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completeness, or usefulness of the information contained in this report, or that the use of
any information, apparatus, method, or process disclosed in this report may not infringe
privately owned rights; or

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

* EXECUTIVE SUMMARY

Pressurized Water Reactor (PWR) containment buildings are designed to both contain radioactive

materials releases and facilitate core cooling in the event of a postulated Loss of Coolant Accident
9(LOCA). The cooling process requires water discharged from the break and containment spray to be
*collected in a sump for recirculation by the Emergency Core Cooling System (ECCS) and Containment

Spray System (CSS). Typically, a containment sump contains one or more screens in series that protect
the components of the ECCS from debris that could be washed into the sump. Fibrous debris could form
a mat on the screen that would collect particulates, keeping them from being ingested into the ECCS and

CSS flow paths. However, as the fiber bed forms, particulates and some fibrous material may be ingested
into the ECCS and subsequently the reactor coolant system (RCS).

Concerns have been raised about the potential for debris ingested into the ECCS to affect long-term core
cooling when recirculating coolant from the containment sump. The fuel assembly bottom nozzles are

*• designed with flow passages that provide coolant flow from the reactor vessel lower plenum into the
*region of the fuel rods. During operation of the ECCS to recirculate coolant from the containment sump,

debris in the recirculating fluid that passes through the sump screen may collect on the bottom surface of
the fuel assembly bottom nozzle, causing resistance to flow through this path. The collection of sufficient

*debris on the fuel assembly bottom nozzle is postulated to impede flow into the fuel assemblies and core.
Other concerns have been raised with respect to the collection of debris and post-accident chemical

*products within the core itself. Specifically, the debris has been postulated to either form blockages or
adhere to the cladding, thereby reducing the ability of the coolant to remove decay heat from the core.

*Similarly, chemical precipitants have been postulated to plate-out on fuel cladding, again resulting in a
*D reduction of the ability of the coolant to remove decay heat from the core.

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

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

*including addenda

* NEI 04-07, Volume 1: Section 7.30
* NEI 04-07, Volume 2: Section 7.3

* Draft NRC Staff Review Guidance for Evaluation of Downstream Effects of Debris Ingress into
*the PWR RCS on Long Term Core Cooling Following a LOCA, dated November 22, 2005.
0

While the guidance in these documents provides information regarding how to assess the effects of debris

on fuel, the methods have proven to be quite conservative. In particular, the following assumptions have

been made:

1. All debris that penetrates the sump screen reaches the core. Further, all fibrous debris is neutrally

buoyant and is long enough to be captured at the core inlet.

0
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2. The formation of a "thin bed" (i.e., a bed of fiber 1/8" thick) of fiber at the core inlet is sufficient
to preclude flow to the core based on the results presented in NUREG/CR-6224.

The Pressurized Water Reactor Owners Group (PWROG) undertook a program to provide analyses and
information on the effect of debris and chemical products on core cooling for PWRs when the ECCS is
realigned to recirculate coolant from the containment sump. The objective of the program was to
demonstrate that there is reasonable assurance that sufficient long-term core cooling is achieved for
PWRs to satisfy the requirements of 10 CFR 50.46 with debris and chemical products that might be
transported to the reactor vessel and core by the coolant recirculating from the containment sump. This
program used available tools and information to consider the effects of debris ingested into the RCS and
core when recirculating inventory from the containment sump. The program was performed such that the
results of this program apply to the fleet of PWRs, regardless of the design (Westinghouse, CE or B&W).

The results of the program provide reasonable assurance that long-term core cooling will be established
and maintained post-LOCA considering the presence of debris in the RCS and core. The debris

composition includes both particulate and fiber debris, as well as post-accident chemical products.

Three supporting topical areas were evaluated to demonstrate that long-term core cooling would be
maintained post-accident with the ECCS aligned to recirculate coolant from the containment sump to the
core. The selection of the topical areas was based on the uncertainty perceived to be associated with each
area. The evaluations presented are either extreme cases or parametric studies that demonstrate margin in
the PWR design. These topical areas are:

1. Evaluation of fuel clad temperature response to blockage at the inlet to the core. 00
2. Evaluation of fuel clad temperature response to local blockages or chemical precipitation on fuel

clad surface.

3. Evaluation of chemical effects in the core region, including potential for plate-out on fuel

cladding.

A clad temperature of 800'F was selected as the acceptance basis for the evaluation of the topical areas
identified above. These acceptance bases are applied after the initial quench of the core and are consistent
with the long-term core cooling requirements stated in 10 CFR 50.46 (b)(4) and 10 CFR 50.46 (b)(5).
They do not represent, nor are they intended to be new or additional long-term core cooling requirements.
These acceptance bases provide for demonstrating that local temperatures in the core are stable or
continuously decreasing andthat debris entrained in the cooling water supply will not affect decay heat
removal. The 800'F temperature was selected based on autoclave data that demonstrated oxidation and

hydrogen pickup to be well behaved at and below the 800'F temperature and the reduction in cladding
small. Therefore, there would be minimal reduction in post-LOCA load carrying capability. A discussion
of the technical basis for the 800'F temperature is given in Appendix A. 0
A blockage of about 99.4% of the core inlet area was evaluated under Item 1, above. A summary of this
evaluation is given in Section 6 and a description is given in Appendix B. The evaluation demonstrated
that adequate core cooling flow would be established such that negligible impact on clad temperature
would be expected due to blockage alone. 0

WCAP- 16793-NP May 2007
Revision 0



*xvii

The impact of both the reduction of flow at a fuel grid and the precipitation of chemical product on the
surface of fuel cladding was evaluated under Item 2, above. A summary of the evaluations performed are
given in Section 4 and descriptions are given in Appendix C for the reduction of flow at a fuel grid and
Appendix D for chemical precipitation on the surface of fuel cladding. A range of thermal conductivities
for the precipitation were considered for both of these evaluations, ranging from a low value of

*0.1 Btu/(hr-ft-°F) to 0.9 Btu/(hr-ft-°F). Over the range of conditions considered, the cladding surface
temperature was, in all cases, evaluated to be below 800'F for both fuel rod heat-up calculations.

Finally, the potential for chemical precipitation to form on the cladding surface was evaluated under
Item 3, above. Due to the variation in plant-specific chemistries, the path chosen to perform Item 3 was

4to expand the method of WCAP-16530-NP to estimate the potential for plate-out on fuel cladding
surfaces. A description of how this extension was accomplished, along with sample calculations, is given
in Appendix E. The sample calculations in Appendix E were performed using particularly challenging

0plant chemistries. However, due to the interaction of several of the parameters, it is suggested that plants
* perform a plant-specific calculation using their plant-specific inputs to confirm that chemical plate-out on

the fuel does not result in the prediction of fuel cladding temperatures approaching the 800'F value
identified in Appendix A.

0The evaluations performed for the three areas identified above, in conjunction with other information,
provide reasonable assurance of long-term core cooling for all plants. Specifically,0

Adequate flow to remove decay heat will continue to reach the core even with debris from the
9sump reaching the RCS and core. Test data has demonstrated that any debris that bypasses the
*screen is not likely to build up an impenetrable blockage at the core inlet. While any debris that

collects at the core inlet will provide some resistance to flow, in the extreme case that a large
blockage does occur, numerical analyses have demonstrated that core decay heat removal will
continue.0

* Decay heat will continue to be removed even with debris collection at the fuel assembly spacer
grids. Test data has demonstrated that any debris that bypasses the screen is small and
consequently is not likely to collect at the grid locations. Further, any blockage that may form

*will be limited in length and not be impenetrable to flow. In the extreme case that a large
blockage does occur, numerical and first principle analyses have demonstrated that core decay
heat removal will continue.

*Fibrous debris, should it enter the core region, will not tightly adhere to the surface of fuel
cladding. Thus, fibrous debris will not form a "blanket" on clad surfaces to restrict heat transfer
and cause an increase in clad temperature. Therefore, adherence of fibrous debris to the cladding
is not plausible and will not adversely affect core cooling.S

* Using an extension of the chemical effects method developed in WCAP-1 6530-NP to predict
chemical deposition of fuel cladding, two sample calculations using large debris loadings of
fiberglass and calcium silicate, respectively, were performed. The cases demonstrated that decay

0heat would be removed and acceptable fuel clad temperatures would be maintained.
0
0
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As blockage of the core will not occur, the mixing volumes assumed for the current licensing
basis boric acid dilution evaluations are not affected by debris and chemical products transported
into the RCS and the core by recirculating coolant from the containment sump. Therefore, the
current accepted licensing calculations that demonstrate appropriate boric acid dilution to
preclude boric acid precipitation remain valid.

Given the above, it is therefore concluded that reasonable assurance of acceptable long-term core cooling
with debris and chemical products in the recirculating fluid is demonstrated for all plants. Plants not
bounded by the sample deposition calculations presented in Section 5 of this report may confirm this by
performing plant-specific chemical deposition calculations using the method described in that section.
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* 1 INTRODUCTION
S

The scope of Generic Safety Issue 191 (GSI- 191) (Reference 1-1) addresses a variety of concerns
associated with the operation of the ECCS and the CSS in the recirculation mode. These concerns include

5P debris generation associated with a postulated high-energy line break, debris transport to the containment
sump when the ECCS is realigned to operate in the recirculation mode, and the effects of ingestion of

S debris through the sump screens. In addition to debris resulting from the action of the jet from the
postulated pipe break, there is also the potential for generation of chemical products from the reaction of
containment materials and coolant that may also be transported to and through the sump screen.S
Concerns have been raised about the potential for debris ingested into the ECCS to affect long-term core

cooling when recirculating coolant from the containment sump. During operation of the ECCS to
recirculate coolant from the containment sump, debris in the recirculating fluid that passes through the

sump screen may collect on the bottom surface of the fuel assembly bottom nozzle, causing resistance to
*flow through this path. The collection of sufficient debris on the fuel assembly bottom nozzle is

postulated to impede flow into the fuel assemblies and core. Other concerns have been raised with
respect to the collection of debris and post-accident chemical products within the core itself. Specifically,

the debris has been postulated to either form blockages or adhere to the cladding, thereby reducing the
ability of the coolant to remove decay heat from the core. Similarly, chemical precipitants have been

*postulated to plate-out on fuel cladding, again resulting in a reduction of the ability of the coolant to
*remove decay heat from the core.

*The Pressurized Water Reactor Owners Group (PWROG) undertook a program to provide analyses and
*information on the effect of debris and chemical products on core cooling for PWRs when the ECCS is
5realigned to recirculate coolant from the containment sump. The objective of the program is to

demonstrate that there is reasonable assurance that sufficient long-term core cooling is achieved for
PWRs to satisfy the requirements of 10 CFR 50.46 with debris and chemical products that are postulated
to be transported to the reactor vessel and core post-LOCA by the coolant recirculating from the

5containment sump. This program used available tools and information to consider the effects of debris
ingested into the RCS and core when recirculating inventory from the containment sump. The program
was performed such that the results of this program apply to the fleet of PWRs, regardless of the design

*(B&W, CE, or Westinghouse).

S
S
0

S
S
S
S
S
S
S
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2 DEMONSTRATION OF LONG-TERM CORE COOLING

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

Concerns have been raised about the potential for debris ingested into the ECCS to affect long-term core
cooling when recirculating coolant from the containment sump. The fuel assembly bottom nozzles are
designed with flow passages that provide coolant flow from the reactor vessel lower plenum into the
region of the fuel rods. During operation of the ECCS to recirculate coolant from the containment sump,

debris in the recirculating fluid that passes through the sump screen may collect on the bottom surface of
the fuel assembly bottom nozzle, causing a resistance to flow through this path. Guidance provided to the
industry in the following documents has been used to provide the framework for analyses that address
these concerns.

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

a NEI 04-07, Volume 1: Section 7.3

* NEI 04-07, Volume 2: Section 7.3

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

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

While the guidance in these documents provides information regarding how to assess the effects of debris
on fuel, the methods have proven to be quite conservative. In particular, the following assumptions have
been made:

1. All debris that penetrates the sump screen reaches the core. Further, all fibrous debris is neutrally
buoyant and is long enough to be captured at the core inlet.

2. The formation of a "thin bed" (i.e., a bed of fiber 1/8" thick) of fiber at the core is sufficient to
preclude flow to the core based on the results presented in NUREG/CR-6224.

Other concerns have been raised with respect to the collection of debris and post-accident chemical
products within the core itself. Specifically, the debris has been postulated to either form blockages
within the core region (likely around fuel assembly grid structures) or adhere to the cladding, thereby
reducing the ability of the coolant to remove decay heat from the core. Similarly, chemical precipitants
have been postulated to plate-out on fuel cladding, again resulting in a reduction of the ability of the
coolant to remove decay heat from the core.
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An effort was undertaken to provide a more realistic but still conservative evaluation of long-term core

cooling for the PWR design in the presence of debris ingested from the sump following a LOCA. The
objective of this effort was to provide reasonable assurance that sufficient long-term core cooling is

achieved to satisfy the requirements of 10 CFR 50.46. This evaluation considered the design of the PWR,
the design of the open-lattice fuel, the design and tested performance of replacement containment sump
screens, and the tested performance of materials inside containment. The conclusion of the evaluation is
that there is reasonable assurance that long-term core cooling would be established and maintained

post-LOCA considering the presence of debris in the recirculating coolant delivered to the RCS and core.
The conclusions apply to the fleet of PWRs, regardless of the design (B&W, CE, or Westinghouse). This
evaluation is summarized here.

2.1 BLOCKAGE AT THE CORE INLET

The debris that reaches the RCS can have a detrimental effect on core cooling if it can collect on fuel 0
elements and/or block the ECCS flow from reaching the core. The potential for the collection of debris is
dependent upon the characteristics (size, shape, and amount) of the debris that penetrates the sump screen.
All plants are replacing their containment sump screens. These replacement sump screens are typically a
variation of perforated plate. Many of these replacement screens have a hole diameter of about 0.1 inches
or less. Testing of a number of replacement screens to evaluate what will pass through the holes has
shown that the screens are very effective in capturing fibrous and particulate debris. With very little
debris observed to penetrate the sump screen, very little debris will reach the RCS and core. Observations
from "bypass testing" of replacement sump screens show the following:

1. The amount of fiber that passes through the replacement screens is small, typically on the order of

about 1 ft3 per 1000 ft2 of sump screen area or less.

2. Some bypass testing has shown that the length of the fibrous debris that passes through these
replacement screens is short. The longest fiber lengths passed by some replacement sump screens
has been reported to be in the range of 2000 to 2500 microns (0.08 to 0.10 inches), with the
majority of the fiber lengths in the range of 1000 microns (0.04 inches) or less. Since the

openings at the core inlet are on the order of 0.05 to 0.08 inches, and if there are only a limited
amount of long fibers passed by the sump screen, the short fibers will have difficulty "bridging"
the openings at the core inlet and creating a "fiber bed."

3. The largest particle that can pass through the screens is dependant upon the hole size in the sump
screen. For a sump screen having a characteristic hole size of 0.10 inches, the maximum debris
size is defined to be about 0.11 inches by NEI 04-07 (Reference 2-2). Flow passages (openings)
in the fuel and fuel grids are sufficiently large that particles having a characteristic dimension of

about 0.05 inches or less will simply pass through to the core since short fibers will not support

the formation of a fiber "mat" to capture particulates. Depending upon the specific gravity of the
debris and the fluid velocities in the lower plenum, some of the debris having a characteristic
dimension of 0.05 inches or larger may be carried to and collect at the fuel inlet. However, debris

that does collect will have some packing factor that will allow "weeping" flow through particulate
debris buildup and into the core. That is, complete compaction of the debris will not occur and

0
0
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* the packing density of the debris is limited to less than unity or perfect compaction; from
*Q Reference 2-3P, the packing will most likely be less than -60 percent.

The small amount and the small dimensions of debris passed through replacement sump screens provides
reasonable assurance that debris will not collect at the core inlet and prohibit flow from reaching the core.
Without a fiber mat at the core inlet, small particulate debris will not be captured. Therefore, flow to the
core is not impeded. Plants may confirm this statement is applicable to their replacement sump screens
by either demonstrating previously performed bypass testing is applicable to their plant-specific
conditions, or by performing bypass testing at representative flow rates and with plant-specific debris

*loadings.
0

Early calculations of head loss across a debris bed that might form at the core inlet were made using the
NUREG/CR-6224 correlation. This correlation is semi-empirical and was developed for predicting

*pressure drop in a downward flow passing through a mixed fiber/particulate debris bed. Testing of
replacement sump screens has demonstrated this correlation to be conservative for sump screen designs.
This correlation has also been used to determine the pressure loss across a debris bed that might form at
the bottom of the core. However, in this case, the flow is upward through a postulated debris bed, not
downward. Unlike the downward flow case, gravity and hydraulic drag are working in opposite

0directions for this case. This configuration provides less force to compact the collected fiber and
*particulate debris into a contiguous debris bed. Therefore, application of this correlation at the core inlet

is considered to be overly conservative.

Recent observations of testing of a partial-length fuel assembly using plant-specific fibrous and
*particulate debris have confirmed that the NUREG/CR-6224 correlation is quite conservative for

application at the core inlet. These tests were conducted by a replacement sump screen vendor for a
licensee. Representatives from both NRC and industry observed this performance. In the test, large
amounts of fiber and particles (larger amounts than are expected based on the bypass testing described

0above) were introduced upstream of a fuel assembly bottom nozzle. Both types of debris were captured
on the bottom of the simulated fuel nozzle as shown in Figure 2-1. However, the collected fiber did not
mat and form a blockage that precluded the passage of flow. This demonstrates that even if fibrous and
particulate debris collected on the bottom of the fuel nozzle, the debris bed will not preclude water flow

0into the core.

0
0
0
0
0

1. Figures 7 and 8 of this reference present the results of packing factors calculated and measured for nine
*different materials. Seven of these result in packing factors between 0.4 and 0.6, one is near 0.3 and one is

near 0.25. In the text, the paper states that rotation will enhance packing. Due to the flow patterns in the core, it
is expected that turbulence will provide the appropriate rotation to increase the packing factors. Since rotation
and turbulence was not included in the reference, the results presented are believed to be low. Therefore, a
packing factor of 60 percent is reasonable.
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Fuel Assembly Bottom
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0
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Direction of Flow

Figure 2-1 Photograph of Fibrous and Particulate Debris Collected Below Fuel Bottom Nozzle

To further bolster the assertion that core cooling flow will be maintained, WCOBRA/TRAC (MWC/T)
analyses were performed to demonstrate that adequate flow is provided and redistributed within the core
to maintain adequate long-term core cooling. These analyses demonstrated that with even as much as
99.4% of the core blocked, core decay heat was adequately removed. The details of these analyses are
presented in Section 6.

It is clear from these discussions that adequate flow to remove decay heat will continue to reach the core
even with debris from the sump reaching the RCS and core. Test data has demonstrated that any debris
that bypasses the screen is small and not likely to build up an impenetrable blockage at the core inlet.
Indeed, any blockage that may form at the core inlet will provide little resistance to flow. In the extreme
case that a large blockage does occur, numerical analyses have demonstrated that core decay heat removal
will continue.

2.2 COLLECTION OF DEBRIS ON FUEL GRIDS

Debris that does not collect at the core inlet will pass through the fuel assembly bottom nozzle and enter
the core region. It is possible that this debris may lodge in some of the smaller clearances in the fuel
grids. For debris to catch on the grid straps, the debris must attach itself to something. Support grid
designs commonly in use have hard and soft stops, which are small "springs" in the middle of the
grids. These and the leading edge of the grids are the most likely locations for debris to build up. Since
support grids are generally 1.5 to 2 inches high, and the stops are near the middle, the build up is naturally
limited to half of the grid span. Mixing-grid spacers may also capture debris, but they are generally less
than an inch high. For fuel designs without hard or soft stops, debris can only be captured at the leading
edge of the grid. Flow diversion will limit the buildup at this location. 0
As noted in the discussion on sump screen testing, the size of particulate debris that may pass through the
replacement sump screens is dependent upon the hole size of the replacement sump screen. This

0
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dimension is 0.1 1-inches or less. The maximum debris size that may be passed by sump screens is of the
magnitude of the maximum clearance between fuel rods and grid. Smaller particulate and fibrous debris
of the order of 0.04-inches is smaller than the clearance about the "springs" discussed in the preceding
paragraph and will readily pass through the grid structures.

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

Debris that does collect will have some packing factor that will allow "weeping" flow through particulate
debris buildup to cool the cladding. That is, complete compaction of the debris will not occur and the
packing density of the debris is limited to less than unity or perfect compaction; from Reference 2-3, the
packing will most likely be less than -60 percent. Thus, any debris buildup will not become
impenetrable. Boiling in the area of the blockage will occur with less than a 10 to 15'F increase in the
clad temperature over the adjacent coolant temperature. Even a small amount of fluid flow through the
debris bed will provide sufficient heat removal via convection to maintain the fuel rod a few degrees
below the liquid saturation temperature.

Based on the test observations discussed in Section 2.1, it is unlikely that the combination of fibrous and
particulate debris will collect in numerous grid locations to restrict flow sufficiently such that long-term
core cooling is challenged.

To further prove the assertion that core cooling will be maintained, ANSYS and first-principle
calculations were performed to demonstrate that the fuel rod will continue to be cooled even with
significant blockages around the fuel grids. These analyses demonstrated that even with a completely
blocked grid strap, core decay heat was adequately removed. The details of these analyses are presented
in Section 4.

It is clear from these discussions that decay heat will continue to be removed even with debris collection
at the fuel assembly spacer grids. Test data has demonstrated that debris that bypasses the screen is small
(limited by the size of the holes in the replacement sump screen) and consequently is not likely to collect
at the grid locations. Further, any blockage that may form will be limited by the length of the grid and
will allow some flow to pass (that is, the collected debris is not impenetrable to flow). In the extreme
case that a large blockage does occur, numerical and first principle analyses have demonstrated that core
decay heat removal will continue.

2.3 COLLECTION OF FIBROUS MATERIAL ON FUEL CLADDING

It has been postulated that debris that reaches the core can adhere to the cladding surface. Adherence of
particulate debris is treated with core chemical effects. Adherence of fibrous debris is discussed here.
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Testing performed to assess the collection of fibrous debris on fuel cladding surfaces was evaluated in 0
NEA/CNSIIR (95)11 (Reference 2-1). 0
1. From Section 5.4.2.1 of the report, there was little adherence noted of fibrous material to clad

surfaces, and the material that did adhere was loose and easily removed. What was observed to
adhere to clad surfaces was the binder used to make fiberglass; this binder, however, was 0
observed to carry with it very limited fibrous debris. The report noted that much of the binder is
quickly driven off of the fiberglass due to the heat associated with normal operating conditions.
These observations were determined to be applicable to both NUKON® and Knauf ET Panel.

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

will pass through a pure fiber bed.

This data indicates that fibrous debris, should it enter the core region, will not tightly adhere to the surface

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

2.4 PRODUCTION OF CHEMICAL PRECIPITANTS
.0

After a LOCA, the chemical makeup of the containment sump and core provides the potential for
chemical interactions that may lead to precipitate formation and plate-out on the fuel rods. Consequently,
core cooling may be compromised.

2.4.1 ZOI Reduction

The NRC Safety Evaluation on NEI 04-07 (Reference 2-2) assigns substantial margin to the Zone of
Influence (ZOI) associated with the generation of debris from materials inside containment. These 0
sources of debris react chemically with the coolant in the containment sump post-accident to create
chemical products that may plate-out on fuel under cold- and hot-leg recirculation conditions.

Industry has conducted a number of jet impingement tests directed at evaluating an appropriate ZOI for 0
materials inside containment. These tests have resulted in considerable reductions in the ZOI for the
materials tested. For example, the DBA-Qualified/Acceptable protective coatings were observed to have
no measurable damage at a ZOI = 1.37D compared to the ZOI = 10D specified by the NRC SE on
NEI 04-07. Similarly, jacketed NUKON® insulation was observed to have no measurable damage at a
ZOI = 5D compared to the ZOI = 17D specified by the NRC SE on NEI 04-07. Other jet impingement

tests have been performed to demonstrate the ability of plant modifications to protect materials from

damage to jet impingement load.

These jet impingement tests demonstrate that the amount of debris available to react with the fluid in the
sump in the plant is less than what would be evaluated using the guidance of NEI 04-07 as modified by

the NRC SE on that document. The smaller the amount of debris generated will, in turn, result in a
smaller amount of chemical materials generated that might precipitate on cladding surfaces. It follows

0
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that the smaller the amount of chemical materials to precipitate on the fuel cladding surface, the less the

impact of the precipitants on removal of decay heat from the fuel.

2.4.2 Post-Accident Chemical Effects

Chemical products may be generated from the reaction between materials inside containment being in

contact with CSS fluids (while containment spray is actuated) or recirculating containment sump water. A
method to calculate the amount of these chemical products that might be generated was developed in
WCAP-16530-NP. Additional work was performed by the PWROG to address excessive margins in the

calculations through the use of plant-specific inputs to the calculations. These plant-specific inputs
include, but are not limited to plant-specific initial pH values, plant-specific sump fluid temperature

histories and plant-specific alloys of reactant materials.

The method developed in WCAP-16530-NP was extended to predict chemical deposition on fuel cladding
due to the transport of debris and chemical products into the RCS and the core region by the coolant
recirculated from the containment sump. The method was applied to two sample calculations for an
assumed 3188 MW thermal PWR. One sample calculation assumed a large fiberglass debris loading; the

other sample calculation assumed a large calcium silicate debris loading. Both sample calculations
assumed a hot leg switch-over time of 13 hours. The sample calculations demonstrated that with

conservatively predicted chemical deposition thicknesses, decay heat would be removed and acceptable
fuel clad temperatures would be maintained. The sample calculations are discussed in Section 5.

To prove the assertion that core cooling will be maintained even with significant chemical plate-out on the
fuel rods, ANSYS and first-principle calculations were performed to demonstrate that the fuel rod will

continue to be cooled. These analyses demonstrated that even with a 50 mil thick-buildup of debris on top

of oxide and crud layers, core decay heat was adequately removed. The details of these analyses are
presented in Section 4.

In addition to the plant-specific parameters identified in the paragraph above, licensees may take
additional actions to reduce the post-accident chemical effects for their plant. These actions include

changing the buffer, which may alter both the chemical reaction products and the generation rates for
post-accident chemical effects. Also, reducing the ZOI associated with the generation of debris from
materials inside containment will reduce the "feed stock" available to drive the generation of

post-accident chemical effects.

2.5 PROTECTIVE COATINGS DEBRIS DEPOSITED ON FUEL CLAD SURFACES

2.5.1 Introduction

A concern has been raised regarding the melting of material, particularly protective coatings (paint) that

may have been either deposited directly on cladding surfaces, or collected behind blockages within the

fuel itself. This section discusses the both of these occurrences.
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2.5.2 Protective Coatings Behavior

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

categories;

1. Zinc-rich primers.

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

already been applied to a substrate.

3. Non-epoxies - typically applied to small equipment by Original Equipment Manufacturers.

The potential for each of these categories of coatings to challenge long-term core cooling is evaluated.

Zinc-rich primers may release elemental zinc to the post-LOCA sump in a powder-like form. The
PWROG chemical effects test program described in WCAP-16530-NP has demonstrated that, in general,
there is very little zinc reaction with the post-accident sump fluid chemistry. Therefore, zinc-rich primers
are evaluated to have negligible affect on post-LOCA chemical precipitant production. If zinc powder
were carried into and deposited in grids, the powder would behave materially and thermally as zinc. The
thermal conductivity for zinc is relatively high (approximately 65 Btu/hr-ft-°F). Thus, zinc power, if it
were to be deposited directly onto cladding or collected behind grids, would not act to insulate the clad

surface. Therefore, zinc from zinc-rich primers is not a concern with respect to long-term core cooling.

The non-epoxy coatings are alkyds, urethanes and acrylics. The amount of these coatings inside

containment is generally limited to selected OEM equipment such as electrical junction boxes and
therefore represents a small amount of material of the order of a few thousand square feet or less. Thus,
these coatings do not represent a significant debris load in the sump. Furthermore, these coatings are, as a
class, chemically benign and do not react to the post-LOCA sump fluid. In the case of alkyds, the coating
would break down into to oligomeric carboxylate salts and glycol. The oligomeric carboxylate salts
would actually tend to inhibit the formation of precipitates. However, since the amount of alkyds inside
containments is small, and the salts are expected to be altered by radiolysis, no credit is taken for their
presence inside containment. For these reasons, these non-epoxy coatings are evaluated to have a
negligible effect on post-LOCA chemical precipitant production and are therefore not a concern with
respect to long-term core cooling.

Most PWR containment buildings have a significant amount of epoxy coatings. Epoxy coatings will
retain their structural integrity at temperatures up to about 350'F. Immersed fluids at temperatures less

than 350'F, epoxy coating debris is not sticky or tacky, and has no propensity to adhere to the surface of
fuel cladding. Testing of epoxy coating systems in both acidic and basic solutions has demonstrated that
epoxy coating systems are chemically inert and contribute a only a small amount of leachate; this

contribution is expressed as ppm of the applied coating. Epoxy coatings, therefore, are evaluated to be
chemically inert in the post-LOCA chemical environment and therefore have a negligible effect on
post-LOCA precipitant production. Thus, epoxy coatings are evaluated to not present a concern with
respect to long-term core cooling.
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To summarize, in general, protective coatings are considered to have minimal impact on the post-LOCA

chemistry of the containment sump due to either the small amount of material (non-epoxies) or the
demonstrated chemical inertness of the coating itself (zinc-rich primer and epoxy coatings).

2.5.3 Predicted Cladding Temperatures and Temperature-Drive Debris Capture

The WC/T calculations presented in Section 6 simulate the postulated LOCA transient starting with the
initial blowdown and extendinginto the long-term core cooling portion of the event where coolant is
recirculated from the containment building sump. Two simulations are reported; a case with 82% of the

core inlet blocked, and a second case with 99.4% of the core inlet blocked. In both cases, recirculation
from the containment sump is initiated at 1200 seconds (20 minutes). The maximum cladding

temperatures calculated for anywhere on the cladding are shown in Figure 6-5.

The temperature history plot of Figure 6-5 demonstrates several important behaviors associated with
post-LOCA long-term core cooling and the potential for collecting and melting coatings debris. The
predicted clad surface temperature history is evaluated relative to a 350'F temperature value, the value at
which epoxy coatings begin to loose their structural integrity and become pliable and possibly tacky.

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

(RWST).

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

3. After 1200 seconds into the transient, the maximum temperature of either the cladding directly.

exposed to the recirculating coolant, or the precipitate surface directly exposed to the
recirculating coolant, is calculated to be less than 275°F. This temperature is well below the
350'F value at which epoxy coatings bg to be affected by temperature.

During the initial recovery period and before beginning to recirculate coolant from the sump, all flow to
the core originates from either the accumulators or the refueling water storage tank (RWST). Since there
is no coatings debris in the RWST fluid inventory, no coatings debris is introduced to the fuel while
coolant is either provided by the accumulators or drawn from the RWST. By the time that the RWST
inventory is depleted, the core is "recovered" with clad temperatures well below the 350'F temperature at
which epoxy coatings are affected by temperature. Figure 6-5 demonstrates that, even with 99.4% of the

fuel entrance blocked, sufficient water is provided to maintain cladding temperatures at about 250'F.

Parametric cladding heat-up calculations described in Section 4 were performed for both a blocked grid
and for a debris-covered fuel rod. These parametric calculations show that for a precipitate with a
sufficiently small value for thermal conductivity and a sufficiently large value of deposited thickness, clad

surface temperatures in excess of 350'F may be predicted. However, these same calculations also
demonstrate the temperature of the precipitate surface at the boundary of the coolant, where coatings
debris might be expected to collect should they become sticky or tacky, is within about 15'F of the
adjacent coolant temperature at the time of switchover. From the fuel rod heat-up calculations described

in Appendix B, the surface temperature of the precipitate surface is calculated to be less than about 270'F
at the time of switchover. The results of these calculations are summarized in Table 2-1. Surface
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temperatures in the range of 270'F are sufficiently cool that the material properties of the epoxy coatings
will not be affected.

Table 2-1 Precipitate Surface Temperatures vs. Precipitate Thickness

Maximum Precipitate
Coolant Temperature, T. Precipitate Thickness OD Surface Temperature

(OF) (mils) (9F)

250 0 268

250 10 267

250 20 266

250 30 266

250 40 265

250 50 264

Thus, due to the low surface temperatures of either the cladding material before precipitates might collect
on the clad surface, or the surface of the precipitate deposited on fuel cladding, the potential for
collection, retaining and melting protective coatings is not considered credible.

2.5.4 Summary

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

1. The amount of non-epoxy coatings used inside a PWR containment building is small and

therefore has negligible contribution to post-LOCA PWR chemistry effects.

2. PWROG testing has demonstrated that zinc contributes little the generation of corrosion products
post-LOCA and therefore zinc-rich primers have negligible contribution to post-LOCA PWR

chemistry effects.

3. Testing has demonstrated that epoxy coating systems are chemically inert and contribute only a
small amount of leachate to the recirculating coolant and are therefore epoxy coatings are
evaluated to have negligible contribution to post-LOCA PWR chemistry effects.

Furthermore, conservative calculations of clad temperatures with deposited precipitate on the cladding

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

Therefore, protective coatings debris is evaluated to have a negligible effect on the post-LOCA chemistry
of a PWR. Also, protective coatings debris is evaluate to have negligible effect on post-LOCA long-term

core cooling.
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2.6 BORIC ACID PRECIPITATION

2.6.1 Effect of Sump Debris and Sump Chemical Products on Post-LOCA Long Term
Cooling

All three US Pressurized Water Reactor (PWR) designs (B&W, CE, or Westinghouse) use boron as a core
reactivity control method and are subject to concerns regarding potential post-LOCA (Loss-of-Coolant
Accident) boric acid precipitation in the core. All three plant designs have procedures that instruct the
operators to realign the Emergency Core Cooling System (ECCS) to prevent the core region boric acid
concentration from reaching the precipitation point. The common approach for demonstrating adequate
boric acid dilution in a post-LOCA scenario includes the use of simplified methods with conservative
boundary conditions and assumptions. These simplified methods are used with limiting scenarios in
calculations to show that boric acid precipitation will not occur or to determine the time at which
appropriate operator action must be taken to initiate an active boric acid dilution flow path. Simplified
methods require assumptions regarding mixing in the reactor vessel. These assumptions affect the
calculated rate of boric acid build-up in the core and the potential for boric acid precipitation. It is
common to use assumptions that credit complete mixing in some areas (e.g., the core region) and partial
mixing in some regions (e.g., the lower plenum) while ignoring the effect of mixing in other regions (hot
leg piping).

Sump debris and sump chemical compounds ingested into the ECCS while recirculating coolant from the
containment sump may have some direct impact on the assumptions in the analyses that address the
potential for boric acid precipitation in the core. The potential impacts are as follows;

0Effect of Suspended Sump Debris on Mixing Volume
* Effect of Settled Sump Debris on Mixing Volume

• Effect of Core Inlet Blockage on Mixing Volume
• Effect of Blockage on Alternate Core Coolant Flow Paths
* Effect of Chemical Compounds on Boric Acid Precipitation in the Core Region

Each of these effects is discussed below.

2.6.2 Effect of Suspended Sump Debris on Mixing Volume

Sump debris suspended in the coolant in the reactor vessel would slightly increase the predicted boric
acid concentration accumulation in core. Suspended sump debris would displace water volume that
would otherwise be available to dilute the boric acid left behind as the core region boils.

Typical boric acid precipitation analyses model liquid mixing volumes of many hundreds of cubic feet at
the point at which the boric acid concentration approaches the solubility limit. The displaced volume of
suspended debris would be on the order of cubic feet to tens of cubic feet, which is a small fraction of this
mixing volume. Consequently, debris ingested from the sump would not have a significant effect on the
potential for boric acid precipitation.
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2.6.3 Effect of Settled Sump Debris on Mixing Volume S
Sump debris that settles in the lower plenum may accelerate the predicted rate of increase of boric acid
concentration in the core, depending on the specific mixing volume assumptions used in the boric acid
precipitation analysis. Sump debris that settles in the lower plenum would displace water volume that
may be credited in the calculations that predict core region boric acid concentration.

Recently, in response to a NRC letter requesting justification of current plant operation, the PWROG
provided the NRC with a summary of assessments of the licensing basis analyses of nearly all US PWRs
with respect to mixing volume, and specifically with respect to crediting lower plenum volume
(Reference 1). These assessments justified current licensing basis operation with credit for no more than
50% of the lower plenum volume. Since these assessments credited no more than 50% of the lower
plenum volume, only settled debris volume of greater than 50% of lower plenum volume would warrant
an evaluation.

When considering settled sump debris for the purpose of evaluating the effect of displaced lower plenum
volume on boric acid precipitation analyses, it should be recognized that for the limiting boric acid
precipitation scenarios, the only ECCS flow to the lower plenum and then passing through the core is that
flow needed to replace core boiloff. This flow is typically about an order of magnitude less than the flow
being injected into the RCS. For a cold leg break scenario, the vast majority of injected ECCS flow S
travels around the downcomer and out the break. The flow out the break would carry with it buoyant and
near buoyant debris. Thus the amount of debris transported to the lower plenum would be much less than
that calculated using the typical conservative assumption that all debris that penetrates the sump screen
reaches the lower plenum. 0

0
For the above reasons, the effect of settled debris in the lower plenum on licensing basis boric acid
precipitation analyses is judged to be small and plant-specific evaluations are not required.

2.6.4 Effect of Core Inlet Blockage on Mixing Volume

Core inlet blockage due to accumulated sump debris may slightly increase the predicted rate of boric acid
concentration accumulation in core, depending on the specific mixing volume assumptions used in a
given boric acid precipitation analysis. While Section 2.1 explains why core inlet blockage is not
expected to occur, it is insightful to discuss the effects of core inlet blockage on boric acid precipitation
calculations.

In the extreme, core inlet blockage could inhibit mixing between the core region and the lower plenum
and would effectively reduce the credited mixing volume contribution of the lower plenum and core
baffle region in the analyses of record. While exact debris accumulation patterns in the core inlet region
are difficult to predict, only total or severe core inlet blockage would effectively isolate the lower plenum
from the core region. Mild core inlet blockage that would be expected for limiting boric acid
precipitation scenarios would not preclude flow between the lower plenum and the core region.

S
Since significant core inlet blockage is not expected, the core region liquid inventory would not be
significantly affected, and the core region mixing volume used in the analyses of record would remain
valid. 0

0
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For the above reasons, the effect of core inlet blockage on licensing basis boric acid precipitation analyses
is judged to be small and plant-specific evaluations of the effect of core inlet blockage on boric acid
precipitation analyses is not required.

2.6.5 Effect of Blockage on Alternate Core Coolant Flow Paths

Sump debris that may accumulate sufficiently to block alternate coolant flow paths to the core could
effectively eliminate a boric acid dilution mechanism, depending on the specific dilution flow path
assumptions used in boric acid precipitation analysis. Examples of these flow paths are flow through the
former region, flow through the hot leg nozzle gaps, and flow to the core from the upper plenum (after
switchover to hot leg injection). Of these, only the hot leg nozzle gaps are small enough to capture debris
that passes through the sump screen. For limiting boric acid precipitation scenarios (i.e., relatively
stagnant core region) the alternate core flow paths would not see significant blockage since the flow areas
are not effective debris traps or filters. For non-limiting boric acid precipitation scenarios (e.g., hot leg
breaks), where alternate core flow paths may see moderate to severe debris transport, dilution flow is not
needed since the core would remain diluted with high volume ECCS flow entering the core through the
core inlet. For plants that switch ECCS injection flow to the hot legs, the core dilution process would not
be impeded unless total blockage of flow in the upper plenum occurred. As with the total core inlet
blockage, total blockage in the upper plenum is not expected to occur.

Effect of Chemical Compounds on Boric Acid Precipitation in the Core Region

Licensing basis boric acid precipitation analyses ensure active or passive boric acid control mechanisms
that prevent boric acid precipitation in the core after a LOCA. Sump chemical compounds introduce the
additional concern of chemical deposits (i.e., plate-out) on the fuel during the boiling process even when
the boric acid concentration is well below the solubility limit.

The chemical effects evaluation model described in Section 5 includes boric acid as one of the chemical
constituents in the chemical precipitation evaluation. This evaluation model includes both the
concentration of boric acid in the core region, as well as the potential for boric acid to form other soluble
compounds. A sample calculation, described in Appendix E, indicates chemical compounds in the core
have no affect on boric acid precipitation.

2.6.6 Summary

The effect of sump debris and sump chemical compounds on boric acid precipitation has been reviewed
with respect to displaced liquid volume, the potential impact on assumed mixing volumes, alternate flow
paths, and chemical effects as it pertains to potential precipitates in the core. It is concluded that sump
debris and related chemical effects do not create a boric acid precipitation concern and that the
introduction of debris to the RCS does not significantly affect the current licensing basis boric acid
precipitation calculations.
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2.7 COOLANT DELIVERED TO THE TOP OF THE CORE 0

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

1. For a break in the cold-leg piping, plants may introduce recirculating coolant into hot legs to act
as flushing flows to mitigate the potential for boric acid precipitation.

0
2. The ECCS for Westinghouse two-loop PWRs provide for the delivery of coolant directly to the

upper plenum through injection nozzles in the reactor vessel upper plenum (Upper Plenum

Injection or UPI). This flow path is established at the initiation of the ECCS actuation and is 0
maintained throughout plant recovery. S

When the ECCS is recirculating coolant from the containment sump, debris in the recirculating coolant

can flow into the core. S
2.7.1 Hot Leg Recirculation

9
Hot leg recirculation is initiated no sooner than about four (4) hours after the postulated large LOCA. At
this time, the containment sump inventory has been recirculated through the ECCS and reactor coolant

system several times. This provides for particulate and fibrous debris generated by the initial break and
carried in the recirculating coolant to be depleted either by capture on the sump screen, or by settle-out in

either the containment sump or in low-flow locations of the ECCS-reactor vessel flow path such as the
reactor vessel lower plenum. Thus, the amount of particulates and fibrous debris in the recirculating flow

the time of initiation of hot-leg recirculation is evaluated to be small. Examples of debris depletion are 9
given in WCAP-16406-P.

2.7.2 Upper Plenum Injections Plants

As noted above, the ECCS for Westinghouse two-loop PWRs provide for the delivery of coolant directly 0
to the upper plenum through injection nozzles in the reactor vessel upper plenum (Upper Plenum ,

Injection or UPI). This flow path is established at the initiation of the ECCS actuation and is maintained
throughout plant recovery. This flowpath may provide for the delivery of debris in the recirculating

coolant from the initiation of recirculation from the containment sump. 6

The sump screen will limit both the size and the amount of the particulate and fibrous debris to the

reactor.

1. For a hot-leg break, the coolant flow through from the cold leg through the core and out the break 5
is sufficiently large to maintain debris introduced by the UPI flow entrained in the flow and

transport it out the break.

2. For a cold-leg break, the debris introduced by the UPI flow to the reactor vessel will flow into the 5
core. 5

S
0
0
S
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3. As the containment sump inventory is recirculated through the ECCS and reactor coolant system
particulate and fibrous debris generated by the initial break and carried in the recirculating
coolant will be depleted either by capture on the sump screen, or by settle-out in either the
containment sump or in low-flow locations of the ECCS-reactor vessel flow path such as the
reactor vessel lower plenum. Thus, the amount of particulates and fibrous debris in the
recirculating flow will decrease over time. Examples of debris depletion are given in
WCAP-16406-P.

Thus, the debris that may be captured on fuel features such as mixing vanes, fuel grids and on debris
capturing features at the bottom of the fuel is limited. The collection of debris by these features will also
occur over time; that is, the formation of a debris bed will take time to develop. As noted in Section 2.1,
the debris that is collected will have some packing factor that will allow "weeping" flow through
particulate debris buildup and into the core. That is, complete compaction of the debris will not occur and
the packing density of the debris is limited to less than unity or perfect compaction. Again, from
Reference 2-3, the packing will most likely be less than -60 percent. This will allow for coolant to pass
through a debris bed that might form.

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

The conservative clad heat-up calculations documented in Section 4 demonstrate that acceptably low clad
temperatures are calculated with as much as 50 mils of solid precipitate applied to the outside surface of a
fuel rod. These calculations provide further assurance that, with weeping flow through a debris bed
collected on fuel elements, long-term core cooling for UPI plants will be maintained.

2.8 SUMMARY

The discussions presented in this section provide reasonable assurance that long-term core cooling will be
established and maintained post-LOCA considering the presence of debris in the RCS and core. The
debris composition includes both particulate and fibrous debris, as well as post-accident chemical
products. Specifically,

Adequate flow to remove decay heat will continue to reach the core even with debris from the
sump reaching the RCS and core. Sump screen testing has demonstrated the effectiveness of
replacement sump screens on capturing significant amounts of fibrous and particulate debris.
Similarly, bypass testing for some replacement sump screens has also demonstrated that the
length of fibrous debris that bypasses the screen is shorter that the fibers collected on the sump
screen itself, and size of particulate that pass through the screen is likewise limited by the
dimensions screen. This reduction in both fibrous and particulate debris minimized the amount of
debris that is transported to the fuel. At least one test of a fuel assembly mock-up with bypass
particulate and fibrous debris demonstrated that the debris would be captured at the fuel inlet, but
flow would continue to pass through the collection of debris. In the extreme case that a large
blockage does occur, numerical analyses have demonstrated that core decay heat removal will be
achieved with limited flow.
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Decay heat will continue to be removed even with debris collection at the fuel assembly spacer
grids. Test data has demonstrated that any debris that bypasses the screen is small and S
consequently is not likely to collect at the grid locations. Further, any blockage that may form
will be limited to the length of the grid and will not be impenetrable to flow. In the extreme case
that a blockage of a large portion of a fuel grid does occur, numerical and first principle analyses
have demonstrated that core decay heat removal will continue and acceptably low clad

temperatures calculated.

Fibrous debris, should it enter the core region, will not tightly adhere to the surface of fuel
cladding. Thus, fibrous debris will not form a "blanket" on clad surfaces to restrict heat transfer 0
and cause an increase in clad temperature. Therefore, adherence of fibrous debris to the cladding S
is not plausible and will not adversely affect core cooling. 0

Using an extension of the chemical effects method developed in WCAP-l 6530-NP to predict
chemical deposition on fuel cladding, two sample calculations using large debris loadings of
fiberglass and calcium silicate, respectively, were performed and demonstrated that decay heat
would be removed and acceptable fuel clad temperatures would be maintained.

As blockage of the core will not occur, the mixing volumes assumed for the current licensing

basis boric acid dilution evaluations are not affected by debris and chemical products transported
into the RCS and the core by recirculating coolant from the containment sump. Therefore, the
current accepted licensing calculations that demonstrate appropriate boric acid dilution to
preclude boric acid precipitation remain valid.

As identified above, the following additional supplemental evaluations have been performed to further 0
substantiate these conclusions. The selection of the topical areas for inclusion in the program was based
on uncertainty perceived to be associated with each area. The evaluations presented are either extreme
cases or parametric studies that demonstrate margin in the PWR design. These topical areas are: 0
1. An evaluation to demonstrate that adequate flow is provided and redistributed within the core to 5

maintain adequate long-term core cooling with as much as 99.4% of the core assumed to be

deterministically blocked within 30 seconds of initiation of the ECCS being realigned from
injecting from the RWST/BWST to recirculating from the containment sump. SS

2. A parametric evaluation of fuel cladding heat-up assessing the following: 5

a. The effect of debris build-up within a fuel grid strap. The evaluation parametrically 0
evaluates both the build-up of debris in the grid, and the thermal properties of that debris. S

S

b. The effect of chemical precipitants collected on clad surface between two (2) adjacent grid
straps. Again, the evaluation parametrically evaluates both the build-up of debris in the
grid, and the thermal properties of that debris.

S
S
S
o
S
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3. The development of a method to evaluate the deposition of chemical products on the fuel and the
application of the method to several example conditions.

A description and discussion of these supporting evaluations is presented in Sections 4, 5, and 6. The
results of these evaluations further support the conclusion that long-term core cooling is maintained with
debris and post-accident chemical products in the recirculating fluid.
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* 3 LONG-TERM CORE COOLING ACCEPTANCE BASIS0
* 3.1 INTRODUCTION

Engineering evaluations are used to demonstrate acceptable LTCC is successfully maintained once
Srecirculation is established following the initial recovery of the core post-LOCA. Successful LTCC is

defined as meeting the criteria defined in Appendix A. These criteria are based on the requirements of
*Title 10 of the Code of Federal Regulations, Part 50.46 (10 CFR 50.46).

SThe use of engineering evaluations to demonstrate successful LTCC is based on conversations on this
5topic held with NRC. The engineering calculations are to provide industry with reasonable assurance that
*LTCC is successfully maintained for GSI- 191 considerations.

* 3.2 GSI-191 LONG-TERM CORE COOLING ACCEPTANCE BASES

The long-term core cooling acceptance bases defined for GSI-191 are listed below. These acceptance
bases are consistent with 10 CFR 50.46 (b)(4) and 10 CFR 50.46 (b)(5) and provide for showing that the
local temperatures are stable or continuously decreasing and that debris entrained in the cooling water

*supply will not affect decay heat removal.

, 1. Decay Heat Removal/Fuel Clad Oxidation

* Maximum cladding temperatures maintained during periods when the core is covered will not
* exceed a core average clad temperature of 800'F. The purpose of this is to maintain the cladding

temperature within the range where additional corrosion and hydrogen pickup over a 30 day
period will not have a significant effect on cladding properties. Long term autoclave testing has
demonstrated that, at temperatures of <800'F for periods of 30 days or less, the corrosion and

0 hydrogen pickup are limitedso that the impact on cladding mechanical performance is not
5 significant. At temperatures >800'F, there are occurrences of rapid nodular corrosion and higher

hydrogen pickup rates which can reduce cladding mechanical performance.

2. Boric Acid Precipitation and the Chemistry Effects of Debris0
A core flushing flow will be established that is sufficient to prevent the calculated maximum
boric acid concentration in the core region from exceeding the precipitation limit.

3.3 SUMMARYS
The LTCC acceptance bases identified in Appendix A are conservative as they are intended to maintain
the core in a coolable geometry. Coolable core geometry aside, it is unlikely that fuel that has been in a
reactor that experienced a LOCA that evolved into recirculation from the containment sump will be

S reused. There are several reasons for this and include the following:
S

S1. The design basis for forces on fuel components from a LOCA is Leak Before Break (LBB).
Thus, the forces associated with a large LOCA are likely to have an effect on the structural

S
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integrity of the fuel. Again, based on inspection, observed damage would preclude the reuse of
the fuel.

2. The oxidation of the cladding due to the initial transient (from the initiation of the blowdown to
the recovery of the core), and,

3. The potential for collection of debris from the recirculating coolant on fuel.

Given the above, the LTCC criteria identified here and proposed for use to address GSIr 191 are consistent
with the requirements of 10 CFR 50.46. Furthermore, the criteria are conservative and, when used in
conjunction with engineering calculations performed considering GSI-191 concerns, provide reasonable
assurance that LTCC is successfully maintained.
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0
* 4 CLADDING HEATUP CALCULATIONS

* 4.1 CLAD HEATUP BEHIND FUEL GRIDS

6An evaluation was performed to determine the cladding surface temperature of a fuel rod behind a fuel
,0 grid when the rod is plated with debris in a post-LOCA recirculation environment. A parametric study

was performed to show the effects on the maximum temperature of the fuel rod behind a grid strap caused
by varying debris thickness and the thermal conductivity of the debris. A comprehensive discussion of
this evaluation is presented in Appendix C.0

*4.1.1 Objective

The objective of this calculation is to calculate the temperature distribution of the fuel rod cladding as the
0rod passed through fuel grid-straps under long-term core cooling conditions and demonstrate that the
0maximum temperature calculated is acceptable, assuming no coolant flow through the interstitial region

between the grid strap and the fuel.

40, 4.1.2 Method Discussion
0
0 An ANSYS® finite element model of a single fuel rod was created to predict fuel cladding heat-up behind
4fuel grid straps under long-term core cooling conditions associated with debris in the coolant. The model

was cut down to a "1 quarter pie piece." This allowed for the preservation of symmetry of the fuel rod.

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

0 A constant heat flux was assigned to the entire inner surface of the cladding, and convection heat transfer,
with a constant convection coefficient, assigned to the entire outer surface of the rod assembly. Four

* values were used to parametrically simulate the range of thermal conductivities for the postulated
deposition on the fuel clad surface. The thermal conductivity values were 0.1, 0.3, 0.5, and

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

*from 5 mils to 50 mils.
0

4.1.3 Fuel Rod Model

* The ANSYS® model simulated a 12-foot long, 0.36-inch diameter fuel rod. The cladding thickness was
*0.0225-inches. Fuel grids were modeled as 2.25-inches long for the large grids, and 0.475-inches long for

the smaller grids. Table 4-1 lists the elevations of the fuel grids, relative to the bottom of the fuel.

S
0
0
0
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Table 4-1 Grid Locations

Grid Type Elevation from Base (in)

Standard 24.57

Standard 45.07.

Standard 65.67

Mixing Vane 76.77

Standard 86.17

Mixing Vane 97.37

Standard 106.77

Mixing Vane 117.87

Standard 127.27

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

4.1.4 Discussion of Significant Assumptions

The following are the significant assumptions applied to the calculation. Appendix C contains additional

assumptions used in the calculation.

No convection occurs under the grids in the fuel rod assembly. This assumption was made to

maintain conservatism, as the actual value will be less than the value on the surface of the
assembly, but the exact value is unknown.

* Grids are assumed to have the same thermal properties as cladding.

Debris is assumed to have the same thermal properties as crud. The recommended EPRI value

for the crud thermal conductivity is 0.5 BTU
.hr*ft*OFJ

4.1.5 Thermal/Hydraulic Boundary Conditions

The thermal hydraulic boundary conditions listed in Table 4-2 are taken from the WC/T model described
in Appendix B. This was done to maintain consistency between this calculation and the core inlet

blockage calculation.

S
S
S
S
S
S
S

S
S
S
S
S
S

0
S

S"

WCAP- 16793-NP May 2007
Revision 0



0

C

0
C

0

0

0
0
0
0
0

0

0
0
0
0
0

0

0

0
S

4-3

Table 4-2 Thermal-Hydraulic Boundary Conditions

Input Value

Liquid Heat Transfer Coefficient r BTU 638.32
Bhr*ft *F

Vapor Heat Transfer Coefficient OBTU- 17.30

Ambient Liquid Temperature ('F) 194.02

Ambient Vapor Temperature ('F) 224.95

Heat Flux, Outer Cladding Surface BTU 6508.93

4.1.6 Results

The calculated maximum clad temperatures are summarized in Table 4-3 and are shown graphically in
Figure 4-1.

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

The temperatures calculated with this model are conservatively high. The calculation assumed no flow
through the debris in the grid. As noted in Section 2.1, it has been demonstrated that materials will not
pack perfectly. Thus, some coolant flow is expected to pass through the grid, cooling the clad surface.
Not accounting for this flow through the debris captured between the grid and the fuel rod provides for a
conservatively large cladding temperature.
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Table 4-3 Maximum Clad Temperatures (TMAX)
CBTU

Debris Thermal Conductivity Bhr -tU * OF)

0.1 0.3 0.5 0.9

Debris Thickness (mils) TMAX TMAX TMAX TMAX

0 260°F 260°F 260°F 260OF

5 - 2690F 2660 F 2640 F

10 305°F 2770F 271OF 2660F

15 - 2840F 275 0F 2690F

20 - 291OF 280°F 271°F

25 - 297 0F 284 0F 2740F

30 386°F 303OF 288°F 2760F

35 - 310°F 291°F 2780F

40 - 316°F 2950F 281°F

45 - 322 0F 2990F 283°F

50 474'F 3270F 302°F 285°F

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
9
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
9
0
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0Temperature vs Thickness
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*Figure 4-1 Temperature vs. Deposition Thickness and Thermal Conductivity

*4.2 CLADDING HEATUP BETWEEN GRIDS0
The purpose of this analysis is to determine the cladding temperature of a fuel rod between fuel grids with
debris deposited on the clad surface in a post-LOCA recirculation environment. A parametric study was

0performed to show the effects on the maximum temperature of the fuel rod due to deposited debris by
0varying debris thickness and thermal conductivity.0
*4.2.1 Description

Appendix D provides an engineering evaluation that serves as a first-order approximation to the heat
0transfer behavior associated with the cladding in a post-LOCA environment. It considers the temperature

distribution of a fuel rod coated with layers of oxide, crud, and chemical precipitate, producing decay heat
in a post-LOCA environment, and submerged in the core.

0The acceptance criterion used was the demonstration that the fuel cladding/oxide interface temperature
did not exceed 800'F. This temperature was chosen as a value below which excessive cladding oxidation
and hydrogen embrittlement does not occur.

*4.2.2 Methodology0
This analysis considered the cladding as being surrounded by concentric layers of oxide, crud and
chemical precipitate, with no gaps between them. The source of heat was decay heat in a post-LOCA
environment, and the section of rod analyzed was assumed to be fully exposed to a two-phase0

0
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0

liquid/vapor environment in the core. This analysis used the generic resistance form of the heat transfer 0
equation, for a radial coordinate system.

0
A figure of the model is included in Appendix D.

4.2.3 Assumptions
0

The following are the significant assumptions. Other assumptions made in the performance of these
calculations are listed in Appendix D.

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

No grid components were accounted for in this calculation. 0
The thickness of each material was assumed to remain uniform around the circumference of the

fuel rod:

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

0
- Crud - Constant value of 100 microns (0.004 in) (upper bound based on PWR industry

experience).

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

No contact resistance was assumed to exist between material layers. 0
4.2.4 Inputs

* The fuel cladding outside diameter was assumed to be 0.360 inches (a representative value for a
fuel rod). 0

0 The fuel rod power value was assumed to be a constant value of 0.226 kW/ft. This is a
reasonable value for the peak power level at 20 minutes post-LOCA.

* The total convective heat transfer coefficient was assumed to be a constant value of
650 BTU/hr-ft2 -°F. This is a reasonable value at 20 minutes post-LOCA.

* The bulk fluid temperature (Too) was assumed to be 250'E This is a reasonable and expected 0
value for the post-LOCA fluid temperature within the core.

0
0
0
0
0
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4.2.5 Results

Table 4-4 lists the clad/oxide interface temperatures for each of the analyzed cases.

In all cases, the maximum clad surface temperatures calculated between fuel grids under conservatively
applied long-term core cooling conditions were less than 560'F. Thus, the clad surface temperature
acceptance basis of 800'F identified in Appendix A for the LTCC acceptance basis is satisfied.

Table 4-4 Clad/Oxide Interface Temperature vs. Chemical Precipitate Thickness

kprecipitate

Chemical Precipitate BTU/hr'ft-'F

Thickness (mils) 0.1 0.3 0.5 0.9

0 273 0F 273°F 273 0F 273°F

10 336 0F 293 0F 285°F 279 0F
20 3960 F 313OF 296 0F 286°F

30 4530 F 331°F 308°F 291°F

40 508°F 350OF 318°F 297°F

50 560°F 3670F 328°F 302°F

4.2.6 Sensitivity Calculations for Other PWR Fuel Designs

The fuel rod diameter used in the calculations listed in Table 4-4 was 0.36 inches. To demonstrate the
applicability of these results to all PWR fuel designs, two sets of sensitivity calculations were performed
using the following fuel rod specifications:

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

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

Table 4-5 lists the clad/oxide interface temperatures for these two sensitivity calculations. The
calculations used a bounding low value for thermal conductivity of precipitate.

WCAP- 16793-NP 
May 2007

WCAP- 16793-NP May 2007
Revision 0



4-8

Table 4-5 Clad/Oxide Interface Temperature vs. Chemical Precipitate Thickness

kprecipitate =
0.1 BTU/hr-ft-°F

Chemical Precipitate

Thickness (mils) 0.422" OD rod 0.416" OD rod

0 284°F 284OF

10 3770F 3770 F

20 4660F 466°F

30 5520F 5520F

40 6340F 6340 F

50 714°F 713°F

4.2.7 Summary

In all cases, the maximum surface temperature calculated for cladding between two grids, using
conservatively boundary conditions representative of those during recirculation from the containment

sump following a postulated LOCA, is less than 800 0F. For the 0.360 inch diameter fuel rod, the
maximum temperature with 50 mils of precipitate on the clad OD is calculated to be less that 560'F. For

the 0.416 inch or 0.422 inch rods, the maximum temperature with 50 mils of precipitate on the clad OD is
calculated to be less that 715 0F.

These temperatures are conservatively large, as they assume a decay heat level at the time of ECCS

switchover to recirculation from the containment sump (20 minutes after initiation of the transient). At
this time in the transient, there has been no time to build a layer of precipitate; chemical products have
had little time to form and the concentrations are therefore low, and coolant from the sump is just being
introduced into the reactor vessel by the ECCS. As decay heat continues to decrease, the calculated clad

surface temperatures for a specific thickness of precipitate would also decrease.

Thus, these bounding clad temperature calculations demonstrate that all current PWR fuel designs satisfy
the 800'F clad surface temperature defined as the GSI-191 long-term core cooling acceptance basis in
Appendix A.

0

0
0
S
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

WCAP-16793-NP May 2007
Revision 0



* 5-1

0
* 5 CHEMICAL PRECIPITATION AND SUBSEQUENT IMPACTS0

Post-accident, when the ECCS is realigned to recirculate coolant from the containment sump, the
chemical products in that coolant will be provided to the core. Once in the core, the chemical.products
may be deposited on fuel cladding. This precipitant may affect the removal of decay heat from the fuel.

0Starting with the information from WCAP-16530-NP (Reference 5-2) as a base, a method to assess the
potential for plant-specific precipitant plate-out was developed as described in Appendix E. Presented in
this section is a summary of the method presented in Appendix E.

5.1 OBJECTIVE

*The objective of this method and evaluation is to predict the growth of fuel cladding deposits from
coolant impurities after a postulated LOCA.

*5.2 INTRODUCTION

For a large-break LOCA scenario, long-term core cooling is achieved by collecting water discharged from
the break and containment spray in a sump and recirculating water from the sump by the ECCS and CSS.

0The water in the sump will contain chemical impurities and debris as the result of the interaction of the
discharged coolant with containment materials. Major classes of debris and chemical impurities include:

1. Insulation
2. Ablated structural materials such as concrete
3. Small particulates from corrosion of system materials
4. Dissolved corrosion products

In addition, the sump water will contain chemicals that are intentionally added for post-LOCA pH,
0corrosion, and reactivity control:0

1. Buffering agents, such as:

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

2. Boric acid

3. Lithium Hydroxide

Generic Letter (GL) 2004-02 (Reference 5-1), identified actions that utilities must take to address the
sump blockage issue. The NRC's position is that plants must be able to demonstrate that debris
transported to the sump screen after a LOCA will not lead to unacceptable head loss for the recirculation
pumps, will not impede flow through the ECCS and CSS, and will not adversely affect the long-term
operation of either the ECCS or the CSS. To demonstrate acceptable ECCS and CSS performance,
licensees must be able to account for chemical reactions within the coolant that could alter flow through

0the sump screen or lead to deposition of material within the core.0
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Westinghouse previously developed a method for predicting post-LOCA chemical reactions and the

formation of material that could block sump screens in WCAP-16530-NP (Reference 5-2). This
methodology has been reviewed by the NRC and the industry has been using it as a basis for
demonstrating adequate sump screen performance in plant- specific sump screen testing.

Recent concerns related to post-LOCA chemical reactions have focused on the core. The NRC issued the

following specific expectations relative to this subject at the GSI-191 Resolution Status Meeting of'
February 7, 2007 (Reference 5-3). Specifically, the NRC identified that they expected the following
specific chemical effects concerns be addressed:

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

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

4. The effect of deposits on heat transfer should be estimated

The LOCA Deposition Analysis Model (LOCADM) has been developed to enable all plants, regardless of
NSSS vendor (Westinghouse, CE or B&W) to address the above concerns when documenting the
viability of long term cooling for the NRC.

5.3 DISCUSSION OF MAJOR ASSUMPTIONS
o

The deposition method makes several assumptions that are conservative and, as a result, the predictions of

deposit thickness and fuel surface temperature are considered to be bounding rather than best-estimate.

1. Once formed, deposits will not be thinned by flow attrition or by dissolution. 0
2. No deposition takes place apart from the fuel heat transfer surfaces. A best-estimate approach

would have accounted for deposition on non-fuel surfaces such as the RHR heat exchangers and
surfaces in containment, resulting in thinner core deposits.

0
3. The mass balance approach for determining material transport around the ECCS does not take

into account any moisture carry-over in the steam exiting the reactor vessel. Experimental
measurements simulating the post-LOCA environment indicate that concentration of non-volatile
material within the reactor vessel will be considerably reduced if moisture carryover is included
in the estimation. Not including boron and coolant impurities in the moisture carryover is

conservativebut unrealistic.

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

5. Only species that have dissolved into solution or species that have dissolved and then precipitated
into suspended particles are considered. The transport of large debris particles from containment

and re-deposition of debris from fuel failures have not been included. Larger debris will either 5
settle or will be physically retained by the sump screen, the fuel assembly inlet debris filters or in

0
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other locations where flow is restricted. This mode of blockage has been addressed in other
sections of this report.

6. All impurities transported into a deposit by boiling will be deposited at a rate that is equal to the
product of the steaming rate and the coolant impurity concentration.

7. The non-boiling rate of deposit build-up is proportional to heat flux and is 1/80th of the rate of
boiling deposition at the same heat flux.

5.4 FEATURES OF CORE DEPOSITION MODEL

5.4.1 Debris Dissolution and Corrosion Rates

0The chemical reactions of most concern for core deposition are those that release material into solution in
a form where it can bypass the sump screen, collect in the reactor vessel, and precipitate on heated fuel
cladding surfaces. The chemical reactions leading to the generation of such transportable material
includes:

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

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

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

SCorrosion or dissolution of system materials is a first step that is common to all of the reactions. Any
5assessment of precipitation or deposition reactions within the post-LOCA environment must be able to

estimate the dissolution behavior of containment materials.

0A method to estimate the dissolution of containment materials has previously been developed and has
5been documented in WCAP-16530-NP (Reference 5-2). The same equations and methods were used in
*the LOCADM model to estimate the release of calcium, aluminum, and silicon from containment

materials. Appendix E contains a more extensive discussion of the development of the dissolution model.

0The chemical effects dissolution model was coupled with the deposition model so that the two processes
5interact. Deposition in the core will increase the dissolution of material in the sump due to the removal of

dissolved material from the sump solution. Dissolution of material in the sump will increase deposition
rates in the core. LOCADM also assumes that the fluids in the sump and reactor vessel are well mixed,

0and the dissolution of calcium, aluminum or silicon from one material will inhibit the dissolution of
5calcium, aluminum or silicon from another material by the common ion effect. Specific interactions, such

as corrosion inhibition of aluminum by silicates or phosphates have not been. included in LOCADM. This
is conservative as inhibition of corrosion will limit chemical products that can precipitate on fuel surfaces.S

0
S
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5.4.2 Transport of Coolant, Dissolved Species and Suspended Solids within the ECCS

The flow paths considered in this model are shown in Figure 5-1.

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

Two other coolant inventories are considered early in the LOCA, the refueling water storage tank (RWST)
(also called the borated water storage tank or BWST) and the sodium hydroxide spray additive tank
(NaOH). The liquid masses available in these tanks is not specified in the LOCADM input, but implied
by the flow rates and flow times from each tank.

For the mathematical modeling of the flow paths in the LOCADM model, refer to Appendix E.
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Figure 5-1 Flow Paths Modeled by LOCADM
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* 5.4.3 Modeling of the Core
0

Presented here is a summary description of the modeling of the core for LOCADM. Additional detail
regarding the core model is provided in Appendix E. The model is generically applicable to all PWR core

*types.

The deposition model divides the core into user defined nodes that differ in location and relative decay
power. The node is identified by region number and by axial location number. As many as 200 regions
can be accommodated. Each region can correspond to a single assembly, a traditional fuel region having
a particular enrichment and bum-up, or a group of rods, all with similar powers in different assemblies.

0
The axial location numbers refer to the axial location of a node with lower numbers corresponding to
higher elevations in the core. As many as 10 axial elevations can be defined, so the core may have as

0many as 2000 nodes. The axial divisions are assumed to span the fuel pellet stack and to divide it into
*nodes of equal height. For instance, a 12 foot high pellet stack might be divided into 3 axial nodes each
*4 feet in height.

A number of parameters are associated with each node and include; decay power, fuel surface area
0(or number of rods), initial zirconium oxide thickness, initial crud thickness, and average depth within the

core. These values are input as relative values. Guidance on developing these values is given in
Appendix E. Conservative values for region powers may be obtained from plant-specific fuel loadings.
Examples for Westinghouse plants using Westinghouse fuel are given in Appendix E. Like the power
distribution, the initial crud thickness and the initial zirconium oxide thickness are specified for each node

*as described in the following section. A core average value is modified by relative thickness for each
region and axial location.

*5.5 CALCULATION OF DEPOSITION MASS AND FUEL TEMPERATURE0
Deposition of impurities on the fuel after a LOCA may occur by many different mechanisms. These
mechanisms include electrostatic attachment of particles, crystallization driven by supersaturation, and
boiling deposition. Since the boiling deposition mechanism results in the most rapid deposit growth and

0forms the most tenacious deposits, the LOCADM model assumes that all deposition occurs through the
0boiling process if conditions at a core node predict any boiling. All impurities transported into the deposit
*by boiling are assumed to be deposited at a rate proportional to the steaming rate.

*The process of deposit growth during the core boiling phase is illustrated in Figure 5-2 and described in
*Appendix E.
0

The cladding surface just after the LOCA will start out with both a protective oxide layer and also a
pre-existing crud deposit that was formed during normal operation. Both will have some porosity, but

*crud deposit will be highly porous. The large pores are referred to as boiling chimneys and they typically
*D are 2-5 microns in diameter. The smaller pores are sub-micron in size.0

As the pores fill at the base of the original crud layer with newly formed crystals, the original crud layer
0will be pushed out, and the total deposit thickness will increase. This process often happens in steps, with
*crevices forming under the deposit which are quickly refilled by new crystal growth. The growth in
0

WCAP- 16793-NP May 2007

*Revision 0
0



5-6

deposit thickness will further insulate the cladding surface, so boiling within thick scale (in the crevices 0
and pores of the crud layer between the cladding and the fluid boundary) will continue even when the
bulk coolant temperature falls below the boiling point.

Westinghouse thermodynamic predictions indicate that in the post-LOCA environment, the chemical
compounds that deposit on the fuel would include: Ca2B2O5, A1OOH, and CaAl2Si 3O 1O(OH) 2.
Calculations by AREVA NP using a thermodynamic equilibrium code (see Appendix F) indicate that
NaAISi 308, Ca 3(BO 3)2, Na 4SiO 4, AI(OH) 3 and Si0 2 may also precipitate.

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

0
The computational process used in LOCADM to determine the quantity of the deposit for each node is
described in Appendix E.

The values used for initial oxide thickness and initial crud thickness could either be plant-specific
estimates based on fuel examinations that have been performed, or they could be limiting values from
industry surveys. For the default version of the model, a limiting oxide thickness of 100 microns (4 mils)
for twice- or thrice-burned fuel was assumed, and a limiting oxide thickness of 50 microns (2 mils) for
once-burned fuel was used (Reference 5-4). Crud thickness was limited to 127 microns (5 mils), the 0
thickest crud that has been measured at a modem PWR (Reference 5-5).

0
The thermal conductivity value for zirconium oxide used in fuel rod design is 1.61 BTU/hr-ft-°F or
2.79 W/m-K (Reference 5-6). This value is recommended for LOCADM modeling.

The limiting value for the thermal conductivity of PWR crud is 0.3 BTU/hr-ft-°F or 0.52 W/m-K
(Reference 5-7). This is also a reasonable value for LOCA scale that is rich in calcium. The thermal
conductivity of boiler scale deposits has been measured, and values of 0.29 and 0.55 BTU/hr-ft-°F
(0.50 and 0.96 W/m-K) have been reported for calcium-rich deposits (Reference 5-8). Thus, a value of
0.3 BTU/h-ft-°F (0.52 W/m-K) is recommended for the LOCA scale thermal conductivity input if calcium
is the primary coolant impurity.

The most insulating material that could deposit from post-LOCA coolant impurities would be sodium
aluminum silicate. Thermal conductivity values as low as 0.11 BTU/h-ft-°F (0.2 W/m-K) have been
reported for sodium aluminum silicate (Reference 5-9). The scale in this case was likely a glassy phase
with little open porosity, since other sodium aluminum silicate scale (Reference 5-10) has possessed a
thermal conductivity of 0.7 BTU/h-ft-°F (1.2 W/m-K). It is recommended that a value of 0.11
BTU/hr-ft-°F be used for sodium aluminum silicate scale and for bounding calculations when there is
uncertainty in the type of scale that might form.

Densities of 147 to 155 lb/ft3 (2350 to 2640 kg/m 3) have been reported for calcium carbonate and calcium
hydroxide deposits formed under boiling conditions (Reference 5-8). Since calcium, aluminum, and 0

WCAP-16793-NP May 2007

Revision 0
0



0
0

0

S

0
0

0

0

0
S

0

0
0
S
0
0
0
0

0
S
S
0
0

S

5-7

silicon may bond with other RCS chemicals such as phosphate and borate, this number should be reduced
significantly to introduce conservatism into the prediction of LOCA scale thickness. Measurements on
cross-sectioned calcium sulfate scale have shown that the density varies from 12.5 lbm/ft3 to 106 lb/ft3

(200 to 1700 kg/m 3) across the thickness of the deposit with an average of 62 Ibm/ft3 (1000 kg/m3)
(Reference 5-11). LOCADM requires density to be input in Ibm Ca, so the values above should be
reduced by the ratio of the calcium atomic weight to the compound molecular weight, about 0.3. A value
of 35 Ibm/ft3 is used as the default for LOCADM. Similar density values of 31 lbm/ft3 for silicon, and
34 lbm/ft3 for aluminum are used as defaults in LOCADM.

Coolant with Impurities
- Pure steam

Coolant with Impurities Cladding, Cladding Oxide and
Original Crud before Recirc

Pre-existing Crud

Cladding

Densification

Pore Filling

'100

L

~LOCA Scale

Deposit cracking and under-scale
growth of LOCA scale

Figure 5-2 Deposit growth process assumed by LOCADM when core is boiling
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5.6 VALIDATION OF LOCADM

The approach taken to validate the LOCADM model is summarized in this section. Appendix E contains
additional discussion on the validation of the LOCADM model.

Without any heat flux in the core, the model should predict the same dissolution behavior as the chemical
effects model in WCAP-16530-NP (Reference 5-2). This was found to be true for aluminum and all of
the insulation materials.

The LOCADM model should predict the same the boron transport behavior as other LOCA codes that
have been fully qualified. LOCADM was tested against SKBOR, a safety code used to predict boron
build-up in the core for a cold-leg break with cold-leg injection. LOCADM predicted that the boric acid
concentration would increase to 23.53 weight percent, the hot leg switchover point, in 7.6 hours while
SKBOR version 7 predicted that 8.0 hours would be required. The agreement was considered to be
adequate, since the two codes use different standard decay heat curves as a basis for calculation of core
boiling.

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

5.7 EXAMPLE RUN OF LOCADM MODEL
S

The LOCADM code was run with input conditions simulating a 3188 MW thermal PWR with both a high
fiberglass debris loading (7000 ft3) and a large quantity of calcium silicate debris (80 ft3). Sodium
hydroxide was present for pH control and there were 15189 square feet of un-submerged aluminum and
799 sq. ft. of submerged aluminum. A hot leg switch-over time of 13 hours was assumed. The results are
shown in Figure 5-3 where the maximum scale thickness in the core has been plotted for a 30 day period.
The maximum scale thickness was 257 microns (10 mils). The maximum fuel temperature after
recirculation was started was 324°F. Thus long term core cooling was not compromised.
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Figure 5-3 Maximum scale thickness values for a PWR with high fiber and Calsil debris

5.8 CONCLUSIONS

The methodology presented here is intended to provide a plant-specific method to evaluate core
deposition, which meets the NRC requirements for predicting post-LOCA deposit formation on the core.
Also, it is expected that most plants using this methodology will be able to demonstrate acceptable
long-term core cooling in the presence of core deposits.
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* 6 EVALUATION OF BLOCKAGE AT THE CORE INLET

A bounding evaluation was performed, using limiting assumptions, to evaluate the consequences of core
inlet blockage on long-term core cooling. The blockage was assumed to deterministically occur and is
not representative of actual plant conditions. The objective of the calculation is to demonstrate that,

0should blockage at the core inlet occur, sufficient liquid can enter the core to remove core decay heat once
the plant has switched to sump recirculation with up to 99.4 percent core blockage to assure acceptable
cladding temperatures. Presented here is a summary of the evaluation performed. Appendix B contains a
more detailed description of the evaluation performed.

6.1 OBJECTIVE0
The objective of this evaluation is to demonstrate that sufficient long-term core cooling (LTCC) is

achieved to satisfy the requirements of 10 CFR 50.46 considering the effects of debris ingested into the
* reactor coolant system (RCS) and core during post-accident operation when safety systems are realigned

to recirculate inventory from the containment sump. Flow at the core inlet is assumed to be suppressed
due to the build-up of debris transported through the sump screen and to the core inlet (the lower core
plate and bottom nozzle) by the ECCS.

* 6.2 APPROACH
0

WC/T simulations were run to demonstrate acceptable flow would be provided to maintain LTCC. The

effects of blockage at the core inlet were simulated by ramping the dimensionless friction factor (CD) at
0the core inlet to a large number, simulating a postulated debris buildup that results in a reduction of flow.

A modified version of WC/T was created to allow the friction factor at the core inlet to be ramped. Code
*simulations were performed using standard input for a problem time of 20 minutes. The 20 minute time

was taken to be representative of the realignment of the ECCS to operate in the recirculation mode.
Starting at 20 minutes, the friction factor at the core inlet was ramped to its terminal value over the next

030 seconds. The core inlet flow blockage occurring in 30 seconds from the start of recirculation is not
physical and does not represent any plant condition. The postulated core blockage was modeled in this
manner to perform a bounding calculation. After the core inlet resistance was ramped to its terminal
value of about CD = 10', the code simulations were run out to 40 minutes to show the flow rate supplied

0to the core would be sufficient to remove decay heat and maintain a coolable core geometry.0
*6.3 SELECTION OF LIMITING REACTOR VESSEL DESIGN

0The core inlet blockage simulations were designed to bound the U.S. PWR fleet. To ensure a bounding

0calculation, the limiting break type and the limiting vessel design were taken into consideration before
selecting a plant model for the simulation.

The selection of the limiting break combines the conditions from a double-ended cold leg and a
double-ended hot leg break to create a bounding scenario. During a double-ended cold leg break, the
ECCS will spill into containment decreasing the driving head of core flow to a minimum. However,
because of the low flow rate, a slow debris build-up at the core inlet ensues, which is non-limiting.
During a double-ended hot leg break no spilling of ECCS occurs, therefore an additional driving head

0from the build-up of liquid level in the downcomer and in the steam generator tubes to the spillover0
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elevation is present. However, the higher flow rates also result in faster debris build-up. To create the 0
worst possible scenario, the limiting break case will be a double-ended cold leg break, i.e., limiting flow
at the core inlet, combined with faster debris build-up time that occurs for a high flow hot leg break.

Similarly, Westinghouse, CE and B&W vessel designs were considered and a limiting design was chosen

based upon which vessel design would be most limiting with respect to the condition of core inlet flow

blockage. Three general Westinghouse vessel designs were considered, designed Barrel/Baffle (B/B)

upflow, converted B/B upflow, and B/B downflow. For Westinghouse designed plants, the most limiting
design is downflow plants since the only means for the flow to enter the core is through the lower core
plate. As described in Appendix B, this design was also determined to bound both the B&W and CE
plants. Thus, a Westinghouse downflow plant was used for this WC/T evaluation.

6.4 MODEL INPUTS

A plant with an existing WC/T model, downflow plant configuration, and high core power density is

desired for the core blockage simulations. A 3-loop downflow model plant rated at 2900 MWt was
chosen. The axial power shape used high enthalpy rise peaking factor (FAH = 1.73), a skewed to the top
power distribution (13% axial offset), and a relatively high total peak factor (FQ = 2.3). The top-skewed
power shape, shown in Figure 6-1, is limiting compared to base load or bottom skewed power shapes due
to the longer time for the quench front to approach the elevations with the highest power, and its

susceptibility to heatup if the core becomes uncovered due to inlet blockage.

The radial power distributions between the 4 core channels are listed in Table 6-1. The radial power

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

0
Additional information about the plant chosen for the core inlet blockage simulations, including

schematics and WCIT noding diagrams, is given in Appendix B. 0
At 20 minutes, in addition to the ramping of the loss coefficient at the core inlet of the model, the ECCS
temperature was increased. The increase in the ECCS better simulates the recirculating coolant
temperature and is representative of RHR heat exchanger outlet temperature following switchover to
sump recirculation. The temperature of the injected water was set to be 190'F, which is typical for
Westinghouse designs and is expected to bound B&W designs. CE plant designs do not have RHR heat

exchangers, and after switchover to recirculation High Pressure Safety Injection flow is pumped directly

from sump to the RCS. As described in Appendix B, the increase in sump ECCS injection temperature is
assessed to be a non-factor in core inlet blockage simulations. Prior to recirculation, termination of

extensive downcomer boiling and cooling of vessel intemals has already occurred. Therefore the increase
in injection temperature should not lead to boiling and only a small decrease in flow rate supplied to the
core will ensue due to the density effects.

0
0
0
0
0
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Table 6-1 Core Channel Radial Power Distribution

Channel Normalized. Number of
Channel Description Number Power Assemblies

Hot Assembly Channel (HA) 13 1.66 1

Guide Tube Channel (GT) 12 1.17 53

Non-Guide Tube Channel (AVG) 11 1.17 75

Low Power Periphery Channel (LP) 10 0.20 28
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Figure 6-2 Case 1 - 82% Core Blockage Modeling Approach

Figure 6-3 Case 2 - 99.4% Core Blockage Modeling Approach

Note: Regions 6, 7, 8 and 9 are the downcomer and downflow baffle/barrel regions.
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0 Two simulations were run with no changes to the standard noding scheme but with different amounts of

* core blockage. The first case modeled 82% core flow blockage and allowed flow through the periphery
*fuel assemblies as shown in Figure 6-2. The second case modeled 99.4% core flow blockage and allowed

flow only through the Hot Assembly (HA) channel. The cross-sectional core noding schemes for Case 1
*and Case 2 are shown in Figure 6-2 and Figure 6-3, respectively.0
* The evaluation documented in Appendix B considered the Case 2 modeling approach of leaving the hot

assembly unblocked due to core cross-flow. The void fraction in the HA channel was shown to reach

higher values, demonstrating much of the flow exits the HA channel via cross-flow to adjacent
0lower-power assemblies in the core. It was therefore concluded that there was no non-conservatism in the

calculations due to the modeling approach.

The containment back pressure was modeled by a containment pressure vs. time table input for each of
0the broken loop cold leg components. The containment backpressures used in both cases were based on

*the existing pressure vs. time tables used in the Best Estimate LOCA (BELOCA) analysis. The BELOCA

table was extrapolated down to atmospheric pressure and held at atmospheric conditions for the
remainder of the simulation. Consistent with the objective of this evaluation, the applicability of this

evaluation to sub-atmospheric containments was also evaluated. As stated in Appendix B, it was
*determined that the sub-atmospheric containment pressure plant designs are bounded by the atmospheric

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

6.5 CONSEQUENCES OF BLOCKAGE AT CORE INLET0
*The assessment described in Appendix B provides a comprehensive evaluation of the core inlet blockage

WC/T simulations. Two parameters are of concern: the calculated liquid inventory in the core and the

calculated behavior of the clad temperature. The clad temperature is used to evaluate if the acceptance

0basis defined earlier has been satisfied.0
The flow rate to match the core boiloff rate was calculated by dividing the core power by the core
average hfg. Figure 6-4 shows a comparison of the integrated core inlet flow versus the integrated boiloff

rate for Case 1 and Case 2. The comparison of the slope of the three time-histories demonstrates that the
*flow supplied to the core is larger than the boiloff rate after the time that switchover to recirculate coolant
*from the containment sump occurs for both Case 1 and Case 2. Thus, even for the 99.4% blockage of

Case 2, a mass depletion of the core liquid inventory in the core is not predicted.

A time history curve for the calculated peak clad temperature (PCT) of the hot rod is shown for both
*Case I and Case 2 in Figure 6-5. WC/T predicts the PCT to occur for both cases within the traditional

LOCA analysis space (i.e., before switchover to recirculation from the containment sump). After roughly

300 seconds the core is quenched and no significant heatup occurs thereafter. Because no late heat up
occurs, the local maximum and core-wide oxidation calculations for traditional LOCA analyses are still

*• considered applicable.0
0
0
0
0
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6.6 SUMMARY

The effects of 82% and 99.4% blockage of the core inlet flow area were examined using the WC/T code.
A comparison between the calculated flow rates and the flow rate needed to match core boiloff showed
ample flow in the core to replace boiloff after core blockage occurred. Also, the PCT plot of the hot rod
shows the PCT occurs in traditional LOCA analysis space and after roughly 300 seconds the core is
quenched and no significant heatup occurs thereafter. Because no late heat up occurs, the maximum local
and core-wide oxidation calculations for traditional LOCA analyses are still considered applicable. It is
concluded that sufficient liquid can enter the core to remove core decay heat once the plant has switched
to sump recirculation with up to 99.4 percent blockage at the core inlet.
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0

* 7 SUMMARY

The information presented in Section 2 provides reasonable assurance that long-term core cooling for
PWRs will be established and maintained for post-LOCA considering the presence of debris in the RCS

and core. The debris composition includes both particulate and fibrous debris, as well as post-accident
0 chemical products.
S

Specifically, presented in Section 2 was the following information;

0 Adequate flow to remove decay heat will continue to reach the core even with debris from the

sump reaching the RCS and core. Sump screen testing has demonstrated the effectiveness of
replacement sump screens on capturing large amounts of fibrous and particulate debris.
Similarly, bypass testing for some replacement sump screens has also demonstrated that the
length of fibrous debris that bypasses the screen is shorter that the fibers collected on the sump

screen itself, and size of particulate that pass through the screen is likewise limited by the
dimensions screen. This reduction in both fibrous and particulate debris minimized the amount of
debris that is transported to the fuel. At least one test of a fuel assembly mock-up with bypass
particulate and fibrous debris demonstrated that the debris would be captured at the fuel inlet, but

0 flow would continue to pass through the collection of debris. In the extreme case that a large
blockage does occur, numerical analyses have demonstrated that core decay heat removal will be

*' achieved with limited flow.

0 Decay heat will continue to be removed even with debris collection at the fuel assembly spacer
grids. Test data has demonstrated that any debris that bypasses the screen is small and

0I consequently is not likely to collect at the grid locations. Further, any blockage that may form
will be limited to the length of the grid and will not be impenetrable to flow. In the extreme case

that a blockage of a large portion of a grid does occur, numerical and first principle analyses have
S• demonstrated that core decay heat removal will continue.0

* Fibrous debris, should it enter the core region, will not tightly adhere to the surface of fuel
cladding. Thus, fibrous debris will not form a "blanket" on clad surfaces to restrict heat transfer
and cause an increase in clad temperature. Therefore, adherence of fibrous debris to the cladding

* is not plausible and will not adversely affect core cooling.0
* Using an extension of the chemical effects method developed in WCAP-16530-NP to predict

chemical deposition of fuel cladding, two sample calculations using large debris loadings of
0 fiberglass and calcium silicate, respectively, were performed demonstrating that decay heat would

be removed and acceptable fuel clad temperatures would be maintained.0
The effect of sump debris and sump chemical compounds on boric acid precipitation has been

9 reviewed with respect to displaced liquid volume, the potential impact on assumed mixing
volumes, alternate flow paths, and chemical effects as it pertains to potential precipitates in the

5core. It is concluded that sump debris and related chemical effects do not create a boric acid
precipitation concern and that the introduction of debris to the RCS does not significantly affect

the current licensing basis boric acid precipitation calculations. Therefore, the current acceptedS
0
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licensing calculations that demonstrate appropriate boric acid dilution to preclude.boric acid
precipitation remain valid.

In addition to considering available data, three supporting topical areas were evaluated to demonstrate
that long-term core cooling would be maintained post-LOCA with the ECCS aligned to recirculate
coolant from the containment sump to the core. The selection of the topical areas for inclusion in the
program was based on the uncertainty perceived to be associated with each area..

A clad temperature acceptance basis of 800'F was selected as the acceptance basis for the evaluation of
the topical areas identified above. This value was selected based on autoclave data that demonstrated
oxidation and hydrogen pickup to be well behaved at and below the 800'F temperature and the reduction
in cladding small. Therefore, there would be minimal reduction in post-LOCA load carrying capability of
the cladding.

The evaluations presented are either extreme cases or parametric studies that demonstrate margin in the
PWR design. These topical areas are:

I. Evaluation of fuel clad temperature response to blockage at the inlet to the core. The evaluation
addressed a blockage of about 99.4% of the core inlet area, or alternatively, flow into the core was
provided by the flow area of a single fuel assembly. The evaluation demonstrated that adequate
core cooling flow would be established such that negligible impact on clad temperature would be
expected due to blockage alone.

2. Evaluation of the impact of both the reduction of flow at a fuel grid, and the precipitation of
chemical product on the surface of fuel cladding. A range of thermal conductivities for the
precipitation were considered for both of these evaluations, ranging from a low value of
0.1 Btu/(hr-ft-°F) to 0.9 Btu/(hr-ft-°F). Over the range of conditions considered, the cladding
surface temperature was, in all cases, evaluated to be below 800'F.

3. Evaluation of chemical effects in the core region to form precipitation on the cladding surface.
Considering the variation in plant-specific chemistries, this evaluation was performed by
extending the method of WCAP-16530-NP to estimate the potential for plate-out on the surface of
fuel cladding. This method is available for all Westinghouse, CE and B&W plants to perform 0
plant-specific evaluations in which their plant-specific chemistry is accounted for. Sample
calculations were performed using particularly challenging plant chemistries and fuel clad
temperatures were predicted to remain below 400'F over a 30-day period following the
postulated event. However, due to the interaction of several of the parameters, it is suggested that
plants perform a plant-specific calculation using their plant-specific inputs to confirm that
chemical plate-out on the fuel does not result in the prediction of fuel cladding temperatures
approaching the 800'F acceptance basis value.

In summary, reasonable assurance of long-term core cooling for all plants is demonstrated by the
following: 0
1. The size of holes in replacement sump screens designs limits the size of debris that is passed

through the screen during operation of the ECCS in the recirculation mode. 0
0
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2. Based on available test observations, the characteristic dimension of this debris is typically less
than the screen hole size, even for fibrous debris. Consequently, debris buildup at critical
locations in the reactor vessel and core is not expected.

3. Based on data presented internationally during the resolution of the BWR strainer performance
concerns, fibrous debris was observed to not strongly adhere to fuel cladding. Thus, the small

size of the debris and its tendency to not adhere to fuel indicates that long-term core cooling of
the fuel w&ill not be impaired by either the collection of fibrous and particulate debris in fuel
elements, or by the collection of fibrous debris on fuel cladding surfaces.

4. Supporting calculations have demonstrated long-term core cooling will be maintained with about
99.4% of the core blocked. The cladding temperature response to blockage at grids and the
collection of precipitation on clad surfaces was also demonstrated to be acceptable with resulting
cladding temperatures less than 400'F.

5. A method to evaluate chemical effects on fuel has been developed, applied to several "worst
case" plant chemistries and acceptable clad temperatures were calculated.

It is therefore concluded that reasonable assurance of acceptable long-term core cooling with debris and
chemical products in the recirculating fluid is demonstrated for all plants based on;

1. Items 1 through and including 4, are directly applicable to all PWRs, and,

2. Either a demonstration that the sample calculations identified in Item 5, above, bound the
plant-specific chemistry, or the completion of a plant-specific calculation using the method
identified in Item 5, above.
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APPENDIX A
GSI-191 LONG-TERM CORE COOLING ACCEPTANCE BASIS
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A.1 INTRODUCTION

The scope of Generic Safety Issue 191 (GSI-191) addresses a variety of concerns associated with the
operation of the Emergency Core Cooling System (ECCS) and the Containment Spray System in the
recirculation mode. These concerns include debris generation associated with a postulated high-energy
line break, debris transport to the containment sump when the ECCS is realigned to operate in the
recirculation mode, and the effects of ingestion of debris through the sump screens. In addition to debris
resulting from the action of the jet from the postulated pipe break, there is also the potential for generation
of chemical products from the reaction of containment materials and coolant that may also be transported
to and through the sump screen.

The NRC has raised a question regarding the effect that the combination of debris from the action of the
postulated jet and chemical reactions may have on long-term core cooling (LTCC). Examples of issues of
concern related to debris ingestion on LTCC include, but are not limited to, the following; potential
collection of fibrous material on fuel components, chemical interactions within the reactor vessel, and
reduction in heat removal from fuel associated with either reduced flow or heat flow due to deposition of
material on fuel clad surfaces.

The Pressurized Water Reactor Owners Group (PWROG) is leading an industry effort to resolve these
issues. Part of that resolution involves defining the relevant Long-Term Core Cooling (LTCC) bases.
This document describes the criteria that will be used in determining GSI-191 acceptance of the debris
effects on fuel.

The LTCC criteria described in this document are based on the requirements of Title 10 of the Code of
Federal Regulations, Part 50.46 (10 CFR 50.46). The criteria are to be used with engineering evaluations
that demonstrate acceptable long-term core cooling, once established following the initial recovery of the
core post-LOCA, is successfully maintained. Successful LTCC is defined as meeting the criteria defined
in this document. 0
The use of engineering evaluations to demonstrate successful LTCC is based on conversations on this *
topic held with NRC. The engineering calculations are to provide industry with reasonable assurance that
LTCC is successfully maintained for GSI-191 considerations. 0
A.2 REQUEST FOR LONG-TERM CORE COOLING REQUIREMENT

CLARIFICATION

On April 12, 2006 NRC staff met with representatives from Industry and Westinghouse to discuss a
standard method for nuclear plant licensees to employ for evaluating potential effects of debris that may
be ingested into the reactor vessel following the transition to sump recirculation following a postulated
large-break Loss Of Coolant Accident (LOCA). The purpose of the criteria is to assist licensees in
addressing issues associated with GSI-191 PWR Sump Performance.

0

0
0
0
0
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* By letter dated July 14, 2006, Westinghouse requested NRC clarify its long-term core cooling
* requirements under Title 10 of the Code of Federal Regulations Part 50.46 (10 CFR 50.46)
* (Reference A-I). Specifically;

0 1. It is requested.that NRC provide clarification of the requirements and acceptance criteria for
long-term core cooling once the core has quenched and reflooded. This clarification will be used

* by Westinghouse, and potentially the PWROG, in developing the GSI-191 debris ingestion
evaluation method for reactor fuel.

* 2. The standard mission time employed for GSI-191 is 30 days. This mission time may not be
appropriate for evaluation of nuclear fuel issues. The NRC staff is requested to provide

* clarification on this requirement and how it applies to evaluation of debris ingestion effects on
reactor fuel. Westinghouse, and potentially the PWROG, will use this clarification in developing

* the GSI-191 debris ingestion evaluation method for reactor fuel.

* By letter dated August 16, 2006, the NRC responded to the request for clarification (Reference A-2). The
NRC letter provides the basis for defining long-term core cooling requirements that may be used to

* address long-term core cooling for GSI-191.

* A.3 NRC CLARIFICATION OF LONG-TERM CORE COOLING REQUIREMENTS

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

* parts.0
The first part governs the performance of the emergency core cooling system (ECCS) duringthe
initial phases of blow-down, quench and re-flood. During this period, the ECCS is injecting
water from the refueling water storage tank (RWST) into the reactor in an effort to ensure that

0 fuel damage is miniinized. The criteria used to conclude that fuel damage is minimized are the
temperature criteria for the cladding and the oxidation and hydrogen generation values.

The rule then establishes a criterion for long-term cooling during any recirculation phase
(whether natural or forced recirculation). The acceptance criterion is simply that the calculated
core temperature shall be maintained at an acceptably low value and decay heat shall be removed

for the extended period of time required by the long-lived radioactivity remaining in the core.

*' The NRC staff has typically considered the criteria in paragraph (b)(5) to be satisfied when the
fuel in the core is quenched, the switch from injection to recirculation phases is complete, and the
recirculation flow is large enough to match the boiloff rate. The staff is concerned about the
potential for loss of long~term cooling capability from chemical effects (boron precipitation) or
physical effects (debris). For example, the staff's standard position is that a core flushing flow
path should be established well before boron concentrations reach the precipitation limit

* (Ref. Information Notice 93-66). Similarly, analysis should demonstrate that no significant
* increase in calculated peak clad temperature (PCT) occurs by demonstrating that the bulk

temperature at the core exit is maintained essentially constant at the temperature achieved at the
0 initiation of recirculation or is continuing to decrease. The following paragraph provides further

0
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qualification of the NRC concerns with respect to increases in fuel temperature during the
recirculation phase. 0
While the current staff position is conservative with respect to protection of the fuel, other options
may be available that provide protection of the fuel, assure a coolable geometry, and could be
used to demonstrate compliance with paragraph (b)(5). The staff notes that fuel qualification
testing has been restricted to heating the fuel cladding to the regulatory limit and then quenching
the material to examine the ductility and strength remaining. The staff is not aware of any testing
done to examine the subsequent reheating of fuel to the 10 CFR 50.46 limit with a subsequent
second quench (either slow or fast). Situations showing a localized moderate (on the order of
100 - 200 degrees C) PCT increase could be considered as acceptably low if properly justified.
The staff would expect any such justifications to consider degradation of the cladding oxide layer,
hydrogen embrittlement of the cladding, and accumulated diffusion of oxygen within the cladding
microstructure. Duration of time at elevated temperature and peak temperature experienced by
the clad should also be limited and justified. The staff would expect the justifications to be
supported by test data, where possible. 5S
The submitted information would form the basis for any determination that the calculated
core temperatures remain acceptably low as required by the rule. The second clause of
10 CFR 50.46(b)(5), "decay heat removed for the extended period of time required by the 0
long-lived radioactivity remaining in the core" was not identified as an issue needing clarification
in Westinghouse letter LTR-NRC-06-46, or at the meeting with Westinghouse on April 12, 2006.
The Westinghouse representatives in attendance at the meeting agreed with the staff on the
definition of this clause and had no questions on its meaning. Based on this, the staff expects that 0
this clause needs no further clarification. 5

With respect to Item 2, the NRC response notes the following; 0S
For GSI- 191, the 30-day criterion was originally intended for evaluation of operability of 0
equipment. For analysis of core cooling following debris ingestion into the reactor vessel, the .
staff believes that an adequate post-LOCA evaluation duration would be demonstrated when bulk
and local temperatures are shown to be stable or continuously decreasing with the additional
assurance that any debris entrained in the cooling water supply would not be capable of affecting 0
the stable heat removal mechanism due to sump screen clogging or downstream effects. 5

0
S
S
S
0
S

S
S
S
0

WCAP-16793-NP May 2007
Revision0 0

0



0
* A-5

0
* A.4 GSI-191 LONG-TERM CORE COOLING ACCEPTANCE BASESS

The long-term core cooling acceptance bases defined for GSI-191 are listed below. These acceptance
bases are applied after the initial quench of the core and consistent with the long-term core cooling

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

* Decay Heat Removal/Fuel Clad Oxidation0
Maximum cladding temperatures maintained during periods when the core is covered will not
exceed a core average clad temperature of 800'F. The purpose of this is to maintain the cladding

0 temperature within the range where additional corrosion and hydrogen pickup over a 30 day
period will not have a significant effect on cladding properties. Long term autoclave testing has
demonstrated that at temperatures of < 800'F for periods of 30 days or less the corrosion and
hydrogen pickup are limited so that the impact on cladding mechanical performance is not

5significant. At temperatures > 800'F, there are occurrences of rapid nodular corrosion and higher
*hydrogen pickup rates which can reduce cladding mechanical performance.

* Boric Acid Precipitation and the Chemistry Effects of Debris

A core flushing flow will be established that is sufficient to prevent the calculated maximum
SO boric acid concentration in the core region from exceeding the precipitation limit.

A.5 DISCUSSION

0Decay Heat Removal and Required Coolant FlowS
*LOCA ECCS analyses consider the LOCA transient behavior to the point in time at which fuel

temperatures are decreasing, the mixture level in the core is rising, and the peak clad temperature has
Sbeen captured. At the start of sump recirculation, the core has been quenched and is covered by a
0two-phase liquid/steam mixture and/or single phase liquid. After the start of sump recirculation, long

term core cooling is demonstrated by showing that there is sufficient flow to replace core boil-off, thus
keeping the core covered and preventing additional fuel clad heat-up.

0For some post-LOCA scenarios, precipitation of boric acid in the core region is prevented by core flow
0• above the core boil-off rate. In these cases, the required core flow to provide for boric acid dilution is

usually represented as a multiplier on core flow.

0Flow rates required to match boil-off become small rather quickly following the postulated event. The
required flow rate to match boil-off for a large Westinghouse 4-loop PWR is taken from the Emergency
Operating Procedures (EOPs) and shown in Figure A-1. While the actual values are dependent on the
initial core power level, these values are representative of the PWR fleet. Within four (4) hours following
a postulated LOCA, the required flow to match boil-off is about 250 gallons per minute. At ten (10)0

S
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hours, the flow required to match boil-off is 200 gallons per minute, and at 30 hours, the flow required to
match boil-off is 150 gallons per minute.

The PWROG has used multiple methods to demonstrate that the minimal flow required to remove core
decay can be maintained. From initial test data of a fuel assembly placed in a test facility downstream of
a replacement sump screen, fibrous debris passed by the sump screen, even with particulates, was
observed to not cause total blockage of the flow into the fuel assembly. This behavior was observed to
hold true even with particulates in the flow stream.

Initial analyses with large system codes show that substantial blockage at the core inlet can be tolerated
and still maintain the necessary flow rate to maintain acceptable low fuel cladding temperatures.
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Figure A-1 Boil-off Curve for a Westinghouse 4-loop PWR

Impacts of Local Hot Spots

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

Local "hot spots" could occur as a result of debris catching and accumulating on the various nozzles and
grids of a fuel assembly or by chemical by-products platting out on parts of the fuel. The potential effects

WCAP- I16793-NP May 2007
Revision 0



0
* A-7

0 of these local "hot spots" can be assessed against the ECCS criteria (10 CFR 50.46) and for their potential
impact on the health and safety of the public above those considered for a LOCA.

The current regulatory criteria for long term core cooling is - 10 CFR 50.46 (b)(5) "Long-term cooling.
9D After any calculated successful initial operation of the ECCS, the calculated core temperature shall be
9 maintained at an acceptably low value and decay heat shall be removed for the extended period of time
* required by the long-lived radioactivity remaining in the core."

0 ".... temperature shall be maintained at an acceptably low value" is interpreted to mean less than
*O 2200°F (1 204°C). (Note: A value of 2200'F is cited as the maximum acceptable clad
* temperature in-10 CFR 50.46 (b)(1) and is used here for convenience.)0

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

As noted previously, based on the testing of replacement sump screens, the passing of debris in sufficient
quantity or size to result in a hot spot is considered small and will not challenge overall long-term core

0 cooling of the fuel. However, assuming a "hot spot" occurs during long-term cooling following a LOCA,
* the following should be considered:
0

For dose considerations all fuel is considered to have failed; therefore, "hot spots" do not
0 contribute additional dose.0

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

0 * In general the maximum cladding temperature maintained during periods when the core is
5 covered should not exceed 800'F; however, the maximum allowable fuel clad temperature for

short transients such as "hot leg switch over" and for localized "hot spots" is 2200'F (1204'C),
during long term cooling. (Note: As stated previously, a value of 2200'F is cited as the

* maximum acceptable clad temperature in 10 CFR 50.46 (b)(1) and is used here for convenience.)0
* A coolable core geometry must be maintained during long term core cooling.

5 * The fuel will not be reused.0
5 Two other points should be taken into consideration:

The operational experience at Three Mile IslandS
*The operational experience at the International PHEBUS-FP Program

In both cases the fuel experienced significant damage and a coolable geometry was maintained.0
0
S
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Should a localized "hot spot" form during long term core cooling its impact on the health and safety of
the public would be negligible.

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

However should localized temperatures at a "hot spot" reach sufficient levels to further degrade or
damage the fuel cladding, the impact of the temperature increase on long term core cooling is minimal.
Since all rods are assumed to have failed during the LOCA, no additional impact to dose is expected.
In addition, if a buildup of chemical deposits or debris were to form such that the buildup would cause an
increase in cladding temperature, there are two possible outcomes: 0
1. The deposit goes back into solution as the cladding temperature increases and the "hot spot" is

subsequently cooled, or,

2. The deposit is fixed and remains on the surface (it does not go back into solution) and the "hot
spot" remains. 0

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

The ability to maintain an average fuel clad temperature below 2200'F during long term core cooling can
be demonstrated. Regardless of the actual temperatures obtained at a localized "hot spot" and the
localized damage to fuel cladding during long term core cooling, the requirements of 10 CFR50.46 will
continue to be met. S
To summarize, given that the fuel will not be reused following a LOCA, localized "hot spots" during long
term core cooling do not increase the risk to the health and safety of the public and does not jeopardize
core coolability as long as the core remains covered and boil-off is replaced.

Impacts of Boric Acid Concentration 0
For a postulated cold leg break, there is a concern that the boric acid concentration in the core may
increase and approach solubility limits as the liquid in the core boils. Without a blockage at the core inlet,
initiation of boric acid precipitation control measures (e.g., dump to containment from the hot leg)
establishes a liquid flow path through the core that dilutes the boric acid concentration in the core region.
For a hot leg break (again, with no complete core blockage), the ECCS flow from the cold leg through the
core to the break ensures a continuous liquid throughput that doesn't allow boric acid to concentrate. The
introduction of debris in the RCS may change the flow patterns in the core and the core mixing volume S

0
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such that the core boric concentration analysis may be affected. In addition, the introduction of debris in
the RCS may result in other effects, such as the reduction of heat transfer due to chemical plate-out. For
the purposes of addressing GSI-191 LTCC, the uncertainty associated with the introduction of debris in
the RCS will be addressed by providing core flow that is equal to the flow rate used in current boric acid
dilution calculations.0

*A.6 SUMMARY

The LTCC acceptance bases identified in this document are conservative as they are intended to maintain
the core in a coolable geometry. Coolable core geometry aside, it is unlikely that fuel that has been in a
reactor that experienced a LOCA that evolves into recirculation from the containment sump will be

reused. There are several reasons for this and include the following:

*The design basis for LOCA forces on fuel is Leak Before Break (LBB). Thus, the forces
Sassociated with a large LOCA are likely to have an effect on the structural integrity of the fuel.

Again, based on inspection, observed damage would preclude the reuse of the fuel.

* The oxidation of the cladding due to the transient, and,

* The potential for collection of debris from the recirculating coolant on fuel.

Given the above, the LTCC criteria identified here and proposed for use to address GSI-191 are consistent
with the requirements of 10 CFR 50.46. Furthermore, the criteria are conservative and, when used in

5conjunction with engineering calculations performed considering GSI-191 concerns, will provide
reasonable assurance that LTCC is successfully maintained.

Long-term core cooling bases applicable to GSI-191 have been defined based on the clarification offered

0• by the NRC (Reference 2). Properly applied, these bases will facilitate the demonstration of acceptable
*core cooling following a postulated large break LOCA.

ReferencesS
A-1. LTR-NRC-06-46, "Requested NRC Action from Meeting with Westinghouse on April 12, 2006;

*Acceptance Criteria for Long-Term Core Cooling following Quenching and Reflooding of the
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B.1 EVALUATION OF BLOCKAGE AT THE CORE INLET S
B.1.1 Objective

The purpose of this task is to demonstrate that sufficient long-term core cooling (LTCC) is achieved to
satisfy the requirements of 10 CFR 50.46 considering the effects of debris ingested into the reactor 0
coolant system (RCS) and core during post-accident operation when safety systems are realigned to 5
recirculate inventory from the containment sump. The flow at the core inlet could be suppressed due to
the build-up of sump debris at the lower core plate and bottom nozzle. To show LTCC would be
maintained in this situation WCOBRA/TRAC (WC/T) simulations were run blocking the inlet at the core
entrance with an increased k-factor. 0

0
B.1.2 Approach

To evaluate the effects of blockage at the core inlet, the dimensionless friction factor (CD) was ramped at 0
the core inlet to simulate blockage due to debris buildup. A modified version of WC/T was created to 0
simulate the ramping of the friction factor at the core inlet. Code simulations were run to the beginning
of recirculation (conservatively assumed to be 20 minutes) at which point the ramping of the friction
factor took place over 30 seconds. Note that the core inlet flow blockage occurring in 30 seconds from S
the start of recirculation is non-physical and was modeled in such a manner to perform a bounding 0
calculation. After the core inlet resistance was ramped, the code simulations were run out to 40 minutes
to show the flow rate supplied to the core would be sufficient to remove decay heat and maintain a
coolable core geometry.

B.1.3 Model Description and Assumptions 0S
The core inlet blockage simulations were meant to bound the U.S. PWR fleet. To ensure a bounding
calculation, the limiting break type and the limiting vessel design were taken into consideration before 0
selecting a plant model for the simulation.

0
Plant Type Selection Criteria

The selection of the limiting break combines the conditions from a double-ended cold leg and a 0
double-ended hot leg break to create a bounding scenario. During a double-ended cold leg break, the 0
ECCS will spill into containment decreasing the driving head of core flow to a minimum. However, 0
because of the low flow rate, a slow debris build-up at the core inlet ensues, which is non-limiting.
During a double-ended hot leg break no spilling of ECCS occurs, therefore an additional driving head 5
from the build-up of liquid level in the downcomer and in the steam generator tubes to the spillover 0
elevation is present. However, the higher flow rates also result in faster debris build-up. To create the 0
worst possible scenario, the limiting break case will be a double-ended cold leg break, i.e., limiting flow 0
at the core inlet, combined with faster debris build-up time that occurs for a high flow hot leg break. 0
The limiting vessel design was chosen based upon which core design would be most limiting under the 5
condition of core inlet flow blockage. Three general vessel designs were considered: designed
Barrel/Baffle (B/B) upflow, converted B/B upflow, and B/B downflow. Designed barrel/baffle upflow is
the least limiting due to the numerous large pressure relief holes in the baffle wall. The relief holes allow 0

0
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0
0 flow to bypass a blocked core inlet but still enter the core. Converted upflow plants are considered more
Slimiting than designed upflow plants due to the absence of the pressure relief holes, such that only limited

bypass flow may enter near the top of the core. The most limiting design is downflow plants since the
only means for the flow to enter the core is through the lower core plate.

*Other PWR vessel designs were considered including B&W and CE designs. B&W plants are similar to
the Westinghouse upflow design with the numerous pressure relief holes in the baffle wall, therefore, the
design is non-limiting with respect to core inlet flow. Other differences in the B&W design, such as the

0barrel vent valves, were concluded to have no impact on this issue. CE plants are similar to the
0Westinghouse converted upflow plant in that they have no pressure relief holes, but limited flow may

enter near the top of the core, therefore the design is non-limiting with respect to core inlet flow. CE plant
designs lack RHR heat exchangers, and after switchover to recirculation High Pressure Safety Injection
flow goes directly from sump to the RCS. The higher ECCS injection temperature is considered to have a
small effect on core inlet blockage simulations. Prior to recirculation, termination of extensive
downcomer boiling and cooling of vessel internals has already occurred, therefore the increase in
injection temperature should not lead to boiling and only a small decrease in flow rate supplied to the core
will result.

0Therefore, it is concluded that the Westinghouse downflow design is bounding for this analysis.
0
*Description of and Basis for Model Inputs

0A plant with an existing WC/T model, downflow plant configuration, and high core power density is
desired for the core blockage simulations. A 3-loopdownflow model plant rated at 2900 MWt was
chosen. The power shape of the plant's BELOCA Reference transient used for these simulations is shown
in Figure B-1.

0The axial power shape uses a high enthalpy rise peaking factor (FAH = 1.73), a skewed to the top power
*distribution (13% axial offset), and a relatively high total peak factor (FQ = 2.3). The top-skewed power

shape shown in Figure B-1 is limiting compared to base load or bottom skewed power shapes due to the
longer time for the quench front to approach the elevations with the highest power, and its susceptibility

0to heatup if the core becomes uncovered due to inlet blockage. The total peaking factor is on the order of
*20% higher than a normal base load power shape would exhibit. FQ higher than 2.3 will only occur in

rare transient conditions, where such an FQ would be temporary and not indicative of the long-term axial
decay heat power distribution of interest for long-term core cooling. Therefore, the inputs represent

0reasonably bounding values for the PWR fleet.0
0The radial power distributions between the 4 core channels shown in Figure B-3 are displayed in

Table B-I.

0
0
0
0
0
0

WCAP- 16793-NP May 2007
*Revision 0

0



B-4

0

(Y

UI]

F-

3,00

2.-80

2,40

2.20

2.00

1.3U

1.60

1.40

1.20

1.00

0,80

0,50

0,40

0 20

0.DO

D CORE AVE

-.- 77-r-T-r ,-r-r-rr

0

RAGE

1 2 3 4 5 6 7 8 g 10 11 12

CORE ELEVATION (FT)

.t HOT ASSE1MOLY 0 HOT ROD - NORMALIZED INTEGRAL'

Figure B-1 Plant Transient Power Shape

0

0

0
0
0

0
S
0
S
0
0

0
0
0
,0
0

S

0
0
S
0
0

S
0

0

Table B-1 Core Channel Radial Power Distribution

Channel Normalized Number of
Channel Description Number Power Assemblies

Hot Assembly Channel (HA) 13 1.66 1

Guide Tube Channel (GT) 12 1.17 53

Non-Guide Tube Channel (AVG) 11 1.17 75

Low Power Periphery Channel (LP) 10 0.20 28

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

Additional information on the plant chosen for the core inlet blockage simulations is given in the
schematics and noding diagrams shown in Figures B-2 through B-5.
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Figure B-2 Plant Vessel Profile
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The modified WC/T code version was used to ramp the resistance at the core inlet of the plant model
shown in Figure B-3 to study the effects of core blockage on LTCC. The transient runs were modeled to
ramp the dimensionless loss coefficient (CD) at the core inlet and increase the temperature of the ECCS
injection water at 20 minutes, which is the modeled beginning of sump recirculation. It should be noted
that the debris build-up over 30 seconds is non-physical and was modeled to occur over such a short time
period to perform a bounding calculation. The increase in the injection temperature represents a
representative RHR heat exchanger outlet temperature following switchover to sump recirculation. The
temperature of the injected water was set to be 190'F, which is typical for Westinghouse designs and is
expected to bound B&W plant designs. While CE plants may have slightly higher temperatures, the
effect on the transient will be minimal. After preliminary test runs, it was decided to ramp CD to
extremely large values to completely block the chosen core channels to simulate a percentage of core
blockage.

It was decided to run two simulations with different amounts of core blockage, with no changes to the
standard noding. The first case modeled 82% core flow blockage by ramping the value for CD up to
109 in all core channels except for the Lower Power (LP) periphery channel (representing 28 of
157 assemblies). Figure B-6 displays the core channel modeling used for Case 1.

Figure B-6 Case 1 Core Blockage Modeling Approach

Channels 11, 12, and 13 are crossed out to represent total blockage at the inlet of the channels. For this
modeling approach flow will only enter the core through channel 10. The second case modeled 99.4%
core flow blockage by ramping the value for CD up to 109 in all core channels except for the Hot
Assembly (HA) channel. Figure B-7 displays the core channel modeling used for Case 2.

WCAP- 16793-NP May 2007
Revision 0



B-I0

0
0
0

0ý t~0
r0

Figure B-7 Case 2 Core Blockage Modeling Approach

Channels 10, 11, and 12 are crossed out to represent total blockage at the inlet of the channels. For this
modeling approach flow will only enter the core through channel 13.

The Case 2 modeling approach of leaving the hot assembly unblocked can be justified as acceptable due
to core cross-flow. The top-skewed power shape used in the simulations creates limiting core conditions0
in the top half of the core. The flow supplied to the core distributes throughout the core channels, and by
the higher power elevations, the flow will be well allocated to all the core channels. This statement can
be supported by examining the void fraction of the LP periphery channel and the HA channel. Figure B-8
plots the LP void fraction and the HA void fraction from 2000 to 2400 seconds, near the top of the core.
The figure shows the void fraction in the HA channel reaching higher values, demonstrating much of theS
flow exits the HA channel via cross-flow through the core and suggesting no non-conservatism due to the5
modeling approach.

The containment back pressure was modeled by a containment pressure vs. time table input for each of0
the broken loop cold leg BREAK components. The containment backpressures used in both cases were
based on the existing pressure vs. time tables used in the BELOCA analysis. The BELOCA table was
extrapolated down to atmospheric pressure and held there. As a result, the containment pressure is
assumed to be at atmospheric conditions by switchover to sump recirculation.
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The additional effects of sub-atmospheric containment plants on the transient have been considered to
show the calculations performed apply to the entire U.S. PWR fleet. The containment pressure and
pressure drop through the loops have a direct affect on the boiloff rate. The decrease in the containment
pressure for a subatmospheric plant could cause an increase in loop pressure drop, which could lead to
higher core exit pressures and higher boiloff rates. The increased core exit pressure corresponds to higher
boiloff rates through the inversely proportional relationship between the boiloff rate and the latent heat of
vaporization, i.e.,

(0 boiloff - QDH
hfg

(B-I)
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The relationship between the pressure drop and the containment break pressure, i.e., steam density, is

shown in Darcy's equation.

2
2Po k O0 boiloff (B-2) 0

AP A 2 2 8 8 -pg -gc

Hand calculations were performed to estimate the loop pressure drop using subatmospheric containment

pressures to examine whether the core exit pressure would increase. The hand calculations compared the
ratio of the loop pressure drop between atmospheric and subatmospheric containment conditions.

Combining Equations (B-i) and (B-2) to create a pressure drop ratio yields,

/ps~b (h fg-dy2g-(
_____ fgry P dry(B-3)0

APdry h fg sub Pg-sub) 0

The loop pressure drop conditions were taken from the performed atmospheric containment simulations.
The largest loop pressure drop after switchover to sump recirculation was found to be approximately be
(18.0-14.7) = 3.3 psia. First assuming the pressure drop would be the same for the subatmospheric

containment conditions, iterative calculations were performed to calculate the loop pressure drop for

subatmospheric containment conditions. The calculation was performed twice using containment
pressures of 10 psia and 12 psia to address potential non-linearity of the density changes in the pressure
range of interest. The calculations found that the loop DP would increase, however, the core exit pressure
would be lower (tables representing the values used in the final iterations are shown in Tables B-2 and

B-3 below). Therefore, the subatmospheric containment pressure plant designs are bounded by the
atmospheric containment simulations performed to examine the effects of core inlet blockage.

The core inlet blockage simulations were performed using 'typical' Westinghouse RHR heat exchanger

outlet temperature for sump ECCS injection (I 90'F). It has been acknowledged that CE plant designs do
not have RHR heat exchangers, and after switchover to recirculation High Pressure Safety Injection flow

goes directly from sump to the RCS. The increase in sump ECCS injection temperature is assessed to be

a non-factor in core inlet blockage simulations. The flow rate required to replace boiloff at 20 minutes is
less than 60 lbm/sec. The highest injection temperature of concern is estimated to be 250'F, i.e., an
increase of 60'F. Prior to recirculation, termination of extensive downcomer boiling and cooling of
vessel internals has already occurred, therefore the increase in injection temperature should not lead to
boiling and only a small decrease in flow rate supplied to the core will ensue due to the density effects. It 0
is therefore assessed that an increase of 60'F to the ECCS injection should not affect core inlet blockage
simulations.

0
0
0
0
0
0
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Table B-2 Subatmospheric Containment Loop Pressure Drop for Containment Pressure of 10 psia

Second Iteration

Pressure Density Enthalpy Density Enthalpy ihg
(psia) (Ibm/ft3 ) (Btu/ibm) (lbm/ft3) (Btu/Ibm) (Btu/lbm)

Sub cont.

14.4 59.854 179.25 0.036607 1150.7 971.45

10 60.281 161.36 0.026027 1143.8 982.44

average 60.0675 170.305 0.031317 1147.25 976.945

Dry

18 59.565 190.79 0.045103 1154.9 964.11

14.7 59.829 180.3 0.03732 1151 970.7

average 59.697 185.545 0.041212 1152.95 967.405

Pressure Ratio

1.290371

New P core (psia) Sub-atm DP (psia)

14.3 4.3

New P core less than 18 psia

Table B-3 Subatmospheric Containment Loop Pressure Drop for Containment Pressure of 12 psia
Second Iteration

Pressure Density Enthalpy Density Enthalpy hrg
(psia) j (lbm/ft 3) (Btu/lbm) (lbm/ft3) (Btudlbm) (Btu/lbm)

Sub cont.

15.9 59.729 184.32 0.040162 1152.5 968.18

12 60.074 170.16 0.030868 1147.2 977.04

average 59.9015 177.24 0.035515 1149.85 972.61

Dry

18 59.565 190.79 0.045103 1154.9 964.11

14.7 59.829 180.3 0.03732 1151 970.7

average 59.697 185.545 0.041212 1152.95 967.405

Pressure Ratio

1.14801

New P core (psia) Sub-atm DP (psia)

15.8 3.8

New P core less than 18 psia

(Note: All properties used in Table B-2 and Table B-3 were taken from NIST Thermophycial Properties

of Fluid [ 1 ]. Pressure drop ratios evaluated using average properties of core exit and containment

pressures)
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Assessment of blockage at core inlet

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

The flow distribution results were examined to determine if the flow through channels where the
resistance was ramped was indeed blocked and if the flow from the blocked channels enters the
unblocked channel, i.e.,. where the blocked core channel flow was diverted. The CD ramp of 109 at sump
switchover time completely blocks all flow into the blocked channels as expected. Also, a large increase
in the flow into the unblocked channels occurs at switchover time due to the flow diversion from the
blocked channels.

0
Next, the core inventory is examined. Figure B-9 displays the collapsed liquid level of an average
assembly core channel (channel 11 on Figure B-3). The figure shows a slight increase in the collapsed
liquid level occurring after the core is blocked for both Case I and Case 2. Similar to the core collapsed 0
liquid level, the total vessel liquid mass plotted in Figure B-10 shows that the vessel continues to increase
in liquid mass even after the core channels are blocked. The increase in the core liquid mass can be
attributed to the flow supplied to the core being in excess of the boiloff rate or from liquid inventory in
the upper plenum (UP) entering the core. The upper plenum global channel (area above upper core plate)
collapsed liquid level plotted in Figure B-1I shows UP inventory is available, however, countercurrent
flow limitation (CCFL) at the upper elevations of the core may restrict the UP inventory from entering the
core region. Predicted flow results are difficult to assess due to oscillations. In order to clearly present
the results, the flow figures plot the integral of the flow rates and examine the slopes of the figures to
draw conclusions. Figure B-12 plots the integral of liquid flow rate at the exit of the core. The core 0
outlet flow represents the HA, AVG, and GT core channels and the core inlet flow represents the LP core
channel. The lower vapor velocity in the LP channel allows the liquid from the UP to drain into the core
increasing the core liquid mass, aiding long term core cooling.

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

The different inlet flow between Case 1 and Case 2 shown in Figure B-I 3 can be explained due to the
difference in the resistance at the core inlet. The resistance ramp, which simulates debris build up,
effectively decreases the core inlet flow and causes the core liquid inventory to increase at a lower rate.
The core inlet flow rate is governed by the driving head in the downcomer and the amount of flow
resistance. The collapsed liquid level (CLL) for each downcomer (DC) channel is plotted in Figure B-14
through B-16. In Case 2, the DC CLL increases well before the DC CCL calculated for Case 1. The 0
increase in the downcomer CLL for Case 2 is calculated to occur due to the large resistance at the core
inlet.

0
0
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In Case 1, the DC CLL increases at a slower rate then Case 2. Although the resistance is ramped in
Case 1 to block 82% of the core flow area, significant flow is still able to enter the core without the
additional build-up of driving head in the downcomer. The higher core inlet flow rate for Case 1 shown
in Figure B-13 increases the UP liquid inventory and eventually increases the liquid flow rate in the loops.
The integral of the hot leg liquid flow rates for each loop are compared in Figures B-17 through B-19.
The increased loop liquid flow in Case I allows for 'some liquid inventory to flow through the steam
generators and eventually make it back into the downcomer, increasing the downcomer liquid level
starting around 1600 seconds (as shown in Figures B-14 through B-16) and increasing the driving head.
The build up of driving head explains the increase in the core inlet flow rate for Case I shown in
Figure B- 13.

Finally, the PCT of the hot rod is examined. The hot rod PCT vs. time is displayed in Figure B-20. WC/T
predicts the PCT to occur for both cases within the traditional LOCA analysis space. After roughly
300 seconds the core is quenched and no significant heatup occurs thereafter. Because no late heat up
occurs, the local maximum and core-wide oxidation calculations for traditional LOCA analyses are still
considered applicable. It is concluded that sufficient liquid can enter the core to remove core decay heat
once the plant has switched to sump recirculation with up to 99.4% core blockage.
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Figure B-9 Average Core Channel Collapsed Liquid Level for Case 1 and Case 2
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Figure B-11 Upper Plenum Global Channel Collapsed Liquid Level for Case 1 and Case 2

WCAP-16793-NP May 2007
Revision 0



0

0

0

0

0

0

0

0

0

0

0

B-19
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Figure B-12 Total Integrated Liquid Flow at the Top of the Core for Case 1 and Case 2
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Figure B-14 Broken Loop DC Channel Collapsed Liquid Level for Case 1 and Case 2
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Figure B-15 Intact Loop DC Channel Collapsed Liquid Level for Case 1 and Case 2
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Figure B-16 Pressurizer Loop DC Channel Collapsed Liquid Level for Case 1 and Case 2
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B.2 SUMMARY

The effects of 82% and 99.4% blockage of the core inlet flow area were examined using YWC/T. A
comparison between the calculated rates and the flow rate needed to match core boiloff showed ample
flow in the core to replace boiloff after core blockage occurred. Also, the PCT plot of the hot rod shows
the PCT occurs in traditional LOCA analysis space and after roughly 300 seconds the core is quenched
and no significant heatup occurs thereafter. Because no late heat up occurs, the maximum local and
core-wide oxidation calculations for traditional analyses are still considered applicable. It is concluded
that sufficient liquid can enter the core to remove core decay heat once the plant has switched to sump
recirculation with up to 99.4% core blockage.
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APPENDIX C
FUEL CLAD HEAT-UP BEHIND GRIDS
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C.1 INTRODUCTION O

This analysis was performed to determine the cladding temperature of a fuel rod behind a fuel grid when
the rod is coated with debris in a post-LOCA (Loss of Coolant Accident) recirculation environment. A
parametric study was performed to show the effects on the maximum temperature of the fuel rod behind a
grid strap caused by varying debris thickness and the thermal conductivity of the debris. This was done in
support of Task 5A of the Pressurized Water Reactor Owners Group (PWROG) Long Term Core Cooling
(LTCC) project in support of GSI-191 (Reference 1).

C.2 OBJECTIVE 00
The objective of this calculation is to demonstrate the maximum cladding temperatures calculated behind
fuel grid-straps under long-term core cooling conditions are acceptable, assuming no coolant flow
through the interstitial region between the grid strap and the fuel.

C.3 METHOD DISCUSSION O
A model of a single fuel rod was created in Solidworks® and imported into ANSYS. The model was cut
down to a "I quarter pie piece" in order to reduce the size of the model to be analyzed, while maintaining
symmetry. In order to conservatively model the convection, the clad was divided into 20 zones. To
preserve accuracy of this model, no convection was assumed to occur at the planes of symmetry. This
was done to ensure that the convection was modeled only on the outer surface of the fuel rod assembly,
and not on the surface of the cladding under the grids and the debris. A similar technique of dividing one
large portion of the modeled fuel rod into multiple smaller segments was used to simulate the layers of
debris in the runs using a thin debris layer (10 mils and under) in order to allow ANSYS to more easily
generate a mesh. Once in ANSYS, all bodies in the model were meshed using a refined mesh size of
0.05, in order to create a finer mesh while still allowing the program to complete the analysis in a
reasonable amount of time. 0
After the mesh was generated a constant heat flux was set on the entire inner surface of the cladding, and
convection heat transfer, with a constant convection coefficient, was set on the entire outer surface of the
rod assembly. The mission time (as defined in WCAP-16406-P) is 720 hours. In order to allow ANSYS
to accurately model the simu*lation, the minimum time step was set to 10 seconds, but the maximum time
step was set to 400 hours; this allows the simulation to speed up after steady state conditions have been
reached, but still ensures that the final conditions have been achieved, without having to perform multiple
runs for each scenario. Each model, with the exception of the clean rod, was run four times to collect dataSBTU
for debris thermal conductivities of 0.3, 0.5, and 0.9 hr*.-*OF-. A new model was also generated for

each debris thickness, from 5 to 50 mils.
0
0
0
0
0
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C.4 MODEL INPUTS

The values in the Tables C-I through C-4 are taken from the WCOBRA/TRAC (YC/T) model described
in Appendix B, thus providing for consistency between this calculation and the core inlet blockage

calculation. Table C-1 summarizes the physical dimensions of the fuel rod model. Table C-2 lists the
location of the standard and mixing vane grids modeled in this calculation. Table C-3 identifies the
location of spacer and mixing vane grids along the length of the fuel rod.

Table C-1 General Fuel Rod Dimensions

Dimension Value

Outer Cladding Diameter (in) 0.36

Cladding Thickness (in) 0.0225

Rod Length (in) 144

Grid Thickness (in) 0.018

Large Grid Length (in) 2.25

Small Grid Length (in) 0.475

Table C-2 Grid Locations

Grid Type Elevation from Base (in)

Large 24.57

Large 45.07

Large 65.67

Small 76.77

Large 86.17

Small 97.37

Large 106.77

Small 117.87

Large 127.27
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Table C-3 Fuel Rod Zone Description

Zone Begin (in) End (in) Description Debris

1 0.000 24.570 Clad - I No

2 24.570 26.820 Large Grid - I No

3 26.820 45.070 Clad - 2 No

4 45.070 47.320 Large Grid - 2 No

5 47.320 65.670 Clad - 3 No

6 65.670 67.920 Large Grid - 3 No

7 67.920 76.770 Clad - 4 No

8 76.770 77.245 Small Grid -1 No

9 77.245 86.170 Clad - 5 No

10 86.170 88.420 Large Grid - 4 No

11 88.420 96.000 Clad - 6a * No

12 96.000 97.370 Clad - 6b * Yes

13 97.370 97.845 Small Grid - 2 Yes

14 97.845 106.770 Clad - 7 Yes

15 106.770 109.020 Large Grid - 5 Yes

16 109.020 117.870 Clad - 8 Yes

17 117.870 118.345 Small Grid - 3 Yes

18 118.345 127.270 Clad - 9 Yes

19 127.270 129.520 Large Grid - 6 Yes

20 129.520 144.000 Clad - 10 Yes

• The clad modeled in Section 6 was segregated into two parts, Zone 11 and Zone 12. This was done to provide for the

simulation of oxide, crud and/or chemical product deposition over the fuel rod elevation extending from 96.000 inches to
144.000 inches. Therefore Zone 12 is modeled with a layer of material (oxide, crud and/or chemical product deposition)
while Zone 11 is modeled as a clean-surface fuel rod.
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Table C-4 lists the average values of the thermal hydraulic boundary conditions used for the single fuel
rod heat-up calculations. These values were taken from the WC/T output for the LOCA simulation at
1200 seconds after the initiation of the transient; the time of switchover from injection from the RWST to

recirculation from the containment sump. The values listed in the table are averages of the values taken at
multiple points along the surface of the fuel rod surface. The values listed in Table C-4 are derived from

the WC/T analysis described in Appendix B, the results of which bound post-LOCA long-term core
cooling clad temperatures for the entire US PWR fleet. Table C-5 lists the thermal properties of the
cladding material modeled in the WC/T analysis and were used for the fuel rod heat-up calculation
described in this Appendix. Table C-6 lists the range of values for the two input parameters that were
varied for the calculations described in this appendix.
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Table C-4 Heat Transfer Inputs

Input Value

Liquid Heat Transfer Coefficient r BTU 638.32
(hr *ft * F)

Vapor Heat Transfer Coefficient .rBTU 17.30

(hr *ft * FJ

Ambient Liquid Temperature ('F) 194.02

Ambient Vapor Temperature ('F) 224.95

Heat Flux, Outer Cladding Surface BTU 6508.93•,hr * ft 2 6589

Table C-5 Cladding Thermal Properties

k BTU Cp ( BTU

Temp ('F) (hr*ft*oF Ibm * O

200 7.984 0.07044

250 8.129 0.07183

300 8.274 0.07276

350 8.419 0.07356

400 8.564 0.07436

450 8.709 0.07516

500 8.854 0.07596

550 8.999 0.07676

600 9.144 0.07756

650 9.289 0.07836

700 9.434 0.07914

750 9.595 0.07979

800 9.860 0.08044
850 10.13 0.08109

900 10.39 0.08174

950 10.65 0.08239

1000 10.92 0.08303
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Table C-6 Variable Ranges

Property Lower Value Upper Value

Debris Thermal Conductivity ( BTU 0.1 0.9
(. * ft * F)

Debris Thickness (mils) 0 50

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

"Boron-induced Offset Anomaly (BOA) Risk Assessment Tool" is 0.5( BTU -I In order to perform a
K hr * ft * OF)

sensitivity study, values of 0.1, 0.3 and 0.9 hr BT were also analyzed. The crud thickness is
K hr * ft * 0F)

modeled up to a maximum value of 50 mils as this bounds what the operating plants would be expected
to experience.

C.5 ASSUMPTIONS

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

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

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

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

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

Grids are assumed to have the same thermal properties as cladding

Debris is assumed to have the same thermal properties as crud. The accepted EPRI Value for the

crud thermal conductivity is 0.5 r BTU )
K hr *ft * 0F)

0
0

0
0
S
0
0

0
0
0
0
0
0
0
S
0
0
0
0
0
0
0
S

0
0
S

0
0
0
S

0
SWCAP-16793-NP May 2007

Revision 0



9
0
0
0

0
0
S
0
0
0

0
S

0

0
0
0
0

0

0
0
0
0

S
0

0

0
0
0

C-7

C.6 RESULTS

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

Table C-7 Maximum Clad Temperatures (TMAX)

( BTU "
Debris Thermal Conductivity hr B ft * UF

0.1 0.3 0.5 0.9
Debris Thickness (mils) TMAX TMAX TMAX TMAX

0 260OF 260°F 260°F 260°F

5 - 2690F 2660F 2640F

10 305°F 277 0F 271OF 2660F

15 - 284 0F 275 0F 2690F

20 - 291OF 280OF 271OF

25 - 2970F 284OF 2740F

30 386OF 303°F 288°F 2760F

35 - 310°F 291OF 278°F

40 - 316°F 295 0F 281OF

45 - 322 0F 299'F 2830F

50 474°F 327°F 302'F 2850F

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

The temperatures calculated with this model are conservative. The calculation assumed no flow through
the grid. As noted in Section 2.1, it has been demonstrated that materials will not pack perfectly. Thus,
some coolant flow is expected to pass through the grid, cooling the clad surface. Not accounting for flow
through the debris captured between the grid and the clad provides for the calculation of a conservatively
high clad surface temperature.
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Temperature vs Thickness
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Figure C-1 Temperature vs. Deposition Thickness and Thermal Conductivity

Comparing these results to those of Appendix D, the corresponding Appendix D temperatures are
approximately 15'F to 86°F hotter. The reason for this is that the Appendix D analysis used a bulk fluid
temperature that was 25°F hotter, used a heat flux that was 25% larger, as well as considered oxide and.
crud layers, each 100 microns (4 mils) thick, in addition to a 50 mil layer of precipitate. Theseadditional
layers also contributed several 'F to the temperature increase predicted by the calculations described in
Appendix B.
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APPENDIX D
FUEL CLAD HEAT-UP BETWEEN GRIDS
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D.1 INTRODUCTION

The purpose of this analysis is to determine the cladding temperature of a fuel rod between fuel grids with
debris deposited on the clad surface in a post-LOCA (Loss of Coolant Accident) recirculation
environment. A parametric study was performed to show the effects on the maximum temperature of the
fuel rod due to deposited debris by varying debris thickness and the thermal conductivity of the debris. S
This was done in support of the Pressurized Water Reactor Owners Group (PWROG) Long Term Core
Cooling (LTCC) project in support of GSI-191 (Reference D-1).

D.2 DESCRIPTION 0

This appendix provides an engineering evaluation of the heat transfer behavior associated with fuel
cladding that has a coating or layering of chemical precipitants applied to the clad surface post-LOCA.
Theevaluation considers the radial temperature distribution of a fuel rod that has been coated with layers
of oxide, crud, and chemical precipitate. Boundary conditions are decay heat of the fuel and two-phase
thermal hydraulic conditions associated with the core in a post-LOCA environment..

The acceptance criterion used was the 800'F value identified in Appendix A. The temperature at the
oxide/clad interface was compared to the acceptance criterion; this location represented the OD surface of 0
the cladding. As noted in Appendix A, this temperature was chosen as autoclave testing has demonstrated 0
that it is a value below which excessive cladding oxidation and hydrogen embrittlement has been
demonstrated to not to occur.

D.3 METHODOLOGY
0

This analysis considered the cladding as being surrounded by concentric layers of oxide, crud and '0
chemical precipitate, with no gaps between them. The source of heat was decay heat in a post-LOCA
environment, and the section of rod analyzed was assumed to be fully exposed to a two-phase
liquid/vapor environment in the core. This analysis used the generic resistance form of the heat transfer 0
equation, for a radial coordinate system.

Figure D-1 provides a graphical depiction of the analysis model. 0

D.4 INPUTS/ASSUMPTIONS 0
* This analysis only considered heat conduction in the radial direction; no axial heat conduction

was assumed to occur. S
* This analysis did not assume the presence of any grid components. ,

* The fuel rod power value was assumed to be a constant value of 0.226 kW/ft. This is a
reasonable value for the peak power level at 20 minutes post-LOCA. 0

0
* The fuel cladding outside diameter was assumed to be 0.360 inches (a typical value for

Westinghouse fuel).

0

WCAP- 16793-NP May 2007

Revision 0 0
S



0
0
0

0

0

0

0

0
0

0
0

S
0

0,
S
0
0
0
0
0

0

0

0

S

S
S

D-3

The cladding material type does not factor into this evaluation, since the calculation uses the heat
flux at the cladding/oxide interface.

The total convective heat transfer coefficient was assumed to be a constant value of
650 BTU/hr-ft2 -OF. This is a reasonable value at 20 minutes post-LOCA.

The assumed conductive heat transfer coefficients were:

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

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

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

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

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

Precipitate

Crud

Convection

Cladding

Oxide

Figure D-1 Heat Transfer Model (not to scale)
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* The thickness of each material was assumed to remain uniform around the circumference of the
fuel rod:

- Oxide - Constant value of 100 microns (0.004 in) (based on upper bound of PWR Industry

experience).

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

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

* No contact resistance was assumed to exist between material layers.

The bulk fluid temperature (Too) was assumed to be 250'F. This is a reasonable and expected
value for the post-LOCA fluid temperature within the core.

D.5 RESULTS (TABLE/FIGURE)

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

Table D-1 Clad/Oxide Interface Temperature vs. Chemical Precipitate Thickness

kprecipitate

Chemical Precipitate BTU/hr-ft-'F

Thickness (mils) 0.1 0.3 0.5 0.9

0 273 0F 273 0F 273°F 273 0F

10 336 0F 293 0F 285°F 2790F

20 3960F 313°F 296 0F 286°F

30 453 0 F 331OF 308OF 291OF

40 508°F 350°F 318°F 2970F

50 560OF 367 0F 328 0F 302°F

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

D.6 SENSITIVITY CALCULATIONS FOR OTHER PWR FUEL DESIGNS

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

using the following fuel rod specifications:

0

0

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

These two cases, along-with the calculations for the 0.360 inch fuel rod, are expected to bound all PWR

fuel types.

Table D-2 lists the clad/oxide interface temperatures for these two sensitivity calculations.
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Table D-2 Clad/Oxide Interface Temperature vs. Chemical Precipitate Thickness

kprecipitate =

Chemical Precipitate 0.1 BTU/hr-ft-°F

Thickness (mils) 0.422" OD rod 0.416" OD rod

0 283.60F 283.60F

10 377.0°F 376.90F

20 466.40F 466.2 0F

30 552.1 OF 551.9 0F

40 634.50F 634.1 OF

50 713.80F 713.2 0F

D.7 SUMMARY

In all cases, the maximum surface temperature calculated for cladding between two grids, using
conservatively boundary conditions representative of those during recirculation from the containment
sump following a postulated LOCA, is less than 800'F. For the 0.360 inch diameter fuel rod, the
maximum temperature with 50 mils of precipitate on the clad OD is calculated to be less that 5600F. For
the 0.416 inch or 0.422 inch rods, the maximum temperature with 50 mils of precipitate on the clad OD is
calculated to be less that 715 0F. Thus, all current PWR fuel designs satisfy the 800'F acceptance basis
defined in Appendix A.

It is interesting to note that, assuming about a 10 mil precipitate layer (see the sample calculations of
precipitate given in Appendix E) for the thicker fuel rods, the maximum clad temperature is calculated to
be about 377°F. Thus, for a realistic thickness of precipitate, fuel surface temperatures are expected to be
below 4000F.

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

Comparing these results of Table D- I to those of Appendix C, the corresponding temperatures in the
Appendix D calculations are approximately 15'F-86F hotter. The reason for this is that the Appendix D
analysis used a bulk fluid temperature that was 25°F hotter than that used for the calculations of
Appendix C, used a heat flux that was 25% larger, as well as considered oxide and crud layers, each
100 microns (4 mils) thick, in addition to a 50 mil layer of precipitate. These additional layers also
contributed to the'slightly higher calculated fuel clad surface temperature increase.
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E.1 OBJECTIVE 0

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

after a Loss of Coolant Accident (LOCA).

E.2 INTRODUCTION 0
Pressurized water reactor containment buildings are designed to facilitate core cooling in-the event of a
LOCA. In some LOCA scenarios, the cooling process requires water discharged from the break and
containment spray to be collected in a sump for recirculation by the Emergency Core Cooling System

(ECCS) and Containment Spray System (CSS). The water in the sump will contain chemical impurities
and debris as the result of the interaction of the discharged coolant with containment materials. Major

classes of debris and chemical impurities include:

1. Insulation
2. Ablated structural materials such as concrete

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

In addition, the sump water will contain chemicals that are intentionally added for post-LOCA pH, 0
corrosion, and reactivity control:

0
1. Buffering agents, such as: 0

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

2. Boric acid S
0

3. Lithium Hydroxide

Boric acid is always added for reactivity control. It is usually combined with only one of the three

alkaline materials (NaOH, TSP, or NaTB) to adjust the pH of the coolant. This is done to promote iodine
retention and to reduce stress corrosion cracking. Small amounts of lithium hydroxide also will be found

in the coolant, since it is used for pH control during normal operation of the plant.

There has been much concern recently that fibrous and particulate debris within the sump after a LOCA
could collect on the sump screen and block the flow of cooling water into the core. There is also a

concern that debris could collect at other locations within the ECCS such as the fuel assembly grids. The
NRC identified its concern regarding maintaining adequate long-term core cooling in Generic Safety

Issue (GSI) 191 (Reference E-l). Generic Letter (GL) 2004-02 (Reference E-2), issued in September
2004, identified actions that utilities must take to address the sump blockage issue. The NRC's position is
that plants must be able to demonstrate that debris transported to the sump screen after a LOCA will not
lead to unacceptable head loss for the recirculation pumps, will not impede flow through the ECCS and

CSS, and will not adversely affect the long-term operation of either the ECCS or the CSS. Generic 0
0
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* Letter 2004-02 also identifies that all mitigating actions by plants be implemented by the end of
December 2007 if required to enable licensees to demonstrate acceptable ECCS and CSS performance.

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

within the core.

Westinghousepreviously developed a method for predicting post-LOCA chemical reactions and the
* formation of material that could block sump screens in WCAP-1 6530-NP (Reference E-3). This

0 methodology hasbeen reviewed by the NRC and the industry has been using it as a basis for
demonstrating adequate sump screen performance in plant-specific sump screen testing..

Recent concern related to post-LOCA chemical reactions has focused on the core. The NRC issued
S specific guidance for responding to this concern to the industry at the GSI-191 Resolution Status Meeting
* of February 7, 2007 (Reference E-4). The NRC asked that submittals intended to demonstrate the

viability of long-term core cooling should meet the following requirements specific to chemical effects

concerns:

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

3. The plate-out of deposits on the fuel rods should be considered
4. The effect of deposits on heat transfer should be estimated0

* The LOCA Deposition Analysis Model (LOCADM) has been developed to enable plants to address the
above concerns when documenting the viability of long term cooling for the NRC.

* E.3 DISCUSSION OF MAJOR ASSUMPTIONS0
5 The deposition method makes several assumptions that are conservative and, as a result, the predictions of

deposit thickness and fuel surface temperature should be considered to be bounding rather than
best-estimate.0
1. Deposits, once formed, will not be thinned by flow attrition or by dissolution.

2. No deposition takes place apart from the fuel heat transfer surfaces. A best estimate approach
* would have accounted for deposition on non-fuel surfaces such as the RHR heat exchangers and

surfaces in containment, resulting in thinner core deposits.0
3. The mass balance approach for determining material transport around the ECCS does not take

into account any moisture carry-over in the steam exiting the reactor vessel. Experimental
0 measurements simulating the post-LOCA environment indicate that concentration of non-volatile

material within the reactor vessel will be considerably reduced if moisture carryover is included
in the estimation. Not including boron in the moisture carryover is conservative but non-realistic.

0
0
0
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4. The effect of boiling point elevation due to the concentration of solutes is not currently modeled. 0
This simplification will result in an over-prediction of boiling in the core and thus any error
introduced by the simplification will be in the conservative direction.

0
5. Only species that have dissolved into solution or species that have dissolved and then precipitated

into suspended particles are considered. The transport of large debris particles from containment
and re-deposition of debris from fuel failures have not been included. Larger debris will either
settle or will be physically retained on the sump screen, the fuel assembly p-grids or other
locations where flow is restricted. This mode of blockage has been addressed in other sections of
this report.

6. All impurities transported into a deposit by boiling will be deposited at a rate that is equal to the
steaming rate times the coolant impurity concentration. When the temperature at the
oxide/deposit interface is below the boiling point, deposition is assumed to occur via convective
deposition rather than by boiling. S0

7. The non-boiling rate of deposit build-up is proportional to heat flux and is 1/80th of that of
boiling deposition at the same heat flux. This ratio is based on empirical data for mixed calcium
salts under boiling and non-boiling conditions (Reference E- 13).

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

E.4 DEBRIS DISSOLUTION AND CORROSION RATES 0
The chemical reactions of most concern for core deposition are those that release material into solution in
a form where it can bypass the sump screen, collect in the reactor vessel, and precipitate on heated fuel
cladding surfaces. The chemical reactions leading to the generation of such transportable material follow: 0
1. Corrosion or dissolution of system materials to directly produce a hydrous corrosion product that

does not settle.

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

4. Corrosion or dissolution of system materials followed by chemical reactions with other coolant
chemicals to produce hydrous precipitates that do not settle. 0

Corrosion or dissolution of system materials is a first step that is common to all of the reactions. Any
assessment of precipitation or deposition reactions within the post-LOCA environment must be able to
estimate the dissolution behavior of containment materials. 0
A method to estimate the dissolution of containment materials has previously been developed and has
been documented in WCAP-16530-NP (Reference E-3) The same equations and methods were used in
the LOCADM model to estimate the release of calcium, aluminum, and silicon from containment
materials. 0

0
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0
0 The dissolution model in WCAP-1 6530-NP was developed using a database of containment material

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

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

1. Aluminum

2. Concrete (Calcium Silicates)

3. CalSil (Calcium Silicates)
4. Nukon Fiberglass (E-Glass, Calcium Aluminum Silicate)
5. High Density Fiberglass (E-Glass, Calcium Aluminum Silicate)

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

8. Fiber Frax Durablanket (Aluminum Silicate)
9. Interam (Polymer Filled Aluminum Silicate Fiber with Aluminum Backing)

10. Carbon Steel (Iron)
11. Galvanized Steel (Zinc Coated Iron)

The deposition model includes all of these materials, with the exceptions of carbon steel and galvanized

steel, since the releases from these materials were low.

0The chemical effects dissolution model has been coupled with the deposition model so that the two
processes interact. Deposition in the core will increase the dissolution of material in the sump due to the

removal of dissolved material from the sump solution. Dissolution of material in the sump will increase
deposition rates in the core. LOCADM also assumes that the fluid in the sump and reactor are well
mixed, and the dissolution of calcium, aluminum or silicon from one material will inhibit the dissolution

0of calcium, aluminum or silicon from another material by the common ion effect. Specific interactions,
such as corrosion inhibition of aluminum by silicates or phosphates have not been included.

E.5 TRANSPORT OF COOLANT, DISSOLVED SPECIES AND SUSPENDED

*SOLIDS WITHIN THE ECCS0
The flow paths considered in this model are shown in Figure E-I.

Flows within the ECCS transport material primarily between two different coolant inventories, the sump
0and the reactor vessel (RV). It is assumed that the mass of any liquid in the piping or vapor in the steam

phase is negligible compared to the sump and reactor vessel masses. Coolant with impurities is moved
into and out of the reactor vessel or sump.

0 Two other coolant inventories are considered early in the LOCA, the refueling or borated water storage
*tank (RWST or BWST) and the sodium hydroxide spray additive tank (NaOH). The liquid masses
*available in these tanks is not specified in the LOCADM input, but implied by the flow rates and flow

times from each tank.
0
0
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Figure E-1 Flow Paths Modeled by LOCADM

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

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

The break flow is divided into five different components: the blowdown from the balance-of-plant
(BOPBlowdown), the reactor vessel liquid effluent (RVLqFIow), the steam exiting the reactor vessel
(RVSteamFlow), the recirculated injection flow that bypasses the reactor (RecircBypass), and the safety
injection flow from the RWST or BWST that bypasses the reactor (CleanSIBypass).

Inputs to the reactor vessel are the safety injection flows from the RWST or BWST (CleanSIFlow) and
the recirculated coolant safety injection flow (RecircLqFlow).
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The initial reactor vessel coolant mass (RVLqMass) is an input to the calculations as is the initial mass of
*fluid in the sump (SumpLqMass).

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

*(RecircBypass).S
The mass inventories of the pH adjustment chemicals as well as the impurities calcium, aluminum, and
silicon are maintained and adjusted every time step. From the mass inventories, concentrations are

0calculated and the concentrations are then used with various flows to determine the mass transport. The
concentration is calculated in ppm as illustrated in Equation E-1.

Cx = mx /MT * 1,000,000 (E-1)

where: Cx = concentration of species x in ppm.

0m,, is the mass of species x in the coolant inventory (e.g., kilograms Ca in the
*sump)

* mT is the total mass of liquid, dissolved and suspended material in the inventory
0

The mass flow of species x is then:

MassFlow, = C, * Flowrate * dt/1,000,000 (E-2)S
where: MassFlowx is the mass flow in kg during the time interval

Flowrate is the total flowrate in kg/s (e.g., RecircLqFlow)
dt is the time interval in seconds = I second0

5The steam flow from the reactor vessel (RVSteamFlow) is calculated for each time step as shown below:

RVSteamFlow = P0 * P/Po *dt/hfg (E-3)S
where: P. = 100% full core power before break (Watts thermal)

P/Po= core power fraction at beginning of the time step (Appendix K)
dt= time step = I second

hfg= standard enthalpy of vaporization (Joules/kg)S
5The steam flow is set to zero whenever the temperature of the reactor vessel liquid falls below the boiling

point by more than 1 degree Celsius. No correction is made for lower plenum subcooling, for the purpose
of conservatism. The coolant within the reactor vessel is all assumed to be at the same temperature.0

5
S
S
S
S
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The mass of liquid in the sump at the end of a time step (SumpLqMasse) in kilograms is determined by
adding all of the mass inflows and subtracting all of the mass outflows from the sump liquid mass at the
beginning of the time step (SumpLqMassi).

SumpLqMasse = SumpLqMassi + (IceMeltRate + NaTBFlow + TSPFlow +
Breakflow + SprayFlow - RecircBypass - RecircLqFlow) * dt (E-4) 0

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

RecircBypass = Breakflow - BOPBlowdown -

RecircLqFlow - CleanSIFlow - CleanSIBypass (E-5)

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

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

RVLqFlow = Breakflow - BOPBlowdown -

CleanSlBypass - RecircBypass - RVSteamFlow (E-6)

E.6 MODELING OF THE CORE 0
The deposition model divides the core into user defined nodes that differ in location and relative decay
power. The node is identified by region number and by axial location number. The software allows for as
many as 200 regions and each region can correspond to a single assembly, a traditional fuel region having
a particular enrichment and bum-up, or a group of rods, all with similar powers in different assemblies.
The axial location numbers refer to the axial location of a node with lower numbers corresponding to
higher elevations in the core. As many as 10 axial elevations can be defined, so the core may have as
many as 2000 nodes. The axial divisions are assumed to span the fuel pellet stack and to divide it into
nodes of equal height. For instance, a 12 foot high pellet stack might be divided into 3 axial nodes each
4 feet in height.

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

S
S
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Conservative values for region powers can be obtained with the distributions given in Table E-1. These
values were generated for various plant/fuel types in accordance with an approved multi-channel core

model (References E-7, E-8 and E-9).

Like the power distribution, the initial crud thickness and the initial zirconium oxide thickness are

specified for each node as described in the following section. A core average value is modified by

relative thickness for each region and axial location.
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Table E-1 Relative Power Distributions for Calculating Node Power

4-Loop Westinghouse NSSS

Relative
Power

1.80

1.60

1.23

0.20

Relative
Power

1.80

1.60

1.17

0.20

Relative
Power

1.80

1.60

1.19

0.20

Relative

Power

1.6

1.6

1

15x15 Fuel Array

Number of
Rods

1

203

30192

8976

15x15 Fuel Array

Number of

Rods
1

203

26112

5712

14x14 Fuel Array

Number of
Rods

178

17184

4296

Percentage of Relative
Rods Power

0.0025% 1.80

0.5156% 1.60

76.6839% 1.23

22.7979% 0.20

3-Loop Westinghouse NSSS

Percentage of Relative
Rods Power

0.0031% 1.80

0.6338% 1.60

81.5287% 1.17

17.8344% 0.20

2-Loop Westinghouse NSSS

17xi7 Fuel Array

Number of
Rods

263

39072

11616

17x17 Fuel Array

Number of
Rods

1

263

33792

7392

16x16 Fuel Array

Number of

Rods

234

22560

5640

Percentage
of Rods

0.0020%

0.5162%

76.6839%

22.7979%

Percentage
of Rods

0.0024%

0.6345%

81.5287%

17.8344%

Percentage
of Rods

0.0035%

0.8229%

79.3388%

19.8347%

S
S
0
S
0
0
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
0
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S

Percentage of
Rods

0.0046%

0.8218%

79.3388%

19.8347%

B&W NSSS

Percentage of
Rods

0.0027%

0.5623%

99.435%

CE NSSS

Relative
Power

1.80

1.60

1.19

0.20

Number of
Rods

1

207

36608

Relative
Power

1.65

1.56

1.0

14x14 Fuel Array

Number of
Rods

1

175

37916

Percentage of
Rods

0.0026%

0.4594%

99.5380%

Relative
Power

1.65

1.56

1.00

16x16 Fuel Array

Number of
Rods

1

235

41386

Percentage
of Rods

0.0024%

0.5646%

99.4330%
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*E.7 CALCULATION OF DEPOSITION MASS AND FUEL TEMPERATURE

Deposition of impurities on the fuel after a LOCA may occur by many different mechanisms. These
mechanisms include electrostatic attachment of particles, crystallization driven by supersaturation, and

*boiling deposition. Since the boiling deposition mechanism results in the most rapid deposit growth and
forms the most tenacious deposits, the LOCADM model assumes that all deposition occurs through the
boiling process if conditions at a core node predict. any boiling. All impurities transported into the deposit
by boiling are assumed to be deposited at a rate proportional to the steaming rate.

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

The cladding surface just after the LOCA will start out with both a protective oxide layer and also a
pre-existing crud deposit that was formed during normal operation. Both will have some porosity, but the

Scrud deposit will be highly porous, with pore spaces composing about 60 percent of the deposit volume.
The large pores are referred to as boiling chimneys and they typically are 2-5 microns in diameter. The
smaller pores are sub-micron in size.

*The coolant along with impurities will be wicked through the small pores. Boiling does not take place in
0the small pores, because of the boiling point elevation caused by surface stabilization of the liquid

,.(capillary action). However, at the base of the larger chimneys, the coolant is converted to steam which
exits through the top of the chimney into the coolant. Non-volatile species near the saturation limit will
precipitate within the boiling deposit since such species cannot be transported into the steam phase, and
they concentrate within the pores. High solubility species will not precipitate, and their concentration is

5limited by back-diffusion into the coolant or transport along the chimney walls. This process has been
*studied extensively as described in References E-10 through E-12.

As the pores fill at the base of the original crud layer with newly formed crystals, the original crud layer
*will be pushed out, and the total deposit thickness will increase. This process often happens in steps, with

crevices forming under the deposit which are quickly refilled by new crystal growth. The growth in
*deposit thickness will further insulate the cladding surface, so boiling within thick scale will continue

even when the bulk coolant temperature falls below the boiling point.S
5Westinghouse thermodynamic predictions suggested that in the post-LOCA environment, the chemical
*compounds that deposit on the fuel would include: Ca2B 2O5 , AIOOH, and CaAl 2Si 3O01 (OH)2.

Calculations by AREVA NP using a thermodynamic equilibrium code (see Appendix F) suggested that
0NaAlSi 3O8 , Ca 3(BO 3)2, Na4SiO 4, AI(OH) 3 and SiO2 may also precipitate.0

Suspended matter such as small particles of calcium phosphate would be drawn into the deposit by the
boiling mass flux and retained on or within the deposit. Most of the particles would be deposited in the
outer portion of the deposit and would not be bonded as tightly as dissolved material that precipitated

*within the deposit. This is one of the reasons why sodium phosphates are often used in boiler water
conditioning. However, for the purpose of conservatism, the LOCADM model assumes that all

*suspended solids that are drawn into the deposit will remain as part of the deposit.

*The following process is used in LOCADM to determine the quantity of the deposit for each node.0
0
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First, the temperature at the zirconium oxide/deposit interface is calculated using

To/d = Q/A * (xc/kc +x1/k1 + 1/h) + T, (E-7)

where:
To/d =Temperature at the oxide/deposit interface (K)
T, =temperature of the coolant (K)
Q =heat transfer rate (watts) for node
A =node area (M2)

x, =thickness of the original crud layer (m)
x, =thickness of the LOCA scale layer (m)
kc =thermal conductivity of the original crud layer
k, =thermal conductivity of the LOCA scale layer
h =heat transfer coefficient for thermal resistance of coolant at boundary layer

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

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

0
The mass of each impurity element deposited during a time step is calculated simply by multiplying the
steaming rate times the concentration of that species.

wn = Q * dt * Ci /hfg (E-8)
0

where: wn =deposit mass for time step in node
dt =time step = 1 second
hfg =standard enthalpy of vaporization (joules/kg)
Q =heat transfer rate (watts) for node
CQ =concentration of species "i" (kg/mi3)

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

0
dx = w,/(D * A) (E-9)

where: dx is the increase in the deposit thickness for the node
D = density in kg/mi3

A = area of the node in m2

0
0
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If the fuel surface is not boiling, the deposition is assumed to be 1/80th the mass that would have been
deposited had all of the heat transfer occurred by boiling. This ratio is based on empirical data for mixed
calcium salts under boiling and non-boiling conditions (Reference E-13).

- Coolant with Impurities
- Pure steam

Coolant with Impurities Cladding, Cladding Oxide and
Original Crud before Recirc

Pre-existing Crud

ddin2 Oxide
Cladding

Densification

Pore Filling

K, 0 0 Deposit cracking and under-scale
growth of LOCA scale

LOCA Scale

Figure E-2 Deposit growth process assumed by LOCADM when core is boiling.
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The values used for initial oxide thickness and initial crud thickness could either be plant-specific
estimates based on fuel examinations that have been performed, or they could be limiting values from
industry surveys. For the default version of the model, a limiting thickness of 100 microns (4 mils) for
twice- or thrice-burned fuel was assumed, and a limiting thickness of 50 microns (2 mils) for once-burned
fuel was used (Reference E-14). Crud thickness were limited to 127 microns (5 mils), the thickest crud
that has been measured at a modem PWR (Reference E- 15).

The thermal conductivity value for zirconium oxide used in fuel rod design is 1.61 BTU/hr-ft-0 F or
2.79 W/m-K (Reference E-16). This value is recommended for LOCADM modeling.

The limiting value for the thermal conductivity of PWR crud is 0.3 BTU/hr-ft-0 F or 0.52 W/m-K
(Reference E-17). This is also a reasonable value for LOCA scale that is rich in calcium. The thermal
conductivity of boiler scale deposits has been measured, and values of 0.29 and 0.55 BTU/hr-ft-°F
(0.50 and 0.96 W/m-K) have been reported for calcium-rich deposits (Reference E-18). Thus, a value of
0.3 BTU/h-ft-°F (0.52 W/m-K) is recommended for the LOCA scale thermal conductivity input if calcium
is the primary coolant impurity.

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

0
Densities of 147 to 155 lb/ft3 (2350 to 2640 kg/m3) have been reported for calcium carbonate and calcium
hydroxide deposits formed under boiling conditions (Reference E-18). Since calcium, aluminum, and
silicon may bond with other RCS chemicals such as phosphate and borate, this number should be reduced
significantly to introduce conservatism into the prediction of LOCA scale thickness. Measurements on
cross-sectioned calcium sulfate scale have shown (Reference E-10) that the density varies from 12.5 to
106 (200 to 1700 kg/m 3) across the thickness of the deposit with an average of 62 lb/ft3 (1000 kg/m3)

(Reference E- 19). LOCADM requires density to be input in Ibm Ca, so the values above should be
reduced by the ratio of the calcium atomic weight to the compound molecular weight, about 0.3. A value
of 35 lb/ft3 is used as the default for LOCADM.

E.8 VALIDATION OF LOCADM S
Large scale experiments designed to simulate dissolution and corrosion of containment materials,
followed by deposition on the core have not been performed. However, there are ways in which different
components of the model can be validated. 0
Without any heat flux in the core, the model should predict the same dissolution behavior as the chemical
effects model in WCAP-16530-NP (Reference E-3). This was found to be true for aluminum and all of
the insulation materials.

0
0
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The LOCADM model should predict the same the boron transport behavior as other LOCA codes that
have been fully qualified. It was tested against SKBOR, a safety code used to predict boron build-up in
the core for a cold-leg break with cold-leg injection. LOCADM predicted that the boric acid
concentration would increase to 23.53 weight percent, the hot leg switchover point, in 7.6 hours while

SKBOR version 7 predicted that 8.0 hours would be required. The agreement was considered to be
adequate, since the two codes use different standard decay heat curves as a basis for calculation of core
boiling.

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

Calcium sulfate was deposited on an electrically heated tube in a laboratory test reported by Brahim et al.

(Reference E- 19) In the test, a calcium sulfate solution near saturation entered a tube at 80°C (1 76°F) and
was heated causing precipitation on the heat transfer surface. The temperature of the heat transfer surface

was monitored with time as the calcium sulfate precipitated. The heat fluxes were high enough to cause
boiling within the deposits, according to the author's calculations. The fouling resistance was calculated

and plotted.

The agreement between the LOCADM calculations and the Brahim experiment are shown in Figure E-3.
The LOCADM deposition rate of 1.69 x 10-4 m2-KIW-hr was equal to the highest deposition rate
recorded experimentally. During most of the test, the deposition rate was about 5 times lower than the
LOCADM calculation, demonstrating the conservatism in the LOCADM model.
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Figure E-3 Experimental Fouling Resistance for Calcium Sulfate Deposition (3) Compared to the
LOCADM Calculated Fouling Resistance
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E.9 EXAMPLE RUN OF LOCADM MODEL

The LOCADM code was run with input conditions simulating a 3188 MW thermal PWR with a high
fiberglass debris loading (7000 ft3) and a large quantity of calcium silicate debris (80 ft3). A hot leg
switch-over time of 13 hours was assumed. A value of 0.11 BTU/hr-ft-°F was used for the thermal
conductivity of the LOCA scale. The results are shown in Figure E-4 where the maximum scale thickness
in the core has been plotted for a 30 day period. The maximum scale thickness was 257 microns
(10 mils). The maximum fuel temperature after recirculation was started was 324°F. Thus long term core
cooling was not compromised.
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Figure E-4 Maximum scale thickness values for a PWR with high fiber and Calsil debris

*E.10 CONCLUSIONS

*The methodology presented here is intended to provide a plant-specific method through use of the
LOCADM model to evaluate core deposition, which meets the NRC requirements for predicting
post-LOCA deposit formation on the core. Also, it is expected that most plants using this methodology
will be able to demonstrate acceptable long-term core cooling in the presence of core deposits.
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APPENDIX F
SUPPORTING SOLUBILITY AND PRECIPITATION CALCULATIONS

Prepared by:

Brian G. Lockamon
Paul A. Sherburne
AREVA NP, Inc.
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F.1 PURPOSE

AREVA NP Inc. has been contracted to provide support to Westinghouse as part of a Pressurized Water
Reactor Owners Group (PWROG) program to address potential precipitation of species dissolved in the

reactor building sump following a Loss of Coolant Accident (LOCA). The purpose of this calculation is
to provide solubility/precipitation calculations of the post-LOCA coolant under sump and core conditions.

The results of this calculation will be used to validate a number of assumptions incorporated into the
response to Task 5B (Core Conditions) of the PWROG project.

F.2 ANALYTICAL METHODOLOGY

The solubility calculations were performed using the OLI Systems, Inc., StreamAnalyzer TM software.

StreamAnalyzerTM has been developed by OLI over 30 years and is used extensively in the petrochemical
and the oil and gas industries. The current OLI Databank includes thousands of species, including 79
elements of the periodic table and over 3,000 organic compounds. The recent use of StreamAnalyzerTm in
the nuclear industry includes Version 1.2 being qualified for the high-level waste project by the Center for
Nuclear Waste Regulatory Analyses in 2003. The qualification of StreamAnalyzerlM Version 1.2 for
thermodynamic modeling of debris components under post-LOCA sump conditions followed in 2005 and
was reported in NUREG/CR-6873.

For this evaluation, the OLI Thermodynamic Framework and the Aqueous Chemistry Model were
utilized. These systems provide accurate prediction of multi-component aqueous systems including
aqueous liquid, vapor, organic liquid, and multiple solid phases over the general range of 0 to
30 molal, -50 to 300'C, and 0 to 1500 Bar. Computed thermodynamic properties such as pH, ionic
strength, enthalpy, density, and osmotic pressure are supplied automatically. 0
The results of these calculations are expected to be valid for the chemical species present at the sump and

core conditions up to a solute concentration of 50 mole percent. Because OLI is a thermodynamic
equilibrium code, other factors (i.e., kinetics, inhibitions of crystal nucleation, etc.) are not considered.
However, these factors, if present, would normally serve to inhibit precipitation; therefore, the OLI
calculation would be expected to be conservative.

F.3 KEY ASSUMPTIONS

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

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

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

0
0
0
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Finally, no species-specific interactions that could potentially influence crystal nucleation and
growth are considered. As a result, certain rare reactions that inhibit precipitation are not
replicated, thereby making the calculation results conservative.

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

F.4 INPUTS SUMMARY

The solubility calculations were performed for four "Runs" as summarized in Table F-1. The inputs were
selected to be reasonably representative of the expected post-LOCA conditions and, as such, are not
intended to be bounding of all plants and scenarios.

Table F-i Input Summary for Solubility Calculations

Parameter Run 1 Run 2 Run 3 Run 4

Sump Temperature 220°F 150°F 220°F 150°F

Fuel Surface Temperature 260°F 212°F 260°F 212'F

Pressure 40 psia 40 psia 40 psia 40 psia

pH @ 25°C 10 10 7 7

Input Ca (ppm) 15 133 15 133

Input Al (ppm) 17 80 17 80

Input Si (ppm) 69 156 69 - 156

Input H3B0 3 (ppm) 14,300 14,300 14,300 14,300

Input LiOH (ppm) 0.69 0.69 0.69 0.69

Input Oxygen (ppm) 2 4 2 4

Input Hydrogen (ppm) 0.01 0.01 0.01 0.01

pH Modifier NaOH NaOH Na2 B4 07 Na 2B 407

Concentration Factor for 20() 1 20() 1
Evaporation

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

solution concentrates.

In addition to the inputs provided in Table F-I, the mass of the input (sump) stream, the mass of the core
feed that is vaporized, and the mass of the residual core liquid is needed to predict the mass of
precipitates. These input values were selected based on sump mass, reactor inventory, and steaming
information. The stream masses utilized in this evaluation are provided in Table F-2.
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Table F-2 Steam Masses Utilized in Solubility Calculation

Parameter Run 1 Run 2 Run 3 Run 4

Sump Inventory (kg) 2,200,000 2,200,000 2,200,000 2,200,000

Total Core Feed (kg) 570,000 2,200,000 570,000 2,200,000

Core Residual After Steaming (kg) 145,000 N/A 145,000 N/A

F.5 RESULTS, SUMMARY/CONCLUSION

The following sections summarize the pertinent results for the solubility calculations.

F.5.1 Run 1 Results

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

Based on the OLI software, approximately 100% of the Al and 77% of the silicon in the sump are
predicted to precipitate as NaA1Si 30 8 upon addition of the pH modifier (NaOH). No precipitation of
calcium is predicted. No additional precipitation is predicted as the sump liquid is heated to core
temperatures.

As the coolant boils in the core, up to a concentration factor of 20, 100% of the Si and 81% of the Ca in
the core inlet fluid is predicted to precipitate as Na 4SiO4 and Ca3(BO 3)2, respectively. However, no
additional precipitation is expected as the residual coolant is allowed to cool to 212'F.

A summary of the steam quantities, precipitation quantities, and the residual solution chemistries are
presented in Table F-5.1.

Table F-5.1 Calculation Run 1 Results Summary

Heat to Core
Temperature

Sump (220'F) (260°F) Boil to CF 20 Cool to 212'F

Stream Mass (kg) 2,200,000 570,000 570,000 145,000

Precipitates (kg) NaA1Si3O8 : 361.1 None Ca 3(BO 3)2: 13.7 None
Na4 SiO 4 : 59.0 kg

Residual Solution CaO 20.8 CaO 20.8 CaO 65.1 CaO 65.1
Conc. (ppm) LiBO2  1.4 LiBO 2  1.4 LiBO 2  23.9 LiBO 2  23.9

NaB5O8  3,144.3 NaB5O8 3144.3 NaB5O8  54534.1 NaB5O8  54534.1
NaBO 2  10,069.9 NaBO2  10069.9 NaBO2  165964.0 NaBO 2  165964.0
02 1.9 02 1.9
SiO 2  33.8 Si0 2  33.8

pH 9.2 9.1 10.2 10.4
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F.5.2 Run 2 Results

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

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

A summary of the steam quantities, precipitation quantities, and the residual solution chemistries are
presented in Table F-5.2.

Table F-5.2 Calculation Run 2 Results Summary

Sump (150'F) Heat to Core Temperature (212 0F)

Stream Mass (kg) 2,200,000 2,200,000

Precipitates (kg) AI(OH) 3: 173.1 None
NaAISi 3O8: 1,060.7

Residual Solution Conc. (ppm) A120 3  5.0 A120 3  5.0
CaO 185.0 CaO 185.0
LiBO 2  1.4 LiBO 2  1.4
NaB5O 8  3439.4 NaB5O 8  3439.4
NaBO 2  9605.2 NaBO 2  9605.2
SiO 2  0.1 SiO 2  0.1

pH 9.4 9.2

F.5.3 Run 3 Results

Run 3 addresses the time period immediately following a large cold-leg break up until Hot Leg Switch
Over (HLSO) is initiated. While HLSO is typically accomplished 6-8 hours after such a break, the sump
chemistry is based on the 24-hours corrosion/leaching values for conservatism. This calculation case uses
Na 2B40 7 to adjust the sump fluid pH to 7 at 25'C.

Based on the model predictions, approximately 100% of the Al and 77% of the silicon in the sump are
predicted to precipitate as NaAlSi 30 8 upon addition of the pH modifier (Na2B4O7). No precipitation of
calcium is predicted. No additional precipitation is predicted as the sump liquid is heated to core
temperatures.

As the coolant boils in the core, up to a concentration factor of 20, 90% of the Si in the core inlet fluid is
predicted to precipitate as Si0 2. Upon cooling the reactor contents to 212'F, another 40% of the
remaining silicon inventory is expected to precipitate as Si0 2. For this case, no precipitation of calcium is
predicted.
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A summary of the steam quantities, precipitation quantities, and the residual solution chemistries are
presented in Table F-5.3.

Table F-5.3 Calculation Run 3 Results Summary

Heat to Core
Temperature

Sump (220'F) (260°F) Boil to CF 20 Cool to 212'F

Stream Mass (kg) 2,200,000 570,000 570,000 145,000

Precipitates (kg) NaAISi3O8 : 363.0 None SiO 2: 17.3 SiO 2: 3.4

Residual Solution B(OH)3  11877.2 B(OH) 3  11877.2 B(OH)3  196712.0 B(OH)3  196716.0
Conc. (ppm) CaO 21.0 CaO 21.0 CaO 347.2 CaO 347.2

LiBO 2  1.4 LiBO2  1.4 LiBO2  23.7 LiBO 2  23.7
NaBO8 2742.4 NaB5O 8  2742.4 NaB5O8  45419.9 NaB5O8  45420.9
SiO2  34.0 Si0 2  34.0 SiO 2  58.4 SiO 2  35.1

pH 7.1 7.1 4.7 4.6

F.5.4 Run 4 Results

Run 4 addresses the sump and core conditions during long-term cooling following a LOCA. The sump
chemistry is based on corrosion/leaching calculations for 30 days following a LOCA. Na2B 40 7 is used to
adjust the sump fluid pH to 7 at 25°C.

Based on the OLI thermodynamic data, approximately 100% of the Al and 100% of the Si in the sump is
predicted to precipitate when the pH modifier (Na 2B 40 7) is added. No additional precipitation is expected
as the coolant is heated to core temperature (212 0F) provided that boiling is not occurring in the core.

A summary of the steam quantities, precipitation quantities, and the residual solution chemistries are
presented in Table F-5.4.
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Table F-5.4 Calculation Run 4 Results Summary

Sump (150'F) Heat to Core Temperature .(212°F)

Stream Mass (kg) 2,200,000 2,200,000

Precipitates (kg) AI(OH) 3: 191.0 None
NaAlSi 3O8 : 1,066.7

Residual Solution Conc. (ppm) B(OH)3  13353.1 B(OH) 3  13353.1
CaO 186.0 CaO 186.0
LiBO 2  1.4 LiBO 2  1.4
NaB5O 8  1293.6 NaB50 8  1293.6
Si0 2  0.1 Si0 2  0.1

pH 7.1 7.0
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