450 
                                           13500.      1.10474      1.09043      1.05985 
                                           14000.      1.11331      1.09776      1.06535 
                                           14500.      1.12232      1.10542      1.07101 
                                           15000.      1.13159      1.11332      1.07682 
                                           15500.      1.14088      1.12132      1.08274 
                                           16000.      1.14980      1.12914      1.08869 
                                           16500.      1.15794      1.13656      1.09451 
                                           17000.      1.16482      1.14328      1.10008 
                                           17500.      1.17012      1.14899      1.10526 
                                           18000.      1.17364      1.15341      1.10989 
                                           18500.      1.17527      1.15641      1.11382 
                                           19000.      1.17509      1.15800      1.11690 
                                           19500.      1.17332      1.15822      1.11909 
                                           20000.      1.17037      1.15717      1.12033 
                                           20500.      1.16660      1.15507      1.12067 
                                           21000.      1.16184      1.15215      1.12018 
                                           21500.      1.15707      1.14866      1.11893 
                                           22000.      1.15231      1.14454      1.11702 
                                           22500.      1.14755      1.14042      1.11458 
                                           23000.      1.14255      1.13601      1.11172 
                                           23500.      1.13755      1.13160      1.10854 
                                           24000.      1.13256      1.12718      1.10514 
                                           24500.      1.12756      1.12277      1.10158 
                                           25000.      1.12256      1.11836      1.09786 
                                           27500.      1.09716      1.09611      1.07884 
                                           30000.      1.07132      1.07378      1.06003 
                                           32500.      1.04502      1.05137      1.04144 
                                           35000.      1.01828      1.02888      1.02309 
                                           37500.      0.99113      1.00633      1.00500 
                                           40000.      0.96369      0.98376      0.98717 
                                           42500.      0.93609      0.96126      0.96965 
                                           45000.      0.90854      0.93890      0.95247 
                                           47500.      0.88129      0.91682      0.93570 
                                           50000.      0.85465      0.89515      0.91937 
                                           52500.      0.82896      0.87405      0.90354 
                                           55000.      0.80458      0.85371      0.88827 
                                           57500.      0.78186      0.83429      0.87359 
                                           60000.      0.76111      0.81597      0.85958 
                                           62500.      0.74253      0.79891      0.84626 
                                           65000.      0.72623      0.78321      0.83369 
                                           67500.      0.71222      0.76896      0.82190 
                                           70000.      0.70038      0.75619      0.81092 
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Table B.8  [  ] Hot Uncontrolled LPF 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.        1.385        1.317        1.286 
                                             100.        1.387        1.314        1.279 
                                             500.        1.384        1.309        1.274 
                                            1000.        1.380        1.302        1.268 
                                            1500.        1.375        1.296        1.261 
                                            2000.        1.369        1.292        1.255 
                                            2500.        1.363        1.288        1.248 
                                            3000.        1.357        1.284        1.241 
                                            3500.        1.351        1.280        1.235 
                                            4000.        1.345        1.275        1.228 
                                            4500.        1.338        1.271        1.221 
                                            5000.        1.331        1.266        1.214 
                                            5500.        1.324        1.261        1.208 
                                            6000.        1.317        1.256        1.201 
                                            6500.        1.310        1.251        1.195 
                                            7000.        1.303        1.246        1.188 
                                            7500.        1.296        1.241        1.182 
                                            8000.        1.289        1.236        1.176 
                                            8500.        1.283        1.232        1.171 
                                            9000.        1.276        1.227        1.165 
                                            9500.        1.270        1.222        1.160 
                                           10000.        1.263        1.218        1.154 
                                           10500.        1.257        1.213        1.152 
                                           11000.        1.250        1.208        1.149 
                                           11500.        1.244        1.204        1.147 
                                           12000.        1.238        1.199        1.145 
                                           12500.        1.231        1.195        1.142 
                                           13000.        1.225        1.191        1.140 
                                           13500.        1.218        1.186        1.137 
                                           14000.        1.212        1.181        1.135 
                                           14500.        1.205        1.177        1.133 
                                           15000.        1.198        1.172        1.130 
                                           15500.        1.190        1.167        1.128 
                                           16000.        1.183        1.162        1.126 
                                           16500.        1.175        1.157        1.124 
                                           17000.        1.168        1.153        1.122 
                                           17500.        1.161        1.148        1.120 
                                           18000.        1.155        1.144        1.118 
                                           18500.        1.149        1.140        1.117 
                                           19000.        1.145        1.137        1.115 
                                           19500.        1.141        1.134        1.114 
                                           20000.        1.137        1.131        1.113 
                                           20500.        1.134        1.129        1.112 
                                           21000.        1.132        1.126        1.111 
                                           21500.        1.129        1.125        1.111 
                                           22000.        1.126        1.123        1.110 
                                           22500.        1.124        1.121        1.109 
                                           23000.        1.121        1.119        1.109 
                                           23500.        1.119        1.118        1.108 
                                           24000.        1.116        1.116        1.107 
                                           24500.        1.114        1.115        1.107 
                                           25000.        1.111        1.113        1.106 
                                           27500.        1.099        1.105        1.104 
                                           30000.        1.090        1.098        1.101 
                                           32500.        1.085        1.091        1.098 
                                           35000.        1.081        1.084        1.095 
                                           37500.        1.086        1.079        1.093 
                                           40000.        1.090        1.078        1.091 
                                           42500.        1.093        1.077        1.089 
                                           45000.        1.094        1.075        1.087 
                                           47500.        1.093        1.073        1.085 
                                           50000.        1.090        1.070        1.083 
                                           52500.        1.085        1.068        1.082 
                                           55000.        1.078        1.065        1.081 
                                           57500.        1.069        1.062        1.080 
                                           60000.        1.058        1.060        1.079 
                                           62500.        1.047        1.057        1.079 
                                           65000.        1.051        1.057        1.079 
                                           67500.        1.058        1.060        1.079 
                                           70000.        1.065        1.064        1.080 
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Table B.9  [  ] Hot Uncontrolled k∞ 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.      1.00810      0.99291      0.97092 
                                             100.      0.98616      0.97266      0.95317 
                                             500.      0.98403      0.97158      0.95334 
                                            1000.      0.98530      0.97376      0.95642 
                                            1500.      0.98770      0.97690      0.96014 
                                            2000.      0.99046      0.98030      0.96400 
                                            2500.      0.99330      0.98372      0.96779 
                                            3000.      0.99618      0.98711      0.97145 
                                            3500.      0.99916      0.99051      0.97502 
                                            4000.      1.00228      0.99398      0.97856 
                                            4500.      1.00558      0.99754      0.98210 
                                            5000.      1.00907      1.00124      0.98567 
                                            5500.      1.01279      1.00510      0.98930 
                                            6000.      1.01674      1.00913      0.99302 
                                            6500.      1.02093      1.01335      0.99683 
                                            7000.      1.02533      1.01773      1.00076 
                                            7500.      1.02990      1.02226      1.00478 
                                            8000.      1.03466      1.02692      1.00890 
                                            8500.      1.03959      1.03171      1.01310 
                                            9000.      1.04473      1.03663      1.01737 
                                            9500.      1.05009      1.04171      1.02173 
                                           10000.      1.05567      1.04696      1.02618 
                                           10500.      1.06150      1.05239      1.03071 
                                           11000.      1.06758      1.05801      1.03534 
                                           11500.      1.07396      1.06384      1.04007 
                                           12000.      1.08067      1.06988      1.04491 
                                           12500.      1.08776      1.07619      1.04986 
                                           13000.      1.09527      1.08277      1.05494 
                                           13500.      1.10324      1.08968      1.06017 
                                           14000.      1.11169      1.09693      1.06557 
                                           14500.      1.12054      1.10451      1.07116 
                                           15000.      1.12962      1.11233      1.07692 
                                           15500.      1.13878      1.12025      1.08281 
                                           16000.      1.14770      1.12800      1.08873 
                                           16500.      1.15588      1.13542      1.09455 
                                           17000.      1.16293      1.14220      1.10013 
                                           17500.      1.16853      1.14804      1.10532 
                                           18000.      1.17244      1.15264      1.10999 
                                           18500.      1.17452      1.15588      1.11399 
                                           19000.      1.17477      1.15772      1.11717 
                                           19500.      1.17338      1.15819      1.11943 
                                           20000.      1.17070      1.15739      1.12076 
                                           20500.      1.16711      1.15549      1.12119 
                                           21000.      1.16292      1.15272      1.12077 
                                           21500.      1.15807      1.14933      1.11960 
                                           22000.      1.15321      1.14526      1.11776 
                                           22500.      1.14836      1.14118      1.11537 
                                           23000.      1.14333      1.13677      1.11254 
                                           23500.      1.13830      1.13235      1.10938 
                                           24000.      1.13328      1.12794      1.10599 
                                           24500.      1.12825      1.12352      1.10244 
                                           25000.      1.12322      1.11911      1.09872 
                                           27500.      1.09775      1.09682      1.07967 
                                           30000.      1.07186      1.07443      1.06081 
                                           32500.      1.04551      1.05197      1.04217 
                                           35000.      1.01871      1.02942      1.02377 
                                           37500.      0.99151      1.00681      1.00562 
                                           40000.      0.96401      0.98420      0.98775 
                                           42500.      0.93637      0.96164      0.97018 
                                           45000.      0.90877      0.93925      0.95297 
                                           47500.      0.88149      0.91712      0.93616 
                                           50000.      0.85482      0.89542      0.91980 
                                           52500.      0.82912      0.87430      0.90394 
                                           55000.      0.80474      0.85394      0.88864 
                                           57500.      0.78204      0.83451      0.87395 
                                           60000.      0.76130      0.81620      0.85992 
                                           62500.      0.74275      0.79914      0.84659 
                                           65000.      0.72649      0.78345      0.83402 
                                           67500.      0.71251      0.76923      0.82223 
                                           70000.      0.70071      0.75649      0.81125 
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Table B.10  [ ] Hot Uncontrolled LPF 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.        1.379        1.333        1.251 
                                             100.        1.376        1.330        1.249 
                                             500.        1.370        1.326        1.247 
                                            1000.        1.363        1.321        1.244 
                                            1500.        1.355        1.314        1.241 
                                            2000.        1.347        1.308        1.237 
                                            2500.        1.342        1.300        1.233 
                                            3000.        1.338        1.293        1.228 
                                            3500.        1.333        1.285        1.223 
                                            4000.        1.329        1.277        1.218 
                                            4500.        1.324        1.269        1.213 
                                            5000.        1.320        1.260        1.207 
                                            5500.        1.315        1.252        1.202 
                                            6000.        1.310        1.249        1.196 
                                            6500.        1.305        1.245        1.190 
                                            7000.        1.300        1.242        1.184 
                                            7500.        1.294        1.238        1.178 
                                            8000.        1.289        1.234        1.172 
                                            8500.        1.283        1.230        1.168 
                                            9000.        1.277        1.226        1.163 
                                            9500.        1.271        1.222        1.159 
                                           10000.        1.266        1.218        1.154 
                                           10500.        1.259        1.214        1.151 
                                           11000.        1.253        1.210        1.149 
                                           11500.        1.247        1.206        1.147 
                                           12000.        1.241        1.201        1.145 
                                           12500.        1.235        1.197        1.142 
                                           13000.        1.228        1.193        1.140 
                                           13500.        1.222        1.188        1.138 
                                           14000.        1.215        1.184        1.136 
                                           14500.        1.208        1.179        1.133 
                                           15000.        1.201        1.174        1.131 
                                           15500.        1.194        1.169        1.129 
                                           16000.        1.186        1.164        1.127 
                                           16500.        1.178        1.159        1.124 
                                           17000.        1.171        1.154        1.122 
                                           17500.        1.163        1.150        1.121 
                                           18000.        1.157        1.145        1.119 
                                           18500.        1.151        1.141        1.117 
                                           19000.        1.146        1.138        1.116 
                                           19500.        1.142        1.135        1.114 
                                           20000.        1.139        1.132        1.113 
                                           20500.        1.135        1.129        1.112 
                                           21000.        1.132        1.127        1.111 
                                           21500.        1.130        1.125        1.110 
                                           22000.        1.127        1.123        1.110 
                                           22500.        1.125        1.122        1.109 
                                           23000.        1.122        1.120        1.108 
                                           23500.        1.120        1.119        1.108 
                                           24000.        1.117        1.117        1.107 
                                           24500.        1.115        1.116        1.107 
                                           25000.        1.112        1.114        1.106 
                                           27500.        1.100        1.106        1.103 
                                           30000.        1.089        1.098        1.101 
                                           32500.        1.085        1.091        1.098 
                                           35000.        1.082        1.084        1.095 
                                           37500.        1.087        1.080        1.093 
                                           40000.        1.092        1.079        1.090 
                                           42500.        1.095        1.077        1.088 
                                           45000.        1.096        1.075        1.086 
                                           47500.        1.095        1.073        1.085 
                                           50000.        1.092        1.071        1.083 
                                           52500.        1.087        1.068        1.081 
                                           55000.        1.079        1.065        1.080 
                                           57500.        1.070        1.063        1.079 
                                           60000.        1.059        1.060        1.079 
                                           62500.        1.048        1.057        1.079 
                                           65000.        1.051        1.057        1.079 
                                           67500.        1.058        1.060        1.079 
                                           70000.        1.065        1.063        1.079 
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Table B.11  [  ] Hot Uncontrolled k∞ 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.      1.05813      1.04960      1.03566 
                                             100.      1.03629      1.02933      1.01773 
                                             500.      1.03915      1.03298      1.02196 
                                            1000.      1.04786      1.04213      1.03091 
                                            1500.      1.05848      1.05293      1.04105 
                                            2000.      1.06993      1.06437      1.05157 
                                            2500.      1.08214      1.07633      1.06227 
                                            3000.      1.09513      1.08879      1.07314 
                                            3500.      1.10891      1.10179      1.08423 
                                            4000.      1.12353      1.11533      1.09555 
                                            4500.      1.13907      1.12946      1.10713 
                                            5000.      1.15555      1.14421      1.11898 
                                            5500.      1.17289      1.15953      1.13106 
                                            6000.      1.19077      1.17519      1.14329 
                                            6500.      1.20852      1.19074      1.15545 
                                            7000.      1.22512      1.20549      1.16720 
                                            7500.      1.23956      1.21861      1.17806 
                                            8000.      1.25117      1.22955      1.18757 
                                            8500.      1.25978      1.23805      1.19544 
                                            9000.      1.26544      1.24412      1.20157 
                                            9500.      1.26833      1.24787      1.20599 
                                           10000.      1.26885      1.24950      1.20879 
                                           10500.      1.26750      1.24934      1.21010 
                                           11000.      1.26483      1.24773      1.21010 
                                           11500.      1.26127      1.24507      1.20901 
                                           12000.      1.25715      1.24169      1.20701 
                                           12500.      1.25269      1.23781      1.20431 
                                           13000.      1.24778      1.23363      1.20111 
                                           13500.      1.24288      1.22907      1.19754 
                                           14000.      1.23797      1.22451      1.19373 
                                           14500.      1.23307      1.21995      1.18975 
                                           15000.      1.22816      1.21539      1.18568 
                                           15500.      1.22324      1.21081      1.18155 
                                           17500.      1.20354      1.19247      1.16473 
                                           20000.      1.17873      1.16969      1.14414 
                                           22500.      1.15363      1.14698      1.12398 
                                           25000.      1.12813      1.12427      1.10419 
                                           27500.      1.10220      1.10150      1.08468 
                                           30000.      1.07579      1.07865      1.06543 
                                           32500.      1.04889      1.05571      1.04640 
                                           35000.      1.02154      1.03268      1.02761 
                                           37500.      0.99379      1.00960      1.00908 
                                           40000.      0.96576      0.98653      0.99084 
                                           42500.      0.93763      0.96354      0.97292 
                                           45000.      0.90962      0.94075      0.95540 
                                           47500.      0.88200      0.91829      0.93831 
                                           50000.      0.85511      0.89632      0.92172 
                                           52500.      0.82933      0.87502      0.90567 
                                           55000.      0.80500      0.85457      0.89022 
                                           57500.      0.78249      0.83515      0.87543 
                                           60000.      0.76207      0.81694      0.86136 
                                           62500.      0.74394      0.80007      0.84805 
                                           65000.      0.72815      0.78466      0.83554 
                                           67500.      0.71467      0.77076      0.82386 
                                           70000.      0.70335      0.75839      0.81303 
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Table B.12  [ ] Hot Uncontrolled LPF 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.        1.344        1.293        1.218 
                                             100.        1.346        1.289        1.215 
                                             500.        1.341        1.281        1.209 
                                            1000.        1.335        1.270        1.202 
                                            1500.        1.328        1.259        1.195 
                                            2000.        1.321        1.253        1.188 
                                            2500.        1.313        1.248        1.181 
                                            3000.        1.306        1.242        1.173 
                                            3500.        1.298        1.236        1.166 
                                            4000.        1.289        1.230        1.159 
                                            4500.        1.281        1.224        1.151 
                                            5000.        1.272        1.218        1.146 
                                            5500.        1.263        1.212        1.143 
                                            6000.        1.254        1.205        1.140 
                                            6500.        1.245        1.199        1.136 
                                            7000.        1.236        1.192        1.133 
                                            7500.        1.227        1.186        1.130 
                                            8000.        1.218        1.181        1.128 
                                            8500.        1.211        1.176        1.126 
                                            9000.        1.205        1.171        1.123 
                                            9500.        1.199        1.167        1.122 
                                           10000.        1.195        1.164        1.120 
                                           10500.        1.191        1.161        1.119 
                                           11000.        1.187        1.159        1.118 
                                           11500.        1.184        1.156        1.116 
                                           12000.        1.181        1.154        1.116 
                                           12500.        1.179        1.153        1.115 
                                           13000.        1.176        1.151        1.114 
                                           13500.        1.174        1.150        1.113 
                                           14000.        1.171        1.148        1.113 
                                           14500.        1.169        1.146        1.112 
                                           15000.        1.166        1.145        1.111 
                                           15500.        1.163        1.143        1.111 
                                           17500.        1.153        1.137        1.108 
                                           20000.        1.140        1.128        1.106 
                                           22500.        1.127        1.120        1.103 
                                           25000.        1.114        1.112        1.100 
                                           27500.        1.101        1.104        1.097 
                                           30000.        1.091        1.096        1.094 
                                           32500.        1.085        1.088        1.091 
                                           35000.        1.080        1.081        1.089 
                                           37500.        1.074        1.074        1.086 
                                           40000.        1.070        1.072        1.084 
                                           42500.        1.070        1.070        1.082 
                                           45000.        1.071        1.068        1.080 
                                           47500.        1.070        1.066        1.078 
                                           50000.        1.067        1.063        1.076 
                                           52500.        1.062        1.060        1.075 
                                           55000.        1.055        1.057        1.074 
                                           57500.        1.046        1.054        1.073 
                                           60000.        1.039        1.051        1.072 
                                           62500.        1.040        1.049        1.072 
                                           65000.        1.047        1.052        1.072 
                                           67500.        1.053        1.055        1.072 
                                           70000.        1.060        1.058        1.073 
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Table B.13  [  ] Hot Uncontrolled k∞ 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.      1.06567      1.04412      1.01855 
                                             100.      1.04363      1.02395      1.00093 
                                             500.      1.04128      1.02259      1.00065 
                                            1000.      1.04211      1.02420      1.00292 
                                            1500.      1.04398      1.02666      1.00575 
                                            2000.      1.04615      1.02931      1.00867 
                                            2500.      1.04836      1.03194      1.01146 
                                            3000.      1.05053      1.03447      1.01409 
                                            3500.      1.05273      1.03693      1.01658 
                                            4000.      1.05499      1.03940      1.01899 
                                            4500.      1.05732      1.04187      1.02135 
                                            5000.      1.05974      1.04439      1.02369 
                                            5500.      1.06227      1.04696      1.02602 
                                            6000.      1.06492      1.04961      1.02836 
                                            6500.      1.06771      1.05236      1.03075 
                                            7000.      1.07065      1.05521      1.03319 
                                            7500.      1.07371      1.05815      1.03572 
                                            8000.      1.07689      1.06117      1.03830 
                                            8500.      1.08018      1.06428      1.04094 
                                            9000.      1.08360      1.06746      1.04362 
                                            9500.      1.08715      1.07074      1.04635 
                                           10000.      1.09084      1.07412      1.04913 
                                           10500.      1.09470      1.07762      1.05196 
                                           11000.      1.09872      1.08123      1.05484 
                                           11500.      1.10293      1.08497      1.05778 
                                           12000.      1.10733      1.08884      1.06078 
                                           12500.      1.11193      1.09285      1.06385 
                                           13000.      1.11677      1.09702      1.06698 
                                           13500.      1.12187      1.10134      1.07018 
                                           14000.      1.12726      1.10580      1.07344 
                                           14500.      1.13291      1.11039      1.07675 
                                           15000.      1.13865      1.11503      1.08005 
                                           15500.      1.14442      1.11964      1.08332 
                                           16000.      1.15008      1.12415      1.08648 
                                           16500.      1.15544      1.12843      1.08953 
                                           17000.      1.16025      1.13240      1.09241 
                                           17500.      1.16425      1.13590      1.09508 
                                           18000.      1.16726      1.13881      1.09746 
                                           18500.      1.16920      1.14104      1.09949 
                                           19000.      1.17007      1.14252      1.10112 
                                           19500.      1.16983      1.14319      1.10232 
                                           20000.      1.16852      1.14308      1.10306 
                                           20500.      1.16625      1.14221      1.10331 
                                           21000.      1.16322      1.14064      1.10306 
                                           21500.      1.15962      1.13843      1.10233 
                                           22000.      1.15564      1.13569      1.10112 
                                           22500.      1.15133      1.13253      1.09949 
                                           23000.      1.14679      1.12907      1.09749 
                                           23500.      1.14224      1.12538      1.09516 
                                           24000.      1.13770      1.12139      1.09255 
                                           24500.      1.13315      1.11740      1.08971 
                                           25000.      1.12861      1.11341      1.08668 
                                           25500.      1.12404      1.10937      1.08351 
                                           26000.      1.11947      1.10533      1.08024 
                                           26500.      1.11491      1.10129      1.07689 
                                           27000.      1.11034      1.09725      1.07348 
                                           27500.      1.10577      1.09321      1.07001 
                                           30000.      1.08283      1.07313      1.05268 
                                           32500.      1.05981      1.05323      1.03566 
                                           35000.      1.03671      1.03351      1.01900 
                                           37500.      1.01356      1.01399      1.00272 
                                           40000.      0.99042      0.99469      0.98684 
                                           42500.      0.96734      0.97565      0.97136 
                                           45000.      0.94443      0.95692      0.95632 
                                           47500.      0.92180      0.93856      0.94175 
                                           50000.      0.89960      0.92062      0.92766 
                                           52500.      0.87798      0.90317      0.91409 
                                           55000.      0.85713      0.88629      0.90105 
                                           57500.      0.83721      0.87006      0.88857 
                                           60000.      0.81839      0.85456      0.87665 
                                           62500.      0.80084      0.83985      0.86531 
                                           65000.      0.78466      0.82600      0.85456 
                                           67500.      0.76996      0.81305      0.84442 
                                           70000.      0.75677      0.80104      0.83488 
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Table B.14  [  ] Hot Uncontrolled LPF 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.        1.301        1.296        1.272 
                                             100.        1.298        1.295        1.271 
                                             500.        1.294        1.292        1.269 
                                            1000.        1.290        1.288        1.267 
                                            1500.        1.285        1.283        1.264 
                                            2000.        1.279        1.278        1.260 
                                            2500.        1.274        1.272        1.256 
                                            3000.        1.269        1.266        1.252 
                                            3500.        1.263        1.260        1.247 
                                            4000.        1.257        1.254        1.243 
                                            4500.        1.252        1.248        1.238 
                                            5000.        1.246        1.242        1.233 
                                            5500.        1.240        1.235        1.228 
                                            6000.        1.234        1.229        1.223 
                                            6500.        1.228        1.222        1.218 
                                            7000.        1.222        1.215        1.212 
                                            7500.        1.216        1.210        1.207 
                                            8000.        1.209        1.204        1.202 
                                            8500.        1.203        1.199        1.196 
                                            9000.        1.199        1.194        1.191 
                                            9500.        1.195        1.188        1.185 
                                           10000.        1.192        1.183        1.180 
                                           10500.        1.188        1.177        1.176 
                                           11000.        1.184        1.172        1.172 
                                           11500.        1.180        1.166        1.167 
                                           12000.        1.176        1.161        1.163 
                                           12500.        1.172        1.156        1.159 
                                           13000.        1.168        1.152        1.155 
                                           13500.        1.163        1.149        1.151 
                                           14000.        1.159        1.145        1.147 
                                           14500.        1.155        1.141        1.143 
                                           15000.        1.150        1.138        1.139 
                                           15500.        1.146        1.134        1.135 
                                           16000.        1.142        1.131        1.131 
                                           16500.        1.138        1.128        1.126 
                                           17000.        1.134        1.125        1.122 
                                           17500.        1.131        1.122        1.118 
                                           18000.        1.127        1.120        1.114 
                                           18500.        1.124        1.117        1.110 
                                           19000.        1.121        1.115        1.107 
                                           19500.        1.119        1.113        1.104 
                                           20000.        1.117        1.112        1.101 
                                           20500.        1.115        1.110        1.099 
                                           21000.        1.114        1.109        1.097 
                                           21500.        1.113        1.107        1.097 
                                           22000.        1.111        1.106        1.096 
                                           22500.        1.110        1.105        1.095 
                                           23000.        1.109        1.104        1.095 
                                           23500.        1.108        1.103        1.094 
                                           24000.        1.107        1.102        1.094 
                                           24500.        1.106        1.102        1.093 
                                           25000.        1.105        1.101        1.093 
                                           25500.        1.104        1.100        1.093 
                                           26000.        1.103        1.099        1.092 
                                           26500.        1.101        1.098        1.092 
                                           27000.        1.100        1.097        1.091 
                                           27500.        1.099        1.096        1.091 
                                           30000.        1.092        1.091        1.088 
                                           32500.        1.086        1.087        1.086 
                                           35000.        1.079        1.082        1.083 
                                           37500.        1.072        1.077        1.080 
                                           40000.        1.068        1.072        1.078 
                                           42500.        1.063        1.067        1.075 
                                           45000.        1.058        1.064        1.073 
                                           47500.        1.054        1.061        1.070 
                                           50000.        1.052        1.058        1.068 
                                           52500.        1.051        1.055        1.074 
                                           55000.        1.049        1.053        1.086 
                                           57500.        1.046        1.050        1.099 
                                           60000.        1.042        1.047        1.112 
                                           62500.        1.036        1.056        1.124 
                                           65000.        1.056        1.073        1.137 
                                           67500.        1.077        1.090        1.150 
                                           70000.        1.097        1.107        1.162 
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Table B.15  [  ] Hot Uncontrolled k∞ 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.      1.00503      0.98706      0.96512 
                                             100.      0.98380      0.96752      0.94789 
                                             500.      0.98222      0.96700      0.94853 
                                            1000.      0.98408      0.96979      0.95212 
                                            1500.      0.98711      0.97357      0.95643 
                                            2000.      0.99050      0.97762      0.96089 
                                            2500.      0.99394      0.98165      0.96525 
                                            3000.      0.99742      0.98563      0.96946 
                                            3500.      1.00101      0.98963      0.97357 
                                            4000.      1.00473      0.99368      0.97764 
                                            4500.      1.00860      0.99781      0.98171 
                                            5000.      1.01264      1.00205      0.98579 
                                            5500.      1.01686      1.00641      0.98991 
                                            6000.      1.02127      1.01091      0.99410 
                                            6500.      1.02587      1.01556      0.99836 
                                            7000.      1.03064      1.02035      1.00273 
                                            7500.      1.03559      1.02526      1.00718 
                                            8000.      1.04068      1.03028      1.01171 
                                            8500.      1.04595      1.03542      1.01630 
                                            9000.      1.05139      1.04067      1.02097 
                                            9500.      1.05703      1.04606      1.02571 
                                           10000.      1.06287      1.05161      1.03053 
                                           10500.      1.06894      1.05732      1.03544 
                                           11000.      1.07526      1.06322      1.04044 
                                           11500.      1.08185      1.06932      1.04554 
                                           12000.      1.08873      1.07563      1.05075 
                                           12500.      1.09597      1.08216      1.05607 
                                           13000.      1.10365      1.08896      1.06152 
                                           13500.      1.11177      1.09605      1.06709 
                                           14000.      1.12029      1.10338      1.07275 
                                           14500.      1.12898      1.11079      1.07845 
                                           15000.      1.13765      1.11815      1.08410 
                                           15500.      1.14603      1.12529      1.08960 
                                           16000.      1.15361      1.13199      1.09488 
                                           16500.      1.15999      1.13793      1.09983 
                                           17000.      1.16487      1.14286      1.10432 
                                           17500.      1.16811      1.14661      1.10821 
                                           18000.      1.16970      1.14913      1.11136 
                                           18500.      1.16967      1.15041      1.11369 
                                           19000.      1.16820      1.15048      1.11518 
                                           19500.      1.16558      1.14943      1.11583 
                                           20000.      1.16212      1.14740      1.11570 
                                           20500.      1.15811      1.14461      1.11484 
                                           21000.      1.15342      1.14126      1.11330 
                                           21500.      1.14873      1.13754      1.11119 
                                           22000.      1.14404      1.13339      1.10859 
                                           22500.      1.13935      1.12925      1.10563 
                                           23000.      1.13453      1.12494      1.10239 
                                           23500.      1.12970      1.12064      1.09896 
                                           25000.      1.11523      1.10772      1.08789 
                                           27500.      1.09083      1.08619      1.06924 
                                           30000.      1.06613      1.06467      1.05076 
                                           32500.      1.04111      1.04314      1.03254 
                                           35000.      1.01576      1.02162      1.01459 
                                           37500.      0.99014      1.00012      0.99690 
                                           40000.      0.96433      0.97869      0.97951 
                                           42500.      0.93845      0.95738      0.96244 
                                           45000.      0.91264      0.93627      0.94573 
                                           47500.      0.88712      0.91545      0.92945 
                                           50000.      0.86213      0.89505      0.91362 
                                           52500.      0.83793      0.87519      0.89829 
                                           55000.      0.81482      0.85600      0.88351 
                                           57500.      0.79307      0.83765      0.86932 
                                           60000.      0.77293      0.82025      0.85577 
                                           62500.      0.75462      0.80392      0.84290 
                                           65000.      0.73825      0.78878      0.83073 
                                           67500.      0.72388      0.77489      0.81931 
                                           70000.      0.71147      0.76230      0.80865 
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Table B.16  [  ] Hot Uncontrolled LPF 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.        1.302        1.291        1.268 
                                             100.        1.299        1.287        1.265 
                                             500.        1.294        1.282        1.261 
                                            1000.        1.288        1.276        1.256 
                                            1500.        1.282        1.270        1.251 
                                            2000.        1.275        1.264        1.245 
                                            2500.        1.268        1.257        1.240 
                                            3000.        1.262        1.251        1.234 
                                            3500.        1.255        1.244        1.229 
                                            4000.        1.248        1.238        1.224 
                                            4500.        1.241        1.231        1.219 
                                            5000.        1.233        1.225        1.214 
                                            5500.        1.226        1.218        1.208 
                                            6000.        1.218        1.211        1.203 
                                            6500.        1.211        1.204        1.198 
                                            7000.        1.203        1.197        1.193 
                                            7500.        1.199        1.191        1.187 
                                            8000.        1.194        1.185        1.182 
                                            8500.        1.190        1.178        1.176 
                                            9000.        1.186        1.172        1.171 
                                            9500.        1.181        1.166        1.165 
                                           10000.        1.177        1.162        1.160 
                                           10500.        1.172        1.158        1.155 
                                           11000.        1.167        1.154        1.149 
                                           11500.        1.162        1.150        1.144 
                                           12000.        1.158        1.147        1.138 
                                           12500.        1.154        1.143        1.133 
                                           13000.        1.150        1.139        1.128 
                                           13500.        1.146        1.135        1.122 
                                           14000.        1.141        1.131        1.117 
                                           14500.        1.136        1.127        1.112 
                                           15000.        1.131        1.123        1.107 
                                           15500.        1.126        1.119        1.104 
                                           16000.        1.120        1.114        1.101 
                                           16500.        1.115        1.110        1.098 
                                           17000.        1.112        1.106        1.096 
                                           17500.        1.108        1.103        1.093 
                                           18000.        1.105        1.099        1.091 
                                           18500.        1.103        1.097        1.090 
                                           19000.        1.101        1.096        1.090 
                                           19500.        1.099        1.095        1.089 
                                           20000.        1.097        1.094        1.089 
                                           20500.        1.095        1.092        1.089 
                                           21000.        1.094        1.092        1.089 
                                           21500.        1.092        1.091        1.089 
                                           22000.        1.091        1.090        1.089 
                                           22500.        1.090        1.089        1.088 
                                           23000.        1.089        1.088        1.088 
                                           23500.        1.088        1.087        1.088 
                                           25000.        1.084        1.085        1.087 
                                           27500.        1.079        1.081        1.086 
                                           30000.        1.079        1.078        1.085 
                                           32500.        1.079        1.074        1.083 
                                           35000.        1.078        1.071        1.082 
                                           37500.        1.077        1.067        1.080 
                                           40000.        1.075        1.067        1.079 
                                           42500.        1.072        1.066        1.078 
                                           45000.        1.069        1.064        1.077 
                                           47500.        1.068        1.062        1.076 
                                           50000.        1.068        1.060        1.075 
                                           52500.        1.065        1.057        1.074 
                                           55000.        1.061        1.054        1.073 
                                           57500.        1.055        1.051        1.073 
                                           60000.        1.047        1.050        1.072 
                                           62500.        1.038        1.050        1.072 
                                           65000.        1.039        1.051        1.072 
                                           67500.        1.042        1.052        1.072 
                                           70000.        1.058        1.053        1.072 
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Table B.17  [  ] Hot Uncontrolled k∞ 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.      1.01633      0.99848      0.97433 
                                             100.      0.99451      0.97841      0.95676 
                                             500.      0.99264      0.97767      0.95730 
                                            1000.      0.99428      0.98032      0.96088 
                                            1500.      0.99715      0.98404      0.96523 
                                            2000.      1.00040      0.98805      0.96976 
                                            2500.      1.00372      0.99207      0.97420 
                                            3000.      1.00711      0.99606      0.97850 
                                            3500.      1.01063      1.00011      0.98272 
                                            4000.      1.01431      1.00422      0.98691 
                                            4500.      1.01816      1.00844      0.99111 
                                            5000.      1.02220      1.01278      0.99534 
                                            5500.      1.02645      1.01727      0.99961 
                                            6000.      1.03090      1.02192      1.00397 
                                            6500.      1.03556      1.02673      1.00841 
                                            7000.      1.04041      1.03170      1.01296 
                                            7500.      1.04545      1.03680      1.01761 
                                            8000.      1.05065      1.04203      1.02233 
                                            8500.      1.05604      1.04738      1.02714 
                                            9000.      1.06162      1.05287      1.03202 
                                            9500.      1.06742      1.05852      1.03698 
                                           10000.      1.07345      1.06434      1.04204 
                                           10500.      1.07971      1.07035      1.04720 
                                           11000.      1.08625      1.07657      1.05245 
                                           11500.      1.09308      1.08300      1.05782 
                                           12000.      1.10025      1.08967      1.06332 
                                           12500.      1.10783      1.09661      1.06893 
                                           13000.      1.11589      1.10387      1.07468 
                                           13500.      1.12446      1.11147      1.08058 
                                           14000.      1.13350      1.11935      1.08658 
                                           14500.      1.14280      1.12735      1.09265 
                                           15000.      1.15212      1.13531      1.09866 
                                           15500.      1.16103      1.14301      1.10453 
                                           16000.      1.16902      1.15013      1.11015 
                                           16500.      1.17563      1.15636      1.11539 
                                           17000.      1.18055      1.16141      1.12009 
                                           17500.      1.18362      1.16510      1.12411 
                                           18000.      1.18483      1.16741      1.12727 
                                           18500.      1.18431      1.16833      1.12953 
                                           19000.      1.18233      1.16795      1.13088 
                                           19500.      1.17925      1.16639      1.13135 
                                           20000.      1.17542      1.16387      1.13099 
                                           20500.      1.17061      1.16067      1.12986 
                                           21000.      1.16581      1.15697      1.12804 
                                           21500.      1.16100      1.15269      1.12565 
                                           22000.      1.15620      1.14841      1.12280 
                                           22500.      1.15139      1.14413      1.11962 
                                           23000.      1.14640      1.13969      1.11620 
                                           25000.      1.12642      1.12192      1.10114 
                                           27500.      1.10099      1.09961      1.08210 
                                           30000.      1.07511      1.07723      1.06321 
                                           32500.      1.04876      1.05476      1.04455 
                                           35000.      1.02195      1.03219      1.02612 
                                           37500.      0.99472      1.00956      1.00793 
                                           40000.      0.96717      0.98691      0.99001 
                                           42500.      0.93946      0.96430      0.97239 
                                           45000.      0.91177      0.94183      0.95511 
                                           47500.      0.88436      0.91962      0.93823 
                                           50000.      0.85754      0.89782      0.92181 
                                           52500.      0.83167      0.87659      0.90587 
                                           55000.      0.80709      0.85611      0.89049 
                                           57500.      0.78418      0.83655      0.87572 
                                           60000.      0.76323      0.81809      0.86160 
                                           62500.      0.74447      0.80089      0.84819 
                                           65000.      0.72801      0.78507      0.83553 
                                           67500.      0.71385      0.77070      0.82366 
                                           70000.      0.70189      0.75783      0.81260 
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Table B.18  [ ] Hot Uncontrolled LPF 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.        1.370        1.293        1.254 
                                             100.        1.372        1.294        1.251 
                                             500.        1.369        1.292        1.247 
                                            1000.        1.365        1.289        1.242 
                                            1500.        1.361        1.286        1.238 
                                            2000.        1.356        1.282        1.233 
                                            2500.        1.350        1.278        1.228 
                                            3000.        1.345        1.274        1.223 
                                            3500.        1.339        1.270        1.218 
                                            4000.        1.334        1.266        1.213 
                                            4500.        1.328        1.262        1.208 
                                            5000.        1.322        1.257        1.203 
                                            5500.        1.316        1.253        1.198 
                                            6000.        1.310        1.248        1.192 
                                            6500.        1.303        1.244        1.187 
                                            7000.        1.297        1.239        1.182 
                                            7500.        1.291        1.234        1.177 
                                            8000.        1.284        1.230        1.171 
                                            8500.        1.277        1.225        1.166 
                                            9000.        1.270        1.220        1.160 
                                            9500.        1.263        1.215        1.155 
                                           10000.        1.257        1.210        1.150 
                                           10500.        1.249        1.205        1.144 
                                           11000.        1.242        1.200        1.140 
                                           11500.        1.235        1.195        1.137 
                                           12000.        1.228        1.190        1.135 
                                           12500.        1.220        1.184        1.132 
                                           13000.        1.213        1.179        1.129 
                                           13500.        1.206        1.174        1.126 
                                           14000.        1.198        1.168        1.124 
                                           14500.        1.191        1.163        1.121 
                                           15000.        1.183        1.158        1.119 
                                           15500.        1.176        1.154        1.116 
                                           16000.        1.169        1.149        1.114 
                                           16500.        1.163        1.145        1.113 
                                           17000.        1.157        1.141        1.111 
                                           17500.        1.152        1.138        1.110 
                                           18000.        1.147        1.135        1.109 
                                           18500.        1.143        1.132        1.108 
                                           19000.        1.139        1.129        1.108 
                                           19500.        1.135        1.127        1.107 
                                           20000.        1.132        1.125        1.107 
                                           20500.        1.129        1.123        1.106 
                                           21000.        1.127        1.121        1.106 
                                           21500.        1.124        1.119        1.105 
                                           22000.        1.122        1.118        1.105 
                                           22500.        1.119        1.116        1.104 
                                           23000.        1.117        1.115        1.104 
                                           25000.        1.107        1.109        1.102 
                                           27500.        1.102        1.101        1.099 
                                           30000.        1.098        1.094        1.096 
                                           32500.        1.093        1.087        1.094 
                                           35000.        1.088        1.083        1.091 
                                           37500.        1.083        1.081        1.089 
                                           40000.        1.077        1.078        1.087 
                                           42500.        1.075        1.075        1.085 
                                           45000.        1.074        1.071        1.083 
                                           47500.        1.073        1.067        1.082 
                                           50000.        1.071        1.063        1.080 
                                           52500.        1.067        1.059        1.079 
                                           55000.        1.061        1.055        1.078 
                                           57500.        1.054        1.052        1.077 
                                           60000.        1.045        1.050        1.077 
                                           62500.        1.042        1.052        1.077 
                                           65000.        1.049        1.055        1.077 
                                           67500.        1.056        1.058        1.077 
                                           70000.        1.063        1.062        1.078 
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Table B.19  [ ] Hot Uncontrolled k∞ 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.      1.03070      1.01507      0.99362 
                                             100.      1.00885      0.99494      0.97595 
                                             500.      1.00807      0.99524      0.97746 
                                            1000.      1.01136      0.99946      0.98244 
                                            1500.      1.01607      1.00493      0.98832 
                                            2000.      1.02117      1.01070      0.99436 
                                            2500.      1.02643      1.01655      1.00031 
                                            3000.      1.03187      1.02247      1.00618 
                                            3500.      1.03755      1.02851      1.01201 
                                            4000.      1.04350      1.03471      1.01787 
                                            4500.      1.04974      1.04112      1.02379 
                                            5000.      1.05629      1.04775      1.02981 
                                            5500.      1.06315      1.05460      1.03595 
                                            6000.      1.07029      1.06166      1.04221 
                                            6500.      1.07772      1.06893      1.04858 
                                            7000.      1.08547      1.07641      1.05508 
                                            7500.      1.09355      1.08413      1.06170 
                                            8000.      1.10199      1.09213      1.06848 
                                            8500.      1.11083      1.10041      1.07544 
                                            9000.      1.12009      1.10899      1.08256 
                                            9500.      1.12984      1.11791      1.08986 
                                           10000.      1.14010      1.12717      1.09733 
                                           10500.      1.15088      1.13678      1.10494 
                                           11000.      1.16208      1.14662      1.11262 
                                           11500.      1.17343      1.15648      1.12027 
                                           12000.      1.18442      1.16608      1.12775 
                                           12500.      1.19450      1.17505      1.13491 
                                           13000.      1.20311      1.18298      1.14153 
                                           13500.      1.20985      1.18952      1.14745 
                                           14000.      1.21450      1.19446      1.15242 
                                           14500.      1.21705      1.19775      1.15632 
                                           15000.      1.21760      1.19945      1.15908 
                                           15500.      1.21645      1.19963      1.16075 
                                           16000.      1.21398      1.19850      1.16137 
                                           16500.      1.21057      1.19629      1.16105 
                                           17000.      1.20656      1.19328      1.15987 
                                           17500.      1.20207      1.18973      1.15796 
                                           18000.      1.19719      1.18580      1.15545 
                                           18500.      1.19232      1.18140      1.15249 
                                           19000.      1.18744      1.17700      1.14919 
                                           19500.      1.18257      1.17260      1.14565 
                                           20000.      1.17769      1.16820      1.14196 
                                           22500.      1.15295      1.14584      1.12236 
                                           25000.      1.12781      1.12345      1.10287 
                                           27500.      1.10224      1.10101      1.08362 
                                           30000.      1.07621      1.07849      1.06461 
                                           32500.      1.04969      1.05586      1.04583 
                                           35000.      1.02271      1.03315      1.02728 
                                           37500.      0.99531      1.01036      1.00897 
                                           40000.      0.96760      0.98756      0.99093 
                                           42500.      0.93973      0.96482      0.97319 
                                           45000.      0.91191      0.94222      0.95581 
                                           47500.      0.88441      0.91991      0.93884 
                                           50000.      0.85753      0.89802      0.92234 
                                           52500.      0.83164      0.87674      0.90635 
                                           55000.      0.80710      0.85623      0.89092 
                                           57500.      0.78427      0.83669      0.87612 
                                           60000.      0.76344      0.81827      0.86199 
                                           62500.      0.74484      0.80115      0.84858 
                                           65000.      0.72854      0.78542      0.83595 
                                           67500.      0.71457      0.77118      0.82412 
                                           70000.      0.70278      0.75844      0.81313 
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Table B.20  [ ] Hot Uncontrolled LPF 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.        1.366        1.289        1.245 
                                             100.        1.368        1.291        1.242 
                                             500.        1.365        1.288        1.238 
                                            1000.        1.359        1.284        1.233 
                                            1500.        1.354        1.280        1.227 
                                            2000.        1.348        1.275        1.222 
                                            2500.        1.342        1.271        1.216 
                                            3000.        1.335        1.266        1.210 
                                            3500.        1.329        1.261        1.204 
                                            4000.        1.322        1.256        1.198 
                                            4500.        1.315        1.251        1.192 
                                            5000.        1.308        1.246        1.186 
                                            5500.        1.301        1.241        1.180 
                                            6000.        1.294        1.235        1.174 
                                            6500.        1.287        1.230        1.168 
                                            7000.        1.279        1.224        1.162 
                                            7500.        1.271        1.219        1.156 
                                            8000.        1.264        1.213        1.150 
                                            8500.        1.256        1.207        1.144 
                                            9000.        1.248        1.202        1.138 
                                            9500.        1.240        1.196        1.135 
                                           10000.        1.232        1.190        1.132 
                                           10500.        1.224        1.184        1.129 
                                           11000.        1.216        1.179        1.126 
                                           11500.        1.208        1.173        1.123 
                                           12000.        1.200        1.168        1.121 
                                           12500.        1.192        1.163        1.118 
                                           13000.        1.185        1.158        1.116 
                                           13500.        1.179        1.154        1.115 
                                           14000.        1.173        1.150        1.113 
                                           14500.        1.168        1.147        1.112 
                                           15000.        1.163        1.144        1.111 
                                           15500.        1.159        1.141        1.110 
                                           16000.        1.155        1.139        1.109 
                                           16500.        1.152        1.136        1.108 
                                           17000.        1.149        1.134        1.108 
                                           17500.        1.146        1.133        1.107 
                                           18000.        1.144        1.131        1.107 
                                           18500.        1.141        1.129        1.106 
                                           19000.        1.139        1.128        1.106 
                                           19500.        1.136        1.126        1.105 
                                           20000.        1.134        1.124        1.105 
                                           22500.        1.121        1.116        1.102 
                                           25000.        1.108        1.108        1.100 
                                           27500.        1.100        1.101        1.097 
                                           30000.        1.096        1.093        1.094 
                                           32500.        1.091        1.086        1.092 
                                           35000.        1.086        1.080        1.089 
                                           37500.        1.080        1.078        1.087 
                                           40000.        1.074        1.075        1.085 
                                           42500.        1.071        1.072        1.083 
                                           45000.        1.069        1.068        1.081 
                                           47500.        1.068        1.064        1.079 
                                           50000.        1.066        1.060        1.078 
                                           52500.        1.062        1.056        1.077 
                                           55000.        1.056        1.053        1.076 
                                           57500.        1.048        1.051        1.075 
                                           60000.        1.039        1.049        1.075 
                                           62500.        1.040        1.050        1.074 
                                           65000.        1.047        1.053        1.075 
                                           67500.        1.055        1.056        1.075 
                                           70000.        1.061        1.060        1.076 
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Table B.21  [ ] Hot Uncontrolled k∞ 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.      1.10092      1.07923      1.05218 
                                             100.      1.07733      1.05753      1.03312 
                                             500.      1.07412      1.05522      1.03184 
                                            1000.      1.07401      1.05579      1.03300 
                                            1500.      1.07493      1.05720      1.03476 
                                            2000.      1.07612      1.05881      1.03659 
                                            2500.      1.07737      1.06040      1.03833 
                                            3000.      1.07857      1.06189      1.03992 
                                            3500.      1.07976      1.06331      1.04139 
                                            4000.      1.08098      1.06470      1.04277 
                                            4500.      1.08226      1.06610      1.04411 
                                            5000.      1.08362      1.06754      1.04542 
                                            5500.      1.08509      1.06904      1.04675 
                                            6000.      1.08669      1.07063      1.04811 
                                            6500.      1.08842      1.07232      1.04952 
                                            7000.      1.09029      1.07411      1.05100 
                                            7500.      1.09228      1.07599      1.05255 
                                            8000.      1.09437      1.07795      1.05418 
                                            8500.      1.09656      1.07998      1.05585 
                                            9000.      1.09883      1.08207      1.05758 
                                            9500.      1.10121      1.08425      1.05934 
                                           10000.      1.10370      1.08650      1.06115 
                                           10500.      1.10633      1.08885      1.06300 
                                           11000.      1.10910      1.09129      1.06489 
                                           11500.      1.11200      1.09383      1.06682 
                                           12000.      1.11504      1.09648      1.06880 
                                           12500.      1.11823      1.09922      1.07083 
                                           13000.      1.12158      1.10207      1.07291 
                                           13500.      1.12512      1.10503      1.07504 
                                           14000.      1.12889      1.10812      1.07724 
                                           14500.      1.13294      1.11136      1.07949 
                                           15000.      1.13727      1.11478      1.08182 
                                           15500.      1.14188      1.11837      1.08421 
                                           16000.      1.14669      1.12210      1.08668 
                                           16500.      1.15159      1.12592      1.08920 
                                           17000.      1.15639      1.12969      1.09173 
                                           17500.      1.16080      1.13331      1.09422 
                                           18000.      1.16455      1.13658      1.09658 
                                           18500.      1.16740      1.13935      1.09875 
                                           19000.      1.16918      1.14146      1.10065 
                                           19500.      1.16982      1.14280      1.10218 
                                           20000.      1.16929      1.14332      1.10328 
                                           20500.      1.16767      1.14303      1.10389 
                                           21000.      1.16511      1.14193      1.10397 
                                           21500.      1.16185      1.14010      1.10353 
                                           22000.      1.15809      1.13765      1.10260 
                                           22500.      1.15392      1.13470      1.10120 
                                           23000.      1.14942      1.13138      1.09938 
                                           23500.      1.14492      1.12779      1.09719 
                                           24000.      1.14041      1.12402      1.09468 
                                           24500.      1.13591      1.12001      1.09191 
                                           25000.      1.13141      1.11601      1.08893 
                                           25500.      1.12685      1.11196      1.08579 
                                           26000.      1.12228      1.10791      1.08253 
                                           26500.      1.11772      1.10387      1.07919 
                                           27000.      1.11315      1.09982      1.07579 
                                           27500.      1.10859      1.09577      1.07232 
                                           30000.      1.08567      1.07568      1.05496 
                                           32500.      1.06266      1.05576      1.03790 
                                           35000.      1.03956      1.03602      1.02119 
                                           37500.      1.01640      1.01647      1.00486 
                                           40000.      0.99324      0.99714      0.98893 
                                           42500.      0.97014      0.97806      0.97340 
                                           45000.      0.94719      0.95928      0.95831 
                                           47500.      0.92451      0.94086      0.94368 
                                           50000.      0.90224      0.92286      0.92954 
                                           52500.      0.88054      0.90535      0.91590 
                                           55000.      0.85959      0.88840      0.90280 
                                           57500.      0.83956      0.87209      0.89025 
                                           60000.      0.82062      0.85650      0.87826 
                                           62500.      0.80292      0.84170      0.86685 
                                           65000.      0.78660      0.82776      0.85604 
                                           67500.      0.77174      0.81471      0.84583 
                                           70000.      0.75840      0.80259      0.83622 
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Table B.22  [ ] Hot Uncontrolled LPF 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.        1.306        1.281        1.272 
                                             100.        1.302        1.280        1.271 
                                             500.        1.297        1.277        1.268 
                                            1000.        1.292        1.274        1.265 
                                            1500.        1.287        1.270        1.262 
                                            2000.        1.281        1.266        1.259 
                                            2500.        1.275        1.262        1.255 
                                            3000.        1.268        1.259        1.252 
                                            3500.        1.262        1.255        1.248 
                                            4000.        1.256        1.251        1.245 
                                            4500.        1.249        1.247        1.242 
                                            5000.        1.245        1.243        1.239 
                                            5500.        1.241        1.239        1.235 
                                            6000.        1.237        1.235        1.232 
                                            6500.        1.232        1.231        1.229 
                                            7000.        1.228        1.227        1.225 
                                            7500.        1.223        1.223        1.222 
                                            8000.        1.219        1.219        1.218 
                                            8500.        1.214        1.215        1.215 
                                            9000.        1.210        1.211        1.212 
                                            9500.        1.205        1.207        1.208 
                                           10000.        1.200        1.203        1.204 
                                           10500.        1.196        1.198        1.201 
                                           11000.        1.191        1.194        1.197 
                                           11500.        1.186        1.190        1.194 
                                           12000.        1.181        1.186        1.190 
                                           12500.        1.176        1.181        1.187 
                                           13000.        1.171        1.177        1.183 
                                           13500.        1.166        1.173        1.180 
                                           14000.        1.161        1.168        1.176 
                                           14500.        1.155        1.164        1.172 
                                           15000.        1.150        1.159        1.169 
                                           15500.        1.145        1.155        1.165 
                                           16000.        1.139        1.150        1.162 
                                           16500.        1.133        1.146        1.158 
                                           17000.        1.128        1.141        1.155 
                                           17500.        1.123        1.136        1.151 
                                           18000.        1.118        1.132        1.147 
                                           18500.        1.114        1.128        1.144 
                                           19000.        1.110        1.124        1.140 
                                           19500.        1.107        1.120        1.136 
                                           20000.        1.103        1.117        1.133 
                                           20500.        1.101        1.114        1.130 
                                           21000.        1.098        1.111        1.128 
                                           21500.        1.096        1.109        1.125 
                                           22000.        1.094        1.107        1.123 
                                           22500.        1.092        1.105        1.121 
                                           23000.        1.090        1.103        1.119 
                                           23500.        1.089        1.101        1.117 
                                           24000.        1.087        1.099        1.115 
                                           24500.        1.086        1.097        1.114 
                                           25000.        1.084        1.096        1.112 
                                           25500.        1.083        1.094        1.111 
                                           26000.        1.082        1.093        1.109 
                                           26500.        1.081        1.091        1.108 
                                           27000.        1.080        1.090        1.107 
                                           27500.        1.079        1.088        1.106 
                                           30000.        1.076        1.081        1.100 
                                           32500.        1.072        1.073        1.094 
                                           35000.        1.068        1.071        1.089 
                                           37500.        1.064        1.068        1.083 
                                           40000.        1.061        1.065        1.078 
                                           42500.        1.057        1.062        1.074 
                                           45000.        1.053        1.058        1.069 
                                           47500.        1.049        1.056        1.066 
                                           50000.        1.049        1.054        1.064 
                                           52500.        1.050        1.051        1.072 
                                           55000.        1.049        1.049        1.084 
                                           57500.        1.046        1.047        1.097 
                                           60000.        1.042        1.044        1.110 
                                           62500.        1.036        1.053        1.122 
                                           65000.        1.053        1.071        1.135 
                                           67500.        1.075        1.088        1.148 
                                           70000.        1.094        1.104        1.160 
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Table B.23  [ ] Hot Uncontrolled k∞ 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.      1.04319      1.02535      1.00194 
                                             100.      1.02026      1.00412      0.98313 
                                             500.      1.01776      1.00259      0.98271 
                                            1000.      1.01860      1.00425      0.98512 
                                            1500.      1.02057      1.00687      0.98824 
                                            2000.      1.02288      1.00973      0.99150 
                                            2500.      1.02523      1.01260      0.99468 
                                            3000.      1.02758      1.01538      0.99770 
                                            3500.      1.03000      1.01815      1.00062 
                                            4000.      1.03251      1.02096      1.00349 
                                            4500.      1.03515      1.02383      1.00635 
                                            5000.      1.03795      1.02680      1.00923 
                                            5500.      1.04093      1.02990      1.01216 
                                            6000.      1.04409      1.03314      1.01517 
                                            6500.      1.04745      1.03653      1.01827 
                                            7000.      1.05096      1.04005      1.02146 
                                            7500.      1.05462      1.04368      1.02473 
                                            8000.      1.05840      1.04740      1.02809 
                                            8500.      1.06231      1.05121      1.03150 
                                            9000.      1.06636      1.05511      1.03496 
                                            9500.      1.07057      1.05913      1.03849 
                                           10000.      1.07496      1.06327      1.04208 
                                           10500.      1.07953      1.06756      1.04575 
                                           11000.      1.08427      1.07198      1.04949 
                                           11500.      1.08921      1.07655      1.05330 
                                           12000.      1.09439      1.08127      1.05719 
                                           12500.      1.09983      1.08615      1.06116 
                                           13000.      1.10558      1.09124      1.06522 
                                           13500.      1.11171      1.09657      1.06939 
                                           14000.      1.11821      1.10217      1.07367 
                                           14500.      1.12511      1.10806      1.07811 
                                           15000.      1.13228      1.11418      1.08269 
                                           15500.      1.13957      1.12045      1.08740 
                                           16000.      1.14668      1.12665      1.09217 
                                           16500.      1.15319      1.13257      1.09686 
                                           17000.      1.15875      1.13788      1.10135 
                                           17500.      1.16306      1.14236      1.10545 
                                           18000.      1.16589      1.14578      1.10900 
                                           18500.      1.16716      1.14800      1.11186 
                                           19000.      1.16690      1.14897      1.11393 
                                           19500.      1.16528      1.14872      1.11514 
                                           20000.      1.16256      1.14738      1.11551 
                                           20500.      1.15906      1.14512      1.11507 
                                           21000.      1.15503      1.14217      1.11388 
                                           21500.      1.15037      1.13871      1.11204 
                                           22000.      1.14570      1.13492      1.10965 
                                           22500.      1.14104      1.13082      1.10684 
                                           23000.      1.13620      1.12651      1.10371 
                                           23500.      1.13136      1.12221      1.10035 
                                           25000.      1.11685      1.10929      1.08936 
                                           27500.      1.09241      1.08772      1.07071 
                                           30000.      1.06768      1.06615      1.05218 
                                           32500.      1.04261      1.04457      1.03390 
                                           35000.      1.01722      1.02300      1.01589 
                                           37500.      0.99156      1.00146      0.99815 
                                           40000.      0.96571      0.97997      0.98070 
                                           42500.      0.93978      0.95861      0.96359 
                                           45000.      0.91393      0.93745      0.94684 
                                           47500.      0.88837      0.91659      0.93050 
                                           50000.      0.86333      0.89614      0.91463 
                                           52500.      0.83909      0.87624      0.89925 
                                           55000.      0.81593      0.85702      0.88443 
                                           57500.      0.79413      0.83862      0.87021 
                                           60000.      0.77395      0.82118      0.85662 
                                           62500.      0.75559      0.80482      0.84372 
                                           65000.      0.73917      0.78965      0.83153 
                                           67500.      0.72476      0.77573      0.82008 
                                           70000.      0.71230      0.76311      0.80940 
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Table B.24  [  ] Hot Uncontrolled LPF 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.        1.310        1.296        1.280 
                                             100.        1.305        1.289        1.280 
                                             500.        1.301        1.285        1.278 
                                            1000.        1.296        1.281        1.275 
                                            1500.        1.290        1.277        1.272 
                                            2000.        1.284        1.273        1.268 
                                            2500.        1.277        1.268        1.264 
                                            3000.        1.270        1.264        1.261 
                                            3500.        1.265        1.259        1.257 
                                            4000.        1.259        1.255        1.253 
                                            4500.        1.254        1.250        1.249 
                                            5000.        1.248        1.246        1.245 
                                            5500.        1.242        1.241        1.241 
                                            6000.        1.236        1.236        1.236 
                                            6500.        1.231        1.230        1.232 
                                            7000.        1.225        1.225        1.227 
                                            7500.        1.219        1.220        1.222 
                                            8000.        1.213        1.214        1.218 
                                            8500.        1.207        1.209        1.213 
                                            9000.        1.201        1.204        1.208 
                                            9500.        1.195        1.198        1.203 
                                           10000.        1.189        1.193        1.198 
                                           10500.        1.182        1.187        1.194 
                                           11000.        1.176        1.181        1.189 
                                           11500.        1.170        1.176        1.184 
                                           12000.        1.163        1.170        1.179 
                                           12500.        1.158        1.164        1.174 
                                           13000.        1.155        1.158        1.169 
                                           13500.        1.151        1.152        1.164 
                                           14000.        1.147        1.146        1.159 
                                           14500.        1.143        1.140        1.154 
                                           15000.        1.139        1.134        1.149 
                                           15500.        1.134        1.128        1.144 
                                           16000.        1.129        1.122        1.139 
                                           16500.        1.124        1.117        1.134 
                                           17000.        1.119        1.111        1.129 
                                           17500.        1.114        1.106        1.125 
                                           18000.        1.110        1.103        1.120 
                                           18500.        1.106        1.100        1.116 
                                           19000.        1.102        1.098        1.112 
                                           19500.        1.099        1.095        1.109 
                                           20000.        1.097        1.093        1.106 
                                           20500.        1.094        1.092        1.103 
                                           21000.        1.093        1.090        1.100 
                                           21500.        1.092        1.089        1.098 
                                           22000.        1.090        1.088        1.096 
                                           22500.        1.089        1.087        1.094 
                                           23000.        1.088        1.086        1.092 
                                           23500.        1.086        1.085        1.090 
                                           25000.        1.082        1.083        1.086 
                                           27500.        1.076        1.079        1.083 
                                           30000.        1.070        1.076        1.082 
                                           32500.        1.068        1.072        1.080 
                                           35000.        1.067        1.069        1.079 
                                           37500.        1.065        1.065        1.078 
                                           40000.        1.067        1.062        1.077 
                                           42500.        1.067        1.059        1.075 
                                           45000.        1.069        1.058        1.075 
                                           47500.        1.071        1.057        1.074 
                                           50000.        1.071        1.057        1.073 
                                           52500.        1.069        1.055        1.072 
                                           55000.        1.065        1.054        1.071 
                                           57500.        1.058        1.052        1.071 
                                           60000.        1.050        1.050        1.070 
                                           62500.        1.041        1.049        1.070 
                                           65000.        1.037        1.049        1.070 
                                           67500.        1.041        1.050        1.070 
                                           70000.        1.056        1.051        1.071 
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Table B.25  [ ] Hot Uncontrolled k∞ 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.      1.05435      1.03705      1.01170 
                                             100.      1.03084      1.01528      0.99251 
                                             500.      1.02809      1.01355      0.99200 
                                            1000.      1.02874      1.01508      0.99439 
                                            1500.      1.03059      1.01765      0.99754 
                                            2000.      1.03279      1.02051      1.00086 
                                            2500.      1.03507      1.02337      1.00410 
                                            3000.      1.03736      1.02618      1.00721 
                                            3500.      1.03974      1.02899      1.01022 
                                            4000.      1.04224      1.03186      1.01319 
                                            4500.      1.04490      1.03482      1.01616 
                                            5000.      1.04773      1.03790      1.01917 
                                            5500.      1.05076      1.04112      1.02224 
                                            6000.      1.05399      1.04451      1.02540 
                                            6500.      1.05743      1.04806      1.02865 
                                            7000.      1.06104      1.05175      1.03200 
                                            7500.      1.06480      1.05556      1.03545 
                                            8000.      1.06870      1.05948      1.03897 
                                            8500.      1.07275      1.06349      1.04256 
                                            9000.      1.07695      1.06762      1.04621 
                                            9500.      1.08133      1.07187      1.04994 
                                           10000.      1.08591      1.07627      1.05374 
                                           10500.      1.09068      1.08082      1.05761 
                                           11000.      1.09565      1.08553      1.06158 
                                           11500.      1.10085      1.09040      1.06562 
                                           12000.      1.10632      1.09544      1.06975 
                                           12500.      1.11209      1.10068      1.07397 
                                           13000.      1.11822      1.10617      1.07828 
                                           13500.      1.12475      1.11194      1.08272 
                                           14000.      1.13170      1.11802      1.08730 
                                           14500.      1.13904      1.12439      1.09205 
                                           15000.      1.14660      1.13102      1.09697 
                                           15500.      1.15423      1.13777      1.10202 
                                           16000.      1.16165      1.14439      1.10712 
                                           16500.      1.16833      1.15058      1.11213 
                                           17000.      1.17389      1.15606      1.11685 
                                           17500.      1.17808      1.16057      1.12110 
                                           18000.      1.18072      1.16385      1.12473 
                                           18500.      1.18171      1.16581      1.12758 
                                           19000.      1.18109      1.16643      1.12956 
                                           19500.      1.17908      1.16577      1.13062 
                                           20000.      1.17600      1.16399      1.13077 
                                           20500.      1.17216      1.16132      1.13009 
                                           21000.      1.16739      1.15800      1.12863 
                                           21500.      1.16262      1.15423      1.12652 
                                           22000.      1.15785      1.14999      1.12389 
                                           22500.      1.15308      1.14574      1.12086 
                                           23000.      1.14808      1.14129      1.11754 
                                           23500.      1.14307      1.13684      1.11402 
                                           25000.      1.12806      1.12348      1.10266 
                                           27500.      1.10259      1.10114      1.08355 
                                           30000.      1.07668      1.07871      1.06461 
                                           32500.      1.05029      1.05620      1.04589 
                                           35000.      1.02344      1.03358      1.02741 
                                           37500.      0.99617      1.01091      1.00917 
                                           40000.      0.96859      0.98820      0.99120 
                                           42500.      0.94083      0.96555      0.97353 
                                           45000.      0.91310      0.94304      0.95621 
                                           47500.      0.88565      0.92078      0.93928 
                                           50000.      0.85879      0.89894      0.92281 
                                           52500.      0.83286      0.87766      0.90683 
                                           55000.      0.80824      0.85714      0.89141 
                                           57500.      0.78527      0.83754      0.87660 
                                           60000.      0.76426      0.81904      0.86245 
                                           62500.      0.74544      0.80180      0.84901 
                                           65000.      0.72892      0.78594      0.83632 
                                           67500.      0.71471      0.77154      0.82443 
                                           70000.      0.70270      0.75864      0.81335 
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Table B.26  [ ] Hot Uncontrolled LPF 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.        1.346        1.296        1.271 
                                             100.        1.349        1.289        1.271 
                                             500.        1.347        1.284        1.269 
                                            1000.        1.343        1.278        1.266 
                                            1500.        1.340        1.273        1.263 
                                            2000.        1.336        1.267        1.259 
                                            2500.        1.332        1.263        1.256 
                                            3000.        1.328        1.260        1.252 
                                            3500.        1.323        1.257        1.248 
                                            4000.        1.319        1.254        1.244 
                                            4500.        1.314        1.251        1.240 
                                            5000.        1.310        1.247        1.236 
                                            5500.        1.305        1.244        1.232 
                                            6000.        1.300        1.240        1.228 
                                            6500.        1.295        1.237        1.223 
                                            7000.        1.290        1.233        1.219 
                                            7500.        1.285        1.229        1.214 
                                            8000.        1.279        1.226        1.209 
                                            8500.        1.274        1.222        1.205 
                                            9000.        1.268        1.218        1.200 
                                            9500.        1.262        1.214        1.195 
                                           10000.        1.256        1.210        1.190 
                                           10500.        1.251        1.206        1.185 
                                           11000.        1.245        1.202        1.180 
                                           11500.        1.239        1.198        1.175 
                                           12000.        1.233        1.193        1.170 
                                           12500.        1.227        1.189        1.165 
                                           13000.        1.221        1.185        1.160 
                                           13500.        1.215        1.181        1.156 
                                           14000.        1.209        1.176        1.151 
                                           14500.        1.202        1.172        1.146 
                                           15000.        1.195        1.168        1.141 
                                           15500.        1.188        1.163        1.136 
                                           16000.        1.181        1.158        1.131 
                                           16500.        1.173        1.153        1.126 
                                           17000.        1.166        1.148        1.121 
                                           17500.        1.159        1.144        1.117 
                                           18000.        1.152        1.139        1.112 
                                           18500.        1.146        1.135        1.110 
                                           19000.        1.141        1.131        1.109 
                                           19500.        1.136        1.128        1.107 
                                           20000.        1.132        1.125        1.106 
                                           20500.        1.129        1.123        1.105 
                                           21000.        1.126        1.120        1.104 
                                           21500.        1.123        1.118        1.103 
                                           22000.        1.121        1.117        1.102 
                                           22500.        1.118        1.115        1.102 
                                           23000.        1.116        1.113        1.101 
                                           23500.        1.113        1.112        1.101 
                                           25000.        1.106        1.107        1.099 
                                           27500.        1.093        1.099        1.097 
                                           30000.        1.085        1.092        1.094 
                                           32500.        1.080        1.085        1.091 
                                           35000.        1.075        1.078        1.089 
                                           37500.        1.072        1.072        1.087 
                                           40000.        1.072        1.066        1.085 
                                           42500.        1.075        1.063        1.083 
                                           45000.        1.077        1.062        1.081 
                                           47500.        1.077        1.061        1.080 
                                           50000.        1.075        1.059        1.078 
                                           52500.        1.071        1.057        1.077 
                                           55000.        1.065        1.055        1.076 
                                           57500.        1.058        1.053        1.075 
                                           60000.        1.048        1.051        1.075 
                                           62500.        1.040        1.050        1.075 
                                           65000.        1.047        1.053        1.075 
                                           67500.        1.055        1.057        1.076 
                                           70000.        1.062        1.061        1.076 
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Table B.27  [  ] Hot Uncontrolled k∞ 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.      1.06781      1.05261      1.02986 
                                             100.      1.04424      1.03075      1.01055 
                                             500.      1.04242      1.02990      1.01085 
                                            1000.      1.04450      1.03278      1.01442 
                                            1500.      1.04793      1.03685      1.01887 
                                            2000.      1.05174      1.04121      1.02348 
                                            2500.      1.05565      1.04561      1.02800 
                                            3000.      1.05970      1.05005      1.03242 
                                            3500.      1.06395      1.05458      1.03681 
                                            4000.      1.06844      1.05927      1.04120 
                                            4500.      1.07321      1.06414      1.04567 
                                            5000.      1.07827      1.06924      1.05025 
                                            5500.      1.08359      1.07453      1.05493 
                                            6000.      1.08915      1.08000      1.05972 
                                            6500.      1.09494      1.08562      1.06460 
                                            7000.      1.10099      1.09141      1.06959 
                                            7500.      1.10732      1.09741      1.07468 
                                            8000.      1.11396      1.10363      1.07989 
                                            8500.      1.12090      1.11008      1.08525 
                                            9000.      1.12818      1.11677      1.09074 
                                            9500.      1.13582      1.12371      1.09639 
                                           10000.      1.14389      1.13093      1.10218 
                                           10500.      1.15240      1.13847      1.10811 
                                           11000.      1.16134      1.14634      1.11420 
                                           11500.      1.17060      1.15446      1.12041 
                                           12000.      1.17996      1.16270      1.12673 
                                           12500.      1.18902      1.17078      1.13304 
                                           13000.      1.19729      1.17830      1.13917 
                                           13500.      1.20428      1.18495      1.14486 
                                           14000.      1.20967      1.19040      1.14989 
                                           14500.      1.21331      1.19447      1.15408 
                                           15000.      1.21512      1.19706      1.15729 
                                           15500.      1.21518      1.19817      1.15949 
                                           16000.      1.21370      1.19787      1.16065 
                                           16500.      1.21102      1.19635      1.16082 
                                           17000.      1.20750      1.19387      1.16007 
                                           17500.      1.20342      1.19068      1.15851 
                                           18000.      1.19860      1.18700      1.15627 
                                           18500.      1.19378      1.18300      1.15351 
                                           19000.      1.18897      1.17860      1.15036 
                                           19500.      1.18415      1.17419      1.14692 
                                           20000.      1.17933      1.16979      1.14329 
                                           22500.      1.15459      1.14736      1.12379 
                                           25000.      1.12942      1.12494      1.10427 
                                           27500.      1.10382      1.10246      1.08497 
                                           30000.      1.07776      1.07990      1.06591 
                                           32500.      1.05122      1.05724      1.04709 
                                           35000.      1.02420      1.03449      1.02849 
                                           37500.      0.99677      1.01167      1.01014 
                                           40000.      0.96902      0.98883      0.99205 
                                           42500.      0.94111      0.96604      0.97428 
                                           45000.      0.91324      0.94340      0.95685 
                                           47500.      0.88569      0.92104      0.93985 
                                           50000.      0.85876      0.89911      0.92330 
                                           52500.      0.83281      0.87778      0.90727 
                                           55000.      0.80820      0.85723      0.89180 
                                           57500.      0.78530      0.83763      0.87696 
                                           60000.      0.76440      0.81917      0.86280 
                                           62500.      0.74572      0.80200      0.84936 
                                           65000.      0.72936      0.78623      0.83670 
                                           67500.      0.71532      0.77194      0.82484 
                                           70000.      0.70347      0.75917      0.81381 
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Table B.28  [ ] Hot Uncontrolled LPF 
 
                                         Exposure    0.00 Void    0.40 Void    0.80 Void 
                                          MWd/MTU      History      History      History 
                                         --------    ---------    ---------    --------- 
                                               0.        1.343        1.288        1.266 
                                             100.        1.345        1.281        1.265 
                                             500.        1.342        1.275        1.263 
                                            1000.        1.339        1.268        1.259 
                                            1500.        1.334        1.264        1.255 
                                            2000.        1.330        1.261        1.251 
                                            2500.        1.325        1.257        1.247 
                                            3000.        1.320        1.254        1.243 
                                            3500.        1.315        1.250        1.238 
                                            4000.        1.310        1.246        1.233 
                                            4500.        1.305        1.242        1.229 
                                            5000.        1.299        1.238        1.224 
                                            5500.        1.293        1.234        1.219 
                                            6000.        1.288        1.230        1.214 
                                            6500.        1.282        1.226        1.208 
                                            7000.        1.276        1.222        1.203 
                                            7500.        1.270        1.217        1.198 
                                            8000.        1.263        1.213        1.193 
                                            8500.        1.257        1.208        1.187 
                                            9000.        1.251        1.204        1.182 
                                            9500.        1.244        1.199        1.176 
                                           10000.        1.238        1.194        1.171 
                                           10500.        1.231        1.190        1.165 
                                           11000.        1.224        1.185        1.160 
                                           11500.        1.217        1.180        1.154 
                                           12000.        1.210        1.175        1.148 
                                           12500.        1.202        1.170        1.143 
                                           13000.        1.194        1.165        1.138 
                                           13500.        1.187        1.160        1.133 
                                           14000.        1.179        1.155        1.128 
                                           14500.        1.172        1.151        1.123 
                                           15000.        1.166        1.146        1.119 
                                           15500.        1.161        1.143        1.115 
                                           16000.        1.156        1.139        1.112 
                                           16500.        1.152        1.136        1.109 
                                           17000.        1.149        1.134        1.107 
                                           17500.        1.146        1.132        1.106 
                                           18000.        1.143        1.130        1.105 
                                           18500.        1.141        1.128        1.104 
                                           19000.        1.138        1.126        1.104 
                                           19500.        1.136        1.125        1.103 
                                           20000.        1.133        1.123        1.103 
                                           22500.        1.120        1.115        1.100 
                                           25000.        1.107        1.107        1.097 
                                           27500.        1.095        1.099        1.095 
                                           30000.        1.086        1.092        1.092 
                                           32500.        1.081        1.084        1.090 
                                           35000.        1.075        1.078        1.087 
                                           37500.        1.070        1.071        1.085 
                                           40000.        1.069        1.066        1.083 
                                           42500.        1.069        1.063        1.081 
                                           45000.        1.071        1.062        1.079 
                                           47500.        1.071        1.060        1.078 
                                           50000.        1.069        1.058        1.076 
                                           52500.        1.065        1.056        1.075 
                                           55000.        1.059        1.054        1.074 
                                           57500.        1.052        1.052        1.073 
                                           60000.        1.043        1.050        1.073 
                                           62500.        1.039        1.049        1.073 
                                           65000.        1.046        1.052        1.073 
                                           67500.        1.053        1.055        1.074 
                                           70000.        1.060        1.059        1.074 
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Appendix C Enriched Lattice Isotopic Data Tables 
 
The results in this appendix are based on hot operating and equilibrium xenon conditions. 

For Information Only



 
Nuclear Fuel Design Report 
Quad Cities Unit 2 Cycle 24 
Representative Cycle 
ATRIUM 10XM Fuel 

ANP-3294NP 
Revision 0 

Page C-2 
 

  
AREVA Inc.  

 

Table C.1  [  ] Exposure-Dependent 0% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.358    44.780   0.000   954.862  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.358    44.659   0.023   954.809  0.000    0.000    0.021    0.000    0.000    0.000 
                  500.0    0.356    44.182   0.113   954.595  0.002    0.000    0.197    0.002    0.000    0.000 
                 1000.0    0.354    43.593   0.225   954.328  0.004    0.000    0.419    0.007    0.000    0.000 
                 1500.0    0.352    43.013   0.334   954.060  0.006    0.000    0.629    0.015    0.001    0.000 
                 2000.0    0.350    42.441   0.442   953.793  0.008    0.000    0.830    0.026    0.002    0.000 
                 2500.0    0.348    41.876   0.548   953.527  0.011    0.000    1.021    0.040    0.005    0.000 
                 3000.0    0.346    41.319   0.652   953.261  0.013    0.000    1.203    0.056    0.008    0.000 
                 3500.0    0.344    40.768   0.755   952.995  0.016    0.001    1.377    0.074    0.011    0.000 
                 4000.0    0.342    40.224   0.856   952.730  0.020    0.001    1.542    0.093    0.016    0.000 
                 4500.0    0.340    39.686   0.956   952.465  0.023    0.001    1.699    0.114    0.022    0.001 
                 5000.0    0.338    39.155   1.054   952.200  0.026    0.001    1.849    0.137    0.029    0.001 
                 5500.0    0.336    38.629   1.151   951.936  0.030    0.001    1.991    0.160    0.036    0.001 
                 6000.0    0.335    38.108   1.246   951.673  0.034    0.002    2.127    0.184    0.045    0.002 
                 6500.0    0.333    37.594   1.340   951.410  0.038    0.002    2.256    0.210    0.054    0.002 
                 7000.0    0.331    37.084   1.433   951.148  0.042    0.002    2.379    0.236    0.064    0.003 
                 7500.0    0.329    36.579   1.525   950.886  0.046    0.003    2.496    0.263    0.075    0.004 
                 8000.0    0.327    36.080   1.615   950.625  0.050    0.003    2.607    0.290    0.087    0.005 
                 8500.0    0.325    35.585   1.704   950.364  0.054    0.004    2.712    0.318    0.099    0.006 
                 9000.0    0.323    35.095   1.792   950.103  0.059    0.004    2.813    0.347    0.111    0.007 
                 9500.0    0.322    34.609   1.879   949.843  0.063    0.005    2.908    0.376    0.125    0.009 
                10000.0    0.320    34.127   1.965   949.584  0.068    0.006    2.998    0.405    0.138    0.010 
                10500.0    0.318    33.650   2.050   949.324  0.073    0.006    3.084    0.435    0.152    0.012 
                11000.0    0.316    33.177   2.134   949.066  0.077    0.007    3.165    0.465    0.167    0.014 
                11500.0    0.314    32.708   2.216   948.808  0.082    0.008    3.242    0.495    0.182    0.016 
                12000.0    0.313    32.243   2.298   948.550  0.087    0.008    3.314    0.526    0.197    0.018 
                12500.0    0.311    31.781   2.378   948.293  0.092    0.009    3.383    0.557    0.213    0.020 
                13000.0    0.309    31.323   2.458   948.036  0.098    0.010    3.448    0.588    0.228    0.023 
                13500.0    0.307    30.869   2.537   947.779  0.103    0.011    3.509    0.619    0.244    0.025 
                14000.0    0.306    30.418   2.615   947.523  0.108    0.012    3.566    0.651    0.260    0.028 
                14500.0    0.304    29.971   2.691   947.267  0.113    0.013    3.620    0.682    0.276    0.031 
                15000.0    0.302    29.527   2.767   947.012  0.119    0.014    3.671    0.714    0.292    0.034 
                15500.0    0.301    29.087   2.843   946.756  0.124    0.015    3.720    0.745    0.308    0.038 
                16000.0    0.299    28.649   2.917   946.500  0.130    0.016    3.765    0.777    0.325    0.041 
                16500.0    0.297    28.216   2.990   946.243  0.135    0.018    3.808    0.809    0.341    0.045 
                17000.0    0.296    27.785   3.063   945.986  0.141    0.019    3.849    0.840    0.358    0.049 
                17500.0    0.294    27.358   3.135   945.728  0.147    0.020    3.887    0.872    0.374    0.053 
                18000.0    0.292    26.935   3.206   945.469  0.153    0.022    3.924    0.903    0.391    0.058 
                18500.0    0.291    26.514   3.276   945.209  0.158    0.023    3.959    0.935    0.408    0.062 
                19000.0    0.289    26.098   3.345   944.948  0.164    0.025    3.991    0.966    0.424    0.067 
                19500.0    0.287    25.684   3.414   944.685  0.170    0.026    4.022    0.998    0.441    0.072 
                20000.0    0.286    25.274   3.481   944.422  0.176    0.028    4.052    1.029    0.458    0.077 
                22500.0    0.277    23.276   3.808   943.083  0.207    0.037    4.176    1.183    0.543    0.106 
                25000.0    0.269    21.363   4.115   941.709  0.240    0.048    4.266    1.334    0.626    0.140 
                27500.0    0.261    19.536   4.402   940.299  0.274    0.060    4.326    1.480    0.705    0.180 
                30000.0    0.253    17.793   4.669   938.849  0.308    0.075    4.359    1.622    0.780    0.226 
                32500.0    0.244    16.135   4.917   937.358  0.344    0.091    4.371    1.757    0.849    0.277 
                35000.0    0.236    14.563   5.146   935.823  0.380    0.110    4.364    1.886    0.913    0.333 
                37500.0    0.228    13.077   5.355   934.242  0.416    0.130    4.341    2.009    0.969    0.395 
                40000.0    0.220    11.679   5.544   932.612  0.452    0.151    4.306    2.123    1.020    0.462 
                42500.0    0.212    10.369   5.714   930.931  0.487    0.175    4.260    2.229    1.064    0.534 
                45000.0    0.204     9.147   5.865   929.195  0.522    0.199    4.206    2.327    1.101    0.611 
                47500.0    0.196     8.016   5.995   927.403  0.556    0.225    4.146    2.416    1.132    0.693 
                50000.0    0.188     6.976   6.107   925.553  0.589    0.251    4.083    2.496    1.156    0.778 
                52500.0    0.180     6.026   6.199   923.642  0.621    0.278    4.018    2.568    1.176    0.868 
                55000.0    0.173     5.165   6.272   921.670  0.651    0.305    3.952    2.630    1.190    0.960 
                57500.0    0.165     4.394   6.326   919.636  0.680    0.332    3.888    2.683    1.199    1.056 
                60000.0    0.158     3.708   6.363   917.540  0.706    0.358    3.827    2.728    1.205    1.153 
                62500.0    0.151     3.106   6.382   915.385  0.730    0.384    3.769    2.765    1.207    1.253 
                65000.0    0.144     2.582   6.386   913.171  0.752    0.408    3.715    2.795    1.207    1.354 
                67500.0    0.137     2.131   6.375   910.903  0.772    0.430    3.665    2.818    1.204    1.455 
                70000.0    0.130     1.748   6.351   908.584  0.789    0.451    3.620    2.835    1.200    1.556 
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Table C.2  [  ] Exposure-Dependent 40% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.358    44.780   0.000   954.862  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.358    44.660   0.024   954.802  0.000    0.000    0.024    0.000    0.000    0.000 
                  500.0    0.356    44.184   0.118   954.559  0.002    0.000    0.222    0.002    0.000    0.000 
                 1000.0    0.354    43.599   0.233   954.255  0.004    0.000    0.472    0.008    0.000    0.000 
                 1500.0    0.351    43.023   0.346   953.952  0.007    0.000    0.710    0.017    0.001    0.000 
                 2000.0    0.349    42.456   0.458   953.649  0.010    0.000    0.936    0.030    0.003    0.000 
                 2500.0    0.347    41.897   0.567   953.347  0.013    0.000    1.152    0.045    0.006    0.000 
                 3000.0    0.345    41.346   0.674   953.045  0.016    0.000    1.357    0.062    0.010    0.000 
                 3500.0    0.342    40.803   0.780   952.744  0.019    0.001    1.553    0.082    0.015    0.000 
                 4000.0    0.340    40.267   0.884   952.444  0.023    0.001    1.739    0.103    0.021    0.001 
                 4500.0    0.338    39.738   0.986   952.144  0.027    0.001    1.917    0.125    0.028    0.001 
                 5000.0    0.336    39.216   1.086   951.844  0.031    0.001    2.086    0.149    0.036    0.001 
                 5500.0    0.334    38.700   1.185   951.546  0.035    0.002    2.248    0.174    0.046    0.002 
                 6000.0    0.332    38.191   1.283   951.248  0.040    0.002    2.402    0.200    0.056    0.002 
                 6500.0    0.330    37.687   1.378   950.950  0.044    0.003    2.549    0.227    0.067    0.003 
                 7000.0    0.328    37.189   1.473   950.653  0.049    0.003    2.689    0.255    0.079    0.004 
                 7500.0    0.326    36.696   1.566   950.357  0.054    0.004    2.822    0.284    0.092    0.005 
                 8000.0    0.323    36.209   1.658   950.062  0.059    0.004    2.949    0.313    0.106    0.006 
                 8500.0    0.321    35.727   1.748   949.766  0.064    0.005    3.070    0.343    0.121    0.007 
                 9000.0    0.319    35.250   1.837   949.472  0.070    0.006    3.186    0.373    0.136    0.009 
                 9500.0    0.317    34.777   1.924   949.178  0.075    0.006    3.296    0.403    0.151    0.010 
                10000.0    0.315    34.310   2.011   948.885  0.081    0.007    3.400    0.435    0.168    0.012 
                10500.0    0.314    33.847   2.096   948.592  0.086    0.008    3.500    0.466    0.184    0.014 
                11000.0    0.312    33.388   2.180   948.300  0.092    0.009    3.594    0.498    0.201    0.016 
                11500.0    0.310    32.934   2.263   948.008  0.098    0.010    3.684    0.530    0.219    0.018 
                12000.0    0.308    32.484   2.345   947.717  0.104    0.011    3.769    0.562    0.236    0.021 
                12500.0    0.306    32.039   2.426   947.426  0.110    0.012    3.850    0.595    0.254    0.023 
                13000.0    0.304    31.597   2.505   947.136  0.116    0.013    3.927    0.628    0.273    0.026 
                13500.0    0.302    31.159   2.584   946.846  0.122    0.014    4.000    0.661    0.291    0.029 
                14000.0    0.300    30.724   2.661   946.557  0.128    0.016    4.069    0.694    0.310    0.032 
                14500.0    0.298    30.294   2.738   946.268  0.134    0.017    4.134    0.727    0.328    0.036 
                15000.0    0.297    29.867   2.814   945.979  0.141    0.018    4.196    0.761    0.347    0.039 
                15500.0    0.295    29.444   2.888   945.691  0.147    0.020    4.254    0.794    0.366    0.043 
                16000.0    0.293    29.024   2.962   945.402  0.153    0.021    4.310    0.827    0.385    0.047 
                16500.0    0.291    28.607   3.035   945.114  0.160    0.023    4.363    0.861    0.404    0.051 
                17000.0    0.289    28.194   3.107   944.825  0.166    0.025    4.413    0.894    0.422    0.055 
                17500.0    0.287    27.785   3.178   944.535  0.173    0.026    4.461    0.928    0.441    0.060 
                18000.0    0.286    27.379   3.248   944.245  0.179    0.028    4.506    0.961    0.461    0.064 
                18500.0    0.284    26.977   3.318   943.953  0.186    0.030    4.549    0.994    0.480    0.069 
                19000.0    0.282    26.578   3.386   943.661  0.193    0.032    4.591    1.027    0.499    0.074 
                19500.0    0.280    26.182   3.454   943.369  0.200    0.034    4.630    1.060    0.518    0.080 
                20000.0    0.279    25.790   3.520   943.074  0.207    0.036    4.667    1.093    0.537    0.085 
                20500.0    0.277    25.402   3.586   942.779  0.214    0.038    4.703    1.126    0.556    0.091 
                21000.0    0.275    25.017   3.651   942.483  0.221    0.040    4.737    1.159    0.575    0.097 
                21500.0    0.273    24.635   3.716   942.185  0.228    0.043    4.769    1.192    0.594    0.103 
                22000.0    0.272    24.257   3.779   941.887  0.235    0.045    4.800    1.224    0.613    0.109 
                22500.0    0.270    23.883   3.842   941.586  0.242    0.048    4.829    1.257    0.632    0.116 
                25000.0    0.261    22.060   4.142   940.065  0.279    0.061    4.955    1.416    0.726    0.151 
                27500.0    0.253    20.322   4.422   938.510  0.317    0.077    5.048    1.570    0.817    0.192 
                30000.0    0.244    18.668   4.682   936.919  0.356    0.095    5.113    1.720    0.904    0.238 
                32500.0    0.236    17.097   4.922   935.293  0.395    0.115    5.155    1.863    0.985    0.289 
                35000.0    0.228    15.606   5.143   933.628  0.434    0.137    5.175    2.000    1.060    0.344 
                37500.0    0.220    14.197   5.345   931.924  0.473    0.161    5.177    2.131    1.129    0.405 
                40000.0    0.212    12.868   5.529   930.180  0.512    0.188    5.164    2.254    1.191    0.469 
                42500.0    0.204    11.619   5.693   928.394  0.550    0.216    5.139    2.370    1.247    0.538 
                45000.0    0.196    10.449   5.840   926.566  0.587    0.245    5.103    2.477    1.296    0.610 
                47500.0    0.189     9.357   5.968   924.693  0.624    0.276    5.059    2.577    1.339    0.686 
                50000.0    0.181     8.343   6.079   922.776  0.659    0.308    5.009    2.668    1.375    0.765 
                52500.0    0.174     7.405   6.172   920.814  0.692    0.340    4.954    2.751    1.406    0.847 
                55000.0    0.167     6.542   6.249   918.806  0.724    0.373    4.896    2.826    1.432    0.931 
                57500.0    0.160     5.753   6.309   916.752  0.755    0.406    4.836    2.893    1.452    1.018 
                60000.0    0.154     5.035   6.354   914.653  0.783    0.439    4.776    2.951    1.468    1.106 
                62500.0    0.148     4.386   6.383   912.509  0.810    0.471    4.717    3.003    1.479    1.196 
                65000.0    0.141     3.804   6.399   910.322  0.835    0.502    4.659    3.047    1.488    1.287 
                67500.0    0.135     3.283   6.400   908.093  0.857    0.532    4.604    3.084    1.492    1.378 
                70000.0    0.130     2.822   6.390   905.824  0.878    0.561    4.551    3.115    1.495    1.470 
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Table C.3  [ ] Exposure-Dependent 80% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.358    44.780   0.000   954.862  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.358    44.660   0.025   954.792  0.000    0.000    0.027    0.000    0.000    0.000 
                  500.0    0.356    44.188   0.123   954.511  0.002    0.000    0.254    0.002    0.000    0.000 
                 1000.0    0.353    43.608   0.244   954.161  0.005    0.000    0.540    0.009    0.001    0.000 
                 1500.0    0.350    43.039   0.362   953.811  0.008    0.000    0.812    0.019    0.002    0.000 
                 2000.0    0.348    42.479   0.478   953.461  0.012    0.000    1.071    0.033    0.004    0.000 
                 2500.0    0.345    41.928   0.592   953.113  0.015    0.000    1.318    0.049    0.008    0.000 
                 3000.0    0.343    41.387   0.703   952.765  0.019    0.001    1.554    0.068    0.013    0.000 
                 3500.0    0.340    40.853   0.813   952.418  0.024    0.001    1.779    0.089    0.019    0.000 
                 4000.0    0.338    40.328   0.920   952.072  0.028    0.001    1.994    0.111    0.027    0.001 
                 4500.0    0.335    39.810   1.026   951.726  0.033    0.002    2.200    0.135    0.035    0.001 
                 5000.0    0.333    39.299   1.130   951.381  0.038    0.002    2.397    0.161    0.046    0.001 
                 5500.0    0.330    38.795   1.232   951.036  0.043    0.003    2.585    0.187    0.057    0.002 
                 6000.0    0.328    38.298   1.332   950.693  0.049    0.003    2.765    0.215    0.070    0.003 
                 6500.0    0.325    37.807   1.430   950.349  0.054    0.004    2.938    0.243    0.083    0.004 
                 7000.0    0.323    37.323   1.527   950.007  0.060    0.004    3.103    0.272    0.098    0.004 
                 7500.0    0.321    36.844   1.622   949.665  0.066    0.005    3.261    0.302    0.113    0.006 
                 8000.0    0.319    36.371   1.716   949.324  0.072    0.006    3.412    0.333    0.129    0.007 
                 8500.0    0.316    35.904   1.808   948.984  0.079    0.007    3.557    0.364    0.146    0.008 
                 9000.0    0.314    35.442   1.899   948.644  0.085    0.008    3.695    0.396    0.164    0.010 
                 9500.0    0.312    34.985   1.989   948.304  0.092    0.009    3.828    0.429    0.182    0.012 
                10000.0    0.310    34.534   2.077   947.966  0.098    0.010    3.955    0.462    0.201    0.013 
                10500.0    0.307    34.087   2.164   947.628  0.105    0.011    4.076    0.495    0.220    0.016 
                11000.0    0.305    33.645   2.249   947.290  0.112    0.013    4.192    0.529    0.240    0.018 
                11500.0    0.303    33.208   2.333   946.954  0.119    0.014    4.303    0.563    0.260    0.020 
                12000.0    0.301    32.775   2.416   946.617  0.126    0.015    4.410    0.597    0.280    0.023 
                12500.0    0.299    32.347   2.498   946.282  0.133    0.017    4.511    0.632    0.301    0.026 
                13000.0    0.297    31.923   2.578   945.946  0.141    0.019    4.608    0.667    0.322    0.029 
                13500.0    0.295    31.503   2.658   945.611  0.148    0.020    4.701    0.702    0.343    0.032 
                14000.0    0.293    31.087   2.736   945.277  0.155    0.022    4.789    0.737    0.364    0.035 
                14500.0    0.290    30.675   2.813   944.944  0.163    0.024    4.874    0.773    0.385    0.039 
                15000.0    0.288    30.268   2.889   944.610  0.170    0.026    4.955    0.809    0.406    0.042 
                15500.0    0.286    29.864   2.964   944.277  0.178    0.028    5.032    0.844    0.428    0.046 
                16000.0    0.284    29.463   3.038   943.944  0.185    0.030    5.105    0.880    0.449    0.050 
                16500.0    0.282    29.067   3.111   943.611  0.193    0.032    5.176    0.916    0.471    0.055 
                17000.0    0.281    28.674   3.183   943.278  0.201    0.034    5.243    0.952    0.492    0.059 
                17500.0    0.279    28.284   3.254   942.945  0.209    0.037    5.308    0.989    0.514    0.064 
                18000.0    0.277    27.899   3.324   942.611  0.217    0.039    5.370    1.025    0.535    0.069 
                18500.0    0.275    27.517   3.393   942.277  0.224    0.042    5.429    1.061    0.557    0.073 
                19000.0    0.273    27.138   3.461   941.943  0.232    0.044    5.486    1.097    0.578    0.079 
                19500.0    0.271    26.763   3.528   941.607  0.240    0.047    5.541    1.133    0.600    0.084 
                20000.0    0.269    26.391   3.595   941.271  0.248    0.050    5.593    1.169    0.621    0.090 
                20500.0    0.267    26.023   3.660   940.934  0.256    0.053    5.644    1.205    0.643    0.095 
                21000.0    0.265    25.659   3.725   940.596  0.264    0.056    5.692    1.240    0.664    0.101 
                21500.0    0.263    25.297   3.788   940.258  0.272    0.059    5.739    1.276    0.686    0.107 
                22000.0    0.262    24.940   3.851   939.918  0.281    0.062    5.784    1.312    0.707    0.113 
                22500.0    0.260    24.585   3.913   939.577  0.289    0.065    5.827    1.347    0.728    0.120 
                23000.0    0.258    24.235   3.974   939.234  0.297    0.069    5.869    1.383    0.750    0.126 
                23500.0    0.256    23.887   4.034   938.891  0.305    0.072    5.909    1.418    0.771    0.133 
                24000.0    0.254    23.543   4.093   938.547  0.313    0.076    5.948    1.453    0.792    0.140 
                24500.0    0.252    23.202   4.152   938.201  0.322    0.079    5.985    1.488    0.813    0.147 
                25000.0    0.251    22.865   4.210   937.854  0.330    0.083    6.020    1.523    0.834    0.155 
                27500.0    0.242    21.229   4.485   936.100  0.372    0.104    6.179    1.694    0.938    0.194 
                30000.0    0.233    19.673   4.740   934.314  0.415    0.127    6.308    1.861    1.039    0.237 
                32500.0    0.224    18.198   4.976   932.496  0.457    0.152    6.409    2.022    1.134    0.284 
                35000.0    0.216    16.799   5.192   930.646  0.500    0.181    6.487    2.178    1.225    0.336 
                37500.0    0.208    15.477   5.388   928.764  0.542    0.211    6.544    2.328    1.311    0.390 
                40000.0    0.200    14.229   5.567   926.848  0.584    0.244    6.582    2.471    1.390    0.448 
                42500.0    0.193    13.053   5.727   924.899  0.625    0.279    6.606    2.608    1.464    0.510 
                45000.0    0.185    11.948   5.869   922.917  0.665    0.316    6.615    2.738    1.533    0.574 
                47500.0    0.178    10.912   5.995   920.902  0.704    0.354    6.613    2.861    1.595    0.641 
                50000.0    0.171     9.943   6.104   918.854  0.741    0.394    6.602    2.976    1.653    0.710 
                52500.0    0.165     9.040   6.197   916.773  0.777    0.435    6.582    3.084    1.704    0.782 
                55000.0    0.158     8.199   6.275   914.660  0.811    0.476    6.556    3.185    1.751    0.856 
                57500.0    0.152     7.420   6.338   912.514  0.844    0.519    6.524    3.279    1.792    0.931 
                60000.0    0.147     6.699   6.388   910.338  0.875    0.561    6.489    3.365    1.829    1.009 
                62500.0    0.141     6.035   6.424   908.132  0.903    0.604    6.450    3.444    1.861    1.088 
                65000.0    0.136     5.424   6.448   905.897  0.930    0.646    6.410    3.516    1.889    1.168 
                67500.0    0.131     4.865   6.460   903.633  0.955    0.687    6.368    3.582    1.913    1.250 
                70000.0    0.126     4.354   6.461   901.343  0.978    0.728    6.326    3.641    1.934    1.332 
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Table C.4  [  ] Exposure-Dependent 0% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.358    44.783   0.000   954.859  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.358    44.662   0.023   954.806  0.000    0.000    0.021    0.000    0.000    0.000 
                  500.0    0.356    44.185   0.113   954.590  0.002    0.000    0.198    0.002    0.000    0.000 
                 1000.0    0.354    43.597   0.225   954.321  0.004    0.000    0.421    0.007    0.000    0.000 
                 1500.0    0.352    43.017   0.334   954.052  0.006    0.000    0.634    0.015    0.001    0.000 
                 2000.0    0.350    42.445   0.442   953.783  0.008    0.000    0.836    0.026    0.002    0.000 
                 2500.0    0.348    41.880   0.548   953.514  0.011    0.000    1.029    0.040    0.005    0.000 
                 3000.0    0.346    41.323   0.653   953.245  0.014    0.000    1.213    0.056    0.008    0.000 
                 3500.0    0.344    40.773   0.755   952.976  0.017    0.001    1.389    0.074    0.012    0.000 
                 4000.0    0.342    40.229   0.857   952.708  0.020    0.001    1.557    0.094    0.016    0.000 
                 4500.0    0.340    39.692   0.956   952.439  0.023    0.001    1.716    0.115    0.022    0.001 
                 5000.0    0.338    39.161   1.055   952.171  0.027    0.001    1.869    0.137    0.029    0.001 
                 5500.0    0.336    38.636   1.152   951.903  0.030    0.001    2.014    0.160    0.037    0.001 
                 6000.0    0.334    38.117   1.247   951.636  0.034    0.002    2.153    0.185    0.045    0.002 
                 6500.0    0.332    37.603   1.342   951.368  0.038    0.002    2.285    0.210    0.055    0.003 
                 7000.0    0.331    37.095   1.435   951.101  0.042    0.002    2.411    0.236    0.065    0.003 
                 7500.0    0.329    36.591   1.526   950.834  0.046    0.003    2.531    0.263    0.076    0.004 
                 8000.0    0.327    36.093   1.617   950.568  0.051    0.003    2.645    0.291    0.088    0.005 
                 8500.0    0.325    35.600   1.706   950.301  0.055    0.004    2.754    0.319    0.100    0.006 
                 9000.0    0.323    35.111   1.794   950.035  0.060    0.004    2.858    0.347    0.113    0.007 
                 9500.0    0.321    34.627   1.881   949.768  0.064    0.005    2.957    0.377    0.127    0.009 
                10000.0    0.319    34.148   1.967   949.502  0.069    0.006    3.051    0.406    0.141    0.010 
                10500.0    0.318    33.673   2.052   949.236  0.074    0.006    3.141    0.436    0.156    0.012 
                11000.0    0.316    33.203   2.136   948.970  0.079    0.007    3.226    0.466    0.171    0.014 
                11500.0    0.314    32.736   2.218   948.704  0.084    0.008    3.306    0.497    0.186    0.016 
                12000.0    0.312    32.274   2.300   948.438  0.090    0.009    3.383    0.528    0.202    0.018 
                12500.0    0.310    31.816   2.381   948.172  0.095    0.010    3.456    0.559    0.218    0.021 
                13000.0    0.309    31.362   2.460   947.906  0.100    0.011    3.524    0.590    0.235    0.023 
                13500.0    0.307    30.912   2.539   947.640  0.106    0.011    3.589    0.622    0.251    0.026 
                14000.0    0.305    30.466   2.616   947.375  0.111    0.013    3.651    0.653    0.268    0.029 
                14500.0    0.303    30.023   2.693   947.109  0.117    0.014    3.709    0.685    0.285    0.032 
                15000.0    0.302    29.584   2.769   946.844  0.123    0.015    3.763    0.717    0.302    0.036 
                15500.0    0.300    29.148   2.844   946.579  0.128    0.016    3.814    0.749    0.319    0.039 
                16000.0    0.298    28.716   2.918   946.315  0.134    0.017    3.862    0.782    0.336    0.043 
                16500.0    0.296    28.287   2.991   946.050  0.140    0.018    3.906    0.814    0.353    0.047 
                17000.0    0.295    27.862   3.063   945.786  0.146    0.020    3.948    0.846    0.370    0.051 
                17500.0    0.293    27.439   3.134   945.522  0.151    0.021    3.987    0.878    0.387    0.055 
                18000.0    0.291    27.020   3.205   945.259  0.157    0.023    4.023    0.911    0.404    0.060 
                18500.0    0.290    26.604   3.274   944.995  0.163    0.024    4.057    0.943    0.421    0.065 
                19000.0    0.288    26.191   3.343   944.731  0.169    0.026    4.088    0.975    0.438    0.069 
                19500.0    0.286    25.782   3.412   944.466  0.175    0.027    4.117    1.007    0.455    0.075 
                20000.0    0.285    25.375   3.479   944.201  0.181    0.029    4.144    1.039    0.471    0.080 
                20500.0    0.283    24.972   3.546   943.936  0.187    0.031    4.169    1.071    0.488    0.085 
                21000.0    0.281    24.571   3.611   943.669  0.193    0.033    4.193    1.103    0.505    0.091 
                21500.0    0.280    24.174   3.676   943.402  0.199    0.034    4.215    1.134    0.521    0.097 
                22000.0    0.278    23.780   3.741   943.133  0.206    0.036    4.235    1.166    0.538    0.103 
                22500.0    0.276    23.390   3.804   942.864  0.212    0.038    4.254    1.197    0.554    0.109 
                23000.0    0.275    23.002   3.867   942.593  0.218    0.040    4.272    1.228    0.571    0.116 
                23500.0    0.273    22.618   3.929   942.320  0.225    0.042    4.288    1.259    0.587    0.123 
                25000.0    0.268    21.486   4.110   941.494  0.244    0.049    4.331    1.350    0.635    0.144 
                27500.0    0.260    19.664   4.396   940.088  0.278    0.062    4.380    1.498    0.714    0.184 
                30000.0    0.252    17.925   4.663   938.643  0.312    0.077    4.405    1.640    0.789    0.230 
                32500.0    0.244    16.270   4.911   937.157  0.347    0.093    4.410    1.775    0.858    0.281 
                35000.0    0.236    14.699   5.140   935.627  0.383    0.111    4.397    1.904    0.922    0.338 
                37500.0    0.228    13.213   5.350   934.052  0.418    0.131    4.369    2.025    0.978    0.400 
                40000.0    0.219    11.812   5.540   932.428  0.454    0.153    4.330    2.138    1.029    0.467 
                42500.0    0.212    10.499   5.711   930.753  0.489    0.176    4.281    2.243    1.072    0.539 
                45000.0    0.204     9.273   5.862   929.025  0.524    0.201    4.225    2.340    1.109    0.616 
                47500.0    0.196     8.137   5.994   927.241  0.558    0.226    4.163    2.428    1.139    0.697 
                50000.0    0.188     7.090   6.107   925.399  0.591    0.253    4.098    2.507    1.164    0.783 
                52500.0    0.180     6.133   6.201   923.497  0.622    0.280    4.032    2.577    1.183    0.872 
                55000.0    0.173     5.265   6.275   921.534  0.652    0.307    3.965    2.638    1.196    0.964 
                57500.0    0.165     4.485   6.332   919.509  0.681    0.333    3.900    2.690    1.206    1.060 
                60000.0    0.158     3.790   6.370   917.423  0.707    0.359    3.837    2.734    1.211    1.157 
                62500.0    0.151     3.179   6.392   915.277  0.731    0.385    3.778    2.771    1.213    1.257 
                65000.0    0.144     2.646   6.397   913.073  0.753    0.408    3.723    2.800    1.212    1.357 
                67500.0    0.137     2.187   6.388   910.813  0.773    0.431    3.673    2.822    1.209    1.458 
                70000.0    0.130     1.796   6.366   908.503  0.790    0.452    3.627    2.839    1.204    1.559 
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Table C.5  [ ] Exposure-Dependent 40% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.358    44.783   0.000   954.859  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.358    44.663   0.024   954.798  0.000    0.000    0.024    0.000    0.000    0.000 
                  500.0    0.356    44.188   0.118   954.553  0.002    0.000    0.224    0.002    0.000    0.000 
                 1000.0    0.354    43.602   0.233   954.247  0.004    0.000    0.476    0.008    0.000    0.000 
                 1500.0    0.351    43.027   0.347   953.941  0.007    0.000    0.716    0.017    0.001    0.000 
                 2000.0    0.349    42.460   0.458   953.635  0.010    0.000    0.945    0.030    0.003    0.000 
                 2500.0    0.347    41.901   0.568   953.330  0.013    0.000    1.163    0.045    0.006    0.000 
                 3000.0    0.345    41.351   0.675   953.025  0.016    0.000    1.371    0.062    0.010    0.000 
                 3500.0    0.342    40.808   0.781   952.721  0.020    0.001    1.569    0.082    0.015    0.000 
                 4000.0    0.340    40.273   0.885   952.416  0.023    0.001    1.759    0.103    0.021    0.001 
                 4500.0    0.338    39.745   0.987   952.112  0.027    0.001    1.939    0.126    0.028    0.001 
                 5000.0    0.336    39.223   1.088   951.809  0.032    0.002    2.112    0.150    0.037    0.001 
                 5500.0    0.334    38.708   1.187   951.505  0.036    0.002    2.277    0.175    0.046    0.002 
                 6000.0    0.332    38.199   1.284   951.202  0.040    0.002    2.435    0.201    0.057    0.002 
                 6500.0    0.329    37.696   1.380   950.900  0.045    0.003    2.585    0.228    0.068    0.003 
                 7000.0    0.327    37.199   1.475   950.597  0.050    0.003    2.729    0.256    0.080    0.004 
                 7500.0    0.325    36.708   1.568   950.295  0.055    0.004    2.866    0.284    0.094    0.005 
                 8000.0    0.323    36.222   1.660   949.994  0.060    0.004    2.998    0.313    0.108    0.006 
                 8500.0    0.321    35.742   1.750   949.692  0.065    0.005    3.123    0.343    0.123    0.007 
                 9000.0    0.319    35.266   1.840   949.391  0.071    0.006    3.242    0.373    0.138    0.009 
                 9500.0    0.317    34.796   1.927   949.090  0.076    0.007    3.357    0.404    0.154    0.010 
                10000.0    0.315    34.331   2.014   948.790  0.082    0.007    3.466    0.435    0.171    0.012 
                10500.0    0.313    33.870   2.099   948.489  0.088    0.008    3.569    0.467    0.188    0.014 
                11000.0    0.311    33.414   2.183   948.189  0.094    0.009    3.668    0.499    0.206    0.016 
                11500.0    0.309    32.963   2.266   947.889  0.100    0.010    3.763    0.531    0.224    0.019 
                12000.0    0.307    32.516   2.348   947.589  0.106    0.011    3.853    0.563    0.242    0.021 
                12500.0    0.305    32.073   2.429   947.289  0.112    0.013    3.938    0.596    0.261    0.024 
                13000.0    0.303    31.635   2.509   946.990  0.119    0.014    4.020    0.629    0.280    0.027 
                13500.0    0.301    31.201   2.587   946.690  0.125    0.015    4.097    0.662    0.299    0.030 
                14000.0    0.299    30.771   2.665   946.391  0.132    0.016    4.170    0.696    0.318    0.033 
                14500.0    0.297    30.344   2.741   946.093  0.138    0.018    4.240    0.729    0.338    0.037 
                15000.0    0.296    29.922   2.817   945.794  0.145    0.019    4.306    0.763    0.357    0.040 
                15500.0    0.294    29.503   2.891   945.496  0.151    0.021    4.368    0.797    0.377    0.044 
                16000.0    0.292    29.088   2.965   945.198  0.158    0.022    4.427    0.831    0.397    0.048 
                16500.0    0.290    28.677   3.037   944.900  0.164    0.024    4.482    0.865    0.417    0.052 
                17000.0    0.288    28.269   3.109   944.603  0.171    0.026    4.534    0.899    0.436    0.057 
                17500.0    0.286    27.865   3.180   944.306  0.178    0.028    4.583    0.933    0.456    0.062 
                18000.0    0.285    27.464   3.249   944.009  0.185    0.029    4.629    0.967    0.475    0.066 
                18500.0    0.283    27.066   3.318   943.712  0.192    0.031    4.672    1.001    0.495    0.072 
                19000.0    0.281    26.671   3.386   943.416  0.198    0.033    4.713    1.035    0.514    0.077 
                19500.0    0.279    26.280   3.454   943.119  0.205    0.035    4.751    1.069    0.534    0.082 
                20000.0    0.277    25.892   3.520   942.822  0.212    0.038    4.787    1.102    0.553    0.088 
                20500.0    0.276    25.507   3.585   942.525  0.219    0.040    4.821    1.136    0.572    0.094 
                21000.0    0.274    25.125   3.650   942.227  0.226    0.042    4.852    1.170    0.591    0.100 
                21500.0    0.272    24.747   3.714   941.929  0.233    0.044    4.882    1.203    0.610    0.106 
                22000.0    0.270    24.372   3.777   941.629  0.241    0.047    4.910    1.236    0.629    0.112 
                22500.0    0.269    24.000   3.839   941.329  0.248    0.049    4.936    1.270    0.647    0.119 
                23000.0    0.267    23.631   3.901   941.028  0.255    0.052    4.961    1.302    0.666    0.126 
                23500.0    0.265    23.265   3.961   940.726  0.262    0.055    4.984    1.335    0.685    0.133 
                24000.0    0.264    22.903   4.021   940.423  0.270    0.057    5.006    1.368    0.703    0.140 
                24500.0    0.262    22.544   4.080   940.118  0.277    0.060    5.027    1.400    0.721    0.148 
                25000.0    0.260    22.188   4.138   939.812  0.284    0.063    5.046    1.432    0.740    0.155 
                25500.0    0.258    21.836   4.196   939.505  0.292    0.066    5.064    1.464    0.758    0.163 
                27500.0    0.252    20.458   4.417   938.262  0.322    0.079    5.126    1.589    0.829    0.196 
                30000.0    0.243    18.809   4.677   936.677  0.360    0.097    5.181    1.739    0.915    0.242 
                32500.0    0.235    17.241   4.917   935.055  0.399    0.117    5.213    1.883    0.996    0.293 
                35000.0    0.227    15.753   5.138   933.396  0.438    0.140    5.226    2.020    1.071    0.349 
                37500.0    0.219    14.344   5.341   931.699  0.476    0.164    5.222    2.150    1.140    0.409 
                40000.0    0.211    13.014   5.525   929.961  0.515    0.190    5.204    2.273    1.202    0.474 
                42500.0    0.203    11.763   5.690   928.182  0.553    0.218    5.174    2.387    1.258    0.542 
                45000.0    0.196    10.590   5.838   926.360  0.590    0.247    5.135    2.494    1.307    0.615 
                47500.0    0.188     9.494   5.967   924.496  0.626    0.278    5.087    2.592    1.349    0.690 
                50000.0    0.181     8.474   6.079   922.586  0.661    0.310    5.034    2.683    1.386    0.769 
                52500.0    0.174     7.530   6.174   920.632  0.694    0.342    4.977    2.764    1.416    0.851 
                55000.0    0.167     6.661   6.253   918.633  0.726    0.375    4.917    2.838    1.442    0.935 
                57500.0    0.160     5.865   6.315   916.588  0.756    0.408    4.856    2.904    1.461    1.022 
                60000.0    0.154     5.139   6.361   914.497  0.785    0.440    4.795    2.962    1.477    1.110 
                62500.0    0.147     4.482   6.392   912.363  0.812    0.472    4.734    3.012    1.488    1.200 
                65000.0    0.141     3.891   6.409   910.185  0.836    0.504    4.675    3.055    1.496    1.291 
                67500.0    0.135     3.363   6.413   907.965  0.859    0.534    4.618    3.091    1.500    1.382 
                70000.0    0.130     2.894   6.404   905.705  0.879    0.562    4.564    3.122    1.502    1.474 
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Table C.6  [ ] Exposure-Dependent 80% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.358    44.783   0.000   954.859  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.358    44.664   0.025   954.789  0.000    0.000    0.027    0.000    0.000    0.000 
                  500.0    0.356    44.192   0.123   954.505  0.002    0.000    0.256    0.002    0.000    0.000 
                 1000.0    0.353    43.612   0.244   954.151  0.005    0.000    0.545    0.009    0.001    0.000 
                 1500.0    0.350    43.042   0.363   953.798  0.008    0.000    0.820    0.019    0.002    0.000 
                 2000.0    0.348    42.483   0.479   953.445  0.012    0.000    1.082    0.033    0.004    0.000 
                 2500.0    0.345    41.933   0.593   953.092  0.016    0.000    1.333    0.049    0.008    0.000 
                 3000.0    0.342    41.392   0.705   952.740  0.020    0.001    1.572    0.068    0.013    0.000 
                 3500.0    0.340    40.858   0.814   952.389  0.024    0.001    1.801    0.089    0.019    0.000 
                 4000.0    0.337    40.333   0.922   952.038  0.029    0.001    2.020    0.111    0.027    0.001 
                 4500.0    0.335    39.816   1.028   951.687  0.033    0.002    2.230    0.135    0.036    0.001 
                 5000.0    0.332    39.306   1.132   951.337  0.038    0.002    2.430    0.161    0.046    0.001 
                 5500.0    0.330    38.803   1.234   950.987  0.044    0.003    2.623    0.187    0.058    0.002 
                 6000.0    0.328    38.306   1.334   950.638  0.049    0.003    2.807    0.215    0.070    0.003 
                 6500.0    0.325    37.817   1.433   950.289  0.055    0.004    2.984    0.243    0.084    0.004 
                 7000.0    0.323    37.333   1.530   949.940  0.061    0.005    3.154    0.272    0.099    0.005 
                 7500.0    0.320    36.856   1.626   949.592  0.067    0.005    3.317    0.302    0.114    0.006 
                 8000.0    0.318    36.384   1.720   949.244  0.074    0.006    3.473    0.333    0.131    0.007 
                 8500.0    0.316    35.918   1.812   948.897  0.080    0.007    3.622    0.364    0.148    0.008 
                 9000.0    0.314    35.458   1.903   948.550  0.087    0.008    3.766    0.396    0.166    0.010 
                 9500.0    0.311    35.003   1.993   948.203  0.093    0.009    3.903    0.428    0.185    0.012 
                10000.0    0.309    34.553   2.081   947.857  0.100    0.010    4.035    0.461    0.204    0.014 
                10500.0    0.307    34.108   2.168   947.511  0.107    0.012    4.162    0.495    0.224    0.016 
                11000.0    0.305    33.668   2.254   947.165  0.114    0.013    4.283    0.528    0.244    0.018 
                11500.0    0.302    33.233   2.338   946.820  0.122    0.014    4.399    0.562    0.265    0.021 
                12000.0    0.300    32.803   2.421   946.475  0.129    0.016    4.511    0.597    0.286    0.023 
                12500.0    0.298    32.378   2.503   946.130  0.136    0.017    4.618    0.632    0.307    0.026 
                13000.0    0.296    31.957   2.584   945.785  0.144    0.019    4.720    0.667    0.328    0.029 
                13500.0    0.294    31.540   2.663   945.441  0.151    0.021    4.818    0.702    0.350    0.032 
                14000.0    0.292    31.128   2.741   945.097  0.159    0.023    4.912    0.737    0.372    0.036 
                14500.0    0.290    30.719   2.819   944.753  0.167    0.025    5.001    0.773    0.394    0.040 
                15000.0    0.288    30.315   2.895   944.409  0.174    0.027    5.087    0.809    0.416    0.043 
                15500.0    0.285    29.915   2.970   944.066  0.182    0.029    5.169    0.845    0.439    0.047 
                16000.0    0.283    29.519   3.043   943.723  0.190    0.031    5.247    0.882    0.461    0.052 
                16500.0    0.281    29.127   3.116   943.380  0.198    0.033    5.321    0.918    0.483    0.056 
                17000.0    0.279    28.739   3.188   943.038  0.206    0.036    5.392    0.954    0.506    0.060 
                17500.0    0.277    28.354   3.259   942.696  0.214    0.038    5.460    0.991    0.528    0.065 
                18000.0    0.275    27.973   3.328   942.354  0.222    0.041    5.524    1.028    0.550    0.070 
                18500.0    0.274    27.595   3.397   942.012  0.230    0.043    5.585    1.064    0.572    0.075 
                19000.0    0.272    27.221   3.465   941.671  0.238    0.046    5.643    1.101    0.595    0.081 
                19500.0    0.270    26.850   3.532   941.330  0.246    0.049    5.698    1.138    0.617    0.086 
                20000.0    0.268    26.483   3.598   940.988  0.255    0.052    5.751    1.175    0.638    0.092 
                20500.0    0.266    26.119   3.663   940.647  0.263    0.055    5.801    1.211    0.660    0.097 
                21000.0    0.264    25.758   3.727   940.305  0.271    0.058    5.848    1.248    0.682    0.103 
                21500.0    0.262    25.401   3.790   939.964  0.279    0.061    5.894    1.285    0.703    0.110 
                22000.0    0.260    25.047   3.852   939.621  0.287    0.064    5.937    1.321    0.725    0.116 
                22500.0    0.258    24.696   3.914   939.279  0.295    0.068    5.978    1.357    0.746    0.123 
                23000.0    0.257    24.348   3.975   938.935  0.303    0.071    6.017    1.394    0.767    0.129 
                23500.0    0.255    24.003   4.034   938.591  0.312    0.075    6.055    1.430    0.789    0.136 
                24000.0    0.253    23.662   4.093   938.247  0.320    0.078    6.090    1.466    0.810    0.143 
                24500.0    0.251    23.324   4.152   937.901  0.328    0.082    6.125    1.501    0.831    0.150 
                25000.0    0.249    22.989   4.209   937.554  0.336    0.086    6.157    1.537    0.851    0.158 
                25500.0    0.248    22.657   4.265   937.206  0.345    0.090    6.188    1.572    0.872    0.165 
                26000.0    0.246    22.329   4.321   936.858  0.353    0.094    6.218    1.607    0.893    0.173 
                26500.0    0.244    22.004   4.376   936.508  0.361    0.098    6.247    1.642    0.913    0.181 
                27000.0    0.242    21.681   4.430   936.157  0.370    0.102    6.274    1.677    0.933    0.189 
                27500.0    0.240    21.362   4.483   935.805  0.378    0.107    6.300    1.712    0.954    0.197 
                28000.0    0.239    21.047   4.536   935.451  0.386    0.111    6.325    1.746    0.974    0.206 
                28500.0    0.237    20.734   4.587   935.097  0.395    0.116    6.349    1.780    0.994    0.214 
                30000.0    0.232    19.814   4.738   934.025  0.420    0.130    6.415    1.881    1.053    0.241 
                32500.0    0.223    18.344   4.973   932.213  0.462    0.156    6.504    2.044    1.148    0.288 
                35000.0    0.215    16.949   5.188   930.369  0.504    0.184    6.572    2.201    1.239    0.339 
                37500.0    0.207    15.628   5.386   928.493  0.546    0.214    6.620    2.351    1.325    0.394 
                40000.0    0.200    14.381   5.564   926.584  0.588    0.247    6.651    2.494    1.405    0.452 
                42500.0    0.192    13.204   5.725   924.642  0.628    0.282    6.668    2.631    1.479    0.514 
                45000.0    0.185    12.097   5.869   922.668  0.668    0.319    6.672    2.760    1.547    0.578 
                47500.0    0.178    11.059   5.995   920.660  0.707    0.357    6.665    2.882    1.610    0.645 
                50000.0    0.171    10.086   6.105   918.619  0.744    0.397    6.649    2.997    1.667    0.714 
                52500.0    0.164     9.179   6.200   916.546  0.780    0.438    6.626    3.104    1.718    0.786 
                55000.0    0.158     8.333   6.279   914.441  0.814    0.479    6.596    3.203    1.765    0.860 
                57500.0    0.152     7.548   6.344   912.304  0.846    0.522    6.562    3.296    1.806    0.935 
                60000.0    0.146     6.821   6.396   910.136  0.877    0.564    6.524    3.381    1.842    1.013 
                62500.0    0.141     6.151   6.433   907.938  0.906    0.606    6.483    3.459    1.874    1.092 
                65000.0    0.136     5.534   6.459   905.711  0.932    0.649    6.441    3.531    1.902    1.172 
                67500.0    0.131     4.968   6.473   903.456  0.957    0.690    6.397    3.596    1.926    1.253 
                70000.0    0.126     4.450   6.475   901.174  0.980    0.731    6.353    3.654    1.946    1.336 
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Table C.7  [ ] Exposure-Dependent 0% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.352    43.987   0.000   955.661  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.352    43.867   0.022   955.609  0.000    0.000    0.019    0.000    0.000    0.000 
                  500.0    0.350    43.389   0.112   955.400  0.002    0.000    0.188    0.001    0.000    0.000 
                 1000.0    0.348    42.800   0.222   955.138  0.003    0.000    0.405    0.006    0.000    0.000 
                 1500.0    0.346    42.219   0.330   954.877  0.006    0.000    0.612    0.015    0.001    0.000 
                 2000.0    0.344    41.646   0.437   954.616  0.008    0.000    0.809    0.026    0.002    0.000 
                 2500.0    0.342    41.081   0.542   954.356  0.010    0.000    0.996    0.039    0.004    0.000 
                 3000.0    0.340    40.522   0.645   954.096  0.013    0.000    1.174    0.055    0.007    0.000 
                 3500.0    0.338    39.971   0.747   953.837  0.016    0.000    1.343    0.073    0.011    0.000 
                 4000.0    0.336    39.426   0.847   953.578  0.019    0.001    1.505    0.092    0.016    0.000 
                 4500.0    0.335    38.887   0.946   953.319  0.022    0.001    1.658    0.113    0.021    0.001 
                 5000.0    0.333    38.354   1.043   953.062  0.025    0.001    1.804    0.135    0.027    0.001 
                 5500.0    0.331    37.827   1.139   952.804  0.029    0.001    1.943    0.158    0.035    0.001 
                 6000.0    0.329    37.305   1.233   952.548  0.032    0.002    2.074    0.182    0.043    0.002 
                 6500.0    0.327    36.789   1.327   952.292  0.036    0.002    2.200    0.207    0.052    0.002 
                 7000.0    0.325    36.278   1.419   952.036  0.040    0.002    2.318    0.233    0.062    0.003 
                 7500.0    0.324    35.772   1.509   951.781  0.044    0.003    2.431    0.260    0.072    0.004 
                 8000.0    0.322    35.271   1.599   951.526  0.048    0.003    2.539    0.287    0.083    0.005 
                 8500.0    0.320    34.775   1.687   951.272  0.052    0.004    2.640    0.315    0.095    0.006 
                 9000.0    0.318    34.283   1.775   951.018  0.056    0.004    2.737    0.343    0.108    0.007 
                 9500.0    0.316    33.796   1.861   950.764  0.061    0.005    2.829    0.372    0.120    0.008 
                10000.0    0.315    33.313   1.946   950.511  0.065    0.005    2.915    0.402    0.134    0.010 
                10500.0    0.313    32.834   2.030   950.258  0.070    0.006    2.997    0.431    0.148    0.012 
                11000.0    0.311    32.360   2.113   950.005  0.074    0.006    3.075    0.461    0.162    0.013 
                11500.0    0.310    31.889   2.195   949.753  0.079    0.007    3.148    0.492    0.177    0.015 
                12000.0    0.308    31.423   2.276   949.501  0.084    0.008    3.217    0.523    0.192    0.018 
                12500.0    0.306    30.961   2.356   949.250  0.089    0.009    3.282    0.553    0.207    0.020 
                13000.0    0.304    30.502   2.435   948.998  0.094    0.010    3.343    0.585    0.222    0.022 
                13500.0    0.303    30.047   2.513   948.748  0.099    0.010    3.401    0.616    0.238    0.025 
                14000.0    0.301    29.595   2.590   948.498  0.104    0.011    3.454    0.648    0.253    0.028 
                14500.0    0.299    29.147   2.666   948.248  0.109    0.012    3.504    0.679    0.269    0.031 
                15000.0    0.298    28.702   2.741   947.999  0.114    0.013    3.551    0.711    0.285    0.034 
                15500.0    0.296    28.260   2.816   947.750  0.119    0.014    3.594    0.743    0.301    0.038 
                16000.0    0.295    27.822   2.890   947.502  0.125    0.015    3.634    0.775    0.317    0.041 
                16500.0    0.293    27.386   2.962   947.255  0.130    0.017    3.671    0.807    0.332    0.045 
                17000.0    0.291    26.954   3.034   947.008  0.135    0.018    3.705    0.839    0.348    0.049 
                17500.0    0.290    26.525   3.106   946.760  0.140    0.019    3.737    0.871    0.364    0.053 
                18000.0    0.288    26.098   3.176   946.513  0.146    0.020    3.766    0.903    0.380    0.057 
                18500.0    0.287    25.675   3.246   946.266  0.151    0.021    3.793    0.935    0.395    0.062 
                19000.0    0.285    25.255   3.315   946.018  0.157    0.023    3.818    0.966    0.411    0.067 
                19500.0    0.283    24.838   3.383   945.769  0.162    0.024    3.841    0.998    0.426    0.072 
                20000.0    0.282    24.424   3.450   945.520  0.168    0.026    3.862    1.030    0.442    0.077 
                20500.0    0.280    24.013   3.517   945.269  0.173    0.027    3.882    1.061    0.457    0.082 
                21000.0    0.279    23.606   3.583   945.017  0.179    0.029    3.900    1.092    0.473    0.088 
                22500.0    0.274    22.403   3.776   944.253  0.196    0.034    3.948    1.185    0.520    0.106 
                25000.0    0.266    20.464   4.083   942.950  0.226    0.044    4.004    1.336    0.596    0.140 
                27500.0    0.258    18.608   4.370   941.608  0.257    0.055    4.034    1.481    0.670    0.180 
                30000.0    0.250    16.837   4.639   940.224  0.289    0.068    4.041    1.620    0.739    0.226 
                32500.0    0.242    15.153   4.888   938.795  0.322    0.082    4.030    1.753    0.802    0.278 
                35000.0    0.234    13.555   5.117   937.318  0.355    0.098    4.003    1.879    0.859    0.335 
                37500.0    0.226    12.048   5.327   935.788  0.389    0.116    3.963    1.998    0.910    0.399 
                40000.0    0.218    10.632   5.517   934.204  0.423    0.135    3.913    2.108    0.954    0.468 
                42500.0    0.210     9.311   5.687   932.561  0.456    0.156    3.855    2.209    0.991    0.543 
                45000.0    0.202     8.087   5.835   930.854  0.489    0.178    3.792    2.302    1.021    0.623 
                47500.0    0.194     6.961   5.963   929.081  0.521    0.201    3.726    2.385    1.045    0.709 
                50000.0    0.185     5.936   6.070   927.239  0.552    0.224    3.659    2.458    1.064    0.799 
                52500.0    0.177     5.013   6.157   925.324  0.582    0.248    3.592    2.522    1.077    0.894 
                55000.0    0.169     4.190   6.222   923.336  0.610    0.271    3.527    2.576    1.085    0.992 
                57500.0    0.161     3.466   6.268   921.274  0.636    0.294    3.466    2.621    1.089    1.094 
                60000.0    0.154     2.839   6.294   919.139  0.660    0.317    3.409    2.658    1.090    1.198 
                62500.0    0.146     2.302   6.303   916.935  0.682    0.338    3.357    2.687    1.089    1.304 
                65000.0    0.138     1.849   6.295   914.665  0.701    0.358    3.310    2.708    1.085    1.411 
                67500.0    0.131     1.474   6.272   912.335  0.718    0.376    3.269    2.724    1.081    1.518 
                70000.0    0.124     1.166   6.236   909.952  0.733    0.393    3.233    2.734    1.075    1.625 
 

For Information Only



 
Nuclear Fuel Design Report 
Quad Cities Unit 2 Cycle 24 
Representative Cycle 
ATRIUM 10XM Fuel 

ANP-3294NP 
Revision 0 

Page C-9 
 

  
AREVA Inc.  

 

Table C.8  [ ] Exposure-Dependent 40% 
Void Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.352    43.987   0.000   955.661  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.351    43.867   0.023   955.602  0.000    0.000    0.021    0.000    0.000    0.000 
                  500.0    0.350    43.391   0.116   955.363  0.002    0.000    0.213    0.002    0.000    0.000 
                 1000.0    0.347    42.805   0.231   955.065  0.004    0.000    0.459    0.007    0.000    0.000 
                 1500.0    0.345    42.228   0.343   954.768  0.007    0.000    0.693    0.017    0.001    0.000 
                 2000.0    0.343    41.660   0.453   954.471  0.009    0.000    0.916    0.029    0.003    0.000 
                 2500.0    0.341    41.100   0.561   954.175  0.012    0.000    1.128    0.044    0.006    0.000 
                 3000.0    0.339    40.548   0.667   953.880  0.015    0.000    1.329    0.061    0.009    0.000 
                 3500.0    0.337    40.004   0.772   953.586  0.019    0.001    1.521    0.080    0.014    0.000 
                 4000.0    0.335    39.467   0.875   953.292  0.022    0.001    1.704    0.101    0.020    0.001 
                 4500.0    0.332    38.937   0.976   952.999  0.026    0.001    1.878    0.124    0.027    0.001 
                 5000.0    0.330    38.413   1.075   952.706  0.030    0.001    2.043    0.148    0.035    0.001 
                 5500.0    0.328    37.896   1.173   952.415  0.034    0.002    2.200    0.173    0.044    0.002 
                 6000.0    0.326    37.385   1.269   952.124  0.038    0.002    2.350    0.199    0.054    0.002 
                 6500.0    0.324    36.879   1.364   951.833  0.043    0.003    2.493    0.225    0.065    0.003 
                 7000.0    0.322    36.380   1.458   951.544  0.047    0.003    2.628    0.253    0.077    0.004 
                 7500.0    0.320    35.886   1.550   951.255  0.052    0.004    2.757    0.281    0.090    0.005 
                 8000.0    0.318    35.397   1.640   950.967  0.057    0.004    2.880    0.311    0.103    0.006 
                 8500.0    0.316    34.913   1.730   950.680  0.062    0.005    2.996    0.340    0.117    0.007 
                 9000.0    0.314    34.435   1.818   950.393  0.067    0.005    3.107    0.370    0.132    0.008 
                 9500.0    0.313    33.961   1.905   950.106  0.072    0.006    3.212    0.401    0.148    0.010 
                10000.0    0.311    33.492   1.990   949.821  0.077    0.007    3.312    0.432    0.164    0.012 
                10500.0    0.309    33.028   2.075   949.535  0.083    0.008    3.407    0.463    0.180    0.014 
                11000.0    0.307    32.568   2.158   949.250  0.088    0.008    3.497    0.495    0.197    0.016 
                11500.0    0.305    32.112   2.240   948.966  0.094    0.009    3.582    0.527    0.214    0.018 
                12000.0    0.303    31.661   2.321   948.682  0.100    0.010    3.663    0.560    0.232    0.020 
                12500.0    0.301    31.214   2.401   948.399  0.105    0.011    3.739    0.592    0.250    0.023 
                13000.0    0.299    30.771   2.480   948.116  0.111    0.012    3.811    0.625    0.268    0.026 
                13500.0    0.298    30.331   2.557   947.834  0.117    0.014    3.878    0.658    0.286    0.029 
                14000.0    0.296    29.896   2.634   947.552  0.123    0.015    3.942    0.692    0.304    0.032 
                14500.0    0.294    29.465   2.710   947.271  0.129    0.016    4.001    0.725    0.323    0.035 
                15000.0    0.292    29.036   2.785   946.991  0.135    0.017    4.057    0.759    0.341    0.039 
                15500.0    0.290    28.612   2.859   946.712  0.141    0.019    4.110    0.792    0.359    0.043 
                16000.0    0.289    28.191   2.932   946.433  0.147    0.020    4.158    0.826    0.378    0.047 
                16500.0    0.287    27.773   3.004   946.154  0.153    0.022    4.204    0.860    0.396    0.051 
                17000.0    0.285    27.358   3.075   945.877  0.159    0.023    4.246    0.893    0.415    0.055 
                17500.0    0.284    26.947   3.146   945.599  0.165    0.025    4.285    0.927    0.433    0.060 
                18000.0    0.282    26.538   3.215   945.322  0.172    0.026    4.322    0.961    0.451    0.065 
                18500.0    0.280    26.133   3.284   945.045  0.178    0.028    4.356    0.995    0.469    0.070 
                19000.0    0.278    25.731   3.352   944.768  0.184    0.030    4.387    1.028    0.487    0.075 
                19500.0    0.277    25.332   3.419   944.490  0.190    0.032    4.417    1.062    0.505    0.080 
                20000.0    0.275    24.936   3.485   944.212  0.197    0.033    4.444    1.095    0.523    0.086 
                20500.0    0.273    24.544   3.551   943.933  0.203    0.035    4.470    1.128    0.540    0.091 
                21000.0    0.272    24.155   3.615   943.654  0.210    0.037    4.494    1.161    0.558    0.097 
                21500.0    0.270    23.768   3.679   943.373  0.216    0.039    4.516    1.194    0.576    0.104 
                22000.0    0.268    23.386   3.742   943.091  0.223    0.041    4.537    1.226    0.594    0.110 
                22500.0    0.267    23.006   3.804   942.808  0.229    0.044    4.557    1.259    0.611    0.116 
                25000.0    0.259    21.157   4.104   941.371  0.263    0.056    4.637    1.417    0.698    0.152 
                27500.0    0.250    19.391   4.384   939.899  0.298    0.070    4.689    1.570    0.783    0.194 
                30000.0    0.242    17.707   4.644   938.389  0.334    0.086    4.717    1.717    0.862    0.241 
                32500.0    0.234    16.106   4.885   936.841  0.371    0.103    4.724    1.857    0.936    0.293 
                35000.0    0.226    14.588   5.106   935.251  0.407    0.123    4.714    1.989    1.003    0.350 
                37500.0    0.218    13.153   5.309   933.618  0.444    0.144    4.689    2.115    1.064    0.412 
                40000.0    0.210    11.801   5.492   931.939  0.480    0.168    4.652    2.232    1.118    0.479 
                42500.0    0.202    10.533   5.657   930.213  0.516    0.192    4.604    2.340    1.165    0.551 
                45000.0    0.195     9.350   5.803   928.438  0.551    0.218    4.549    2.441    1.205    0.627 
                47500.0    0.187     8.251   5.929   926.611  0.585    0.246    4.489    2.532    1.239    0.707 
                50000.0    0.180     7.237   6.037   924.731  0.618    0.273    4.425    2.614    1.266    0.791 
                52500.0    0.172     6.307   6.127   922.797  0.650    0.302    4.359    2.687    1.287    0.878 
                55000.0    0.165     5.461   6.199   920.807  0.680    0.330    4.292    2.751    1.304    0.968 
                57500.0    0.158     4.697   6.253   918.762  0.708    0.359    4.226    2.807    1.315    1.061 
                60000.0    0.151     4.013   6.290   916.662  0.735    0.387    4.162    2.854    1.322    1.155 
                62500.0    0.144     3.406   6.311   914.507  0.759    0.414    4.101    2.894    1.326    1.252 
                65000.0    0.137     2.872   6.316   912.301  0.781    0.440    4.044    2.926    1.326    1.349 
                67500.0    0.131     2.407   6.308   910.044  0.801    0.464    3.991    2.951    1.325    1.447 
                70000.0    0.125     2.006   6.287   907.741  0.819    0.487    3.942    2.970    1.321    1.544 
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Table C.9  [  ] Exposure-Dependent 80% 
Void Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.352    43.987   0.000   955.661  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.351    43.868   0.025   955.592  0.000    0.000    0.024    0.000    0.000    0.000 
                  500.0    0.349    43.395   0.122   955.315  0.002    0.000    0.245    0.002    0.000    0.000 
                 1000.0    0.347    42.813   0.242   954.969  0.005    0.000    0.528    0.008    0.001    0.000 
                 1500.0    0.344    42.242   0.359   954.625  0.008    0.000    0.797    0.019    0.002    0.000 
                 2000.0    0.342    41.681   0.474   954.281  0.011    0.000    1.054    0.032    0.004    0.000 
                 2500.0    0.339    41.129   0.587   953.938  0.015    0.000    1.298    0.049    0.007    0.000 
                 3000.0    0.337    40.586   0.698   953.596  0.019    0.001    1.530    0.067    0.012    0.000 
                 3500.0    0.334    40.051   0.806   953.255  0.023    0.001    1.752    0.088    0.018    0.000 
                 4000.0    0.332    39.524   0.913   952.916  0.027    0.001    1.963    0.111    0.026    0.001 
                 4500.0    0.329    39.005   1.017   952.576  0.032    0.002    2.165    0.135    0.035    0.001 
                 5000.0    0.327    38.492   1.120   952.238  0.037    0.002    2.358    0.160    0.045    0.001 
                 5500.0    0.325    37.987   1.221   951.901  0.042    0.002    2.541    0.186    0.056    0.002 
                 6000.0    0.322    37.488   1.320   951.565  0.047    0.003    2.717    0.214    0.069    0.003 
                 6500.0    0.320    36.996   1.418   951.230  0.052    0.004    2.884    0.242    0.082    0.003 
                 7000.0    0.318    36.510   1.514   950.895  0.058    0.004    3.044    0.271    0.097    0.004 
                 7500.0    0.316    36.030   1.608   950.561  0.064    0.005    3.197    0.301    0.112    0.005 
                 8000.0    0.313    35.556   1.701   950.229  0.070    0.006    3.342    0.332    0.128    0.007 
                 8500.0    0.311    35.087   1.792   949.897  0.076    0.007    3.481    0.363    0.145    0.008 
                 9000.0    0.309    34.623   1.882   949.565  0.082    0.008    3.614    0.395    0.163    0.010 
                 9500.0    0.307    34.165   1.970   949.235  0.089    0.009    3.741    0.428    0.181    0.011 
                10000.0    0.305    33.712   2.058   948.905  0.095    0.010    3.861    0.460    0.200    0.013 
                10500.0    0.303    33.264   2.143   948.576  0.102    0.011    3.977    0.494    0.219    0.016 
                11000.0    0.300    32.821   2.228   948.247  0.108    0.012    4.086    0.527    0.239    0.018 
                11500.0    0.298    32.382   2.311   947.919  0.115    0.013    4.191    0.561    0.259    0.020 
                12000.0    0.296    31.948   2.393   947.592  0.122    0.015    4.291    0.596    0.279    0.023 
                12500.0    0.294    31.519   2.474   947.265  0.129    0.016    4.385    0.631    0.300    0.026 
                13000.0    0.292    31.094   2.554   946.939  0.136    0.018    4.475    0.666    0.321    0.029 
                13500.0    0.290    30.673   2.632   946.614  0.143    0.019    4.561    0.701    0.342    0.032 
                14000.0    0.288    30.256   2.710   946.289  0.150    0.021    4.642    0.736    0.363    0.036 
                14500.0    0.286    29.843   2.786   945.965  0.157    0.023    4.719    0.772    0.384    0.039 
                15000.0    0.284    29.434   2.861   945.642  0.164    0.024    4.791    0.808    0.405    0.043 
                15500.0    0.282    29.030   2.935   945.319  0.172    0.026    4.860    0.844    0.427    0.047 
                16000.0    0.280    28.628   3.008   944.997  0.179    0.028    4.925    0.880    0.448    0.051 
                16500.0    0.278    28.231   3.080   944.676  0.186    0.030    4.986    0.916    0.469    0.056 
                17000.0    0.277    27.836   3.151   944.356  0.194    0.032    5.044    0.953    0.491    0.060 
                17500.0    0.275    27.446   3.221   944.036  0.201    0.034    5.098    0.989    0.512    0.065 
                18000.0    0.273    27.058   3.290   943.716  0.208    0.037    5.149    1.025    0.533    0.070 
                18500.0    0.271    26.674   3.358   943.397  0.216    0.039    5.197    1.062    0.554    0.075 
                19000.0    0.269    26.294   3.426   943.078  0.223    0.041    5.242    1.098    0.574    0.080 
                19500.0    0.267    25.916   3.492   942.760  0.231    0.044    5.285    1.135    0.595    0.086 
                20000.0    0.266    25.542   3.557   942.441  0.238    0.047    5.325    1.171    0.616    0.091 
                20500.0    0.264    25.171   3.622   942.122  0.246    0.049    5.362    1.207    0.636    0.097 
                21000.0    0.262    24.803   3.686   941.802  0.253    0.052    5.398    1.243    0.656    0.103 
                21500.0    0.260    24.439   3.749   941.482  0.261    0.055    5.432    1.279    0.677    0.110 
                22000.0    0.258    24.077   3.811   941.161  0.268    0.058    5.464    1.315    0.697    0.116 
                22500.0    0.257    23.719   3.872   940.840  0.276    0.061    5.494    1.350    0.717    0.123 
                23000.0    0.255    23.365   3.932   940.517  0.284    0.064    5.523    1.385    0.737    0.129 
                23500.0    0.253    23.013   3.992   940.194  0.291    0.067    5.550    1.421    0.757    0.136 
                24000.0    0.251    22.664   4.051   939.869  0.299    0.070    5.576    1.456    0.777    0.144 
                24500.0    0.250    22.319   4.109   939.543  0.307    0.073    5.601    1.490    0.797    0.151 
                25000.0    0.248    21.978   4.166   939.216  0.315    0.077    5.624    1.525    0.816    0.159 
                27500.0    0.239    20.316   4.440   937.561  0.354    0.095    5.723    1.694    0.913    0.199 
                30000.0    0.231    18.736   4.693   935.872  0.393    0.116    5.796    1.857    1.007    0.244 
                32500.0    0.223    17.233   4.928   934.150  0.433    0.139    5.845    2.013    1.095    0.293 
                35000.0    0.215    15.809   5.143   932.394  0.473    0.164    5.874    2.163    1.178    0.347 
                37500.0    0.207    14.462   5.339   930.602  0.513    0.191    5.886    2.305    1.255    0.404 
                40000.0    0.199    13.191   5.517   928.773  0.553    0.220    5.883    2.440    1.325    0.466 
                42500.0    0.191    11.995   5.676   926.908  0.591    0.251    5.866    2.568    1.389    0.531 
                45000.0    0.184    10.873   5.817   925.005  0.629    0.284    5.839    2.687    1.447    0.599 
                47500.0    0.177     9.823   5.941   923.064  0.666    0.318    5.803    2.798    1.499    0.671 
                50000.0    0.170     8.845   6.048   921.085  0.702    0.354    5.761    2.901    1.544    0.745 
                52500.0    0.163     7.937   6.139   919.067  0.736    0.390    5.712    2.996    1.584    0.822 
                55000.0    0.157     7.098   6.213   917.011  0.768    0.426    5.660    3.082    1.618    0.902 
                57500.0    0.150     6.325   6.272   914.916  0.799    0.463    5.605    3.161    1.647    0.983 
                60000.0    0.144     5.616   6.316   912.784  0.827    0.500    5.549    3.231    1.671    1.067 
                62500.0    0.138     4.969   6.347   910.615  0.854    0.537    5.492    3.294    1.690    1.152 
                65000.0    0.133     4.381   6.364   908.410  0.879    0.573    5.436    3.349    1.706    1.238 
                67500.0    0.127     3.850   6.368   906.171  0.902    0.607    5.381    3.398    1.718    1.326 
                70000.0    0.122     3.373   6.361   903.898  0.922    0.641    5.327    3.440    1.726    1.415 
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Table C.10  [  ] Exposure-Dependent 0% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.352    43.987   0.000   955.661  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.352    43.867   0.022   955.611  0.000    0.000    0.018    0.000    0.000    0.000 
                  500.0    0.350    43.390   0.111   955.411  0.002    0.000    0.180    0.001    0.000    0.000 
                 1000.0    0.348    42.800   0.220   955.160  0.003    0.000    0.388    0.006    0.000    0.000 
                 1500.0    0.346    42.218   0.327   954.910  0.005    0.000    0.586    0.014    0.001    0.000 
                 2000.0    0.344    41.645   0.433   954.659  0.008    0.000    0.775    0.025    0.002    0.000 
                 2500.0    0.342    41.078   0.537   954.410  0.010    0.000    0.954    0.038    0.004    0.000 
                 3000.0    0.341    40.518   0.639   954.160  0.013    0.000    1.125    0.053    0.007    0.000 
                 3500.0    0.339    39.964   0.740   953.912  0.015    0.000    1.287    0.070    0.010    0.000 
                 4000.0    0.337    39.417   0.840   953.663  0.018    0.001    1.442    0.088    0.014    0.000 
                 4500.0    0.335    38.876   0.938   953.415  0.021    0.001    1.589    0.108    0.019    0.001 
                 5000.0    0.333    38.340   1.034   953.168  0.024    0.001    1.728    0.130    0.025    0.001 
                 5500.0    0.332    37.810   1.130   952.921  0.028    0.001    1.861    0.152    0.032    0.001 
                 6000.0    0.330    37.286   1.224   952.675  0.031    0.002    1.987    0.176    0.040    0.002 
                 6500.0    0.328    36.766   1.317   952.429  0.035    0.002    2.107    0.200    0.048    0.002 
                 7000.0    0.326    36.252   1.408   952.184  0.038    0.002    2.221    0.225    0.057    0.003 
                 7500.0    0.324    35.742   1.499   951.940  0.042    0.003    2.329    0.251    0.067    0.004 
                 8000.0    0.323    35.237   1.588   951.695  0.046    0.003    2.431    0.278    0.077    0.004 
                 8500.0    0.321    34.737   1.676   951.451  0.050    0.003    2.528    0.305    0.088    0.005 
                 9000.0    0.319    34.241   1.764   951.208  0.054    0.004    2.620    0.333    0.100    0.007 
                 9500.0    0.318    33.750   1.850   950.964  0.058    0.004    2.708    0.361    0.112    0.008 
                10000.0    0.316    33.263   1.935   950.721  0.062    0.005    2.790    0.390    0.125    0.009 
                10500.0    0.314    32.779   2.019   950.479  0.067    0.005    2.869    0.419    0.138    0.011 
                11000.0    0.313    32.300   2.102   950.236  0.071    0.006    2.942    0.448    0.151    0.013 
                11500.0    0.311    31.825   2.184   949.994  0.076    0.007    3.012    0.478    0.165    0.014 
                12000.0    0.309    31.354   2.265   949.752  0.080    0.007    3.078    0.508    0.179    0.016 
                12500.0    0.308    30.886   2.345   949.511  0.085    0.008    3.139    0.538    0.193    0.019 
                13000.0    0.306    30.422   2.424   949.270  0.090    0.009    3.197    0.569    0.207    0.021 
                13500.0    0.304    29.962   2.502   949.029  0.094    0.010    3.251    0.600    0.222    0.024 
                14000.0    0.303    29.505   2.579   948.789  0.099    0.011    3.302    0.631    0.237    0.026 
                14500.0    0.301    29.051   2.656   948.549  0.104    0.011    3.349    0.662    0.252    0.029 
                15000.0    0.299    28.601   2.731   948.310  0.109    0.012    3.392    0.693    0.267    0.032 
                15500.0    0.298    28.153   2.806   948.072  0.114    0.013    3.433    0.724    0.282    0.035 
                16000.0    0.296    27.709   2.880   947.834  0.119    0.014    3.470    0.756    0.296    0.039 
                16500.0    0.295    27.268   2.953   947.596  0.124    0.015    3.505    0.787    0.311    0.042 
                17000.0    0.293    26.829   3.026   947.359  0.129    0.016    3.536    0.819    0.326    0.046 
                17500.0    0.291    26.394   3.098   947.122  0.134    0.018    3.566    0.850    0.341    0.050 
                18000.0    0.290    25.962   3.168   946.884  0.139    0.019    3.593    0.881    0.356    0.054 
                18500.0    0.288    25.532   3.239   946.646  0.144    0.020    3.618    0.913    0.371    0.059 
                19000.0    0.287    25.106   3.308   946.408  0.149    0.021    3.641    0.944    0.385    0.063 
                19500.0    0.285    24.682   3.377   946.168  0.155    0.023    3.662    0.975    0.400    0.068 
                20000.0    0.284    24.262   3.445   945.928  0.160    0.024    3.682    1.006    0.415    0.073 
                20500.0    0.282    23.845   3.512   945.686  0.165    0.025    3.700    1.037    0.430    0.078 
                22500.0    0.276    22.210   3.773   944.705  0.187    0.031    3.761    1.159    0.489    0.101 
                25000.0    0.268    20.239   4.083   943.445  0.216    0.040    3.811    1.307    0.562    0.134 
                27500.0    0.260    18.353   4.374   942.144  0.246    0.051    3.835    1.451    0.632    0.173 
                30000.0    0.252    16.551   4.646   940.801  0.277    0.063    3.837    1.589    0.697    0.218 
                32500.0    0.244    14.836   4.899   939.410  0.309    0.077    3.822    1.722    0.757    0.269 
                35000.0    0.236    13.210   5.132   937.969  0.341    0.092    3.791    1.847    0.811    0.326 
                37500.0    0.228    11.677   5.345   936.473  0.373    0.109    3.748    1.964    0.858    0.389 
                40000.0    0.220    10.238   5.537   934.918  0.406    0.127    3.695    2.074    0.899    0.458 
                42500.0    0.212     8.899   5.709   933.300  0.438    0.146    3.635    2.175    0.933    0.533 
                45000.0    0.203     7.661   5.860   931.612  0.470    0.167    3.571    2.266    0.961    0.614 
                47500.0    0.195     6.528   5.988   929.853  0.501    0.189    3.504    2.348    0.983    0.701 
                50000.0    0.187     5.502   6.095   928.017  0.531    0.211    3.437    2.421    0.999    0.793 
                52500.0    0.178     4.584   6.180   926.101  0.560    0.233    3.371    2.483    1.010    0.890 
                55000.0    0.170     3.775   6.243   924.105  0.587    0.255    3.308    2.536    1.017    0.991 
                57500.0    0.162     3.072   6.285   922.028  0.612    0.277    3.249    2.579    1.020    1.095 
                60000.0    0.154     2.471   6.307   919.871  0.635    0.298    3.196    2.613    1.020    1.203 
                62500.0    0.146     1.965   6.311   917.640  0.656    0.317    3.148    2.640    1.018    1.312 
                65000.0    0.138     1.548   6.298   915.339  0.674    0.335    3.106    2.659    1.014    1.423 
                67500.0    0.130     1.208   6.270   912.976  0.690    0.351    3.069    2.673    1.009    1.533 
                70000.0    0.123     0.936   6.229   910.560  0.704    0.366    3.038    2.682    1.004    1.643 
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Table C.11  [  ] Exposure-Dependent 40% 
Void Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.352    43.987   0.000   955.661  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.351    43.867   0.023   955.604  0.000    0.000    0.020    0.000    0.000    0.000 
                  500.0    0.350    43.391   0.115   955.373  0.002    0.000    0.206    0.002    0.000    0.000 
                 1000.0    0.348    42.805   0.228   955.085  0.004    0.000    0.444    0.007    0.000    0.000 
                 1500.0    0.345    42.228   0.340   954.797  0.006    0.000    0.670    0.016    0.001    0.000 
                 2000.0    0.343    41.659   0.449   954.510  0.009    0.000    0.885    0.028    0.003    0.000 
                 2500.0    0.341    41.098   0.556   954.223  0.012    0.000    1.090    0.042    0.005    0.000 
                 3000.0    0.339    40.545   0.662   953.938  0.015    0.000    1.285    0.059    0.009    0.000 
                 3500.0    0.337    39.999   0.765   953.652  0.018    0.001    1.470    0.078    0.013    0.000 
                 4000.0    0.335    39.460   0.867   953.368  0.022    0.001    1.646    0.098    0.019    0.000 
                 4500.0    0.333    38.928   0.968   953.084  0.025    0.001    1.814    0.120    0.025    0.001 
                 5000.0    0.331    38.402   1.067   952.802  0.029    0.001    1.974    0.144    0.033    0.001 
                 5500.0    0.329    37.883   1.164   952.520  0.033    0.002    2.125    0.168    0.041    0.002 
                 6000.0    0.327    37.369   1.260   952.239  0.037    0.002    2.270    0.193    0.051    0.002 
                 6500.0    0.325    36.861   1.355   951.958  0.042    0.002    2.407    0.220    0.061    0.003 
                 7000.0    0.323    36.359   1.448   951.678  0.046    0.003    2.537    0.247    0.073    0.003 
                 7500.0    0.321    35.862   1.539   951.399  0.050    0.003    2.661    0.275    0.085    0.004 
                 8000.0    0.319    35.370   1.630   951.121  0.055    0.004    2.779    0.303    0.098    0.005 
                 8500.0    0.317    34.883   1.719   950.843  0.060    0.004    2.891    0.332    0.111    0.007 
                 9000.0    0.315    34.401   1.807   950.565  0.065    0.005    2.997    0.362    0.125    0.008 
                 9500.0    0.313    33.924   1.893   950.288  0.070    0.006    3.098    0.392    0.140    0.009 
                10000.0    0.312    33.451   1.979   950.012  0.075    0.006    3.194    0.422    0.155    0.011 
                10500.0    0.310    32.983   2.063   949.736  0.080    0.007    3.284    0.453    0.171    0.013 
                11000.0    0.308    32.519   2.146   949.461  0.085    0.008    3.370    0.485    0.187    0.015 
                11500.0    0.306    32.060   2.228   949.186  0.091    0.009    3.451    0.516    0.203    0.017 
                12000.0    0.304    31.604   2.309   948.912  0.096    0.010    3.528    0.548    0.220    0.019 
                12500.0    0.302    31.153   2.389   948.638  0.102    0.011    3.601    0.580    0.237    0.022 
                13000.0    0.301    30.706   2.468   948.365  0.108    0.012    3.669    0.612    0.254    0.025 
                13500.0    0.299    30.262   2.546   948.092  0.113    0.013    3.733    0.645    0.272    0.028 
                14000.0    0.297    29.822   2.623   947.820  0.119    0.014    3.793    0.678    0.289    0.031 
                14500.0    0.295    29.386   2.699   947.549  0.125    0.015    3.849    0.711    0.307    0.034 
                15000.0    0.294    28.953   2.774   947.278  0.130    0.016    3.902    0.744    0.324    0.037 
                15500.0    0.292    28.524   2.848   947.008  0.136    0.018    3.951    0.777    0.342    0.041 
                16000.0    0.290    28.098   2.921   946.738  0.142    0.019    3.996    0.810    0.360    0.045 
                16500.0    0.288    27.675   2.994   946.470  0.148    0.020    4.038    0.843    0.377    0.049 
                17000.0    0.287    27.255   3.065   946.202  0.154    0.022    4.078    0.876    0.395    0.053 
                17500.0    0.285    26.839   3.136   945.934  0.160    0.023    4.114    0.910    0.412    0.058 
                18000.0    0.283    26.425   3.206   945.666  0.166    0.025    4.148    0.943    0.429    0.062 
                18500.0    0.282    26.014   3.275   945.398  0.172    0.026    4.179    0.976    0.447    0.067 
                19000.0    0.280    25.607   3.343   945.130  0.178    0.028    4.208    1.009    0.464    0.072 
                19500.0    0.278    25.203   3.410   944.862  0.184    0.030    4.236    1.042    0.481    0.077 
                20000.0    0.277    24.802   3.477   944.593  0.190    0.031    4.261    1.075    0.498    0.083 
                20500.0    0.275    24.404   3.543   944.322  0.196    0.033    4.284    1.107    0.515    0.088 
                21000.0    0.274    24.009   3.608   944.051  0.202    0.035    4.306    1.140    0.532    0.094 
                21500.0    0.272    23.617   3.672   943.779  0.209    0.037    4.327    1.172    0.549    0.100 
                22500.0    0.269    22.844   3.798   943.231  0.221    0.041    4.364    1.236    0.583    0.113 
                25000.0    0.260    20.968   4.100   941.836  0.254    0.053    4.436    1.392    0.667    0.148 
                27500.0    0.252    19.175   4.383   940.404  0.288    0.066    4.480    1.542    0.747    0.189 
                30000.0    0.244    17.465   4.646   938.934  0.323    0.081    4.500    1.687    0.823    0.235 
                32500.0    0.236    15.838   4.889   937.423  0.359    0.098    4.501    1.825    0.893    0.287 
                35000.0    0.228    14.295   5.114   935.870  0.394    0.116    4.484    1.956    0.957    0.344 
                37500.0    0.220    12.836   5.319   934.271  0.430    0.137    4.453    2.079    1.015    0.406 
                40000.0    0.212    11.463   5.505   932.625  0.466    0.159    4.410    2.194    1.065    0.473 
                42500.0    0.204    10.177   5.671   930.928  0.501    0.183    4.358    2.301    1.109    0.545 
                45000.0    0.197     8.978   5.819   929.179  0.535    0.207    4.299    2.399    1.145    0.622 
                47500.0    0.189     7.867   5.946   927.374  0.568    0.233    4.235    2.488    1.176    0.703 
                50000.0    0.181     6.845   6.055   925.512  0.601    0.260    4.168    2.568    1.200    0.789 
                52500.0    0.174     5.912   6.145   923.590  0.632    0.287    4.100    2.638    1.218    0.878 
                55000.0    0.166     5.068   6.215   921.609  0.661    0.314    4.032    2.700    1.231    0.970 
                57500.0    0.159     4.311   6.268   919.566  0.688    0.341    3.966    2.752    1.240    1.065 
                60000.0    0.152     3.638   6.302   917.464  0.714    0.367    3.902    2.796    1.244    1.162 
                62500.0    0.144     3.047   6.320   915.302  0.737    0.392    3.842    2.832    1.246    1.260 
                65000.0    0.138     2.534   6.322   913.083  0.759    0.416    3.787    2.861    1.244    1.360 
                67500.0    0.131     2.092   6.310   910.811  0.778    0.439    3.736    2.883    1.241    1.461 
                70000.0    0.124     1.716   6.285   908.490  0.794    0.459    3.690    2.899    1.236    1.561 
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Table C.12  [ ] Exposure-Dependent 80% 
Void Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.352    43.987   0.000   955.661  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.351    43.868   0.024   955.593  0.000    0.000    0.024    0.000    0.000    0.000 
                  500.0    0.349    43.395   0.122   955.320  0.002    0.000    0.241    0.002    0.000    0.000 
                 1000.0    0.347    42.814   0.241   954.980  0.005    0.000    0.519    0.008    0.000    0.000 
                 1500.0    0.344    42.243   0.357   954.641  0.008    0.000    0.783    0.018    0.002    0.000 
                 2000.0    0.342    41.682   0.472   954.302  0.011    0.000    1.035    0.032    0.004    0.000 
                 2500.0    0.339    41.130   0.584   953.965  0.015    0.000    1.275    0.048    0.007    0.000 
                 3000.0    0.337    40.587   0.694   953.629  0.019    0.001    1.503    0.066    0.012    0.000 
                 3500.0    0.334    40.051   0.802   953.293  0.023    0.001    1.721    0.087    0.018    0.000 
                 4000.0    0.332    39.524   0.908   952.959  0.027    0.001    1.928    0.109    0.025    0.001 
                 4500.0    0.330    39.004   1.012   952.625  0.032    0.002    2.126    0.133    0.034    0.001 
                 5000.0    0.327    38.491   1.114   952.293  0.036    0.002    2.315    0.158    0.044    0.001 
                 5500.0    0.325    37.985   1.215   951.961  0.041    0.002    2.495    0.184    0.055    0.002 
                 6000.0    0.323    37.485   1.314   951.630  0.047    0.003    2.666    0.211    0.067    0.003 
                 6500.0    0.321    36.992   1.411   951.301  0.052    0.004    2.830    0.239    0.080    0.003 
                 7000.0    0.318    36.505   1.506   950.972  0.058    0.004    2.986    0.268    0.094    0.004 
                 7500.0    0.316    36.023   1.600   950.644  0.063    0.005    3.136    0.298    0.109    0.005 
                 8000.0    0.314    35.548   1.693   950.317  0.069    0.006    3.278    0.328    0.125    0.007 
                 8500.0    0.312    35.078   1.784   949.990  0.075    0.006    3.413    0.359    0.141    0.008 
                 9000.0    0.310    34.613   1.873   949.665  0.081    0.007    3.543    0.391    0.159    0.010 
                 9500.0    0.307    34.153   1.962   949.340  0.088    0.008    3.666    0.423    0.177    0.011 
                10000.0    0.305    33.699   2.049   949.016  0.094    0.009    3.784    0.456    0.195    0.013 
                10500.0    0.303    33.249   2.134   948.692  0.100    0.011    3.896    0.489    0.214    0.015 
                11000.0    0.301    32.804   2.219   948.369  0.107    0.012    4.003    0.522    0.233    0.017 
                11500.0    0.299    32.364   2.302   948.047  0.114    0.013    4.104    0.556    0.253    0.020 
                12000.0    0.297    31.928   2.384   947.726  0.120    0.014    4.201    0.590    0.273    0.023 
                12500.0    0.295    31.497   2.465   947.405  0.127    0.016    4.293    0.624    0.293    0.025 
                13000.0    0.293    31.069   2.544   947.085  0.134    0.017    4.380    0.659    0.313    0.028 
                13500.0    0.291    30.647   2.623   946.765  0.141    0.019    4.462    0.694    0.334    0.032 
                14000.0    0.289    30.228   2.700   946.447  0.148    0.020    4.541    0.729    0.355    0.035 
                14500.0    0.287    29.813   2.776   946.128  0.155    0.022    4.615    0.764    0.376    0.038 
                15000.0    0.285    29.402   2.851   945.811  0.162    0.024    4.684    0.800    0.397    0.042 
                15500.0    0.283    28.995   2.925   945.495  0.169    0.026    4.750    0.835    0.417    0.046 
                16000.0    0.281    28.591   2.998   945.179  0.176    0.027    4.813    0.871    0.438    0.050 
                16500.0    0.279    28.191   3.070   944.864  0.184    0.029    4.871    0.907    0.459    0.055 
                17000.0    0.278    27.794   3.141   944.549  0.191    0.031    4.926    0.943    0.480    0.059 
                17500.0    0.276    27.401   3.212   944.235  0.198    0.034    4.978    0.979    0.500    0.064 
                18000.0    0.274    27.011   3.281   943.922  0.205    0.036    5.026    1.015    0.521    0.069 
                18500.0    0.272    26.625   3.349   943.609  0.213    0.038    5.072    1.051    0.541    0.074 
                19000.0    0.270    26.241   3.416   943.296  0.220    0.040    5.115    1.087    0.562    0.079 
                19500.0    0.268    25.861   3.483   942.984  0.227    0.043    5.155    1.123    0.582    0.085 
                20000.0    0.267    25.484   3.548   942.671  0.235    0.045    5.193    1.159    0.602    0.090 
                20500.0    0.265    25.110   3.613   942.357  0.242    0.048    5.228    1.195    0.622    0.096 
                21000.0    0.263    24.740   3.677   942.044  0.250    0.050    5.262    1.230    0.642    0.102 
                21500.0    0.261    24.373   3.740   941.730  0.257    0.053    5.294    1.266    0.662    0.108 
                22000.0    0.260    24.008   3.802   941.414  0.264    0.056    5.324    1.301    0.682    0.115 
                22500.0    0.258    23.648   3.863   941.098  0.272    0.059    5.353    1.336    0.701    0.121 
                23000.0    0.256    23.290   3.924   940.781  0.280    0.062    5.380    1.371    0.721    0.128 
                23500.0    0.254    22.936   3.984   940.463  0.287    0.065    5.405    1.406    0.740    0.135 
                24000.0    0.253    22.584   4.043   940.144  0.295    0.068    5.429    1.440    0.760    0.142 
                24500.0    0.251    22.236   4.101   939.823  0.302    0.071    5.452    1.474    0.779    0.149 
                25000.0    0.249    21.892   4.158   939.501  0.310    0.074    5.474    1.509    0.798    0.157 
                27500.0    0.241    20.217   4.433   937.872  0.349    0.092    5.565    1.675    0.894    0.197 
                30000.0    0.232    18.622   4.688   936.210  0.388    0.112    5.630    1.836    0.985    0.242 
                32500.0    0.224    17.106   4.923   934.513  0.428    0.135    5.673    1.990    1.071    0.292 
                35000.0    0.216    15.669   5.140   932.781  0.467    0.159    5.695    2.137    1.151    0.345 
                37500.0    0.208    14.309   5.337   931.013  0.507    0.186    5.700    2.277    1.226    0.403 
                40000.0    0.200    13.026   5.516   929.208  0.546    0.214    5.691    2.410    1.294    0.465 
                42500.0    0.193    11.819   5.676   927.365  0.584    0.245    5.668    2.535    1.356    0.531 
                45000.0    0.185    10.687   5.818   925.483  0.622    0.277    5.636    2.652    1.411    0.600 
                47500.0    0.178     9.629   5.943   923.561  0.658    0.310    5.595    2.760    1.460    0.672 
                50000.0    0.171     8.644   6.050   921.600  0.694    0.344    5.548    2.860    1.502    0.747 
                52500.0    0.164     7.730   6.141   919.599  0.727    0.380    5.495    2.952    1.539    0.825 
                55000.0    0.158     6.886   6.215   917.557  0.760    0.415    5.439    3.035    1.570    0.906 
                57500.0    0.151     6.111   6.274   915.475  0.790    0.451    5.381    3.111    1.596    0.988 
                60000.0    0.145     5.402   6.318   913.354  0.818    0.487    5.322    3.178    1.617    1.073 
                62500.0    0.139     4.756   6.348   911.194  0.845    0.522    5.262    3.237    1.634    1.159 
                65000.0    0.133     4.172   6.364   908.996  0.869    0.557    5.204    3.289    1.647    1.247 
                67500.0    0.128     3.645   6.367   906.761  0.892    0.590    5.147    3.334    1.656    1.336 
                70000.0    0.122     3.174   6.358   904.492  0.912    0.622    5.092    3.372    1.663    1.426 
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Table C.13  [  ] Exposure-Dependent 0% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.352    43.987   0.000   955.661  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.352    43.867   0.022   955.613  0.000    0.000    0.017    0.000    0.000    0.000 
                  500.0    0.350    43.389   0.110   955.418  0.002    0.000    0.175    0.001    0.000    0.000 
                 1000.0    0.348    42.799   0.218   955.174  0.003    0.000    0.378    0.006    0.000    0.000 
                 1500.0    0.346    42.217   0.325   954.929  0.005    0.000    0.571    0.014    0.001    0.000 
                 2000.0    0.344    41.642   0.430   954.685  0.007    0.000    0.756    0.024    0.002    0.000 
                 2500.0    0.343    41.074   0.534   954.441  0.010    0.000    0.931    0.036    0.004    0.000 
                 3000.0    0.341    40.513   0.636   954.196  0.012    0.000    1.099    0.051    0.006    0.000 
                 3500.0    0.339    39.958   0.737   953.952  0.015    0.000    1.259    0.068    0.009    0.000 
                 4000.0    0.337    39.409   0.836   953.707  0.018    0.001    1.412    0.086    0.014    0.000 
                 4500.0    0.335    38.866   0.934   953.463  0.021    0.001    1.558    0.106    0.018    0.001 
                 5000.0    0.334    38.329   1.031   953.218  0.024    0.001    1.697    0.126    0.024    0.001 
                 5500.0    0.332    37.798   1.126   952.974  0.027    0.001    1.829    0.149    0.031    0.001 
                 6000.0    0.330    37.272   1.220   952.729  0.030    0.001    1.956    0.172    0.038    0.002 
                 6500.0    0.328    36.751   1.313   952.485  0.034    0.002    2.076    0.196    0.046    0.002 
                 7000.0    0.327    36.236   1.405   952.241  0.038    0.002    2.190    0.221    0.055    0.003 
                 7500.0    0.325    35.725   1.496   951.996  0.041    0.002    2.299    0.247    0.065    0.003 
                 8000.0    0.323    35.219   1.585   951.752  0.045    0.003    2.402    0.273    0.075    0.004 
                 8500.0    0.321    34.718   1.674   951.509  0.049    0.003    2.501    0.300    0.086    0.005 
                 9000.0    0.320    34.221   1.761   951.265  0.053    0.004    2.594    0.328    0.098    0.006 
                 9500.0    0.318    33.729   1.847   951.021  0.057    0.004    2.682    0.356    0.110    0.008 
                10000.0    0.316    33.241   1.932   950.778  0.062    0.005    2.766    0.384    0.122    0.009 
                10500.0    0.314    32.757   2.016   950.535  0.066    0.005    2.845    0.413    0.135    0.010 
                11000.0    0.313    32.277   2.099   950.292  0.070    0.006    2.920    0.442    0.148    0.012 
                11500.0    0.311    31.801   2.181   950.050  0.075    0.007    2.991    0.472    0.162    0.014 
                12000.0    0.309    31.329   2.263   949.808  0.080    0.007    3.058    0.502    0.176    0.016 
                12500.0    0.308    30.861   2.343   949.566  0.084    0.008    3.120    0.532    0.190    0.018 
                13000.0    0.306    30.397   2.422   949.324  0.089    0.009    3.179    0.563    0.205    0.021 
                13500.0    0.305    29.936   2.500   949.083  0.094    0.010    3.234    0.594    0.219    0.023 
                14000.0    0.303    29.478   2.578   948.843  0.099    0.010    3.285    0.625    0.234    0.026 
                14500.0    0.301    29.024   2.654   948.603  0.103    0.011    3.333    0.656    0.249    0.029 
                15000.0    0.300    28.573   2.730   948.363  0.108    0.012    3.378    0.687    0.264    0.032 
                15500.0    0.298    28.126   2.805   948.124  0.113    0.013    3.419    0.718    0.279    0.035 
                16000.0    0.296    27.681   2.879   947.886  0.118    0.014    3.457    0.750    0.294    0.038 
                16500.0    0.295    27.239   2.952   947.647  0.123    0.015    3.492    0.781    0.308    0.042 
                17000.0    0.293    26.801   3.025   947.409  0.128    0.016    3.525    0.812    0.323    0.046 
                17500.0    0.292    26.365   3.096   947.172  0.133    0.017    3.554    0.844    0.338    0.050 
                18000.0    0.290    25.933   3.167   946.934  0.139    0.019    3.582    0.875    0.353    0.054 
                18500.0    0.289    25.503   3.237   946.696  0.144    0.020    3.608    0.907    0.368    0.058 
                19000.0    0.287    25.076   3.307   946.457  0.149    0.021    3.631    0.938    0.383    0.062 
                19500.0    0.285    24.653   3.376   946.217  0.154    0.022    3.653    0.969    0.397    0.067 
                20000.0    0.284    24.233   3.444   945.976  0.159    0.024    3.673    1.000    0.412    0.072 
                20500.0    0.282    23.815   3.511   945.734  0.165    0.025    3.692    1.031    0.427    0.077 
                21000.0    0.281    23.401   3.577   945.491  0.170    0.027    3.709    1.062    0.442    0.083 
                22500.0    0.276    22.179   3.772   944.753  0.187    0.031    3.753    1.154    0.486    0.100 
                25000.0    0.268    20.208   4.082   943.492  0.215    0.040    3.804    1.303    0.559    0.133 
                27500.0    0.260    18.320   4.373   942.191  0.245    0.051    3.829    1.447    0.629    0.172 
                30000.0    0.252    16.518   4.645   940.846  0.276    0.063    3.833    1.585    0.695    0.217 
                32500.0    0.244    14.803   4.898   939.455  0.308    0.076    3.817    1.718    0.755    0.267 
                35000.0    0.236    13.178   5.131   938.012  0.340    0.092    3.787    1.843    0.809    0.324 
                37500.0    0.228    11.645   5.344   936.515  0.373    0.108    3.744    1.962    0.856    0.388 
                40000.0    0.220    10.208   5.536   934.959  0.406    0.127    3.692    2.071    0.897    0.457 
                42500.0    0.212     8.870   5.708   933.338  0.438    0.146    3.632    2.172    0.932    0.532 
                45000.0    0.203     7.634   5.858   931.649  0.470    0.167    3.568    2.264    0.960    0.613 
                47500.0    0.195     6.502   5.986   929.887  0.501    0.188    3.501    2.347    0.982    0.700 
                50000.0    0.187     5.478   6.092   928.049  0.531    0.211    3.434    2.419    0.998    0.792 
                52500.0    0.178     4.563   6.177   926.132  0.560    0.233    3.369    2.482    1.009    0.889 
                55000.0    0.170     3.756   6.239   924.133  0.587    0.255    3.306    2.534    1.016    0.990 
                57500.0    0.162     3.055   6.281   922.053  0.612    0.277    3.248    2.578    1.019    1.095 
                60000.0    0.154     2.456   6.303   919.895  0.635    0.297    3.194    2.612    1.019    1.202 
                62500.0    0.146     1.953   6.306   917.661  0.656    0.317    3.146    2.639    1.017    1.312 
                65000.0    0.138     1.537   6.292   915.359  0.674    0.335    3.105    2.659    1.013    1.422 
                67500.0    0.130     1.200   6.264   912.994  0.690    0.351    3.068    2.672    1.009    1.533 
                70000.0    0.123     0.929   6.223   910.575  0.704    0.366    3.037    2.681    1.004    1.643 
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Table C.14  [ ] Exposure-Dependent 40% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.352    43.987   0.000   955.661  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.351    43.867   0.023   955.605  0.000    0.000    0.020    0.000    0.000    0.000 
                  500.0    0.350    43.391   0.114   955.381  0.002    0.000    0.200    0.002    0.000    0.000 
                 1000.0    0.348    42.804   0.227   955.100  0.004    0.000    0.432    0.007    0.000    0.000 
                 1500.0    0.346    42.226   0.337   954.819  0.006    0.000    0.653    0.015    0.001    0.000 
                 2000.0    0.343    41.656   0.446   954.539  0.009    0.000    0.863    0.027    0.003    0.000 
                 2500.0    0.341    41.094   0.553   954.259  0.012    0.000    1.064    0.041    0.005    0.000 
                 3000.0    0.339    40.540   0.658   953.978  0.015    0.000    1.255    0.058    0.008    0.000 
                 3500.0    0.337    39.992   0.762   953.698  0.018    0.001    1.438    0.076    0.012    0.000 
                 4000.0    0.335    39.452   0.864   953.418  0.021    0.001    1.612    0.096    0.018    0.000 
                 4500.0    0.333    38.918   0.964   953.139  0.025    0.001    1.778    0.117    0.024    0.001 
                 5000.0    0.331    38.391   1.063   952.859  0.028    0.001    1.937    0.140    0.031    0.001 
                 5500.0    0.329    37.870   1.160   952.580  0.032    0.002    2.088    0.164    0.040    0.001 
                 6000.0    0.327    37.355   1.256   952.301  0.036    0.002    2.232    0.189    0.049    0.002 
                 6500.0    0.325    36.845   1.350   952.022  0.041    0.002    2.370    0.215    0.059    0.003 
                 7000.0    0.323    36.341   1.444   951.743  0.045    0.003    2.501    0.242    0.070    0.003 
                 7500.0    0.321    35.843   1.536   951.465  0.049    0.003    2.626    0.270    0.082    0.004 
                 8000.0    0.320    35.350   1.626   951.187  0.054    0.004    2.744    0.298    0.095    0.005 
                 8500.0    0.318    34.862   1.715   950.910  0.059    0.004    2.857    0.327    0.108    0.006 
                 9000.0    0.316    34.379   1.803   950.632  0.064    0.005    2.965    0.356    0.122    0.008 
                 9500.0    0.314    33.901   1.890   950.355  0.069    0.006    3.067    0.386    0.137    0.009 
                10000.0    0.312    33.427   1.976   950.079  0.074    0.006    3.164    0.416    0.152    0.011 
                10500.0    0.310    32.958   2.060   949.803  0.079    0.007    3.255    0.447    0.168    0.013 
                11000.0    0.308    32.493   2.143   949.527  0.085    0.008    3.342    0.478    0.184    0.015 
                11500.0    0.306    32.033   2.226   949.252  0.090    0.009    3.425    0.510    0.200    0.017 
                12000.0    0.305    31.577   2.307   948.977  0.095    0.010    3.503    0.542    0.217    0.019 
                12500.0    0.303    31.125   2.387   948.703  0.101    0.011    3.576    0.574    0.234    0.021 
                13000.0    0.301    30.677   2.466   948.429  0.107    0.012    3.645    0.606    0.251    0.024 
                13500.0    0.299    30.233   2.544   948.157  0.112    0.013    3.710    0.638    0.268    0.027 
                14000.0    0.297    29.792   2.621   947.884  0.118    0.014    3.771    0.671    0.286    0.030 
                14500.0    0.296    29.355   2.697   947.612  0.124    0.015    3.828    0.704    0.303    0.033 
                15000.0    0.294    28.922   2.772   947.341  0.130    0.016    3.882    0.737    0.321    0.037 
                15500.0    0.292    28.492   2.846   947.071  0.135    0.017    3.932    0.770    0.338    0.040 
                16000.0    0.291    28.066   2.920   946.801  0.141    0.019    3.978    0.803    0.356    0.044 
                16500.0    0.289    27.642   2.992   946.532  0.147    0.020    4.021    0.836    0.374    0.048 
                17000.0    0.287    27.222   3.064   946.263  0.153    0.022    4.061    0.870    0.391    0.052 
                17500.0    0.285    26.805   3.134   945.995  0.159    0.023    4.098    0.903    0.408    0.057 
                18000.0    0.284    26.391   3.204   945.727  0.165    0.025    4.133    0.936    0.426    0.061 
                18500.0    0.282    25.981   3.273   945.459  0.171    0.026    4.165    0.969    0.443    0.066 
                19000.0    0.280    25.573   3.342   945.190  0.177    0.028    4.195    1.002    0.460    0.071 
                19500.0    0.279    25.168   3.409   944.921  0.183    0.029    4.222    1.035    0.477    0.076 
                20000.0    0.277    24.767   3.476   944.652  0.189    0.031    4.248    1.068    0.494    0.082 
                20500.0    0.275    24.369   3.542   944.382  0.195    0.033    4.272    1.101    0.512    0.087 
                21000.0    0.274    23.974   3.607   944.110  0.202    0.035    4.294    1.133    0.529    0.093 
                21500.0    0.272    23.582   3.671   943.838  0.208    0.037    4.315    1.166    0.546    0.099 
                22500.0    0.269    22.808   3.797   943.289  0.221    0.041    4.353    1.230    0.579    0.112 
                25000.0    0.261    20.932   4.099   941.893  0.254    0.052    4.426    1.386    0.663    0.147 
                27500.0    0.253    19.138   4.382   940.461  0.288    0.065    4.471    1.537    0.744    0.187 
                30000.0    0.244    17.427   4.645   938.989  0.323    0.081    4.493    1.682    0.820    0.234 
                32500.0    0.236    15.800   4.888   937.478  0.358    0.097    4.494    1.820    0.890    0.285 
                35000.0    0.228    14.257   5.112   935.923  0.394    0.116    4.478    1.952    0.955    0.342 
                37500.0    0.220    12.799   5.317   934.324  0.430    0.137    4.447    2.075    1.012    0.404 
                40000.0    0.212    11.427   5.503   932.676  0.465    0.159    4.405    2.191    1.063    0.472 
                42500.0    0.204    10.142   5.669   930.977  0.500    0.182    4.353    2.298    1.106    0.544 
                45000.0    0.197     8.944   5.816   929.226  0.535    0.207    4.294    2.396    1.143    0.621 
                47500.0    0.189     7.835   5.944   927.419  0.568    0.233    4.231    2.486    1.174    0.702 
                50000.0    0.181     6.815   6.052   925.555  0.600    0.260    4.164    2.566    1.198    0.787 
                52500.0    0.174     5.884   6.141   923.632  0.631    0.287    4.096    2.636    1.216    0.876 
                55000.0    0.166     5.042   6.211   921.648  0.661    0.314    4.028    2.698    1.230    0.969 
                57500.0    0.159     4.287   6.263   919.603  0.688    0.341    3.962    2.750    1.238    1.064 
                60000.0    0.152     3.617   6.297   917.498  0.714    0.367    3.899    2.795    1.243    1.161 
                62500.0    0.144     3.028   6.315   915.334  0.737    0.392    3.839    2.831    1.244    1.260 
                65000.0    0.138     2.516   6.317   913.113  0.758    0.416    3.784    2.859    1.243    1.360 
                67500.0    0.131     2.077   6.304   910.839  0.777    0.438    3.733    2.881    1.240    1.460 
                70000.0    0.124     1.703   6.278   908.515  0.794    0.459    3.688    2.897    1.235    1.561 
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Table C.15  [ ] Exposure-Dependent 80% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.352    43.987   0.000   955.661  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.351    43.868   0.024   955.595  0.000    0.000    0.023    0.000    0.000    0.000 
                  500.0    0.349    43.395   0.121   955.329  0.002    0.000    0.234    0.002    0.000    0.000 
                 1000.0    0.347    42.813   0.239   954.997  0.005    0.000    0.506    0.008    0.000    0.000 
                 1500.0    0.344    42.242   0.355   954.666  0.008    0.000    0.764    0.018    0.002    0.000 
                 2000.0    0.342    41.680   0.468   954.335  0.011    0.000    1.010    0.031    0.004    0.000 
                 2500.0    0.340    41.126   0.580   954.004  0.014    0.000    1.245    0.047    0.007    0.000 
                 3000.0    0.337    40.581   0.690   953.674  0.018    0.001    1.470    0.065    0.011    0.000 
                 3500.0    0.335    40.045   0.797   953.344  0.022    0.001    1.684    0.085    0.017    0.000 
                 4000.0    0.332    39.516   0.903   953.015  0.026    0.001    1.889    0.107    0.024    0.001 
                 4500.0    0.330    38.994   1.007   952.686  0.031    0.001    2.085    0.130    0.032    0.001 
                 5000.0    0.328    38.479   1.109   952.357  0.036    0.002    2.272    0.155    0.042    0.001 
                 5500.0    0.326    37.972   1.210   952.029  0.041    0.002    2.451    0.180    0.053    0.002 
                 6000.0    0.323    37.470   1.308   951.701  0.046    0.003    2.622    0.207    0.064    0.002 
                 6500.0    0.321    36.976   1.406   951.374  0.051    0.003    2.786    0.235    0.077    0.003 
                 7000.0    0.319    36.487   1.501   951.047  0.057    0.004    2.942    0.264    0.091    0.004 
                 7500.0    0.317    36.004   1.595   950.720  0.062    0.005    3.091    0.293    0.106    0.005 
                 8000.0    0.314    35.527   1.688   950.394  0.068    0.005    3.234    0.323    0.122    0.006 
                 8500.0    0.312    35.055   1.779   950.069  0.074    0.006    3.371    0.354    0.138    0.008 
                 9000.0    0.310    34.589   1.869   949.744  0.080    0.007    3.501    0.385    0.155    0.009 
                 9500.0    0.308    34.128   1.957   949.419  0.087    0.008    3.626    0.417    0.173    0.011 
                10000.0    0.306    33.673   2.045   949.095  0.093    0.009    3.744    0.450    0.191    0.013 
                10500.0    0.304    33.222   2.130   948.772  0.099    0.010    3.857    0.482    0.210    0.015 
                11000.0    0.302    32.776   2.215   948.449  0.106    0.011    3.965    0.516    0.229    0.017 
                11500.0    0.299    32.335   2.298   948.127  0.112    0.013    4.068    0.549    0.249    0.019 
                12000.0    0.297    31.898   2.380   947.806  0.119    0.014    4.166    0.583    0.268    0.022 
                12500.0    0.295    31.466   2.461   947.485  0.126    0.015    4.259    0.617    0.289    0.025 
                13000.0    0.293    31.038   2.541   947.164  0.133    0.017    4.347    0.652    0.309    0.028 
                13500.0    0.291    30.614   2.620   946.844  0.140    0.018    4.430    0.687    0.330    0.031 
                14000.0    0.289    30.195   2.697   946.525  0.147    0.020    4.510    0.722    0.350    0.034 
                14500.0    0.287    29.779   2.773   946.207  0.154    0.022    4.585    0.757    0.371    0.038 
                15000.0    0.286    29.368   2.849   945.889  0.161    0.023    4.656    0.793    0.392    0.042 
                15500.0    0.284    28.960   2.923   945.572  0.168    0.025    4.723    0.828    0.413    0.045 
                16000.0    0.282    28.556   2.996   945.256  0.175    0.027    4.786    0.864    0.434    0.050 
                16500.0    0.280    28.155   3.068   944.941  0.183    0.029    4.845    0.900    0.455    0.054 
                17000.0    0.278    27.758   3.139   944.626  0.190    0.031    4.901    0.936    0.475    0.058 
                17500.0    0.276    27.364   3.209   944.312  0.197    0.033    4.953    0.972    0.496    0.063 
                18000.0    0.274    26.974   3.278   943.998  0.204    0.035    5.002    1.008    0.516    0.068 
                18500.0    0.272    26.587   3.347   943.685  0.212    0.038    5.049    1.044    0.537    0.073 
                19000.0    0.271    26.203   3.414   943.372  0.219    0.040    5.092    1.080    0.557    0.078 
                19500.0    0.269    25.822   3.481   943.059  0.226    0.042    5.133    1.116    0.577    0.084 
                20000.0    0.267    25.445   3.546   942.746  0.234    0.045    5.172    1.152    0.598    0.089 
                20500.0    0.265    25.071   3.611   942.432  0.241    0.047    5.208    1.187    0.618    0.095 
                21000.0    0.263    24.700   3.675   942.118  0.249    0.050    5.242    1.223    0.638    0.101 
                21500.0    0.262    24.332   3.738   941.804  0.256    0.053    5.274    1.258    0.657    0.107 
                22000.0    0.260    23.968   3.800   941.488  0.264    0.055    5.305    1.294    0.677    0.114 
                22500.0    0.258    23.607   3.862   941.172  0.271    0.058    5.334    1.329    0.697    0.120 
                23000.0    0.256    23.249   3.922   940.855  0.279    0.061    5.361    1.364    0.716    0.127 
                23500.0    0.255    22.894   3.982   940.536  0.286    0.064    5.387    1.399    0.736    0.134 
                24000.0    0.253    22.543   4.041   940.217  0.294    0.067    5.412    1.433    0.755    0.141 
                24500.0    0.251    22.195   4.099   939.896  0.302    0.071    5.435    1.468    0.775    0.148 
                25000.0    0.249    21.850   4.157   939.574  0.309    0.074    5.457    1.502    0.794    0.156 
                27500.0    0.241    20.174   4.431   937.944  0.348    0.092    5.550    1.669    0.889    0.196 
                30000.0    0.233    18.578   4.687   936.280  0.387    0.112    5.617    1.829    0.981    0.241 
                32500.0    0.224    17.063   4.922   934.582  0.427    0.134    5.660    1.984    1.067    0.290 
                35000.0    0.216    15.625   5.138   932.849  0.467    0.159    5.684    2.132    1.148    0.344 
                37500.0    0.208    14.266   5.335   931.080  0.506    0.185    5.689    2.272    1.222    0.402 
                40000.0    0.200    12.983   5.514   929.273  0.545    0.214    5.680    2.405    1.290    0.464 
                42500.0    0.193    11.777   5.674   927.428  0.584    0.244    5.659    2.530    1.352    0.529 
                45000.0    0.185    10.646   5.816   925.545  0.621    0.276    5.627    2.648    1.407    0.598 
                47500.0    0.178     9.589   5.940   923.622  0.658    0.309    5.586    2.756    1.456    0.670 
                50000.0    0.171     8.605   6.047   921.658  0.693    0.344    5.539    2.857    1.499    0.746 
                52500.0    0.164     7.693   6.137   919.655  0.727    0.379    5.487    2.949    1.536    0.824 
                55000.0    0.158     6.851   6.211   917.611  0.759    0.415    5.431    3.033    1.567    0.904 
                57500.0    0.151     6.078   6.270   915.528  0.790    0.451    5.373    3.108    1.593    0.987 
                60000.0    0.145     5.371   6.313   913.404  0.818    0.486    5.314    3.175    1.615    1.072 
                62500.0    0.139     4.727   6.342   911.242  0.845    0.522    5.255    3.235    1.632    1.158 
                65000.0    0.133     4.145   6.358   909.042  0.869    0.556    5.197    3.287    1.645    1.246 
                67500.0    0.128     3.621   6.360   906.805  0.892    0.590    5.141    3.332    1.654    1.335 
                70000.0    0.122     3.152   6.351   904.533  0.912    0.622    5.086    3.370    1.660    1.425 
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Table C.16  [ ] Exposure-Dependent 0% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.352    43.987   0.000   955.661  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.352    43.867   0.022   955.613  0.000    0.000    0.017    0.000    0.000    0.000 
                  500.0    0.350    43.389   0.110   955.423  0.001    0.000    0.171    0.001    0.000    0.000 
                 1000.0    0.348    42.798   0.218   955.186  0.003    0.000    0.368    0.006    0.000    0.000 
                 1500.0    0.346    42.215   0.324   954.950  0.005    0.000    0.555    0.013    0.001    0.000 
                 2000.0    0.345    41.639   0.429   954.714  0.007    0.000    0.733    0.024    0.002    0.000 
                 2500.0    0.343    41.069   0.532   954.480  0.009    0.000    0.901    0.036    0.004    0.000 
                 3000.0    0.341    40.506   0.634   954.248  0.012    0.000    1.060    0.050    0.006    0.000 
                 3500.0    0.339    39.949   0.734   954.016  0.014    0.000    1.211    0.067    0.009    0.000 
                 4000.0    0.338    39.398   0.833   953.786  0.017    0.001    1.354    0.084    0.013    0.000 
                 4500.0    0.336    38.852   0.930   953.557  0.019    0.001    1.489    0.103    0.017    0.000 
                 5000.0    0.334    38.311   1.026   953.330  0.022    0.001    1.616    0.124    0.022    0.001 
                 5500.0    0.333    37.775   1.121   953.104  0.025    0.001    1.737    0.145    0.028    0.001 
                 6000.0    0.331    37.244   1.214   952.880  0.028    0.001    1.851    0.168    0.035    0.001 
                 6500.0    0.329    36.717   1.307   952.657  0.031    0.002    1.958    0.191    0.042    0.002 
                 7000.0    0.328    36.194   1.398   952.436  0.034    0.002    2.060    0.215    0.050    0.002 
                 7500.0    0.326    35.676   1.488   952.216  0.038    0.002    2.156    0.239    0.058    0.003 
                 8000.0    0.324    35.161   1.577   951.997  0.041    0.002    2.247    0.264    0.067    0.004 
                 8500.0    0.323    34.651   1.665   951.778  0.044    0.003    2.333    0.290    0.076    0.004 
                 9000.0    0.321    34.144   1.752   951.559  0.048    0.003    2.415    0.316    0.086    0.005 
                 9500.0    0.320    33.641   1.838   951.341  0.051    0.004    2.493    0.342    0.096    0.006 
                10000.0    0.318    33.142   1.923   951.122  0.055    0.004    2.567    0.369    0.107    0.008 
                10500.0    0.317    32.647   2.007   950.902  0.059    0.004    2.638    0.397    0.118    0.009 
                11000.0    0.315    32.156   2.091   950.682  0.063    0.005    2.705    0.424    0.129    0.010 
                11500.0    0.313    31.668   2.173   950.460  0.067    0.006    2.770    0.452    0.141    0.012 
                12000.0    0.312    31.184   2.255   950.238  0.071    0.006    2.832    0.480    0.154    0.013 
                12500.0    0.310    30.704   2.336   950.015  0.075    0.007    2.891    0.509    0.166    0.015 
                15000.0    0.302    28.360   2.728   948.880  0.098    0.010    3.149    0.654    0.234    0.027 
                17500.0    0.294    26.106   3.099   947.715  0.122    0.015    3.351    0.803    0.308    0.043 
                20000.0    0.286    23.942   3.450   946.517  0.149    0.021    3.504    0.953    0.384    0.064 
                22500.0    0.278    21.867   3.782   945.283  0.177    0.028    3.616    1.103    0.459    0.090 
                25000.0    0.270    19.880   4.093   944.012  0.207    0.037    3.692    1.251    0.533    0.122 
                27500.0    0.262    17.982   4.385   942.699  0.237    0.047    3.737    1.396    0.604    0.160 
                30000.0    0.254    16.174   4.658   941.342  0.269    0.059    3.757    1.537    0.670    0.204 
                32500.0    0.246    14.457   4.910   939.937  0.301    0.073    3.754    1.672    0.732    0.255 
                35000.0    0.238    12.834   5.141   938.480  0.334    0.088    3.734    1.802    0.787    0.311 
                37500.0    0.229    11.307   5.352   936.966  0.368    0.105    3.699    1.924    0.836    0.374 
                40000.0    0.221     9.879   5.542   935.391  0.401    0.123    3.652    2.037    0.878    0.443 
                42500.0    0.213     8.554   5.710   933.751  0.434    0.143    3.597    2.143    0.913    0.518 
                45000.0    0.204     7.334   5.857   932.040  0.467    0.164    3.537    2.238    0.943    0.600 
                47500.0    0.196     6.222   5.981   930.255  0.498    0.186    3.473    2.324    0.966    0.687 
                50000.0    0.187     5.219   6.083   928.391  0.528    0.208    3.408    2.400    0.983    0.780 
                52500.0    0.179     4.328   6.162   926.447  0.557    0.231    3.345    2.465    0.996    0.877 
                55000.0    0.170     3.546   6.220   924.422  0.585    0.253    3.285    2.520    1.004    0.979 
                57500.0    0.162     2.872   6.257   922.315  0.610    0.275    3.229    2.566    1.008    1.085 
                60000.0    0.153     2.299   6.273   920.129  0.633    0.296    3.178    2.602    1.009    1.193 
                62500.0    0.145     1.820   6.272   917.870  0.653    0.315    3.132    2.630    1.008    1.304 
                65000.0    0.137     1.428   6.254   915.543  0.672    0.333    3.093    2.651    1.006    1.415 
                67500.0    0.130     1.110   6.222   913.157  0.687    0.350    3.059    2.666    1.002    1.526 
                70000.0    0.122     0.858   6.178   910.720  0.701    0.364    3.030    2.676    0.998    1.636 
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Table C.17  [ ] Exposure-Dependent 40% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.352    43.987   0.000   955.661  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.351    43.867   0.023   955.607  0.000    0.000    0.020    0.000    0.000    0.000 
                  500.0    0.350    43.391   0.114   955.389  0.002    0.000    0.195    0.001    0.000    0.000 
                 1000.0    0.348    42.803   0.226   955.117  0.004    0.000    0.419    0.007    0.000    0.000 
                 1500.0    0.346    42.224   0.336   954.847  0.006    0.000    0.631    0.015    0.001    0.000 
                 2000.0    0.344    41.652   0.444   954.578  0.008    0.000    0.832    0.027    0.002    0.000 
                 2500.0    0.342    41.089   0.550   954.311  0.011    0.000    1.023    0.041    0.005    0.000 
                 3000.0    0.340    40.532   0.655   954.045  0.014    0.000    1.203    0.057    0.008    0.000 
                 3500.0    0.338    39.983   0.757   953.781  0.017    0.001    1.374    0.075    0.012    0.000 
                 4000.0    0.336    39.439   0.858   953.518  0.020    0.001    1.536    0.094    0.017    0.000 
                 4500.0    0.334    38.902   0.958   953.257  0.023    0.001    1.689    0.116    0.022    0.001 
                 5000.0    0.332    38.371   1.056   952.998  0.027    0.001    1.833    0.138    0.029    0.001 
                 5500.0    0.330    37.845   1.152   952.741  0.030    0.001    1.970    0.161    0.037    0.001 
                 6000.0    0.328    37.324   1.247   952.485  0.034    0.002    2.100    0.185    0.045    0.002 
                 6500.0    0.327    36.809   1.341   952.231  0.037    0.002    2.222    0.211    0.054    0.002 
                 7000.0    0.325    36.298   1.433   951.979  0.041    0.002    2.337    0.236    0.064    0.003 
                 7500.0    0.323    35.791   1.524   951.728  0.045    0.003    2.447    0.263    0.074    0.004 
                 8000.0    0.321    35.289   1.614   951.478  0.049    0.003    2.550    0.290    0.085    0.005 
                 8500.0    0.319    34.792   1.703   951.228  0.053    0.004    2.649    0.318    0.096    0.006 
                 9000.0    0.318    34.298   1.790   950.980  0.058    0.004    2.742    0.346    0.108    0.007 
                 9500.0    0.316    33.809   1.877   950.731  0.062    0.005    2.831    0.374    0.121    0.008 
                10000.0    0.314    33.324   1.962   950.483  0.066    0.005    2.916    0.403    0.134    0.009 
                10500.0    0.312    32.843   2.047   950.234  0.071    0.006    2.997    0.432    0.147    0.011 
                11000.0    0.311    32.366   2.130   949.984  0.076    0.007    3.075    0.461    0.161    0.012 
                11500.0    0.309    31.893   2.213   949.733  0.080    0.007    3.149    0.491    0.175    0.014 
                12000.0    0.307    31.424   2.294   949.482  0.085    0.008    3.220    0.521    0.190    0.016 
                12500.0    0.306    30.959   2.375   949.229  0.090    0.009    3.289    0.551    0.205    0.018 
                13000.0    0.304    30.498   2.455   948.976  0.096    0.010    3.354    0.581    0.221    0.021 
                15000.0    0.297    28.694   2.764   947.951  0.117    0.014    3.589    0.705    0.285    0.032 
                17500.0    0.289    26.525   3.132   946.642  0.146    0.020    3.828    0.861    0.371    0.050 
                20000.0    0.280    24.448   3.478   945.301  0.177    0.027    4.016    1.018    0.458    0.073 
                22500.0    0.272    22.463   3.803   943.928  0.209    0.037    4.159    1.174    0.545    0.102 
                25000.0    0.263    20.567   4.108   942.519  0.243    0.048    4.263    1.328    0.631    0.136 
                27500.0    0.255    18.759   4.391   941.074  0.278    0.061    4.334    1.479    0.712    0.175 
                30000.0    0.247    17.040   4.655   939.589  0.314    0.076    4.377    1.625    0.789    0.221 
                32500.0    0.238    15.409   4.898   938.062  0.350    0.092    4.395    1.766    0.860    0.272 
                35000.0    0.230    13.866   5.121   936.491  0.387    0.111    4.392    1.900    0.925    0.328 
                37500.0    0.222    12.413   5.324   934.874  0.423    0.132    4.373    2.028    0.983    0.390 
                40000.0    0.214    11.048   5.507   933.207  0.459    0.154    4.339    2.147    1.035    0.457 
                42500.0    0.206     9.773   5.670   931.489  0.495    0.178    4.294    2.258    1.080    0.529 
                45000.0    0.198     8.590   5.814   929.715  0.530    0.203    4.241    2.360    1.118    0.607 
                47500.0    0.190     7.498   5.937   927.886  0.564    0.229    4.183    2.453    1.150    0.688 
                50000.0    0.182     6.497   6.041   925.997  0.596    0.256    4.120    2.537    1.175    0.774 
                52500.0    0.174     5.588   6.125   924.048  0.627    0.283    4.055    2.611    1.195    0.863 
                55000.0    0.166     4.769   6.191   922.038  0.657    0.310    3.991    2.675    1.210    0.956 
                57500.0    0.159     4.039   6.238   919.966  0.684    0.337    3.928    2.730    1.220    1.052 
                60000.0    0.152     3.393   6.267   917.834  0.710    0.364    3.868    2.777    1.226    1.150 
                62500.0    0.144     2.830   6.279   915.643  0.733    0.389    3.811    2.815    1.229    1.249 
                65000.0    0.137     2.343   6.276   913.396  0.755    0.413    3.759    2.845    1.229    1.350 
                67500.0    0.131     1.926   6.259   911.096  0.773    0.435    3.711    2.869    1.227    1.451 
                70000.0    0.124     1.574   6.229   908.749  0.790    0.456    3.668    2.886    1.223    1.552 
 

For Information Only



 
Nuclear Fuel Design Report 
Quad Cities Unit 2 Cycle 24 
Representative Cycle 
ATRIUM 10XM Fuel 

ANP-3294NP 
Revision 0 

Page C-19 
 

  
AREVA Inc.  

 

Table C.18  [ ] Exposure-Dependent 80% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.352    43.987   0.000   955.661  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.351    43.868   0.024   955.597  0.000    0.000    0.023    0.000    0.000    0.000 
                  500.0    0.349    43.394   0.120   955.340  0.002    0.000    0.227    0.002    0.000    0.000 
                 1000.0    0.347    42.812   0.237   955.021  0.005    0.000    0.487    0.008    0.000    0.000 
                 1500.0    0.345    42.239   0.352   954.704  0.007    0.000    0.734    0.018    0.002    0.000 
                 2000.0    0.342    41.676   0.465   954.388  0.010    0.000    0.968    0.031    0.004    0.000 
                 2500.0    0.340    41.121   0.576   954.074  0.014    0.000    1.189    0.046    0.007    0.000 
                 3000.0    0.338    40.574   0.684   953.762  0.017    0.001    1.399    0.064    0.011    0.000 
                 3500.0    0.335    40.035   0.791   953.451  0.021    0.001    1.598    0.084    0.016    0.000 
                 4000.0    0.333    39.503   0.895   953.143  0.025    0.001    1.787    0.106    0.023    0.001 
                 4500.0    0.331    38.978   0.998   952.836  0.029    0.001    1.967    0.129    0.030    0.001 
                 5000.0    0.329    38.459   1.099   952.531  0.033    0.002    2.137    0.153    0.039    0.001 
                 5500.0    0.327    37.947   1.198   952.228  0.038    0.002    2.298    0.179    0.049    0.002 
                 6000.0    0.324    37.441   1.296   951.926  0.042    0.003    2.451    0.205    0.060    0.002 
                 6500.0    0.322    36.940   1.392   951.627  0.047    0.003    2.596    0.232    0.071    0.003 
                 7000.0    0.320    36.445   1.486   951.329  0.052    0.004    2.734    0.260    0.084    0.004 
                 7500.0    0.318    35.954   1.579   951.033  0.057    0.004    2.865    0.289    0.097    0.005 
                 8000.0    0.316    35.469   1.671   950.738  0.062    0.005    2.989    0.318    0.110    0.006 
                 8500.0    0.314    34.988   1.761   950.444  0.068    0.006    3.108    0.348    0.125    0.007 
                 9000.0    0.312    34.512   1.850   950.151  0.073    0.006    3.221    0.378    0.140    0.008 
                 9500.0    0.310    34.041   1.938   949.859  0.079    0.007    3.329    0.409    0.155    0.010 
                10000.0    0.308    33.574   2.025   949.566  0.084    0.008    3.432    0.440    0.171    0.011 
                10500.0    0.306    33.112   2.110   949.274  0.090    0.009    3.531    0.471    0.187    0.013 
                11000.0    0.304    32.653   2.194   948.981  0.096    0.010    3.625    0.503    0.204    0.015 
                11500.0    0.303    32.200   2.278   948.688  0.102    0.011    3.716    0.535    0.221    0.017 
                12000.0    0.301    31.750   2.360   948.394  0.108    0.012    3.804    0.567    0.239    0.020 
                12500.0    0.299    31.305   2.441   948.099  0.114    0.013    3.888    0.599    0.257    0.022 
                13000.0    0.297    30.864   2.521   947.803  0.120    0.014    3.969    0.632    0.275    0.025 
                13500.0    0.295    30.427   2.600   947.507  0.126    0.016    4.046    0.665    0.293    0.027 
                14000.0    0.293    29.994   2.678   947.209  0.133    0.017    4.121    0.698    0.312    0.030 
                14500.0    0.291    29.566   2.755   946.910  0.139    0.018    4.193    0.731    0.331    0.034 
                15000.0    0.289    29.141   2.831   946.610  0.146    0.020    4.263    0.765    0.351    0.037 
                15500.0    0.287    28.721   2.907   946.309  0.153    0.022    4.330    0.798    0.370    0.041 
                17500.0    0.280    27.078   3.197   945.093  0.181    0.029    4.573    0.933    0.450    0.057 
                20000.0    0.271    25.112   3.540   943.544  0.218    0.039    4.827    1.102    0.552    0.081 
                22500.0    0.262    23.239   3.860   941.965  0.256    0.052    5.032    1.271    0.653    0.111 
                25000.0    0.253    21.457   4.158   940.353  0.295    0.068    5.196    1.438    0.752    0.145 
                27500.0    0.244    19.763   4.434   938.707  0.335    0.085    5.323    1.602    0.848    0.185 
                30000.0    0.235    18.155   4.690   937.028  0.375    0.105    5.418    1.762    0.940    0.229 
                32500.0    0.227    16.632   4.926   935.314  0.416    0.127    5.485    1.917    1.027    0.278 
                35000.0    0.218    15.191   5.141   933.563  0.456    0.151    5.528    2.067    1.108    0.331 
                37500.0    0.210    13.832   5.337   931.776  0.497    0.178    5.551    2.210    1.183    0.388 
                40000.0    0.202    12.554   5.513   929.949  0.537    0.206    5.556    2.346    1.251    0.450 
                42500.0    0.194    11.355   5.671   928.084  0.576    0.237    5.546    2.474    1.314    0.516 
                45000.0    0.187    10.234   5.809   926.180  0.614    0.269    5.524    2.595    1.370    0.585 
                47500.0    0.179     9.190   5.930   924.234  0.651    0.302    5.492    2.707    1.420    0.657 
                50000.0    0.172     8.222   6.032   922.248  0.687    0.337    5.452    2.811    1.464    0.732 
                52500.0    0.165     7.327   6.118   920.221  0.721    0.373    5.406    2.906    1.502    0.811 
                55000.0    0.158     6.504   6.188   918.153  0.754    0.408    5.356    2.993    1.534    0.892 
                57500.0    0.152     5.751   6.241   916.044  0.784    0.445    5.303    3.071    1.562    0.975 
                60000.0    0.145     5.065   6.280   913.895  0.813    0.480    5.249    3.141    1.584    1.060 
                62500.0    0.139     4.443   6.304   911.707  0.839    0.516    5.194    3.203    1.602    1.147 
                65000.0    0.133     3.883   6.314   909.482  0.864    0.551    5.140    3.258    1.617    1.235 
                67500.0    0.128     3.381   6.312   907.220  0.886    0.584    5.088    3.305    1.627    1.324 
                70000.0    0.122     2.934   6.298   904.924  0.906    0.616    5.038    3.345    1.635    1.415 
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Table C.19  [ ] Exposure-Dependent 0% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.360    44.948   0.000   954.692  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.359    44.828   0.023   954.640  0.000    0.000    0.021    0.000    0.000    0.000 
                  500.0    0.358    44.351   0.113   954.430  0.002    0.000    0.193    0.001    0.000    0.000 
                 1000.0    0.356    43.762   0.224   954.168  0.003    0.000    0.411    0.006    0.000    0.000 
                 1500.0    0.354    43.181   0.333   953.905  0.006    0.000    0.618    0.015    0.001    0.000 
                 2000.0    0.352    42.607   0.440   953.642  0.008    0.000    0.817    0.025    0.002    0.000 
                 2500.0    0.350    42.041   0.546   953.379  0.010    0.000    1.006    0.039    0.004    0.000 
                 3000.0    0.348    41.483   0.650   953.116  0.013    0.000    1.187    0.054    0.007    0.000 
                 3500.0    0.346    40.930   0.753   952.853  0.016    0.000    1.360    0.072    0.011    0.000 
                 4000.0    0.344    40.385   0.854   952.589  0.019    0.001    1.525    0.091    0.015    0.000 
                 4500.0    0.342    39.846   0.954   952.326  0.023    0.001    1.683    0.111    0.021    0.001 
                 5000.0    0.340    39.312   1.053   952.062  0.026    0.001    1.833    0.133    0.028    0.001 
                 5500.0    0.338    38.785   1.150   951.799  0.030    0.001    1.977    0.156    0.035    0.001 
                 6000.0    0.336    38.263   1.245   951.535  0.033    0.002    2.115    0.180    0.043    0.002 
                 6500.0    0.334    37.747   1.340   951.271  0.037    0.002    2.247    0.205    0.053    0.002 
                 7000.0    0.332    37.236   1.433   951.008  0.041    0.002    2.372    0.231    0.063    0.003 
                 7500.0    0.330    36.731   1.525   950.744  0.045    0.003    2.492    0.257    0.073    0.004 
                 8000.0    0.328    36.230   1.616   950.480  0.050    0.003    2.606    0.284    0.085    0.005 
                 8500.0    0.327    35.735   1.705   950.216  0.054    0.004    2.715    0.312    0.097    0.006 
                 9000.0    0.325    35.244   1.794   949.952  0.059    0.004    2.819    0.340    0.110    0.007 
                 9500.0    0.323    34.758   1.881   949.688  0.063    0.005    2.918    0.369    0.123    0.008 
                10000.0    0.321    34.276   1.967   949.425  0.068    0.005    3.012    0.398    0.137    0.010 
                10500.0    0.319    33.799   2.052   949.161  0.073    0.006    3.102    0.428    0.151    0.011 
                11000.0    0.317    33.326   2.136   948.897  0.078    0.007    3.187    0.458    0.166    0.013 
                11500.0    0.316    32.858   2.219   948.634  0.083    0.008    3.268    0.488    0.182    0.015 
                12000.0    0.314    32.393   2.301   948.370  0.088    0.008    3.344    0.519    0.197    0.017 
                12500.0    0.312    31.933   2.382   948.107  0.093    0.009    3.417    0.550    0.213    0.020 
                13000.0    0.310    31.476   2.462   947.844  0.099    0.010    3.486    0.581    0.229    0.022 
                13500.0    0.308    31.024   2.541   947.581  0.104    0.011    3.551    0.612    0.246    0.025 
                14000.0    0.307    30.575   2.619   947.318  0.110    0.012    3.612    0.644    0.262    0.028 
                14500.0    0.305    30.130   2.696   947.056  0.115    0.013    3.670    0.676    0.279    0.031 
                15000.0    0.303    29.688   2.772   946.793  0.121    0.014    3.724    0.707    0.296    0.034 
                15500.0    0.302    29.250   2.847   946.532  0.126    0.015    3.775    0.739    0.312    0.038 
                16000.0    0.300    28.815   2.921   946.270  0.132    0.017    3.822    0.771    0.329    0.041 
                16500.0    0.298    28.384   2.995   946.008  0.138    0.018    3.867    0.803    0.346    0.045 
                17000.0    0.296    27.956   3.067   945.747  0.144    0.019    3.909    0.836    0.363    0.049 
                17500.0    0.295    27.531   3.139   945.486  0.149    0.021    3.948    0.868    0.380    0.053 
                18000.0    0.293    27.109   3.210   945.224  0.155    0.022    3.984    0.900    0.397    0.058 
                18500.0    0.291    26.690   3.280   944.962  0.161    0.023    4.018    0.932    0.413    0.062 
                19000.0    0.290    26.275   3.349   944.700  0.167    0.025    4.050    0.964    0.430    0.067 
                19500.0    0.288    25.863   3.418   944.437  0.173    0.027    4.080    0.996    0.447    0.072 
                20000.0    0.286    25.454   3.485   944.174  0.179    0.028    4.108    1.027    0.464    0.077 
                20500.0    0.285    25.048   3.552   943.910  0.185    0.030    4.134    1.059    0.480    0.082 
                21000.0    0.283    24.646   3.618   943.644  0.191    0.032    4.159    1.091    0.497    0.088 
                21500.0    0.281    24.247   3.684   943.377  0.197    0.034    4.182    1.122    0.514    0.094 
                22000.0    0.280    23.851   3.748   943.110  0.204    0.035    4.204    1.153    0.530    0.100 
                22500.0    0.278    23.458   3.812   942.840  0.210    0.037    4.224    1.185    0.547    0.106 
                25000.0    0.270    21.546   4.119   941.473  0.242    0.048    4.307    1.337    0.629    0.140 
                27500.0    0.262    19.716   4.407   940.068  0.276    0.061    4.361    1.484    0.708    0.180 
                30000.0    0.253    17.971   4.675   938.624  0.311    0.076    4.390    1.626    0.783    0.225 
                32500.0    0.245    16.309   4.924   937.140  0.346    0.092    4.398    1.762    0.853    0.276 
                35000.0    0.237    14.732   5.154   935.612  0.382    0.110    4.388    1.891    0.916    0.333 
                37500.0    0.229    13.240   5.364   934.039  0.418    0.130    4.363    2.013    0.973    0.394 
                40000.0    0.221    11.835   5.555   932.417  0.453    0.152    4.325    2.127    1.024    0.461 
                42500.0    0.213    10.517   5.727   930.743  0.489    0.175    4.277    2.233    1.068    0.533 
                45000.0    0.205     9.287   5.879   929.017  0.524    0.200    4.222    2.330    1.105    0.610 
                47500.0    0.197     8.147   6.012   927.234  0.558    0.225    4.161    2.419    1.136    0.691 
                50000.0    0.189     7.096   6.125   925.393  0.591    0.252    4.097    2.499    1.161    0.776 
                52500.0    0.181     6.136   6.219   923.492  0.623    0.279    4.031    2.570    1.180    0.865 
                55000.0    0.174     5.266   6.294   921.530  0.653    0.306    3.965    2.632    1.194    0.957 
                57500.0    0.166     4.484   6.350   919.505  0.681    0.333    3.900    2.685    1.203    1.053 
                60000.0    0.159     3.788   6.389   917.420  0.708    0.359    3.837    2.730    1.209    1.150 
                62500.0    0.152     3.176   6.410   915.273  0.732    0.384    3.778    2.767    1.211    1.250 
                65000.0    0.145     2.643   6.416   913.069  0.754    0.408    3.723    2.796    1.210    1.350 
                67500.0    0.138     2.183   6.406   910.809  0.774    0.431    3.673    2.819    1.208    1.451 
                70000.0    0.131     1.792   6.384   908.498  0.792    0.452    3.627    2.837    1.203    1.553 
 

For Information Only



 
Nuclear Fuel Design Report 
Quad Cities Unit 2 Cycle 24 
Representative Cycle 
ATRIUM 10XM Fuel 

ANP-3294NP 
Revision 0 

Page C-21 
 

  
AREVA Inc.  

 

Table C.20  [ ] Exposure-Dependent 40% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.360    44.948   0.000   954.692  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.359    44.829   0.024   954.633  0.000    0.000    0.023    0.000    0.000    0.000 
                  500.0    0.357    44.353   0.117   954.394  0.002    0.000    0.218    0.002    0.000    0.000 
                 1000.0    0.355    43.767   0.232   954.095  0.004    0.000    0.465    0.007    0.000    0.000 
                 1500.0    0.353    43.190   0.345   953.796  0.007    0.000    0.699    0.016    0.001    0.000 
                 2000.0    0.351    42.622   0.456   953.497  0.009    0.000    0.923    0.029    0.003    0.000 
                 2500.0    0.348    42.062   0.565   953.198  0.012    0.000    1.137    0.043    0.006    0.000 
                 3000.0    0.346    41.510   0.673   952.899  0.016    0.000    1.342    0.060    0.009    0.000 
                 3500.0    0.344    40.966   0.778   952.600  0.019    0.001    1.537    0.079    0.014    0.000 
                 4000.0    0.342    40.429   0.882   952.302  0.023    0.001    1.724    0.100    0.020    0.001 
                 4500.0    0.340    39.898   0.984   952.003  0.027    0.001    1.902    0.122    0.027    0.001 
                 5000.0    0.337    39.374   1.085   951.704  0.031    0.001    2.073    0.146    0.035    0.001 
                 5500.0    0.335    38.857   1.184   951.405  0.035    0.002    2.236    0.170    0.044    0.002 
                 6000.0    0.333    38.346   1.282   951.107  0.040    0.002    2.392    0.196    0.054    0.002 
                 6500.0    0.331    37.841   1.378   950.808  0.044    0.003    2.542    0.223    0.065    0.003 
                 7000.0    0.329    37.342   1.473   950.510  0.049    0.003    2.684    0.250    0.078    0.004 
                 7500.0    0.327    36.848   1.566   950.211  0.054    0.004    2.821    0.278    0.090    0.005 
                 8000.0    0.325    36.360   1.658   949.913  0.059    0.004    2.952    0.307    0.104    0.006 
                 8500.0    0.323    35.877   1.749   949.615  0.064    0.005    3.077    0.337    0.119    0.007 
                 9000.0    0.321    35.399   1.838   949.317  0.070    0.006    3.196    0.367    0.134    0.008 
                 9500.0    0.319    34.927   1.927   949.019  0.075    0.006    3.310    0.397    0.150    0.010 
                10000.0    0.317    34.459   2.013   948.721  0.081    0.007    3.418    0.428    0.166    0.012 
                10500.0    0.315    33.996   2.099   948.423  0.087    0.008    3.522    0.459    0.183    0.013 
                11000.0    0.313    33.538   2.183   948.126  0.092    0.009    3.621    0.491    0.201    0.015 
                11500.0    0.311    33.084   2.267   947.829  0.098    0.010    3.715    0.523    0.218    0.018 
                12000.0    0.309    32.635   2.349   947.532  0.105    0.011    3.805    0.555    0.237    0.020 
                12500.0    0.307    32.190   2.430   947.235  0.111    0.012    3.890    0.588    0.255    0.023 
                13000.0    0.305    31.749   2.510   946.939  0.117    0.013    3.971    0.621    0.274    0.026 
                13500.0    0.303    31.312   2.589   946.642  0.123    0.015    4.048    0.654    0.293    0.029 
                14000.0    0.301    30.879   2.666   946.347  0.130    0.016    4.121    0.687    0.312    0.032 
                14500.0    0.299    30.451   2.743   946.051  0.136    0.017    4.190    0.720    0.331    0.035 
                15000.0    0.297    30.026   2.819   945.756  0.143    0.019    4.256    0.754    0.350    0.039 
                15500.0    0.296    29.604   2.894   945.461  0.149    0.020    4.317    0.787    0.370    0.042 
                16000.0    0.294    29.187   2.968   945.166  0.156    0.022    4.376    0.821    0.389    0.046 
                16500.0    0.292    28.773   3.041   944.872  0.162    0.023    4.431    0.855    0.409    0.051 
                17000.0    0.290    28.362   3.113   944.578  0.169    0.025    4.483    0.889    0.428    0.055 
                17500.0    0.288    27.955   3.184   944.284  0.176    0.027    4.532    0.923    0.447    0.060 
                18000.0    0.286    27.551   3.254   943.990  0.182    0.029    4.578    0.956    0.467    0.064 
                18500.0    0.285    27.151   3.323   943.696  0.189    0.031    4.621    0.990    0.486    0.069 
                19000.0    0.283    26.754   3.392   943.402  0.196    0.033    4.662    1.024    0.505    0.074 
                19500.0    0.281    26.360   3.459   943.107  0.203    0.035    4.701    1.058    0.524    0.080 
                20000.0    0.279    25.969   3.526   942.812  0.210    0.037    4.737    1.091    0.544    0.085 
                20500.0    0.278    25.582   3.592   942.516  0.217    0.039    4.772    1.125    0.563    0.091 
                21000.0    0.276    25.198   3.657   942.220  0.224    0.041    4.804    1.158    0.582    0.097 
                21500.0    0.274    24.817   3.721   941.923  0.231    0.043    4.835    1.191    0.601    0.103 
                22000.0    0.272    24.440   3.784   941.624  0.238    0.046    4.864    1.224    0.619    0.109 
                22500.0    0.271    24.066   3.847   941.325  0.245    0.048    4.892    1.257    0.638    0.116 
                23000.0    0.269    23.695   3.909   941.025  0.253    0.051    4.918    1.290    0.657    0.123 
                23500.0    0.267    23.327   3.970   940.723  0.260    0.054    4.943    1.322    0.676    0.130 
                25000.0    0.262    22.245   4.147   939.810  0.282    0.062    5.009    1.419    0.731    0.152 
                27500.0    0.253    20.506   4.428   938.261  0.320    0.078    5.095    1.575    0.822    0.192 
                30000.0    0.245    18.850   4.689   936.677  0.358    0.096    5.155    1.725    0.908    0.238 
                32500.0    0.237    17.275   4.930   935.057  0.397    0.116    5.192    1.869    0.989    0.289 
                35000.0    0.229    15.781   5.152   933.399  0.436    0.138    5.208    2.006    1.064    0.344 
                37500.0    0.220    14.367   5.356   931.702  0.475    0.162    5.207    2.137    1.133    0.404 
                40000.0    0.213    13.032   5.540   929.965  0.514    0.189    5.192    2.260    1.196    0.468 
                42500.0    0.205    11.776   5.706   928.187  0.552    0.216    5.164    2.375    1.252    0.536 
                45000.0    0.197    10.599   5.854   926.366  0.589    0.246    5.127    2.482    1.301    0.608 
                47500.0    0.190     9.499   5.984   924.502  0.625    0.277    5.081    2.582    1.344    0.684 
                50000.0    0.182     8.476   6.097   922.593  0.660    0.308    5.029    2.673    1.381    0.763 
                52500.0    0.175     7.530   6.192   920.640  0.694    0.341    4.973    2.755    1.412    0.845 
                55000.0    0.168     6.659   6.271   918.640  0.726    0.374    4.914    2.830    1.437    0.929 
                57500.0    0.161     5.860   6.333   916.595  0.757    0.407    4.853    2.896    1.457    1.015 
                60000.0    0.155     5.134   6.379   914.505  0.786    0.440    4.792    2.955    1.473    1.103 
                62500.0    0.148     4.476   6.410   912.369  0.812    0.472    4.732    3.006    1.485    1.193 
                65000.0    0.142     3.884   6.427   910.191  0.837    0.503    4.673    3.050    1.493    1.284 
                67500.0    0.136     3.355   6.431   907.970  0.860    0.533    4.616    3.087    1.497    1.375 
                70000.0    0.130     2.886   6.422   905.709  0.880    0.562    4.563    3.118    1.499    1.467 
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Table C.21  [ ] Exposure-Dependent 80% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.360    44.948   0.000   954.692  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.359    44.829   0.025   954.623  0.000    0.000    0.027    0.000    0.000    0.000 
                  500.0    0.357    44.357   0.123   954.346  0.002    0.000    0.251    0.002    0.000    0.000 
                 1000.0    0.354    43.776   0.243   954.000  0.005    0.000    0.533    0.008    0.001    0.000 
                 1500.0    0.352    43.206   0.361   953.654  0.008    0.000    0.802    0.018    0.002    0.000 
                 2000.0    0.349    42.646   0.477   953.308  0.011    0.000    1.059    0.032    0.004    0.000 
                 2500.0    0.347    42.094   0.590   952.962  0.015    0.000    1.305    0.048    0.007    0.000 
                 3000.0    0.344    41.551   0.702   952.617  0.019    0.001    1.540    0.066    0.012    0.000 
                 3500.0    0.342    41.017   0.811   952.271  0.023    0.001    1.765    0.087    0.018    0.000 
                 4000.0    0.339    40.490   0.919   951.926  0.028    0.001    1.981    0.109    0.026    0.001 
                 4500.0    0.337    39.970   1.025   951.581  0.033    0.002    2.188    0.133    0.034    0.001 
                 5000.0    0.334    39.458   1.129   951.237  0.038    0.002    2.386    0.157    0.044    0.001 
                 5500.0    0.332    38.953   1.231   950.892  0.043    0.003    2.576    0.184    0.056    0.002 
                 6000.0    0.329    38.455   1.331   950.547  0.048    0.003    2.758    0.211    0.068    0.003 
                 6500.0    0.327    37.963   1.430   950.203  0.054    0.004    2.933    0.239    0.081    0.003 
                 7000.0    0.325    37.477   1.527   949.859  0.060    0.004    3.101    0.268    0.096    0.004 
                 7500.0    0.322    36.997   1.623   949.515  0.066    0.005    3.263    0.297    0.111    0.005 
                 8000.0    0.320    36.523   1.717   949.171  0.072    0.006    3.418    0.328    0.127    0.007 
                 8500.0    0.318    36.055   1.810   948.828  0.079    0.007    3.566    0.359    0.144    0.008 
                 9000.0    0.315    35.592   1.901   948.484  0.085    0.008    3.709    0.390    0.162    0.009 
                 9500.0    0.313    35.135   1.991   948.141  0.092    0.009    3.846    0.422    0.180    0.011 
                10000.0    0.311    34.683   2.080   947.798  0.099    0.010    3.977    0.455    0.199    0.013 
                10500.0    0.309    34.236   2.167   947.455  0.106    0.011    4.103    0.488    0.219    0.015 
                11000.0    0.306    33.794   2.253   947.113  0.113    0.013    4.223    0.521    0.239    0.017 
                11500.0    0.304    33.357   2.337   946.771  0.120    0.014    4.339    0.555    0.259    0.020 
                12000.0    0.302    32.924   2.421   946.429  0.127    0.015    4.450    0.590    0.280    0.022 
                12500.0    0.300    32.496   2.503   946.087  0.134    0.017    4.556    0.624    0.301    0.025 
                13000.0    0.298    32.073   2.584   945.746  0.142    0.019    4.658    0.659    0.322    0.028 
                13500.0    0.296    31.654   2.664   945.405  0.149    0.020    4.755    0.694    0.344    0.031 
                14000.0    0.293    31.239   2.742   945.064  0.157    0.022    4.848    0.729    0.365    0.035 
                14500.0    0.291    30.829   2.820   944.724  0.165    0.024    4.937    0.765    0.387    0.038 
                15000.0    0.289    30.422   2.896   944.384  0.172    0.026    5.022    0.801    0.409    0.042 
                15500.0    0.287    30.020   2.971   944.044  0.180    0.028    5.103    0.837    0.431    0.046 
                16000.0    0.285    29.621   3.045   943.705  0.188    0.030    5.180    0.873    0.453    0.050 
                16500.0    0.283    29.226   3.118   943.366  0.196    0.032    5.254    0.909    0.475    0.054 
                17000.0    0.281    28.835   3.190   943.027  0.204    0.035    5.324    0.945    0.497    0.059 
                17500.0    0.279    28.448   3.262   942.688  0.212    0.037    5.391    0.982    0.519    0.063 
                18000.0    0.277    28.064   3.332   942.350  0.220    0.040    5.455    1.018    0.541    0.068 
                18500.0    0.275    27.683   3.401   942.011  0.228    0.042    5.516    1.055    0.563    0.073 
                19000.0    0.273    27.307   3.469   941.673  0.236    0.045    5.574    1.091    0.585    0.078 
                19500.0    0.271    26.933   3.536   941.335  0.244    0.048    5.629    1.128    0.607    0.084 
                20000.0    0.270    26.563   3.602   940.996  0.252    0.051    5.682    1.164    0.628    0.089 
                20500.0    0.268    26.197   3.668   940.657  0.260    0.054    5.732    1.201    0.650    0.095 
                21000.0    0.266    25.834   3.732   940.318  0.268    0.057    5.780    1.237    0.671    0.101 
                21500.0    0.264    25.474   3.796   939.978  0.276    0.060    5.826    1.274    0.693    0.107 
                22000.0    0.262    25.117   3.859   939.637  0.284    0.063    5.870    1.310    0.714    0.113 
                22500.0    0.260    24.764   3.920   939.296  0.292    0.066    5.912    1.346    0.736    0.120 
                23000.0    0.258    24.414   3.981   938.954  0.301    0.070    5.952    1.382    0.757    0.126 
                23500.0    0.257    24.067   4.042   938.611  0.309    0.073    5.991    1.418    0.778    0.133 
                24000.0    0.255    23.724   4.101   938.267  0.317    0.077    6.028    1.453    0.799    0.140 
                24500.0    0.253    23.384   4.159   937.922  0.325    0.081    6.063    1.489    0.820    0.147 
                25000.0    0.251    23.047   4.217   937.576  0.334    0.084    6.097    1.524    0.841    0.155 
                25500.0    0.249    22.713   4.274   937.229  0.342    0.088    6.130    1.559    0.861    0.162 
                26000.0    0.248    22.383   4.330   936.880  0.350    0.092    6.161    1.594    0.882    0.170 
                26500.0    0.246    22.056   4.385   936.531  0.359    0.096    6.191    1.629    0.903    0.178 
                27000.0    0.244    21.732   4.440   936.180  0.367    0.101    6.220    1.663    0.923    0.186 
                27500.0    0.242    21.411   4.493   935.828  0.375    0.105    6.248    1.698    0.943    0.194 
                30000.0    0.233    19.855   4.749   934.049  0.418    0.128    6.369    1.866    1.043    0.237 
                32500.0    0.225    18.377   4.985   932.237  0.460    0.154    6.464    2.028    1.139    0.284 
                35000.0    0.217    16.976   5.202   930.394  0.502    0.182    6.536    2.185    1.230    0.335 
                37500.0    0.209    15.650   5.400   928.519  0.545    0.212    6.589    2.335    1.316    0.390 
                40000.0    0.201    14.397   5.580   926.610  0.586    0.245    6.624    2.479    1.396    0.448 
                42500.0    0.193    13.216   5.741   924.669  0.627    0.280    6.644    2.616    1.470    0.509 
                45000.0    0.186    12.105   5.885   922.694  0.667    0.317    6.650    2.746    1.539    0.573 
                47500.0    0.179    11.063   6.012   920.686  0.706    0.355    6.646    2.868    1.602    0.639 
                50000.0    0.172    10.087   6.123   918.646  0.743    0.395    6.632    2.984    1.659    0.709 
                52500.0    0.166     9.177   6.218   916.572  0.779    0.436    6.610    3.091    1.710    0.780 
                55000.0    0.159     8.329   6.298   914.467  0.814    0.478    6.582    3.192    1.757    0.854 
                57500.0    0.153     7.542   6.363   912.329  0.847    0.520    6.549    3.285    1.798    0.929 
                60000.0    0.147     6.814   6.414   910.161  0.877    0.563    6.512    3.371    1.835    1.007 
                62500.0    0.142     6.142   6.452   907.962  0.906    0.605    6.472    3.450    1.867    1.086 
                65000.0    0.136     5.523   6.477   905.734  0.933    0.647    6.430    3.522    1.895    1.166 
                67500.0    0.131     4.957   6.491   903.478  0.958    0.689    6.388    3.588    1.920    1.247 
                70000.0    0.127     4.439   6.493   901.195  0.981    0.729    6.344    3.647    1.940    1.330 
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Table C.22  [  ] Exposure-Dependent 0% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.354    44.251   0.000   955.395  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.354    44.131   0.022   955.345  0.000    0.000    0.018    0.000    0.000    0.000 
                  500.0    0.352    43.653   0.111   955.142  0.002    0.000    0.182    0.001    0.000    0.000 
                 1000.0    0.350    43.063   0.221   954.889  0.003    0.000    0.393    0.006    0.000    0.000 
                 1500.0    0.348    42.481   0.329   954.636  0.005    0.000    0.594    0.014    0.001    0.000 
                 2000.0    0.346    41.906   0.435   954.382  0.008    0.000    0.785    0.025    0.002    0.000 
                 2500.0    0.344    41.339   0.540   954.129  0.010    0.000    0.968    0.037    0.004    0.000 
                 3000.0    0.343    40.778   0.643   953.876  0.013    0.000    1.142    0.053    0.007    0.000 
                 3500.0    0.341    40.224   0.745   953.623  0.015    0.000    1.309    0.070    0.010    0.000 
                 4000.0    0.339    39.677   0.845   953.370  0.018    0.001    1.467    0.088    0.014    0.000 
                 4500.0    0.337    39.135   0.944   953.117  0.021    0.001    1.618    0.108    0.020    0.001 
                 5000.0    0.335    38.600   1.041   952.865  0.025    0.001    1.763    0.130    0.026    0.001 
                 5500.0    0.333    38.070   1.137   952.612  0.028    0.001    1.900    0.152    0.033    0.001 
                 6000.0    0.331    37.545   1.232   952.360  0.032    0.002    2.031    0.176    0.041    0.002 
                 6500.0    0.330    37.026   1.325   952.108  0.035    0.002    2.156    0.200    0.049    0.002 
                 7000.0    0.328    36.512   1.418   951.856  0.039    0.002    2.274    0.226    0.059    0.003 
                 7500.0    0.326    36.004   1.509   951.604  0.043    0.003    2.387    0.252    0.069    0.004 
                 8000.0    0.324    35.500   1.599   951.353  0.047    0.003    2.495    0.279    0.080    0.004 
                 8500.0    0.322    35.000   1.688   951.101  0.051    0.003    2.596    0.306    0.091    0.005 
                 9000.0    0.321    34.506   1.775   950.850  0.055    0.004    2.693    0.334    0.103    0.007 
                 9500.0    0.319    34.016   1.862   950.600  0.059    0.004    2.785    0.363    0.116    0.008 
                10000.0    0.317    33.530   1.947   950.350  0.064    0.005    2.872    0.392    0.129    0.009 
                10500.0    0.315    33.049   2.032   950.100  0.068    0.006    2.955    0.421    0.143    0.011 
                11000.0    0.314    32.571   2.115   949.850  0.073    0.006    3.032    0.451    0.157    0.012 
                11500.0    0.312    32.098   2.197   949.601  0.078    0.007    3.106    0.481    0.171    0.014 
                12000.0    0.310    31.628   2.279   949.352  0.082    0.008    3.175    0.511    0.185    0.016 
                12500.0    0.309    31.163   2.359   949.103  0.087    0.008    3.240    0.542    0.200    0.019 
                13000.0    0.307    30.701   2.439   948.856  0.092    0.009    3.302    0.573    0.215    0.021 
                13500.0    0.305    30.243   2.517   948.608  0.097    0.010    3.359    0.604    0.231    0.024 
                14000.0    0.304    29.788   2.595   948.361  0.102    0.011    3.413    0.635    0.246    0.026 
                14500.0    0.302    29.336   2.671   948.115  0.107    0.012    3.463    0.666    0.262    0.029 
                15000.0    0.300    28.888   2.747   947.869  0.112    0.013    3.510    0.698    0.277    0.032 
                15500.0    0.299    28.443   2.822   947.624  0.117    0.014    3.553    0.730    0.293    0.036 
                16000.0    0.297    28.001   2.896   947.379  0.123    0.015    3.593    0.761    0.308    0.039 
                16500.0    0.295    27.563   2.969   947.135  0.128    0.016    3.631    0.793    0.324    0.043 
                17000.0    0.294    27.127   3.042   946.890  0.133    0.017    3.666    0.825    0.340    0.047 
                17500.0    0.292    26.695   3.114   946.646  0.138    0.018    3.698    0.856    0.355    0.051 
                18000.0    0.291    26.265   3.184   946.400  0.144    0.020    3.728    0.888    0.371    0.055 
                18500.0    0.289    25.839   3.255   946.155  0.149    0.021    3.756    0.920    0.386    0.059 
                19000.0    0.287    25.416   3.324   945.908  0.155    0.022    3.782    0.951    0.402    0.064 
                19500.0    0.286    24.997   3.393   945.661  0.160    0.024    3.807    0.983    0.417    0.069 
                20000.0    0.284    24.580   3.460   945.412  0.166    0.025    3.830    1.014    0.433    0.074 
                20500.0    0.283    24.167   3.527   945.163  0.171    0.026    3.851    1.045    0.449    0.079 
                22500.0    0.276    22.547   3.788   944.150  0.194    0.033    3.923    1.168    0.511    0.102 
                25000.0    0.268    20.596   4.097   942.850  0.224    0.043    3.985    1.318    0.589    0.135 
                27500.0    0.260    18.730   4.386   941.512  0.256    0.054    4.020    1.463    0.663    0.175 
                30000.0    0.252    16.949   4.656   940.132  0.288    0.066    4.032    1.603    0.732    0.220 
                32500.0    0.244    15.255   4.907   938.707  0.321    0.081    4.024    1.737    0.796    0.271 
                35000.0    0.236    13.648   5.138   937.234  0.355    0.097    4.000    1.864    0.853    0.328 
                37500.0    0.228    12.132   5.350   935.710  0.388    0.115    3.962    1.983    0.904    0.391 
                40000.0    0.220    10.707   5.541   934.130  0.422    0.134    3.914    2.094    0.949    0.460 
                42500.0    0.212     9.378   5.712   932.491  0.456    0.155    3.857    2.197    0.986    0.534 
                45000.0    0.204     8.145   5.862   930.789  0.489    0.177    3.795    2.290    1.017    0.614 
                47500.0    0.195     7.012   5.991   929.021  0.521    0.200    3.729    2.375    1.042    0.699 
                50000.0    0.187     5.980   6.099   927.183  0.552    0.223    3.662    2.449    1.061    0.789 
                52500.0    0.179     5.050   6.186   925.272  0.582    0.247    3.595    2.514    1.074    0.883 
                55000.0    0.171     4.221   6.253   923.288  0.610    0.271    3.530    2.570    1.083    0.982 
                57500.0    0.163     3.491   6.299   921.230  0.637    0.294    3.469    2.616    1.088    1.083 
                60000.0    0.155     2.859   6.326   919.099  0.661    0.317    3.411    2.653    1.089    1.187 
                62500.0    0.147     2.318   6.335   916.897  0.683    0.338    3.359    2.683    1.088    1.293 
                65000.0    0.140     1.862   6.327   914.630  0.703    0.358    3.312    2.705    1.085    1.401 
                67500.0    0.132     1.483   6.305   912.302  0.720    0.377    3.271    2.721    1.080    1.508 
                70000.0    0.125     1.173   6.269   909.920  0.735    0.393    3.235    2.732    1.075    1.615 
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Table C.23  [ ] Exposure-Dependent 40% 
Void Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.354    44.251   0.000   955.395  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.354    44.131   0.023   955.337  0.000    0.000    0.021    0.000    0.000    0.000 
                  500.0    0.352    43.655   0.116   955.106  0.002    0.000    0.207    0.002    0.000    0.000 
                 1000.0    0.350    43.068   0.229   954.817  0.004    0.000    0.446    0.007    0.000    0.000 
                 1500.0    0.347    42.490   0.341   954.528  0.006    0.000    0.674    0.016    0.001    0.000 
                 2000.0    0.345    41.920   0.451   954.239  0.009    0.000    0.891    0.028    0.003    0.000 
                 2500.0    0.343    41.358   0.559   953.951  0.012    0.000    1.098    0.042    0.005    0.000 
                 3000.0    0.341    40.804   0.665   953.663  0.015    0.000    1.295    0.059    0.009    0.000 
                 3500.0    0.339    40.257   0.769   953.375  0.018    0.001    1.483    0.077    0.013    0.000 
                 4000.0    0.337    39.718   0.872   953.088  0.022    0.001    1.662    0.098    0.019    0.000 
                 4500.0    0.335    39.185   0.973   952.801  0.025    0.001    1.834    0.120    0.025    0.001 
                 5000.0    0.333    38.659   1.073   952.514  0.029    0.001    1.997    0.143    0.033    0.001 
                 5500.0    0.331    38.139   1.171   952.228  0.033    0.002    2.153    0.167    0.042    0.001 
                 6000.0    0.329    37.625   1.267   951.942  0.037    0.002    2.301    0.193    0.051    0.002 
                 6500.0    0.327    37.117   1.363   951.656  0.042    0.002    2.443    0.219    0.062    0.003 
                 7000.0    0.325    36.614   1.456   951.371  0.046    0.003    2.578    0.246    0.074    0.003 
                 7500.0    0.323    36.117   1.549   951.086  0.051    0.003    2.706    0.274    0.086    0.004 
                 8000.0    0.321    35.625   1.640   950.802  0.055    0.004    2.828    0.303    0.099    0.005 
                 8500.0    0.319    35.139   1.729   950.518  0.060    0.005    2.945    0.332    0.113    0.006 
                 9000.0    0.317    34.657   1.818   950.235  0.065    0.005    3.055    0.362    0.127    0.008 
                 9500.0    0.315    34.181   1.905   949.952  0.071    0.006    3.161    0.392    0.143    0.009 
                10000.0    0.313    33.708   1.991   949.669  0.076    0.007    3.261    0.422    0.158    0.011 
                10500.0    0.311    33.241   2.076   949.387  0.081    0.007    3.355    0.454    0.174    0.013 
                11000.0    0.309    32.778   2.160   949.106  0.087    0.008    3.445    0.485    0.191    0.015 
                11500.0    0.307    32.320   2.242   948.825  0.092    0.009    3.530    0.517    0.208    0.017 
                12000.0    0.306    31.865   2.323   948.545  0.098    0.010    3.611    0.549    0.225    0.019 
                12500.0    0.304    31.415   2.404   948.265  0.104    0.011    3.687    0.581    0.242    0.022 
                13000.0    0.302    30.969   2.483   947.986  0.109    0.012    3.758    0.614    0.260    0.024 
                13500.0    0.300    30.526   2.561   947.707  0.115    0.013    3.826    0.647    0.278    0.027 
                14000.0    0.298    30.088   2.639   947.430  0.121    0.014    3.889    0.680    0.296    0.030 
                14500.0    0.297    29.653   2.715   947.153  0.127    0.016    3.949    0.713    0.314    0.034 
                15000.0    0.295    29.221   2.790   946.876  0.133    0.017    4.004    0.746    0.332    0.037 
                15500.0    0.293    28.793   2.865   946.601  0.139    0.018    4.057    0.779    0.350    0.041 
                16000.0    0.291    28.368   2.938   946.325  0.145    0.019    4.105    0.813    0.368    0.045 
                16500.0    0.290    27.947   3.011   946.050  0.151    0.021    4.151    0.846    0.387    0.049 
                17000.0    0.288    27.529   3.082   945.776  0.157    0.022    4.194    0.880    0.405    0.053 
                17500.0    0.286    27.114   3.153   945.502  0.163    0.024    4.233    0.913    0.423    0.057 
                18000.0    0.284    26.702   3.223   945.227  0.169    0.025    4.271    0.947    0.441    0.062 
                18500.0    0.283    26.294   3.292   944.953  0.175    0.027    4.306    0.980    0.458    0.067 
                19000.0    0.281    25.889   3.361   944.678  0.182    0.029    4.339    1.013    0.476    0.072 
                19500.0    0.279    25.487   3.428   944.402  0.188    0.031    4.369    1.046    0.494    0.077 
                20000.0    0.278    25.088   3.495   944.125  0.194    0.032    4.398    1.079    0.512    0.082 
                20500.0    0.276    24.693   3.561   943.847  0.201    0.034    4.425    1.112    0.530    0.088 
                21000.0    0.274    24.300   3.626   943.569  0.207    0.036    4.451    1.145    0.548    0.094 
                21500.0    0.273    23.912   3.690   943.289  0.214    0.038    4.475    1.177    0.565    0.100 
                22500.0    0.269    23.144   3.817   942.725  0.227    0.043    4.519    1.242    0.601    0.112 
                25000.0    0.261    21.283   4.118   941.292  0.261    0.055    4.607    1.400    0.689    0.148 
                27500.0    0.253    19.506   4.400   939.822  0.297    0.068    4.666    1.552    0.773    0.189 
                30000.0    0.245    17.812   4.662   938.316  0.333    0.084    4.699    1.698    0.853    0.235 
                32500.0    0.236    16.201   4.905   936.770  0.369    0.102    4.711    1.839    0.927    0.286 
                35000.0    0.228    14.674   5.128   935.184  0.406    0.122    4.705    1.972    0.995    0.343 
                37500.0    0.220    13.230   5.332   933.554  0.443    0.143    4.683    2.098    1.057    0.405 
                40000.0    0.212    11.870   5.517   931.879  0.480    0.166    4.648    2.216    1.111    0.471 
                42500.0    0.204    10.594   5.682   930.156  0.516    0.191    4.602    2.326    1.159    0.542 
                45000.0    0.197     9.403   5.829   928.384  0.551    0.217    4.549    2.427    1.199    0.618 
                47500.0    0.189     8.298   5.957   926.560  0.586    0.244    4.490    2.520    1.234    0.698 
                50000.0    0.181     7.277   6.066   924.684  0.619    0.272    4.426    2.603    1.262    0.781 
                52500.0    0.174     6.342   6.157   922.752  0.651    0.301    4.361    2.678    1.284    0.868 
                55000.0    0.167     5.490   6.229   920.765  0.681    0.330    4.294    2.743    1.300    0.958 
                57500.0    0.159     4.722   6.284   918.723  0.709    0.358    4.229    2.800    1.312    1.051 
                60000.0    0.152     4.033   6.321   916.625  0.736    0.386    4.165    2.848    1.320    1.145 
                62500.0    0.145     3.422   6.343   914.473  0.761    0.414    4.104    2.888    1.324    1.241 
                65000.0    0.139     2.885   6.349   912.267  0.783    0.440    4.046    2.921    1.325    1.339 
                67500.0    0.132     2.417   6.340   910.012  0.803    0.465    3.993    2.947    1.323    1.437 
                70000.0    0.126     2.014   6.319   907.710  0.821    0.488    3.944    2.967    1.320    1.535 
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Table C.24  [ ] Exposure-Dependent 80% 
Void Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.354    44.251   0.000   955.395  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.353    44.132   0.024   955.328  0.000    0.000    0.024    0.000    0.000    0.000 
                  500.0    0.351    43.658   0.122   955.059  0.002    0.000    0.238    0.002    0.000    0.000 
                 1000.0    0.349    43.076   0.241   954.722  0.005    0.000    0.514    0.008    0.000    0.000 
                 1500.0    0.346    42.504   0.358   954.386  0.008    0.000    0.776    0.018    0.002    0.000 
                 2000.0    0.344    41.941   0.472   954.051  0.011    0.000    1.026    0.031    0.004    0.000 
                 2500.0    0.341    41.387   0.584   953.716  0.014    0.000    1.265    0.047    0.007    0.000 
                 3000.0    0.339    40.842   0.695   953.382  0.018    0.001    1.492    0.065    0.012    0.000 
                 3500.0    0.337    40.305   0.803   953.049  0.022    0.001    1.710    0.085    0.017    0.000 
                 4000.0    0.334    39.776   0.910   952.716  0.027    0.001    1.917    0.107    0.025    0.001 
                 4500.0    0.332    39.254   1.014   952.384  0.031    0.001    2.116    0.131    0.033    0.001 
                 5000.0    0.330    38.739   1.117   952.052  0.036    0.002    2.306    0.156    0.043    0.001 
                 5500.0    0.327    38.231   1.218   951.721  0.041    0.002    2.487    0.182    0.054    0.002 
                 6000.0    0.325    37.729   1.318   951.390  0.046    0.003    2.660    0.209    0.066    0.002 
                 6500.0    0.323    37.234   1.415   951.060  0.051    0.003    2.826    0.236    0.079    0.003 
                 7000.0    0.320    36.745   1.511   950.730  0.057    0.004    2.985    0.265    0.093    0.004 
                 7500.0    0.318    36.262   1.606   950.401  0.063    0.005    3.136    0.295    0.108    0.005 
                 8000.0    0.316    35.785   1.699   950.072  0.068    0.006    3.281    0.325    0.124    0.006 
                 8500.0    0.314    35.313   1.791   949.745  0.075    0.006    3.419    0.356    0.140    0.008 
                 9000.0    0.311    34.847   1.881   949.418  0.081    0.007    3.551    0.387    0.158    0.009 
                 9500.0    0.309    34.386   1.970   949.091  0.087    0.008    3.677    0.419    0.175    0.011 
                10000.0    0.307    33.930   2.058   948.765  0.093    0.009    3.797    0.452    0.194    0.013 
                10500.0    0.305    33.479   2.144   948.440  0.100    0.010    3.912    0.485    0.213    0.015 
                11000.0    0.303    33.033   2.229   948.115  0.106    0.012    4.021    0.518    0.232    0.017 
                11500.0    0.301    32.591   2.313   947.791  0.113    0.013    4.125    0.552    0.252    0.019 
                12000.0    0.299    32.154   2.395   947.468  0.120    0.014    4.224    0.586    0.272    0.022 
                12500.0    0.297    31.722   2.476   947.145  0.127    0.016    4.318    0.620    0.292    0.025 
                13000.0    0.295    31.293   2.556   946.823  0.134    0.017    4.408    0.655    0.313    0.028 
                13500.0    0.293    30.869   2.635   946.502  0.141    0.019    4.492    0.690    0.333    0.031 
                14000.0    0.291    30.449   2.713   946.182  0.148    0.020    4.573    0.725    0.354    0.034 
                14500.0    0.289    30.033   2.790   945.862  0.155    0.022    4.649    0.761    0.375    0.038 
                15000.0    0.287    29.621   2.865   945.543  0.162    0.024    4.721    0.796    0.396    0.041 
                15500.0    0.285    29.213   2.940   945.225  0.169    0.025    4.789    0.832    0.417    0.045 
                16000.0    0.283    28.808   3.013   944.908  0.176    0.027    4.854    0.868    0.438    0.049 
                16500.0    0.281    28.407   3.086   944.591  0.184    0.029    4.915    0.904    0.459    0.053 
                17000.0    0.279    28.009   3.157   944.274  0.191    0.031    4.972    0.940    0.480    0.058 
                17500.0    0.277    27.615   3.228   943.958  0.198    0.033    5.026    0.976    0.500    0.063 
                18000.0    0.275    27.224   3.298   943.642  0.206    0.036    5.078    1.012    0.521    0.067 
                18500.0    0.274    26.836   3.366   943.326  0.213    0.038    5.126    1.048    0.542    0.072 
                19000.0    0.272    26.452   3.434   943.011  0.220    0.040    5.172    1.084    0.562    0.078 
                19500.0    0.270    26.071   3.501   942.695  0.228    0.043    5.215    1.120    0.583    0.083 
                20000.0    0.268    25.694   3.567   942.378  0.235    0.045    5.257    1.156    0.603    0.088 
                20500.0    0.266    25.320   3.632   942.061  0.243    0.048    5.296    1.192    0.624    0.094 
                21000.0    0.264    24.949   3.696   941.743  0.250    0.051    5.333    1.227    0.644    0.100 
                21500.0    0.263    24.581   3.760   941.424  0.258    0.053    5.368    1.263    0.664    0.106 
                22000.0    0.261    24.217   3.822   941.105  0.266    0.056    5.402    1.298    0.684    0.113 
                22500.0    0.259    23.856   3.884   940.784  0.273    0.059    5.434    1.333    0.705    0.119 
                23000.0    0.257    23.498   3.945   940.463  0.281    0.062    5.464    1.369    0.725    0.126 
                23500.0    0.256    23.144   4.005   940.140  0.289    0.065    5.493    1.403    0.745    0.133 
                25000.0    0.250    22.101   4.180   939.164  0.312    0.075    5.573    1.507    0.804    0.154 
                27500.0    0.242    20.428   4.456   937.511  0.351    0.093    5.680    1.675    0.902    0.194 
                30000.0    0.233    18.837   4.712   935.825  0.391    0.114    5.760    1.837    0.996    0.239 
                32500.0    0.225    17.324   4.948   934.105  0.432    0.137    5.815    1.993    1.084    0.288 
                35000.0    0.217    15.891   5.165   932.351  0.472    0.162    5.850    2.143    1.168    0.341 
                37500.0    0.209    14.535   5.363   930.561  0.512    0.189    5.866    2.286    1.245    0.398 
                40000.0    0.201    13.256   5.542   928.735  0.552    0.218    5.866    2.422    1.316    0.459 
                42500.0    0.193    12.052   5.702   926.872  0.591    0.249    5.853    2.550    1.380    0.524 
                45000.0    0.186    10.923   5.845   924.971  0.629    0.282    5.828    2.671    1.439    0.592 
                47500.0    0.179     9.867   5.969   923.032  0.666    0.316    5.795    2.783    1.491    0.663 
                50000.0    0.172     8.883   6.077   921.055  0.702    0.352    5.754    2.887    1.537    0.737 
                52500.0    0.165     7.970   6.168   919.039  0.736    0.388    5.707    2.983    1.577    0.814 
                55000.0    0.158     7.125   6.243   916.984  0.769    0.425    5.656    3.070    1.611    0.893 
                57500.0    0.152     6.348   6.303   914.891  0.800    0.462    5.602    3.150    1.641    0.974 
                60000.0    0.146     5.635   6.348   912.760  0.829    0.499    5.546    3.221    1.665    1.058 
                62500.0    0.140     4.984   6.378   910.592  0.856    0.536    5.490    3.285    1.685    1.143 
                65000.0    0.134     4.394   6.395   908.388  0.881    0.572    5.434    3.342    1.701    1.229 
                67500.0    0.128     3.860   6.400   906.149  0.904    0.607    5.379    3.391    1.713    1.317 
                70000.0    0.123     3.380   6.393   903.877  0.924    0.641    5.326    3.434    1.723    1.405 
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Table C.25  [  ] Exposure-Dependent 0% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.354    44.251   0.000   955.395  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.354    44.131   0.022   955.347  0.000    0.000    0.017    0.000    0.000    0.000 
                  500.0    0.352    43.653   0.110   955.153  0.001    0.000    0.174    0.001    0.000    0.000 
                 1000.0    0.350    43.063   0.219   954.911  0.003    0.000    0.375    0.006    0.000    0.000 
                 1500.0    0.348    42.480   0.326   954.668  0.005    0.000    0.567    0.013    0.001    0.000 
                 2000.0    0.347    41.904   0.431   954.426  0.007    0.000    0.751    0.023    0.002    0.000 
                 2500.0    0.345    41.335   0.535   954.184  0.010    0.000    0.926    0.036    0.004    0.000 
                 3000.0    0.343    40.773   0.637   953.941  0.012    0.000    1.093    0.050    0.006    0.000 
                 3500.0    0.341    40.217   0.738   953.699  0.015    0.000    1.252    0.067    0.009    0.000 
                 4000.0    0.339    39.667   0.837   953.457  0.018    0.001    1.404    0.085    0.013    0.000 
                 4500.0    0.338    39.124   0.935   953.214  0.021    0.001    1.548    0.104    0.018    0.001 
                 5000.0    0.336    38.585   1.032   952.972  0.024    0.001    1.686    0.125    0.024    0.001 
                 5500.0    0.334    38.053   1.128   952.730  0.027    0.001    1.818    0.146    0.030    0.001 
                 6000.0    0.332    37.525   1.222   952.488  0.030    0.001    1.943    0.169    0.037    0.001 
                 6500.0    0.330    37.003   1.315   952.246  0.034    0.002    2.063    0.193    0.045    0.002 
                 7000.0    0.329    36.486   1.407   952.005  0.037    0.002    2.176    0.218    0.054    0.003 
                 7500.0    0.327    35.973   1.498   951.763  0.041    0.002    2.284    0.243    0.064    0.003 
                 8000.0    0.325    35.466   1.588   951.522  0.045    0.003    2.387    0.269    0.074    0.004 
                 8500.0    0.323    34.962   1.676   951.281  0.049    0.003    2.485    0.296    0.084    0.005 
                 9000.0    0.322    34.464   1.764   951.040  0.053    0.004    2.577    0.323    0.096    0.006 
                 9500.0    0.320    33.970   1.850   950.800  0.057    0.004    2.665    0.351    0.107    0.007 
                10000.0    0.318    33.479   1.936   950.560  0.061    0.005    2.748    0.379    0.120    0.009 
                10500.0    0.317    32.993   2.020   950.320  0.065    0.005    2.826    0.408    0.133    0.010 
                11000.0    0.315    32.511   2.104   950.080  0.070    0.006    2.901    0.437    0.146    0.012 
                11500.0    0.313    32.033   2.186   949.841  0.074    0.006    2.971    0.467    0.159    0.013 
                12000.0    0.312    31.559   2.267   949.602  0.079    0.007    3.037    0.496    0.173    0.015 
                12500.0    0.310    31.089   2.348   949.363  0.083    0.008    3.099    0.526    0.187    0.017 
                13000.0    0.308    30.622   2.427   949.125  0.088    0.009    3.157    0.557    0.201    0.020 
                13500.0    0.307    30.158   2.506   948.887  0.093    0.009    3.212    0.587    0.215    0.022 
                14000.0    0.305    29.698   2.584   948.650  0.098    0.010    3.262    0.618    0.230    0.025 
                14500.0    0.303    29.241   2.661   948.413  0.102    0.011    3.310    0.649    0.245    0.027 
                15000.0    0.302    28.788   2.737   948.177  0.107    0.012    3.354    0.679    0.259    0.030 
                15500.0    0.300    28.337   2.812   947.941  0.112    0.013    3.395    0.711    0.274    0.034 
                16000.0    0.299    27.890   2.887   947.706  0.117    0.014    3.433    0.742    0.289    0.037 
                16500.0    0.297    27.446   2.960   947.471  0.122    0.015    3.468    0.773    0.303    0.040 
                17000.0    0.296    27.004   3.033   947.236  0.127    0.016    3.501    0.804    0.318    0.044 
                17500.0    0.294    26.566   3.105   947.000  0.132    0.017    3.531    0.835    0.333    0.048 
                18000.0    0.292    26.131   3.176   946.765  0.137    0.018    3.559    0.866    0.347    0.052 
                18500.0    0.291    25.699   3.247   946.528  0.142    0.019    3.585    0.897    0.362    0.056 
                19000.0    0.289    25.270   3.317   946.291  0.148    0.021    3.610    0.928    0.377    0.060 
                19500.0    0.288    24.844   3.386   946.052  0.153    0.022    3.632    0.959    0.392    0.065 
                20000.0    0.286    24.422   3.454   945.813  0.158    0.023    3.654    0.990    0.407    0.070 
                22500.0    0.278    22.358   3.785   944.593  0.185    0.031    3.740    1.142    0.481    0.097 
                25000.0    0.270    20.377   4.096   943.337  0.214    0.040    3.795    1.290    0.555    0.130 
                27500.0    0.262    18.480   4.389   942.040  0.244    0.050    3.824    1.434    0.625    0.168 
                30000.0    0.254    16.668   4.663   940.701  0.276    0.062    3.830    1.573    0.690    0.212 
                32500.0    0.246    14.944   4.917   939.314  0.308    0.076    3.818    1.705    0.751    0.262 
                35000.0    0.238    13.309   5.152   937.878  0.340    0.091    3.789    1.831    0.805    0.319 
                37500.0    0.230    11.767   5.366   936.387  0.373    0.108    3.748    1.950    0.853    0.381 
                40000.0    0.222    10.320   5.560   934.837  0.406    0.126    3.697    2.061    0.895    0.450 
                42500.0    0.214     8.971   5.734   933.223  0.438    0.145    3.638    2.163    0.929    0.525 
                45000.0    0.205     7.725   5.885   931.540  0.470    0.166    3.574    2.255    0.958    0.605 
                47500.0    0.197     6.584   6.015   929.786  0.502    0.188    3.508    2.339    0.980    0.691 
                50000.0    0.189     5.551   6.123   927.955  0.532    0.210    3.440    2.412    0.997    0.783 
                52500.0    0.180     4.626   6.209   926.044  0.561    0.232    3.375    2.476    1.008    0.879 
                55000.0    0.172     3.810   6.273   924.052  0.588    0.255    3.312    2.529    1.015    0.980 
                57500.0    0.163     3.101   6.316   921.979  0.613    0.277    3.253    2.574    1.019    1.085 
                60000.0    0.155     2.494   6.339   919.827  0.636    0.297    3.199    2.609    1.019    1.192 
                62500.0    0.147     1.984   6.343   917.599  0.657    0.317    3.151    2.637    1.017    1.302 
                65000.0    0.139     1.563   6.330   915.301  0.676    0.335    3.108    2.657    1.014    1.412 
                67500.0    0.132     1.220   6.302   912.941  0.692    0.352    3.072    2.671    1.009    1.523 
                70000.0    0.124     0.945   6.262   910.526  0.706    0.367    3.040    2.680    1.004    1.633 
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Table C.26  [ ] Exposure-Dependent 40% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.354    44.251   0.000   955.395  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.354    44.131   0.023   955.339  0.000    0.000    0.020    0.000    0.000    0.000 
                  500.0    0.352    43.655   0.115   955.116  0.002    0.000    0.199    0.001    0.000    0.000 
                 1000.0    0.350    43.068   0.227   954.837  0.004    0.000    0.430    0.007    0.000    0.000 
                 1500.0    0.348    42.489   0.338   954.558  0.006    0.000    0.650    0.015    0.001    0.000 
                 2000.0    0.346    41.918   0.447   954.279  0.009    0.000    0.859    0.027    0.003    0.000 
                 2500.0    0.344    41.356   0.554   954.000  0.012    0.000    1.059    0.041    0.005    0.000 
                 3000.0    0.341    40.800   0.659   953.722  0.015    0.000    1.249    0.057    0.008    0.000 
                 3500.0    0.339    40.252   0.763   953.444  0.018    0.001    1.431    0.075    0.012    0.000 
                 4000.0    0.337    39.711   0.865   953.166  0.021    0.001    1.604    0.095    0.017    0.000 
                 4500.0    0.335    39.176   0.965   952.889  0.025    0.001    1.769    0.116    0.024    0.001 
                 5000.0    0.333    38.647   1.064   952.612  0.028    0.001    1.927    0.139    0.031    0.001 
                 5500.0    0.331    38.125   1.162   952.335  0.032    0.002    2.077    0.162    0.039    0.001 
                 6000.0    0.329    37.608   1.258   952.059  0.036    0.002    2.220    0.187    0.048    0.002 
                 6500.0    0.327    37.098   1.353   951.782  0.040    0.002    2.356    0.213    0.058    0.002 
                 7000.0    0.326    36.592   1.446   951.507  0.045    0.003    2.486    0.240    0.069    0.003 
                 7500.0    0.324    36.092   1.538   951.231  0.049    0.003    2.610    0.267    0.081    0.004 
                 8000.0    0.322    35.597   1.629   950.956  0.054    0.004    2.727    0.295    0.093    0.005 
                 8500.0    0.320    35.108   1.718   950.682  0.058    0.004    2.839    0.324    0.107    0.006 
                 9000.0    0.318    34.623   1.807   950.408  0.063    0.005    2.946    0.353    0.120    0.007 
                 9500.0    0.316    34.143   1.894   950.134  0.068    0.005    3.047    0.382    0.135    0.009 
                10000.0    0.314    33.667   1.980   949.861  0.073    0.006    3.142    0.412    0.150    0.010 
                10500.0    0.312    33.196   2.064   949.589  0.078    0.007    3.233    0.443    0.165    0.012 
                11000.0    0.310    32.729   2.148   949.317  0.084    0.008    3.319    0.474    0.181    0.014 
                11500.0    0.309    32.267   2.230   949.045  0.089    0.009    3.400    0.505    0.197    0.016 
                12000.0    0.307    31.808   2.312   948.774  0.095    0.009    3.477    0.537    0.213    0.018 
                12500.0    0.305    31.354   2.392   948.504  0.100    0.010    3.550    0.569    0.230    0.021 
                13000.0    0.303    30.903   2.471   948.234  0.106    0.011    3.618    0.601    0.247    0.023 
                13500.0    0.301    30.456   2.550   947.965  0.111    0.012    3.682    0.633    0.264    0.026 
                14000.0    0.300    30.013   2.627   947.696  0.117    0.013    3.742    0.665    0.281    0.029 
                14500.0    0.298    29.574   2.703   947.428  0.123    0.015    3.799    0.698    0.299    0.032 
                15000.0    0.296    29.138   2.779   947.161  0.128    0.016    3.851    0.731    0.316    0.036 
                15500.0    0.294    28.705   2.854   946.894  0.134    0.017    3.900    0.763    0.333    0.039 
                16000.0    0.293    28.275   2.927   946.629  0.140    0.018    3.946    0.796    0.350    0.043 
                16500.0    0.291    27.849   3.000   946.363  0.146    0.020    3.989    0.829    0.368    0.047 
                17000.0    0.289    27.426   3.072   946.098  0.151    0.021    4.029    0.862    0.385    0.051 
                17500.0    0.288    27.006   3.143   945.832  0.157    0.022    4.066    0.895    0.402    0.055 
                18000.0    0.286    26.589   3.213   945.567  0.163    0.024    4.101    0.928    0.419    0.060 
                18500.0    0.284    26.176   3.283   945.301  0.169    0.026    4.133    0.961    0.437    0.064 
                19000.0    0.283    25.765   3.352   945.035  0.175    0.027    4.164    0.993    0.454    0.069 
                19500.0    0.281    25.358   3.420   944.768  0.181    0.029    4.193    1.026    0.471    0.074 
                20000.0    0.279    24.954   3.487   944.499  0.188    0.031    4.219    1.059    0.488    0.079 
                20500.0    0.278    24.554   3.553   944.230  0.194    0.032    4.244    1.091    0.505    0.085 
                21000.0    0.276    24.156   3.619   943.960  0.200    0.034    4.268    1.123    0.522    0.091 
                22500.0    0.271    22.984   3.810   943.141  0.219    0.040    4.331    1.219    0.573    0.109 
                25000.0    0.263    21.097   4.114   941.749  0.252    0.051    4.409    1.374    0.658    0.144 
                27500.0    0.255    19.294   4.398   940.320  0.287    0.065    4.460    1.524    0.739    0.184 
                30000.0    0.247    17.573   4.663   938.854  0.322    0.080    4.485    1.669    0.815    0.229 
                32500.0    0.238    15.937   4.908   937.346  0.358    0.096    4.490    1.807    0.886    0.280 
                35000.0    0.230    14.384   5.134   935.797  0.393    0.115    4.477    1.939    0.950    0.337 
                37500.0    0.222    12.917   5.341   934.201  0.429    0.136    4.448    2.063    1.008    0.399 
                40000.0    0.214    11.536   5.528   932.559  0.465    0.158    4.408    2.179    1.059    0.465 
                42500.0    0.206    10.242   5.696   930.865  0.500    0.181    4.358    2.287    1.103    0.537 
                45000.0    0.198     9.035   5.845   929.119  0.535    0.206    4.300    2.387    1.140    0.613 
                47500.0    0.191     7.918   5.974   927.318  0.569    0.232    4.237    2.477    1.171    0.694 
                50000.0    0.183     6.889   6.083   925.459  0.601    0.259    4.170    2.558    1.196    0.779 
                52500.0    0.175     5.951   6.174   923.541  0.632    0.286    4.103    2.629    1.215    0.868 
                55000.0    0.168     5.101   6.245   921.563  0.662    0.313    4.035    2.692    1.228    0.960 
                57500.0    0.160     4.338   6.298   919.523  0.689    0.340    3.969    2.745    1.238    1.054 
                60000.0    0.153     3.661   6.333   917.423  0.715    0.367    3.905    2.790    1.243    1.151 
                62500.0    0.146     3.066   6.352   915.264  0.739    0.392    3.845    2.827    1.244    1.250 
                65000.0    0.139     2.549   6.354   913.047  0.760    0.416    3.790    2.857    1.243    1.350 
                67500.0    0.132     2.104   6.342   910.777  0.780    0.439    3.738    2.879    1.240    1.451 
                70000.0    0.126     1.725   6.317   908.457  0.796    0.460    3.692    2.896    1.236    1.551 
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Table C.27  [ ] Exposure-Dependent 80% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.354    44.251   0.000   955.395  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.354    44.132   0.024   955.329  0.000    0.000    0.023    0.000    0.000    0.000 
                  500.0    0.351    43.659   0.121   955.064  0.002    0.000    0.234    0.002    0.000    0.000 
                 1000.0    0.349    43.077   0.239   954.733  0.005    0.000    0.504    0.008    0.000    0.000 
                 1500.0    0.347    42.505   0.355   954.403  0.008    0.000    0.762    0.018    0.002    0.000 
                 2000.0    0.344    41.942   0.469   954.074  0.011    0.000    1.007    0.031    0.004    0.000 
                 2500.0    0.342    41.388   0.581   953.745  0.014    0.000    1.241    0.046    0.007    0.000 
                 3000.0    0.339    40.842   0.691   953.416  0.018    0.001    1.464    0.064    0.011    0.000 
                 3500.0    0.337    40.305   0.799   953.088  0.022    0.001    1.678    0.084    0.017    0.000 
                 4000.0    0.335    39.775   0.905   952.761  0.026    0.001    1.881    0.106    0.024    0.001 
                 4500.0    0.332    39.252   1.009   952.434  0.031    0.001    2.076    0.129    0.032    0.001 
                 5000.0    0.330    38.737   1.111   952.108  0.035    0.002    2.262    0.154    0.041    0.001 
                 5500.0    0.328    38.228   1.212   951.782  0.040    0.002    2.439    0.179    0.052    0.002 
                 6000.0    0.325    37.726   1.311   951.457  0.045    0.003    2.609    0.206    0.064    0.002 
                 6500.0    0.323    37.229   1.408   951.132  0.051    0.003    2.771    0.234    0.077    0.003 
                 7000.0    0.321    36.739   1.504   950.808  0.056    0.004    2.926    0.262    0.090    0.004 
                 7500.0    0.319    36.255   1.598   950.485  0.062    0.005    3.074    0.291    0.105    0.005 
                 8000.0    0.316    35.777   1.691   950.162  0.068    0.005    3.216    0.321    0.120    0.006 
                 8500.0    0.314    35.304   1.783   949.840  0.074    0.006    3.351    0.352    0.137    0.007 
                 9000.0    0.312    34.836   1.873   949.519  0.080    0.007    3.479    0.383    0.153    0.009 
                 9500.0    0.310    34.373   1.961   949.198  0.086    0.008    3.602    0.415    0.171    0.011 
                10000.0    0.308    33.916   2.049   948.877  0.092    0.009    3.719    0.447    0.189    0.012 
                10500.0    0.306    33.463   2.135   948.558  0.099    0.010    3.831    0.479    0.207    0.014 
                11000.0    0.304    33.015   2.220   948.239  0.105    0.011    3.937    0.512    0.226    0.017 
                11500.0    0.302    32.572   2.303   947.921  0.112    0.012    4.038    0.546    0.246    0.019 
                12000.0    0.300    32.133   2.386   947.603  0.118    0.014    4.135    0.580    0.265    0.021 
                12500.0    0.298    31.698   2.467   947.286  0.125    0.015    4.226    0.614    0.285    0.024 
                13000.0    0.296    31.268   2.547   946.970  0.132    0.017    4.312    0.648    0.305    0.027 
                13500.0    0.294    30.842   2.626   946.655  0.139    0.018    4.395    0.683    0.326    0.030 
                14000.0    0.292    30.420   2.703   946.340  0.146    0.020    4.472    0.718    0.346    0.033 
                14500.0    0.290    30.001   2.780   946.026  0.153    0.021    4.546    0.753    0.366    0.037 
                15000.0    0.288    29.587   2.855   945.713  0.160    0.023    4.615    0.788    0.387    0.041 
                15500.0    0.286    29.176   2.930   945.401  0.167    0.025    4.681    0.823    0.407    0.044 
                16000.0    0.284    28.769   3.004   945.089  0.174    0.027    4.743    0.859    0.428    0.048 
                16500.0    0.282    28.366   3.076   944.778  0.181    0.028    4.801    0.894    0.448    0.053 
                17000.0    0.280    27.965   3.148   944.468  0.188    0.030    4.856    0.930    0.469    0.057 
                17500.0    0.278    27.569   3.218   944.157  0.195    0.033    4.908    0.966    0.489    0.062 
                18000.0    0.276    27.175   3.288   943.848  0.203    0.035    4.957    1.001    0.509    0.066 
                18500.0    0.275    26.785   3.356   943.538  0.210    0.037    5.003    1.037    0.530    0.071 
                19000.0    0.273    26.398   3.424   943.228  0.217    0.039    5.047    1.073    0.550    0.076 
                19500.0    0.271    26.015   3.491   942.917  0.224    0.042    5.088    1.108    0.570    0.082 
                20000.0    0.269    25.635   3.557   942.606  0.232    0.044    5.127    1.144    0.590    0.087 
                20500.0    0.267    25.258   3.623   942.295  0.239    0.046    5.164    1.179    0.610    0.093 
                21000.0    0.266    24.885   3.687   941.982  0.247    0.049    5.200    1.214    0.630    0.099 
                21500.0    0.264    24.514   3.750   941.669  0.254    0.052    5.233    1.249    0.649    0.105 
                22000.0    0.262    24.147   3.813   941.355  0.262    0.055    5.265    1.284    0.669    0.111 
                22500.0    0.260    23.784   3.875   941.040  0.269    0.057    5.295    1.319    0.689    0.118 
                23000.0    0.259    23.424   3.936   940.724  0.277    0.060    5.324    1.354    0.709    0.124 
                25000.0    0.252    22.015   4.172   939.446  0.307    0.073    5.426    1.490    0.787    0.153 
                27500.0    0.243    20.329   4.449   937.819  0.347    0.091    5.525    1.656    0.883    0.193 
                30000.0    0.235    18.724   4.706   936.159  0.386    0.111    5.597    1.816    0.974    0.237 
                32500.0    0.226    17.198   4.943   934.464  0.426    0.133    5.645    1.970    1.061    0.286 
                35000.0    0.218    15.751   5.161   932.735  0.466    0.157    5.673    2.118    1.141    0.339 
                37500.0    0.210    14.383   5.360   930.969  0.506    0.184    5.682    2.258    1.216    0.397 
                40000.0    0.202    13.092   5.540   929.166  0.545    0.212    5.676    2.392    1.285    0.458 
                42500.0    0.195    11.877   5.702   927.326  0.584    0.243    5.657    2.518    1.347    0.523 
                45000.0    0.187    10.738   5.845   925.446  0.622    0.275    5.627    2.635    1.402    0.592 
                47500.0    0.180     9.674   5.970   923.526  0.658    0.308    5.588    2.745    1.452    0.664 
                50000.0    0.173     8.683   6.079   921.567  0.694    0.343    5.542    2.846    1.495    0.739 
                52500.0    0.166     7.764   6.170   919.568  0.728    0.378    5.491    2.939    1.532    0.817 
                55000.0    0.159     6.915   6.245   917.528  0.761    0.414    5.436    3.024    1.564    0.897 
                57500.0    0.153     6.135   6.305   915.448  0.791    0.450    5.378    3.100    1.590    0.979 
                60000.0    0.146     5.422   6.349   913.328  0.820    0.486    5.320    3.168    1.612    1.064 
                62500.0    0.140     4.773   6.379   911.169  0.847    0.521    5.261    3.229    1.629    1.150 
                65000.0    0.134     4.185   6.395   908.972  0.871    0.556    5.203    3.282    1.643    1.237 
                67500.0    0.129     3.656   6.398   906.738  0.894    0.590    5.146    3.327    1.653    1.326 
                70000.0    0.123     3.183   6.389   904.469  0.914    0.622    5.092    3.367    1.659    1.416 
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Table C.28  [ ] Exposure-Dependent 0% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.354    44.250   0.000   955.396  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.354    44.130   0.022   955.348  0.000    0.000    0.017    0.000    0.000    0.000 
                  500.0    0.352    43.652   0.110   955.156  0.001    0.000    0.173    0.001    0.000    0.000 
                 1000.0    0.350    43.061   0.219   954.915  0.003    0.000    0.373    0.006    0.000    0.000 
                 1500.0    0.348    42.478   0.325   954.675  0.005    0.000    0.563    0.013    0.001    0.000 
                 2000.0    0.347    41.902   0.431   954.435  0.007    0.000    0.745    0.023    0.002    0.000 
                 2500.0    0.345    41.333   0.534   954.195  0.009    0.000    0.918    0.036    0.004    0.000 
                 3000.0    0.343    40.771   0.636   953.955  0.012    0.000    1.083    0.050    0.006    0.000 
                 3500.0    0.341    40.214   0.737   953.716  0.015    0.000    1.239    0.067    0.009    0.000 
                 4000.0    0.339    39.664   0.836   953.477  0.017    0.001    1.389    0.084    0.013    0.000 
                 4500.0    0.338    39.119   0.934   953.238  0.020    0.001    1.531    0.104    0.018    0.001 
                 5000.0    0.336    38.580   1.031   953.000  0.023    0.001    1.666    0.124    0.023    0.001 
                 5500.0    0.334    38.047   1.127   952.763  0.026    0.001    1.794    0.146    0.030    0.001 
                 6000.0    0.332    37.518   1.221   952.525  0.030    0.001    1.917    0.169    0.037    0.001 
                 6500.0    0.331    36.995   1.314   952.289  0.033    0.002    2.033    0.193    0.044    0.002 
                 7000.0    0.329    36.476   1.406   952.053  0.037    0.002    2.143    0.217    0.053    0.002 
                 7500.0    0.327    35.962   1.496   951.817  0.040    0.002    2.247    0.242    0.062    0.003 
                 8000.0    0.326    35.453   1.586   951.582  0.044    0.003    2.346    0.268    0.072    0.004 
                 8500.0    0.324    34.948   1.674   951.347  0.048    0.003    2.440    0.295    0.082    0.005 
                 9000.0    0.322    34.447   1.762   951.114  0.051    0.004    2.529    0.322    0.093    0.006 
                 9500.0    0.320    33.950   1.848   950.880  0.055    0.004    2.613    0.350    0.104    0.007 
                10000.0    0.319    33.457   1.934   950.648  0.059    0.004    2.692    0.378    0.116    0.008 
                10500.0    0.317    32.968   2.018   950.416  0.063    0.005    2.766    0.406    0.128    0.010 
                11000.0    0.316    32.483   2.101   950.185  0.068    0.006    2.836    0.435    0.141    0.011 
                11500.0    0.314    32.001   2.184   949.955  0.072    0.006    2.902    0.464    0.153    0.013 
                12000.0    0.312    31.523   2.265   949.726  0.076    0.007    2.964    0.493    0.166    0.015 
                12500.0    0.311    31.048   2.346   949.497  0.080    0.007    3.022    0.523    0.180    0.017 
                13000.0    0.309    30.576   2.425   949.269  0.085    0.008    3.076    0.552    0.193    0.019 
                13500.0    0.308    30.108   2.504   949.040  0.089    0.009    3.128    0.582    0.207    0.021 
                14000.0    0.306    29.643   2.582   948.812  0.094    0.010    3.176    0.612    0.220    0.024 
                14500.0    0.304    29.181   2.659   948.584  0.099    0.010    3.221    0.643    0.234    0.026 
                15000.0    0.303    28.723   2.736   948.355  0.103    0.011    3.264    0.673    0.248    0.029 
                15500.0    0.301    28.267   2.811   948.126  0.108    0.012    3.305    0.703    0.262    0.032 
                16000.0    0.300    27.815   2.886   947.895  0.113    0.013    3.343    0.733    0.277    0.035 
                16500.0    0.298    27.367   2.960   947.664  0.118    0.014    3.379    0.764    0.291    0.038 
                17000.0    0.297    26.922   3.033   947.431  0.123    0.015    3.414    0.794    0.306    0.042 
                17500.0    0.295    26.480   3.106   947.198  0.128    0.016    3.446    0.824    0.320    0.046 
                20000.0    0.287    24.323   3.457   946.009  0.154    0.022    3.583    0.976    0.396    0.067 
                22500.0    0.279    22.250   3.789   944.786  0.182    0.030    3.682    1.125    0.471    0.094 
                25000.0    0.271    20.263   4.101   943.525  0.211    0.038    3.748    1.273    0.545    0.126 
                27500.0    0.263    18.361   4.394   942.224  0.241    0.049    3.786    1.416    0.616    0.164 
                30000.0    0.255    16.547   4.668   940.879  0.273    0.061    3.799    1.555    0.682    0.208 
                32500.0    0.247    14.822   4.922   939.488  0.305    0.074    3.792    1.689    0.742    0.258 
                35000.0    0.239    13.188   5.156   938.046  0.337    0.089    3.768    1.816    0.797    0.314 
                37500.0    0.231    11.647   5.370   936.548  0.371    0.106    3.730    1.936    0.845    0.377 
                40000.0    0.222    10.203   5.563   934.991  0.404    0.124    3.681    2.048    0.887    0.445 
                42500.0    0.214     8.860   5.735   933.370  0.436    0.144    3.624    2.151    0.923    0.520 
                45000.0    0.206     7.619   5.886   931.680  0.469    0.165    3.562    2.245    0.951    0.601 
                47500.0    0.197     6.485   6.014   929.916  0.500    0.187    3.497    2.330    0.974    0.687 
                50000.0    0.189     5.459   6.121   928.076  0.531    0.209    3.431    2.405    0.991    0.779 
                52500.0    0.180     4.543   6.205   926.156  0.560    0.231    3.366    2.469    1.003    0.876 
                55000.0    0.172     3.736   6.267   924.154  0.587    0.254    3.304    2.524    1.011    0.977 
                57500.0    0.163     3.036   6.308   922.072  0.612    0.276    3.246    2.569    1.014    1.081 
                60000.0    0.155     2.438   6.329   919.910  0.636    0.297    3.193    2.605    1.015    1.189 
                62500.0    0.147     1.937   6.332   917.673  0.656    0.317    3.146    2.633    1.014    1.299 
                65000.0    0.139     1.524   6.317   915.366  0.675    0.335    3.104    2.654    1.011    1.409 
                67500.0    0.131     1.188   6.288   912.998  0.691    0.351    3.068    2.669    1.007    1.520 
                70000.0    0.124     0.920   6.247   910.577  0.705    0.366    3.037    2.678    1.002    1.630 
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Table C.29  [  ] Exposure-Dependent 40% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.354    44.250   0.000   955.396  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.354    44.130   0.023   955.341  0.000    0.000    0.020    0.000    0.000    0.000 
                  500.0    0.352    43.654   0.114   955.119  0.002    0.000    0.198    0.001    0.000    0.000 
                 1000.0    0.350    43.066   0.227   954.842  0.004    0.000    0.426    0.007    0.000    0.000 
                 1500.0    0.348    42.487   0.338   954.566  0.006    0.000    0.644    0.015    0.001    0.000 
                 2000.0    0.346    41.916   0.446   954.290  0.009    0.000    0.851    0.027    0.003    0.000 
                 2500.0    0.344    41.353   0.553   954.015  0.011    0.000    1.048    0.041    0.005    0.000 
                 3000.0    0.342    40.798   0.658   953.741  0.014    0.000    1.235    0.057    0.008    0.000 
                 3500.0    0.340    40.249   0.762   953.467  0.017    0.001    1.414    0.075    0.012    0.000 
                 4000.0    0.338    39.707   0.864   953.193  0.021    0.001    1.583    0.095    0.017    0.000 
                 4500.0    0.336    39.171   0.964   952.921  0.024    0.001    1.745    0.116    0.023    0.001 
                 5000.0    0.334    38.642   1.063   952.649  0.028    0.001    1.899    0.138    0.030    0.001 
                 5500.0    0.332    38.118   1.160   952.377  0.032    0.002    2.045    0.162    0.038    0.001 
                 6000.0    0.330    37.601   1.256   952.106  0.036    0.002    2.184    0.187    0.047    0.002 
                 6500.0    0.328    37.089   1.350   951.837  0.040    0.002    2.316    0.212    0.057    0.002 
                 7000.0    0.326    36.582   1.444   951.567  0.044    0.003    2.442    0.239    0.068    0.003 
                 7500.0    0.324    36.080   1.535   951.299  0.048    0.003    2.561    0.266    0.079    0.004 
                 8000.0    0.322    35.583   1.626   951.031  0.052    0.004    2.674    0.294    0.091    0.005 
                 8500.0    0.320    35.091   1.715   950.764  0.057    0.004    2.782    0.322    0.104    0.006 
                 9000.0    0.318    34.604   1.803   950.498  0.062    0.005    2.883    0.351    0.117    0.007 
                 9500.0    0.317    34.121   1.890   950.233  0.066    0.005    2.979    0.381    0.131    0.009 
                10000.0    0.315    33.643   1.976   949.969  0.071    0.006    3.070    0.411    0.145    0.010 
                10500.0    0.313    33.169   2.061   949.706  0.076    0.007    3.156    0.441    0.160    0.012 
                11000.0    0.311    32.698   2.144   949.444  0.081    0.007    3.237    0.472    0.175    0.014 
                11500.0    0.309    32.232   2.227   949.182  0.086    0.008    3.314    0.503    0.190    0.016 
                12000.0    0.308    31.770   2.308   948.922  0.092    0.009    3.386    0.534    0.206    0.018 
                12500.0    0.306    31.311   2.388   948.662  0.097    0.010    3.454    0.565    0.222    0.020 
                13000.0    0.304    30.855   2.468   948.403  0.102    0.011    3.517    0.597    0.238    0.022 
                13500.0    0.302    30.404   2.546   948.144  0.107    0.012    3.577    0.629    0.254    0.025 
                14000.0    0.301    29.955   2.624   947.886  0.113    0.013    3.634    0.661    0.270    0.028 
                14500.0    0.299    29.510   2.700   947.628  0.118    0.014    3.688    0.692    0.286    0.031 
                15000.0    0.297    29.069   2.776   947.369  0.124    0.015    3.739    0.724    0.303    0.034 
                15500.0    0.296    28.631   2.851   947.110  0.129    0.016    3.787    0.757    0.319    0.038 
                16000.0    0.294    28.197   2.925   946.851  0.135    0.017    3.832    0.789    0.336    0.041 
                16500.0    0.292    27.766   2.998   946.590  0.141    0.019    3.876    0.821    0.353    0.045 
                17000.0    0.291    27.338   3.071   946.329  0.146    0.020    3.917    0.853    0.370    0.049 
                17500.0    0.289    26.914   3.142   946.067  0.152    0.021    3.956    0.885    0.387    0.053 
                18000.0    0.287    26.494   3.213   945.803  0.158    0.023    3.993    0.917    0.404    0.057 
                20000.0    0.280    24.846   3.488   944.737  0.182    0.029    4.124    1.044    0.474    0.077 
                22500.0    0.272    22.866   3.813   943.374  0.214    0.039    4.251    1.201    0.561    0.105 
                25000.0    0.264    20.971   4.118   941.976  0.248    0.050    4.343    1.354    0.646    0.140 
                27500.0    0.256    19.161   4.403   940.543  0.283    0.063    4.404    1.504    0.727    0.180 
                30000.0    0.247    17.438   4.667   939.070  0.318    0.078    4.438    1.649    0.804    0.225 
                32500.0    0.239    15.799   4.913   937.558  0.354    0.095    4.450    1.788    0.874    0.276 
                35000.0    0.231    14.247   5.138   936.001  0.390    0.113    4.442    1.920    0.939    0.332 
                37500.0    0.223    12.781   5.344   934.400  0.427    0.134    4.419    2.046    0.997    0.394 
                40000.0    0.215    11.402   5.531   932.750  0.463    0.156    4.382    2.163    1.049    0.461 
                42500.0    0.207    10.111   5.697   931.049  0.498    0.179    4.335    2.272    1.093    0.532 
                45000.0    0.199     8.910   5.845   929.295  0.533    0.204    4.279    2.373    1.131    0.609 
                47500.0    0.191     7.798   5.972   927.486  0.567    0.230    4.218    2.464    1.162    0.690 
                50000.0    0.183     6.777   6.080   925.618  0.599    0.257    4.154    2.546    1.187    0.775 
                52500.0    0.175     5.846   6.169   923.690  0.631    0.284    4.087    2.619    1.207    0.863 
                55000.0    0.168     5.004   6.239   921.702  0.660    0.312    4.021    2.683    1.221    0.955 
                57500.0    0.160     4.250   6.290   919.653  0.688    0.339    3.956    2.738    1.231    1.050 
                60000.0    0.153     3.582   6.323   917.543  0.714    0.365    3.894    2.783    1.236    1.148 
                62500.0    0.146     2.996   6.340   915.374  0.737    0.391    3.835    2.821    1.238    1.247 
                65000.0    0.139     2.487   6.341   913.148  0.759    0.415    3.780    2.851    1.238    1.347 
                67500.0    0.132     2.050   6.327   910.869  0.778    0.438    3.730    2.875    1.235    1.448 
                70000.0    0.126     1.680   6.300   908.540  0.795    0.459    3.685    2.892    1.231    1.548 
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Table C.30  [  ] Exposure-Dependent 80% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.354    44.250   0.000   955.396  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.354    44.131   0.024   955.331  0.000    0.000    0.023    0.000    0.000    0.000 
                  500.0    0.351    43.658   0.121   955.069  0.002    0.000    0.232    0.002    0.000    0.000 
                 1000.0    0.349    43.075   0.239   954.741  0.005    0.000    0.499    0.008    0.000    0.000 
                 1500.0    0.347    42.503   0.355   954.415  0.008    0.000    0.753    0.018    0.002    0.000 
                 2000.0    0.344    41.940   0.468   954.090  0.011    0.000    0.995    0.031    0.004    0.000 
                 2500.0    0.342    41.385   0.580   953.765  0.014    0.000    1.225    0.046    0.007    0.000 
                 3000.0    0.339    40.839   0.689   953.442  0.018    0.001    1.445    0.064    0.011    0.000 
                 3500.0    0.337    40.301   0.797   953.119  0.022    0.001    1.654    0.084    0.017    0.000 
                 4000.0    0.335    39.771   0.903   952.797  0.026    0.001    1.853    0.106    0.024    0.001 
                 4500.0    0.332    39.247   1.006   952.476  0.030    0.001    2.043    0.129    0.032    0.001 
                 5000.0    0.330    38.731   1.108   952.156  0.035    0.002    2.224    0.153    0.041    0.001 
                 5500.0    0.328    38.221   1.209   951.837  0.040    0.002    2.396    0.179    0.051    0.002 
                 6000.0    0.326    37.718   1.308   951.519  0.045    0.003    2.561    0.206    0.063    0.002 
                 6500.0    0.323    37.220   1.405   951.201  0.050    0.003    2.718    0.233    0.075    0.003 
                 7000.0    0.321    36.729   1.500   950.885  0.055    0.004    2.868    0.262    0.089    0.004 
                 7500.0    0.319    36.243   1.594   950.570  0.061    0.005    3.010    0.291    0.103    0.005 
                 8000.0    0.317    35.763   1.687   950.255  0.066    0.005    3.146    0.321    0.118    0.006 
                 8500.0    0.315    35.287   1.778   949.942  0.072    0.006    3.275    0.351    0.134    0.007 
                 9000.0    0.313    34.818   1.868   949.629  0.078    0.007    3.398    0.382    0.150    0.009 
                 9500.0    0.311    34.353   1.956   949.318  0.084    0.008    3.515    0.414    0.167    0.010 
                10000.0    0.309    33.892   2.043   949.007  0.090    0.009    3.626    0.446    0.184    0.012 
                10500.0    0.306    33.437   2.129   948.698  0.096    0.010    3.732    0.479    0.202    0.014 
                11000.0    0.304    32.985   2.214   948.390  0.102    0.011    3.832    0.512    0.220    0.016 
                11500.0    0.302    32.539   2.297   948.083  0.108    0.012    3.927    0.545    0.238    0.018 
                12000.0    0.300    32.096   2.379   947.776  0.115    0.013    4.018    0.578    0.257    0.021 
                12500.0    0.298    31.657   2.460   947.471  0.121    0.014    4.103    0.612    0.276    0.024 
                13000.0    0.297    31.223   2.540   947.167  0.128    0.016    4.184    0.646    0.295    0.026 
                13500.0    0.295    30.792   2.619   946.863  0.134    0.017    4.261    0.680    0.314    0.029 
                14000.0    0.293    30.365   2.697   946.560  0.141    0.019    4.335    0.715    0.334    0.032 
                14500.0    0.291    29.942   2.774   946.257  0.148    0.020    4.404    0.749    0.353    0.036 
                15000.0    0.289    29.522   2.850   945.954  0.154    0.022    4.470    0.784    0.373    0.039 
                15500.0    0.287    29.106   2.924   945.651  0.161    0.023    4.533    0.818    0.392    0.043 
                16000.0    0.285    28.694   2.998   945.348  0.168    0.025    4.593    0.853    0.412    0.047 
                16500.0    0.283    28.285   3.071   945.045  0.175    0.027    4.650    0.888    0.432    0.051 
                17000.0    0.281    27.880   3.143   944.741  0.182    0.029    4.705    0.923    0.452    0.055 
                17500.0    0.280    27.478   3.214   944.436  0.189    0.031    4.757    0.957    0.471    0.060 
                18000.0    0.278    27.080   3.284   944.130  0.196    0.033    4.807    0.992    0.491    0.064 
                18500.0    0.276    26.686   3.353   943.824  0.203    0.035    4.855    1.027    0.511    0.069 
                19000.0    0.274    26.295   3.421   943.516  0.211    0.037    4.901    1.061    0.531    0.074 
                19500.0    0.272    25.908   3.489   943.207  0.218    0.040    4.945    1.096    0.552    0.079 
                20000.0    0.271    25.524   3.555   942.898  0.225    0.042    4.987    1.131    0.572    0.085 
                22500.0    0.262    23.659   3.875   941.329  0.263    0.055    5.173    1.301    0.673    0.115 
                25000.0    0.253    21.880   4.173   939.729  0.302    0.070    5.320    1.469    0.772    0.149 
                27500.0    0.244    20.187   4.451   938.097  0.341    0.088    5.433    1.633    0.868    0.189 
                30000.0    0.236    18.576   4.708   936.430  0.381    0.108    5.517    1.792    0.960    0.233 
                32500.0    0.227    17.047   4.946   934.730  0.421    0.130    5.575    1.946    1.046    0.282 
                35000.0    0.219    15.598   5.163   932.994  0.462    0.155    5.611    2.094    1.127    0.335 
                37500.0    0.211    14.230   5.362   931.222  0.502    0.181    5.627    2.235    1.202    0.392 
                40000.0    0.203    12.940   5.541   929.412  0.541    0.210    5.627    2.369    1.270    0.454 
                42500.0    0.195    11.727   5.702   927.563  0.581    0.240    5.612    2.496    1.333    0.519 
                45000.0    0.188    10.592   5.844   925.676  0.619    0.272    5.586    2.615    1.388    0.587 
                47500.0    0.180     9.532   5.968   923.748  0.656    0.305    5.551    2.726    1.438    0.659 
                50000.0    0.173     8.546   6.075   921.781  0.692    0.340    5.508    2.828    1.482    0.734 
                52500.0    0.166     7.633   6.165   919.772  0.726    0.375    5.460    2.923    1.519    0.812 
                55000.0    0.159     6.791   6.238   917.724  0.758    0.411    5.407    3.008    1.552    0.892 
                57500.0    0.153     6.018   6.296   915.634  0.789    0.448    5.352    3.086    1.579    0.975 
                60000.0    0.146     5.312   6.338   913.505  0.818    0.484    5.295    3.155    1.601    1.059 
                62500.0    0.140     4.671   6.366   911.337  0.845    0.519    5.238    3.216    1.618    1.146 
                65000.0    0.134     4.091   6.381   909.131  0.869    0.554    5.182    3.270    1.632    1.234 
                67500.0    0.129     3.570   6.382   906.888  0.892    0.588    5.127    3.317    1.643    1.323 
                70000.0    0.123     3.104   6.372   904.610  0.912    0.620    5.074    3.357    1.650    1.412 
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Table C.31  [  ] Exposure-Dependent 0% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.362    45.231   0.000   954.407  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.361    45.111   0.023   954.356  0.000    0.000    0.020    0.000    0.000    0.000 
                  500.0    0.360    44.633   0.112   954.151  0.002    0.000    0.189    0.001    0.000    0.000 
                 1000.0    0.358    44.044   0.223   953.894  0.003    0.000    0.402    0.006    0.000    0.000 
                 1500.0    0.356    43.462   0.332   953.636  0.005    0.000    0.606    0.014    0.001    0.000 
                 2000.0    0.354    42.888   0.439   953.379  0.008    0.000    0.800    0.025    0.002    0.000 
                 2500.0    0.352    42.320   0.545   953.121  0.010    0.000    0.986    0.038    0.004    0.000 
                 3000.0    0.350    41.760   0.649   952.863  0.013    0.000    1.164    0.053    0.007    0.000 
                 3500.0    0.348    41.207   0.752   952.604  0.016    0.000    1.334    0.070    0.010    0.000 
                 4000.0    0.346    40.660   0.853   952.345  0.019    0.001    1.497    0.088    0.015    0.000 
                 4500.0    0.344    40.119   0.953   952.086  0.022    0.001    1.653    0.109    0.020    0.001 
                 5000.0    0.342    39.583   1.051   951.827  0.025    0.001    1.802    0.130    0.026    0.001 
                 5500.0    0.340    39.054   1.148   951.568  0.029    0.001    1.944    0.152    0.034    0.001 
                 6000.0    0.338    38.531   1.244   951.308  0.033    0.002    2.081    0.176    0.042    0.002 
                 6500.0    0.337    38.013   1.339   951.048  0.036    0.002    2.211    0.200    0.050    0.002 
                 7000.0    0.335    37.500   1.432   950.787  0.040    0.002    2.336    0.226    0.060    0.003 
                 7500.0    0.333    36.992   1.524   950.527  0.045    0.003    2.455    0.252    0.071    0.004 
                 8000.0    0.331    36.489   1.615   950.266  0.049    0.003    2.569    0.279    0.082    0.004 
                 8500.0    0.329    35.991   1.705   950.005  0.053    0.004    2.678    0.306    0.094    0.006 
                 9000.0    0.327    35.498   1.794   949.744  0.058    0.004    2.781    0.334    0.106    0.007 
                 9500.0    0.325    35.010   1.882   949.483  0.062    0.005    2.881    0.362    0.119    0.008 
                10000.0    0.324    34.526   1.968   949.222  0.067    0.005    2.975    0.391    0.133    0.009 
                10500.0    0.322    34.046   2.053   948.960  0.072    0.006    3.065    0.420    0.147    0.011 
                11000.0    0.320    33.571   2.138   948.698  0.077    0.007    3.151    0.450    0.162    0.013 
                11500.0    0.318    33.100   2.221   948.437  0.082    0.007    3.233    0.480    0.177    0.015 
                12000.0    0.316    32.633   2.303   948.175  0.087    0.008    3.310    0.510    0.192    0.017 
                12500.0    0.315    32.171   2.385   947.913  0.092    0.009    3.384    0.541    0.208    0.019 
                13000.0    0.313    31.712   2.465   947.651  0.098    0.010    3.454    0.572    0.224    0.021 
                13500.0    0.311    31.257   2.544   947.389  0.103    0.011    3.520    0.603    0.240    0.024 
                14000.0    0.309    30.806   2.623   947.127  0.108    0.012    3.583    0.634    0.256    0.027 
                14500.0    0.307    30.359   2.700   946.865  0.114    0.013    3.642    0.665    0.273    0.030 
                15000.0    0.306    29.916   2.776   946.603  0.120    0.014    3.698    0.697    0.290    0.033 
                15500.0    0.304    29.476   2.852   946.341  0.125    0.015    3.751    0.728    0.306    0.036 
                16000.0    0.302    29.039   2.927   946.079  0.131    0.016    3.800    0.760    0.323    0.040 
                16500.0    0.301    28.606   3.000   945.818  0.137    0.018    3.846    0.792    0.340    0.044 
                17000.0    0.299    28.176   3.073   945.556  0.143    0.019    3.890    0.824    0.357    0.048 
                17500.0    0.297    27.750   3.145   945.295  0.148    0.020    3.931    0.856    0.374    0.052 
                18000.0    0.295    27.326   3.217   945.033  0.154    0.022    3.968    0.888    0.391    0.056 
                18500.0    0.294    26.906   3.287   944.771  0.160    0.023    4.004    0.920    0.408    0.061 
                19000.0    0.292    26.489   3.357   944.509  0.166    0.025    4.037    0.951    0.424    0.065 
                19500.0    0.290    26.076   3.426   944.247  0.172    0.026    4.068    0.983    0.441    0.070 
                20000.0    0.289    25.665   3.494   943.984  0.178    0.028    4.097    1.015    0.458    0.075 
                20500.0    0.287    25.258   3.561   943.720  0.184    0.030    4.124    1.047    0.474    0.081 
                21000.0    0.285    24.854   3.627   943.455  0.190    0.031    4.150    1.078    0.491    0.086 
                21500.0    0.284    24.453   3.693   943.189  0.197    0.033    4.174    1.109    0.508    0.092 
                22000.0    0.282    24.055   3.758   942.922  0.203    0.035    4.196    1.141    0.524    0.098 
                22500.0    0.280    23.661   3.822   942.653  0.209    0.037    4.217    1.172    0.541    0.104 
                25000.0    0.272    21.740   4.131   941.290  0.242    0.048    4.303    1.324    0.623    0.138 
                27500.0    0.264    19.902   4.420   939.890  0.275    0.060    4.360    1.471    0.703    0.177 
                30000.0    0.256    18.148   4.690   938.451  0.310    0.075    4.391    1.614    0.778    0.222 
                32500.0    0.247    16.477   4.941   936.971  0.346    0.091    4.401    1.750    0.848    0.272 
                35000.0    0.239    14.891   5.172   935.449  0.381    0.109    4.393    1.879    0.912    0.328 
                37500.0    0.231    13.390   5.384   933.881  0.417    0.129    4.369    2.002    0.969    0.389 
                40000.0    0.223    11.976   5.577   932.265  0.453    0.151    4.332    2.117    1.020    0.455 
                42500.0    0.215    10.648   5.750   930.598  0.489    0.174    4.286    2.223    1.065    0.526 
                45000.0    0.207     9.409   5.904   928.877  0.524    0.199    4.231    2.322    1.102    0.602 
                47500.0    0.199     8.260   6.038   927.101  0.558    0.225    4.170    2.411    1.134    0.683 
                50000.0    0.191     7.200   6.153   925.267  0.592    0.251    4.106    2.492    1.159    0.768 
                52500.0    0.183     6.231   6.249   923.372  0.623    0.278    4.040    2.564    1.179    0.856 
                55000.0    0.175     5.351   6.325   921.417  0.654    0.305    3.974    2.627    1.193    0.948 
                57500.0    0.168     4.560   6.383   919.400  0.682    0.332    3.908    2.681    1.203    1.043 
                60000.0    0.160     3.856   6.423   917.321  0.709    0.359    3.845    2.726    1.209    1.141 
                62500.0    0.153     3.235   6.446   915.181  0.734    0.384    3.786    2.764    1.211    1.240 
                65000.0    0.146     2.694   6.453   912.983  0.756    0.409    3.730    2.794    1.211    1.340 
                67500.0    0.139     2.227   6.444   910.729  0.776    0.431    3.679    2.818    1.209    1.442 
                70000.0    0.132     1.829   6.422   908.424  0.794    0.452    3.633    2.836    1.204    1.543 
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Table C.32  [  ] Exposure-Dependent 40% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.362    45.231   0.000   954.407  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.361    45.112   0.023   954.349  0.000    0.000    0.023    0.000    0.000    0.000 
                  500.0    0.360    44.636   0.117   954.115  0.002    0.000    0.214    0.002    0.000    0.000 
                 1000.0    0.357    44.049   0.231   953.823  0.004    0.000    0.454    0.007    0.000    0.000 
                 1500.0    0.355    43.471   0.344   953.530  0.006    0.000    0.684    0.016    0.001    0.000 
                 2000.0    0.353    42.902   0.455   953.237  0.009    0.000    0.904    0.028    0.003    0.000 
                 2500.0    0.351    42.341   0.564   952.944  0.012    0.000    1.114    0.042    0.005    0.000 
                 3000.0    0.349    41.787   0.671   952.651  0.015    0.000    1.315    0.059    0.009    0.000 
                 3500.0    0.346    41.241   0.776   952.358  0.019    0.001    1.507    0.077    0.013    0.000 
                 4000.0    0.344    40.702   0.880   952.065  0.022    0.001    1.691    0.098    0.019    0.000 
                 4500.0    0.342    40.170   0.982   951.771  0.026    0.001    1.867    0.119    0.026    0.001 
                 5000.0    0.340    39.644   1.083   951.477  0.030    0.001    2.035    0.142    0.033    0.001 
                 5500.0    0.338    39.125   1.182   951.183  0.034    0.002    2.197    0.167    0.042    0.002 
                 6000.0    0.336    38.611   1.280   950.889  0.039    0.002    2.351    0.192    0.052    0.002 
                 6500.0    0.334    38.104   1.377   950.594  0.043    0.003    2.500    0.218    0.063    0.003 
                 7000.0    0.332    37.602   1.472   950.300  0.048    0.003    2.642    0.245    0.075    0.003 
                 7500.0    0.329    37.106   1.565   950.005  0.053    0.004    2.777    0.273    0.087    0.004 
                 8000.0    0.327    36.616   1.658   949.710  0.058    0.004    2.908    0.301    0.101    0.005 
                 8500.0    0.325    36.130   1.749   949.416  0.063    0.005    3.032    0.330    0.115    0.007 
                 9000.0    0.323    35.650   1.838   949.121  0.068    0.005    3.151    0.360    0.130    0.008 
                 9500.0    0.321    35.175   1.927   948.825  0.074    0.006    3.265    0.390    0.145    0.009 
                10000.0    0.319    34.705   2.014   948.530  0.079    0.007    3.374    0.420    0.161    0.011 
                10500.0    0.317    34.239   2.100   948.235  0.085    0.008    3.478    0.451    0.178    0.013 
                11000.0    0.315    33.778   2.185   947.940  0.091    0.009    3.578    0.482    0.195    0.015 
                11500.0    0.313    33.322   2.268   947.645  0.097    0.010    3.673    0.514    0.212    0.017 
                12000.0    0.311    32.870   2.351   947.350  0.103    0.011    3.764    0.546    0.230    0.019 
                12500.0    0.309    32.423   2.432   947.054  0.109    0.012    3.850    0.578    0.249    0.022 
                13000.0    0.308    31.980   2.513   946.759  0.116    0.013    3.932    0.611    0.267    0.025 
                13500.0    0.306    31.541   2.592   946.464  0.122    0.014    4.011    0.643    0.286    0.028 
                14000.0    0.304    31.106   2.670   946.169  0.128    0.016    4.085    0.676    0.305    0.031 
                14500.0    0.302    30.675   2.748   945.874  0.135    0.017    4.156    0.709    0.324    0.034 
                15000.0    0.300    30.247   2.824   945.579  0.141    0.018    4.223    0.742    0.343    0.038 
                15500.0    0.298    29.824   2.899   945.284  0.148    0.020    4.287    0.776    0.363    0.041 
                16000.0    0.296    29.404   2.973   944.990  0.154    0.021    4.347    0.809    0.382    0.045 
                16500.0    0.294    28.989   3.047   944.695  0.161    0.023    4.404    0.843    0.402    0.049 
                17000.0    0.292    28.576   3.119   944.401  0.168    0.025    4.458    0.876    0.421    0.054 
                17500.0    0.291    28.167   3.191   944.107  0.174    0.026    4.509    0.910    0.440    0.058 
                18000.0    0.289    27.762   3.261   943.813  0.181    0.028    4.557    0.943    0.460    0.063 
                18500.0    0.287    27.359   3.331   943.519  0.188    0.030    4.602    0.977    0.479    0.068 
                19000.0    0.285    26.961   3.400   943.224  0.195    0.032    4.644    1.011    0.498    0.073 
                19500.0    0.283    26.565   3.468   942.930  0.202    0.034    4.684    1.044    0.518    0.078 
                20000.0    0.282    26.173   3.535   942.635  0.209    0.036    4.722    1.078    0.537    0.083 
                20500.0    0.280    25.784   3.601   942.340  0.216    0.038    4.757    1.111    0.556    0.089 
                21000.0    0.278    25.398   3.666   942.044  0.223    0.041    4.791    1.144    0.575    0.095 
                21500.0    0.276    25.015   3.731   941.748  0.230    0.043    4.823    1.178    0.594    0.101 
                22000.0    0.275    24.636   3.795   941.450  0.237    0.045    4.853    1.211    0.613    0.107 
                22500.0    0.273    24.260   3.858   941.151  0.244    0.048    4.881    1.243    0.631    0.113 
                23000.0    0.271    23.888   3.920   940.852  0.252    0.050    4.908    1.276    0.650    0.120 
                23500.0    0.269    23.518   3.981   940.551  0.259    0.053    4.934    1.309    0.669    0.127 
                24000.0    0.268    23.152   4.041   940.248  0.266    0.056    4.958    1.341    0.687    0.134 
                25000.0    0.264    22.431   4.160   939.640  0.281    0.061    5.002    1.405    0.724    0.149 
                27500.0    0.256    20.683   4.442   938.095  0.319    0.077    5.092    1.561    0.815    0.189 
                30000.0    0.247    19.018   4.705   936.516  0.358    0.095    5.154    1.711    0.901    0.234 
                32500.0    0.239    17.435   4.948   934.900  0.397    0.115    5.193    1.856    0.983    0.284 
                35000.0    0.230    15.932   5.172   933.246  0.436    0.137    5.212    1.994    1.059    0.339 
                37500.0    0.222    14.509   5.377   931.554  0.475    0.161    5.212    2.125    1.128    0.398 
                40000.0    0.214    13.166   5.563   929.822  0.514    0.188    5.198    2.249    1.191    0.462 
                42500.0    0.207    11.902   5.731   928.049  0.552    0.216    5.172    2.365    1.248    0.530 
                45000.0    0.199    10.716   5.880   926.234  0.589    0.245    5.135    2.473    1.297    0.602 
                47500.0    0.191     9.608   6.012   924.375  0.626    0.276    5.090    2.573    1.341    0.677 
                50000.0    0.184     8.577   6.126   922.471  0.661    0.308    5.038    2.665    1.378    0.755 
                52500.0    0.177     7.623   6.222   920.522  0.695    0.340    4.982    2.748    1.410    0.837 
                55000.0    0.170     6.744   6.302   918.528  0.727    0.373    4.923    2.824    1.436    0.921 
                57500.0    0.163     5.938   6.365   916.488  0.758    0.406    4.863    2.891    1.457    1.007 
                60000.0    0.156     5.204   6.413   914.403  0.787    0.439    4.801    2.950    1.473    1.095 
                62500.0    0.150     4.539   6.445   912.273  0.814    0.472    4.741    3.002    1.485    1.184 
                65000.0    0.144     3.941   6.463   910.099  0.839    0.503    4.682    3.047    1.493    1.275 
                67500.0    0.137     3.406   6.468   907.883  0.862    0.533    4.625    3.084    1.498    1.367 
                70000.0    0.132     2.931   6.459   905.627  0.883    0.562    4.571    3.116    1.500    1.459 
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Table C.33  [  ] Exposure-Dependent 80% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.362    45.231   0.000   954.407  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.361    45.112   0.025   954.340  0.000    0.000    0.026    0.000    0.000    0.000 
                  500.0    0.359    44.640   0.122   954.069  0.002    0.000    0.245    0.002    0.000    0.000 
                 1000.0    0.357    44.058   0.242   953.730  0.005    0.000    0.521    0.008    0.000    0.000 
                 1500.0    0.354    43.487   0.360   953.391  0.008    0.000    0.784    0.018    0.002    0.000 
                 2000.0    0.352    42.925   0.475   953.052  0.011    0.000    1.037    0.031    0.004    0.000 
                 2500.0    0.349    42.372   0.588   952.713  0.015    0.000    1.278    0.047    0.007    0.000 
                 3000.0    0.347    41.828   0.699   952.374  0.019    0.001    1.509    0.065    0.012    0.000 
                 3500.0    0.344    41.292   0.809   952.035  0.023    0.001    1.730    0.085    0.017    0.000 
                 4000.0    0.342    40.763   0.916   951.696  0.027    0.001    1.942    0.107    0.025    0.001 
                 4500.0    0.339    40.241   1.022   951.357  0.032    0.002    2.146    0.130    0.033    0.001 
                 5000.0    0.337    39.727   1.126   951.018  0.037    0.002    2.342    0.154    0.043    0.001 
                 5500.0    0.334    39.220   1.228   950.679  0.042    0.002    2.530    0.180    0.053    0.002 
                 6000.0    0.332    38.719   1.329   950.339  0.047    0.003    2.710    0.206    0.065    0.002 
                 6500.0    0.330    38.224   1.428   950.000  0.053    0.004    2.884    0.234    0.078    0.003 
                 7000.0    0.327    37.736   1.525   949.660  0.059    0.004    3.051    0.262    0.092    0.004 
                 7500.0    0.325    37.254   1.621   949.320  0.065    0.005    3.211    0.292    0.107    0.005 
                 8000.0    0.323    36.777   1.716   948.980  0.071    0.006    3.365    0.322    0.123    0.006 
                 8500.0    0.320    36.306   1.809   948.641  0.077    0.007    3.513    0.352    0.140    0.008 
                 9000.0    0.318    35.841   1.900   948.301  0.084    0.008    3.655    0.383    0.157    0.009 
                 9500.0    0.316    35.381   1.991   947.961  0.091    0.009    3.792    0.415    0.175    0.011 
                10000.0    0.313    34.926   2.080   947.621  0.097    0.010    3.923    0.447    0.194    0.013 
                10500.0    0.311    34.476   2.167   947.281  0.104    0.011    4.049    0.480    0.213    0.015 
                11000.0    0.309    34.032   2.254   946.941  0.111    0.012    4.170    0.513    0.232    0.017 
                11500.0    0.307    33.592   2.339   946.602  0.118    0.014    4.287    0.546    0.252    0.019 
                12000.0    0.305    33.157   2.422   946.262  0.125    0.015    4.398    0.580    0.273    0.022 
                12500.0    0.302    32.726   2.505   945.922  0.133    0.017    4.506    0.614    0.293    0.024 
                13000.0    0.300    32.300   2.587   945.583  0.140    0.018    4.608    0.649    0.315    0.027 
                13500.0    0.298    31.878   2.667   945.243  0.148    0.020    4.707    0.683    0.336    0.030 
                14000.0    0.296    31.461   2.746   944.904  0.155    0.022    4.801    0.718    0.357    0.034 
                14500.0    0.294    31.048   2.824   944.564  0.163    0.024    4.892    0.754    0.379    0.037 
                15000.0    0.292    30.639   2.901   944.225  0.171    0.025    4.978    0.789    0.401    0.041 
                15500.0    0.290    30.234   2.976   943.886  0.178    0.028    5.061    0.825    0.423    0.045 
                16000.0    0.288    29.833   3.051   943.547  0.186    0.030    5.140    0.860    0.445    0.049 
                16500.0    0.286    29.436   3.124   943.208  0.194    0.032    5.216    0.896    0.467    0.053 
                17000.0    0.284    29.043   3.197   942.869  0.202    0.034    5.288    0.932    0.489    0.057 
                17500.0    0.282    28.654   3.269   942.531  0.210    0.037    5.357    0.969    0.511    0.062 
                18000.0    0.280    28.268   3.339   942.193  0.218    0.039    5.423    1.005    0.533    0.067 
                18500.0    0.278    27.886   3.409   941.854  0.226    0.042    5.485    1.041    0.555    0.071 
                19000.0    0.276    27.507   3.477   941.516  0.234    0.044    5.545    1.077    0.577    0.077 
                19500.0    0.274    27.132   3.545   941.178  0.242    0.047    5.602    1.114    0.598    0.082 
                20000.0    0.272    26.760   3.612   940.839  0.251    0.050    5.656    1.150    0.620    0.087 
                20500.0    0.270    26.391   3.677   940.500  0.259    0.053    5.708    1.186    0.642    0.093 
                21000.0    0.268    26.026   3.742   940.161  0.267    0.056    5.757    1.223    0.663    0.099 
                21500.0    0.266    25.664   3.806   939.822  0.275    0.059    5.804    1.259    0.685    0.105 
                22000.0    0.264    25.306   3.869   939.482  0.283    0.062    5.849    1.295    0.706    0.111 
                22500.0    0.262    24.951   3.932   939.141  0.291    0.065    5.893    1.331    0.727    0.117 
                23000.0    0.261    24.599   3.993   938.800  0.300    0.069    5.934    1.367    0.749    0.124 
                23500.0    0.259    24.250   4.054   938.457  0.308    0.072    5.974    1.402    0.770    0.131 
                24000.0    0.257    23.905   4.113   938.114  0.316    0.076    6.011    1.438    0.791    0.138 
                24500.0    0.255    23.563   4.172   937.770  0.324    0.080    6.048    1.474    0.812    0.145 
                25000.0    0.253    23.224   4.230   937.424  0.333    0.083    6.083    1.509    0.833    0.152 
                25500.0    0.251    22.889   4.288   937.078  0.341    0.087    6.116    1.544    0.853    0.159 
                26000.0    0.250    22.557   4.344   936.730  0.349    0.091    6.148    1.579    0.874    0.167 
                26500.0    0.248    22.228   4.400   936.382  0.358    0.095    6.179    1.614    0.895    0.174 
                27000.0    0.246    21.902   4.454   936.032  0.366    0.100    6.208    1.648    0.915    0.182 
                27500.0    0.244    21.579   4.508   935.680  0.375    0.104    6.237    1.683    0.935    0.190 
                30000.0    0.236    20.014   4.766   933.905  0.417    0.127    6.361    1.851    1.035    0.233 
                32500.0    0.227    18.528   5.004   932.098  0.460    0.153    6.459    2.014    1.132    0.280 
                35000.0    0.219    17.118   5.223   930.258  0.502    0.181    6.534    2.171    1.223    0.330 
                37500.0    0.211    15.784   5.422   928.387  0.545    0.211    6.589    2.322    1.309    0.385 
                40000.0    0.203    14.523   5.603   926.482  0.587    0.244    6.626    2.466    1.389    0.442 
                42500.0    0.195    13.334   5.766   924.545  0.628    0.279    6.647    2.604    1.464    0.503 
                45000.0    0.188    12.215   5.912   922.574  0.668    0.316    6.656    2.734    1.533    0.567 
                47500.0    0.181    11.166   6.040   920.570  0.707    0.354    6.652    2.858    1.596    0.633 
                50000.0    0.174    10.183   6.152   918.534  0.745    0.394    6.639    2.974    1.654    0.702 
                52500.0    0.167     9.265   6.248   916.464  0.781    0.435    6.618    3.082    1.706    0.773 
                55000.0    0.161     8.411   6.329   914.362  0.816    0.477    6.591    3.184    1.753    0.847 
                57500.0    0.154     7.618   6.395   912.229  0.849    0.519    6.558    3.278    1.795    0.922 
                60000.0    0.149     6.883   6.447   910.064  0.880    0.562    6.521    3.365    1.833    0.999 
                62500.0    0.143     6.206   6.485   907.869  0.909    0.605    6.482    3.444    1.865    1.078 
                65000.0    0.138     5.582   6.512   905.644  0.936    0.647    6.440    3.517    1.894    1.158 
                67500.0    0.133     5.010   6.526   903.392  0.961    0.689    6.397    3.583    1.918    1.240 
                70000.0    0.128     4.487   6.529   901.112  0.984    0.730    6.354    3.643    1.940    1.322 
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Table C.34  [ ] Exposure-Dependent 0% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.355    44.360   0.000   955.285  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.355    44.240   0.022   955.236  0.000    0.000    0.018    0.000    0.000    0.000 
                  500.0    0.353    43.762   0.111   955.038  0.001    0.000    0.178    0.001    0.000    0.000 
                 1000.0    0.351    43.171   0.220   954.791  0.003    0.000    0.384    0.006    0.000    0.000 
                 1500.0    0.349    42.588   0.328   954.543  0.005    0.000    0.580    0.014    0.001    0.000 
                 2000.0    0.347    42.013   0.433   954.295  0.007    0.000    0.768    0.024    0.002    0.000 
                 2500.0    0.345    41.444   0.538   954.047  0.010    0.000    0.947    0.037    0.004    0.000 
                 3000.0    0.344    40.883   0.641   953.799  0.012    0.000    1.119    0.051    0.006    0.000 
                 3500.0    0.342    40.327   0.742   953.551  0.015    0.000    1.282    0.068    0.010    0.000 
                 4000.0    0.340    39.778   0.842   953.302  0.018    0.001    1.438    0.086    0.014    0.000 
                 4500.0    0.338    39.235   0.941   953.054  0.021    0.001    1.587    0.106    0.019    0.001 
                 5000.0    0.336    38.698   1.038   952.805  0.024    0.001    1.730    0.127    0.025    0.001 
                 5500.0    0.334    38.167   1.134   952.557  0.027    0.001    1.866    0.149    0.031    0.001 
                 6000.0    0.333    37.640   1.229   952.308  0.031    0.001    1.995    0.172    0.039    0.002 
                 6500.0    0.331    37.119   1.323   952.059  0.034    0.002    2.119    0.196    0.047    0.002 
                 7000.0    0.329    36.604   1.415   951.811  0.038    0.002    2.237    0.221    0.056    0.003 
                 7500.0    0.327    36.093   1.506   951.562  0.042    0.002    2.349    0.247    0.066    0.003 
                 8000.0    0.325    35.587   1.596   951.313  0.046    0.003    2.456    0.274    0.077    0.004 
                 8500.0    0.324    35.086   1.685   951.065  0.050    0.003    2.558    0.301    0.088    0.005 
                 9000.0    0.322    34.590   1.773   950.816  0.054    0.004    2.655    0.328    0.100    0.006 
                 9500.0    0.320    34.098   1.860   950.568  0.058    0.004    2.747    0.356    0.112    0.007 
                10000.0    0.318    33.610   1.946   950.319  0.063    0.005    2.835    0.385    0.125    0.009 
                10500.0    0.317    33.127   2.030   950.071  0.067    0.005    2.917    0.414    0.138    0.010 
                11000.0    0.315    32.648   2.114   949.823  0.072    0.006    2.996    0.443    0.152    0.012 
                11500.0    0.313    32.172   2.196   949.575  0.076    0.007    3.071    0.473    0.166    0.014 
                12000.0    0.312    31.701   2.278   949.326  0.081    0.007    3.141    0.503    0.181    0.016 
                12500.0    0.310    31.234   2.359   949.079  0.086    0.008    3.207    0.534    0.196    0.018 
                13000.0    0.308    30.771   2.438   948.831  0.091    0.009    3.270    0.564    0.211    0.020 
                13500.0    0.307    30.311   2.517   948.584  0.096    0.010    3.329    0.595    0.226    0.023 
                14000.0    0.305    29.855   2.595   948.337  0.101    0.011    3.384    0.626    0.241    0.026 
                14500.0    0.303    29.402   2.672   948.090  0.106    0.012    3.436    0.657    0.257    0.028 
                15000.0    0.302    28.953   2.748   947.843  0.111    0.013    3.484    0.689    0.272    0.032 
                15500.0    0.300    28.507   2.823   947.597  0.116    0.014    3.530    0.720    0.288    0.035 
                16000.0    0.298    28.064   2.897   947.351  0.122    0.015    3.572    0.752    0.304    0.038 
                16500.0    0.297    27.625   2.971   947.106  0.127    0.016    3.611    0.783    0.319    0.042 
                17000.0    0.295    27.189   3.043   946.860  0.132    0.017    3.647    0.815    0.335    0.046 
                17500.0    0.293    26.755   3.115   946.615  0.137    0.018    3.681    0.846    0.350    0.049 
                18000.0    0.292    26.325   3.186   946.369  0.143    0.019    3.712    0.878    0.366    0.054 
                18500.0    0.290    25.898   3.257   946.123  0.148    0.021    3.741    0.910    0.382    0.058 
                19000.0    0.289    25.475   3.326   945.877  0.154    0.022    3.768    0.941    0.397    0.063 
                19500.0    0.287    25.054   3.395   945.629  0.159    0.023    3.794    0.972    0.413    0.067 
                20000.0    0.285    24.636   3.463   945.381  0.165    0.025    3.817    1.004    0.428    0.072 
                20500.0    0.284    24.222   3.530   945.131  0.170    0.026    3.839    1.035    0.444    0.077 
                21000.0    0.282    23.812   3.597   944.880  0.176    0.028    3.860    1.066    0.460    0.083 
                22500.0    0.277    22.599   3.791   944.119  0.193    0.033    3.913    1.158    0.506    0.100 
                25000.0    0.269    20.645   4.101   942.821  0.224    0.042    3.978    1.309    0.584    0.134 
                27500.0    0.261    18.775   4.391   941.483  0.255    0.053    4.015    1.454    0.658    0.173 
                30000.0    0.253    16.990   4.662   940.104  0.287    0.066    4.028    1.594    0.727    0.217 
                32500.0    0.245    15.292   4.913   938.680  0.321    0.081    4.022    1.729    0.791    0.268 
                35000.0    0.237    13.682   5.145   937.208  0.354    0.097    3.999    1.856    0.849    0.325 
                37500.0    0.229    12.163   5.357   935.685  0.388    0.114    3.962    1.976    0.901    0.388 
                40000.0    0.221    10.736   5.548   934.106  0.422    0.134    3.914    2.088    0.946    0.456 
                42500.0    0.213     9.403   5.720   932.469  0.456    0.154    3.858    2.191    0.984    0.530 
                45000.0    0.204     8.168   5.870   930.768  0.489    0.176    3.796    2.285    1.015    0.610 
                47500.0    0.196     7.033   6.000   929.001  0.521    0.199    3.730    2.370    1.040    0.695 
                50000.0    0.188     5.998   6.108   927.164  0.553    0.223    3.663    2.445    1.059    0.785 
                52500.0    0.180     5.066   6.195   925.255  0.583    0.247    3.596    2.511    1.073    0.879 
                55000.0    0.172     4.235   6.262   923.272  0.611    0.270    3.531    2.567    1.082    0.977 
                57500.0    0.164     3.504   6.308   921.215  0.637    0.294    3.470    2.613    1.087    1.079 
                60000.0    0.156     2.869   6.336   919.084  0.662    0.317    3.412    2.651    1.088    1.183 
                62500.0    0.148     2.327   6.345   916.884  0.684    0.338    3.360    2.681    1.087    1.289 
                65000.0    0.140     1.869   6.337   914.618  0.704    0.358    3.313    2.704    1.084    1.396 
                67500.0    0.133     1.489   6.314   912.291  0.721    0.377    3.272    2.720    1.080    1.504 
                70000.0    0.126     1.178   6.279   909.910  0.736    0.393    3.236    2.731    1.075    1.611 
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Table C.35  [ ] Exposure-Dependent 40% 
Void Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.355    44.360   0.000   955.285  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.354    44.240   0.023   955.229  0.000    0.000    0.020    0.000    0.000    0.000 
                  500.0    0.353    43.764   0.115   955.003  0.002    0.000    0.202    0.001    0.000    0.000 
                 1000.0    0.351    43.176   0.228   954.721  0.004    0.000    0.435    0.007    0.000    0.000 
                 1500.0    0.348    42.597   0.339   954.439  0.006    0.000    0.658    0.015    0.001    0.000 
                 2000.0    0.346    42.026   0.449   954.156  0.009    0.000    0.870    0.027    0.003    0.000 
                 2500.0    0.344    41.463   0.556   953.874  0.011    0.000    1.073    0.041    0.005    0.000 
                 3000.0    0.342    40.908   0.662   953.592  0.014    0.000    1.266    0.057    0.008    0.000 
                 3500.0    0.340    40.360   0.766   953.310  0.018    0.001    1.451    0.076    0.012    0.000 
                 4000.0    0.338    39.819   0.869   953.028  0.021    0.001    1.628    0.096    0.018    0.000 
                 4500.0    0.336    39.284   0.970   952.746  0.025    0.001    1.797    0.117    0.024    0.001 
                 5000.0    0.334    38.756   1.069   952.464  0.028    0.001    1.958    0.140    0.032    0.001 
                 5500.0    0.332    38.234   1.167   952.182  0.032    0.002    2.112    0.164    0.040    0.001 
                 6000.0    0.330    37.718   1.264   951.901  0.036    0.002    2.259    0.189    0.049    0.002 
                 6500.0    0.328    37.208   1.359   951.619  0.041    0.002    2.399    0.215    0.060    0.003 
                 7000.0    0.326    36.703   1.453   951.337  0.045    0.003    2.533    0.241    0.071    0.003 
                 7500.0    0.324    36.204   1.545   951.056  0.050    0.003    2.661    0.269    0.083    0.004 
                 8000.0    0.322    35.710   1.637   950.775  0.054    0.004    2.783    0.297    0.096    0.005 
                 8500.0    0.320    35.222   1.726   950.494  0.059    0.004    2.899    0.326    0.109    0.006 
                 9000.0    0.318    34.738   1.815   950.213  0.064    0.005    3.009    0.355    0.123    0.008 
                 9500.0    0.316    34.259   1.903   949.933  0.069    0.006    3.115    0.385    0.138    0.009 
                10000.0    0.314    33.785   1.989   949.652  0.074    0.006    3.215    0.415    0.153    0.011 
                10500.0    0.313    33.316   2.074   949.372  0.080    0.007    3.311    0.446    0.169    0.012 
                11000.0    0.311    32.851   2.158   949.092  0.085    0.008    3.401    0.477    0.186    0.014 
                11500.0    0.309    32.390   2.240   948.812  0.091    0.009    3.487    0.509    0.202    0.016 
                12000.0    0.307    31.934   2.322   948.533  0.096    0.010    3.569    0.540    0.219    0.019 
                12500.0    0.305    31.482   2.403   948.254  0.102    0.011    3.646    0.572    0.237    0.021 
                13000.0    0.303    31.034   2.482   947.976  0.108    0.012    3.719    0.605    0.254    0.024 
                13500.0    0.301    30.590   2.561   947.697  0.114    0.013    3.789    0.637    0.272    0.027 
                14000.0    0.300    30.149   2.638   947.419  0.120    0.014    3.854    0.670    0.290    0.030 
                14500.0    0.298    29.713   2.715   947.142  0.126    0.015    3.915    0.703    0.308    0.033 
                15000.0    0.296    29.280   2.790   946.865  0.132    0.016    3.973    0.736    0.326    0.036 
                15500.0    0.294    28.851   2.865   946.588  0.138    0.018    4.027    0.769    0.344    0.040 
                16000.0    0.292    28.425   2.939   946.312  0.144    0.019    4.078    0.802    0.362    0.044 
                16500.0    0.291    28.003   3.012   946.036  0.150    0.021    4.125    0.835    0.381    0.048 
                17000.0    0.289    27.584   3.084   945.761  0.156    0.022    4.169    0.869    0.399    0.052 
                17500.0    0.287    27.168   3.155   945.486  0.162    0.024    4.211    0.902    0.417    0.056 
                18000.0    0.286    26.756   3.225   945.211  0.168    0.025    4.250    0.935    0.435    0.061 
                18500.0    0.284    26.346   3.294   944.936  0.174    0.027    4.286    0.969    0.453    0.065 
                19000.0    0.282    25.940   3.363   944.660  0.181    0.028    4.320    1.002    0.471    0.070 
                19500.0    0.280    25.537   3.431   944.384  0.187    0.030    4.352    1.035    0.489    0.076 
                20000.0    0.279    25.138   3.498   944.107  0.193    0.032    4.382    1.068    0.507    0.081 
                20500.0    0.277    24.741   3.564   943.829  0.200    0.034    4.410    1.101    0.524    0.086 
                21000.0    0.275    24.348   3.629   943.551  0.206    0.036    4.436    1.134    0.542    0.092 
                21500.0    0.274    23.958   3.693   943.271  0.213    0.038    4.461    1.166    0.560    0.098 
                22000.0    0.272    23.572   3.757   942.990  0.219    0.040    4.484    1.199    0.578    0.104 
                22500.0    0.270    23.189   3.820   942.707  0.226    0.042    4.506    1.231    0.595    0.111 
                25000.0    0.262    21.324   4.122   941.275  0.260    0.054    4.597    1.389    0.683    0.146 
                27500.0    0.254    19.543   4.405   939.806  0.296    0.068    4.658    1.542    0.768    0.186 
                30000.0    0.245    17.845   4.667   938.301  0.332    0.084    4.693    1.689    0.848    0.232 
                32500.0    0.237    16.231   4.910   936.756  0.369    0.101    4.706    1.830    0.922    0.283 
                35000.0    0.229    14.700   5.134   935.170  0.406    0.121    4.701    1.964    0.991    0.340 
                37500.0    0.221    13.253   5.339   933.541  0.443    0.142    4.680    2.090    1.052    0.401 
                40000.0    0.213    11.891   5.524   931.867  0.480    0.166    4.646    2.209    1.107    0.468 
                42500.0    0.205    10.613   5.690   930.145  0.516    0.190    4.601    2.319    1.155    0.539 
                45000.0    0.197     9.420   5.837   928.373  0.551    0.216    4.549    2.421    1.196    0.614 
                47500.0    0.190     8.312   5.965   926.550  0.586    0.244    4.490    2.514    1.231    0.694 
                50000.0    0.182     7.290   6.075   924.674  0.619    0.272    4.426    2.598    1.259    0.777 
                52500.0    0.175     6.352   6.165   922.743  0.651    0.300    4.361    2.673    1.282    0.864 
                55000.0    0.167     5.500   6.238   920.757  0.681    0.329    4.295    2.739    1.299    0.954 
                57500.0    0.160     4.729   6.292   918.715  0.710    0.358    4.229    2.796    1.311    1.046 
                60000.0    0.153     4.040   6.330   916.617  0.737    0.386    4.165    2.845    1.319    1.141 
                62500.0    0.146     3.428   6.351   914.465  0.761    0.413    4.104    2.886    1.323    1.237 
                65000.0    0.139     2.890   6.357   912.260  0.784    0.440    4.047    2.919    1.324    1.334 
                67500.0    0.133     2.421   6.349   910.005  0.804    0.465    3.994    2.946    1.323    1.432 
                70000.0    0.126     2.017   6.328   907.704  0.822    0.488    3.944    2.966    1.320    1.531 
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Table C.36  [ ] Exposure-Dependent 80% 
Void Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.355    44.360   0.000   955.285  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.354    44.241   0.024   955.220  0.000    0.000    0.023    0.000    0.000    0.000 
                  500.0    0.352    43.767   0.121   954.957  0.002    0.000    0.232    0.002    0.000    0.000 
                 1000.0    0.350    43.184   0.239   954.629  0.005    0.000    0.501    0.008    0.000    0.000 
                 1500.0    0.347    42.611   0.355   954.301  0.007    0.000    0.757    0.017    0.002    0.000 
                 2000.0    0.345    42.047   0.469   953.973  0.011    0.000    1.002    0.030    0.004    0.000 
                 2500.0    0.343    41.492   0.581   953.645  0.014    0.000    1.236    0.046    0.007    0.000 
                 3000.0    0.340    40.946   0.691   953.318  0.018    0.001    1.459    0.064    0.011    0.000 
                 3500.0    0.338    40.407   0.799   952.991  0.022    0.001    1.672    0.084    0.017    0.000 
                 4000.0    0.335    39.876   0.906   952.664  0.026    0.001    1.877    0.105    0.024    0.001 
                 4500.0    0.333    39.352   1.010   952.338  0.030    0.001    2.072    0.128    0.032    0.001 
                 5000.0    0.331    38.835   1.113   952.012  0.035    0.002    2.259    0.152    0.041    0.001 
                 5500.0    0.328    38.325   1.214   951.685  0.040    0.002    2.438    0.178    0.052    0.002 
                 6000.0    0.326    37.821   1.313   951.360  0.045    0.003    2.610    0.204    0.063    0.002 
                 6500.0    0.324    37.324   1.411   951.034  0.050    0.003    2.774    0.232    0.076    0.003 
                 7000.0    0.322    36.833   1.507   950.709  0.056    0.004    2.931    0.260    0.090    0.004 
                 7500.0    0.319    36.348   1.602   950.384  0.061    0.005    3.081    0.289    0.104    0.005 
                 8000.0    0.317    35.868   1.695   950.059  0.067    0.005    3.225    0.319    0.120    0.006 
                 8500.0    0.315    35.394   1.787   949.734  0.073    0.006    3.363    0.350    0.136    0.007 
                 9000.0    0.313    34.926   1.877   949.410  0.079    0.007    3.495    0.381    0.153    0.009 
                 9500.0    0.311    34.462   1.967   949.087  0.085    0.008    3.621    0.412    0.170    0.010 
                10000.0    0.309    34.004   2.054   948.763  0.092    0.009    3.741    0.445    0.188    0.012 
                10500.0    0.306    33.551   2.141   948.440  0.098    0.010    3.856    0.477    0.207    0.014 
                11000.0    0.304    33.103   2.226   948.117  0.105    0.011    3.966    0.510    0.226    0.016 
                11500.0    0.302    32.659   2.310   947.795  0.111    0.012    4.071    0.543    0.245    0.019 
                12000.0    0.300    32.220   2.393   947.473  0.118    0.014    4.171    0.577    0.265    0.021 
                12500.0    0.298    31.785   2.475   947.152  0.125    0.015    4.267    0.611    0.285    0.024 
                13000.0    0.296    31.355   2.555   946.831  0.132    0.017    4.357    0.646    0.306    0.027 
                13500.0    0.294    30.929   2.634   946.510  0.139    0.018    4.444    0.680    0.326    0.030 
                14000.0    0.292    30.507   2.712   946.190  0.146    0.020    4.526    0.715    0.347    0.033 
                14500.0    0.290    30.089   2.789   945.870  0.153    0.021    4.604    0.750    0.368    0.037 
                15000.0    0.288    29.675   2.865   945.551  0.160    0.023    4.678    0.786    0.389    0.040 
                15500.0    0.286    29.265   2.940   945.232  0.167    0.025    4.748    0.821    0.410    0.044 
                16000.0    0.284    28.859   3.014   944.914  0.175    0.027    4.815    0.857    0.431    0.048 
                16500.0    0.282    28.457   3.087   944.596  0.182    0.029    4.878    0.892    0.452    0.052 
                17000.0    0.280    28.058   3.158   944.279  0.189    0.031    4.937    0.928    0.473    0.057 
                17500.0    0.279    27.662   3.229   943.962  0.197    0.033    4.993    0.964    0.493    0.061 
                18000.0    0.277    27.270   3.299   943.645  0.204    0.035    5.046    1.000    0.514    0.066 
                18500.0    0.275    26.882   3.368   943.329  0.212    0.037    5.096    1.036    0.535    0.071 
                19000.0    0.273    26.497   3.436   943.013  0.219    0.040    5.143    1.072    0.555    0.076 
                19500.0    0.271    26.115   3.503   942.696  0.227    0.042    5.188    1.108    0.576    0.081 
                20000.0    0.269    25.736   3.569   942.379  0.234    0.045    5.231    1.144    0.596    0.087 
                20500.0    0.267    25.361   3.634   942.062  0.242    0.047    5.271    1.179    0.617    0.093 
                21000.0    0.266    24.989   3.699   941.744  0.249    0.050    5.309    1.215    0.637    0.099 
                21500.0    0.264    24.621   3.762   941.426  0.257    0.053    5.345    1.250    0.657    0.105 
                22000.0    0.262    24.255   3.825   941.106  0.264    0.056    5.380    1.286    0.678    0.111 
                22500.0    0.260    23.893   3.887   940.785  0.272    0.058    5.413    1.321    0.698    0.117 
                23000.0    0.258    23.535   3.948   940.464  0.280    0.061    5.444    1.356    0.718    0.124 
                23500.0    0.257    23.180   4.008   940.141  0.288    0.065    5.474    1.391    0.738    0.131 
                25000.0    0.251    22.134   4.184   939.165  0.311    0.074    5.555    1.495    0.798    0.152 
                27500.0    0.243    20.457   4.461   937.513  0.351    0.093    5.666    1.663    0.895    0.192 
                30000.0    0.234    18.861   4.717   935.827  0.391    0.113    5.748    1.825    0.989    0.236 
                32500.0    0.226    17.345   4.954   934.108  0.431    0.136    5.805    1.982    1.078    0.285 
                35000.0    0.218    15.908   5.172   932.354  0.472    0.161    5.841    2.133    1.162    0.338 
                37500.0    0.210    14.549   5.370   930.565  0.512    0.188    5.859    2.276    1.239    0.395 
                40000.0    0.202    13.267   5.549   928.739  0.552    0.218    5.860    2.413    1.310    0.456 
                42500.0    0.194    12.062   5.710   926.876  0.591    0.249    5.848    2.542    1.375    0.520 
                45000.0    0.187    10.930   5.852   924.976  0.629    0.282    5.825    2.663    1.434    0.588 
                47500.0    0.179     9.873   5.977   923.037  0.666    0.316    5.792    2.776    1.486    0.659 
                50000.0    0.172     8.887   6.085   921.060  0.702    0.351    5.751    2.880    1.533    0.733 
                52500.0    0.165     7.973   6.176   919.043  0.737    0.388    5.705    2.977    1.573    0.810 
                55000.0    0.159     7.127   6.251   916.989  0.770    0.424    5.654    3.065    1.608    0.889 
                57500.0    0.152     6.349   6.311   914.895  0.801    0.462    5.600    3.145    1.638    0.970 
                60000.0    0.146     5.635   6.356   912.764  0.830    0.499    5.545    3.217    1.662    1.054 
                62500.0    0.140     4.984   6.386   910.596  0.857    0.536    5.489    3.281    1.683    1.139 
                65000.0    0.134     4.393   6.403   908.391  0.882    0.572    5.433    3.338    1.699    1.225 
                67500.0    0.129     3.859   6.407   906.152  0.905    0.607    5.379    3.388    1.711    1.313 
                70000.0    0.123     3.379   6.400   903.880  0.926    0.641    5.326    3.431    1.721    1.402 
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Table C.37  [ ] Exposure-Dependent 0% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.355    44.360   0.000   955.285  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.355    44.240   0.022   955.238  0.000    0.000    0.017    0.000    0.000    0.000 
                  500.0    0.353    43.762   0.110   955.049  0.001    0.000    0.170    0.001    0.000    0.000 
                 1000.0    0.351    43.171   0.218   954.812  0.003    0.000    0.367    0.006    0.000    0.000 
                 1500.0    0.349    42.587   0.324   954.575  0.005    0.000    0.555    0.013    0.001    0.000 
                 2000.0    0.348    42.011   0.429   954.337  0.007    0.000    0.735    0.023    0.002    0.000 
                 2500.0    0.346    41.441   0.533   954.100  0.009    0.000    0.907    0.035    0.003    0.000 
                 3000.0    0.344    40.878   0.635   953.862  0.012    0.000    1.070    0.049    0.006    0.000 
                 3500.0    0.342    40.320   0.735   953.624  0.014    0.000    1.227    0.065    0.009    0.000 
                 4000.0    0.340    39.769   0.835   953.386  0.017    0.001    1.377    0.083    0.013    0.000 
                 4500.0    0.339    39.224   0.933   953.148  0.020    0.001    1.519    0.102    0.017    0.000 
                 5000.0    0.337    38.684   1.030   952.910  0.023    0.001    1.656    0.122    0.023    0.001 
                 5500.0    0.335    38.150   1.125   952.672  0.026    0.001    1.786    0.143    0.029    0.001 
                 6000.0    0.333    37.621   1.220   952.433  0.029    0.001    1.910    0.166    0.036    0.001 
                 6500.0    0.332    37.097   1.313   952.195  0.033    0.002    2.029    0.189    0.044    0.002 
                 7000.0    0.330    36.578   1.405   951.956  0.036    0.002    2.141    0.214    0.052    0.002 
                 7500.0    0.328    36.063   1.496   951.718  0.040    0.002    2.249    0.239    0.061    0.003 
                 8000.0    0.326    35.554   1.586   951.479  0.044    0.003    2.351    0.264    0.071    0.004 
                 8500.0    0.325    35.049   1.674   951.241  0.048    0.003    2.449    0.291    0.082    0.005 
                 9000.0    0.323    34.548   1.762   951.002  0.052    0.004    2.541    0.318    0.093    0.006 
                 9500.0    0.321    34.052   1.849   950.764  0.056    0.004    2.629    0.345    0.104    0.007 
                10000.0    0.320    33.560   1.934   950.525  0.060    0.004    2.713    0.373    0.116    0.008 
                10500.0    0.318    33.073   2.019   950.287  0.064    0.005    2.792    0.402    0.129    0.010 
                11000.0    0.316    32.589   2.103   950.048  0.068    0.006    2.867    0.430    0.142    0.011 
                11500.0    0.315    32.109   2.185   949.810  0.073    0.006    2.938    0.459    0.155    0.013 
                12000.0    0.313    31.633   2.267   949.572  0.077    0.007    3.005    0.489    0.168    0.015 
                12500.0    0.311    31.161   2.348   949.334  0.082    0.008    3.068    0.519    0.182    0.017 
                13000.0    0.310    30.693   2.427   949.096  0.087    0.008    3.127    0.548    0.196    0.019 
                13500.0    0.308    30.228   2.506   948.859  0.092    0.009    3.183    0.579    0.211    0.021 
                14000.0    0.306    29.767   2.584   948.621  0.096    0.010    3.236    0.609    0.225    0.024 
                14500.0    0.305    29.309   2.661   948.384  0.101    0.011    3.285    0.640    0.240    0.027 
                15000.0    0.303    28.854   2.738   948.147  0.106    0.012    3.330    0.670    0.255    0.030 
                15500.0    0.301    28.403   2.813   947.911  0.111    0.013    3.373    0.701    0.269    0.033 
                16000.0    0.300    27.954   2.888   947.675  0.116    0.014    3.412    0.732    0.284    0.036 
                16500.0    0.298    27.509   2.962   947.439  0.121    0.015    3.449    0.763    0.299    0.039 
                17000.0    0.297    27.067   3.035   947.203  0.126    0.016    3.483    0.794    0.314    0.043 
                17500.0    0.295    26.628   3.107   946.966  0.131    0.017    3.515    0.825    0.328    0.047 
                18000.0    0.293    26.192   3.178   946.730  0.136    0.018    3.544    0.856    0.343    0.051 
                18500.0    0.292    25.759   3.249   946.493  0.141    0.019    3.572    0.887    0.358    0.055 
                19000.0    0.290    25.330   3.319   946.255  0.147    0.020    3.597    0.918    0.373    0.059 
                19500.0    0.289    24.903   3.388   946.017  0.152    0.022    3.620    0.949    0.387    0.064 
                20000.0    0.287    24.480   3.457   945.777  0.157    0.023    3.642    0.980    0.402    0.069 
                20500.0    0.286    24.060   3.525   945.537  0.163    0.024    3.663    1.011    0.417    0.074 
                22500.0    0.279    22.412   3.788   944.559  0.185    0.030    3.731    1.132    0.477    0.095 
                25000.0    0.271    20.427   4.101   943.304  0.214    0.039    3.789    1.281    0.550    0.128 
                27500.0    0.263    18.526   4.394   942.008  0.244    0.050    3.819    1.425    0.620    0.166 
                30000.0    0.255    16.711   4.668   940.670  0.275    0.062    3.827    1.564    0.686    0.210 
                32500.0    0.247    14.983   4.923   939.285  0.307    0.075    3.816    1.698    0.747    0.260 
                35000.0    0.239    13.345   5.158   937.849  0.340    0.090    3.788    1.824    0.802    0.316 
                37500.0    0.231    11.799   5.373   936.359  0.372    0.107    3.748    1.943    0.850    0.378 
                40000.0    0.223    10.350   5.568   934.810  0.405    0.125    3.697    2.055    0.892    0.447 
                42500.0    0.214     8.998   5.741   933.198  0.438    0.145    3.638    2.157    0.927    0.521 
                45000.0    0.206     7.750   5.894   931.517  0.470    0.166    3.575    2.251    0.956    0.601 
                47500.0    0.198     6.606   6.024   929.764  0.502    0.187    3.509    2.334    0.978    0.687 
                50000.0    0.189     5.570   6.132   927.934  0.532    0.210    3.442    2.408    0.995    0.779 
                52500.0    0.181     4.642   6.218   926.025  0.561    0.232    3.376    2.472    1.007    0.875 
                55000.0    0.172     3.824   6.283   924.035  0.588    0.254    3.313    2.527    1.014    0.976 
                57500.0    0.164     3.113   6.326   921.963  0.614    0.276    3.254    2.571    1.018    1.080 
                60000.0    0.156     2.504   6.349   919.812  0.637    0.297    3.200    2.607    1.018    1.188 
                62500.0    0.148     1.993   6.353   917.585  0.658    0.317    3.151    2.635    1.017    1.297 
                65000.0    0.140     1.569   6.340   915.289  0.677    0.335    3.109    2.656    1.013    1.408 
                67500.0    0.132     1.225   6.313   912.929  0.693    0.352    3.072    2.670    1.009    1.518 
                70000.0    0.125     0.949   6.272   910.516  0.707    0.367    3.041    2.679    1.004    1.629 
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Table C.38  [ ] Exposure-Dependent 40% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.355    44.360   0.000   955.285  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.354    44.240   0.023   955.231  0.000    0.000    0.019    0.000    0.000    0.000 
                  500.0    0.353    43.764   0.114   955.013  0.002    0.000    0.194    0.001    0.000    0.000 
                 1000.0    0.351    43.176   0.226   954.740  0.004    0.000    0.420    0.006    0.000    0.000 
                 1500.0    0.349    42.596   0.336   954.468  0.006    0.000    0.635    0.015    0.001    0.000 
                 2000.0    0.347    42.025   0.445   954.195  0.008    0.000    0.840    0.026    0.002    0.000 
                 2500.0    0.345    41.461   0.551   953.922  0.011    0.000    1.035    0.040    0.005    0.000 
                 3000.0    0.343    40.904   0.656   953.650  0.014    0.000    1.222    0.055    0.008    0.000 
                 3500.0    0.341    40.354   0.760   953.377  0.017    0.001    1.401    0.073    0.012    0.000 
                 4000.0    0.339    39.812   0.862   953.104  0.020    0.001    1.571    0.093    0.017    0.000 
                 4500.0    0.337    39.275   0.962   952.832  0.024    0.001    1.734    0.113    0.023    0.001 
                 5000.0    0.335    38.745   1.061   952.559  0.028    0.001    1.889    0.136    0.030    0.001 
                 5500.0    0.333    38.220   1.159   952.287  0.031    0.002    2.038    0.159    0.037    0.001 
                 6000.0    0.331    37.702   1.255   952.015  0.035    0.002    2.179    0.183    0.046    0.002 
                 6500.0    0.329    37.189   1.350   951.742  0.039    0.002    2.315    0.209    0.056    0.002 
                 7000.0    0.327    36.682   1.443   951.470  0.044    0.003    2.444    0.235    0.067    0.003 
                 7500.0    0.325    36.180   1.535   951.198  0.048    0.003    2.567    0.262    0.078    0.004 
                 8000.0    0.323    35.683   1.626   950.927  0.053    0.004    2.684    0.289    0.090    0.005 
                 8500.0    0.321    35.191   1.716   950.655  0.057    0.004    2.796    0.318    0.103    0.006 
                 9000.0    0.319    34.704   1.804   950.383  0.062    0.005    2.902    0.346    0.117    0.007 
                 9500.0    0.317    34.222   1.891   950.112  0.067    0.005    3.003    0.376    0.131    0.008 
                10000.0    0.315    33.744   1.977   949.841  0.072    0.006    3.099    0.406    0.145    0.010 
                10500.0    0.314    33.271   2.062   949.570  0.077    0.007    3.191    0.436    0.160    0.012 
                11000.0    0.312    32.802   2.146   949.300  0.082    0.007    3.278    0.466    0.176    0.014 
                11500.0    0.310    32.338   2.229   949.029  0.088    0.008    3.360    0.497    0.192    0.016 
                12000.0    0.308    31.878   2.310   948.759  0.093    0.009    3.438    0.528    0.208    0.018 
                12500.0    0.306    31.421   2.391   948.490  0.099    0.010    3.512    0.560    0.225    0.020 
                13000.0    0.304    30.969   2.471   948.220  0.104    0.011    3.581    0.592    0.241    0.023 
                13500.0    0.303    30.521   2.549   947.951  0.110    0.012    3.647    0.624    0.258    0.025 
                14000.0    0.301    30.076   2.627   947.682  0.116    0.013    3.709    0.656    0.275    0.028 
                14500.0    0.299    29.635   2.704   947.414  0.121    0.014    3.767    0.688    0.293    0.031 
                15000.0    0.297    29.198   2.779   947.146  0.127    0.015    3.821    0.721    0.310    0.035 
                15500.0    0.296    28.764   2.854   946.879  0.133    0.017    3.873    0.753    0.327    0.038 
                16000.0    0.294    28.333   2.928   946.612  0.139    0.018    3.920    0.786    0.345    0.042 
                16500.0    0.292    27.906   3.001   946.345  0.144    0.019    3.965    0.819    0.362    0.046 
                17000.0    0.291    27.482   3.073   946.079  0.150    0.021    4.006    0.852    0.379    0.050 
                17500.0    0.289    27.061   3.145   945.813  0.156    0.022    4.045    0.884    0.397    0.054 
                18000.0    0.287    26.644   3.215   945.547  0.162    0.024    4.081    0.917    0.414    0.058 
                18500.0    0.285    26.229   3.285   945.281  0.168    0.025    4.115    0.950    0.431    0.063 
                19000.0    0.284    25.818   3.354   945.014  0.174    0.027    4.147    0.983    0.448    0.068 
                19500.0    0.282    25.410   3.422   944.747  0.180    0.028    4.176    1.015    0.465    0.073 
                20000.0    0.280    25.005   3.489   944.478  0.187    0.030    4.204    1.048    0.483    0.078 
                20500.0    0.279    24.604   3.556   944.209  0.193    0.032    4.230    1.080    0.500    0.083 
                21000.0    0.277    24.206   3.621   943.939  0.199    0.034    4.254    1.112    0.517    0.089 
                21500.0    0.275    23.811   3.686   943.668  0.205    0.036    4.277    1.144    0.534    0.095 
                22500.0    0.272    23.031   3.814   943.121  0.218    0.040    4.319    1.208    0.568    0.107 
                25000.0    0.264    21.139   4.118   941.729  0.252    0.051    4.400    1.364    0.652    0.142 
                27500.0    0.256    19.332   4.403   940.302  0.286    0.064    4.452    1.514    0.733    0.181 
                30000.0    0.247    17.608   4.669   938.836  0.321    0.079    4.480    1.659    0.810    0.227 
                32500.0    0.239    15.968   4.914   937.329  0.357    0.096    4.486    1.798    0.881    0.278 
                35000.0    0.231    14.412   5.141   935.780  0.393    0.115    4.474    1.931    0.946    0.334 
                37500.0    0.223    12.942   5.348   934.186  0.429    0.135    4.447    2.056    1.004    0.395 
                40000.0    0.215    11.558   5.536   932.544  0.465    0.157    4.407    2.172    1.055    0.462 
                42500.0    0.207    10.262   5.704   930.852  0.500    0.181    4.357    2.281    1.100    0.533 
                45000.0    0.199     9.053   5.853   929.106  0.535    0.206    4.300    2.381    1.137    0.610 
                47500.0    0.191     7.933   5.982   927.306  0.569    0.232    4.237    2.472    1.169    0.690 
                50000.0    0.184     6.903   6.092   925.447  0.601    0.258    4.171    2.553    1.194    0.775 
                52500.0    0.176     5.962   6.182   923.530  0.632    0.285    4.103    2.625    1.213    0.863 
                55000.0    0.168     5.111   6.254   921.552  0.662    0.313    4.036    2.688    1.227    0.955 
                57500.0    0.161     4.347   6.307   919.513  0.690    0.340    3.969    2.743    1.236    1.050 
                60000.0    0.154     3.669   6.342   917.414  0.716    0.366    3.906    2.788    1.242    1.147 
                62500.0    0.146     3.073   6.361   915.255  0.739    0.392    3.846    2.825    1.243    1.246 
                65000.0    0.139     2.554   6.363   913.039  0.761    0.416    3.790    2.855    1.243    1.346 
                67500.0    0.133     2.108   6.351   910.769  0.780    0.439    3.739    2.878    1.240    1.447 
                70000.0    0.126     1.729   6.326   908.449  0.797    0.460    3.693    2.895    1.235    1.547 
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Table C.39  [ ] Exposure-Dependent 80% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.355    44.360   0.000   955.285  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.354    44.241   0.024   955.221  0.000    0.000    0.023    0.000    0.000    0.000 
                  500.0    0.352    43.768   0.120   954.963  0.002    0.000    0.228    0.002    0.000    0.000 
                 1000.0    0.350    43.185   0.238   954.640  0.005    0.000    0.492    0.008    0.000    0.000 
                 1500.0    0.348    42.612   0.353   954.317  0.007    0.000    0.743    0.017    0.001    0.000 
                 2000.0    0.345    42.048   0.467   953.995  0.011    0.000    0.983    0.030    0.003    0.000 
                 2500.0    0.343    41.493   0.578   953.673  0.014    0.000    1.213    0.045    0.006    0.000 
                 3000.0    0.340    40.946   0.687   953.351  0.018    0.001    1.432    0.063    0.011    0.000 
                 3500.0    0.338    40.407   0.795   953.030  0.022    0.001    1.641    0.082    0.016    0.000 
                 4000.0    0.336    39.875   0.901   952.709  0.026    0.001    1.841    0.104    0.023    0.001 
                 4500.0    0.333    39.350   1.005   952.388  0.030    0.001    2.033    0.126    0.031    0.001 
                 5000.0    0.331    38.833   1.107   952.067  0.035    0.002    2.216    0.150    0.040    0.001 
                 5500.0    0.329    38.322   1.208   951.746  0.039    0.002    2.391    0.176    0.050    0.002 
                 6000.0    0.327    37.817   1.307   951.426  0.044    0.003    2.559    0.202    0.061    0.002 
                 6500.0    0.324    37.319   1.404   951.106  0.050    0.003    2.720    0.229    0.074    0.003 
                 7000.0    0.322    36.827   1.500   950.786  0.055    0.004    2.874    0.257    0.087    0.004 
                 7500.0    0.320    36.340   1.594   950.467  0.061    0.004    3.021    0.286    0.101    0.005 
                 8000.0    0.318    35.859   1.687   950.147  0.066    0.005    3.161    0.315    0.116    0.006 
                 8500.0    0.316    35.384   1.779   949.829  0.072    0.006    3.296    0.346    0.132    0.007 
                 9000.0    0.313    34.914   1.869   949.510  0.078    0.007    3.425    0.376    0.149    0.009 
                 9500.0    0.311    34.449   1.958   949.192  0.084    0.008    3.547    0.408    0.166    0.010 
                10000.0    0.309    33.989   2.046   948.874  0.091    0.009    3.665    0.440    0.183    0.012 
                10500.0    0.307    33.535   2.132   948.557  0.097    0.010    3.777    0.472    0.202    0.014 
                11000.0    0.305    33.084   2.217   948.240  0.103    0.011    3.884    0.504    0.220    0.016 
                11500.0    0.303    32.639   2.301   947.923  0.110    0.012    3.986    0.538    0.239    0.018 
                12000.0    0.301    32.198   2.384   947.607  0.117    0.013    4.083    0.571    0.259    0.021 
                12500.0    0.299    31.761   2.465   947.291  0.123    0.015    4.176    0.605    0.278    0.023 
                13000.0    0.297    31.329   2.545   946.976  0.130    0.016    4.264    0.639    0.298    0.026 
                13500.0    0.295    30.901   2.624   946.661  0.137    0.018    4.347    0.673    0.319    0.029 
                14000.0    0.293    30.477   2.703   946.347  0.144    0.019    4.427    0.708    0.339    0.033 
                14500.0    0.291    30.057   2.779   946.033  0.151    0.021    4.502    0.742    0.359    0.036 
                15000.0    0.289    29.641   2.855   945.719  0.158    0.022    4.574    0.777    0.380    0.040 
                15500.0    0.287    29.229   2.930   945.406  0.165    0.024    4.641    0.812    0.400    0.043 
                16000.0    0.285    28.821   3.004   945.094  0.172    0.026    4.705    0.848    0.421    0.047 
                16500.0    0.283    28.416   3.077   944.782  0.179    0.028    4.766    0.883    0.441    0.051 
                17000.0    0.281    28.014   3.149   944.471  0.187    0.030    4.822    0.918    0.462    0.056 
                17500.0    0.280    27.617   3.219   944.160  0.194    0.032    4.876    0.954    0.482    0.060 
                18000.0    0.278    27.222   3.289   943.849  0.201    0.034    4.927    0.990    0.503    0.065 
                18500.0    0.276    26.831   3.358   943.538  0.209    0.036    4.975    1.025    0.523    0.070 
                19000.0    0.274    26.443   3.426   943.228  0.216    0.039    5.020    1.061    0.543    0.075 
                19500.0    0.272    26.059   3.493   942.917  0.223    0.041    5.062    1.096    0.563    0.080 
                20000.0    0.270    25.678   3.560   942.606  0.231    0.043    5.103    1.131    0.583    0.086 
                20500.0    0.269    25.300   3.625   942.294  0.238    0.046    5.141    1.167    0.603    0.091 
                21000.0    0.267    24.925   3.690   941.982  0.246    0.048    5.177    1.202    0.623    0.097 
                21500.0    0.265    24.554   3.753   941.669  0.253    0.051    5.211    1.237    0.643    0.103 
                22000.0    0.263    24.186   3.816   941.355  0.261    0.054    5.244    1.272    0.663    0.109 
                22500.0    0.261    23.821   3.878   941.040  0.268    0.057    5.275    1.307    0.682    0.116 
                23000.0    0.260    23.460   3.940   940.723  0.276    0.060    5.305    1.341    0.702    0.122 
                23500.0    0.258    23.102   4.000   940.406  0.283    0.063    5.333    1.376    0.722    0.129 
                25000.0    0.253    22.048   4.176   939.446  0.307    0.072    5.409    1.478    0.780    0.151 
                27500.0    0.244    20.357   4.454   937.820  0.346    0.090    5.511    1.644    0.876    0.190 
                30000.0    0.236    18.748   4.712   936.160  0.385    0.110    5.586    1.805    0.968    0.234 
                32500.0    0.227    17.219   4.950   934.466  0.425    0.132    5.636    1.959    1.054    0.283 
                35000.0    0.219    15.769   5.168   932.737  0.465    0.157    5.665    2.108    1.136    0.336 
                37500.0    0.211    14.398   5.367   930.972  0.505    0.183    5.676    2.249    1.211    0.393 
                40000.0    0.203    13.104   5.548   929.169  0.545    0.212    5.671    2.383    1.279    0.455 
                42500.0    0.195    11.887   5.709   927.328  0.584    0.242    5.653    2.509    1.342    0.520 
                45000.0    0.188    10.746   5.853   925.449  0.622    0.274    5.623    2.628    1.398    0.588 
                47500.0    0.181     9.680   5.979   923.530  0.659    0.308    5.585    2.738    1.448    0.660 
                50000.0    0.173     8.687   6.087   921.570  0.694    0.342    5.540    2.840    1.491    0.735 
                52500.0    0.166     7.767   6.178   919.571  0.729    0.377    5.489    2.934    1.529    0.813 
                55000.0    0.160     6.917   6.254   917.531  0.761    0.413    5.434    3.019    1.561    0.893 
                57500.0    0.153     6.136   6.313   915.451  0.792    0.450    5.377    3.096    1.588    0.975 
                60000.0    0.147     5.422   6.357   913.330  0.821    0.486    5.319    3.164    1.610    1.060 
                62500.0    0.141     4.773   6.387   911.171  0.848    0.521    5.260    3.225    1.627    1.146 
                65000.0    0.135     4.185   6.403   908.974  0.872    0.556    5.202    3.279    1.641    1.234 
                67500.0    0.129     3.656   6.406   906.740  0.895    0.590    5.146    3.325    1.651    1.323 
                70000.0    0.124     3.182   6.397   904.471  0.915    0.622    5.091    3.364    1.658    1.413 
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Table C.40  [ ] Exposure-Dependent 0% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.355    44.359   0.000   955.286  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.355    44.239   0.022   955.240  0.000    0.000    0.017    0.000    0.000    0.000 
                  500.0    0.353    43.760   0.110   955.052  0.001    0.000    0.169    0.001    0.000    0.000 
                 1000.0    0.351    43.169   0.218   954.816  0.003    0.000    0.365    0.006    0.000    0.000 
                 1500.0    0.349    42.585   0.324   954.581  0.005    0.000    0.552    0.013    0.001    0.000 
                 2000.0    0.348    42.009   0.429   954.345  0.007    0.000    0.730    0.023    0.002    0.000 
                 2500.0    0.346    41.439   0.532   954.110  0.009    0.000    0.900    0.035    0.003    0.000 
                 3000.0    0.344    40.875   0.634   953.874  0.012    0.000    1.062    0.049    0.006    0.000 
                 3500.0    0.342    40.317   0.735   953.639  0.014    0.000    1.217    0.065    0.009    0.000 
                 4000.0    0.340    39.766   0.834   953.404  0.017    0.001    1.364    0.082    0.012    0.000 
                 4500.0    0.339    39.220   0.932   953.169  0.020    0.001    1.505    0.101    0.017    0.000 
                 5000.0    0.337    38.679   1.029   952.934  0.023    0.001    1.638    0.122    0.022    0.001 
                 5500.0    0.335    38.144   1.124   952.700  0.026    0.001    1.766    0.143    0.028    0.001 
                 6000.0    0.333    37.614   1.219   952.465  0.029    0.001    1.887    0.165    0.035    0.001 
                 6500.0    0.332    37.089   1.312   952.231  0.032    0.002    2.003    0.189    0.043    0.002 
                 7000.0    0.330    36.569   1.404   951.997  0.036    0.002    2.113    0.213    0.051    0.002 
                 7500.0    0.328    36.054   1.494   951.763  0.039    0.002    2.217    0.238    0.060    0.003 
                 8000.0    0.327    35.542   1.584   951.530  0.043    0.003    2.317    0.264    0.070    0.004 
                 8500.0    0.325    35.036   1.673   951.297  0.047    0.003    2.411    0.290    0.080    0.005 
                 9000.0    0.323    34.534   1.760   951.065  0.051    0.003    2.500    0.317    0.090    0.006 
                 9500.0    0.322    34.035   1.847   950.832  0.054    0.004    2.584    0.344    0.102    0.007 
                10000.0    0.320    33.541   1.933   950.601  0.058    0.004    2.664    0.372    0.113    0.008 
                10500.0    0.318    33.051   2.017   950.369  0.063    0.005    2.740    0.400    0.125    0.009 
                11000.0    0.317    32.564   2.101   950.138  0.067    0.005    2.811    0.428    0.138    0.011 
                11500.0    0.315    32.081   2.183   949.908  0.071    0.006    2.879    0.457    0.150    0.013 
                12000.0    0.313    31.602   2.265   949.678  0.075    0.007    2.942    0.486    0.163    0.014 
                12500.0    0.312    31.126   2.346   949.449  0.080    0.007    3.001    0.516    0.176    0.016 
                13000.0    0.310    30.654   2.426   949.220  0.084    0.008    3.057    0.545    0.190    0.018 
                13500.0    0.309    30.185   2.505   948.991  0.089    0.009    3.110    0.575    0.203    0.021 
                14000.0    0.307    29.719   2.583   948.763  0.093    0.009    3.159    0.605    0.217    0.023 
                14500.0    0.305    29.256   2.660   948.534  0.098    0.010    3.206    0.635    0.231    0.026 
                15000.0    0.304    28.797   2.737   948.305  0.103    0.011    3.250    0.665    0.245    0.028 
                15500.0    0.302    28.341   2.813   948.075  0.107    0.012    3.291    0.695    0.259    0.031 
                16000.0    0.301    27.888   2.888   947.845  0.112    0.013    3.330    0.726    0.273    0.034 
                16500.0    0.299    27.439   2.962   947.614  0.117    0.014    3.367    0.756    0.288    0.038 
                17000.0    0.298    26.993   3.035   947.381  0.122    0.015    3.402    0.786    0.302    0.041 
                17500.0    0.296    26.550   3.108   947.148  0.127    0.016    3.435    0.817    0.317    0.045 
                20000.0    0.288    24.389   3.460   945.960  0.153    0.022    3.575    0.968    0.392    0.066 
                22500.0    0.280    22.312   3.792   944.738  0.181    0.029    3.676    1.118    0.468    0.092 
                25000.0    0.272    20.321   4.105   943.479  0.210    0.038    3.744    1.265    0.542    0.124 
                27500.0    0.264    18.415   4.399   942.180  0.241    0.048    3.783    1.409    0.612    0.162 
                30000.0    0.256    16.597   4.673   940.837  0.272    0.060    3.797    1.548    0.678    0.206 
                32500.0    0.248    14.868   4.928   939.447  0.304    0.074    3.791    1.682    0.739    0.256 
                35000.0    0.240    13.231   5.163   938.007  0.337    0.089    3.768    1.810    0.794    0.312 
                37500.0    0.231    11.687   5.377   936.511  0.370    0.106    3.730    1.930    0.843    0.374 
                40000.0    0.223    10.240   5.571   934.956  0.403    0.124    3.682    2.043    0.885    0.442 
                42500.0    0.215     8.893   5.744   933.337  0.436    0.144    3.626    2.146    0.921    0.517 
                45000.0    0.206     7.649   5.895   931.649  0.469    0.165    3.564    2.241    0.950    0.597 
                47500.0    0.198     6.511   6.024   929.887  0.500    0.186    3.499    2.326    0.973    0.683 
                50000.0    0.189     5.482   6.130   928.049  0.531    0.209    3.433    2.401    0.990    0.775 
                52500.0    0.181     4.563   6.215   926.131  0.560    0.231    3.368    2.466    1.002    0.871 
                55000.0    0.172     3.753   6.278   924.132  0.587    0.254    3.305    2.522    1.010    0.972 
                57500.0    0.164     3.050   6.319   922.051  0.613    0.276    3.247    2.567    1.014    1.077 
                60000.0    0.156     2.450   6.340   919.891  0.636    0.297    3.194    2.604    1.015    1.185 
                62500.0    0.148     1.947   6.343   917.655  0.657    0.317    3.147    2.632    1.014    1.294 
                65000.0    0.140     1.532   6.329   915.351  0.676    0.335    3.105    2.653    1.011    1.405 
                67500.0    0.132     1.194   6.300   912.984  0.692    0.352    3.069    2.668    1.007    1.516 
                70000.0    0.124     0.924   6.258   910.564  0.706    0.366    3.038    2.678    1.002    1.626 
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Table C.41  [ ] Exposure-Dependent 40% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.355    44.359   0.000   955.286  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.354    44.239   0.023   955.233  0.000    0.000    0.019    0.000    0.000    0.000 
                  500.0    0.353    43.762   0.114   955.016  0.002    0.000    0.193    0.001    0.000    0.000 
                 1000.0    0.351    43.174   0.226   954.746  0.004    0.000    0.417    0.006    0.000    0.000 
                 1500.0    0.349    42.594   0.336   954.475  0.006    0.000    0.630    0.015    0.001    0.000 
                 2000.0    0.347    42.022   0.444   954.205  0.008    0.000    0.833    0.026    0.002    0.000 
                 2500.0    0.345    41.458   0.551   953.935  0.011    0.000    1.026    0.040    0.005    0.000 
                 3000.0    0.343    40.901   0.656   953.666  0.014    0.000    1.210    0.055    0.008    0.000 
                 3500.0    0.341    40.351   0.759   953.397  0.017    0.001    1.386    0.073    0.012    0.000 
                 4000.0    0.339    39.808   0.861   953.128  0.020    0.001    1.554    0.092    0.016    0.000 
                 4500.0    0.337    39.271   0.961   952.859  0.024    0.001    1.713    0.113    0.022    0.001 
                 5000.0    0.335    38.740   1.060   952.591  0.027    0.001    1.866    0.135    0.029    0.001 
                 5500.0    0.333    38.214   1.157   952.323  0.031    0.001    2.011    0.159    0.037    0.001 
                 6000.0    0.331    37.695   1.253   952.056  0.035    0.002    2.149    0.183    0.046    0.002 
                 6500.0    0.329    37.181   1.348   951.788  0.039    0.002    2.281    0.208    0.055    0.002 
                 7000.0    0.327    36.672   1.441   951.522  0.043    0.003    2.406    0.234    0.066    0.003 
                 7500.0    0.325    36.169   1.533   951.256  0.047    0.003    2.525    0.261    0.077    0.004 
                 8000.0    0.323    35.671   1.624   950.990  0.051    0.003    2.639    0.289    0.088    0.005 
                 8500.0    0.321    35.177   1.713   950.725  0.056    0.004    2.746    0.317    0.101    0.006 
                 9000.0    0.320    34.688   1.802   950.460  0.061    0.005    2.849    0.345    0.114    0.007 
                 9500.0    0.318    34.203   1.889   950.196  0.065    0.005    2.946    0.375    0.128    0.008 
                10000.0    0.316    33.723   1.975   949.933  0.070    0.006    3.038    0.404    0.142    0.010 
                10500.0    0.314    33.248   2.059   949.670  0.075    0.006    3.125    0.434    0.156    0.011 
                11000.0    0.312    32.776   2.143   949.408  0.080    0.007    3.207    0.465    0.171    0.013 
                11500.0    0.311    32.308   2.226   949.146  0.085    0.008    3.285    0.495    0.186    0.015 
                12000.0    0.309    31.845   2.307   948.885  0.091    0.009    3.359    0.526    0.202    0.017 
                12500.0    0.307    31.385   2.388   948.625  0.096    0.010    3.428    0.558    0.218    0.019 
                13000.0    0.305    30.928   2.468   948.365  0.101    0.011    3.494    0.589    0.233    0.022 
                13500.0    0.304    30.476   2.546   948.106  0.107    0.012    3.555    0.621    0.250    0.025 
                14000.0    0.302    30.026   2.624   947.847  0.112    0.013    3.613    0.652    0.266    0.027 
                14500.0    0.300    29.580   2.701   947.588  0.117    0.014    3.668    0.684    0.282    0.030 
                15000.0    0.298    29.138   2.777   947.330  0.123    0.015    3.720    0.716    0.299    0.033 
                15500.0    0.297    28.699   2.852   947.070  0.128    0.016    3.769    0.748    0.315    0.037 
                16000.0    0.295    28.264   2.926   946.811  0.134    0.017    3.816    0.780    0.332    0.040 
                16500.0    0.293    27.832   3.000   946.550  0.140    0.018    3.860    0.812    0.349    0.044 
                17000.0    0.292    27.404   3.072   946.289  0.146    0.020    3.902    0.844    0.366    0.048 
                17500.0    0.290    26.979   3.144   946.027  0.151    0.021    3.942    0.876    0.383    0.052 
                18000.0    0.288    26.557   3.215   945.764  0.157    0.023    3.980    0.908    0.400    0.056 
                18500.0    0.287    26.139   3.285   945.499  0.163    0.024    4.016    0.940    0.417    0.061 
                20000.0    0.281    24.906   3.491   944.698  0.182    0.029    4.113    1.035    0.469    0.075 
                22500.0    0.273    22.921   3.816   943.337  0.214    0.038    4.243    1.192    0.556    0.104 
                25000.0    0.265    21.022   4.122   941.940  0.247    0.049    4.336    1.346    0.641    0.138 
                27500.0    0.256    19.209   4.407   940.508  0.282    0.062    4.399    1.496    0.723    0.178 
                30000.0    0.248    17.481   4.673   939.037  0.318    0.077    4.435    1.641    0.799    0.223 
                32500.0    0.240    15.839   4.919   937.526  0.354    0.094    4.448    1.780    0.871    0.273 
                35000.0    0.232    14.283   5.145   935.971  0.390    0.113    4.441    1.913    0.936    0.329 
                37500.0    0.224    12.814   5.352   934.371  0.427    0.133    4.419    2.039    0.994    0.391 
                40000.0    0.216    11.432   5.538   932.722  0.463    0.155    4.382    2.157    1.046    0.457 
                42500.0    0.208    10.139   5.706   931.023  0.498    0.179    4.335    2.267    1.091    0.529 
                45000.0    0.200     8.935   5.853   929.271  0.533    0.204    4.281    2.368    1.129    0.605 
                47500.0    0.192     7.820   5.981   927.462  0.567    0.230    4.220    2.460    1.160    0.686 
                50000.0    0.184     6.796   6.090   925.596  0.600    0.257    4.155    2.543    1.186    0.771 
                52500.0    0.176     5.863   6.179   923.670  0.631    0.284    4.089    2.616    1.206    0.859 
                55000.0    0.168     5.019   6.249   921.683  0.661    0.311    4.023    2.680    1.220    0.951 
                57500.0    0.161     4.263   6.300   919.635  0.688    0.339    3.958    2.735    1.230    1.046 
                60000.0    0.154     3.593   6.334   917.526  0.714    0.365    3.895    2.781    1.236    1.143 
                62500.0    0.146     3.005   6.350   915.359  0.738    0.391    3.836    2.819    1.238    1.243 
                65000.0    0.139     2.495   6.351   913.134  0.760    0.415    3.782    2.850    1.238    1.343 
                67500.0    0.132     2.057   6.338   910.855  0.779    0.438    3.732    2.873    1.235    1.444 
                70000.0    0.126     1.685   6.311   908.527  0.796    0.459    3.686    2.891    1.231    1.544 
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Table C.42  [ ] Exposure-Dependent 80% Void 
Isotopics (kg/MTU Initial) 

 
                Exposure 
                MWd/MTU    U-234    U-235    U-236    U-238   NP-237   PU-238   PU-239   PU-240   PU-241   PU-242 
                --------   -----    -----    -----    -----   ------   ------   ------   ------   ------   ------ 
                    0.0    0.355    44.359   0.000   955.286  0.000    0.000    0.000    0.000    0.000    0.000 
                  100.0    0.354    44.240   0.024   955.223  0.000    0.000    0.023    0.000    0.000    0.000 
                  500.0    0.352    43.766   0.120   954.967  0.002    0.000    0.226    0.002    0.000    0.000 
                 1000.0    0.350    43.183   0.237   954.647  0.005    0.000    0.487    0.008    0.000    0.000 
                 1500.0    0.348    42.610   0.353   954.328  0.007    0.000    0.736    0.017    0.001    0.000 
                 2000.0    0.345    42.046   0.466   954.009  0.010    0.000    0.973    0.030    0.003    0.000 
                 2500.0    0.343    41.490   0.577   953.691  0.014    0.000    1.199    0.045    0.006    0.000 
                 3000.0    0.340    40.943   0.686   953.373  0.017    0.001    1.414    0.063    0.011    0.000 
                 3500.0    0.338    40.403   0.794   953.056  0.021    0.001    1.620    0.082    0.016    0.000 
                 4000.0    0.336    39.871   0.899   952.740  0.025    0.001    1.817    0.104    0.023    0.001 
                 4500.0    0.334    39.346   1.003   952.424  0.030    0.001    2.004    0.126    0.030    0.001 
                 5000.0    0.331    38.827   1.105   952.108  0.034    0.002    2.183    0.150    0.039    0.001 
                 5500.0    0.329    38.316   1.205   951.793  0.039    0.002    2.355    0.176    0.049    0.002 
                 6000.0    0.327    37.810   1.304   951.479  0.044    0.003    2.518    0.202    0.061    0.002 
                 6500.0    0.325    37.311   1.401   951.165  0.049    0.003    2.674    0.229    0.073    0.003 
                 7000.0    0.322    36.817   1.497   950.852  0.054    0.004    2.823    0.257    0.086    0.004 
                 7500.0    0.320    36.330   1.591   950.539  0.059    0.004    2.966    0.286    0.100    0.005 
                 8000.0    0.318    35.847   1.684   950.227  0.065    0.005    3.101    0.315    0.114    0.006 
                 8500.0    0.316    35.370   1.775   949.916  0.071    0.006    3.231    0.345    0.130    0.007 
                 9000.0    0.314    34.898   1.865   949.605  0.077    0.007    3.355    0.376    0.146    0.008 
                 9500.0    0.312    34.431   1.954   949.295  0.083    0.008    3.472    0.407    0.162    0.010 
                10000.0    0.310    33.969   2.041   948.986  0.089    0.009    3.585    0.439    0.180    0.012 
                10500.0    0.308    33.512   2.127   948.677  0.095    0.010    3.691    0.471    0.197    0.014 
                11000.0    0.306    33.059   2.212   948.369  0.101    0.011    3.793    0.504    0.215    0.016 
                11500.0    0.304    32.611   2.296   948.062  0.107    0.012    3.890    0.537    0.233    0.018 
                12000.0    0.302    32.167   2.378   947.756  0.114    0.013    3.982    0.570    0.252    0.020 
                12500.0    0.300    31.727   2.460   947.450  0.120    0.014    4.069    0.604    0.271    0.023 
                13000.0    0.298    31.291   2.540   947.145  0.127    0.016    4.152    0.637    0.290    0.026 
                13500.0    0.296    30.859   2.619   946.841  0.133    0.017    4.231    0.671    0.309    0.029 
                14000.0    0.294    30.430   2.697   946.537  0.140    0.018    4.305    0.706    0.329    0.032 
                14500.0    0.292    30.006   2.774   946.234  0.147    0.020    4.376    0.740    0.348    0.035 
                15000.0    0.290    29.585   2.850   945.931  0.153    0.021    4.444    0.774    0.367    0.038 
                15500.0    0.288    29.168   2.925   945.628  0.160    0.023    4.508    0.809    0.387    0.042 
                16000.0    0.286    28.755   2.999   945.324  0.167    0.025    4.569    0.844    0.407    0.046 
                16500.0    0.284    28.345   3.072   945.021  0.174    0.027    4.628    0.878    0.427    0.050 
                17000.0    0.283    27.939   3.144   944.717  0.181    0.029    4.683    0.913    0.446    0.054 
                17500.0    0.281    27.536   3.216   944.412  0.188    0.031    4.737    0.948    0.466    0.059 
                18000.0    0.279    27.137   3.286   944.106  0.195    0.033    4.788    0.982    0.486    0.063 
                18500.0    0.277    26.742   3.355   943.800  0.203    0.035    4.836    1.017    0.506    0.068 
                19000.0    0.275    26.350   3.424   943.492  0.210    0.037    4.883    1.052    0.526    0.073 
                19500.0    0.273    25.962   3.491   943.184  0.217    0.039    4.928    1.086    0.546    0.078 
                20000.0    0.272    25.577   3.558   942.874  0.225    0.042    4.971    1.121    0.566    0.083 
                22500.0    0.263    23.707   3.878   941.307  0.263    0.055    5.160    1.291    0.667    0.113 
                25000.0    0.254    21.924   4.177   939.708  0.301    0.070    5.309    1.459    0.767    0.147 
                27500.0    0.245    20.226   4.456   938.076  0.341    0.088    5.425    1.623    0.863    0.187 
                30000.0    0.236    18.612   4.714   936.411  0.381    0.107    5.510    1.783    0.955    0.231 
                32500.0    0.228    17.079   4.952   934.712  0.421    0.130    5.570    1.937    1.041    0.279 
                35000.0    0.220    15.628   5.170   932.977  0.462    0.154    5.607    2.086    1.122    0.332 
                37500.0    0.212    14.256   5.369   931.205  0.502    0.181    5.624    2.227    1.198    0.389 
                40000.0    0.204    12.963   5.549   929.396  0.541    0.209    5.625    2.362    1.266    0.451 
                42500.0    0.196    11.748   5.710   927.549  0.581    0.239    5.611    2.490    1.329    0.515 
                45000.0    0.188    10.610   5.852   925.662  0.619    0.272    5.586    2.609    1.385    0.584 
                47500.0    0.181     9.548   5.977   923.735  0.656    0.305    5.551    2.720    1.435    0.656 
                50000.0    0.174     8.560   6.084   921.768  0.692    0.340    5.508    2.823    1.479    0.731 
                52500.0    0.167     7.645   6.174   919.760  0.726    0.375    5.460    2.918    1.517    0.808 
                55000.0    0.160     6.801   6.247   917.712  0.759    0.411    5.408    3.004    1.549    0.889 
                57500.0    0.153     6.027   6.305   915.624  0.790    0.447    5.352    3.082    1.577    0.971 
                60000.0    0.147     5.320   6.348   913.495  0.819    0.483    5.296    3.152    1.599    1.056 
                62500.0    0.141     4.677   6.376   911.327  0.846    0.519    5.239    3.214    1.617    1.142 
                65000.0    0.135     4.097   6.390   909.121  0.871    0.554    5.182    3.268    1.631    1.230 
                67500.0    0.129     3.575   6.392   906.879  0.893    0.588    5.128    3.315    1.642    1.319 
                70000.0    0.124     3.108   6.381   904.601  0.913    0.620    5.075    3.355    1.649    1.409 
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Figure D.1  [  ] Enrichment Distribution 
 

 

For Information Only



 
Nuclear Fuel Design Report 
Quad Cities Unit 2 Cycle 24 
Representative Cycle 
ATRIUM 10XM Fuel 

ANP-3294NP 
Revision 0 

Page D-3 
 

  
AREVA Inc.  

 

[ 

] 

Figure D.2  [  ] Enrichment Distribution 
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Figure D.3  [  ] Enrichment Distribution 
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Figure D.4  [  ] Enrichment Distribution
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Figure D.5  [ ] Enrichment Distribution
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Figure D.6  [ ] Enrichment Distribution 

For Information Only



 
Nuclear Fuel Design Report 
Quad Cities Unit 2 Cycle 24 
Representative Cycle 
ATRIUM 10XM Fuel 

ANP-3294NP 
Revision 0 

Page D-8 
 

  
AREVA Inc.  

 

[ 

] 
Figure D.7  [  ] Enrichment Distribution
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Figure D.8  [  ] Enrichment Distribution 
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Figure D.9  [  ] Enrichment Distribution 
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Figure D.10  [  ] Enrichment Distribution 
 

 
 

For Information Only



 
Nuclear Fuel Design Report 
Quad Cities Unit 2 Cycle 24 
Representative Cycle 
ATRIUM 10XM Fuel 

ANP-3294NP 
Revision 0 

Page D-12 
 

  
AREVA Inc.  

 

[ 

] 

Figure D.11  [  ] Enrichment Distribution 
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Figure D.12  [  ] Enrichment Distribution 
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Figure D.13  [  ] Enrichment Distribution 
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Figure D.14  [  ] Enrichment Distribution 
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Figure D.15  [  ] Enrichment Distribution 
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Figure D.16  [  ] Enrichment Distribution 

For Information Only



 
Nuclear Fuel Design Report 
Quad Cities Unit 2 Cycle 24 
Representative Cycle 
ATRIUM 10XM Fuel 

ANP-3294NP 
Revision 0 

Page D-18 
 

  
AREVA Inc.  

 

[ 

] 

Figure D.17  [  ] Enrichment Distribution 
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Figure D.18  [  ] Enrichment Distribution 
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Figure D.19  [  ] Enrichment Distribution 
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Figure D.20  [ ] Enrichment Distribution 
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Figure D.21  [  ] Enrichment Distribution 
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Figure D.22  [  ] Enrichment Distribution
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Figure D.23  [  ] Enrichment Distribution 
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Figure D.24  [  ] Enrichment Distribution 
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Figure D.25  [ ] Enrichment Distribution 
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Figure D.26  [ ] Enrichment Distribution 
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Figure D.27  [ ] Enrichment Distribution
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