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LEGAL NOTICE

This report was prepared as an account of work performed by Westinghouse Electric Company LLC.
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A.  Makes any warranty or representation, express or implied including the warranties of
fitness for a particular purpose or merchantability, with respect to the accuracy,
completeness, or usefulness of the information contained in this report, or that the use of
any information, apparatus, method, or process disclosed in this report may not infringe
privately owned rights; or

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

COPYRIGHT NOTICE

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

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

DISTRIBUTION NOTICE

This report was prepared for the PWR Owners Group. This Distribution Notice is intended to establish
guidance for access to this information. This report (including proprietary and non-proprietary versions) is
not to be provided to any individual or organization outside of the PWR Owners Group program
participants without prior written approval of the PWR Owners Group Program Management Office.
However, prior written approval is not required for program participants to provide copies of Class 3
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EXECUTIVE SUMMARY

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

There has been concern that following a LOCA, the chemical precipitate, fibrous and particulate debris
within the sump could collect on the sump screen and block the flow of cooling water into the core. There
is also concern about the effects of the debris that passes through the sump screen. This debris could be
ingested into the ECCS and flow into the reactor coolant system (RCS).

The Pressurized Water Reactor Owners Group (PWROG) sponsored a program to analyze the effects of
debris and precipitates on core cooling for PWRs when the ECCS is realigned to recirculate coolant from
the containment sump. The intent was to demonstrate adequate heat removal capability for all plant
scenarios. This program is documented in WCAP-16793-NP, Revision 0.

After the publication of WCAP-16793-NP, Revision 0, discussions with and requests for additional
information (RAI) from the NRC resulted in the decision to revise WCAP-16793-NP. The PWROG
initiated prototypical fuel assembly (FA) testing to establish limits on the debris mass (particulate, fibrous,
and chemical) that could bypass the reactor containment building sump screen. Initial head loss tests were
performed in 2008-2009 by Westinghouse and AREVA to define a bounding debris load for operating
PWRs. The Westinghouse test results were documented in Revision 0 of this document.

After additional discussions with the NRC staff, it was concluded that a broader range of test parameters
should be evaluated and this was communicated through the issuance of requests for additional
information (RAIs). The additional tests conducted by Westinghouse are recorded in this test report. This
report provides a summary and analysis of the PWROG test program for current Westinghouse fuel
designs.

Core flow is only possible if the manometric balance between the downcomer and the core is sufficient to
overcome the flow losses in the RV downcomer, RV lower plenum, core, and loops at the appropriate
flow rate. The FA test program undertaken by the PWROG is designed to provide reasonable assurance
that sufficient flow will reach the core to remove core decay heat. To that end, it must be demonstrated
that the head available to drive flow into the core is greater than the head loss (also referred to as pressure
drop) across the core due to possible debris buildup. The following relationship must be true to ensure
sufficient flow is available to maintain long-term core cooling (LTCC):

dPavail > deebﬁs

The available driving head (dP,..1) is a plant-specific value and the pressure drop due to debris (dPgebris) 15
defined by the FA test program.

WCAP-17057-NP September 2011
Revision 1



Xiii

The test program followed the PWROG test protocol. The debris types tested included particulate
(represented by silicon carbide), fiber (represented by Nukon®), chemical precipitate (represented by
aluminum oxyhydroxide), and calcium silicate and microporous insulation (represented by Microtherm®).
Previous FA tests determined that fiber was the driver of head loss so the tests were designed to
incrementally add fiber until an unacceptable pressure drop was observed or a predetermined mass of
fiber was added to the test loop. The initial objective of the tests was to define a maximum mass of each
debris type that can be tolerated before core cooling is compromised. However, the modified objective for
the additional tests conducted to address the RAISs was to define the maximum fiber mass that can be
tolerated throughout the FA.

The following observations can be made about the debris loads tested:

e Evaluations and tests demonstrate the Westinghouse test facility is reliable and the data from all
tests conducted at Westinghouse can be used to achieve meaningful conclusions related to the
impact of debris on in-vessel effects.

e Testing has demonstrated that the amount of particulate tested affects the formation of the debris
bed and the resulting head loss across the FA.

e Tests conducted to simulate a hot leg (HL) break at the maximum flow rate represent the limiting
test condition and should be used for testing designed to define debris limits.

e A series of tests was conducted to evaluate the reliability of the Westinghouse test facility and
repeatability of the process used to conduct FA tests. This testing demonstrated the Westinghouse
test facility and test process are repeatable and repeat testing is not necessary in the development
of debris limits.

¢ The FA test program evaluated the impact of various debris types (particulate, microporous
insulation, cal-sil insulation, chemical precipitates, and fiber) on head loss. Testing demonstrated
fiber is the limiting variable and, due to the behavior of the other debris types, is the only debris

variable that requires a limit.

e The majority of FA testing presented in this report was conducted with a [

]a,c‘
e The test program is conservative and bounds all plant types.

o Using the insights garnered from the FA test program, 46 tests were conducted to define the fiber
limit for plants utilizing Westinghouse fuel.
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These fuel assembly tests were performed to define the limits on the mass of debris that may bypass the
sump screen and still provide for a sufficient flow pressure drop across the fuel assembly such that
sufficient flow is provided to assure long-term core cooling requirements are satisfied. Plants that are
within the limits of the parameters tested are bounded by the tests and meet the long-term core cooling
requirements. Several courses of action have been identified for plants whose debris loads are outside of
the limits tested. These actions include, but are not limited to, reduction of debris sources by removing or
restraining the affected debris source or plant-specific fuel assembly testing.
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1 INTRODUCTION

Pressurized water reactor (PWR) containment buildings are designed to facilitate core cooling in the event
of a postulated loss-of-coolant accident (LOCA). In some LOCA scenarios, the cooling process requires
water that is discharged from the break, emergency core cooling system (ECCS) and containment spray
system (CSS) to be collected in a sump for recirculation by these systems. The discharged coolant water
in the sump will contain chemical impurities and debris as a result of interaction with containment
materials.

There has been concern that following a LOCA, the chemical precipitate, fibrous and particulate debris
within the sump after a LOCA could collect on the sump screen and block the flow of cooling water into
the core. There is also concern about the effects of the debris that passes through the sump screen. This
debris could be ingested into the ECCS and flow into the reactor coolant system (RCS).

The debris mass that bypasses the sump screen and enters the RCS could result in sufficiently large head
losses that may impede core inlet flow and challenge long-term cooling of the core. During operation of
the ECCS to recirculate coolant from the containment sump, debris that has passed through the sump
screen and into the recirculating fluid may collect throughout the fuel assemblies (FAs). Since the FAs are
designed with flow passages that provide coolant flow from the reactor vessel (RV) lower plenum into the
region of the fuel rods, flow resistance through this path may occur.

The U.S. Nuclear Regulatory Commission (NRC) identified its concern regarding maintaining adequate
long-term core cooling in Generic Safety Issue (GSI) 191 (Reference 1). Generic Letter (GL) 2004-02
(Reference 2) identified actions that utilities must take to address the sump blockage issue. The NRC
requires evidence that debris transported to the sump screen after a plant LOCA will not lead to
unacceptable head loss for the recirculation pumps, will not impede flow through the ECCS and CSS, and
will not adversely affect the long-term operation of either the ECCS or the CSS.

The Pressurized Water Reactor Owners Group (PWROG) sponsored a program to provide analyses and
information on the effects of debris and chemical products on core cooling for PWRs when the ECCS is
realigned to recirculate coolant from the containment sump. The intent was to demonstrate adequate heat
removal capability for all plant scenarios. This program is documented in WCAP-16793-NP, Revision 0
(Reference 3).

After the publication of WCAP-16793-NP, Revision 0 (Reference 3), discussions with and requests for
additional information (RAls) from the NRC resulted in the decision to revise WCAP-16793-NP. The
PWROG initiated prototypical fuel assembly (FA) testing to establish limits on the debris mass
(particulate, fibrous, and chemical) that could bypass the reactor containment building sump screen.
Initial head loss tests were performed in 2008-2009 by Westinghouse and AREVA to define a bounding
debris load for PWRs. The Westinghouse results were documented in Revision 0 of this document and the
results of both the Westinghouse and AREVA tests were integrated into Revision 1 of WCAP-16793-NP
(Reference 12).
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After additional discussions with the NRC staff, it was concluded that a broader range of test parameters
should be evaluated and this was communicated through the issuance of additional RAIs (Reference 13).
The additional tests conducted by Westinghouse are recorded in this test report and the results of the
additional testing conducted by both Westinghouse and AREVA will be integrated into Revision 2 of
WCAP-16793-NP.

This report provides a summary and analysis of the PWROG test program for current Westinghouse fuel
designs. This report is prepared for the PWROG under project authorization PA-SEE-0312. The results
presented in this report are restricted to use by the participants identified within.
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2 BACKGROUND

Following a LOCA, clean water from the refueling water storage tank (RWST) and accumulators provide
cooling flow until sufficient water has accumulated in the containment emergency sump to initiate
switchover to sump recirculation. As some debris may pass through the sump screens, the ECCS will
deliver fluid and debris to the CSS and RCS. Of the debris that reaches the RCS, the amount that is
transported to the core is dependent on the ECCS injection configuration and break location. ECCS flow
is delivered to the RCS in two locations depending on the plant type. For most PWRs, ECCS is delivered
to the cold legs (CLs) or upper RV downcomer.

At the time of sump switchover, the core has been fully recovered and the fluid inventory in the RCS has
refilled the system to the break location. For any RCS pipe break, the two-phase mixture level is above
the top of the core. The core decay heat is being removed by ECCS injection. The actual core flow and
vessel level depend on the break location, plant design, and ECCS injection rate.

For postulated CL breaks (Figure 2-1), the pumped ECCS liquid injected into the intact CLs or
downcomer provides liquid to the core to make up for boiloff. The ECCS liquid keeps the downcomer full
to at least the bottom of the CL nozzles; any excess liquid flows out of the broken CL and back into the
containment sump. The core level is controlled by the manometric balance between the downcomer liquid
level, the core level, and RCS pressure drop through the loops. The core flow is limited to the flow
required to make up for core boiling to remove the decay heat. For postulated CL breaks, most ECCS
liquid spills directly out of the break.

For a break in the hot leg (HL) (Figure 2-2), the entire ECCS volume must pass through the core to exit
the break. The core level will be at least equal to the HL nozzle elevation, and the core flow rate will be
equal to the ECCS flow rate.
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3 TEST PLAN

The PWROG developed a common test protocol to ensure that testing for all PWROG members was
consistent among all PWROG fuel test programs. The test protocol is described in Reference 5. The
Westinghouse test procedures, debris details, pressure drop acceptance criteria for testing, and test matrix
were developed based on this protocol. Details of these items are provided in the following subsections.

3.1 TEST PROCEDURE

The test plan was developed by the Westinghouse Research and Technology Unit (RTU) based on: (1) the
PWROG test protocol (Reference 5), (2) Westinghouse experience with simulated FA testing, and (3) the
objective of maximizing the head loss due to debris. The initial objective of the tests was to define the
maximum mass of each debris type that can be tolerated at the core entrance before core cooling is
compromised. However, the modified objective for the additional tests conducted to address the RATs
(Reference 13) was to define the maximum fiber mass that can be tolerated throughout the FA. The
modification to this objective was based upon the test results recorded in the initial revision of this
document.

Previous FA testing experience has indicated that fiber has the greatest impact on the pressure drop in the
core. The acceptable fiber mass was determined by adding fiber to the test FA in small increments until an
unacceptable pressure drop was determined or a predetermined fiber mass was added to the FA.

Highlights of the test procedure are outlined in the following steps. For more specific details, see
Appendices A through H.

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

2. Debris quantities are measured and verified.

3. The pump is started, and the flow is set to the desired flow rate. The clean head loss is recorded.
4. Particulate debris is added to system, and the head loss is recorded.'

5. Fiber is added in batches and at least two turnover times are allowed to pass between additions

until either a previously defined maximum mass of fiber has been added or the head loss exceeds
the defined safety limits of the facility. Head loss is recorded.

6. Chemical precipitates are added and head loss is recorded.

7. Head loss is allowed to reach a predefined steady state for test termination as described in
Appendices B-H. The final head loss readings are recorded, and the test is terminated.

1. The debris sequencing follows the guidance provided in Reference 4.
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3.2 DEBRIS

The debris used in the tests is described in detail in Appendices B—H. The following is a summary of the
debris sizes and quantities used in the tests.

3.2.1 Water
Filtered tap water is used for all tests. The initial volume is prepared according to the respective test plans.

3.2.2 Particulate

The particulate debris was represented by silicon carbide that is 10 pm £2 um in diameter (Reference 5).
The silicon carbide used for testing is product SICF600 from UK Abrasives. The NRC Safety Evaluation
(SE) for NEI 04-07 (Reference 30) identified particle size as a key parameter for the selection of
representative debris. Specifically, the SE states that major contributors to head loss are the increasing
smaller particles. All testing was conducted with silicon carbide particles approximately 10 um in size,
allowing the debris to act as a fine particulate debris that collects within a fiber bed and results in a
maximum head loss. Silicon carbide is representative of all particulate debris.

3.2.3 Fiber

Fibrous debris was represented by Nukon® fibers (Reference 5), and the material purchased was pre-heat
treated at the factory on a 600°F hot plate from one side only for several hours. This method of
pre-treatment is consistent with industry guidance (Reference 14, Appendix B). As described in the test
plans, this fiber was produced by placing coarse chopped and baked Nukon® in a blender for 25 seconds.
Specific values for the distribution of fiber lengths are required for the PWROG testing and the target
fiber size distribution can be found in Table 3-1. The fiber was added to the test in small batches, typically
5 to 10g at a time,

3.2.4 Chemical Precipitates

Chemical precipitate was represented by aluminum oxyhydroxide (AIOOH), which represents the most
limiting chemical precipitate in terms of head loss (Reference 8). The AIOOH was prepared in accordance
with WCAP-16530-NP-A (Reference 9). Each batch of AIOOH had a concentration of 11 g/L and was
tested to ensure it met the settling criteria defined by WCAP-16530-NP-A (Reference 9).

3.2.5 Calcium Silicate

Calcium silicate (cal-sil) insulation material manufactured by Industrial Insulation Group, Lot #5S15-276
was pulverized into a fine powder by Performance Contracting Incorporated. Upon receipt at RTU, the
material was passed dry through a #7 sieve (hole size of 0.11 inch), and the material that remained in the
sieve was removed and discarded. The resultant material was characterized and used in testing.
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3.2.6 Microporous Insulation

Microtherm, Inc. provided material to RTU. Upon receipt, the material was passed dry through a #7 sieve
(hole size of 0.11 inch), and the material that remained in the sieve was removed and discarded. The
resultant material was characterized and used in testing.

33 PRESSURE DROP CONSIDERATIONS FOR TESTING

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

dP,ail > dPaebris

The available driving head (dP,..;)) is a plant-specific value and the pressure drop due to debris (dPgepris) is
determined by the FA test program.

3.3.1 Available Driving Head (dP,yai)

Core flow is only possible if the manometric balance between the downcomer and the core is sufficient to
overcome the flow losses in the RV downcomer, RV lower plenum, core, and loops at the appropriate
flow rate.

APavail = Asz = APflow (3' 1)
where:
AP il = total available driving head
APy, = pressure head due to liquid level between downcomer and core
APgow = pressure head due to flow losses in the RCS

The manometric differences are determined considering plant geometry and core void fractions. The flow
losses are calculated using the following form of the Darcy-Weisbach equation:

k o’
T G2
Py "8

where:

APy = differential pressure (psid)

k = form loss coefficient

A = area on which the form loss coefficient is based (ft?)

® = flow rate (Ibm/s)
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Pe liquid density (Ibm/ft’)
g. = gravitational constant (32.2 Ibm-ft/lbf-sec®)

For CL breaks, the ECCS liquid from each CL runs to the break, ensuring that the downcomer is full to at
least the bottom of the CL nozzles. The core level is established by the manometric balance between the
downcomer liquid level, the core level, and RCS pressure drop through the loops. The core flow is only
what is required to make up for core boiling to remove the decay heat. For CL breaks, most of the ECCS
volume spills directly out of the break. The flow downstream of the core at recirculation would be
two-phase with entrained liquid or a bubbly flow wherein the flow and elevation heads balance the
downcomer elevation head to produce a flow rate matching decay heat plus the rate of cooldown for the
steam generators (SGs). As debris builds up, the flow of liquid into the core decreases. The liquid level
downstream of the core lowers or entrained liquid is not replaced until the critical condition is reached
where the flow is just sufficient to match boiloff due to decay heat and no downstream liquid remains.
This condition is commensurate with the maximum allowed blockage at the core inlet.

For a break in the HL, the ECCS liquid must pass through the core to exit the break. The driving force is
the manometric balance between the liquid in the downcomer and that in the core. Should a debris bed
begin to build up in the core, the liquid level will begin to build in the CLs and the SGs. As the level
begins to rise in the SG tubes, the elevation head to drive the flow through the core increases as well. The
driving head reaches its peak when the shortest SG tube has been filled (in the Westinghouse and CE
plant designs). This is conservative as it provides for the minimum static head available in the steam
generator tubes. The core mixture level will be at least to the HL nozzle elevation, and the core flow rate
will equal the ECCS flow rate.

3.3.2 Pressure Drop Due to Debris (dPgcbris)

The PWROG FA test program was designed to define the dPg.,qis values associated with a specific amount
of debris. The results of this program provide a dPgeris value that corresponds to specific debris loading.
Testing was conducted to define dP4e,ris values corresponding to specific fiber loads. A high-level
summary of the testing is provided here:

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

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

3. The flow entering the bottom of the FA is uniform and constant.

4. All debris is available to form debris beds at either the bottom nozzle or at the intermediate spacer
grids.

All these design features contribute to the promotion of debris capture in the test loop and provide a
conservative representation of the debris capture in an actual core.
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In either HL or CL break case, core heatup will not occur until there is sufficient debris accumulation to
limit the core flow rate to the point where the fluid is exactly saturated steam at the core exit. Therefore,
for either the HL or CL break, the calculation of allowed pressure drop for debris should not consider any
liquid associated with entrainment or bubbly frothy flow downstream of the core at the limiting condition.

As long as the pressure drop due to debris is less than the available driving head, flow through the core
will not be impeded by the presence of debris.

3.4 TEST MATRIX

Westinghouse offers a variety of fuel and FA fuel filter designs. These designs include the p-grid, alternate
p-grid, and Guardian grid. Each of these configurations is designed to reduce FA fretting problems and
reduce fuel failures during normal operations. A summary of the plants to which Westinghouse provides
batch fuel and fuel filter designs is presented in Table 3-2 (Reference 25).

The test matrix is shown in Table 3-3. Since each of the fuel filter designs is geometrically different, the
first tests were intended to compare the standard p-grid design to the CE Guardian grid [

1. Tests CIBO1 through CIB04 were used to define a baseline debris load for the standard
p-grid design to then test against the Guardian grid (CIB0S5). [

]*° The remaining tests were conducted to define a debris
load that will not impede core cooling and to verify the most limiting test conditions were used to define
that debris limit.
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Table 3-1 [

I a,c

b.c

Table 3-2 [

]a,c
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Table 3-3 { 1>

a,c
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4 TEST FACILITY DESCRIPTION

Westinghouse performed FA tests at the Westinghouse RTU in Churchill, PA. RTU designed and
constructed a test loop to measure the head loss across a full-area, partial-height FA with various bottom
nozzles and associated bottom grids. The details of the test loop are provided in Section 4.1. The details of
the test FA and fuel filters provided by Westinghouse are described in Section 4.2. (Detailed discussion of
the test facility can be found in Appendices B-H.)

4.1 TEST LOOP

The test loop for testing the debris capture characteristics of a full-area FA is shown in Figure 4-1
(Westinghouse), Figure 4-2 (CE), and Figure 4-3 (upper plenum injection [UPI]). A schematic of the test
loop is given in Figure 4-4 (representative of both CE and Westinghouse configurations), Figure 4-5 (UPI
configuration) and Figure 4-6 (hot leg switchover [HLSO] evaluation). The test loop is composed of four
main parts:

. Mixing tank system
. Recirculation system
Test column
. Computer monitoring system
Mixing Tank System

The mixing tank system includes a 250-gallon plastic tank with a conical bottom, a temperature control
system, and a mixing pump. The mixing tank is where debris can be added during the test. The conical
bottom of the tank helps preclude the settling and loss of debris on the bottom of the tank. The
recirculating water in the loop flows out of the 1.5-inch bottom nozzle of the tank and into the top of the
tank. The temperature of the water in the tank is controlled by running water at a higher or lower
temperature through a copper coil attached to a heater/chiller. The water temperature can be controlled
from a low temperature of approximately 60°F to a high temperature of approximately 100°F, and the
temperature of the water is measured continuously in the tank by a submerged thermocouple. Mixing of
the tank is achieved by the use of a Performance Pro Cascade 1/2 HP pump that pulls water from the
bottom of the tank and pumps it back in at a different point at the top of the tank.

Recirculation System

The recirculation system pumps the water from the tank, through the test column and back into the tank. A
Performance Pro Cascade 3/4 HP pump draws the water out of the bottom of the mixing tank. The flow
rate is controlled by a pneumatic press that partially compresses the 1.5-inch clear, plastic tubing. A
magnetic flow meter measures the flow rate and provides feedback to the pneumatic press to control the
amount of compression applied to the tubing. A specific flow rate can be chosen and the flow control
automatically regulates the flow rate to maintain that value. The recirculation system is continuous duty to
accommodate longer tests.
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Test Column

The test column contains the FA and simulates the geometry and many of the conditions that would be
experienced inside of the RV. Most of the column is made from clear, 1-inch Plexiglas® to allow easy
viewing of what occurs during testing. The test column is made up of two boxes, an upper box that
contains the FA and a lower box that simulates the lower plenum region of the reactor. These two boxes
are connected by a flange that simulates a [ v 1.
The FA rests directly on this simulated core support plate. The water flow enters through a 1.5-inch nozzle
at the bottom of the test column, flows upward and exits through a 1.5-inch port at the top of the column.
Al 1% is present at the bottom of the test column to help avoid the settling and loss of debris
during the test. Directly above the inlet nozzle is a [
J*. The [
J*¢ from the inlet nozzle.

]a,c

The height of the bottom portion of the test column is approximately [

1*. The inner dimension of the test column [
1*° of the particular FA design.

Computer Monitoring System
The computer monitoring system continuously records the following data:

Temperature of the water in the mixing tank
Temperature of the water in the test column

Flow rate

Differential pressure measurements from all dP gauges

The data can be recorded at a time interval chosen by the operator. The computer is also used to check the
slope of the dP or flow versus time graphs in order to evaluate if the test has met the termination criteria.
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4.2 FUEL ASSEMBLY AND FUEL FILTERS

A schematic of the assembly used for Westinghouse fuel tests is shown in Figure 4-4 (dimensions are
representative) and a picture is shown in Figure 4-1. The test assembly is approximately [ 1.
It represents a [ 1*°. The
FA[ J*°. This dimension was used to size the inside of the test
chamber.

A picture of the assembly used for CE Guardian grid fuel tests is shown in Figure 4-2. [
1" The height and FA tested differ from the
Westinghouse fuel test. The test assembly is approximately [ 1*°. It represents a [
1. The [ J*. This dimension was
used to size the inside of the test chamber.

A schematic of the assembly used for Westinghouse UPI fuel tests with representative dimensions is
shown in Figure 4-5 and a photograph is shown in Figure 4-3. This test [

1%¢. The test assembly is approximately [ 1% It represents a [
]°°. The [
1*¢. This dimension was used to size the inside of the test chamber.

A schematic of the test loop used for the Westinghouse HLSO tests with representative dimensions is
shown in Figure 4-6. This test loop [
]*. The test
assembly is approximately [ J*. It represents a [
1. The [ 1*. This
dimension was used to size the inside of the chamber.

The fuel filters that were tested included the Westinghouse p-grid and Guardian grid. [
1" Photographs of the p-grid openings are shown in Figure 4-8, and

photographs of the Guardian grid openings are shown in Figure 4-9. Figure 4-10 provides an overview of
typical Westinghouse fuel filter dimensions.
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Figure 4-1 Westinghouse Test Loop
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Figure 4-2 CE Test Loop
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Figure 4-3 UPI Test Loop
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a,c
Figure 4-4 Generic Schematic of RTU Fuel Assembly Debris Capture Loop
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a,c
— i
Figure 4-5 Schematic of RTU Fuel Assembly Debris Capture Loop for UPI Designs
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a,.c
Figure 4-6 Schematic of RTU Fuel Assembly Debris Capture Loop for HLSO Evaluation
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a,c
o Figure 4-7 Lower Core Support Plate T
a,c
Figure 4-8 P-Grid Openings
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a,c
— Figure 4-9 Guardian Grid Openings —
a,c
Figure 4-10 Sample of P-Grid Dimensions
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5 SUMMARY OF TESTS

| The Westinghouse test reports (Appendices B—-H) provide a complete presentation of the test results
including pressure drops in the FA as a function of time during the tests. A summary of these results is
presented in Table 5-1. A detailed analysis of the test results is presented in Section 6. Table 5-1 has been
updated to include a summary of the tests conducted since the publication of Revision 0 of this document.
Tests CIB21 through CIB54 and 1-W-FPC-0811 were conducted to address RAIs (Reference 13) and
informal questions brought up by the NRC staff.

While the initial test program was intended to specifically evaluate core inlet blockage, the test program

evolved to an evaluation of debris accumulation within the core. The following table of information is
presented for this purpose and will be used in the discussion of results in Section 6.

| Material was added during the tests in the following order: particulate, fiber, and chemical precipitates.

Per Reference 4, introducing particulate first is the most conservative approach. The fiber additions had

l the most significant effect on head loss in the tests. To gather information about the effect of fiber, fiber

was added in approximately 10 gram increments. This provided the opportunity for a thin bed to develop
and provided flexibility in the test to determine the maximum fiber load by discontinuing fiber additions
prior to reaching the maximum allowable head loss. The pressure drop that occurred as the fiber was
added (but before chemical precipitates were added) may provide some insight into debris accumulation
in the core. In the initial tests, particulate and chemical precipitates did not induce a significant pressure
drop at any location in the FA. However, subsequent testing provided more insight to the effects of
particulate and chemicals and head loss and this is discussed in Section 6.

WCAP-17057-NP September 2011
Revision 1



5-2

Table 5-1 [ 1™ U1,c
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6 DISCUSSION OF TEST RESULTS

The data from Table 5-1 are used as the basis for the discussion presented in this section.

The initial tests (CIBO1 — CIB11), summarized in Revision 0 of this document, were all performed at
particulate-to-fiber mass (p:f) ratios in the range of approximately 3 to 65, with the majority of tests
conducted at high p:f ratios. In order to address the questions presented in RAIs (Reference 13) and
brought up in discussions with the NRC staff, additional testing was conducted to evaluate a broader
range of conditions. This section has been updated to include insights and conclusions drawn from the
additional test data. Specifically,

e The evaluations and tests conducted to demonstrate the Westinghouse test facility is reliable and
the data from all tests conducted at Westinghouse can be used to achieve meaningful conclusions
related to the impact of debris on in-vessel effects are provided in Section 6.1.

o Testing has demonstrated that the amount of particulate tested affects the formation of the debris
bed and the resulting head loss across the FA. Section 6.2 provides an overview of the debris bed
formation and the testing conducted to evaluate the effect of particulate mass loading on head
loss.

e Tests conducted to simulate a hot leg break at the maximum flow rate represent the limiting test
condition and should be used for testing designed to define debris limits. An evaluation of break
locations and flow rate effects on head loss is provided in Section 6.3.

e A series of tests was conducted to evaluate the reliability of the Westinghouse test facility and
repeatability of the process used to conduct FA tests. This testing demonstrated the Westinghouse
test facility and test process are repeatable and repeat testing is not necessary in the development
of debris limits. This evaluation is summarized in Section 6.4.

e The FA test program evaluated the impact of various debris types (particulate, microporous
insulation, cal-sil insulation, chemical precipitates, and fiber) on head loss. Testing demonstrated
fiber is the limiting variable and, due to the behavior of the other debris types, is the only debris
variable that requires a limit. The details of this evaluation are provided in Section 6.5.

¢ The majority of FA testing presented in this report was conducted with a [

1*. Debris limits defined with this hardware are applicable to all hardware
and configurations evaluated in this report including: [
1*°. This evaluation is
summarized in Section 6.6.

e The test program was designed to be conservative enough to bound all plant types. A few of the
test conservatisms were evaluated and summarized in Section 6.7.

e Using the insights garnered from the FA test program, 46 tests were conducted to define the fiber
limit for plants utilizing Westinghouse fuel. These tests and resulting fiber limits are summarized
in Section 6.8.
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6.1 FACILITY EVALUATION

Additional FA testing was conducted by AREVA and Westinghouse to address the RAIs (Reference 13)
and it was discovered that, at low particulate-to-fiber mass (p:f) ratios, the debris limits were significantly
different between vendors (Reference 18). In the process of reviewing this data and the corresponding
debris limits, the NRC staff began to investigate the reasons for the differences and requested the
PWROG conduct a single “cross-test” to eliminate concerns regarding any possible test facility effects.

This section provides an overview of testing and evaluations performed to ensure the reliability of the
Westinghouse test facility. Subsection 6.1.1 summarizes baseline tests conducted to evaluate the
repeatability and consistency of the Westinghouse test loop and subsection 6.1.2 discusses the root cause
investigation (RCI) conducted to evaluate the reasons and scope of impact of the unexpected baseline test
results. It is concluded the Westinghouse facility is reliable and FA test results can be used to achieve
meaningful conclusions related to the impact of debris on in-vessel effects.

6.1.1 Overview of Baseline Tests

]a,c

6.1.1.1 Summary of Tests Conducted at P:F =1:1

]a,c

6.1.1.1.1 Head Loss

]a,c
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6.1.1.1.2 Debris Bed
[
]a,c
6.1.1.2 Summary of Tests Conducted at P:F = 5:1
]a,c
6.1.1.2.1 Head Loss
(
]a,c
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6.1.1.2.2 Debris Bed
[
]a,c
6.1.1.3 Key Findings
[
[ ]
[}
[
]a,c
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6.1.2 Root Cause Investigation
[
]a.c
6.1.2.1 Air Entrainment
[
]a,c
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6.1.2.2 Inlet Pipe Location
[
]a,c
6.1.2.2.1 Evaluation of Pipe Location Effect on Tests Conducted at 44.7 gpm
[
]a,c

6.1.2.2.2 Evaluation of Pipe Location Effect on Tests Conducted at 15.5 gpm
[
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]a,c
6.1.2.2.3 Key Findings from Inlet Pipe Effect Testing
e [
[ ]
[ ]
®
]a,c
Table 6-1 Summary of Head Loss Data from CIB39 and CIB44 ]a,c
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Figure 6-1 Comparison of Total FA dP Data between CIB39 and CIB44
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__ a,c
-

Figure 6-2 Comparison of Bottom Nozzle/P-Grid dP Data between CIB39 and CIB44
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Table 6-2 Summary of Final Debris Collection Locations for CIB39 and CIB44
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Table 6-3 Summary of Head Loss Data from CIB37 and CIB45
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a,c

Figure 6-3 Comparison of Total FA dP Data between CIB37 and CIB45
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a,c

=

Figure 6-4 Comparison of Bottom Nozzle/P-Grid dP Data between CIB37 and CIB45
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Table 6-4 Summary of Final Debris Collection Locations for CIB37 and CIB45 ac
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Table 6-5 Summary of Head Loss Data from CIB39, CIB44, and CIB46 (Flow Rate = 44.7 gpm) ac
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Figure 6-5 Comparison of Total FA dP Data between CIB39, CIB44, and CIB46 (Flow Rate = 44.7 gpm)
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Figure 6-6 Comparison of Bottom Nozzle/P-Grid dP Data between CIB39, CIB44, and CIB46 (Flow Rate = 44.7 gpm)
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Table 6-6 Summary of Head Loss Data from CIB42, CIB47, and CIB48 (Flow Rate = 15.5 gpm) ac
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a,c

=

Figure 6-7 Comparison of Total FA dP Data between CIB42, CIB47, and CIB48 (Flow Rate = 15.5 gpm)
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a,c

Figure 6-8 Comparison of Bottom Nozzle dP Data between CIB42, CIB47, and CIB48 (Flow Rate = 15.5 gpm)
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Table 6-7 Summary of Mixing Tank Inlet Pipe Location for FA Tests ac
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6.2 EFFECT OF PARTICULATE

This section provides an overview of the debris bed formation (subsection 6.2.1) and the testing
conducted to evaluate the effect of particulate loading on head loss (subsection 6.2.2). The additional
testing has demonstrated that the amount of particulates affects the formation of the debris bed. If the p:f
ratio is at the limiting condition, the presence of chemical precipitates will cause a significant increase in
the overall pressure drop throughout the FA.

6.2.1 Debris Bed Formation

The initial tests (CIBO1 — CIB11) confirmed that fiber must be present for a pressure drop to occur. That
is, the particulates tested simply passed through the FA until a fiber bed had formed; it was only upon the
introduction of fiber that the dP across the FA increased. Therefore, it is concluded that fiber is the
limiting variable. However, while reviewing the test data from CIBO1-CIB11, there were a few instances
where dP values were unexpectedly higher in tests that were conducted at low p:f ratios. (This observation
was confirmed with subsequent testing that will be discussed in subsection 6.2.2.) This observation can be
expanded upon by providing a discussion of how a debris bed might form throughout a FA.

Fibrous debris could snag on the leading edges of spacer grids or filters and begin to build a bed across
the smaller portions of the openings (e.g., from the comers). Fiber by itself is fairly porous (see CIB22,
Reference 15), even with very small fibers. The particulates can fill the interstitial gaps among the fibers
and decrease the porosity of the debris bed. In general terms, the debris bed formation observed in these
tests can be described by Figure 6-9.

Particulate/Fiber Layer

Fiber Layer

T Flow

Figure 6-9 Debris Bed Layers Formed in FA Testing

If no particulate is present, then the debris bed will be made up entirely of the fiber layer. If particulates
are present in abundance, then the debris bed will be made up entirely of the particulate/fiber layer. For
some p:f ratios, both layers will be present.

The pressure drop through the debris bed is dependent upon the thickness of each layer and the
compression of the fiber layer when chemical precipitates are introduced. As the thickness of each debris
bed layer increases, the resistance associated with each layer increases. The filtration resistance can be
written as a sum of the resistances in series:

R= RF + Rp]:
where:
Rg: resistance of the fiber only layer
Rpr: resistance of the particulate/fiber layer
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The total resistance of the debris bed is dependent upon the extent of the particulate/fiber and fiber layers.
Once the chemical precipitates are added, the equation can be expanded to:

R = Rg + Rpr + Repem
where:
Rehem: resistance of chemical precipitates

Testing has indicated that if a fiber-only layer is not present (i.e., particulates are available in abundance,
or a high p:fratio), the chemical introduction has little to no effect on the dP across the debris bed.
However, if a particulate/fiber and a fiber-only layer exist (i.e., all particulates are filtered by the bed, or a
lower p:f ratio), then the compression of the bed by chemical precipitates may have an effect on the dP
across the bed.

6.2.2 Limiting P:F Ratio

As previously stated, the original test matrix did not contain information about low particulate debris
loads. Therefore, a series of tests was conducted at varying flow rates to evaluate the effect of particulate
loading on head loss. Initial scoping tests (CIB21, CIB22, CIB23, CIB27, and CIB28) were conducted to
evaluate if the particulate load did have an impact on head loss. (CIB24, CIB25 and CIB34 were also
scoping tests but did not result in new insights so they are not included in this discussion.) From these
tests (results summarized in Table 6-8, Figure 6-10, and Figure 6-11), it was determined the p:f ratio did
have an effect on head loss. Additionally, by comparing CIB22 to CIB21 and CIB23, it was concluded

“that fiber by itself does not provide enough resistance to result in the limiting head loss. That is, CIB22, a

test conducted without particulate, had a head loss value less than CIB21 and CIB23, tests conducted at
the same fiber loading but with particulate. It is concluded that particulate needs to be present to fill the
interstitial gaps in the bed, resulting in a high resistance that is increased with the introduction of chemical
precipitates.

From these scoping tests, the results from the cold- and hot leg break tests differed enough that it was
decided a full analysis must be conducted to define the limiting p:f ratios at all test conditions. The tests
and conclusions are summarized in the following subsections.

6.2.2.1 Cold Leg Break

The original test matrix only included a single cold leg break test. Therefore, a new series of tests was
conducted to determine the effect of low particulate on cold leg break conditions. All tests were
conducted within a month of each other with the same inlet pipe location, which minimizes any of the
root cause findings related to unpredictable results; therefore, these tests are valid and can be compared to
each other.

Five tests, CIB29 through CIB33, were conducted and documented in Reference 15. This test series was
conducted with a constant fiber load (18 g) and five different p:fratios: 5, 15, 30, 45, and 60. The purpose
of this test series was to identify the p:f ratio that resulted in the highest head loss at cold leg break
conditions. The results are provided in Table 6-9 and Figure 6-12.
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The limiting p:f ratio for tests conducted at 3.0 gpm, a flow rate representative of a cold leg break, was
defined as 45:1. Therefore, all tests conducted at this flow rate should be conducted at 45:1to ensure
conservatism.

6.2.2.2 Hot Leg Break

The original test matrix included eight hot leg break tests, but the initial tests were not designed to
expressly evaluate the impact of the particulate amount on head loss. Therefore, a series of tests was
conducted to determine the effect of low particulate on hot leg break conditions. All tests were conducted
within a month of each other with the same inlet pipe location, which minimizes any of the root cause
findings related to unpredictable results; therefore, these tests are valid and can be compared to each
other.

Five tests, CIB35 through CIB39, were conducted and documented in Reference 15. This test series was
conducted with a constant fiber load (150 g) and five different p:f ratios: 1, 2, 5, 15, and 30. The purpose
of this test series was to identify the p:f ratio that resulted in the highest head loss at hot leg break
conditions. The results are provided in Table 6-10 and Figure 6-13.

At p:fratios greater than 5:1, very little additional pressure drop is recorded when the chemical surrogate
is introduced, indicating that testing with less particulate is conservative. With the lower quantity of
particulate, the debris bed seems to compress more as the chemical surrogate is added and provide a
greater resistance to flow. The limiting p:f ratio for tests conducted at 44.7 gpm, a flow rate representative
of a hot leg break with all trains in operations, was defined as 1:1.

Further, the baseline tests discussed in subsection 6.1.1 evaluated p:fratios of 1:1 and 5:1 with the inlet
pipe submerged. These tests also confirmed conservative head loss values are recorded at p:fratio of 1:1
even with the inlet pipe submerged.

In addition to evaluating the flow rate representative of maximum ECCS flow, p:f ratio was also
evaluated at a reduced flow rate intended to represent a single train in operation. Two tests were
conducted within the same week and the same inlet pipe location, resulting in comparable data. These
tests, CIB42 and CIB43, displayed the same behavior as observed in the test series conducted at

44.7 gpm. That is, the test conducted at a p:fratio of 1:1 had a higher head loss than the test conducted at
5:1 and these results are summarized in Table 6-10.

It is concluded the 1:1 ratio is limiting for all tests conducted at hot leg break conditions. Therefore, all
tests conducted to evaluate hot leg break conditions should be conducted at a p:fratio of 1:1 to ensure
conservatism.
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Table 6-8 Summary of Head Loss Data from P:F Ratio Scoping Tests l’_c
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a,c

Figure 6-10 Comparison of Data Plots from Cold Leg Break P:F Scoping Tests (CIB21, CIB22, and CIB23)
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Figure 6-11 Comparison of Data Plots from Hot Leg Break P:F Scoping Tests (CIB27 and CIB28)
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Table 6-9 Summary of Head Loss Data from Cold Leg Break P:F Evaluation
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Figure 6-12 Comparison of Data Plots from Cold Leg Break P:F Evaluation (CIB29 through CIB33)
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Table 6-10 Summary of Head Loss Data from Hot Leg Break P:F Evaluation a,c
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a,c

=

Figure 6-13 Comparison of Data Plots from Hot Leg Break P:F Evaluation (CIB35 through CIB39)
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6.3 EFFECT OF BREAK LOCATION AND FLOW RATE

An evaluation was conducted to determine the break location and flow rate that should be used to develop
an acceptance criterion for the mass of debris that can be deposited at the core entrance and not impede
LTCC flows to the core. Subsection 6.3.1 evaluates CL and HL break conditions and subsection 6.3.2
evaluates the impact of flow rate on testing. It is concluded the hot leg break condition at the maximum
flow rate represents the most conservative test conditions and should be used for testing designed to
define debris limits.

6.3.1 Selection of Limiting Break Location

The amount of debris that reaches the RV lower plenum and core inlet after a CL break should be
significantly less than the amount that reaches the core for a HL break. As described in Section 2, the
ECCS flow that reaches the core is only that necessary to make up for core boiloff. The boiloff rate is a
function of time as a result of the LOCA, the core exit pressure and decay heat. Over time, decay heat
decreases such that the core boiloff rate decreases. Any ECCS flow over and above the boiloff rate is
returned to the containment via the break. Once in the sump, the debris may settle or be refiltered through
the sump screens before it can return to the RCS.

In order for the debris to transport through the RCS, it must be fairly well mixed in the ECCS fluid.
Therefore, the debris is homogeneously mixed with the ECCS fluid such that the fraction of debris that
reaches the RV lower plenum is proportional to the fraction of ECCS flow that reaches the RV lower
plenum.

Based on the well mixed assumption and the core to break flow split characteristics, significantly less
debris reaches the RV lower plenum for the CL break than for the HL break.

Further, in addition to the reduced debris quantities in a CL break, the total flow into the core is
significantly less than what would occur in a HL break. If no failures occur in the ECCS, the total ECCS
flow to the RCS may be as high as 8500 gpm for the Westinghouse-designed three- and four-loop plants
(Reference 10). CE-designed plants typically only use the high-pressure safety injection (HPSI) pumps
during sump recirculation so the flow rates are considerably lower. The maximum flow rate is expected to
be approximately 1500 gpm (Reference 10). Equation 3-2 can be used to quantify the effect of lower flow
rate on head loss. The flow-pressure relationship was demonstrated in the initial test matrix through a
comparison of results from CIB08 and CIB09.

Additionally, the conservatisms inherent to the CL break testing of the FA test program are restrictive.
These conservatisms include:

1. The PWROG FA test program conservatively used a constant 3 gpm as the flow rate for the
CL break evaluations. In the event of a CL break, the actual core flow rate is defined by the initial
~ core power and core decay heat. At the time of sump switchover (the earliest time that debris can
reach the core), the flow rate will be highest because the core decay heat is highest. Over time,
the core decay heat decreases as does the core boiloff rate. The flow rate decrease results in a
decreased pressure drop through the debris bed that formed. It also reduces the velocity in the
RV LP and decreases the ability of debris to be lifted to the core inlet. Maintaining a constant,
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high flow rate ensures that all debris that might reach the RV over 30 days is introduced to the
core and ensures the most resistant debris bed. Therefore, maintaining a constant flow in the tests
results in a conservatively high head loss value.

2. A flow rate of 3 gpm corresponds to the highest expected core boiloff rate at approximately
20 minutes after the LOCA. A sump switchover time of 20 minutes is conservatively determined
by considering no failures of the ECCS and minimum liquid volumes in the RWST. At the
minimum assured ECCS flow rate, this time is approximately an hour or longer. At one hour after
the event, the decay heat has decreased to a point at which the core boiloff rate is approximately
2/3 of the boiloff rate at 20 minutes. A lower flow rate will form a less resistant debris bed and
decrease the pressure drop through any bed that has formed. Again, maintaining a constant, high
flow in the tests results in a conservatively high head loss value.

Finally, work has been conducted for a separate PWROG program (PA-ASC-0689) to evaluate boric acid
precipitation and this work has unintentionally quantified the conservatisms associated with the CL FA
testing. In support of the boric acid program, a test column has been developed to simulate an RV after a
CL break. Coolant and debris enter through a downcomer and flow through the LP into the simulated core
region. Additionally, the coolant is heated and the flow decreases over time as dictated by the Appendix K
decay heat curve. This program tested significant quantities of debris (including fiber) and did not record
any debris accumulation on the bottom nozzle and/or grids (Reference 22). This test demonstrates that
when more prototypic conditions are simulated, the CL break does not form debris beds at the core inlet
or spacer grids.

Based on the CL-specific conditions including (1) the reduction in debris that reaches the core, (2) the
lower flow rates that result in lower head loss, and (3) testing that demonstrates debris beds do not form
in CL break prototypic conditions, it is determined the HL break represents the limiting test condition and
the debris limits will be defined from HL break tests.

6.3.2 Selection of Limiting Flow Rate

In the event of an HL break, there are two possible flow scenarios. The first scenario assumes alt ECCS
trains are in operation, resulting in a maximum flow of approximately as 8500 gpm (Reference 10). The
second scenario assumes only a single ECCS train is in operation, resulting in a minimum HL flow of
approximately 3000 gpm (Reference 23).

A series of five tests (two tests at 15.5 gpm and three tests at 44.7 gpm) was conducted to define the
limiting flow condition for HL break tests. The results are summarized in Table 6-11. A bar chart that
compares the dP before chemical introduction and after chemical introduction is provided in Figure 6-14.

These tests consistently demonstrated the maximum head loss occurs at the high-flow conditions,
confirming the pressure-flow relationship defined in Equation 3-2. It is concluded the most conservative
head loss values are recorded at high flows and debris limits should be defined at these test conditions.
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Table 6-11 Summary of HL Break Flow Rate Evaluation
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ac
Figure 6-14 Comparison of Maximum dP Recorded at HL. Break Flow Rate Evaluation
6.4 REPEATABILITY EVALUATION
[
]a,c
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6.4.1 Repeatability Testing Conducted at 15.5 gpm
[
]a,c
6.4.2 Repeatability Testing Conducted at 44.7 gpm
[
]a,c
Table 6-12 Summary of Results from Repeatability Testing Conducted at 15.5 gpm e
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Figure 6-15 Comparison of Data Plots from 15.5 gpm Repeatability Evaluation (CIB42 and CIB48)
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a,c
Table 6-13 Summary of Results from Repeatability Testing Conducted at 44.7 gpm
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- a,c
—
Figure 6-16 Comparison of Data Plots from 44.7 gpm Repeatability Evaluation (CIB49, CIB50, and CIB51)
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6.5 EVALUATION OF DEBRIS TYPES

FA testing was conducted to evaluate the impact of various debris types on head loss: particulate is
discussed in subsection 6.5.1, microporous debris is discussed in subsection 6.5.2, cal-sil debris is
discussed in subsection 6.5.3, chemical precipitate is discussed in subsection 6.5.4, and fibrous debris is
discussed in subsection 6.5.5.

As discussed in Section 6.2, the amount of particulate tested can affect the overall results and the impact
of chemical effects. There is a limiting p:f ratio that will produce the highest head loss and tests conducted
at lower or higher p:f ratio, for a constant fiber loading, will result in lower head loss values. The FA
testing demonstrated that cal-sil and microprous debris behave like a particulate and are characterized as
such; plants that generate these types of debris are bound by test results conducted with only particulate
debris. FA testing also demonstrated only a small amount of chemical surrogate material is needed to
achieve the maximum head loss; subsequent additions of chemical surrogate do not increase head loss
through the FA.

Fiber is the limiting variable. Upon the introduction of fiber to the test loop, a dP across the FA is
immediately recorded. Subsequent fiber additions always result in an increase in head loss. This test
program has demonstrated that the only debris type that requires a limit is fiber. The fiber limit must be
defined by tests conducted at the limiting p:f ratio and include chemical surrogate. Because particulate
loadings less than or greater than the loading tested to achieve the limiting p:f ratio will result in a
decrease in head loss, a maximum allowable particulate limit does not need to be defined. Further, since
only a small amount of chemical precipitate material is necessary to achieve the maximum head loss and
subsequent chemical introductions do not increase head loss, a maximum allowable chemical loading
does not need to be defined.

6.5.1 Effect of Particulate

Particulate debris was represented by silicon carbide. The effects of particulate loading are discussed in
detail in Section 6.2 and summarized here.

It has been concluded that the amount of particulates affects the formation of the debris bed. If the p:f
ratio is at the limiting condition, the presence of chemical precipitates will cause a significant increase in
the overall pressure drop. At the limiting p:f ratio, the manner in which the debris bed forms results in the
largest resistance, which results in conservatively high head loss values. Tests conducted at lower or
higher p:f ratio for a constant fiber load will result in lower head loss values. Testing demonstrated the
limiting p:f ratio for CL breaks was 45:1 and 1:1 for HL breaks.

6.5.2 Effect of Microporous Insulation

CIB07 included Microtherm to represent microporous insulation. Previous experience in sump strainer
testing indicated that this type of insulation would provide significant increases in the pressure drop
across the debris bed. Since a few plants that Westinghouse provides fuel for have both microprous and
cal-sil insulation, this test was conducted with both debris types. CIB07 had a lower head loss (2.50 psid)
than CIBO3 (4.11 psid), so it is concluded that tests conducted with silicon carbide will bound plants that
have microporous and cal-sil insulation.
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Additional testing was conducted to address RAIs (Reference 13) related to Microtherm. In

December 2009, a presentation was made to the NRC staff that used data from the AREVA FA test
program to demonstrate that plants that have particulate debris and microporous debris but do not have
cal-sil debris are still bound by results obtained from tests conducted with only silicon carbide. The test
and test parameters are provided in Table 6-14 (Reference 24). The pressure drop with each fiber addition
is shown in Figure 6-17 (Reference 24). The test with Microtherm and silicon carbide provided similar
results as a test with only silicon carbide, demonstrating that Microtherm behaves like a particulate and
plants with this insulation are bound by testing conducted with silicon carbide as the particulate surrogate.

Additional testing, CIB26 and CIB40, was conducted to evaluate how Microtherm behaves at CL break
conditions. In order to provide a meaningful comparison of these tests, the particle size of silicon carbide
and Microtherm requires consideration. Microtherm has approximately the same particle size as silicon
carbide; however, the density of Microtherm is much less than that of silicon carbide. The density of
Microtherm (Pmicrotherm) 18 2,199 g/ft3 (Reference 15) and silicon carbide (ps;ic) ts 28,260 g/ft3

(Reference 15). A comparison of a test with silicon carbide to a test with Microtherm should be based on
the number of particles tested, because the pressure drop is due, in part, to how the particles fill the
interstitial gaps in the fiber bed. If the mass is used, then the number of particles will be different, which
means that a different number of gaps will be filled. Since both particulates have the same particle size,
the volume of the particle will cancel out and the determination of the number of particles reduces to a
simple density ratio. The density ratio, psic/Pmicrotherm, 1 €qual to 12.9. Therefore, to test the same number
of particles, the mass of silicon carbide would need to be 12.9 times greater than the mass of Microtherm.

The amount of silicon carbide in CIB30 is nine times greater than the amount of Microtherm used in
CIB26. Therefore, these tests will have a similar number of particles and the results can be meaningfully
compared. CIB26 was conducted with Microtherm as the sole source of particulate and CIB30 was
conducted with silicon carbide as the sole source of particulate. This test showed that even at a fiber load
of 30 g (compared to the 18 g of fiber tested in CIB30), the pressure drop of CIB26 before chemicals are
added to the bed (0.30 psid) is less than the pressure of CIB30 before chemicals are added (0.32 psid).
(The maximum dP after chemicals were added resulted in a higher dP for CIB26 than CIB30, which is the
anticipated result as CIB26 had almost double the amount of fiber.) This comparison supports the
classification of Microtherm as a particulate.

CIB40 was conducted with both Microtherm and SiC to see if there was an effect due to the combination
of particle sources. Accounting for the density difference between SiC and Microtherm, the p:f ratio in
CIB40 is approximately:

_12.9-135+135
18

pif =104 ~100:1

The highest p:fratio of the CL break tests with only SiC and 18 g of fiber is 60:1. However, the results of
CIB40 continue the pressure drop trend of test CIB29 through CIB33. That is, the maximum dP was
established at a p:fratio of 45:1. As the p:fratio increases beyond the limiting condition of 45:1, the
pressure drop decreases. Overall, CIB40 trended with the other CL break tests, further illustrating
Microtherm can be classified as a particulate.
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6.5.3 Effect of Cal-Sil Insulation

CIBO06 included cal-sil debris. Cal-sil is made up of a combination of particulates and fibers.
Consequently, it represents the worst of both debris types in that it is readily transportable and easily
catches on components. The cal-sil must pass through the sump screens, openings of approximately

0.1 inch, to reach the RCS. Therefore, cal-sil debris for the Westinghouse test was prepared by passing the
material through a 0.1-inch sieve. As a consequence of this process, the fibers and particulates were
separated, with the bulk of fiber being removed.

Previous experience in sump strainer testing indicated that cal-sil would provide significant increases in
the pressure drop across the debris bed; this was not the case in FA testing. The cal-sil actually seemed to
improve the head loss across at the core inlet and spacer grids. This is likely due to the characteristics of
the cal-sil that reach the RCS. Consequently, the pressure drop through the debris bed is lower. Since
testing with only SiC results in more conservative results, plants with cal-sil debris are bound by limits
defined by tests conducted only with SiC as the particulate surrogate.

6.5.4 Effect of Chemical Precipitate

In the majority of tests, chemical precipitates (aluminum oxyhydroxide or AIOOH) were added. Previous
experience in sump strainer testing indicated that AIOOH would provide significant increases in the
pressure drop across the debris bed; this was observed only at certain conditions during FA testing. At
high (non-conservative) p:f ratios, chemical precipitates had little to no effect on the head loss at the core
inlet or spacer grids as evidenced by the time-history data plots presented in Appendices B-H. However,
if the p:f ratio is at the limiting condition, the presence of chemical precipitates will cause a significant
increase in the overall pressure drop.

The amount of chemicals required to reach the maximum dP is independent of p:f ratio. That is, it only
requires a very small amount of chemical precipitate to reach the maximum head loss. The introduction of
additional chemical precipitates, after the maximum dP has been achieved, does not increase the head loss
at the core inlet or spacer grids. This behavior is consistent through all tests with ALOOH as evidenced by
the time-history data plots presented in Appendices B-H.

6.5.5 Effect of Fiber
Fibrous debris was represented by baked Nukon®.

Fiber is the limiting variable — without fiber, the debris flows freely throughout the FA and does not cause
a measurable head loss. Upon the introduction of fiber to the test loop, a dP across the FA is immediately
recorded. Subsequent fiber additions result in an increase in head loss. This behavior is observed in every
FA test and can be confirmed by a review of the test data presented in Appendices B—H.

WCAP-17057-NP September 2011
Revision 1



6-43
Table 6-14 Test Conditions for Evaluation of Microtherm at Hot Leg Break Conditions (Reference 24)
Flow Rate | Particulate Fiber Chemical Microporous
Test (gpm) ® ® ® ®
FG-FPC-W-2 44.7 13,154 150 4,540 0
FG-FPMC-W-6 44.7 13,154 150 4,540 544
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Figure 6-17 Evaluation of Effect of Microporous Debris on Pressure Drop across Total Test FA
with Fiber Addition (Reference 24)

6.6 EVALUATION OF FUEL HARDWARE AND ALTERNATE FUEL TYPES

]a,c
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6.6.1 Alternate P-Grid Filter
[
]a,c
6.6.2 CE Plants and Guardian Grid
[
]a,c
6.6.3 Open Fuel Assembly
[
]a,c
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6.6.4 Upper Plenum Injection Plants

[

6.6.4.1 Background

HL Break

[

CL Break

[

]a,c

6.6.4.2 Test Description

[

6.6.4.3 Test Results

[

]a,c

]a,c

]a,c

]a,c
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6.6.5 Applicability of Test Results to Alternate Fuel Designs

[

]a,c

6.6.6 Applicability of Test Results to Future Fuel Designs

[
]a,c

6.6.7 Mixed-Core Fuel Assemblies

Westinghouse is continually refining fuel designs to meet the challenges of the industry. While the major
components of the design (e.g., fuel filters) do not change significantly, other aspects of the fuel design
that are not affected by GSI-191 may change. To that end, current Westinghouse customers may change
the fuel design in the core.

During each reload, a large portion of the fuel in the core is replaced (typically about one-third of the
fuel). The new fuel may be different from the resident fuel, which creates a mixed core situation. In this
situation, the most conservative approach for applying the acceptance criteria developed here is to only
consider the limiting fuel design. At the current time, all Westinghouse fuel filters have the same debris
load acceptance criteria, so they are equally limiting.

It is also possible that Westinghouse fuel products could be co-resident with another vendor’s product.
Guidance for applying varying debris limits to the core is provided in WCAP-16793-NP.

6.7 EVALUATION OF TEST CONSERVATISMS

The previously discussed tests did not model prototypic conditions following a LOCA. The majority of
tests (CIBO1-CIB51) were designed to provide a conservative basis for setting the fiber limit for the
operating fleet. It was recognized that testing should be conducted to quantify the inherent conservatisms
in the test process. To that end, a series of conservatism scoping tests was designed to evaluate the effects
of higher temperature, simulation of hot leg switchover, boron and buffer agents, and chemical addition
rate effects on pressure drop. The results of these tests are discussed in the following subsections.
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6.7.1 Summary of Conservatisms Evaluated
6.7.1.1 Increased Temperature

Immediately following a LOCA, the temperature of the sump is elevated. In fact, in the days following
the event, the sump temperature decreases but remains at temperatures higher than approximately 120°F.
Over the first 30 days following a LOCA the sump temperature is likely to range from ~250°F to 130°F.

Previous Test Conditions: In spite of the fact none of the operating PWR sumps will have temperatures
around 70°F, the FA testing was conducted at ambient conditions. This temperature was chosen to
maximize the water viscosity and promote higher head losses through the debris beds. However, to not
quantify the temperature effect is to ignore a significant test conservatism that leads to the definition of
very restrictive fiber limit for the utilities.

Change to Test Method: Darcy’s Law provides the basis for the pressure drop (AP)—viscosity (i)
relationship:

AP/o=Lw/x
where:
AP = pressure drop across bed
[0) = flow velocity (ft/s)
L = length of porous bed (ft)
u = dynamic viscosity (Ibf=sec/in’)
K = permeability (ft%)

This equation illustrates that as viscosity decreases, the pressure drop through the debris bed will also
decrease. Therefore, the conservatism testing evaluated the head loss recorded with heated mixing tank
water.

6.7.1.2 Boron and Buffering Agents

Boron is used by all plants to achieve shutdown margin after a LOCA and buffering agents are used by all
plants to neutralize the pH of the system after a LOCA.

Previous Test Conditions: In spite of the fact boron and buffering agents will be present in the sump
after a LOCA, the FA testing was conducted without these agents in the tested mixing tank water. The
initial test plan realized the chemical precipitates may have increased solubility in an environment with
elevated pH values and boron present. However, to not quantify the effects of these agents is to ignore a
significant test conservatism that leads to the definition of very restrictive fiber limit for the utilities.

Change to Test Method: Boron and buffering agents were included in testing. The quantities and
buffering agent used were designed to be representative of the operating fleet.
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6.7.1.3 Rate of Chemical Introduction

In the event of a LOCA, chemical products will slowly form in the sump. This behavior was not modeled
in the PWROG FA test program. Further, the chemical precipitate concentrations in the sump will be
significantly lower than those tested in the PWROG test program.

Previous Test Conditions: The testing will continue to use AIOOH prepared in accordance with the
method provided in WCAP-16530-NP-A (Reference 9) to be representative of chemical precipitate
products. Additionally, tap water will continue to be used to produce the surrogate. This decision is
supported by information provided in References 8 and 27:

e Testing summarized in Reference 8 supports the use of AIOOH as a conservative chemical
surrogate. Further, this testing demonstrated that surrogates made with high-purity water were not
as effective or as stable as those made with tap water.

e The objective of the tests in Reference 27 was to compare head loss associated with precipitate
formation from aluminum coupon corrosion with those WCAP-16530-NP-A (Reference 9)
precipitates. These tests found that AIOOH surrogate prepared per WCAP-16530-NP-A
(Reference 9) results in conservative head loss; therefore, this surrogate is suitable for FA testing.

However, in the previous tests, the chemical surrogate was added to the loop in excess of production rate
and expected concentration. This resulted in a very conservative increase in head loss upon the addition of
chemicals.

Changes to Test Method: Chemicals were introduced at a rate that is two times greater than the fastest
rate from the operating fleet. Additionally, the concentration of the mixing tank will be monitored. The
concentration that causes an unacceptably high dP will be recorded. Utilities that can demonstrate their
chemical precipitate concentration does not reach these levels, can demonstrate a tolerance for a larger
amount of fibrous insulation. The same total mass of chemicals used in previous FA testing will be used in
this test.

6.7.2 Conservatism Testing Results

6.7.2.1 Effect of Boron and Buffering Agents
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]a,c
6.7.2.2 Effect of High Temperature and Credit for Hot Leg Switchover
[
]a,c
6.7.2.3 Effect of High Temperature
[
I
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6.8 DEVELOPMENT OF FIBER LIMIT

]a,c

| Table 6-15 Summary of Differences Between CIB54 and 1-W-FPC-0811 ac

r

This test demonstrated that the head loss results collected at limiting p:f ratio are impacted by small
facility differences. Both Westinghouse and CDI facilities were designed with the intention of producing
overly conservative results. These results indicate the CDI facility is more conservative than the
Westinghouse facility but these results do not mean results from the Westinghouse loop are invalid. In
order to quantify the conservatism of the Westinghouse loop, additional testing would have to be
conducted to evaluate the loop behaviors to prototypic plant conditions.

It is important to note that differences between facilities are not significant at p:f ratios greater than 10:1
as presented in Reference 24. In spite of this, and without additional testing to provide a technical basis,
the fiber limit for the Westinghouse-fueled fleet will be set at the lowest fiber limit that did not cause
unacceptable head loss when tested in the CDI loop. Plants with Westinghouse fuel can use the following
to evaluate the impact of debris on LTCC:
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The AREVA testing conducted in support of this program demonstrated that 15 g of fiber/FA does
not cause a blockage that will challenge LTCC, [ 1*°. This dP value
is from Reference 29 and can be verified by review of the AREVA proprietary test report (51-
9106285). Therefore, plants utilizing Westinghouse fuel can demonstrate LTCC is not impeded if
the plant-specific debris load is less than or equal to 15 g of fiber/FA.

The test conducted with Westinghouse fuel at CDI to evaluate test facilities, 1-W-FPC-0811, was
conducted with 25 g fiber/FA. This test demonstrated flow was able to continue to enter the core,
even though the flow rate had to be reduced during the test. The maximum dP recorded during
this test 1s [

J*. Therefore, plants with Westinghouse fuel that have a driving head greater than or
equal to this dPg4eys value, and operate at conditions similar to tested conditions, can withstand 25
g fiber/FA.

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

CIB53 demonstrated that if plants can delay the formation of chemical precipitates until after
HLSO, a greater amount of fiber will be able to enter the core without impeding LTCC than
demonstrated by the AREVA test at 15 g of fiber and the Westinghouse test, 1-W-FPC-0811.

All tests conducted at the limiting p:f ratio conditions, see the largest increase in head loss when

chemical precipitates are added to the test loop. If a plant can demonstrate chemical precipitates

do not form, the dPgeris values for tests CIB41 — CIB54 (not including CIB46 and CIB47) (listed
in Table 5-1 as ‘Max FA Head Loss — Before Chem (psid)’) can be used to make a determination
on the amount of allowable fiber.
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7 CONCLUSION

The purpose of the FA testing described in this report was to justify acceptance criteria for the mass of
debris that can reach the RCS and not impede long-term core cooling flows to the core. The testing
recorded in this report supports the conclusion that fiber is the limiting variable and is the only debris type
requiring a limit.

The options presented in Section 6.8 must be considered when determining if the plant-specific fiber
loading will not impede LTCC. This determination will be used in conjunction with WCAP-16793-NP,
Revision 2 to demonstrate adequate flow for long-term decay heat removal.

Plants that are within the limits of the parameters tested are bounded by the tests and meet the long-term
core cooling requirements. Several courses of action have been identified for plants whose debris loads
are outside of the limits tested. These actions include, but are not limited to, reduction of debris sources
by removing or restraining the affected debris source or plant-specific fuel assembly testing.

If a plant elects to conduct plant-specific testing, the following must be considered during testing:

e Tests must be conducted at the limiting p:f ratio. Testing can only occur at a different p:fratio in
the event a plant can provide a technical basis.

e Testing should be conducted at the highest expected flow rate.

e All pipes in the test loop should be submerged.

o Testing should follow the following debris addition order: all particulate (allowed to circulate
through the loop a minimum two loop turnover times), fiber in no more than 10 gram increments

(allowed to circulate through the loop a minimum of two loop turnover times), and chemical
surrogate.
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APPENDIX A
TEST PROTOCOL FOR PWROG FUEL ASSEMBLY TESTS

The following section provides the test protocol that was used for the PWROG fuel assembly test
program. This appendix is proprietary in its entirety and will not be included in the non-proprietary
verston of this document.
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APPENDIX B
TEST REPORT NO. 1
This appendix contains Reference 11 in its entirety. This appendix will not be included in the
non-proprietary version of this document.
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APPENDIX C
TEST REPORT NO. 2
This appendix contains Reference 15 in its entirety. This appendix will not be included in the
non-proprietary version of this document.
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APPENDIX D
TEST REPORT NO. 3
This appendix contains Reference 16 in its entirety. This appendix will not be included in the
non-proprietary version of this document.
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APPENDIX E
TEST REPORT NO. 4
This appendix contains Reference 19 in its entirety. This appendix will not be included in the
non-proprietary version of this document.
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APPENDIX F
TEST REPORT NO. 5
This appendix contains Reference 21 in its entirety. This appendix will not be included in the
non-proprietary version of this document.
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APPENDIX G
TEST REPORT NO. 6
This appendix contains Reference 26 in its entirety. This appendix will not be included in the
non-proprietary version of this document.
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APPENDIX H
TEST REPORT NO. 7
This appendix contains Reference 28 in its entirety. This appendix will not be included in the
non-proprictary version of this document.
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