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1.0 INTRODUCTION AND BACKGROUND 15 
 16 
As a consequence of the U.S. Nuclear Regulatory Commission’s (NRC’s) evaluation of Generic 17 
Safety Issue 191 (GSI-191), “Assessment of Debris Accumulation on Pressurized Water 18 
Reactor (PWR) Sump Performance,” in September 2004 the NRC issued Generic Letter 19 
(GL) 2004-02, “Potential Impact of Debris Blockage on Emergency Recirculation During Design 20 
Basis Accidents at Pressurized-Water Reactors.”  GL 2004-02 requested that holders of 21 
operating licenses for PWRs perform evaluations of the emergency core cooling system (ECCS) 22 
and the containment spray system (CSS) to assess the potential for debris entrained in the 23 
circulated containment pool, following a loss-of-coolant accident (LOCA), to block restrictions 24 
within the ECCS recirculation flow path, including blockage within the reactor fuel assemblies.   25 
 26 
In December 2004, the Nuclear Energy Institute (NEI) published NEI 04-07, “Pressurized Water 27 
Reactor Sump Performance Evaluation Methodology” (Agencywide Documents Access and 28 
Management System (ADAMS) Accession No. ML050550138), providing a method for 29 
licensees to resolve some aspects of GL 2004-02.  The NRC staff safety evaluation (SE) of 30 
NEI 04-07 (ADAMS Accession No. ML050550156) found that in order to adequately address the 31 
downstream effects of debris that passes through the ECCS sump strainer(s), additional 32 
guidance was needed in the area of downstream blockage in the reactor vessel.   33 
 34 
In response to the SE conclusions on NEI 04-07, the Pressurized Water Reactor (PWR) Owners 35 
Group (PWROG) sponsored development of Topical Report (TR) WCAP-16793-NP, “Evaluation 36 
of Long-Term Cooling Considering Particulate, Fibrous and Chemical Debris in the Recirculating 37 
Fluid,” Revision 0 (Reference 1).  Reference 1 evaluated the effects of debris and chemical 38 
precipitates on core cooling for PWRs when the ECCS is aligned to the containment sump.  The 39 
objective was to demonstrate that following a LOCA, long-term core cooling (LTCC) can be 40 
maintained to satisfy the requirements of Title 10 of the Code of Federal Regulations  41 
Section 50.46 (10 CFR 50.46).  The TR intended to provide reasonable assurance that debris in 42 
the circulated containment pool will not prevent adequate cooling of the core.   43 
 44 
The NRC staff reviewed TR WCAP-16793-NP, Revision 0, and issued requests for information 45 
(RAIs) in letters dated September 10 and September 20, 2007 (References 2 and 3, 46 
respectively).  The responses to these RAIs are contained in a letter from the PWROG to NRC 47 
dated January 17, 2008 (Reference 4).  On August 22, 2008, the NRC staff issued an additional 48 
set of RAIs (Reference 5). 49 
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In response to the RAIs, contained in Reference 5, the PWROG undertook a test program to 1 
examine the synergistic effects of chemical precipitates, fiber, microporous insulation, and 2 
particulate on the flow of coolant through the core.  In April 2009, the PWROG submitted 3 
Revision 1 to TR WCAP-16793-NP (Reference 6) incorporating limits on the amounts of debris 4 
that could be ingested in the reactor vessel such that adequate flow to the core can be 5 
maintained to accomplish long-term core cooling.  Reference 6 referenced two proprietary test 6 
reports that support the debris limits. 7 
 8 
The debris limits in TR WCAP 16793-NP, Revision 1 (Reference 6), were developed through 9 
flow testing performed on mock AREVA NP, Inc. (AREVA) and Westinghouse Electric Company 10 
(Westinghouse) fuel assemblies at two separate test facilities.  Westinghouse-designed fuel was 11 
tested at the Westinghouse Science and Technology Center and AREVA-designed fuel was 12 
tested at Continuum Dynamics Inc. (CDI).  The mock fuel assemblies were approximately one-13 
third the height of actual fuel assemblies and typically contained four to five intermediate grid 14 
straps.  The fuel assembly test protocol and test results are described in proprietary reports 15 
WCAP-17057-P, Revision 0 (Reference 7), and EIR 51-9102685-000 (Reference 8) for 16 
Westinghouse and AREVA fuel designs, respectively.  These proprietary reports were not part 17 
of TR WCAP-16793-NP, Revision 1.  The NRC staff reviewed TR WCAP-16793-NP, Revision 1, 18 
and the proprietary test reports and issued RAIs in letters dated January 8 and 15, 2010 19 
(References 9 and 10, respectively).  The responses to these RAIs are contained in 20 
References 11, 12, and 13.  Additional information on “mixed cores” (i.e., cores containing fuel 21 
from more than one vendor) was provided by the PWROG in Reference 14.   22 
 23 
During the review processes, NRC staff noted that for some test conditions, there was an order 24 
of magnitude difference in the debris acceptance limit between the fuel supplied by 25 
Westinghouse and the fuel supplied by AREVA.  In a May 25, 2010, Category 1 public meeting 26 
with the PWROG to discuss fuel assembly testing, NRC staff requested that the PWROG test 27 
each vendor’s fuel assembly in the other vendor’s test facility (cross-test) to confirm that the 28 
differences in behavior of the two fuel designs are due to differences in fuel design and not due 29 
to differences in the test facilities.  The meeting summary can be found in Reference 15. 30 
 31 
In response to the NRC request, the PWROG initiated several additional tests to address NRC 32 
staff’s concerns.  The additional testing, including a two-way cross-test, showed that the results 33 
obtained at one test facility, using one vendor’s fuel assembly, could not be duplicated at the 34 
other test facility within the accepted tolerance limits.   35 
 36 
As a result of the additional testing, the lower fiber acceptance limit of the two fuels was 37 
established as the acceptance limit for the fuel designed by both Westinghouse and AREVA.  38 
Westinghouse revised WCAP-17057-P, and issued it as Revision 1 (Reference 16) and AREVA 39 
issued proprietary test report EIR 51-9170258-000 (Reference 17).  Also, the PWROG issued 40 
TR WCAP-16793-NP, Revision 2 (Reference 18), herein referred to as the “WCAP,” to reflect 41 
the results of the additional testing and the basis for the (now lower) fiber acceptance limit.   42 
 43 
The PWROG submitted two supplements to WCAP-16793-NP, Revision 2, as follows:  with 44 
“Submittal of “Proposed Supplement to WCAP-16793-NP, Revision 2” , PA-SEE-0312, 45 
Revision 4, dated May 25, 2012, (Reference 42) and Submittal of “Supplement to 46 
WCAP-16793-NP, Revision 2”, PA-SEE-0312, Revision 4, dated July 20, 2012 (Reference 43)  47 
The following sections of this SE describe the NRC staff’s review of TR WCAP-16793-NP, 48 
Revision 2 (Reference 18), the proprietary test reports WCAP-17057-P, Revision 1 49 
(Reference 16), EIR 51-9102685-000 (Reference 8), and EIR 51-9170258-000 (Reference 17), 50 



 
 

- 3 - 
 

 

the RAI responses in References 11, 12, and 13, and the information in Reference 14 on mixed-1 
fuel cores.  2 
 3 
The general format followed in this SE, beginning with Section 3.1.3 (Executive Summary), is to 4 
first describe the TR WCAP-16793-NP evaluations and conclusions, by section or subsection, 5 
then to immediately follow with the NRC staff’s evaluation of that section or subsection. 6 
 7 
The NRC staff also reviewed the information provided in the proposed and final supplements to 8 
the WCAP (References 42 and 43) and found that there was no additional information provided 9 
that would alter the conclusions reached in this SE.  Therefore, this SE does not contain 10 
detailed staff comments on the supplements contents. 11 
 12 
Notes:  13 
 14 

1. NRC staff has not issued a final SE for TR WCAP-16793-NP, Revision 0 or Revision 1 15 
(References 1 and 6, respectively), because TR WCAP-16793-NP, Revision 2, 16 
supersedes the earlier versions. 17 

 18 
2. Beginning with Section 3.2, the Subsection numbering system used in the Technical 19 

Evaluation section (Section 3) parallels the section numbering in TR WCAP-16793-NP, 20 
Revision 2 (Reference 18, hereafter referred to as the WCAP) (i.e., Section 3.2 of the SE 21 
corresponds to Section 2 of the WCAP, Section 3.3 of the SE corresponds to Section 3 22 
of the WCAP, and so on). 23 

 24 
2.0 REGULATORY EVALUATION 25 
 26 
GL 2004-02 requested that holders of operating licenses for PWRs perform evaluations of the 27 
ECCS and the containment spray recirculation functions.  These evaluations are to include the 28 
potential for debris blockage at flow restrictions within the ECCS recirculation flow path 29 
downstream of the sump strainer, including potential blockage at fuel assembly inlet debris 30 
strainers.  Other potential flow restrictions are the spacer grids within the fuel assemblies.  31 
Debris blockage at such flow restrictions has the potential to impede or prevent the flow of 32 
coolant to the reactor core, potentially leading to inadequate long-term core cooling. 33 
 34 
The acceptance criteria for the performance of a nuclear reactor core following a LOCA are 35 
found in 10 CFR 50.46.  The acceptance criterion dealing with the long-term cooling phase of 36 
the accident recovery is in 10 CFR 50.46(b)(5), which reads as follows: 37 
 38 

Long-term cooling.  After any calculated successful initial operation of the ECCS, the 39 
calculated core temperature shall be maintained at an acceptably low value and 40 
decay heat shall be removed for the extended period of time required by the long-41 
lived radioactivity remaining in the core. 42 

 43 
At the request of the PWROG (Reference 19), the NRC staff provided guidance on (1) 44 
acceptance criteria for long-term core cooling once the core has quenched and re-flooded, and 45 
(2) the mission time that should be used in evaluating debris ingestion effects on the reactor 46 
fuel.  The NRC staff provided these clarifications in a letter dated August 16, 2006 (Reference 47 
20).  To summarize, long-term cooling capability must be provided despite potential challenges 48 
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from chemical effects (boron precipitation)1 or physical effects (debris), as demonstrated by no 1 
significant increase in calculated peak cladding temperature (PCT).  After quench and re-flood, 2 
moderate increases in cladding temperature (on the order of 100 to 200 degrees Celsius) could 3 
be acceptable, if appropriately justified.  In addition, adequate core cooling performance during 4 
the ECCS mission time is demonstrated when bulk and local temperatures are shown to be 5 
stable or continuously decreasing with the additional assurance that any debris entrained in the 6 
cooling water supply would not be capable of affecting the stable heat removal mechanism due 7 
to sump strainer clogging or downstream effects. 8 
 9 
3.0 TECHNICAL EVALUATION 10 
 11 
3.1 GENERAL  12 
 13 
3.1.1 ECCS Description  14 
 15 
Following a large LOCA, the CSS is actuated to suppress containment building pressure and 16 
the ECCS is actuated to cover the core and remove decay heat.  (Note:  Some plants may not 17 
initiate CSS).  Initially, the source for this water is from stored locations, e.g., the refueling-water 18 
storage tank (RWST) at CE PWRs and Westinghouse PWRs, or the borated water storage tank 19 
(BWST) at B&W PWRs.  Water that is pumped into the reactor vessel is eventually discharged 20 
through the break into containment where it collects on the containment building basement floor 21 
and in the ECCS sump(s).  As the stored water supply is exhausted, the CSS and ECCS are 22 
realigned to draw coolant from the containment sump.  The coolant discharged from the reactor 23 
coolant system (RCS) and from the CSS is then circulated back into the RCS to provide for 24 
continued long-term core cooling without the need for additional cooling water.  There are two 25 
separate categories for LOCA break location depending on whether the break is upstream or 26 
downstream of the core (cold-leg side or hot-leg side), and two locations of initial core injection 27 
(cold-leg or downcomer, or upper plenum) depending on whether the plant design is a 2-loop 28 
Westinghouse upper plenum injection (UPI) plant, a B&W plant, a CE plant, or a 3-loop or 29 
4-loop Westinghouse plant.  The quantity of debris carried into the core, the quantity of debris 30 
deposited on fuel cladding surfaces and the head available to drive coolant into the core are 31 
greatly dependent upon the location of the pipe break.  The effect of the different break 32 
locations on CE plants, Westinghouse 3-loop and 4-loop plants, Westinghouse 2-loop plants, 33 
and B&W plants is discussed below.   34 
 35 
a. CE, Westinghouse 3-loop and 4-loop, and B&W plants 36 

 37 
During a LOCA in a CE plant or a Westinghouse 3-loop or 4-loop plant, the ECCS pumps are 38 
aligned to inject stored borated water into the RCS cold-legs.  In B&W plants, water is injected 39 
directly into the reactor vessel downcomer through nozzles located on the reactor vessel.  40 
These injection points are the same for all RCS break locations.  When the stored water is 41 
nearly depleted, the ECCS pumps are realigned to take suction from the containment sump for 42 
circulation of coolant for an indefinite period of time, thus providing long-term core cooling.   43 
 44 
In the event of a hot-leg break, the coolant pumped into the cold-leg is forced into the reactor 45 
pressure vessel (RPV), down the downcomer and up through the reactor core toward the break.  46 
During the LTCC period, core flow, plus a small amount of core bypass flow, is equal to the total 47 
                                                 
1 Section 8 of WCAP-16793-NP, Revision 2, states that the effects of boron precipitation on LTCC are 
being addressed by the PWROG in a separate program.  Refer to section 3.8 of this SE for a description 
of the program and the NRC staff evaluation.  
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ECCS flow delivered to the cold-leg or downcomer.  During LTCC, flow through the core may 1 
vary, depending on the system and number of pumps operating.  The bulk of the testing for the 2 
hot-leg break scenario was based on the maximum expected ECCS flow rate (44 gallons per 3 
minute (gpm) per fuel assembly) because this flow rate was shown through testing at lower flow 4 
rates (e.g., single train operation or high-pressure safety injection) to result in the greatest 5 
pressure drop across the test assembly.   6 
 7 
In the event of a cold-leg break at CE and Westinghouse reactors, and a cold-leg or injection 8 
line break in B&W reactors, ECCS coolant injected into the failed loop/pipe will exit the break 9 
and coolant injected into the intact loop/pipe will enter the downcomer annulus, ensuring that 10 
the downcomer is filled, at minimum, to the bottom of the cold-leg nozzle.  During a cold-leg 11 
break, once the core has been re-covered, the flow of coolant entering the core is only that 12 
required to replenish boil-off (less than 3 gpm per fuel assembly).  The excess coolant flows 13 
around the downcomer annulus and exits the RPV through the failed pipe.  Therefore, the long-14 
term core cooling period following a cold-leg or injection line break represents a minimum core 15 
flow condition.  Debris build-up at the core inlet and in the fuel assemblies under these 16 
conditions could affect heat transfer from the fuel cladding and could add to the resistance in the 17 
core inlet that must be overcome to drive adequate coolant into the core.  This minimum flow 18 
condition is also used in the LTCC evaluations because it represents the lowest available head 19 
to drive coolant into the core. 20 
 21 
b. Westinghouse 2-loop Upper-Plenum Injection (UPI) Plants 22 

 23 
For Westinghouse 2-loop UPI plants, initial ECCS flow to the RPV from the stored borated water 24 
source is through the cold-legs and nozzles on the RPV located above the fuel (upper plenum).  25 
At the time of ECCS pump suction realignment to the ECCS sump (sump switch-over), flow to 26 
the cold-legs is secured and ECCS flow to the upper plenum is maintained.  Therefore, during 27 
the LTCC period, the direction of ECCS coolant flow through the core is reverse of that for CE, 28 
B&W, and Westinghouse 3-loop and 4-loop plants. 29 
 30 
For a hot-leg break or UPI line break scenario, the bulk of the flow into the reactor upper plenum 31 
during sump circulation flows out the failed hot-leg or UPI nozzle, carrying the bulk of the 32 
suspended debris out of the vessel.  Water level is maintained at the break elevation, but not 33 
below the hot-leg or injection nozzle bottom elevation.  The flow into the core is by gravitational 34 
force and is only that needed to replenish the coolant boiled away.  Excess ECCS flow is 35 
discharged through the break.  Therefore, the long-term core-cooling period following a hot-36 
leg/UPI line break represents a minimum core flow condition for a UPI plant.  Without a net flow 37 
through the core, boiling in the core will continue, causing debris and chemicals to concentrate.  38 
This minimum flow condition is used in the LTCC evaluations because it represents the lowest 39 
head available to drive coolant into the core. 40 
 41 
For a cold-leg break scenario, ECCS flow delivered to the upper plenum flows through the core 42 
and out the break.  Therefore, core flow, plus a small amount of core bypass flow, is equal to 43 
the total ECCS flow.  During LTCC, flow through the core may vary, depending on the number 44 
of pumps operating.  However, the maximum pressure drop is expected to occur at the 45 
maximum flow because the debris load would be the greatest.  Therefore, maximum ECCS flow 46 
rates were used in the LTCC evaluations.  47 
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3.1.2 LTCC Considerations 1 
 2 
At a meeting with the PWROG and Westinghouse on February 7, 2007, and at meetings of the 3 
Advisory Committee on Reactor Safeguards (ACRS) Thermal-Hydraulics subcommittee on 4 
May 15, 2007, and March 19, 2008, the NRC staff, the PWROG, and Westinghouse developed 5 
a list of issues that should be considered in the resolution of GSI-191 with regard to reactor core 6 
blockage.  The WCAP addresses the identified issues by providing evaluations and conclusions 7 
as described below.  This SE discusses the acceptability of each of these evaluations and 8 
conclusions in the SE sections noted.   9 
 10 

a. Adequate flow to remove decay heat will continue to reach the core when the debris 11 
limits set in Section 10 of the WCAP are met.  (WCAP Section 3, Appendix B, and 12 
Appendix C; SE Section 3.3.   13 

 14 
b. Decay heat will continue to be removed even with debris collection at the fuel assembly 15 

spacer grids.  (WCAP Section 4, Appendix C, and Appendix D; SE Section 3.4) 16 
 17 

c. Fibrous debris entering the core region will not tightly adhere to the surface of fuel 18 
cladding.  (WCAP Section 5; SE Section 3.5) 19 

 20 
d. Using an extension of the chemical effects source-term method developed in TR 21 

WCAP-16530-NP-A (Reference 21), and fuel clad deposition model developed in the 22 
WCAP, a sample calculation using large debris loadings of fiberglass and calcium 23 
silicate was performed.  The calculation showed a maximum deposition thickness and 24 
peak fuel cladding temperature well within the acceptance limits.  (WCAP Section 7, 25 
Appendix E, and Appendix F; SE Section 3.7) 26 

 27 
e. The three categories of protective coatings used inside reactor containment buildings 28 

have been evaluated to have negligible effect on the generation of precipitate. (WCAP 29 
Section 6; SE Section 3.6) 30 

 31 
f. The PWROG has undertaken a program, outside of GSI-1912, to address boric acid 32 

precipitation.  The PWROG stated that, when complete, the program will examine the 33 
effects of concentration of boric acid and debris in the core.  These evaluations will 34 
include an assessment of the effects of debris ingested in the reactor vessel on boron 35 
precipitation.  Therefore, the evaluation of the effects of concentrating boric acid and 36 
debris contained in the circulated post-LOCA containment pool are outside the scope of 37 
the WCAP.  (WCAP Section 8; SE Section 3.8)  Although the WCAP does not address 38 
the effects of boric acid precipitation on LTCC, SE Section 3.8 includes a discussion of 39 
the staff’s position on this issue.   40 

 41 
g. The PWROG has addressed fuel cladding embrittlement by setting 800 degrees 42 

Fahrenheit as the maximum acceptable cladding temperature after the initial quench of 43 
the core.  The 800 degrees Fahrenheit temperature was selected based on autoclave 44 
data that demonstrated oxidation and hydrogen pickup to be acceptable and not cause 45 
the fuel cladding to become brittle at temperatures up to the 800 degrees Fahrenheit 46 
limit.  (WCAP Section 2 and Appendix A; SE Section 3.2) 47 

                                                 
2 The PWROG has undertaken a program to reexamine its methods for evaluating boron precipitation in 
the reactor vessel in response to NRC findings made during a technical audit of Westinghouse Topical 
Report CENPD-254-P (Reference 41).  
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h. The PWROG investigated the potential for chemical precipitates to increase the head 1 
loss through any fiber bed that may form at the core inlet and at the spacer grids by 2 
conducting flow testing on an approximately one-third height, 17 x 17 fuel assembly 3 
using fibrous, particulate, and chemical debris.  The debris acceptance limits established 4 
in the WCAP are based on these tests.  (WCAP Sections 3 and 4; SE Sections 3.3 5 
and 3.4) 6 

 7 
i. The PWROG investigated the potential for blockage in the reactor pressure vessel 8 

(RPV) when coolant is delivered to the top of the core.  The WCAP concludes that the 9 
debris limit specified in Section 10 of the WCAP is also applicable to UPI plants.  (WCAP 10 
Section 9 and Appendix G; SE Sections 3.9) 11 

 12 
The Executive Summary of the WCAP summarizes the significant in-vessel downstream effects 13 
phenomena, defines the acceptance criteria for successful core cooling associated with these 14 
phenomena, and specifies actions required by licensees to demonstrate adequate long-term 15 
core cooling associated with these phenomena as follows:  16 
 17 

a. The WCAP evaluations cover the following topical areas associated with the in-vessel 18 
downstream effects phenomena3: 19 

 20 
1. Blockage at the core inlet (WCAP Section 3), 21 
2. Collection of debris on fuel grids (WCAP Section 4), 22 
3. Collection of fibrous material on fuel cladding (WCAP Section 5), 23 
4. Protective coating debris deposited on fuel clad surfaces (WCAP Section 6), 24 
5. Chemical precipitates and debris deposited on fuel clad surfaces (WCAP Section 7), 25 

and 26 
6. Coolant delivered to the top of the core (WCAP Section 9). 27 

 28 
b. The acceptance bases for the evaluation of the topical areas identified above are:  29 

 30 
1. The maximum clad temperature shall not exceed 800 degrees Fahrenheit. 31 
2. The thickness of the cladding oxide and the deposits of material on the fuel shall not 32 

exceed 0.050 inches in any fuel region. 33 
 34 

The cladding temperature and total deposit thickness acceptance bases are applied 35 
after the initial quench of the core and are consistent with the LTCC requirements stated 36 
in 10 CFR 50.46 (b)(4) and 10 CFR 50.46 (b)(5).  The PWROG stated that the 37 
acceptance bases do not represent, nor are they intended to be, new or additional LTCC 38 
requirements.  These acceptance bases allow demonstration that local temperatures in 39 
the core are stable or continuously decreasing and that debris entrained in the cooling 40 
water supply will not affect decay heat removal.  The 800 degrees Fahrenheit 41 
temperature was selected based on autoclave data that demonstrated oxidation and 42 
hydrogen pickup to be acceptable at and below 800 degrees Fahrenheit.  A discussion 43 
of the technical basis for the 800 degrees Fahrenheit temperature is given in Appendix A 44 
of the WCAP.  The 0.050-inch limit for oxide plus deposits was selected to preclude the 45 
formation of deposits that would bridge the space between adjacent rods and block flow 46 
between fuel channels.   47 

                                                 
3 The effects of boron precipitation on long-term core cooling are being addressed by the PWROG in a 
separate program as outlined in Section 8 of the WCAP.  See the NRC staff evaluation of Section 8 (SE 
Section 3.8) for the NRC staff position on this issue. 
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 1 
c. Utilities must evaluate site-specific fiber loading against the debris load acceptance 2 

criteria provided in the WCAP.  The WCAP also states that plants with debris loads 3 
above the debris load acceptance criteria may demonstrate adequate LTCC capability 4 
through engineering evaluations of plant-specific conditions and/or plant-specific testing. 5 

 6 
d. The WCAP states that in order to demonstrate reasonable assurance of LTCC, all plants 7 

must evaluate the areas identified [in paragraph (a)] above, demonstrate they are 8 
bounded by the maximum fuel cladding temperature and maximum deposit thickness 9 
requirements [paragraph (b) above] and evaluate the site-specific fiber loading against 10 
the developed debris load acceptance criteria.  The WCAP states that: 11 

 12 
1. Plants that follow the guidance provided in Section 10 of the WCAP can state that 13 

debris that bypasses the strainer will not build an impenetrable blockage at the core 14 
inlet.  While any debris that collects at the core inlet will provide some resistance to 15 
flow, in the extreme case that a large blockage does occur, numerical analyses have 16 
demonstrated that core decay heat removal will continue. 17 

 18 
2. Decay heat will continue to be removed even with debris collection at the fuel 19 

assembly (FA) spacer grids.  Plants that follow the guidance provided in Section 10 20 
can state that debris that bypasses the screen will not build an impenetrable 21 
blockage at the fuel spacer grids.  This assertion is bolstered by numerical and first 22 
principle analyses.  23 

 24 
3. Fibrous debris, should it enter the core region, will not tightly adhere to the surface of 25 

fuel cladding.  Thus, fibrous debris will not form a “blanket” on clad surfaces to 26 
restrict heat transfer and cause an increase in clad temperature.  Therefore, 27 
adherence of fibrous debris to the cladding is not plausible and will not adversely 28 
affect core cooling. 29 

 30 
4. Protective coating debris, should it enter the core region, will not restrict heat transfer 31 

and cause an increase in clad temperature.  Therefore, adherence of protective 32 
coating debris to the cladding is not plausible and will not adversely affect core 33 
cooling.  34 

 35 
5. The chemical effects method developed in TR WCAP-16530-NP-A (Reference 21) 36 

was extended to develop a method to predict chemical deposition of fuel cladding.  37 
The calculation tool, LOCADM, can be used by each utility to perform a plant-specific 38 
evaluation.  It is expected that each plant will be able to use this tool to show that 39 
decay heat would be removed and acceptable fuel clad temperatures would be 40 
maintained.  41 

 42 
6. PWRs use boron as a core reactivity control method and are subject to concerns 43 

regarding potential post-LOCA boric acid precipitation in the core.  In light of NRC 44 
staff and ACRS challenges to the simplified methods commonly used, it has recently 45 
become clear that additional insights and new methodologies are needed to answer 46 
fundamental questions about boric acid mixing and transport in the RCS and 47 
potential precipitation mechanisms that may occur both during the ECCS injection 48 
phase and the sump recirculation phase after a LOCA.  This will be addressed in a 49 
separate PWROG program. 50 

 51 



 
 

- 9 - 
 

 

7. The PWROG FA test results demonstrated that sufficient flow will reach the core to 1 
remove core decay heat.  The debris load acceptance criteria developed is bounding 2 
and applicable to all PWR plants, including UPI plants.  3 

 4 
e. Utilities are required to demonstrate acceptable LTCC with debris and chemical products 5 

present in the circulating fluid.  Licensees will have to perform plant-specific LOCADM 6 
evaluations (Section 7 and Appendix E of Reference 18) and prove the plant conditions 7 
are bounded by the debris load acceptance criteria (Sections 3 and 10, and Appendix G 8 
of Reference 18).  Plants with debris loads above the debris load acceptance criteria 9 
may demonstrate adequate LTCC capability through engineering evaluations of plant-10 
specific conditions and/or plant-specific testing.   11 

 12 
The WCAP states that these actions, along with reference to the WCAP, provide the basis for 13 
demonstrating that LTCC will not be compromised following a LOCA as a consequence of 14 
debris ingestion to the RCS and core. 15 
 16 
NRC Staff Evaluation of Executive Summary Statements 17 
 18 
a) The NRC staff reviewed the scope of the in-vessel downstream evaluation as described in 19 

the executive summary of the WCAP and found it adequate because it conforms to the list 20 
of agreed upon issues described in Section 3.1.2 of this SE.  Further, NRC staff finds the 21 
position stated in the WCAP that post-LOCA boric acid precipitation analysis scenarios, 22 
assumptions and acceptance criteria and resultant methodologies that demonstrate 23 
adequate post-LOCA LTCC can be addressed in a separate PWROG program acceptable if 24 
debris limits approved by the staff in this SE are not exceeded.  Larger debris loads require 25 
the potential for boric acid precipitation to be addressed in conjunction with the resolution of 26 
in-vessel downstream effects.   27 

 28 
b) The NRC staff reviewed the WCAP statement that the cladding temperature and total 29 

deposit thickness acceptance bases are to be applied after the initial quench of the core 30 
because the statement is consistent with the requirements stated in 10 CFR 50.46(b)(4) and 31 
10 CFR 50.46(b)(5).  Also, the acceptance basis for the 800 degrees Fahrenheit 32 
temperature limit after re-flood and the 0.050 inch limit for oxide plus deposits are 33 
acceptable to NRC staff as discussed in detail in Section 3.7 of this SE. 34 

 35 
c) The NRC staff reviewed the WCAP statement that utilities must evaluate site-specific fiber 36 

loading against the debris load acceptance criteria provided in the WCAP.  The NRC staff 37 
finds this acceptable.  The acceptance criteria stated in Section 10 of the WCAP have been 38 
demonstrated, through extensive testing, to allow adequate flow into the core.  Also, the 39 
NRC staff finds that plants with debris loads above the debris load acceptance criteria may 40 
perform engineering evaluations and/or tests of plant-specific conditions to demonstrate 41 
adequate LTCC4 capability.  However, any tests or evaluations outside the parameters and 42 
acceptance criteria stated in the WCAP and this SE shall be submitted to the NRC for 43 

                                                 
4 In the context of GSI-191 in-vessel downstream effects evaluations, the WCAP references to LTCC 
generally refer to the capability to maintain adequate core flow in the presence of debris and the absence 
of deposits on fuel rods and in grid straps that would result in fuel clad temperatures exceeding 800 °F.  
The staff considers LTCC to include all phenomena needed to satisfy the requirements of 10 CFR 
50.46(b)(4) and (b)(5).  One Phenomenon that must be considered for LTCC is boric acid precipitation.  
This TR does not evaluate the potential for boric acid precipitation.   
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review and approval.  This Condition is addressed further in Section 4.0, Item number 1, of 1 
this SE. 2 

 3 
d) The NRC staff reviewed the WCAP statement that in order to demonstrate reasonable 4 

assurance of LTCC, all plants must evaluate the areas identified in paragraph 3.1.3(a) 5 
above and demonstrate they are bounded by the maximum fuel cladding temperature 6 
requirement of 800 degrees Fahrenheit and maximum deposit thickness requirement of 7 
0.050 inches in any fuel region.  The 800 degrees Fahrenheit temperature is acceptable 8 
based on autoclave data that demonstrated oxidation and hydrogen pickup to be acceptable 9 
and not cause the cladding to become brittle at temperatures up to 800 degrees Fahrenheit.  10 
A discussion of the technical basis for the 800 degrees Fahrenheit temperature is given in 11 
Appendix A of the WCAP.  The 0.050-inch limit for oxide plus deposits was selected to 12 
preclude the formation of deposits that would bridge the space between adjacent rods and 13 
block flow between fuel channels.  14 

 15 
Regarding item d.2 of paragraph 3.1.3, the NRC staff finds that, for plants that operate 16 
within the debris loads identified in Section 10 of the WCAP, debris that bypasses the 17 
screen will not build impenetrable blockage at the spacer grids.  This had been 18 
demonstrated by the fuel testing.  However, the NRC staff did not rely on the numerical and 19 
first principle analysis that supported this conclusion because the testing did not support the 20 
orifice behavior that was modeled in the analyses.  This is discussed further in Section 3.3 21 
of this SE.     22 

 23 
e) The NRC staff finds the description of actions that are required of utilities to demonstrate 24 

acceptable LTCC with debris and chemical products present in the circulating fluid 25 
acceptable because it calls for licensees to perform plant-specific evaluations to 26 
demonstrate that they satisfy the debris limits, debris and oxide deposition limits and 27 
cladding temperature limits of the WCAP, as qualified by the Limits and Conditions stated in 28 
this SE.  Further, licensees should confirm that their plant key evaluation inputs (ECCS flow 29 
rates, driving heads, etc.) are bounded by the values used in the WCAP, proprietary test 30 
reports (References 8, 16, and 17), and RAI responses (References 11 and 12).  This 31 
condition is addressed further in Section 4, Item number 1, of this SE. 32 

 33 
3.2 LONG-TERM CORE COOLING ACCEPTANCE BASIS (WCAP-16793-NP, Revision 2, 34 

Section 2 and Appendix A) 35 
 36 
The WCAP defines the LTCC acceptance bases that are to be used to demonstrate that 37 
acceptable LTCC can be successfully maintained following the initial recovery (quench) of the 38 
core post-LOCA.  The LTCC bases, applicable to GSI-191, are based on the requirements of 39 
10 CFR 50.46, as clarified by the NRC in Reference 20.  A detailed discussion of the criteria is 40 
contained in Appendix A of the WCAP.  The acceptance bases, with justification, are 41 
summarized below. 42 
 43 
1. Cladding temperatures during recirculation from the containment sump will not exceed a 44 

temperature of 800 degrees Fahrenheit.   45 
 46 

The WCAP states that cladding temperatures at or below 800 degrees Fahrenheit maintain the 47 
clad within the temperature range where additional corrosion and hydrogen pickup over a 30-48 
day period will not have a significant effect on cladding properties.  At temperatures greater than 49 
800 degrees Fahrenheit, there are occurrences of rapid nodular corrosion and higher hydrogen 50 
pickup rates that can reduce cladding mechanical performance.  Long-term autoclave testing 51 



 
 

- 11 - 
 

 

has been performed to demonstrate that no significant degradation in cladding mechanical 1 
properties would be expected due to a localized hot spot.  This testing demonstrated that the 2 
increase in oxide thickness and hydrogen loading was limited at temperatures of less than 3 
800 degrees Fahrenheit for periods of 30 days.  With limited corrosion and hydrogen pickup, the 4 
impact on cladding mechanical performance is not significant.  Therefore, no significant 5 
degradation in cladding properties would occur due to 30-day exposure at 800 degrees 6 
Fahrenheit and there would not be any adverse impact on the ability to cool the core.  The 7 
autoclave results justify a maximum clad temperature 800 degrees Fahrenheit as an LTCC 8 
acceptance basis. 9 

 10 
The PWROG has selected a cladding temperature of 800 degrees Fahrenheit as the 11 
acceptance basis for long-term cooling.  The PWROG stated in Reference 4 that autoclave test 12 
data has demonstrated that oxidation and hydrogen pickup would be acceptable at and below 13 
the 800 degrees Fahrenheit temperature and that the reduction in cladding mechanical 14 
performance would be small.  The cladding specimens in the autoclave tests were for fresh 15 
material.  In RAIs contained in Reference 2, the NRC staff requested data for specimens which 16 
have undergone prior exposure to LOCA heat-up and quench conditions.  The PWROG 17 
responded (Reference 4) by referring to autoclave test data and a literature review that indicates 18 
that susceptibility to localized accelerated corrosion occurs at temperatures in excess 19 
of 800 degrees Fahrenheit.  The PWROG stated that it does not expect cladding properties to 20 
degrade due to a 30-day exposure to a temperature of 800 degrees Fahrenheit.   21 
 22 
2. The deposition of debris and/or chemical precipitates will not exceed 50 mils on any fuel rod.   23 

 24 
The WCAP states that for current fuel designs, regardless of vendor, the minimum clearance 25 
between two adjacent fuel rods, including an allowance for the spacer grid thickness, is greater 26 
than 100 mils.  Therefore, a 0.050-inch (50-mil) debris thickness on a single fuel rod is the 27 
maximum deposition to preclude contact of the deposits on two adjacent fuel rods with the same 28 
deposit thickness.  The 50 mil thickness is the maximum acceptable deposition thickness before 29 
bridging of adjacent fuel rods by debris is predicted to occur.  The 50 mils of solid precipitation 30 
described here include the clad oxide, crud layer and debris deposition. 31 
 32 
NRC Staff Evaluation  33 
 34 
The NRC staff has reviewed the information provided to support the 800 degrees Fahrenheit 35 
maximum cladding temperature criterion and finds that the 800 degrees Fahrenheit temperature 36 
criterion provides reasonable assurance that long-term core cooling will be successfully 37 
maintained.  As discussed in Reference 4, this temperature represents a conservative boundary 38 
below which undesirable physical changes to the fuel cladding would not occur as a result of 39 
reheat following quench.  Therefore, the NRC staff finds the limit to be conservative when used 40 
in conjunction with the engineering calculations discussed in Sections 3.2, 4.3, and 7 of the 41 
WCAP.  The NRC staff accepts that the autoclave results are sufficient to justify the 42 
800 degrees Fahrenheit as the long-term cooling temperature limit.  If a licensee’s final 43 
LOCADM calculation shows a cladding temperature that exceeds this value, cladding strength 44 
data must be provided for oxidized or pre-hydrided cladding material temperature in excess of 45 
that calculated.  This Condition is addressed further in Section 4.0, Item number 7, of this SE. 46 
 47 
The NRC staff has reviewed the information associated with the 0.050 inch debris thickness.  48 
The NRC staff finds that when used in conjunction with the engineering calculations discussed 49 
in Sections 3.2, 4.3, and 7 of the WCAP, a 0.050-inch limit on deposited debris thickness 50 
provides reasonable assurance that long-term core cooling will be successfully maintained and 51 
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cladding temperature will not exceed 800 degrees Fahrenheit.  Although the bowing of fuel 1 
rods--if in opposite directions--may result in an increase in local cladding temperature, it is not 2 
expected to cause the cladding temperature to exceed the 800 degrees Fahrenheit temperature 3 
limit because:  (1) the available margin that is described in Reference 4, Enclosure 1, RAI 4 
responses number 14 and 15, and (2) the margins available in the analyses discussed in 5 
Section 3.4.3 of this SE.   6 
 7 
Therefore, the NRC staff finds that adherence to these acceptance bases and the methods and 8 
procedures discussed in this SE, including the conditions and limitations discussed in 9 
Section 4.0, will provide reasonable assurance of maintaining long-term core cooling following a 10 
postulated LOCA. 11 
 12 
3.3 BLOCKAGE AT THE CORE INLET (WCAP-16793-NP, Revision 2, Section 3 and, 13 

Appendices B and G) 14 
 15 
3.3.1 Prototypical Fuel Assembly Testing 16 
 17 
Section 3.1 of the WCAP discusses a prototypical test program designed to establish limits on 18 
the amount of debris that could bypass the ECCS sump strainer, enter the core, and still allow 19 
adequate flow to enter the core to ensure adequate LTCC.  The WCAP states that a test 20 
protocol and test procedures were developed to include investigation of possible thin bed effects 21 
and that the debris used in testing represented debris that could be present in the RCS following 22 
a LOCA.  Details of the testing are provided in Appendix G of the WCAP, proprietary test reports 23 
in References 8, 16, and 17, and RAI responses in References 11 and 12.  The tests are also 24 
described in general terms in Section 4 of the WCAP.   25 
 26 
3.3.1.1 Pressure Drop Considerations for Testing   27 
 28 
Section 3.1.1 of the WCAP states that it must be demonstrated that the head available to drive 29 
flow into the core is greater than the head loss created by debris blockage.  The WCAP also 30 
states that the available driving head is a plant specific value.  The debris head loss is 31 
determined by testing.   32 
 33 
3.3.1.1.1 Available Driving Head 34 
 35 
Section 3.1.1.1 of the WCAP describes the conditions under which coolant flows into the core.  36 
At the time of sump switchover, the core has been fully recovered, the fluid inventory in the RCS 37 
is above the top of the core and core decay heat is being removed by ECCS injection.  At this 38 
point in the accident, flow into the core is only possible if the manometric balance between the 39 
downcomer and the core is sufficient to overcome the flow losses in the reactor vessel (RV) 40 
downcomer, the RV lower plenum, the core, and the RCS loops (or reactor vessel vent valves in 41 
the case of a B&W plant).  The manometric differences are determined considering plant 42 
geometry, system water levels, core void fractions, and flow path resistances.  The flow losses 43 
are calculated using the Darcy equation.  Further, the driving head at the core inlet is dependent 44 
on whether the break is in the hot-leg or cold-leg.   45 
 46 
For calculating the available driving head, Section 3.1.1.1 of the WCAP guides the user to 47 
Section 2.18 of WCAP Reference 19 (the RAI responses noted as Reference 13 of this SE).48 
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3.3.1.2  Pressure Drop Due to Debris   1 
 2 
Section 3.1.2 of the WCAP states testing was performed to determine the head loss due to 3 
various fibrous debris loads.  The section provides a summary of the tests.  Details of the testing 4 
are provided in Appendix G and associated test reports (References 8, 16, and 17).  The test 5 
loop is described as a closed loop system that continuously circulated fluid and debris through 6 
the test assembly.  The test chamber was sized to match the fuel assembly pitch based on fuel 7 
assembly spacing in the reactor core.  The WCAP also states that the flow entering the bottom 8 
of the fuel assembly was uniform and constant and that all debris was available to form debris 9 
beds in the fuel assembly.  The WCAP states that the features of the test apparatus promote a 10 
conservative debris capture in the test assembly.   11 
 12 
3.3.1.3  Description of Tests 13 
 14 
Section 3.1.3 of the WCAP states that a common test protocol was used to ensure that testing 15 
of the Westinghouse and AREVA fuel assemblies conducted at separate sites was consistent 16 
and that the test matrix, acceptance criteria, and procedures were developed based on the 17 
same protocol.   18 
 19 
3.3.1.4  Discussion of Test Results 20 
 21 
Section 3.1.4 of the WCAP states testing was performed at hot-leg and cold-leg break flow 22 
rates.  In addition, the Section states that: 23 
 24 

1. Test matrices used for the program are provided in Appendix G and the results are 25 
provided in References 8, 16, and 17.   26 

2. Flow rate associated with a hot-leg break represented the limiting head loss condition. 27 
3. The amount of particulate in the test affects the formation of the debris bed and the 28 

associated head loss.  Also, testing was conducted at the particulate to fiber (p/f) ratio 29 
that resulted in the limiting head loss and that the head loss increased significantly due 30 
to chemical effects.   31 

4. Fiber is the greatest variable for increasing head loss at the core inlet and is the only 32 
type of debris that requires a limit to prevent loss of LTCC.  Additionally, several debris 33 
types including particulate, microporous insulation, cal-sil insulation, chemical 34 
precipitates, and fiber were included in the test program. 35 

 36 
The section concludes that plants that have in core debris loadings that are within the limits of 37 
the debris masses successfully tested are bounded by the test program and that plants with 38 
debris amounts greater than those successfully tested can take other actions to ensure LTCC.   39 
 40 
3.3.1.4.1 Impact of Thin Bed on Head Loss 41 
 42 
Section 3.1.4.1 of the WCAP states that testing was performed by adding all particulate to the 43 
loop and batching fibrous debris into the test in small quantities, similarly to the NRC March 44 
2008 letter on strainer head loss test guidance (Reference 29), to determine if a thin bed would 45 
form.  It is stated that a thin bed was not observed in any of the tests, even when only small 46 
amounts of fiber were included.   47 
  48 
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3.3.1.4.2 Debris Settling in the Lower Plenum 1 
 2 
Section 3.1.4.2 of the WCAP states that credit for settling in the lower plenum is not being 3 
considered as a means of demonstrating LTCC but that it may be applied with appropriate 4 
justification for other issues associated with the closure of GSI-191.   5 
 6 
3.3.1.4.3 Alternate Flow Paths 7 
 8 
Section 3.1.4.3 of the WCAP states that flow paths that bypass the core inlet were not 9 
considered when determining the limiting debris loads based on testing.  The section further 10 
states that some plants may choose to credit alternate flow paths, but would have to provide 11 
justification that the flow paths are viable to ensure LTCC.   12 
 13 
NRC Staff Evaluation  14 
 15 
Section 3.1 of the WCAP and the fuel assembly test reports (References 8, 16, and 17), discuss 16 
fuel assembly testing that was conducted to determine the potential effects of post-LOCA debris 17 
on flow into the core following a postulated LOCA.  These references describe prototypical fuel 18 
assembly testing performed at the Westinghouse Science and Technology Center in Churchill, 19 
Pennsylvania and Continuum Dynamics, Inc. (CDI) in Ewing, New Jersey, for Westinghouse 20 
and AREVA fuel designs, respectively.  This testing was conducted to answer NRC staff 21 
questions regarding previous evaluations that postulated that blockage at the core inlet would 22 
not inhibit cooling of the fuel following a LOCA.  The initial fuel assembly test program and the 23 
evaluation presented in WCAP-16793-NP, Revision 1 (Reference 6) resulted in several staff 24 
observations that led to additional fuel assembly testing.  The results of the additional tests were 25 
presented to the NRC staff in response to RAIs and are documented in letters from the PWROG 26 
(References 11, 12, and 13).  The NRC staff observed some of the tests to confirm that the 27 
testing was conducted as expected and to ensure that the NRC staff had a good understanding 28 
of the test facilities and procedures.  These observations are documented in NRC staff-prepared 29 
trip reports (References 22, 23, 24, 25, and 26).  Additional NRC staff questions resulted in the 30 
PWROG conducting additional tests to ensure that other test variables had been adequately 31 
considered during testing.  The updated tests are documented in the WCAP, Westinghouse 32 
proprietary test report in Reference 16, and a new AREVA proprietary test report 33 
(Reference 17).  The following provides a brief discussion of the testing that was conducted to 34 
address the LTCC issue.  The majority of the NRC staff’s detailed evaluation of the test program 35 
results is included in Section 3.4 of this SE.   36 
 37 
Section 3.1.1 of the WCAP describes the basis for the driving head used in the fuel assembly 38 
testing.  WCAP Section 3.1.1.1 uses a version of the Darcy flow equation to calculate the 39 
pressure drop in the reactor coolant system.  The NRC staff noted the equation did not appear 40 
to include a term for two-phase flow losses through the core, contrary to NRC confirmatory 41 
calculations that showed that two-phase flow may exist in the core during recirculation.  42 
Therefore, in Reference 9, RAI number 5, the NRC staff requested that the PWROG confirm 43 
that calculations for system pressure drop also included two-phase flow in the core.  The 44 
PWROG responded to RAI 5 in Reference 13 by stating that the pressure drop due to steam in 45 
the core is calculated to be 0.1 pounds per square inch (psi) and, therefore, is negligible when 46 
compared to the conservatively established 1.5 psi cold-leg break acceptance criterion used in 47 
the fuel assembly testing.   48 
 49 
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The NRC staff does not accept the PWROG response to RAI number 5 in Reference 13.  In the 1 
response to RAI number 5, a hand calculation is presented to show that a one-phase core 2 
pressure drop is less than 0.1 psi.  However, this equation does not include a 2-phase pressure 3 
drop multiplier to account for 2-phase flow that can increase the core pressure drop and reduce 4 
margin to the 1.5 psi total available pressure drop stated in the RAI number 5 response.  Also, 5 
the method prescribed does not include the head required to clear the cross-over leg loop-seal 6 
(Westinghouse and CE plants) that could form later in the cold-leg break scenario.  The NRC 7 
staff does not fully accept the method described in response to RAI 18 of Reference 13 (WCAP 8 
Reference 19, Section 2.18) for calculating the available driving head for cold-leg or hot-leg 9 
breaks head because it attempts to envelope the entire fleet of PWRs.  Core void fractions, 10 
venting through the loop seals or reactor vessel vent valves (RVVVs) may vary significantly by 11 
plant.  The method, however, was adequate to establish driving head values to be used in 12 
testing.  Based on the very low fiber bypass limits stated in Section 10 of this SE, the quantity of 13 
debris reaching the core under cold-leg break conditions is very low, as explained in section 3.8 14 
of this SE, and, therefore, the verification of available driving head under cold-leg break 15 
conditions may be addressed in the boric acid precipitation evaluation program. This Condition 16 
is addressed further in Section 4.0, Item number 1, of this SE. 17 
 18 
To enable plants to determine the fraction of the strainer bypassed debris that is transported to 19 
the core inlet, the PWROG provided additional guidance in proprietary test report RAI 20 
responses (References 11 and 12), and RAI response number 18 in Reference 13.  The NRC 21 
staff has reviewed the guidance contained in RAI response number 2 in Reference 11, RAI 22 
response number 4 in Reference 12, and RAI response number 18 in Reference 13, and 23 
concludes that there is sufficient guidance provided to enable licensees to determine the 24 
available driving head, the quantity of fiber delivered to the core inlet, and the debris limits for 25 
their plant(s).  The guidance consists of basic mathematical equations and uses ECCS design 26 
inputs that are available in the respective plant existing design-basis calculations.  The debris 27 
limits are based on fuel assembly testing conducted to support the WCAP.   28 
 29 
The most recent testing determined that the hot-leg break case is limiting from the perspective 30 
of the amount of debris reaching the core and LTCC.  If debris limits for the hot-leg break are 31 
increased through plant-specific testing, the cold-leg break may become limiting.  Therefore, if 32 
licensees increase the allowable hot-leg debris load, they should confirm that their plant is 33 
covered by valid fuel assembly tests for both the hot and cold-leg conditions.  This Condition is 34 
addressed further in Section 4.0, Item number 1, of this SE. 35 
 36 
Licensees should determine the available driving head for hot-leg and cold-leg breaks following 37 
the guidance in RAI response number 18 in Reference 13.  Licensees’ GL 2004-02 submittals 38 
should include the available driving head used for the hot-leg.  If licensees maintain the 15 gram 39 
debris limit established for hot-leg breaks, the cold-leg break may be bounded by the hot-leg 40 
break.  This Condition is addressed further in Section 4.0, Item number 2, of this SE. 41 
 42 
The NRC staff finds that the test facilities, as described in WCAP Section 3.1.2, were designed 43 
with attributes that should result in a conservative head loss for a specified debris load and that 44 
a common test protocol was used for the tests as stated in Section 3.1.3.  However, the NRC 45 
staff noted that there were some differences in test results between facilities.  The reasons for 46 
the variations were not determined.  (These issues are discussed in later sections of this SE).  47 
The NRC staff concluded that at a limit of 15 grams per fuel assembly, the results attained in the 48 
existing test facilities show that adequate margin to ensure flow to the core is maintained.  The 49 
statement in Section 3.1.2 regarding neglecting liquid entrainment and bubbly flow is an over 50 
simplification.   51 
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The fuel assembly testing involved the sequential addition of particulate, fibrous, and chemical 1 
precipitate debris to the water being pumped, under simulated ECCS flow conditions, to the 2 
lower section of an unheated mock fuel assembly.  The purpose of the testing was to determine 3 
the quantity of debris that could be transported to the core inlet without exceeding the driving 4 
head available to deliver the required coolant flow to the core.  The NRC staff reported in 5 
References 22, 23, 24, 25, and 26 that the debris transported to and collected on the fuel 6 
assembly inlet nozzle or first spacer grid.  Further, in some tests run at higher flow rates, the 7 
debris accumulated at grids located further up in the fuel assembly.  Fibrous debris used in the 8 
demonstrations consisted of fibers sized to represent the sizes observed to bypass typical sump 9 
strainers during strainer head loss testing.  Particulates and microporous debris were simulated 10 
using the same materials (silicon carbide and Microtherm®) used for the ECCS strainer testing.  11 
The following observations were noted by NRC staff representatives, who made multiple trips to 12 
each test facility to observe fuel assembly tests: 13 
 14 

1. As fibers were introduced into the test rig, they would be captured at the fuel assembly 15 
protective grid (p-grid) or on spacer grids located further up in the assembly.  Depending 16 
on the test conditions, some fibrous debris passed through the mock fuel assembly and 17 
circulated back to the assembly inlet.  The suspended debris was captured on 18 
subsequent passes.  All fibers, no matter how short, appeared to be susceptible to 19 
capture within the test assembly.   20 

 21 
2. The location of debris capture within the fuel assembly depended on the flow rate 22 

through the assembly, the fuel design, and the debris mixture used in the test.  For most 23 
fuel, the cold-leg flow rate resulted in the collection of almost all of the debris at the 24 
protective grid (first spacer grid for fuel designs with no protective grid).  For the hot-leg 25 
flow rate, the debris collected at different locations in the fuel assembly depending on 26 
the fuel assembly type, debris mix, and flow rate.  The fuel design with no protective grid 27 
tended to collect low particulate-to-fiber ratio debris mixes at the first spacer grid and 28 
high particulate-to-fiber ratio debris mixes throughout the assembly for hot-leg breaks.   29 

 30 
3. As particulates were added, they immediately distributed with the flow of the fluid 31 

throughout the test fixture.  Differences in water clarity as the tests progressed allowed 32 
the NRC staff to observe that, over time, the fiber bed efficiently captured the 33 
particulates.   34 

 35 
The NRC staff generally agreed with the observations in Section 3.1.4 of the WCAP.  The NRC 36 
staff noted that the head losses from the early cold-leg tests exceeded the cold-leg head loss 37 
acceptance criteria, and therefore, did not agree that the hot-leg case was limiting.  RAI 38 
number 15 of Reference 9 documents this issue.  Based on RAI number 15, additional cold-leg 39 
testing was conducted.  Based on the test results, the acceptance criteria for cold-leg break 40 
debris loading were decreased significantly.  Additional testing, conducted prior to the issuance 41 
of Revision 2 of the WCAP, resulted in a reduction in the debris limits established for the hot-leg 42 
break scenario.  These limits were similar to the limits obtained for the cold-leg break scenario.  43 
With these lower limits specified in Section 10 of the WCAP, the NRC staff concluded that the 44 
hot-leg case is limiting because the volume of debris-entrained coolant (and thus the mass of 45 
debris) that could enter the reactor core during a postulated cold-leg break would be 46 
significantly less than 15 grams.  However, if debris limits for a hot-leg break scenario are 47 
increased through additional plant-specific testing, the cold-leg break scenario debris loads 48 
should be re-evaluated.   49 
 50 
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The NRC staff finds that chemical and particulate have a significant effect on head loss when 1 
fiber is present in sufficient quantity.  During the early tests which contained large amounts of 2 
particulate relative to the amount of fiber in the circulated water, the staff noted that head loss 3 
appeared to be inversely proportional to the amount of particulate included in the tests—higher 4 
ratios of particulate to fiber resulted in lower pressure drop across the test assembly.  RAI 5 
number 4 of Reference 10 and RAI number 3 of Reference 9 expressed the NRC staff’s 6 
concern that this phenomenon had not been explored by the fuel assembly testing.  Additional 7 
testing was performed that determined that the head losses were sensitive to particulate loading 8 
and to chemical precipitates.  At cold-leg flow rates, relatively high particulate-to-fiber ratios 9 
result in the limiting head losses.  At hot-leg flow rates, low particulate-to-fiber ratios result in 10 
higher head losses.  Chemical precipitates do not have a significant effect on pressure drop if 11 
the debris bed is fully saturated with particulates prior to the precipitate addition.  These effects 12 
are discussed in more detail in Section 3.4 of this SE.   13 
 14 
The NRC staff finds that, based on the limited quantity of strainer bypassed fibrous debris 15 
permitted in order to satisfy the hot-leg debris limit of 15 grams, the amount of debris reaching 16 
the core following a postulated cold-leg break would be significantly lower than 15 grams 17 
because a portion of the debris exits the cold-leg break with the ECCS flow.  The NRC staff also 18 
found that the debris is well mixed with the coolant being pumped to the reactor vessel due to 19 
turbulence in the piping system.   20 
 21 
The NRC staff finds that plants that have debris loadings within those defined by acceptable 22 
tests are bounded by the test program and that plants not bounded by the program can perform 23 
plant specific evaluations to demonstrate acceptable LTCC.  Plants that establish higher debris 24 
limits than that stated in Section 10 of the WCAP shall include with their GL 2004-02 responses 25 
a description of the test protocol, the test parameters and test results used to establish the 26 
higher limits.  This Condition is addressed further in Section 4.0, Item number 1, of this SE. 27 
 28 
The NRC staff reviewed the statement in Section 3.1.4.1 of the WCAP that the fuel assembly 29 
testing was conducted using a procedure that attempted to form a thin bed on the fuel assembly 30 
and that a thin bed was not observed to form during the fuel assembly testing.  Specifically, 31 
testing showed that higher fiber loading resulted in higher head losses and relatively low 32 
particulate-to-fiber ratios resulted in limiting head losses when chemical precipitates were added 33 
after the fiber/particulate debris bed had formed, especially for the hot-leg break cases.  With 34 
respect to the formation of a thin bed, testing showed that higher fibrous loads are more 35 
challenging for head loss than lower fibrous loads.  Therefore, the NRC staff’s position is that 36 
limiting the fibrous debris to the maximum allowable amount determined by testing is necessary 37 
and that formation of debris beds with lesser amounts of fiber will not be more challenging to 38 
LTCC.  However, plants that determine that chemical deposits will not affect in-vessel head 39 
losses should ensure that tests for their specific conditions search for limiting head losses using 40 
particulate loads that maximize head loss with no chemical precipitates included in the tests.  41 
This Condition is addressed further in Section 4.0, Item number 12, of this SE.  42 
 43 
The NRC staff reviewed the statement in Section 3.1.4.2 of the WCAP and finds that not 44 
crediting debris settling in the lower plenum as described in Section 3.1.4.2 is conservative for 45 
FA testing because this maximizes debris reaching the fuel assembly.  If credit for settling in the 46 
lower plenum is used in later plant-specific evaluations, it should be adequately justified.  47 
Additional testing details and the NRC staff evaluations regarding the various fuel assembly 48 
tests are provided in Section 3.4 of this SE.   49 
 50 
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The NRC staff reviewed the position stated in Section 3.1.4.3 of the WCAP and finds that 1 
alternate flow paths into the core have not been credited when determining debris loads limits 2 
and that some licensees could potentially credit these alternate flow paths via plant specific 3 
evaluations.  The NRC staff has not received validated information on the availability or 4 
capability of alternate flow paths to demonstrate LTCC.  If a licensee elects to take credit for 5 
alternate flow paths, such as core baffle plate holes, the licensee would need to demonstrate 6 
that the flow paths would be effective, that the flow holes would not become blocked with debris 7 
during a LOCA, that debris would not deposit in other locations after passing through the 8 
alternate flow path, and that any changes to the flow patterns do not adversely impact boron 9 
precipitation.  This Condition is addressed further in Section 4.0, Item number 3, of this SE.   10 
 11 
3.3.2 WCOBRA/TRAC (WC/T) Evaluations of Blockage at the Core Inlet 12 
 13 
Section 3.2 of the WCAP states that to further bolster the assertion that core cooling flow will be 14 
maintained, WCOBRA/TRAC (WC/T) analyses were performed to demonstrate that adequate 15 
flow is provided and redistributed within the core to maintain adequate LTCC.  The WC/T code 16 
is used for evaluating best-estimate large break LOCA response.   17 
 18 
The WCAP states that a bounding evaluation was performed using limiting assumptions to 19 
evaluate the consequences of core inlet blockage on LTCC.  The calculation concluded that 20 
with 99.4 percent of the core inlet blocked, sufficient liquid could enter the core to remove core 21 
decay heat once the plant had switched to sump recirculation.   22 
 23 
The WCAP states that the core inlet blockage simulations were designed to bound the U.S. 24 
PWR fleet.  To ensure a bounding calculation, the limiting break type and the limiting vessel 25 
design were taken into consideration before selecting a plant model for the simulation.  26 
 27 
The WC/T evaluations simulated the effects of debris buildup at the core inlet by ramping-up the 28 
dimensionless friction factor (CD) at the core inlet to a large number, resulting in a reduction of 29 
flow.  After the core inlet resistance ramped up to its maximum value of about CD = 109 (which 30 
essentially eliminates all flow through the path), the simulations were run out to 40 minutes to 31 
show that the flow rate supplied to the core would be sufficient to remove decay heat and 32 
maintain a coolable core geometry with 99.4 percent of the core inlet area blocked.  Appendix B 33 
of the WCAP contains a detailed description of the evaluation performed. 34 
 35 
NRC Staff Evaluation 36 
 37 
The NRC staff performed confirmatory analyses using the FLUENT and TRACE codes and 38 
obtained results consistent with the WC/T results.  All of these analyses indicate that significant 39 
blockage would not preclude adequate coolant flow reaching the fuel to remove the decay heat.  40 
Figure A-1, in Appendix A of the WCAP, is a plot of the flow rate needed to match the boil-off 41 
rate in a Westinghouse 4-loop PWR.  From this figure, it can be concluded that following the 42 
postulated LOCA, there is a decrease in required coolant flow with time, thus requiring greater 43 
inlet blockage to inhibit adequate core cooling. 44 
 45 
However, in light of the results obtained in the fuel assembly tests documented in proprietary 46 
test reports (References 8, 16, and 17) and the associated RAI responses (References 11 and 47 
12), the NRC staff does not accept these calculations as a basis for demonstrating that 48 
adequate flow will reach the core.  The PWROG has not demonstrated that an open flow 49 
channel will remain that will allow the required flow into the core.  50 
 51 
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3.3.3 Additional WC/T Calculations 1 
 2 
Section 3.3 of the WCAP described several additional WC/T analyses that were performed at 3 
the request of the ACRS with the purpose of determining the blockage level (either using a 4 
reduction in inlet area while maintaining a constant form-loss coefficient or increase in the loss 5 
coefficient while maintaining a constant flow area) that would reduce core flow below that 6 
necessary to match coolant boil-off.   7 
 8 
The detailed documentation for these additional calculations is presented in Appendix B to the 9 
WCAP and includes time history plots of the integrated core inlet and exit flow, peak cladding 10 
temperature, core collapsed liquid level, core exit void fraction, and core pressure drop for the 11 
bounding conditions.  The pressure drop for flow through a porous medium is approximately 12 
proportional to the velocity.  The WC/T uses a pipe flow relation where pressure drop is 13 
proportional to loss-coefficient and velocity-squared and inversely proportional to flow area 14 
squared.  The WC/T analysis uses two approaches to approximate the debris bed behavior.  15 
The two approaches were taken to determine the blockage level needed to preclude sufficient 16 
flow into the core to provide for LTCC.  The first approach considered an area reduction while 17 
maintaining the form-loss coefficients (simulating localized bore-holes in the debris bed).  The 18 
second approach considered form-loss coefficient increases while maintaining the flow area 19 
constant (simulating uniform blockage across the core inlet). 20 
 21 
In the second approach (Increased Loss Coefficient Approach) uniform core inlet loss 22 
coefficients of 50,000, 100,000, and 1,000,000 were used to determine when boil-off could no 23 
longer be matched.   24 
 25 
The flow reduction simulation showed that a reduction of 50 percent of the hot channel flow area 26 
over the 99.4 percent area reduction case (Case 2 analysis described in Section 3.3.2 of the 27 
WCAP) yields a total core inlet flow reduction of 99.7 percent compared to an unblocked core.  28 
The evaluation shows that even with this increase in core blockage, the flow that enters the core 29 
is still in excess of the boil-off rate and the PCT remains well below 500 degrees Fahrenheit.  30 
However, a reduction in the hot channel flow area by 80 percent yields a total core inlet flow 31 
area reduction of 99.9 percent.  At this degree of core blockage, the flow that enters the core 32 
does not match the boil-off rate.  The WC/T analysis concluded that a total core inlet area 33 
reduction of up to as much as 99.7 percent will still allow sufficient flow into the core to provide 34 
for removal of decay heat and assure LTCC. 35 
 36 
The uniform loss coefficient evaluations showed that an increase in the CD at the core inlet of 37 
up to 100,000 for the limiting plant and fuel load design would allow for sufficient flow into the 38 
core to remove decay heat and provide for LTCC. 39 
 40 
Section 3.3 of the WCAP states that while the blockage simulated by these calculations will not 41 
occur with the fuel assembly debris loadings used in the fuel assembly tests, these WC/T 42 
calculations provide additional assurance that LTCC will not be compromised.  The document 43 
concludes that sufficient liquid can enter the core to remove core decay heat once the plant has 44 
switched to sump recirculation with up to 99.4 percent blockage at the core inlet. 45 
 46 
NRC Staff Evaluation 47 
 48 
The NRC staff performed confirmatory analyses to determine the thickness of a uniform, 49 
particulate-entrained fiber bed distributed across the bottom of the fuel inlet that would allow 50 
adequate flow for LTCC.  The analysis, however, did not consider the effects of chemical 51 
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precipitates.  This analysis showed that in the absence of chemical precipitates, a relatively 1 
thick debris bed could form before flow to the core would be restricted to an unacceptable value.  2 
 3 
However, as stated in the NRC staff evaluation Section 3.3.2 above, results obtained in the fuel 4 
assembly tests documented in the proprietary test reports (References 7, 8, and 17) and the 5 
associated RAI responses (References 11 and 12) showed that with fiber quantities exceeding 6 
the limits established in References 7, 8, and 17, a debris bed was formed with fiber, particulate 7 
and chemical precipitates that resulted in a pressure drop across the fuel assembly that 8 
exceeded the specified available driving head.  Therefore, NRC staff does not accept these 9 
calculations as a basis for demonstrating that adequate flow will reach the core when large 10 
quantities of debris are transport to the core inlet.  The basis for this conclusion is that testing 11 
with chemical precipitates included in the debris mix has shown that significant blockage can 12 
occur with debris quantities lower than those predicted by the calculations.  This Condition is 13 
addressed further in Section 4.0, Item number 4, of this SE. 14 
 15 
3.4 COLLECTION OF DEBRIS ON FUEL GRIDS (TR WCAP-16793-NP, Revision 2, 16 

Section 4 and Appendices C and D) 17 
 18 
Section 4 of the WCAP states that debris not collected at the core inlet will pass through the fuel 19 
assembly bottom nozzle and, potentially, lodge within the fuel assembly, primarily at the fuel 20 
spacer grids.  The WCAP used three supporting analyses (general analysis of debris build-up 21 
and its effects on LTCC, review of fuel assembly test data, and numerical calculations) to 22 
demonstrate that blockage will not impede LTCC.   23 
 24 
3.4.1 General Discussion 25 
 26 
Section 4.1 of the WCAP states that spacer grids provide the most likely locations for debris 27 
capture within the core.  The most likely locations for debris capture within the spacer grid being 28 
at the “springs” and the leading edge of the spacer grid.  Section 4.1 of the WCAP states that 29 
the sump strainer openings are 0.11-inch or less in diameter, thus, limiting the size of the debris 30 
that can enter the core.   31 
 32 
Section 4.1 of the WCAP states that flow paths exist between fuel rods which will limit the extent 33 
and the consequences of debris build up as flow will divert away from the area where debris has 34 
deposited and is inhibiting flow.  The WCAP also states that the debris that collects will allow 35 
weeping flow that will provide cooling for the cladding, that the packing factor will likely be less 36 
than about 60 percent, and that the debris bed will therefore not become impenetrable.  The 37 
WCAP further states that boiling in the area of the blockage will occur with less than a 10 to 38 
15 degrees Fahrenheit increase in the clad temperature over the adjacent cooling temperature, 39 
which will provide sufficient convective heat transfer to maintain the fuel rod a few degrees 40 
below the liquid saturation temperature.  Based on the points above, the WCAP asserts that 41 
blockage at the spacer grids will not adversely affect LTCC.   42 
 43 
3.4.2 Prototypical Fuel Assembly Testing 44 
 45 
Section 4.2 of the WCAP states that a test program was conducted to determine acceptance 46 
criteria for the mass of debris that could be deposited at the core entrance and not impede 47 
LTCC.  The WCAP states that, during testing, debris accumulated at the spacer grids, that fluid 48 
continued to pass through the debris bed, and blockage that occurred was conservative with 49 
respect to that which could occur following a LOCA.   50 
 51 
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Section 4.2 of the WCAP states that the testing contained the following conservatisms: 1 
 2 

1. The ECCS volume must pass through or bypass the core, then exit the RCS via the 3 
break.  Any debris that passes through the core or exits the break directly would pass 4 
through the sump strainer prior to re-entering the core.  Some debris would likely be 5 
filtered out by the strainer and not be available to return to the core.  The test allowed 6 
the debris to recycle multiple times if it passed through the test assembly.   7 

 8 
2. If boiling occurs following a hot-leg break it will result in turbulence that will tend to 9 

remove debris from the spacer grids and confine blockages to isolated areas of the core.  10 
 11 

3. Following a LOCA, the fuel assembly will bow due to the thermal transient on the fuel 12 
rods.  This bowing will distort the flow channels, making some larger and some smaller, 13 
allowing flow around any blockages that form at the spacer grids.   14 
 15 

4. Following a cold leg break the core flow will be turbulent enough that any debris that is 16 
not trapped will be continuously moved.  The turbulence will ensure that coplanar 17 
blockage of the core does not occur.   18 

 19 
Section 4.2 of the WCAP notes that at high p/f ratios that debris was observed to accumulate at 20 
the spacer grids and concludes that the testing defines an upper bound for the possible 21 
blockage that could occur at the fuel.  The section also states that it was observed that debris 22 
bed formation did not occur at the spacer grids at limiting p/f ratios.   23 
 24 
3.4.2.1  Topical Report WCAP-16793-NP, Appendix G and Proprietary Test Reports 25 
 26 
Figure 3.4-1, taken from a nonproprietary AREVA submittal, is a schematic of the test facility 27 
used for the testing of the AREVA fuel assembly.  The test facility used in the Westinghouse fuel 28 
testing is similar.  Appendix G of the WCAP and fuel assembly test reports (References 8, 16, 29 
and 17) describe the test loop used for the fuel assembly testing.  The WCAP states that the 30 
test loops (at Westinghouse and CDI) consisted of a mixing tank, a recirculation system, the test 31 
column, and monitoring instrumentation.  The mixing tank was used as a water volume into 32 
which debris could be added and thoroughly mixed before being pumped to the test column.  33 
The recirculation system pumped the water through the fuel assembly at a controlled rate.   34 
 35 
While the test loops used at Westinghouse and CDI were similar, they were developed 36 
separately so some differences exist.  Under some conditions, the results of the tests conducted 37 
using the same debris loads were somewhat different.  Notable differences between the 38 
facilities include the method used to maintain a homogenous mixture in the mixing tank (AREVA 39 
used a propeller blade-type mixer and Westinghouse used a circulating pump) and the flow 40 
diverter used at the inlet to the fuel assembly test tank (AREVA used a cone with the flat surface 41 
facing the stream inlet and Westinghouse used a cube with a corner facing the stream inlet).  42 
The chemical debris preparation methods varied slightly, and the water used in the test loops 43 
was local water so there may have been some effect from water chemistry.  These differences 44 
could have resulted in differences in fiber characteristics, chemical debris characteristics, and 45 
flow patterns in the test tank.  The NRC staff suggested that one or both fuel vendors’ test-46 
articles be tested in the other vendor’s test facility (cross test) to validate that the differences in 47 
behavior during testing were due to fuel design and not due to the test facility.  The PWROG 48 
developed a plan for conducting the cross tests, and provided the results in Appendix G of the 49 
WCAP.  The tests are summarized below.   50 
 51 
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According to Appendix G of the WCAP and the proprietary test reports (fuel assembly test 1 
reports References 8, 16, and 17), the test columns possessed the following attributes:  1) the 2 
test column contained the fuel assembly and channeled the water through the assembly, 2) the 3 
column was constructed of clear material to allow observation of the debris deposition in the 4 
tested fuel assembly, 3) the test column also contained a chamber at the bottom to allow the 5 
water to be pumped into the assembly, 4) the lower chamber included a diffuser to prevent the 6 
incoming flow from impinging directly on the bottom of the fuel assembly, 5) above the diffuser 7 
was a simulated core support plate upon which the test fuel assembly rested, 6) the clearances 8 
between the fuel assembly and test column could be adjusted to the specified dimensions.  9 
 10 

 11 
Figure 3.4-1 Schematic of Test Loop (Note that small black arrows indicate flow direction) 12 

 13 
The WCAP states that the instrumentation provided measurement of fluid temperature, fluid flow 14 
rate, and differential pressure measurements across various locations in the fuel assembly.  The 15 
instruments were connected to a data acquisition system for continuous data collection.   16 
 17 
The types, amounts, and characteristics of the debris used in the fuel assembly testing are 18 
described in fuel assembly test reports (References 8, 16, 17, and 18).  The debris 19 
characteristics were similar to those previously accepted by the NRC, in the SE of NEI 04-07 20 
(ADAMS Accession No. ML050550156), for use in ECCS sump strainer head-loss testing.  21 
However, when appropriate, the debris was further refined to closely model that which had 22 
passed through an ECCS strainer.  For example, particulate debris, normally prepared as 10 23 
micron nominal diameter particles, was not further refined.  Fibrous and microporous debris 24 
were further treated to ensure that they were prototypical of debris that had passed through a 25 
strainer.  In general, the fibrous debris was fragmented into small individual fibers, and was 26 
measured to ensure that it met an expected size distribution that matched that of fibrous debris 27 
collected from strainer bypass tests.  The fibrous debris target sizing is stated to be 77 percent 28 
shorter than 500 microns, 18 percent between 500 and 1000 microns, and 5 percent longer than 29 
1000 microns.  The actual size range of the debris used was 67 to 87 percent shorter than 500 30 
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microns, 8 to 28 percent between 500 and 1000 microns, and 0 to 15 percent longer than 1000 1 
microns.  Microporous debris was sieved through a screen having opening sizes characteristic 2 
of a strainer.   3 
 4 
According to the WCAP, the order of debris addition followed NRC guidance (Reference 29) for 5 
strainer head loss testing.  In general, particulate was added first, followed by batches of fiber 6 
(in an attempt to search for a thin bed effect), and finally chemicals were added.  For tests that 7 
included microporous material or calcium silicate insulation (Cal-Sil), a portion of these materials 8 
were added prior to the fibrous debris and a portion added after the chemical precipitates.  The 9 
WCAP states that this was intended to simulate erosion of these materials over the post-10 
accident time period.  The initial debris loads tested were scaled to bound the maximum amount 11 
of debris that could reach the core from most plants.  However, the initial testing revealed that 12 
this amount of fibrous debris would not allow the head loss to remain within the allowable limit.  13 
Therefore, additional testing was conducted with reduced fibrous debris loading.  In general, the 14 
initial Westinghouse testing was conducted with 200 grams of fiber per fuel assembly and 15 
AREVA testing was conducted with 150 grams of fiber per fuel assembly.  Later testing used 16 
lower amounts of debris.  Appendix G contains tables that summarize the test conditions and 17 
debris loads for the tests performed during the test program.   18 
 19 
According to the WCAP, the specific flow velocities that existed in the mockup fuel bundle inlet 20 
were chosen to represent the maximum potential flow rates within a core following a large or 21 
small break-LOCA independent of plant design.  These flow rates were chosen to ensure that 22 
the head losses attained during the test were maximized.  For Westinghouse and B&W plants, 23 
the ECCS flow rates were set at 44.5 gpm and 3.0 gpm for flows associated with hot-leg and 24 
cold-leg breaks, respectively.  For CE plants, the ECCS flow associated with a hot-leg break 25 
was specified as 11.0 gpm for plants with AREVA fuel and 6.25 gpm for plants with 26 
Westinghouse fuel.  (Note: The hot-leg break flow rate was not driven by the fuel type but by the 27 
plant design parameters.)  The flow associated with a cold-leg flow rate was specified as 3.0 28 
gpm for all CE plants.  All flow rates were stated to be plus or minus 10 percent.  Based on the 29 
test reports and staff observations of testing, flow was controlled near the desired rate, and well 30 
within the proposed tolerances.  Later testing was conducted to ensure that the maximum hot-31 
leg flow rate was limiting when compared to lower flow rates that could occur if equipment 32 
failures occurred or for plants with lower ECCS flow rates.  These tests were conducted at 15.5 33 
gpm to model single train ECCS flow at a Westinghouse plant.   34 
 35 
For Westinghouse design fuel, the cross section of the test assembly was prototypical of a 36 
17x17 fuel assembly.  A test was also run at Westinghouse for a 16x16 CE fuel design.  The 37 
Westinghouse assembly was tested with a Standard P-grid, in lieu of the Westinghouse 38 
Alternate P-grid, because previous testing had shown that the Standard P-grid resulted in higher 39 
head losses than the Alternate P-grid.  The CE fuel was tested with a Guardian Grid that is 40 
similar to the Standard P-grid.  Test results showed that the head losses attained with the 41 
Standard P-grid were higher than those attained with the Guardian® Grid.  Therefore, additional 42 
testing for Westinghouse fuel was conducted with the Standard P-grid.   43 
 44 
For AREVA designed fuel, the cross section of the test assembly was prototypical of a 17x17 45 
assembly.  Testing of the AREVA fuel was conducted with three different inlet filters, Trapper 46 
Coarse Mesh®, Trapper Fine Mesh®, and Fuelguard®.  Testing found that the Trapper Fine 47 
Mesh® resulted in excessive head loss, and continued testing of this filter was not performed 48 
since this fuel design is no longer being installed in U.S. plants.  Future use of the Trapper Fine-49 
Mesh® will need to be supported by additional testing.  The Trapper Course Mesh® and 50 
Fuelguard® filters exhibited acceptable head losses of similar magnitude.  Because the 51 
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Fuelguard® filter is the most commonly used AREVA inlet filter and because of the similar 1 
behavior of the two filters, AREVA testing was conducted primarily with the Fuelguard® filter.  2 
 3 
According to Appendix G of the WCAP, the test program resulted in conservative head loss 4 
values for several reasons as follows:   5 
 6 

1. Tests were conducted at limiting p/f ratios.  As p/f ratios varied from the limiting value, 7 
head losses at a constant fiber load decreased.  The WCAP states that plants may be 8 
able to determine plant specific p/f ratios that would allow larger fiber loads to be 9 
ingested while maintaining LTCC.   10 
 11 

2. The tests were conducted at constant flow rates.  For both the hot and cold-leg cases 12 
flow rates may decrease resulting in lower velocities through the beds and lower head 13 
losses.   14 
 15 

3. The testing did not credit alternate flow paths that bypass the core inlet.   16 
 17 

4. The tests are applied assuming that debris will collect uniformly in all fuel assemblies.  18 
This is unlikely to occur in a full core due to variations in flow, bundle power, and fuel 19 
assembly orientation.   20 
 21 

5. Boiling would disrupt any bed formation allowing flow to cool the core.  The boiling will 22 
occur differently for hot and cold-leg breaks.   23 
 24 

6. Some debris in the plant would likely settle.  The test facilities used agitation to 25 
encourage all debris to reach the fuel assembly. 26 
 27 

Appendix G of the WCAP states that the key findings from the testing were as follows: 28 
 29 

1. Based on testing with several types of debris it was determined that the amount of 30 
particulate included in the test affects the formation of the debris bed and resulting head 31 
loss.  Also, that fiber is the limiting variable and is the only debris type that requires a 32 
limit.  33 
 34 

2. The hot-leg break flow rate (highest flow rate) is the limiting condition. 35 
 36 

3. The test facilities and procedures are repeatable, but small changes in the test loops can 37 
result in significant changes in test results.   38 

 39 
Appendix G of the WCAP concludes that the test program was conservative and that fiber is the 40 
limiting debris type for LTCC.  The appendix provides conclusions regarding debris loads that 41 
are identical to those presented in Section 10 of the main body of the WCAP.  The WCAP states 42 
that the allowable fiber limits defined for a plant, in conjunction with analyses performed by 43 
licensees, can demonstrate that LTCC requirements are met.  Further, the WCAP states that 44 
plants whose debris loads do not fall within the debris load parameters defined by the tests have 45 
alternate actions available to ensure that LTCC requirements will be met.  The acceptance 46 
criteria are presented in Section 10 of the WCAP.   47 
 48 
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Additional details of the testing are contained in fuel assembly test reports (References 8, 16, 1 
and 17).  These are proprietary test reports that describe the testing for the two vendors in more 2 
detail.  Information from the test reports is discussed below.  3 
 4 
a) Westinghouse Fuel Testing Report 5 
 6 
The executive summary of Westinghouse Fuel Assembly Test Report, WCAP 17057-P, 7 
Revision 1 (Reference 16), states that the following observations can be made regarding the 8 
testing.   9 
 10 

1. The tests and evaluations from the test facility are reliable and can be used to draw 11 
meaningful conclusions regarding the impact of debris on in-vessel effects.   12 
 13 

2. Testing shows that the amount of particulate influences the formation of the debris bed 14 
and resulting head loss across the fuel assembly.   15 
 16 

3. The hot-leg (maximum) flow rate represents the limiting test condition and should be 17 
used for testing to determine debris limits.   18 
 19 

4. The Westinghouse test facility provides repeatable results and repeat-tests are not 20 
necessary to define debris limits.   21 
 22 

5. The test program evaluated the impact of various debris types, determined that fiber is 23 
the limiting factor, and is the only debris type that requires a limit.   24 
 25 

6. Although the majority of the testing was conducted with a single type of fuel assembly it 26 
is applicable to all fuel assembly designs included in the test report.   27 
 28 

7. The test program is conservative and bounds all plant types.   29 
 30 

8. 46 tests were conducted to define fiber limits for Westinghouse fuel assemblies.   31 
 32 
The test report concludes that plants that are within the limits of the test parameters will meet 33 
LTCC requirements.  Plants that are not bounded by the tests may take other actions to 34 
demonstrate LTCC.   35 
 36 
The test report, WCAP-17057-P, Revision 1 (Reference 16), was updated from Revision 0 to 37 
incorporate additional testing to support the WCAP and to address NRC staff concerns with the 38 
conclusions from the earlier test program as documented in the NRC RAIs contained in 39 
Reference 9.   40 
 41 
The following lists the basic steps for the testing of the Westinghouse fuel.   42 
 43 

1. The fuel filter design to be tested is selected and mounted on the partial-height FA. 44 
The assembly is inserted into the test loop, and the loop is filled with water. 45 
 46 

2. Debris quantities are measured and verified. 47 
 48 

3. The pump is started, and the flow is set to the desired flow rate. The clean head loss 49 
is recorded. 50 
 51 
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4. Particulate debris is added to the mixing tank, and the head loss across the mock 1 
fuel assembly is recorded. 2 
 3 

5. Fiber is added to the mixing tank in batches with at least two turnover times allowed 4 
to pass between batches.  Fiber is added batches until the desired debris amount is 5 
added or the head loss limit of the test apparatus is reached.  Head loss is recorded. 6 
 7 

6. Chemical precipitates are added and head loss across the fuel assembly is recorded.   8 
 9 

7. Head loss is allowed to reach a predefined steady state for test termination.  10 
 11 

8. The final head loss readings are recorded, and the test is terminated. 12 
 13 
WCAP-17057-P, Revision 1 (Reference 16), provides additional information regarding the 14 
characteristics of particulate, fibrous, chemical, Cal-Sil, and microporous debris used.   15 
 16 
WCAP-17057-P, Revision 1 (Reference 16), discusses acceptance criteria for the testing.  The 17 
report states that the acceptance criteria are plant specific and are determined based on the 18 
driving head available to push water through the core following an RCS break.  The report 19 
discusses allowable head losses for hot and cold-leg conditions and states that the available 20 
driving head must be greater than the head loss due to debris and other flow losses to ensure 21 
LTCC.   22 
 23 
WCAP-17057-P, Revision 1 (Reference 16) provides information on the fuel designs and plant 24 
designs for the plants that utilize Westinghouse fuel.  The report also provides information 25 
regarding the test loop which has been previously discussed in this SE.  This information also 26 
provides inputs to the determination of the test matrix for the testing that Westinghouse planned 27 
to run to quantify acceptable debris loads for the various plants.   28 
 29 
The test fuel assemblies used in the fuel blockage tests were partial length assemblies, 30 
approximately 4.5 feet tall for Westinghouse plants and 3 feet tall for CE plants.  The 31 
assemblies included bottom nozzles, protective filters, spacer grids, fuel rods (without fuel 32 
pellets), guide tubes, and instrument tubes.  The fuel rods and other tubes in the assembly were 33 
closed to ensure that water could not flow through them.   34 
 35 
The WCAP states that the gap was modeled into the test assembly by including a gap around 36 
the perimeter of the test assembly.  The width of the gap was equal to one half of the gap 37 
between actual fuel assemblies in the reactor core.  Flow through the gap was not measured.   38 
 39 
WCAP-17057-P, Revision 1 (Reference 16), provides a summary of the testing that was 40 
conducted at Westinghouse, including the test of the AREVA fuel (cross-test), and also includes 41 
a significant amount of data, including head loss plots, from the tests.  The technical report 42 
provides a discussion of the test results for each of the various fuel inlet filters.  The test report 43 
concludes that the Standard P-grid filter resulted in the highest head loss when compared to the 44 
Guardian Grid and the Alternate P-grid filters.  The comparison with the Alternate P-grid was 45 
based on a previously conducted fuel testing program, and the comparison with the Guardian 46 
Grid was based on the tests conducted within this test program.   47 
 48 
Section 6.1 of WCAP-17057-P, Revision 1 (Reference 16), evaluates the facility for reliability 49 
and repeatability.  The section describes the tests performed (cross tests) to evaluate potential 50 
causes for unexpected differences in results between tests conducted under similar conditions.  51 
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Westinghouse performed a root cause investigation to determine the reason for differences in 1 
test results.  No root cause was identified, but five potential causes were postulated.  They are: 2 
air entrainment, changes to inlet pipe location, inconsistent debris addition and mixing, variation 3 
in fiber characteristics, and physical phenomenon.  Three of the potential causes were 4 
eliminated leaving only air entrainment and inlet pipe location changes as likely causes.  Air 5 
entrainment was not confirmed as a cause.  Testing found that inlet pipe location had an effect 6 
on test results with the most conservative results occurring with the inlet pipe submerged.   7 
 8 
The test report states that the head loss across a fuel assembly is a function of the debris bed 9 
structure and the velocity of the fluid through the debris bed.  As such, the Westinghouse test 10 
report (Reference 16) concludes, that for the same debris loading, the head loss at a lower flow 11 
rate would be reduced from that at a higher flow rate.  The technical report notes that CE plants 12 
have significantly lower ECCS flow rates than Westinghouse PWR plants, due to the system 13 
design.  It was concluded, based on a comparison of head loss test results, the Standard p-grid 14 
bounded the head loss that could occur with the Guardian Grid at the CE plant flow rates.   15 
 16 
The test report states that some fuel designs have no inlet filters (Westinghouse determined that 17 
this is applicable only to the Westinghouse 2-loop UPI plants) and that these designs are 18 
bounded by the testing conducted for fuel assemblies with inlet filters, based on the limiting flow 19 
clearances of the inlet filters.  Revision 0 of the Westinghouse test report (Reference 7) 20 
describes a test conducted to determine the head loss across the core for a plant that is 21 
designed for UPI, where the coolant is injected into the top of the core and flows down through 22 
the fuel assemblies.  The fuel assembly used for this test was the same as the Westinghouse 23 
assembly described above even though UPI plants do not employ fuel filters.  The maximum 24 
hot-leg break flow for the UPI plants is significantly lower than that for the majority of PWRs 25 
because for the hot-leg break, the majority of the flow exits the RCS through the break instead 26 
of flowing through the core.   27 
 28 
The test report discusses the effect of the p/f ratio on fuel assembly head loss.  Test results 29 
indicate that for cold-leg tests the limiting ratio (on a mass basis) is about 45:1.  For hot-leg flow 30 
rates the limiting p/f ratio is 1:1.  The effects of other debris types are also discussed in the 31 
report.  The report concludes that microporous insulations and Cal-Sil behave similarly to 32 
particulate during in-vessel tests.  The effects of chemical precipitate were also evaluated.  The 33 
report concludes that chemical effects are minimized when the p/f ratio was high, but have a 34 
significant effect at lower p/f ratios.  The report also concludes that only a small amount of 35 
chemical precipitate was required to reach the maximum head loss regardless of p/f ratio.   36 
 37 
WCAP-17057-P, Revision 1 (Reference 16), discusses the effects of break location and flow 38 
rate on in-vessel head loss.  The test program evaluated flow rates associated with cold-leg and 39 
hot-leg breaks and included varying hot-leg flows that could occur due to lower flow from 40 
smaller pumps and single failures of redundant pumps.  The report concludes that a lower flow 41 
rate would form a less resistant debris bed.  The report concludes that the highest flow rate 42 
results in the limiting head losses.   43 
 44 
The test report discusses the application of the test results to cores that employ multiple fuel 45 
types or mixed cores.  In a letter dated June 24, 2010 (Reference 14), and the Westinghouse 46 
test report (Reference 16) the PWROG recognizes that plants may have different fuel designs 47 
within a single core at various times, and state that the most conservative approach for applying 48 
the acceptance criteria developed by the testing is to consider the limiting fuel design.  The 49 
report (Reference 16) notes that all Westinghouse fuel designs have the same debris limits.   50 
 51 
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b) AREVA Fuel Testing Reports 1 
 2 
The AREVA tests are described in AREVA proprietary test reports EIR 51-9102685-000 3 
(Reference 8) and EIR 51-9170258-000 (Reference 17).  The first AREVA report describes the 4 
original round of testing and the second report describes additional testing tests conducted in 5 
response to NRC staff questions regarding the earlier tests documented in EIR 51-9102685-000 6 
(Reference 8).  7 
 8 
AREVA test report EIR 51-9102685-000 (Reference 8) notes that the debris load used for the 9 
TRAPPER Fine Mesh® fuel filter was lower than the other types of inlet filters.  With the debris 10 
loads used during the testing, the fine mesh filter is more efficient at trapping debris at the fuel 11 
assembly inlet such that the debris bed contains more debris and head loss is higher.  However, 12 
head loss measurements indicate that differential pressure occurred across the spacer grids as 13 
well as the filter.  The tests run with the Trapper Coarse Mesh® and Fuelguard® filters incurred 14 
very little, if any, head loss at the bottom filter (bottom nozzle) with most of the losses occurring 15 
at the spacer grids.   16 
 17 
AREVA test report EIR 51-9102685-000 (Reference 8) asserts that as the fuel inlet becomes 18 
blocked, the velocity of the flow through the gap between fuel-assemblies will increase until it is 19 
high enough to prevent debris from collecting in the gap.  Therefore, the report asserts that the 20 
gap is self cleaning such that excessive head loss will not occur.   21 
 22 
AREVA test report EIR 51-9102685-000 (Reference 8) discusses the use of AREVA fuel on a 23 
limited basis in cases when customers install small clusters of approximately 4 or 8 assemblies 24 
for test purposes.  The report states that the limited number of assemblies installed under these 25 
conditions will not adversely affect LTCC considering the debris that may be present following a 26 
LOCA.  Therefore, the report concludes that the debris limit associated with the resident fuel 27 
may be applied to the entire core if a limited number of alternate fuel assemblies are installed.    28 
 29 
AREVA test reports EIR 51-9102685-000 (Reference 8) and EIR 51-9170258-000 30 
(Reference 17) conclude that the test results indicate that, if the amounts of debris defined in 31 
the acceptance criteria were present at the core inlet, LTCC would still be assured.    32 
 33 
AREVA test reports EIR 51-9102685-000 (Reference 8) and EIR 51-9170258-000 34 
(Reference 17) state the following observations based on earlier and more recent testing: 35 
 36 

1. The debris bed morphology and the flow rate are key parameters affecting head loss. 37 
 38 

2. High flow rates result in more limiting head losses.   39 
 40 

3. Low p/f ratio tests resulted in higher head losses for hot-leg flow rates.   41 
 42 

4. The debris deposition within the fuel assembly is dependent on the p/f ratio.  Higher p/f 43 
ratios result in the debris collecting at multiple spacer grids and lower p/f ratios result in 44 
debris collecting at the lower end grid.   45 
 46 

5. The AREVA bottom nozzle is not the limiting debris accumulation location.   47 
 48 
AREVA test report EIR 51-9170258-000 (Reference 17) discusses the results of the cross tests 49 
(testing of Westinghouse and AREVA assemblies in the other vendor’s test facility) and makes 50 
the following conclusions: 51 



 
 

- 29 - 
 

 

1. The CDI and Westinghouse test loops behave differently.  Both head losses and debris 1 
deposition patterns are different.  In the CDI loop, the lower debris bed attained a higher 2 
head loss value prior to break through than in the Westinghouse loop.   3 
 4 

2. The AREVA and Westinghouse assemblies behaved very similarly in the Westinghouse 5 
and CDI test loops.   6 
 7 

3. There is no significant difference between the behavior of AREVA and Westinghouse 8 
fuel when tested under similar conditions.   9 

 10 
NRC Staff Evaluation 11 
 12 
a) Overview and Evaluation of Assumptions Regarding Fuel/Debris Behavior 13 
 14 
The NRC staff reviewed the prototype fuel assembly test procedure and test results in detail.  In 15 
addition, the staff witnessed several tests at Westinghouse and CDI.  The trips to observe the 16 
testing are documented in trip reports References 22 through 28.  The NRC staff evaluated the 17 
test facilities, the debris used during testing, the test methodology, the test fuel assemblies, and 18 
the test results.  The NRC staff found that the test program resulted in measured head losses 19 
that reasonably bound those that could occur in a reactor following a postulated LOCA because 20 
the testing was conducted under conditions that reasonably represent those in the plant, as 21 
documented in trip reports References 22 through 28.  The testing did not model all aspects of 22 
the post-LOCA environment.  However, the testing did contain some conservatism as discussed 23 
further in this evaluation.  The NRC staff did not agree with all of the assertions made in the 24 
topical report and the related test reports.  Following the NRC staff’s review of the test program 25 
and the conclusions that were drawn from the program, the NRC staff issued RAIs by letters 26 
dated January 8 and January 15, 2010 (References 9 and 10, respectively), regarding 27 
information presented in WCAP-16793-NP, Revision 1 (Reference  6), and the associated 28 
proprietary test reports (References 7 and 8).  The majority of the AIs issued regarding 29 
information presented in fuel assembly test reports (References 8, 16, and 17) are discussed in 30 
this section.   Following the RAI responses, the PWROG conducted additional fuel assembly 31 
testing as described in References 16 and 17.  Based on this testing, the NRC staff concluded 32 
that a limit of 15 grams of fibrous debris per fuel assembly was an acceptable upper limit.  The 33 
NRC staff also concluded that debris loads above 15 grams may be acceptable, but should be 34 
evaluated on a plant specific basis.   35 
 36 
The NRC staff concluded that the test facilities and partial height fuel assemblies used in the 37 
test program provided a model that could provide a realistic or conservative head loss value at 38 
the debris loads tested.  The test fuel assembly, although partial height, provided adequate 39 
locations for debris to collect so that the effects of the debris could be determined.   40 
 41 
Following the initial NRC staff review of the head loss test program, several issues were 42 
identified that caused Westinghouse and AREVA to perform additional testing to better define 43 
debris loads for various plant configurations and break scenarios.  The NRC staff formally 44 
issued the questions as RAIs to WCAP-16793-NP, Revision 1 (Reference 6),] and to the 45 
proprietary test reports (References 7 and 8).  The RAIs are contained in letters dated January 46 
8, 2010 (Reference 9) and January 15, 2010 (Reference 10).  As a result of the RAIs, 47 
Westinghouse issued Revision 1 to WCAP-17057-P (Reference 16), AREVA issued EIR 48 
51-9170258-000 (Reference 17) to supplement the original test report (Reference 8), and the 49 
PWROG issued the WCAP.  This NRC staff evaluation, while following the format of the WCAP, 50 
also addresses the RAIs in References 9 and 10.  Because the fuel assembly tests were 51 
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performed by two different entities and reported in separate documents, the RAIs, although 1 
often covering similar issues, were directed toward the individual reports.  Therefore, the RAI 2 
responses addressed in this SE are grouped together, as much as possible, by topic.   3 
 4 
The NRC staff finds that debris that passes through the sump strainer that is not collected at the 5 
core inlet/bottom nozzle may be trapped within the fuel assembly.  The supporting analyses 6 
used to evaluate the potential for core blockage are discussed below.  The NRC staff reviewed 7 
the debris surrogates used in the head loss testing and determined that they were adequate to 8 
represent debris that could pass through the sump strainer and enter the reactor vessel.  This 9 
conclusion is based on observations of strainer bypass testing and adherence in the fuel testing 10 
to NRC staff guidance for other aspects of LOCA debris generation, transport, and head loss 11 
testing.  Based on the above, the NRC staff finds the methodology used to determine the fibrous 12 
debris sizing acceptable.  However, licensees should verify that the size distribution of fibrous 13 
debris used in the fuel assembly testing represents the size distribution of debris expected 14 
downstream of the plant’s ECCS strainer(s) This Condition is addressed further in Section 4.0, 15 
Item number 13, of this SE. 16 
 17 
As discussed in Section 4.1 of the WCAP, the NRC staff finds that the spacer grids provide the 18 
most likely locations for debris capture within the core.  However, the location of the debris 19 
capture within the spacer grid is not easily predicted.  Debris may collect at any location within 20 
the spacer grid and, as was observed during testing, the entire grid may become filled with a 21 
debris bed.  The NRC staff notes that a few strainers installed in the PWR fleet have openings 22 
larger than the 0.11 inches stated in Section 4.1 of the WCAP.  Because this dimension was not 23 
explicitly used in the evaluation, the staff did not consider it a significant issue.  However, the 24 
NRC staff finds that the opening size limits the size of the debris that can enter the core.  The 25 
NRC staff does not agree with the statements in the WCAP that particulate and fibrous debris 26 
less than or equal to 0.04 inches will pass through the grid structures based on observations 27 
that showed that once a debris bed begins to form, debris of any size may be captured in the 28 
grids.  The capture of fine debris, smaller than the openings within the fuel assembly, was 29 
observed during every fuel assembly head loss test conducted by Westinghouse and AREVA.  30 
The NRC staff issued RAI number 7 in Reference 9 to gain additional understanding of the 31 
assertion that small debris would pass through the spacer grids.  In RAI response number 7 in 32 
Reference 13, the PWROG stated that the statement that small debris could not be captured will 33 
be deleted from the topical report.  The WCAP does not contain the statement regarding the 34 
small debris passing through the core.  This is appropriate because the fuel assembly testing 35 
resulted in prototypical capture of debris such that the effects of the smaller fibers and 36 
particulate debris were included in the measured head losses.    37 
 38 
The NRC staff does not agree that flow paths exist between fuel rods that will limit the extent 39 
and the consequences of debris build up as flow will divert away from the area that has debris 40 
inhibiting the flow.  The NRC staff’s understanding is that, as debris builds in some areas of the 41 
spacer grid, flow will divert from these areas.  However, the debris laden fluid will then have the 42 
potential to deposit the debris in the open areas of the grid.  The NRC staff noted that testing 43 
showed that debris had the ability to fill the open volumes within the spacer grids.  This was 44 
evident in one test that was designed to simulate the intersection between the corners of four 45 
fuel assemblies (creating a cross shaped gap).  This test experienced similar blockage with 46 
debris despite having more open area than the single fuel assembly test design.  The NRC staff 47 
finds that the debris that collects will allow flow through the bed that will provide cooling for the 48 
cladding as long as the amount of debris that reaches the fuel assembly is limited to that 49 
defined as acceptable by the fuel assembly test program and accepted by the NRC staff.   50 
 51 
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The NRC staff does not agree that the packing factor will likely be less than about 60 percent, 1 
and that the debris bed will therefore not become impenetrable under all debris loads, but finds 2 
that adequate flow to maintain LTCC will be maintained as long as the debris reaching the core 3 
inlet is maintained within the limits determined by testing and approved by the NRC staff.  The 4 
NRC staff noted that the packing factor reference in the WCAP may not be applicable to debris 5 
beds that include fiber and fine particulate. 6 
 7 
The NRC staff has not validated the assertion that boiling in the area of the blockage will occur 8 
with less than a 10 to 15 degrees Fahrenheit increase in the clad temperature over the cooling 9 
water, which will provide sufficient convective heat transfer to maintain the fuel rod a few 10 
degrees below the liquid saturation temperature based on the testing.  However, calculations 11 
discussed in Section 3.4.3 of this SE have found that cooling will be maintained with debris 12 
accumulated between the fuel rods and the grid straps.  Therefore, the NRC staff finds that 13 
blockage at the spacer grids will not adversely affect clad-to-coolant heat transfer if debris 14 
loading is maintained within the guidelines determined by the fuel assembly testing as accepted 15 
by the NRC staff.   16 
 17 
The NRC staff finds that some aspects of the fuel assembly test program were conservative and 18 
that the quantities of various types of debris at limits defined by the test program are acceptable.  19 
The claimed conservatisms are discussed further below.   20 
 21 
The NRC staff notes that the evaluations conducted in the topical report and the testing did not 22 
account for the potential for boric acid precipitation and that this issue could affect LTCC in 23 
some cases.  The NRC staff concluded that for a hot-leg-break scenario at a fibrous debris limit 24 
of 15 grams per fuel assembly, LTCC would not be challenged because adequate coolant can 25 
flow through the core to maintain boric acid concentrations below the saturation limit.  For the 26 
cold-leg-break or hot-leg break scenarios where the licensee wishes to justify a higher fibrous 27 
debris limit such that flow through the core is decreased, the NRC staff concluded that boric 28 
acid concentration may affect LTCC.  These effects should be addressed by industry as 29 
described in Section 8 of the WCAP.   30 
 31 
b) Evaluation of Hot-Leg-Break Case 32 
 33 
Following a hot-leg break, the ECCS flow passes through the core, and then exits the RCS via 34 
the break.  The NRC staff finds that some debris would pass through the core and exit the 35 
break.  Some of this debris would likely be captured on the sump strainer and would not be 36 
available to deposit at the core inlet or in the core.  As debris builds up on the strainer, this 37 
capture will become increasingly effective.  Thus a test method which allows the debris to cycle 38 
through the fuel assembly multiple times without an intervening strainer, (the testing performed 39 
by the PWROG) results in a conservative quantity of debris depositing within the fuel assembly 40 
for all fuel designs that do not trap all debris on the first pass through the fuel assembly.   41 
 42 
The NRC staff finds that, if boiling occurs following a hot-leg break, it would result in turbulence 43 
that may tend to remove debris from some areas of the spacer grids.  However, boiling effects 44 
may not be significant following a hot-leg break because the high flow rates through the core 45 
may suppress boiling.  Boiling would not likely occur in the lower portions of the core because 46 
the ECCS fluid is sub-cooled when it enters the core.  Therefore, the NRC staff does not find 47 
that conservatism should be recognized for boiling.  The NRC staff issued RAI number 19 in 48 
Reference 9 to request additional information regarding this claimed conservatism.  The 49 
response to the RAI in Reference 13 states that boiling that occurs would increase the void 50 
fraction and therefore increase the driving head by decreasing the density of the fluid in the core 51 
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which would allow a higher debris load.  The RAI response also references calculations that 1 
evaluated the potential for precipitation within the core and fuel heat up.  The NRC staff finds 2 
with the assertion that boiling in the core would increase the available driving head for the 3 
ECCS flow into the core from an elevation head perspective, but notes that the 2-phase flow 4 
increases head-loss.  The NRC staff does not view it as conservative.  Also, boiling may not 5 
occur for a hot-leg break.  The NRC staff reached this conclusion because any voiding would 6 
physically reduce the manometric balance between the core and the downcomer, but boiling 7 
would likely be suppressed due to higher flow rates associated with hot-leg breaks.   8 
 9 
The NRC staff finds that following a LOCA, the fuel assemblies may bow due to the thermal 10 
transients in the fuel rods and that this bowing may distort the flow channels, making some 11 
channels larger and some channels smaller, thus allowing flow around any blockages that form 12 
at the spacer grids.  However, the NRC staff does not recognize this phenomenon as being 13 
conservative with regard to the testing because the degree of bowing is not defined and it has 14 
not been demonstrated to result in openings large enough to prevent debris bed formation.  15 
Further, the fuel assembly tests have shown that debris accumulation occurs, primarily, at the 16 
fuel inlet fitting/nozzle and grid straps where bowing is not expected to be significant.  This 17 
applies to both the hot-leg and cold-leg conditions.   18 
 19 
The NRC staff finds that the testing defines an upper bound for the possible blockage that could 20 
occur at the fuel for the hot-leg break.  However, the conclusions in Appendix G of the WCAP 21 
implied that testing showed that the Westinghouse fuel limit for fibrous debris is 25 grams.  The 22 
NRC staff review of the test results concluded that 15 grams of fiber per fuel assembly is an 23 
appropriate debris limit for all fuel types.  The single test of Westinghouse fuel with 25 grams of 24 
fiber required the flow through the fuel assembly to be reduced significantly to remain within the 25 
allowable head loss of the test facility.  The NRC staff did not consider a single test with 26 
marginal results to be adequate justification for a debris limit of 25 grams of fiber per fuel 27 
assembly.  The tests run with 15 grams of fibrous debris had significant margin with respect to 28 
head loss across the fuel assembly.  Therefore, in the absence of additional testing and/or 29 
evaluation, the NRC staff considers 15 grams per fuel assembly to be an appropriate fiber limit 30 
for all fuel types.   31 
 32 
c) Evaluation of Cold-Leg-Break Case 33 
 34 
For a cold-leg break, the ECCS flow that enters the core is only that which replaces fluid lost to 35 
boiling.  This flow can be less than half of the total ECCS flow to the reactor, and the remainder 36 
of the flow spills out of the RCS break.  Therefore, the entire amount of the debris entrained in 37 
the coolant would not be expected to reach the core.  The NRC staff finds that this could be 38 
considered a significant conservatism under the original assumption that all debris would reach 39 
the core during a cold-leg break.  However, the additional testing that was conducted for the 40 
cold-leg case determined separate debris loads for the hot-leg and cold-leg breaks.  The 41 
method used to determine the plant specific debris amounts that could reach the core during a 42 
cold-leg break reduce the debris amounts proportionally to the flow split between the core and 43 
the RCS break.  Therefore, the flow split cannot be credited to demonstrate additional 44 
conservatism.  The most recent testing showed that the debris limits for the hot-leg break case 45 
are close to the cold-leg break limits.  Because less debris reaches the core for the cold-leg 46 
case the hot-leg case is limiting for all breaks.  However, if licensees perform plant specific 47 
evaluations to increase hot-leg debris limits they must evaluate the cold-leg case to ensure that 48 
it is not more limiting.  This Condition is addressed further in Section 4.0, Item number 1, of this 49 
SE.  50 
 51 
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Because many PWRs credit the mixing of the concentrating boric acid in the core with the less 1 
concentrated solution in the reactor vessel lower plenum to delay the onset of boric acid 2 
precipitation in their cold-leg break core cooling evaluations, and because debris build up at the 3 
core inlet could have a significant impact on the mixing capability, the PWROG is developing a 4 
separate program to address the effects of debris on boric acid precipitation within the reactor 5 
core.  The effect of debris on core cooling can be tempered by limiting the quantity of fiber 6 
transported to the reactor core.  If the hot-leg break fiber load is limited to 15-grams per fuel 7 
assembly, the amount of fiber entering the core during a cold-leg break scenario would be small 8 
(less than 7.5 grams per fuel assembly, as stated by the WCAP), based on the flow split 9 
between what enters the core and what exits the break.  During fuel-assembly testing at cold leg 10 
break flow rates, a significant debris bed was not detectable (via differential pressure) at fiber 11 
loads below 7.5 grams.  Therefore, the effect of the small amount of debris approved in this 12 
SER is uncertain.  Licensees that credit debris limits greater than 15 grams per fuel assembly 13 
must evaluate the effects of additional debris on boric acid precipitation.  This Condition is 14 
addressed further in Section 4.0, Item number 1, of this SE.  15 
 16 
The response to RAI number 19 in Reference 9 regarding the effects of boiling on the debris 17 
bed (which is discussed above for the hot-leg break) states that the RAI response also applies 18 
to the cold-leg break.  However, for the cold-leg break, the RAI response noted that the debris 19 
bed formed at the core inlet or at the first spacer grid where it would not likely be affected by 20 
boiling.  Therefore, boiling would not affect the head losses.  The NRC staff finds this 21 
assessment of the effects of boiling for the cold-leg case acceptable.  The NRC staff concluded 22 
that boiling would not affect head losses for the cold-leg case because the debris bed forms at 23 
the core inlet and the fluid entering the core is sub-cooled to the degree that boiling will not likely 24 
occur until higher up in the core after adequate energy is transferred to the water to heat it to 25 
saturation temperature.   26 
 27 
The NRC staff finds that sufficient information has not been provided to support the statement 28 
that during a cold-leg break, boiling will cause turbulence in the core that could move debris that 29 
is not trapped, and inhibit the deposition of a uniform debris bed within the core.  Therefore, the 30 
NRC staff has no basis for determining the degree to which the deposits will be non-uniform or 31 
how much debris will be inhibited from being trapped.  The NRC staff position is that a uniform 32 
bed will result in the most limiting head loss and that unless otherwise demonstrated, a uniform 33 
debris bed comprised of the total cold-leg debris load should be assumed for the cold-leg break 34 
case.    35 
 36 
d) Evaluation of Test Program, Additional Testing, and RAI Responses  37 
 38 
The NRC staff finds that plants that have debris quantities that are bounded by the debris limits 39 
defined by testing and approved by the NRC staff are acceptable.  Because the fuel blockage 40 
testing demonstrated that adequate flow could be maintained through the debris bed, even with 41 
the bed distributed relatively evenly over the cross section of the assembly, the NRC staff finds 42 
that adequate flow can be maintained if debris loads are limited to those shown to be 43 
acceptable by the testing associated with the topical report (15 grams per fuel assembly).  With 44 
fibrous debris limited to 15 grams per assembly, the head losses associated with limiting flow 45 
rates are significantly lower than the available driving head required to get coolant into the core.  46 
Because of the large margin, the NRC staff concluded that plants that maintain fiber loading 47 
within the limit will not experience reduced flow to the core.   48 
 49 
The NRC staff finds it acceptable that industry take additional actions, including testing, to justify 50 
higher debris limits as justified for plant specific cases.  However, the staff notes that several 51 
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factors will have to be accounted for in plant specific evaluations.  For example, if the head 1 
losses approach the acceptance criteria, or flow reductions or evaluations are required during 2 
testing to maintain adequate driving head, sensitivity and repeatability testing will likely be 3 
required.   4 
 5 
The NRC staff finds that the tests were usually conducted at constant flow rates and that 6 
reducing flow rates through the debris bed would generally result in decreasing the head loss 7 
across the debris bed.  However, some tests that included greater than 15 grams of fibrous 8 
debris required reductions in flow rates to maintain head losses within the test limits.  Several 9 
tests required the flow rates to be reduced to zero.  The NRC staff also noted that the flow rate 10 
at which the bed is established has an effect on the resistance of the bed.  This is discussed 11 
further below.  The NRC staff finds that once the bed is formed that reducing flow through the 12 
bed will decrease head loss.    13 
 14 
The testing did not credit alternate flow paths that bypass the core inlet that may be available in 15 
some reactor designs.  Licensees that credit alternate flow paths should demonstrate that the 16 
flow paths are effective, that the flow holes will not become blocked with debris during a LOCA, 17 
and that debris will not deposit in other locations after passing through the alternate flow path 18 
such that LTCC would be jeopardized.  Also, if credit for alternate flow paths leads to a boil-off 19 
condition in the core, boron precipitation issues must be addressed.  This Condition is 20 
addressed further in Section 4.0, Item number 3, of this SE.   21 
 22 
An additional alternate flow path discussed in the topical report is the potential for coolant to spill 23 
over the steam generator tubes in the intact loop and enter the top of the core.  This scenario 24 
could occur during a hot-leg break if the head loss across the core exceeds the height of the 25 
steam generator tubes.  The NRC staff finds that this is a potential flow path for coolant to enter 26 
the core, but notes that plant specific evaluations would have to assure that this is a viable flow 27 
path.  The NRC staff has performed exploratory calculations which model this potential flow 28 
path for one new reactor design.  The results of the study indicate that coolant preferentially 29 
flows through the steam generator tubes on the broken loop and out the break, not to the top of 30 
the core through the intact loops.  Therefore, this flow path may not provide adequate core 31 
cooling. 32 
 33 
The NRC staff finds that the amount of particulate included in the tests affect the formation of 34 
the debris bed and the resulting head loss.  The NRC staff also finds that fiber is the limiting 35 
debris variable and is the only type of debris that requires a limit.  This is based on NRC staff 36 
review of the test results and the fact that many p/f ratios were tested with the 1:1 ratio resulting 37 
in the limiting head losses.  Industry did not conduct tests at the limiting flow rate with p/f ratios 38 
lower than 1:1.  The NRC staff determined that because the head losses incurred at 15 grams 39 
were well below the acceptance criteria that it was not necessary to perform sensitivity testing at 40 
p/f ratios less than 1:1.  Additionally, the NRC staff concluded that it is more likely for particulate 41 
debris to pass through the strainer than it is for fibrous debris.  This effect makes it unlikely for 42 
the ratio to be less than 1:1, but the ratio is also dependent on the amount of each type of debris 43 
that reaches the strainer.  Plants with lower amounts of fiber are more likely to have a higher p/f 44 
ratio.  Industry has stated that some plants may attempt to show that they will have a relatively 45 
high p/f ratio thus allowing the fibrous debris load to be determined at a less limiting ratio.  The 46 
NRC staff will consider such evaluations, but notes that debris generation evaluations are 47 
usually conducted to maximize debris from each source.  Much particulate debris comes from 48 
unqualified coatings which may not fail or may fail late in an accident sequence.  Crediting failed 49 
coatings or other potential particulate sources may be non-conservative.  The NRC staff noted 50 
that as part of the discussion of conservatism, Appendix G of the WCAP used the example that 51 
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fiber is recommended to make up 15 percent of the mass of the total estimated inventory.  The 1 
statement referenced the NEI 04-07 guidance for latent debris.  The NRC staff concluded that 2 
the use of this statement is misleading because it points only to latent debris which is frequently 3 
a small contributor to the total debris that may reach the strainer.  The examples cited here 4 
indicate that caution must be used when estimating the minimum amount of particulate debris 5 
that may be present downstream of the strainer or the potential range of p/f ratios that may 6 
occur in the reactor vessel.   7 
 8 
For the cold-leg break, the test report stated that the limiting p/f ratio is about 45:1.  Based on a 9 
review of the tests, the NRC staff concluded that this is correct.  The cold-leg break case is 10 
currently not limiting because the 15 gram debris limit for the hot-leg break case is low enough 11 
to prevent significant blockage in the cold-leg case.  Industry testing previously showed that the 12 
cold-leg break case would maintain acceptable LTCC if fiber entering the core was limited to 18 13 
grams per fuel assembly.  During a cold-leg break, a significant amount of injected coolant spills 14 
out the break, while during hot-leg break recovery all coolant flows into the core.  Therefore, the 15 
amount of debris that reaches the core following a cold-leg break is expected to be less than 16 
following a hot-leg break.  The reduction of debris for the cold-leg case is a plant specific value.  17 
If the limits for the hot-leg case are increased by plant specific evaluation, the potential for the 18 
cold-leg case to become limiting should be addressed in the analysis.  This Condition is 19 
addressed further in Section 4, Item no. 1 of this SE. 20 
 21 
Based on a review of the tests conducted under varying flow rates and debris loads, the NRC 22 
staff concluded that the hot-leg break represents the limiting condition.  The NRC staff finds that 23 
the highest flow rate results in the limiting head loss.  Although testing was conducted to 24 
demonstrate that head losses for lower flow cases were bounded by the high flow cases, the 25 
testing was not conducted at the limiting fibrous debris load.  The testing was conducted at 26 
higher fibrous debris loads (50 grams vs. 15 grams).  Tests conducted at the maximum hot-leg 27 
flow rates and 50 grams of fiber had significantly higher head losses both before and after 28 
chemicals were added than the tests conducted at the lower flow rates with 50 grams of fiber.    29 
 30 
The test program generally added all of the particulate to the test loop first followed by batches 31 
of fiber.  After all fiber was added to the facility and head loss stabilized, chemicals were added.  32 
The debris addition sequence was intended to search for a thin bed similarly to strainer testing.  33 
Some tests added additional particulate debris at the end of the test, but these were not tests 34 
conducted close to limiting conditions.  Although the order of debris addition was not fully 35 
explored by the test program, the staff concluded that the debris limit of 15 grams has margin to 36 
allow significant increases in head loss before LTCC would be adversely affected and that the 37 
margin combined with the number and variations of tests run shows reasonable assurance that 38 
LTCC will be maintained.   39 
 40 
The NRC staff finds that the test facilities were capable of creating repeatable test results if the 41 
tests were controlled to an appropriate degree and that small changes in the test loops could 42 
result in significant changes in results.  The NRC staff considered this an important factor when 43 
reviewing the test results and determining which results could be considered reasonable 44 
maximum debris loads.  The NRC staff considered that it is important to understand why results 45 
varied among tests and test facilities.  The level of understanding of these issues affects the 46 
conservatism the staff considers necessary when evaluating test results.   47 
 48 
The NRC staff concluded that the fibrous debris limits determined by the testing and accepted 49 
by the staff were adequate, but potentially not overly conservative in all cases as discussed in 50 
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this section.  In particular, the NRC staff noted that small increases in fiber above the accepted 1 
limits can result in rapidly increasing head loss values under some conditions.   2 
 3 
The Westinghouse Fuel Assembly test report (Reference 16) made several conclusions 4 
regarding the testing.  The NRC staff agreed that the tests conducted in the test facility could be 5 
used to draw conclusions regarding the impact of debris on in-vessel effects.  However, the 6 
NRC staff was not able to conclude that tests conducted at the Westinghouse facility were 7 
conservative with respect to those conducted at CDI.   8 
 9 
The AREVA test report (Reference 17) also stated that the Westinghouse test facility provides 10 
repeatable test results and that repeat tests are not required.  Repeatability appeared to be 11 
good at a relatively high debris load.  However, the NRC staff was not able to conclude that 12 
repeatability was demonstrated for the limiting debris load case because there were no tests 13 
conducted at the limiting debris loads at the Westinghouse facility.   14 
 15 
The WCAP stated that the test program is conservative and bounds all plant types.  The NRC 16 
staff finds that a 15 gram fiber limit is a conservative value for all plant types included in the 17 
WCAP as discussed above.  Other test results may not be conservative.   18 
 19 
The NRC staff concluded that the testing conducted to determine the effects of inlet pipe 20 
location provided significant information regarding the potential for changes in test results due to 21 
seemingly minor changes in test configuration.  The NRC staff noted that the sensitivity tests 22 
performed to understand these effects were not performed at the debris limit, but with 23 
significantly higher fibrous debris loading.  However, the NRC staff accepts that the debris limits 24 
determined at the CDI facility were the most limiting.  The CDI test results provide the basis for 25 
15 gram fiber limit.  26 
 27 
The NRC staff finds that the head loss across a debris laden fuel assembly is a function of the 28 
debris bed structure and the velocity of the fluid through the debris bed.  The report’s conclusion 29 
that a head loss at a lower flow rate will be lower than that at a higher flow rate with the same 30 
debris load may be misleading and the statement that beds formed at lower flow rates have 31 
lower resistance is not correct.  Based on the evaluation of several tests which included 32 
changes in flow to help characterize the debris bed flow resistance, the NRC staff concluded 33 
that debris beds formed at lower flow rates have higher resistance to flow.  The tests that 34 
included flow changes made through a fully formed bed showed that differential pressure varied 35 
approximately by the flow velocity to the1.6 power.  However, when debris beds were formed at 36 
lower flow rates, head losses were higher than would be predicted for beds formed at higher 37 
flow rates followed by flow reductions.  The NRC staff also noted that for some tests that 38 
incurred high differential pressure, reductions in flow rate after the bed was formed did not 39 
substantially reduce the head loss across the fuel assembly.  The NRC staff postulates that the 40 
debris bed characteristics vary with the flow rate at which the debris bed is formed.  Therefore, 41 
there is no direct correlation between flow velocity and debris quantity that can be applied to 42 
calculate a pressure drop associated with a constant debris load and resultant debris beds built 43 
at various flow rates.  The NRC staff’s conclusion is that understanding flow rate, and any 44 
potential changes in flow rate are important when evaluating fuel assembly head losses.  The 45 
NRC staff also concluded that within the population of tests conducted, the high flow tests had 46 
been shown to be limiting.  Because of the unpredictable behavior of the fuel assembly head 47 
loss under various conditions, the NRC staff does not accept the use of any equation or model 48 
to predict head loss, but instead accepts the test results from the fuel assembly tests.  This 49 
Condition is addressed further in Section 4.0, Item number 4, of this SE.   50 
 51 
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The NRC staff concluded that the accepted test program limits are applicable to UPI plants 1 
based on the similarity of the fuel design and the lower flow rates associated with the design of 2 
the plants.  The direct injection into the upper plenum likely has some advantage with respect to 3 
debris deposition in the core.  However, the NRC staff concluded that the 15 gram per fuel 4 
assembly limit should be maintained for UPI plants until plant specific evaluations provide 5 
adequate justification for a higher limit.   6 
 7 
The NRC staff noted, in RAI number 15 of Reference 9, that for the cold-leg test evaluation, 8 
Revision 1 of the WCAP stated that only the head loss across the p-grid or first spacer grid at 9 
the bottom of the fuel assembly was compared against the available driving head.  The RAI 10 
stated that this approach was not acceptable because testing had shown that some head loss 11 
occurred at spacer grids above these locations.  Because the total head loss from all spacer 12 
grids exceeded the allowable cold-leg break head loss, additional testing was conducted to 13 
determine acceptable cold-leg debris loading.  Related to this area, RAI number 18 in 14 
Reference 9 requested additional information to justify that the hot-leg tests conducted bounded 15 
the cold-leg tests.  The NRC staff noted that the cold-leg break conditions could actually be 16 
more limiting than the hot-leg conditions.  The PWROG responded by conducting separate tests 17 
for the hot and cold-leg conditions to define separate debris loads for each case.  The NRC staff 18 
review of the later test results found that each case had been treated appropriately.  The basis 19 
for this conclusion is provided in the NRC staff trip reports documented in References 22 20 
through 28.  The NRC staff generally found the response to RAI number 18 to be acceptable, 21 
but did not agree with the concept that numerical analyses demonstrated that, even if a large 22 
blockage occurs, decay heat removal would continue.  The NRC staff position is that if a plant 23 
maintains its potential debris load within limits defined by the testing, LTCC will be maintained.  24 
Any debris amounts greater than those tested and accepted by the NRC staff should either be 25 
mitigated or be justified on a plant-specific basis.  The latest tests found that if a plant is within 26 
the limit for the hot-leg condition the cold-leg condition will also have adequate LTCC ensured.   27 
If plant specific evaluations increase debris limits in the future, cold-leg conditions may become 28 
important.  This Condition is addressed further in Section 4.0, Item number 5, of this SE.    29 
 30 
The NRC staff finds that the debris surrogates used in the fuel assembly testing were 31 
adequately representative of the debris that could be present in the core following a postulated 32 
LOCA.  The particulate and microporous debris was sized per strainer head loss test guidance 33 
in Reference 29.  The fibrous debris was sized to approximate the size distribution of fibers that 34 
had passed through strainers during strainer bypass testing.  However, the staff did not agree 35 
that the debris addition sequences would result in the limiting head losses in all cases.  In 36 
Reference 9, RAI number 16 requested that the addition of one-half of the microporous 37 
insulation at the beginning of the debris addition sequence and one-half of the microporous 38 
insulation at the end of the debris addition sequence be justified.  In response to the RAI, the 39 
PWROG conducted several additional tests with microporous insulation and determined that it 40 
behaved similarly to particulate debris.  Additional testing added all microporous insulation early 41 
in the debris addition sequence.  Based on a review of the microporous insulation sensitivity 42 
testing conducted by Westinghouse, the NRC staff concluded that for fuel assembly head 43 
losses, microporous debris behaves similarly to particulate debris with similar size 44 
characteristics.  RAIs number 1 and number 7 of Reference 9 and number 5 of Reference 10 45 
also address this issue.  The NRC staff generally accepts (with exceptions noted below) the 46 
conclusions of these RAI responses which were transmitted in References 11 and 12.   47 
 48 
The NRC staff noted that the addition of Cal-Sil to the fuel assembly testing generally resulted in 49 
lower head losses than if no Cal-Sil were added.  This is not expected based on strainer head 50 
loss testing which has shown that Cal-Sil can result in significantly increased head losses.  RAI 51 
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number 1 of Reference 10 and RAI number 7 of Reference 9 requested additional information 1 
regarding this phenomenon.  The responses in References 11 and 12 stated that the inclusion 2 
of Cal-Sil as a debris source in the testing consistently resulted in reduced head losses for both 3 
Westinghouse and AREVA fuel, that the debris beds with and without Cal-Sil appeared to be 4 
similar, and that further investigation into the phenomenon was not conducted.  The reason for 5 
this behavior was not identified.  One possible explanation is that the additions of Cal-Sil to the 6 
testing increased the particulate-to-fiber ratio which was observed to result in a decrease in 7 
head loss during sensitivity testing.  Although the behavior is unexpected, the NRC staff accepts 8 
that the addition of Cal-Sil to the fuel assembly tests resulted in reduced head loss and, 9 
therefore, the results of testing that did not include Cal-Sil are acceptable.   10 
 11 
One statement in the response to RAI number 7 of Reference 10 that the NRC staff does not 12 
accept is that once a specific pressure differential across a bottom nozzle is reached, flow will 13 
pass through the gaps between fuel assemblies. This statement was made in Reference 12 in 14 
response to a NRC staff question about a specific fuel inlet filter design that seems likely to 15 
incur higher head losses than with similar debris loadings.  Some testing has shown that these 16 
gaps can become fully blocked.  The NRC staff position is that testing should be used to define 17 
the maximum allowable debris load for various plant configurations, debris loads, and flow rates.  18 
This finding is true for all fuel designs and not just the fuel design that was the subject of the 19 
RAI.   20 
 21 
The NRC staff concluded that the flow velocities that were used during the fuel assembly testing 22 
were bounding with respect to the conditions being tested.  Cold-leg flow rates were based on 23 
the maximum boil off rate expected at the earliest time of switchover from injection to 24 
recirculation.  Flow rates were prorated to an average for a single fuel assembly.  Westinghouse 25 
also conducted tests specifically for plants that had lower hot-leg flow rates.  These tests also 26 
used an average flow rate based on a single fuel assembly.  The NRC staff finds using a flow 27 
rate averaged over all of the assemblies to be acceptable even though flow in some portions of 28 
the core would be higher than others.  The acceptance of the average flow rate is based on the 29 
NRC staff’s expectation that while flow to different fuel assemblies within the core may vary 30 
before debris reaches them, that debris will be deposited within fuel assemblies in proportion to 31 
the flow through the assembly.  As debris is collected within an assembly, the resistance to flow 32 
in that assembly will increase, thus redirecting flow to assemblies that previously received lower 33 
flow.  The net effect is to equalize the distribution of debris over the core inlet, resulting in a 34 
more balanced head loss and flow rate across the core inlet.  Under the highest allowable 35 
debris loading conditions simulated during testing, flow would be expected to be similar in all the 36 
fuel assemblies in the core.  If debris loading is within the NRC staff accepted WCAP 37 
acceptance criteria, the head losses will be low enough to allow adequate flow to ensure LTCC. 38 
 39 
The NRC staff evaluated the fuel protective filters and the other components of the partial fuel 40 
assemblies used in the testing.  The NRC staff concluded that the mock fuel assemblies 41 
adequately represented the fuel assemblies in the plant and that the bottom nozzles tested 42 
would result in limiting head losses with respect to those expected for the PWR fleet.  The NRC 43 
staff’s conclusion is based on comparative testing conducted for the various bottom nozzles as 44 
documented in References 11 and 12, and review of the physical aspects of the fuel 45 
assemblies.  Some less common bottom nozzles or fuel inlet filter designs resulted in higher or 46 
lower head losses than the more widely used components.  These less common fuel filters were 47 
evaluated separately by Westinghouse and AREVA.  The NRC staff reviewed the test results for 48 
the current testing and the results of previous industry testing and concluded that the testing of 49 
Westinghouse fuel using the standard P-grid resulted in the definition of debris loads that may 50 
be applied to the fuel assemblies with inlet filters discussed in Reference 7, based on the 51 
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similarity of the inlet filters.  Specifically, the standard P-grid is considered to be the limiting 1 
debris filter when compared to the Alternate P-grid and Guardian Grid based on the results of 2 
industry testing in support of the WCAP and a physical comparison of the filters.   3 
 4 
WCAP-17057-P, Revision 0 (Reference 7), states that fuel designs with no inlet filter are 5 
bounded by the testing conducted for other Westinghouse fuel designs with the exception of the 6 
UPI plants that are discussed in Section 9 of the WCAP.  The NRC staff does not agree that this 7 
is necessarily the case based on testing conducted by AREVA for an inlet filter that had a 8 
relatively low profile (area that blocks flow).  These tests resulted in unexpectedly high head 9 
loss values.  The NRC staff does not accept that the testing for the remainder of the 10 
Westinghouse fuel inlet filter designs bounds the fuel with no inlet filter installed.  If 11 
Westinghouse supplies fuel having no inlet filters to plants other than UPI plants, the debris 12 
acceptance limits should be developed through a program similar to that used to develop the 13 
acceptance limits in the WCAP.  This Limitation is discussed further in Section 4, Item number 14 
6, of this SE.  This conclusion is based on the concepts discussed below regarding the 15 
differences in behavior between AREVA and Westinghouse fuel.   16 
 17 
The test program conducted has been limited to the 17x17 fuel assembly.  There are additional 18 
fuel assembly designs in use in PWRs, such as 15x15, 16x16, and 14x14 fuel assemblies.  The 19 
17x17 fuel assembly design is the most limiting design from the perspective of debris capture 20 
and blockage due to the fact that the design has the smallest rod-to-rod gap clearance, thus 21 
presenting the smallest gap in which to capture debris.  Therefore, the NRC staff accepts that 22 
the testing conducted with the 17x17 mock fuel assemblies is representative or conservative 23 
with respect to current fuel designs that have lattices with fewer fuel rods.  However, new or 24 
evolving fuel designs having different inlet fittings or grid straps may exhibit different debris 25 
capture characteristic.  Therefore, as stated in Reference 13, response to RAI number 22, 26 
utilities and vendors will have to evaluate fuel design changes in accordance with 10 CFR 50.59 27 
to ensure that unacceptable debris blockage in the core will not occur.  This limitation is 28 
discussed further in Section 4, Item number 6, of this SE. 29 
 30 
The NRC staff evaluated the debris amounts and combinations used during the fuel assembly 31 
testing. During the review of the test results, the NRC staff noted that there was a correlation 32 
between the head loss and the amount of particulate debris added to the test.  RAI number 3 of 33 
Reference 9 and number 4 of Reference 10 requested additional information regarding the 34 
relationship between fuel assembly head loss and the particulate-to-fiber ratio used in the 35 
testing for both the hot and cold-leg conditions.  The initial testing was conducted with 36 
particulate debris amounts considered to bound the potential maximum particulate load for most 37 
PWRs.  The NRC staff noted that head losses tended to increase with decreasing particulate 38 
loads as well as increasing fibrous debris loads.  The NRC staff also noted that some of the 39 
tests were terminated prior to the addition of the full amount of fiber because head loss was 40 
increasing significantly as fiber was added.  RAI number 2 of Reference 9 requested additional 41 
information to justify why the original fibrous debris limit was appropriate considering that some 42 
tests on Westinghouse fuel appeared likely to exceed the head loss criteria if all of the fibrous 43 
debris had been added.  RAI number 6 of Reference 10 requested information regarding debris 44 
loading combinations for testing of AREVA fuel.  The final round of testing was conducted at the 45 
limiting p/f ratios and appropriate debris limits were identified.   46 
 47 
The PWROG conducted additional testing on Westinghouse and AREVA fuel to better define 48 
the appropriate maximum fibrous debris loading and better understand how particulate-to-fiber 49 
ratios and other debris combinations affect head loss.  Letters from the PWROG dated February 50 
9, 2010, (Reference 11) and June 24, 2010 (Reference 12) discuss these issues as responses 51 
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to the corresponding RAIs.  The updated testing validated that fuel assembly head loss is 1 
related to fibrous debris amount and particulate-to-fiber ratio, and that the debris limits and 2 
limiting p/f ratios are different for the hot-leg and cold-leg flow rates. Testing for hot-leg 3 
conditions determined that low p/f ratios (about 1:1) result in the most limiting head losses while 4 
for the cold-leg condition the limiting ratio is higher (about 45:1).  The initial follow-up testing 5 
also found that for Westinghouse fuel, the fibrous debris limit for cold-leg conditions is much 6 
lower than for the hot-leg conditions.  The testing illustrated that chemical precipitates can have 7 
a significantly greater effect on head loss when the ratio of particulates to fiber included in the 8 
testing is relatively low.   9 
 10 
Because of anomalies discovered during testing, the NRC staff requested that additional tests 11 
be conducted.  The further testing found, as discussed above, that the hot leg case is actually 12 
limiting and that all fuel types included in the program have a similar debris limit.  The limits 13 
described in the RAI responses are not considered valid by the NRC staff.  The current NRC 14 
staff position is that the fibrous debris limit per fuel assembly is 15 grams.  Licensees may 15 
perform plant specific evaluations to increase this limit.   16 
 17 
The Westinghouse test report (Reference 16) made an additional observation that fiber, by itself 18 
does not provide adequate resistance to flow to result in limiting head losses.  This conclusion 19 
was based on tests conducted at 3 gpm (cold-leg conditions), two of which included particulate 20 
debris and one that did not.  Because the 3 gpm tests have a limiting p/f ratio of about 45:1, the 21 
NRC staff expects that a test conducted with no particulate debris would result in a lower head 22 
loss.  The NRC staff also noted that the tests were conducted with fiber loads significantly 23 
greater than the limiting loads.  The test program did not explore p/f ratios below 1:1 for high 24 
flow rate test (hot-leg condition) for which 1:1 was identified as the limiting ratio.  The assertion 25 
that a debris bed with no particulate, and that p/f ratios below 1:1 need not be explored, is 26 
accepted by the staff for the fibrous limit of 15 grams per fuel assembly because of the large 27 
margin between available driving head and measured head loss.  If individual plants attempt to 28 
increase fiber loads, p/f ratios below 1:1 should be evaluated.  This Condition is discussed 29 
further in Section 4, Item number 1, of this SE.   30 
 31 
The Westinghouse test report (Reference 16) discussed a test performed under a separate 32 
program to evaluate boric acid precipitation.  The test simulated a reactor vessel after a cold-leg 33 
break.  The test included heating of the fluid defined by a decay heat curve and introduced 34 
debris into the coolant.  There was reportedly no debris accumulation at the bottom nozzle or 35 
grids.  The NRC staff is interested in this type of test, but did not receive adequate information 36 
regarding the test to determine whether the test could be considered prototypical.  Therefore, 37 
the results of the test are not credited by the NRC staff in this SE.   38 
 39 
The PWROG test program was based on the hypothesis that the results of the testing would be 40 
similar for Westinghouse and AREVA fuel designs.  After the bulk of the testing had been 41 
completed on Westinghouse fuel, the NRC staff requested that testing be performed on AREVA 42 
fuel to validate that the different fuel designs have similar head loss behavior for similar debris 43 
loads and flow conditions.  The first AREVA fuel assembly validation testing showed that, at 44 
cold-leg conditions, the head loss in the Westinghouse fuel tests bounded the AREVA fuel head 45 
loss.  However, when hot-leg testing was conducted, the AREVA fuel incurred much higher 46 
head losses than anticipated.  The PWROG performed testing to determine a valid debris limit 47 
for AREVA fuel for hot-leg conditions.  The NRC staff reviewed the results of the testing and 48 
requested that additional hot-leg and cold-leg testing be performed on AREVA fuel to ensure 49 
that the behavior of the fuel was well understood.  The results of the testing, including hot and 50 
cold-leg debris limits, were transmitted via Reference 12.  The differences between the behavior 51 
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of Westinghouse and AREVA fuel are presented below, including a potential explanation for the 1 
behavior.  The acceptance of the test results is based on the testing that is evaluated in detail 2 
throughout this SE.   3 
 4 
The AREVA and Westinghouse fuel behave similarly under cold-leg, or low flow conditions.  The 5 
fuel types also behaved similarly, during the second round of testing, under hot-leg conditions 6 
when the debris contained a high ratio of particulate to fibrous debris.  However, when the p/f 7 
ratio was reduced, the debris collection within the fuel assembly became dissimilar.  Under high 8 
flow and low p/f ratios, the Westinghouse fuel collected debris in a manner that resulted in 9 
relatively low head losses when compared to head losses observed in AREVA fuel tested under 10 
similar conditions.  Both fuel types collect debris in a similar manner for cold-leg (low flow) tests.   11 
 12 
Because the results of some of the AREVA hot-leg case testing were significantly different from 13 
the results of the Westinghouse test under similar flow conditions.  The fuel vendors and the 14 
NRC staff theorized that the differences in test results are due to differences in fuel design.  15 
However, they recognized that differences between the test facilities could have contributed to 16 
the difference in the test results.  The NRC staff requested that the PWROG and the fuel 17 
vendors resolve this uncertainty.  The NRC staff suggested that one or both fuel vendors’ test-18 
articles be tested in the other vendor’s test facility (cross test) to validate that the differences in 19 
behavior are due to fuel design and not due to the test facility.  The vendors performed cross 20 
tests with the AREVA assembly at the Westinghouse test facility and the Westinghouse 21 
assembly at CDI.   22 
 23 
The Westinghouse test report (Reference 16) compares tests of Westinghouse fuel tested at 24 
Westinghouse (CIB54) and Westinghouse fuel tested at CDI (1-W-FPC-0811).  Both tests were 25 
conducted with 25 grams of fiber and 25 grams of particulate.  The test performed in the CDI 26 
test loop resulted in higher head losses after chemicals were added to the loop.  It is also noted 27 
that the amount of chemical debris required to attain the maximum head loss in the CDI loop 28 
was significantly higher.  The test report concludes that the CDI test loop results in more 29 
conservative fiber limits, but that the testing conducted at Westinghouse is also valid.  The 30 
conclusion is based on the argument that the test protocols contain adequate conservatism with 31 
respect to the plant condition.  The NRC staff position is that because the conservatisms have 32 
not been demonstrated, the conservative fiber limit should be used.   33 
 34 
The AREVA test report (Reference 17) also evaluates tests conducted at the two facilities.  This 35 
report makes two comparisons, one between two tests and one among three tests.  The test 36 
report concluded that the two test loops behave differently.  The report also concluded that there 37 
is no discernable difference between the behavior of Westinghouse and AREVA fuel when 38 
tested under similar conditions.  The test report stated that the graphs presented were for 39 
information only.  Additionally, the test report did not identify the test numbers for the tests that 40 
were compared or include adequate information regarding the test conditions or results for the 41 
staff to determine whether the comparisons were valid, especially for the comparison of the 42 
three tests.  For example, the NRC staff could not determine whether the debris loads or flow 43 
rates were similar.  For the comparison of the two test assemblies in a single test facility, the 44 
NRC staff was able to determine test conditions relatively well.  The conclusions of the test 45 
report were not well supported.  However, based on other test comparisons, the NRC staff was 46 
able to conclude that the test loops behave differently under some of the conditions tested.   47 
 48 
Based on the comparisons by both test reports (References 16 and 17), the NRC staff 49 
concluded that the CDI test rig provides more conservative results and that a 15 gram fiber limit 50 
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is appropriate for all fuel types.  The basis for the accepted fiber limit is documented throughout 1 
this SE.   2 
 3 
e) Evaluation of Mixed Cores and Lead Test Assemblies 4 
 5 
The debris limits defined for Westinghouse fuel and AREVA fuel are the same.  However, in the 6 
future some difference may be identified between fuel designs that results in varying fuel 7 
dependent limits.  Therefore, a means of prorating the debris limits to reactor cores that contain 8 
fuel from both vendors is provided by the PWROG in Reference 14 and paragraph 3.0 of 9 
Reference 13.  As stated in Reference 13 and 14, one-third of the fuel assemblies are replaced 10 
during a typical refueling outage.  Therefore, it is possible for a mixed core to contain one-third 11 
to two-thirds of one vendor’s fuel.  The guidance in Reference 14 requires that if two-thirds of a 12 
mixed core is comprised of fuel assemblies having the lower debris limit of the two fuels, then, 13 
the lower debris limit should be applied to the entire core.  However, if two-thirds of the mixed 14 
core is comprised of the fuel having the higher debris limit, then the debris limit, per fuel 15 
assembly, for the entire core should be determined by summing the products of the number of 16 
each type of fuel assembly in the core and the debris limit for that assembly, and dividing that 17 
sum by the total number of assemblies.  The NRC staff accepts this method based on (1) the 18 
open-lattice design of the fuel assemblies that allows the flow of coolant across fuel assemblies, 19 
(2) the similar head losses for fuels at low fibrous debris loads, absent chemicals, (3) the 20 
expectation that most fibrous debris will transport to the core prior to the arrival of significant 21 
quantities of chemical precipitates, and (4) the modeling presented in Reference 18 that 22 
demonstrates that cross flow can provide adequate cooling.  Based on the above, the NRC staff 23 
concluded that debris entering the core would collect in fuel assemblies relatively evenly up to 24 
the debris limit for the fuel with a lower allowable debris amount.  Based on test results, the 25 
NRC staff concluded that the fuel with the lower debris limit would likely collect more fibrous 26 
debris per assembly than is allowed by its acceptance criterion.  When precipitates arrive in the 27 
core, the fuel with the lower debris limit could become blocked.  However, the fuel with the high 28 
debris limit would have less than its allowable debris load.  Therefore, flow would be able to 29 
enter the core through the high-debris-limit fuel and cross flow into the fuel assemblies having 30 
the lower debris limit, thus providing adequate cooling.  Any credit for increased debris loads 31 
based on mixing of fuel assembly designs with higher allowable debris loads within a single core 32 
shall be evaluated as discussed above to ensure that the assumptions above are valid.  It 33 
should also be noted that the above discussion is for hot-leg breaks and assumes that the cold-34 
leg debris loads are either the same for both fuel types, or are not limiting with respect to debris 35 
amounts.   36 
 37 
Under some conditions, the reactor may contain a full core comprised almost entirely of one 38 
vendor’s fuel with a limited number of fuel assemblies, called Lead Test Assemblies (LTAs), 39 
from another vendor.  (The LTAs are installed to allow a plant to evaluate the performance of a 40 
new fuel type.)  The AREVA test report (Reference 8) states that the limited number of fuel 41 
assemblies installed under these conditions will not adversely affect LTCC.  For this case, the 42 
staff finds that the limiting debris load should be based on the majority of the fuel assemblies 43 
installed in the core, without consideration of the test assemblies.  This criterion is applicable 44 
only if LTAs are limited to a maximum of eight assemblies per core.  The NRC staff’s 45 
acceptance of the use of the overall core limit when LTAs are installed is based on the small 46 
effect that the limited number of assemblies can have on the core considering that cross flow 47 
will occur to allow the coolant to flow across fuel assemblies to provide adequate cooling to all 48 
fuel assemblies.    49 
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f) Evaluation of RAIs Specific to AREVA Testing Not Previously Discussed 1 
 2 
RAI number 2 and number 3 of Reference 10 specifically address issues identified with the first 3 
AREVA test report (Reference 8).  RAI number 2 identified an apparent discrepancy between 4 
the graphical representation of test results and tabulated test results in the report.  The 5 
response to RAI number 2 (Reference 12) explained that the tabular data listed only the final 6 
test head loss which was generally less than the maximum head loss observed during the 7 
testing.  The NRC staff considered that the RAI was resolved based on the clarification provided 8 
in the RAI response.   9 
 10 
RAI number 3 of Reference 10 was directed at a specific test conducted with the TRAPPER 11 
Fine Mesh® inlet filter.  The test report attributed head loss decrease when chemical precipitates 12 
were added to air entrainment (from the chemical addition) disturbing the debris bed.  The RAI 13 
requested an evaluation of the head loss behavior had the debris bed not been disturbed.  The 14 
response (Reference 12) stated that it was expected that the addition of chemical precipitates 15 
would likely have had a small impact on head loss based on the results of other testing with 16 
similar debris loads.  The NRC staff reviewed other similar tests and concluded that the effect of 17 
chemical precipitates would likely be small.  The NRC staff also considered that this fuel is 18 
being phased out, as discussed below. 19 
 20 
RAI number 7 of Reference 10 requested additional information on the behavior of the 21 
TRAPPER Fine Mesh® inlet filter when loaded with Cal-Sil or microporous debris.  The response 22 
to RAI 7 (Reference 12) discussed the results of testing on other fuel inlet filter designs and how 23 
the results of those tests could be applied to the TRAPPER Fine Mesh® inlet filter.  The NRC 24 
staff did not agree that the results of testing on other fuel inlet filter designs could be applied to 25 
the TRAPPER Fine Mesh® inlet filter because of the significant differences in the designs.  The 26 
response also stated that if the inlet filter were to become completely blocked, flow could pass 27 
through the gaps between fuel assemblies.  As discussed above, based on the results of more 28 
recent testing, the NRC staff does not agree that the gaps between fuel assemblies have been 29 
shown to allow adequate flow to maintain LTCC.   30 
 31 
The responses to RAI number 3 and number 7 in Reference 10 further stated that the use of the 32 
TRAPPER Fine Mesh® inlet filter is very limited and that it is no longer in production.  Two PWR 33 
units had one-third of the core fueled with the TRAPPER Fine Mesh® inlet filter as of fall 2010, 34 
and these were in the final cycle prior to removal from the core.  Based on review of fuel testing 35 
using various AREVA inlet filters, including limited testing of the TRAPPER Fine Mesh® inlet 36 
filter, the NRC staff concluded that the maximum debris loads defined for the rest of the test 37 
population may be applied to the TRAPPER Fine Mesh® inlet filter until those assemblies are 38 
removed from the cores of the plants utilizing them at the next refueling outage.  This conclusion 39 
is based on the limited amount of  TRAPPER Fine Mesh® fuel deployed in any plant and the 40 
staff’s expectation that the TRAPPER Fine Mesh® fuel would accumulate debris at one 41 
elevation in the fuel assembly (as did the Fuelguard®), and would therefore exhibit similar head 42 
loss behavior.  AREVA did not perform an extensive test program for the TRAPPER Fine Mesh® 43 
inlet filter because it is being phased out.  If additional use of a fuel design using the TRAPPER 44 
Fine Mesh® inlet filter be desired, further testing will be needed as discussed in Section 4, Item 45 
number 6, of this SE.  46 
 47 
3.4.3  Cladding Heat-up Calculations 48 
 49 
The PWROG investigated the effects of a potential build-up of debris in the volume between the 50 
fuel rod and spacer grid such that the volume would be completely filled with debris and 51 
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cladding surfaces could become coated with concentric layers of oxide, crud, and chemical 1 
precipitate.  The effect of debris build-up on fuel cladding temperature is addressed in Sections 2 
4.3.1 and 4.3.2 of the WCAP.  The sections describe evaluations performed to (1) determine the 3 
fuel cladding surface temperature within a fuel grid in a post-LOCA recirculation environment 4 
when the rod is plated with debris and (2) determine the fuel cladding surface temperature 5 
between spacer grids in a post-LOCA recirculation environment when debris is deposited on the 6 
cladding surface.  Detailed discussions of the evaluation methods are included in Appendices C 7 
and D of the WCAP. 8 
 9 
Section 4.3.1 of the WCAP describes an ANSYS® finite element model of a single fuel rod that 10 
was created to predict fuel cladding heat up within a spacer grid.  The model was cut down to a 11 
"1-quarter pie piece" to allow for the preservation of symmetry of the fuel rod.  To conservatively 12 
model convection from the fuel rod surface, the clad was divided into 20 zones.  No convection 13 
was assumed to occur at the planes of symmetry. Only radial heat transfer was considered.  A 14 
mesh size of 0.05 inches was used for the model. 15 
 16 
A constant heat flux was assigned to the entire inner surface of the cladding, and convection 17 
heat transfer, with a constant convection coefficient, was assigned to the entire outer surface of 18 
the rod assembly.  Four values were used to parametrically simulate the range of thermal 19 
conductivities for the postulated deposition on the fuel clad surface.  The thermal conductivity 20 
values were 0.1, 0.3, 0.5, and 0.9 BTU/(h-ft-°F).  These thermal conductivities were applied to a 21 
range of deposition thicknesses ranging from 5 mils to 50 mils.  The ANSYS® model simulated a 22 
12-foot long, 0.36-inch diameter fuel rod having a cladding thickness of 0.0225 inches.  Spacer 23 
grids were modeled as 2.25 inches long for the large grids, and 0.475 inch long for the smaller 24 
grids.  25 
 26 
Section 4.3.1 of the WCAP states that the maximum calculated clad temperature occurs within 27 
the spacer grid.  A minimum thermal conductivity of 0.1 BTU/(h-ft-°F) and a debris thickness of 28 
0.050 inch were used to calculate the maximum cladding temperature behind a grid as 29 
474 degrees Fahrenheit. This calculated temperature is well below the 800 degrees Fahrenheit 30 
LTCC acceptance basis identified in Appendix A.  Thus, the clad surface temperature 31 
acceptance basis of 800 degrees Fahrenheit identified in Appendix A is satisfied.  32 
 33 
Section 4.3.1 of the WCAP states that the temperatures calculated with this model are 34 
conservatively high because the calculation assumed no flow through the debris in the grid, 35 
contrary to what was observed during fuel assembly testing.  Therefore, some coolant flow is 36 
expected to pass through the debris buildup within the spacer grid and cool the clad surface.  37 
 38 
Section 4.3.2 of the WCAP describes an analysis of fuel rod heat-up between the spacer grids 39 
(grid straps) assuming that the cladding is surrounded by concentric layers of oxide, crud and 40 
chemical precipitates, with no gaps between them.  The source of heat was decay heat in a 41 
post-LOCA environment with a two-phase liquid/vapor environment in the core.  This analysis 42 
used the generic resistance form of the heat transfer equation for a radial coordinate system.  43 
The thermal conductivity values used in this evaluation were 0.1, 0.3, 0.5, and 0.9 BTU/(h-ft-°F).  44 
In all cases, the maximum clad surface temperatures calculated were less than 560 degrees 45 
Fahrenheit.  Thus, the clad surface temperature acceptance basis of 800 degrees Fahrenheit is 46 
satisfied for debris thickness of up to 50 mils. 47 
 48 
The fuel rod diameter used in the calculations described above was 0.36 inches.  To 49 
demonstrate the applicability of these results to all PWR fuel designs, two sets of sensitivity 50 
calculations were performed using the following fuel rod specifications: 51 
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• 0.420 inch outer diameter (OD) fuel rod at 0.388 kilowatt per foot (kW/ft) power value 1 
• 0.416 inch OD fuel rod at 0.383 kW/ft power value 2 

 3 
The maximum clad surface temperatures reported in Section 3.2.3.1 of the WCAP is 4 
714 degrees Fahrenheit.  Thus, the clad surface temperature acceptance basis of 800 degrees 5 
Fahrenheit is satisfied for debris thickness of up to 50 mils for the 0.36-inch, 0.42-inch, and 6 
0.416-inch diameter fuel rods. 7 
 8 
NRC Staff Evaluation 9 
 10 
During the long-term cooling period following a LOCA, local hot spots might form within a 11 
reactor core as a result of boiling.  For some reactor safety system designs, boiling might occur 12 
for an extended period as a result of relatively low ECCS flows or relatively high ECCS water 13 
temperatures.  Local hot spots might result from the plate out of material directly on the fuel rods 14 
or as a result of material trapped between the spacer grids and the fuel rods. 15 
 16 
Mock fuel assembly testing as reported in References 8, 16, and 17 with fiber, particulate and 17 
chemical precipitates, demonstrated that debris could accumulate at the fuel inlet nozzles and 18 
the spacer grids to form a uniform debris bed.  Further, for break scenarios for which coolant 19 
flow to the core only replenishes boil-off, liquid flow to flush debris from the core is not available.  20 
Therefore, there is a potential for debris to accumulate between the fuel rods on the spacer 21 
grids and to deposit onto the fuel cladding surface and, thereby, diminish core cooling.  The 22 
PWROG addressed these concerns by performing analysis to determine the fuel cladding 23 
temperature in a post-LOCA sump circulation environment.  24 
 25 
To assess a maximum clad temperature under worst-case debris deposition in a single spacer 26 
grid/fuel rod configuration, the following assumptions are made: 27 
 28 

1. A uniform debris layer thickness of 50 mils is assumed on the cladding, and, 29 
 30 

2. The debris layer is assigned an effective thermal conductivity of 0.1 BTU/(h-ft-°F) for a 31 
fibrous debris bed.  The NRC staff concludes that this value has been demonstrated to 32 
be conservative in the response to RAI number 15 (Reference 4). 33 

 34 
Under these conditions, the maximum clad temperature behind a grid would be 474 degrees 35 
Fahrenheit (Reference 1, Table 4-2).  Further, in response to RAI number 14 in Reference 4, a 36 
maximum clad temperature of 738 degrees Fahrenheit was calculated for a uniform debris layer 37 
thickness of 110 mils.  These are conservative estimates of clad temperature if the gap between 38 
a spacer grid and a fuel rod were to become completely filled with debris because:  39 
 40 

1. A conservatively small value of conduction through the debris bed identified in the 41 
response to RAI number 15 (Reference 4) is used, 42 

 43 
2. The calculation does not account for circumferential heat transfer about the debris bed 44 

which would form in the spacer grid between the dimples and springs and the corners of 45 
the spacer grid, and, 46 

 47 
3. Convection of heat by the flow of coolant through the debris bed is neglected.   48 

 49 
In addition to conduction through any plated out or accumulated material, heat must also 50 
traverse the oxide layer built up on the surface of the cladding during normal operation and 51 
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during the earlier phases of the LOCA event.  The oxide will have a thermal conductivity lower 1 
than the original cladding material.  Westinghouse described the approach to calculating the 2 
oxide layer thickness and heat transfer in Reference 4.  Westinghouse proposed that the 3 
assumed cladding oxide thickness for input to LOCADM be the peak local oxidation allowed by 4 
10 CFR 50.46, equal to 17 percent of the cladding wall thickness.   5 
 6 
The PWROG (Reference 4) then used as an example an analysis based on a cladding 7 
thickness of 0.0225 inches with a reduced metal thickness of 0.0187 inches and an oxide layer 8 
of 0.006 inches.  The calculation presented in the WCAP was based on an oxide thickness of 9 
0.004 inch with an oxide thermal conductivity of 0.1 BTU/(h-ft-°F).  Increasing the thickness of 10 
the cladding oxide layer to 0.006 inches resulted in a temperature increase of 2 degrees 11 
Fahrenheit over the 0.004 inch oxide layer temperature.  Based on the information provided in 12 
Reference 4, the NRC staff finds that this is a conservative approach to evaluating the effect of 13 
the oxide layer on cladding heat-up.  Therefore, the NRC staff finds its use acceptable for this 14 
application. 15 
 16 
The WCAP describes three separate analyses performed to examine the effects of (1) debris 17 
buildup underneath grid straps, (2) oxide, crud and chemical precipitate buildup on the fuel rods, 18 
and (3) precipitate plate-out and crud deposited on the surface of a fuel rod on fuel cladding 19 
temperature.  These three methods are: 20 
 21 

(1) Cladding Temperature Due to Collection of Debris at Spacer Grids 22 
 23 
Section 4.3.1 and Appendix C of the WCAP describe the method used to evaluate hot 24 
spots due to debris build-up between the fuel rod and spacer grid.  This method uses the 25 
ANSYS® Mechanical software to calculate cladding temperatures.  The ANSYS® 26 
Mechanical software provides solutions for linear and nonlinear and dynamic analysis for 27 
a variety of engineering problems.  For the cladding heat up calculations, only the 28 
thermal solution capabilities were used.  The software was used in a manner consistent 29 
with standard industry practices for ANSYS® mechanical software.  Therefore, the NRC 30 
staff finds its use acceptable for this application. 31 
 32 
Using the ANSYS® Mechanical software, the WCAP provides sample calculations for 33 
debris thicknesses of up to 50 mils which might form between a spacer grid and an 34 
enclosed fuel rod.  Based on the dimensions (e. g., rod diameter, pitch, and inlet nozzle 35 
area) of the various fuel assemblies in service, the distance between a fuel rod and the 36 
enclosing spacer grid may be larger than 50 mils.  The WCAP stated that the minimum 37 
clearance between two adjacent fuel rods, including an allowance for the spacer grid 38 
thickness, is greater than 100 mils (two times the gap between rod and spacer grid plus 39 
the thickness of spacer grid).  Therefore, a 50-mil debris thickness on a single fuel rod is 40 
the maximum deposition allowed to preclude touching of the deposition of two adjacent 41 
fuel rods with the same thickness of deposition.  The 50-mil thickness is the maximum 42 
acceptable deposition thickness before bridging of adjacent fuel rods by debris is 43 
predicted to occur.  In the worst-case scenario (minimum gap and maximum deposition), 44 
local bridging might occur but would not be expected to lead to significant localized fuel 45 
rod heating due to the conservatisms described in the analysis.  These include: 46 
 47 

• The heat-up calculation assumes a heat input at the onset of circulation from the 48 
ECCS sump, at which time deposits from debris in the coolant have not formed 49 
(WCAP, Appendix C).  The heat input is lower by the time a 50-mil deposit could 50 
form. 51 
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• The analysis assumes that no convection occurs under the grids in the fuel 1 
assembly (WCAP, Appendix C).  Because some convection would occur, the 2 
actual cladding temperature would be lower. 3 

• The analysis neglects longitudinal heat transfer. 4 
• The maximum calculated cladding temperature with 50 mils of deposit and 5 

neglecting bridging is 474 degrees Fahrenheit, demonstrating substantial margin 6 
to the 800 degrees Fahrenheit acceptance criterion. 7 

 8 
For current fuel designs, the minimum clearance between the cladding and the spacer 9 
grid is about 40 mils (Reference 18).  This condition occurs where the springs and 10 
dimples of the grid contact the fuel rod.  The maximum clearance between the cladding 11 
and the spacer grid occurs along the diagonal of a grid cell and is about 110 mils.  Thus, 12 
if a spacer grid were to become completely filled, the radial thickness of the debris on 13 
the outside clad would vary from about 40 to 110 mils about the circumference of a fuel 14 
rod. 15 
 16 
In Section 4.3.1 of the WCAP, the ANSYS® code is used to evaluate the resulting fuel 17 
cladding temperatures for fuel rods covered with debris having thermal conductivities as 18 
low as 0.1 BTU/(h-ft-°F).  In Reference 2, RAI number 15, the NRC staff questioned 19 
whether insulating fiber beds can have thermal conductivities considerably smaller than 20 
this value.  In response, the PWROG stated (Reference 4) that they had contacted PCI, 21 
the owner of the NUKON® brand low density fiberglass insulation material commonly 22 
used in PWR containment buildings, to provide information regarding the effect of 23 
wetting on the thermal conductivity of the NUKON® insulation.  PCI stated they had no 24 
data for the thermal performance of wetted insulation because wetted insulation ceases 25 
to perform its insulating function because the thermal conductivity of the wetted 26 
insulation approaches the thermal conductivity of water.  Further, the PWROG provided 27 
an analysis (Reference 4) of the thermal conductivity of wet versus dry fiber and showed 28 
that the insulating property of the dry material is five times, or more, as effective as 29 
wetted fiber material.  The NRC staff has reviewed the submittal and finds this 30 
assessment acceptable.  The NRC staff believes this conclusion to be valid for all fiber 31 
types expected to be in containment as debris.  Based on a review of the information 32 
presented, the NRC staff accepts this rationale as justification for the assumption that a 33 
thermal conductivity for the insulating material equivalent to its dry conductivity is 34 
conservative.  Therefore, the evaluation is acceptable to the NRC staff. 35 
 36 
(2) Cladding Temperature Due to Oxide, Crud and Precipitate Buildup on Fuel Rods 37 
 38 
Section 4.3.2 and Appendix D of the WCAP describe the method used to calculate 39 
cladding temperature due to debris build-up on the fuel rods.  The analysis uses a 40 
steady-state cylindrical heat conduction model to calculate fuel rod cladding temperature 41 
as a result of crud deposits on the surface of a fuel rod at locations which are not within 42 
a spacer grid.  Sample calculations are provided for crud thicknesses up to 50 mils and 43 
crud thermal conductivities as low as 0.1 BTU/(h-ft-°F).  Appendix E to the WCAP is the 44 
basis for calculation of thickness, composition, and heat transfer characteristics of crud.  45 
The deposition process described is based on work such as that detailed in 46 
Reference 30. 47 
 48 
Calculation of the heat transfer through the crud deposit is done using LOCADM with 49 
either a plant-specific estimate based on fuel examinations that have been performed for 50 
the plant fuel, or using limiting values from industry fuel examinations.  The default 51 
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version of the model uses a crud thickness of 100 microns for second and third cycle 1 
fuel, and 50 microns for first cycle fuel.  The thickest crud measured in PWR fuel is 127 2 
microns. 3 
 4 
The limiting crud thermal conductivity quoted for PWR fuel, 0.3 BTU/(h-ft-°F), falls at the 5 
lower end of the measured calcium-rich crud on boiler tubes that range 6 
from 0.29 to 0.55 BTU/(h-ft-°F).  Sodium aluminum silicate based crud deposits have 7 
thermal conductivities as low as 0.11 BTU/(h-ft-°F).  Thus, the WCAP concludes that 8 
using a limiting thermal conductivity of 0.1 BTU/(h-ft -°F) is conservative.  As stated in 9 
(1) above, based on a review of the information provided, the staff accepts the WCAP 10 
conclusion that a thermal conductivity of 0.1 BTU/(h-ft-°F) is conservative.  Therefore, 11 
the evaluation is acceptable to the NRC staff. 12 
 13 
(3) Cladding Temperature Due to Precipitate Plate-Out on Fuel Rod Surface 14 
 15 
Section 7 and Appendix E of the WCAP describe the method used to calculate the 16 
thickness of deposits on the fuel cladding and the method used to calculate the resulting 17 
cladding temperature.  The method uses steady-state slab heat conduction model in the 18 
LOCADM computer code to calculate fuel rod cladding temperature as a result of crud 19 
deposits on the surface of a fuel at locations which are not within a spacer grid.  The 20 
LOCADM computer code also calculates the amount of suspended and dissolved 21 
material in the core, and the plate out of that material on the fuel rods. 22 
 23 
In Reference 2, the NRC staff raised questions concerning the calculation of plate out of 24 
dissolved and suspended materials including fibrous debris upon the surface of fuel rods 25 
undergoing long-term boiling.  The PWROG responded (Reference 4) that the deposition 26 
of small fibers that do not dissolve but are small enough to be transported through the 27 
sump strainer and into the core cannot be ruled out.  They also stated that the quantity 28 
of transported fines is expected to be small compared to both the total amount of debris 29 
and the amount of debris that dissolves or corrodes.  The PWROG stated that an 30 
estimate of the effect of the fiber on deposit thickness and fuel temperature can be 31 
accounted for in LOCADM by use of a “bump-up factor” applied to the initial debris input.  32 
Therefore, the evaluation, with bump-up factor, is acceptable to the NRC staff. 33 
 34 

The PWROG presented a comparison of the LOCADM slab conduction methodology with the 35 
cylindrical conduction methodology of WCAP-16793, Appendix D, showing that similar results 36 
are obtained for thin crud layers.  In Reference 2, the NRC staff questioned whether for thick 37 
crud layers, the inaccuracies of the slab model for modeling cylindrical heat transfer might make 38 
this methodology unusable.  In response, the PWROG provided results (Reference 4, 39 
Table 34-1) of a comparison of a slab geometry heat transfer model versus a cylindrical 40 
geometry heat transfer model.  The slab geometry resulted in a temperature drop across the 41 
deposit that was 61 degrees Fahrenheit greater than for the cylindrical geometry, thus indicating 42 
that LOCADM is conservative.  The NRC staff accepts this conclusion based on a review of the 43 
calculations presented. 44 
 45 

The PWROG has selected a cladding temperature of 800 degrees Fahrenheit as the 46 
acceptance basis for long-term cooling.  The PWROG stated (Reference 4) that autoclave test 47 
data has demonstrated that oxidation and hydrogen pickup would be acceptable at and below 48 
the 800 degrees Fahrenheit temperature and that the reduction in cladding mechanical 49 
performance would be small.  The cladding specimens in the autoclave tests were for fresh 50 
material.  In Reference 2, the NRC staff requested data for specimens which have undergone 51 
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prior exposure to LOCA heat-up and quench conditions.  The PWROG responded 1 
(Reference 4) by referring to autoclave test data and a literature review that indicates that 2 
susceptibility to localized accelerated corrosion occurs at temperatures in excess 3 
of 800 degrees Fahrenheit.  The PWROG stated that it does not expect cladding properties to 4 
degrade due to a 30-day exposure to a temperature of 800 degrees Fahrenheit.  The NRC staff 5 
accepts that the autoclave results are sufficient to justify this temperature, and the NRC staff 6 
accepts a temperature limit of 800 degrees Fahrenheit as the long-term cooling limit.  If a 7 
licensee’s final LOCADM calculation shows a cladding temperature that exceeds this value, 8 
cladding strength data must be provided for oxidized or pre-hydrided cladding material 9 
temperature in excess of that calculated.  This Condition is addressed further in Section 4.0, 10 
Item number 7, of this SE. 11 
 12 
3.4.4 Summary of Collection of Debris on Fuel Grids 13 
 14 
Section 4.4 of the WCAP states that debris that does not collect at the core inlet will pass 15 
through the fuel assembly bottom nozzle and enter the core region where it may lodge in some 16 
of the smaller clearances in the spacer grids.  However, the debris buildup will not impede 17 
LTCC, because the extent of the buildup is limited by the spacer grid design and debris that 18 
does collect will have some packing factor that will allow "weeping" flow through the resulting 19 
debris bed, as evidenced by a review of the test data that indicated that coolant continued to 20 
pass through the debris bed. 21 
 22 
The PWROG stated that the collection of debris observed during fuel assembly testing 23 
represents an upper bound of the debris accumulation because of conservatisms in the testing 24 
process and the buildup of debris at spacer grids in an operating plant would be considerably 25 
lower with a low likelihood of blockages at any singular spacer grid.  Further, the blockages that 26 
do occur can be treated as localized blockages.  27 
 28 
For localized blockages, calculations described in Sections 4.3 of the WCAP demonstrate that 29 
the maximum surface temperature of cladding between two grids during recirculation from the 30 
containment sump following a postulated LOCA would be less than 800 degrees Fahrenheit.  31 
For the 0.360 inch diameter fuel rod, the maximum temperature with 50 mils of precipitate on 32 
the clad OD is calculated to be less than 560 degrees Fahrenheit.  For the 0.416-inch 33 
or 0.422-inch rods, the maximum temperature with 50 mils of precipitate deposited on the clad 34 
OD is calculated to be less than 715 degrees Fahrenheit.  The PWROG stated that these 35 
temperatures are conservatively high, as they assume a decay heat level at the time of ECCS 36 
switchover to recirculation from the containment sump (20 minutes after initiation of the 37 
transient).  At this point in the transient, there has been no time to build a layer of precipitate.  38 
Chemical products have had little time to form and the concentrations are therefore low, and 39 
coolant from the sump is just being introduced into the RV by the ECCS. As decay heat 40 
continues to decrease, the calculated clad surface temperatures for a specific thickness of 41 
precipitate would also decrease. 42 
 43 
NRC Staff Evaluation  44 
 45 
The NRC staff finds acceptable the statement that debris that is not deposited at the core inlet 46 
can be captured at spacer grids within the core.  This conclusion is based on results of fuel 47 
assembly testing that showed that, under certain flow conditions, fiber, as well as particulate 48 
and chemical debris was deposited at spacer grids throughout the test assembly.  The NRC 49 
staff also finds that when the quantity of debris transported to the core is within the acceptance 50 
limits specified in Section 10 of the WCAP, as approved by NRC staff in this SE, the flow of 51 
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coolant required for LTCC can be maintained.  This conclusion is based on the results of fuel 1 
assembly testing that established the debris limits based on the ability to maintain the required 2 
coolant flow rate to ensure LTCC.   3 
 4 
The NRC staff finds that the PWROG has adequately demonstrated that deposition of debris 5 
between the spacer grids and fuel rods or deposits of 0.050 inch or less precipitates on the fuel 6 
rods will not result in the fuel cladding temperature exceeding 800 degrees Fahrenheit.  7 
However, as stated in Section 7 of the WCAP, plants will need to prepare a plant-specific 8 
LOCADM evaluation using plant-specific design inputs.  Each licensee’s GL 2004-02 submittal 9 
to the NRC should state the peak cladding temperature predicted by the LOCADM analysis.  10 
This Condition is discussed in Section 4.0, Item number 7, of this SE. 11 
 12 
Therefore, plants that satisfy the NRC staff-accepted debris acceptance criteria of 15 grams per 13 
fuel assembly as defined in Section 10 the WCAP, criteria contained in other sections of this 14 
SE, and the conditions and limitations of this SE can state that they that they have adequately 15 
addressed GL 2004-02 with respect to the downstream effects. 16 
 17 
3.5 COLLECTION OF FIBROUS MATERIAL ON FUEL CLADDING (TR WCAP-16793-NP, 18 

Revision 2, Section 5)  19 
 20 
The PWROG investigated the potential for fibrous material to collect on the fuel cladding by 21 
performing testing.  The results of the tests are discussed and evaluated in NEA/CNSI/R (95)11 22 
(Reference 31).  The following observations from report are cited: 23 
 24 

1. From Section 5.4.2.1 of Reference 31, little adherence of fibrous material to clad 25 
surfaces was observed, and the material that did adhere was loose and easily removed.  26 
What was observed to adhere to clad surfaces was the binder used to make fiberglass.  27 
This binder, however, was observed to carry with it very limited fibrous debris.  The 28 
report noted that much of the binder is quickly driven off of the fiberglass due to the heat 29 
associated with normal operating conditions.  These observations were determined to be 30 
applicable to both NUKON® and Knauf ET® Panel. 31 

 32 
2. Section 5.4.2.3 of Reference 31 provided observations regarding fibrous material 33 

collection at fuel grids.  It was noted that fibrous debris will collect on grids, but that a 34 
pure fibrous bed is porous and water will pass through it. 35 

 36 
The PWROG concluded that the above test results indicate that fibrous debris, should it enter 37 
the core region, will not tightly adhere to the surface of fuel cladding.  Thus, fibrous debris will 38 
not form a "blanket" on clad surfaces to restrict heat transfer and cause an increase in cad 39 
temperature.  Therefore, adherence of fibrous debris to the cladding is not plausible and will not 40 
adversely affect core cooling. 41 
 42 
NRC Staff Evaluation 43 
 44 
Testing of fibrous debris on heated surfaces is described in Reference 32.  In these tests, an 45 
immersion heater, which was heated electrically or with a torch, was quenched in a slurry 46 
mixture of glass wool and associated insulation blanket material that included the adhesive 47 
binder.  Initial heater temperatures ranged from saturated to 2200 degrees Fahrenheit.  In other 48 
tests the electric heater was immersed within the slurry for hours.  Fiber-to-metal or fiber-to-fiber 49 
adherence was not observed.  The small amount of fiber which was present on the heater 50 
surface after the test was easily brushed away with a soft brush.  Some adherence of the binder 51 
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material to the heater was observed with the maximum fibrous debris layer two fiber diameters 1 
thick.   2 
 3 
The tests conducted and reported in Reference 32, referred to in Reference 31, were conducted 4 
in three ways:  1) a rod heated to 2200 degrees Fahrenheit was quickly quenched in a slurry of 5 
chopped blanket fibers in distilled water, 2) a stainless steel strip was placed in the slurry and 6 
heated to nucleate boiling and held for three hours, and 3) a stainless steel strip was placed in 7 
the slurry and heated to film boiling and held for three hours.  The slurry was made from 8 
commercially available (1978 era) high temperature fiberglass insulation with a density of 1 to 9 
2.5 pounds per cubic feet, and a service temperature of up to 1000 degrees Fahrenheit.  The 10 
tests provided qualitative indications that the fibrous material would not adhere significantly to 11 
the heated surface.   12 
 13 
The NRC staff concluded in its SE on Reference 32 (the SE is included in Reference 32) that 14 
the fiber deposits which occur on rods heated to film or nucleate boiling temperatures will not 15 
accumulate in sufficient thickness or quantity to measurably change either the flow of coolant or 16 
the heat transfer characteristics of the heated surface.   17 
 18 
The WCAP does not address the potential for blockage due to fuel swelling or rupture.  19 
Following a large-break LOCA, fuel rods in the core may swell or rupture leaving sharp edges at 20 
the rupture locations and diminish channel flow area.  Debris may collect in the restricted 21 
channels and at the rough edges of the rupture locations.  Swelling and rupture of the fuel rod 22 
cladding during design basis LOCAs is one of the phenomena which licensees evaluate under 23 
10 CFR 50.46.  Therefore, in Reference 2, the NRC staff asked the PWROG to evaluate the 24 
possibility of excessive blockage being produced by the combination of swelling and rupture and 25 
debris collection.  Such blockage might produce the occurrence of the hot spots above the 26 
blockage location. 27 
 28 
The PWROG stated (Reference 4) that based on work performed and reported in Reference 33, 29 
only about 10 percent of the fuel rods in the core would experience cladding rupture.  Therefore, 30 
the PWROG concluded:  “wide-spread blockage due to swelling and rupture would not be 31 
expected in a large-break LOCA scenario.”  Accumulation of significant debris in the balloon and 32 
burst region would have a low probability of occurrence.  The NRC staff found acceptable the 33 
conclusion for CE, B&W, and Westinghouse three-loop and four-loop plants, based on the 34 
information provided in Reference 4.  Westinghouse two-loop UPI plants have significantly 35 
different flow patterns during re-flood.  The general flow pattern is for the upper plenum to drain 36 
into the lower power regions of the core, while the hotter regions are cooled by a bottom-up 37 
flow.  Thus, the UPI plants are expected to encounter a circulation pattern with both up flow and 38 
down flow.  This would make the accumulation of debris in the hotter regions of the core less 39 
likely.  The NRC staff reviewed the conclusion in Reference 4 that the blockage due to swelled 40 
or burst fuel cladding will not cause unacceptable core heat-up (PCT > 800 degrees 41 
Fahrenheit).  Based on NRC staff experience with confirmatory analyses and the review of the 42 
LOCA analyses of a representative number of operating PWRs, NRC staff considers the cited 43 
PWROG statement to be correct.  Based on information received, the NRC staff concludes that 44 
the debris limits accepted in this SE will not cause significant blockage with cladding rupture or 45 
swelling.  46 
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3.6 PROTECTIVE COATING DEBRIS DEPOSITED ON FUEL CLADDING SURFACES (TR 1 
WCAP-16793-NP, Revision 2, Section 6) 2 

 3 
The PWROG identified zinc-rich primers, epoxies, and non-epoxies (typically applied to small 4 
equipment applied by the original equipment manufacturer) as the primary types of coating 5 
materials typically contained in PWR containment buildings.  These coatings may be 6 
transported to the reactor vessel and either deposit directly on cladding surfaces, or collect 7 
within fuel grids or behind debris beds within the fuel grids.  The PWROG evaluated these 8 
coatings to have a negligible effect on long-term core cooling because: 9 
 10 

1. The amount of non-epoxy coatings used inside a PWR containment building is small and 11 
therefore, has negligible contribution to post-LOCA PWR chemistry effects. 12 

 13 
2. PWROG testing in support of WCAP-16530-NP-A (Reference 21) has demonstrated that 14 

zinc contributes little to the generation of PWR corrosion products post-LOCA and that 15 
any zinc particulate deposited on a fuel rod would have a much higher thermal 16 
conductivity than assumed in the LOCADM analysis.  Therefore, zinc-rich primers have 17 
negligible contribution to post-LOCA PWR containment pool dissolved solids that could 18 
precipitate and deposit on the fuel cladding. 19 

 20 
3. Chemical resistance testing under simulated design basis accident (DBA) conditions has 21 

demonstrated that epoxy coating systems are chemically inert and contribute only a 22 
small amount of leachate to the recirculating coolant and therefore, epoxy coatings are 23 
evaluated to have negligible contribution to post-LOCA PWR chemistry effects 24 
(response to RAI number 2 in Section D of Reference 21). 25 

 26 
Based on the above, the PWROG concluded that protective coatings debris would have a 27 
negligible effect on the post-LOCA chemistry of a PWR containment pool, and on post-LOCA 28 
LTCC.  The PWROG also evaluated protective coatings debris (particulate) to have a negligible 29 
effect on post LOCA LTCC. 30 
 31 
NRC Staff Evaluation  32 
 33 
The NRC staff reviewed the information in the WCAP and other sources of relevant information.  34 
The NRC staff finds the following: 35 
 36 

1. Testing described in response to RAI 2 (Reference 21) demonstrated that the 37 
predominant coating of concern (epoxy) retains its structural integrity at temperatures up 38 
to 350 degrees Fahrenheit and, therefore, is not expected to fail outside the zone of 39 
influence (ZOI).  The NRC staff notes that plants may contain non-DBA qualified epoxies 40 
that would be expected to fail outside the ZOI.  However, due to the limited quantity of 41 
non-qualified epoxy (Reference 34), the NRC staff treats this material as non-epoxy for 42 
the purpose of this SE.  43 

 44 
2. Testing documented in NUREG/CR-6916, “Hydraulic Transport of Coating Debris,” 45 

(Reference 35), has shown that epoxy paint chips tend to sink rather than transport.   46 
 47 
3. When immersed in fluid at temperatures less than 350 degrees Fahrenheit, epoxy does 48 

not form adhesive bonds with other materials. 49 
 50 
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4. Given the conservative assumptions used in the plant-specific chemical-effects 1 
evaluations, the staff finds that the amount of non-epoxy coating used inside a PWR 2 
containment building is small (Reference 34) and will not significantly contribute to fuel 3 
deposits. 4 
 5 

5. Testing of zinc rich primers reported in References 21 and 36 has shown that they will 6 
not leach a significant amount of chemicals. The staff finds that zinc particulate 7 
deposited on the fuel will have thermal conductivity values much higher 8 
(65 BTU/(h-ft-°F)) than that assumed for deposits in LOCADM analysis. 9 

 10 
6. Although not credited in the WCAP, some coating particulate that reaches the sump 11 

strainer will probably be filtered by a sump strainer debris bed. 12 
 13 

Therefore, the NRC staff accepts the position of the PWROG that protective coatings will not 14 
have a significant effect on clad-to-coolant heat transfer. 15 
 16 
3.7 CHEMICAL PRECIPITATES AND DEBRIS DEPOSITED ON FUEL CLAD SURFACES 17 

(TR WCAP-16793-NP, Revision 2, Section 7, Appendices E and F) 18 
 19 
Information regarding how post-LOCA chemicals and containment debris combine to form 20 
potential impediments to cooling water flow and heat transfer is found, principally, in 21 
WCAP-16530-NP-A (Reference 21) and the WCAP (Reference 18).  References to 22 
substantiating evidence are provided in each of these documents as well as in the responses to 23 
RAIs for WCAP-16530-NP and the WCAP (Reference 18). 24 
 25 
In order to best explain how potential chemical effects could occur, the LOCA sequence of 26 
events is presented from a chemical perspective.  Following the reactor coolant system blow-27 
down during the initial phase of the LOCA, borated water from storage tanks is pumped into the 28 
reactor core through the cold-legs (for most plants) and through the UPI points (for a few 29 
plants).  Simultaneously, some of this water is sprayed into the containment building, thereby 30 
cooling the released hot liquid/steam to maintain overall building pressure to less than the plant 31 
design limit.  The initial water source used for injection into the reactor vessel and for 32 
containment spray is of very high purity (stored in tanks after purification) and with appropriate 33 
boron concentration (approximately 2,500 ppm boron) for emergency core cooling. 34 
 35 
Depending on plant design, there are several ways that chemicals are added to adjust the pH 36 
following a LOCA.  Plants using sodium hydroxide (NaOH) to adjust pH inject it into the 37 
containment spray during the initial spray period.  Thus, the containment spray is initially at the 38 
high end of the design pH range, and the spray pH decreases once all NaOH has been added 39 
to the spray system and the pool volume has diluted the NaOH concentration.  The pool that 40 
forms on the containment floor will initially be acidic, due to the borated water from the RCS and 41 
storage tanks (e.g., refueling water tank) that has spilled out the break.  The pH of that pool and 42 
the water collected in the sump will increase to greater than 7.0 over time as the higher pH 43 
spray collects at the containment floor and adds to the pool volume. 44 
 45 
Plants using trisodium phosphate (TSP) to adjust pH store the granular TSP powder in baskets 46 
on the floor of the containment building.  The TSP dissolves (over approximately a two-hour 47 
period) as the water level on the floor of the containment building rises with time.  In this case, 48 
initial RCS blowdown and containment spray are acidic until the switch from injection phase to 49 
the recirculation phase and the dissolution of TSP has adjusted the pH above 7.0.  Some plants 50 
store sodium tetraborate (STB) in baskets on the containment floor for post-LOCA pH control, 51 
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and their overall system pH trend with time would be similar to that for a plant with TSP.  Plants 1 
designed with ice condensers have STB frozen into the ice to adjust the post-LOCA 2 
containment building pool pH.  Following a LOCA, STB would be added to the pool as the ice 3 
melts, thereby increasing the pool pH to greater than 7.0. 4 
 5 
 6 

 7 
 8 

Figure 3.7-1 9 
Initial Injection into RCS Immediately Following Break 10 

(Schematic is representative of NaOH injection plants). 11 
 12 
Figure 3.7-1, developed for this SE, shows a schematic of the initial phases of the LOCA with 13 
chemicals and flow indicated.  This schematic is representative of some plant designs.  Over 14 
time, the liquid on the containment floor builds up dissolved and suspended chemical 15 
concentrations as a result of the reaction between liquid spilling out the break (initially acidic and 16 
gradually trending higher to a pH greater than 7.0), plant debris, and wash-down from the spray.  17 
Reactions of the containment spray with containment materials take place at a range of pH 18 
values depending on the plant design, the chemical used to adjust pH, and whether this 19 
chemical is added directly into the spray system or dissolves in the pool. 20 
 21 
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Potential chemical reactions between the post-LOCA containment building environment and 1 
plant materials that may produce chemical products are considered as chemical effects in 2 
GSI-191.  The Integrated Chemical Effects Tests (ICET) (Reference 36), as well as testing 3 
reported in WCAP-16530-NP-A, showed that certain combinations of materials and 4 
representative post-LOCA containment environments could produce hydrated, amorphous 5 
precipitates that would need to be considered in GSI-191 chemical effect evaluations.  6 
Figure 3.7-2, developed for this SE, shows the change in flow path for the core cooling water as 7 
well as the source of the contaminants to the core following the switch to recirculation flow. 8 
 9 
 10 
 11 

 12 
 13 

Figure 3.7-2 14 
Injection into Cold-Leg Using Previously Injected Water 15 

Captured in the Containment Sump. 16 
 17 

(Note: Features such as the presence of a sump pit and strainer design are plant-specific) 18 
 19 
Although this SE primarily focuses on the WCAP, there is a link between the WCAP and 20 
WCAP-16530-NP-A since the chemical model contained in WCAP-16530-NP-A is used to 21 
develop the potential source term of species that may enter the reactor vessel.  22 
WCAP-16530-NP-A provides a method for evaluating plant-specific chemical effects in a 23 
post-LOCA environment, including guidance for how to prepare surrogate chemical precipitates 24 
that may be used in strainer head loss tests.  The NRC staff reviewed WCAP-16530-NP-A, and 25 
the NRC staff SE is available in ADAMS at Accession No. ML073520891.  WCAP-16530-NP-A, 26 
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however, does not explicitly address potential chemical effects that may occur in the reactor 1 
vessel.   2 
The WCAP evaluates potential chemical effects that may occur downstream of the sump 3 
strainer in the reactor vessel.  The materials tested in WCAP-16530-NP-A included: 4 
 5 

1. commercially pure aluminum and galvanized steel, 6 
2. calcium silicate insulation, 7 
3. NUKON™ fiberglass, 8 
4. other fiberglass - Temp Mat™, 9 
5. Interam™ E-class insulation, 10 
6. powdered concrete, 11 
7. mineral wool insulation, 12 
8. microporous insulation (e.g., Min-K™), and 13 
9. fire-retardant material (e.g., FiberFrax™). 14 

 15 
WCAP-16530-NP-A describes a number of dissolution tests conducted to examine the chemical 16 
behavior of various materials found in the sump environment.  Sampling times for the 17 
dissolution test were set at 30 minutes, 60 minutes, and 90 minutes.  The results of the WCAP-18 
16530-NP-A test program are consistent with previous work such as the ICET program and 19 
show that: 20 
 21 

1. The predominant materials leached from containment materials are: 22 
• aluminum ions 23 
• silicates 24 
• calcium ions 25 

 26 
2. The predominant chemical precipitates formed are: 27 

• aluminum (oxy) hydroxide  28 
• sodium aluminum silicate  29 
• calcium phosphate (for plants using trisodium phosphate for pH control)  30 

 31 
It is possible that other silicate materials may be generated (e.g., calcium aluminum silicate or 32 
zinc silicate), but their contribution, based on the referenced studies, will be small (contributing 33 
less than five percent of the total mass) relative to the predominant precipitates. 34 
 35 
NRC Staff Evaluation  36 
 37 
The WCAP-16530-NP-A model considers the release rates of aluminum, calcium and silicate, 38 
as these provide the greatest masses of materials that can become insoluble and impacts of 39 
other materials are negligible (Reference 21).  Given a source term of material from the  40 
 41 
WCAP-16530-NP-A model, the NRC staff reviewed the methodology used by the PWROG to 42 
determine that these materials: 43 
 44 

1. would not deposit on fuel surfaces to the extent that heat transfer is unacceptably low, 45 
and  46 

2. would not block flow through the fuel channels should the scale materials deposited 47 
become dislodged by spallation during fuel cool down. 48 

 49 
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In evaluating the potential for plate-out of dissolved or suspended chemical compounds on the 1 
fuel surface, the WCAP methodology assumes that all of the dissolved species and compounds 2 
resulting from the WCAP-16530-NP-A assessment are transported through the containment 3 
sump screen to the reactor vessel.  This material represents the source term in the WCAP for 4 
evaluating plate-out of scale-forming materials on the fuel cladding.  The NRC staff finds this 5 
source term assumption to be acceptable since the chemical source term is based on 6 
WCAP-16530-NP-A testing, and it is conservative for the reactor vessel fuel analysis to assume 7 
that no precipitate settles on the containment floor, no precipitate becomes trapped in a filtering 8 
debris bed covering the sump strainer, and material does not deposit in other locations 9 
downstream of the strainer (e.g., heat exchangers, reactor vessel lower plenum). 10 
 11 
Although the NRC staff finds the use of the chemical model spreadsheet contained in 12 
WCAP-16530-NP-A to be acceptable for determining the chemical source term for LOCADM, a 13 
Limitation and Condition was provided in the SE for WCAP-16530-NP (ADAMS Accession No. 14 
ML073520891) related to the aluminum release rate.  The WCAP-16530-NP-A chemical model 15 
aluminum release rate is based, in part, on a fit to ICET data using an averaged 30-day release.  16 
Actual corrosion of aluminum coupons during the ICET test appeared to occur in two stages; 17 
active corrosion for the first half of the test followed by passivation of the aluminum during the 18 
second half of the test.  Therefore, while the 30-day fit to the ICET data is reasonable, the 19 
WCAP-16530-NP-A model under-predicts aluminum release by about a factor of two during the 20 
active corrosion phase of ICET 1.  This is important since the in-core LOCADM chemical 21 
deposition rates can be much greater during the initial period following a LOCA, if local 22 
conditions predict boiling.  As stated in WCAP-16530-NP-A, to account for potentially greater 23 
amounts of aluminum during the initial days following a LOCA, a licensee’s LOCADM input 24 
should apply a factor of 2 increase to the WCAP-16530-NP-A spreadsheet predicted aluminum 25 
release, not to exceed the total amount of aluminum predicted by the WCAP-16530-NP-A 26 
spreadsheet for 30 days.  In other words, the total amount of aluminum released equals that 27 
predicted by the WCAP-16530-NP-A spreadsheet, but the timing of the release is accelerated.  28 
Alternately, licensees may choose to use a different method for determining aluminum release, 29 
but licensees should not use an aluminum release rate equation that under-predicts the 30 
aluminum concentrations measured during the initial 15 days of ICET 1.  This Condition is 31 
addressed further in Section 4.0, Item number 8, of this SE. 32 
 33 
If a licensee uses plant-specific refinements to reduce the chemical source term calculated by 34 
the WCAP-16530-NP-A base model, the licensee should provide technical justification 35 
demonstrating that the refined chemical source term adequately bounds the postulated plant 36 
chemical product generation.  This Condition is addressed in Section 4.0, Item number 9, of this 37 
SE. 38 
 39 
The WCAP uses various heat transfer computer programs (ANSYS® Mechanical Software and 40 
WCOBRA/TRAC WCAP-12945-P-A) and a commercially available calculational software 41 
package (MATHCAD) for estimating the effects of the plate out of dissolved materials on the 42 
increase in fuel clad temperature.  The WCAP relies on the LOCADM code for its final 43 
assessments since the LOCADM calculations address non-uniform chemical deposition due to 44 
variation of core power and boiling. 45 
 46 
The starting assumption for the LOCADM model with respect to chemical effects is that all the 47 
dissolved and suspended chemicals pass through the containment sump screen and into the 48 
reactor core.  This is a conservative assumption because it maximizes the amount of chemicals 49 
available to cause deleterious effects. 50 
 51 
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The LOCADM model also assumes that some of the fibrous material from destroyed insulation 1 
is not removed by the sump strainer and that this material also passes on to the reactor core 2 
area.  The mass of fiber passing through the strainer is determined on a plant-specific basis, 3 
based on bypass testing.  LOCADM assumes instantaneous chemical participation of this fiber.  4 
Therefore, in the LOCADM analysis, the fiber bypass quantity is converted to a mass of 5 
fiberglass and then to an equivalent mass of elements (calcium + aluminum + silicon) that is 6 
immediately available to be deposited.  This increase in the mass of dissolved chemicals is 7 
compared to the original mass of dissolved chemicals determined by the WCAP-16530-NP-A 8 
calculations (calcium + aluminum + silicon) and a percent increase is calculated.  This increase 9 
is on the order of one to two percent, and is referred to as a “bump-up factor.”  The staff finds 10 
this approach acceptable because the chemical contribution of bypassed debris is considered 11 
and because the physical effects of bypassed debris are determined by separate testing. 12 
 13 
These two chemical sources are then used in the plant-specific application of LOCADM.  Given 14 
the potential plant-specific chemical source term in the reactor vessel, LOCADM determines the 15 
amount of scale that deposits on the fuel over time and then calculates maximum fuel clad 16 
temperature.  An assumption that is very important to the LOCADM calculations is the 17 
coefficient of thermal conductivity for the chemical deposits.  In order to determine an 18 
appropriate thermal conductivity coefficient for the LOCADM calculations, two different 19 
thermodynamic equilibrium based codes were used to assess the chemical species that may 20 
form in the post-LOCA reactor vessel environment.  Westinghouse performed an analysis using 21 
the HSC program by Outokomptu, and AREVA performed similar analysis with the OLI 22 
StreamAnalyzer Version 2.0.43 program by OLI Systems, Inc.  These thermodynamic 23 
equilibrium codes were used to evaluate potential differences in the predicted species and to 24 
support the choice of a limiting thermal conductivity value for a chemical deposit that may form 25 
on the fuel.  Using the chemical species predicted by these thermodynamic equilibrium 26 
analyses, a lower-bound thermal conductivity value was selected for the LOCADM analysis in 27 
the WCAP to minimize heat transfer and maximize the temperature rise on the fuel surfaces.  A 28 
chemical deposit thermal conductivity value of 0.11 BTU/(h-ft-°F) was selected based on the 29 
possible formation of a postulated sodium aluminum silicate scale.  A thermal conductivity value 30 
of 0.11 BTU/(h-ft-°F) is the minimum thermal conductivity value reported for sodium aluminum 31 
silicate scale.  For comparison, the thermal conductivity of dry fiberglass insulation is 32 
approximately 0.05 BTU/(h-ft-°F), and, with eight percent of its mass wetted, it increases to 33 
approximately 0.1 BTU/(h-ft-°F).  In Reference 2, RAI number 15, the NRC staff questioned if 34 
there were any materials from the thermodynamic predictions for fuel clad surface deposits 35 
which could have lower thermal conductivity values.  The PWROG responded (Reference 4) 36 
stating that 0.11 BTU/(h-ft-°F) was a bounding thermal conductivity value reported for any of the 37 
postulated species that could form a scale deposit on the fuel clad surface.  Information 38 
provided by the PWROG in RAI response number 34 (Reference 4) showed thermal 39 
conductivity coefficients of representative calcium-based boiler scale deposits that were in the 40 
0.3 to 0.5 BTU/(h-ft-°F) range, and the thermal conductivity of glass was reported as 41 
0.59 BTU/(h-ft-°F). 42 
 43 
Since the LOCADM calculations do not consider the presence of large debris, the NRC staff 44 
questioned whether small pieces of insulation (“fines”) incorporated into a deposit could result in 45 
a lower thermal conductivity value than the 0.11 BTU/(h-ft-°F) assumed for a sodium aluminum 46 
silicate scale.  The PWROG responded (Reference 4) stating that because core temperatures 47 
will have decreased by the time the ECCS switches from injection to recirculation mode (which 48 
is the time when the first fibrous debris could bypass the sump screens and enter the core) the 49 
temperature of the core is insufficient to cause melting of the fiberglass or other fibrous material.  50 
Therefore, the presence of fiber fines would not create a different type of scale other than that 51 
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predicted by the thermodynamic models.  The PWROG further stated (Reference 4) that 1 
although dry fiberglass has a lower thermal conductivity than the 0.11 BTU/(h-ft-°F) assumed for 2 
the chemical deposit, a fiber deposit would be porous and would allow water to fill in the 3 
porosity.  Since water has a much higher thermal conductivity than air, the overall thermal 4 
conductivity for a deposit containing fiberglass would be bounded by the assumed 5 
0.11 BTU/(h-ft-°F) value.  This reasoning is supported by literature (Reference 37) that indicated 6 
the fiberglass thermal conductivity constant increases by a factor of two with an eight percent 7 
volume of water incorporated into its structure.  This is also consistent with insulation 8 
manufacturer recommendations to change insulation if it is wetted since the heat conduction 9 
through the insulation increases; in other words, it is no longer an effective insulator. 10 
 11 
Based on the above discussion, the NRC staff finds that the 0.11 BTU/(h-ft-°F) thermal 12 
conductivity value assumed for deposition of scale and particulate represents an acceptably low 13 
value to help achieve a conservative prediction of fuel clad temperature increases due to 14 
chemical deposits.  Since the assumed deposit thermal conductivity has a significant effect on 15 
the heat transfer analysis, the use of a 0.11 BTU/(h-ft-°F) value for sodium aluminum silicate 16 
scale need to be justified.  This Condition is discussed further in Section 4.0, Item number 10, of 17 
this SE.  If plant-specific calculations use a less conservative thermal conductivity value for 18 
scale (i.e., greater than 0.11 BTU/(h-ft-°F)), the NRC staff expects the licensee to provide a 19 
technical justification for the plant-specific thermal conductivity to the NRC staff.  This 20 
justification should demonstrate why it is not possible to form a sodium aluminum silicate scale 21 
or other scales with conductivities below the selected plant value. 22 
 23 
Given the potential chemical source term and using a conservative value for thermal 24 
conductivity, LOCADM calculates deposit growth over time.  The default initial oxide and crud 25 
thicknesses assumed by LOCADM are based on the fuel age and the limiting values that have 26 
been measured at modern PWRs.  Since the boiling deposition mechanism results in the most 27 
rapid deposit growth and forms the most tenacious deposits, LOCADM assumes that all 28 
deposition occurs through the boiling process if conditions at a core node predict any boiling.  29 
The amount of scale calculated to be deposited under boiling assumes that 50 percent of the 30 
water present at the clad surface boils and all solutes transported into the deposit by boiling are 31 
deposited locally, as liquid evaporates, at a rate proportional to the steaming rate.  Subsequent 32 
plate-out of solids, once boiling subsides, is estimated (from RAI Set number 2, RAI response 33 
number 8 of Reference 18, Appendix I) to be 1/80th of the solids deposition rate during boiling 34 
based on the temperatures encountered at the fuel.  Once formed, deposits are assumed not to 35 
thin by flow attrition, dissolution, or spall.  The sample LOCADM calculation in the WCAP 36 
included a 3188 megawatt thermal power PWR with high fiber (7000 ft3) and a large quantity of 37 
calcium silicate insulation (80 ft3).  In Reference 3, the NRC staff questioned what additional 38 
effect the existing clad crud film and oxide scale (from three cycles) would have on the 39 
LOCADM calculations.  The PWROG responded (Reference 4) that the sample LOCADM 40 
calculation, for the conditions stated above, including initial fuel clad oxide and crud, showed the 41 
maximum chemical scale thickness calculated over 30 days was 0.010 inches (10 mils).  The 42 
maximum clad surface temperature after the start of recirculation was 324 degrees Fahrenheit, 43 
which meets the acceptance criteria of 800 degrees Fahrenheit discussed in Section 3.1.2 of 44 
this SE. 45 
 46 
Validation of the LOCADM Code was performed by several comparisons.  For example, 47 
LOCADM was tested against SKBOR, a safety code used to predict boron build-up in the core 48 
for a cold-leg break with cold-leg injection.  The LOCADM analysis predicted that the boric acid 49 
concentration would increase to 23.53 weight percent, the hot-leg switchover point, in 7.6 hours.  50 
SKBOR, version 7, predicted that 8.0 hours would be required to reach the same concentration.  51 
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LOCADM was also used to predict laboratory tests (Reference 38) involving an electrically 1 
heated rod placed into a calcium sulfate solution.  In this test, a calcium sulfate solution near 2 
saturation entered a tube at 80 °C and was heated causing precipitation on the heat transfer 3 
surface.  The temperature of the heat transfer surface was monitored with time as the calcium 4 
sulfate precipitated.  The heat fluxes were high enough to cause boiling within the deposits 5 
(Reference 38).  The fouling resistance was calculated and plotted.  The LOCADM calculated 6 
deposition rate was equal to the highest deposition rate recorded experimentally and was about 7 
five times higher than the measured deposition rate for most of the test.   8 
 9 
The NRC staff finds the LOCADM Code validation acceptable since LOCADM has been shown 10 
to be in reasonable agreement with the SKBOR Code for boric acid concentration and to 11 
conservatively predict deposits compared to a laboratory experiment with a heated rod in 12 
calcium sulfate solution.    13 
 14 
Since LOCADM does not directly account for fiber fines bypassing the sump screen, the NRC 15 
staff also questioned (in Reference 3) how possible effects from fibers depositing in the core are 16 
assessed.  To model potential local hot spots, heat transfer analysis was provided in Appendix 17 
D of the WCAP assuming heat transfer in the radial direction only (i.e., ignoring any axial heat 18 
transfer) and using a chemical scale thermal conductivity of 0.1 BTU/(h-ft-°F).  These 19 
calculations showed that for a chemical scale thickness of 0.050 inches (50 mils) that formed 20 
“instantaneously” at the start of recirculation, the maximum fuel clad surface temperature for a 21 
fuel rod diameter of 0.36 inches is 560 degrees Fahrenheit.  Additional analyses were 22 
performed for larger diameter fuel rods, 0.416 inch and 0.422 inch OD rods. The predicted peak 23 
clad-oxide interface temperature was less than the acceptance basis value of 800 degrees 24 
Fahrenheit in each case.  The NRC staff finds this analysis to be acceptable since the 25 
assumptions of instantaneous chemical precipitate formation, heat transfer only in the horizontal 26 
plane (radial direction), and the assumed thermal conductivity for chemical scale are 27 
conservative. 28 
 29 
The NRC staff also questioned whether blockage of core flow channels might occur from scale 30 
initially deposited on the fuel surface that would flake off during the cool down process.  The 31 
PWROG responded in Reference 4, stating that the thickness of the scale formed is limited by 32 
the amount of solids dissolved in the water.  Using scale deposition models the PWROG 33 
demonstrated that the thickest scale fragment would be insufficient to bridge a fuel rod to fuel 34 
rod span to block flow.  The NRC staff finds this justification acceptable because the spallation 35 
process from the fuel is slow, and experience from spent fuel pool debris generated at PWRs 36 
shows these scale materials to be granular and of small size rather than large flakes (Reference 37 
40). 38 
 39 
The NRC staff also considered whether sufficient cooling water flow to the core may be 40 
compromised by other chemical precipitation effects outside the fuel assemblies.  Specifically, 41 
the NRC staff inquired in Reference 3 about potential blockage of the residual heat removal 42 
(RHR) heat exchanger tubes due to precipitate formation from lowering temperature.  In 43 
Reference 4, the PWROG presented industry work that had been performed to identify how 44 
deposits build up and block flow orifices.  In the case of the RHR heat exchangers, the linear 45 
velocity of the water (approximately 2.5 to 5.0 ft/sec) and the RHR pump discharge pressure 46 
(approximately 300 psi) are relatively high.  The chemical flocculent that might form as fluid 47 
temperature is reduced would have very little shear strength, and flocculent formation is typically 48 
time dependent.  Thus, the water velocity and pump output pressure would be sufficient to 49 
prevent blockage from deposition of these materials.  The flow rate changes considerably once 50 
the water is in the lower core area due to a much greater surface area as well as flow lost to the 51 



 
 

- 61 - 
 

 

break.  The flow prior to encountering the baffle is downward.  Therefore, precipitates, if formed 1 
due to temperature decreases in the RHR heat exchanger, will be more likely to be transported 2 
to the reactor vessel than to cause blockages in the RHR heat exchanger or piping.  Therefore, 3 
the NRC staff finds with the PWROG’s evaluation that chemical precipitates will not block the 4 
RHR heat exchangers. 5 
 6 
The NRC staff finds that:  7 
 8 

1. The mass of material used to determine the debris and scale loading is conservative 9 
based on the source term calculated from the WCAP-16530-NP-A tests, along with the 10 
assumption that no precipitates settle on the containment floor, are filtered at the sump 11 
screen, or deposited in heat exchangers, piping, or in the reactor vessel outside of the 12 
core.  The mass of materials includes a “bump up factor” to account for leaching of 13 
aluminum, calcium and silicon from pieces of insulation materials that bypass the sump 14 
screens.  The NRC staff finds this bump up factor to be acceptable for reasons stated in 15 
this SE section. 16 
 17 

2. The thermal conductivity assumed for chemical scale and debris deposits represents an 18 
acceptably low value (0.11 BTU/(h-ft-°F) to help achieve a conservative prediction of fuel 19 
clad temperature increase.  Wetted insulation allows for better conduction of heat and 20 
the thermal conductivity of wetted insulation would be higher.  Thus the use of 0.11 21 
BTU/(h-ft-°F) is a conservative assumption. 22 
 23 

3. Blockage of the RHR heat exchanger based on chemical deposition is unlikely due to 24 
time-dependent formation of precipitates and system flows and pressures being able to 25 
overcome the low shear strength of precipitate deposits. 26 
 27 

4. Industry-recognized calculation models were used to predict temperature increases at 28 
the fuel surface as a result of chemical plate-out, and these models confirm that the limit 29 
of 800 degrees Fahrenheit is not exceeded when these models are used in conjunction 30 
with the source term assumptions in WCAP-16530-NP-A. 31 
 32 

5. Blockage of fuel rod spans by spall of fuel scales is unlikely due to the time dependency 33 
for spallation and the small thickness of the scale compared to the space between the 34 
fuel rods. 35 

 36 
Overall, this is a valid approach to determining potential flow restrictions due to chemical effects 37 
of RCS liquid and containment debris and materials, and is both conservative and 38 
representative of the post-LOCA conditions based on chemical reactions described in 39 
WCAP-16530-NP-A.  Therefore, given the acceptance criteria for fiber bypass, the NRC staff 40 
concludes the chemical effects on core cooling resulting from debris and scale deposition 41 
following a LOCA are insufficient to create a condition resulting in fuel clad temperatures 42 
exceeding the temperature limit of 800 degrees Fahrenheit. 43 
 44 
3.8 BORIC ACID PRECIPITATION (TR WCAP-16793-NP, Revision 2, Section 8) 45 
 46 
The WCAP states that the effect of debris that passes through the ECCS sump strainer during a 47 
LOCA is not addressed in the WCAP.  However, the PWROG is currently funding a program to 48 
define, develop and obtain NRC approval of post-LOCA boric acid precipitation analysis 49 
scenarios, assumptions and acceptance criteria and resultant methodologies that demonstrate 50 
adequate post-LOCA LTCC.  51 
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NRC Staff Evaluation 1 
 2 
Section 8 of Reference 18 states that the effects of boron precipitation are not addressed in TR 3 
WCAP-16793-NP, Revision 2.  This statement is in acknowledgement that effective LTCC 4 
involves (1) provision of sufficient coolant flow to the core to remove decay heat without 5 
unacceptable fuel clad heat-up, and (2) prevention of boric acid precipitation sufficient to inhibit 6 
adequate core cooling.  In response to NRC findings made during a technical audit of 7 
Westinghouse Topical Report CENPD-254-P (Reference 41), the PWROG initiated a separate 8 
program to address staff questions related to boric acid precipitation, including the effect of 9 
debris accumulating in the core.  NRC staff finds this approach acceptable if a plant limits the 10 
amount of fiber bypassing the strainer to the amount approved by this SE.   11 
 12 
Tests performed by the PWROG on fuel assemblies at the low debris limits approved in this SE 13 
do not indicate the presence of a fiber bed that would significantly impact the timing of the onset 14 
of boric acid precipitation.  For a cold-leg break (the break of concern for boron precipitation), 15 
the quantity of debris entering the core is generally one half or less of the total amount of debris 16 
that passes through the strainer and reaches the RCS (e.g., 15 grams per fuel assembly).  In 17 
order for debris to reach the core, it must be well mixed within the ECCS fluid; easily 18 
transported; and nearly neutrally buoyant.  During a cold-leg break, flow into the core is limited 19 
by the boiloff rate, so only a portion of the flow passing through the sump strainer enters the 20 
core.  The remainder of the ECCS flow exits the break, carrying with it a proportionate amount 21 
of suspended debris.  Fuel assembly testing for cold leg conditions at low fiber amounts of 22 
approximately 7 grams (e.g., after the first batches of fiber addition) do not exhibit noticeable 23 
head loss.  This indicates that the fiber beds are minimal and no significant impact on boron 24 
precipitation is expected.  Therefore, NRC staff finds it acceptable for the PWROG to address 25 
the effects of fibrous debris on boron precipitation under the separate PWROG program.   26 
 27 
Fiber in excess of the acceptance criterion (e.g., greater than 15 grams per assembly) could 28 
build debris beds at the core inlet or at spacer grids at cold leg break conditions that inhibit 29 
mixing of coolant between the core and the reactor vessel lower plenum regions.  This mixing is 30 
credited in analyses for the timing of boron precipitation, which forms the bases for operating 31 
procedures that respond to the event.  Therefore, if a plant intends to justify fiber loads above 32 
the limit approved in this SE, the effects of fibrous debris on boric acid precipitation must be 33 
considered in the course of resolution of in-vessel downstream effects.  (The PWROG has 34 
stated that debris is part of the boron precipitation program).  This Condition is addressed 35 
further in Section 4.0, Item number 1, of this SE.  36 
 37 
3.9 COOLANT DELIVERED TO THE TOP OF THE CORE (TR WCAP-16793-NP, 38 

Revision 2, Section 9) 39 
 40 
The WCAP describes the two scenarios by which coolant can be delivered to the top of the core 41 
as follow: 42 
 43 

1. For all PWR plants, except Westinghouse two-loop plants, ECCS flow is initially 44 
delivered to the cold-legs.  At a predetermined time after sump switchover, coolant may 45 
be introduced into the hot-legs (hot-leg recirculation) to act as flushing flow to mitigate 46 
the precipitation of boric acid in the vessel.   47 

 48 
2. For two-loop Westinghouse PWRs, ECCS flow is initially delivered simultaneously to the 49 

cold-legs and to the upper plenum of the RPV.  When the RWST coolant source is 50 
exhausted, the coolant flow-path to the cold-legs is secured and coolant flow from the 51 
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containment sump to the upper plenum is initiated and maintained throughout plant 1 
recovery.  However, plants maintain the ability to re-initiate flow through the cold-leg(s).   2 

 3 
For both conditions described above, debris in the circulated coolant can flow into the core from 4 
the top. 5 
 6 
For all PWR plants, except Westinghouse two-loop plants, the WCAP states that for a cold-leg 7 
break, the amount of debris that enters the core from the top during hot-leg injection is small 8 
because much of the debris is depleted by the time (several hours after the initiation of 9 
recirculation) hot-leg injection is initiated.  The WCAP states that much of the debris in the 10 
circulated containment pool is depleted either by capture on the sump screen or by settling in 11 
the containment sump or in low-flow locations of the ECCS RV flow path such as the reactor 12 
vessel lower plenum.  The WCAP cites examples of debris depletion in WCAP-16406-P-A 13 
(Reference 39). 14 
 15 
For Westinghouse two-loop PWRs, the WCAP states that full ECCS flow to the reactor vessel 16 
upper plenum is established at ECCS actuation and is maintained throughout plant recovery.  17 
Therefore, this flow path begins to deliver debris to the top of the core when ECCS pump 18 
suction is realigned to draw coolant from the containment sump.  The quantity of debris that 19 
could enter the core is determined by the break location as follows; 20 
 21 

1. For a hot-leg break, coolant flow to the core is through the UPI ports with all cold-leg flow 22 
initially secured.  ECCS flow that enters the upper plenum can either enter the core or 23 
exit the break, with most of the flow exiting the vessel through the break.  Only the flow 24 
required to replenish boil-off enters the core.  The PWROG stated that quick turnaround 25 
time and turbulent mixing of the upper portion of the core results in a situation where 26 
debris that enters the upper plenum with the coolant is either kept in suspension and 27 
expelled through the hot-leg piping, or is deposited over a broad area of the core. 28 

 29 
2. For a cold-leg break, the same injection points (the UPI ports) apply.  The WCAP states 30 

that the debris suspended in the coolant pumped to the upper plenum will flow into the 31 
core.  The flow path is down through the core, up the downcomer, into the cold-legs and 32 
out the break. 33 

 34 
The WCAP states that considering the above, the debris that may be captured on mixing vanes, 35 
fuel grids and the bottom of the fuel is limited.  Further, the collection of debris by these features 36 
occurs over time.  Therefore, the formation of a debris bed takes time and the collected debris 37 
would have some packing factor that would allow "weeping" flow through particulate debris 38 
buildup and into the core.  This allows for coolant to pass through a debris bed that might form.  39 
The PWROG stated that because coolant is introduced into the RV above the core, the debris 40 
would accumulate on top of the fuel but would not result in complete blockage in those plants 41 
that have debris loads meeting the acceptance criteria as was demonstrated by the testing 42 
described in Reference 7.  43 
 44 
The WCAP states that the turbulent mixing of the upper portion of the core causes the debris 45 
that enters the upper plenum to either be kept in suspension and expelled through the hot-leg 46 
piping (for a hot-leg break scenario), or to be deposited over a broad area of the core.  47 
Collection of debris at grid locations is covered by the analysis performed in Appendix C of the 48 
WCAP.  The analysis demonstrates that adequate cooling in such locations will be maintained.   49 
 50 
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Further, to demonstrate that adequate flow can be maintained through the core of a UPI plant 1 
with debris entrained in the circulated coolant, the PWROG conducted a test on a 17 x 17 mock 2 
fuel assembly where debris laden water was introduced at the top of the fuel.  The test was 3 
conducted with the maximum debris loads that were tested in the Westinghouse hot-leg test.  4 
The PWROG stated in the WCAP that the loss of static head was well below that required to 5 
maintain core flow for UPI plants.  Therefore, the PWROG concluded that the test results 6 
demonstrate that sufficient flow will reach the core to remove core decay heat and the 7 
acceptance criteria developed at hot-leg conditions is bounding and applicable to all UPI plants.  8 
Appendix G of the WCAP and Reference 7 contain additional information about the UPI test and 9 
the applicability of the debris acceptance criteria to UPI plants. 10 
 11 
The WCAP states that if the coolant flow is sufficiently restricted through a debris bed for the 12 
clad temperature to increase to about 15 to 20 degrees Fahrenheit above the coolant 13 
temperature, the coolant will begin to boil.  The steam formed will be about 40 to 50 times the 14 
volume of the water, and will cause the debris bed to be displaced, allowing for coolant to flow 15 
to and cool the cladding surface.  This process will provide for cooling of the clad. 16 
 17 
The conservative clad heat-up calculations documented in Appendix D of the WCAP 18 
demonstrate that acceptably low clad temperatures are calculated with as much as 50 mils of 19 
solid precipitate applied to the outside surface of a fuel rod.  The PWROG stated that these 20 
calculations provide further assurance that, with weeping flow through a debris bed collected on 21 
fuel elements, LTCC for UPI plants will be maintained. 22 
 23 
The evaluation of the effects of chemicals dissolved in the UPI flow for a hot-leg break is 24 
performed on a plant-specific basis using the LOCADM calculation tool described in WCAP 25 
Section 7 and Appendix E.  To account for deposition on fuel cladding in the core, a bump-up 26 
factor is used in the LOCADM calculation to deposit fiber material according to the core boiling 27 
and heat flux distribution. 28 
 29 
NRC Staff Evaluation  30 
 31 
The NRC staff finds that for all plants, except UPI plants, the quantity of debris that enters the 32 
core during hot-leg injection will be significantly less than that which enters through the cold leg 33 
in the event of a hot-leg break.  Therefore, the potential for core blockage during hot-leg 34 
injection is bounded by the cold-leg injection phase of containment pool circulation.  The NRC 35 
staff’s acceptance of this argument is based on the depletion of debris due to settling and 36 
filtering prior to the initiation of hot-leg injection.   37 
 38 
For reasons previously cited, the NRC staff accepts the assertion that during a hot-leg break in 39 
a UPI plant, much of the debris entering the upper plenum will remain suspended and be 40 
ejected from the vessel through the hot-leg break.  This conclusion is based on the expected 41 
turbulence in the upper plenum caused by boiling in the core, the expectation that debris is 42 
uniformly distributed in the coolant, and the fact that all flow except that required to replenish 43 
boil off from the core exits the break.   44 
 45 
The NRC staff does not agree that the packing factor of debris within the core will be limited to 46 
60 percent such that LTCC will be ensured.  The NRC staff also disagrees that a 60 percent 47 
packing factor can be conservatively considered to equate to 60 percent blockage of the core 48 
because the statement is not supported and would require the consideration of several 49 
variables.  The NRC staff finds that if debris amounts are maintained within accepted limits 50 
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listed in Section 10 of the WCAP, within the conditions stated in Section 3.10 of this SE, flow to 1 
the core will not be compromised by debris suspended in the circulated containment pool.   2 
 3 
Although the testing program included only a single UPI-related test, the results are acceptable 4 
since the testing was performed under single-phase flow conditions and did not include the 5 
effects of boiling that would be expected post-LOCA.  Core quench post-LOCA means the core 6 
is no longer in the film-boiling regime, but nucleate boiling still continues for an extended period 7 
of time.  The turbulence that results from this two-phase flow, along with counter-current flow 8 
conditions at the top of the core, will inhibit the formation of a uniform debris bed that could 9 
block flow to the core.  Additionally, the debris limits derived from tests configured to represent 10 
other plants are applied to UPI plants.  These limits have significant margin between the head 11 
loss values measured and the available driving head.  As described above the UPI plants are 12 
less likely to form a debris bed due to the turbulent flow within the core.  Therefore, the NRC 13 
staff finds the results of the single-phase water test for UPI plants, in conjunction with the other 14 
tests performed by Westinghouse and AREVA, to be an acceptable basis for defining the 15 
fibrous debris limit for UPI plants to demonstrate that adequate water is supplied to the core for 16 
cooling.  However, this does not resolve the LTCC issue for assuming boric acid precipitation is 17 
prevented.  That will be addressed in a separate program undertaken by the PWROG. 18 
 19 
Some UPI plants may utilize cold-leg injection to prevent boric acid concentration within the 20 
core.  Cold-leg injection would be initiated several hours after the initiation of a LOCA to flush 21 
boric acid from the core.  Plants other than the UPI design use hot-leg injection to prevent boric 22 
acid accumulation.  Because cold-leg injection is initiated several hours after recirculation 23 
begins, the debris in the recirculation pool available for transport to the cold-leg (bottom of the 24 
core) will be depleted due to filtering on the sump strainer, deposition on the upper core, and 25 
settling in the sump pool.  If UPI plant specific evaluations are conducted to increase the 26 
accepted debris limits, the ability to ensure any required cold-leg flushing should be 27 
demonstrated. This Condition is discussed in Section 4.0, Item number 1, of this SE. 28 
 29 
Based on the results of the testing and for reasons previously cited in this SE, the NRC staff 30 
accepts the PWROG’s statement that for those plants that do not exceed the debris limits stated 31 
in the WCAP, as approved by the NRC staff, adequate coolant flow will reach the core.  The 32 
NRC staff also finds that boiling in the core will tend to disrupt the formation of a debris bed and 33 
thus will allow coolant flow to the cladding.  The NRC staff position is based on the results of the 34 
fuel assembly testing and observations of debris bed behavior, as discussed in this section. 35 
 36 
3.10 SUMMARY (TR WCAP-16793-NP, Revision 2, Section 10)  37 
 38 
The WCAP provides guidance and acceptance criteria for licensees of PWR plants to use to 39 
demonstrate that post-LOCA long-term core cooling can be maintained in the presence of 40 
debris in the circulated coolant downstream of the sump strainer, and provides evaluations to 41 
demonstrate that after the initial quench of the core, the fuel cladding temperature will not 42 
exceed a temperature of 800 degrees Fahrenheit (a temperature that has been demonstrated 43 
by autoclave testing not to cause cladding to become brittle).  These evaluations address 44 
cladding heat-up due to collection of debris between the fuel rod and spacer grid and the 45 
collection of debris, including containment protective coatings and fiber glass, on fuel grids and 46 
at the core inlet.  Additionally, the WCAP provides numerical analyses to bolster the assertion 47 
that adequate coolant will continue to flow to the core and decay heat will continue to be 48 
removed, even with debris from the sump reaching the RCS and reactor core. 49 
 50 
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The acceptance criteria for demonstrating adequate core cooling, as defined in the WCAP, 1 
Section 2.2, is as follows: 2 
 3 

1. The maximum clad temperature shall not exceed 800 degrees Fahrenheit during the 4 
sump recirculation phase of a LOCA. 5 
 6 

2. The thickness of cladding oxide and fuel deposits shall not exceed 0.050 inches in any 7 
fuel region. 8 

 9 
Key technical points in the WCAP Summary Section include the following: 10 
 11 

1. Adequate flow to remove decay heat will continue to reach the core even with debris 12 
from the sump reaching the RCS and core.  Plants that operate at or below the debris 13 
load acceptance limits identified in the report can state that debris that bypasses the 14 
strainer will not build an impenetrable blockage at the core inlet.  While any debris that 15 
collects at the core inlet will provide some resistance at the core inlet, in the extreme 16 
case that a large blockage does occur, numerical analyses have demonstrated that core 17 
decay heat removal will continue. 18 

 19 
2. Decay heat will continue to be removed even with debris collection at the fuel assembly 20 

spacer grids.  Plants that operate at the debris loads identified in the report can state 21 
that debris that bypasses the strainer will not build an impenetrable blockage at the fuel 22 
spacer grids.  The report further states that in the event that a large blockage does occur 23 
that numerical and first principle analyses have demonstrated that decay heat removal 24 
will continue.   25 
 26 

3. Fibrous debris will not adhere tightly to the surface of the fuel cladding.  Therefore, core 27 
cooling will not be adversely affected by a blanket of fiber on the fuel.   28 

 29 
4. Protective coating debris, should it enter the core region, will not restrict heat transfer 30 

and cause an increase in clad temperature.   31 
 32 

5. Using the chemical effects source term method developed in WCAP-16530-NP-A, the 33 
WCAP developed a method to predict chemical deposition on fuel cladding.  The 34 
calculation tool, LOCADM, will be used by each utility to perform a plant-specific 35 
evaluation.   36 
 37 

6. New insights and methodologies are required to address the potential for boric acid 38 
mixing and transport within the RCS.  These issues are being addressed by a separate 39 
PWROG program.   40 

 41 
7. All PWR plants (including UPI plants) that operate at the debris loads identified in the 42 

report can state that debris that bypasses the strainer will not build an impenetrable 43 
blockage within the core region.  44 
 45 

The WCAP stated that the purpose of the testing described in the report was to develop 46 
bounding acceptance criteria for debris reaching the RCS while ensuring LTCC.  The WCAP 47 
stated that fiber was found to be the limiting variable and is the only type of debris that requires 48 
a limit.  The WCAP stated that due to the conservative methods used in the testing that 49 
bounding guidelines were developed by the program.  Regarding the debris limits, the WCAP 50 
concluded: 51 
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1. All PWR plants that demonstrate that less than 15 grams of fiber per fuel assembly 1 
reaches the core can demonstrate that LTCC is not impeded.   2 
 3 

2. Because the 15 gram limit results in very low head loss leaving significant head loss 4 
margin with respect to the available driving head, utilities may conduct plant specific 5 
tests to increase this fiber limit.   6 
 7 

3. Westinghouse plants that have available driving head value greater than the head 8 
loss measured during test number 1-W-FPC-0811 and which operate under similar 9 
conditions may demonstrate adequate LTCC with 25 grams of fiber per fuel 10 
assembly.   11 
 12 

4. Westinghouse plants that can maintain high sump water temperatures can decrease 13 
the debris head loss at specific fiber loadings which results in the ability to increase 14 
the allowable fiber load.   15 
 16 

5. Plants that can successfully demonstrate that the precipitation of chemicals will be 17 
delayed until after hot-leg switchover may be able to demonstrate higher fiber limits 18 
because flow through the core will be reduced prior to chemical precipitation 19 
resulting in lower head losses.   20 
 21 

6. Plants that can demonstrate that chemical precipitates do not form can use the 22 
pressure drop (dP) values recorded with just particulate and fiber in the test loop, in 23 
conjunction with the dP available, to make a determination on the amount of 24 
allowable fiber. 25 

 26 
The WCAP also stated that the following actions are required of licensees to demonstrate long-27 
term core cooling with debris and chemical products in the circulating fluid. 28 
 29 

1. Perform plant-specific LOCADM evaluations (WCAP, Section 7 and Appendix E) and 30 
prove that their plant-specific evaluations are bounded by the 800 degrees Fahrenheit 31 
acceptance criterion.  32 

 33 
2. Demonstrate that the quantity of debris passing through the strainer and transported to 34 

the core inlet is less than or equal to debris limit specified in Section 10 of the WCAP, as 35 
supported by the proprietary fuel assembly test reports (References 8, 16, and 17).   36 

 37 
In References 11 and 12, the PWROG made reference to a calculation tool (Margin Calculator) 38 
to enable licensees to perform their evaluations.  However, in RAI response number 18 39 
(Reference 13), the PWROG withdrew the Margin Calculator, replacing it with a method that 40 
utilities can follow to calculate the plant-specific available driving head.  The method uses the 41 
Darcy equation and, in all cases, the flow losses in the core are neglected based on their 42 
assumed relatively small contribution to the total head loss.   43 
 44 
Section 10 of the WCAP concludes by stating that several actions are available to plants whose 45 
debris loads are outside of the limits tested.  These actions include, but are not limited to, 46 
reduction of problematic debris sources by removing or restraining the debris source, plant-47 
specific fuel assembly testing, eliminating or reducing chemical effects, evaluating debris 48 
bypass and transport, or other engineering evaluations.    49 
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NRC Staff Evaluation  1 
 2 
The NRC staff finds acceptable the acceptance bases of 800 degrees Fahrenheit for maximum 3 
cladding temperature and maximum cladding oxide and deposit thickness of 0.050 inches as 4 
discussed in Section 3.2 of this SE.  Each plant evaluation of compliance with these limits 5 
should be performed using the LOCADM model discussed in Section 7 of the WCAP and 6 
Section 3.7 of this SE.  Also, each licensee’s GL 2004-02 submittal to the NRC should state the 7 
peak cladding temperature predicted by the LOCADM analysis.  This condition is discussed 8 
further in Section 4, Item number 7, of this SE.   9 
 10 
The NRC staff finds that plants that demonstrate that the quantity of debris transported to the 11 
core inlet during ECCS recirculation is less than or equal to 15 grams per fuel assembly can 12 
state that adequate coolant flow to the core can be maintained to acceptably close GL 2004-02.  13 
The NRC staff has not accepted that some PWRs can maintain adequate core cooling with 14 
greater than 15 grams fiber per fuel assembly entering the core.  Additional testing and/or 15 
evaluations are required to justify values above this limit.  This condition is discussed further in 16 
Section 4, Item number 11, of this SE.   17 
 18 
The NRC staff concluded that observations of recent fuel assembly tests do not support the 19 
WCAP assertion that numerical analyses have demonstrated that adequate core decay heat 20 
removal will continue in the case of a large blockage.  The behavior of debris in the FA testing 21 
does not follow the modeling used in the numerical analyses.  Therefore, adherence to the test-22 
supported debris limit described above should be the basis for a licensee to conclude that 23 
adequate flow to the core to remove decay heat will continue.  However, the NRC staff finds that 24 
the numerical analyses can be used to bolster the argument that once coolant reaches the core, 25 
decay heat will continue to be removed, even with debris collection at the fuel assembly spacer 26 
grids.  This Condition is addressed further in Section 4.0, Item number 5, of this SE. 27 
 28 
The NRC staff finds that fibrous debris that enters the core will not adhere to the fuel cladding.  29 
The basis for this conclusion is discussed in Section 3.5 of this SE. 30 
 31 
The NRC staff finds that protective coating debris that enters the core will not adhere to the 32 
cladding to restrict heat transfer and cause an increase in clad temperature.  The basis for this 33 
conclusion is discussed in Section 3.6 of this SE. 34 
 35 
The NRC staff finds that the chemical effects source term method developed in 36 
WCAP-16530-NP-A is an acceptable input to the LOCADM tool and that LOCADM may be used 37 
by licensees to determine the cladding deposition thickness.  Also, the NRC staff finds that each 38 
plant should perform a plant-specific evaluation based on their calculated chemical, fiber and 39 
particulate debris loads to show that decay heat will be removed and acceptable fuel clad 40 
temperatures will be maintained.  The basis for this conclusion is discussed in Section 3.7 of 41 
this SE. 42 
 43 
The NRC staff finds that boric acid precipitation in the core is a broader issue that may be 44 
aggravated by debris intrusion into the core.  Therefore, a separate PWROG program to 45 
address questions related to boric acid precipitation is warranted and is currently underway.  46 
The NRC staff understands that this program includes the effects of debris in the coolant, and 47 
the staff finds this acceptable.  This subject is discussed further in Section 3.8 of this SE. 48 
 49 
The NRC staff accepts the debris limits defined for UPI plants to be the same as other PWRs.   50 
This item is discussed further in Section 3.9 of this SE.   51 
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Regarding the debris limits, the NRC staff concluded the following: 1 
 2 

1. Fiber is the limiting variable because other debris types were included in quantities that 3 
produced bounding test results.  Therefore, fiber is the only debris type that requires a 4 
limit.   5 

 6 
2. An upper limit of 15 grams of fiber per fuel assembly has been demonstrated to not 7 

result in core inlet blockage that would compromise flow to the core.   8 
 9 

3. Utilities may conduct plant specific tests to increase the fiber limit.  However, the NRC 10 
staff expects plant specific tests to ensure margins adequate to address concerns with 11 
the test program discussed throughout this SE.  Margins may be reduced if uncertainties 12 
are addressed, conservatisms are better defined, and repeatability is adequately 13 
demonstrated.   14 

 15 
4. PWR plants that use Westinghouse fuel are subject to the same fibrous debris limit as 16 

PWR plants that use AREVA fuel.  Although test number 1-W-FPC-0811 demonstrated 17 
that a Westinghouse fuel assembly could ingest 25 grams of fibrous debris at a head 18 
loss close to the expected limit for some plants, the flow rate during the test had to be 19 
reduced.  This indicates that there was little margin at the tested debris load.  There was 20 
no repeatability test performed for this condition.  Additionally, the NRC staff expects 21 
there to be considerable margin between the available driving head and debris head loss 22 
values.  The expectation for margin is based on issues with the test program discussed 23 
throughout this SE and the need for assurance that core cooling will be maintained.  24 
Additional testing and evaluation may allow the NRC staff to re-evaluate their 25 
expectations for repeatability and retained margin.   26 

 27 
5. The NRC staff finds that maintaining water temperature at higher values will decrease 28 

head loss across any debris bed within the core.  In the case of in-vessel effects, the 29 
temperature of concern may be the core inlet temperature.  It may not be sufficient for a 30 
plant to maintain an elevated sump temperature if the ECCS flow is significantly cooled 31 
before it reaches the core.  Maintaining higher water temperature may allow the fiber 32 
loading to be increased; however, significant sensitivity testing is required to determine 33 
the potential beneficial effects of maintaining a higher sump temperature.   34 

 35 
6. Plants that can demonstrate that chemical precipitates will not occur until after hot-leg 36 

switchover may be able to justify higher fibrous debris limits since lower head losses 37 
may result from precipitate addition at lower flow rates.  However, the limiting p/f ratio 38 
should be considered before and after chemical precipitates form.   39 

 40 
7. The NRC staff finds that plants that show that chemical precipitates or other chemical 41 

effects will not adversely affect head loss can use head loss values that do not include 42 
chemical effects.  The NRC staff cautions, however, that demonstrating that no chemical 43 
precipitates form will be very difficult because it will involve an extensive number of long-44 
term, complex, tests that consider additional factors compared to previous conservative 45 
chemical effects test methodologies.  In addition, if a plant is able to demonstrate 46 
chemical precipitates will not form, a debris limit will require the determination of a 47 
different limiting p/f ratio than that defined by the limiting tests that included chemicals.   48 

 49 
Evaluations and tests intended to justify debris limits greater than 15 grams per fuel assembly 50 
should include consideration of the issues discussed in this SE.  Testing should ensure that 51 
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repeatability has been established.  If hot-leg break debris limits are increased, the cold-leg 1 
break location may become limiting.  If debris limits are increased for the hot-leg break, the cold-2 
leg break should be re-evaluated.  The potential for debris to affect boric acid precipitation 3 
analyses should be included in any evaluation that increases debris loading.   4 
 5 
The NRC staff concluded that plants need to demonstrate that the quantity of debris that 6 
bypasses the strainer and transports to the core inlet is less than or equal to 15 grams per fuel 7 
assembly or as otherwise justified on a plant specific basis.  As previously communicated to 8 
stakeholders in public meetings, the following methods for determining the quantity of debris 9 
that passes through the strainer are acceptable to the NRC staff:  10 
 11 

1. Performing strainer bypass testing using the plant strainer design, plant-specific 12 
debris loads, and plant-specific flow velocities.   13 
 14 

2. Relying on strainer bypass values developed through strainer bypass testing of the 15 
same strainer manufacturer and design, and same perforation size, extrapolated to 16 
the licensee’s plant-specific strainer area; approach velocity; debris types, and debris 17 
quantities.  To perform such an extrapolation, adequate testing and evaluation is 18 
required to show understanding of how each variable affects bypass.   19 
 20 

3. Assuming that the entire quantity of fiber that is transported to the sump strainer 21 
passes through the sump strainer.   22 

 23 
Licensee's submittals to the NRC regarding in-vessel downstream effects should include: 24 
 25 

1. The means used to determine the amount of debris that bypasses the ECCS strainer 26 
and the fiber loading expected, per fuel assembly, for the cold-leg and hot-leg break 27 
scenarios 28 
 29 

2. The peak clad temperature calculated using LOCADM 30 
 31 

3. The available driving head used in the hot-leg evaluations 32 
 33 

4. The licensee’s planned and/or completed actions if the acceptance criteria stated herein 34 
are exceeded (e.g., plans to reduce fiber loads) 35 
 36 

5. A description and justification for any deviations taken from the topical report as 37 
accepted and modified by the Conditions and Limitations in Section 4.0 of this SE  38 

 39 
The “Margin Calculator,” referenced in References 11 and 12, has not been submitted to the 40 
NRC under formal letter, and NRC staff has not performed a detailed review of the document.  41 
Therefore, NRC staff expects licensees to base their GL 2004-02 in-vessel effects evaluations 42 
on the information provided in the proprietary test reports and associated RAI responses 43 
(References 8, 16, 17, 11 and 12), including the conditions and limitations stated in this SE, and 44 
existing plant design-basis calculations and analyses.  This Condition is addressed further in 45 
Section 4.0, Item number 14, of this SE. 46 
 47 
The NRC staff finds that licensees will have to demonstrate that the available driving head for a 48 
hot-leg break is equal to or greater than the driving head derived from the fuel assembly tests 49 
which defined the debris limits discussed in the topical report and this SE.  RAI response 50 
number 18 in Reference 13 provides a method acceptable to NRC staff for determining the 51 
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available driving head.  Plants that demonstrate an acceptable fibrous debris load greater than 1 
that approved in this SE (15 grams per fuel assembly) shall also demonstrate that their available 2 
driving head under cold-leg break conditions is greater than that used in the fuel assembly 3 
testing (1.5 psi). The calculation of available driving head for the cold-leg break scenario shall 4 
include a 2-phase pressure drop multiplier to account for 2-phase flow, and the pressure 5 
required to clear the loop-seal (cold leg break) as discussed in Section 3.1.  The NRC staff has 6 
determined that it is acceptable to calculate the core pressure drop using staff-approved LOCA 7 
methods, but adjusted to the recirculation or boil-off flow conditions, as appropriate.  This 8 
Condition is addressed further in Section 4.0, Item number 1, of this SE. 9 
 10 
The available head and flow rate values used when determining the available driving head for 11 
the post-LOCA clean-loop flow resistance should be taken from the plant LOCA analysis.  The 12 
evaluation for head loss across the core should not take credit for reduced ECCS flow rate due 13 
to core blockage or reduced pump capacity, other than that supported by testing with debris 14 
beds formed at the reduced flow rate.  This Condition is addressed further in Section 4.0, Item 15 
number 2, of this SE. 16 
 17 
4.0 LIMITATIONS AND CONDITIONS 18 
 19 

1. Licensees should confirm that their plants are covered by the PWROG sponsored fuel 20 
assembly tests by confirming that the plant available hot-leg break driving head is equal 21 
to or greater than that determined as limiting in the proprietary fuel assembly tests and 22 
that flow rate is bounded by the testing.  Licensees should validate that the fuel types 23 
and inlet filters in use at the plant are covered by the test program (with the exception of 24 
LTAs).  Licensees should limit the amount of fibrous debris passing through the ECCS 25 
sump strainer to that stated in section 10 of the WCAP (15 grams per fuel assembly).   26 

 27 
Alternately, licensees may perform plant specific testing and/or evaluations to increase 28 
the debris limits on a site-specific basis.  The available driving head, considering clean 29 
loop flow resistance, should be calculated based on the core exit void fraction and loop 30 
flow resistance values contained in their plant design basis calculations, and also 31 
consider loop seal clearing.  Calculations of available driving head should account for 32 
the potential for voiding in the steam generator tubes.  These tests shall evaluate the 33 
effects of increased fiber on flow to the core, and precipitation of boron during a 34 
postulated cold-leg break, and the effect of p/f ratios below 1:1.  The NRC staff will 35 
review plant specific evaluations, including hot- and cold-leg break scenarios, to ensure 36 
that acceptable justification for higher debris limits is provided.  (Sections 3.1.2 (c), 3.1.2 37 
(e), 3.3.1, 3.4.2, 3.8, 3.9 and 3.10 of this SE).   38 

 39 
2. Each licensee’s GL 2004-02 submittal to the NRC should state the available driving 40 

head used in the evaluation of the hot-leg break scenario, the ECCS flow rates, and the 41 
results of the LOCADM calculations.  Licensees should provide the type(s) of fuel and 42 
inlet filters installed in their plants, as well as the amount of fiber (gram per fuel 43 
assembly) that reaches the core.  (Section 3.3.1 and 3.10 of this SE) 44 

 45 
3. Section 3.1.4.3 of the WCAP states that alternate flow paths in the RPV were not 46 

credited.  The section also states that plants may be able to credit alternate flow paths 47 
for demonstrating adequate LTCC.  If a licensee chooses to take credit for alternate flow 48 
paths, such as core baffle plate holes, to justify greater than 15 grams of bypassed fiber 49 
per fuel assembly, the licensee should demonstrate, by testing or analysis, that the flow 50 
paths would be effective, that the flow holes will not become blocked with debris during a 51 
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LOCA, that boron precipitation is considered, and that debris will not deposit in other 1 
locations after passing through the alternate flow path such that LTCC would be 2 
jeopardized.  (Sections 3.3.1, and 3.4.2 of this SE)   3 

 4 
4. Sections 3.2 and 3.3 of the WCAP provide evaluations to show that even with large 5 

blockages at the core inlet, adequate flow will enter the core to maintain LTCC.  In some 6 
cases, the blockage assumptions are based on one completely open fuel channel with 7 
all others completely blocked.  These analyses do not consider the head-loss effects of 8 
chemical precipitates deposited on a uniform debris bed.  Therefore, the analyses 9 
should not be relied upon to demonstrate adequate LTCC. (Sections 3.3.3, and 3.4 of 10 
this SE) 11 

 12 
5. In RAI Response number 18 in Reference 13, the PWROG states that numerical 13 

analyses demonstrated that, even if a large blockage occurs, decay heat removal will 14 
continue.  The NRC staff’s position is that a plant must maintain its debris load within the 15 
limits defined by the testing (e.g., 15 grams per assembly).  Any debris amounts greater 16 
than those justified by generic testing in this WCAP must be justified on a plant-specific 17 
basis. (Sections 3.4.2, and 3.10 of this SE)    18 

 19 
6. The debris acceptance criteria contained in the WCAP may be applied to fuel designs 20 

evaluated in the WCAP.  Because new or evolving fuel designs may have different inlet 21 
fittings or grid straps that could exhibit different debris capture characteristics, licensees 22 
should evaluate fuel design changes in accordance with 10 CFR 50.59 to ensure that 23 
new designs do not impact adequate long term core cooling  following a LOCA.  (Section 24 
3.4.2 of this SE) 25 

 26 
7. Sections 2 and 4.3 of the WCAP establish 800 degrees Fahrenheit as the acceptance 27 

limit for fuel cladding temperature after the core has been re-flooded.  The NRC staff 28 
accepts a cladding temperature limit of 800 degrees Fahrenheit as the long-term cooling 29 
acceptance basis for GSI-191 considerations.  Each licensee’s GL 2004-02 submittal to 30 
the NRC should state the peak cladding temperature predicted by the LOCADM 31 
analysis.  If a licensee calculates a temperature that exceeds 800 degrees Fahrenheit, 32 
the licensee must submit data to justify the acceptability of the higher clad temperature.  33 
(Sections 3.2, 3.4.3, 3.4.4, and 3.10 of this SE) 34 

 35 
8. As described in the Limitations and Conditions for WCAP-16530-NP (ADAMS Accession 36 

No. ML073520891) (Reference 21)5, the aluminum release rate equation used in 37 
TR WCAP-16530-NP provides a reasonable fit to the total aluminum release for the 30-38 
day ICET tests but under-predicts the aluminum concentrations during the initial active 39 
corrosion portion of the test.  To provide more appropriate levels of aluminum for the 40 
LOCADM analysis for in-vessel effects in the initial days following a LOCA, licensees 41 
should apply a factor of two to the aluminum release rate as determined by the 42 
TR WCAP-16530-NP-A spreadsheet.  The total aluminum considered does not need to 43 
exceed the total predicted by the WCAP-16530-NP-A spreadsheet for 30 days.  44 
Alternately, if a licensee chooses to use a different method for determining the aluminum 45 
release, it should demonstrate that the method does not under-predict the aluminum 46 
concentrations measured during the initial 15 days of ICET 1.  (Section 3.7 of this SE) 47 

 48 
                                                 
5 The NRC SE on WCAP-16530-NP-A, including the NRC staff limits and conditions, is included in 
WCAP-16530-NP-A. 
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9. In the response to NRC staff RAIs, the PWROG indicated that if plant-specific 1 
refinements are made to the WCAP LOCADM base model to reduce conservatisms, the 2 
user should demonstrate that the results still adequately bound chemical product 3 
generation.  If a licensee uses plant-specific refinements to the WCAP-16530-NP-A base 4 
model that reduces the chemical source term considered in the downstream analysis, 5 
the licensee should provide a technical justification that demonstrates that the refined 6 
chemical source term adequately bounds chemical product generation.  This will provide 7 
the basis that the reactor vessel deposition calculations are also bounding.  (Section 3.7 8 
of this SE)     9 

 10 
10. The WCAP states that the material with the highest insulating value that could deposit 11 

from post-LOCA coolant impurities would be sodium aluminum silicate.  The WCAP 12 
recommends that a thermal conductivity of 0.11 BTU/(h-ft-°F) be used for the sodium 13 
aluminum silicate scale and for bounding calculations when there is uncertainty in the 14 
type of scale that may form.  If plant-specific calculations use a less conservative 15 
thermal conductivity value for scale (i.e., greater than 0.11 BTU/(h-ft-°F)), the licensee 16 
should provide a technical justification for the plant-specific thermal conductivity.  This 17 
justification should demonstrate why it is not possible to form sodium aluminum silicate 18 
or other scales with thermal conductivities less than the selected value. (Section 3.7 of 19 
this SE) 20 

 21 
11. Licensees should demonstrate that the quantity of strainer-bypassed debris transported 22 

to the core inlet is less than or equal to debris limit specified in the proprietary fuel 23 
assembly test reports and approved by this SE.  Fiber quantities in excess of 15 grams 24 
per fuel assembly must be justified by the licensee.  Licensees may determine the 25 
quantity of debris that passes through their strainers by (1) performing strainer bypass 26 
testing using the plant strainer design, plant-specific debris loads, and plant-specific flow 27 
velocities, (2) relying on strainer bypass values developed through strainer bypass 28 
testing of the same vendor and same perforation size, prorated to the licensee’s plant-29 
specific strainer area; approach velocity; debris types, and debris quantities, or (3) 30 
assuming that the entire quantity of fiber transported to the sump strainer passes 31 
through the sump strainer.  The licensee's submittals should include the means used to 32 
determine the amount of debris that bypasses the ECCS strainer and the fiber loading 33 
expected, per fuel assembly, for the cold-leg and hot-leg break scenarios (Section 3.10 34 
of this SE).  35 

 36 
12. Plants that can qualify a higher fiber load based on the absence of chemical deposits 37 

should ensure that tests for their specific conditions search for limiting head losses using 38 
particulate and fiber loads that maximize head loss with no chemical precipitates 39 
included in the tests.  (Section 3.3.1 of this SE)  Note that in this case, licensees must 40 
also evaluate the other considerations discussed in Item 1 above. 41 

 42 
13. Licensees should verify that the size distribution of fibrous debris used in the fuel 43 

assembly testing referenced by their plant represents the size distribution of debris 44 
expected downstream of the plant’s ECCS strainer(s). (Section 3.4.2.1 of this SE) 45 

 46 
14. The “Margin Calculator,” referenced in References 11 and 12, has not been submitted to 47 

the NRC under formal letter, and NRC staff has not performed a detailed review of the 48 
document.  Therefore, NRC staff expects licensees to base their GL 2004-02 in-vessel 49 
effects evaluations on the information provided in the proprietary test reports and 50 
associated RAI responses (References 8, 16, 17, 11 and 12), including the conditions 51 
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and limitations stated in this SE, and existing plant design-basis calculations and 1 
analyses.   2 

 3 
5.0 CONCLUSIONS 4 
 5 
The NRC staff has reviewed WCAP-16793-NP, Revision 2, which describes a methodology for 6 
consideration of particulates, fibrous and chemical debris affecting the long-term cooling at 7 
operating PWRs following a LOCA.  Based on this review, the NRC staff finds that application of 8 
the procedures and methods described in the WCAP, as qualified by the limitations and 9 
conditions stated in Section 4.0 of this SE, provides an acceptable, plant-specific evaluation 10 
method for demonstrating that adequate coolant flow reaches the core to maintain fuel clad 11 
temperature within acceptable limits.  However, this TR does not evaluate the potential for 12 
debris in the core to change flow patterns or otherwise inhibit the mixing of boric acid that could 13 
result in earlier boric acid precipitation.  Ongoing PWROG efforts are addressing boric acid 14 
precipitation in a separate program.  Therefore, plants may apply the WCAP-16793-NP, 15 
Revision 2, evaluation methods and acceptance criteria, as accepted and modified by this SE, 16 
to evaluate the effects of debris blockage in the core to resolve the issues identified in 17 
GL 2004-02. 18 
 19 
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