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LEGAL NOTICE

This report was prepared as an account of work performed by Westinghouse Electric Company LLC.
Neither Westinghouse Electric Company LLC, nor any person acting on its behalf:

A.  Makes any warranty or representation, express or implied including the warranties of
fitness for a particular purpose or merchantability, with respect to the accuracy,
completeness, or usefulness of the information contained in this report, or that the use of
any information, apparatus, method, or process disclosed in this report may not infringe
privately owned rights; or

B.  Assumes any liabilities with respect to the use of, or for damages resulting from the use of,
any information, apparatus, method, or process disclosed in this report.
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COPYRIGHT NOTICE

This report has been prepared by Westinghouse Electric Company LLC and bears a

Westinghouse Electric Company copyright notice. As a member of the PWR Owners Group, you are
permitted to copy and redistribute all or portions of the report within your organization; however all
copies made by you must include the copyright notice in all instances.

DISTRIBUTION NOTICE

This report was prepared for the PWR Owners Group. This Distribution Notice is intended to establish
guidance for access to this information. This report (including proprietary and non-proprietary versions)
is not to be provided to any individual or organization outside of the PWR Owners Group program
participants without prior written approval of the PWR Owners Group Program Management Office.
However, prior written approval is not required for program participants to provide copies of Class 3 non-
proprietary reports to third parties that are supporting implementation at their plant, and for submittals to
the NRC.
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RECORD OF REVISIONS
Revision Date Description
0 May 2007 Original
1 April 2009 Rev bars are not included in this document because this
revision required a total reorganization of the original
document.

The text is organized as follows:
1 Introduction
e Section 1.0 from original WCAP
2 Long-Term Core Cooling Acceptance Basis
e Section 3, a few details from Appendix A from
original WCAP and applicable RAIs
3 Blockage at the Core Inlet
e Sections 2.1 & 6 from original WCAP, add
testing w/ prototypical fuel filters, and applicable
RAIs
4 Collection of Debris on Fuel Grids
e Sections 2.2 & 4 from original WCAP, add
testing w/ prototypical fuel filters, and applicable
RAIs
5 Collection of Fibrous Material on Fuel Cladding
e Section 2.3 from original WCAP and applicable
RAIs
6 Protective Coating Debris Deposited on Fuel Clad
Surfaces
e Section 2.5 from original WCAP
7 Chemical Precipitates and Debris Deposited on Fuel
Clad Surfaces
e Sections 2.4 & 5, and applicable RAIs
8 Boric Acid Precipitation
e  Section 2.6 from original WCAP
9 Coolant Delivered to the Top of the Core
e Section 2.7 from original WCAP and applicable
RAIs
10 Summary
e Sections 2.8 & 7 from original WCAP and
addition of acceptance criteria for fuel debris
loading during long-term recirculation from
containment sump.
11 References
Appendix A
e Keep and add applicable RAIs
Appendix B
e Keep and add applicable RAIs
Appendix C
e Keep and add applicable RAIs
Appendix D
e Keep and add applicable RAIs
Appendix E
e Keep and add applicable RAIs
Appendix F
e Keep and add applicable RAIs
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Revision Date Description
Appendix G — Description of FA Testing
e New — Add new appendix to describe the fuel
assembly testing (in general). The references will
provide a hook to the actual test descriptions and
data.
Appendix H
e New - RAI Set #1
Appendix I
e New — RAI Set #2
Appendix J
e New —RAI Set #3
2-A September 2011 Revision bars are used to highlight changes.

General
e References (Section 11) were updated from
alpha-numeric to numeric. These changes
were reflected throughout the text.
Executive Summary
e Updated to include results from new FA
testing. Fiber limit = 15 g/FA.
Section 2
e Updated to include results from new FA
testing. Fiber limit =15 g/FA.
Section 3
e Updated to reflect most recent FA testing
goals. That is, testing was conducted to
address RAIs and define a maximum allowable
fiber limit.
Section 4
e Updated to include new observations regarding
debris collection at spacer grids in Section 4.2.
Section 10
o Updated to include results from new FA
testing. Fiber limit= 15 g/FA.
Appendix A
e Updated to include results from new FA
testing. Fiber limit= 15 g/FA.
Appendix G
o Updated to include results from new FA
testing. Included detailed discussion on loop
conservatisms.
Appendix K
e New. Most recent RAI responses.

See EDMS

Incorporated comments from participants of PA-SEE-
0312, including:

e Expansion of fiber limit options. Clarified
there are plant-specific options that can be
pursued to allow for additional fibrous debris.
Editorial changes.

Edits of Section 10 and Appendix G.
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EXECUTIVE SUMMARY

Pressurized water reactor (PWR) containment buildings are designed both to contain radioactive materials
releases and to facilitate core cooling in the event of a postulated loss-of-coolant-accident (LOCA). The
cooling process requires water discharged from the break and containment spray to be collected in a sump
for recirculation by the emergency core cooling system (ECCS) and the containment spray system (CSS).
Typically, a containment sump contains one or more screens in series that protect the components of the
ECCS from debris that could be washed into the sump. Fibrous debris could form a mat on the screen
that would collect particulates, keeping them from being ingested into the ECCS and CSS flow paths.
However, as the fiber bed forms, particulates and some fibrous material may be ingested into the ECCS
and subsequently, into the reactor coolant system (RCS).

Concerns have been raised about the potential for debris ingested into the ECCS to affect long term core
cooling (LTCC) when recirculating coolant from the containment sump. The fuel assembly (FA) bottom
nozzles are designed with flow passages that provide coolant flow from the reactor vessel lower plenum
into the region of the fuel rods. During operation of the ECCS to recirculate coolant from the
containment sump, debris in the recirculating fluid that passes through the sump strainer may collect on
the bottom surface of the FA bottom nozzle, causing resistance to flow through this path. The collection
of sufficient debris on the FA bottom nozzle is postulated to impede flow into the FA and core. Other
concerns have been raised with respect to the collection of debris and post accident chemical products
within the core itself. Specifically, the debris has been postulated to either form blockages or adhere to
the cladding, thereby reducing the ability of the coolant to remove decay heat from the core. Similarly,
chemical precipitates have been postulated to plate out on fuel cladding, again resulting in a reduction of
the ability of the coolant to remove decay heat from the core.

Guidance provided to the industry in the following documents has been used as the framework for
analyses that address these concerns.

. WCAP-16406-P-A: Section 9.0 (cold leg injection, hot leg injection, fiber, particulates, etc.),
including addenda

) NEI 04-07, Volume 1: Section 7.3

) NEI 04-07, Volume 2: Section 7.3

. Draft NRC Staff Review Guidance for Evaluation of Downstream Effects of Debris Ingress into

the PWR RCS on Long Term Core Cooling Following a LOCA, dated November 22, 2005.

The Pressurized Water Reactor Owners Group (PWROG) undertook a program to provide additional
analyses and information on the effect of debris and chemical products on core cooling for PWRs when
the ECCS is realigned to recirculate coolant from the containment sump. The objective of the program
was to demonstrate reasonable assurance that sufficient LTCC is achieved for PWRs to satisfy the
requirements of 10 CFR 50.46 with debris and chemical products that might be transported to the reactor
vessel and core by the coolant recirculating from the containment sump. This program supersedes the
efforts documented in WCAP-16406-P-A, Section 9. The debris composition includes particulate and
fiber debris, as well as post-accident chemical products. The program was performed such that the results
of this program are bounding and apply to the fleet of PWRs, regardless of the design of the plant
{Westinghouse, Combustion Engineering [CE], or Babcock & Wilcox [B&W]) or fuel vendor
(Westinghouse or AREVA).
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This evaluation considered the design of the PWR, the design of the open-lattice fuel, the design and
tested performance of replacement containment sump strainers, the tested performance of materials inside
containment, and the tested performance of fuel assemblies in the presence of debris. Specific areas
addressed in this evaluation include:

Blockage at the core inlet

Collection of debris on fuel grids

Collection of fibrous material on fuel cladding
Protective coating debris deposited on fuel clad surfaces
Production and deposition of chemical precipitants
Coolant delivered from the top of the core

The following acceptance bases were selected for the evaluation of the topical areas identified above:

1. The maximum clad temperature shall not exceed 800°F.
2. The thickness of the cladding oxide and the fuel deposits shall not exceed 0.050 inch in any fuel
region.

These acceptance bases were applied after the initial quench of the core and are consistent with the LTCC
requirements stated in 10 CFR 50.46 (b)(4) and 10 CFR 50.46 (b)(5). They do not represent, nor are they
intended to be, new or additional LTCC requirements. These acceptance bases provide for demonstrating
that local temperatures in the core are stable or continuously decreasing and that debris entrained in the
cooling water supply will not affect decay heat removal. The 800°F temperature was selected based on
autoclave data that demonstrated oxidation and hydrogen pickup to be well behaved at and below the
800°F temperature and the reduction in cladding small. Therefore, there would be minimal reduction in
post-LOCA load carrying capability. A discussion of the technical basis for the 800°F temperature is
given in Appendix A. The 0.050 inch limit for oxide plus deposits was selected so as to preclude the
formation of deposits that would bridge the space between adjacent rods and block flow between fuel
channels.

In addition to these acceptance criteria, utilities must evaluate site-specific fiber loading against the debris
load acceptance criteria provided in this document. Plants with debris loads above the debris load
acceptance criteria may demonstrate adequate LTCC capability through engineering evaluations of plant-
specific conditions and/or plant-specific testing.

In order to demonstrate reasonable assurance of LTCC, all plants must evaluate the areas identified above,
demonstrate they are bounded by the maximum fuel cladding temperature and maximum deposit
thickness requirements and evaluate the site-specific fiber loading against the developed debris load
acceptance criteria. Specifically,

¢ Adequate flow to remove decay heat will continue to reach the core even with debris from the
sump reaching the RCS and core. Plants that follow the guidance provided in Section 10 can
state that debris that bypasses the strainer will not build an impenetrable blockage at the core
inlet. While any debris that collects at the core inlet will provide some resistance to flow, in the
extreme case that a large blockage does occur, numerical analyses have demonstrated that core
decay heat removal will continue. The details of this evaluation are provided in Section 3.
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Decay heat will continue to be removed even with debris collection at the FA spacer grids. Plants
that follow the guidance provided in Section 10 can state that debris that bypasses the screen will
not build an impenetrable blockage at the fuel spacer grids. This assertion is bolstered by
numerical and first principle analyses. The details of this evaluation are provided in Section 4.

Fibrous debris, should it enter the core region, will not tightly adhere to the surface of fuel
cladding. Thus, fibrous debris will not form a “blanket” on clad surfaces to restrict heat transfer
and cause an increase in clad temperature. Therefore, adherence of fibrous debris to the cladding
is not plausible and will not adversely affect core cooling. The details of this evaluation are
provided in Section 5.

Protective coating debris, should it enter the core region, will not restrict heat transfer and cause
an increase in clad temperature. Therefore, adherence of protective coating debris to the cladding
is not plausible and will not adversely affect core cooling. The details of this evaluation are
provided in Section 6.

The chemical effects method developed in WCAP-16530-NP-A was extended to develop a
method to predict chemical deposition of fuel cladding. The calculational tool, LOCADM, can
be used by each utility to perform a plant-specific evaluation. It is expected that each plant will
be able to use this tool to show that decay heat would be removed and acceptable fuel clad
temperatures would be maintained. The details of this evaluation are provided in Section 7.

PWRs use boron as a core reactivity control method and are subject to concerns regarding
potential post-LOCA boric acid precipitation in the core. In light of NRC staff and ACRS
challenges to the simplified methods commonly used, it has recently become clear that additional
insights and new methodologies are needed to answer fundamental questions about boric acid
mixing and transport in the RCS and potential precipitation mechanisms that may occur both
during the ECCS injection phase and the sump recirculation phase after a LOCA. This will be
addressed in a separate PWROG program. This program is discussed in Section 8.

The PWROG FA test results demonstrated that sufficient flow will reach the core to remove core
decay heat. The debris load acceptance criteria developed is bounding and applicable to all PWR
plants, including UPI plants. The details of this evaluation are provided in Section 9.

Actions are required of utilities to demonstrate acceptable LTCC with debris and chemical products in the
recirculating fluid. Plants will have to perform plant-specific LOCADM evaluations (Section 7 and
Appendix E) and prove the plant conditions are bounded by the debris load acceptance criteria (Section 3,
Section 10 and Appendix G). Plants with debris loads above the debris load acceptance criteria may
demonstrate adequate LTCC capability through engineering evaluations of plant-specific conditions
and/or plant-specific testing.

These actions along with reference to this report provide the basis for demonstrating LTCC will not be
compromised following a LOCA as a consequence of debris ingestion to the RCS and core.
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1 INTRODUCTION

The scope of Generic Safety Issue 191 (GSI-191) (Reference 1) addresses a variety of concerns
associated with the operation of the emergency core cooling system (ECCS) and the containment spray
system (CSS) in the recirculation mode. These concerns include debris generation associated with a
postulated high energy line break, debris transport to the containment sump when the ECCS is realigned
to operate in the recirculation mode, and the effects of debris that might pass through the sump strainers
on downstream components and fuel. In addition to debris resulting from the action of the jet from the
postulated pipe break, there is also the potential for generation of chemical products from the reaction of
containment materials and coolant that may also be transported to and through the sump strainer.

During operation of the ECCS to recirculate coolant from the containment sump, debris in the
recirculating fluid that passes through the sump strainer may collect throughout the fuel assembly (FA),
causing resistance to flow through this path. The collection of sufficient debris throughout the FA is
postulated to impede flow into the fuel assemblies and core. Other concerns have been raised with
respect to the collection of debris and post accident chemical products within the core itself. Specifically,
the debris has been postulated to either form blockages at spacer grids or adhere to the cladding, thereby
reducing the ability of the coolant to remove decay heat from the core. Similarly, chemical precipitates
have been postulated to plate out on fuel cladding, again resulting in a reduction of the ability of the
coolant to remove decay heat from the core.

Guidance provided to the industry in the following documents has been used to provide the framework
for analyses that address these concerns.

e WCAP-16406-P-A: Section 9.0 (cold leg injection, hot leg injection, fiber, particulates, etc.)
including addenda (Reference 2)

e NEI 04-07, Volume 1: Section 7.3 (Reference 3)

o NEI04-07, Volume 2: Section 7.3 (Reference 4)

o Draft NRC Staff Review Guidance for Evaluation of Downstream Effects of Debris Ingress into
the PWR RCS on Long Term Core Cooling Following a LOCA, dated November 22, 2005.
(Reference 5)

The Pressurized Water Reactor Owners Group (PWROG) undertook a program to provide additional
analyses, test data, and information on the effect of debris and chemical products on core cooling for
pressurized water reactors (PWRs) when the ECCS is realigned to recirculate coolant from the
containment sump. The objective of the program is to enable each plant to demonstrate that there is
reasonable assurance that sufficient long term core cooling (LTCC) is achieved for PWRs to satisfy the
requirements of 10 CFR 50.46 with debris and chemical products that are postulated to be transported to
the reactor vessel. This program supersedes the efforts documented in WCAP-16406-P-A, Section 9
(Reference 2). For the purposes of this work, “long-term core cooling” is defined to be when the ECCS
and CSS are realigned to recirculate coolant from the containment sump. The program was performed
such that the results of this program are bounding and apply to the fleet of PWRs, regardless of the design
of the plant (Westinghouse, Combustion Engineering [CE], or Babcock & Wilcox [B&W]) or fuel vendor
(Westinghouse or AREVA).
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2 LONG-TERM CORE COOLING ACCEPTANCE BASIS
2.1 INTRODUCTION

Part of the resolution of GSI-191 involves defining the relevant LTCC bases. This section describes the
criteria that will be used in determining GSI-191 acceptance of the debris effects on fuel. These LTCC
acceptance criteria are based on the requirements of Title 10 of the Code of Federal Regulations, Part
50.46 (10 CFR 50.46). The criteria are to be used with engineering evaluations that demonstrate
acceptable LTCC, once established following the initial recovery of the core post LOCA, is successfully
maintained. Successful LTCC is defined as meeting the criteria highlighted in this section. A detailed
discussion of the criteria can be found in Appendix A.

2.2 GSI-191 LONG-TERM CORE COOLING ACCEPTANCE BASES

The LTCC acceptance bases defined for GSI-191 are listed below. These acceptance bases are consistent
with 10 CFR 50.46 (b)(4) and 10 CFR 50.46 (b)(5) and demonstrate that the local temperatures are stable
or continuously decreasing and that debris entrained in the cooling water supply will not affect decay heat
removal.

1. Decay Heat Removal/Fuel Clad Oxidation
The cladding temperature during recirculation from the containment sump will not exceed 800°F.

Cladding temperatures at or below 800°F maintain the clad within the temperature range where
additional corrosion and hydrogen pickup over a 30 day period will not have a significant effect
on cladding properties. At temperatures greater than 800°F, there are occurrences of rapid
nodular corrosion and higher hydrogen pickup rates that can reduce cladding mechanical
performance. Long term autoclave testing has been performed to demonstrate that no significant
degradation in cladding mechanical properties would be expected due to a localized hot spot.
This information is proprietary to the fuel vendors but could be made available upon request.
This testing demonstrated that the increase in oxide thickness and hydrogen loading was limited
at temperatures of less than 800°F for periods of 30 days. With limited corrosion and hydrogen
pickup, the impact on cladding mechanical performance is not significant. Therefore, no
significant degradation in cladding properties would occur due to 30-day exposure at 800°F and
there would not be any adverse impact on core coolability. The autoclave results justify a
maximum clad temperature 800°F as an LTCC acceptance basis.

2. Deposition Thickness

For current fuel designs, regardless of vendor, the minimum clearance between two adjacent fuel
rods, including an allowance for the spacer grid thickness, is greater than 100 mils. Therefore, a
50-mil debris thickness on a single fuel rod is the maximum deposition to preclude touching of
the deposition of two adjacent fuel rods with the same deposition. The 50 mil thickness is the
maximum acceptable deposition thickness before bridging of adjacent fuel rods by debris is
predicted to occur. The 50 mils of solid precipitation described here include the clad oxide, crud
layer and debris deposition.
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23 SUMMARY

These LTCC bases applicable to GSI-191 have been defined based on the requirements of 10 CFR 50.46
as clarified by the NRC (Reference 6). They are summarized as follows:

1. The cladding temperature during recirculation from the containment sump will not exceed 800°F.
2. The deposition of debris and/or chemical precipitates will not exceed 50 mils on any fuel rod.

These bases will facilitate the demonstration of acceptable core cooling following a postulated large break
LOCA.
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3 BLOCKAGE AT THE CORE INLET

During operation of the ECCS to recirculate coolant from the containment sump, debris in the
recirculating fluid that passes through the sump strainer may collect on the bottom surface of the FA
bottom nozzle, causing resistance to flow through this path. The collection of sufficient debris at this
location is postulated to impede flow into the fuel assemblies and core. In order to address this concern, a
prototypical FA testing program was initiated to establish guidance on the debris mass that could bypass
the reactor containment building sump strainer and not impede core inlet flow and challenge LTCC.

Additionally, this section provides an overview of WCOBRA/TRAC (WC/T) evaluation, which examines
the extreme case of almost complete blockage at the core inlet in order to provide additional assurance
that LTCC will not be challenged. This calculation provides additional “defense in depth” assurance that
LTCC will be maintained.

3.1 PROTOTYPICAL FUEL ASSEMBLY TESTING

The prototypical FA testing program was designed to establish a bounding, conservative analysis on the
debris mass that could bypass the reactor containment building sump strainer and not impede core inlet
flow and challenge LTCC. An overall test protocol and specific test procedures were developed to ensure
that possible thin bed effects were investigated and debris types and characteristics expected in the reactor
coolant system (RCS) were represented. A detailed discussion of the FA test program can be found in
Appendix G. The following sections summarize the program and pertinent results. The results from these
FA tests are discussed in the proprietary test reports (References 7, 8 and 21).

3.1.1 Pressure Drop Considerations for Testing

The FA testing program undertaken by the PWROG is designed to provide reasonable assurance that
sufficient flow will reach the core to remove core decay heat. To that end, it must be demonstrated that
the head available to drive flow into the core is greater than the head loss (also referred to as pressure
drop) across the core due to possible debris blockage. The following relationship must be true to ensure
sufficient flow is available to maintain LTCC:

dp avail = dP debris

The available driving head (dP,..q) is a plant-specific value and the pressure drop due to debris (dPyepyis) is
determined by the FA test program.
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3.1.1.1 Available Driving Head

At the time of sump switchover, the core has been fully recovered and the fluid inventory in the RCS is
above the top of the core. The core decay heat is being removed by ECCS injection. Core flow is only
possible if the manometric balance between the downcomer and the core is sufficient to overcome the
flow losses in the reactor vessel (RV) downcomer, RV lower plenum, core, and loops, or reactor vessel
vent valves (RVVVs)' at the appropriate flow rate.

APavaiI = APclz = APflow

where:
AP vail = Available head to drive flow into the core
APy, = Elevation head between downcomer side and core
APpaow = Flow losses in the RV downcomer, RV lower plenum, core, and loops or
RVVVs

The manometric differences are determined considering plant geometry, system water levels, core void
fractions, and flow path resistances. The flow losses are calculated using the following form of the Darcy
equation.

2

AP, K ®
flow — A2 288~pg g,
where:
APgow = differential pressure (psid)
k = form-loss coefficient
A = area upon which the form-loss coefficient is based (ft)
® = flow rate (Ibm/s)
Pe = liquid density (Ibm/ft*)
2 = gravitational constant (32.2 Ibm-ft/lbf-sec?)

The driving head at the core inlet is dependent on the break location. In either case, core heatup will not
occur until there is sufficient debris accumulation to limit the core flow rate to the point where the fluid is
exactly saturated steam at the core exit. Therefore, for either the hot or cold leg break, the calculation of
allowed pressure drop for debris should not consider any liquid associated with entrainment or bubbly,
frothy flow downstream of the core at the limiting condition.

1. The B&W plant designs have RVV Vs that short-circuit the steam path to the break for CL break scenarios.
These passive valves provide a path between the RV outlet plenum and the RV upper downcomer region. They
open on a small differential pressure and provide a path for steam to vent from the RV upper plenum directly to
the break in the CL. Therefore, steam flow through the loops is not expected for B& W-designed plants.
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For postulated cold leg (CL) breaks, the ECCS liquid from each CL runs to the break, ensuring that the
downcomer is full to at least the bottom of the CL nozzles. The core level is established by the
manometric balance between the downcomer liquid level, the core level, and RCS pressure drop through
the loops or RVVVs. The net ECCS flow to the core is only what is required to make up for core boiling
to remove the decay heat. Most of the ECCS liquid spills directly out of the break. The flow downstream
of the core at recirculation would be two-phase with entrained liquid or a bubbly flow wherein the flow
and elevation heads balance the downcomer elevation head to produce a flow rate matching decay heat.
As debris builds up, the flow of liquid into the core reduces and the level of liquid downstream of the core
lowers or the entrained liquid is not replaced until the critical condition is reached with just sufficient
flow to match decay heat with no remaining liquid downstream of the core. This condition is
commensurate with the maximum allowed blockage at the core inlet.

For a break in the HL, the ECCS liquid must pass through the core to exit the break. The driving force is
the manometric balance between the liquid in the downcomer and the core. Should a debris bed begin to
build up in the core, the liquid level will begin to build in the CLs and flow will spill back through the
reactor coolant pumps into the pump suction piping, steam generator (SG) inlet plenum, and SG tubes.
As the level begins to rise in the SG tubes, the elevation head to drive the flow through the core increases
as well. The driving head reaches its peak when the shortest SG tubes for Westinghouse- and CE-
designed plants has been filled or reaches the HL spillover elevation for B& W-designed plants. Once the
ECCS flow reaches the elevation of the shortest tubes, the flow area of the shortest tubes or HL piping are
large enough that no increase in water level to the higher tubes is achieved. This is conservative, as it
provides for the minimum static head available. The core mixture level will be at least to the HL nozzle
elevation, and the core flow rate will equal the ECCS flow rate. The flow downstream at recirculation
would be liquid that has been heated in the core, but not likely boiled, and is being pushed out the break
(Appendix J, RAI #14). As debris builds up, the flow of liquid is reduced until boiling initiates and the
break flow becomes two-phase. Increased accumulation of debris further slows the flow until the critical
condition is reached with just sufficient flow to match decay heat and no liquid downstream of the core.
This condition is commensurate with the maximum allowed blockage at the core inlet.

The methodology to calculate the plant-specific dP,,,; value is presented in Section 2.18 of Reference 19.
3.1.2 Pressure Drop Due to Debris (dPgebris)

Testing was conducted to define dPg.is values corresponding to specific fiber loads. This testing was
designed to measure the pressure drop resulting from a specified debris loading and this value was
defined as dPges at this debris load. A high-level summary of the testing is provided here and additional

details are provided in Appendix G

1. The test facility is a closed-loop system that continually recirculates fluid and debris through
a single test assembly.

2. The test chamber is formed by walls that are sized to match the FA pitch. The distance from
the end of the test FA to the chamber walls is half the distance between adjacent FAs.

3. The flow entering the bottom of the FA is uniform and constant.
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4.  All debris is available to form debris beds at either the simulated core inlet of at the
intermediate spacer grids.

All these design features contribute to the promotion of debris capture in the test loop and provide a
conservative representation of the debris capture in an actual accident scenario.

In either a HL or CL break case, core heatup will not occur until there is sufficient debris accumulation to
limit the core flow rate to the point where the fluid is exactly saturated steam at the core exit. Therefore,
for either the HL or CL break, the calculation of allowed pressure drop for debris should not consider any
liquid associated with entrainment or bubbly, frothy flow downstream of the core at the limiting
condition.

As long as the pressure drop due to debris (defined by FA testing) is less than the available driving head
(defined by plant-specific calculation), flow will pass through the core and reach the break.

3.1.3 Description of Tests

The PWROG developed a common test protocol to ensure that testing for all of the PWROG members
was consistent among test sites. The protocol is described in Reference 9. The test matrix, acceptance
criteria, and test procedures were developed based on this protocol. The details of the test program are
provided in Appendix G.

3.1.4 Discussion of Test Results

Testing was performed at hot and cold leg break flow rates.

. The test matrices used for this program are provided in Table G-2 and G-3 and the results are
provided in References 7, 8 and 21.

. The HL break flow rate (i.e. the highest flow rate) represented the limiting head loss test
condition.
. The amount of particulate tested affects the formation of the debris bed and the resulting head

loss across the FA. Testing was conducted at the limiting particulate-to-fiber (p:f) mass ratio
which produced the limiting result. Tests conducted at this condition experienced a significant
increase in head loss upon the introduction of chemical surrogate to the test loop.

. Fiber was the greatest driver for increasing head loss at the core inlet. The FA test program
evaluated the impact of various debris types (particulate, microporous insulation, cal-sil
insulation, chemical precipitates and fiber) on head loss. Testing demonstrated fiber is the
limiting variable and, due to the behavior of the other debris types, is the only debris variable that
requires a limit. '

Plants that have bypass debris loadings that are within the limits of the debris masses tested are bounded
by the test program. The specific acceptance criteria are listed in Section 10. Several courses or actions
have been identified for plants whose debris loads are outside the limits tested including, but not limited
to, reducing problematic debris sources by removing or restraining the affected debris source, plant-
specific FA testing, engineering evaluations of plant-specific conditions, removal or reduction of chemical
precipitate formation, and evaluation of debris transport/bypass calculations.
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Additional FA topics are discussed in the following sections.
3.1.4.1 Impact of Thin Bed on Head Loss

Testing was performed using the NRC March 2008 protocol of adding all particulate debris, then
beginning to add the fibrous debris in small quantities so as to provide for the formation of a thin bed
(Reference 10). All tests followed this guidance, with the NRC staff observing a few of the tests. In all
cases, a thin bed was-not observed, even with very small quantities of fibrous debris. That is, a large head
loss was not observed only with fiber and particulates in the loop. However, as previously mentioned, the
p:f mass ratio has a direct impact on the head loss.

3.1.4.2 Debris Settling in Lower Plenum

Credit for settling in the lower plenum is not being considered as part of the demonstration of LTCC.
However, credit for settling in the lower plenum may be considered, with appropriate and applicable
justification, for other issues associated with the closure of GSI-191.

'3.1.4.3 Alternate Flow Paths

This testing identifies debris loading limits that preclude the core inlet from becoming fully blocked with
debris. Thus, if the core debris loading of plants falls within the limits of the debris loads tested, the core
inlet will not become fully blocked with debris. Therefore, flow paths into the core other than through the
core inlet or exit (i.e., alternate flow paths) are not considered in applying the debris mass acceptance
criteria and are not credited or utilized in establishing acceptable debris loading conditions for LTCC.

In the event that a plant should choose to credit alternate flow paths for LTCC, the plant would be
expected to identify the number, size, flow capability, and potential for blockage of the flow paths the
plant is crediting.

3.2  WCOBRA/TRAC EVALUATION OF BLOCKAGE AT THE CORE INLET

To further bolster the assertion that core cooling flow will be maintained, WC/T analyses were performed
to demonstrate that adequate flow is provided and redistributed within the core to maintain adequate
LTCC. This computer code is used for evaluating best estimate large break LOCA methodology and is
described in detail in Reference 11. A bounding evaluation was performed, using limiting assumptions, to
evaluate the consequences of core inlet blockage on LTCC. The blockage was assumed to
deterministically occur and is not representative of actual plant conditions. The objective of the
calculation was to demonstrate that, should blockage at the core inlet occur, sufficient liquid could enter
the core to remove core decay heat once the plant had switched to sump recirculation with up to 99.4
percent core blockage to assure acceptable cladding temperatures. Presented here is a summary of the
evaluation performed. Appendix B contains a more detailed description of the evaluation performed.

3.2.1 Approach

The effects of blockage at the core inlet were simulated by ramping the dimensionless friction factor (Cp)
at the core inlet to a large number, simulating a postulated debris buildup that results in a reduction of
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flow. A modified version of WC/T was created to allow the friction factor at the core inlet to be ramped.
Code simulations were performed using standard input for a problem time of 20 minutes. The 20 minute
time was taken to be representative of the earliest time of realignment of the ECCS to operate in the
recirculation mode. Starting at 20 minutes, the friction factor at the core inlet was ramped to its terminal
value over the next 30 seconds. The core inlet flow blockage occurring in 30 seconds from the start of
recirculation is not physical and does not represent any plant condition. The postulated core blockage
was modeled in this manner to perform a bounding calculation. After the core inlet resistance was
ramped to its terminal value of about Cp = 10° (which essentially eliminates all flow through the path),
the code simulations were run out to 40 minutes to show the flow rate supplied to the core would be
sufficient to remove decay heat and maintain a coolable core geometry.

3.2.2 Selection of Limiting Reactor Vessel Design

The core inlet blockage simulations were designed to bound the U.S. PWR fleet. To ensure a bounding
calculation, the limiting break type and the limiting vessel design were taken into consideration before
selecting a plant model for the simulation.

The selection of the limiting break for modeling purposes combines the conditions from a double-ended
CL and a double-ended HL break to create a bounding scenario. During a double-ended CL break, the
ECCS liquid will spill into containment, which decreases the driving head of core flow to a minimum.
However, the debris that reaches the RCS lower plenum and core inlet for a CL break will be substantially
lower than the debris that reaches the core for a HL break. During a double-ended HL break, no spilling
of ECCS liquid occurs. Therefore, an additional driving head from the build-up of liquid level in the
downcomer and in the steam generator tubes to the spillover elevation is present. However, the higher
flow rates also result in faster debris build-up, and because there is more debris available to accumulate,
the HL break represents the conservative case in terms of debris load. To create the worst possible
scenario, the limiting break case for modeling purposes will be a modified double-ended CL break, i.e.,
limiting flow at the core inlet, combined with faster debris build-up time that occurs for a high flow HL
break.

Similarly, Westinghouse, CE, and B&W vessel designs were considered and a limiting design was chosen
based upon which vessel design would be most limiting with respect to the condition of core inlet flow
blockage. Three general Westinghouse vessel designs were considered: designed barrel/baffle (B/B)
upflow, converted B/B upflow, and B/B downflow. For Westinghouse designed plants, the most limiting
design is downflow plants since the only means for the flow to enter the core is through the lower core
plate. As described in Appendix B, this design was also determined to bound both the B&W and CE
plants. Thus, a Westinghouse downflow plant was used for this WC/T evaluation.

3.2.3 Model Inputs

A plant with an existing WC/T model, downflow plant configuration, and high core power density is
desired for the core blockage simulations. A three-loop downflow model plant rated at 2900 MWt was
chosen. The axial power shape used high enthalpy rise peaking factor (Fay = 1.73), a skewed to the top
power distribution (13 percent axial offset), and a relatively high total peak factor (Fq =2.3). The
top-skewed power shape, shown in Figure 3-1, is limiting compared to base load or bottom skewed power
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shapes due to the longer time for the quench front to approach the elevations with the highest power and
its susceptibility to heatup if the core becomes uncovered due to inlet blockage.

The radial power distributions between the four core channels are listed in Table 3-1. The radial power
distribution in the core is flat with the exception of the periphery assemblies and the hot assembly. The
hot assembly power is conservatively modeled to a high normalized power of 1.66.
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Figure 3-1 Plant Transient Power Shape

Table 3-1 Core Channel Radial Power Distribution
Channel Normalized Number of
Channel Description Number Power Assemblies
Hot Assembly Channel (HA) 13 1.66 1
Guide Tube Channel (GT) 12 1.17 53
Non-Guide Tube Channel (AVG) 11 1.17 75
Low Power Periphery Channel (LP) 10 0.20 28

Additional information about the plant chosen for the core inlet blockage simulations, including

schematics and WC/T noding diagrams, is provided in Appendix B.
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At 20 minutes, in addition to the ramping of the loss coefficient at the core inlet of the model, the ECCS
liquid temperature was increased. The increase in the ECCS liquid better simulates the recirculating
coolant temperature and is representative of residual heat removal (RHR) heat exchanger outlet
temperature following switchover to sump recirculation. The temperature of the injected water was set to
be 190°F, which is typical for Westinghouse designs and is expected to bound B&W designs. CE plant
designs do not have RHR heat exchangers, and after switchover to recirculation, high pressure safety
injection flow is pumped directly from sump to the RCS. As described in Appendix B, the increase in
sump ECCS injection temperature is assessed to be a non-factor in core inlet blockage simulations. Prior
to recirculation, termination of extensive downcomer boiling and cooling of vessel internals has already
occurred. Therefore, the increase in injection temperature should not lead to boiling and only a small
decrease in flow rate supplied to the core will ensue due to the density effects.

3.2.4 Results

Two simulations were run with no changes to the standard noding scheme but with different amounts of
core blockage. The first case modeled 82 percent core flow blockage and allowed flow through the
periphery fuel assemblies as shown in Figure 3-2. The second case modeled 99.4 percent core flow
blockage and allowed flow only through the hot assembly (HA) channel. The cross-sectional core noding
schemes for Case 1 and Case 2 are shown in Figure 3-2 and Figure 3-3, respectively.

As shown in Figure 3-4, a comparison between the calculated flow rates for Cases 1 and 2, and the flow
rate needed to match core boil-off shows there is ample flow into the core to replace boil-off after the
simulated core blockage occurred. Also, as shown in Figure 3-5, the calculated peak clad temperature
(PCT) history plot of the hot rod is predicted to occur in traditional early time frame (within ~200
seconds) for a postulated large-break LOCA analysis. Figure 3-5 also shows that after roughly 300
seconds the core is quenched and no significant heatup occurs thereafter. Because no heat up occurs
during the sump recirculation phase of the event, the maximum local and core wide oxidation calculations
for traditional LOCA analyses are still considered applicable. It is therefore concluded that sufficient
liquid can enter the core to remove core decay heat once the plant has switched to sump recirculation with
up to 99.4 percent blockage at the core inlet.

The evaluation documented in Appendix B considered the Case 2 modeling approach of leaving the hot
assembly unblocked due to core cross-flow. The void fraction in the HA channel was shown to reach
higher values, demonstrating that much of the flow exits the HA channel via cross-flow to adjacent
lower-power assemblies in the core. It was therefore concluded that there was no non-conservatism in the
calculations due to the modeling approach.

The containment back pressure was modeled by a containment pressure vs. time table input for each of
the broken loop CL components. The containment backpressures used in both cases were based on the
existing pressure vs. time tables used in the best estimate LOCA (BELOCA) analysis. The BELOCA
table was extrapolated down to atmospheric pressure and held at atmospheric conditions for the
remainder of the simulation. Consistent with the objective of this evaluation, the applicability of this
evaluation to sub-atmospheric containments was also evaluated. As stated in Appendix B, it was
determined that the sub-atmospheric containment pressure plant designs are bounded by the atmospheric
containment simulations performed to examine the effects of core inlet blockage.
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Figure 3-2 Case 1 - 82% Core Blockage Modeling Approach

Figure 3-3 Case 2 — 99.4% Core Blockage Modeling Approach

Note: Regions 6, 7, 8, and 9 are the downcomer and downflow B/B regions.

WCAP-16793-NP October 2011
Revision 2




3-10

SWITCH OVER TIME
----- BOILOFF RATE
--------- CORE INLET FLOW 82% BLOCKAGE
——-——- CORE INLET FLOW 99% BLOCKAGE
0.1E+07
Bomo— ................................................
’g sowoo_ ......... E ......... . ........ E ......... 5 ...... ;’- .
= " : : : : S
o . ’I
-8 [ i /\/’
(=] .
o= = e
= : : : R
=) wmoo_ W el B h R W e W e : ......... A L e .”.‘;'../ ........
o 5 : : : oYt
. - A - o
-‘g 200000_ I I o P '/V- . e ¥ 6 E W e ¥ re e W WTUR ¥ . .........
- //«/W“‘"’ : : -
| : [ s
0_{‘ ........................... S T TP
_zomo 1 1 1 1 ' 1 1 L 1 . L 1 1 l L 1 1 1 T 1 1 1 1
0 500 1000 1500 2000 2500
Time (sec)

146300733

Figure 3-4 Integrated Core Flow vs. Core Boil-off for Case 1 and Case 2

WCAP-16793-NP October 2011
Revision 2




—— SWITCH OVER TIME
¥ ——-—- CASE 1 PCT

L CASE 2 PCT
2000
- 5 z
1500 I# . \‘ ...... S T T IR
\ . .
i ‘\
T
Ky L
i 1 \
= \ . .
E 1000_ o e w e \‘. “ % : ......... ' ............................
D N
g— + |\
o g |
|
\
n |
{ : ;
sm— ...............................................
i Lo A : :
i ~ .Lw‘“ L‘”“":M‘“"‘."'I“L‘J:ﬁﬁ*““‘“"\{‘“”&‘*“
0"";""5"'5""-""
0 500 1000 1500 2000 2500
Time (sec)
1850337480
Figure 3-5 Case 1 and Case 2 Hot Rod Peak Clad Temperature History
WCAP-16793-NP October 2011

Revision 2




3-12

33 ADDITIONAL WC/T CALCULATIONS

Several additional WC/T analyses were performed in support of the effort documented by this report.
These WC/T runs were performed at the request of the Advisory Committee for Reactor Safeguards
(ACRS) with the purpose of determining the blockage level (either using a reduction in area or increase
loss coefficient) that would reduce core flow below that necessary to match coolant boil-off. The detailed
documentation for these additional calculations is presented in Appendix B and includes time history
plots of the integrated core inlet and exit flow, peak cladding temperature, core collapsed liquid level,
core exit void fraction, and core pressure drop for the bounding conditions.

3.3.1 Method Discussion & Input

The base case for the calculation results presented in here is Case 2, or the more restricted flow area case,
from Section 3.2. The Darcy equation defines pressure drop as being proportional to the form-loss
coefficient and inversely proportional to the flow area squared. Using this principle, two separate
approaches were taken to determine the blockage level needed to preclude sufficient flow into the core to
provide for LTCC. The first approach considered an area reduction while maintaining the form-loss
coefficients. The second approach considered form-loss coefficient increases while maintaining the flow
area constant.

1. For the first approach, the flow area of the hot channel, Channel 13, was reduced. The input
value of the hydraulic loss coefficient, Cp, for the other channels into the core, Channels 10, 11,
- 12 and 13 remained the same as the base case. To maintain the total core flow area, the adjacent
channel (Channel 11, representing an “average channel”) flow area was increased to offset the
change in flow area to Channel 13. This change is needed to preserve the total core flow area;
however, no flow will enter the core through Channel 11.

2. For the second approach, the loss coefficients were increased in increments until boil-off could
not be matched.

Areas Used in Reduced Flow Area Approach
The flow area values used in the two flow area reduction cases are as listed below.

Channel 13 50% Flow Reduction Case:

Channel 13 Flow Area =23.76 * (0.50) =11.88 in’

Channet 11 Flow Area = 1782 +23.76 * (0.50) = 1794. in’

Channel 13 80% Flow Reduction Case:

Channel 13 Flow Area =23.76 * (0.20) =4.752 in®

Channel 11 Flow Area = 1782 +23.76 * (0.80) =1801. in’
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Due to time constraints, the transient run time was reduced from 2400 seconds to 1500 seconds for the
calculations that were performed. The transient calculation time of 1500 seconds is sufficient to
demonstrate whether the reduction in core flow would be sufficient to match boil-off.

Cp Values used in Increased Loss Coefficient Approach

In order to determine the blockage level that would reduce core flow below that necessary to match
coolant boil-off, the inlet core loss coefficients were increased in increments until boil-off could not be
matched. The computer calculations made include uniform loss coefficients of 50,000, 100,000, and
1,000,000. The only changes required for these runs were updates to the variables used to activate the
dimensionless loss coefficient ramp logic. For these cases, the Cp, input value was changed from 10° to
desired Cp, value to reduce flow through peripheral channels, the average channels and the hot assembly
channel instead of block flow. Also, the feature to allow the Cp, value of all core inlet channels to vary as
a function of time was enabled.

Three runs were made; Cp = 50,000, Cp = 100,000 and Cp = 1,000,000. The increase in Cp values to the
desired values was accomplished over a 30 second time interval. The ramp up started at the time of
switchover from injection from the BWST/RWST to recirculation from the sump, transient time t = 1200
seconds and was completed at transient time t = 1230 seconds.

Again, due to time constraints, the transient run time was reduced from 2400 seconds to 1500 seconds for
the calculations that were performed. The transient calculation time of 1500 seconds is sufficient to
demonstrate whether the reduction in core flow would be sufficient to match boil-off.

3.3.2 Results from Flow Area Reduction Runs

The first flow reduction run performed reduced the hot channel (Channel 13) flow area of Case 2 by 50%,
which yields a total core inlet flow reduction of 99.7% compared to an unblocked core. Figure 3-6 shows
a comparison of the integrated core inlet flow and the core boil-off rate, starting at 1200 seconds, the time
that switchover from injection to recirculation from the containment sump is simulated. As shown, even
with the increase in core blockage, the flow that enters the core is still in excess of the boil-off rate. The
peak cladding temperature (PCT) is shown in Figure 3-7. There are no significant PCT excursions after
the core blockage is simulated.

The next flow reduction run performed reduced the hot channel (Channel 13) flow area by 80%, which
yields a total core inlet flow area reduction of 99.9%. Figure 3-8 shows a comparison of the integrated
core inlet flow and boil-off rate, again starting at 1200 seconds. For this increase in core blockage, the
flow that enters the core cannot match the boil-off rate. In addition, Figure 3-9 shows that the PCT
increases for the remainder of the calculation.

These results indicate that a total core inlet area reduction of up to as much as 99.7% will still allow
sufficient flow into the core to provide for removal of decay heat and assure LTCC.
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3.3.3 Results from Uniform Loss Coefficient Runs

The first uniform loss coefticient run performed applied a uniform Cp of 50,000 at the core inlet. Figure
3-10 shows a comparison of the integrated core inlet flow and boil-off rate, again starting at the time of
switchover from injection to recirculation from the sump. As shown, even with the increase of the loss
cocfficient at the inlet, the flow that enters the core is still in excess of the boil-off rate. (Note that the
integrated mass flow behavior shown between time t = 1200 seconds and time t = 1250 seconds of Figure
3-10 is the result of the 30 second ramp-up of the hydraulic loss coefficient, Cp, to 50,000 that is initiated
in the calculations at time t = 1200 seconds.) The PCT is shown in Figure 3-11. There are no significant
PCT excursions after the core inlet loss coefficient is increased.

The second uniform loss coefficient run performed applied a uniform Cp, of 100,000 at the core inlet.
Figure 3-12 shows a comparison of the integrated core inlet flow and boil-off rate. As shown, even with
the further increase of the loss coefficient at the inlet, the flow that enters the core is still in excess of the
boil-off rate. (Note that the integrated mass flow rate of Figure 3-12 shows a similar behavior as was
shown in Figure B-36. Again, this is due to the 30 second ramp-up of the hydraulic loss coefficient, Cp,
to 100,000 that is initiated in the calculations at time t = 1200 seconds, but extends the behavior over a
slightly longer time.) The PCT is shown in Figure 3-13. There are no significant PCT excursions after
the core inlet loss coefficient is increased.

The next uniform loss coefficient run performed applied a uniform Cp of 1,000,000 at the core inlet.
Figure 3-14 shows a comparison of the integrated core inlet flow and boil-off rate. With the increased
resistance to flow into the core specified for this case, the flow that enters the core can not match the boil-
off rate. As a consequence, as shown in Figure 3-15, the PCT increases until the end of the transient
calculation.

The results indicate that an increase in the form loss coefficient at the core inlet of up to Cp = 100,000 for
the limiting plant and fuel load design will allow for sufficient flow into the core to remove decay heat
and provide for LTCC.
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Figure 3-6 Integrated Core Flow vs. Core Boil-off for Channel 13 Flow Reduction 50% Case
(Shifted Scale)
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Figure 3-7 Hot Rod PCT for Channel 13 Flow Reduction 50% Case
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Figure 3-9 Hot Rod PCT for Channel 13 Flow Reduction 80% Case
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Figure 3-10  Integrated Core Flow versus Core Boil-off for Channel for Uniform Cj = 50,000
(Shifted Scale)

WCAP-16793-NP October 2011

Revision 2




3-20

SWITCH OVER TIME
‘‘‘‘ PEAK CLADDING TEMPERATURE
2000
l\\
L T : . . . ;
15m_ ﬁl\\ ....... ....... ....... ....... .............. .......
_:l, \ - . . . : :
lb V.
‘.
¥ \.
' b
& B )
~r | N
‘Q_J H :\
= | A
E 1m—r ........ \ ....................................................
3 | \
B |
§ | \
o Bl |
| |
& \
|
B |
|
m— ........... [ ........... : ......................................
1 oA
B ! [ qorl
[ oo b h M
8 ’ I gl g )
\L‘-»ﬂd \~}u” \‘\VMA‘J\.._‘.* ~J\I‘\ A ’ll
olll;lll;lll;lll 11;111111'111

1
0 200 400 600 1000 1200 1400 1600
Time (sec)

1912580003
Figure 3-11  Hot Rod PCT for Uniform Cp = 50,000
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Figure 3-12  Integrated Core Flow vs. Boil-off for Uniform Cp = 100,000 Case (Shifted Scale)
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Figure 3-13 Hot Rod PCT for Uniform Cp = 100,000 Case
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Figure 3-14  Integrated Core Flow vs. Boil-off for Uniform Cp = 1,000,000 Case (Shifted Scale)
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34 SUMMARY

The FA testing program demonstrated that, at the debris load acceptance criteria, no potential blockage is
expected that restricts flow into or through the core such that removal of decay heat and maintaining of
decay heat is compromised. Therefore, plants that have bypass debris loadings that are within the limits
of the debris masses tested are bounded by the test. The specific acceptance criteria are listed in Section
10.

In addition to the FA testing program, WC/T examined the cases of 82% and 99.4% blockage of the core
inlet flow area. Additional sensitivity calculations performed with WC/T demonstrate there is margin in
these two cases. These WC/T calculations provide defense-in-depth that LTCC will not be compromised
with a debris blockage at the core inlet. It was concluded that sufficient liquid can enter the core to
remove core decay heat once the plant has switched to sump recirculation with up to 99.4 percent
blockage at the core inlet.
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4 COLLECTION OF DEBRIS ON FUEL GRIDS

Debris that does not collect at the core inlet will pass through the FA bottom nozzle and enter the core
region. It is possible that this debris may lodge in some of the smaller clearances in the fuel grids. Three
supporting analyses are presented in this section to demonstrate that blockage at spacer grids will not
impede LTCC. First, a general discussion of debris build up is presented along with an evaluation of the
effect on LTCC. Second, the FA test data is reviewed. Finally, ANSYS® and first principle calculations
are presented to demonstrate that the fuel rod will continue to be cooled even for extreme cases with
significant blockages around the fuel grids.

4.1 GENERAL DISCUSSION

Each FA has a number of spacer grids. These grids are designed to support the fuel rods. Following a
LOCA, they provide the most likely location for debris accumulation within the core region. Spacer grid
designs commonly used have hard and soft stops, which are small “springs” in the middle of the grids.
These “springs” and the leading edge of the grids are the most likely locations for debris to build up,
although flow diversion will limit the buildup at this location

The size of particulate debris that may pass through the replacement sump strainers is dependent upon the
hole size of the replacement sump strainer. This dimension is 0.11 in. or less. The maximum debris size
that may be passed by sump strainers is of the magnitude of the maximum clearance between fuel rods
and grid.

The design of a fuel grid allows for cross flow through the grid between adjacent fuel rods. That is, the
stops are punched out of the grid such that a flow path exists from one fuel rod to the next near the middle
of the spacer grid. This will limit both the extent of the debris build up and its consequences. Should
debris collect and form a resistance to the flow of coolant along the fuel rod, both coolant and debris
carried by the coolant will be diverted to adjacent “cleaner” locations. A similar phenomenon will occur
for fuel designs without hard or soft stops, albeit at the leading edge of the grid. As debris builds up at the
leading edge, the flow will divert around it to open channels, limiting the debris build up.

Debris that does collect will have some packing factor that will allow “weeping” flow through debris
buildup to cool the cladding. Complete compaction of the debris will not occur and the packing density
of the debris is limited to less than unity or perfect compaction. From Reference 12, the packing will
most likely be less than ~60 percent. Thus, any debris buildup will not become impenetrable. Boiling in
the area of the blockage will occur with less than a 10 to 15°F increase in the clad temperature over the
adjacent coolant temperature. Even a small amount of fluid flow through the debris bed will provide
sufficient heat removal via convection to maintain the fuel rod a few degrees below the liquid saturation
temperature.

This general discussion provides solid arguments for asserting that blockages at the spacer grids will not
adversely affect LTCC. Additional arguments and analyses are further developed in the following
sections.
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4.2 PROTOTYPICAL FUEL ASSEMBLY TESTING

The PWROG sponsored a test program to justify acceptance criteria for the mass of debris that can be
deposited at the core entrance and not impede LTCC flows to the core. By testing a prototypical FA with
spacer grids, additional information was obtained regarding the buildup of debris at the spacer grids. A
detailed discussion of the test can be found in Appendix G. The results from these FA tests are discussed
in the proprietary test reports (References 7, 8 and 21).

During the FA tests, debris was observed to accumulate at spacer grids. In some cases the accumulation
seemed to be extensive. However, a review of the test data indicated that coolant continued to pass
through the debris bed, verifying the “weeping” flow postulated in Section 4.1. Furthermore, the
blockage at the spacer grids observed during the testing is conservative as described below.

During the FA tests, debris was observed to accumulate at spacer grids during tests performed at higher
p:fratios. While some buildup is expected, the observations from the tests represent an upper bound of
the debris accumulation because of the following conservatisms in the testing process.

. Once the debris-laden fluid exits the break, it is returned to the sump where it can settle or at least
be filtered again before it can return to the RCS. As the debris bed builds up on the sump strainer,
less debris reaches the RCS. In the test loop, the debris-laden water was continuously circulated
without filtration, allowing the debris multiple opportunities to be captured on the fuel filter or
spacer grid.

. While the entire ECCS volume must pass through the core to reach the break, core boiling may
not be suppressed following a HL break. This is more likely if one train of ECCS is lost to a
failure. With boiling, additional turbulence is present in the core region, which will tend to
remove debris from the spacer grids and confine blockages to isolated regions. Boiling was not
simulated in the test loop.

e In the event of a CL break, the core flow will be multidimensional. Boiling at high-power
locations will push liquid and steam to the top of the core where the steam will escape. The
liquid will flow down the lower-power regions of the core. This results in a vigorously mixed
boiling pot of liquid that will continuously move any debris that is not trapped. The additional
spacer grids will provide additional locations for debris to accumulate. The result is that there
will not be coplanar blockage of the core that could lead to unacceptable core cooling. There may
be unique flow patterns related to potential local debris formation but core cooling is maintained.
Any local blockages will not result in significant fuel pin heatup because they will be well
dispersed in regions with limited size.

. Following a LOCA, rod and assembly bow will occur as a result of the thermal transient on the
fuel rods. As a consequence, flow channels between fuel assemblies will become larger in some
locations and smaller in others. These channels will allow flow around blockages at spacer grids,
should they form. Rod and assembly bowing were not modeled in the test loop.

For tests conducted at high p:f ratios, debris was seen to accumulate at the spacer grids. While some
buildup is expected, the observations from the tests represent an upper bound of the debris accumulation
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as discussed in the previous sections. Further, these buildups, as extensive as some of them were, did not
form an impenetrable blockage to flow. Therefore, “weeping” flow was confirmed such that flow
continued near the fuel rod such that decay heat could continue to be removed.

Additionally, the PWROG FA tests were performed to define the limits on the mass of debris that may
bypass the sump strainer and still provide for an acceptable pressure drop across the FA such that
sufficient flow is provided to assure LTCC requirements are satisfied. It is worth noting that significant
debris bed formation at spacer grids was not observed in tests conducted at the limiting p:f ratio (i.c., the
tests that defined the limiting fiber load.)

4.3 CLADDING HEATUP CALCULATIONS

4.3.1 Clad Heatup Underneath Fuel Grids

In an extreme case, it has been postulated that the volume between the fuel rod and spacer grid could
completely fill with debris. An evaluation was performed to determine the cladding surface temperature
of a fuel rod within a fuel grid when the rod is plated with debris in a post LOCA recirculation
environment. A parametric study was performed to show the effects on the maximum temperature of the
fuel rod underneath a grid strap caused by varying debris thickness and the thermal conductivity of the
debris. The following sections summarize this analysis. Appendix C contains a detailed discussion of
this calculation, including a discussion of assumptions and boundary conditions.

4.3.1.1 Method Discussion

An ANSYS?® finite element model of a single fuel rod was created to predict fuel cladding heat up within
a spacer grid. The model was cut down to a “1 quarter pie piece.” This allowed for the preservation of
symmetry of the fuel rod.

To conservatively model convection from the fuel rod surface, the clad was divided into 20 zones. No
convection was assumed to occur at the planes of symmetry. A mesh size of 0.05 in. was used for the
model.

A constant heat flux was assigned to the entire inner surface of the cladding, and convection heat transfer,
with a constant convection coefficient, assigned to the entire outer surface of the rod assembly. Four
values were used to parametrically simulate the range of thermal conductivities for the postulated
deposition on the fuel clad surface. The thermal conductivity values were 0.1, 0.3, 0.5, and
[ BTU
hr * ft *°F

from 5 mils to 50 mils.

] . These thermal conductivities were applied to a range of deposition thicknesses ranging

4.3.1.2 Fuel Rod Model

The ANSYS model simulated a 12 ft., 0.36-in. diameter fuel rod. The cladding thickness was 0.0225 in.
Spacer grids were modeled as 2.25 in. for the large grids, and 0.475 in. for the smaller grids. Table 4-1
lists the elevations of the fuel grids, relative to the bottom of the fuel.
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Table 4-1 Grid Locations
Grid Type Elevation from Base (in)
Standard ‘ 24.57
Standard 45.07
Standard 65.67
Mixing Vane 76.77
Standard 86.17
Mixing Vane 9737
Standard 106.77
Mixing Vane 117.87
Standard 127.27

The material thermal properties for the cladding material were also taken from the WC/T model described
in Appendix B. Table C-5 of Appendix C contains the specific values used for this model.

4.3.1.3 Results

The calculated maximum clad temperatures are summarized in Table 4-2 and are shown graphically in
Figure 4-1.

The calculated maximum clad temperatures calculated with this model all occur within the spacer grid.
Assuming the minimum thermal conductivity of the debris collected in the grid and assuming a debris
thickness of 50 mils, a maximum cladding temperature behind a grid of 474°F is calculated. This
calculated temperature is well below the 800°F LTCC acceptance basis identified in Appendix A. Thus,
the clad surface temperature acceptance basis of 800°F identified in Appendix A is satisfied.

The temperatures calculated with this model are conservatively high. The calculation assumed no flow
through the debris in the grid. As observed in the PWROG testing, in the presence of debris, flow
continued through the debris buildup. Thus, some coolant flow is expected to pass through the debris
buildup within the spacer grid, cooling the clad surface. Not accounting for this flow through the debris,
captured between the grid and the fuel rod, provides for a conservatively large cladding temperature.
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Table 4-2 Maximum Clad Temperatures (Tysx)
BT
Debris Thermal Conductivity —U
hr*ft *°F
0.1 0.3 0.5 0.9
Debris Thickness (mils) TMAX TMAX TMAX TMAX
0 260°F 260°F 260°F 260°F
5 — 269°F 266°F 264°F
10 305°F 277°F 271°F 266°F
15 - 284°F 2735°F 269°F
20 — 291°F 280°F 271°F
25 — 297°F 284°F 274°F
30 386°F 303°F 288°F 276°F
35 — 310°F 291°F 278°F
40 = 316°F 295°F 281°F
45 = 322°F 299°F 283°F
50 474°F 327°F 302°F 285°F
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Figure 4-1 Temperature vs. Deposition Thickness and Thermal Conductivity
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4.3.2 Cladding Heatup between Grids

The purpose of this analysis was to determine the cladding temperature of a fuel rod between spacer grids
with debris deposited on the clad surface in a post-LOCA recirculation environment. While this section
discusses blockages at spacer grids, this analysis provides additional information on core cooling when
the debris accumulation is allowed to occur without the spacer grid impeding the buildup. A parametric
study was performed to show the effects on the maximum temperature of the fuel rod due to deposited
debris by varying debris thickness and thermal conductivity. The following sections summarize this
analysis. A detailed discussion of the methodology can be found in Appendix D.

4.3.2.1 Methodology

This analysis considered the cladding as being surrounded by concentric layers of oxide, crud, and
chemical precipitate, with no gaps between them. The source of heat was decay heat in a post-LOCA
environment, and the section of rod analyzed was assumed to be fully exposed to a two-phase
liquid/vapor environment in the core. This analysis used the generic resistance form of the heat transfer
equation, for a radial coordinate system. A figure of the model is included in Figure 4-2.

Precipitate

Crud

Convection

v
A >
AlY

/
d
%

Cladding

Oxide

Figure 4-2 Heat Transfer Model (not to scale)
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4.3.2.2 Results
Table 4-3 lists the clad/oxide interface temperatures for each of the analyzed cases.
In all cases, the maximum clad surface temperatures calculated between fuel grids under conservatively

applied LTCC conditions were less than 560°F. Thus, the clad surface temperature acceptance basis of
800°F is satisfied for debris thickness of up to 50 mils.

Table 4-3 Clad/Oxide Interface Temperature vs. Chemical Precipitate Thickness
kprecipi(nle
BTU/hr-ft-°F
Chemical Precipitate
Thickness (mils) 0.1 0.3 0.5 0.9
0 273°F 273°F 273°F 273°F
10 336°F 293°F 285°F 279°F
20 396°F 313°F 296°F 286°F
30 453°F 331°F 308°F 291°F
40 S08°F 350°F 318°F 297°F
50 560°F 367°F 328°F 302°F

Figure 4-3 plots the clad/oxide interface temperature as a function of chemical precipitate thickness for
four values of precipitate thermal conductivity.

600.0

o
)
Q
o

Clad-Oxide interface Temperature (°F)

Precipitate Thickness (mils)

Figure 4-3 Clad-Oxide Interface Temperature vs. Chemical Precipitate Thickness
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4.3.2.3 Sensitivity Calculations for Other PWR Fuel Designs

The fuel rod diameter used in the calculations 0.36 in. To demonstrate the applicability of these results to
all PWR fuel designs, two sets of sensitivity calculations were performed using the following fuel rod
specifications:

. 0.42 in. outer diameter (OD) fuel rod at 0.388 kW/ft power value
. 0.416 in. OD fuel rod at 0.383 kW/ft power value

These two cases, along with the calculations for the 0.360 in. fuel rod, are expected to bound all PWR
fuel types.

Table 4-4 lists the clad/oxide interface temperatures for these two sensitivity calculations. The
calculations used a bounding low value for thermal conductivity of precipitate.

Table 4-4 Clad/Oxide Interface Temperature vs. Chemical Precipitate Thickness
kprccipitatc =
0.1 BTU/hr-ft-°F
Chemical Precipitate
Thickness (mils) 0.422" OD rod 0.416" OD rod
0 284°F 284°F
10 377°F 377°F
20 466°F 466°F
30 552°F 552°F
40 634°F 634°F
50 714°F 713°F

44 SUMMARY

Debris that does not collect at the core inlet will pass through the FA bottom nozzle and enter the core
region. It is possible that this debris may lodge in some of the smaller clearances in the spacer grids. The
debris buildup at these locations will not impede LTCC, because the extent of the buildup is limited by the
spacer grid design and debris that does collect will have some packing factor that will allow “weeping”
flow through the resulting debris bed.

While FA testing demonstrated that debris did collect at the spacer grids, these observations represent an
upper bound of the debris accumulation because of conservatisms in the testing process. Instead, the
debris buildup at spacer grids in an operating plant will be considerably lower with a low likelihood of
blockages at any singular spacer grid. The blockages that do occur can be treated as localized blockages.
Further, a review of the test data indicated that coolant continued to pass through the debris bed, verifying
the “weeping” flow asserted above.
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For localized blockages, the maximum surface temperature calculated for cladding between two grids,
using conservative boundary conditions representative of those during recirculation from the containment
sump following a postulated LOCA is less than 800°F. For the 0.360 in. diameter fuel rod, the maximum
temperature with 50 mils of precipitate on the clad OD is calculated to be less that 560°F. For the 0.416
in. or 0.422 in. rods, the maximum temperature with 50 mils of precipitate on the clad OD is calculated to
be less that 715°F.

These temperatures are conservatively large, as they assume a decay heat level at the time of ECCS
switchover to recirculation from the containment sump (20 minutes after initiation of the transient). At
this time in the transient, there has been no time to build a layer of precipitate. Chemical products have
had little time to form and the concentrations are therefore low, and coolant from the sump is just being
introduced into the RV by the ECCS. As decay heat continues to decrease, the calculated clad surface
temperatures for a specific thickness of precipitate would also decrease.

Decay heat will continue to be removed even with debris collection at the FA spacer grids. Plants that
follow the guidance provided in Section 10 can state that debris that bypasses the strainer will not build
an impenetrable blockage at the fuel spacer grids.
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5 COLLECTION OF FIBROUS MATERIAL ON FUEL CLADDING

It has been postulated that debris that reaches the core can adhere to the cladding surface. Adherence of
fibrous debris is discussed here.

Testing was performed to assess the collection of fibrous debris on fuel cladding surfaces. The results are
discussed and evaluated in NEA/CNSI/R (95)11 (Reference 13). The following observations were
recorded:

1. From Section 5.4.2.1 of the report, there was little adherence noted of fibrous material to clad
surfaces, and the material that did adhere was loose and easily removed. What was observed to
adhere to clad surfaces was the binder used to make fiberglass. This binder, however, was
observed to carry with it very limited fibrous debris. The report noted that much of the binder is
quickly driven off of the fiberglass due to the heat associated with normal operating conditions.
These observations were determined to be applicable to both NUKON and Knauf ET Panel.

2. Section 5.4.2.3 of the report provided observations regarding fibrous collection on fuel grids. It
was noted that fibrous debris will collect on grids, but that a pure fibrous bed is porous and water
will pass through a pure fiber bed.

These test results indicate that fibrous debris, should it enter the core region, will not tightly adhere to the
surface of fuel cladding. Thus, fibrous debris will not form a “blanket” on clad surfaces to restrict heat
transfer and cause an increase in clad temperature. Finally, during FA testing, recorded in References 7, 8
and 21, fibrous material was not observed to adhere to the fuel cladding. Therefore, adherence of fibrous
debris to the cladding is not plausible and will not adversely affect core cooling.
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6 PROTECTIVE COATING DEBRIS DEPOSITED ON FUEL CLAD
SURFACES

6.1 INTRODUCTION

A concemn has been raised regarding the melting of material, particularly protective coatings (paint) that
may have been either deposited directly on cladding surfaces, or collected within fuel grids or behind
debris beds within the fuel grids. This section discusses both of these occurrences for protective coatings.

6.2 PROTECTIVE COATINGS BEHAVIOR

Protective coatings used inside a PWR containment building may generally be grouped into three
categories:

1. Zinc-rich primers

2. Epoxies — either applied directly to the surface of a substrate or to a primer or surfacer that has
already been applied to a substrate

3. Non-epoxies — typically applied to small equipment by original equipment manufacturers
(OEM’s)

The potential for each of these categories of coatings to challenge LTCC is evaluated.

Zinc-rich primers may release elemental zinc to the post-LOCA sump in a powder-like form. The

PWROG chemical effects test program described in WCAP-16530-NP-A (Reference 14) has |
demonstrated that, in general, there is very little zinc reaction with the post-accident sump fluid chemistry.
Therefore, zinc-rich primers are evaluated to have negligible effect on post-LOCA chemical precipitate
production. If zinc powder were carried into the core and deposited directly onto fuel cladding surfaces

or collected within fuel grids, the powder would behave materially and thermally as zinc. The thermal
conductivity for zinc is relatively high (approximately 65 Btu/hr-ft-°F). Thus, zinc powder, if it were to

be deposited directly onto fuel cladding surfaces or collected behind fuel grids, would not act to insulate

the clad surface. Therefore, zinc from zinc-rich primers is not a concern for and does not present a
challenge to LTCC.

The non-epoxy coatings are alkyds, urethanes, and acrylics. The amount of these coatings inside
containment is generally limited to selected OEM-supplied equipment, such as electrical junction boxes,
and represents a small amount of material on the order of a few thousand square feet or less. Thus, these
coatings do not represent a significant debris load in the sump. Furthermore, these coatings are, as a
class, chemically benign and do not react to the post-LOCA sump fluid. In the case of alkyds, the coating
would break down into oligomeric carboxylate salts and glycol. The oligomeric carboxylate salts would
tend to inhibit the formation of precipitates. However, since the amount of alkyds inside containments is
small, and the salts are expected to be altered by radiolysis, no credit is taken for their presence inside
containment. For these reasons, these non-epoxy coatings are evaluated to have a negligible effect on
post-LOCA chemical precipitant production and therefore, are not a concern with respect to LTCC.
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Most PWR containment buildings have a significant amount of epoxy coatings. Epoxy coatings will
retain their structural integrity at temperatures up to about 350°F. When immersed in fluids at
temperatures less than 350°F, epoxy coating debris is not sticky or tacky and has no propensity to adhere
to the surface of fuel cladding. Therefore, these coatings will not, on their own, attach themselves to
cladding.

Testing of epoxy coating systems in both acidic and basic solutions has demonstrated that epoxy coating
systems are chemically inert and contribute only a small amount of leachate. From the response to RAI#2
of Section D to Reference 14, the total maximum contribution of leachates from epoxy coatings was
conservatively estimated to result in a concentration in the recirculating coolant of less than 16 ppb (parts
per billion) for a Westinghouse large four-loop PWR. This value was calculated using the conservative
assumption that all leachable material from submerged coatings goes into solution. Considering the small
amount of leachates released by epoxy coatings, even under the most conservative assumption that all
leachates are released to the sump fluid inventory, epoxy coatings are evaluated to be chemically inert in
the post-LOCA chemical environment and therefore have a negligible effect on post-LOCA precipitant
production. Thus, epoxy coatings are evaluated to not present a concern with respect to LTCC.

To summarize, protective coatings are generally considered to have minimal impact on the post-LOCA
chemistry of the containment sump due to either the small amount of material (non-epoxies) or the
demonstrated chemical inertness of the coating itself (zinc-rich primers and epoxy coatings).

6.3 PREDICTED CLADDING TEMPERATURES AND TEMPERATURE-DRIVEN
DEBRIS CAPTURE

The WC/T calculations presented in Section 3 and Appendix B simulate the postulated LOCA transient
starting with the initial blowdown and extending into the LTCC portion of the event where coolant is
recirculated from the containment building sump. Two base case simulations are reported: a case with 82
percent of the core inlet blocked, and a second case with 99.4 percent of the core inlet blocked. In both
cases, recirculation from the containment sump is initiated at 1200 seconds (20 minutes). The maximum
cladding temperatures calculated for anywhere on the cladding are shown in Figure 3-5.

The temperature history plot of Figure 3-5 demonstrates several important behaviors associated with
post-LOCA LTCC and the potential for collecting and melting coatings debris. The predicted clad surface
temperature history is evaluated relative to a 350°F temperature value, which is the value at which epoxy
coatings begin to lose their structural integrity and become pliable and possibly tacky.

1. Prior to 1200 seconds into the transient, coolant is drawn from the refueling water storage tank
(RWST).

2. By 1200 seconds into the transient, the time that recirculation from the containment sump is initiated,
the maximum cladding temperatures in the core are about 260°F.

3. After 1200 seconds into the transient, the maximum temperature of either the cladding directly
exposed to the recirculating coolant, or the precipitate surface directly exposed to the recirculating
coolant, is calculated to be less than 275°F. This temperature is well below the 350°F value at which
epoxy coatings begin to be affected by temperature.
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During the initial recovery period, and before beginning to recirculate coolant from the sump, all flow to
the core originates from the accumulators, the RWST, or the borated water storage tank (BWST). Since
there is no coatings debris in the RWST or BWST fluid inventory, no coatings debris is introduced to the
fuel while coolant is provided by the accumulators or drawn from the RWST or BWST. By the time that
the RWST or BWST inventory is depleted, the core is “recovered” with clad temperatures well below the
350°F temperature at which epoxy coatings are affected by temperature. Figure 3-5 demonstrates that,
even with 99.4 percent of the fuel entrance blocked, sufficient water is provided to maintain cladding
temperatures at about 250°F.

Additional WC/T sensitivity calculations, described in Section B.5 of Appendix B, were performed for
the purpose of determining the amount of blockage necessary to reduce core flow below that necessary to
match core boil-off. These calculations represent extreme conditions that are precluded by a plant
maintaining the debris loading on the fuel within the limits identified in References 7, 8 and 21.
Therefore, the results of those WC/T sensitivity calculations described in Section B.5 do not apply to the
discussion on coatings presented here.

Parametric cladding heat-up calculations described in Appendix D were performed for both a blocked grid
and for a debris-covered fuel rod. These parametric calculations show that for a precipitate with a
sufficiently small value for thermal conductivity and a sufficiently large value of deposited thickness, clad
surface temperatures in excess of 350°F may be predicted. However, these same calculations also
demonstrate that the temperature of the precipitate surface at the boundary of the coolant, where coatings
debris might be expected to collect should they become sticky or tacky, is within about 15°F of the
adjacent coolant temperature at the time of switchover. From the fuel rod heat-up calculations described
in Appendix B, the surface temperature of the precipitate surface is calculated to be less than 270°F at the
time of switchover. The results of these calculations are summarized in Table 6-1. Surface temperatures
in the range of 270°F are sufficiently cool so that the material properties of the epoxy coatings will not be
affected.

Table 6-1 Precipitate Surface Temperatures vs. Precipitate Thickness
Maximum Precipitate
Coolant Temperature, T, Precipitate Thickness OD Surface Temperature
°F) (mils) K
250 0 268
250 10 267
250 20 266
250 30 266
250 40 265
250 50 264

Thus, due to the low surface temperatures of either the cladding material before precipitates might collect
on the clad surface, or the surface of the precipitate deposited on fuel cladding, the potential for
collection, retaining, and melting protective coatings on cladding surfaces or within fuel grids during the
LTCC phase of a postulated LOCA is not considered credible.
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6.4 SUMMARY

There are three general categories of protective coatings used inside a PWR containment building:
zinc-rich primers, epoxy coatings, and non-epoxy coatings. These three categories of coatings have been
evaluated to have negligible effect on the generation of precipitate.

1. The amount of non-epoxy coatings used inside a PWR containment building is small and
therefore, has negligible contribution to post-LOCA PWR chemistry effects.

2. PWROG testing (Reference 14) has demonstrated that zinc contributes little to the generation of
corrosion products post-LOCA and therefore, zinc-rich primers have negligible contribution to
post-LOCA PWR chemistry effects.

3. Chemical resistance testing has demonstrated that epoxy coating systems are chemically inert and
contribute only a small amount of leachate to the recirculating coolant and therefore, epoxy
coatings are evaluated to have negligible contribution to post-LOCA PWR chemistry effects
(response to RAI#2 in Section D of Reference 14).

Furthermore, conservative calculations of clad temperatures with deposited precipitate on the cladding
surface demonstrate that, for the expected range of deposited precipitate, the precipitate surface
temperatures are predicted to remain well below the value that would result in the melting of epoxy
coatings debris that may be transported to the core region.

Therefore, protective coatings debris is evaluated to have a negligible effect on the post-LOCA chemistry
of a PWR and on post-LOCA LTCC. Also, protective coatings debris has been evaluated to have
negligible effect on post LOCA LTCC.
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7 CHEMICAL PRECIPITATES AND DEBRIS DEPOSITED ON FUEL
CLAD SURFACES

After a LOCA, the chemical makeup of the containment sump and core provides the potential for
chemical interactions that may lead to precipitate formation and plate-out on the fuel rods. Consequently,
core cooling may be compromised. A method to calculate the amount of these chemical products that
might be generated was developed in WCAP-16530-NP-A (Reference 14). Additional work was
performed by the PWROG to address excessive margins in the calculations through the use of
plant-specific inputs to the calculations. These plant-specific inputs include, but are not limited to
plant-specific initial pH values, plant-specific sump fluid temperature histories, and plant-specific alloys
of reactant materials.

The chemical precipitates that may form may be transported to the core and influence the pressure drop of
debris accumulation at the core inlet or spacer grids. This effect on LTCC is addressed in Section 3 and 4
and Appendix G.

Chemicals may also deposit on the hot fuel rods and possibly insulate them and inhibit decay heat
removal. The method developed in WCAP-16530-NP-A (Reference 14) was extended to predict
chemical deposition on fuel cladding due to the transport of debris and chemical products into the RCS
and the core region by the coolant recirculated from the containment sump. The new method is called the
LOCA deposition model (LOCADM).

7.1  DESCRIPTION OF LOCADM

LOCADM is a calculation tool that can be used to conservatively predict the build-up of chemical
deposits on fuel cladding after a LOCA. The source of the chemical products is the interaction of the
fluid inventory in the reactor containment building sump with debris and other materials exposed to and
submerged in the sump fluid or containment spray fluid. LOCADM predicts both the deposit thickness
and cladding surface temperature as a function of time at a number of core locations or “nodes.” The
deposit thickness and maximum surface temperature within the core are listed in the output for each time
period so that the user can compare these values to the acceptance basis for long term cooling.

A complete description and qualification of LOCADM is presented in Appendix E. A summary is
provided here.

The chemical inputs into LOCADM are the volumes of different debris sources such as fiberglass and
calcium silicate (cal-sil) insulation. The surface areas of uncoated concrete, aluminum submerged in the
sump, and aluminum exposed to spray are also required. The sump and spray pH are specified as a
function of time, as are the inputs of sodium hydroxide, trisodium phosphate, sodium tetraborate, lithium
hydroxide and boric acid as appropriate.

Chemical product transport into the core is assumed to occur by the following process:

1. Containment materials corrode or dissolve, forming solvated molecules and ions.
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2. Some of the dissolved material precipitates, but the precipitates remain in solution as small particles
that do not settle.

3. The dissolved material and suspended particles pass through the sump strainer and into the core
during recirculation. For the purpose of adding conservatism, it is assumed that none of the
precipitates are retained by the sump strainer or any other non-fuel surfaces.

Note that the transport of small fibers that do not dissolve but are small enough to be transported through
the sump strainer and into the core is not considered explicitly in LOCADM. The quantity of transported
fines is expected to be small compared to both the total amount of debris and the amount of debris that
dissolves or corrodes. Fiber can be accounted for in LOCADM in cases where it is significant by use of a
“bump-up factor” applied to the initial debris inputs. The bump-up factor is set such that total mass of
deposits on the core after 30 days is increased by the best estimate of the mass of the fiber that bypasses
the sump strainer.

Coolant flow rates into the reactor mixing volume as a function of time must be provided by the user and
are obtained from a plant’s safety analysis for LTCC. The relative amounts of steam and liquid flow out
of the reactor mixing volume are calculated by LOCADM. The core input is generalized. The coolant
flow could be coming from the CL, the HL, or from upper plenum injection. Various operational modes
are accounted for by varying the rate of flow into the mixing volume and the source of the flow (safety
injection or recirculated coolant.) Values for generically applicable mixing volumes have been identified
and will be provided to users. The temperature of the sump and reactor coolant as a function of time must
also be entered by the user.

Within the mixing volume, the coolant is assumed to be perfectly mixed. Coolant chemical products
entering the reactor are distributed evenly between all core nodes before deposition calculations are
performed. The entire mixing volume is also assumed to be at the same temperature. Pressure is
determined by the upper plenum pressure and the hydrostatic pressure at different elevations in the core.
No attempt was made to model flow within the mixing volume and variations in that flow that might be
caused by grids and flow obstructions. Since flow was not modeled, a heat transfer coefficient of

400 W/m*-°K (70’ BTU/ft? °F) was assumed for transfer of heat between bulk coolant with the fuel
channels and the surface of the deposits since this is a typical heat transfer coefficient for convective flow
within natural circulation systems.

LOCADM deposits chemical products that are dissolved or suspended in solution throughout the core in
proportion to the amount of boiling in each core node. It is assumed that deposition rate is equal to the
steaming rate multiplied by the chemical product concentration at each node. If there is no boiling, the
chemical products are distributed according to heat flux, at an empirically derived rate that is 1/80" of the
deposition that would have occurred if all of the heat had gone into the boiling process.

The deposition algorithm does not rely on solubility or any other chemical characteristics of the chemical
products to determine the deposition rate. All chemical material that is transported to the fuel surface by
boiling is assumed to deposit. LOCADM uses a default deposit thermal conductivity for the deposited
material of 0.1 Btu/(hr-ft-°F), which is low enough to bound expected core deposits. Likewise, the
default deposit density is low enough (e.g., 35 Ibm Ca/ft’) to bound expected deposits including those that
incorporate absorbed boron or boron bonded to chemical product elements. Consistent with current
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licensing basis calculations for PWRs that demonstrate that the boric acid concentration in the core is
limited to values below the solubility limit, the LOCADM does not precipitate boric acid. The same is
true for sodium phosphate, sodium borates, and sodium hydroxide, which are also highly soluble.

The core noding within LOCADM can be adjusted by the user. Appendix E provides guidance to
the LOCADM user for node selection for different types of cores.

LOCADM runs within Microsoft Excel® and should be easy to use for those familiar with Excel. The
first sheet of the workbook instructs the user on how to enter the chemical and flow inputs into
worksheets in tabular form. A macro written in Visual Basic for Applications is then run. The macro
reads the input, looks for input errors, calculates core conditions in one second intervals, and then outputs
the results within the same workbook.

7.2 USE OF LOCADM

Each plant must perform a LOCADM analysis in order to demonstrate the plant is operating within the
acceptance criteria defined in Section 2. This section provides a brief overview of how to perform a
LOCADM calculation. Appendix E and References 15, 16, 17, and 18 must be consulted for additional
guidance.

7.2.1 Overview
7.2.1.1 Inputs

There are 5 input worksheets: 1) Time Input, 2) Materials Input, 3) Materials Conversion, 4) Core Data
Input and 5) Switches.

Time Input

The Time Input worksheet contains inputs for time, pH, temperature, flows, pressure and the LOCA
mode. Generally, higher pH and temperature values are conservative. Spray pH values should not be
entered after the containment spray is terminated. The guidance in Reference 17 should be followed
when addressing the flow data. The pressure column contains an equation to calculate the saturation

pressure of the RV coolant temperature. Reference 17 also provides guidance for pressure inputs.

The LOCA mode is defined specifically for LOCADM and reflects the times at which changes take place
in the ECCS operations. The modes are defined as follows:

e Mode 1: Blowdown/Refill phase (blowdown of water from RCS immediately after the LOCA and
refill from accumulators and RWST).

e Mode 2: After reactor vessel refill but before recirculation begins.
* Mode 3: Recirculation from the sump (assumed water is injected into the CL).

e Mode 4: HL injection (still recirculating water from the sump and injecting into HL).
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Materials Input

The Materials Input worksheet contains the masses of debris that would be present in the post-LOCA
sump that could create deposits. These inputs are relatively straightforward but care must be taken to
ensure the units are consistent. The other inputs in this worksheet are the initial sump liquid volume and
the initial RV liquid mass.

The initial sump liquid volume must equal the volume of water present in the sump at the start of
recirculation (after blowdown and refill have occurred) if the Pre-Filled Sump Option, described in
Appendix E, is being used. If the Pre-Filled Sump Option is not being used, this value is zero. It is good
practice to run two analyses, one with a minimum sump volume and the other with a maximum sump
volume to ensure the most conservative volume is being used.

Refer to Reference 15 for the recommended initial RV liquid mass. These values are based upon plant
design.

Materials Conversion

The Materials Conversion worksheet is used to convert the inputs from the Materials Input worksheet to
masses in kilograms. Densities in this worksheet are typical but any density can be changed to reflect
plant-specific conditions.

Core Date Input

The Core Date Input worksheet contains data about the reactor core. Values for the majority of the
variables can be obtained from Appendix E and References 15, 16, 17, and 18. The plant fuel vendor
must be consulted to assure appropriate inputs for the core peaking.

Switches

This worksheet can be used to impose certain additional criteria on the analysis. In most cases, the
guidance is to retain the default inputs.

7.2.1.2 Outputs

The results of the LOCADM analysis are provided in three worksheets: 1) Out, 2) Releases by Material
and 3) Scale Thickness. The Out worksheet contains the majority of the results of the LOCADM
analysis. It is a good practice to make sure the final out mass is equal to the input mass plus the total

mass of all materials released into the sump water (this mass is the sum of materials in the ‘Releases by
* Material worksheet). Care with units needs to be taken when performing this calculation.

The acceptance criteria results are found in the ‘“Maximum LOCA scale thickness’ and ‘Fuel Cladding
Temp at Max Thickness’ columns of the Out worksheet. Additional calculations are required in order to
calculate the total deposition on the fuel rod:
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e The total deposition is comprised of crud, oxide and the LOCA scale.

e Maximum LOCA Scale Thickness: The last value in the “Maximum LOCA scale thickness”
column.

e  Crud Thickness: Assumed to be 140 microns.
e Oxide Thickness: Assumed to be 152 microns
e Add these three values (in microns) and convert to mils (25.4 microns per 1 mil).
e Compare this value to the acceptance criteria of 50 mils
7.2.1.3 Additional Steps

Aluminum Release Rate

In order to provide more appropriate levels of aluminum release for the LOCADM analysis in the initial
days following a LOCA, licensees shall apply a factor of two to the aluminum release. The recommended
procedure for modifying the aluminum release rate is described in Reference 18.

Bump-Up Factor

LOCADM does not contain an input for debris which bypasses the sump strainer and is available for
deposition in the core. Only material released from corrosion or dissolution processes is considered.
However, some debris fines may bypass the sump strainer and enter the core area where it could be
deposited. A quantitative estimate of the effect of the fiber on deposit thickness and fuel temperature
must be accounted for in LOCADM by use of a “bump-up factor” applied to the initial debris inputs. The
bump-up factor is set such that total release of chemical products after 30 days is increased by the best
estimate of the mass of the fiber that bypasses the sump strainer. This allows the bypassed material to be
deposited in the same manner as a chemical reaction product. The recommended procedure for including
fiber bypass in the LOCADM deposition calculations is illustrated in Reference 17.

7.2.2 Summary

The methodology presented here is intended to provide a plant specific method to evaluate core
deposition, which meets the NRC requirements for predicting post LOCA deposit formation on the core.
The recommended modeling approach assumes that all material transported to the fuel surface by boiling
will deposit. This conservative approach diminishes the importance of impurity chemical or
radiochemical reactions since these reactions could not increase the amount of core deposition beyond
what was already measured. Organic coating materials are not expected to experience radiation levels
which would cause degradation and subsequent transfer onto heat transfer surfaces. Also, it is expected
that most plants using this methodology will be able to demonstrate acceptable LTCC in the presence of
core deposits.
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8 BORIC ACID PRECIPITATION

All three US PWR designs (B&W, CE, or Westinghouse) use boron as a core reactivity control method
and are subject to concerns regarding potential post LOCA boric acid precipitation in the core. All three
plant designs have procedures that instruct the operators to realign the ECCS to prevent the core region
boric acid concentration from reaching the precipitation point. The common approach for demonstrating
adequate boric acid dilution in a post LOCA scenario includes the use of simplified methods with

" conservative boundary conditions and assumptions. These simplified methods are used with limiting
scenarios in calculations to show that boric acid precipitation will not occur or to determine the time at
which appropriate operator action must be taken to initiate an active boric acid dilution flow path. In light
of NRC staff and ACRS challenges to the simplified methods commonly used, it has recently become
clear that additional insights and new methodologies are needed to answer fundamental questions about
boric acid mixing and transport in the RCS and potential precipitation mechanisms that may occur both
during the ECCS injection phase and the sump recirculation phase after a LOCA. In response to this need,
the PWROG is currently funding a program to define, develop and obtain NRC approval of post LOCA-
boric acid precipitation analysis scenarios, assumptions and acceptance criteria and resultant
methodologies that demonstrate that adequate post-LOCA LTCC.
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9 COOLANT DELIVERED TO THE TOP OF THE CORE

There are two scenarios by which coolant can be delivered to the top of the core.

1. For a break in the CL piping, plants may introduce recirculating coolant into HLs to act as
flushing flows to mitigate the potential for boric acid precipitation.

2. The ECCS for Westinghouse two-loop PWRs provide for the delivery of coolant directly to the
upper plenum through injection nozzles in the RV upper plenum (Upper Plenum Injection or
UPI). This flow path is established at the initiation of the ECCS actuation and is maintained
throughout plant recovery. '

When the ECCS is recirculating coolant from the containment sump, debris in the recirculating coolant
can flow into the core.

9.1 HOT LEG RECIRCULATION

HL recirculation is typically initiated several hours after the postulated large LOCA. At this time, the
containment sump inventory typically has been recirculated through the ECCS and RCS several times.
This provides for particulate and fibrous debris generated by the initial break and carried in the
recirculating coolant to be depleted either by capture on the sump strainer, fuel assemblies, or by settle-
out in the containment sump or in low-flow locations of the ECCS RV flow path such as the RV lower
plenum. Thus, the amount of particulates and fibrous debris in the recirculating flow at the time of
initiation of HL recirculation is small. Examples of debris depletion are given in WCAP-16406-P-A
(Reference 2).

9.2 UPPER PLENUM INJECTION PLANTS

The ECCS for Westinghouse two-loop PWRs provide for the delivery of coolant directly to the upper
plenum through injection nozzles in the RV UPI. This flow path is established at the initiation of the
ECCS actuation and is maintained throughout plant recovery. This flow path may provide for the
delivery of debris in the recirculating coolant from the initiation of recirculation from the containment
sump.

The sump strainer will limit both the size and the amount of the particulate and fibrous debris to the
reactor.

1. For a HL break, upon switchover from injection from the RWST, coolant flow to the core is through
the UPI ports with all CL flow initially secured. The amount of debris that reaches the core depends
on the flow patterns in the upper plenum and is discussed in detail in Section 9.3. '

2. For a CL break, the debris introduced by the UPI flow to the RV will flow into the core.

WCAP-16793-NP October 2011
Revision 2



9.3 UPPER PLENUM DEBRIS TRANSPORT FOR HOT-LEG BREAK SCENARIO

ECCS that enters the upper plenum following a HL break for UPI plants can either enter the core or exit
the break. There is some flow to the core to make up for steam produced by the decay heat removal
process. However, the majority of the flow will exit the break. This assertion is supported by the
following discussion.

The UPI nozzle for a Westinghouse 2-loop PWR has an inside diameter of about 4 inches. These nozzles
~are located approximately 180° opposite of each other. Assuming a minimum total UPI flow of 1200 gpm
and an equal flow distribution between the two UPI nozzles, the flow rate through each nozzle is 600 gpm
or approximately 1.34 ft'/sec. Thus, the minimum velocity of the UPI flow through each UPI nozzle is
calculated to be approximately 15.3 ft/sec. At these jet velocities, the upper plenum coolant inventory is
not stagnant. Rather, the UPI jet flow, in conjunction with impingement of the jets on upper internals
structures, generates turbulent mixing of the UPI flow with the coolant inventory in the upper plenum.

The volume between the top of the active fuel and the bottom of the HL for a Westinghouse two-loop
PWR is about 190 ft’. For a UPI flow of 1200 gpm, the equivalent volumetric flow is about 2.68 ft*/sec.
Neglecting any water level above the bottom of the HL, which would be small for a double-ended
guillotine HL break, and assuming a constant volume of water in the upper plenum, approximately 71
seconds are required to “turn over” the entire fluid inventory of the upper plenum. This quick turn-over
time further supports that the upper plenum is well mixed by the UPI flow.

The turbulent mixing of the upper portion of the core will result in a situation where debris that enters the
upper plenum with the coolant will either be kept in suspension and expelled through the HL piping, or
will be deposited over a broad area of the core.

94  COLLECTION OF DEBRIS ON FUEL

Considering the above, the debris that may be captured on fuel features such as mixing vanes, fuel grids
and on debris capturing features at the bottom of the fuel is limited. The collection of debris by these
features will also occur over time; that is, the formation of a debris bed will take time to develop. As
noted in Section 4.1, the debris that is collected will have some packing factor that will allow “weeping”
flow through particulate debris buildup and into the core. That is, complete compaction of the debris will
not occur and the packing density of the debris is limited to less than unity or perfect compaction. Again,
from Reference 12, the packing will most likely be less than ~60 percent. This will allow for coolant to
pass through a debris bed that might form.

The 60% packing factor can be conservatively thought of as a 60% blockage of the core. This would
present a bounding or maximum resistance to flow through the debris bed. The WC/T evaluations
described in Section 3.2 demonstrate that adequate flow is maintained with a deterministically assigned
blockage of 82% to provide for LTCC. Thus, conservatively taking the 60% packing factor to be
representative of a 60% blockage, adequate LTCC will be provided for.

Westinghouse 2-loop plants with UPI do not maintain flow into CLs once the switchover of the ECCS
from injecting from the RWST to recirculating coolant from the reactor containment building sump is
accomplished; the recirculating flow is ducted to the RV through the UPI penetrations in the reactor upper
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plenum. For CL breaks, coolant is introduced into the RV from the UPI nozzles and flows down though
the core and out the break. If blockage due to the accumulation of debris were to occur, it would occur at
the top of the fuel. As was the case with bottom-up flooding of the core, and as demonstrated in the data
presented in Section 3.1, a complete blockage is not expected of plants that are within the debris load
acceptance criteria. This was demonstrated by testing as described in Section 9.5.

As described in Section 9.3, the turbulent mixing of the upper portion of the core will cause the debris
that enters the upper plenum with the coolant to either be kept in suspension and expelled through the HL
piping (for a HL break scenario), or will be deposited over a broad area of the core. Should the fiber
collect preferentially at grid locations, the analysis performed in Appendix D of this report applies to UPI
plants and this analysis demonstrates that adequate cooling in such locations will be maintained. The
testing described in Section 9.5 demonstrates sufficient flow will be maintained with debris in the fluid
delivered to a FA that LTCC is not challenged. Thus, in case of either a HL or a CL break, the formation
of a debris bed on the bottom of the fuel is not considered credible.

If the coolant flow is sufficiently restricted through a debris bed that clad temperatures increase to about
15°F to 20°F above the coolant temperature, the coolant would begin to boil. The steam formed would be
about 40 to 50 times the volume of the water, and would cause the debris bed to be displaced, allowing
for coolant to flow to and cool the cladding surface. This process would provide for cooling of the clad.

The conservative clad heat-up calculations documented in Appendix D demonstrate that acceptably low
clad temperatures are calculated with as much as 50 mils of solid precipitate applied to the outside surface
of a fuel rod. These calculations provide further assurance that, with weeping flow through a debris bed
collected on fuel elements, LTCC for UPI plants will be maintained.

The evaluation of effect of chemicals dissolved in the UP! flow for a HL break are performed on a plant-
specific basis using the LOCADM calculation tool described in Section 7 and Appendix E. To account
for deposition on fuel cladding in the core, a bump-up factor is used in the LOCADM calculation to
deposit fiber material according to the core boiling and heat flux distribution.

9.5 TEST FOR UPI-DESIGNED PLANT

The purpose of the UPI test was to perform testing to justify the applicability of the debris load
acceptance criteria defined by HL break conditions to UPI-designed plants. To simulate the limiting
break, the UPI CL break (analogous to the previously discussed HL break) was tested. This test was
conducted with the maximum debris loads that were tested in the Westinghouse HL test. The pressure
drop was well below what is required to maintain core flow for UPI plants. Therefore, the test results
demonstrated that sufficient flow will reach the core to remove core decay heat and the acceptance criteria
developed at HL conditions is bounding and applicable to UPI plants. That is, the guidance provided in
Section 10 is applicable to all plant designs, including UPI plants. Appendix G and Reference 8 contain
additional information about the UPI test and the applicability of the debris acceptance criteria to UPI
plants.
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10 SUMMARY
10.1 DISCUSSION

PWR containment buildings are designed to facilitate core cooling during a postulated LOCA event. In
some LOCA scenarios, the cooling process requires water discharged from the break, ECCS, and CSS to
be collected in a sump for recirculation by these systems. The discharged coolant water in the sump will
contain chemical impurities and debris as the result of interaction with containment materials.

There has been concern that following a LOCA, the chemical precipitate, fibrous and particulate debris
within the sump could collect on the sump strainer and block the flow of cooling water into the core. ‘
There is also concern about the effects of the debris that passes through the sump strainer. This debris

could be ingested into the ECCS and flow into the RCS.

The PWROG sponsored a program to analyze the effects of debris and precipitates on core cooling for
PWRs when the ECCS is realigned to recirculate coolant from the containment sump. The intent was to
demonstrate adequate heat-removal capability for all plant scenarios. Additionally, the PWROG initiated
prototypical, bounding FA testing to establish limits on the debris mass (particulate, fibrous, and }
chemical) that could bypass the reactor containment building sump strainer. These debris limits will not
cause unacceptable head loss that would impede core inlet flow and challenge LTCC. These limits will

be referred to as the debris load acceptance criteria and are intended to demonstrate that adequate flow for
long-term decay heat removal exists at these levels.

This evaluation considered the design of the PWR, the design of the open-lattice fuel, the design and
tested performance of replacement containment sump strainers, the tested performance of materials inside
containment, and the tested performance of fuel assemblies in the presence of debris. Specific areas
addressed in this evaluation included:

Blockage at the core inlet

Collection of debris on fuel grids

Collection of fibrous material on fuel cladding
Protective coating debris deposited on fuel clad surfaces
Production and deposition of chemical precipitants
Coolant delivered from the top of the core

The following acceptance criteria were selected for the evaluation of the topical areas identified above:

1. The maximum clad temperature shall not exceed 800°F.
2. The thickness of the cladding oxide and the fuel deposits shall not exceed 0.050 inch in any fuel
region.

These acceptance bases were applied after the initial quench of the core and are consistent with the LTCC
requirements stated in 10 CFR 50.46 (b)(4) and 10 CFR 50.46 (b)(5). They do not represent, nor are they
intended to be, new or additional LTCC requirements. These acceptance bases provide for demonstrating
that local temperatures in the core are stable or continuously decreasing and that debris entrained in the
cooling water supply will not affect decay heat removal.
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In addition to these acceptance criteria, utilities must evaluate site-specific fiber loading against the debris
load acceptance criteria provided in this document. (The debris load was defined through a conservative
FA test program; conservatisms of this program are discussed in Appendix G.) Plants with debris loads
above the debris load acceptance criteria may demonstrate adequate LTCC capability through engineering
evaluations of plant-specific conditions and/or plant-specific testing. This revision has been updated with
revised debris loads. The maximum allowable debris loads published in Revision 1 of this document are
no longer valid. Subsequent to the publication of Revision 1 of this document, RAls were recetved
(Reference 20) and additional testing was conducted to address these issues. The additional testing is
summarized in References 7, 8 and 21.

In order to demonstrate reasonable assurance of LTCC, all plants must evaluate the areas identified above
and demonstrate they are bounded by the debris load acceptance criteria, maximum fuel cladding
temperature, and maximum deposit thickness requirements. Specifically,

. Adequate flow to remove decay heat will continue to reach the core even with debris from the
sump reaching the RCS and core. Plants that follow the guidance provided in Section 10.2 can
state that debris that bypasses the strainer will not build an impenetrable blockage at the core
inlet. While any debris that collects at the core inlet will provide some resistance to flow, in the
extreme case that a large blockage does occur, numerical analyses have demonstrated that core
decay heat removal will continue. The details supporting this evaluation are provided in Section
3. ‘

. Decay heat will continue to be removed even with debris collection at the FA spacer grids. Plants
that follow the guidance provided in Section 10.2 can state that debris that bypasses the screen
will not build an impenetrable blockage at the fuel spacer grid. In the extreme case that a large
blockage does occur, numerical and first principle analyses have demonstrated that core decay
heat removal will continue. The details supporting this evaluation are provided in Section 4.

. Fibrous debris, should it enter the core region, will not tightly adhere to the surface of fuel
cladding. Thus, fibrous debris will not form a “blanket” on clad surfaces to restrict heat transfer
and cause an increase in clad temperature. Therefore, adherence of fibrous debris to the cladding
is not plausible and will not adversely affect core cooling. The details supporting this evaluation
are provided in Section 5.

. Protective coating debris, should it enter the core region, will not restrict heat transfer and cause
an increase in clad temperature. Therefore, adherence of protective coating debris to the cladding
is not plausible and will not adversely affect core cooling. The details supporting this evaluation
are provided in Section 6.

U The chemical effects method developed in WCAP-16530-NP-A was extended to develop a
method to predict chemical deposition of fuel cladding. The calculational tool, LOCADM, will
be used by each utility to perform a plant-specific evaluation. It is expected that each plant will
be able to use this tool to show that decay heat would be removed and acceptable fuel clad
temperatures would be maintained. The details for using LOCADM are provided in Section 7
and Appendix E.

. The commonly used approach for demonstrating adequate boric acid dilution in a post-LOCA
scenario includes the use of simplified methods with conservative boundary conditions and
assumptions. In light of NRC staff and ACRS challenges to the simplified methods commonly
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10.2

used, it has recently become clear that additional insights and new methodologies are needed to
answer fundamental questions about boric acid mixing and transport in the RCS and potential
precipitation mechanisms that may occur both during the ECCS injection phase and the sump
recirculation phase after a LOCA. This will be addressed in a separate PWROG program. This
program is discussed in Section 8.

The PWROG FA test results demonstrated that sufficient flow will reach the core to remove core
decay heat for all PWR plant designs. The guidance provided in Section 10.2 is applicable to all
PWR plant designs, including UPI plants. The UPI plants do not have separate guidance. The
details supporting this evaluation are provided in Section 9.

DEBRIS LOAD LIMITS

The purpose of the FA testing described in this report and the supporting test reports (References 7, 8 and
21) was to develop a bounding acceptance criteria for the mass of debris that can reach the RCS and not
impede long-term core cooling flows to the core. The testing demonstrated that fiber is the limiting
variable and is the only debris type requiring a limit.

Due to the conservative test design used to define fiber limits, bounding guidelines have been developed
with which plants can use to determine the maximum allowable fiber load that can reach the core and not
impede core cooling. Details on the conservatisms of testing are provided in Appendix G.

The AREVA testing conducted in support of this program demonstrated that 15 g of fiber/FA does
not cause a blockage that will challenge LTCC, the maximum dP due to debris (dPgebis) was very
small (Reference 21) and all plants have an available driving head (dP,,;) that is considerably
greater. Therefore, all PWROG plants can demonstrate LTCC is not impeded if the plant-specific
fibrous debris load is less than or equal to 15 g of fiber/FA.

Due to the low dPgeris value recorded with 15 g of fiber/FA, utilities could conduct a plant-
specific test with test parameters representative of their site to increase this fiber limit. If a plant-
specific available driving head value were needed, the methodology is presented in Section 2.18
of Reference 19. Since PWROG testing demonstrated the HL break is limiting, the calculation of
HL available driving head is the relevant value. That value could be compared to the dP value
recorded from the test conducted with 15 g of fiber (Reference 21) to demonstrate significant
margin exists between the expected pressure loss due to a debris bed and the expected driving
head available to support core flow. Additionally, this value could be used to develop an
engineering evaluation and/or plant-specific test to define an increased allowable fiber loading.

The test conducted with Westinghouse fuel at CDI to evaluate test facilities, 1-W-FPC-0811, was
conducted with 25 g fiber/FA. This test demonstrated flow was able to continue to enter the core,
even though the flow rate had to be reduced during the test (Reference 8). Therefore, plants with
Westinghouse fuel that have a driving head greater than or equal to this dPyeis value, and operate
at conditions similar to tested conditions, can withstand 25 g fiber/FA.

As demonstrated by CIB54, Westinghouse-fueled plants that can maintain high sump water
temperatures can decrease the dPgepris at a specific fiber loading (Reference 8). This results in the
capability of increasing allowable fiber load.
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o Atest, CIBS53, sucessfully demonstrated that if plants can delay the formation of chemical
precipitates until after HLSO, a greater amount of fiber will be able to enter the core without
impeding LTCC (Reference 8).

e  All tests conducted at the limiting p:f ratio conditions, see the largest increase in head loss when
chemical precipitates are added to the test loop. If a plant can demonstrate chemical precipitates
do not form, the dPyebris values recorded with just particulate and fiber in the test loop can be used
in conjunction with the dP,,; to make a determination on the amount of allowable fiber
(References 7, 8 and 21).

The allowable fiber limit defined for a plant will be used in combination with the analyses presented in
this document to demonstrate adequate flow for long-term decay heat removal.

10.3 GUIDANCE TO LICENSEES CONCERNING EVALUATION OF DEBRIS

Actions are required of utilities to prove acceptable LTCC with debris and chemical products in the
recirculating fluid. Plants will have to perform plant-specific LOCADM evaluations and prove the plant-
specific debris loads do not impede LTCC. These actions along with reference to this report provide the
basis for demonstrating that LTCC will not be compromised following a LOCA as a consequence of
debris ingestion to the RCS and core.

10.3.1 LOCADM

Plants will have to perform a LOCADM evaluation (Section 7 and Appendix E) based on plant-specific
debris inputs and prove they are within the acceptance criteria.

10.3.2 Debris Acceptance Criteria

The FA testing was reported in proprietary submittals that support this document. The results from these
FA tests are discussed in the proprietary test reports (References 7, 8 and 21). As part of the effort to
invoke this WCAP in the plant licensing basis, each plant will evaluate their plant-specific fiber debris
load using the guidance provided in subsection 10.2 of this document. It is the evaluation of plant-
specific fiber debris loads in combination with the analyses presented in this document utilities will use to
demonstrate adequate flow for long-term decay heat removal.

Plants that are within the limits of the parameters tested are bounded by the tests and meet the long-term
core cooling requirements. Several courses or actions have been identified for plants whose debris loads
are outside the limits tested. These options include, but are not limited to, reducing problematic debris
sources by removing or restraining the affected debris source, conducting plant-specific FA testing,
performing engineering evaluations of plant-specific conditions, developing a technical basis for the
removal or reduction of chemical precipitate formation, and evaluating debris transport/bypass
calculations.
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APPENDIX A
GSI-191 LTCC ACCEPTANCE BASIS

A.1 INTRODUCTION

The PWROG is leading an industry effort to resolve the issues associated with GSI-191 as they pertain to
the core. Part of that resolution involves defining the relevant LTCC bases. This appendix describes the
acceptance criteria that will be used in determining GSI-191 acceptance of the debris effects on fuel.
These LTCC acceptance criteria are based on the requirements of Title 10 of the Code of Federal
Regulations, Part 50.46 (10 CFR 50.46). The criteria are to be used with engineering evaluations that
demonstrate acceptable LTCC, once established following the initial recovery of the core post-LOCA, is
successfully maintained. Successful LTCC is defined as meeting the criteria defined in this appendix.

A.2 REQUEST FOR LONG-TERM CORE COOLING REQUIREMENT
' CLARIFICATION

On April 12, 2006, NRC staff met with representatives from industry and Westinghouse to discuss
acceptance criteria for nuclear plant licensees to employ for evaluating potential effects of debris that may
be ingested into the RV following the transition to sump recirculation following a postulated large-break
LOCA. The purpose of the criteria is to assist licensees in addressing issues associated with GSI-191
PWR sump performance.

By letter dated July 14, 2006, Westinghouse requested the NRC clarify its LTCC requirements under
10 CFR 50.46 (Reference A-1). The requests were specified as follows:

1. Itis requested that NRC provide clarification of the requirements and acceptance criteria for LTCC
once the core has quenched and reflooded. This clarification will be used by PWROG in developing
the GSI-191 debris ingestion evaluation method for reactor fuel.

2. The standard mission time employed for GSI-191 is 30 days. This mission time may not be
appropriate for evaluation of nuclear fuel issues. The NRC staff is requested to provide clarification
on this requirement and how it applies to evaluation of debris ingestion effects on reactor fuel. The
PWROG will use this clarification in developing the GSI-191 debris ingestion evaluation method for
reactor fuel.

By letter dated August 16, 2006, the NRC responded to the request for clarification (Reference A-2). The
NRC letter provides the basis for defining LTCC requirements that may be used to address issues
associated with GSI-191.
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A3 NRC CLARIFICATION OF LONG-TERM CORE COOLING REQUIREMENTS

With respect to Item 1, the NRC response identified that the 10 CFR 50.46 rule was constructed in two
parts as follows:

The first part governs the performance of the emergency core cooling system (ECCS) during the
initial phases of blow down, quench and re flood. During this period, the ECCS is injecting water
from the refueling water storage tank (RWST) into the reactor in an effort to ensure that fuel
damage is minimized. The criteria used to conclude that fuel damage is minimized are the
temperature criteria for the cladding and the oxidation and hydrogen generation values.

The rule then establishes a criterion for long term cooling during any recirculation phase (whether
natural or forced recirculation). The acceptance criterion is simply that 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.

The NRC staff has typically considered the criteria in paragraph (b)(5) to be satisfied when the
fuel in the core is quenched, the switch from injection to recirculation phases is complete, and the
recirculation flow is large enough to match the boil-off rate. The staff is concerned about the
potential for loss of long term cooling capability from chemical effects (boron precipitation) or
physical effects (debris). For example, the staff’s standard position is that a core flushing flow
path should be established well before boron concentrations reach the precipitation limit (Ref.
Information Notice 93 66). Similarly, analysis should demonstrate that no significant increase in
calculated peak clad temperature (PCT) occurs by demonstrating that the bulk temperature at the
core exit is maintained essentially constant at the temperature achieved at the initiation of
recirculation or is continuing to decrease. The following paragraph provides further qualification
of the NRC concerns with respect to increases in fuel temperature during the recirculation phase.

While the current staff position is conservative with respect to protection of the fuel, other options
may be available that provide protection of the fuel, assure a coolable geometry, and could be
used to demonstrate compliance with paragraph (b)(5). The staff notes that fuel qualification
testing has been restricted to heating the fuel cladding to the regulatory limit and then quenching
the material to examine the ductility and strength remaining. The staff is not aware of any testing
done to examine the subsequent reheating of fuel to the 10 CFR 50.46 limit with a subsequent
second quench (either slow or fast). Situations showing a localized moderate (on the order of 100
to 200 degrees C) PCT increase could be considered as acceptably low if properly justified. The
staff would expect any such justifications to consider degradation of the cladding oxide layer,
hydrogen embrittlement of the cladding, and accumulated diffusion of oxygen within the cladding
microstructure. Duration of time at elevated temperature and peak temperature experienced by
the clad should also be limited and justified. The staff would expect the justifications to be
supported by test data, where possible.

The submitted information would form the basis for any determination that the calculated core
temperatures remain acceptably low as required by the rule. The second clause of 10 CFR
50.46(b)(5), “decay heat removed for the extended period of time required by the long lived
radioactivity remaining in the core” was not identified as an issue needing clarification in
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Westinghouse letter LTR-NRC-06-46, or at the meeting with Westinghouse on April 12, 2006.
The Westinghouse representatives in attendance at the meeting agreed with the staff on the
definition of this clause and had no questions on its meaning. Based on this, the staff expects that
this clause needs no further clarification.

With respect to Itemn 2, the NRC response notes the following;

A4

For GSI-191, the 30-day criterion was originally intended for evaluation of operability of
equipment. For analysis of core cooling following debris ingestion into the RV, the staff believes
that an adequate post-LOCA evaluation duration would be demonstrated when bulk and local
temperatures are shown to be stable or continuously decreasing with the additional assurance that
any debris entrained in the cooling water supply would not be capable of affecting the stable heat
removal mechanism due to sump strainer clogging or downstream effects.

GSI-191 LONG-TERM CORE COOLING ACCEPTANCE BASES

The LTCC acceptance bases defined for GSI-191 are listed below. These acceptance bases are applied
after the initial quench of the core and consistent with the LTCC requirements stated in

10 CFR 50.46 (b)(4) and 10 CFR 50.46 (b)(5). They do not represent, nor are they intended to be new or
additional LTCC requirements. These acceptance bases provide for demonstrating that local temperatures
in the core are stable or continuously decreasing and that debris entrained in the cooling water supply will
not affect decay heat removal.

Decay Heat Removal/Fuel Clad Oxidation
Maximum cladding temperatures maintained during periods when the core is covered will not
exceed a core average clad temperature of 800°F.

Cladding temperatures at or below 800°F maintain the clad within the temperature range where
additional corrosion and hydrogen pickup over a 30 day period will not have a significant effect
on cladding properties. At temperatures greater than 800°F, there are occurrences of rapid
nodular corrosion and higher hydrogen pickup rates that can reduce cladding mechanical
performance. Long-term autoclave testing has been performed to demonstrate that no significant
degradation in cladding mechanical properties would be expected due to a localized hot spot.
This information is proprietary to the fuel vendors but could be made available upon request.
This testing demonstrated that the increase in oxide thickness and hydrogen loading was limited
at temperatures of less than 800°F for periods of 30 days. With limited corrosion and hydrogen
pickup, the impact on cladding mechanical performance is not significant. Therefore no
significant degradation in cladding properties would occur due to 30-day exposure at 800°F, and
there would not be any adverse impact on core coolability. Based on the autoclave results, the
data is sufficient to justify a maximum clad temperature of 800°F as an LTCC acceptance basis.

Deposition Thickness

For current fuel designs, regardless of vendor, the minimum clearance between two adjacent fuel
rods, including an allowance for the spacer grid thickness, is greater than 100 mils. Therefore, a
50-mil debris thickness on a single fuel rod is maximum deposition to preclude touching of the
deposition of two adjacent fuel rods with the same deposition. The 50 mil thickness is the
maximum acceptable deposition thickness before bridging of adjacent fuel rods by debris is
predicted to occur.
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- A5  DISCUSSION

Decay Heat Removal and Required Coolant Flow

LOCA ECCS analyses consider the LOCA transient behavior to the point in time at which fuel
temperatures are decreasing, the mixture level in the core is rising, and the peak clad temperature has
been captured. At the start of sump recirculation, the core has been quenched and is covered by a
two-phase liquid/steam mixture and/or single phase liquid. After the start of sump recirculation, LTCC is
demonstrated by showing that there is sufficient flow to replace core boil-off, thus keeping the core
covered and preventing additional fuel clad heat-up.

For some post-LOCA scenarios, precipitation of boric acid in the core region is prevented by core flow
above the core boil-off rate. In these cases, the required core flow to provide for boric acid dilution is
usually represented as a multiplier on core flow.

Flow rates required to match boil-off become small quickly following the postulated event. The required
flow rate to match boil-off for a large Westinghouse four-loop PWR is taken from the emergency
operating procedures (EOP) and shown in Figure A-1. While the actual values are dependent on the
initial core power level, these values are representative of the PWR fleet. Within four hours following a
postulated LOCA, the required flow to match boil-off is about 250 gallons per minute. At 10 hours, the
flow required to match boil-off is about 200 gallons per minute, and at 30 hours, the flow required to
match boil-off is about 150 gallons per minute.

The PWROG has used multiple methods to demonstrate that the minimal flow required to remove core
decay can be maintained. Testing of a FA in the presence of debris has established the maximum mass of
fiber that would not cause total blockage of the flow into the FA (References A-3, A-4 and A-5). Analyses
with large system codes (Sections 3 and 4) show that substantial blockage at the core inlet can be
tolerated and still maintain the necessary flow rate to maintain acceptable low fuel cladding temperatures.
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Figure A-1 Boil-off Curve for a Westinghouse Four-loop PWR

Spacing Between Fuel Rods

The minimum clearance between two adjacent fuel rods, including an allowance for the spacer grid
thickness, is greater than 100 mils. Therefore, a 50-mil debris thickness on a single fuel rod is maximum
deposition to preclude touching of the deposition of two adjacent fuel rods with the same deposition. The
50 mil thickness is the maximum acceptable deposition thickness before bridging of adjacent fuel rods by
debris is predicted to occur. The 50 mils of solid precipitation described here include the clad oxide, crud
layer and debris deposition.

The example chemical product deposition calculation documented in Appendix E was performed with
inputs intended to maximize chemical deposition. That deposition calculated for the sample case was less
than 30 mils. Thus, although the chemical deposition of fuel is a plant-specific calculation, plants are not
expected to calculate deposition thicknesses in excess of 30 mils.

The formation of a chemical deposition layer followed by the collection of fibrous debris in the remaining
open channel will not challenge the cooling of the clad. As was shown in the response to RAI #1353,
Appendix H, the effective thermal conductivity of a fibrous debris bed is at least 5 times greater than the
minimum thermal conductivity of 0.1 Btu/(hr-ft-°F) used in the cladding heat up calculations in Appendix
D and with LOCADM in Appendix E.

Thus, for chemical deposition, the range of cladding heat up calculations between spacer grids
considering up to a 50 mil buildup presented in Tables D-1 and D-2 of Appendix D are bounding. The
maximum calculated clad temperature listed in these tables for up to 50 mils of deposition is below 800°F.
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Therefore, a maximum debris layer buildup of 50 mils is an appropriate acceptance criterion for the span
between grids.

Spacing Between Fuel Rods and Grids

For current fuel designs, the minimum clearance between the cladding and the spacer grid is about

40 mils. This occurs where the springs and dimples of the grid contact the fuel rod. The maximum
clearance between the cladding and the spacer grid occurs along the diagonal of the of a grid cell and is
about 110 mils. Thus, if a spacer grid were to become completely filled by either a fibrous debris bed or a
chemical deposition, the radial thickness of the debris on the clad would vary from about 40 mils to about
110 mils about the circumference of a fuel rod.

Calculations documented in Appendix C assess the clad temperature under a debris bed in a single spacer
grid/fuel rod configuration. The results of these calculations are summarized in Table C-7 of Appendix C.
To use these results to assess a maximum clad temperature under worst case debris or chemical deposition
under a spacer grid/fuel rod configuration, the following assumptions are made:

e A uniform debris layer thickness of 110 mils is assumed on the cladding.

e The debris layer is assigned the conservative effective thermal conductivity for a fibrous debris
bed or chemical deposition layer of 0.1 Btu/(hr-ft-°F).

Under these limiting assumptions, the clad temperature is estimated to be less than 738°F by extrapolating
the calculated clad temperatures listed in Table C-7 for the effective thermal conductivity of 0.1 Btu/(hr-
ft-°F). This temperature value is an extremely conservative estimate of the clad temperature under worst
case debris or chemical deposition beneath a spacer grid/fuel rod configuration for the following reasons:

¢ A conservatively small value of conduction through the debris bed is used. (As was shown in the
response to RAI #15, Appendix H, the effective thermal conductivity of a fibrous debris bed is at
least 5 times greater than the minimum thermal conductivity of 0.1 Btu/(hr-ft-°F) used in the
cladding heat up calculations in Appendix C and with LOCADM in Appendix E.)

e The calculation does not account for circumferential heat transfer about the debris bed which
would form in the spacer grid between the dimples and springs and the corners of the spacer grid.

e In the case of a fibrous debris bed, convection of heat by the flow of coolant through the debris
bed is neglected (The ability of coolant to pass through a fibrous and particulate debris bed under
PWR LTCC flow conditions was demonstrated in the response by testing).

The formation of a deposition, either fibrous or chemical, under a clad and followed by the collection of
fibrous debris in the remaining open channel will not challenge the cooling of the clad.

Based on observations from testing of fibrous debris collection on debris capturing grids, a complete
blockage of a spacer grid with fibrous and particulate debris will not occur for the limits of fibrous debris
ingestion reported in Section 10. The test data shows that, for the allowed fibrous, particulate, and
chemical precipitate debris loads, flow through the resulting debris bed is maintained.
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Industry Experience with At-Power Clad Oxidation

As noted previously, long-term autoclave testing has been performed to demonstrate that no significant
degradation in cladding mechanical properties would be expected due to a localized hot spot. This testing
demonstrated that the increase in oxide thickness and hydrogen loading was limited at temperatures of
less than 800°F for periods of 30 days. It is noted that a there was an at-power experience at the Calvert
Cliffs Nuclear Power Plant during the late 1970s in which clad temperatures increased to 800°F so that
operation for several weeks caused the oxide layer to build on the cladding. This at-power operating
experience is not applicable to the post-LOCA LTCC conditions the acceptance basis addresses as
discussed below.

. The core conditions that resulted in the clad oxidation at Calvert Cliffs during the late 1970’s
would not exist in the core post-LOCA. At-power clad corrosion is driven by temperature, fast
neutron flux, and thermal feedback through an oxide layer. During long term cooling post-
LOCA, the fast neutron flux is negligible and the heat flux is low. Thus, for post-LOCA
conditions, only the temperature is directly applicable to corrosion and autoclave data is more
representative of the temperature-driven corrosion that would be experienced by cladding.
Evaluation of autoclave data for cladding at temperatures of 800°F and below shows only small
increases in the corrosion thickness and hydrogen loading compared to the post-LOCA transient
conditions immediately following the postulated break that occur prior to long-term cooling.

. Local increases in corrosion due to local hot spots will not impact long term cooling. The impact
of corrosion on the clad material properties is small and the heat load continues to decrease with
time. The 17 percent equivalent clad reacted (ECR) criteria apply to the LOCA event only. If the
local conditions immediately post-LOCA were close to the 17 percent ECR limit (pre-transient
corrosion and transient ECR), then the small amount of additional corrosion from a hot spot
which resulted in approaching 800°F for 30 days could reach or marginally exceed 17 percent
ECR. However, based on the sample deposition calculation, the conservative core blockage
calculations and the parametric clad heat-up calculations presented in Section 4, cladding
temperatures approaching 800°F for post-LOCA LTCC are not expected.

. Also, the peak ECR region on the rod is not expected to be the same region where a local hot spot
would occur. Local hot spots would be expected to occur lower in the core and at or just below a
spacer grid. Pre-transient corrosion is suppressed at the spacer grid locations.

. In addition, much of the reduction in ductility from high temperature oxidation (> 1832°F) is due
to oxygen diffusion ahead of the oxide layer. At temperatures of < 930°F, there is no observation

of oxygen diffusion ahead of the oxide layer.

In summary, the PWR industry at-power experience with cladding oxidation is not applicable to the post-
LOCA LTCC environment.

Impacts of Local Hot Spots

The ingestion of debris through the sump strainers and the potential chemical effects from the generation
of chemical by-products from the reaction of containment material and coolant following a LOCA create
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the possibility of local “hot spots™ occurring in the reactor core. Based on the designs and flow hole sizes
of the replacement sump strainers, and test data obtained using those designs, the passing of debris in
sufficient quantity or size to result in a hot spot is considered small and will not challenge overall LTCC
of the fuel. However, the consequences of the formation of hot spots should be evaluated.

Local “hot spots” could occur as a result of debris catching and accumulating on the various nozzles and
grids of an FA or by chemical by-products plating out on parts of the fuel. The potential effects of these
local “hot spots” can be assessed against the ECCS criteria (10 CFR 50.46) and for their potential impact
on the health and safety of the public above those considered for a LOCA. ‘

The current regulatory criteria for LTCC is identified in 10 CFR 50.46 (b)(5), “Long-term 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.”

. “...temperature shall be maintained at an acceptably low value” is interpreted to mean less than
800°F (427°C). (Note: A value of 800°F is cited as the maximum acceptable clad temperature to
be consistent with the acceptance basis presented in Section A.4, GSI-191 LTCC Acceptance
Basis.)

. “...extended period of time” is interpreted to mean showing that the local temperatures are stable
or continuously decreasing and that debris entrained in the cooling water supply will not affect
decay heat removal. '

As noted previously, based on the testing of replacement sump strainers, the passing of debris in sufficient
quantity or size to result in a hot spot is considered small and will not challenge overall LTCC of the fuel.
However, assuming a “hot spot” occurs during LTCC following a LOCA, the following should be
considered:

. For dose considerations, all fuel is considered to have failed. Therefore, “hot spots” do not
contribute additional dose.

. Given a sustainable quench and the replacement of boil-off, any fuel cladding “hot spot” would
remain underwater.

. Transitioning the ECCS from a clean water source to recirculation from the reactor containment
building sump is addressed under the current licensing basis of PWRs. It is also noted that,
during HL switchover or, for B&W plants, the establishment of a core flushing flow, there is no
interruption of coolant to the core. Therefore, there is no clad heat-up transient during this
operation.

Once the transition of the ECCS from a clean water source to recirculation of coolant from the
reactor containment building sump has occurred, there is limited interruption (termination) of
coolant flow to the core due to system realignments such as initiation of HL recirculation. For
plants that have a reduction in flow associated with systems realignments, the supplied flow
remains above the core boil-off rate and will not result in a reheat of the cladding. Therefore, for
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long term cooling, the appropriate acceptance basis for clad temperature is 800°F. This
acceptance basis is based on the results of long term autoclave testing that used clean water at
temperatures up to about 700°F, and steam at temperatures ranging from 700°F to 900°F.

. A coolable core geometry must be maintained during LTCC.
. The fuel will not be reused.

The source of heat post-LOCA is from decay heat in the fuel rod. This source is limited to the fuel in the
rod and decreases with time. “Hot spots” can arise only if the local flow is severely restricted. Local
temperature increases would be mitigated by the boil off in the region. Also, the grids act as a radiator
and there will be conductive heat removal axially along the fuel rod. If quench is sustained and the
boil-off is replaced, the ability of the “hot spot” to obtain significant temperatures (approaching 2200°F
(1204°C)) is severely limited.

However, should localized temperatures at a “hot spot” reach sufficient levels to further degrade or
damage the fuel cladding, the impact of the temperature increase on LTCC is minimal. Since all rods are
assumed to have failed during the LOCA, no additional impact to dose is expected. In addition, if a
buildup of chemical deposits or debris were to form such that the buildup would cause an increase in
cladding temperature, there are two possible outcomes:

1. The deposit goes back into solution as the cladding temperature increases and the “hot spot” is |
subsequently cooled.

2. The deposit is fixed and remains on the surface (it does not go back into solution) and the “hot spot” |
remains.

For the first case, the “hot spot” is self-limiting. For the second case, if the temperature at the “hot spot”
were to increase to a level that damage to the fuel cladding would result, the remainder of the fuel rods,
fuel skeleton, and other fuel assemblies, would serve to contain the fuel and maintain structural spacing to
provide geometry for LTCC. Thus, the fixed deposit would not further impact the coolability of the fuel.

The ability to maintain an average fuel clad temperature below 2200°F during LTCC can be
demonstrated. Regardless of the actual temperatures obtained at a localized “hot spot” and the localized
damage to fuel cladding during LTCC, the requirements of 10 CFR50.46 will continue to be met.

To summarize, given that the fuel will not be reused following a LOCA, localized “hot spots” during
LTCC do not increase the risk to the health and safety of the public and does not jeopardize core
coolability as long as the core remains covered and boil-off is replaced.

Impacts of Boric Acid Concentration

The impacts of boric acid concentration will be addressed in a separate PWROG program.
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A.6 SUMMARY

The LTCC criteria identified here and proposed for use to address GSI-191 are consistent with the
requirements of 10 CFR 50.46. Furthermore, the criteria are conservative and, when used in conjunction
with engineering calculations performed considering GSI-191 concerns, provide reasonable assurance

that LTCC is successfully maintained.

LTCC bases applicable to GSI-191 have been defined based on the clarification offered by the NRC
(Reference A-2). They are summarized as follows:

1. Thecladding temperature during recirculation from the containment sump will not exceed 800°F.
2. The deposition of debris and/or chemical precipitates will not exceed 50 mils on any fuel rod.

Properly applied, these bases will facilitate the demonstration of acceptable core cooling following a
postulated large break LOCA.
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APPENDIX B
EVALUATION OF BLOCKAGE AT THE CORE INLET

B.1 OBJECTIVE

The purpose of this task is to demonstrate that sufficient LTCC is achieved to satisfy the requirements of
10 CFR 50.46 considering the effects of debris ingested into the RCS and core during post-accident
operation when safety systems are realigned to recirculate inventory from the containment sump. The
flow at the core inlet could be suppressed due to the build-up of sump debris at the lower core plate and
bottom nozzle. To show LTCC would be maintained in this situation WC/T simulations were run
blocking the inlet at the core entrance with an increased k-factor. This calculation provides additional
“defense in depth” to the FA testing to assure that LTCC will be maintained.

B.2 APPROACH

To evaluate the effects of blockage at the core inlet, the dimensionless friction factor (Cp) was ramped at
the core inlet to simulate blockage due to debris buildup. A modified version of WC/T was created to
allow the ramping of the friction factor at the core inlet. Code simulations were run to the beginning of
recirculation (conservatively assumed to be 20 minutes) at which point the ramping of the friction factor
took place over 30 seconds. Note that the core inlet flow blockage occurring in 30 seconds from the start
of recirculation is non-physical and was modeled in such a manner to perform a bounding calculation.
After the core inlet resistance was increased, the code simulations were run out to 40 minutes to show the
flow rate supplied to the core would be sufficient to remove decay heat and maintain LTCC.

B.3 MODEL DESCRIPTION AND ASSUMPTIONS

The core inlet blockage simulations were meant to bound the U.S. PWR fleet. To ensure a bounding
calculation, the limiting break type and the limiting vessel design were taken into consideration before
selecting a plant model for the simulation.

B.3.1 Plant Type Selection Criteria

The selection of the limiting break combines the conditions from a double-ended CL and a double-ended
HL break to create a bounding scenario. During a double-ended CL break, the ECCS liquid will spill into
containment, decreasing the driving head of core flow to a minimum. However, because of the low flow
rate, a slow debris build-up at the core inlet ensues, which is non-limiting. During a double-ended HL
break no spilling of ECCS liquid occurs, therefore an additional driving head from the build-up of liquid
level in the downcomer and in the steam generator tubes to the spillover elevation is present. However,
the higher flow rates also result in faster debris build-up. To create the worst possible scenario, the
limiting break case will be a double-ended CL break (i.e., limiting driving head at the core inlet)
combined with faster debris build-up time that occurs for a high flow HL break.

The limiting vessel design was chosen based upon which core design would be most limiting under the
condition of core inlet flow blockage. Three general vessel designs were considered: designed B/B
upflow, converted B/B upflow, and B/B downflow. Designed B/B upflow is the least limiting due to the
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numerous large pressure relief holes in the baffle wall. The relief holes allow flow to bypass a blocked
core inlet but still enter the core. Converted upflow plants are considered more limiting than designed
upflow plants due to the absence of the pressure relief holes, such that only limited bypass flow may enter
near the top of the core. The most limiting design is downflow plants since the only means for the flow to
enter the core is through the lower core plate.

Other PWR vessel designs were considered including B&W and CE designs. B&W plants are similar to
the Westinghouse upflow design with the numerous pressure relief holes in the baffle wall. Therefore,
the design is non-limiting with respect to core inlet flow. Other differences in the B&W design, such as
the RVVYV, were concluded to have no impact on this issue. CE plants are similar to the Westinghouse
converted upflow plant in that they have no pressure relief holes, but limited flow may enter near the top
of the core. Therefore the design is non-limiting with respect to core inlet flow. CE plant designs lack
RHR heat exchangers, and after switchover to recirculation high pressure safety injection flow goes
directly from sump to the RCS. The higher ECCS injection temperature is considered to have a small
effect on core inlet blockage simulations. Prior to recirculation, termination of extensive downcomer
boiling and cooling of vessel internals has already occurred. Therefore, the increase in injection
temperature should not lead to boiling and only a small decrease in flow rate supplied to the core will
result.

Therefore, it is concluded that the Westinghouse downflow design is bounding for this analysis.
B.3.2 Description of and Basis for Model Inputs

A plant with an existing WC/T model, downflow plant configuration, and high core power density is
desired for the core blockage simulations. A three-loop downflow model plant rated at 2900 MWt was
chosen. The power shape of the plant’s BELOCA reference transient used for these simulations is shown
in Figure B-1. (Figures use squares to designate vertical flow paths and circles to designate horizontal
flow paths.)

The axial power shape uses a high enthalpy rise peaking factor (Fay = 1.73), a skewed to the top power
distribution (13 percent axial offset), and a relatively high total peak factor (Fq = 2.3). The top-skewed
power shape shown in Figure B-1 is limiting compared to base load or bottom skewed power shapes due
to the longer time for the quench front to approach the elevations with the highest power, and its
susceptibility to heatup if the core becomes uncovered due to inlet blockage. The total peaking factor is
on the order of 20 percent higher than a normal base load power shape would exhibit. Fq higher than 2.3
will only occur in rare transient conditions, where such an Fg would be temporary and not indicative of
the long-term axial decay heat power distribution of interest for LTCC. Therefore, the inputs represent
reasonably bounding values for the PWR fleet.

Figure B-1 represents the axial power shape and Table B-1 displays the radial power distribution of the
modeled plant.
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Figure B-1 Plant Transient Power Shape

Table B-1 Core Channel Radial Power Distribution
Channel Normalized Number of
Channel Description Number Power Assemblies
Hot Assembly Channel (HA) 13 1.66 1
Guide Tube Channel (GT) 12 1.17 53
Non-Guide Tube Channel (AVG) 11 1.17 75
Low Power Periphery Channel (LP) 10 0.20 28

The radial power distribution in the core is flat other than in the periphery assemblies and the hot
assembly. The hot assembly power is conservatively modeled to a high normalized power of 1.66.

Additional information on the plant chosen for the core inlet blockage simulations is given in the
schematics and noding diagrams shown in Figures B-2 through B-5.
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The modified WC/T code version and the plant model shown in Figure B-3 were used to study the effects
of core blockage on LTCC. The calculations modeled the ramp-up of the dimensionless loss coefficient
(Cp) at the core inlet and the increase of the temperature of the ECCS injection water at 20 minutes,
which is the modeled beginning of sump recirculation. It should be noted that the increase in the value of
Cp, simulating the debris build-up over 30 seconds, is non-physical and was modeled to occur over such a
short time period to perform a bounding calculation. The increase in the injection temperature represents
a representative RHR heat exchanger outlet temperature following switchover to sump recirculation. The
temperature of the injected water was set to be 190°F, which is typical for Westinghouse designs and is
expected to bound B&W plant designs. While CE plants may have slightly higher temperatures, the
effect on the transient will be minimal. Following preliminary test calculations, it was decided to ramp
Cp to extremely large values to completely block the chosen core channels to simulate a percentage of
core blockage.

Initially, two simulations were run with no changes to the standard noding but with different amounts of
simulated core blockage,. The first case modeled 82% core flow blockage by ramping the value for Cp, up
to 10 in all core channels except for the Lower Power (LP) periphery channel (representing 28 of

157 assemblies). Figure B-6 displays the core channel modeling used for Case 1. Channels 11, 12, and
13 are crossed out to represent total blockage at the inlet of the channels. For this modeling approach
flow will only enter the core through channel 10.

Figure B-6 Case 1 Core Blockage Modeling Approach

The second case modeled 99.4% core flow blockage by ramping the value for Cp, up to 10 in all core
channels except for the Hot Assembly (HA) channel. Figure B-7 displays the core channel modeling used
for Case 2. Channels 10, 11, and 12 are crossed out to represent total blockage at the inlet of the
channels. For this modeling approach flow will only enter the core through channel 13.
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Figure B-7 Case 2 Core Blockage Modeling Approach

The Case 2 modeling approach of leaving the hot assembly unblocked is justified as acceptable due to
core cross-flow. The top-skewed power shape used in the simulations creates limiting core conditions in
the top half of the core. The flow supplied to the core distributes throughout the core channels, and by the
higher power elevations, the flow will be well allocated to all the core channels. This statement can be
supported by examining the void fraction of the LP periphery channel and the HA channel. Figure B-8
plots the LP void fraction and the HA void fraction from 2000 to 2400 seconds, near the top of the core.
The figure shows the void fraction in the HA channel reaching higher values, demonstrating much of the
flow exits the HA channel via cross-flow through the core and suggesting no non-conservatism due to the
modeling approach.

The containment back pressure was modeled by a containment pressure vs. time table input for each of
the broken loop CL break components. The containment backpressures used in both cases were based on
the existing pressure vs. time tables used in the BELOCA analysis. The BELOCA table was extrapolated
down to atmospheric pressure and held there. As a result, the containment pressure is assumed to be at
atmospheric conditions by switchover to sump recirculation.
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Figure B-8 Low Power Channel and HA Channel Void Fraction, Case 2 - Unblocked HA Test

The additional effects of sub-atmospheric containment plants on the transient have been considered to
show the calculations performed apply to the entire US PWR fleet. The containment pressure and
pressure drop through the RCS loops have a direct affect on the boil-off rate for a postulated CL break.
The decrease in the containment pressure for a subatmospheric plant could cause an increase in loop
pressure drop, which could lead to higher core exit pressures and higher boil-off rates. The increased core
exit pressure corresponds to higher boil-off rates through the inversely proportional relationship between
the boil-off rate (a)bo,.,q”- ) and the latent heat of vaporization, i.e.,

Qpp
(B-1)
hfg

Opoiloff =
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The relationship between the pressure drop and the containment break pressure, i.c., steam density, is
shown in Darcy’s equation.

2
Kk Opgiloff

— (B-2)
A% 288-p, g,

loop =

Hand calculations were performed to estimate the loop pressure drop using subatmospheric containment
pressures to examine whether the core exit pressure would increase. The hand calculations compared the
ratio of the loop pressure drop between atmospheric and subatmospheric containment conditions.
Combining Equations (B-1) and (B-2) to create a pressure drop ratio yields,

2
APy z[hfg_dryJ (pg_dryJ (B-3)
Al)dry hfg_sub pg_sub

Loop pressure drop values were taken from calculations performed for atmospheric containment
simulations. The largest loop pressure drop after switchover to sump recirculation was found to be
approximately be (18.0-14.7) = 3.3 psia. First, assuming the pressure drop (AP) would be the same for
the subatmospheric containment conditions, iterative calculations were performed to calculate the loop
pressure drop for subatmospheric containment conditions. The calculation was performed twice using
containment pressures of 10 psia and 12 psia to address potential non-linearity of the density changes in
the pressure range of interest. The calculations found that the loop AP would increase, however, the core
exit pressure would be lower (tables representing the values used in the final iterations are shown in
Tables B-2 and B-3 below). Therefore, the subatmospheric containment pressure plant designs are

bounded by the atmospheric containment simulations performed to examine the effects of core inlet
blockage.

The core inlet blockage simulations were performed using ‘typical” Westinghouse RHR heat exchanger
outlet temperature for sump ECCS injection (190°F). It has been acknowledged that CE plant designs do
not have RHR heat exchangers, and after switchover to recirculation High Pressure Safety Injection flow
goes directly from sump to the RCS. The increase in sump ECCS injection temperature is assessed to be
a non-factor in core inlet blockage simulations. The flow rate required to replace boil-off at 20 minutes is
less than 60 lbm/sec. The highest injection temperature of concern is estimated to be 250°F, i.e., an
increase of 60°F. Prior to recirculation, termination of extensive downcomer boiling and cooling of
vessel internals has already occurred, therefore the increase in injection temperature should not lead to
boiling and only a small decrease in flow rate supplied to the core will ensue due to the density effects. It
is therefore assessed that an increase of 60°F to the ECCS injection should not affect core inlet blockage
simulations.
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Table B-2 Subatmospheric Loop Pressure Drop for Containment Pressure=10 psia
Second Iteration
Pressure Density Enthalpy Density Enthalpy hg,
(psia) (Ibm/ft’) (Btu/lbm) (Ibm/ft’) (Btu/lbm) (Btu/lbm)
Sub cont.
14.4 59.854 179.25 0.036607 1150.7 971.45
10 60.281 161.36 0.026027 1143.8 982.44
average 60.0675 170.305 0.031317 1147.25 976.945
Dry
18 59.565 190.79 0.045103 1154.9 964.11
14.7 59.829 180.3 0.03732 1151 970.7
average 59.697 185.545 0.041212 1152.95 967.405
Pressure Ratio
1.290371
New P core (psia) Sub-atm DP (psia)
14.3 43
New P core less than 18 psia
Table B-3 Subatmospheric Loop Pressure Drop for Containment Pressure=12 psia
Second Iteration
Pressure Density Enthalpy Density Enthalpy hg,
(psia) (Ibm/ft’) _ (Btu/lbm) (Ibm/ft’) (Btu/lbm) (Btu/lbm)
Sub cont.
15.9 59.729 184.32 0.040162 1152.5 968.18
12 60.074 170.16 0.030868 1147.2 977.04
average 59.9015 177.24 0.035515 1149.85 972.61
Dry
18 59.565 190.79 0.045103 1154.9 964.11
14.7 59.829 180.3 0.03732 1151 970.7
average 59.697 185.545 0.041212 1152.95 967.405
Pressure Ratio
1.14801
New P core (psia) Sub-atm DP (psia)
15.8 3.8
New P core less than 18 psia

(Note: All properties used in Table B-2 and Table B-3 were taken from NIST Thermophycial Properties
of Fluid (Reference B-1). Pressure drop ratios evaluated using average properties of core exit and
containment pressures)
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B.3.3 Assessment of Blockage at Core Inlet

This section discusses the results of the core inlet blockage WC/T simulations. The effects of core
blockage on PCT and rod quench are examined through examination of hydraulic results.

The flow distribution results were examined to determine if the flow through channels where the
resistance was ramped was indeed blocked and if the flow from the blocked channels enters the
unblocked channel, i.e., where the blocked core channel flow was diverted. The Cp ramp of 10° at sump
switchover time completely blocks all flow into the blocked channels as expected. Also, a large increase
in the flow into the unblocked channels occurs at switchover time due to the flow diversion from the
blocked channels.

Next, the core inventory is examined. Figure B-9 displays the collapsed liquid level of an average
assembly core channel (channel 11 on Figure B-3). The figure shows a slight increase in the collapsed
liquid level occurring after the core is blocked for both Case 1 and Case 2. Similar to the core collapsed
liquid level, the total vessel liquid mass plotted in Figure B-10 shows that the vessel continues to increase
in liquid mass even after the core channels are blocked. The increase in the core liquid mass can be
attributed to the flow supplied to the core being in excess of the boil-off rate or from liquid inventory in
the UP entering the core. The UP global channel (area above upper core plate) collapsed liquid level
plotted in Figure B-11 shows UP inventory is available, however, countercurrent flow limitation (CCFL)
at the upper elevations of the core may restrict the UP inventory from entering the core region. Predicted
flow results are difficult to assess due to oscillations. In order to clearly present the results, the flow
figures plot the integral of the flow rates and examine the slopes of the figures to draw conclusions.
Figure B-12 plots the integral of liquid flow rate at the exit of the core. The core outlet flow represents
the HA, AVG, and GT core channels and the core inlet flow represents the LP core channel. The lower
vapor velocity in the LP channel allows the liquid from the UP to drain into the core increasing the core
liquid mass, aiding LTCC.

Whether the increase in core liquid inventory is also aided by the flow supplied at the core inlet can be
identified by a comparison between the total core flow and the flow rate needed to match core boit-off.
The flow rate to match the core boil-off rate was calculated by dividing the core power by the core
average hg. Figure B-13 compares the integrated inlet flow rate vs. the integrated boil-off rate. The
figure shows the flow supplied to the core is larger than the boil-off rate after the time that switchover to
recirculate from the containment sump has occurred for both cases. The increase in core liquid mass can
therefore be partially attributed to the inlet flow.

The different inlet flow between Case 1 and Case 2 shown in Figure B-13 can be explained due to the
difference in the resistance at the core inlet. The resistance ramp, which simulates debris build up,
effectively decreases the core inlet flow and causes the core liquid inventory to increase at a lower rate.
The core inlet flow rate is governed by the driving head in the downcomer and the amount of flow
resistance. The collapsed liquid level (CLL) for each downcomer (DC) channel is plotted in Figure B-14
through B-16. In Case 2, the DC CLL increases well before the DC CCL calculated for Case 1. The
increase in the downcomer CLL for Case 2 is calculated to occur due to the large resistance at the core
inlet.
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In Case 1, the DC CLL increases at a slower rate then Case 2. Although the resistance is ramped in

Case 1 to block 82% of the core flow area, significant flow is still able to enter the core without the
additional build-up of driving head in the downcomer. The higher core inlet flow rate for Case 1 shown
in Figure B-13 increases the UP liquid inventory and eventually increases the liquid flow rate in the loops.
The integral of the HL liquid flow rates for each loop are compared in Figures B-17 through B-19. The
increased loop liquid flow in Case 1 allows for some liquid inventory to flow through the steam
generators and eventually make it back into the downcomer, increasing the downcomer liquid level
starting around 1600 seconds (as shown in Figures B-14 through B-16) and increasing the driving head.
The build up of driving head explains the increase in the core inlet flow rate for Case 1 shown in

Figure B-13.

Finally, the PCT of the hot rod is examined. The hot rod PCT vs. time is displayed in Figure B-20. WC/T
predicts the PCT to occur for both cases within the traditional LOCA analysis space. After roughly

300 seconds the core is quenched and no significant heatup occurs thereafter. Because no late heat up
occurs, the local maximum and core-wide oxidation calculations for traditional LOCA analyses are still
considered applicable. It is concluded that sufficient liquid can enter the core to remove core decay heat
once the plant has switched to sump recirculation with up to 99.4% core blockage.
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B.4 SUMMARY

The effects of 82% and 99.4% blockage of the core inlet flow area were examined using WC/T. A
comparison between the calculated rates and the flow rate needed to match core boil-off showed ample
flow in the core to replace boil-off after core blockage occurred. Also, the PCT plot of the hot rod shows
the PCT occurs in traditional LOCA analysis space and after roughly 300 seconds the core is quenched
and no significant heatup occurs thereafter. Because no late heat up occurs, the maximum local and
core-wide oxidation calculations for traditional analyses are still considered applicable. It is concluded
that sufficient liquid can enter the core to remove core decay heat once the plant has switched to sump
recirculation with up to 99.4% core blockage.

B.5 ADDITIONAL WC/T CALCULATIONS

Several additional WC/T analyses were peformed in support of the effort documented by this report.
These WC/T runs were performed at the request of the ACRS with the purpose of determining the
blockage level (either using a reduction in area or increase loss coefficient) that would reduce core flow
below that necessary to match coolant boil-off. The documentation for these additional calculations
include figures of the integrated core inlet and exit flow, peak cladding temperature, core collapsed liquid
level, core exit void fraction, and core pressure drop for the bounding conditions.

B.5.1 Method Discussion & Input

Two WC/T runs made in support of WCAP-16793-NP are described in Section B-3. These analyses
demonstrated that up to 99.4% of the core inlet could be blocked and still maintain sufficient flow to
reach the core to remove core decay heat. In order to assess the blockage level that would reduce core
flow below that necessary to match coolant boil-off, modifications were made to the flow area and loss
coefficient input values used in the original runs and the calculations repeated.

The base case for the calculation results presented in this section is Case 2, or the more restricted flow
area case, from Section B-3. The Darcy equation defines pressure drop as being proportional to the form-
loss coefficient and inversely proportional to the flow area squared. Using this principle, two separate
approaches were taken to determine the blockage level needed to preclude sufficient flow into the core to
provide for LTCC. The first approach considered an area reduction while maintaining the form-loss
coefficients. The second approach considered form-loss coefficient increases while maintaining the flow
area constant.

3. For the first approach, the flow area of the hot channel, Channel 13 (see Figure B-7), was
reduced. The input value of the hydraulic loss coefficient, Cp, for the other channels into the
core, Channels 10, 11, 12 and 13 remained the same as the base case. As discussed, for this
modeling approach, flow will only enter the core through the hot channel (Channel 13). To
maintain the total core flow area, the adjacent channel (Channel 11, representing an “average
channel”) flow area was increased to offset the change in flow area to Channel 13. This change is
needed to preserve the total core flow area; however, no flow will enter the core through Channel
11. These cases are discussed in Section B.3.2.
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For the second approach, the loss coefficients of the hot channel, Channel 13 (see Figure B-7), were
increased in increments until the flow rate into the core was less than the core boil-off rate. These cases
are discussed in Section B.3.3.

B.5.2 Areas used in Reduced Flow Area Approach

The flow area values used in the two flow area reduction cases are as listed below.

Channel 13 50% Flow Reduction Case:

Channel 13 Flow Area =23.76 * (0.50) =11.88 in’
Channel 11 Flow Area = 1782+ 23.76 * (0.50) = 1794. in’
Channel 13 80% Flow Reduction Case:

Channel 13 Flow Area =23.76 * (0.20) =4.752 in’
Channel 11 Flow Area = 1782 + 23.76 * (0.80) =1801. in’

Due to time constraints, the transient run time was reduced from 2400 seconds to 1500 seconds for the
calculations that were performed. The transient calculation time of 1500 seconds is sufficient to
demonstrate whether the reduction in core flow would be sufficient to match boil-off.

B.5.3 Cp Values used in Increased Loss Coefficient Approach

In order to determine the blockage level that would reduce core flow below that necessary to match
coolant boil-off, the inlet core loss coefficients were increased in increments until boil-off could not be
matched. The computer calculations made include uniform loss coefficients of 50,000, 100,000, and
1,000,000. The only changes required for these runs were updates to the variables used to activate the
dimensionless loss coefficient ramp logic. For these cases, the Cp input value was changed from 10° to
desired Cp value to reduce flow through peripheral channels, the average channels and the hot assembly
channel instead of block flow. Also, the feature to allow the Cp, value of all core inlet channels to vary as
a function of time was enabled.

Three runs were made; Cp = 50,000, Cp = 100,000 and Cp = 1,000,000. The increase in Cp, values to the
desired values was accomplished over a 30 second time interval. The ramp up started at the time of
switchover from injection from the BWST/RWST to recirculation from the sump, transient time t = 1200
seconds and was completed at transient time t = 1230 seconds.

Again, due to time constraints, the transient run time was reduced from 2400 seconds to 1500 seconds for
the calculations that were performed. The transient calculation time of 1500 seconds is sufficient to
demonstrate whether the reduction in core flow would be sufficient to match boil-off.

B.5.4 Results from Flow Area Reduction Runs

The first flow reduction run performed reduced the hot channel (Channel 13) flow area by 50%, which
yields a total core inlet flow reduction of 99.7% compared to an unblocked core. The plots for this case
are shown in Figures B-21 through B-27. Figures B-21 and B-22 show comparisons of the integrated
core inlet flow and the core boil-off rate. As shown, even with the increase in core blockage, the flow
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that enters the core is still in excess of the boil-off rate. Figure B-23 displays the integrated liquid flow at
the core exit. The figures illustrates that, although liquid in excess of that needed to keep the core
quenched enters the core, every little liquid flow is present at the core exit after the blockage occurs. The
Peak Cladding Temperature (PCT) is shown in Figure B-24. There are no significant PCT excursions
after the core is blocked. Figure B-25 displays the collapsed liquid level of the average assembly core
channel (Channel 11 of Figure B-7). The figure shows that the collapsed liquid level drops slightly at the
time blockage occurs, however, the liquid level continues to increase even after the blockage to the hot
channel (Channel 13} is fully implemented at 1230 seconds. The void fraction at the core exit shown in
Figure B-26 again illustrates that liquid is present at the top of the core which shows the flow that enters
the core after blockage occurs is still in excess of the boil-off rate. The core pressure drop is displayed in
Figure B-27. The figure displays an increased pressure drop of roughly 2 psi as blockage at the core inlet
is increased. As the conditions in the Reactor Coolant System (RCS) adjust to increase in core blockage,
it is noticed that the core pressure drop fluctuates consistent with the core liquid level.

The next flow reduction run performed reduced the hot channel (Channel 13) flow area by 80%, which
yields a total core inlet flow area reduction of 99.9%. The plots for this case are shown in Figures B-28
through B-34. Figures B-28 and B-29 show comparisons of the integrated core inlet flow and boil-off
rate. As shown, with the increase in core blockage, the flow that enters the core cannot match the boil-off
rate. Since all the liquid entering the core at the inlet is boiled-off, there is no liquid flow at the core exit
(as shown in Figure B-30). In addition, Figure B-31 shows that the PCT increases until the end of the
transient once the core liquid level, shown in Figure B-32, is reduced to a level that the core becomes
unquenched. Continuing with the trend discussed above, the void fraction at the core exit (Figure B-33)
shows that only vapor is present. The core pressure drop is displayed in Figure B-34. The figure
displays a pressure drop of roughly 4 psi at the core inlet as a result of the blockage at the core inlet.

These results indicate that a total core inlet area reduction of up to as much as 99.7% will still allow
sufficient flow into the core to provide for removal of decay heat and assure LTCC.

B.5.5 Results from Uniform Loss Coefficient Runs:

The first uniform loss coefficient run performed applied a uniform Cp of 50,000 at the core inlet. The
plots for this case are shown in Figures B-35 through B-41. Figures B-35 and B-36 show comparisons of
the integrated core inlet flow and boil-off rate. As shown, even with the increase of the loss coefficient at
the inlet, the flow that enters the core is still in excess of the boil-off rate. (Note that the integrated mass
flow behavior shown between time t = 1200 seconds and time t = 1250 seconds of Figure B-36 is the
result of the 30 second ramp-up of the hydraulic loss coefficient, Cp, to 50,000 that is initiated in the
calculations at time t = 1200 seconds.) Figure B-37 displays the integrated liquid flow at the core exit.
The figures displays that liquid in excess of that needed to keep the core quenched enters the core and that
liquid flow is present at the top of the core even after the increase of the loss coefficient at the inlet. The
PCT is shown in Figure B-38. There are no significant PCT excursions after the core inlet loss coefficient
is increased. Figure B-39 displays the collapsed liquid level of the average assembly core channel
(Channel 11 of Figure B-7). The figure shows that the collapsed liquid level drops slightly at the time
blockage occurs, however, the liquid is maintained even after the increase in the loss coefficient at the
inlet. The void fraction at the core exit shown in Figure B-40 again illustrates that liquid is present at the
top of the core which shows the flow that enters the core after the increase of the loss coefficient occurs is
still in excess of the boil-off rate. The core pressure drop is displayed in Figure B-41. The figure
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displays an increased pressure drop of roughly 2 psi as blockage at the core inlet is increased. As the
conditions in the Reactor Coolant System (RCS) adjust to increase in core blockage, it is noticed that the
core pressure drop fluctuates consistent with the core liquid level.

The second uniform loss coefficient run performed applied a uniform Cp, of 100,000 at the core inlet. The
plots for this case are shown in Figures B-42 through B-48. Figures B-42 and B-43 show comparisons of
the integrated core inlet flow and boil-off rate. As shown, even with the further increase of the loss
cocfficient at the inlet, the flow that enters the core is still in excess of the boil-off rate. (Note that the
integrated mass flow rate of Figure B-43 shows a similar behavior as was shown in Figure B-36. Again,
this is due to the 30 second ramp-up of the hydraulic loss coefficient, Cp, to 100,000 that is initiated in the
calculations at time t = 1200 seconds, but extends the behavior over a slightly longer period of time.)
Figure B-44 displays the integrated liquid flow at the core exit. The figures displays that liquid in excess
of that needed to keep the core quenched enters the core and that some liquid flow is still present at the
top of the core even after the increase of the loss coefficient at the inlet. The PCT is shown in Figure B-
45. There are no significant PCT excursions after the core inlet loss coefficient is increased. Figure B-46
displays the collapsed liquid level of the average assembly core channel (Channel 11 of Figure B-7). The
figure shows that the collapsed liquid level drops slightly at time blockage occurs, however, the liquid
level recovers even after the increase in the loss coefficient at the inlet. The void fraction at the core exit
shown in Figure B-47 again illustrates that liquid is present at the top of the core which shows the flow
that enters the core after the increase of the loss coefficient occurs is still in excess of the boil-off rate.
The core pressure drop is displayed in Figure B-48. The figure displays an increased pressure drop of
roughly 2 psi as blockage at the core inlet is increased. As the conditions in the RCS adjust to increase in
core blockage, it is noticed that the core pressure drop fluctuates consistent with the core liquid level.

The next uniform loss coefficient run performed applied a uniform Cp of 1,000,000 at the core inlet. The
plots for this case are shown in Figures B-49 through B-55. Figures B-49 and B-50 show comparisons of
the integrated core inlet flow and boil-off rate. As shown, with the increase in core blockage, the flow
that enters the core can not match the boil-off rate. Since all the liquid entering the core at the inlet is
boiled-off, there is no liquid flow at the core exit (as shown in Figure B-51). In addition, it is displayed in
Figure B-52 that the PCT increases until the end of the transient once the core liquid level, shown in
Figure B-53, is reduced to a level that the core becomes unquenched. Continuing with the trend discussed
above, the void fraction at the core exit (Figure B-54) shows that only vapor is present. The core pressure
drop is displayed in Figure B-55. The figure displays an increased pressure drop of roughly 4 psi as
blockage at the core inlet is increased and the core liquid level begins to stabilize.

The results indicate that an increase in the form loss coefficient at the core inlet of up to Cp, = 100,000 for
the limiting plant and fuel load design will allow for sufficient flow into the core to remove decay heat
and provide for LTCC.
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Figure B-23  Total Integrated Liquid Flow at the Top of the Core for Channel 13 Flow Reduction
50% Case (Positive/Outlet flow represents HA, GT, AVG channels; Negative/Inlet flow represent LP
channel)
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Figure B-26  Void Fraction at the Exit of the Average Core Channel for Channel 13 Flow
Reduction 50% Case

WCAP-16793-NP October 2011
Revision 2




B-37
SWITCHT IME
————— CORE PRESSURE DROP
167
H
-1
Ly
14—} .............................................................
i
B
_'
T P T B P I |
12 |
|
-
L
10-‘ .............................................................
8
B !
e |
Qo B
: 8— ' .............................................................
a |
e
o I
i
6— l ................................................. i . .: .......
K TR
i
! 1y '
a \
4_ l .............................................. “ h.“ ............
b ‘,'
o] l\ I
[} \ 21 \ ll .
oy w\’ ‘f"~ hy m"“ W,w ‘/”“""r‘“\?}"' y :
' l .
24 i.',:. ....: ...... :I. s ~|'\I' .......... |.‘ .............. EERERTE
g T . :l‘,u |- : .
H : I
H . .
oq___‘lﬁll;lll;lll;llI;Ill;lllIII;I]I
0 200 400 1200 1400 1600
Time (sec
1566760324
Figure B-27  Core Pressure Drop for Channel 13 Flow Reduction 50% Case
WCAP-16793-NP October 2011
Revision 2




B-38

0.1E+07

:

:

-----------

Intg Mass Flow Rate (Ibm)

§
1
.
L
‘
~
~
<
2\

-----

1000 1200 1400 1600

Tlmes(?sec)

441943533

Figure B-28  Integrated Core Flow vs. Core Boil-off for Channel 13 Flow Reduction 80% Case

WCAP-16793-NP October 2011
Revision 2




B-39

Intg Mass Flow Rate (Ibm)

1200 1250 1300 1350 1400 1450 1500
Time (sec)

441943833

Figure B-29  Integrated Core Flow vs. Core Boil-off for Channel 13 Flow Reduction 80% Case
(Shifted Scale)

WCAP-16793-NP October 2011
Revision 2




%’

I T T T T e P
_____

-

Intg Liquid Flow Rate (Ibm)

é.

NN (SN NSNS NCRN NN CARSLRIES MU MY IR (Y AN | ||;|||||1'||1

-600000 T T T . . T
600 1000 1200 1400 1600
Time (sec)

Figure B-30  Total Integrated Liquid Flow at the Top of the Core for Channel 13 Flow Reduction
80% Case (Positive/Outlet flow represents HA, GT, AVG channels; Negative/Inlet flow represent LP
channel)

WCAP-16793-NP October 2011
Revision 2




B-41

SWITCH OVER TIME
----- PEAK CLADDING TEMPERATURE
2000
- ’\1
| |
- 3
t" \
s b b s o b i B e 0 A b e 8 ] e B B 6k
150074 |
| \ . .
l? b :
Ly i . 1
| % o)
\ o
T [ y
i T
s f :
=l S N T SRS SRR SRS FRSE .
S 1000 A :
8 I - r
-' .
S :
;-
— Bl »\ ,:
| i y o
L : [
- | I
| I
sm_ ............ ‘ ....................................... ’. ..........
| | .
_ JEE RN : o
| e N ’ .
.'|’ l”:‘“,l 4 - f .
- ! .I l" ".lg |- ,' .
et ’; W ,‘\;..\J‘U;,\_,»__JH :
0 [ .| . [ | : [ | | [ | Fod : Lo X O | ' |
0 200 400 1200 1400 1600

it
600 1000
Tlmeaoesec)

Figure B-31

858292612

Hot Rod PCT for Channel 13 Flow Reduction 80% Case

WCAP-16793-NP

October 2011
Revision 2




B-42

SWITCH OVER TIME

_____ AVG CORE CHANNEL

1277
|
[
-‘
[
1

10-: .............................................................
L
|
[
L
[

’-t\ 8—-[ .............................................................

N’ _’ g

s [

_’ .

9 | .

Tz | :

=R | A Do v o e TOTR JITIVE | — L

— . : : : :

i | . [ : i .

5] ) : } SR I :

g “;‘.“ : I!‘ 1 o '.,“ e - ,1:'\ ;‘\: :

=] 4 I ‘yllgl el sy R :

5 oyt I\,‘"\ "\:"3‘\ :'u' }'“\I“" r",':n."""vl!u“'l' !‘(" i :

(&) 4‘('!‘”1 t\:\‘ .\ﬁl.”.l.p:......“...,J..“. b4 LR ”4. ...... PRRREEE
oW w';':“ l", KA A A | 'I“”‘WM
R T I
H : W)

! 1:: S '
I
ad Demev owin iy an G S E Bh v e 88 Vel Sy B E kg e ] § ow ok e B E S o
2 :: : :
1 | . .
Ll : :
L : :
-“ . .
'\qlllllllllll'lll'llllll.lll
0 T T T T T T
0 200 400 600 1000 1200 1400 1600
Time (sec)
2061668183
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Figure B-37  Total Integrated Liquid Flow at the Top of the Core for Uniform C, = 50,000 Case
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Figure B-54  Void Fraction at Exit of Average Core Channel for Uniform Cj = 1,000,000 Case
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B.6 EFFECT OF THICK METAL STORED ENERGY ON COOLANT
TEMPERATURE

The WC/T calculations were also used to evaluate the potential for ECCS coolant to absorb thermal
energy from the thick metal reactor vessel components during recirculation of coolant from the
containment building sump. This was done to assess the potential effect of changes on the recirculating
coolant temperature on solubility limits of post-accident chemical products.

The thermal energy stored in the thick RV shell and the RV B/B is small, as demonstrated in the following
discussion, and has no more than about a 5°F influence on the coolant temperature from the time it enters
the RV until it enters the core inlet. This temperature rise in the RV is small and results in no more than
about a 5% change in solubility of aluminum-based and calcium-based precipitates. This change has no
affect on the potential for chemical precipitates to form in the vessel as a result of these phenomena.

The postulated CL break was chosen as this is the bounding case for heat-up of the coolant as it passes by
the thick metal components of the RV. The low flow-rates associated with a CL break (matching boil-off)
provide the greatest residence time of the fluid next to the metal structures, allowing for the maximum
heat-up of the coolant. A postulated HL break, while having a larger velocity, also has a reduced
residence time in the RV, minimizing the opportunity for coolant heat-up.

At the time that the ECCS is realigned to draw suction from the reactor containment building sump from
the BWST/RWST, the heat transfer process between the thick metal components of the RV and the ECCS
fluid in the RV is conduction limited. Under these conditions, there is little increase in temperature of the
ECCS fluid as it passes by the thick-metal RV components and enters into the reactor core. The time
history plots prepared from the WC/T calculations reported in Section B-3, confirm that this is
conduction-limited heat transfer process, and that there is minimal temperature change of the coolant as it
enters the RV and flows to the core.

Figure B-56, Comparison of Reactor Vessel Metal Temperature at Bottom of Fuel; Outside Diameter
versus Inside Diameter, and Figure B-57, Comparison of Reactor Vessel Metal Temperature at Top of
Fuel; Outside Diameter versus Inside Diameter, are time history plots of the temperature of the inner and
outer RV metal nodes of the WC/T calculations for a postulated CL break. From Figures B-56 and B-57,
it is noted that the temperature of the inner RV metal node at the top and bottom of the core is relatively
unchanged over the 300 seconds following switchover from BWST/RWS injection to recirculation from
the reactor containment building sump. Over this same time period, the outer RV node is predicted to
drop by about 30°F. These figures demonstrate that the heat transfer process is conduction limited.

Figure B-58, Comparison of Fluid Temperature at Top and Bottom of Downcomer, shows that there no
more than about 5°F temperature gain in the coolant as it passes from the top to the bottom of the
downcomer. Likewise, Figure B-59, Comparison of Fluid Temperature at Top and Bottom of Baffle,
shows a similar behavior. It is noted that the initial 10°F temperature difference diminishes to about a 5°F
temperature difference within about 150 seconds of switchover from BWST/RWST injection to
recirculation from the reactor containment building sump. Figure B-60, Comparison of Fluid
Temperature in Lower Plenum to Core Inlet, shows that the coolant at the core entrance is calculated to be
generally slightly warmer but within about 5°F of the coolant in the RV lower plenum. Figures B-61 and
B-62, Comparison of Fluid Temperature Between Core Inlet and Inside Baffle, and Comparison of Fluid
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Temperature Between Core Outlet and Inside Baffle, respectively, shows the calculated fluid temperatures
at the core inlet and core outlet to be within less than about 5°F of each other throughout the calculation
time period. More importantly, over the last 100 seconds of the calculation period, comparisons show
almost no temperature difference between the fluid in the core and in the baffle.

Based on these comparisons for a postulated CL break, it is concluded that the thermal energy stored in
the thick RV shell and the RV baffle/barrel has no more than about a 5°F influence on the coolant
temperature from the time it enters the RV until it enters the core inlet for either the CL or HL break
scenarios. This conclusion is applicable to all plants, as is demonstrated by considering the Biot number,
N, , for this scenario. The Biot number is the ratio of surface conductance to internal conduction of a

solid;
HxL
N Bi =
k

where:

H = Surface heat transfer coefficient

L = Thickness of the solid

k = Thermal conductivity of the solid

At the time of initiation of recirculation from the reactor containment building sump, there is no boiling in
the downcomer and the convective heat transfer coefficient between the thick metal and the coolant is
Bru

hr— f*—

break. The thickness of a RV is about 8 inches. For evaluating a Biot Number, one-half of the thickness

or 4 inches (0.33 ft.) will be used. The thermal conductivity of mild (carbon) steel is about

B
28 __bm . Thus, the Biot Number for this scenario would be;

hr— ft =°F

dependent upon local flow rate and is evaluated to between less than 3 = for a postulated HL

N, <0.036

The above calculation demonstrates that the dominate resistance to heat transfer from the RV thick metal
during recirculation is due to the convective resistance between the RV surface and the fluid.

The stainless steel cladding on the inside of the RV was ignored for this evaluation. Stainless steel is
about 1/3 as conductive as mild (carbon) steel. Although the cladding is thin, inclusion of this material in
the evaluation of a Biot Number would further favor the convection limited process.

The fluid temperature rise of < 5°F predicted by WC/T calculations for a postulated CL break is small in
comparison to that needed to change solubility limits and is evaluated to have no affect on the solubility
of aluminum-based precipitates, the solubility of calcium-based precipitates and the potential for chemical
precipitates to form in the vessel as a result of the release of stored thermal energy from thick-metal
components of the RV.
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Figure B-56  Comparison of Reactor Vessel Metal Temperature at Bottom of Fuel; Outside
Diameter versus Inside Diameter
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Figure B-57 Comparison of Reactor Vessel Metal Temperature at Top of Fuel;
Outside Diameter versus Inside Diameter
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Figure B-58  Comparison of Fluid Temperature at Top and Bottom of Downcomer
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Figure B-59  Comparison of Fluid Temperature at Top and Bottom of Baffle
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Figure B-60  Comparison of Fluid Temperature in Lower Plenum to Core Inlet
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Figure B-61  Comparison of Fluid Temperature Between Core Inlet and Inside Baffle
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Figure B-62
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APPENDIX C
FUEL CLAD HEAT-UP UNDERNEATH GRIDS

C.1 INTRODUCTION

In an extreme case, it has been postulated that the volume between the fuel rod and spacer grid could
completely fill with debris. An evaluation was performed to determine the cladding surface temperature
of a fuel rod within a fuel grid when the rod is plated with debris in a post-LOCA recirculation
environment. A parametric study was performed to show the effects on the maximum temperature of the
fuel rod within the spacer grid caused by varying debris thickness and the thermal conductivity of the
debris. A detailed discussion of this calculation, including a discussion of assumptions and boundary
conditions, is presented here.

C.2  ANSYS DISCUSSION

The ANSYS mechanical software was used for the cladding heat up behind fuel grids. This software is in
common use internationally to solve a wide range of mechanical engineering problems. The use of the
thermal analysis capability for this model is in accordance and consistent with standard industry practices
for ANSYS mechanical software and other similar engineering problem solving software.

The ANSYS mechanical software offers a comprehensive product solution for structural linear/nonlinear
and dynamics analysis. The product offers a complete set of elements behavior, material models, and
equation solvers for a wide range of engineering problems. In addition, ANSYS offers thermal analysis
and coupled-physics capabilities involving acoustic, piezoelectric, thermal-structural, and thermal-electric
analysis. For the cladding heat up calculations, only the thermal solution capabilities of the ANSYS
mechanical software were used.

C.3 METHOD

A model of a single fuel rod was created in Solidworks® and imported into ANSYS. The model was cut
down to a “1 quarter pie piece” in order to reduce the size of the model to be analyzed, while maintaining
symmetry. In order to conservatively model the convection, the clad was divided into 20 zones. To
preserve accuracy of this model, no convection was assumed to occur at the planes of symmetry. This
was done to ensure that the convection was modeled only on the outer surface of the fuel rod assembly,
and not on the surface of the cladding under the grids and the debris. A similar technique of dividing one
large portion of the modeled fuel rod into multiple smaller segments was used to simulate the layers of
debris in the runs using a thin debris layer (10 mils and under) in order to allow ANSYS to more easily
generate a mesh. Once in ANSYS, all bodies in the model were meshed using a refined mesh size of
0.05, in order to create a finer mesh while still allowing the program to complete the analysis in a
reasonable amount of time.

After the mesh was generated, a constant heat flux was set on the entire inner surface of the cladding, and
convection heat transfer, with a constant convection coefficient set on the entire outer surface of the rod
assembly. The mission time as defined in WCAP-16406-P-A (Reference C-1) is 30 days. In order to
allow ANSYS to accurately model the simulation, the minimum time step was set to 10 seconds, but the
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maximum time step was set to 400 hours. This allowed the simulation to speed up after steady state

conditions had been reached, but still ensured that the final conditions had been achieved, without having
to perform multiple runs for each scenario. Each model, with the exception of the clean rod, was run four
BTU

————) . A new model
hr * ft * °F

times to collect data for debris thermal conductivities of 0.3, 0.5, and 0.9 (

was also generated for each debris thickness, from 5 to 50 mils.
C4 MODELINPUTS

The values in the Tables C-1 through C-4 are taken from the WC/T model described in Appendix B, thus
providing for consistency between this calculation and the core inlet blockage calculation. Table C-1
summarizes the physical dimensions of the fuel rod model. Table C-2 lists the location of the standard
and mixing vane grids modeled in this calculation. Table C-3 identifies the location of spacer and mixing
vane grids along the length of the fuel rod. '

Table C-1 General Fuel Rod Dimensions

Dimension Value
Outer Cladding Diameter (in) 0.36
Cladding Thickness (in) 0.0225
Rod Length (in) 144
Grid Thickness (in) 0.018
Large Grid Length (in) 2.25
Small Grid Length (in) : 0.475

Table C-2 Grid Locations

Grid Type Elevation from Base (in)
Large 24.57
Large 45.07
Large 65.67
Small 76.77
Large 86.17
Small 97.37
Large 106.77
Small 117.87
Large 127.27
WCAP-16793-NP October 2011
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Table C-3 Fuel Rod Zone Description

Zone Begin (in) End (in) Description Debris
1 0.000 24.570 Clad -1 No
2 24.570 26.820 Large Grid — 1 No
3 26.820 45.070 Clad -2 No
4 45.070 47.320 Large Grid - 2 No
5 47.320 65.670 Clad -3 No
6 65.670 67.920 Large Grid — 3 No
7 67.920 76.770 Clad - 4 No
8 76.770 77.245 Small Grid - 1 No
9 77.245 86.170 Clad-5 No
10 86.170 88.420 Large Grid — 4 No
11 88.420 96.000 Clad - 6a * No
12 96.000 97.370 Clad — 6b * Yes
13 97.370 97.845 Small Grid — 2 Yes
14 97.845 106.770 Clad -7 Yes
15 106.770 109.020 Large Grid — 5 Yes
16 109.020 117.870 Clad - 8 Yes
17 117.870 118.345 Small Grid - 3 Yes
18 118.345 127.270 Clad -9 Yes
19 127.270 129.520 Large Grid — 6 Yes
20 129.520 144.000 Clad - 10 Yes

*  The clad modeled in Section 6 was segregated into two parts, Zone 11 and Zone 12. This was done to provide for the
simulation of oxide, crud and/or chemical product deposition over the fuel rod elevation extending from 96.000 in. to
144.000 in. Therefore, Zone 12 is modeled with a layer of material (oxide, crud, and/or chemical product deposition),
while Zone 11 is modeled as a clean-surface fuel rod.

Table C-4 lists the average values of the thermal hydraulic boundary conditions used for the single fuel
rod heat-up calculations. These values were taken from the WC/T output for the LOCA simulation at
1200 seconds after the initiation of the transient from Appendix B; the time of switchover from injection
from the RWST to recirculation from the containment sump. The values listed in the table are averages of
the values taken at multiple points along the surface of the fuel rod surface. Table C-5 lists the thermal
properties of the cladding material modeled in the WC/T analysis and were used for the fuel rod heat-up
calculation described in this appendix. Table C-6 lists the range of values for the two input parameters
that were varied for the calculations described in this appendix.
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Table C-4 Heat Transfer Inputs

Input Value
BT
Liquid Heat Transfer Coefficient _BIU_ 638.32
hr * ft *°F
BTU
Vapor Heat Transfer Coefficient | ————— 17.30
hr *ft * °F
Ambient Liquid Temperature (°F) 194.02
Ambient Vapor Temperature (°F) 22495
BTU
Heat Flux, Outer Cladding Surface ( > J 6508.93
hr * ft
Table C-5 Cladding Thermal Properties
BT BTU
o[ BTV oo [_
Temp (°F) hr * ft * °F lby, * °F
200 7.984 0.07044
250 8.129 0.07183
300 8.274 0.07276
350 8.419 0.07356
400 8.564 0.07436
450 8.709 0.07516
500 8.854 0.07596
550 8.999 0.07676
600 9.144 0.07756
650 9.289 0.07836
700 9.434 0.07914
750 9.595 0.07979
800 9.860 0.08044
850 10.13 0.08109
900 10.39 0.08174
950 10.65 0.08239
1000 10.92 0.08303

WCAP-16793-NP

October 2011
Revision 2



C-5

Table C-6 Variable Ranges

Property Lower Value Upper Value
BTU
Debris Thermal Conductivity | ——— 1 .
ebri u Vty(hr*ﬁ*"F] 0 0.9
Debris Thickness (mils) 0 50

The accepted EPRI value for crud thermal conductivity according to EPRI Project document,
BTU

“Boron-induced Offset Anomaly (BOA) Risk Assessment Tool” is 0.5 | ———
hr *ft *°F

) . In order to perform a

BTU
hr * ft *°F
modeled up to a maximum value of 50 mils as this bounds what the operating plants would be expected
to experience.

sensitivity study, values 0of 0.1, 0.3 and 0.9 ( ) were also analyzed. The crud thickness is

C.5 ASSUMPTIONS

. The top third of the fuel rod (4 ft) was assumed to be covered in a layer of debris, the bottom
two thirds (8 ft) was assumed to remain clean throughout the event.

. All debris that reaches the fuel rod was evenly distributed over the affected area, and was
modeled with uniform thermal properties.

. The heat generated by the fuel pellets was modeled as a constant heat flux exerted on the entire
inner surface of the cladding (but was based on an outer heat flux value). This assumption was
made to simplify the model by removing the fuel pellets and the gap, while maintaining thermal
accuracy.

. The cladding material type did not factor into this evaluation, since the value was ultimately
based on the heat flux at the cladding surface.

. No convection occurred under the grids in the fuel rod assembly. This assumption was made to
maintain conservatism, as the actual value will be less than the value on the surface of the
assembly, but the exact value is unknown.

. Grids were assumed to have the same thermal properties as cladding.
. Debris was assumed to have the same thermal properties as crud. The accepted EPRI Value for
the crud thermal conductivity was 0.5 _BIU__ .
hr*ft*°F
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C.6 RESULTS

The calculated maximum clad temperatures are summarized in Table C-7 and are shown graphically in
Figure C-1.

Table C-7 Maximum Clad Temperatures (Tyax)

Debris Thermal Conductivity [m—?%}
0.1 0.3 0.5 0.9
Debris Thickness (mils) Tmax Tmax Tmax Tmax
0 260°F 260°F 260°F 260°F
5 - 269°F 266°F 264°F
10 305°F 277°F 271°F 266°F
15 - 284°F 275°F 269°F
20 - 291°F 280°F 271°F
25 - 297°F 284°F 274°F
30 386°F 303°F 288°F 276°F
35 - 310°F 291°F 278°F
40 - 316°F 295°F 281°F
45 —_ 322°F 299°F 283°F
50 474°F 327°F 302°F - 285°F

The calculated maximum clad temperatures all occur under a grid on the upper section of the fuel rod
assembly. Assuming the minimum thermal conductivity of the debris collected in the grid and assuming a
debris thickness of 50 mils, a maximum cladding temperature behind a grid of 474°F is calculated. This
calculated temperature is well below the 800°F LTCC acceptance basis identified in Appendix A. Thus,
the clad surface temperature acceptance basis of 800°F identified in Appendix A is satisfied.

The temperatures calculated with this model are conservative. The calculation assumed no flow through
the grid. Thus, some coolant flow is expected to pass through the grid, cooling the clad surface. Not
accounting for flow through the debris captured between the grid and the clad provides for the calculation
of a conservatively high clad surface temperature.
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Temperature vs Thickness

Maximum Temperature (°F)

5 10 15 20 25 30 35 40 45 50
Debris Thickness (mils)

Figure C-1 Temperature vs. Deposition Thickness and Thermal Conductivity

Comparing these results to those of Appendix D, the corresponding Appendix D temperatures are
approximately 15°F to 86°F hotter. The reason for this is that the Appendix D analysis used a bulk fluid
temperature that was greater than 25°F hotter, and a heat flux that was 25 percent larger, and considered
oxide and crud layers, each 100 microns (4 mils) thick, in addition to a 50 mil layer of precipitate. These
additional layers also contributed several °F to the temperature increase predicted by the calculations
described in Appendix D.

C.7 REFERENCES

C-1 WCAP-16406-P-A, Revision 1, “Evaluation of Downstream Sump Debris Effects in Support of
GSI-191,” March 2008.
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APPENDIX D
FUEL CLAD HEAT-UP BETWEEN GRIDS

D.1 INTRODUCTION

In an extreme case, it has been postulated that debris could adhere to the fuel rods and impede decay heat
removal. A parametric study was performed to show the effects on the maximum temperature of the fuel
rod due to deposited debris by varying debris thickness and the thermal conductivity of the debris. A
detailed discussion of this calculation, including a discussion of assumptions and boundary conditions, is
presented here.

D.2 DESCRIPTION

This appendix provides an engineering analysis of the heat transfer behavior associated with fuel cladding
that has a coating or layering of oxide, crud, and debris precipitate. Boundary conditions are decay heat
of the fuel and two phase thermal hydraulic conditions associated with the core in a post LOCA
environment,

The acceptance criterion used was the 800°F value identified in Appendix A. The temperature at the
oxide/clad interface was compared to the acceptance criterion; this location represented the OD surface of
the cladding. As noted in Appendix A, this temperature was chosen as autoclave testing has demonstrated
that it is a value below which excessive cladding oxidation and hydrogen embrittlement has been
demonstrated to not to occur.

D.3 METHODOLOGY

This analysis considered the cladding as being surrounded by concentric layers of oxide, crud, and
chemical precipitate, with no gaps between them. The source of heat was decay heat in a post-LOCA
environment, and the section of rod analyzed was assumed to be fully exposed to a two-phase
liquid/vapor environment in the core. This analysis used the generic resistance form of the heat transfer
equation, for a radial coordinate system.

Figure D-1 provides a graphical depiction of the analysis model.

D4 INPUTS/ASSUMPTIONS

. This analysis only considered heat conduction in the radial direction. No axial heat conduction
was assumed to occur.

. This analysis did not assume the presence of any grid components.

. The fuel rod power value was assumed to be a constant value of 0.226 kW/ft. Thisis a
reasonable value for the peak power level at 20 minutes post-LOCA.
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. The fuel cladding outside diameter was assumed to be 0.360 in. (a typical value for Westinghouse
fuel).
. The cladding material type does not factor into this evaluation, since the calculation uses the heat

flux at the cladding/oxide interface.

° The total convective heat transfer coefficient was assumed to be a constant value of
650 BTU/hr-ft*-°F. This is a reasonable value at 20 minutes post-LOCA..

. The assumed conductive heat transfer coefficients were:

- Oxide — Constant value of 1.27 BTU/hr-ft-°F (based on accepted PWR industry
experience).

- Crud — Constant value of 0.3 BTU/hr-ft-°F (based on accepted EPRI Value).

- Debris Precipitate — Analysis cases considered are 0.1, 0.3, 0.5, and 0.9 BTU/hr-ft-°F.

The values of thermal conductivity represent bounding values for a silicate precipitate

(0.1 BTU/hr-1t-°F), a bounding value for a calcium-based precipitate (0.3 BTU/hr-ft-°F), a value
for crud reported by EPRI (0.5 BTU/hr-ft-°F), and enhanced heat transfer through a highly
conductive and porous medium (0.9 BTU/hr-t-°F).

Precipitate

Crud

Convection

Cladding

Oxide

Figure D-1 Heat Transfer Model (not to scale)

WCAP-16793-NP October 2011
Revision 2



) The thickness of each material was assumed to remain uniform around the circumference of the
fuel rod:

- Oxide — Constant value of 100 microns (0.004 in) (based on upper bound of PWR industry
experience).

- Crud — Constant value of 100 microns (0.004 in) (based on upper bound of PWR industry
experience).

- Debris Precipitate — Analysis cases varied from 0 to 50 mils (0.05 in) in 10 mil increments.

. No contact resistance was assumed to exist between material layers. The term ‘contact resistance’
refers to the resistance to the transmission of heat across the boundary of two adjacent solids.
This resistance to heat flow is due to gases or vacant spaces between the two solids.

The development of the oxide layer and the deposition of the crud layer on the oxide, both which
occur at power operations, are gradual and occur over time. The oxide provides nucleation sites |
for the deposition of the crud and the crud adheres to the outer oxide layer. The thermal
conductivity of both the clad oxide layer and the crud already account for the morphology of their
formation, including gases or vacant spaces. Since the crud adheres to the outer clad oxide layer

by attaching itself to surface irregularities in the oxide layer, additional surface resistance was
evaluated and found not to be appropriate during long-term core cooling.

Similarly, the deposition of the debris layer on the crud surface is also gradual and occurs over
time. The deposition on and adhesion to the surface of the crud layer is evaluated to be similar to
that of the crud onto the clad oxide layer. Considering that a conservatively small thermal
conductivity value for the debris deposition of 0.1 Btu/(hr-ft-°F) is used for the parametric study,
the use of a contact resistance is evaluated to be both inappropriate and overly conservative.

. The bulk fluid temperature (Too) was assumed to be 250°F. This is a reasonable and expected
value for the post-LOCA fluid temperature within the core.
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D.5 RESULTS (TABLE/FIGURE)

Table D-1 lists the clad/oxide interface temperatures for each of the four values of precipitate thermal
conductivity analyzed.

Table D-1 Clad/Oxide Interface Temperature vs. Chemical Precipitate Thickness
Kprecipitate
Chemical Precipitate BTUAr-f7Y
Thickness (mils) 0.1 0.3 0.5 0.9
0 273°F 273°F 273°F 273°F
10 336°F 293°F 285°F 279°F
20 396°F 313°F 296°F 286°F
30 453°F 331°F 308°F 291°F
40 S08°F 350°F 318°F 297°F
50 560°F 367°F 328°F 302°F

Figure D-2 plots the clad/oxide interface temperature as a function of chemical precipitate thickness for
four values of precipitate thermal conductivity.
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Figure D-2 Clad-Oxide Interface Temperature vs. Chemical Precipitate Thickness
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D.6 SENSITIVITY CALCULATIONS FOR OTHER PWR FUEL DESIGNS

The fuel rod diameter used in the calculations listed in Table D-1 was 0.36 in. To demonstrate the
applicability of these results to all PWR fuel designs, two sets of sensitivity calculations were performed
using the following fuel rod specifications:

. 0.422 in. OD fuel rod at 0.388 kW/ft power value
. 0.416 in. OD fuel rod at 0.383 kW/ft power value

These two cases, along with the calculations for the 0.360 in. fuel rod, are expected to bound all PWR
fuel types.

Table D-2 lists the clad/oxide interface temperatures for these two sensitivity calculations.

Table D-2 Clad/Oxide Interface Temperature vs. Chemical Precipitate Thickness

kprecipitatc =
. . 0.1 BTU/hr-ft-°F
Chemical Precipitate
Thickness (mils) 0.422" OD rod 0.416" OD rod
0 283.6°F 283.6°F
10 377.0°F 376.9°F
20 466.4°F 466.2°F
30 552.1°F 551.9°F
40 634.5°F 634.1°F
50 713.8°F 713.2°F

D.7 SUMMARY

In all cases, the maximum surface temperature calculated for cladding between two grids, using
conservative boundary conditions representative of those during recirculation from the containment sump
following a postulated LOCA, is less than 800°F. For the 0.360 in. diameter fuel rod, the maximum
temperature with 50 mils of precipitate on the clad OD is calculated to be less that 560°F. For the 0.416
in. or 0.422 in. rods, the maximum temperature with 50 mils of precipitate on the clad OD is calculated to
be less that 715°F. Thus, all current PWR fuel designs satisfy the 800°F acceptance basis defined in
Appendix A.

It is interesting to note that, assuming about a 10 mil precipitate layer (see the sample calculations of
precipitate given in Appendix E) for the thicker fuel rods, the maximum clad temperature is calculated to
be about 377°F. Thus, for a realistic thickness of precipitate, fuel surface temperatures are expected to be
below 400°F.
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It is also noted that these temperatures are conservatively large, as they assume a constant decay heat
level at the time of ECCS switchover to recirculation from the containment sump (20 minutes after
initiation of the transient). At this time in the transient, there has been no time to build a layer of
precipitate. Chemical products have had little time to form and the concentrations are therefore low, and
coolant from the sump is just being introduced into the RV by the ECCS. As decay heat continues to
decrease, the calculated clad surface temperatures for a specific thickness of precipitate would also
decrease.

Comparing these results of Table D-1 to those of Appendix C, the corresponding temperatures in the
Appendix D calculations are approximately 15°F-86°F hotter. The reason for this is that the Appendix D
analysis used a bulk fluid temperature that was greater than 25°F hotter than that used for the calculations
of Appendix C and a heat flux that was 25 percent larger. In addition, Appendix D considered oxide and
crud layers, each 100 microns (4 mils) thick, in addition to a 50 mil layer of precipitate. These additional
layers also contributed to the slightly higher calculated fuel clad surface temperature increase.
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APPENDIX E
CHEMICAL PRECIPITATION AND SUBSEQUENT IMPACT

E.1 OBJECTIVE

The purpose of this evaluation is to predict the growth of fuel cladding deposits from coolant impurities
after a LOCA.

E.2 INTRODUCTION

PWR containment buildings are designed to facilitate core cooling in the event of a LOCA. In some
LOCA scenarios, the cooling process requires water discharged from the break and containment spray to
be collected in a sump for recirculation by the ECCS and CSS. The water in the sump will contain
chemical impurities and debris as the result of the interaction of the discharged coolant with containment
materials. Major classes of debris and chemical impurities include:

1 Insulation

2 Ablated structural materials, such as concrete

3. Small particulates from corrosion of system materials
4 Dissolved corrosion products

In addition, the sump water will contain chemicals that are intentionally added for post-LOCA pH,
corrosion, and reactivity control:

1. Buffering agents, such as:

a.  Sodium hydroxide (NaOH)
b. Trisodium phosphate (TSP)
c. Sodium tetraborate (NaTB)

2. Boric acid
3. Lithium Hydroxide

Boric acid is always added for reactivity control. It is usually combined with only one of the three
alkaline materials (NaOH, TSP, or NaTB) to adjust the pH of the coolant. This is done to promote iodine
retention and to reduce stress corrosion cracking. Small amounts of lithium hydroxide also will be found
in the coolant, since it is used for pH control during normal operation of the plant.

There has been much concern recently that fibrous and particulate debris within the sump after a LOCA
could collect on the sump strainer and block the flow of cooling water into the core. There is also a
concern that debris could collect at other locations within the ECCS such as the FA grids. The NRC
identified its concern regarding maintaining adequate LTCC in GSI-191 (Reference E-1). Generic Letter
(GL) 2004-02 (Reference E-2), issued in September 2004, identified actions that utilities must take to
address the sump blockage issue. The NRC’s position is that plants must be able to demonstrate that
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debris transported to the sump strainer after a LOCA will not lead to unacceptable head loss for the
recirculation pumps, will not impede flow through the ECCS and CSS, and will not adversely affect the
long-term operation of either the ECCS or the CSS.

To demonstrate acceptable ECCS and CSS performance, licensees must be able to account for chemical
reactions within the coolant that could alter flow through the sump strainer or lead to deposition of
material within the core.

Westinghouse previously developed a method for predicting post-LOCA chemical reactions and the
formation of material that could block sump strainers in WCAP-16530-NP-A (Reference E-3). This
methodology has been reviewed by the NRC, and the industry has been using it as a basis for
demonstrating adequate sump strainer performance in plant-specific sump strainer testing.

Post-LOCA chemical reactions can also occur in the core. Aside from precipitates adding to the head loss
in the core (which is addressed in the FA testing in Appendix G), there is a concern that chemical plate-
out on the hot fuel cladding can impede the heat removal from the fuel rods. The NRC issued specific
guidance for responding to this concern to the industry at the GSI-191 Resolution Status Meeting of
February 7, 2007 (Reference E-4). The NRC asked that submittals intended to demonstrate the viability
of LTCC meet the following requirements specific to chemical effects concerns:

The methods must be flexible enough to include different ECCS and RCS designs
Chemical concentration effects due to long-term boiling should be assessed

The plate-out of deposits on the fuel rods should be considered

The effect of deposits on heat transfer should be estimated

Rl o e

LOCADM was developed to enable plants to address the above concerns when documenting the viability
of long term cooling with respect to the fuel.

E.3 OVERVIEW OF LOCADM

LOCADM is a calculational tool that can be used to conservatively predict the build-up of chemical
deposits on fuel cladding after a LOCA. The source of the chemical products is the interaction of the
fluid inventory in the reactor containment building sump with debris and other materials exposed to and
submerged in the sump fluid or containment spray fluid. LOCADM predicts both the deposit thickness
and cladding surface temperature as a function of time at a number of core locations or “nodes.” The
deposit thickness and maximum surface temperature within the core are listed in the output for each time
period so that the user can compare these values to the acceptance basis for long term cooling.

The chemical inputs into LOCADM are the volumes of different debris sources such as fiberglass and
calcium silicate (cal-sil) insulation. The surface areas of uncoated concrete, aluminum submerged in the
sump, and aluminum exposed to spray are also required. The sump and spray pH are specified as a
function of time, as are the inputs of sodium hydroxide, trisodium phosphate, sodium tetraborate, lithium
hydroxide, and boric acid.

Chemical product transport into the core is assumed to occur by the following process:
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- Containment materials corrode or dissolve, forming solvated molecules and ions.

- Some of the dissolved material precipitates, but the precipitates remain in solution as small
particles that do not settle.

- The dissolved material and suspended particles pass through the sump strainer and into the |
core during recirculation. For the purpose of adding conservatism, it is assumed that none
of the precipitates are retained by the sump strainer or any other non-fuel surfaces. ’

Note that the transport of small fibers that do not dissolve but are small enough to be transported through
the sump strainer and into the core is not considered explicitly in LOCADM. The quantity of transported |
fines is expected to be small compared to both the total amount of debris and the amount of debris that
dissolves or corrodes. Fiber can be accounted for in LOCADM in cases where it is significant by use of a
“bump-up factor” applied to the initial debris inputs. The bump-up factor is set such that total mass of
deposits on the core after 30 days is increased by the best estimate of the mass of the fiber that bypasses

the sump strainer. Guidance on using the bump-up factor is provided in Section E.9.3.3.

Coolant flow rates into the reactor mixing volume as a function of time must be provided by the user and
are obtained from a plant’s safety analysis for long term core-cooling. The relative amounts of steam and
liquid flow out reactor mixing volume are calculated by LOCADM. The core input is generalized. The
coolant flow could be coming from the CL, the HL, or from UPIL. Various operational modes are
accounted for by varying the rate of flow into the mixing volume and the source of the flow (safety
injection or recirculated coolant). Values for generically applicable mixing volumes have been identified
and will be provided to users (Reference E-7). The temperature of the sump and reactor coolant as a
function of time must also be entered by the user.

Within the mixing volume, the coolant is assumed to be perfectly mixed. Coolant chemical products
entering the reactor are distributed evenly between all core nodes before deposition calculations are
performed. The entire mixing volume is also assumed to be at the same temperature. Pressure is
determined by the upper plenum pressure and the hydrostatic pressure at different elevations in the core.
No attempt was made to model flow within the mixing volume and variations in that flow that might be
caused by grids and flow obstructions. Since flow was not modeled, a heat transfer coefficient of

400 W/m*-°K (70 BTU/ft? °F) was assumed for transfer of heat between bulk coolant with the fuel
channels and the surface of the deposits since this is a typical heat transfer coefficient for convective flow
within natural circulation systems.

LOCADM deposits chemical products that are dissolved or suspended in solution throughout the core in
proportion to the amount of boiling in each core node. It is assumed that deposition rate is equal to the
steaming rate times the chemical product concentration at each node. If there is no boiling, the chemical
products are distributed according to heat flux, at an empirically derived rate that is 1/80™ of the
deposition that would have occurred if all of the heat had gone into the boiling process.

The deposition algorithm does not rely on solubility or any other chemical characteristics of the chemical
products to determine the deposition rate. All chemical material that is transported to the fuel surface by
boiling is assumed to deposit. LOCADM uses a default deposit thermal conductivity for the deposited
material of 0.1 Btu/(hr-ft-°F), which is low enough to bound expected core deposits. Likewise, the
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default deposit density is low enough (e.g. 35 Ibm Ca/ft’) to bound expected deposits including those that
incorporate adsorbed boron or boron bonded to chemical product elements. Consistent with current
licensing basis calculations for PWRs that demonstrate that the boric acid concentration in the core is
limited to values below the solubility limit, the LOCADM does not precipitate boric acid. The same is
true for sodium phosphate, sodium borates and sodium hydroxide, which are also highly soluble.

The core noding within LOCADM can be adjusted by the user. Section E.7 provides guidance to the
LOCADM user for node selection for different types of cores.

LOCADM runs within Microsoft EXCEL and should be easy to use for those familiar with EXCEL. The
first sheet of the workbook instructs the user on how to enter the chemical and flow inputs into
worksheets in tabular form. A macro written in Visual Basic for Applications is then run. The macro
reads the input, looks for input errors, calculates core conditions in one second intervals, and then outputs
the results within the same workbook.

E4 DISCUSSION OF MAJOR ASSUMPTIONS

The deposition method makes several assumptions that are conservative and, as a result, the predictions of
deposit thickness and fuel surface temperature should be considered to be bounding rather than best
estimate for the following reasons.

1. The calculations assume an increase in deposit volume (or indirectly, mass) during precipitation due
to the incorporation of species, such as the waters of hydration or boric acid. However, specific
compounds are not assumed. This is done by specifying a deposit density that is sufficiently low to
bound possible hydrates and adsorbed species (e.g. 35 Ibp.ca/ft%).

2. Deposits, once formed, will not be thinned by flow attrition or by dissolution.

3. No deposition takes place apart from the fuel heat transfer surfaces. A best estimate approach would
have accounted for deposition on non-fuel surfaces such as the RHR heat exchangers and surfaces in
containment, resulting in thinner core deposits.

4. The mass balance approach for determining material transport around the ECCS does not take into
account any moisture carry-over in the steam exiting the RV. Experimental measurements simulating
the post-LOCA environment indicate that concentration of non-volatile material within the RV will be
considerably reduced if moisture carryover is included in the estimation. Not including boron in the
moisture carryover is conservative but non-realistic.

5. The effect of boiling point elevation due to the concentration of solutes is not currently modeled.
This simplification will result in an over-prediction of boiling in the core and thus any error
introduced by the simplification will be in the conservative direction.

6. Only species that have dissolved into solution or species that have dissolved and then precipitated into
suspended particles are considered. The transport of large debris particles from containment and
re-deposition of debris from fuel failures have not been included. Larger debris will either settle or
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will be physically retained on the sump strainer, the FA fuel filters, or other locations where flow is
restricted. This mode of blockage has been addressed in other sections of this report.

7. All impurities transported into a deposit by boiling will be deposited at a rate that is equal to the
steaming rate multiplied by the coolant impurity concentration. When the temperature at the
oxide/deposit interface is below the boiling point, deposition is assumed to occur via convective
deposition rather than by boiling. The non-boiling rate of deposit build-up is proportional to heat flux
and is 1/80" of that of boiling deposition at the same heat flux. This ratio is based on empirical data
for mixed calcium salts under boiling and non-boiling conditions (Reference E-13).

8. The deposition of impurities on the fuel clad surface is assumed to be distributed according to the
core power distribution.

E.5S DEBRIS DISSOLUTION AND CORROSION RATES

The chemical reactions of most concern for core deposition are those that release material into solution in
a form where it can bypass the sump strainer, collect in the RV, and precipitate on heated fuel cladding
surfaces. The chemical reactions leading to the generation of such transportable material follow:

1. Corrosion or dissolution of system materials to directly produce a hydrous corrosion product that does I
not settle.

2. Corrosion or dissolution of system materials to produce dissolved material that later forms
precipitates on the fuel due to temperature change and/or pH change.

3. Corrosion or dissolution of system materials followed by chemical reactions with other coolant
chemicals to produce hydrous precipitates that do not settle.

Corrosion or dissolution of system materials is a first step that is common to all of the reactions. Any
assessment of precipitation or deposition reactions within the post-LOCA environment must be able to
estimate the dissolution behavior of containment materials.

A method to estimate the dissolution of containment materials has previously been developed and has
been documented in WCAP-16530-NP-A (Reference E-3). The same equations and methods were used
in the LOCADM model to estimate the release of calcium, aluminum, and silicon from containment
materials.

The dissolution model in WCAP-16530-NP-A was developed using a database of containment material
dissolution information that was generated as part of a previous PWROG project performed to support
closure of GSI-191. The bench test data were collected specifically to facilitate the development of the
dissolution model. The development of the dissolution model is described in WCAP-16530-NP-A.

The containment materials that were tested in WCAP-16530-NP-A are listed below:
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Aluminum

Concrete (Calcium Silicates)

CalSil (Calcium Silicates)

Nukon Fiberglass (E-Glass, Calcium Aluminum Silicate)

High Density Fiberglass (E-Glass, Calcium Aluminum Silicate)

Mineral Wool (Magnesium, Calcium, Aluminum Silicate with Iron Oxide)
MIN-K (Amorphous Silica + E-Glass)

Fiber Frax Durablanket (Aluminum Silicate)

Interam (Polymer Filled Aluminum Silicate Fiber with Aluminum Backing)
Carbon Steel (Iron)

11. Galvanized Steel (Zinc Coated Iron)

A A A D ol e

._.
e

The deposition model includes all of these materials, with the exceptions of carbon steel and galvanized
steel, since the releases from these materials were low.

The chemical effects dissolution model has been coupled with the deposition model so that the two
processes interact. Deposition in the core will increase the dissolution of material in the sump due to the
removal of dissolved material from the sump solution. Dissolution of material in the sump will increase
deposition rates in the core. LOCADM also assumes that the fluid in the sump and reactor are well
mixed, and the dissolution of calcium, aluminum or silicon from one material will inhibit the dissolution
of calcium, aluminum or silicon from another material by the common ion effect. Specific interactions,
such as corrosion inhibition of aluminum by silicates or phosphates have not been included. Such
interactions would reduce the amounts of material available for deposition on the core, but they have been
ignored to add conservatism to the predictions.

E.66 TRANSPORT OF COOLANT, DISSOLVED SPECIES AND SUSPENDED
SOLIDS WITHIN THE ECCS

The flow paths considered in this model are shown in Figure E-1.

Flows within the ECCS transport material primarily between two different coolant inventories: the sump
and the RV. It is assumed that the mass of any liquid in the piping or vapor in the steam phase is
negligible compared to the sump and RV masses. Coolant with impurities is moved into and out of the
RV or sump.

Two other coolant inventories are considered early in the LOCA, the RWST or BWST and the sodium
hydroxide spray additive tank (NaOH). The liquid masses available in these tanks is not specified in the
LOCADM input, but implied by the flow rates and flow times from each tank.
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Figure E-1  Flow Paths Modeled by LOCADM

The mass inventory in the sump (SumplLgMass) is specified initially and is increased by the coolant mass
flow from the break (BreakFlow) and the water flow from ice melt (IceMeltFlow) as well as the spray
flow (Sprayflow). Mass is also added to the sump mass inventory by dissolution of TSP (trisodium
phosphate), dissolution of NaTB (sodium tetraborate) and debris. It is decreased by the recirculation flow
out of the sump. It should be noted that the IceMeltFlow input includes only water from ice melt. The
NaTB flow is specified separately to accommodate plants that have NaTB input from baskets in
containment.

The spray flow has two components, liquid from the RWST or BWST and a flow of sodium hydroxide
solution (NaOHFlow) from the sodium hydroxide addition tank.

The break flow is divided into five different components: the blowdown from the balance-of-plant
(BOPBlowdown), the RV liquid effluent (RVLqFlow), the steam exiting the RV (RV SteamFlow), the
recirculated injection flow that bypasses the reactor (RecircBypass), and the safety injection flow from
the RWST or BWST that bypasses the reactor (CleanSIBypass).
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Inputs to the RV are the safety injection flows from the RWST or BWST (CleanSIFlow) and the
recirculated coolant safety injection flow (RecircLgFlow).

The initial RV coolant mass (RVLgMass) is an input to the calculations as is the initial mass of fluid in the
sump (SumpLqMass).

When the ECCS is in the recirculation mode, the recirculation flow may either enter the RV and mix with
its contents (RecircLqFlow) or may bypass the reactor and flow out of the break (RecircBypass).

The mass inventories of the pH adjustment chemicals as well as the impurities calcium, aluminum, and
silicon are maintained and adjusted every time step. From the mass inventories, concentrations are
calculated and the concentrations are then used with various flows to determine the mass transport. The
concentration is calculated in ppm as illustrated in Equation E-1.
Cy = (m, /m7) *1,000,000 (E-1)
where:
C = concentration of species X in ppm.
my is the mass of species x in the coolant inventory (e.g., kilograms Ca in the sump)
my is the total mass of liquid, dissolved and suspended material in the inventory
The mass flow of species x is then:
MassFlow, = (C, * Flowrate * dt)/1,000,000 (E-2)
where:
MassFlowx is the mass flow in kg during the time interval
Flowrate is the total flowrate in kg/s (e.g., RecircLgFlow)

dt is the time interval in seconds = 1 second

The steam flow from the RV (RVSteamFlow) is calculated for each time step as shown below:

RVSteamFlow = P, * P/P, *dt/hy, (E-3)
where:
P, = 100 percent full core power before break (Watts thermal)
P/Po = core power fraction at beginning of the time step (Appendix K)
dt = time step = 1 second
hg, = standard enthalpy of vaporization (Joules’kg)

The standard enthalpy of vaporization (hg,) for water was used in LOCADM. A formula was used to
calculate this value as a function of temperature. The function produces a value near 2250 kJ/kg near
212°F. The standard enthalpy of vaporization for water is a good approximation except for the most
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concentrated boric acid solution, and then the water will produce conservative results. The steam flow is
set to zero whenever the temperature of the RV liquid falls below the boiling point by more than 1 degree
Celsius. No correction is made for lower plenum subcooling, for the purpose of conservatism. The
coolant within the RV is all assumed to be at the same temperature.

The mass of liquid in the sump at the end of a time step (SumpLqMass,) in kilograms is determined by
adding all of the mass inflows and subtracting all of the mass outflows from the sump liquid mass at the
beginning of the time step (Sumpl.gMass;).

SumpLgMass. = SumpLqMass; + (IceMeltRate + NaTBFlow + TSPFlow +
Breakflow + SprayFlow — RecircBypass — RecircL.gFlow) * dt (E-4)

The flowrate of recirculating coolant bypassing the reactor (RecircBypass) is obtained from mass balance
considerations:

RecircBypass = Breakflow — BOPBlowdown —
RecircLgFlow — CleanSIFiow — CleanSIBypass (E-5)

The above equation only holds when the RV has refilled and the inflow equals the outflow. This should
be the case anytime there is recirculation flow. The recirculating coolant flow bypassing the reactor is of
course zero before recirculation starts.

The mass flowrate of liquid exiting the RV is calculated according to Equation E-6, which was obtained
by assuming the mass balance:

RVLgFlow = Breakflow — BOPBlowdown —
CleanSIBypass — RecircBypass — RVSteamFlow (E-6)

E.7 MODELING OF THE CORE

The deposition model divides the core into user defined nodes that differ in location and relative decay
power. The node is identified by region number and by axial location number. The software allows for as
many as 200 regions and each region can correspond to a single assembly, a traditional fuel region having
a particular enrichment and burn-up, or a group of rods, all with similar powers in different assemblies.
The axial location numbers refer to the axial location of a node with lower numbers corresponding to
higher elevations in the core. As many as 10 axial elevations can be defined, so the core may have as
many as 2000 nodes. The axial divisions are assumed to span the fuel pellet stack and to divide it into
nodes of equal height. For instance, a 12 foot high pellet stack might be divided into 3 axial nodes each

4 feet in height.

A number of parameters are associated with each node. The nodal parameters are decay power, fuel
surface area (or number of rods), initial zirconium oxide thickness, initial crud thickness, and average
depth within the core. These values are input as relative values. For instance, each region has a relative
power and the weighted average of all relative powers must be 1.0. The weighting is done by number of
rods in each region. Likewise, a relative power is associated with each axial location, and the average
power of all axial locations will equal 1.0. To obtain the relative power of a particular node, the region
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relative power is multiplied by the axial relative power. To get the total decay power for a particular

node, the core decay power is multiplied by node area fraction and then by the region relative power and

the axial relative power. The deposition predicted to occur in the core is distributed amongst the modeled
~ core nodes according to the calculated total decay power for each node.

Since the radial noding establishes a conservatively high peak rod power (and a conservatively high peak
deposit thickness) the choice of axial noding is not critical. Examples of values used for radial core
noding is provided in Table E-1, where the number of rods in each node and the relative power at each
node are specified for different core types (References E-8 and E-9). It must be noted that this table is
provided for information enly and should not be used as a reference for radial core noding in
LOCADM calculations without first contacting the plant fuel vendor for applicability regarding a
particular core design.

The debris and chemicals in solution are assumed to be evenly distributed among all core nodes. While it
is possible that there could be small variations in concentration of debris chemicals between nodes within
the mixing volume, large variations are not thought to be possible since large concentration variations
would lead to density differences which would lead to conservative mixing. The possibility of small
variations in concentration between nodes is not expected to result in non-conservative predictions of
deposit thickness, because other highly conservative assumptions have been made. LOCADM includes
conservative predictions of debris dissolution and corrosion product release. All such released material
which is transported to fuel cladding surfaces by boiling is assumed to deposit, and it is assumed that
there is no competitive deposition in other system locations.

Like the power distribution, the initial crud thickness and the initial zirconium oxide thickness are
specified for each node as described in the following section. A core average value is modified by
relative thickness for each region and axial location.
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Table E-1 Example of Relative Power Distributions for Calculating Node Power
Four-Loop Westinghouse NSSS
15x15 Fuel Array 17x17 Fuel Array
Relative Number of Percentage of Relative Number of Percentage
Power Rods Rods Power Rods of Rods
1.80 1 0.0025% 1.80 1 0.0020%
1.60 203 0.5156% 1.60 263 0.5162%
1.23 30192 76.6839% 1.23 39072 76.6839%
0.20 8976 22.7979% 0.20 11616 22.7979%
Three-Loop Westinghouse NSSS
15x15 Fuel Array 17x17 Fuel Array
Relative Number of Percentage of Relative Number of Percentage
Power Rods Rods Power Rods of Rods
1.80 1 0.0031% 1.80 1 0.0024%
1.60 203 0.6338% 1.60 263 0.6345%
1.17 26112 81.5287% 1.17 33792 81.5287%
0.20 5712 17.8344% 0.20 7392 17.8344%
Two-Loop Westinghouse NSSS
14x14 Fuel Array 16x16 Fuel Array
Relative Number of Percentage of Relative Number of Percentage
Power Rods Rods Power Rods of Rods
1.80 1 0.0046% 1.80 1 0.0035%
1.60 178 0.8218% 1.60 234 0.8229%
1.19 17184 79.3388% 1.19 22560 79.3388%
0.20 4296 19.8347% 0.20 5640 19.8347%
B&W NSSS
Relative Number of Percentage of
Power Rods Rods
1.79 1 0.0027%
1.79 207 0.5623%
1 36608 99.435%
14x14 Fuel Array 16x16 Fuel Array
Relative Number of Percentage of Relative Number of Percentage
Power Rods Rods Power Rods of Rods
1.65 1 0.0026% 1.65 1 0.0024%
1.56 175 0.4594% 1.56 235 0.5646%
1.0 37916 99.5380% 1.00 41386 99.4330%
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E.8 CALCULATION OF DEPOSITION MASS AND FUEL TEMPERATURE

Deposition of impurities on the fuel after a LOCA may occur by many different mechanisms. These
mechanisms include electrostatic attachment of particles, crystallization driven by supersaturation, and
boiling deposition. Since the boiling deposition mechanism results in the most rapid deposit growth and
forms the most tenacious deposits, the LOCADM model assumes that all deposition occurs through the
boiling process if conditions at a core node predict any boiling. All impurities transported into the deposit
by boiling are assumed to be deposited at a rate proportional to the steaming rate.

The process of deposit growth during the core boiling phase is illustrated in Figure E-2.

The cladding surface just after the LOCA will start out with both a protective oxide layer and also a
pre-existing crud deposit that was formed during normal operation. Both will have some porosity, but the
crud deposit will be highly porous, with pore spaces composing about 60 percent of the deposit volume.
The large pores are referred to as boiling chimneys and they typically are 2-5 microns in diameter. The
smaller pores are sub-micron in size.

The coolant along with impurities will be wicked through the small pores. Boiling does not take place in
the small pores, because of the boiling point elevation caused by surface stabilization of the liquid
(capillary action). However, at the base of the larger chimneys, the coolant is converted to steam which
exits through the top of the chimney into the coolant. Non-volatile species near the saturation limit will
precipitate within the boiling deposit since such species cannot be transported into the steam phase, and
they concentrate within the pores. High solubility species will not precipitate, and their concentration is
limited by back-diffusion into the coolant or transport along the chimney walls. LOCADM calculates the
concentration of boric acid, sodium tetraborate, trisodium phosphate and sodium hydroxide in the core as
a function of time and provided in a tabular form. Consistent with current licensing basis calculations for
PWRs that demonstrate that the boric acid concentration in the core is limited to values below the
solubility limit, LOCADM does not precipitate boric acid. The existing plants EPO provide actions that
are required to assure boric acid solubility limits are not reached. The same is true for sodium phosphate,
sodium borates and sodium hydroxide, which are also highly soluble. This process has been studied
extensively as described in References E-10 through E-12.

As the pores fill at the base of the original crud layer with newly formed crystals, the original crud layer
will be pushed out, and the total deposit thickness will increase. This process often happens in steps, with
crevices forming under the deposit which are quickly refilled by new crystal growth. The growth in
deposit thickness will further insulate the cladding surface, so boiling within thick scale will continue
even when the bulk coolant temperature falls below the boiling point.

Westinghouse thermodynamic predictions suggested that in the post-LOCA environment, the chemical
compounds that deposit on the fuel would include: Ca,B,0s, AIOOH, and CaAl,Si30,o(OH),.
Calculations by AREVA NP using a thermodynamic equilibrium code (see Appendix F) suggested that
NaAlSi;O;g, Cas(BO;),, NasS10,, AI(OH); and Si0, may also precipitate.

Suspended matter such as small particles of calcium phosphate would be drawn into the deposit by the
boiling mass flux and retained on or within the deposit. Most of the particles would be deposited in the
outer portion of the deposit and would not be bonded as tightly as dissolved material that precipitated
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within the deposit. This is one of the reasons why sodium phosphates are often used in boiler water
conditioning. However, for the purpose of conservatism, the LOCADM model assumes that all
suspended solids that are drawn into the deposit will remain as part of the deposit.

LOCADM makes no distinction between suspended solids and dissolved species. Both are deposited at
the fuel rod surface. The density of the deposit is an input to LOCADM as is the thermal conductivity.
LOCADM calculates the thickness of the deposit and then the heat transfer resistance using the deposit
thermal conductivity. Concentrations of suspended solids are predicted to be low, so there will be no
significant effect on the coolant density or thermal conductivity.

The following process is used in LOCADM to determine the quantity of the deposit for each node.

First, the temperature at the zirconium oxide/deposit interface is calculated using

Toa = Q/A* (x/k. +x//k; + 1/h) + T, (E-7)

where:

Tor = Temperature at the oxide/deposit interface (K)

T. = temperature of the coolant (K)

Q = heat transfer rate (watts) for node

A = node area (m?)

X = thickness of the original crud layer (m)

X| = thickness of the LOCA scale layer (m)

ke = thermal conductivity of the original crud layer

k = thermal conductivity of the LOCA scale layer

h = heat transfer coefficient for thermal resistance of coolant at boundary layer

The saturation temperature (the boiling point) is then calculated for the coolant in the core node being
considered. This is derived from the local pressure, which is simply the user specified pressure in the
upper plenum corrected for the pressure exerted by the height of the water in the core.

If the temperature calculated for the oxide/deposit interface is calculated to be above the boiling point,
LOCADM assumes that all of the heat flux at the node will go towards boiling coolant. In reality, some
of the heat will be transferred by radiation and by conduction coupled to non-boiling convection. The
multiple modes of heat transfer in a boiling deposit have been described and modeled in Reference E-20,
and ignoring the non-boiling mechanisms increases conservatism.

The fluid in all channels is assumed to be at the same temperature, and this temperature is derived from
the plant’s licensing basis calculations for LTCC. Flow is not modeled explicitly. Instead, a generic heat
transfer coefficient of 400 W/m?-°K (70 BTU/ft>-°F) was assumed for transfer of heat between bulk
coolant with the fuel channels and the surface of the deposits since this is a typical heat transfer
coefficient for convective flow within natural circulation systems. The channel pressure is the sum of the
upper plenum pressure and the pressure exerted by the height of the water column above the user and is
obtained from a plant’s safety analysis for LTCC. The relative amounts of steam and liquid flow from the
reactor mixing volume are calculated by LOCADM. The core input is generalized. The coolant flow
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could be coming from the CL, the HL, or from upper plenum injection. Various operational modes are
accounted for by varying the rate of flow into the mixing volume and the source of the flow (safety
injection or recirculated coolant.) Values for generically applicable mixing volumes have been identified
and will be provided to users.

Regarding countercurrent flow limiting effects, the limitations on upper plenum injection flow due to
countercurrent stream flow must be calculated outside of LOCADM using RELAPS or another approved
code. However, once the effective flow into the mixing volume is calculated, it can be used as an input to
LOCADM.

The mass of each impurity element deposited during a time step is calculated simply by multiplying the
steaming rate times the concentration of that species.

w,=Q *dt* C; /hg, (E-8)
where:
Wh = deposit mass for time step in node
dt = time step = 1 second
hg, = standard enthalpy of vaporization (joules/kg)
Q = heat transfer rate (watts) for node
G = concentration of species “i” (kg/m’)

The thickness added to the LOCA scale is then determined by dividing the mass deposited within the
node by the density times the area.

dx=w, /(D * A) (E-9)
where:

dx is the increase in the deposit thickness for the node
D = density in kg/m’
A = area of the node in m?

If the fuel surface is not boiling, the deposition is assumed to be 1/80™ the mass that would have been
deposited had all of the heat transfer occurred by boiling. This ratio is based on empirical data for mixed
calcium salts under boiling and non-boiling conditions (Reference E-13).
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Figure E-2  Deposit Growth Process Assumed by LOCADM When Core is Boiling
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For initial fuel oxide values, it is recommended that users input a value consistent with the peak local
oxidation allowed by 10 CFR 50.46, which permits oxidation up to 17 percent of the clad wall thickness.
For the initial crud deposit thickness, a bounding core average value can be used that produces a peak
crud thickness of 140 microns.

The thermal conductivity value for zirconium oxide used in fuel rod design is 1.61 BTU/hr-ft-°F or
2.79 W/m-K (Reference E-16). This value is recommended for LOCADM modeling.

The limiting value for the thermal conductivity of PWR crud is 0.3 BTU/hr-ft-°F or 0.52 W/m-K
(Reference E-17). This is also a reasonable value for LOCA scale that is rich in calcium. The thermal
conductivity of boiler scale deposits has been measured, and values of 0.29 and 0.55 BTU/hr-t-°F

(0.50 and 0.96 W/m-K) have been reported for calcium-rich deposits (Reference E-18). Thus, a value of
0.3 BTU/h-ft-°F (0.52 W/m-K) is recommended for the LOCA scale thermal conductivity input if calcium
is the primary coolant impurity.

The most insulating material that could deposit from post-LOCA coolant impurities would be sodium
aluminum silicate. Thermal conductivity values as low as 0.11 BTU/h-ft-°F (0.2 W/m-K) have been
reported for sodium aluminum silicate (Reference E-5). The scale in this case was likely a glassy phase
with little open porosity, since other sodium aluminum silicate scale (Reference E-6) has possessed a
thermal conductivity of 0.7 BTU/h-ft-°F (1.2 W/m-K). It is reccommended that a value of

0.11 BTU/hr-ft-°F be used for sodium aluminum silicate scale and for bounding calculations when there
is uncertainty in the type of scale that might form.

Densities of 147 to 155 Ib/ft® (2350 to 2640 kg/m®) have been reported for calcium carbonate and calcium
hydroxide deposits formed under boiling conditions (Reference E-18). Since calcium, aluminum, and
silicon may bond with other RCS chemicals such as phosphate and borate, this number should be reduced
significantly to introduce conservatism into the prediction of LOCA scale thickness. Measurements on
cross-sectioned calcium sulfate scale have shown (Reference E-10) that the density varies from 12.5 to
106 (200 to 1700 kg/m®) across the thickness of the deposit with an average of 62 Ib/ft’ (1000 kg/m’)
(Reference E-19). LOCADM requires density to be input in lbm Ca, so the values above should be
reduced by the ratio of the calcium atomic weight to the compound molecular weight, about 0.3. A value
of 35 Ib/ft’ is used as the default for LOCADM.

The values from Reference E-18 are relevant to core deposition after a LOCA in the following respects:

1. Deposits are calcium-rich as would be the case for post-LOCA deposits on the core at many
plants.
2. The deposits were formed under boiling conditions.

When selecting a limiting thermal conductivity, a variety of literature sources covering other types of
deposits were scanned to select a limiting value for LOCADM (0.1 Btw/(°F ft! hr'").
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E.9 VALIDATION OF LOCADM
E9.1 SKBOR

The SKBOR computer program is part of the Westinghouse methodology for LTCC. For plants with CL
injection, SKBOR is used to determine: (1) the time at which ECCS recirculation should be realigned to
the RCS HLs to prevent the precipitation of boron in the core; (2) the interval at which cycling between
hot and CL injection should be completed, for plants without sufficient simultancous hot and CL
injection; and, (3) the amount of sump dilution at the HL switchover time. For plants with UPI, SKBOR
has been used to determine the time at which UPI injection should be established to prevent the
precipitation of boric acid in the core, for breaks where the RCS may stabilize above the UPI cut-in
pressure.

A typical SKBOR calculation considers two volumes: one representing the effective vessel mixing
volume (denoted as the CORE), and one representing the remaining system inventory (denoted as the
SUMP). The CORE and SUMP are initially assumed to contain borated liquid at the system-average
boron concentration. Vapor generated due to decay heat boiling exits the CORE with a boron
concentration of zero. It is assumed to condense fully in containment and is returned to the SUMP as
unborated liquid. Borated liquid is added from the SUMP as required to keep the CORE volume full. In
this way, the SUMP boron concentration gradually decreases, while the CORE boron concentration
increases toward the boric acid solubility limit.

Most of the inputs to SKBOR are used to specify plant-specific parameters such as the component masses
and boron concentrations, the effective vessel mixing volume, and the initial core power level. These
inputs are generally chosen to maximize the rate at which boron accumulates in the CORE, based on
information provided by the utility. The results of the analysis are used to establish the times at which the
necessary actions should be initiated, and these times are typically reflected in the FSAR and the EOPs.

The table below shows a comparison between the results for SKBOR and LOCADM.

Table E-2 Comparison of SKBOR and LOCADM Results

Input Assumption LOCADM SKBOR
Core Power 3586.6 MWt 3586.6 MWt
Decay Heat Appendix K Appendix K
Liquid Mixing Volume 1050 ft* 1050 ft*
Problem Start Time 100 seconds 100 seconds
Initial Sump Boron Concentration 2550 ppm 2550 ppm
SI Subcooling None None
Time to Reach 23.53 wt% Boric Acid 597 hr 5.96 hr
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E.9.2 Discussion

Large scale experiments designed to simulate dissolution and corrosion of containment materials,
followed by deposition on the core have not been performed. However, there are ways in which different
components of the model can be validated. '

Without any heat flux in the core, the model should predict the same dissolution behavior as the chemical
effects model in WCAP-16530-NP (Reference E-3). This was found to be true for aluminum and all of
the insulation materials.

The LOCADM model should predict the same boron transport behavior as other LOCA codes that have
been fully qualified. It was tested against SKBOR, a safety code used to predict boron build-up in the
core for a CL break with CL injection. LOCADM predicted that the boric acid concentration would
increase to 23.53 weight percent, the HL switchover point, in 7.6 hours while SKBOR version 7 predicted
that 8.0 hours would be required. The agreement was considered to be adequate, since the two codes use
different standard decay heat curves as a basis for calculation of core boiling. LOCADM used the
Appendix K decay heat model. The Appendix K decay heat model is equivalent to the 1971 ANS model
multiplied by a factor of 1.2. The 20 percent increase over the best estimate 1971 ANS model insures
conservative predictions.

LOCADM should be able to conservatively predict the deposition of any material since deposit-specific
chemical reactions were not included in the model. Several laboratory tests on calcium scaling rates with
“conditions similar to those that would be experienced after a LOCA have been reported in the scientific
literature. LOCADM was used to predict deposition rates for the laboratory experiments and the results
were found to be conservative in all cases. An example is shown below.

Calcium sulfate was deposited on an electrically heated tube in a laboratory test reported by Brahim et al.
(Reference E-19) In the test, a calcium sulfate solution near saturation entered a tube at 80°C (176°F) and
was heated causing precipitation on the heat transfer surface. The temperature of the heat transfer surface
was monitored with time as the calcium sulfate precipitated. The heat fluxes were high enough to cause
boiling within the deposits, according to the author’s calculations. The fouling resistance was calculated
and plotted.

The agreement between the LOCADM calculations and the Brahim experiment are shown in Figure E-3.
The LOCADM deposition rate of 1.69 x 10-4 m*-K/W-hr was equal to the highest deposition rate
recorded experimentally. During most of the test, the deposition rate was about 5 times lower than the
LOCADM calculation, demonstrating the conservatism in the LOCADM model.

Figure E-3 uses a thermal conductivity of 0.52 W/m-°K assumed for calcium sulfate. The thermal
conductivity of the referenced experiment (E-19) was not measured. However, another reference (E-5)
states that boiler scale deposits of calcium sulfate range between 0.8 and 2.2 W/m-°K. Thus, the thermal
conductivity value used by LOCADM for this comparison was conservative, but not as conservative as
the 0.2 W/m-°K which is the recommended value and is the default value in LOCADM. The progressive
increasing conservatism shown in the example is most likely due to increasing deposit attrition with
increasing thickness due to decreased deposit structural stability rather than any assumptions in heat
transfer modeling.
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The slab geometry heat transfer model implemented in LOCADM is conservative relative to using a more
representative cylindrical model. This is true both for the wire comparison and for applications to fuel
cladding. The degree of conservatism is shown in the table below for limiting fuel rod conditions. An
increase in the predicted temperature difference across the deposit of 61°F is predicted using a slab
geometry model rather than a cylindrical geometry model. While the fuel rods from various fuel designs
or vendors may be different, the relationship between the slab and cylindrical model will not change. The
slab model will predict conservative results compared to the cylindrical model for any given set of inputs.
(Note: The cylindrical and slab heat transfer models can be found in “Mechanical Engineer’s Reference
Book,” 12" Edition, Edward H. Smith editor [Butterworth-Heinemann, Oxford] 1994, page 1-41.
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Figure E-3  Experimental Fouling Resistance for Calcium Sulfate Deposition (3) Compared to the
LOCADM Calculated Fouling Resistance

The LOCADM model conservatively assumes that all fiber and chemical products that bypass the sump
strainer will deposit on the fuel cladding (see Section E.9.3.3 for additional details). The assumption that
all fiber and chemical products will deposit is a conservative assumption. The amount of conservatism is
demonstrated in the plot comparing the deposition predicted by LOCADM over time is shown in

Figure E-3.
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E.9.3 Additions to Methodology
E.9.3.1 Pre-filled Sump Option

This option provides an alternate method for data entry into LOCADM to pre-fill the sump and reactor
rather than requiring LOCADM to track flows to fill the sump and reactor. As previously described,
LOCADM considers two modes of plant operation before recirculation of the sump. In Mode 1, the
reactor cooling system blows down and the reactor refills via operation of the safety injection system.
During Mode 2, the reactor has been refilled, and borated water from the reactor water storage tank
continues to be injected into the reactor. Coolant flows from the break during both methods, filling the
sump. Mode 2 ends when recirculation from the sump begins.

The LOCADM user has two options for describing flows during LOCA Modes 1 and 2. The first option
is to enter an initial RV coolant mass and sump volume, and then completely describe the system flows
which then produce a final RV coolant mass and sump volume at the end of Mode 2. The second option
is to pre-fill the sump and the reactor and set all flows equal to zero during Modes 1 and 2.

E.9.3.2 Aluminum Release Rate

In Reference E-21, it was stated that the aluminum release rate equation developed in WCAP-16530-NP-
A underpredicts the aluminum concentrations during the initial active corrosion portion of the test. In
order to provide more appropriate levels of aluminum release for the LOCADM analysis in the initial
days following a LOCA, licensees shall apply a factor of two to the aluminum release as determined by
the WCAP-16530-NP spreadsheet, although the total aluminum considered does not need to exceed the
total predicted by the WCAP-16530-NP spreadsheet for 30 days. The recommended procedure for
modifying the aluminum release rate is described in Reference E-22.

E9.3.3 Bump-up Factor

LOCADM does not contain an input for debris which bypasses the sump strainer and is available for
deposition in the core. Only material released from corrosion or dissolution processes is considered.
However, some debris fines may bypass the sump strainer and enter the core area where it could be
deposited.

The quantity of transported fines is expected to be small compared to both the total amount of debris and
the amount of debris that dissolves or corrodes. Thus, if the small fibers were included in model
predictions, the effect would be small but would vary from plant to plant depending on the screen design
and debris mix. A quantitative estimate of the effect of the fiber on deposit thickness and fuel
temperature can be accounted for in LOCADM by use of a “bump-up factor” applied to the initial debris
inputs. The bump-up factor is set such that total release of chemical products after 30 days is increased
by the best estimate of the mass of the fiber that bypasses the sump strainer. This allows the bypassed
material to be deposited in the same manner as a chemical reaction product.

The recommended procedure for including fiber bypass in the LOCADM deposition calculations is
illustrated in Reference E-23.
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E.10 EXAMPLE RUN OF LOCADM MODEL

The LOCADM code was run with input conditions simulating a 3188 MW thermal PWR with a high
fiberglass debris loading (7000 ft’) and a large quantity of calcium silicate debris (80 ft*). A HL
switch-over time of 13 hours was assumed. A value of 0.11 BTU/hr-ft-°F was used for the thermal
conductivity of the LOCA scale. The results are shown in Figure E-4 where the maximum scale thickness
in the core has been plotted for a 30 day period. The maximum scale thickness was 257 microns

(10 mils). The maximum fuel temperature after recirculation was started was 324°F. Thus, LTCC was
not compromised.
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5 6 224 0 95 215 225 0
30 |WECHE 6.5 252 0 95 255 265 0
50 6.9 238 0 95 252 262 0
120 |IOEN| 7.25 238 0 9.5 252 262 0 0
180 |[HNCNE 74 240 0 95 251 261 0 0
200 [HNORSE| 74 241 0 95 251 261 0 0
200 |MCBM] 78 247 0 95 253 263 0 0
500 78 250 0 95 255 265 0 0
800 |G| 7.9 254 1 9.5 257 267 0 0
1000 |HOEA| 8 256 1 9.5 254 264 400 81 0 0
1200 |ORS| 5.05 257 1 95 252 262 400 77 0 0
1400 (MNOES| 8.15 258 1 95 252 262 400 74 0 0
1600 |MCERE| 8.2 259 1 9.5 249 259 400 71 0 0
1800 |ICHS| 8.2 260 1 9.5 248 258 400 68 0 0
3200 |G| 8.2 254 1 9.5 240 250 400 58 0 0
2600 |WlON®| 82 246 1 95 238 248 400 52 0 0
6000 |HCEHM| 82 238 0 243 253 400 49 0 0
7400 8.2 232 0 244 254 400 46 354 0 0
sso0 (O 52 222 0 245 255 400 44 356 0 0
10200 8.2 218 0 245 255 400 42 358 0 0
11600 8.2 217 0 245 255 400 0 0 40 0
13000 8.2 214 0 244 254 400 0 0 39 0
211 0 243 253 400 0 0 38 0
163 0 220 230 400 0 0 27 0
158 0 205 215 400 0 0 200 0
156 0 198 208 400 0 0 200 0
156 0 193 203 400 0 0 200 0
156 0 185 195 400 0 0 200 0
156 0 180 190 400 0 0 200 0
156 0 161 171 400 0 0 200 0
156 0 138 148 400 0 0 200 0
156 0 137 147 400 0 0 200 0
156 0 135 145 400 0 0 200 0
156 0 134 144 400 0 0 200 0
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Time Dependent Input for LOCADM Example (continued)

NaOH Dissol3] IReleased [Reactoy - Pressure) s :
wio | oo | Vossi e sl sk
- (Buk) Gefo || Ceted(luk) | Mees (G [(E=ia) :
0 0 0 210000 0 18.85 330.4
0 0 0 155000 0 38.37 216.7
2 0 0 110000 0 36.49 178.0
5 0 0 85000 0 36.49 146.5
5 0 0 155000 0 35.88 130.7
5 0 0 162000 0 35.88 126.9
5 0 0 115000 0 37.11 104.6
5 0 0 132000 0 38.37 93.5
5 0 0 142000 0 39.67 86.4
5 0 0 143000 0 37.74 81.0
5 0 0 143000 0 36.49 76.8
5 0 0 143000 0 36.49 73.6
5 0 0 143000 0 34.69 70.7
5 0 0 143000 0 34.11 68.3
5 0 0 143000 0 29.71 57.8
0 0 0 143000 0 28.69 52.1
0 0 0 143000 0 31.30 48.6
0 0 0 143000 0 31.85 45.8
0 0 0 143000 0 32.40 43.7
0 0 0 143000 0 32.40 41.9
0 0 0 143000 0 32.40 40.4
0 0 0 143000 0 31.85 39.1
0 0 0 143000 0 31.30 38.0
0 0 0 143000 0 20.71 26.9
0 0 0 143000 0 15.54 26.6
0 0 0 143000 0 14.70 0.0
0 0 0 143000 0 14.70 0.0
0 0 0 143000 0 14.70 0.0
0 0 0 143000 0 14.70 0.0
0 0 0 143000 0 14.70 0.0
0 0 0 143000 0 14.70 0.0
0 0 0 143000 0 14.70 0.0
0 0 0 143000 0 14.70 0.0
0 0 0 143000 0 14.70 0.0
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Table E-4

Materials Input for LOCADM Example
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Table E-5 Density Values Used in LOCADM Example
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Table E-6 Core Data Input

Table E-7 Core Axial Node Definition

1 0.95 1.5 2.4
2 1.1 0.9 0.3
3 0.95 0.6 0.3

Table E-8 Core Radial Node Definition

1 1 1.80 0.8 3.3
2 263 1.60 0.7 2.7
3 39072 1.23 0.8 1.27
4 11616 0.20 1.68 0.05
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Figure E-4 Maximum Scale Thickness Values for a PWR with High Fiber and Cal-sil Debris

E.11 CONCLUSIONS

The methodology presented here is intended to provide a plant-specific method through use of the
LOCADM model to evaluate core deposition, which meets the NRC requirements for predicting
post-LOCA deposit formation on the core. Also, it is expected that most plants using this methodology
will be able to demonstrate acceptable LTCC in the presence of core deposits. It is anticipated that
licensees will use the LOCADM tool to calculate both deposition thickness and cladding temperature.
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APPENDIX F _
SUPPORTING SOLUBILITY AND PRECIPITATION CALCULATIONS

F.1 PURPOSE

AREVA NP Inc. has been contracted to provide support to Westinghouse as part of a PWROG program to
address potential precipitation of species dissolved in the reactor building sump following a LOCA. The
purpose of this calculation is to provide solubility/precipitation calculations of the post-LOCA coolant
under sump and core conditions. These calculations were performed to confirm that the model developed
in Appendix E identified the major chemical species resulting from the post-LOCA chemical reactions.
These calculations are not an alternative method to the LOCADM model described in Appendix E.

F.2 ANALYTICAL METHODOLOGY

The solubility calculations were performed using the OLI Systems, Inc., StreamAnalyzer™ software.
StreamAnalyzer has been developed by OLI over 30 years and is used extensively in the petrochemical
and the oil and gas industries. The current OLI Databank includes thousands of species, including

79 elements of the periodic table and over 3,000 organic compounds. The recent use of StreamAnalyzer
in the nuclear industry includes Version 1.2 being qualified for the high-level waste project by the Center
for Nuclear Waste Regulatory Analyses in 2003. The qualification of StreamAnalyzer Version 1.2 for
thermodynamic modeling of debris components under post-LOCA sump conditions followed in 2005 and
was reported in NUREG/CR-6873.

For this evaluation, the OLI Thermodynamic Framework and the Aqueous Chemistry Model were
utilized. These systems provide accurate prediction of multi-component aqueous systems including
aqueous liquid, vapor, organic liquid, and mulitiple solid phases over the general range of 0 to

30 molal, -50 to 300°C, and 0 to 1500 Bar. Computed thermodynamic properties such as pH, ionic
strength, enthalpy, density, and osmotic pressure are supplied automatically.

The current OLI SteamAnalyzer database contains thermodynamic information on twenty-two boron
species, including various polyborates and borates of calcium, lithium, and sodium. These data were
derived, in part, from published solubility data of sodium and boron species over a range of temperatures
and pressures (References F-1 and F-2). The code utilizes activity models for the aqueous phase
(Bromley-Zematis) and the vapor phase (Soave-Redlich-Kwong) to adjust the equilibrium calculations
based on compositional effects, allowing predictions for complex mixed-chemistry environments over a
wide range of solute concentrations.

This section is intended to provide verification of the LOCADM model. It is specifically used to identify
the most likely precipitate species and to verify the assumption that 100 percent of the dissolved species
are available for precipitation due to boiling in the core. The SteamAnalyzer database and calculation
framework are sufficiently reliable for the intended purpose.

The results of these calculations are expected to be valid for the chemical species present at the sump and
core conditions up to a solute concentration of 50 mole percent. Because OLI is a thermodynamic
equilibrium code, other factors (i.e., kinetics, inhibitions of crystal nucleation, etc.) are not considered.
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However, these factors, if present, would normally serve to inhibit precipitation. Therefore, the OLI
calculation would be expected to be conservative.

F3 KEY ASSUMPTIONS

The solubility calculations performed for this project utilized the OLI StreamAnalyzer thermodynamic
aqueous chemistry model. As a consequence, the following assumptions are implicit in the results:

. System transients and non-equilibrium conditions are not considered. Each phase (solid, liquid,
and gas) is assumed to be in thermodynamic equilibrium with the surrounding phases.

. Kinetic reaction rates are not included in the model. As a result, all species that reach
thermodynamic solubility are assumed to precipitate to reach equilibrium. In reality, some degree
of super-saturation is required to prompt solid nucleation and initiate precipitation. Because these
kinetic reactions are not considered, the solubility calculations are expected to be conservative.

. Finally, no species-specific interactions that could potentially influence crystal nucleation and
growth are considered. As a result, certain rare reactions that inhibit precipitation are not
replicated, thereby making the calculation results conservative.

. Specific reactor conditions like concentration gradients and HL recirculation are not utilized since
this calculation is intended to be supporting material for Appendix E. Rather, a conservative final
concentration factor of 20 was selected.

Other key inputs for the calculations were taken from customer-supplied inputs and are detailed as part of
the calculations.

F.4 INPUTS SUMMARY

As previously stated, Appendix F is intended to determine the reasonability of assumptions within
Appendix E, such as percentage and type of precipitate species expected to generate in the core following
a LOCA. The data presented here is not a direct input to Appendix E. The masses determined in the OLI
simulations are reported for information only.

The solubility calculations were performed for four “Runs™ as summarized in Table F-1. The inputs were
selected to be reasonably representative of the expected post-LOCA conditions and, as such, are not
intended to be bounding of all plants and scenarios. The four cases analyzed include reasonably
representative extremes of temperature, solute concentration, and pH (as a function of buffering media)
expected for a post-LOCA environment. No scenarios in addition to these were calculated. However,
because the LOCADM calculation (Appendix E) assumes 100 percent precipitation of all solutes present
in the liquid that is evaporated, and because LOCADM uses conservative values for deposit density and
conductivity to bound a range of potential precipitates, there would be no change in the final LOCADM
results.
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Table F-1 Input Summary for Solubility Calculations

Evaporation

Parameter Run 1 Run 2 Run 3 Run 4
Sump Temperature 220°F 150°F 220°F 150°F
Fuel Surface Temperature 260°F 212°F 260°F 212°F
Pressure 40 psia 40 psia 40 psia 40 psia
pH @ 25°C 10 10 7 7
Input Ca (ppm) 15 133 15 133
Input Al (ppm) 17 80 17 80
Input Si (ppm) 69 156 69 156
Input H;BO; (ppm) 14,300 14,300 14,300 14,300
Input LiOH (ppm)® 0.69 0.69 0.69 0.69
Input Oxygen (ppm) 2 4 2 4
Input Hydrogen (ppm) 0.01 0.01 0.01 0.01
pH Modifier NaOH NaOH Na,B,0, Na,B40O-
Concentration Factor for 20 1 20" 1

Note:

solution concentrates.

1. For the evaporation step, it is necessary to reduce the system overpressure to maintain a boiling point of 260°F as the

2. The lithium concentration was entered for completeness. However, the lithium has very little impact on the solution pH
and does not significantly affect speciation at such a low concentration. The concentration of sodium is significantly
higher and dominates the solution pH and speciation. Therefore, a reduction in the assumed lithium concentration would
have a ne&ib]e impact on the calculation results.

In addition to the inputs provided in Table F-1, the mass of the input (sump) stream, the mass of the core
feed that is vaporized, and the mass of the residual core liquid is needed to predict the mass of
precipitates. These input values were selected based on sump mass, reactor inventory, and steaming

information. The stream masses utilized in this evaluation are provided in Table F-2.
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Table F-2 Steam Masses Utilized in Solubility Calculation

Parameter Run 1 Run 2 Run 3 Run 4
Sump Inventory (kg) 2,200,000 2,200,000 2,200,000 2,200,000
Total Core Feed (kg) 570,000 2,200,000 570,000 2,200,000
Core Residual After Steaming (kg) 145,000 N/A 145,000 _ N/A

The quantities listed in Table F-2 are water-volume mass inputs to the OLI software evaluation. The
‘total core feed’ refers to the amount of water transported to the reactor. For Runs 1 and 3, this
corresponds to the mass of water steamed off and replaced following the accident (with water only
replaced at the rate at which boil-off occurs to maintain conservatism) up until HL switchover. For Runs
2 and 4, solubility during long-term cooling was evaluated, and therefore, it was assumed that the entire
sump inventory would be passed through the reactor. These values were determined using the decay heat
evaluated from the 1971 ANS model multiplied by a factor of 1.2 and assuming HL switchover would
take place after 8 hours (total vapor quantity boiled off determined as 570,000 kg.) The ‘core residual
after steaming’ input refers to the liquid mass in the RV after blowdown and refill. These values were
based on typical plant values.

F.5 RESULTS, SUMMARY/CONCLUSION

The following sections summarize the pertinent results for the solubility calculations. These calculations
were performed to confirm that the model developed in Appendix E identified the major chemical species
resulting from the post-LOCA chemical reactions. These calculations are not an alternative method to the
LOCADM model described in Appendix E.

F.5.1 Run 1 Results

Run 1 addresses the time period immediately following a large CL break up until HL switch over (HLSO)
is initiated. While HLSO is typically accomplished 6-8 hours after such a break, the sump chemistry is
based on the 24-hours corrosion/leaching values for conservatism. This calculation case uses NaOH to
adjust the pH of the sump fluid to 10 at 25°C.

Based on the OLI software, approximately 100 percent of the Al and 77 percent of the silicon in the sump
are predicted to precipitate as NaAlSi;Og upon addition of the pH modifier (NaOH). No precipitation of
calcium is predicted. No additional precipitation is predicted as the sump liquid is heated to core
temperatures.

As the coolant boils in the core, up to a concentration factor of 20, 100 percent of the Si and 81 percent of
the Ca in the core inlet fluid is predicted to precipitate as NasSiO, and Ca3(BO;),, respectively. However,
no additional precipitation is expected as the residual coolant is allowed to cool to 212°F.

A summary of the steam quantities, precipitation quantitics, and the residual solution chemistries are
presented in Table F-3.
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Table F-3 Calculation Run 1 Results Summary
Heat to Core
Temperature
Sump (220°F) (260°F) Boil to CF 20 Cool to 212°F
Stream Mass (kg) 2,200,000 570,000 570,000 145,000
Precipitates (kg) NaAlSi;O0q: 361.1 None Ca;3(BO;),: 13.7 None
Na4SlO4 59.0 kg
Residual Solution CaO 20.8 CaO 20.8 CaO 65.1 CaO 65.1
Conc. (ppm) LiBO, 1.4 LiBO, 1.4 LiBO, 23.9 LiBO, 23.9
NaB;Og 3,1443 NaB;0g 31443 NaB;Og 54534.1 NaB;0g 54534.1
NaBO, 10,069.9 | NaBO, 10069.9 | NaBO, 165964.0 | NaBO, 165964.0
0, 1.9 0, 1.9
Si0, 33.8 Si0, 33.8
pH 9.2 9.1 10.2 10.4

F.5.2 Run 2 Results

Run 2 addresses the sump and core conditions during long-term cooling following a LOCA. The sump
chemistry is based on corrosion/leaching calculations for 30 days following a LOCA. NaOH is used to
adjust the sump fluid pH to 10 at 25°C.

Based on the OLI thermodynamic data, approximately 97 percent of the Al and 100 percent of the Si in
the sump is predicted to precipitate when the pH modifier (NaOH) is added. No additional precipitation
is expected as the coolant is heated to core temperature (212°F), provided that boiling is not occurring in

the core.

A summary of the steam quantities, precipitation quantities, and the residual solution chemistries are

presented in Table F-4.

Table F-4 Calculation Run 2 Results Summary
Sump (150°F) Heat to Core Temperature (212°F)
Stream Mass (kg) 2,200,000 2,200,000
Precipitates (kg) AOH)3: 173.1 None
NaAlSi308: 1,060.7

Residual Solution Conc. (ppm) Al O, 5.0 Al,O4 5.0

CaO 185.0 CaO 185.0

LiBO, 1.4 LiBO, 1.4

NaBSOg 34394 NaB503 34394

NaBO, 9605.2 NaBO, 9605.2

Si0, 0.1 Si0, 0.1
pH 9.4 9.2
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F.5.3 Run 3 Results

Run 3 addresses the time period immediately following a large CL break up until HLSO is initiated.
While HLSO is typically accomplished 6-8 hours after such a break, the sump chemistry is based on the
24-hours corrosion/leaching values for conservatism. This calculation case uses Na,B,0; to adjust the
sump fluid pH to 7 at 25°C.

Based on the model predictions, approximately 100 percent of the Al and 77 percent of the silicon in the
sump are predicted to precipitate as NaAlSi;Og upon addition of the pH modifier (Na,B,0,). No
precipitation of calcium is predicted. No additional precipitation is predicted as the sump liquid is heated
to core temperatures.

As the coolant boils in the core, up to a concentration factor of 20, 90 percent of the Si in the core inlet
fluid is predicted to precipitate as SiO,. In the case of silicon, aqueous speciation is primarily governed
by pH. For the pH range in question, the predominant aqueous species predicted are H3SiO,'" and
H,Si0.>. Upon cooling the reactor contents to 212°F, another 40 percent of the remaining silicon
inventory is expected to precipitate as SiO,. For this case, no precipitation of calcium is predicted.

A summary of the steam quantities, precipitation quantities, and the residual solution chemistries are
presented in Table F-5.

Table F-5 Calculation Run 3 Results Summary
Heat to Core
Temperature
Sump (220°F) (260°F) Boil to CF 20 Cool to 212°F
Stream Mass (kg) 2,200,000 570,000 570,000 145,000
Precipitates (kg) NaAlSi;Og: 363.0 None Si0,: 17.3 Si0,: 34
Residual Solution B(OH); 11877.2 | B(OH), 11877.2 | B(OH); 196712.0 | B(OH); 196716.0
Conc. (ppm) CaO 21.0 Ca0 21.0 Ca0 3472 Ca0 3472
LiBO, 1.4 LiBO, 1.4 LiBO, 23.7 LiBO, 23.7
NaB,Oy 27424 | NaB;Oq 27424 | NaBsOs  45419.9 | NaB;Oz  45420.9
Si0, 34.0 Si0, 34.0 SiO, 584 SiO, 35.1
pH 7.1 7.1 4.7 4.6

F.5.4 Run 4 Results

Run 4 addresses the sump and core conditions during long-term cooling following a LOCA. The sump
chemistry is based on corrosion/leaching calculations for 30 days following a LOCA. Na,B,0; is used to
adjust the sump fluid pH to 7 at 25°C.

Based on the OLI thermodynamic data, approximately 100 percent of the Al and 100 percent of the Si in
the sump is predicted to precipitate when the pH modifier (Na;B405) is added. No additional
precipitation is expected as the coolant is heated to core temperature (212°F) provided that boiling is not

occurring in the core.
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A summary of the steam quantities, precipitation quantities, and the residual solution chemistries are
presented in Table F-6.

Table F-6 Calculation Run 4 Results Summary

Sump (150°F) Heat to Core Temperature (212°F)
Stream Mass (kg) 2,200,000 2,200,000
Precipitates (kg) Al(OH);: 191.0 None
NaAlSi;0s: 1,066.7

Residual Solution Conc. (ppm) B(OH), 13353.1 B(OH), 13353.1

Ca0O 186.0 CaO 186.0

LiBO, 1.4 LiBO, 1.4

NaB;Oyg 1293.6 NaB;Og 1293.6

SiO, 0.1 Si0, 0.1
pH 7.1 7.0

F.6 REFERENCES

F-1 W.C. Blasdale and C.M. Slansky, “The Solubility Curves of Boric Acid and the Borates of
Sodium,” J. Am. Chem. Soc. 1939, 61, 917-24.

F-2 N.P. Nies and R.W. Hulbert, “Solubility Isotherms in the System Sodium Oxide-Boric Oxide-
Water, Revised Solubility-Temeprature Curves of Boric Acid, Borax, Sodium Pentaborate, and
Sodium Metaborate,” J. Chem. Eng. Data 1967, 12(3), 303-313.

WCAP-16793-NP October 2011
Revision 2



G-1

APPENDIX G
DESCRIPTION OF FUEL ASSEMBLY TESTING

G.1 INTRODUCTION

The PWROG initiated prototypical FA testing to establish limits on the debris mass that could bypass the
reactor containment building sump strainer and not result in unacceptable head loss that would impede
core inlet flow and challenge LTCC. An overall test protocol (Reference G-1) and specific test
procedures were developed to ensure that possible thin bed effects were investigated, and debris types and
characteristics expected in the RCS were represented.

The effects of differing fuel inlet nozzle designs were also considered in the test program. Both AREVA
and Westinghouse have performed testing with their respective fuel inlet nozzles to assure that the results
applied to all current fuel designs. Each fuel bundle tested also had prototypical grids above the bottom
nozzle debris capturing design features. Thus, the test data obtained from testing takes into account the
fuel inlet nozzle, protective filter design features, and spacer grid designs. Descriptions of the fuel
components tested, including bottom nozzles and grids, is provided in proprietary submittals describing
the testing performed and the results obtained (References G-2, G-3 and G-8).

These tests demonstrated that for the maximum allowable debris load defined by this program, the
specified flow rate through the FA mock-up was maintained with acceptable pressure drops such that
LTCC is reasonably assured.

G.2 TEST OVERVIEW

A full area, partial height FA equipped with various fuel filters was used for the testing. Each assembly
also included a number of spacer grids. Debris laden water was introduced to the bottom of the test
region and flowed up through a simulated lower plenum region, through the simulated core support plate,
and through the FA. (The flow pattern was reversed for the UPI and hot-leg switchover tests.) As debris
caught on the FA, the differential pressure was measured across various locations including the bottom
nozzle and individual grids as well as across the entire FA. The differential pressure measurements were
used to determine an acceptable debris load. The test loop was intended to test the debris capture
characteristics of a full-area FA under the debris loading conditions of a postulated LOCA.

The output of this test program is a bounding fibrous debris load. The value defines the bounding
guidance for the fiber mass which, if passed through the reactor containment building sump strainer, will
not impede core cooling.

G.2.1 Test Loop Description

AREVA and Westinghouse performed the FA tests at different locations. The discussion below applies to
both facilities. '
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The Westinghouse test loop for testing the debris capture characteristics of a full area FA is shown in
Figure G-1 and a schematic of this test loop is given in Figure G-2. The AREVA test loop is shown in
Figure G-3 and a schematic of the loop is shown in Figure G-4. The test loop is composed of four main
parts:

Mixing tank system
Recirculation system

Test column

Computer monitoring system

Port 8

Port 7

Port 6

Port 5

Port 4

Port 3

Port 2

Port 1 (not shown —in
lower plenum)

Figure G-1 Westinghouse Fuel Test Vessel
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Figure G-2  Schematic of Westinghouse Test Loop
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Figure G-3 AREVA Test Loop
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Figure G-4 Schematic of AREVA Test Loop
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G.2.2 Mixing Tank System

The mixing tank system includes a plastic tank, a temperature control system, and a mixing system. The
mixing tank is where debris can be added during the test. The tank design and mixing system helps
preclude the settling and loss of debris on the bottom of the tank. The temperature of the water in the tank
is controlled by a heater element and/or by running water at a higher or lower temperature through a
heater/chiller. The water temperature can be controlled from a low temperature of approximately 60°F to
a high temperature of approximately 130°F, and the temperature of the water is measured continuously in
the tank by a submerged thermocouple.

G.2.3 Recirculation System
The recirculation system pumps the water from the tank, through the test column and back into the tank.

A pump draws the water out of the bottom of the mixing tank. The recirculation system is continuous
duty to accommodate longer tests.
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G.2.3.1 Flow Rate

Each test is performed at a specified flow rate to represent a bounding core inlet velocity for breaks in
various RCS locations. The following flow rates (on a per assembly basis) were tested:

. Hot Leg Flow Rates — 2 ECCS trains (Westinghouse and B&W plants): 44.5 (+10%) gpm
. Hot Leg Flow Rates — 1 ECCS train (Westinghouse plants): 15.5 (+10%) gpm

. Hot Leg Flow Rates (Westinghouse, CE and B&W plants): 11 and 6.25 (+10%) gpm

. Cold Leg Flow Rates (Westinghouse, CE and B&W plants): 3.0 (+10%) gpm

The flow rate is maintained during the test. Additional details can be found in References G-1, G-2, G-3
and G-8.

G.2.3.2 Test Column

The test column contains the FA and simulates the geometry inside of the RV. The test column includes a
lower plenum region, a core support plate, the FA, and an upper plenum region. The debris laden water is
introduced to the bottom of the lower plenum region. The design of this region is not prototypical of an
RV lower plenum. It is designed instead to ensure that the debris remains well-mixed in the fluid flow
and precludes any debris settling, thereby ensuring that all debris introduced to the test column will reach
the FA. The lower plenum region and the FA are divided by a simulated core support plate. The FA rests
directly on this simulated core support plate. The region that contains the FA is made of Plexiglas for
viewing during the test. This region is sized to represent the FA pitch for the test assembly that is being
tested.

The debris and water enter through the bottom nozzle and flow up through the simulated core support
plate. As debris catches on the FA, the differential pressure is measured constantly across the fuel filter as
well as across the entire FA. There are extra ports available on the sides of the test column if a measure of
the differential pressure across a specific portion of the FA as required.

G.2.4 Computer Monitoring System

The computer monitoring system continuously records the following data:

. Temperature of the water in the mixing tank
e Flow rate
. Differential pressure measurements from AP gauges

This data can be recorded at a time interval chosen by the operator.
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G.3 DESIGN OF FUEL PROTECTIVE FILTER IN THE TEST

AREVA and Westinghouse performed tests with all relevant fuel filters.

Westinghouse
. 17x17 FA with Westinghouse P-grid
. 16x16 FA with Guardian Grid

The alternate p-grid design was not tested, as previous test results had concluded that the standard p-grid
was the limiting design, discussed in Reference G-3.

While the test fuel assemblies represented the Westinghouse 17x17 and CE 16x16 fuel designs, these test
results apply to all current Westinghouse fuel designs as discussed in the Westinghouse test report
(Reference G-3). These tests do not evaluate future fuel designs.

AREVA
. 17x17 FA with AREVA FUELGUARD™

17x17 FA with AREVA TRAPPER™ coarse mesh screen
° 17x17 FA with AREVA TRAPPER™ fine mesh screen

While the test FA tested represented AREVA 17x17, Mark-BW fuel design, these test results apply to all
current AREVA fuel designs as discussed in the AREVA test report (Reference G-2). These tests do not
evaluate future fuel designs.

G.4 DEBRIS DISCUSSION
G.4.1 Debris Type and Size Distribution

The debris types that might reach the RCS that were considered included particulate, fiber, chemical
precipitates, Calcium Silicate (CalSil), and microporous insulation. Of these debris types, fiber is the
“debris of interest.” Therefore, the mass of acceptable fiber was determined by adding it in small
increments until an unacceptable pressure drop was determined or a predetermined mass was achieved.

NUKON fiber was used to represent fiber in the RCS. It was sized to match the industry reported average
strainer bypass distribution. Each batch was characterized by light microscopy to determine the
distribution of the fiber lengths. The actual fiber distributions fall within the allowable limits of the target
fiber distribution shown in Table G-1.
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Table G-1 Fiber Distribution

Fiber Length Target Range
<500 pm 77% 67-87%
500 — 1000 um 18 % 8-28%
> 1000 pm 5% 0-15%

Silicon carbide powder with a nominal 9.5 micron particle size was used to simulate particulate debris.
The actual particulate size was measured using scanning electron microscopy. This silicon carbide
powder is used as a surrogate for the particulate debris in the reactor because of its chemical stability and
the fact that the fine particulates collect within a fiber bed and result in conservative head losses. Silicon
carbide has a relatively high specific gravity of about 3.2, which would normally cause it to settle out
quickly. However, due to the small size of the particles and the test loop design and flow rates, this
settling is minimized.

The microporous insulation was represented by Microtherm. The material was supplied in a pulverized
form and was then passed through a #7 sieve with a hole size of 0.11in. The sieving is necessary to
remove larger fibers and clumps of material that would not pass through the sump strainer. The material
was analyzed by scanning electron microscopy to characterize the material. The typical appearance of the
Microtherm material used can be seen in Figure G-5.

‘”5’;,%

EHT = 5.00 kv

i

Figure G-5 Microtherm Scan
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Calcium silicate insulation was pulverized into a fine powder by a hammer mill and then passed through a
#7 sieve with a hole size of 0.11in. Then the CalSil was analyzed by scanning electron microscopy to
characterize the material. The typical appearance of the CalSil material used can be seen in Figure G-6.

EHT = 5.00 kv Signal A~ SE2

Figure G-6 Cal Sil Scan

AlOOH was prepared according to the recipe in WCAP-16530-NP-A (Reference G-4) at a concentration
of 11 g/L. The one hour settling volume of the precipitate met the criteria in WCAP-16530-NP-A
(Reference G-4).

G.4.2 Order of Debris Addition

For tests that only included particulate, fiber, and chemical, NRC guidance regarding the order of addition
was followed (Reference G-7). The entire particulate load was added first, followed by fiber in 10 gram
increments and then by chemicals in specified increments. For tests that included particulate, fiber,
chemical, calcium silicate, and/or microporous material, the order of addition was varied slightly. Like
the other tests, the entire particulate load was the first addition. Then, to simulate the initial blast
introduction of calcium silicate and/or microporous material, a specified amount of these materials was
added, this was followed by fiber additions in 10 gram increments, then the chemical was added and the
final additions were calcium silicate and/or microporous material to simulate the slow erosion of these
materials during an accident.

G.4.3 Information Related to Debris Test Amounts

The initial objective of the FA test program was to develop acceptance criteria for maximum debris loads
that could be tolerated in the core region and not adversely affect LTCC. The test matrices for the
Westinghouse tests CIBO1 — CIB11 (Table G-2) and AREVA 1 — 10 (Table G-3) tests were then developed
with this objective in mind. After additional discussions with the NRC staff, it was concluded that a
broader range of parameters should be evaluated and this was communicated through the issuance of
requests for additional information (RAIs) (Reference G-5). The test results had demonstrated that a
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limiting particulate-to-fiber (p:f) mass ratio exists where the maximum dP values are obtained. Therefore,
tests were designed to fully evaluate the effects of p:f ratio on head loss. Additionally, a small sample of
tests was conducted to evaluate a few conservatisms inherent to the test process.
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The Westinghouse test matrix is as follows:

Table G-2 Test Matrix for Westinghouse Tests
Test Flow Rate Nukon SiC Microtherm Cal-sil AIOOH Final P:F
No. (gpm) (2) (2) (2 (2 (2) Ratio Notes

CIBO1 44.7 680.4 6,350 . . N/A' 9.3 'Test
terminated
prior to chenj.
add

CIB02 44.7 53 1,361 - - 66 25.7

CIB03 44.7 53 6,350 - - 66 119.8

CIB04 44.7 90 1,361 - - 66 15.1

CIBOS' 6.25 53 6.350 - - 66 119.8 'CE Guardiah
grid test

CIB06 447 53 6,350 - 1.452 484 147.2

CIBO7 44.7 53 6,350 667 708 689 145.8

CIB08 44.7 200 13,154 - - 4,180 65.8

CIB09 3.0 100 13,154 - - 4,536 131.5

CIBI10 44.7 200 1,361 - - 3,386 6.8

ciBi1' 17.0 200 13,154 - - 836 65.8 "UPI test

CIB21 3.0 75 363 - - 830 4.8

CIB22 3.0 75 0 - - 830 0

CIB23 3.0 75 75 - - 830 1.0

CIB24 3.0 30 630 - - 830 21.0

CIB25 3.0 20 600 - - 830 30.0

CIB26 3.0 30 - 30 - 830 1.0

CIB27 44.7 60 140 - - 416 2.3

CIB28 447 60 600 - - 416 10.0

CIB29 3.0 18 90 - - 830 5.0

CIB30 3.0 18 270 - - 830 15.0

CIB31 3.0 18 540 - - 830 30.0

CIB32 3.0 18 810 - - 830 45.0

CIB33 3.0 18 1,080 - - 830 60.0

CIB34 44.7 125 250 - - 830 2.0

CIB35 44.7 150 300 - - 830 2.0

CIB36 44.7 150 2,250 - - 830 15.0

CIB37 447 150 750 - - 830 5.0

CIB38 44.7 150 4,500 - - 830 30.0

CIB39 447 150 150 - - 830 1.0

CIB40 3.0 18 135 - - 830 15.0

CIB41 15.5 150 150 - - 830 1.0

CIB42 15.5 50 50 - - 830 1.0

CIB43 15.5 50 750 - - 830 15.0

CIB44 44.7 150 150 - - N/A! 1.0 "Test
terminated
before
chemical adg

CIB45 44.7 150 750 - - N/A! 5.0 "Test
terminated
before
chemical add
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Table G-2 (cont) Test Matrix for Westinghouse Tests

Test Flow Rate Nukon SiC Microtherm Cal-sil AIOOH Final P:F
No. (gpm) (@ (® (8 1€:4) (® Ratio Notes
CIB46 44.7 150 150 - - 830 1.0
CIB47 15.5 50 50 - - 830 1.0
CIB48 15.5 50 50 - - 830 1.0
CIB49 44.7 50 50 - - 830 1.0
CIB50 447 50 50 - - 830 1.0
CIB51 44.7 50 50 - - 830 1.0
CIB52! 44.7 65 65 - - 830 1.0 Included
boron and
) NaTB buffer
CIB53! 44.7/19% 65 65 - - 830 1.0 'T = 130°F
Hot-leg
switchover
simulation
CIB54! 44.7 25 25 - - 830 1.0 'T =130°F
W-1- 44.7 25 25 - - 830 1.0 'T=130°F
FPC-
0811
WCAP-16793-NP October 2011

Revision 2




The AREVA test matrix is as follows:

Table G-3 Test Matrix for AREVA Tests
Final
Flow Rate Nukon SiC Microtherm Cal-sil AIOOH P:F
Test No. (gpm) ® ® ® ® ® Ratio Notes
FM-FPC-W-1 447 110 13,152 - - 4,540 88.0
FG-PFC-W-2 44.7 150 13,152 - - 4,540 88.0
CM-FPC-W-3 44.7 150 13,152 - - 4,540 88.0
FG-FPCSC-W-5 447 150 13,152 - 2,722 4,540 105.8
FG-FPMC-W-6 447 150 13,152 544 - 4,540 91.3
FG-FPC-CE-7 11.0 150 454 - - 5,900 53.0
FG-FPC-W-10 3.0 100 13,152 - - 4,540 146.0
1-FG-FPC 3.0 75 380 - - 833 5.0
2-FG-FPC 3.0 18 810 - - 833 45.0
3-FG-FPC 45.0 150 1,500 - - 833 10.0
4-FG-FPC 45.0 150 1,500 - - 833 10.0
5-FG-FPC 45.0 150 150 - - 833 1.0
6-FG-FPC! 45.0 100 150 - - 833 1.5 |'T=105°F
7-FG-FPC' 447 60 60 - - 833 1.0 | 'Fiber
blended for
additional
300s
8-FG-FPC 45.0 60 150 - - 833 2.5
9-FG-FPC 44.7 20 20 - - 833 1.0
10-FG-FPC 447 46 150 - - 16.5 33
11-FG-FPC 44.7 60 150 - - 417 25
12-FG-FPC 447 15 15 - - 833 1.0
13-FG-FPC 447 15 30 - - 833 2.0
14-FG-FPC' 44.7 25 25 - - 833 1.0 |'T=130°F

G.5 CONSERVATISMS OF TEST PROCESS

Both test facilities are designed to define conservative head loss values by testing idealized and
conservative conditions that will bound conditions expected at any given plant. The following
subsections describe the conservatisms and will be used as the basis for the proposed analysis and testing
designed to quantify the effects on the current test design.

G.5.1 Limiting P:F Ratio

As previously stated, tests conducted at the limiting p:f ratio (1:1) result in a conservatively high head
loss upon the introduction of chemical precipitates. As more particulate is added to the loop, the affect of
chemical precipitates on head loss is quickly minimized. Testing at both loops demonstrated that, for HL
break conditions with p:f ratios greater than (or equal to) 10:1, tests develop distributed debris beds that
cause little resistance to flow through the FA. The low resistance of these beds did not present enough
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blockage to impede the maximum ECCS flow. Further, any differences that exist between the facilities at
low p:f ratio test conditions are not present at p:f ratios greater than (or equal to) 10:1.

To get a sense of operating debris loads, an unofficial survey of plant-specific debris loads was conducted
in 2008 and utilities reported an average p:f ratio of 100:1. However, this survey was designed to report
high debris loads because, at the time, it was thought the higher the debris load, the higher the tested head
loss, so plants assumed worst-case debris failures. Through testing it was discovered assuming worst-
case particulate failure is non-conservative for FA testing so more effort is required when defining plant-
specific p:f ratios

A possible solution to determine plant-specific p:f ratios could be to use guidance from Section 3.5 of
Reference G-6. Specifically, this section states a generic method can be applied for defining debris
characteristics and recommends assuming fiber contributes 15 percent of the mass of the total estimated
inventory. That assumption would result in a p:f ratio of 5.6:1 where dP values are not as high as dP
values collected from tests at p:f ratios equal to 1:1.

G.5.2 Constant Flow Conditions

HL Break: All testing was conducted at a constant ECCS flow rate. This ensured the development of
debris beds with the maximum resistance and highest pressure loss.

. In an actual HL break, the debris will continue to build until the resistance becomes great
enough to push the water over the steam generator U-tubes. In this case, the coolant from
the broken loop will spill out and the other loops will return the coolant to the top of the
core. Therefore, in addition to the flow that is still entering through the bottom of the core,
the core is also being cooled by the coolant from the intact loops.

o Additionally, the reduction of the flow rate from the maximum flow rate to a lesser value
will result in a lower pressure drop across the core, further promoting the flow of coolant
through the core.

CL Break: All testing was conducted at a constant boil-off rate. This ensured the development of debris
beds with maximum resistance and highest pressure loss.

) The flow required to cool the core in a CL break is just enough to match core boil-off. As
core decay heat decreases during the event, so does the cooling requirement.

. FA testing has shown that as the flow rate decreases, the pressure drop also decreases, thus
fostering the continued cooling of the core.

G.5.3 Alternate Flow Paths

The current evaluation approach ignores flow through the baffle region or possible spillover of the SG
tubes or hot legs. For plants with upflow baffle geometries, some debris accumulation in the core will
divert flow into these regions, which will lead to debris introduction higher in the core. Both of these
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paths are available to provide flow to the core in the unlikely event the core inlet is completely blocked
with debris.

G.5.4 Extending Idealized Test Results to a Full Core

This document contains a WC/T analysis that shows that the equivalent of only one FA needs to be open
to remove core decay heat. The FA testing conducted for this program assumes the debris will form
uniformly throughout the core which is an overly conservative assumption. In order to promote the
development of uniform debris beds, the FA test program designed the test rigs to promote uniform flow.
However, only small variations in flow or FA orientation are required to promote the formation of
multiple debris beds. The assembly-to-assembly power difference promotes non-uniform flows, which
will result in a non-uniform debris distribution throughout the core. It is this non-uniformity that will
promote the continuance of LTCC even in the presence of debris.

G.5.5 Boiling

Boiling was not modeled in the FA tests. In the event of a CL break, there will be boiling in the core at
the onset of the event. This boiling will prevent the buildup of debris on spacer grids throughout the core.
In the event of a HL break, boiling is minimized. Following a HL break, boiling in the core will be
minimal because all the ECCS liquid has to traverse the core to reach the break. In the event a total
blockage does occur at the core inlet, the coolant will begin to boil. The boiling will disrupt the
previously formed debris beds, thus decreasing the resistance to flow and allowing ECCS liquid to flow
through the core again.

G.5.6 Settling of Debris

The test loops and test procedures were designed so that debris settling was minimized to the greatest
extent possible. For example, the feed tank for the FA test was continuously agitated to ensure all debris
was well mixed and forced to enter the test assembly. Additionally, the tests were conducted with small
particulates to ensure maximum particle transport.

Actual sump conditions are relatively stagnant, with areas where debris will settle and not transport to the
sump strainer. Additionally, even debris that bypasses the sump strainer consists of various sizes that
could settle downstream (in areas like the downcomer). Finally, debris that does not get caught in the first
pass through the core will be filtered again through the sump strainer, which is not credited in the FA test
program.

G.6 TEST FACILITY EVALUATION

As previously stated, Westinghouse and AREVA conducted FA testing in two locations: the Westinghouse
laboratory in Churchill, PA for the Westinghouse fuel and Continuum Dynamics, Inc. (CDI) for the
AREVA fuel. As the decision to test at separate facilities was made early in the process, it was recognized
that both facilities should follow the same protocol. The PWROG developed a common test protocol to
ensure testing was consistent among test facilities.
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The test facilities are similar enough that data collected from high p:f ratios were reasonably consistent
between fuel vendors. However, tests conducted at the limiting p:f ratios did not produce similar test
results between facilities. The PWROG conducted a repeat of Westinghouse test CIB54 at the CDI test
facility to evaluate facility differences. This test, W-1-FPC-0811, did not duplicate the results of CIB54
so it was concluded that small facility difference result in differences in test results at the limiting test
conditions. Reference G-9 has a summary of facility differences summarized below:

1. Test Loop Differences
- Lower plenum and turbulator are different
2. Test Debris Preparation and Introduction Differences
- Chemical precipitate preparation
3. Potential Differences in the Effects of the Test Loop on the Fiber Debris
- Different shredding of the fiber by the pump and mixer
oo Water chemistry differences between sites

Both facilities followed the test protocol, yet small differences existed between facilities. The facility
differences affect on test results are not observed at high p:f loads and are only small at low p:f loads.

G.7 KEY FINDINGS FROM TESTING

1. The FA test program evaluated the impact of various debris types (particulate, microporous
insulation, cal-sil insulation, chemical precipitates and fiber) on head loss.

o Testing demonstrated that the amount of particulate affects the formation of the debris
bed and the resulting head loss across the FA. Specifically, if particulates are available in
abundance (a high p:f ratio), the chemical precipitate introduction has little to no effect
on the dP across the debris bed. However, if a particulate/fiber and a fiber-only layer
exist (i.e., all the particulates are filtered by the debris bed (a low p:fratio)), then the
compression of the bed by chemical precipitates has an effect on the resistance of the
debris bed, resulting in conservatively high head loss across the FA.

o Testing demonstrated fiber is the limiting variable and, due to the effect of interaction
between fiber and the other debris types on head loss, is the only debris type that requires
a limit.
2. The HL break flow rate (i.e., the highest flow rate) represented the limiting head loss test

condition.

3. The FA test facilities and procedures are repeatable as long as all variables remain constant.
However, slight changes in test loops (i.e., mixing methods, air entrainment, geometry, etc.) can
result in significant changes in test results.
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G.8 CONCLUSION

The observations and detailed discussions can be found in the proprietary test reports from AREVA and
Westinghouse, References G-2, G-3 and G-8.

The purpose of the FA testing described in this report and the supporting test reports (References G-2, G-3
and G-8) was to justify acceptance criteria for the mass of debris that can reach the RCS and not impede
long-term core cooling flows to the core. The testing demonstrated that fiber is the limiting variable and
is the only debris type requiring a limit.

Due to the conservative test design used to define fiber limits, a very bounding set of guidelines has been
developed and is presented here.

o The AREVA testing conducted in support of this program demonstrated that 15 g of fiber/FA does
not cause a blockage that will challenge LTCC, the maximum dP due to debris (dPguris) Was very
small (Reference G-8) and all plants have an available driving head (dP,,,;) that is considerably
greater. Therefore, all PWROG plants can demonstrate LTCC is not impeded if the plant-specific
fibrous debris load is less than or equal to 15 g of fiber/FA.

e Due to the low dPgewris value recorded with 15 g of fiber/FA, utilities could conduct a plant-
specific test with test parameters representative of their site to increase this fiber limit. If a plant-
specific available driving head value were needed, the methodology is presented in Section 2.18
of Reference 19. Since PWROG testing demonstrated the HL break is limiting, the calculation of
HL available driving head is the relevant value. That value could be compared to the dP value
recorded from the test conducted with 15 g of fiber (Reference G-8) to demonstrate significant
margin exists between the expected pressure loss due to a debris bed and the expected pressure
available to support core flow. Additionally, this value could be used to develop an engineering
evaluation and/or plant-specific test to define an increased allowable fiber loading.

o The test conducted with Westinghouse fuel at CDI to evaluate test facilities, 1-W-FPC-0811, was
conducted with 25 g fiber/FA. This test demonstrated flow was able to continue to enter the core,
even though the flow rate had to be reduced during the test (Reference G-3). Therefore, plants
with Westinghouse fuel that have a driving head greater than or equal to this dPyes value, and
operate at conditions similar to tested conditions, can withstand 25 g fiber/FA.

e As demonstrated by CIB54, Westinghouse-fueled plants that can maintain high sump water
temperatures can decrease the dPyers at a specific fiber loading (Reference G-3). This results in
the capability of increasing allowable fiber load.

¢ CIB53 demonstrated that if plants can delay the formation of chemical precipitates until after
HLSO, a greater amount of fiber will be able to enter the core without impeding LTCC
(Reference G-3).

e All tests conducted at the limiting p:f ratio conditions, see the largest increase in head loss when
chemical precipitates are added to the test loop. If a plant can demonstrate chemical precipitates
do not form, the dPguens values recorded with just particulate and fiber in the test loop can be used
in conjunction with the dP,,,; to make a determination on the amount of allowable fiber
(References G-2, G-3 and G-8).
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G-18

The allowable fiber limit defined for a plant will be used in combination with the analyses presented in
this document to demonstrate adequate flow for long-term decay heat removal.

Several courses or actions have been identified for plants whose debris loads are outside the limits tested.
These actions include, but are not limited to, reduction of problematic debris sources by removing or
restraining the affected debris source, plant-specific FA testing, or engineering evaluations. These
evaluations can also be used for plants that have different fuel filters or greater driving head, among other

variables.
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October 23, 2007

RAI #1

What is the basis for stating blockage of the core will not occur on page xviii? What is the maximum amount of debris
that can enter the core and lower plenum and what is the maximum potential blockage from debris at the core inlet and the
first spacer grid location?

RESPONSE TO RAI #1

The basis for the statement on page xviii that blockage of the core will not occur is the derived from the four (4) bulleted
statements on page xvii and the supporting discussion presented in Section 2 of the main body of the report. The
conclusion is based on the following:

1. Test data demonstrating sump screen bypass fiber does not completely block flow to a fuel assembly which
allows for decay heat to be removed. This is true even for large quantities of fiber and particulate debris as
discussed further in RATI #2.

2. Fibrous debris, if it enters the core region, does not tightly adhere to the surface of the fuel cladding as
demonstrated by testing reported in NEA/CSNI/R (95)11.

3. A calculation using limiting inputs to the sample problem described in Appendix E and listed on the response to
RAI # 6(b), and a conservative deposition model, also described in Appendix E, demonstrated that the calculated
deposition thickness would not result in long-term cladding temperatures in excess of the 800°F acceptance basis
value.

The maximum amount of debris that can enter the core is based on plant-specific debris generation calculations, the pass-
through performance of a plant-specific sump screen design and the scenario considered (flow rate to the sump screen,
hot-leg break versus cold-leg break).

Therefore, as noted from the first bullet item on page xvii and Item 1 above, based on available test data of debris
collection by a debris-capturing grid at the bottom nozzle of a modeled fuel assembly for an active replacement sump
screen as described in the response to RAI #2, no potential blockage that terminates flow into or through the core is
expected.
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RAI #2

On page 2-3 it is stated that recent observations from testing of a partial-length fuel assembly using plant-specific fibrous
and particle debris have confirmed that the NUREG/CR-6224 correlation is quite conservative for application at the core
inlet. Please provide a complete description of this test facility, the tests that were performed and the results.

RESPONSE TO RAI #2

Testing has been performed to determine the effects of collection of fibrous debris on the debris capturing grids located at
the bottom nozzle of a simulated fuel assembly. The testing was performed at a licensee’s replacement sump screen
vendor’s test facility. The test conditions were for a high-fiber plant and an active sump screen, which provided for a
large amount of fibrous debris to bypass the sump screen.

Conditions for the test were:
Screen Design: Active sump screen (plow and blade design)
Core Simulation:  Single assembly
Core Flow: 6 gpm from a simulated lower plenum upward into a partial length fuel assembly. This flow

rate was determined to be a maximum fuel grid flow rate for the plant. The total maximum
core flow rate is 1060 gpm total for this plant under long-term core cooling conditions.

Description of Test Loop

Flow Diagram

A schematic of the test loop is shown in Figure 2-1 below. The test article was mounted approximately 12 inches above
the bottom of a Lexan test chamber. Flow entered from the bottom of the chamber. An inverted solid circular cone
directed flow along the bottom of the chamber to minimize the settling of debris. Flow exited the top of the chamber and
returned to the mixing tank. The taps for a differential pressure transmitter were connected to the test chamber above and
below the test article. The mixing tank allowed debris to be added to the system near the pump suction.

Instrumentation

The primary purpose of the test program was to measure the head loss across the test article as a function of flow rate and
debris load. Appropriately calibrated and ranged differential pressure and flow instruments were used to measure head
loss and flow rate for each test. Unless specifically noted to the contrary, the instrument errors were assumed to be
independent and the square root of the sum of the squares was used to determine the instrument loop uncertainty. All
measurement and display devices were calibrated to NIST traceable standards.

A thermocouple was used to measure the working fluid in the mixing tank.

Test Article Description

The test article consisted of a simulated core support plate, a bottom nozzle, a debris-capturing grid, an intermediate
support grid, simulated fuel rods and simulated control rods. Figure 2-2 is a diagram of the test article in the test chamber.

A 1-inch thick simulated core support plate was fastened to the test chamber. The core support plate was sealed to the test

chamber walls to prevent flow around the edge of the support plate. The plate supported the weight of the bottom nozzle /
fuel filter grid assembly.
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The fuel rods were simulated with 3/8” plastic rod. The simulated control rods were sized such that they would extend to
the same height as the simulated fuel rods.

The bottom nozzle used in the testing was similar to other debris capturing bottom nozzle designs used in PWRs. The
bottom nozzle sat on the simulated core support plate. The test facility provided for a gap between the edge of the debris
capturing grid and the side walls of the Lexan test chamber, simulating the gap that would exist between adjacent fuel
assemblies'.

< Test
Chamber
Test Article
\ 4
3
DP
! gpocanccnne .
Pump
ﬁ\\ Flow

. Diverter
Mixing Tank Flow
l‘lng a | Meter

Figure 2-1: Schematic of Fuel Assembly Fibrous Debris Capture Test Loop

! Once the normal flow path had collected debris, more of the debris would go into the gap. Even with a gap that was 1.5 times the replacement
sump screen strainer hole size, it was observed that this gap between the debris capturing grid and the Lexan sidewalls would collect fiber as well
which, in turn, limited the bypass of fiber beyond the debris capturing grid.
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Figure 2-2: Schematic of Test Article in Test Chamber

The fuel rods were located on the bottom nozzle between the fuel rod flow holes by the debris-capturing grid. The tapered
ends of the simulated fuel rods were pushed against the bottom nozzle. Control rod simulations were screwed into the
control rod holes in the bottom nozzle and sealed these holes. The instrumentation tube hole was also plugged.

The licensee supplied the debris-capturing grid used in the testing. This grid accurately simulated the grid used the plant.
The debris-capturing grid was fastened and positioned to the bottom nozzle as would be in the plant. An intermediate
support grid was mounted near the top of the simulated fuel rods, and was used in the test primarily to maintain the
orientation of the fuel rods.

Description of Debris

A brief description of the debris used in the test is presented in the sections below.
Fibrous Debris
The fibrous debris used in the fuel filter tests was obtained from fiber that bypassed the active sump screen in the
bypass testing. The fibrous debris was supplied and shredded by the licensee or selected and approved by the

licensee for the bypass tests.

The fiber was dried and weighed prior to use in the fuel filter tests. The fiber was not separated by type for the
fuel filter tests.

Particulate Debris

A particulate insulation / dust / dirt mixture was identified by the licensee as appropriate for testing.
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Quality Assurance Program

All quality-related activities were performed in accordance with the test performer’s Quality Assurance Program.
Quality-related activities were defines to be those which were directly related to the planning, execution and objectives of
the test. Supporting activities such as test apparatus design, fabrication and assembly were not controlled by the test
performer’s Quality Assurance Program. These activities included fabrication of the tank, platform, and piping. The
important information concerning the test facility was documented after fabrication. The test performer’s Quality
Assurance Program provides for compliance with the reporting requirements of 10 CFR Part 21. All instrument
certifications, instrument calibrations, testing procedures, data reduction procedures and test results are contained in a
Design Record File which will be kept on file at the test performer’s offices.

Key Observations from Testing

Key observations from testing were:
e  Almost all of the fibrous debris collected at the first grid (Debris Capturing Fuel Filter).
e  No significant collection of fiber was observed to be above the first grid.
e  The fibrous debris collected at the first grid during testing was not observed to compact or compress.

e  Complete “blockage” of the fuel assembly tested was not observed in testing. Coolant flow through the fiber
collection at the bottom of the first grid was maintained.

e  Fiber debris did not adhere to the grid; the loose fiber mass was observed to drop from the first grid (Debris
Capturing Fuel Filter) when flow was stopped and did not transport back to the grid when flow was reinitiated.

Active replacement sump screens are known to maximize debris passed through the screen. Comparing the two right-
most columns in Table 2-1, the test results clearly provide conservative amounts of fibrous debris at the inlet to the fuel
and, in fact, bound the fiber bypass through passive replacement sump screens for high-fiber plants.

Fibrous Debris Loading from Testing:

Using the debris loading for the single assembly tests described in this RAI response, calculations were performed to
extrapolate those debris loadings used in the tests performed for single assembly to the core of the plant. These calculated
values were then compared to expected fibrous debris bypass from testing of replacement passive sump screens. This
comparison was made to demonstrate the conservatively large volume of fibrous debris that was used in the test. A
summary of the inputs used for these calculations and a summary of the results are listed in Table 2-1. Comparing the
calculated fibrous debris at the core entrance from the test given in Column C to the maximum expected fibrous bypass
for passive replacement sump screen given in Column D, it is concluded that the fibrous debris used in the test bounds
that expected from the largest passive replacement sump screen.

Table 2-1: Comparison of Fiber Load Tested to Expected Passive Replacement Strainer Fiber Load

Fibrous Debris Used in Active Strainer Test (D)
No. (A) (B) ©) Maximum Fibrous Debris
Mass Volume!” Total at Core at Core Entrance (f}oi)a
(One Fuel Assembly) | (One Fuel Assembly) Entrance® Passive Strainer™
1 0.24 1bm of fiber 0.10 ft’ 21.7 16.0 ft’
2 0.84 lbm of fiber 0.35 ft’ 75.9 ft* 16.0 f
3 0.96 lbm of fiber 0.40 ft* 86.8 ft’ 16.0 f*
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Notes:

o The volume of fibrous debris is calculated by dividing the mass of fiber of a test by 2.4 Ibm/ft’, which is the
density for low density fiberglass as identified in NEI 04-07 and accepted in the associated NRC Safety
Evaluation (SE) on that document.

o) The debris at the fuel entrance is calculated by multiplying the volume and mass used in a test by the number of
fuel assemblies in the plant for which the test was performed (217 fuel assemblies).

e} The median size of the replacement sump screen for a U.S. PWR is about 4,400 ft*. A 16,000 ft* value is
conservatively representative of the largest replacement sump screen for U.S. PWRs as identified in a presentation
made by NEI at a Public Meeting on GSI-191 held February 9, 2006.

o At the Public Meeting on GSI-191 held February 9, 2006, vendors of passive replacement sump screens shared
that, based on flume testing using licensee-specific fibrous debris loadings, about 1’ of fiber bypass is observed
per 1000 ft* of replacement strainer surface area. The values listed in this column are calculated by multiplying a
replacement sump screen surface of 16,000 ft* by the ratio of 1 ft* of fiber / 1000 ft* of replacement sump screen
area.

Pressure Drop Measurements from Testing:

Pressure drop measurements were taken during testing performed for the active replacement sump screen. (It is noted that
this licensee is no longer pursuing the implementation of an active sump screen.) The conditions under which pressure
drop measurements were made, and the corresponding range of values of the measurements, are listed in Table 2-2, given
below.

As identified in the fibrous debris loading discussion given earlier in this response, vendors performing testing of passive
replacement sump screens have reported that, based on flume testing using licensee-specific fibrous debris loadings, about
1t* of fiber bypass is observed per 1000 ft* of replacement strainer surface area. From Note (4) of Table 1 above, the
majority of the replacement sump screens for U.S. PWRs are less than 10,000 ft* in surface area. However, a value of
16,000 ft* value was selected to conservatively represent the largest replacement sump screen for U.S. PWRs. As
described above, with a maximum replacement sump screen area of 16,000 ft*, no more than about 16 ft* of fibrous debris
is expected to collect on the core entrance.

From the pressure drop data given in the table below, even with a collection of 21.7 ft* of fibrous debris and 1388.8 Ib,, of
particulate debris at the entrance to the core, a bounding head loss that would be expected is about 10.2 inches of water.
The bounding 10.2 inch increase in head loss translates into an increase in pressure drop of about 0.37 psi at the core
entrance. Considering the WCOBRA/TRAC calculations of Appendix B that assumed an arbitrary 99.4% reduction in
flow area, the bounding head loss increase of 10.2 inches of water are evaluated to not affect long-term core cooling.
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Table 2-2: Summary of Head Loss Data for Observation Configuration

Flow Fibrous Debris Particulate Debris Measured
Rate | Mass-One | Volume - One Volume — At Mass - One | Mass — At Core He.a d Loss
(8Pm) | Agsembly Assembly” | Core Entrance® | Assembly Entrance® Mo
0.0 1b,, 0.0 1b,, 0.4
6 0.04 Ib,, 0.017 ft’ 36268 |
0.4 1by, 86.8 b, 0.8
0.0 by, 0.0 Ib,, 1.2
6 0.06 Ib,, 0.025 ft’ Sk B I D B RSOt IOLEEtD bememeeme oo
1.2 by, 260.4 1b,, 2.9
, , 0.0 b 0.0 Ib,, 1.9-2.5®
6 0.12 Ib,, 0.050 ft 10.85 7 [-rormmmm e e b
1.6 Ib,, 3472 1b,, 45-7.09
, , 0.0 Ib, 0.0 Ib,, 3.8-5.89
6 0.24 1b,, 0.100 ft 3 Uiy o B Bt it T SERNRE
6.4 1b, 1388.8 Ib,, 10.2
3 s | 00. | 001bn 1 ] 129 .
6 0.36 1b,, 0.150 ft 32.55 ft
16 1b, 3472 Ib, 38.5
, , 0.0 Ib,, 0.0 Ib,, 0.8-16.3%
6 0.48 1b,, 0.200 ft B340 f8 |- e
16 1b,, 3472.0 Ib,, > 60
3 s | 00w 00lom | 241
6 0.96 1b,, 0.400 ft 86.80 ft _
6.4 1by, 1388.8 Ib,, > 60

The volume of fibrous debris is calculated by dividing the mass of fiber of a test by 2.4 Ibm/ft’, which is the
density for low density fiberglass as identified in NEI 04-07 and accepted in the associated NRC Safety
Evaluation (SE) on that document.

The debris at the fuel entrance is calculated by multiplying the volume and mass used in a test by the number of
fuel assemblies in the plant for which the test was performed (217 fuel assemblies).

Multiple entries indicate more than one (1) test run was made with the fibrous and particulate debris loading
identified in the table. The minimum and maximum values of head loss that ere recorded are listed in the table.

Applicability of Test Data and Observations to PWRs:

The data and conclusions presented in this response are applicable to all PWRs with passive sump screens for the
following reasons;

The formation of a fiber bed at the core inlet serves as a collector for particulates which, in turn result in an
increase in pressure drop across the core inlet. Since active sump screens are known to maximize debris passed
through the screen, the data is applicable and bounding for all PWRs with passive sump screens.

Without a fiber bed, particulates that are lifted into the core are sufficiently small that they will not collect at and
block the core entrance (Reference 2-1). Without a fiber bed to capture particulates, there is no impact on the
head loss at the core inlet.

Thus, the fiber bed formation and subsequent collection of particulates and the consequential head loss observed in the
test and test data described above is both applicable and bounding for all PWRs with passive sump screens
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Applicability of NUREG/CR-6224 Correlation:

The NUREG/CR-6224 head loss correlation is not directly applicable to the head loss associated with the collection of
fibrous debris on fuel grids. The NUREG/CR-6224 head loss correlation was developed for a different situation than that
seen for the collection of fibrous debris on fuel grids. Thus, for the same fibrous and particulate debris loading, the
correlation will be overly conservative in predicting the head loss through the fibrous debris bed on a fuel grid.

This position is supported by the following:

Replacement sump screen testing has shown that, due to the small hole size used for the replacement sump screens,
the fibrous debris bypassed through replacement sump screens is much shorter than the fibrous debris that was used in
the testing performed to support the development of the NUREG/CR-6224 head loss correlation due to the small hole
sizes of the replacement sump screen. The shorter fibers provide for a different fiber bed morphology than what was
used for the development of the NUREG/CR-6224 correlation

The flow in the test was upward with gravity acting to pull the fiber bed down and away from the bottom of the fuel.
For the testing performed to support the NUREG/CR-6224 correlation, the fibrous bed was formed on the top of a
mesh or perforated screen and the flow downward through the fibrous bed and the screen which tended to compress
the fiber bed.

Similarly, gravity worked on particulates that were caught in the fibrous bed formed in the test tended to pull the
fibrous bed apart, whereas, for the testing performed to support the development of the NUREG/CR-6224 head loss
correlation, particulates were trapped on top of the fibrous debris bed and gravity, like the flow, worked to compress
the fibrous debris bed.

The NUREG/CR-6224 head loss correlation was developed from data collected using a vertical loop test facility with
a small diameter flow channel in which all of the flow was directed downward through a fixed, predetermined debris
bed. In areactor, the flow area is large and the flow patterns sufficiently varied that the uniform directional flow
conditions of the NUREG/CR-6224 test do not apply.

Finally, the NUREG/CR-6224 correlation was developed from test data for velocities ranging from 0.15 ft/sec to 1.5
ft/sec (NUREG/CR-6224, Section 6.4). As shown in Table 1 of the response to RAI #3, the liquid velocities in the
core are at or below the bottom range of the velocities used in developing the NUREG/CR correlation. The lower
velocities associated with PWRs would not compact a fiber bed to the same degree as those higher velocities used in
the testing that supported the development of the NUREG/CR-6224 head loss correlation. Less compaction of a
fibrous bed provides for a smaller pressure drop across the bed.

For these reasons, the NUREG/CR-6224 head loss correlation is not directly applicable to the head loss associated with
the collection of fibrous debris on fuel grids and, for the same fibrous and particulate debris loading, will be overly
conservative in predicting the head loss through the fibrous debris bed on a fuel grid.

REFERENCE FOR RAI #2 RESPONSE:

2-1 Andreychek, T. S., “Evaluating Effects of Debris Transport within a PWR Reactor Coolant System during
Operation in the Recirculation Mode,” Particulate Phenomena and Multiphase Transport, Proceedings of the 4™
Miami International Symposium on Multiphase Transport and Particulate Phenomena, 15-17 December 1986,
published by Hemisphere Publishing Corporation (1988)
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RAI#3
To show that the pressure drop correlation of NUREG/CR-6225 is adequate to evaluate core inlet blockage, please

provide a comparison of the materials and flow velocities of the test data used to develop the correlation to those which
would be expected at a reactor core inlet during long term cooling. UPI plants should be included in this comparision.

RESPONSE TO RAIT #3

The NUREG/CR-6224 head loss correlation is not directly applicable to the head loss associated with the collection of
fibrous debris on fuel grids. The NUREG/CR-6224 head loss correlation was developed for a different situation than that
seen for the collection of fibrous debris on fuel grids. Thus, for the same fibrous and particulate debris loading, the
correlation will be overly conservative.in predicting the head loss through the fibrous debris bed at the core inlet.

This position is supported by the following:

¢ Replacement sump screen testing has shown that, due to the small hole size used for the replacement sump screens,
the fibrous debris bypassed through replacement sump screens is much shorter than the fibrous debris that was used in
the testing performed to support the development of the NUREG/CR-6224 head loss correlation. The shorter fibers
provide for a different fiber bed morphology than what was used for the development of the NUREG/CR-6224
correlation

¢ The flow in the demonstration test was upward with gravity acting to pull the fiber bed down and away from the
bottom of the fuel. For the testing performed to support the NUREG/CR-6224 correlation, the fibrous bed was
formed on the top of a mesh or perforated screen and the flow downward through the fibrous bed and the screen
which tended to compress the fiber bed.

¢ Similarly, gravity worked on particulates that were caught in the fibrous bed of the demonstration testing tended to
pull the fibrous bed apart, whereas, for the testing performed to support the development of the NUREG/CR-6224
head loss correlation, particulates were trapped on top of the fibrous debris bed and gravity, like the flow, worked to
compress the fibrous debris bed. .

e The NUREG/CR-6224 head loss correlation was developed from data collected using a vertical loop test facility with
a small diameter flow channel in which all of the flow was directed downward through a fixed, predetermined debris
bed. In areactor, the flow area is large and the flow patterns sufficiently varied that the uniform directional flow
conditions of the NUREG/CR-6224 test do not apply.

¢ Finally, the NUREG/CR-6224 correlation was developed from test data for velocities ranging from 0.15 ft/sec to 1.5
ft/sec (NUREG/CR-6224, Section 6.4). As shown in Table 3-1 below, the liquid velocities in the core are at or below
the bottom range of the velocities used in developing the NUREG/CR correlation. At lower velocities associated with
PWRs, there would be less compaction of any fiber bed.

For these reasons, the NUREG/CR-6224 head loss correlation is not directly applicable to the head loss associated with
the collection of fibrous debris at the core inlet and, for the same fibrous and particulate debris loading, will be overly
conservative in predicting the head loss through the fibrous debris bed on a fuel grid.

Finally, based on the observations and data presented in the response to RAI #2, core “blockage” is not experienced over
the range of conservative fibrous and particulate debris loadings on debris capturing features of current fuel design. These
observations and data confirm that the same type of debris bed head loss seen in the tests to develop NUREG/CR-6224
does not form for fuel geometries and orientations.

The table below lists representative velocities that are expected to occur in the core during long-term core cooling when

the ECCS is realigned to recirculate coolant from the reactor containment building sump into the cold leg. These
velocities were evaluated are prior to initiating hot-leg recirculation.
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Table 3-1: Representative Core Velocities at Time of Initiation of Recirculation from the Reactor
Containment Building Sump

NSSS Design Break Location ECCS Operation Core Velocity
Cold-leg Break 1 or 2 trains 0.10 ft/sec”
B&W, CE and X @
I train 0.20 ft/sec'?
W 3- and 4-loop plants Hot-Leg Break =~ [-------mmmmmmmmm oo b
2 train 0.40 ft/sec®
Cold-Leg Break Max. UPI flow 0.10 ft/sec®
W 2-loop plants
Hot-Leg Break Max UPI flow N/A®

Notes:

(1) Velocity is based on making up for core boil-off. The value listed is considered a maximum core velocity as it is
taken at time of ECCS switchover from RWST/BWST injection to recirculation from the sump when the core
decay heat is a maximum.

(2) All ECCS flow is taken to flow through the core.
(3) Assumes all ECCS flow to the core is through the UPI port.

(4) For the hot-leg break, the core is deluged by the UPI flow and excess coolant flows out the hot-leg break. While
there is recirculation of flow in the core for a hot-leg break in a Westinghouse 2-loop PWR with the UPI flow, a
bulk core velocity (such as would be occur with bottom-flooding of a 3-loop or 4-loop PWR) is not meaningful
for a 2-loop PWR plant.

RAI #4

On page xvi and xvii, it is stated that 99.4% blockage results in adequate flow to the core to provide cooling. This results
is not surprising since the vessel is in a boiling pot condition which will enable the fluid levels to balance under such low
flow hydrostatic conditions. However, the injection water contains boric acid. Since the core in boiling, the boric acid
will buildup in the core and because the 99.4% of the core inlet is blocked, the higher density boric acid solution in the
core will not mix with the lower plenum. The boric acid concentration in the core will increase until precipitation occurs.
As such, because the evaluation did not consider the buildup of boric acid, adequate core cooling is not assured and the
statements guaranteeing adequate core cooling are unfounded. Evaluations need to be performed to show that with the
maximum credible blockage, boric acid precipitation is assured. The evaluation and analysis with COBRA/TRAC
performed with 99.4% blockage is meaningless. Furthermore, what is the minimum blockage that enables the boric acid
to mix sufficiently with the lower plenum to preclude precipitation? Can the concentrated boric acid mixture combine
with the blockage materials at the inlet can prevent flushing of the core following the switch to simultaneous injection?
What happens as boric acid settles on top of potential blockages at the inlet to the core of the core and spacer grid
locations?

RESPONSE TO RAI #4

The condition of 99.4% blockage scenario was presented as a demonstration case representing extreme conditions where
core cooling would still be maintained. As discussed in Section 2.1, significant blockage of the core is not expected even
for the most limiting case of a hot leg break and maximum core SI throughput. The limiting scenario for boric acid
precipitation is a cold leg break were the core flow is stagnant with only enough core inlet flow to replace core boiloff. A
stagnant core region provides the only scenario for which boric acid will accumulate. For this scenario, core inlet SI
throughput is an order of magnitude less than the hot leg break case. For a hot leg break, all cold leg injected SI flow is
forced through the lower plenum; whereas for a cold leg break, all cold leg injected SI flow in excess of that required to
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replace core boiloff spills out the break. Furthermore, since the excess SI flow spills out the break, it would be repeatedly
re-filtered through the sump screens. Only high levels of core inlet blockage would have an effect on core region / lower
plenum mixing. However, since a high level of core inlet blockage will not occur even for the worst case of maximum
core Sl throughput (see discussion in Section 2.1), and since for the limiting scenario (i.e. cold leg breaks), the amount of
core inlet blockage would be an order of magnitude less than the worst case, lower plenum mixing is justified and
licensing basis boric acid control analyses remain valid.

A high level of core inlet blockage will not occur. Therefore no testing to determine the mixing behavior between the
core and lower plenum with a blockage at the core inlet has been performed to date. '

After the switch to simultaneous injection, SI flow injected into the hot leg will initiate the dilution process for a highly
concentrated core. Since the break must be in the cold leg (to get a highly concentrated core), the driving head for the
core dilution flow can extend well up into the intact hot legs and SGs. This driving head would force flow through the
core and therefore the conditions for boric acid precipitation will not exist.

RAI #5

On page 2-4 it is stated that analyses using WCOBRA/TRAC demonstrated that with even as much as 99.4% of the core
blocked, core decay heat was adequately removed.

a.  So that this analysis may be related to a plant specific core blockage condition, please relate the results of the
WCOBRA/TRAC analyses for the minimum blockage for which adequate core cooling can still be provided to an
equivalent fiber bed using the pressure drop correlation of NUREG/CR-6224.

b.  As debris and chemicals are concentrated within the core by the boiling process, the density of the fluid in the core
will increase. This increase in density will act to retard core flow. Provide an evaluation of the effect of increased

core density on the results from the WCOBRA/TRAC analysis of core blockage.

RESPONSE TO RAIT #5

a. As noted in the responses to RAI #2 and RAI #3, the pressure drop correlation of NUREG/CR-6224 is not directly
applicable to fibrous debris collected at the core inlet for PWRs.

The response to RAI #2 provides observations and data from tests of the collection of bypass debris, both fibrous and
particulate, from an active replacement sump screen for a high fiber plant on debris capturing grids for a fuel
assembly. The data testing provided in the response to RAI #2 shows that, even if a fiber bed with particulates forms
at the bottom of the fuel, coolant will continue to pass through the bed.

Finally, the NUREG/CR-6224 correlation was developed from test data for velocities ranging from 0.15 ft/sec to 1.5
ft/sec (NUREG/CR-6224, Section 6.4). As shown in Table 1 of the response to RAI #3, the liquid velocities in the
core are at or below the bottom range of the velocities used in developing the NUREG/CR correlation.

Thus, it is concluded the requested comparison cannot be performed such that it is meaningful to evaluating long-term
core cooling.

b. An increase in the core fluid density due to concentration of debris and chemicals will result in an unstable
configuration leading to natural convection flow patterns between the core and the less dense lower plenum, which
will limit the density build-up. This was demonstrated in the BACCHUS test results previously provided to the NRC
in the following reference:

Entergy Letter to NRC, W3F1-2005-0012, “Supplement to Amendment Request NPF 38 249, Extended Power
Uprate, Waterford Steam Electric Station, Unit 3,” February 16, 2005.
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The effects of an increase in density in the core (and eventually, lower plenum) due to concentrating debris and
chemicals would not be expected to affect the main conclusions of the WCOBRA/TRAC study; namely, that core
cooling would be expected to be maintained even with significant blockages. This cannot be quantitatively
demonstrated by WCOBRA/TRAC, as it is beyond the code’s modeling capability. Also, the resulting density would
be dependent on a number of plant-specific factors. However, it can be qualitatively supported by responses to recent
NRC questions on an Extended Power Uprate application. Actions are taken to initiate core dilution measures prior to
reaching the solubility limit of boric acid. In this RAI response, it was shown that a boric acid and water solution that
approaches the solubility limit would have a density increase on the order of 10%, based on information provided in
EPRI NP-5558. Such an increase would not be expected to offset the available driving head seen in the
WCOBRA/TRAC calculations presented in Appendix B. (This density increase did not include any effects of debris
in the core. However, build-up of any debris in the core would be expected to be very gradual, and not significant
enough to alter this conclusion.)

(RAI #4 commented that the WCOBRA/TRAC study performed with 99% blockage is meaningless. It should be
noted that the primary purpose of the calculations summarized and presented in Appendix B was to complement
similar studies performed by NRC staff with the RELAP-5 and TRACE codes. Similar modeling assumptions and
simplifications were made in the NRC assessments; the results of the NRC studies were presented at a NRC/industry
meeting held on August 2, 2006.)

RAI #6

On page 2-7 it is stated that two sample calculations were provided in Section 5 for predicting chemical deposition on fuel
cladding.

a. The staff was only able to find one sample calculation in Section 5 and in Appendix E. Please provide the other
sample calculation.

b. For a plant specific submittal to reference a sample calculation as bounding for that plant, a list of critical input
parameters would need to be compared. Please provide a table giving these parameters and the values assumed in
the sample calculations.

RESPONSE TO RAI #6

(a) The text incorrectly identified that two (2) sample calculations were provided in Section 5. Only one was provided.
The text will be corrected to reflect that only one (1) sample calculation is presented.

(b) A table showing the input values for the LOCADM sample calculation has been provided. (See Attachment 1.)

RAI #7

On page 2-12 it is stated that the effect of settled debris in the lower plenum on licensing basis boric acid precipitation
analyses is judged to be small and plant-specific evacuations are not required. Please provide evidence that this statement
is true for all PWRs or provide criteria that plants should meet to demonstrate that this concern is not an issue in plant
specific submittals.

RESPONSE TO RAI #7

Section 9.1 in Reference 7-1 (below) discusses the impact of settled debris on the reactor internals and advises licensees to
evaluate the volume of settled debris against the available volume of the lower plenum. The calculation of the amount of
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settled debris in the lower plenum would be based on the limiting scenario of a hot leg break and maximum reactor vessel
throughput.

Boric acid precipitation is not an issue for a hot leg break since there will be forced flow through the reactor vessel such
that boric acid accumulation will not occur. For a hot leg break, the licensees will demonstrate that the volume of debris
that settles in the lower plenum is less than the available free volume in the lower plenum and therefore a flow path to the
core is assured.

The limiting scenario for boric acid precipitation is a cold leg break where the core is stagnant with only enough core inlet
flow to replace core boiloff. For this scenario, lower plenum flow is an order of magnitude less than the hot leg break
case where the lower plenum sees maximum throughput. Furthermore, the vast majority of SI flow would go out the
break and would be repeatedly re-filtered through the sump screens. Since the volume of settled debris in the lower
plenum would be approximately proportional to the flow into the lower plenum, the maximum volume of settled debris in
the lower plenum for a cold leg break would be less then one tenth of the available volume of the lower plenum (based on
an order of magnitude difference cold leg break and hot leg break core flow).

In response to recent NRC concerns, evaluations have been performed so that there are now few, if any, plants that rely on
the total lower plenum volume when calculating core region boric acid buildup. A clarification letter has been sent to
licensees advising of the need to consider displaced lower plenum volume on these calculations.

NRC reviewers have requested examples of licensing basis boric acid precipitation analyses under this RAI. The
references listed below are examples of licensing basis boric acid precipitation analyses that have been recently submitted
to NRC for Westinghouse PWRs:

Plant Type ADAMS Accession Number
Westinghouse 2-Loop PWR ML060180262
Westinghouse 3-Loop PWR ML053290133
Westinghouse 4-Loop PWR ML072000400

These submittals were made with the appropriate affidavit of withholding, as applicable, and should be handled
accordingly.

It is should be noted that each plant has a boric acid precipitation strategy as part of their licensing basis. While the
methods described in the examples identified in this RAI response may not be exactly the same from plant to plant, the
examples are representative of the approach taken throughout the PWR industry with respect to establishing a core mixing
volume.

REFERENCE FOR RAI #7 RESPONSE:

7-1. WCAP-16406-P, Evaluation of Downstream Sump Debris Effects in Support of GSI-191, June 2005.

RAI #8

On page 2-13 it is stated that for limiting boric acid precipitation scenarios (i.e. relatively stagnant core region) the
alternate core flow paths would not see significant blockage since the flow areas are not effective debris traps or filters.
Please demonstrate that for such a cooling scenario that boric acid and other dissolved and suspended substances would
not accumulate in the core and precipitate.
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RESPONSE TO RAI #8

The licensing basis for US PWRs includes analyses that demonstrate boric acid precipitation will not occur for the
limiting cold leg break and stagnant core region scenario. Typically the purpose of these analyses is to verify the
timeliness of an active or passive core dilution mechanism. Nearly all of these analyses credit alternate flow core flow
paths either to support an expanded mixing volume or to provide core dilution. Active or passive core dilution
mechanisms will keep boric acid and other dissolved and suspended substance from accumulating in the core. There are
no credited alternate flow paths that would have minimum flow restrictions less than the particle size that might pass
through the sump screens.

NRC reviewers have requested examples of licensing basis boric acid precipitation analyses under this RAI. The
references listed below are examples of licensing basis boric acid precipitation analyses that have been recently submitted
to NRC for Westinghouse PWRs:

Plant Type ADAMS Accession Number
Westinghouse 2-Loop PWR ML060180262
Westinghouse 3-Loop PWR ML053290133
Westinghouse 4-Loop PWR ML072000400

These submittals were made with the appropriate affidavit of withholding, as applicable, and should be handled
accordingly.

It is should be noted that each plant has a boric acid precipitation strategy as part of their licensing basis. While the
methods described in the examples identified in this RAI response may not be exactly the same from plant to plant, the
examples are representative of the approach taken throughout the PWR industry with respect to establishing a core mixing
volume.

RAI #9

Page 2-15 states that debris buildup on mixing vanes, fuel grids will occur over time. Since the boric acid is also
concentrating over time, combination of the debris in vanes and grids over time may form a localized blocked region or
regions (containing debris and boric acid) that could cause localized precipitations that could collectively build over time
and eventually block large regions of the core. The combination of the debris and the higher concentrate boric acid could
form sustained blockages at the vanes and or grids or core inlet. Please explain. Please also discuss the calculations
performed to show how the boric acid mixes through the core and lower plenum with debris in the vanes/grids and lower
plenum. Current long term cooling analyses assume perfect uniform mixing of the boric acid in the core, lower and upper
plenum. Localized gradients that may occur due to the debris/boric acid concentrations could cause local concentrations
to exceed the precipitation limit. Since the lower plenum contains cooler injection water plus debris, a higher
concentration will be needed in the core to initiate mixing into the lower plenum during the long term. Please demonstrate
that the worst plant would not develop boric acid concentrations that approach the precipitation limit with the largest
amount of debris. Also, how does high concentrate boric acid (up to 32 wt%) diffuse downward through fibrous and/or
debris blockages plus the strainers at the core inlet while the water flows upward to keep the core covered? Please
explain.
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RESPONSE TO RAI #9

As mentioned previously, there are three considerations that minimize the potential for the postulated blockage of large
regions of the core.

1. Ingested debris will not begin to collect until the ECCS enters recirculation phase. Since the core boiloff rate
decreases with time, the period of the greatest rate of boric acid accumulation will occur prior to recirculation.

2. For a hot leg break, the scenario for greatest debris accumulation is not a concern. Conversely, for a cold leg break,
which is the boric acid precipitation scenario of concern, core flow is stagnant and therefore debris accumulation is
minimal. (See response to RAI#7 for additional discussion.)

3. All plants have boric acid precipitation control measures that promote core dilution after a LOCA. These measures
typically rely on an operator initiated action, at some specified time, to start core dilution prior to reaching the boric
acid solubility limit. These measures will serve to dilute concentrated sump chemical and suspended debris that
might accumulate in the core region. Core dilution flow will flush concentrated chemicals and suspended debris out
of the vessel and out the break.

With little debris accumulating in the core, at the core inlet, or in the RV lower plenum regions, mixing will continue due
to convection, diffusion, local turbulence, and bubble mixing phenomena.

For the stagnant flow conditions of the boric acid precipitation scenario, there will not be sufficient core region, core inlet
and lower plenum debris accumulation to invalidate licensing basis boric acid precipitation analyses. When considering
the potential for boric acid precipitation after the switch to sump recirculation, the calculations in Appendix F indicate that
the sump chemistry is such that boric acid precipitation will not occur, even in high concentrations. For example, Runs 1
and 3 in Appendix F indicate no boric acid precipitates when the sump solution is concentrated to a factor of 20, and then
cooled to 212°F.

RAI#10

On page 2-14 in Section 2.7.2 dealing with upper plenum injection at UPI plants, it is stated that for a hot leg break, the
coolant flow-through from the cold leg through the core and out the break is sufficiently large to maintain debris
introduced by the UPI flow, entrained in the flow and transported it out the break. Please provide justification for this
statement. The NRC staff understands that for some UPI plants, cold leg ECCS flow is terminated when sump
recirculation begins. Under these conditions core flow would be stagnant and debris will accumulate.

RESPONSE TO RAI #10

The statement in the WCAP is incorrect. The licensing basis for Westinghouse 2-loop PWRs is for the recirculation flow
to be provided through the UPI ports and for all cold-leg flow to be secured. This statement in the WCAP will be
corrected.

The UPI nozzle for a Westinghouse 2-loop PWR has an inside diameter of about 4 inches. These nozzles are located
approximately 180° opposite of each other. Assuming a minimum total UPI flow of 1200 gpm and an equal flow
distribution between the two UPI nozzles, the flow rate through each nozzle is 600 gpm or approximately 1.34 ft/sec.
Thus, the minimum velocity of the UPI flow through each UPI nozzle is calculated to be approximately 15.3 ft/sec. At
these jet velocities, the upper plenum coolant inventory is not stagnant. Rather, the UPI jet flow, in conjunction with
impingement of the jets on upper internals structures, generates turbulent mixing of the UPI flow with the coolant
inventory in the upper plenum.
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The volume between the top of the active fuel and the bottom of the hot-leg for a Westinghouse 2-loop PWR is about 190
ft*. For a UPI flow of 1200 gpm, the equivalent volumetric flow is about 2.68 ft*/sec. Neglecting any water level above
the bottom of the hot-leg, which would be small for a double-ended guillotine hot-leg break, and assuming a constant
volume of water in the upper plenum, approximately 71 seconds are required to “turn over” the entire fluid inventory of
the upper plenum. This quick turn-over time further supports that the upper plenum is well mixed by the UPI flow.

The turbulent mixing, in turn precludes settle-out of debris in the upper plenum. With the turbulent flow and mixing in
the upper plenum precluding debris settle-out in the upper plenum, debris will be carried with the expulsion of UPI flow
out the hot-leg break.

RAI#11
On page 2-15 it is stated that complete compaction of debris that might collect at the bottom of the fuel at the debris

trapping features will not occur for a UPI plant and that the packing will likely be less than 60 percent. Please provide the
flow loss coefficient which would occur for this condition and give guidance as to what maximum loss coefficient would

be acceptable.

RESPONSE TO RAT #11

The 60% voiding can be conservatively approximated as a 60% blockage of the core. This would present a bounding or
maximum resistance to flow through the debris bed.

The WCOBRA/TRAC evaluations described in Section 6 demonstrate that adequate flow is maintained with a
deterministically assigned blockage of 82% to provide for long-term core cooling. Thus, conservatively taking the 60%
packing factor to be representative of a 60% blockage, adequate long-term core cooling will be provided for.

RAI #12

On page 2-15 regarding UPI plants, it is stated that if coolant flow is sufficiently restricted through a debris bed that clad
temperatures increase to about 15°F to 20°F above the coolant temperature, the coolant would begin to boil. The steam
formed would be about 40 to 50 times the volume of the water, and would cause the debris bed to be displaced, allowing
for coolant to flow and to cool the cladding surface. Please justify that cooling will be maintained for a debris bed
blocking the bottom of the core with steam rising through the top. Provide justification that boric acid and chemicals
dissolved in the coolant would not increase to an unacceptable concentration under these conditions.

RESPONSE TO RAI #12

Blockage of the core may occur only by debris-laden coolant being provided to the core. The refueling water storage tank
(RWST) does not have debris in it. Therefore, during injection of the RWST inventory, no debris is provided to the core
for PWRs.

Westinghouse 2-loop plants with upper plenum injection (UPI) do not maintain flow into cold legs once the switchover of
the emergency core cooling system (ECCS) from injecting from the RWST to recirculating coolant from the reactor
containment building sump is accomplished; the recirculating flow is ducted to the reactor vessel through the UPI
penetrations in the reactor upper plenum. For cold leg breaks, coolant is introduced into the reactor vessel from the UPI
nozzles and flows down though the core and out the break. If blockage due to the accumulation of debris were to occur, it
would occur at the top of the fuel. As was the case with bottom-up flooding of the core, and as demonstrated in the data
presented in the response to RAI #2, a complete blockage is not expected because of the short fibers that pass through the
sump screen do not provide for a bed formation as demonstrated in the replacement sump screen tests.
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The switchover of the ECCS from injecting from the RWST to recirculating coolant from the reactor containment building
sump is accomplished by operators taking the actions identified in their plant-specific Emergency Operating Procedures
(EOPs). Each of the UPI plants has a licensing basis analysis for addressing boric acid precipitation that has been
reviewed and approved by NRC. This same flow that provides for core cooling and boric acid precipitation will dilute the
core and keep boron compounds and other chemicals that may be dissolved in the recirculating coolant from accumulating
in the core.

As described in the response to RAI #10, for hot leg breaks, the upper plenum will be well mixed in the upper plenum
with excess UPI flow exiting out the break. Debris accumulation in the upper plenum and upper fuel region will be

minimal since debris will be carried out the break with the excess ECCS flow.

In case of either a hot-leg or a cold-leg break, the formation of a debris bed on the bottom of the fuel is not considered
" credible.

A representative evaluation of core dilution for a 2-loop PWR was identified and provided in the response to RAI #7 and
RAI #8.

The evaluation of effect of chemicals dissolved in the UPI flow for a hot-leg break are performed on a plant-specific basis
using the LOCADM calculation tool described in Appendix E of WCAP-16793-NP.

RAI#13
Calculations for cladding heat up behind fuel grids are presented in section 4.1 and Appendix C. The ANSYS code was
used in these calculations. Please provide a reference for this computer code and for the review of this computer code by

the NRC staff.

RESPONSE TO RAI #13

The ANSYS Mechanical software was used for the cladding heat up behind fuel grid. This software is in common use
internationally to solver a wide range of mechanical engineering problems. The use of the thermal analysis capability of
the ANSYS Mechanical software for WCAP-16793-NP was in accordance and consistent with standard industry practices
for both- ANSYS Mechanical software, and other similar engineering problem solving software.

The ANSYS Mechanical software offers a comprehensive product solution for structural linear/nonlinear and dynamics
analysis. The product offers a complete set of elements behavior, material models and equation solvers for a wide range of
engineering problems. In addition, ANSYS Mechanical offers thermal analysis and coupled-physics capabilities
involving acoustic, piezoelectric, thermal—structural and thermal-electric analysis. For the cladding heat up calculations,
only the thermal solution capabilities of the ANSYS Mechanical software were used.

As a clarification, by submitting WCAP-16793-NP, the PWR Owners Group is not requesting NRC review the ANSYS
Mechanical software. Rather, the PWR Owners Group is requesting that the NRC concur that the software was
appropriately used consistent with industry practice and that the results of the analyses are acceptable.

Additional information regarding the ANSYS Mecahnical software may be obtained from the following website:
WWW.ansys.com.
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RAI #14

The maximum debris thickness that was evaluated using the ANSYS computer code was 50 mills. Is 50 mills the
maximum acceptable thickness for debris collection behind a fuel element spacer grid? If not, please provide the
acceptance criterion. What would be the thickness of debris if a spacer grid were to become completely filled? Provide
an analysis of the resulting peak cladding temperature if the location between a spacer grid and an fuel rod were to
become completely filled with debris.

RESPONSE TO RAI #14

The minimum clearance between two adjacent fuel rods, including an allowance for the spacer grid thickness, is greater
than 100 mils. Therefore, the 50-mil debris thickness on a single fule is maximum deposition to preculde touching of the
deposition of two adjacent fuel rods with the same deposition. The 50 mil thickness is the maximum acceptable
deposition thickness before bridging of adjacent fuel rods by debris is predicted to occur.

For current fuel designs, the minimum clearance between a the cladding and the spacer grid is about 40 mils; this occurs
where the springs and dimples of the grid contact the fuel rod. The maximum clearance between the cladding and the
spacer grid occurs along the diagonal of the of a grid cell and is about 110 mils. Thus, if a spacer grid were to become
completely filled, the radial thickness of the debris on the oustside clad would vary from about 40 mils to about 110 mils
about the circumference of a fuel rod.

The example chemcial product deposition calculation performed in Appendix E of WCAP-16793-NP was performed with
inputs intented to maximize chemical deposition. That deposition calculated for the sample case was less than 30 mils.
Thus. although the chemical deponsition of fuel is a plant-specific calculation, plants are not expected to calculate
deposition thicknesses in excess of 30 mils. Thus, for chemcial depostion, the range of cladding heat up calculations
behind spacer grids presented in WCAP-16793-NP is bounding.

The formation of a chemcial deposition layer followed by the collection of fibrous debris in the remaining open channel
will not challenge the cooling of the clad. The response to RAI #15 shows that the effective thermal conductivity of a
fibrous debris bed is at least 5 times greater than the minimum thermal conductivity of 0.1 Btu/(hr-ft-°F) used in the
cladding heat up calculations. Based on observations from testing of fibrous debris collection on debris capturing grids
identified in the response to RAI #2, a complete blockage of a spacer grid with fibrous and particulate debris is not
credible. The test data shows that, even under extreme fibrous and particulate debris loads, flow through the resulting
debris bed is maintained.

To assess a maximum clad temperature under worst case debris deposition in a single spacer grid/fuel rod configuration,
the following assumptions are made:
e A uniform debris layer thickness of 110 mils is assumed on the cladding, and,

e  The debris layer is assigned the conservative effective thermal conductivity for a fibrous debris bed recommended
in the response to RAI #15 for Debris Thermal Conductivity = 0.1 Btu/(hr-ft-°F).

Under these limiting assumptions, extrapolating the calculated clad temperatures listed in Table 4-3 listed for the effective
thermal conductivity kere = 0.1 Btu/(br-ft-°F), it is estimated that the maximum clad temperature behind a grid would be
less than 738°F. This is a extremely conservative estimate of the clad temperature for the following reasons;

¢ A conservatively small value of conduction through the debris bed identified in the response to RAI #15 is used,

e  The calculation does not account for circumferential heat transfer about the debris bed which would form in the
spacer grid between the dimples and springs and the corners of the spacer grid, and,
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e  Convection of heat by the flow of coolant through the debris bed is neglected. (The ability of coolant to pass
through a fibrous and particulate debris bed under PWR flow conditions was demostrated in the response to RAI
#2.) -

Therefore, the estimation of an maximum clad temperature of 738°F is a very conservative estimate of the maximum clad
temperature if the location between a spacer grid and an fuel rod were to become completely filled with debris.

RAJ #15

Section 4.1.4 states that in using the ANSY'S code that debris is assumed to have the same thermal properties as crud. A
value for thermal conductivity of 0.5 BTU/(hr*ft*deg-F) is recommended and the lowest value of thermal conductivity
examined was 0.1 BTU/(hr*ft*deg-F). If a debris bed trapped behind a fuel element spacer grid were composed of
fibrous insulation the thermal conductivity would be much lower. Please justify not using a thermal conductivity
appropriate for fibrous insulation.

RESPONSE TO RAI #15

NUKON?® is a low density fiberglass insulation material commonly used in PWR reactor containment buildings.
Performance Contracting, Inc. (PCI), the owners of the NUKON® product line, were requested to provide information
they had regarding the effect of wetting NUKON® on the effective thermal conductivity of the insulation. PCI noted that
the thermal conductivity of fibrous insulation is a function of the moisture content. Under normal industrial and nuclear
applications, NUKON® is used on hot piping and components; thus the moisture content is low. PCI stated they had no
data for the thermal performance of wetted insulation as, for industrial applications, when insulation becomes wetted it
ceases to perform its function and remedial action are taken. The remedial actions are usually removing the source of
moisture and either drying or replacing the affected insulation.

Although they did not have data on the effect moisture had on effective thermal conductivity of NUKON®, based on their
experience in both industrial and nuclear applications of NUKON®, PCI noted that as fiberglass wool becomes wetted, the
value of the thermal conductivity of the wetted insulation tends towards the value of water. As the insulation becomes
fully saturated, or if there is water flow through the wool, then the effective thermal conductivity takes on a mixed
conductive/convective value that is greater than the conductivity of water.

WCAP-16793-NP states that fibrous material on fuel structures with at least a porosity of 40%. As the fibrous debris is
collected first on fuel structures (grids) at the core entrance, the fibrous collection will be fully saturated with the voids
between fibers filled with water. Furthermore, the fibers are expected to collect on fuel structures (grids) in a random
orientation. Assuming the water in the fiber bed is stagnant, a volume-weighted thermal conductivity would appropriately
represent a minimum thermal conductivity for a saturated fiber bed.

For a saturated fiber bed with a porosity of 40%, a volume-weighted thermal conductivity is calculated as follows;

Thermal conductivity of water and glass:
Water = 0.40 Btu/(hr-ft-°F)
Glass = 0.59 Btw/(hr-ft-°F)

Volume Fraction of water and glass in the debris collection:
0.40
0.60

Water
Glass

Effective Thermal Conductivity (kggr)
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