
_ _ _ _ _ _ _ _. _. .

,

!
i

i INEL-95/0608
,

!
t
1

! May 1996
4
-

i
!

1

!

m
. Aissionaf

| Enomewke TECHNICAL EVALUATIONREPORT '

n:W, c:' - WESTINGHOUSEiCODEiN, ,

1
'

. QUALIFICATIO,N.iDOCUM.ENTFOR~
.

. . -

BESTESTIMATELOSSIOFCOOLANT
! ACCIDENTANALYSIS, WCAP-12945-P-

i
;

i
i
s

i
( ,

t
1

i |

i

i
i
i

C. P. Fineman-

C. L Atwood
D. S. Lucas
L W. Ward -

2.r. .
,.- #*w w ~

N?763.. . -
s

-

'

I , * - -
._ .

,

'# ''
, . ' ' D' '.' '

,

? - .{t ' h' '
:

' . ?;~'-f . , 'Q - i
-

. J: ;- - .-
j ,7.., ,-

. ; .' .
.

.

i
1

m rm c --1.

1

k 9607050128 960628
PDR TOPRP EMVWEST

j C PDR
:

. - - .



INEL-95/0608

.

TECHNICAL EVALUATION REPORT
WESTINGHOUSE CODE QUALIFICATION DOCUMENT

-

!-

FOR

BEST ESTIMATE LOSS OF COOLANT ACCIDENT ANALYSIS
WCAP-12945-P

.

.

C. P. Fineman !C. L. Atwood
|

D. S. Lucas
L. W. Ward

Published May 1996
{
1

l

|

Idaho National Engineering Laboratory
Nuclear Regulatory Support Programs Department

Lockheed Idaho Technologies Company
|Idaho Falls, Idaho 83415

Prepared for the
U.S. Nuclear Regulatory Comission

Washington D.C. 20555
Under DOE Contract No. DE-AC07-941D13223
JCN L1696, Task Order 7, TAC No. M81712



-. -- . - . - .

.

!

:

f ABSTRACT

i
The Idaho National Engineering Laboratory (INEL) reviewed the five ~

;- volume topical report Code Oualification Document for Best Estimate Loss of

| Coolant Accident Analysis, WCAP-12945-P. The review evaluated Westinghouse's
realistic methodology for large-break loss-of-coolant accident (LBLOCA)

! analysis to determine the performance of emergency core cooling systems (ECCS)
following a LBLOCA. The methodology will be applied to Westinghouse three-,

and four-loop pressurized water reactors (PWRs) with cold leg injection.
Because of the realistic approach to determining the performance of the ECCS,
the INEL evaluated conformance of the methodology described in WCAP-12945-P to

Nuclear Regulatory Commission. requirements in 10 CFR 50.46; guidance in
Regulatory Guide 1.157 (RG 1.157); and the Code Scaling, Applicability, and
Uncertainty (CSAU) methodology. Based on the INEL review of the information

.

provided by Westinghouse in WCAP-12945-P, responses to NRC questions, and

special submittals, the INEL recommends the Westinghouse realistic methodology
be approved subject to certain suggested restrictions. This recommended
approval is for LBLOCA analyses in Westinghouse three- and four-loop plants
with cold leg ECC injection.

.

JCN 16% - Technical Assistance in Support of the Reactor Systems Branch
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SUMMARY t

I

This report documents the review of the Westinghouse realistic ~

methodology for analyzing the performance of emergency core cooling systems

| (ECCS) following a large-break loss-of-coolant accident (LBLOCA). The method
. will be used to analyze Westinghouse three- and four-loop pressurized water

! reactors (PWRs) with cold leg injection.
t

| ~
The Westinghouse realistic LBLOCA methodology uses the WCOBRA/ TRAC,

i

| computer program to perform realistic LBLOCA licensing analyses. MCOBRA/ TRAC )
4

is Westinghouse's version of the Nuclear Regulatory Commission (NRC) developed

COBRA / TRAC code. Westinghouse uses this p'rogram to perform integral analyses I

of the system thermal-hydraulic and hot rod response from blowdown through|

reflood. In addition, the methodology determines and applies the
calculational uncertainty to the calculated peak cladding temperature. The
methodology is used to show compliance with the acceptance criteria of

| 10 CFR 50.46 using methods that conform to NRC guidance in Regulatory Guide
1.157 (RG 1.157). Westinghouse submitted the methodology to the Office of
Nuclear Reactor Regulation for approval. The Office of Nuclear Reactor

Regulation requested assistance from the Idaho National Erejineering Laboratory
~

(INEL) in reviewing the methodology.

The INEL reviewed the methodology using the information provided by
Westinghouse in the five volume topical report, Westinohouse Code
Qualification Document for Best Estimate loss of Coolant Accident Analysis,

,

WCAP-12945-P, in Westinghouse's responses to NRC questions, and other special
Westinghouse submittals. Based on this review, the INEL recommends the
Westinghouse realistic methodology be approved subject to certain suggested

; restrictions. This recommended approval is for LBLOCA analyses in
Westinghouse three- and four-loop pitnts with cold leg ECC injection.

|

5
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TECHNICAL EVALUATION REPORT

WESTINGHOUSE CODE OVALIFICATION DOCUMF,N_T

| FOR
'

BEST ESTIMATE LOSS OF COOLANT ACCIDENT ANALYSIS

,
WCAP-12945-P i

'

i

, 1. INTRODUCTION

In 1988, the Nuclear Regulatory Commission (NRC) revised 10 CFR 50.46218

to allow the use of realistic /best estimate (BE) computer models in
calculating . emergency core cooling system (ECCS) performance. The approach

allowed realistic computer models to be used to calculate a nuclear power
plant's response to a large-break loss-of-coolant accident (LBLOCA) provided
the uncertainty in the calculated results was determined. The uncertainty was I

to be added to the calculated results, including the peak cladding temperature 1

(PCT), when comparing the ECCS performance to the requirements of

10 CFR 50.46. Westinghouse submitted to the NRC a realistic methodology for
performing LBLOCA analysis of Westinghouse three- and four-loop pressurized
water reactors (PWRs) with cold leg injection.1 In the following discussion,
Reference 1 is referred to as the CQD. The methodology is based on the
WCOBRA/ TRAC code that Westinghouse developed from the NRC's COBRA / TRAC2

computer program.
'

The realistic LBLOCA models are designed to show conformance of the ECCS

to 10 CFR 50.46 requirements. Westinghouse submitted the methodology to the
NRC for review and acceptance as a method to analyze LBLOCAs in a manner that

conforms to NRC requirements in 10 CFR 50.46; guidance contained in Regulatory
Guide (RG 1.157);217 the Code Scaling, Applicability, and Uncertainty (CSAU)
methodology;'l and other pertinent NRC documents.

The Office of Nuclear Reactor Regulation (NRR) is responsible for the
evaluation and review of computer codes and their proposed applications. The
Office of Nuclear Reactor Regulation requested the Idaho National Engineering

| Laboratory (INEL) to provide assistance in the review of the Westinghouse
'

methodology. Specifically, the request for assistance included evaluating the
method for compliance with the guidance contained in RG 1.157, and how the

1

. _ _ _ _ _ _ _ _



method would be used to meet the requirements and acceptance criteria of
10 CFR 50.46.

|
*

Related to the above reviews, NRR also requested INEL review and

evaluate Westinghouse's responses to NRC questior.s regarding their realistic
LBLOCA modeling applications. The NRC questies were transmitted to
Westinghouse in References 3 to 6. Westinghoun's responses to those
questions are contained in References 7 to 53, 190, 203, 205, 206, 214, and
215. Westinghouse also made several special submittals to the NRC on their
realistic LBLOCA methodology. These submittals are contained in References 54

i,

|to 60 and 213. At the Staff's request, INEL reviewed the infcrmation provided
by Westinghouse in the special submittals.

'

1

This technical evaluation report documents the results of INEL's review
| of the Westinghouse realistic LBLOCA methodology for licensing analyses of !

| Westinghouse three- and four-loop PWRs with cold leg injection. Section 2
discusses a comparison of the Westinghouse methodology to the CSAU

methodology, and Section 3 discusses Westinghouse's phenomena identification

and ranking table (PIRT). Sections 4 and 5 discuss Westinghouse's methodology
regarding code assessment and plant nodalizations. Section 6 gives an '

overview of the Westinghouse methodology (methodology roadmap), the details on
Westinghouse's assessment of code / experiment accuracy, and discusses the

! methods used to analyze propagation of uncertainty. Sections 7 discusses the
effects of scale, and Section 8 discusses how Westinghouse accounts for the
effects of reactor input and state. Section 9 describes several other aspects

! of Westinghouse's methodology (WCOBRA/ TRAC code description, uncertainty

distribution review, handling of split breaks, and the HOTSPOT (Reference 31)
model). Sections 10 discusses how the method meets the guidance of RG 1.1.57

| and addresses range of applicability. Compensating error analyses are
'

discussed in Section 11. Reviews of the MCOBRA/ TRAC countercurrent flow
limitation (CCFL), accumulator nitrogen, and minimum film boiling temperature
models are found in Section 12. Section 13 summarizes how the Westinghouse
method complies with 10 CFR 50.46. Section 14 provides a summary of the
review status, and the references are listed in Section 15. Appendix A
contains the details of the MCOBRA/ TRAC code review, Appendix B contains the
details of the INEL review of the WCOBRA/ TRAC code assessment, Appendix C

i

2

|
,



. . .. _ _ _ _ _ _ . _ - - . . . _ _ __ __ _ . _. . . -.

compares the Westinghouse methodology to RG 1.157, and Appendix D summarizes

the INEL review of the Westinghouse dispersed flow film boiling model.
.

! 10 CFR 50.46 requires that it be shown that the ECCS criteria set forth
in the regulation are not exceeded with a high level of probability. Based on

the recommendation in RG 1.157, tne INEL review used a 95% probability level.

as the basis for a high level of probability.
.

%

.

%

4
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.
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|
2. WESTINGHOUSE METHODOLOGY AND CSAU COMPARISON;

! '

In Reference 54, Westinghouse submitted a comparison of its realistic -

| LBLOCA methodology based on WCOBRA/ TRAC to the CSAU methodology

(Reference 61). This section summarizes that comparison and, where

appropriate, references the sections in this report that describe the
Westinghouse methodology and the INEL review in more detail. The information
is presented by following the three elements and 14 steps in the CSAU

( methodology.

2.1 Element 1 - Reauirements and Caoabilities -

| This element consists of the first 6 steps of the CSAU methodology.
These steps are intended to determine the scenario modeling requirements and

compare them to computer code capabilities to determine the applicability of
the computer code to the particular scenario. Element 1 is also used to

j
identify potential limitations.

|
2.1.1 Sten 1. Specify the Scenario |

The capabilities of a computer code are scenario dependent. For
example, the requirements to properly calculate a LBLOCA are different from a
small-break LOCA. This is because the dominant phenomena and processes are I

different. Therefore, the first step in the CSAU methodology is to specify
the scenario being considered.

The CSAU and Westinghouse realistic methodologies selected the LBLOCA.
In identifying the specific scenario being considered, Westinghouse fulfilled
CSAU Step 1.

2.1.2 Sten 2. Select the Nuclear Power Plant

The response of a particular PWR plant to a LBLOCA will vary from plant
to plant. Therefore, the type of plant or plants being considered must be

| identified.

I

4
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:

For CSAU, a Westinghouse four-loop PWR with 17x17 fuel bundles was
selected. Westinghouse selected three- and four-loop Westinghouse plants with
cold leg ECC injection. Fuel bundle types included 15x15 and 17x17. *

By specifying the type of plants considered, Westinghouse fulfilled CSAU
Step 2..

. 2.1.3 Sten 3. Identify and Rank Phenomena

Not all phenomena are equally important in calculating a plant's
response to a LBLOCA. Therefore, the phenomena must be identified and ranked

relative to their importance on the primary safety criteria for a LBLOCA. For
the LBLOCA, the primary safety criterion is the PCT. Phenomena important to I

each phase of the LBLOCA are identified and ranked separately. By identifying
and ranking phenomena in a PIRT, the list of phenomena needing to be
considered in the analysis is simplified and reduced to a manageable size.

In CSAU, expert opinion and user experience formed the basis for the
PIRT developed during the review.*

Westinghouse developed the code modeling requirements by analyzing the
important phenomena and processes needed to achieve an accurate estimate of

;

PCT. These included fluid flow, heat transfer, structural considerations, and '

mass and energy sources and sinks. See CQ3 Section 1-6. Westinghouse also
developed a PIRT similar to that in the CSAU methodology. Each phase of a
LBLOCA was considered separately. INEL review of the Westinghouse PIRT is
discussed in Section 3 of this report.

.

Westinghouse developed a PIRT similar to that developed in the CSAU
study (References 61 and 104). As discussed in Section 3 of this report, the
important phenomena were identified and ranked. This was done for each phase
of a LBLOCA. Therefore, Westinghouse fulfilled CSAU Step 3.

5
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|

|
i

1

2.1.4 Steo 4. Select a Frozen Code

|

Selecting a frozen code is important because it ensures that changes to
*

| the code after an evaluation is completed do not impact the conclusions of the
study. Also, it ensures changes occur in an auditable and traceable manner.

| CSAU used TRAC-PF1 MODI, Version 14.3. *

| Westinghouse selected MCOBRA/ TRAC, M007, which was later modified by

improving the reflood entrainment model. The modified code, MCOBRA/ TRAC,
j M007A, was used to recalculate all reflood tests that had a PCT used in the

'

code bias and uncertainty assessment. Only blowdown tests not affected by the
entrainment model change were not reanalyzed with MCOBRA/ TRAC, MOD 7A.

Westinghouse made additional modifications (in the form of added capabilities
needed for the uncertainty propagation methodology and error corrections) toi

! MCOBRA/ TRAC, M007A, to produce MCOBRA/ TRAC, MOD 7A.Rev.1. These modifications

were described in Reference 58, Appendix A. Westinghouse stated that the
effects of the error corrections on the experiment simulations were considered
to be negligible. INEL review of the Reference 58 information led to the same
conclusion because only some error corrections would apply to the assessments

! used to calculate the code bias and uncertainty. Also, Westinghouse stated
the effects of the error corrections that could affect the experiment
simulations that impact the code bias were insignificant, no effect, or the
original calculations were still valid. INEL review concluded that only error
corrections were made. Therefore, INEL agreed with Westinghouse that no

! reanalysis was needed for MCOBRA/ TRAC, MOD 7A.Rev.1.
i

!

| Because Westinghouse selected a frozen code and recalculated all

analyses that were impacted by the M007 to M007A changes and reanalysis was
not needed for the MOD 7A.Rev.1 changes, it has met the intent of CSAU Step 4.

2.1.5 Sten 5. Provide Code Documentation

t

This step provides documentation that is consistent with the frozen code
'

version. Adequate documentation allows the codes applicability to the
specific scenario and plants to be evaluated. CSAU recommends the

6
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documentation include a user manual, user guide, developmental assessment
ireports, and a models and correlations quality evaluation report. !

|
'

TRAC code documentation available to the CSAU methodology included a

code users manual and code description, a models and correlations document,
and developmental code assessment reports.

Westinghouse documented its realistic LBLOCA methodology in the five
volume CQD. The CQD included a description of the WCOBRA/ TRAC models and

correlations, a series of code assessments, description of applying the
methodology to a PWR, and the uncertainty evaluation. Westinghouse's CQD;

formed the basis for the INEL review of the Westinghouse methodology.
Significant documentation was also generated during the review of as a result
of Westinghouse's responses to NRC questions. INEL review of the code models
and correlations is found in Section 9.1 and Appendix A of this report, the

l code assessment review is found in Section 4 and Appendix B of this report,

| plant models and applications in Sections 5 and 8 of this report, and the

| uncertainty evaluation in Section 6 and 9.2 of this report.
i
!

Adequate documentation was one of the issues that arose during the
review. To address documentation problems, Westinghouse developed a plan,
documented in a letter on September 18, 1995,204 to address the NRC concerns

| raised during the review.

| Except for the user manual and user guide, documentation equivalent to
that outlined in CSAU Step 5 was provided by Westinghouse. The user manual
and guide were not included in the scope of the INEL review.

|

2.1.6 Sten 6. Determine Code Anolicability|

|

|
The applicability of a computer code is detemined by evaluating the

conservation equations, closure relationships, code numerics, and structure

| and nodalization relative to the important phenomena identified by the PIRT in
! Step 3. This step identifies the code's applicability and helps to identify

| areas needing modification or needing to be considered in the uncertainty
j evaluation.
I

7
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To determine code applicability, CSAU used the PIRT to identify
important phenomena and evaluated the capabilities of the chosen code,
TRAC-PF1, to calculate those phenomena. CSAU concluded the TRAC-PF1 code was }

'

applicable to LBLOCA analyses.

Westinghouse performed a similar evaluation but described the LOCA
transient in terms of physical processes: fluid flow, structural heat
transfer, and structural distortion. The capabilities of WCOBRA/ TRAC to

j

predict the phenomena associated with the above processes was assessed, and |
Westinghouse concluded the code wis applicable to LBLOCA analyses. During the

review process, Westinghouse developed a PIRT for three- and four-loop plants |

with cold leg injection. INEL review of the CQD and the PIRT found nothing to !

contradict Westinghouse's conclusion in this area.

!

Therefore, Westinghouse met the intent of CSAU Step 6.

2.2 Element 2: Assessment and Ranaina of Parameters

In Element 2, Steps 7 to 10 are used to determine the effects of the
important parameters over the specified ranges. The effects to consider
include those associated with code accuracy, effects of scale, and parameter I

ranges for the uncertainty evaluation.

2.E.1 Steo 7. Establish an Assessment Matrix !

| In this step, the data set used to determine the code uncertainty based
on comparisons to test data is established. The PIRT table is used to help
determine the assessment matrix, which should include both separate effects !

and integral tests. The assessment matrix is used to provide a data base for
evaluating: (a) the code accuracy to calculate phenomena important to the

'

scenario, (b) the code's capability to scale-up phenomena to the full-size
plant, and (c) the influence of nodalization on the calculation.

i

|

The CSAU study reviewed prior TRAC-PF1 assessments to confirm they

j examined the dominant phenomena identified in the PIRT. Tests used in the
CSAU study included the Upper Plenum Test Facility (UPTF) for ECC bypass;

| Marviken for break flow; Loss-of-Fluid Test Facility (LOFT) for scaling and

8
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nodalization; Slab Core Test Facility (SCTF) and Cylindrical Core Test
Facility (CCTF) for scaling, heat transfer, and steam binding; INEL film
boiling tests for heat transfer; two-phase pump data; and rewet data. -

The Westinghouse methodology included assessment of MCOBRA/ TRAC against

approximately 100 separate effects and integral tests. In Reference 54,

Westinghouse compared the MCOBRA/ TRAC assessment against the highly ranked

j phenomena in the Westinghouse PIRT. INEL review of the Westinghouse

! comparison found that all important phenomena identified in the PIRT were

| covered in the assessment tests. The INEL reviewed the results of the
l assessment studies, and the results of that review are discussed in Section 4

and Appendix B of this report. Also, the range of the tests was found to
adequately cover the range of the conditions expected in Westinghouse three-
and four-loop PWRs with cold leg injection (see Section 10.2 of this report) !

for the important parameters defined in.the RG and Westinghouse's PIRT.

'

Therefore, Westinghouse established an assessment matrix consistent with
CSAU Step 7.

I
i

2.2.2 Sten 8. Define Nuclear Power Plant Nodalization

The nodalization studies discussed in this step are intended to define a

| PWR nodalization that is sufficient to provide needed detail yet economical to
i run full-scale PWR analyses.

!

CSAU used previous studies with developmental versions of TRAC-PF1 to
define the noding detail for the PWR. The basic rule was to us'e the same 1

number of nodes as in the LOFT code assessment work. The core model did not.

include a separate channel to represent the Iot assembly. ;

Westinghouse established the PWR noding in the vessel based on system |

geometry (location of guide tubes, support columns, and flow mixers) and the
LBLOCA prccesses discussed in Step 3. To meet RG 1.157 recommendations, a hot

; assembly is represented as a separate channel; engineering judgement and PWR
calculations were used to detemine the hot assembly location in the core. To

} allow use of the assessment calculations in determining the code uncertainty,
' the PWR nodalization was applied to experiment simulations to ensure nodes of

9
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similar axial length. INEL review of the experment and PWR nodalizations is
discussed in Section 5 of this report.

.

'
Therefore, INEL concluded that Westinghouse developed three- and four-

loop plant nodalizations consistent with CSAU Step 8.

2.2.3 Steo 9. Determine Code and Experiment Accuracy

This step discusses two approaches to determining the code accuracy.
First, there is the direct comparisons to experimental data. Second, there is
the used of the experimental data to determine parameter ranges for use in PWR
sensitivity, studies.

In CSAU, this step consisted of two parts, ranging of parameters for the
uncertainty evaluation and code and experiment accuracy. In the first part,
model were assessed and ranged by comparing code predictions to data and use
of scatter plots. The code bias was estimated and applied as a multiplier on
a calculated result or as an additive term to correct the tendency of the
model to overpredict or underpredict the data. The scatter about the bias
line was used to develop the model uncertainty. In most cases, a uniform
distribution was assumed due to lack of data. In the second part, code
calculations of PCT were compared to experimental data for separate and
integral effects tests. ,

In Westinghouse's methodology, several thermal-hydraulic models were
ranged for the uncertainty evaluation including, critical flow, fuel rod
parameters, heat transfer, minimum film boiling temperature (Tg) ,
pump / nozzle resistance, and condensation. Other models were confirmed to not
be important or were conservatively biased. Further information on the INEL
review of this area is given in Section 6 of this report on the uncertainty

,propagation. In the second part, Westinghouse performed the extensive code
assessment discussed above and used it to determine an experiment based code
bias and uncertainty. INEL review of the experiment based bias and
uncertainty is discussed in Section 6.5 of this report.

Westir.ghouse included both types of approaches in its detemination of
the code and experiment accuracy; however, there are some differences such as

10
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the comparison of the model and code based uncertainties discussed in
. Sections 6.1 and 6.5 of this report. The Westinghouse methodology is
|

| considered to be consistent the intent of CSAU Step 9. '

2.2.4 Sten 10. Determine the Effect of Scale
|
'

Step 10 recognizes that not all of the code assessment work will be
I performed on tests completed at full-scale test facilities. This step

assesses the effects of the scale differences on the code uncertainty
! estimate.

:

In the CSAU study, it was concluded that power-to-volume scaled test
facilities adequately simulate the PWR response except in the areas of the
downcomer (ECC bypass) and upper plenum entrainment. Sensitivity studies were

performed for the PWR to determine the effects of scale based on the parameter
ranges developed. For upper plenum entrainment, TRAC-PF1 calculations with

the entrainment models altered were run to determine the bias for the effect
of steam binding on PCT. In the case of ECC bypass, full-scale UPTF cata were
used to develop a bias applied to the calculated PCT. CSAU also identified
critical flow and pump two-phase performance as needing additional review

because of the lack of full-scale data and included variations in these models
in the run matrix used to develop the PCT response surface.

:

| Westinghouse concluded that the CSAU conclusions on the applicability of
power-to-volume scaled facilities also applied to its methodology. Thus,
Westinghouse evaluated the effects of ECC bypass and upper plenum entrainment.
However, full-scale UPTF test data was now available in these areas. To

| evaluate the effects of ECC bypass, UPTF Test 6 was assessed, and Westinghouse
determined that MCOBRA/ TRAC overpredicted ECC bypass resulting in a

conservative (negative) PCT bias (see response to Volume 4, question 2,
Reference 21). At the present time, Westinghouse does not use the negative
bias it calculated. For upper plenum entrainment, UPTF Test 29B was

evaluated, and again Westinghouse found a conservative (negative) bias in its
MCOBRA/ TRAC calculations (see response to Volume 3, question 10,

| Reference 41). In this case, Westinghouse also does not apply the negative
bias. Regarding critical flow, Westinghouse accounts for this directly in the,

uncertainty analysis with the effect determined by PWR sensitivity
t

| 11

|

|
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calculations. For pump two-phase performance, Westinghouse evaluations (see

CQD Section 16-3 and CQD Appendix C) showed that single-phase pump performance

is more important and included this parameter directly in the uncertainty -

|
evaluation. The variations for critical flow and single-phase pump

i performance are discussed in Section 6 of this report on propagation of

I uncertainty.
|

| \

| Based on the above, INEL concluded the Westinghouse has met the intent j

of CSAU Step 10 and that conservative biases for ECC bypass and upper plenum )
| entrainment were not used by Westinghouse to adjust the final calculated PCT. |
1

2.3 Sensitivity and Uncertainty Analysis.

In this eler. ant, the effects of individual contributors to the total'

uncertainty a;e determined and combined to provide a statement on the total
uncertainty of the analysis.

2.3.1 Sten 11. Determine the Effect of Reactor Inout Parameters and State

Uncertainty in the operating state of the PWR at the time of the
accident results in uncertainty in the calculated PCT. This step assesses the
effects of the plant initial conditions on the accident results.

The CSAU study ev.tluated the peaking factor and fuel stored energy to
~ define an operating point. Plant inputs were based on the assumption of base
load operation. d

Westinghouse considered the effects of a wide range of parameters on the
calculated PCT and both plant initial conditions and boundary conditions were
considered. Westinghouse determined the impact of:

1. Plant physical configuration: steam gen, ator tube plugging, hot
assembly location, and pressurizer location relative to the break.

2. Power distributions and operating history: load following
maneuvers with their impact on peaking factors and power shapes

1

12
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and uncertainties related to the time in tre cycle at which the
accident occurs.

.

3. Initial fluid conditions: reactor pressure, reactor T
|g,

accumulator temperature, and accumulator pressure. |

4. Boundary conditions: break location, type, and size; containment '

pressure; pumped safety injection (SI) flow and temperature; and
offsite power availability.

The above items are discussed in more detail in Section 8 of this report.
i

The Westinghouse methodology accounts for the effects of the uncertainty
in the initial plant operating conditions on the overall analysis. Therefore,
the Westinghouse methodology is consistent with CSAU Step 11.

2.3.2 Sten 12. Perform PWR Sensitivity Calculations-

This step provides information on the effects of the plant input
conditions and code model uncertainties on the code output (primarily PCT).
This is done by performing code sensitivity calculations with the input varied
to determine the effects on the calculated results. 4

For CSAU, a thermal-hydraulic run matrix that varied break flow, pump
two-phase head degradation, Tm , core entrainment, and combinations of break
flow and pump two-phase head degradation was developed. Local effects were
calculated using the TRAC supplemental rod option. This allows different rods
to be modeled, but the rods do not feedback into the thermal-hydraulic
analysis. The CSAU study used these rods to determine the effect of peaking
factor, fuel conductivity, gap heat transfer coefficient (HTC), forced
convection HTC, and combinations of gap HTC and fuel conductivity and gap HTC
and forced convection HTC.

The Westinghouse thermal-hydraulic run matrix looks at the effects of
break flow, broken loop vessel nozzle loss coefficient, and condensation
multiplier. Another run matrix looks at the effects of power distributions.
Also, the effects of initial conditions are determined through MCOBRA/ TRAC

13

%,- ,, ~ _ . . . _ . . - __ _ _ . _ _ _ _ _ _ _ _ _ _ _
- -



I
I

! calculations. Local effects of hot rod peaking factor, gap HTC, fuel density,
|

fuel conductivity, cladding burst temperature, cladding burst strain,
metal-water reaction, convection HTC, and various cross products of these

.

parameters are accounted for through HOTSPOT simulations. These simulations
|

use the HOTSPOT code with break flow / condensation run matrix and power

distribution run matrix results as boundary conditions. These are discussed
in more detail in Sections 6 and 9.4 of this report.

Westinghouse performs the sensitivity calculations discussed above to
determine the effects of code input and models on the WCOBRA/ TRAC calculated
PCT. In t'his way, the Westinghouse methodology is consistent with CSAU
Step 12. .

! i

2.3.3 Sten 13. Combine Biases and Uncertainties
:

I
'

In this step, the uncertainties associated with the various parts of the
methodology (for example, code limitations, scale effects, and initial

j operating conditions) are combined. One approach is to use a Monte Carlo

| simulation to determine the PCT distribution. i

In CSAU, the results of Step 12 were used to determine response surfaces
for the blowdown and reflood PCTs using seven variables. The 95th percentile
PCT was assessed through Monte Carlo simulation.

,

Westinghousq also developed response surfaces from the results of the
analyses in Step 12. In addition, Westinghouse included the initial and i

| boundary condition uncertainty. The 95th percentile PCT was developed through |

Monte Carlo simulation. This is discussed in Section 6 of this report.

| '

| Westinghouse combines the various components of uncertainty. In doing
so, the methodology is consistent with CSAU Step 13.

2.3.4 Steo 14. Determine Total Uncertainty!

In this step, a final statement of total uncertainty given as ai

probability for the limiting value of the primary safety criteria is made for
the code. Based on RG 1.157, this review used the 95th percentile as the

14
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basis for compliance with the high probability requirement of 10 CFR 50.46.
Biases may be applied to account for uncertainty contributors that could not
be quantified or because it was not economical to quantify the effect of ~

uncertainty contributors.

The CSAU study estimated the 95th percentile PCT with a Monte Carlo
;

simulation using the response surface developed in Step 13 and randomly

| . sampling the assumed distributions for the seven parameters. A number of

biases were then applied based on the results of studies performed during the
CSAU development.

The Westinghouse methodology also uses a Monte Carlo simulation to
determine the 95th percentile PCT. In this way, the Westinghouse methodology

; is consistent with the CSAU approach in Step 14. The power distribution
response surface calculates the effect on PCT of the randomly sampled power

; distribution variables. The initial condition bias and uncertainty is sampled
and applied to the PCT equation. The model response surface developed in
Step 13 is used to calculate a bias and uncertainty associated with those
parameters using randomly sampled variables. The uncertainty from the models

! response surface is used as discussed in Sections 6.1 and 6.5 of this report.
In the Monte Carlo analysis, the results of the various uncertainties are
combined by superposition. To correct for inaccuracies in the superposition
approach, Westinghouse performs MCOBRA/ TRAC runs with off-normal conditions to

provide a validation data set for the superposition assumption. The results
of these MCOBRA/ TRAC runs are compared to the results of the superposition

| approach. This comparison is used to develop a correction to the
superposition approach that is applied during the Monte Carlo analysis. The
superposition correction and the use of the uncertainty in the superposition
correction are discussed in more detail in Sections 6.1 and 9.2 of this

| report. No biases are applied after the PCT is calculated, although several
negative biases were estimated (see Section 6 of this report on the
propagation of uncertainty).

|

: Based on the above, the INEL concluded Westinghouse uses a methodology
consistent with CSAU Step 14.

.
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2.4 Suma v of INEL Review
1
!

| This CSAU comparison summary shows the Westinghouse methodology closely ' |
| follows the CSAU methodology, and that Westinghouse accounted for the 14 steps
I of the CSAU methodology. Specific similarities include using a PIRT to

identify important phenomena, ranging parameters and sensitivity studies to
determine code uncertainty propagation, and use of Monte Carlo simulations and
response surfaces to determine the 95th percentile PCT. Some differences are
noted, however, because of Westinghouse's need to address the concerns of

operating plants, the justification of operating plant limits, the different
| codes involved, and additional full-scale data available now. Overall, the
| INEL concluded that, based on.the discussion above, the Westinghouse'
| methodology is consistent with the CSAU methodology.
|
L
|

|
I

|

I
j

|

|

,

!

,

16

?

|
.- . . _ . ..



i
l

! 3. PIRT EVALUATIONS (CSAU STEP 3)

l
| As noted in Section 2.1.3 of this report, a PIRT is important in ~

identifying the important phenomena that control a specific accident scenario
l and ranking them for their relative importance. In this way, the important '

| phenomena can be identified and accounted for in the uncertainty analysis. It !

also provides a means of reducing the phenomena needing to be considered to a
manageable number. Westinghouse provided the MCOBRA/ TRAC PIRT in.

References 37 and 54. INEL review of the PIRT is discussed below.

!
Westinghouse's PIRT discussion included the company's own ranking of

phenomena and a comparison to that done by the experts panel during the CSAU

review (Reference 104). Comparison of the two PIRTs found them very similar.
In general, there was good agreement between the two PIRTs, and only
occasionally was a phenomenon ranked differently by more than two. Based on

| Reference 104, the INEL considered a ranking difference of three or more an
indication of a significant difference of opinion between the PIRTs. The

,

areas where the ranking differed by three or more are discussed below.

According to the CSAU expert PIRT, the fuel rod gap conductance should
be highly ranked during reflood, but it was not ranked by Westinghouse.
Westinghouse stated this is because the cladding heat flux to the fluid is low
during reflood. This implies the dominant resistance to heat flow during
reflood is at the cladding / fluid interface, and gap conductance during reflood,

r

is sufficient to keep the fuel pellets and the cladding thermally coupled fori

;

heat transfer. Based on this, the INEL agrees with Westinghouse's not ranking
gap conductance in its PIRT for reflood. The INEL also notes Westinghouse

| includes the gap conductance uncertainty in its uncertainty propagation
methodology.

The ranking for core three-dimensional flow also differed. However,

during reflood, the fluid radial profile is not significant based on SCTF and
CCTF test results (see References 105 and 106). Therefore, the different

| (lower) ranking by Westinghouse appears to be justified based on test data.
i

Also, the INEL notes the Westinghouse MCOBRA/ TRAC core nodalization accounts

| for the core radial power profile that would drive three-dimensional flow
: effects.

17
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'

Westinghouse stated that it differed from the CSAU study in the reflood
ranking for core void generation / distribution. This was because it chose to

.

emphasize core entrainment/deentrainment during reflood, which was not ranked
by the CSAU experts for reflood, rather than core void

generation / distribution. Westinghouse chose this approach because core

entrainment/deentrainment will determine the amount of liquid at the PCT
location, and it understood reflood to be a lower flow, more uniform process
relative to void generation / distribution during blowdown (where Westinghouse
highly ranked core void generation / distribution). The INEL also notes that
Westinghouse's ranging of the overall HTC in the uncertainty distribution

accounts for calculated versus measured differences in local fluid conditions
that would ' address both core void generation / distribution and
entrainment/deentrainment. Based on this, the INEL considers this PIRT
difference adequately justified.

Upper plenum entrainment/deentrainment was another phenomenon that was
! ranked differently; it was ranked lower in the Westinghouse PIRT relative to

the CSAU PIRT. Westinghouse noted this was because the importance of
'

entrainment/deentrainment was included in its PIRT under the steam generator
steam binding phenomenon. The Westinghouse ranking for steam binding was 7
versus a CSAU ranking of 9 (as noted above, INEL does not consider this

ranking difference significant because they are within 2 of each other). INEL

considers the Westinghouse ranking of upper plenum entrainment/deentrainment
| appropriate. This is because, even though it is lower than the CSAU ranking,

the MCOBRA/ TRAC review looked specifically at mass storage in the upper
plenum. Comparisons to full-scale UPTF upper plenum tests showed MCOBRA/ TRAC
calculated lower upper plenum mass storage relative to the test data. This
implies more mass entrained into the loops and greater steam binding. Greater
steam binding is conservative, and Westinghouse does not take credit for the
conservatism in its uncertainty analysis.

A similar justification was given for Westinghouse not ranking hot leg
entrainment/deentrainment. MCOBRA/ TRAC PWR calculations show very little
liquid storage in the hot legs, and any liquid swept into the hot legs is,

entrained into the steam generators. NUREG/IA-0127, Reference 105, noted that
UPTF and CCTF results showed little hot leg mass storage, but that SCTF
results did show hot leg mass storage. This difference was attributed to the

18
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|

differences in hot leg cross section between SCTF and UPTF. Based on the test
data, the lower ranking by Westinghouse appears justified.

. .

Pump two-phase performance during blowdown was ranked lower by

| Westinghouse because of the pump sensitivity studies performed in the CQD.

|- The basis for and the approach used to account for the uncertainty in pump
performance is discussed in Section 3.1.2 of Reference 58. Based on this

information, the INEL found the pump two-phase performance ranking
appropriate.

I

The ranking by Westinghouse for non-condensible gases in the cold leg

| during reflood differed also. The basis for this ranking of the accumulator
| nitrogen cover gas is the Westinghouse results presented in response to

Volume 1, question 134, Reference 37. The INEL notes the Westinghouse models
for determining the effect of nitrogen entering the primary system after the
accumulators empty was given an in-depth review by Westinghouse and the INEL.
The same response discussed the effects of dissolved nitrogen coming out of i

j solution in the primary system, and Westinghouse showed that effect was
I negligible. The details of the INEL review are discussed in Section 12.2 of

this report.
i

The Westinghouse PIRT did not rank loop oscillations during reflood
j while it was ranked a 9 in the CSAU study. Westinghouse noted it did not rank
j this phenomenon because the phenomena that drive loop oscillations such as ECC

condensation and downcomer boiling were already addressed separately in the
PIRT. INEL reviewed the Westinghouse PIRT and found the important phenomena
for loop oscillations were ranked separately and appropriately (based on

| Westinghouse justification and/or comparison to the CSAU PIRT) in the
Westinghouse PIRT. Therefore, the Westinghouse approach to loop oscillations
is considered adequately justified.

The Westinghouse PIRT brought out several phenomena not previously

( ranked by the CSAU experts. These include the importance of the hot assembly
j (HA) location relative to upper plenusy' upper head structures during blowdown;
i blowdown core flow reversal / stagnation, loop flow split / resistances, pump

resistance, and break flow and their effect on blowdown PCT; uncertainty of

19
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the' single-phase pump performance; reflood core /downcomer level oscillations;

and entrainment/deentrainment in the core during reflood.
.

In conclusion, the INEL found good agreement between the Westinghouse

and CSAU expert PIRTs. Where a phenomenon ranking differed by three or more,

the INEL found adequate justification by Westinghouse and/or the WCOBRA/ TRAC -

model used to represent the phenomenon was included in the review scope.
j Based on this, the INEL concluded the Westinghouse PIRT for Westinghouse

three- and four-loop plants with cold leg injection is adequate.
|

|

|

|

|

|

I

: i

!
'

!

;.

)

;
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4. CODE ASSESSMENT (CSAU STEP 7)

This section summarizes the INEL review of the extensive code assess. ment
-

work Westinghouse performed on MCOBRA/ TRAC. This assessment is required by

Part a of 10 CFR 50.46, RG 1.157, and CSAU, and Westinghouse uses the results

in determining an experiment based uncertainty for MCOBRA/ TRAC. In.

Reference 54, Westinghouse compared the highly ranked phenomena in its PIRT to !

. the assessment test matrix. INEL review of the comparison found all the i

highly ranked pher.omena were covered by the test matrix.

The details of the assessment work and the INEL review are contained in
Appendix B of this report. The review of the separate effects experiments is
summarized first followed by the integral experiments and other assessments.

4.1 Seoarate Effects Tests

Based on the INEL's review of the separate effects tests discussed in
Section B.1 of this report, the following conclusions were reached:

1. Based on a review of the CQD and Westinghouse's response to
Volume 2, question 2, Reference 39, the INEL concluded the
assessment of blowdown heat transfer covered the appropriate range
of cor.ditions. Assessment of reflood heat transfer also covered
the appropriate range of cond'.tions.

2. MCOBRA/ TRAC did a reasonable job of calculating the Oak Ridge I

National Laboratory (ORNL) Thermal-Hydraulic Test Facility (THTF)
tests simulated.,

3. Based on the comparisons of calculated and measured results shown
in the CQD, INEL concluded WCOBRA/ TRAC adequately calculated the

G-1 and G-2 blowdown tests .7s and the G-2 refillas tests.77

!
; 4. MCOBRA/ TRAC, M007A, had difficulty calculating turnaround time,
I cooldown rate, and quench time accurately relative to the forced

| reflood test data. The response to Volume 2, question 63,
| Reference 47, identified the fact that WCOBRA/ TRAC tended to
i
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|

:

overpredict entrainment and underpredict heat transfer to the
vapor just above the quench front as the dominate reasons for

these calculated results. For PCT, Westinghouse addressed these ~

effects by determining heat transfer multipliers based on
comparisons to test data that are applied in the uncertainty
evaluation. Westinghouse addressed these issues for oxidation -

through the methodology discussed in Section 13 of this report.
As discussed in that section, the oxidation methodology adequately
accounts for the oxidation uncertainty resulting from the above
issues by applying a time shift to the oxidation calculations. |

Westinghouse, in Reference 206, Attachment 6, addressed the effect
.of underpredicting the turnaround time on PCT. Westinghouse noted

that the effect of turnaround time is covered in the methodology
through the break flow / condensation run matrix. For the case of
North Anna (VRA) given in Reference 206, Westinghouse found

reflood turnaround time varied in the run matrix results from 69
to 114.5 s and 156 to 249 s for the first and second reflood
peaks, respectively. Westinghouse also showed that MCOBRA/ TRAC
tended to overpredict quench time and turnaround time for the
gravity reflood te'sts, which are the tests most representative of
the PWR. Based on the turnaround time variation calculated in the
break flow / condensation run matrix and the conservative estimates
of quench time and turnaround time for the gravity reflood tests,
INEL concluded that Westinghouse adequately addressed the effects
of turnaround time on PCT. Therefore, the separate effects
reflood test comparisons are considered adequate based on:
(a) the INEL review of the comparisons provided and
(b) Westinghouse's methodology adequately addressing uncertainty

,

due to heat transfer, turnaround time, cooldown rate, and quench
'

time on PCT and oxidation. 1

4.2 Intearal Effects Tests
!

Based on the INEL's review of the integral effects tests discussed in:

f Section B.2 of this report, the following conclusions were reached:
}
!

!
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1. Although break flow mispredictions caused the MCOBRA/ TRAC

calculated PCTs for LOFT to be lower than the data, the INEL notes -

the MCOBRA/ TRAC uncertainty evaluation directly accounts for the -

effect of break flow uncertainty on the calculated PCT.
Therefore, the Westinghouse LOFT assessments are considered

adequate. Also, the detailed analysis of LOFT Tests L2-3 and L2-5

in Section 11 of this report on compensating errors supports the
adequacy of the MCOBRA/ TRAC LOFT assessments.

2. Based on the conservative predictions, the CCTF assessments are
considered adequate. Also, the assessment of CCTF Test 62 in

Section 11 of this. report supports the adequacy of the CCTF
| analyses.

3. Based on the conservative results, Westinghouse's SCTT assessments

are considered adequate. Also, the detailad analysis on SCTF
Test 619 in Section 11 of this report on compensating errors
supports the adequacy of the SCTF analyses.

4. Based on the comparisons provided by Westinghouse, MCOBRA/ TRAC

does an adequate job of simulating the UPTF tests.

4.3 Other Assessments

Based on the INEL's review of the other assessments discussed in
Section B.3 of this report, the following conclusions were reached:

. 1. Based on the Westinghouse comparisons, WCOBRA/ TRAC does an

adequate job of simulating the Westinghouse / Electric Power
, Research Institute (EPRI) 1/3rd-scale steam / water mixing tests and

the Creare scaled ECC bypass tests.

2. Based on the National Research Universal Reactor (NRU)
| comparisons, INEL considers the NRU tests adequately calculated by
'

MCOBRA/ TRAC. PCTs were reasonably calculated as were the burst
j parameters. Based on the NRU results, there is some uncertainty
| in the transient rod internal pressure (RIP) calculation that will

23
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l

affect the burst temperature criterion in WCOBRA/ TRAC analyses.t

However, in Volume 4, question 40, Reference 53, Westinghouse
showed the effect of the RIP uncertainty on the burst temperature -

criterion was small and well within the burst temperature
uncertainty accounted for with the local effects models in
HOTSPOT. Therefore, for local effects, the Westinghouse .

methodology accounts for the uncertainty in transient RIP.
Westinghouse also calculates HA rod burst in the full MCOBRA/ TRAC

analyses called for in its methodology. If MCOBRA/ TRAC calculates

a HA rod reflood PCT greater than 1600*F but not rod burst,
Westinghouse in Reference 214, List II, Item 2, comitted to

. increasing the initial RIP in the MCOBRA/ TRAC HA rod until burst )
is calculated and choosing the more limiting of the burst and

| non-burst cases. This will adequately account for transient RIP
uncertainties and their effect on rod burst in the full -

MCOBRA/ TRAC runs. I

i
Based on the above results, the INEL concluded MCOBRA/ TRAC is adequate

to provide realistic analyses of three- and four-loop PWR LBLOCAs. |

|

|
|

!

|

|

1
)

I

a
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5. PLANT MODALIZATION (CSAU STEP 8)

Westinghouse's methodology addressed the PWR nodalization issue -

consistent with the guidance of RG 1.157, Section 3.5, and CSAU Step 8.
Westinghouse's PWR nodalization was used as the basis for the nodalizations

developed for the separate effects and integral assessment analyses. The main
reason for this approach was Westinghouse's desire to apply the code bias and
uncertainty developed from the assessment studies to the PWR calculations. |

Although there are geometric differences between PWRs, Westinghouse's

methodology is flexible enough to accommodate differences in design and still
maintain consistency with the assessment nodalization. If a consistent
nodalization methodology is used for the assessment and PWR calculations, then
Westinghouse concluded, and the INEL agrees, that geometric

differences /nodalization will not add to the code bias and uncertainty.

In CQD Section 20-1-2, Westinghouse discussed how the nodalizations for
three different plants could accommodate geometric design differences while
maintaining consistency with the assessment cases. Westinghouse discussed

core axial and radial nodalization, upper plenum nodalization, and loop
nodalization. The Westinghouse comparison, presented in the form of tables
and text, showed how the Westinghouse methodology provided consistent
nodalizations between the tests and plants.

In CQD Sections 20-2 to 20-5, Westinghouse discussed the MCOBRA/ TRAC
nodalizations for two four-loop plants (Indian Point 2 (IP2) and Sequoyah
(SQN)), and a three-loop plant (VRA). The reader is referred to those
sections of the CQD for the nodalization details. However, it is important to
note here one factor cor.sidered by Westinghouse. In the plant modeling,
Westinghouse included expl; cit modeling of the HA in the location that leads
to the least flow during blowdown. The intent is to limit the blowdown j,

|

cooling of the HA and bound the effect on the PCT.

Based on the consistency between the PWR and assessment nodalizations,
the INEL considers the PWR nodalizations adequate for realistic LBLOCA

j analyses.
Also, review of the plant nodalizations found Westinghouse. |

{
i considered important information such as upper plenum structures in

determining the types of core channels and the location of the HA, low power
25
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|

assemblies on the core periphery, number of loops, and loop components in
determining the nodalization. In particular, the INEL considers placing the .

HA in the location with the least blowdown flow an appropriate bounding *

assumption for the analyses.
i

i

5

|

|

|
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6. CODE / EXPERIMENT ACCURACY (CSAU STEP 9)
.

The need to determine the code and experiment accuracy is discussed in -

RG 1.157, Section 4, and CSAU Step 9. Westinghouse described its method of
uncertainty evaluation in References 58, 205, 206, 213, and 214.
Westinghouse's approach and the INEL review are discussed below.

In evaluating uncertainty, Westinghouse identified initial plant
conditions and model effects as the important factors to consider. The plant
conditions were further subdivided into initial conditions and core power
distributions. In addition, a model or plant condition may be global or local
in its effect. A parameter has a global effect if it can affect the entire
thermal and hydraulic transient. It has a local effect if it only affects the
local conditions at the PCT location. '

|

1

To determine the important items to consider in the uncertainty
propagation, Westinghouse evaluated items ranked 7, 8, or 9 in the
Westinghouse PIRT. See Reference 190, response to revised methodology report
question 3. INEL review of the Westinghouse LBLOCA PIRT is discussed in

1

Section 3 of this report, but here it is sufficient to note that items ranked.
7, 8, or 9 are those having the greatest influence on the analysis of a
LBLOCA, and INEL considers addressing those items as most important. Items
ranked lower will have a smaller effect on the analysis, and, therefore, they
are less important to the uncertainty propagation. Westinghouse's evaluation
found the highly ranked items were addressed in a number of ways including:
ranged directly in the uncertainty analysis, modeled directly or bounded in
MCOBRA/ TRAC analyses, covered in the variation of items ranged directly, or
calculated with a conservative bias in WCOBRA/ TRAC analyses.

In Reference 58, Westinghouse discussed the following parameters in,

more detail to clarify how they were included in the propagation of
uncertainty analysis: critical flow; pump single-/two-phase performance
(broken loop relative resistance); fuel rod conditions such as power
distributions, stored energy, decay heat, cladding burst, cladding reaction,
and gap conductance; core heat transfer and Tm; ECC bypass; entrainment and
steam binding; accumulator nitrogen (pressurization effect); and condensation.
These parameters were discussed because of their potential importance to the

27
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I

I
|

PCT calculation or the fact that Westinghouse used ranging of these parameters
to cover other highly ranked phenomena.

.

For the parameters listed above, Westinghouse grouped them accord!ng to -

whether they have a global effect (that is, they can affect the entire thermal
and hydraulic transient), a local effect (they only affect the local .-

conditions at the PCT location), or both. This grouping of parameters is
discussed in Section 4.1 of Reference 58 and illustrated in Figure 1 on the

.

next page. As will be discussed later, ECC bypass and entrainment/ steam
binding do not need to be considered in the uncertcinty analysis because the
code conservatively calculates these phenomena.

.

The following discussion clarifies how Westinghouse evaluated each item
above. A overview or roadmap of the Westinghouse methodology is given first,
and it is followed by more detailed discussions on the models and the plant
conditions. Then, the impact of local effects on models and plant conditions,

will oe discussed.

6.1 Westinahouse Realistic LBLOCA Methodoloav Road =n

This section gives a brief overview or_ roadmap of Westinghouse's

| realistic LBLOCA methodology. References to those sections in this report
that describe and summarize the INEL review of the methodology are given.

The Westinghouse realistic LBLOCA methodology consists of several parts.
'

| To determine the 95th percentile PCT, Westinghouse uses the MCOBRA/ TRAC code

| and then perfoms an uncertainty analysis. The WCOBRA/ TRAC base code is

! described briefly in Section 9.1 of this report and in more detail in
f Appendix A of this report. Then there is the analysis to determine the 95th
! percentile PCT. . This analysis is discussed in Sections 6.2 and following of

this report. Westinghouse's use of WCOBRA/ TRAC is described first followed by
the 95th percentile PCT detemination. Figure 2 summarizes the steps.

The WCOBRA/ TRAC program is used in several ways. First, it is used to
,

{ analyze a plant's response to changes in initial conditions through
' ne-at-a-time sensitivity studies. The effect on PCT is measured by the PCT
i. change (APCT) as a result of the initial condition change. These sensitivity

28
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studies are discussed in Section 8 of this report. The sensitivity studies
.

are used to develop the initial conditions bias and uncertainty discussed
below. Because the development of a 95th percentile PCT includes -

| investigating many different combinations of variables, Westinghouse realized
it would not be possible to analyze all of them directly using MCOBRA/ TRAC.
Therefore, Westinghouse uses MCOBRA/ TRAC analyses to provide the APCT .

information needed to develop response surfaces that it then uses to account
{

| for power shape effects and code model uncertainties in the uncertainty
analysis. The response surfaces are also discussed in Sections 6.2 and
following of this report.

Westi,nghouse's uncertainty analysis is divided into several parts.
First, code models and initial plant condition parameters are ranged to

determine their uncertainties and the e Mects of those uncertainties on PWR
calculations (call this Part A). Part A is s ivided into global plant
conditions (initial conditions and power distr butions), global models (code I

models whose uncertainty is accounted for dire tly), and local effects at the
PCT hot spot. This division is illustrated i Figure 1.

The initial conditions uncertainty istribution (bias and standard
|

deviation) is b ed on the MCOBRA/TRA sensitivity studies discussed above.
Westinghouse does the M '= _ lant specific basis and develops the
initial conditions uncertainty distribution as discussed in its response to
Volume 5, question 34, Reference 51. Response surfaces based on WCOBRA/ TRAC I
runs are developed to account for power distribution effects and code model,

uncertainties. The power distribution effects are correlated based on several I

variables that affect the power distribution (see Section 4.1.1 of
Reference 58). The code model effects are correlated based on several
variables that affect the plant overall thennal-hydraulic response (see

I Section 4.1.2 of Reference 58). The model global response surface and the
model local response surface (discussed next) are combined as discussed in
Section 4.2.3 of Reference 58. To ensure the accuracy of the response

'

,

surfaces, Westinghouse set the run matrixes to bound the expected sampling

| range so that accurate results would be obtained where most of the sampling

| would occur but without excessive extrapolation of the response surfaces

| outside the run matrix range.
!

|
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,

|

i.

; The next subpart of Part A of the uncertainty evaluation is to account.
i for local or hot spot uncertainties. Westinghouse uses the HOTSPOT model,
{ discussed in Section 9.4 of this report, to perform the local uncertainty '

evaluation. The parameters affecting the local uncertainty are described in
: Section 4.1.3 of Reference 58. For selected MCOBRA/ TRAC runs from the power
!, distribution run matrix and the model run matrix, Westinghouse performs a

| direct Monte Carlo analysis using the HOTSPOT model to determine the spread of

|. the PCT distribution due to local uncertainties. For the power distribution
j cases, Westinghouse methodology uses the HOTSPOT results for the selected runs

; to account for uncertainty propagation due to plant conditions. For the

| models, the PCT distributions due to local uncertainties for the selected runs
5 in the thermal-hydraulic run matrix are fit to two response surfaces, one for
; the biases of the distributions and one for the standard deviations of the

] dis';ributions that 2re obtained from the HOTSPOT runs. The response surface
j variables are the models varied in the run matrix. Westinghouse combines the
1 model global and local effects as discussed in Section 4.2.3 of Reference 58. !

4

In the Monte Carlo analysis, the results of the various uncertainties !
4

| are combined by superpositien. To correct for inaccuracies in the
'

superposition approach, Westinghouse, in the final subpart of Part A, performs |
MCOBRA/ TRAC runs with off-normal conditions to provide a validation data set
for the superposition assumption. The results of these MCOBRA/ TRAC runs are
compared to the results of the superposition approach. This comparison is
used to develop a correction to the superposition approach that is applied l

during the Monte Carlo analysis. This is discussed in more detail in '

Section 9.2 of this report. '

1

For all parameters included in the uncertainty evaluation, Westinghouse
has developed and justified the uncertainty distribution used. These are

,
discussed in Section 9.2 of this report.

The second part of the uncertainty evaluation (Part B) is the code
uncertainty based on comparisons between the code calculated PCT and the

measured PCT in all the applicable assessment cases plus a noddization
uncertainty (combined using square root sum of the squares, uncer).ainty B1).
Also, an uncertainty based on experimental data scatter is calculated '

(uncertainty B2). The uncertainty 81 is used to establish a lower bound on

33



the uncertainty determined from the superposition correction obtained in
Part A. The uncertainty B2 is used to establish a lower bound on the

uncertainty determined from the global models/ local uncertainty obtained in -

Part A. That is, in the Monte Carlo analysis described below, the
superposition correction is compared to uncertainty B1, and the global
model/ local uncertainty is compared to uncertainty B2. In both cases, the
larger value is used.

Westinghouse now has the information needed to perform a Monte Carlo

j simulation to determine the 95th percentile PCT (that is, the PCT greater than
that expected to occur in 95% of possible LBLOCAs). The general steps of a
single Monte Carlo iteration are described next, and the steps are illustrated
in Figure 2, which'was taken from the January 1996 Westinghouse presentation

to the Advisory Committee on Reactor Safeguards (ACRS) Subcomittee on
Thermal-Hydraulics. First, power distribution parameters are sampled. These j

| are used in the power distribution response surface to calculate the change in j
'

nominal PCT (APCT) due to power distribution changes. Second, the initial
conditions uncertainty distribution is sampled to get the APCT due to initial
conditions. The APCTs from steps 1 and 2 are added to the reference PCT to

get the PCT due to plant condition variations (PCTpet) . Next, PCT is_usedpet

to determine the APCT due to plant conditions and local effects. This is

! added to PCT to give a PCT due to plant conditions and local conditions ipet

(PCTPc2) . Now, Westinghouse samples the model parameter distributions and
uses them in the response surfaces for model bias and uncertainty to get the
APCT due to model uncertainties. The uncertainty value is compared to the B2
uncertainty (discussed above), and the larger value is selected. The

!, resulting distribution is sampled to get the model uncertainty APCT. This is j

added to PCT , to get the preliminary hot spot PCT for the Monte Carlo ipe

iteration, PCT Westinghouse then compares the B1 uncertainty (discussedust.t.
| above) to the superposition correction, and the larger uncertainty value is

selected. The resulting distribution is sampled and added to PCT to get
| ws1.1

the final hot spot PCT for the Monte Carlo iteration, PCTg32,3

i

! To determine the 95th percentile PCT, the above process is repeated many

j times. For each iteration, i, the calculated PCT is binned. The PCTs inust.1
each bin are counted starting from the highest PCT and when 5% of the PCTs are

f counted, the 95th percentile PCT is determined.

34
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,

j 6.2 Models - Global Effects

!
!

For critical flow, Westinghouse evaluated the bias and uncertainty based -

i: on )! COBRA / TRAC comparisons to Marviken test data. Based on those comparisons, |

| the break flow uncertainty distribution was determined. As discussed in
I- Reference 58, a cumulative distribution function (CDF) based on the Marviken

test data comparisons is used to describe the uncertainty distribution.

;-
i Broken loop relative resistance is accounted for through the broken loop !

pump resistance and the broken cold leg nozzle K. This broken loop resistance:

ratio is the relative resistance from the core to the break through the vessel
] downcomer and the broken cold leg nozzle and the core to the break through the
i hot leg, steam generator, and pump. The basis for and the approach used to
j account for the uncertainty in the broken loop relative resistance is
! discussed in Section 3.1.2 of Reference 58. Also, as the result of

sensitivity studies, Westinghouse found that the broken loop flow path
relative resistance was more important than pump two-phase head variations.

. The resistance ratio was found to be dominated by the broken loop pump
| resistance in one path and the vessel nozzle loss coefficient in the other
s

] path. A Westinghouse analysis discussed in CQD Section 26-4 found the

appropriate way to vary the resistance ratio in the uncertainty analysis.
j This approach is supported by the study in Section 5.1.5 of Reference 58.
|
1

}- Estimates of condensation efficiency in UPTF tests showed a wide
variation depending on the approach taken (see Figure 3.1.7-1, Reference 58).
Westinghouse compared WCOBRA/ TRAC results to the UPTF data and found they

; agreed with the higher of the two estimates. However, because of the wide

| data variation, Westinghouse concluded the condensation rate should be ranged
| in the WCOBRA/ TRAC uncertainty analysis. Therefore, the uncertainty range !

| ,
given in Reference 205, Attachment 2 (based on the WCOBRA/ TRAC variation

i relative to the variation in the two UPTF estimates) was used. !

,

: I

j The uncertainties in break flow, broken loop resistance ratio, and |
; condensation are accounted for in Westinghouse's uncertainty methodology. The

j; following process is used. The uncertainty distributions for each parameter
are determined. Then, thermal-hydraulic sensitivity studies are performed !

| where each parameter is varied (singly and in combination with the other two
!

: 35
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parameters) over a range that adequately bounds the expected range of model
variation. The ranges used for the sensitivity studies for each parameter

'

are:

1. Break flow: 100% of the data in the break flow uncertainty

j distribution.

| 2. Break flow resistance ratio: The uncertainty in this parameter is
| ranged as discussed in CQD Section 26-4 and Sections 3.1.2 and

| 4.4.2.1 of Reference 58.

I
3. Condensation: For the run matrix, the maximum and minimum

| multipliers are based on test data (see Figure 3.1.7-1 of
Reference 58). Although the sampled range in the uncertainty
evaluation is larger, the run matrix covers almost 77% of the
sampled range. The INEL considers this adequate because the

' extrapolation is small. ,

i

|

| Westinghouse calls this the break flow / condensation run matrix, and it is
shown in Table 4.4.2-1 of Reference 58. The results of this run matrix are
used as input to the HOTSPOT code to determine the local HR uncertainty as
discussed in Sections 6.4 and 9.4 of this report. The global model and
HOTSPOT effects are then used to develop a' response surface for the Monte
Carlo analysis.

;

I 6.3 Plant Conditions - Global Effects

,

Westinghouse accounted for the uncertainty in the initial plant .

conditions. As mentioned above, this includes power distributions and initial
conditions. The uncertainty in plant initial conditions is accounted for by

,

developing the initial condition bias and uncertainty from plant sensitivity
studies (discussed in Section 8 of this report). This distribution is sampled
directly and applied during the Monte Carlo calculation.

The power distribution uncertainty is more complicated. It is due to

uncertainties.in peaking factors and power shapes, and Westinghouse accounts
'

for both sources in its uncertainty evaluation. The peaking factors include

.36



two sources of uncertainty: calculational uncertainties (what affects the
calculation of peaking factor from plant data and modeling assumptions) and

| operational uncertainties (transient operation is allowed by the Technical
.

Specifications). Power shapes are an operational effect due to transient
plant operation. Each of these uncertainties is discussed below.

The peaking factor calculational uncertainties include those that
affect the HA and the HR as part of the HA (HA/HR calculational.

uncertainties). See CQD Table 21-2-2 where there are the same entries in both
j the HA and HR columns for total peaking factor (F ) and radial power

n
i distribution (F ). Westinghouse considers'these uncertainties global in3g

nature. The HA/HR calculational uncertainty is included in the global
analyses because the HA power distribution could affect core /HA

thermal-hydraulics, which will affect the HR PCT. Some peaking factor
calculational uncertainties only affect the HR (HR calculational

'

uncertainties; see CQD Table 21-2-2 were there are F and F entries for theg ig

HR only), and Westinghouse considers them local. The global effects are
accounted for through the HA in MCOBRA/ TRAC analyses and are discussed below.

The local effects are accounted for through the HR hot spot as discussed in
the next section.

Westinghouse found the following contributors to HA/HR average power rod
power distribution uncertainty: F and axial power distribution, F hWalg gg,
core power level, decay heat, and gamma reoistribution. These include all
Parameters that affect the HA power distribution. The F and F

n ig

uncertainties considered here are the HA/HR calculational uncertainties.
Also, a number of variables are combined to reduce the number of variables

. included in the uncertainty evaluation (see Section 3.1.3.2 of Reference 58).
For justification of thi's approach, see Westinghouse's response to Volume 5,
question 7. Reference 38.

|

Because transient operation is allowed by the Technical Specifications,
Westinghouse accounts for the variation in F and axial power distribution

n

allowed in plant operation. The F uncertainty is accounted for as discussedg

in Section 3.1.3.1 and page 32 of Reference 58.
|

|
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|
To determine the effect of the F variations on PCT, Westinghouse

n

performs MCOBRA/ TRAC analyses with F variations that bound the F range
n n

mentioned above plus the HA/HR calculational uncertainty. Westinghouse must .

also account for variations in axial power shape allowed by the Technical,

Specifications, and it does so by including bounding variations in axial power
distributions in the MCOBRA/ TRAC analyses discussed for F . Finally, -

n

transient affects and time-in-life changes for F,g are included in the ,

| MCOBRA/ TRAC analyses by using a cycle bounding value in the MCOBRA/ TRAC runs. |

This power distribution run matrix (see Table 4.4.1-1, in Reference 58), is
used to develop a response surface that is used in the Monte Carlo analysis.

The effects of power distribution uncertainty is accounted for in the ;

Monte Carlo simulation by a response surface approach using the response
surface discussed above. The Monte Carlo analysis randomly samples the

distributions and the associated uncertainties for the variables included in
the response surface equation. For example, the F distribution and the

n

associated uncertainty distribution are sampled. Then, the response surface

| is used to calculate the effect on PCT.
1

6.4 Local Effect Models/Pargters

Having established the global uncertainties for models and plant

| conditions, Westinghouse addressed the effects of local uncertainties on the
,

global results.

I

Westinghouse considered the local effects of uncertainties associated
with the HR. The factors considered include those that affect local power and 1

fuel rod models: HR calculational uncertainty; hot rod pellet diameter,
enrichment, and rod bow uncertainties; fuel density and conductivity; gap HTC;
rod internal pressure; cladding burst temperature and strain; metal-water
reaction; and fuel relocation. As a reminder, the HR calculational

uncertainties considered here are the uncertainties associated with only the

HR (see CQD Table 21-2-2 were there are F and F emes & W M oM.n ag

For each parameter listed above, Westinghouse developed the uncertainty range

j and distribution (see Tables 3.1.3-1 and 3.1.4-1, Reference 58).
;

38
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These sources of HR local uncertainty are evaluated using the HOTSPOT
model. This model (see Section 9.4 of this report) is a stand alone
calculation of local effects at the PCT locations (blowdown, first reflood, *

and second reflood) and the burst node location (see page 165, Reference 58).
The HOTSPOT model is run many times in a direct Monte Carlo simulation.

Boundary conditions input to the HOTSPOT model are taken from the MCOBRA/ TRAC.

runs in the power distribution run matrix and the break flow / condensation run
, matrix. For each HOTSPOT run, Westinghouse develops a bias and distribution

that describes the effect of the local uncertainties on the PCT. In this way,,

! local effects are combined with global effects for models and plant
conditions. For the MCOBRA/ TRAC runs taken from the break flow / condensation
run matrix,.two response surfaces are fit to the distributions developed with

| HOTSPOT for the individual runs, one to the biases and one to the

uncertainties. For the MCOBRA/ TRAC runs taken from the power distribution run
! matrix, a table based on calculated PCT is used to determine the local bias

and uncertainty. This table and the response surfaces are used in the Monte
.

Carlo simulation to account for local uncertainty propagation.
4'

6.5 WCOBRA/ TRAC Exneriment Based Uncertainty

In the original Westinghouse methodology presented in the CQD, the '

MCOBRA/ TRAC uncertainty was largely based on comparisons between MCOBRA/ TRAC

results and test data (see CQD Section 19). This consisted of the code
uncertainty based on comparisons to experimental results, a nodalization !

uncertainty, and a data scatter uncertainty. In the revised methodology
discussed above, Westinghouse also estimates a code uncertainty based on I

ranging of model parameters. Westinghouse's revised methodology retains the
experiment based uncertainty but divides it differently (see Reference 205, '

;

Attachment 2). First, the code uncertainty based on comparisons to
experimental results plus the nodalization uncertainty is compared to the
uncertainty in the superposition approach. Westinghouse notes these two
represent the uncertainty in the bias or the ability of the code to calculate
the average PCT. Second, the data scatter uncertainty is compared to the
model based uncertainty. Westinghouse notes these two represent the

j uncertainty relative to local effects. In both cases, the larger of the two
| uncertainties is used in the Monte Carlo calculation of the 95th percentile
! PCT.

| 39
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During the course of the review, Westinghouse identified and committed

to correct several errors that affect the calculation of the WCOBRA/ TRAC
experiment based uncertainty. These are discussed in Westinghouse's responses |

*

to Volume 4, question 3, Reference 45, question 72, Reference 38, and
I

question 73, Reference 21. In Reference 205, Attachment 2, Westinghouse
recalculated the experiment based uncertainty to include the corrections |

discussed in the above responses.

6.6 0_ther Parameters / Factors Considered by Westinahouse I

Westinghouse's list of important parameters considered a number of items

not discussed directly in the previous sections. These include ECC bypass,
entrainment/ steam binding, and accumulator nitrogen. Westinghouse's |

,

disposition of these items is discussed below.

Westinghouse evaluated ECC bypass and found a negative bias could be

applied to MCOBRA/ TRAC analyses because of delayed and reduced ECC penetration
relative to full-scale UPTF tests 64 (see Volume 4, question 2, Reference 21).
However, the bias is not applied at this time resulting in conservative PCT
calculations. Given that a conservative bias is ignored, INEL concluded
Westinghouse's approach for ECC bypass uncertainty is adequate. |

Steam binding effects are due to entrainment from the upper plenum and
got leg into the steam generators. Westinghouse evaluations of SCTF,65'SS

CCTF,7 '7' and full-scale UPTF75 tests showed entrainment from the core to the

| upper plenum (SCTF/CCTF) and from the upper plenum to the hot leg
(CCTF/SCTF/UPTF) was overpredicted. This indicates MCOBRA/ TRAC calculations

will overestimate the effect of steam binding and a conservative bias already| .

l exists in the calculations. As with ECC bypass, Westinghouse does not apply
this negative bias. Given that a conservative bias is ignored, INEL concluded
Westinghouse's approach for entrainment/ steam binding uncertainty is adequate.

| Westinghouse evaluated the effects of non-condensibles coming out of
solution and the injection of the accumulator nitrogen into the primary system
in its response to Volume 1, question 134, Reference 37. Regarding

non-condensibles coming out of solution, the Westinghouse analysis showed the,

effect would be negligible. For the accumulator nitrogen, Westinghouse showed

40
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|

|

that the uncertainty in the overall condensation rate due to the interfacial
area and HTC was much larger than the potential effect of non-condensibles on

condensation. Also, Westinghouse analyzed the Achilles test with nitrogen ~

injection (International Standard Problem No. 25),78 and the MCOBRA/ TRAC

results showed good agreement with the test data (see Volume 3, question 36,|

Reference 42). Based on these factors, Westinghouse concluded a bias for non-
condensibles was not needed. Section 12.2 of this report discusses

, . Westinghouse's accumulator nitrogen modeling. See Section 12.2 of this
report.

6.7 INEL Review of Uncertainty Prooaaation
.

As the above description shows, Westinghouse's uncertainty methodology
is very complex. Therefore, it was given a careful review to assess its
adequacy.

:

,

The INEL reviewed the list of important parameters identified by
Westinghouse in Reference 58. The highly ranked phenomena from the

Westinghouse PIAT were considered and found to be ranged directly in the
uncertainty analysis, modeled directly in WCOBRA/ TRAC analyses, bounded in
MCOBRA/ TRAC analyses, covered in the variation of items ranged directly, or
calculated with a conservative bias in WCOBRA/ TRAC analyses.

At the heart of the uncertainty methodology is the assumed uncertainty
'

distributions. The INEL reviewed Westinghouse's justification for each
parameter range and the associated uncertainty distribution (see Reference 58)
in Section 9.2 of this report. That review found Westinghouse's justification
for the distributions adequate based on Westinghouse's submittals.

,

, The INEL reviewed Westinghouse's approach to uncertainty propagation and
found it adequate because MCOBRA/ TRAC and HOTSPOT calculations cover the

LBLOCA through reflood. This allows the effects of uncertainty in parameters
and combinations of parameters to be calculated through the entire accident.
The INEL also found run matrix development and response surface generation
adequate. For the run matrix development, Westinghouse appropriately covered
the expected sampling range, and, for response surface generation,
Westinghouse's methodology appropriately prevents overfitting. Westinghouse,

41
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considered the important parameters from the PTRT and covered them as
discussed above. In Reference 205, Attachmer t 2, Westinghouse modified the

.

uncertainty methodology to account for inac:uracies in the separability
assumptions made in the propagation of uncertainties (this is discussed in

| Section 9.2 of this report). Also, as noted above, all of the parameter
! ranges and uncertainty distributions were adequately justified.

|

|

.

!

|

I
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7. EFFECTS OF SCALE (CSAU STEP 10)

The effects of scale on the calculated results need to be evaluated to *

ensure the code models can appropriately calculate full-scale PWR behavior !

given that most of the code assessment matrix is based on smaller-scale test
'

. facilities. This is discussed in RG 1.157, Sections 4.1 and 4.2, and CSAU I
Step 10. Westinghouse evaluated the effects of scale on the MCOBRA/ TRAC code |

. in Reference 58.
1

Westinghouse's evaluation built on the scaling work done during the CSAU
study, Reference 61. The CSAU study concluded that power-to-volume scaled j

Itest facilities adequately represented full-scale plants except in the areas
of ECC bypass and steam binding (core / upper plenum entrainment). CSAU also |

identified critical flow and pump two-phase performance as needing additional
review because of the lack of full-scale data and included variations in these
models in the run matrix used to develop the PCT response surface.

Westinghouse noted it concurred with the CSAU results regarding power-
to-volume scaled facilities. Westinghouse also evaluated the effects of scale
for different test facilities on the predicted versus measured PCT difference.
The results shown in Reference 58 indicated there was data scatter bt t no
apparent trend as a function of facility scale.

To address the other two issues identified during the CSAU study, ECC
bypass and steam binding, Westinghouse compared MCOBRA/ TRAC results in these

areas to test facilities at various scales. In particular, Westinghouse used
the full-scale UPTF test data to address these issues. At the time of the

. CSAU study, UPTF test data was just becoming available to use in computer code
assessment of ECC bypass and steam binding predictions. For ECC bypass,

Westinghouse used 1/5th-scale Creare data # and full-scale UPTF data to
evaluate MCOBRA/ TRAC's scalabilitly for this phenomenon. Comparison showed
that MCOBRA/ TRAC has a conservative bias regarding the prediction of ECC
bypass as the facility scale approached full-scale. That is, the code
overpredicted the amount of fluid bypassing the vessel and goirg out the
break.
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Regarding steam binding, Westinghouse used SCTF, CCTF, and UPTF data to

evaluate the code's ability to predict entrainment from the veuel to the
steam generator as a function of scale. Again, the code showed a conservative .

trend with scale by underpredicting the amount of mass stored in the upper
plenum as facility scale increased. This implies greater steam binding will
be calculated by the code (with the corresponding reduction in core flooding
rates and higher PCTs) relative to the steam binding observed in the
experiments.

.

Regarding critical flow, Westinghouse accounts for this directly in the
uncertainty analysis with the effect determined by PWR sensitivity
calculations. For pump two-phase performance, Westinghouse evaluations (see

CQD Section 16-3 and CQD Appendix C) showed that single-phase pump performance

is more important and included this parameter directly in the uncertainty
evaluation. The variations for critical flow and single-phase pump
performance are discussed in Section 6 of this report on propagation of
uncertainty.

The INEL reviewed Westinghouse's submittal. Regarding the effects of
scale for different facilities on the predicted versus measured PCT
difference, the INEL notes there is a pattern due to facility / test series and

'

this a strong effect. This strong effect is the tendency for WCOBRA/ TRAC )
results in some facilities / test series to consistently overpredict PCT, and
WCOBRA/ TRAC results in other facilities / test series to consistently

!underpredict PCT (see Figures 3.3-1 to 3.3-7). However, no additional pattern
due to scale is obvious due to the lack of several facilities at a given
scale. The figures provided by Westinghouse support the conservative trends |
discussed for ECC bypass and steam binding. Including critical flow and pump
modeling in the uncertainty evaluation also adequately addresses questions in

|

these areas. Based on the above, INEL considers Westinghouns to have
adequately addressed issues relating to scaling.

l

|

|

1
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8. REACTOR INPUT PARAMETERS / STATE (CSAU STEP 11)

Both RG 1.157, Section 3.1, and CSAU Step 11 discuss the need to '

identify the effects of the reactor input and initial / boundary conditions on
the calculated PCT. Westinghouse addressed this issue !n CQD Sections 21/22.

.

8.1 Westinahouse's Methodoloav - C0D Sections 21/22

CQD Section 21 described a large number of items that Westinghouse
concluded needed to be considered with respect to their effect on the

MCOBRA/ TRAC calculated PCT. Included in the items to be considered were the
plant physical configuration, plant initial operating conditions, accident
boundary conditions, and WCOBRA/ TRAC models,needing further analysis due to
lack of prototypical assessment or the need to consider the effects of

different transient time scales in the tests and a PWR.

The plant physical configuration included the plant physical dimensions
(the effects of thermal expansion), flow resistance (especially out the broken
cold leg nozzle), pressurizer location, hot assembly location and type, and 4

steam generator tube plugging.

The plant initial operating conditions included core power parameters.
The core parameters considered by Westinghouse included total core power, peak
linear heat rate (PLHR), HA peak heat rate, HR average power, HA average
power, axial power distribution, low power region relative power, HA burnup,
reactor power history, moderator temperature coefficient (MTC), and full power
boron concentration. Westinghouse discussed in detail its modeling approach

. to the above parameters in Section 21-2-1 of the CQD, and the reader is
referred there for additional information.

.

The other part of the plant initial operating conditions considered by
Westinghouse included the reactor primary fluid conditions. Those included
core average temperature; pressurizer pressure and level; loop flow rate;
upper head temperature; and accumulator water temperature, pressure, water
volume, line resistance, and boron concentration.

45
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The reactor accident boundary conditions also impact the calculated PCT,

and Westinghouse concluded that break location, type, and size (discharge
coefficient (C )); availability of offsite power; SI flow, temperature, and -

o

delay; containment pressure; assumed single failure; and control rod drop time
needed to be addressed by plant sensitivity studies.

The final area included models not adequately assessed, models that were

simplified or lacking basic knowledge, and phenomena that may have more

important effects on a PWR LBLOCA than a scaled experiment. Based on this,
Westinghouse concluded that models for break flow, pumps, accumulator
nitrogen, condensation, entrainment, ECC bypass, core heat transfer, and fuel
rods needed . additional review and possible inclusion in PWR sensitivity
studies.

CQD Section 21 discussed the basis for how each parameter /model was

determined and the input selected as the starting point for the plant
sensitivity calculations. The options considered included using a nominal
value, a BE value, or setting a parameter /model at a maximum / minimum value
based on its possible effect on PCT. CQD Table 21-4-2 summarizes
Westinghouse's conclusions regarding the base case values for the sensitivity
studies. During the sensitivity studies, Westinghouse noted the
parameters /models would be varied, often one at a time, to gain insight into
their importance on determining PCT. The sensitivity studies would then be
used to quantify uncertainty. In particular, the studies are used to account
for a wide variety of plant initial / boundary conditions via the initial
condition bias and uncertainty (see CQD Section 26-5).

Section 22 of the CQD documented Westinghouse's efforts with regards to
sensitivity studies. Westinghouse selected three plants, Indian Point 2,
Sequoyah, and North Anna, to demonstrate the sensitivity studies included in
the realistic LBLOCA methodology. Westinghouse completed a large number of
sensitivity studies for each plant; for example,17 studies were completed for
the Sequoyah plant. The results of the sensitivity studies are summarized in
CQD Table 23-1.

.

46



,
. _ . . - .. --- --. .

Westinghouse also used the sensitivity studies in CQD Section 22 to
determine how to treat each parameter in the uncertainty evaluation (see
Section 4.3.1, Reference 58). Three categories were proposed: -

| 1. Nominal - The nominal value of a parameter is used when the

| variation in it is tightly controlled or the sensitivity of the
I transient results to parameter variation is negligible.

.

2. Bounded - A conservative value of the parameter is used when the

|
value of the parameter varies as a function of operating history

j or when the value of the parameter is indeteminate. A parameter

,

may also be bounded if the sensitivity of the transient results to'

parameter variations is small or when the effort to develop and '

justify a detailed uncertainty treatment was judged to exceed the
benefits.;

|

| 3. Explicitly treated - In this case, a parameter is modeled with a
BE value and parameter variation is directly treated in the
uncertainty methodology discussed in Section 6 of this report. :

:

In addition to the above studies, Westinghouse used sensitivity studies
to evaluate the effects of time step control (CQD Section 22-5), break
spectrum (CQD Section 22-6), and fuel rod burnup (CQD Section 22-7) on
calculated PCT for the same three plants. These studies are discussed below.

The time step studies evaluated the effect of changing the time step

| controls for assessment studies and the PWR plant calculations. For the test
| assessments, the maximum difference in calculated PCT due to time step changes

over all the cases analyzed was approximately 40*F. In these time step
studies, the maximum allowed time step was varied by a factor of 2 to 500 (see

CQD Section 19-1-2).

For the plant model time ' step studies in the CQD, Westinghouse also
,

i varied the maximum allowed time step but only by a maximum factor of 10. With
the plant calculations, Westinghouse noted the PCT results were most sensitive

j to time step changes when the core flow reversed from upflow to downflow
! during blowdown and at the end of bypass due to the large condensation rates

47
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;

| calculated. To verify the PWR analysis time step scheme discussed in CQD
!

Section 22-5-4, Westinghouse reanalyzed time step effects in its response to
| Volume 4, question 50, Reference 40. In this study, the effect of time step *

! size in the blowdown, refill, and reflood portions of a LBLOCA was assessed
| and conservative time step sizes chosen. This study resulted in Westinghouse

proposing new time step control parameters for PWR analyses.

Westinghouse discussed the break spectrum analyses for the three plants
| in CQD Section 22-6. The discharge coefficient was varied from 0.8 to 1.2

based on the MCOBRA/ TRAC comparisons to Marviken test data.83 In CQD Section

16-4, Westinghouse concluded that the WCOBRA/ TRAC predicted break flow

generally fell within a band of 20 percent of the measured data, and I

| Westinghouse noted that much of the uncertainty comes from the transition from

subcooled to saturated conditions. A more detailed comparison in CQD
Appendix B (Volume 5) found that MCOBRA/ TRAC tended to underpredict the

measured break flow and the standard deviation of the average discharge
coefficient was 20 percent. As Westinghouse indicated in their response to
Volume 3, question 41, Reference 20, this indicates the 20 percent bands only
capture approximately 70 percent of the data. It should be noted, however,
that the results in CQD Section' 22-6 are only illustrative. The effect of
critical flow on PCT is included in the models response surface used in the
uncertainty evaluation; and Westinghouse samples the full range of discharge
coefficients developed from the Marviken test comparisons in the Monte Carlo
simulation to determine the 95th percentile PCT.

In CQD Section 22-6, both split and double-ended guillotine breaks were
analyzed. The break area for the split breaks included those equal to twice
the cold leg area unless the maximum PCT occurred at a lower range of break

To account for the uncertainty in the break type, the determination ofareas.

the 95th percentile PCT includes separate Monte Carlo simulations for the
guillotine breaks and the limiting split break from the break spectrum study.
The break spectrum results are summarized in CQD Table 22-6-2.

Fuel rod burnup studies were presented in Section 22-7 of the CQD. In
these studies, Westinghouse varied the assumed fuel rod burnup by varying the
initial fuel temperature and RIP to simulate rods at beginning , middle , and

j end-of-life (BOL, MOL, and E0L). Realistic combinations of initial fuel
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|

| temperature and RIP were used so that RIP was lowest when the fuel temperature
was highest at BOL, and RIP was highest when fuel temperature was lowest at|

E0L. Westinghouse also analyzed two other cases. One simulated BOL '

conditions for Westinghouse Integral Fuel Burnable Absorber (IFBA) rods, and

one simulated rods with MOL RIPS but not the reduction in fuel temperature

associated with M0L conditions. These studies confirmed BOL conditions
resulted in the limiting PCT for cases representing realistic conditions. For
SQN, the case simulating BOL conditions for IFBA rods was higher than the case

!

with non-IFBA rods because of differences in calculated rod burst behavior. l
;

l

|
8.2 INEL Review of C0D Sections 21/22 '

INEL review of CQD Section 21 found that Westinghouse provided an

exhaustive list of important LBLOCA parameters to be considered in the plant
|

sensitivity studies. The INEL review did not identify any parameters to add
to Westinghouse's list.

!

The INEL reviewed the sensitivity studies in CQD Section 22 and found

that Westinghouse did perform one-at-a-time sensitivity studies. Westinghouse
provided discussion and plots to support the conclusions regarding the effect
of the parameter or model variation on the calculated PCT. In some cases,
INEL review of that information resulted in a number of questions (see
Volume 4, questions 45 to 61, Reference 4). Many questions asked Westinghouse
to clarify reasons for the calculated differences before or after the
calculated PCT occurred. Westinghouse adequately responded to all INEL
questions.

The INEL reviewed the new time step paranters discussed above They

resulted in small variability or conservative variability in the PWR PCT, and
the mass and energy error were small. Therefore, the INEL agrees with
Westinghouse that the new parameters provide better time step control.

The uncertainty in break flow is appropriately accounted for in the
uncertainty analysis, and Westinghouse's study on rod burnup showed that BOL
is the limiting time-in-life.
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| Based on the review summarized above, the INEL concluded that

Westinghouse adequately explained the sensitivity study results. Also, the
sensitivity studies provide an adequate basis for determining initial -

condition uncertainties and for determining how to account for a particular
; parameter in the overall uncertainty analysis. This is because the studies
!

show which parameters are important to PCT calculations and the effect of the
parameter change on the calculated PCT.
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| 9. ADDITIONAL METHOD DESCRIPTION AND REVIEW

1
i

This section describes those parts of Westinghouse's realistic LBLOCA -

methodology that are important but do not fall directly into the steps of the
CSAU methodology. First, a sumary of the ECOBRA/ TRAC code is given. This is
followed by a detailed discussion of the uncertainty distribution review;
Westinghouse's handling of split breaks and the HOTSPOT model are also
discussed. INEL conclusions are provided at the end of each subsection and

I summarized in Section 9.5 of this report.

| 9.1 LBLOCA Method Description / Review - Code Description

4

; The following is a brief discussion of the MCOBRA/ TRAC modeling approach

and the INEL review of the code models. A more detailed daaription of the
code models and a sumary of the INEL review of the models is found in
Appendix A of this report. During the course of the review, Westinghouse

| modified the MCOBRA/ TRAC code. The code version documented in the CQD was
| MCOBRA/ TRAC,M007. Two subsequent code versions were later produced. The

first revision focused on improving the entrainment model and produced
MCOBRA/ TRAC, M007A. Appendix A of Reference 58 discussed the changes made to

produce MCOBRA/ TRAC, MOD 7A.Rev.1 by adding additional modeling capability

needed for the uncertainty propagation and correcting code errors.

| MCOBRA/ TRAC, M007A.Rev.1, is the version documented in this review. Based on

I INEL review of the changes and Westinghouse discussion of their effects in
Appendix A of Reference 58, INEL agrees with Westinghouse's conclusion that
the effects of the changes on the experiment simulations are minimal. INEL

| review concluded that only error corrections were made. Therefore, reanalysis
| with MOD 7A.Rev.1 does not appear to be warranted, and the M007A experiment

| simulations apply to M007A.Rev.1.

As discussed in Section 1 of this report, the Westinghouse realistic
LBLOCA methodology is based on the MCOBRA/ TRAC computer program. MCOBRA/ TRAC

is Westinghouse's modified version of the NRC's COBRA / TRAC program developed
by the combining the COBRA-TF code (the best documentation of COBRA-TF as it

was implemented in COBRA / TRAC is the COBRA / TRAC manual, Reference 2) to,

calculate the vessel LBLOCA response and the TRAC /PD2 codes 2 to calculate the
'

loop response. The program includes the capability to model three-dimensional
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|

|

| flow behavior in the reactor vessel and all the major components in the
primary system.

.

MCOBRA/ TRAC uses a two-fluid, three-field representation of flow in the
; reactor vessel. The three fields are vapor, continuous liquid, and entrained

liquid. Each field uses a three-dimensional set of continuity, momentum, and .

| energy equations with one exception. The continuous and entrained liquid
fields use the same energy equation; therefore, the two fields are assumed to
be at the same temperature. In the vessel, each phase uses a separate set of
conservation equations and constitutive relations. The effect of one phase on
another is accounted for by the interaction terms appearing in the governing
equations..

|

| Outside the vessel, a one-dimensional representation of primary system
'

components is used. Components such as pipes, pumps, valves, steam |

generators, and the pressurizer can be represented with models in MCOBRA/ TRAC. |
I

I The one-dimensional components use a two-phase, five equation, drift-flux !

| model. Two equations are used to represent conservation of mass (mixture and
steam mass), two equations are used for conservation of energy (mixture and;

steam energy), and a single equation is used to represent the conservation of
j momentum. Closure of the field equations requires specifying the interphase
| relative velocity, fluid properties, interphase mass and heat transfer, and

other constitutive relationships.
:

INEL review of the MCOBRA/ TRAC code models found them adequate to
provide a realistic analysis of LBLOCA results. This conclusion is based on
the INEL's review of information Westinghouse provided in the CQD, Volume 1,
and in their responses to approximately 240 questions. The details supporting
this conclusion are found in Appendix A of this report.

| 9.2 LBLOCA Method Descriotion/ Review - Uncertainty Distributions and

| Assumotions
|
;

INEL reviewed all of the uncertainty distributions assumed by
! Westinghouse in its uncertainty evaluation. Westinghouse's basis for the

various distributions assumed is found in Reference 58, CQD Table 21-2-2, CQD
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Section 26-5, and other supporting information, References 55, 56, 190, 205,
206, 214, and 31.

.

INEL review of the assumed uncertainty distributions found adequate
justification for the following parameters based on Westinghouse responses:

.

1. F: Nominal and Transient Values, Calculational Uncertainty, Coren

Power Uncertainty, Decay Heat Uncertainty, and Gamma Energy. |
.

2. F: Nominal and Transient Values, Calculational Uncertainty,ig

Core Power Uncertainty, Decay Heat Uncertainty, and Gamma Energy.
3. Axial Power Distributions: Transient PBOT/PMID (bottom and middle

, third axial power fractions).
4. Initial Conditions: Reactor Coolant System (RCS) Temperature, RCS

Pressure, Accumulator Line K, Accumulator Temperature, Accumulator I

Pressure, SI Temperature, and Peripheral Assembly Power.
5. Code Models: Break Flow, Broken Loop Cold Leg Nozzle K,

Condensation Multiplier, and Broken Loop Pump Resistance.
6. Other Parameters: Local Peaking, Fuel Conductivity (Pre-Burst and

After Burst), Cladding Burst Strain / Average Strain, HTC, T ,

Fuel Density (Packing Fraction /After Burst), Gap Conductance, Rod
Internal Pressure, Cladding Burst Temperature, Zirc-Water
Reaction, and ZIRLO-Water Reaction.

In general, Westinghouse determined the uncertainty distributions by
comparisons to applicable data. See Reference 58, for the details. For
example, the break flow uncertainty was detemined by comparisons to Marviken
data. Another example is the bias and uncertainty for the HTCs. In this

. case, Westinghouse evaluated the results of MCOBRA/ TRAC calculations relative
to test data. See Appendix B of Reference 58. For each phase of a LBLOCA

,
(blowdown heatup, blowdown cooling, refill, and reflood) the WCOBRA/ TRAC

overall HTC (heat flux divided by Tg -T ,,) was determined and compared to
the data overall HTC. The HTC multiplier for the particular period evaluated
becomes the ratio of the data HTC divided by the MCOBRA/ TRAC HTC. For most I

cases, this was done by comparing each valid thermocouple to the corresponding
MCOBRA/ TRAC result. The uncertainty in the multiplier is determined by
scatter plots. That is, the range of the multiplier scatter determines the
multiplier uncertainty for the period.
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{ In addition to reviewing the uncertainty distributions, INEL also
! reviewed the simplifying assumptions Westinghouse made in order to make the

| uncertainty evaluation manageable. The assumptions reviewed were discussed in -

) CQO Section 26-5 and Reference 58, Sections 3.1.2, 3.1.3, and 4.2. INEL

review found the following assumptions adequately justified:
:

; -

; 1. Combining IC Uncertainties: See CQD Section 26-5.
2. Break Type Selection: Westinghouse considers each break type

separately.,

] 3. Approach for R : Reference 58, Section 5.1.5.g

| 4. Combining uncertainties in Peaking Factors, F and F . See
n ig

j . Reference 58, Section 3.1.3.
.

;

Westinghouse addressed the adequacy of the following assumptions by

3 adding a validation step to the methodology (see Reference 205, Attachment 2):
i Separability of Initial Conditions and Power Distributions, Loca'. Effects
| Separable for Plant Conditions and Global Models, Separability of Plant
{ conditions and Global models, and Local Effects on power distribution runs

represented by table look-up. This validation step uses additional
MCOBRA/ TRAC-HOTSPOT calculations that are compared to the results of

Westinghouse's superposition methodology. The differences are curve fit and
used to correct the Monte Carlo superposition results.

The basis for the above findings is sumarized below. The Revised
' Methodology Report (RMR) refers to Reference 58.

DISTRIBUTION ASSU6PTIONS

(. Axial Peakina Factor

Nominal Value: This is justified in Sections 3.1.3.1 and 4.4.1.1 and
page 32 of the RMR. The uncertainty range is given in Section 3.1.3.1
of the RMR. This range is conservative and, therefore, adequate. The
conservatism is illustrated in the figure on page 39 of the RMR, for a
plant with a Technical Specification F limit of 2.4.g

.

-.
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l

Calculation Uncertainty: This is based on NRC-approved evaluations.

See Footnote 2 of RMR Table 3.1.3-1 and Reference 1 of CQD Table 21-2-2.
! -

| Eg. Radial Peakina Factor
|

Nominal Value: Use of the maximum calculated value, as done here, is
conservative, and, therefore, adequate.

Calculational Uncertainty: This is based on NRC-approved evaluations.
!

See Reference 1 of CQD Table 21-2-2.

Quantities Related to Both Peakina Factors !
| |

| |

Core Power Uncertainty: This is based on NRC-approved evaluations; see
Footnote 2 of RMR Table 3.1.3-1.

I

Decay Heat Uncertainty: The uncertainty given in Table 3.1.3-1 of the
RMR results in a higher integrated decay heat power uncertainty than !

| that obtained from the ANSI /ANS-5.1-1979 standard.83 Westinghouse ;

described this in Footnote 4 of Table 3.1.3-1 of the RMR and showed it I

in RMR Figure 3.1.3-6. Therefore, this is conservative. I

Gamma Energy: The gama redistribution uncertainty in Table 3.1.3-1 of
the RMR is justified in Footnote 5 of the table.

I

'

PBOT/PMID (axial oower shaoe carameters)

. Use of limits that bound the data is adequate (Figures 3.1.3-3 and
3.1.3-4 of the RMR). This corresponds to uniform distributions for PBOT
and PMID. According to Reference 190, the Reload Safety Analysis

,

Checklist (RSAC) contains procedures to assure that the limits actually
used will be adjusted as necessary to bound the data for each plant

'

analysis. This is appropriate for the plant specific applications.

!
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|

Initial Conditions
!
!
: RCS Temperature: As explained in the Westinghouse response to comments, ..

|
Reference 56, uncertainty in RCS temperature is not identified in plant
Technical Specifications but is used in calculation of reactor trip
setpoints. The uncertainty given in Reference 56 and used here is-

! typical of such calculations. .This small value does not warrant more
; detailed treatment. ,

i. .

I RCS Pressure: The argument is the same as for RCS temperature, except

) the uncertainty is based on the pressure measurement uncertainty given

: in Reference 56.
< 1

! I

| Accumulator Temperature: Plant operating data, as discussed in i

i Reference 214, Attachment 7, is used to determine the nominal value and

} the uncertainty range. Westinghouse's analysis of the data for an
t example plant, discussed in Reference 214, resulted in a slightly |1

| conservative distribution. In addition, Westinghouse indicated the

[ intent of the procedure was to skew the distribution to be slightly
conservative. Because Westinghouse performs this type of analysis using
plant operating data (based on Reference 214) and/or plant Technical
Specifications, this analysis must be performed for each plant.

Accumulator Pressure: The limits assumed by Westinghouse are given in
the Reference 55 information on uncertainty distributions. In reality,

the plant operators normally control the pressure to remain near the
midooint of the two limits. The assumed uniform distribution,
therefore, puts more probability at the ends of the range than occurs in
practice. This is somewhat conservative.

.

Accoulator Line Resistance: Westinghouse has two approaches to
,

estimating the nominal accumulator line resistance as discussed in
Reference 95, Attachments 1 and la. For plants with measured data,

Westinghouse uses the measured line resistance. Based on the
information in Reference 205, Westinghouse justified that the
measurement uncertainty used is conservative relative to the actual'

measurement uncertainty.
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For plants without measured data, Crane Co. Technical Paper No. 410*

is used to calculate the accumulator line resistance. A comparison of
| this calculated result to test data in Reference 205 shows that '

Westinghouse's approach is conservative. This is adequate.

!- Safety Injection Temperature: Plant operating data, as discussed in
| Reference 214, Attachment 7, is used to determine the nominal value and

| the uncertainty range. Westinghouse's analysis of the data for an
i example plant, discussed in Reference 214, resulted in a conservative
! distribution. In addition, Westinghouse indicated the intent of the

procedure was to skew the distribution to be slightly conservative.

| Because Westinghouse performs this type of analysis using plant
operating data (based on Reference 214) and/or plant Technical
Specifications, this analysis must be performed for each plant. ;

1

i

Peripheral Assembly Power: In Reference 214, List III, Item 6,
Westinghouse noted that the distribution and mean of this variable are
difficult to confirm on a cycle-to-cycle basis. Therefore, it will be
bounded in the MCOBRA/ TRAC calculations using plant specific sensitivity
studies, and it will no b'e longer included in the initial condition
uncertainty. Bounding the uncertainty based on plant specific studies !

is considered adequate. |

1
i

| Model Uncertainty |

CD, Break Flow Multiplier: This uses the empirical distribution from |
Marviken data, and is, therefore, adequate. Figure 3.1.1-9 of the RMR |

shows the empirical distribution. This is modified slightly (and ]
correctly) in Westinghouse's response to question 2a, Reference 190. i

Broken CL Nozzle Resistance, K,: The approach of the Westinghouse RMR,
p. 21, estimates the mean and standard deviation from the five available
data points. The range assigned this variable is discussed on the samei

! page of the RMR. The distribution assigned this variable and

| Westinghouse's approach in using it in the uncertainty evaluation are
j discussed and justified in Attachment 6 of Reference 214 and
! Westinghouse's response to Volume 5, question 24, Reference 39,
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I

!

Broken Loop Pump Resistance, K : On pp.19-20 of the RMR, K, is foundp

as a multiple of the Westinghouse correlating parameter. This
derivation is correct. CQD Figure C-2 shows the Westinghouse '

correlating parameter plotted against (speed / rated speed)/(Q/Q,), the I

| inverse of normalized flow. In WCOBRA/ TRAC, the broken loop pump

resistance is calculated using the correlation from the version of CQD
Figure C-2 that corresponds to that pump. Therefore, scatter around the I

correlation is relevant. Figure C-2 shows the data range around the ;.

correlation, for a fixed value of normalized flow, and this range is
typical of all the pumps. This data range corresponds to the K, range
given on RMR page 20 for a fixed value of nomalized flow. The

l

calculation of standard deviation and relative standard deviation are |
correct. !

X ,,, Condensation Multiplier: This is based on pp. 70-72 of the RMRc

and revised on pages 6 and 19 of Attachment 2, Reference 205. The

MCOBRA/ TRAC calculation is sometimes slightly below the calculated value
using Method 1, and the MPR report * that evaluated Methods 1 and 2 is
not completely definite that the methods bound the true value. |

Westinghouse supplied information (Reference 214, Attachment 2) to
support the bounding nature of Methods 1 and 2. To address the fact
that the MCOBRA/ TRAC runs are sometimes slightly below the Method 1

results, Westinghouse used the condensation multiplier range based on !
page 19 of Attachment 2, Reference 205. INEL also notes that without {
reason for strongly preferring one of the MPR methods over the other, a
unifom distribution is reasonable. Based on this review, justification
of this item is considered adequate. !

*

,

local Condition Uncertainty

.'

Local Peaking: Figure F-11 in Reference 3 of CQD Table 21-2-2 is based
on observed rod bows, and the calculated corresponding increase in,

| power. The figure has curves that show the total power increase that
results from the rods with bow magnitudes less than or equal to a

| certain value. The curves in the figure rise nore steeply on the left
'

than on the right. This shows that the many rods with smaller bow
contribute more than the fewer rods with larger bow. Therefore, a few
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;

rods are not the dominant contributors to power increase. Therefore, by

| the Centr i Limit Theorem, the power increase is approximately normallye

i distributed. The dominate contributor to local peaking is rod bow *

| (Table 21-2-2 of the CQD). Therefore, because rod bow is normally

| distributed, the local peaking is normally distributed. The standard
|- deviation used for rod bow is based on the maximum allowable at the end
j of life, which is appropriate.
4

^

Fuel Conductivity, Pre-burst: This is justified by Footnote 7 of
Table 3.1.3-1 of the RMR, and Figure 2 (p. 37) of Reference 31.

1

| Fuel Conductivity, After Burst: Batchelor and O'Brientse developed a
:i correlation relating (effective conductivity)/(gas conductivity) to

(solid conductivity)/(gas coiductivity). This correlation was developed*

; for granular material, but does not include particle size. Westinghouse
189reviewed the model against the data of Deissler and Boegli who

investigated the conductivity of three solids in four gases. Porosity
j of the gas / solid mixtures ranged from 0.3o to 0.5. When applied to 00

2

} in steam, with conductivities appropriate for the anticipated
temperatures, the effective conductivity given in Attachment 6 of
Reference 206 results. The assumed range, also given in Reference 206,
is consistent with the most scattered portion of Figure 8,
Reference 189.

Fuel Density (Packing Fraction), After Burst: The uncertainty is given
in Table 3.1.3-1 of the RMR. The justification is briefly suumiarized in
Footnote 9 of the table, and it is given in more detail in Table 4 of
the presentation on fuel density in Reference 56.

Sap Conductance: This is based on fuel temperature uncertainty from
PAD 3.4,78 an approved code, as discussed in Footnote 10 of Table 3.1.3-1

of the RMR. The HOTSPOT calculations agree closely with the PAD 3.4
calculations, as shown in " Figure 19, p. 54" in the presentation
material on HGAP, in Reference 55.

Rod internal Pressure: This is based on RIP uncertainty from PAD 3.4
calculations, an approved code. See Table 3.1.3-1 of the RMR and
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;

Footnote 11. The calculated uncertainties from PAD calculations as a
function of PLHR were less than the uncertainty applied in the |
Westinghouse analysis, which is conservative and adequate. j-

Cladding Burst Temperature: The uncertainty is given in RMR
Table 3.1.3-1, and justification is summarized in Footnote 12 of the
table. In more detail, a correlation of Powers and Meyer
(Reference 138) is used in MCOBRA/ TRAC to calculate the cladding burst ,

temperature based on engineering hoop stress and heatup rate (see CQD 1

Eqn. 7-66). Figure 3 in Reference 138 shows experimental burst

temperature plotted against engineering hoop stress. Based on

Reference 138, the data from TREAT tests are outliers and are ignored.

The remaining data show a scatter representative of the Westinghouse
proposed uncertainty for the two burst temperatures INEL reviewed. The |

data scatter the INEL determined is for the distance to the data maximum
and minimum, for t. fixed value of engineering hoop stress. When data j

from a single heatup rate are plotted, the scatter should be less; this
is true for the one data subset plotted in the report (see Figure 2, ;

Reference 138). This justifies use of a uniform distribution with the
range about the nominal g'iven in RMR Table 3.1.3-1.

; Cladding Burst Strain and Average Strain: The uncertainties on maximum |

|
burst strain are justified in Footnote 13 of Table 3.1.3-1 of the RMR,

'

and Figures 6 and 7 of Reference 31. An upper bound is plotted in
Figure 14 of Reference 31, relating the maximum burst strain to the
average burst strain. Use of an upper bound is conservative. The
average is obtained from the maximum in this way because little data |

exist on the average burst strain (Reference 214, Attachment 11). The
average burst strain is used by the HOTSPOT model. Because validation
of the internal workings of the HOTSPOT model is not in the uncertainty
distribution review, this transformation is discussed in the HOTSPOT |

model review-(see Section 9.4 of this report).

Zirc-Water and ZIRLO-Water Reactions: The justification is in
Footnote 14 of Table 3.1.3-1 of the RMR (pp. 34-36). For Zircaloy, the
method is described in Reference 214, Attachment 8. Westinghouse used ,

the data and approach of Cathcart-Pawel (Reference 84), and it analyzed
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the data as discussed in the reference. For ZIRLO, data from
WCAP-12610-p-A, Reference 127, are used as documented in Reference 56.

A consistent approach was used in the data analysis for Zircaloy and ~

ZIRLO, and the approach used by Westinghouse is conservative.

- Heat Transfer Coefficient: INEL review of the HTC uncertainty
distributions found them adequately justified based on the information
in Reference 58 and revised in Reference 206, Attachments 3 and 6, and.

Reference 213. The INEL notes that Westinghouse provided additional

information in Reference 206 to support the uncertainty applied during
the blowdown heatup period (Attachment 6) and the reflood period

(Attachment 3). Reference 213 provided information on the blowdown
' cooling period. For all phases of the LBLOCA except blowdown heatup,

Westinghouse uses empirical distributions (see RMR pages 437-438).

The development of the blowdown cooling HTC distribution proved to be
difficult because of the size of some of the multipliers originally

! calculated based on the MCOBRA/ TRAC comparisons to data. The

| information provided by Westinghouse in Reference 213 adequately
addressed this issue. The reference gave appropriate reasons for the
data used and the approach taken (including the approach needed to

address biases in the heat transfer correlations themselves and the
calculated boundary conditions) to derive the final blowdown cooling
multipliers.

|

| The data for the HTC distributions involve many experiments, which were

! scrutinized for their applicability. The resulting distributions are,
! . therefore, considered appropriate. In addition, certain points were

deleted ~ solely because of their magnitudes, not because of how they were
produced. This included one point during reflood and several during i

blowdown cooling. Normally, this would be a questionable practice. j

| However, the effect of the deletions in this case is to make the i

distributions slightly more conservative. Therefore, INEL finds the
deletions acceptable.;

I i

j To account for rod-to-red radiation effects in the data used to develop
i the heat transfer multipliers, Westinghouse uses a multiplier provided
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in Reference 214, Attachment 4, and as discussed in Appendix D of this
report.

-

T,,,: Westinghouse originally proposed a T , distribution ingi

Appendix B, Reference 58, for used use in HOTSPOT calculations. Based

on Reference 213, however, Westinghouse eliminated the T,3, distribution
during blowdown for HOTSPOT calculations and replaced it with the

correlation identified in the reference. This correlation provides a ,

lower bound to T data during blowdown. Because use of a lower boundMin

is conservative, INEL finds this approach adequate. Also, the

uncertainty in reflood T,3, is captured in the reflood HTC uncertainty
methodology, which the INEL considers adequate. For more information,
see Section 12.3 of this report.

Other Distribution Assumotions

combining Initial Condition Uncertainties: The use of a normal
distribution is adequate, possibly slightly conservative as discussed
below. This conclusion is based on inspection of Tables 26-5-1 through
26-5-3 of the CQD. In each case, no one uncertainty parameter I

contributes an overwhelming portion of the variance. If one parameter
dominated all the others, the Central Limit Theorem could not be
invoked, so each table must be inspected. For the cases where one
parameter may dominate, Westinghouse's approach is discussed below.

The normal assumption is somewhat conservative for the following reason. |

Tyoically, two parameters contribute about 80% of the uncertainty.
Therefore, the sum roughly resembles the sum of two uniform random
variables. Such a sum has a finite range, unlike the normal, which has
an infinite range. Using the normal distribution with the matching
variance allows larger values than can actually occur, which is
conservative.

As part of the methodology, Westinghouse agreed in Attachment 5,
Reference 214, to verify the normality assumption. If any element
contributes over the percentage of the uncertainty identified in
Reference 214, Westinghouse uses the approach outlined in Reference 214,
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to further analyze the initial condition uncertainty and modify the
uncertainty distribution. Based on the information in the reference,
INEL concluded Westinghouse will appropriately modify the uncertainty -

distribution to account for the dominance of the one element. <

Break Type Selection: Westinghouse considers each break type
separately.

UNCERTAINTY PROPAGATION ASSUMPTIONS

Auamentation of Variables
e

Nozzle Resistance, K,: K,, pump resistance, K , and other minorp

quantities all enter into the resistance ratio R,. Treatment of these
variables is discussed on page 22 of the RMR. This treatment is
justified based on WCOBRA/ TRAC runs, presented in Section 5.1.5 of the

RMR, and is supported by engineering understanding. Based on this
information, INEL considers Westinghouse's approach conservative.

)
.

The calculation of the standard deviation of R,, using the components in
Tables 3.1.2-4 and 3.1.2-5 of the RMR, is also correct. The assumption
of normality is based on the Central Limit Theorem (page 26-36 of the
CQD) and confirmed by simulation (Fig. 26-31 of the CQD). The CQD
figure was based on the assumed distribution for each random element

(given in Section 3.2.1 of the RMR), and slightly different variances
than given in the RMR. In the CQD, the K, and K, contributions to the
variance of R, cause the resulting distribution in Figure 26-31 to be
somewhere between a triangular and a nomal distribution. The revised
variances of the RMR cause the two contributions to be different, but
the distribution is still somewhere between a triangular and a normal.
A nomal distribution and a triangular distribution with the same mean
and standard deviation have almost the same 95th percentiles, but the
normal distribution has a wider range. Therefore, the normal
approximation is good, though slightly conservative.

4

Peaking Factors, F, and F : PCT is proportional to a product of thea
peaking factor times some other quantities. Because PCT depends on
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these terms in such a simple way, uncertainty in any one of the terms
could be used as a surrogate for uncertainty in all the terms. The

peaking factors are used, although any other term could be also be used. -

Form of Response Surface /Superoosition Model. Includina Separability of
Effects

-

e-

The response surface model uses a number of assumptions, but many of
them do not have to be checked, because performance of the model is
quantified during the validation portion of the method. In the
validation portion, the results of the superposition method are compared *

with MCOBRA/ TRAC /HOTSPOT r'esults. This comparison is used to determine

a correction to the superposition method. If the model used bad
assumptions, so that it performs poorly, this is accounted for during
the validation step.

A number of assumptions were supported using plant specific data;
therefore, in Reference 214, Attachment 5, and Reference 215

Attachments 1 and 2, Westinghouse agreed to verify the following
,

assumptions on a plant specific basis:

1. Validation data noints are normally distributed. with constant
variance. around a straioht line: The normality must be checked
for each phase of the accident for each plant. If the variance
from the scatter around the line is not used, because it is
relatively small compared to or , , ,2 , where MCOBRA/ TRACg 3

uncertainty based on experiments = o and the nodalizationgj7

uncertainty = a , then it is enough to show that the normal3

distribution involving a*gf7 + a conservatively bounds the2
3

scatter of the validation points around the straight line.

2. HOTSPOT PCTs are normally distributed: This must be checked at
each point where the HOTSPOT PCT is varied in a' Monte Carlo
sample: the points used to build the r'esponse surface for the

HOTSPOT standard deviation (aq.) and the validation points. It

is adequate to find that a normal distribution is conservative.

If the normal distribution is not conservatiw, Westinghouse on

64

- - _ _ _ . . ._. _- ., . _ , , . - -



._._ _ _

s

|

page 2 of Attachment 5, Reference 214, proposed an procedure for |
'increasing the normal standard deviation to make the normal

distribution conservative. This approach is considered adequate .

if the standard deviation needs only a small increase. As
discussed in Attachment 2, Reference 215, if a large increase is
required, Westinghouse makes an additional coraparison between the

adjusted normal distribution and the empirical distribution to
ensure the adjusted normal distribution appropriately represents
or is conservative relative to the empirical distribution.

3. Resnonse surface for o g is accurate or conservative: This
. should be checked by comparing the response surface estimate with

the Monte Carlo standard deviation at each validation point. The
response surface method should not severely underestimate any
standard deviation. For IP2, the value given in Reference 205,
Attachment 2, had to be added to the response surface. For other
plants, a different adjustment may be necessary as discussed in
Reference 215, Attachment 1. In the reference, Westinghouse
formalized the process to detemine the error in the response

surface for og, on a plant specific basis. The approach used is
analogous to the correction factor applied to the superposition
PCT. Given the similarity of the two approaches and the INEL;

finding the approach adequate for the superposition PCT, the INEL i

concluded the approach is also adequate for the correction of the
response surface estimate of a |q, .

In addition, Westinghouse provided normality checks on the following
;

. items in Reference 214, Attachment 5:

The distributions corresnandina to WCOBRA/ TRAC uncertainty based on
,

exneriments fa.,_j). nodalization uncertainty fo;). and the uncertainty
due to exnerimental data scatter foy: In Attachment 5, Reference 214,

! Westinghouse showed that, at the elevation used to calculate ag , the
differences between the mean of the experimental data and the
corresponding WCOBRA/ TRAC runs are consistent with a normal

distribution. Similarly, the deviations (that is, the terms that are
,

( squared and summed) contributing to a are consistent with a nomal
3
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distribution. Even though they were not produced by a random process

but by systematic variation of nodalization, etc., the resulting APCT
values appear to be distributed normally. Finally as discussed in *

Reference 214, the deviations that contribute to o , are not normallyg

distributed, but a normal distribution is conservative at the upper end

of the distribution (note: a modification to the o, calculation isg

discussed below and normality rechecked by the INEL). Therefore, none
of the distributions presents any obstacle to the planned use of normal

.

distributions in the Monte Carlo simulations. Also, Westinghouse in
Reference 214, List III, Item 2, agreed to verify the continued adequacy
of the normal distributions for o and o , if the code is modified org g

the assessment data base changes.

In Reference 214, Attachment 5, Westinghouse recalculated o ,. Theg

variance between rods (thermocouples) and the average cladding
temperature was calculated for various experiments. Three LOFT

experiments were discarded for engineering reasons. This affects the
calculation because two of the LOFT experiments had variances that were

much larger than any other experiment. The remaining experiments were
ordered by descending variance. The largest variances were pooled, with
additional experimental variances added until Bartlett's test (a
standard statistical test for equality of variances) found the variances
were significantly different at the 5% significance level. In all,15

out of 25 of the non-LOFT experiments with the largest variances were
combined in this way. The resulting standard deviation, the square root
of the pooled variance, was given in tht: reference. The recalculated-

value is slightly less than the previous value (also given in the
reference) that was based on pooling all the data without considering
whether the data were similar enough to be pooled. Because it is
larger, the previous value will be retained for the analysis. The INEL
considers the entire process justified and correct.

The final issue is whether the distribution is normal. For each
experiment, the INEL calculated the deviations of the rod temperatures
from their average. When these deviations are pooled, for the
experiments used for the pooled variance, the resulting data set appears
normally distributed. In particular, the Shapiro-Wilk test of normality
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can reject normality only at a significance level of 0.31, not at the
0.05 level. Therefore, use of a normal distribution is justified.

.

9.3 LBLOCA Method Description / Review - Solit Breaks

RG 1.157 indicates that split breaks should be considered in the break

i spectrum analysis used to determine the 95th percentile PCT. Westinghouse
! discussed its handling of this recommendation in Section 4.4.3 of

| Reference 58. Westinghouse addresses this issue by running a split break
spectrum and determining the limiting break. Then, Westinghouse accounts for|

local uncertainty effects using the results from the limiting split break.

Westinghouse stated that because the limiting split break is used, modeli

global uncertainties did not need to be considered for the split breaks. This
was because use of the limiting break implies a lower PCT would result if
conditions changed, and Westinghouse provided sensitivity studies to show that
the limiting PCT did not change significantly with global model variations.

Westinghouse accounts for plant condition uncertainties on the limiting
I split break using the initial conditions uncertainty and power distribution

response surface developed for the double-ended guillotine (DEG) break. In
Section 4.4.3, Westinghouse noted this assumption was based on the similarity
of the split break to one of the DEG breaks. INEL clarified this in a
discussion with Westinghouse. Westinghouse pointed out the following items in
Reference 58. First, the limiting split areak (page 240, Reference 58) has
simi'lar event timing relative to one of the DEG breaks (see page 293). This
implies a similar system thermal-hydraulic response for the two break types.
Second, the limiting split break and the corresponding DEG break both have
higher PCTs than the base case DEG break. This implies a similar system
response to break flow changes. Third, Westinghouse demonstrated in
Section 5.3.1 of Reference 58, that superposition of power distribution and
break flow effects adequately represented the MCOBRA/ TRAC calculated results.

| Therefore, given the above items, Westinghouse concluded that the DEG initial
conditions uncertainty distribution and the power distribution response
surface could be applied to the limiting split break.

!
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The INEL reviewed the information in Reference 58 pointed out by
Westinghouse. The information was found to support the conclusions reached by
Westinghouse regarding the model global effects. The figures referenced by *

Westinghouse and the discussion in Section 5.1.3 of Reference 58 also support
the extension of the DEG initial conditions uncertainty distribution and the
power distribution response sarface to the limiting split break for the
reasons presented by Westinghouse. Therefore, the INEL concluded

Westinghouse's approach to split breaks is adequate.

9.4 LBLOCA Method Descriotion/ Review - Westinahouse HOTSPOT Model

Westinghouse developed a model to evaluate the effects of the

uncertainties associated with local parameters on the calculated PCT called

the HOTSPOT model (see Reference 31). It models a portion of a fuel rod at
the PCT or burst location including fuel, gap, and cladding. Input values
include pellet and cladding geometry, linear heat rate, initial gap pressure,
and initial gap conductance. Fuel rod models are the same as those in
WCOBRA/ TRAC except as noted in Reference 31 and discussed below. Boundary

conditions are based on the vapor and liquid HTCs, vapor and liquid
i

temperatures, and fluid pressure calculated by MCOBRA/ TRAC at a specified
location in the HA. After the HOTSPOT model reaches steadystate conditions,

{transient boundary conditions are applied. If the burst temperature is
;

exceeded, burst is calculated, fuel relocation is assumed to occur with an
increase in linear power, and inside metal-water reaction commences.

The HOTSPOT model is a simple physical model that allows the effects of
uncertainties to be calculated directly by running the model many times with
parameter values that vary randomly according to specified distributions. The
parameter uncertainties considered are linear power, fuel density after
cladding burst, fuel conductivity prior to and after burst, metal-water
reaction rate, gap pressure, gap conductance, burst temperature, and burst
strain. The INEL review of the uncertainty distributions for the above
parameters is discussed in Section 9.2 of this report.

One area that the HOTSPOT model differs from the fuel rod models in
WCOBRA/ TRAC is the modeling of fuel relocation following burst. To get the
volume inside the burst cladding for fuel relocation, Westinghouse converts
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the maximum cladding strain to an average cladding strain based on data taken
at Westinghouse. This data is shown in Figure 14 of Reference 31. As noted
in Section 9.2 of this report, Westinghouse uses an upper bound line for the ~

conversion which will result in conservative estimates of burst cladding
| volume increase for fuel relocation. The average cladding strain is used to

- estimate the cladding volume increase. The cladding volume increase is used

to estimate the fuel relocation allowed as discussed in Reference 31.
. Finally, the linear heat rate is increased based on the fuel relocation (also i

as discussed in Reference 31).

INEL review of the fuel relocation methods used by Westinghouse found
them adequate for realistic LBLOCA. INEL agreed with Westinghouse's
derivations for cladding volume increase and linear power increase due to fuel
relocation. However, INEL did note that Figure 15 of Reference 31 was based

on peak volume increase not average volume increase as in the Westinghouse
| methodology. Review of the original reference,202 found that it was not
| completely clear as to the meaning of the figure. Further INEL review,

however, found that the effect of using the peak cladding volume increase
rather than the average cladding volume increase was to increase the fuel

! relocation by 10 to 20%. The iMEL does not consider this worth pursuing
because: (a) the difference is small, (b) there is wide scatter in the data<

used to derive Westinghouse's fuel relocation equation (see Figure 15 of
| Reference 31), and (c) there is wide scatter in the peak cladding strain data

(for examph , see CQD Figures 7-18 and 7-20). *

Other HOTSPOT models are based on those in MCOBRA/ TRAC.

Based on the INEL review of the fuel relocation models and because the
HOTSPOT model uses other fuel rod models based on MCOBRA/ TRAC, INEL concluded

it is adequate for realistic LBLOCA analysis.

9.5 Summary of INEL Review

This section summarizes the results of the review of the Westinghouse
realistic LBLOCA methodology. The following conclusions were reached:

t

i 69



,
__ --

|

|

1. INEL review of the HCOBRA/ TRAC code models found them adequate to

| provide a realistic analysis of LBLOCA results. This conclusion
'

is based on the INEL's review of information Westinghouse provided -

in the CQD, Volume 1, and in their responses to approximately 240
questions. The details supporting this conclusion are found in

| Appendix A of this report.

2. Uncertainty distributions /assumotions - Based on information from

Westinghouse, Westinghouse has adequately justified the

uncertainty distributions used. Westinghouse quantifies the
effects of the assumptions made for its superposition method by

. performing validation runs to account for the differences between
| the superposition assumptions and full MCOBRA/ TRAC /HOTSPOT runs.

INEL review of this method considers it adequate to address
questions on the superposition approach. This is because if bad
assumptions are made, then this validation accounts for them.

!

3. Solit breaks - The INEL reviewed the information provided by
Westinghouse. The information was found to support the

| conclusions reached by Westinghouse regarding the model global
effects and split breaks. The figures referenced by Westinghouse
and the discussion in Section 5.1.3 of Reference 58 also support

| the extension of the DEG initial conditions uncertainty
distribution and the power distribution response surface to the
limiting split break for the reasons presented by Westinghouse.

| Therefore, the INEL concluded Westinghouse's approach to split
breaks is adequate.

!

| 4. HOTSPOT - Based on the INEL review of the fuel relocation models
and because the HOTSPOT model uses fuel rod models based on
MCOBRA/ TRAC, HOTSPOT is adequate for realistic LBLOCA analysis.

.
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10. COMPARISON WITH REGULATORY GUIDE 1.157

The recommended features of a realistic LBLOCA analysis are described in *

RG 1.157. Comparison of the Westinghouse methodology with RG 1.157 is

discussed in detail in Appendix C of this report, but that review is
summarized in Section 10.1 of this report. In addition, RG 1.157 discussed.

determining the range of applicability for a number of different models.
. Compliance with the RG recommendations in this area is discussed in

Section 10.2 of this report.

10.1 Summary of Westinahouse Methodoloav/RG 1.157 Comoarison
.

In general, INEL found that Westinghouse's methodology met the RG
guidance in Section 3, Best-Estimate Code Features, and Section 4, Estimation

of Overall Calculational Uncertainty. For example, Westinghouse uses a point
kinetics model to analyze fission heat as allowed by RG Section 3.2.2, and the
fission product decay heat model is based on the 1979 ANSI /ANS standard
(Reference 83) allowed by RG Section 3.2.4.

Where Westinghouse took an alternative approach to that outlined in the
RG, INEL review found that Westinghouse provided adequate justification for
the approach presented. For example, Westinghouse uses the Cathcart-Pawel
model"4 to calculate the Zirc-water reaction at temperatures above 1500*F. In
the RG, Section 3.2.5, the Cathcart-Pawel model is recommended but only for
temperatures greater than 1900*F. As discussed in Appendix C, Westinghouse
notes the Cathcart-Pawel model overpredicts the reaction rate at temperatures
below 1900*F; therefore, it is conservative to use it at the lower

. temperatures. Such conservatism is allowed by the RG (see RG Section 1.0).

, RG 1.157, Section 4.5, notes the CSAU methodology was used to evaluate
the overall calculational uncertainty in PCT predictions for NRC developed BE
computer programs. In Section 2 of this report, INEL review found the
Westinghouse methodology was consistent with the intent of CSAU.

Based on information provided by Westinghouse, Westinghouse has met the
RG guidance or provided adequate justification for its alternate approach.

,

>
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1

|

l

| 10.2 WCOBRA/ TRAC Ranae of Conditions /Acolicability

RG 1.157 identified the following models as needing the range of ^

| applicability justified: critical flow, ECC bypass, frictional pressure drop,
critical heat flux, transition and film boiling heat transfer, single-phase
vapor heat transfer, and level swell. Also, Westinghouse's PIRT identified

, the following models as important: critical flow, pump, accumulator nitrogen,
! condensation, entrainment, ECC bypass, core heat transfer (including'Tm),

and fuel rod. In Volume 1, question 3a, Reference 50, Westinghouse discussed
the basis for the range of applicability in these models relative to the
MCOBRA/ TRAC assessment it performed. INEL review of that response found:

| \
| 1. The WCOBRA/ TRAC critical flow assessment covered the appropriate

PWR range of conditions for pressure, subcoeling, void fraction,
and length / diameter (L/D). See Table 1, Volume 1, question 3a.;

!

2. The ECC bypass assessment covered almost the full PWR range for

geometry, downcomer circumference, ECC location, ECC temperature,
ECC flow, and system steam flow. Where the assessment ranges did

i

| not fully cover the PWR range, the INEL considers the assessed

range close enough to be representative of the PWR range. See

Table 4, Volume 1, question 3a.

3. The MCOBRA/ TRAC frictional pressure drop model assessment covered |
the right range of conditions for mass flow, void fraction, and
pressure if the break is not considered. If the break is
considered, the main components of uncertainty are the vessel

I

nozzle loss and the broken loop pump. The uncertainty in both of
these components was estimated by Westinghouse and directly
included in the code uncertainty assessment. See Table 5,
Volume 1, question 3a.

'

85 2
| 4. The code applies the Biasi correlation above 30 g/cm -s with

88! linear interpolation to a modified Zuber correlation at flows
! below 30 g/cm -s (see CQD Eqn. 6-68). Collier gives the lower2 s7

2; bound of the Biasi correlation data base as 10 g/cm -s which
: indicates MCOBRA/ TRAC uses the Biasi correlation within the data
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.

{ base flow range except for part of the interpolation regime
2j (between 10 and 0 g/cm -s) until the Zuber correlation is used

| alone at zero flow. The modified Zuber correlation is only -
,

j applied at low flows as conditions approach pool boiling (less
i than 30 g/cm -s) due to the interpolation, and it is used alone at8

zero flow. The extension of Biasi and Zuber in the interpolation
regime is considered appropriate to allow for a smooth transition

; . between the Biasi and Zuber correlations. The other data base

| ranges for diameter, length, flow, quality, and pressure for the
| Biasi correlation given in Collier indicate the Biasi correlation
j covers the range of conditions expected in a PWR.
]

; 5. For the post-critical heat flux (post-CHF) regimes of transition
j boiling and film boiling heat transfer, Westinghouse provided
1 adequate information that the MCOBRA/ TRAC assessment covered the

; appropriate range of conditions in its responses to:
!
;

j 1. Volume 2, question 2, Reference 39, and CQD Tables 11-1
: to 11-3 for blowdown.
|
i

| 2. Volume 1, question 152, Reference 37, and CQD Tables 12-1
| to 12-3 for reflood.
!

' 6. For single-phase vapor heat transfer, Volume 1, question 152,
j Reference 37, and Reference 205, Attachment 5, provided data to
~

show the assessment of MCOBRA/ TRAC covered the PWR range.i
a

i

j. 7. RG 1.157, Section 3.12.2.1, discussed the phenomenon of level
5 swell and stated the range of applicability of the level swell

model should be determined. Westinghouse noted in response to
Volume 5, question 49, Reference 44, that level swell is more
important for small-break LOCAs while the phenomena of importance
to LBLOCAs are entrainment and carryover. Tables 5-1 and 5-2 in
NUREG-1230ss were referenced to support this distinction.
Therefore, Westinghouse's discussion on the range of applicability
focused on entrainment/ carryover rather than level swell. The
INEL agrees with this distinction as it is consistent with our

73

..



- - - - - _ _ - - . _ -

understanding of the important LBLOCA phenomena, and it is

consistent with the Westinghouse PIRT. The entrainment considered

by Westinghouse was entrainment in the core and upper plenum.
*

Reflood assessments for the core and upper plenum were carried out
in UPTF, CCTF, SCTF, and FLECHTs H2 facilities. Various core
radial and axial power distributions and various bundle geometries -

(15x15 and 17x17) were simulated in these facilities. Information
was provided in Table 3 of Volume 1, question 3a. The INEL also
reviewed CQD Tables 12-1-1, 12-1-2, 12-1-3, and 14-2-2. Based on

this review, the appropriate range of conditions was covered in
the entrainment model assessment.

.

8. The MCOBRA/ TRAC pump model is an empirical model based on pump

| data. The two-phase data used to develop the pump model cover the
range expected in a PWR. Westinghouse based this on a comparison
of CQD Figures 16-3-5 and C-1 (C-1 is for a four-loop plant).
Additional information for a three-loop plant was presented 9
Reference 56. The two-phase test data in Figure 16-3-5 (the
asterisks in the figure) range from 0.5 to 2.75. In Figure C-1,
except for one point, the calculated two-phase pump operation is
well within the data range on which the two-phase model was based.
For the three-loop plant data presented in Reference 56, two
points (representing 1 s of pump operation) were outside the
two-phase pump data range. The pump model was assessed against
four LOFT tests, two with the pumps on and two with the pumps
coasting down. This covers the range of pump operation expected
in a PWR. Although a small number of tests was used, Westinghouse.

stated it is sufficient because it covers expected operating
conditions, and Westinghouse's analysis shows the single-phase
pump head model is the most important. See CQD Section 16-3, CQD
Appendix C, and the material from Reference 56. The INEL notes

the uncertainty in this model is accounted for in the MCOBRA/ TRAC

| uncertainty analysis. |

.

! 9. Westinghouse discussed the accumulator nitrogen model, and the
I

INEL review of this model is found in Section 12.2 of this report..

i
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10. Except for the minimum ECC temperature expected in a PWR, the

condensation model was assessed against the appropriate range of
'

conditions. See Table 2, Volume 1, question 3a. The INEL
considers this adequate because no new phenomena would be,

introduced in cases where a lower ECC temperature was used to
-

assess MCOBRA/ TRAC.

!

| 11. For the other core heat transfer models, Westinghouse provided
adequate information that the MCOBRA/ TRAC assessment covered the

! appropriate range of conditions in its responses to Volume 1, l

question 152, Reference 37, (see also CQD Tables 12-1 to 12-3) for
|reflood and Volume 2, question 2, Reference 39, (see also CQD

Tables 11-1 to 11-3) for blowdown. Because T,g,is the
temperature at the boundary between film boiling and transition 4

,

boiling, the INEL notes the range of conditions for T,3, is '

covered because the appropriate conditions for transition and film i

boiling are covered. Also, T,3, is %cluded directly in the
uncertainty calculations. I

12. The fuel rod model in MCOBRA/ TRAC was assessed against NRU and
LOFT experiments both of which use nuclear fuel rods. While these
assessments cover a wide range of conditions, the assessments
performed will not cover all fuel rod parameter ranges. To'

account for this, Westinghouse varies fuel rod models such as fuel
relocation, gap conductance, burst temperature, and burst strain
directly in the uncertainty analysis through its HOTSPOT model.
The HOTSPOT model is reviewed in Section 9.4 of this report.

This shows the MCOBRA/ TRAC assessment covered the appropriate range of

,

conditions for the important models, or the methodology directly accounts for
the uncertainty.

|

.
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| 11. WESTINGHOUSE EVALUATION OF COMPENSATING ERRORS

|

Compensating errors are defined as those errors that when combined '

provide good but misleading results. For example, PCT could be calculated

well but only because the heat transfer model overpredicted the local HTC
compensating for a low core flow rate.

!
In Reference 59, Westinghouse provided its evaluation of compensating

.

errors in the WCOBRA/ TRAC code (this report will be referred to as the CER).
| Additional information on compensating errors was presented by Westinghouse
| at the January 1996 meeting between Westinghouse and the Thermal-Hydraulic

Subcommittee of the ACRS, the February 1996 meeting with the full ACRS
.

committee, and in References 213 and 214, Attachment 1. Unless noted
otherwise, all figures referenced in this section are from Reference 59.

Westinghouse evaluated both separate effects and integral tests to
4

determine the presenca of compensating errors in the following areas:|

post-CHF heat transfer, ECC bypass / condensation, and blowdown and

post-blowdown theraal-hydraulics /entrainment. Table 11.1. lists the tests used
to evaluate each area.

| Table 11.1 Tests Used in Westinghouse's Compensating Error Analysis

Phenomena Evaluated Tests Used for Evaluation
Post-CHF Heat Transfer ORNLhighpressug,{ilmboiling

tests
INELsingletube,[ilmboiling

tests,

| FLECHT-SEASET forced flooding tests
| G-1 blowdown tests

ECC bypass / condensation
Stratifiedcondensationtesfs''SteanVwater mixing tests

UPTF ECC bypass tests

|
| Blowdown / Post-Blowdown LOFT Test L2-3's

s

Thermal-Hydraulics /Entrainment LOFT Test L2-O'
| SCTF forced flooding Test 619

CCTF gravity reflood Test 624

:
1
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11.1 Post-CHF Heat Transfer Evaluations

.

Westinghouse evaluated two ORNL high pressure film boiling tests, INEL

film boiling tests, and three FLECHT-SEASET tests for evidence of compensating
errors. The ORNL tests are discussed first followed by the INEL tests and the
FLECHT-SEASET tests.

11.1.1 ORNL Film Boilina Tests

Westinghouse evaluated two ORNL high pressure film boiling tests,
3.03.6AR and 3.08.6C, for evidence of compensating errors. For these tests,

| MCOBRA/ TRAC tended to give PCT comparisons that were good to slightly low (see

| CQD Figure 11-2-22). In the CER, Westinghouse compared the calculated vapor
superheat to an estimate of the superheat in the tests (vapor superheat was

j not measured directly in these tests). Because the superheats in the tests
were estimated, Westinghouse noted that this quantity may have considerable
uncertainty in the reported value. Therefore, the most important conclusion

| that can be reached from these tests is that MCOBRA/ TRAC correctly predicts
the presence of superheated steam in the tests. Comparison of the calculated
and estimated values shows that MCOBRA/ TRAC tended to predict vapor superheat
that was good to slightly low consistent with the PCT comparisons. Based on,

I this, Westinghouse concluded, and the INEL agrees, that this comparison
supports a lack of significant compensating errors in these test analyses.
Significant compensating errors would exist if no vapor superheat or high
vapor superheat was calculated, but PCT predictions were good. -

11.1.2 INEL Film Boilina Tests

Westinghcuse also evaluated INEL film boiling tests for evidence of
compensating errors. Figure 4 of the CER shows that relative to the TRAC-PF1
code * evaluated in the CSAU study, Reference 61, MCOBRA/ TRAC does not have

the severe overprediction of HTC observed in the CSAU work. Westinghouse
discussed its understanding of the reason for this difference on page 7 of the
CER.; To evaluate the HTC/ void fraction relationship, Westinghouse plotted the

: relative difference in calculated HTC and measured HTC versus void fraction
! (see Figure 5). This figure shows the code does have a bias towards

overprediction of HTC as the vapor fraction is reduced. But a much clearer
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correlation was obtained when the relative difference in calculated HTC and
measured HTC was plotted versus vapor Reynolds number (see Figure 6). This

,

figure shows that overprediction of HTC increased as the vapor Reynolds number
decreased below 10,000. Westinghouse considered this result consistent with

the basic premise of the droplet contact model. This is because droplet
contact is driven by turbulence in the vapor flow, and this should decrease as
the vapor Reynolds number decreases. Because MCOBRA/ TRAC does not model this

decrease, the HTC is overpredicted at low vapor Reynolds numbers.

Westinghouse, however, does not consider this a serious deficiency in the code
heat transfer models because of the low liquid hea: transfer calculated during :
blowdown as seen in the LOFT comparisons (see Figure a7a and b7a) and prior to
quench in the reflood comparison (see Figure 15). Westinghouse also noted in
the CER conclusions section (CER Section 3) that the Reynolds number during
blowdown is larger than the Reynolds number where overprediction of heat
transfer becomes too large.

11.1.3 FLECHT-SEASET Test Analysis

The final tests evaluated in the post-CHF area were FLECHT-SEASET

Tests 31504, 31805, and 31701 (reflood rates of 0.97, 0.81, and 6.1 in/s).
For Test 31504, Westinghouse evaluated the bundle thermal-hydraulics. The
MCOBRA/ TRAC analysis of Test 31504 underpredicted the PCT and vapor

temperature (see Figures 7a and 7b). Westinghouse attributed this
underprediction to the fact that MCOBRA/ TRAC underpredicted the heat transfer
to the vapor just above the quench front (Figure 13). Westinghouse concluded
that the underprediction of the vapor heat transfer was not due to
overprediction of the interfacial heat transfer because the vapor velocity
comparison in Figure 12 was good. Also, at 10% of the total heat transfer,
wall to liquid heat transfer was not an important part of the calculated heat
transfer (see CER, page 11). Westinghouse also noted that comparison of
predicted and test estimated vapor Reynolds numbers (Figure 16) shows the
calculated value was higher, but comparison of the predicted and test
estimated Nusselt numbers (Figure 17) shows that the calculated value was

lower than that estimated from the test data. In Reference 214, Attachment 1,
Westinghouse explained these items (lower predicted heat transfer to the vapor
and higher predicted vapor Reynolds number but lower predicted Husselt number)
by noting that the WCOBRA/ TRAC heat transfer models to steam are based on
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j fully developed flow correlations. One example is the Dittus-Boelter
| correlation.w2 In the test, however, turbulence at the quench front would

enhance the test heat transfer at that location. Fully developed flow in the ~

| test would not occur for some distance downstream of the mixture level and

| quench front. Based on the arguments presented by Westinghouse, INEL
| concluded that physically plausible explanations were provided for the noted |

; differences between the MCOBRA/ TRAC results and the test data.
~

'

Westinghouse used Tests 31805 and 31701 to investigate the heat
'

transfer / void fraction relationship in the MCOBRA/ TRAC comparisons to
FLECHT-SEASET tests. First, Test 31805 was considered. Westinghouse noted
that simulation of this test had several of the problems identified in other !

FLECHT-SEASET test comparisons. In particular, the PCT was underpredicted
(Figure 19) due to higher predicted HTCs (Figure 20), and this was due to
underpredicting the heat transfer to the vapor at the quench front
(Figure 21). To evaluate the HTC/ void fraction relationship, Westinghouse

i plotted the cladding temperature versus void fraction and HTC versus void

fraction for both the test data and the MCOBRA/ TRAC results. The following
discussion is for the 6 foot elevation; similar results were found at 10 feet.

j Evaluating the test data (Figures 23 to 27), Westinghouse pointed out that
flow transition from dispersed flow to an inverted annular type flow began at
300 s. The cladding cooldown and HTC increased slightly at that time but the;

| HTC did not indicate a large increase until the rods quenched. Figures 29

| and 30 show the same type of comparisons for the MCOBRA/ TRAC results. Again,
it was found that the cladding cooldown and HTC increased slightly with the
transition from dispersed flow to an inverted annular type flow at about

| 300 s, but the HTC did not indicate a large increase until the rods quenched.
Comparison of the calculated and the test estimated void fraction found good
agreement (Figure 30) except between 300 to 425 s. The disagreement during

| this time period is due to fixed hydraulic mesh effects (CER, page 26).

Westinghouse performed a similar evaluation for FLECHT-SEASET Test 31701

(see Figures 37-38 for the test results and Figures 39-40 for the MCOBRA/ TRAC
,

results). Results similar to that discussed for Test 3180L were found.

,

Based on the above HTC versus void fraction evaluation, Westinghouse

concluded that MCOBRA/ TRAC and the test results indicated similar trends.
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11.1.4 G-1 Blowdown Tests
!

In References 213 and 214, Attachment 1, Westinghouse discussed the
~

compensating error analysis for the G-1 blowdown tests used in the MCOBRA/ TRAC
code assessment. Westinghouse's analysis showed the code tended to

overpredict the vapor temperature resulting in lower calculated heat transfer
relative to the test data. However, the rewet temperature was overpredicted,
leading to a compensating error in the calculation of the rewet location. The

j low heat transfer in the film boiling regime compensated for the high rewet
| temperature leading to an apparently correct rewet location for some tests.

In References 213 and 214, Attachment 1, Westinghouse noted this compensating

error was addressed by modifying the blowdown cooling HTC uncertainty
distribution (by removing the vapor temperature bias in the code / data
comparisons) and using a lower bound rewet temperature during HOTSPOT blowdown
calculations.

l

I 11.1.5 INEL Review

l
'

INEL reviewed the information provided by Westinghouse and concluded the
restits do not indicate evidence of significant compensating errors in
WCOBRA/ TRAC or problems not addressed by Westinghouse's methodology. For the

| ORNL tests, superheated steam was measured and calculated. Calculated PCT

trends were consistent with the differences between the measured and
calculated superheat. For the INEL film boiling tests, WCOBRA/ TRAC
overpradicted the data, but not to the extent of the TRAC code used in the
CSAU study. INEL does not consider this serious for the reasons noted by
Westinghouse: (a) low liquid heat transfer calculated during blowdown and
prior to quench in reflood and (b) the Reynolds number during blowdown is
larger than the Reynolds number where overprediction ,f heat transfer becomes
too large. Also, Westinghouse uses heat transfer multipliers in its
uncertainty evaluation to account for differences between measured and
calculated heat fluxes, which will correct for this overprediction.

While the Westinghouse analysis indicates there are no major
,

compensating errors in the forced reflood analyses, INEL notes this does not
mean the WCOBRA/ TRAC analyses of forced reflood tests are without problems.,

*

The forced reflood analyses showed that MCOBRA/ TRAC tended to overpredict
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1

entrainment in the core, and there was low heat transfer to the vapor just
above the cuench front (see CER, Section 3, Item 5). This manifested itself
in higher heat transfer above the quench front, lower PCTs, earlier turn- '

l

around-times, more rapid cooldown, and earlier quench relative to the test
data. Because these are the types of effects expected from overpredicting
entrainment and low vapor heat transfer at the quench front, the INEL does not.

consider overpredicting entrainment/ low vapor heat transfer in forced reflood '

|. tests as compensating errors. However, the problems and their effects need to
| be addressed, and Westinghouse addressed these areas by ranging the heat flux

multiplier in the uncertainty analysis based on the forced reflood tests.
Because of the overprediction of heat transfer due to.these problems, the
average heat transfer multiplier in the uncertainty analysis is less than 1.0.

| This indicates MCOBRA/ TRAC tended to overpredict heat transfer, but use of the

multipliers in the uncertainty analysis results in a heat transfer penalty.

|

| Further, during the January 1996 meeting between Westinghouse and the

| Thermal-Hydraulic Subcommittee of the ACRS, several concerns were raised about
the potential for compensating errors in the FLECHT-SEASET Test 31701

analysis, a test with a 6.1 in/s flooding rate. To address,these concerns,
j Westinghouse noted in the February 1996 meeting with the full ACRS committee,

that the Test 31701 data was removed from the data base used to develop the
reflood heat transfer multipliers. This resulted in a slightly more;

conservative uncertainty distribution.
i

Westinghouse adequately dealt with the compensating error identified in
the G-1 blowdown tests. In References 213 and 214. Attachment 1, Westinghouse
noted this compensating error was addressed by modifying the blowdown cooling
HTC uncertainty distribution (to remove the temperature bias in the code / data
comparisons) and using a lower bound rewet temperature during HOTSPOT blowdown
calculations. The INEL considers this adequate because both modifications
dealt with the underlying causes of the compensating errors and resulted in
more conservative distributions.

11.2 ECC Bvoass/ Condensation4

i
,

As indicated in Table 11.1, Westinghouse used a number of different
| sources for test data to evaluate ECC bypass and condensation for compensating
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| errors. Westinghouse's evaluation of WCOBRA/ TRAC's ECC bypass calculation is
directly related to the CCFL models, and INEL discussed its review of CCFL

| modeling in Section 12.1 of this report. Therefore, only the condensation "

| models are addressed here.
l

Westinghouse addressed condensation in the vessel (Volume 1, -

question Ill, References 42 and 45) and in 1-D components (in Reference 11).
i For the vessel, the code results compared well with the data but there is wide

scatter in the data. This is accounted for in the uncertainty analysis (see
Section 6 of this report).

!

The 1-D results (comparisons to the Northwestern tests, Reference 96)
showed the interfacial area was overpredicted while the interfacial HTC was

|
underpredicted. This is an example of a compensating error. Westinghouse,

| however, noted that the overall condensation efficiency in 1-D components is
approximately correct as shown in CQD Figures 15-3-48 and 15-3-49 for the

'

full-scale IJPTF tests. Because the overall condensation rate is calculated ;

correctly, Westinghouse noted that the compensating error in this case does|

not compromise the code's ability to predict the overall condensation rate in
1-D components. INEL notes Westinghouse's conclusion is also supported by the
fluid temperature comparisons for both UPTF and the Westinghouse /EPRI 1/3rd-
scale steam / water mixing tests as discussed in Sections B.2.4 and B.3.1 of
this report. Those comparisons show the code adequately calculated the fluid
temperature as it exited the simulated cold leg.

Based on ECC bypass / condensation information reviewed, INEL concluded

that MCOBRA/ TRAC does not have significant compensating errors in the I

CCFL/ condensation models that would compromise the code's ability to
realistically calculate LBLOCAs.

1

11.3 Blowdown / Post-Blowdown Thermal-Hydraulics /Entrainment
.

j To evaluate compensating errors in the blowdown / post-blowdown
'

thermal-hydraulics /entrainment areas, Westinghouse reviewed two LOFT tests, a
SCTF test, and a CCTF test. The LOFT tests will be discussed first, followed

i by the SCTF and CCTF tests. Because of the detailed analyses presented by

i
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Westinghouse, INEL review comments are provided at the end of the discussion
for each test facility.

.

11.3.1 LOFT Analyses - Tests L2-3 and L2-5

To illustrate the compensating error analysis Westinghouse performed for I

the LOFT test analyses, the discussion of Test L2-3 will be addressed in
. detail. Similar comparisons for Test L2-5 were made, but those results will

only be summarized.

; Core thermal-hydraulics were the first area evaluated by Westinghouse.
| Westinghouse noted that the PCTs for Test L2-3 were predicted well by

| MCOBRA/ TRAC (see Figure al). Because no incore flow measurements were made in

LOFT, only calculated results are available. They show (Figures a2/a3) that
the calculated blowdown quench coincides with the return to positive flow at

| about 5 s. To determine whether the good prediction of core heat transfer is
1

due to compensating errors such as low vapor superheat and low HTC, steam |

| superheat comparisons were made; Figures a4 and a5 compare this parameter at
l the top and bottom of the core. These comparisons show that both the code and

the test data had steam with large superheats exiting the core when the !

blowdown quench in Figure al occurred. After 15 s, the code calculated much
higher levels of steam superheat at the top of the core relative to the test

! data. Westinghouse stated, however, that the steam thermal-couples (T/Cs) are
subject to rewet. This is because the T/Cs are located outside the core where
some liquid may be present. Also, even if the data measurement is accurate,,

! Figure a4 shows WCOBRA/ TRAC conservatively calculated the steam superheat in

| this test. As will be discussed later, the intact loop flows and the break
l flows for Test L2-3 were calculated well. When the predicted core flow

increased at 5 s, this coincided closely with the time when the broken loop
i, cold leg flow fell below the intact loop cold leg flow allowing a return to

positive core flow. When the intact loop cold leg flow decreased at about
10 s, the core flow rate also decreased. Based on the good flow comparisons |

in the loops and at the break locations, Westinghouse concluded the core flow
was also predicted well for this test.

For the system response, Westinghouse compared the system pressure from

the test to the code result (Figure a8). MCOBRA/ TRAC overpredicted the,

1
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pressure early in time and then fell below the measured pressure.

Westinghouse noted this was due to underpredicting the hot leg break density,
resulting in higher energy and volumetric flow. This reduced the system

'

pressure more. rapidly than in the experiment. Figure a9 compares the,

L
calculated and measured core level. This comparison shows that WCOBRA/ TRAC

i

calculated core recovery later than the test data due to increased ECC bypass .

(see Figure a27).

.

Loop behavior was evaluated using fluid flow rates, densities, and
velocities in the intact loop hot leg and cold leg and the broken loop hot leg
and cold leg. In the intact loop hot leg (Figures al2 to a14), the two flows
compared well during blowdown / refill, and the results were consistent. That
is, all three parameters compare well. After 40 s, however, the calculated I

| velocity was much larger than the measured velocity (Figure al4). This was
j the time reflood began in the test, and the measured hot leg density
I ,

(Figure a13) indicated the presence of entrained liquid in the hot leg. The |
predicted density, however, did not. The measured velocity is a fluid mixture !

velocity and the entrainment in the test reduced the measured fluid mixture l

; velocity relative to the prediction. The effect of the accumulator nitrogen !
was seen starting at 50 s. In'the test, the nitrogen injection rapidly
reduced the fluid flow through the intact loop. A similar but weaker effect !,

! was calculated because Westinghouse's modeling of accumulator nitrogen
| injection results in the nitrogen entering the system more gradually. This

reduces the effects of the insurge of nitrogen. t

|,
''

Intact loop cold leg comparisons are shoun in Figures a15 to a20.|

Because the test spool piece was located upstream of the measurement point,
two comparisons for each parameter were provided: one with consistentt

locations at the measurement point, and one where the predicted value was
taken from the injection location. From 0 to 15 s, the fluid mass flow rate,
density, and velocity were consistent and agreed well. After 15 s, the
calculated density increased because the accumulator came on early due to the
more rapid depressurization calculated by WCOBRA/ TRAC. After 20 s, the

j measured density had large variations as the injected water intermittently
I backed-up through the' spool piece. Westinghouse concluded similar effects

were not calculated due to the simple drift-flux model used in 1-D components.;

This simple formulation does not allow WCOBRA/ TRAC to model the complex flow'
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regimes in the intact loop cold leg needed to calculated the backing up of the
accumulator water. INEL notes that not calculating this phenomenon does not

prevent the code from adequately calculating the LOFT L2-3 system response.
.

At 50 s (see Figures a19/a20), accumulator nitrogen affected both the test and

| calculated results with the same type of differences as noted for the intact ~

|- hot leg.

|

The broken loop hot leg fluid mass flow rate, density, and velocity are
shown in Figures a21 to a23. The mass flow compared reasonably well, but the
density was underpredicted, and the velocity was overpredicted. Westinghouse
noted this is an example of a compensating error. The lower density was due
to the rapid depletion of mass at the hot leg nozzle elevation. Figures a24
and a25 show the predicted void fraction at the hot leg nozzle elevation and
the elevation just above the upper core plate. More liquid was stored at the
bottom of the upper plenum relative to that at the hot leg nozzle elevation.

| Westinghouse attributed this behavior to the larger upper plenum in LOFT,
6 ft from the core plate to the hot leg elevation, compared to 3 ft for the
same distance in a PWR. With a larger upper plenum volume, upper plenum mass
storage is more important in LOFT than in a PWR where the smaller upper plenum
would promote more entrainment into the hot legs. The difference between the
code and the test results was attributed to the inability of the ECOBRA/ TRAC
nodalization to predict with sufficient accuracy the details of the LOFT upper
plenum response (See Reference 214, Attachment 1).

Calculated and measured broken loop cold leg fluid mass flow rate,
density, and velocity were compared in Figures a26 to a29. The three
parameters compare well, and the results were consistent with each other. The
predicted fluid mass flow and density had more ECC bypass than the test data
after 25 s. Westinghouse again noted accumulator nitrogen effects in both the
test data and the prediction after 50 s. In the test data, accumulator
nitrogen increased the fluid velocity, while the weaker nitrogen effect in the
calculated results allowed condensation to continue and MCOBRA/ TRAC calculated
reverse flow at the break.

| In evaluating the overall prediction of LOFT Test L2-3, Westinghouse
; found the intact loop and break flows were predicted well. Therefore,
,

| Westinghouse concluded the core flows were also predicted well by MCOBRA/ TRAC.
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|

As seen in Figure al, core heat transfer was calculated well because the
predicted PCT compared well with the data. Because both the core flow and the
heat transfer were predicted well, Westinghouse concluded there was no

.

evidence of significant compensating errors.

|

Comparison of the )(COBRA / TRAC analysis of LOFT LP-5 analysis with the

test data found the PCT was underpredicted for this test. Westinghouse's
evaluation of the predicted results led them to conclude that the PCT

underprediction was due to several factors: underpredicting the broken loop
cold leg flow (Figure b26) early in time and overpredicting the broken loop
cold leg flow later in time. INEL notes that the overprediction of the broken
loop hot leg. flow early in time (Figure b21) would also impact the early PCT
differences found in Figure bl. The early underprediction coupled with a good
prediction of the intact loop cold leg flow (Figure b26) allowed the predicted
core flow to become positive as seen in Figure b2. This arrested the initial
cladding heatup prematurely at 5 s (Figure b1). Overprediction of the broken

-

cold leg flow after 5 s, and a good prediction of intact loop cold leg flow at
that time resulted in the core flow becoming negative. This higher calculated
break flow also contributed to the cladding temperatures being underpredicted
fo" this test.

INEL Review

Based on the comparisons presented by Westinghouse and reviewed by the
INEL, the INEL agrees that the evidence presented supports the conclusion that
there are no significant compensating errors in the LOFT Test L2-3 analysis.
This is based on the good comparisons of loop and break flows and core heat
transfer presented by Westinghouse. INEL also agrees that the L2-5 predicted .

results are not due to significant compensating errors. Rather,
overprediction of core heat transfer resulted from overpredicting the core

,

flow both positive and negative. This is the expected result for these
conditions.

1

11.3.2 SCTF Test 619 Analysis,

; Figures cl to c15 show measured and predicted cladding temperatures.
The figures show that the modeled rods began to cool almost immediately after
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;

the_ test started, while the measured data had a 10 s heatup period.
Westinghouse concluded this implied early onset of entrainment for the

^

prediction relative to the test. With this exception, the comparisons show i

the cooldown rate was adequately or conservatively predicted. Vapor

temperatures (Figures cl6/cl7) were also predicted slightly low at the start
of the test, consistent with the early entrainment. )

-

,

Comparison of the calculated and measured void fractions in the core '.

show the code underpredicted the void fraction low in the bundle but '

to.erpredicted it high in the bundle (see Figures cl8 to c28). These

comparisons also show the code calculated sharp changes in void fraction at
various tim's as the quench front moved up the bundle. The test data,e -

however, had an initial drop at the start of the test followed by a gradual '

transition to lower void fraction. Also, both the test and code results '

indicate the radial mass distribution was very uniform (Figures c20 and c24).
|

,

During a discussion with Westinghouse, INEL noted that the initial drop
in void fraction does not seem consistent with the initial cladding heat up ;

and the vapor superheat comparisons caused by delayed entrainment in the test.
In Reference 214, Attachment 1, Westinghouse stated the delayed entrainment in
the test was supported by the cladding temperature and vapor temperature
measurements in the test, but the delayed entrainment was less clear in the
void fraction plots (Figures c21 to c24) where there is a drop in void
fraction almost immediately in the test data. Westinghouse attributed this
difference to the fact that the test void fractions are inferred from
differential pressure measurements, which will also pick up pressure drops due
to friction from flowing steam.

Comparing cladding temperature to void fraction (Figures c29 (test data)
and c30 (MCOBRA/ TRAC)), Westinghouse found that changes in void fraction had
only a small effect on the cladding cooldown rate until rod quench occurred or
was calculated. Based on this, Westinghouse concluded the WCOBRA/ TRAC heat
transfer model is a relatively weak function of void fraction.'

Westinghouse analyzed the liquid mass distribution in the test. The
bundle mass comparison found MCOBRA/ TRAC underpredicted the bundle mass
slightly (Figure c31), indicating higher entrainment consistent with the l
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FLECHT-SEASET results discussed earlier. Baffle mass and hot leg mass were
also underpredicted (Figures c32/c34), but the upper plenum mass was

.

overpredicted (Figure c33). Based on a mass balance analysis, Westinghouse
concluded that only the test liquid oistribution within the vessel could be

considered reliable. An overall test mass balance could not be achieved due
to test steam and liquid flow measurement difficulties. -

1

As discussed earlier, Westinghouse found the calculated results
indicated early onset of entrainment. This was attributed to differences in
the initial water temperature due to differences in the actual and modeled
injection locations for the ECC water. The modeled injection location
resulted in' water with a higher temperature entering the core relative to the l

test data. A sensitivity run was made where the initial water temperature was
reduced to that indicated in test measurements. This resulted in delayed I

steam generation /entrainment and a short period of heat up being calculated
(see Figures c42 to c49 and c5 to c13). !

l

INEL Review

INEL concluded Westinghouse's SCTF analysis does not show any evidence

of significant compensating errors. With the exception of the timing of
entrainment at the start of the test, void fraction comparisons were in good
agreement. Heat transfer was also calculated reasonably well. Differences in
vessel liquid distributions were noted, but no evidence of significant
compensating errors was indicated in the comparisons.

|

11.3.3 CCTF Test 62 Analysis

|

CCTF Test 62 was the final test analyzed for compensating errors.

| Comparison of predicted and measured cladding temperatures found MCOBRA/ TRAC

| significantly overpredicted the PCT for this test (Figures d3 to d7). Vapor

temperature comparisons (d8 and d9) were in good agreement prior to the test
T/Cs rewetting.

Comparison of predicted and measured core void fractions indicated the
same trends as noted for SCTF:
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| 1. The code results'underpredicted the void fraction low in the

vessel, and overpredicted the void fraction higher in the vessel
.

L (Figuresd10tod15).
;

1

| 2. The test had an initial drop followed by gradual transition to i

| lower void fractions, while the calculated results had a fairly-

sharp drop to lower void fractions as the quench front moved up

| the bundle.

1

3. As the void fraction changes, both the test and calculated
,

| cladding cooldown rates indicated little sensitivity to the. void
' fraction changes until rod quenched occurred or was calculated.

Westinghouse noted this supports the weak relationship between
void fraction and heat transfer in the film boiling regime.

Void fraction in the upper plenum is overpredicted (Figure d16), and the
bundle mass is underpredicted (Figure d17) due to excess core entrainment and

L steam binding.
|

Test 62 was a gravity reflood test. This means the flooding rate was
dependent on downcomer level versus core level and loop pressure drop.
Figures d20 and d21 show that good agreement was achieved between the

downconer and core pressure drops. Overall pressure drops in the intact loop
and broken loop (Figures d22 and d29) also were in reasonable agreement.
Comparisons of the component pressure drops through both loops found some were
overpredicted and some underpredicted. This does not necessarily indicate a
compensating error because it is not always possible to match exactly a
facility nodalization with measurement locations. Also, the areas where
pressure drops were underpredicted/overpredicted constitute only a small part
of the overall loop pressure drop (for example, see Figure d28).,

The intact loop hot leg steam flow was slightly higher as were the steam
velocity and density, which indicates consistency in the predicted parameters
(Figures d34 to d36). The intact loop hot leg liquid flow was overpredicted

| (Figure d37) from 100 to 200 s indicating greater entrainment in the
! calculation. The total intact loop hot leg flow was also overpredicted
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(Figure d38) consistent with the overprediction of the steam and liquid flows.

In the intact loop cold leg, both the steam and liquid flows were ~

overpredicted (Figures d39 and d40). However, Westinghouse suspects a
measurement problem with the test liquid flow because the measured liquid flow
was less than the reported pumped ECC injection flow. In the intact loop, -

approximately 67% of the hot leg steam flow was condensed by the ECC water in
test, and approximately 57% of the steam flow was condensed in the WCOBRA/ TRAC

calculation. See Figures d34 and d39

For the broken loop hot leg, significant liquid entrainment was
calculated prior to 200 s and little was measured (Figure d42). The predicted

i

steam flow was lower prior to 200 s due to greater steam binding in the
calculation. . Comparison of the broken loop hot leg total flow (Figure d44)
with the steam flow in the broken loop cold leg (Figure d45) found all water
was vaporized in the steam generator because the two flow rates were the same.
This was true for both the test and the calculation.

INEL Review i

Westinghouse concluded the following items with which the INEL agrees.
The comparisons for CCTF Test 62 indicate consistent calculated results.
Higher predicted entrainment led to greater steam binding and less bundle mass
relative to the test data. As expected, these resulted in overpredicting the
measured cladding temperatures.

This type of result is handled in two ways by Westinghouse. First, it

causes a conservative bias in WCOBRA/ TRAC plant calculations, and Westinghouse
is not taking credit for this conservative bias in the uncertainty evaluation.
Second, because the excess entrainment in gravity reflood tests overestimates ;

steam binding, this can mask MCOBRA/ TRAC's tendency to overpredict heat
transfer due to the higher entrainment, a compensating error (see Westinghouse
discussion on compensating errors from the February 1996 full ACRS Conunittee
meeting). Westinghouse accounts for this by not including the gravity reflood
data in the heat transfer distributions. Because MCOBRA/ TRAC overpredicted
PCT in the CCTF gravity reflood simulations, multipliers greater than 1.0'
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would be calculated for those tests. By excluding that data, the final
uncertainty distribution is more conservative.

.

11.4 Westinahouse Conclusions from the Compensatino Error Reoort

The #ollowing is a summary of Westinghouse's conclusions drawn from the

compensating error analysis (CER, Section 3, and Reference 214, Attachment 1):

|
1. Non-equilibrium steam conditions are calculated consistent with

conditions measured in a number of experiments. While differences
! exist between the calculated and measured values, these
!

| differences are treated through the heat flux uncertainty used in
the overall uncertainty analysis.

2. INEL high pressure film boiling test comparisons showed the
predicted heat flux is dominated by forced convection to steam.

1Droplet contact heat transfer results in overprediction of heat |

transfer at low Reynolds numbers. However, during blowdown,
Reynolds numbers are larger than those where the droplet contact
heat transfer becomes too large. Figures a7 and b7 show droplet

I

| contact heat transfer during blowdown is small.

3. Comparisons of predicted heat transfer and void fraction for high
pressure (INEL tests) and reflood (FLECHT-SEASET and SCTF) tests|

| indicate similar relationships between the calculations and the
experiments. Compensating error in the G-1 blowdown test analyses
was identified where the rewet temperature is overpredicted but
the film boiling heat transfer is underpredicted. This

| compensating error was accounted for by modifying the blowdown
|

, heat transfer uncertainty distribution and using a lower bound
rewet temperature in the hot spot cladding temperature
calculation.

4. When heat transfer was not predicted well in blowdown integral
effects tests, it was due to misprediction of the break flow and

; resulting core flow, not significant compensating errors in the
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heat transfer model. Break flow is one of the key variables
ranged in the uncertainty analysis.

i

|

5. When heat transfer was not predicted well in reflood tests it was 4

due to excess core entrainment and underprediction of heat |

transfer to the vapor just above the quench front. These factors !

combined to produce low vapor temperature, which increased the
heat transfer at higher elevations. Excess entrainment was
predicted for both forced and gravity reflood tests. Excess

,

entrainment and lower convective heat transfer in forced reflood I

tests led to higher heat transfer that is accounted for by ranging
' the heat flux multiplier in the uncertainty analysis. In gravity

reflood tests, the higher entrainment also results in lower

reflood rates and a conservative bias in the WCOBRA/ TRAC
simulations.

6.
'

Validation of the CCFL model first without condensation effects,
'

then with condensation effects, demonstrated significant
compensating errors do not exist in the prediction of ECC bypass.

|- 7. Detailed analysis of two LOFT tests and CCTF Test 62 indicate the

thermal-hydraulic response of the core to loop and break flow is
j correct and not the result of significant compensating error.
i

!

11.5 Summary of INEL Review
,

1

Based on review INEL review of the CER, INEL generally agrees with
Westinghouse's conclusions because the evidence provided by Westinghouse
supports them. The following list provides the references from the CER to
support INEL's judgement (the number corresponds to Westinghouse's list in the
previous section). Note Westinghouse Item 2 is discussed separately because

j of additional INEL comments, and the INEL tests noted in Item 3 are also
discussed separately.!

. .

1. page 4, Table 1; Figure 9; Figures a4/a5; Figures b4/b5;
Figure d8.

i

I
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3. Except for the INEL tests; pages 25-28; Figures 24 to 34 and
Figures 37 to 46; page 136; Figures c29/c30.

.

t

4. Section III.b, but particularly: pages 97 and 99; Figures bl-b3,
bl6, b26.

j
|

'

1

5. The higher entrainment is supported by page 11, page 14,
Figures Ba/8b; page 136, page 170, Figure c31. Lower forced

convective heat transfer to the vapor just above the quench front
is supported by pages 11/12, pages and pages 19-23, Figures 13-16.
Westinghouse's response to Volume 2, questien 63, Refere ce 47,

also listed both as reasons for underpredicting the PCT in forced
reflood experiments.

!
<

l

6. page 62 and Section 12.1 of this report.

7. page 66; Figures al-a3, a15, a26; pages 97 and 99; Fig 2res bl-b3,
| bl6, b26; pages 190/191; Figures d20-d22, d29, d38, dt4. !

i

In discussing Item 2, Westinghouse noted the INEL high pressure film |
boiling tests showed the predicted heat flux was dominated by forced - |
convection to steam. In Reference 214, Attachment 1, Westinghouse noted this
comment was based comparing the TRAC and the HCOBRA/ TRAC predicted heat flux.

The TRAC predicted heat flux was much higher due to the larger multiplier on !
! the droplet / wall contact heat transfer model. By using the multiplier from

the original reference, WCOBRA/ TRAC results compared much better to the data,
although they were still high. While the INEL does not see this as clearly as '

Westinghouse does, the INEL does note that the figures referenced by
|

Westinghouse in Item 2, Figures a7 and b7, do show that the liquid HTC is
small during blowdown in the LOFT calculations for L2-3 and L2-5. .See

,

Figures a6 and b6 for the corresponding vapor HTCs. Also, page 11 and |

Figure 15 show similar results for a FLECHT-SEASET reflood test.

| |-

The information presented by Westinghouse did identify cases where|

compensating errors ere found. These include:
<

!,
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1. Underprediction of interfacial HTC but overpredicting the
interfacial area in 1-D components based on the Northwestern
tests, Reference 96. -

1

2. Good broken loop hot leg mass flow predictions in LOFT Tests 12-3

and L2-5, but having the fluid velocity overpredicted and the
fluid density underpredicted at that location.

!

3. The MCOBRA/ TRAC results of FLECHT-SEASET Test 31701 raised I

concerns about compensating errors in the analysis. !

4. The comparisons for CCTF Test 62 indicate consistent calculated

results. Higher predicted entrainment led to greater steam i

binding and less bundle mass relative to the test data. As

expected, these resulted in overpredicting the measured cladding
temperatures. However, because the excess entrainment in gravity
reflood tests overestimates steam binding, this can mask
WCOBRA/ TRAC's tendency to overpredict heat transfer due to the

higher entrainment, a compensating error. I

5. Overpredicting heat transfer in the INEL film boiling tests.

6. Westinghouse identified some compensating error in the G-1
blowdown test analyses where the rewet temperature is
overpredicted but the film boiling heat transfer is
underpredicted.

Other code problems include:

7. Overpredicting entrainment and underpredicting heat transfer to
the vapor just above the quench front in forced reflood tests.

,

For Item 1, Westinghouse noted in the CER that the overall condensation
efficiency in 1-D components was approximately correct as shown in CQD
Figures 15-3-48 and 15-3-49 for the full-scale UPTF tests. Because the
overall condensation rate was calculated correctly, Westinghouse concluded the
compensating error does not compromise the code's ability to predict the
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overall condensation rate in 1-D components. INEL notes Westinghouse's

conclusion is supported by the fluid temperature comparisons for both UPTF and

the Westinghouse /EPRI 1/3rd-scale steam / water mixing tests as discussed in
~

Sections B.2.4 and B.3.1 of this report. Those comparisons showed the code
adequately calculated the fluid temperature as it exited the simulated cold

'

- leg.

. The INEL does not consider Item 2 a serious problem because the LOFT

upper plenum is not typical of a PWR, the problem did not cause serious
problems in the L2-3 analysis, and, perhaps most importantly, the break flow
is a parameter ranged in the uncertainty evaluation.

,

.

Westinghouse dealt with Item 3 by removing Test 31701 data from the

reflood heat transfer data base used to determine the reflood heat transfer
multipliers.

| t

Item 4 was handled in two ways by Westinghouse. First, excess steam
binding results in a conservative bias in MCOBRA/ TRAC plant calculations, and
Westinghouse is not taking credit for this conservative bias in the

| uncertainty evaluation. For the compensating error, Westinghouse accounts for
this by not including the gravity reflood data in the heat transfer
distributions. Because MCOBRA/ TRAC overpredicted PCT in the CCTF gravity

| reflood simulations, multipliers greater than 1.0 would be calculated for
! those tests. By excluding that data, the final uncertainty distribution is

more conservative.

!

For Items 5 and 7. Westinghouse addressed these problems by ranging the
heat flux multiplier in the uncertainty analysis based on the forced reflood
tests. Because of the overprediction of heat transfer due to these problems,
the average heat transfer multiplier in the uncertainty analysis is less than,

1.0. This indicates MCOBRA/ TRAC tended to overpredict heat transfer, but use
of the multipliers in the uncertainty analysis results in an overall heat
transfer penalty.

[ For Item 6, Westinghouse adequately dealt with the compensating error
; identified in the G-1 blowdown tests. In References 213 and 214,
i Attachment 1, Westinghouse noted this compensating error was addressed by
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| modifying the blowdown cooling HTC uncertainty distribution (to remove the i

temperature bias in the code / data comparisons) and using a lower bound rewet
| temperature during HOTSPOT blowdown calculations. The INEL considers this |

^

| adequate because both modifications dealt with the underlying causes of the l
compensating errors and resulted in more conservative distributions. |

Based on the information discussed above, the INE. ..oncluded that '

| MCOBRA/ TRAC does not have any serious compensating errors that would

compromise MCOBRA/ TRAC's ability to perform realistic analyses of LBLOCAs, or

Westinghouse has appropriately accounted for the compensating error in the
uncertainty methodology.

, .

,

I

e

.

l

!
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12. OTHER TECHNICAL ISSUES

During the review, considerable resources were expended on two issues to
.

' ensure Westinghouse modeling in MCOBRA/ TRAC was adequate in those areas. They
|

are CCFL modeling and accumulator nitrogen modeling. In addition, the
-

Westinghouse approach to modeling T,3 was reviewed. CCFL modeling is

important because of the effect it has on the calculation of ECC bypass, and
i

the effect of accumulator nitrogen is important because of the effect it has.

on the early reflood hydraulics. The T,3 model is important because of its -
potential to affect the PCT calculation. These three models are discussed in,

this section with CCFL modeling discussed first followed by accumulator|

nitrogen modeling and T,3

12.1 WCOBRA/ TRAC CCFL Modelina Assessment
i

The proper calculation of CCFL is important to correctly predicting the
PCT in a LBLOCA. The main PWR areas of importance are the downcomer annulus

for ECC bypass and the upper core plate (UCP) for fall back of liquid carried

out of the core. WCOBRA/ TRAC does not use CCFL correlations that have been
developed; rather it calculates CCFL directly' from the basic code equations
and constitutive relationships. Westinghouse's response to Volume 1,
question 238, Reference 46, discussed calculation of CCFL with WCOBRA/ TRAC in
detail, and the discussion in that response is the basis for this section.
Responses to other questions are referenced as needed to support the review.

l Westinghouse noted that correct calculation of CCFL involves plant or
experiment nodalization, wall and interfacial drag models and correlations,

. entrainment models and correlations, and condensation models and correlations.
Regarding nodalization, Westinghouse's approach to representing experimental
facilities is to use a nodalization as consistent as possible with the PWR

| nodalization. In pderence 206, Attachment 6, Westinghouse verified this was
the case with CCFL m. s riments used to assess WCOBRA/ TRAC. INEL review of the
infomation found that approximately the same size nodes were used in the

; experiment analyses as in the PWR analyses.
:

} Wall and interfacial drag models are discussed in CQD Section 3 (for
! interfacial area) and Section 4 (for wall, drag, and entrainment models). As
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discussed in Sections A.2 and A.3 of this report, INEL review of the models
found then adequate. The effect of condensation is included through the

.

interfacial area and heat transfer discussed in CQD Section 3 (for interfacial
area) and Section 5 (for interfacial HTC). As discussed in Section A.5 of !

this report, INEL review of the interfacial HTC models found them adequate.

To assess MCOBRA/ TRAC's ability to calculate CCFL using the above
;

models, Westinghouse performed a number of analyses: '

1. Computational experiments in a pipe modeled with a vessel channel
|

model at 1000 psia. See CQD Section 15-1-2, and Volume 3, jq'uestion 6, Reference 34,
1

12. Assessment of CCFL at a perforated plate based on experiments at

Northwestern University at 1000, 35, and 14.7 psia.zos See CQD
Section 15-1-3, and Volume 3, question 6, Reference 34.

!3. Creare 1/15th and 1/5th scale ECC bypass experiments. See CQD
Section 15-5-5 and Volume 3, question 8, Reference 37.

4. Computational experiments linearly expanding the subscale Creare

model to full-scale. This was done to evaluate ECOBRA/ TRAC
*

calculated CCFL versus J scaling (Wallis scaling, Reference 121),
*

K scaling (Kutateladze scaling, Reference 122), and UPTF scaling
(Reference 123). Based on the analysis in Volume 1, question 238,
Reference 46, MCOBRA/ TRAC scales according to J' and UPTF scaling.

5. UPTF full-scale ECC bypass Test 6, Runs 131,132,133,135, and
136. These tests included subcooled liquid injection. See CQD

Section 15-1-6; Volume 4, question 2, Reference 21; and Volume 1,
question 238, Reference 46.,

The INEL reviewed the comparisons between the MCOBRA/ TRAC results and
the data or correlation provided by Westinghouse in the references cited. For
all cases, conservative results were found (such as the UPTF ECC bypass
experiments), or there was excellent agreement between the code results and
the data or known correlation.
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Westinghouse assessed the potential for fallback from the upper plenum
to the core at the UCP in its response to Volume 3, question 11, References 20

'

and 42. That response showed that little fallback is calculated in PWR
analyses or in the CCTF Test 62 simulation, and Westinghouse showed that this ,

response is expected because of the high steam flows calculated at the core
- exit during reflood. This analysis was done for plants without upper plenum

injection (UPI).

Based on the review summarized above, INEL concluded MCOBRA/ TRAC's

models adequately represent CCFL in the downcomer and at the UCP for plants
without UPI.

.

12.2 Modelina the Effects of Accumulator Nitrocen

The Westinghouse WCOBRA/TRN code includes a methodology that simulates

the effects of nitrogen injection following discharge of the liquid from the
accumulators. The contention is that the nitrogen injection into the cold

Ilegs following discharge of the liquid causes a pressurization of the annulus
which has the potential to force large quantities of liquid into the core
producing significant reductions in the peak cladding temperature. Review of

~

the available test data shows that UPTF and CCTF attempted to simulate this
effect; however, these tests did not quantify the effect on peak cladding
temperature. Achilles Test ISP-25 (Reference 76), however, did model nitrogen
injection during reflood. In this test, claddinq temperature was initially
reduced about 90*F due to the increased steam production. However, the
increased steam production then forced additional liquid from the core causing
an additional heatup of 300*F. Thus, the effects of the nitrogen injection
was to initially reduce temperature but subsequently to further degrade core
cooling so that the net effect was to increase PCT. .

.

Westinghouse simulates the nitrogen using steam injection while also
terminating condensation in the discharge legs and upper annulus. The effects
of the nitrogen are expected to degrade condensation; however, the test data
in UPTF Test 27 (MPR-1331) and the Achilles Test ISP-25 did not quantify this
effect. Furthermore, based on available test data, particularly the Achilles
Test ISP-25, there was no large cooling benefit demonstrated following
nitrogen injection. In fact, nitrogen injection degraded cooling performance.
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| The INEL believes that sufficient test data does not exist to
demonstrate that significant pressurization develops in the annulus to cause

-

such a rapid increase in core liquid level and abrupt temperature drop as
calculated by the MCOBRA/ TRAC code near the time of the first reflood PCT.

Such effects were not observed to control peak cladding temperature during the
LOFT tests. The results of the UPTF Test 27A showed that a surge of water
entered the core due to nitrogen discharge. However, this test did not

>

simulate the duration of the core level surge, the long term effects of
j nitrogen, nor was the effect on core cooling quantified since the increased |

steam generation that would occur in the core was also not simulated.
Dilution of the steam with nitrogen did occur where the mass fraction of steam
in the downcomer was reduced to 10% in 0.3 seconds; however, the effect of the

dilution on the rate of condensation was also not measured (Reference 105).
In the Achilles Test ISP-25, the surge of water into the core momentarily
enhanced core cooling but significantly increased steam generation and caused

|
i

an excess of carryover into the upper plenum producing a net decrease in '

I downcomer/ core liquid inventory. Core cooling was degraded for about 50
seconds following nitrogen discharge until the inventory decrease was
recovered by accumulation of emergency core coolant. The Achilles test shows

| a momentary period of core cooling where the cladding temperature was
1

| decreased by 90*F but was offset by a subsequent more severely degraded
cooling period where the cladding temperatures increased by 300*F.

In the plant simulations, Westinghouse stated that, because ECOBRA/ TRAC
cannot accommodate non-condensible gases, steam is artificially injected in
the annulus while condensation is terminated on the wall surfaces to simulate
the pressurization. It is, therefore, not clear how one determines how much
steam to inject to model this effect. It is also not clear that condensation
is completely terminated everywhere in the annulus. A mixture of steam and
nitrogen will degrade condensation; however, based on the mixing and mass

,

fraction of non-condensibles in the steam, condensation could still occur at a
lower rate. The effect of the nitrogen on condensation has not been
quantified in the experimental data base so this MCOBRA/ TRAC assumption is

,

without experimental substantiation.

Given the concerns regarding the nitrogen injection model, the INEL
recommended that Westinghouse simulate Achilles Test ISP-25. Westinghouse
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| |

|
1

used the MCOBRA/ TRAC code to model the nitrogen injection as steam, and the |

| code was employed in the same manner as that used in the plant simulations.
' '

| Results of the evaluation showed that the cladding temperature response was
reasonably predicted; however, iii is still not clear why the cladding
temperature was reasonably predicted while the downcomer level was

- overpredicted by one to two feet during the initial portion of the test up to
the time of peak cladding temperature.

|

| The MCOBRA/ TRAC plant calculations reviewed to date show qualitatively

the same effects noted in the Achilles test. There is an initial period of
improved heat transfer that cools the core. However, long term the simulated
nitrogen injection penalizes the vessel mass resulting in an increase in

|

|
cladding temperature.

i
!

Westinghouse performed an analysis to quantify the effects of the
nitrogen injection on peak clad temperature. This evaluation resulted in use

;

of the maximum heat transfer coefficient s: ten in Reference 206, Attachment 2, |
Iduring reflood in the HOTSPOT analyses. Use of this limit to the heat

transfer coefficient minimizes the beneficial effects of the nitrogen j

injection during reflood since the increased heat transfer realized by the
additional coolant forced into the core is not credited. Thus, the beneficial
effects of the nitrogen injection are minimized. Also, because the HOTSPOT
analyses use MCOBRA/ TRAC results as boundary conditions, entrainment of

annulus water by the nitrogen subsequently increases PCT so that the

j detrimental effects of nitrogen injection are retained. With beneficial

| effects minimized (due to the maximum HTC) and detrimental effects retained
I (due to the reduction in long term vessel mass) in the nitrogen modeling, and

given the reasonable Achilles test prediction, this model is considered to be
technically justified.

.

12.3 EVALUATION OF REWET TEMPERATURE

i Rewetting or quenching of a hot surface can be defined as the transition
from heat transfer that takes place predominantly through a vapor film
covering the surface, as in film boiling, to a regime in which the liquid is

' in direct contact with a large fraction of the wall such as nucleate boiling.
Physically, rewetting occurs as the quench front cools the rod surface to the
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rewet temperature just downstream of the quench front. Because of the large

temperature gradients near the quench front, axial conduction and the enhanced
~

heat transfer that occurs just down stream of the quench front can play an
important role in influencing the rewet temperature. Rewet temperature is
also dependent on pressure, mass flux, subcooling, cladding material,

| geometry, and rod surface conditions.218 Gap conductance plays an important -

role as analytical studies have shown that fuel rods with a significant gap
resistance rewet faster than rods with little or no gap resistance. This

sensitivity is due to the fact that a lesser arount of heat is transferred to

the coolant at the quench front when the fuel rod gap conductance decreases.
! Thus, fuel rods with low gap conductances can produce rewet velocities that

are twice those of rods with very high gap resistances.zzo Surface heat flux
is, therefore, an important parameter that influences the rewet temperature.

The importance of the rewet temperature on blowdown behavior is that
early rewet of the fuel rod can result in non-conservatively removing the j

,

l stored energy in the rods. As a result, the PCT during reflood will be l

reduced since any additional energy in the fuel rod at the start of reflood

|
would not have to be removed during this later phase of the transient. Thus,

| the blowdown rewet model could have an impact on reflood PCT, and errors in j

| the blowdown rewet model could then propagate into the reflood calculated PCT.
|

| Inspection of a cladding temperature plot that approaches the 95th

f percentile PCT shows that the clad temperature during blowdown never decreases |

| below about 1400*F. As a consequence, the rewet temperature model has no
,

! influence on the 95th percentile at the PCT location. Thus, the model
shortcomings, particularly the omission of the rod surface effects enumerated

|
above, have no consequence at the limiting PCT location.

| i

| However, because of questions on the Westinghouse T,3, model by the

ACRS, the method to determine the blowdown T,3, was modified. Also, as
mentioned above, an early rewet during blowdown could reduce the PCT during

reflood. Westinghouse modified the T,i, model to be the correlation given in
| Reference 213. The data base supports a T,1, greater than 1000*F. Use of the
! correlation results in T,3, values that clearly are a lower bound to the
! blowdown data base. The effect of this modification was to increase PCT.

This lower bound value will be applied to HOTSPOT calculations during
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blowdown. This lower bound value will ensure that, for transients with hot
spot cladding temperatures approaching best estimate values of T the hotgg, .

spot will be prevented from rewetting.

The Westinghouse T,3 model, discussed in CQD Section 6-2-6, ignores the
importance of surface effects such as heat flux along with the dependence on| .

gap resistance. In WCOBRA/ TRAC, the rewet temperature during reflood is

predicted using the same correlation as that during bicwdown. Regarding the
final reflood quench, comparisons of the calculated quench to gravity reflood
data demonstrated that a delayed quench of tha rod is predicted. The delayed

quench during reflood will result in a conservative prediction of the cladding
oxidation s'o that, at the hot spot location, use of this model during reflood
tends to maximize the calculated rod and core wide oxidations. However, prior
to calculating the PCT, the potential for early rewet below the PCT location
could enhance the heat transfer at the hot spot during reflood. The rewet
process produces steam and droplets that are entrained up the hot channel
enhancing the fluid conditions at the PCT location. This could result in
overpredicting the heat transfer up to the time of PCT because of the fluid
hydraulics below the PCT location.

In view of the potential for overpredicting the PCT location heat
transfer due to the rewet temperature model, the INEL notes the methodology
used to determine the multipliers on the reflood HTCs at the PCT location

accounts for the effects of local conditions. Should the model produce high
heat transfer coefficients at the hot spot due to rewet induced local fluid
condition differences, the HTC multiplier will be lower. Thus, the method to
9enerate the heat transfer multiplier will tend to compensate for the error or

. bias in rewet temperature.

The blowdown T,3 change and the approach for reflood address the INEL,

concerns identified above on blowdown and reflood rewet temperature so that
the model is recommended for approval.
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13. COMPLIANCE WITH 10 CFR 50.46 REQUIREMENTS

.

- This section discusses how Westinghouse's methodology meets the
,,

| requirements of 10 CFR 50.46. This section of the Code of Federal Regulations i
\ '

| describes the acceptance criteria for ECCSs for light water reactors.
Part (a) of the regulations states that: -

(1) ECCS performance must be analyzed with an acceptable evaluation

model that includes sufficient supporting justification that the
analytical techniques used realistically describes the behavior of
the reactor system during a LOCA.
'

!

! (2) That comparisons to applicable experimental data must be made.
1

I(3) Uncertainties in the analysis method and inputs must be identified

| and assessed so that the uncertainties in the calculated results j
| can be estimated.

(4) The uncertainty must be accounted for when comparing the

| calculated ECCS performance to the criteria set forth in
Paragraph (b) of 10 CFR 50.46 so that there is a high level of
probability that the criteria would not be exceeded.

Westinghouse provided the justification of its methodology in the five
volume CQD, responses to NRC questions, and special submittals to the NRC.
How Westinghouse meets the above requirements is the main topic of this

j report. CQD Volume 1 described the WCOBRA/ TRAC code, and INEL review of that ;

| code is suumiarized in Section 9.1 of this report and discussed in detail in
Appendix A of this report. Based on the code review and Westinghouse's
comparisons to over 100 tests described in CQD Volumes 2 and 3, INEL concluded

,

that WCOBRA/ TRAC realistically describes the behavior of a reactor system
during a LBLOCA. INEL review of Westinghouse's code assessment is suumiarized

! in Section 4 of this report and discussed in detail in Appendix B of this
! report. In Volumes 4 and 5 of the CQD and Reference 58, Westinghouse

described its methods for determining the uncertainty of the analysis methods
,

f and inputs and applying them to the calculated ECCS performance. INEL review

of the uncertainty methodology included reviewing all uncertainty
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f
1

| :

distributions, response surface generation, and their applications to
determining the 95th percentile PCT. That review is discussed in Sections 6
and 9.2 of this report. Review of the uncertainty due to reactor input is i

~

discussed in Sections 5 and 8 of this report.
,

Part (b) of the regulations states the five acceptance criteria for the-

ECCS. The ECCS must ensure:

(1) The PCT is less than 2200*F.

(2)' The maximum local cladding oxidation does not exceed 17% of the

total cladding thickness prior to oxidation.
,

-(3) The maximum hydrogen generation shall not exceed 1% of the amount
t that would be generated if all the cladding surrounding the fuel, ;

except that around the plenum volume, were to react.

(4) Calculated changes in core geometry shall be such that the core
remains amenable to cooling.

(5) After the successful, initial operation of the ECCS, the
calculated core temperature shall be maintained at an acceptably
low value and decay-heat removed for the extended period of time
required by the long lived radioactivity in the core.

Westinghouse's realistic LBLOCA methodology meets these criteria as
| follows:
I

| (1) Westinghouse's method of determining the 95th percentile PCT is
summarized in Section 6 of this report.

,

(2) To determine the maximum calculated local oxidation, Westinghouse
uses HOTSPOT calculations as discussed in Reference 214,

! Attachment 12. In this case, the thermal-hydraulic boundary

| conditions for a MCOBRA/ TRAC analysis where the calculated PCT

| exceeds the 95th percentile PCT are input into HOTSPOT. To
: account for uncertainties due to turnaround time, cladding
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;
cooldown rate, and quench time, Westinghouse stretches the I:0TSPOT

transient in time to account for the estimated uncertainties in
,

'

.

these areas. The time factor applied stretches the HOTSPOT
;

calculation by approximately 2a. These HOTSPOT calculations are

performed with the burst option off and on (because of the'
;importance of two-side oxidation to the local oxidation

-

calculation) and the larger value selected (Reference 214,
Attachment 12). The 95th percentile of the local cladding

<

oxidation results are used to compare to Criterion 2 of
10CFR50.46(seeReference214, Attachment 12).

i

(3) ' Determination of the maximum core wide hydrogen generation is done

using boundary conditions from the same MCOBRA/ TRAC analysis that

is used for Criterion 2 (Reference 214, Attachment 12).
Westinghouse provided additional information on the core wide
hydrogen generation calculation in Reference 214, Attachment 12.

!
To account for uncertainties due to turnaround time, cladding1

[ cooldown rate, and quench time, Westinghouse stretches the HOTSPOT
,

|

transient at a 2a level to account for the estimated uncertaintiesi

L in these areas. Because the HOTSPOT model is a local model,

Westinghouse uses it to estimate the average local oxidation up
!

the rod with the time shift applied. Because not all rods burst,
!

the HOTSPOT model is run with the burst option off for non-burst
rods and with the burst option on for burst rods at the burst;

location (Reference 214, Attachment 12). The peak HOTSPOT average
i local oxidation result is used with the peak local oxidation from

the MCOBRA/ TRAC run as a multiplier on the average oxidation of

the full HA rod from WCOBRA/ TRAC to account for the time shift on -

the full rod average oxidation. To get the core wide hydrogen ;

generation, Westinghouse assumes the entire core reacts with the
'

adjusted average oxidation of the HA rod, but takes into account
,

power differences based on bounding or actual rod census data.

The multiplier Westinghouse uses is based on the peak local
;.- averages from HOTSPOT analyses and the MCOBRA/ TRAC HA rod. The ;

; average.is used for the core wide hydrogen generation criterion
1

because the uncertainties in the full rod average oxidation for
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all the rods in the core will tend to cancel due to random local
variations. Westinghouse still considers the core wide
calculation done at a 95% probability level because: (a) the

'

thermal-hydraulic transient used in the oxidation calculation

results in a PCT greater than the 95th percentile PCT and (b) the
time shift is done at approximately a 2a level.-

If the above procedure results in a core wide hydrogen generation
rate greater than the 1% limit, Westinghouse identified several
options available to adjust the core wide oxidation calculation

procedure outlined above and reduce the calculated hydrogen
generation rate. These options still result in a 95th percentile
calculation. See Reference 214, Attachment 12. In Reference 214,
List III, Item 5, Westinghouse committed to identifying in the
licensing submittal or the engineering report which of the options
described in its response to Volume 2, question 62, Reference 214

(Attachment 12) were used in the calculation of cladding core wide
oxidation.

(4) Westinghouse assumes the coolable geometry criterion is met when
PCT and oxidation criteria are met.

(5) Westinghouse meets the long term cooling criterion using methods
based on WCAP-8339 and WCAP-8471. These reports were reviewed and

approved by the NRC (see Reference 81). They noted that use of
the realistic LBLOCA methodology does not affect the methods
described in those reports. It is noted however, that

- Westinghouse's response to Volume 5, question 53, Reference 51
stated that the above WCAP reports were applicable only to current
operating plants.

INEL review of the PCT methodology found it adequate to meet NRC

requirements of realistic LBLOCA analyses. As stated earlier, Westinghouse's
methods for determining the 95th percentile PCT were the subject of the review
summarized in this report and discussed in a number of sections.
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INEL reviewed the oxidation methodology proposed by Westinghouse to

account for uncertainties in the turnaround time, cooldown rate, and quench
time. The affect of turnaround time, cooldown rate, and quench time was to

'

,

shorten the calculated transient relative to the data. The use of a time :

stretching technique is considered adequate to address these issues because it
stretches the time adjusted transient relative to the base transient.

Additional conservatism is included with the application of approximately a 2a
time stretch and a thermal-hydraulic transient that results in a PCT greater
than the 95th percentile PCT.

:

i

For the local oxidation calculation, the 95th percentile cladding
oxidation result from a HOTSPOT analysis that includes two-side oxidation is

j compared to the 17% limit in Criterion 2. INEL considers this adequate
;

because a 95th percentile calculation is compared to the Criterion 2 limit.
I

I
| For the core wide hydrogen generation criterion, Westinghouse performs

the analysis as discussed above. Westinghouse's approach (use of average
rather than 95th percentile results) is considered adequate because it is
applied to a large population of rods. As Westinghouse noted, in this
situation, random variations cancel rather than add. However, Westinghouse
still applies a conservative time shift (2o level) and thermal-hydraulic
transient. Because the thermal-hydraulic transient leads to a PCT that is
greater than the 95th percentile PCT, Westinghouse always applies a worst case
transient that has less than 5% probability of occurring. Based on the
information from Westinghouse, INEL considers Westinghouse's approach
adequate. |

|

| Based on this, INEL concluded that Westinghouse adequately addressed the
uncertainties associated with its methodology for meeting Criteria 2 and 3.
For Criterion 2, a conservative time shift and thermal-hydraulic transient are

,

used. A 95th percentile calculation is compared to the 17% limit. For
Criterion 3, a conservative time shift and thermal-hydraulic transient are
also used. Westinghouse noted that use of average values to adjust the full
HA rod oxidation to account for the time shift is appropriate because of the
large population of rods considered in the whole core criterion.
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Regarding the options outlined by Westingnouse in Reference 214,
Attachment 12, to adjust the core wide hydrogen generation calculation if the

.

1% limit is exceeded, the INEL considers the options appropriate. First, none

of the options affect the arguments regarding the 95th percentile calculation.
That is, a transient with PCT greater that the 95th percentile PCT is always
used and the conservative time stretch applied. Second, the options basically I

-

involve ways of providing a more accurate estimate of the core wide hydrogen i

generation rate rather than the bounding type of analysis discussed in the i

general procedure. Therefore, the INEL recommends the options be found
acceptable for use in Westinghouse's realistic methodology. However, when the

|

options are applied, INEL recommends that Westinghouse identify in the plant I

specific submittal which ones were used. '

For the coolable geometry criterion, INEL agrees that meeting Criteria 1
and 2 ensures'that.a coolable core geometry was maintained. In meeting the
PCT criterion, Westinghouse ensures that changes in core geometry due to the
LBLOCA transient (for example, cladding swelling and burst and LOCA loads) do
not prevent adequate core cooling as evidenced by the highest calculated PCT.
This is consistent with 10 CFR 50.46, Appendix K, type of Evaluation Models |
and use of a realistic LBLOCA methodology for the PCT and oxidation
calculation would not change this.

|

The INEL agrees that long term cooling methods are independent of the
methodology used to detennine the reactor system response to the initial part
of the LBLOCA. Therefore, previously approved long term methods in WCAP-8339
and WCAP-8471 are still applicable. As discussed above, Westinghouse's
response to Volume 5, question 53, Reference 51 stated that the above WCAP

reports were applicable only to current operating plants. INEL also notes
this restricts the review of MCOBRA/ TRAC to the initial part of the LBLOCA,
and does not make a judgement on the applicability of MCOBRA/ TRAC to long term

'

cooling analyses for three- or four-loop plants with cold leg ECC injection.
|

| Based on the above, the INEL concluded that Westinghouse has met
| Part (a) and has in place methods adequate to show compliance to the five
i criteria of Part (b) of 10 CFR 50.46. This conclusion holds for the
j Westinghouse plants addressed in this review: three- and four-loop plants
I with cold leg injection.
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14. CONCLUSIONS

The realistic LBLOCA methodology submittal by Westinghouse was reviewed *

to determine its compliance with 10 CFR 50.46, NRC guidance in RG 1.157, and

the CSAU methodology. Based on the INEL review of the information provided by
Westinghouse in WCAP-12945-P, responses to NRC questions, and special

submittals, the INEL recommends the Westinghouse realistic methodology be
approved subject to certain suggested restrictions. This recommended approval

is for LBLOCA analyses in Westinghouse three- and four-loop plants with cold
leg ECC injection. The suggested restrictions include:

1. Approval of Westinghouse's methodology depends on the time step sizes

used to show small mass and energy errors and PWR time step convergence

studies (see Volume 4, question 50, Reference 40). If the time step
. sizes used in the methodology change, Westinghouse should justify

results similar to those identified above are obtained with the new time
step scheme.

In addition, the following review limits are noted:

1. Section 13 of this report discussed Westinghouse's methods for meeting
the five criteria listed in Part b of 10 CFR 50.46. Westinghouse's
response to Volume 5, question 53, Reference 51, noted AP600 long term
cooling issues would be addressed raparately as part of AP600 licensing.
Therefore, this report did not review any information or reach any
conclusions relating to AP600 long term cooling. Also, because
previously approved methods are used to analyze long term cooling for
three- and four-loop plants with cold leg ECC injection, INEL also notes
this restricts the review of MCOBRA/ TRAC to the initial part of the
LBLOCA. No judgement was made on the applicability of MCOBRA/ TRAC to

long term cooling analyses to three- or four-loop plants with cold leg
ECC injection.

2. While some of the review documented in this report applies to the AP600,
no conclusions on the implementation of the Westinghouse realistic
LBLOCA nethodology to the AP600 are possible until the separate AP600
applicability study is completed.
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3. Application of the Westinghouse methodology and MCOBRA/ TRAC to small-

break LOCA was not considered in this review.
.

During the course of the review Westinghouse agreed / committed to the
following items: '

l. Based on the NRU results, there is some uncertainty in the transient rod
!. internal pressure (RIP) calculation that will affect the burst

temperature criterion in MCOBRA/ TRAC analyses. Westinghouse's|

!

uncertainty methodology adequately accounts for the uncertainty in
;

i
,

i transient RIP for local effects. Westinghouse also calculates HA rod
burst.in the full MCOBRA/ TRAC analyses called for in its methodology.

| If MCOBRA/ TRAC calculates a HA rod reflood PCI greater than 1600*F but
,

not rod burst, Westinghouse in Reference 214, List II, Item 2 committed
to increasing the initial RIP in the WCOBRA/ TRAC HA rod until burst is {

'

calculated and choosing the more limiting of the burst and non-burst
cases.' 'This will adequately account for transient RIP uncertainties and '

their effect on rod burst in the MCOBRA/ TRAC runs.

2. On CQD page 7-24, Westinghouse stated the fuel pellet thermal expansion
| model in MATPRO-11, Revision 1, Reference 176, was simplified by

omitting the corrections for molten fuel and mixed oxide (Pu). .In
| Reference 214, List II, Item 6, Westinghouse committed to resubmitting

the relevant MCOBRA/IR4C models for NRC review if the code will be used
i to analyze US licersad plants with molten fuel or mixed oxides.

3. As part of the methodology, Westinghouse agreed in Attachment 5,
Reference 214, to verify the normality assumption for the initial
condition uncertainty distribution on a plant specific basis.

.

4. In the uncertainty methodology, a number of assumptions for
distributions were supported using plant specific data; therefore, in

| Reference 214, Attachment 5, and Reference 215, Attachments 1 and 2,
Westinghouse agreed to verify the following assumptions c, a plant4

specific basis:
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a. Superposition validation data points are normally distributed,
| with constant variance, around a straight line. The normality
! must be checked for each phase of the accident for each plant. ~

!

.b. HOTSPOT PCTs are normally distributed. This must be checked at i

each point where the HOTSPOT PCT is varied in a Monte Carlo

sample: the points used to build the response surface for the

HOTSPOTstandarddeviation(aq.) and the validation points.

c. Response surface for aq , is accurate or conservative. This
| should be checked by comparing the response surface estimate with
! the Monte Carlo standard deviation at each validation point. The

response surface method should not severely underestimate any
standard deviation.

5. The distributions corresponding to WCOBRA/ TRAC uncertainty based on

| experiments (ag) and the uncertainty due to experimental data scatter
(a ) will be checked for normality if the code is modified or the| 3
assessment data base changes. See Reference 214, List III, Item 2.

|

6. Based on Reference 214, Attachment 7, the analysis to determine the
uncertainty distributions for accumulator and SI temperatures uses plant
operating data and/or plant Technical Specifications. Therefore, this
analysis must be performed for each plant.;

|

7. Westinghouse, in Reference 214, List II, Item 8, committed to not
changing the value and range of the broken loop cold leg nozzle loss
coefficient for plant specific applications. Also, the values developed
apply only to LBLOCA and must be justified for other applications.

^

8. Westinghouse, in Reference 214, Attachment 9, gave additional,

'

explanation on its use of the full Method of Characteristics model for
each time step in the code implementation of choked flow. In the above

| reference, Westinghouse committed to include the information in the CQD.
i

| 9. Westinghouse noted that the choked flow solution is implemented in the
I- pressure solution of the code rather than in the back substitution step
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after solving the pressure equation. This results in a smoother
pressure and flow response in the code. In Reference 214, Attachment 9,
Westinghouse committed to include this information in the CQD. ~

10. Westinghouse, in Reference 214, List II, Item 10, committed to use the,

multiplier given in Reference 214, Attachwnt 4, to account for rod-to-.

rod radiation effects in the heat transfer multiplier data base.

11. In Reference 214, List III, Item 5, Westinghouse committed to
identifying in the licensing submittal or the engineering report which
of the options described in its response to Volume 2, question 62,
Reference 214 (Attachment 12) were used in the calculation of cladding

! core wide oxidation if the 1% limit is exceeded.

Other review items include:

1. The INEL notes that the Westinghouse response in Reference 206,
Attachment 5, derived the expressions for the shear stress to the wall
and to the vapor shown in CQD Eqns. 6-120 and 6-121. Westinghouse
concluded that the wall shear stress equation used the incorrect
friction factor. To assess the effect, Westinghouse reevaluated

FLECHT-SEASET Test 31805 with a corrected version of WCOBRA/ TRAC. There
was little impact on the PCT, and the results from the corrected code
version had slightly later quench times. Westinghouse concluded the
effect was small, and the INEL agrees. Therefore, Westinghouse proposed
that the error be tracked and corrected when other changes to the code
are required.

.

2. Appendix D of this report gives a detailed review of the WCOBRA/ TRAC e

DFFB model. While a number of concerns were noted in Appendix D, the
|,

INEL considered the overall model adequate because of conservatisms in
the model and the HTC ranging in the uncertainty evaluation. However,
because of the potential for changes in one part of the DFFB model to

j affect the parformance of the other parts of the model, the INEL would
; like to recommend the NRC Staff review the entire DFFB model should one
; part of the model be changed by Westinghouse in the future. !
i
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WESTINGHOUSE WCOBRA/ TRAC MODEL DESCRIPTION AND REVIEW

The following sections provide a more detailed description of the
~

MCOBRA/ TRAC models and correlations, and the results of the INEL review. The

discussion is based on the information in Volume I of the CQD, Sections 2

to 9, and Westinghouse responses to questions. During the course of the !.

review, Westinghouse modified the WCOBRA/ TRAC code. The code version

. documented in the CQD was WCOBRA/ TRAC, M007. Two subsequent code versions !
iwere later produced. The first revision focused on improving the entrainment i

model and prodJced MCOBRA/ TRAC, M007A. Appendix A of Re'ference 58 discussed

the changes mede to produce MCOBRA/ TRAC, M007A.Rev.1 by adding additional

modeling capability needed for the uncertainty propagation and correcting code
errors. MCOBRA/ TRAC, M007A.Rev.1, is the version documented in this review.

Based on INEL review of the changes and Westinghouse discussion of their

effects in Appendix A of Reference 58, INEL agrees with Westinghouse's I

conclusion that the effects of the changes on the experiment simulations are
minimal. Therefore, reanalysis with MOD 7A.Rev.1 does not appear to be
warranted, and the M007A experiment simulations apply to M007A.Rev.1. Note
all references cited in this appendix are listed in the references at tiie end |

of the main body of this report, Section 15.
,

I

A.1 Conservation Eauations - C0D Section 2 |

,

A.1.1 Model Descriotion
:

MCOBRA/ TRAC uses a two-fluid, three-field representation of flow in the
reactor vessel. The three fields are vapor, continuous liquid, and entrained
liquid. Each field uses a three-dimensional set of continuity, momentum, and 4

energy equations with one exception. The continuous and entrained liquid
fields use the same energy equation; therefore, the two fields are assumed to

,

be at the same temperature. In the vessel, each phase uses a separate set of
conservation equations and constitutive relations. The effect of one phase on
another is accounted for by the interaction terms appearing in the governing
equations.

Outside the vessel, a one-dimensional represent. tion of primary system
components is used. Components such as pipes, pumps, valves, steam

A-3



.- ---.- - - . - - _ _ _ _ _ . _

!

|
'

generators, and the pressurizer can be represented with models in WCOBRA/ TRAC.

The one-dimensional components use a two-phase, five equation, drift-flux
model. Two equations are used to represent conservation of mass (mixture and '

steam mass), two equations used for conservation of energy (mixture and steam
energy), and a single equation is used to represent the conservation of
momentum. Closure of the field equations requires specifying the interphase
relative velocity, fluid properties, interphase mass and heat transfer, and
other constitutive relationships.

!

A.I.2 INEL Review of C0D Section 2

This section is intended to highlight the issues that were of some
importance in the review on CQD Section 2. It is not intended to cover all
aspects of the review related to Section 2. For further information, the
reader should consult the numerous questions related to Section 2 posed by the

iINEL in the requests for additional Information.
l

!

The theoretical basis for the code conservation equations of WCOBRA-TRAC
is standard. The three-dimensional vessel references the work of Thurgood in
the COBRA-TRAC manual, Reference 2.

i

,

The one-dimensional network portion of the formulation references
Ishii's work, Reference 142.

|

The formulation of WCOBRA-TRAC was also compared to the CATHENA code,221
the TRAC-BF1 code,222 and the RELAP5 code.zza

The basic approach in the reactor vessel is a three field formulation as
discussed above. The piping network code is a five-equation drift flux model
based on the TRAC-PD2 code. This approach of using a 1-D formulation with a
five equation code for the piping systems and the secondary part of the plant
is adequate for the LBLOCA since the driving forces are large pressure drops,

| and the influence of the steam generators is a secondary effect.
.

The equations are solved for on a staggered grid. By a staggered grid,
it is meant that the scalar variables such as pressure, void fraction, and
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energies are solved for in control volumes or cells, while the vector
quantities such as velocities are solved for on the cell or volume faces.

.

Due to computer time limitations, Westinghouse uses the subchannel

formulation to a great extent instead of the 3-D approach in the vessel. The

subchannel approach appears to be a 2-D representation. The subchannel
-

formulation is considered to be adequate, since azimuthal pressure drops
during a LBLOCA should be small compared to the axial and radial pressure
drops in the vessel. It should also be noted that calculating form loss
pressure drops in the 3-D vessel in the azimuthal direction appears to be more
of an art than a science, compared to form losses in the axial and radial
directions.-

As shown in Eqn. 2-57 of the CQD, the formulation numerics are Courant

limited, since a semi-implicit approach is used. The semi-implicit approach
is quite adequate as long as the time step is kept below the Courant Limit.
It should be noted that Westinghouse keeps the time step well below the
Courant Limit or even the Courant Limit divided by two, which keeps the
formulation stable and accurate (first order for this approach) within the
constraints of the formulation.

Upon examination of the equation set, it appears that there is no wall
mass generation term. Subcooled boiling takes place at the wall and not at
the interface. The INEL believes, however, that this approach is adequate for
LBLOCA, since the thermodynamic conditions during the transient quickly
approach saturation conditions.

The momentum equations used :n the code are standard phasic equations.
However, the gravitational head tems in the momentum equations are not
linearized with respect to the independent (solution) variables. Such a,

linearization is expected to increase code stability, and should prevent flow
anomalies or unstable flow behavior from occurring at low flow conditions.
The exclusion of this linearization is adequate for LBLOCA, since the flow
rates are large.

i
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!

The mixture of averaging and donoring in the discrete equation set is
standard for non-equilibrium codes. The implementation of boundary conditions
for the vessel and the piping is also standard. Connections between the 1-D -

| loop piping system and the 3-D vessel are performed explicitly
| with a delta pressure equation (Eqn. 4-257). A loss coefficient is based on

UPTF data with the value of K given in Reference 58, Section 3.1.2. This loss -

coefficient covers LBLOCA conditions because it was determined using UPTF

experimental results. The resulting model was then applied to simulations of

| the LOFT LBLOCA tests with success for both the forward and reverse directions
! at the vessel connections. Westinghouse, in Reference 214, List II, Item 8,

committed to not changing the value and range of the broken loop cold leg
nozzle loss coefficient for plant specific applications. Also, the values
developed apply only to LBLOCA, and the values developed must be justified for
other applications.

;

It is also noted that a steady state pressure drop relation is used to
|

connect a state of the art multi-dimensional non-equilibrium fluid code such |
as COBRA to a 1-D five equation non-equilibrium fluid code such as TRAC-PD2.
There appears to be very little evidence from the CQD that a true first
principles approach on connecting the 1-D mesh to the subchannel mesh was

'

attempted. The explicit numerics of this connection could be a large source
of uncertainty with regard to the mathematical stability of this connection in
regards to code performance. However, as long as this approach is used with;

conditions consistent with the LOFT and UPTF data, the use of the input loss
coefficients to couple the 1-0 and 3-D vessel components is considered
adequate. '

WCOBRA-TRAC does not utilize the formulation for the viscous shear
stress tensor given in Section 2 of the CQD. Standard form losses and Darcy
friction are used in the code. It is understood that the viscous shear models
are not used since their use would require a fine mesh nodalization,
especially near the walls, and would be very CPU time prohibiting for

! obtaining an answer.
i

| One potential concerns that is apparent from Eqn. 2-154 for the 1-D
portion of the code is that flux terms containing relative velocity terms use,

donoring based on relative velocity flow direction. Since relative velocity
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is the difference between the gas and fluid velocities, such donoring raises
an issue of ambiguity for junction quantities that are derived from donoring
based on relative velocity. However, for a LBLOCA, the flows are large, and

'

the relative velocities are small. As a consequence, this approach is
adequate for LBLOCA.

.

The Westinghouse approach of following, as nearly as possible, the
. nodalization used in comparing to the integral tests is considered an adequate ~

approach.

In summary, the numerics used in WCOBRA-TRAC is semi-implicit and
Courant limited. Westinghouse has demonstrated that they stay well below the
Courant Limit for LBLOCA. The equation sets are standard and based on

accepted formulations by Ishii and others. Westinghouse has done an
excellent job in responding to the questions of the reviewers.

Based on the above, Section 2 of the CQD is considered adequate for
LBLOCA applications.

A.2 Flow Reaimes and Interfacial Area - C00 Section 3

A.2.1 Model Descrintion

In the vessel component, cold and hot wall flow regimes are modeled when
appropriate. A cold wall regime is assumed to occur when there are no heated
structures in a cell and/or the wall temperature is not above the CHF
temperature. The cold wall flow regimes are discussed first followed by the

. hot wall regimes.

,
A small bubble flow regime is assumed if the void fraction is less than

0.20. The bubble radius is based on a critical Weber number, and the
interfacial area is based on the void fraction and bubble radius. See

Section 3-2-2 of the CQO. If the void fraction is between 0.20 and 0.50, a
small to large bubble regime (slug flow or bubble / slug flow) is assumed. This
is basically an interpolation regime where WCOBRA/ TRAC interpolates between
the interfacial area assuming all vapor is in small bubbles and all vapor is
in large bubbles. In this way, the code accounts for bubble size growth as

A-7
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,

void fraction increases and slug flow develops. See Section 3-2-3 of the CQD. |

A churn-turbulent flow regime is assumed if the void fraction is greater than
0.50. The upper void fraction limit in the churn-turbulent regime is the void *

;

fraction at which a stable liquid film is formed. This void fraction is based i

on a critical void fraction calculated using Eqn. 3-39. The churn-turbulent
flow regime is another interpolation regime using the interfacial area of the
large bubbles (calculated using the same methods as in small to large bubble

j regime) and the film / drop flow regime. See Section 3-2-4 of the CQD. Above
i the critical void fraction, the flow is assumed to be entirely in the

film / drop regime. This flow regime has a liquid film on the wall and
'

entrained drops in a vapor core (see Section 3-2-5 of the CQD). It should be
noted that limits are applied to bubble and drop sizes to ensure that
geometric constraints (like hydraulic diameter for bubbles) are not violated
(see Eqn. 3-23) or to ensure drops are not allowed to become too small (see

!
Eqn. 3-45).

|

The hot wall flow regimes include the inverted annular flow regime. In
| this regime, the liquid core is assumed to be separated from the hot wall by a !

vapor film. An inverted liquid slug flow regime is also modeled in which the
liquid core of the inverted annular flow regime is assumed to be breaking up

, into liquid slugs. The logic controlling whether the inverted annular or the
inverted slug regime is chosen is whether the liquid is subcooled (inverted ;

annular chosen) or saturated (inverted slug is chosen). See Sections 3-3-2
and 3-3-3 of the CQD. A dispersed droplet flow regime is also modeled and is '

possible at all void fractions if entrainment mechanisms create the field (CQD
Section 3-3-4). If a top quench front forms, WCOBRA/ TRAC models two flow

| regimes, a falling film regime if the void fraction is greater than 0.80 and a
top deluge regime if the void fraction drops below 0.80. Details are
described in Sections 3-3-5 and 3-3-6 of the CQD.

| MCOBRA/ TRAC has a separate flow regime map for the one-dimensional
components as described in Section 3-4 of the CQD. It is the same as the one-
dimensional flow regime map used in TRAC-PD2. The bubbly flow regime is
assumed if the void fraction is less than 0.30, the slug flow regime is

f assumed if the void fraction is between 0.30 and 0.50, the churn flow regime
is assumed between void fractions of 0.50 and 0.75, and the annular mist flow
regime is assumed if the void fraction is greater than 0.75. If the mass flux

A-8
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is greater than 2000 kg/m? s, the code logic does not allow the slug flow-

regime to occur but the flow regime begins to transition to bubbly flow. In

addition, the churn flow regime is an interpolation regime between annular
'

mist and either slug or bubbly flow depending on the mass flux. In the one-
dimensional components, the flow regime map only influences the flow area for
interphase heat transfer. Because of the drift flux model applied in one--

( dimensional components, correlations are used to describe the relative phase

| velocities (see Section 4-7 of the CQD).
!

e O.
A.2.2 INEL Review of C0D Section 3

i

The INEL reviewed CQD Section 3, and that review resulted in a number of

questions (see Volume 1, questions 20-47, Attachment 1, Reference 3). During
the review process, Westinghouse provided answers to resolve all the items

!

identified by the INEL. For example, in response to Volume 1, question 21b,
Reference 15, Westinghouse demonstrated that the flow regime maps used by |
MCOBRA/ TRAC are simpler but adequate to represent the important trends of the ;

more complex flow regime maps proposed by Taitel and Dukler.I' ' 141
;

One of the areas discussed in CQD Section 3 is the interfacial areas
associated with the various flow regimes. The areas are calculated based on

j Weber number criteria (see Eqn. 3-15, for example), or the expected flow
pattern (see CQD Sections 3-2-3 and 3-2-5). The INEL verified the calculated
areas were appropriate for the specified flow regimes or asked Westinghouse to
justify the formula used. For example, see Westinghouse's response to
Volume 1, question 31, Reference 7, for the film interfacial area. In
response to INEL questions, Westinghouse justified the Weber number used to
determine bubble size and the basis for minimum drop diameters (see

' Westinghouse responses to Volume 1, questions, 22, 30, and 42, References 31,
~10, and 11).

I

Based on the review summarized above, the INEL considers the WCOBRA/ TRAC !
flow regime maps and interfacial areas adequate.

!
I
i

:
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A.3 Momentum Transfer Models - C00 Section 4

A.3.1 Model Description *

!
|
'

WCOBRA/ TRAC momentum transfer models account for momentum transfer

between the fluid and the wall, between vapor and continuous liquid, and
between vapor and entrained droplets. The vessel wall shear model will be
discussed first followed by the vessel form loss, vessel interfacial shear, .

intercell shear, vessel entrainment/deentrainment, and one-dimensional
components.

Separate wall shear models are provided in MCOBRA/ TRAC for continuous

|
liquid and vapor. Stresses due to wall friction are not applied to entrained
droplets. When the wall is wet, the wall shear is assigned to the continuous
liquid, and when the wall is dry (hot wall regime), the wall shear is assigned

-

| to the vapor. In two-phase conditions, the two-phase pressure drop model of
Wallis, Reference 121, is used. Friction factors vary with Reynolds number
with separate formulations for laminar and turbulent flow. !

The code allows a form loss to be entered by the code user, and this
form loss is divided between the phases as discussed on CQD page 4-5. Input

for fonn losses in both the axial and lateral directions are allowed. j
i

Interfacial shear models use the flow regime maps discussed earlier to
calculate interfacial area. The flow regime dependent interfacial drag
coefficient is formulated to include a drag coefficient (C ) or friction; o

factor (f,), interfacial area, relative phase velocity, and the phasic !

density. Linear ramps are applied in the small to large bubble regime and the
churn turbulent regime (large bubble to film drop). Westinghouse made
extensive use of the work by Ishii *** to' determine the drag coefficients.
Friction factors for use in the film / drop regime are based on the work of
Henstock and Hanratty* and Wallis, Reference 121.

MCOBRA/ TRAC also calculates an additional interfacial drag force on mesh
cell boundaries. The interfaces are detected by differences in void fraction;

; between adjacent cells, and may occur at either the vertical or horizontal
cell boundaries. In this model, a constant friction factor is used (see
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Eqn. 4-120). Westinghouse noted this model is used to calculate CCFL

situations where liquid is flowing down against vapor upflow. To illustrate
where this model would be used, Westinghouse discussed its application at the ~

UCP. At this location, there are channels where liquid can pool, such as on
the top of the upper core tie plate, and channels representing vapor jets
through holes in the UCP. The intercell drag model calculates the vapor jet
drag force on the pooled liquid in the adjacent cell.

| Entrainment/deentrainment are modeled in WCOBRA/ TRAC by the various
| types of entrainment/deentrainment mechanisms that can occur. The model for

| entrainment from liquid films includes the effects of droplet breakup from
'

orids and orifices in the calculation of the droplet area. Westinghouse
included models for both coeurrent (Whalley, Hewitt, and Hutchinson"5) and
countercurrent flow situations (through a critical void fraction model where
the critical void fraction represents the maximum possible void fraction for a
stable film). The drop size model is based on the work of Tatterson."8

A separate model is used for entrainment in bottom reflood situations.;

This model looks at droplet formation resulting from superheated vapor,

generated by rod quench. The model is based on the work of Kataoka and Ishii,
Reference 111, for vapor bubbling through a liquid pool. The droplet size
model for bottom reflood is based on the minimum of the hydraulic diameter, a
diameter taken from FLECHT data, and a diameter based on a force balance

between gravity and interfacial shear. For MCOBRA/ TRAC, M007A.Rev.1, the
minimum droplet diameter allowed at the quench front is given in Reference 27.

I

Entrainment from top down reflood can occur by two mechanisms. First,

is the breakup of pooled liquid as it falls through holes, slots, etc., in
vessel hardware into the core. The model adapts the Wallis model,

| Reference 121, for a single drop falling through an area restriction or
'

orifice. This model generally produces bigger droplets than the second
mechanism. The second mechanism is entrainment from falling films at the top
quench location when the falling film flow rate exceeds the quench rate. The
falling film model assumes all liquid reaching the top quench front location

* in excess of the vaporization rate at the quench front is entrained. The

initial droplet size for the falling film model is determined using a model-

!

!
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i

based on top spray heat transfer experiments typical of a Boiling Water

| Reactor. These two models produce droplets of different sizes that

| MCOBRA/ TRAC combines into a single droplet field of average size. -

Westinghouse noted: (a) the larger droplets from the orifice model dominate,
(b) this increases the average drop size, and (c) reduces interfacial heat
transfer for top down flooding.

Deentrainment models are provided for film flow, cross flow on upper
plenum structures, area changes, and at solid surfaces and liquid pools. The

film flow model is based on the work of Cousins *7 and Whalley using a dropl us

| concentration gradient diffusion model. Cross flow deentrainment occurs when
! liquid drops are carried from the core into the vessel upper plenum, and the

droplets deentrain on upper plenum structures as they flow to the hot leg
nozzles. The work by Dallman and Kirchner"8 was used to detennine the

deentrainment fraction as a function of the upper plenum design.

The area change deentrainment model is based on a simple flow area

| ratio. The reduced flow area sweeps the droplets out of the entrained flow
field becaus'e the drops are assumed to flow normal to the flow area and impact

! the area reduction.
I \

! !

Finally, deentrainment occurs when entrained liquid flows into a cell
with a solid surface at the opposite cell race (for example, flow into a cell
with the reactor top head modeled at the opposite cell face) or the cell is in

! the bubbly flow regime. ;

|

The one-dimensional interfacial drag model is based on the Annular Flow
| Friction Factor model of Hirt and Romero.150 This work used the single-phase

friction factor model of Govier and Aziz, Reference 133, (Eqn. 4-198) and
multiplied it by a two-phase multiplier based on the ratio of the liquid
velocity and density to the mixture velocity and density (Eqn. 4-203). A
homogeneous two-phase friction model is applied (Eqns. 4-207, 4-209, and j

4-211) if the void fraction is greater than 0.9995, with linear interpolation
between the annular model (used for void fractions below 0.9) and the
homogeneous model (used for void fraction greater than 0.9995).

,

:
|
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Ishii's, Reference 142, and Zuber/Findlay's* drift flux models are
used to determine the flow regime dependent drift flux velocities. These
drift velocities are then used to calculate the relative velocity. As with -

the vessel component, the one-dimensional components allow for a user input j
form loss to account for irrecoverable losses. I

.

A.3.2 INEL Review of C00 Section 4

Vessel Models

The INEL reviewed CQD Section 4, and the review resulted in a number of

questions (see Volume 1, questions 48-110, Attachment 1, Reference 3). During

the review process, Westinghouse provided answers to resolve all the items
identified by the INEL. Westinghouse responded to an INEL question to justify ;

| the form of the vessel two-phase multipliers used in WCOBRA/ TRAC (see response
to Volume 1, question 48, Reference 8). In its response, Westinghouse showed

the model was a simplified version of the Wallis model (Reference 121,
pages 49 and 50) but that it was adequate based on good comparisons to
Westinghouse test results discussed in response to Volume 1, question 50,
Reference 8. Westinghouse used the same test results in its response to
Volume 1, question 50, to justify the use of void fraction to partition the

'

form loss pressure drop.

CQD Section 4-4 discussed the interfacial drag models, and the INEL
reviewed them in detail. Most of the WCOBRA/ TRAC interfacial drag
coefficients were taken from References 142 and 143, which are the work of i

'

Ishii and others, for the bubbly to churn turbulent regimes; and friction
factors by Wallis, Reference 121, and Henstock and Hanratty, Reference 144,
for the film / drop regimes. The use of the drag coefficients / friction factors
in WCOBRA/ TRAC was reviewed against the original documentation, and
Westinghouse was asked to clarify and justify differences or extensions. For
example, Volume 1, question 55, Reference 12, asked Westinghouse to justify
the use of a drift velocity rather than a terminal velocity in Eqn. 4-52 for a
bubble in the distorted particle regime. In its response, Westinghouse noted4

Eqn. 4-52 was for a multi-particle system and use of the drift velocity was.

'

consistent with Ishii and Chawla (Reference 143), page 23.
,

1
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Another example is the use of Eqn. 4-92 (a friction factor) in a vessel
geometry when it was developed from smooth pipe data. In its response to

~

Volume 1, question 68, Reference 37, Westinghouse noted the results from

friction factor tests become independent of pipe size for pipe approximately
3 inches in diameter based on Reference 152. They also supplied comparisons

i to test data to show that the code results for pressure drop and void fraction
compared well to test data. Finally, Westinghouse showed that CCFL models
developed for simple geometries can be extended to more complex geometries and |

| indicated this supports the extension of friction factor models based on
;

simple geometries to more complex geometries. Based on these arguments, the {
IINEL found the extension of the Wallis model to the vessel adequate.

;

To justify the use of a single particle C, in a multiparticle system,

(Eqn. 4-108), Westinghouse responded in Volume 1, question 73, Reference 8,

; that the correction factor applied in Ishii and Chawla, Reference 143, is
j small at conditions expected in a PWR; therefore, the INEL concluded the

approximation proposed in the CQD was adequate.
|
|

| CQD Section 4-5 discussed the vessel intercell drag model used in
'

WCOBRA/ TRAC. To verify the adequacy of the model, Westinghouse responded to

Volume 1, question 75, Reference 10. They noted the intercell drag model was

used in a number of simulations in CQD Section 15-1. INEL review of that
section found that simulations that would have used the intercell drag model |

included a perforated plate, horizontal pipe with several cells vertically, j

Creare downcomer experiments, and UpTF downcomer bypass experiments. Review !

of that section and subsequent RAls showed the MCOBRA/ TRAC models calculated
CCFL phenomena well or conservatively in the above situations relative to

|

| data. Therefore, the INEL found the intercell drag model adequate.

The film entrainment models (discussed in CQD Section 4-6-2) were
assessed against UPTF upper plenum entrainment data. This assessment found
that the code underpredicted the mass in the upper plenum relative to the test

; data. Assessment against SCTF and CCTF data found that entrainment from the
upper plenum to the hot leg began earlier than the test data. These results
indicate the film entrainment model yields conservative results relative to

,

the test data. Therefore, the INEL considers the model adequate for realistic*

LBLOCA.
|
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The bottom reflood entrainment model was revised during the WCOBRA/ TRAC !

review process. The original version of the model in MCOBRA/ TRAC, MOD 7, (
entrained too little liquid in a number of forced reflood tests, resulting in !

*

calculated early quench and calculated bundle masses exceeding the test data.

The M007A version of the code improved the bottom entrainment model resulting
- in improved bundle mass comparisons and some improvement in quench time l

comparisons with data (see Reference 27).
1

Westinghouse's responses to Volume 2, questions 12, 22, 26, 28, 40,
and 41, Reference 46, and Volume 2, question 63, Reference 47, showed the
H007A code version still had difficulty calculating the effects of turnaround
times, cooldown rate, and quench times. Similar trends were found with the
MOD 7 code version. Westinghouse attributed the MOD 7A results to

overprediction of the entrainment rate and lower heat transfer to the vapor
just above the quench front (see Volume 2, question 63). The above areas are
of concern because of their potential effects on PCT and rod oxidation. To
address these issues, Westinghouse revised its uncertainty methodology to

f account for these effects. For PCT, Westinghouse addressed these effects by
determining heat transfer multipliers based on comparisons to test data that
are applied in the uncertainty evaluation. For oxidation, see the methodology

! discussed in Section 13 of this report. As, discussed in that section, the
oxidation methodology adequately accounts for the effects of the above issues

( on oxidatioti using a time stretching approach. For the effects of turnaround
time on PCT, see also Section B.1 of this report. As discussed in that
section, Westinghouse showed that turnaround time was adequately accounted for |

through the break flow / condensation run matrix. Also, yCOBRA/ TRAC tended to
overpredict quench time and turnaround time for the gravity reflood tests, i

i which are the tests most representative of the PWR. Based on this, INEL
considers the bottom entrainment model adequate for realistic LBLOCA analyses.
This is because: (a) the model adequately calculated bundle mass and (b)
Westinghouse's methodology adequately accounts for the uncertainties due to
the bottom entrainment model.

| The code entrainment models for top flooding situations has models for

i. sputtering at the top quench front on the rods and liquid falling through the
UCP. Westinghouse discussed the basis for the sputtering front droplet size

!
in response to Volume 1, question 86, Reference 10. The droplet size
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,

generated by the orifice model is limited by a Welw number criterion (see
Volume 1, question 87, Reference 8). INEL review vi this section found it

| adequate for LBLOCA in three- and four-loop plants with cold leg injection
~

| because the models appear appropriate for the situation and little liquid was '

| found to fall into the core from the upper plenum (see Volume 3, question 11,
Reference 42. However, it was concluded additional information was needed for

| UPI plants.

.

The entrained droplets are shattered when they impact against a bundle
rod spacer grid and WCOBRA/ TRAC accounts for this effect. In response to
Volume 1, question 92, Reference 45, Westinghouse justified the parameters :

used in the breakup model (see Eqn. 4-173).
!

WCOBRA/ TRAC allows for the deentrainment of drops due to a variety of
I

mechanisms including contact with the liquid film, cross flow deentrainement
on structures, area changes, and flow into liquid pools or onto solid
surfaces. The INEL reviewed the models used against the original references

h or had Westinghouse clarify the basis for the model (see Volume 1, questions
94 to 96, References 33 and 8). INEL found them adequate for LBLOCA because

! the models were implemented consistent with the original references. Also,
the models were used in a wide variety of WCOBRA/ TRAC code assessments. For

| CQD Eqn. 4-186, Whalley (Reference 148) noted that the mass transfer

coefficient could be written as a function of the surface tension based on the
data presented in the reference. In Reference 214, Attachment 3. Westinghouse
noted its research let it to conclude that Eqn. 4-186 was not developed by
Whalley but the COBRA / TRAC developers following the suggestion of Whalley. To
verify Eqn. 4-186, Westinghouse compared Eqn. 4-186 output to the Whalley data
and showed it accurately represented the data.

Based on its review summarized above, the INEL concluded the MCOBRA/ TRAC
,

vessel wall and interfacial drag models are adequate.
i

1-D Connonent Models

| The INEL reviewed the one-dimensional momentum transfer and relative
j' velocity models discussed in CQD Section 4-7. A number of questions arose

| from this review (Volume 1, questions 97 to 108, Attcchment 1, Reference 3),
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and Westinghouse adequately responded to these questions. For example, in
i response to Volume 1, question 47c, Reference 11, Westinghouse noted the one-

dimensional, annular flow two-phase friction factor multiplier originated from '

TRAC-PD2, Reference 62, but was verified by comparison to the HTFS two-phase
friction multiplier, Reference 134, in CQD Figures 4-8 to 4-11. INEL review,

i

I of those figures fotnd the two multipliers gave comparable results over a wide I
-

range of conditions.
1

? =

Another question (Volume 1, question 103, Reference 35) asked
Westinghouse to clarify why the CQD formulations fe hre drift velocities were i

'

not consistent with the original Ishii reference (Reiere1ce 142).
Westinghouse's response showed the apparent differences were only due to the
different formulations of the drift velocity used in the CQD and Ishii's
report. Finally, the INEL reviewed the WCOBRA/ TRAC approach to finding the

'

horizontal drift velocity by taking the minimum of Eqns. 4-222 to 4-224.
Westinghouse responded by showing that taking the minimum resulted in choosing
the appropriate drift velocity based on pipe size and void fraction (see,

response to Volume 1, question 106, Reference 7).

As discussed above, a homogeneous two-phase friction model is applied
(Eqns. 4-207, 4-209, and 4-211) if the void fraction is greater than 0.9995,
with linear interpolation between the annular model (used for void fractions
below 0.9) and the homogeneous model (used for void fraction greater than
0.9995). Westinghouse's response to Volume 1, question 100, Reference 11,
verified the homogeneous model by comparisons to other models. INEL review of
that response found good comparisons between the models.

Therefore, based en the good comparisons to the HTFS correlation for the
annular flow two-;Aase model shown in the CQD, and the good comparisons of the
homogeneous model to the other models in Westinghouse's response to Volume 1,
question 100, the INEL considers the loop two-phase friction model adequate
for LBLOCA analyses.

!

4
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| A.4 Critical Flow Models - C0D Section 4-8
! I

|
A.4.1 Model Descriotion - '

i

MCOBRA/ TRAC allows two approaches to calculating critical flow: the

TRAC /PD2 approach and the critical flow model package from TRAC-Pf1/ MODI.

The TRAC /PD2 approach uses the 6 conservation equations and the

constitutive relationships to calculate natural choking. To use this
approach, the region where critical flow is expected to occur must be
nodalized with cells of very small length.

.

'The TRAC /PF1 critical flow model uses a modified form of the Burnell
| model for subcooled flow, and the two-phase model was developed using a

,

| characteristic analysis approach. The model is void fraction dependent with I

subcooled, two-phase, and single-phase vapor models. The subcooled and two-

phase models are connected by linear interpolation to prevent discontinuity in
the calculated critical flow. Westinghouse noted in the CQD that the TRAC /PF1
model is used in PWR LBLOCA analyses because of a reduced bias and uncertainty

when compared to the TRAC /PD2 model. The uncertainty analysis performed by
| Westinghouse on the TRAC /PF1 critical flow model is discussed in Sections 6

and 9.2 of this report.

!
A.4.2 INEL Review of Critical Flow - Section 4-8

The choked flow models used in WCOBRA/ TRAC are standard in terms of
using a method of characteristics approach. It is stated in the CQD on
page 4-131 that at homogeneous conditions the choked flow model results in the

i standard HEM model, while if any non-equilibrium is present, the choked flow
conditions can deviate appreciably from the HEM model. Based on the standard
modeling approach, the Westinghouse model is adequate for LOCA applications.

Westinghouse, in Reference 214, Attachment 9, gave additional
explanation on its use of the full Method of Characteristics model for each
time step in the code implementation of choked flow. In the above reference,;

i Westinghouse also committed to include the information in the CQD.
!
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!
Westinghouse noted that the choked flow solution is implemented in the '

pressure solution of the code rather than in the back substitution step after
i

solving the pressure equation. This approach results in a smoother pressure ~

and flow response in the code. Based on Reference 214, Attachment 9,
Westinghouse will document this information in the CQD.

.

A.5 Interfacial Heat and Mass Transfer Models - C0D Section 5
4

i

A.5.1 Model Descriotion
!

l

In MCOBRA/ TRAC, interfacial heat and mass transfer depends on the

interfacial heat transfer coefficient and the interfacial area. The models
used for interfacial area are discussed in Section A.2 of this report, while !

| the interfacial heat transfer coefficients are discussed below. Westinghouse
combines the two into interfacial heat transfer factors.

!

The interfacial heat transfer coefficients depen 6 or. the flow regime and i

whether the fluid (vapor, continuous liquid, and entrained droplets) is
superheated or subcooled. MCOBRA/ TRAC treats the interfacial heat transfer by
assuming a saturated interface between the phases with heat transfer. to or

lfrom the saturated interface.
i

Westinghouse also noted that metastable states (superheated liquid and;

j subcooled vapor) are inherently unstable and are rarely encountered in LBLOCA
) analyses. For metastable fluids, Westinghouse's approach in MCOBRA/ TRAC was
f to drive the metastable states to saturation by applying large interfacial
! heat transfer coefficients. This is true of both the 1-D and vessel models.

In its response to Volume 1, question' 111, References 42 and 45, Westinghouse

| noted the HTCs that result for these regimes are designed to cause sufficient
vaporization of superheated liquid and condensation of subcooled steam to i

maintain the phase temperatures near saturation. Westinghouse's response also
showed that because of the large HTCs involved a very short time would be
required to reduce superheated liquid to a temperature close to saturation.

| See the Volume 1, question 111 response for details. Based on these

{ considerations, INEL considers the metastable models adequate, and the vessel

| and 1-D component review that follows focuses on the more important subcooled
! liquid and superheated vapor regimes.
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Presentation of the details of the interfacial heat and mass transfer
models are beyond the scope of this report because of the large number of

'models and correlations involved. Therefore, the reader is referred to
Section 5 of the Westinghouse CQD for the details of these models.

A.5.2 INEL Review of C0D Section 5

Vessel Interfacial Heat Transfer Models

The INEL reviewed Section 5 in detail, and the review resulted in a
number of questions that Westinghouse responded to during the review process

j -(see Volume 1, questions 111 to 151, Attachment 1, Reference 3). Westinghouse

i responded adequately to all questions. In most cases, the INEL checked the
I CQD model description against the original reference cited by Westinghouse and

asked them to justify any differences. For example, Volume 1, question 116, ,

Reference 29, asked Westinghouse to clarify differences between CQD Eqns. 5-11
and 5-12 and the original reference from Wallis.* Westinghouse's response )

adequately described the process by which the CQD equations were derived from
the original reference. l

l

In another case, a question (see Volume 1, questions 113a and b,
]

References 33 and 7) asked Westinghouse to justify using a model (Eqn. 5-4)
developed for heat transfer from a cooper ephere to air for heat transfer from
small bubbles to subcooled liquid. The questions also asked Westinghouse to
justify the basis for the equation chosen from the original reference *
because several forms of the equation were available. For use of the model
for bubble heat transfer to subcooled liquid, Westinghouse noted the equation
was used to simulate a large number of experiments, and it can be applied in
PWR calculations because of this extended assessment. That is, Westinghouse
extended the range of applicability of the original equation by extending the
data base against which the equation was assessed. Regarding the choice of
the equation, Westinghouse compared the various forms of the equation from the i

original reference and several other works. The comparison showed that use of
! Eqn. 5-4 in the CQD was within the range of Nusselt numbers calculated by the
: other correlations, and that there was considerable scatter in the data used

| to develop the correlations. Based on these considerations, the INEL found
use of Eqn. 5-4 adequate.
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In its response to Volume 1, question 111b (References 42 and 45), !

Westinghouse provided an extensive review of the interphase heat transfer
~

models and correlations used in the vessel portion as described in CQD
Section 5. They noted the interfacial heat transfer models are based on
several basic models: (a) conduction within a subcooled liquid drop,
(b) forced convection from superheated vapor to a liquid drop, (c) forced-

convection from a bubble to subcooled liquid, (d) forced convection from )
. superheated vapor to a liquid film, and (e) forced convection .' rom vapor to a

subcooled liquid film.

In bubbly flow (small bubble and small to large bubble regimes), when
the liquid is subcooled, Westinghouse showed the bubble HTC model in

{
MCOBRA/ TRAC (Eqn. 5-4) gives values consistent with those found in another I

work.155 To evaluate the effect of the vapor side models, Westinghouse |
performed sensitivity studies to determine the effect of these models I

(Eqns. 5-1 (small bubble) and 5-14 (small to large bubble)). These were
provided in the response to Volume 1, question 117, Reference 33. In the
sensitivity case, the HTC in the small bubble regime was reduced by a large
number, and Eqn. 5-14 was replaced with a correlation more representative of |

the small to large bubble regime but gave HTCs similar to Eqn. 5-14. In this

case, changing the interfacial heat transfer from the superheated bubbles
i

resulted in a small PCT change. Thus, the INEL concluded the calculated
results are not very sensitive to the models in this area. Therefore, the
bubbly models are considered adequate.

For the droplet flow regime on the liquid side, Westinghouse compared
the MCOBRA/ TRAC values of droplet growth based on Eqn. 5-31 to those measured |

by Ford.155 The results, presented in Volume 1, question 123, Reference 11,.

showed the droplet growth rate was overpredicted early in time but well
predicted later in the test. This indicates the condensation model in
MCOBRA/ TRAC for this regime is giving approximately the correct results. On

j the vapor side, Westinghouse noted that evaporation of droplets in superheated

{ steam' has been the subject of much investigation that supports the model used
j in MCOBRA/ TRAC (Eqn. 5-26). The INEL notes that the original basis for |

{ Eqn. 5-26 is the one represented in the code, droplet evaporation. Based I
157

.
on the adequate comparison to data for the liquid side HTC and the use of an

!
|
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. appropriate model for the vapor side HTC, the INEL finds the droplet models
adequate.

.

| In film flow, both the liquid side and vapor side HTCs are based on the
Colburn analogy.258 On the liquid side, Westinghouse's response to Volume 1,

question 121, Reference 33, compared the MCOBRA/ TRAC model (Eqn. 5-27) to more

recent work (References 159 and 160). The results showed the code model gave
|

HTCs of approximately the same magnitude as the correlations in the references

.

(except for the case using a gas Reynolds number of 50,000 and the equation in
| NUREG/CR-2783 developed for rough film surfaces). Based on this review and

;
! given the scatter in the data for this type of heat transfer, the INEL !

lconcluded the film liquid side model was adequate. For the vapor side film
model, Westinghouse's response to Volume 1, question 121, Reference 33, showed
the MCOBRA/ TRAC HTC (Eqn. 5-25) was higher than other models. To evaluate

; this overprediction, the sensitivity run provided by-Westinghouse in its

| response to Volume 1, question 117, Reference 33, reduced the film HTC from

| superheated vapor by an appropriate amount. As discussed above, this
sensitivity run only showed a small PCT change. Thus, the INEL concluded the !

calculated results are not very ~ sensitive to the models in this area. |

j Therefore, the vapor side film models are considered adequate.
;

i

All condensation models (heat transfer to subcooled liquid) in the I

vessel are limited by a mass transfer limit (Eqn. 5-12) based on the work of I

Wallis, Reference 153. This model accounts for the suppression of I

condensation by non-condensibles. INEL review of the reference found
Westinghouse applied the equation as presented by Wallis to develop Eqn. 5-12
as a maximum limit on the interfacial HTC assuming non-condensibles are
present. Eqn. 5-12 is used with the regime dependent HTC correlation for
subcooled liquid in a minimum function to determine the condensation rate for
the regime. For example, see Eqns. 5-13 and 5-37.

Eqn. 5-12 includes a friction factor that Westinghouse assumes to be the
constant value given in its response to Volume 1, question 116, Reference 29.
The friction factor used is consistent with that found for higher void4

| fraction regimes, but not for lower void fraction regime such as bubbly flow.
j Wes'.inghouse evaluated the mass transfer limit relative to the small bubble
! and the small to large bubble regimes in its response to question 116. In
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that response, Westinghouse showed that the limit is basically a function of
subcooling. In the study, Westinghouse increased the pressure but held the
liquid temperature constant, . increas!ng subcooling. As the pressure increased

'

(subcooling increased), the difference between the mass transfer limit and the

| regime dependent HTC decreased. At the subcooling associated with a pressure
!- * of 500 psia in the study, the mass transfer limit HTC was smaller than the

| regime dependent HTC, and, therefore, would limit the condensation rate. The

|. same effect would be found if the pressure was held constant and the

subcooling of the water was increased. This indicates the model is working as
desired to limit condensation rates if the code encounters situations where
large condensation rates would be achieved. Large condensation rates result
in the more* rapid accumulation of non-condensibles at the interface, and this

| can limit condensation heat transfer (see discussion below). This is the
effect Westinghouse is trying to model with the mass transfer limit.

As discussed above, application of the friction factor used in the mass
transfer limit to low void fraction flow regimes was not directly supported by
the value chosen. The mass transfer limit as applied to the bubbly flow
regimes, however, does not greatly affect the calculated results. Sensitivity

studies for IP2 and VRA provided in response to Volume 1, question 116,
Reference 29 showed the effect on the calculated PCT was small when the mass
transfer limit was removed from the analyses for the bubbly flow regimes in
the vessel (void fractions less than approximately 70% based on the code
logic) and 1-D components.

Westinghouse also evaluated the mass transfer limit in the response to
Volume 1, question 134, Reference 37. Based on a detailed analysis of the ||

. effects of non-condensibles, Westinghouse showed that the higher the
condensation rate, the lower the non-condensible gas concentration needed to

| affect the condensation rate. In its response to Volume 1, question 134,
,

Westinghouse found the mass transfer limit used in WCOBRA/ TRAC was

approximately equivalent to a non-condensible gas concentration of 0.008 if
the interface is smooth and 0.1 if the interface is rough. Based on

| Figure 134-5 of Volume 1, question 134, these values are consistent with the
non-condensible gas present prior to the accumulators emptying and injecting
the nitrogen cover gas (note: another model is used to represent condensation
suppression due to the injection of the nitrogen cover gas). This implies the
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interfacial HTC is limited by Eqn. 5-12 even if only relatively small amounts
of non-condensibles are assumed to be present.

4

Also, Westinghouse will range the vessel condensation rate directly as
part of the WCOBRA/ TRAC uncertainty analysis. This is discussed further in

Section 6 of this report on Westinghouse's propagation of uncertainty
analysis.

Based on the above information, the INEL finds the mass transfer limit
adequate. The model is an upper bound and will limit the condensation rate if I
large condensation rates are encountered in a manner consistent with the

;

amount of non-condensible present prior to accumulator nitrogen injection. I

The model uses a constant friction factor appropriate for high void fractions I

but was shown not to have a significant effect on PWR analyses in the bubbly
regimes. Also, the model uncertainty is ranged in the code uncertainty
evaluation.

Under the title of complex flow regimes, Westinghouse investigated those
modeled as large liquid drops (the top deluge regime and inverted annular and
slug regimes) and the churn-turbulent regime. For the large liquid drop
regimes, Westinghouse compared the MCOBRA/ TRAC equations with Reference 161.

Westinghouse showed the models in MCOBRA/ TRAC gave results for drops with

internal circulation that increased the HTC in approximately the right amount
relative to rigid drop models. On the vapor side, Westinghouse showed the
models in the code were used within the range of correlations for drops
without internal circulation, and slightly outside the range of correlations
for drops with internal circulation based on Reference 161. Based on this,
the INEL finds the large drop models adequate.

In the churn-turbulent flow regime, the response to Volume 1,
question 111b, Reference 42, focused on condensation heat transfer. In its

response, Westinghouse compared the condensation efficiency calculated by
MCOBRA/ TRAC to that estimated for 1/Sth scale Crewe tests with low and high
ECC injection rates, Reference 107, and UPTF data, Reference 64. The
estimates of condensation efficiencies from the tests showed a wide variation,
and the WCOBRA/ TRAC results fall within the scatter of the data. Also, the
condensation model is ranged in the uncertainty evaluation. Based on this,
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i the INEL considers the liquid side models in the churn-turbulent regime to be
|
'

adequate. On the vapor side, Westinghouse evaluated the sensitivity of the
calculated results in PWR analyses by reducing the film coefficient by an ~

appropriate amount. Based on the response to Volume 1, question 117,
Reference 33, the effect was a small PCT change. The drop HTC was not varied

in this study; however, the evaporation of drops in superheated vapor is well.

| supported physically and experimentally. The droplet evaporation model in
WCOBRA/ TRAC, Egn. 5-26, is based on a correlation developed from experiments

i . on droplet evaporation, Reference 157. Therefore, the INEL considers the
churn-turbulent vapor side models adequate.

| l-D Interfacial Heat Transfer Modets
!

In 1-D components, the heat transfer to subcooled liquid is based on a

| constant Stanton number approach (Eqn. 5-122), and the condensation HTC is
limited by the same mass transfer limit as the vessel model (Eqn. 5-12)
through use of a minimum function (see Eqn. 5-141, for example). In the CQD,
Westinghouse stated the Stanton number chosen was based on simulations of CCTF

reflood tests."2 Based on CQD Figure 5-3, the Stanton number chosen will
provide a HTC that approximates the lower range of the available correlations.

For WCOBRA/ TRAC 1-D components, Westinghouse assumes an interfacial area

| for subcooled liquid as discussed on page 5-49 of the CQD. In Attachment 1 of

| Reference 11 Westinghouse showed this approach gives an interfacial area
I within an order of magnitude of the expected interfacial area based on the

calculated flow regimes. The same response showed that MCOBRA/ TRAC tended to

| underpredict the subcooled liquid HTC relative to the results from
Northwestern University condensation tests (Reference 96), but the overall
condensation rate was calculated relatively well because the interfacial area

| was overestimated. Although the Northwestern results indicate a compensating
error, INEL considers the model adequate for 1-D components because the
overall condensation rate is still calculated well as shown in the full-scale

t UPTF test results discussed below.

Westinghouse also evaluated the condensation mass transfer limit for 1-D
models (see its response to Volume 1, question 116, Reference 29). There
Westinghouse showed that the limit is basically a function of subcooling as it
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| was for the vessel models. In the study, Westinghouse increased the pressure
| but held the liquid temperature constant, increasing subcooling. As the

pressure increased (subcooling increased), the difference between the mass '

i

transfer limit and Eqn. 5-122 decreased. At the subcooling associated with a
j pressure of 200 or 500 psia in the study, the mass transfer limit HTC was

j

( smaller than the Eqn. 5-122, and, therefore, would limit the condensation
. i

rate. The same effect would be found if the pressure was held constant and
the subcooling of the water was increased. This indicates the model is
working as desired to limit condensation rates if the code encounters

| situation where large condensation rates would be achieved, and the |
!

accumulation of non-condensibles at the interface could occur as discussed for
the vessel model. In Reference 206, Attachment 6, Westinghouse verified the i

;

| sensitivity study on the effect of the mass transfer limit for the vessel
| models included the 1-D models. Therefore, a small effect on the calculated

PCT for IP2 and VRA was found uan the mass transfer limit was removed from
the analyses for the vessel and 1-D bubbly flow regimes.

The latest LBLOCA methodology does not include a ranging of the
condensation efficiency in 1-D components as is done'for the vessel. The INEL

I

considers this adequate based on CQD Figures 15-3-48/49. These figures show

the condensation efficiencies calculated for full-scale UPTF Tests 8 and 25
(cold leg steam / water mixing tests) and the corresponding MCOBRA/ TRAC

calcul ations. MCOBRA/ TRAC does a reasonable job of calculating the
condensation efficiencies estimated from the experimental data, and the range
of efficiencies in the data is smaller than in the vessel. CQD Section 15-3-3
also showed that MCOBRA/ TRAC did an adequate job of calculating the cold leg !

exit temperatures in both the UPTF tests and Westinghouse /EPRI 1/3rd scale
steam / water mixing tests, Reference 97.

Although a compensating error was found, the INEL considers the
MCOBRA/ TRAC 1-D condensation models adequate. This based on the good overall

.

results for the cold leg in the full-scale UPTF results. Based on the
condensation information reviewed, INEL concluded that MCOBRA/ TRAC does not

| have significant compensating errors in the 1-D condensation models that would '

{ compromise the code's ability to realistically calculate LBLOCAs.
:
<

$
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On the superheated vapor side, Westinghouse uses flow regime specific

correlations. - Westinghouse information in Attachment 1 of Reference 11 showed
'

the most important superheated vapor heat transfer regime is the annular / mist
regime in the hot leg during reflood. In its evaluation, Westinghouse noted
MCOBRA/ TRAC tended to predict too much entrainment in 1-D components, and the

high mixture velocities during this period will result in pure droplet flow.-

Westinghouse concluded, therefore, that the heat transfer rate from
superheated vapor to the liquid would most likely be overpredicted in the hot.

leg and other 1-D components.

However, further analysis by Westinghouse showed this was not a i
sign'"icant problem with the code. This is because reverse heat transfer from |

|
the secondary side of the steam generator (SG) during a LBLOCA vaporizes all

j droplets and superheats the steam to the secondary side temperature by the
time the steam exits the SG tubes. Westinghouse MCOBRA/ TRAC analyses of

Westinghouse SG tests (Reference 11, Appendix A) and LOFT (see CQD

Figure 14-4-41) show the code adequately predicts the steam superheat exiting
the SG tubes. Based on these considerations, the INEL finds the MCOBRA/ TRAC

1-D component superheated vapor models adequate.

|

A.6 Wall Heat Transfer Models - COD Section 6 i

A.6.1 Model Descriotion

The wall heat transfer models are discussed in CQD Section 6. Separate

models are provided for the vessel component and the one-dimensional loop
components. The vessel heat transfer models are based on the COBRA-TF

. program, and the loop models are based on the TRAC /PD2 program.

,
The vessel heat transfer models follow the standard boiling curve:

single-phase liquid, subcooled nucleate boiling, saturated nucleate boiling,
transition boiling, inverted annular film boiling, dispersed droplet film

j boiling, and single-phase vapor. For the vessel, models are supplied to |

j calculate CHF and the minimum film boiling temperature. In the vessel, three

! HTCs are calculated for each heat transfer regine: wall to vapor, wall to
liquid for sensible heat, and wall to liquid for latent heat. In some cases,

,

the HTC is set to zero (for example, the vapor HTC in the single-phase liquid
'
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|

| regime). To account for a variety of fluid conditions, more than one |

coefficient may be calculated for each heat transfer regime. For example,
single-phase vapor heat transfer is based on taking the maximum of a natural *

convection coefficient, a laminar coefficient, and a turbulent coefficient.
In the case of transition boiling, three separate models are also used to

| determine the heat transfer coefficient. Radiation heat transfer from the -

wall to the vapor and droplets is calculated by MCOBRA/ TRAC and included in
the appropriate heat transfer coefficients.

!

, In the vessel dispersed flow film boiling regime, Westinghouse models!

increased heat transfer due to turbulence from interfacial shear with the
droplets and increased turbulence due to fuel bundle grids. WCOBRA/ TRAC also

| accounts for the grid effect in single-phase vapor heat transfer. The
!

increase in heat transfer due to droplet interfacial shear is calculated based
| on the analogy between wall shear stress and heat transfer described by

Kays.I'3 The grid heat transfer enhancement is based on the work of Yao,

| Hochreiter, and Leech.1"
|
,

The loop heat transfer models include: natural and forced convection to
single-phase liquid, nucleate boiling, transition boiling, film boiling,
convection to single-phase vapor, a two-phase mixture model (used if CHF is !
not expected), and a separate condensation model. Models are also included to
calculate CHF and the minimum film boiling temperature. Where appropriate,
the loop models calculate two heat transfer coefficients, wall to vapor and
wall to liquid. As with the vessel, the loop models may calculate more than
one coefficient for each heat transfer regime,

f

A.6.2 INEL Review of C0D Section 6

The INEL reviewed Section 6 in detail, and the review resulted in a
,

number of questions that Westinghouse responded to during the review process
(see Volume 1, questions 152 to 220, Reference 3). Westinghouse responded
adequately to all questions.

;

i
:
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| Vessel Wall Heat Transfer

In most cases, the INEL checked the CQD model description against the
.

original reference cited by Westinghouse and asked them to justify anyi

differences. For example, Volume 1, question 172, Reference 8, asked

Westinghouse to clarify differences between CQD Eqns. 6-77, 6-128, and 6-220;

and the original reference by Forslund and Roshenow.101 Westinghouse's

response showed the difference was due to a parameter change, and the.

1

parameter change was properly accounted for when deriving the CQD equations.

Another example is Volume 1, question 186, Reference 11 which asked
| Westinghouse why the CQD version of the Bromley film boiling correlation was
j different from a number of different references. Westinghouse's response

discussed the differences between the Bromley correlation and several155

version', of a modified Bromley correlation (for example, see References 166
| and 167). The response also provided the correct reference (Reference 166)

for the modified Bromley correlation used in WCOBRA/ TRAC.
.

|'
'

Volume 1, question 158, Reference 36, asked Westinghouse to clarify the
use of Reference 168 to justify CQD Eqns. 6-33/34 (used in the nucleate
boiling regime) because INEL review of the reference could not find
corresponding equations. Westinghouse's response clarified the basis for the

! CQD equations relative to the original reference. The response showed how the
equations in the CQD could be derived from the reference by assuming the
single-phase convection to liquid component of subcooled nucleate boiling
becomes small relative to the boiling component. To support this assumption,
Westinghouse noted that Figure 9 in Reference 17 showed the single-phase
convective HTC was 10% or less of the total HTC at wall superheats of
approximately 10*F or more. Based on this information, the INEL concluded

, Westinghouse had adequately clarified the derivation of CQD Eqns. 6-33/34 from
Reference 168.

! In Reference 17, Westinghouse discussed the vessel wall heat transfer
models in detail, including ramps and heat transfer regime transition

j smoothing techniques. The vessel wall heat transfer map used to select the
various heat transfer regimes is shown in CQD Figure 6-3. For the single-
phase liquid regime, the HTC is based on the maximum of Eqn. 6-11 (rod bundle:
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| laminar convection based on Reference 169 and Eqn. 6-12 (forced convection
| from Dittus-Boelter). Westinghouse noted the use of the maximum HTC results

in the forced convection correlation being used down to the Reynolds number '

provided in Reference 17, and this is below the normal laminar / turbulent

| transition of 2000. However, Figure 7 of Reference 17, showed that between a
Reynolds number of 2000 and the WCOBRA/ TRAC transition point, the difference -

;
bet e en the two HTCs was less than 50%. Given the small range and the 25%

uncr;rtainty associated with HTCs, Westinghouse concluded the logic was .

|

acequate. The INEL also notes that the single-phase HTC would be applied
after the rod quenches and below the quench front; thus the impact of the
inaccuracies noted by Westinghouse would not affect PCT or rod oxidation.

Therefore, the single-phase liquid model is considered adequate.

Subcooled and saturated nucleate boiling HTCs are calculated with the
Chen correlation (Reference 170), although the information in Reference 17

'

indicated approximations were used for S F and AP. For the saturatedchen' Chen,

regime, Westinghouse compared the model as implemented in WCOBRA/ TRAC with
j hand calculations based on the Chen model described in Collier, 2nd Edition,
! Reference 171. See Figure 8, Reference 17. The agreement was good indicating

the approximations above are accurate.

|

| To evaluate the subcooled nucleate boiling regime, Westinghouse setup a
simple tube model to evaluate the code calculated values for the point on the
heated length when fully developed subcooled nucleate boiling begins, and the

| amount of subcooling present at that location. These were compared to hand
| calculations based on Eqns. 6.7 to 6.9 in Collier, Reference 171.

Westinghouse compared the hand and code calculated values in Reference 17 and
found good agreement. Westinghouse concluded the subcooled nucleate boiling
model was able to do a reasonable job of calculating the length and remaining
subcooling as the transition to saturated nucleate boiling begins. This
implies the code models for subcooled boiling calculate the sensible heat
transfer to liquid correctly. The Reference 17 information also compared

; MCOBRA/ TRAC results to Figure 6.4 (the Saha and Zuber model) of Collier,

| Reference 171. Again, good agreement was found. Finally, Westinghouse
! compared the MCOBRA/ TRAC void fraction at which fully developed subcooled

; nucleate boiling begins to the data of Levy"8 in Collier, Reference 171,
'

Table 6.1 and found the code calculated values were consistent with those
|
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estimated by Levy. Based on the above considerations, the INEL concluded the

subcooled and saturated nucleate boiling models are adequate.
.

The Reference 17 submittal evaluated the transition boiling models in
MCOBRA/ TRAC in several ways. First, Westinghouse compared HTCs calculated by

MCOBRA/ TRAC for two FLECHT-SEASET tests (one with a low flooding rate and the-

173other with a high flooding rate) to the Hsu and Ellion"' correlations.
These correlations were chosen because they were based on data ranges that.

approximated the two FLECHT-SEASET tests. For the low flooding rate test ati

low wall superheats (less than 300*F), the Hsu and Ellion correlations both j
gave higher HTCs than MCOBRA/ TRAC. However, for the high flooding rate test

!at low wall'superheats (less than 300*F), the Hsu correlation bounded most but
not all of the MCOBRA/ TRAC HTCs while the Ellion correlation again gave higher

HTCs. At higher wall superheats (greater than 300*F), the MCOBRA/ TRAC HTCs

and the HTCs from Hsu and Ellion were in good agreement for both tests. Based
.

j on this, it appears the WCOBRA/ TRAC models give approximately the right shape |

| for the transition boiling curve and HTCs of the right order of magnitude. i

! l

|

To investigate further the effects of ramps and splitting, Westinghouse I'

evaluated specific transition boiling conditions. The effects of subcooling
were evaluated by using the Cheng correlation"5 to compare to MCOBRA/ TRAC

results. Westinghouse noted that transition boiling Model 2 (Eqns. 6-82 to |
! 6-84) is used for low flow, low quality transition boiling. Both the Cheng |

correlation and MCOBRA/ TRAC Model 2 show a HTC increase when the subcooling

increases, but the WCOBRA/ TRAC calculated increase is less than that
calculated by the Cheng correlation. Westinghouse also noted that transition |
boiling HTCs are difficult to measure and estimate leading to large
uncertainties. Therefore, Westinghouse concluded MCOBRA/ TRAC does a.

reasonable job of modeling the increase in HTC with increased subcooling.

.

The next effect evaluated was high quality. Westinghouse noted that
transition boiling Model 1 (Eqns. 6-75 to 6-81) is used for high void
transition boiling, and it compared the MCOBRA/ TRAC model to several;

correlations. Based on Figures 19 to 21 in Reference 17, the MCOBRA/ TRACj
results fall within the ranges of the various correlations.,
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| Based on the above showing that MCOBRA/ TRAC gives transition boiling
HTCs consistent with other correlations, the INEL concluded the transition
boiling models are adequate. .

~

t

The inverted annular film boiling (IAFB) regime HTC is calculated with a

modified Bromley correlation based on Reference 166 (see CQD Eqn. 6-102) and a -

radiation term to the liquid core, CQD Eqn. 6-104. In this regime, the
modified Bromley plus radiation heat flux is split between the continuous
liquid, entrained liquid, and the vapor, and Westinghouse verified the sum of

the phasic heat transfer HTCs equals that for Eqn. 6-102 plus Eqn. 6-104 (see
Volume 1, question 188, Reference 36). In Reference 17, Westinghouse showed

that IAFB occurred in the test simulations over a range of conditions very
similar to that in PWR analyses. It was also found that the IAFB regime
usually does not exist for long time periods in PWR analyses. Based on the
above considerations, the INEL considers the IAFB HTC models adequate.

The inverted annular dispersed flow (IADF) regime is a transition regime
between IAFB and dispersed flow film boiling (DFFB). It is calculated by
interpolating on void fraction the HTCs from IAFB and DFFB. Figure 33
(Reference 17) shows that the Tiquid HTC for the IADF regime generally bounded
above by IAFB liquid HTCs and below by DFFB liquid HTCs. This is expected I

based on how the IADF HTC is calculated.

The DFFB regime is calculated by superposition of the following effects:
forced convection and radiat*.on to steam, radiation to entrained drops, and
direct contact drop / wall heat transfer. The INEL notes all these heat
transfer mechanisms will be active during DFFB. Westinghouse's analysis of
the various components of DFFB heat transfer in Reference 17 showed that the

liquid HTC (radiation plus direct contact) is approximately 5% of the vapor
HTC at low flooding rates (approximately 0.81 in/s) and even le s
(approximately 2%) at high flooding rates (8 in/s) (see Figure 36). The DFFB
model is discussed more fully in Appendix D of this report. Here it is noted
Westinghouse compared the code results to the Dougal-Rohsenow correlation"8
and the Dittus-Boelter correlation (assuming all liquid in the form of vapor)
in Figures 34 and 35 of Submittal K. The comparison shows that MCOBRA/ TRAC

results are generally bounded by the two approaches, but the comparison does
j not allow more than a reasonableness check on the magnitude of the WCOBRA/ TRAC
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HTC. To quantify the uncertainty in DFFB HTC, Westinghouse includes ranging

of the WCOBRA/ TRAC calculated HTC in the uncertainty propagation as discussed '

below.

The h=t transfer enhancement due to steam / droplet turbulence applied in
the DFf 8 was reviewed against the original work, Reference 163. Because INEL

-

review of Reference 163 could not find the supporting information, a questionL

!. was posed to Westinghouse. Westinghouse's response to Volume 1, '

|

I

\j question 189a, Reference 12, showed how the CQD equations were developed from
|

Reference 163. Based on the correct use of the original work and the other >

factors noted in Appendix D, the INEL finds the MCOBRA/ TRAC steam / droplet
' .

turbulence slodel adequate. However, INEL asked Westinghouse to clarify the
effect of the different f, on CQD pg 6-47 and Reference 163, Eqn. 7-16. In !
Reference 206, Attachment 5, Westinghouse noted the difference was due to the

| example in Reference 163 being for laminar flow while the f, on CQD page 6-47
was based on turbulent flow. In its response, Westinghouse evaluated the

effect of only applying a turbulent equation for f, and found that is was
'

conservative to do so down to the vapor Reynolds number given in the response.
While it may be app .te to use a laminar correlation below this value,

| Westinghouse also slw that entrainment at the quench front would not occur |

at these Reynolds numbers, and the two-phase enhancement model is only applied
if droplets are present. Based on this, Westinghouse concluded, and the INEL
agrees, that the used of the turbulent expression for all Reynolds numbers is
adequate.

I The INEL also notes that the Westinghouse response in Reference 206,
Attachment 5, derived the expressions for the shear stress to the wall and to
the vapor shown in CQD Eqns. 6-120 and 6-121. Westinghouse concluded that the.

wall shear stress equation used the incorrect friction factor. The effect was
to have a larger than appropriate two-phase enhancement factor. The impact,

was small because WCOBRA/ TRAC has an upper limit on the two-phase enhancement

factor (see CQD Section 6-2-8). To assess the effect, Westinghouse

reevaluated FLECHT-SEASET Test 31805 with a corrected version of WCOBRA/ TRAC.;

i There was little impact on the PCT, and the results from the corrected code
; version had slightly later quench times. Westinghouse concluded the effect

was small, and the INEL agrees. Therefore, Westinghouse proposed that the'

I error be tracked and corrected when other changes to the code are required.
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The INEL notes that the DFFB regime is very important in LBLOCA analyses

|
because the reflood temperature increase is turned over as a result of DFFB.

Thus, PCT is directly related to the HTCs calculated by the DFFB regime. To *

account for the HTC uncertainty, Westinghouse will range the reflood HTC as
part of the MCOBRA/ TRAC uncertainty evaluation (see Sections 6 and 9.2 of this
report). This ranging will account for the uncertainties in the DFFB HTC
calculation. Appendix D of this report gives a & tailed review of the

| MCOBRA/ TRAC DFFB model. While a number of concerns were noted in Appendix D,
| the INEL considered the overall model adequate because of conservatisms in the

| model and the HTC ranging in the uncertainty evaluation. However, because of
I the potential for changes in one part of the DFFB model to affect the

performance.of the other parts of the model, the INEL would like to recommend

the NRC Staff review the entire DFFB model should one part of the model be

| changed by Westinghouse in the future.

In the single-phase vapor regime, the HTC to liquid is assumed to be
j zero. The single-phase vapor regime is calculated by taking the maximum of

several correlations as shown in CQD Eqn. 6-7. The turbulent correlation is
the maximum of the Wong-Hochreiter and the Dittus-Boelter correlations, with
the Wong-Hochreiter correlation usually selected if the Reynolds number is!.

less than the value given in CQD Section 6-2-1. The laminar HTC is based on a
Nusselt number given in CQD Eqn. 6-4, which is supported by FLECHT data (see
Volume 1, question 151b, Reference 8) and Reference 205, Attachment 5. The

code logic uses the Wong-Hochreiter correlation until it is less than the
laminar correlation. By equating Eqns. 6-4 and 6-6 and assuming the Prandt1
number is 1.0, Westinghouse calculated the Reynolds number where the HTC
transition _ occurs (Volume 1, question 152, Reference 8). The value given in
Westinghouse's response to Volume 1, question 152, is less than the normal
Reynolds number of 2000 for the completion of the turbulent / laminar
transition. It is also less than the RG Section 3.9.3.1 listed value of 2000.
In Reference 205, Attachment 5, Westinghouse showed that test data and other
correlations support a Nusselt number greater than the MCOBRA/ TRAC value in
CQD Eqn. 6-4 down to a Reynolds number less than the MCOBRA/ TRAC transition,

[ point. This resolved INEL questions on MCOBRA/ TRAC modeling in this area.
I

i In both the single-phase vapor regime and the single-phase vapor
i component of DFFB, Westinghouse applies a grid enhancement model. This model
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is based on Reference 164. INEL review of the reference found Westinghouse
implemented the model in WCOBRA/ TRAC as described in the reference; therefore,

the model is considered adequate.
.

In response to Volume 1, question 152, Reference 37, Westinghouse
evaluated the vessel heat transfer assessment range of conditions relative to-

that expected in PWR analyses. On reviewing Table 1 of that response, the j4

INEL found that the Westinghouse heat transfer package assessment covered the |.

appropriate range of conditions except for vapor superheat in DFFB and low

vapor Reynolds numbers in single-phase vapor heat transfer. The DFFB vapor
|

,

superheat entries were experimental maximum / minimum of 400 and 1700*F, and the '

PWR range was <1800*F. The INEL concluded the experimental maximum was not

entered correctly as the maximum vapor superheat for FLECHT-SEASET Test 31805

was shown to be 1800*F in Figure 38, Reference 17. Therefore, the DFFB vapor
superheat range was appropriately covered. The vapor Reynolds number entries
were experimental minim'um/ maximum of 3500 and 12,000, and the PWR range was
2500-9500. The INEL again concluded Table I was wrong as Table 3 showed a
minimum experimental vapor Reynolds number of 2750. However, this is still
higher than the PWR range. Therefore, INEL asked Westinghouse to clarify how
the experiment range of conditions covers that expected in the PWR. Based on

Reference 205, Attachment 5, INEL concluded that Westinghouse has appropriate
'

experimental data for the lower end of the range for single-phase vapor
Reynolds number. Therefore, INEL concluded the Westinghouse experimental
assessment was appropriate to support application of MCOBRA/ TRAC to PWR LBLOCA

analyses for three- and four-loop PWRs with cold leg ECC injectica.

The vessel radiation model to vapor and entrained droplets is based on )
the work of Sun, Gonzalez, and Tien.* The vapor / droplet absorption
coefficients and emissivities are based on References 177, 178, and 179. See '

Westinghouse response to Volume 1, question 192, Reference 11. Westinghouse
,

also verified the adequacy of the droplet absorption efficiency assumed in
WCOBRA/ TRAC in its response to Volume 1, question 190, Reference 8. Radiation I

to an inverted annular liquid column is based on a concentric cylinder model
,

' as in Holman, Reference 129. For the inverted annular liquid column model,
1 constant wall and vapor emmissivities are used as discussed on CQD page 6-58.

) Westinghouse provided the basis for these values in its response to Volume 1,
'

Iquestion 194, Reference 8. The INEL reviewed the MCOBRA/ TRAC radiation model
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implementation against the original references and the supporting information
provided by Westinghouse and found them consistent; therefore, the radiation
model is considered adequate. -

|

| l-D Wall Heat Transfer

i
-

The 1-D wall heat transfer package is used in the loop components such
as the hot and cold legs, pump suctions, and SGs. Many of the same
correlations used in the vessel model are applied in the 1-D models. See CQD
Sections 6-3-1 to 6-3-8. The differences include:

|

(a) .Using the McAdams, Reference 136, correlation for single-phase
liquid natural convection;

,

(b) laminar forced convection to liquid HTC using a Nusselt number of
4.0 based on Roshenow and Choi; iso

I

(c) transition boiling HTC to liquid using a wall temperature based
interpolation between the heat flux at CHF and the heat flux at
the minimum film boiling temperature, T , (see Bjornard and
Griffith in Reference 86). The HTC to vapor is based on the 1-D
vapor film boiling HTCs (Note: the original coding and CQD
discussion showed the 1-D transition boiling model included some
double accounting of heat transfer; Westinghouse described the

; corrections it made to WCOBRA/ TRAC in Volume 1, question 206,

| Reference 30); and

|

(d) including the Dougall-Roshenow correlation (Eqn. 6-225),
Reference 176; a McAdams natural convection correlation

(Eqn. 6-228/9), Reference 136; and a form of the modified Bromley
correlation (Eqn. 6-226) (see Bjornard and Griffith in
Reference 86) for the vapor HTC in the film boiling regime.

|'
In Reference 29, Westinghouse evaluated the loop wall heat transfer in a

'
|

i PWR analysis. Heat transfer to single-phase vapor and liquid were found to
{

dominate. Westinghouse found the code generally calculated HTCs consistent !;

with standard correlations such as Dittus-Boelter for single-phase vapor
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(

(broken loop hot leg and intact loop SG) or single-phase liquid (intact loop
cold legs).

.

Based on the similarity to the vessel package; the fact that differences
are based on well known equations or simplifications considered appropriate

- for the 1-D models; and the lower importance of wall heat transfer in the 1-D
components, the INEL concluded the 1-D wall heat transfer models are adequate.

CHF and T Correlationsm

The final models to review are the CHF and T , models. In both thegi

vessel and l'-D components, CHF is calculated using the Biasi correlation.
This is a well-known and widely used CHF correlation, and the INEL considers
it adequate. In addition, the vessel model includes the Zuber pool boiling i

correlation, as modified by Bjornard and Griffith, Reference 86, for low flow || ''

situations. Again, this is a well known and widely used CHF correlation, and
the INEL considers this model adequate.

The vessel T model is based on the maximum of the homogeneousgn

| nucleation model (CQD Eqn. 6-97/98) (see Bjornard and Griffith in
181Reference 86) and Henry's modification of the Berenson correlatidn

(Eqn. 6-99/100). Review of these equations against the original references

| found them to be correctly implemented in MCOBRA/ TRAC. In the vessel, the

value of T is also limited to maximum and minimum values given in CQD Eqn.g3

6-101. Westinghouse's response to Volume 1, question 185, Reference 8, showed
these ranges were appropriate based on comparisons to data used in the CSAU

report (Reference 61, Appendix N). Uncertainty in T,3 is directly included
in the revised uncertainty methodology. Therefore, these models are
considered adequate.

.

The 1-D model for T is the maximum of a homogeneous nucleation modelga

(Eqn. 6-212/213) and the Iloeje model182 (Eqn. 6-214/215). In the homogeneous

nucleation model, the homogeneous nucleation temperature is assumed constant
at the critical temperature of water. Based on the Bjornard and Griffith
paper in Reference 86, the homogeneous nucleation temperature is an increasing
function of pressure as it slowly approaches the critical temperature, varying
from 615*F at 100 psia to 705.2*F at the critical pressure. Therefore, the
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MCOBRA/ TRAC homogeneous nucleation model will give a high estimate of T,
relative to a more accurate determination of the homogeneous nucleation '

temperature. However, this is considered adequate by the INEL for use in the ~

1-D components because an accurate determination of T , is not as important
in the 1-D components as it is in the vessel. The Iloeje correlation has a
mass flux dependence and, to prevent MCOBRA/ TRAC from calculating

!

unrealistically high temperatures for Tm, a 10 lbm/ftz-hr upper limit on5

|
mass flux is imposed (see Volume 1, question 208, Reference 29). The

responses to Volume 1, questions 207 and 208, Reference 29, showed the

MCOBRA/ TRAC 1-D models gave T, results consistent with other code packages
and models. Any uncertainties due to these models would be included in the

if MCOBRA/ TRAC. uncertainty analysis based on the comparisons to experimental I

data. -Based on the above, the INEL considers the 1-D T , models adequate.
|

i
A.7 Models for Heated and Unheated Structures - C00 Section 7 |

| A.7.1 Model Descriotion

:

The vessel model for heated structures allows MCOBRA/ TRAC to model
! nuclear fuel rods, electrical heater rods, and tubes or walls that are
'

;

expected to exceed the minimum film boiling temperature. An unheated |

. conductor model is used for structures that are not expected to exceed the
L minimum film boiling temperature. MCOBRA/ TRAC uses a finite difference form '

of the conduction equation based on the approach of Trent and Welty.183 This
approach allows unequal mesh spacing, temperature-dependent material

properties, space dependent material properties, internal resistances (such as
gaps), and radial heat generation profiles.

,

i

| Several special models are included in MCOBRA/ TRAC to allow the code to
! accurately represent a nuclear fuel rod and its response to a LBLOCA. The

first is a quench front model. This model includes a fine mesh rezoning
technique in the vicinity of the quench front to more accurately calculate
heat transfer at the quench front. A two-dimensional heat transfer model is
used when the fine mesh rezoning is applied. In this way, the quench front

f velocity is a function of axial and radial conduction, the boiling curve, and
j prequench heat transfer. The pellet-cladding gap model is also important to
j the nuclear fuel rod model. The model accounts for changes in the fuel rod
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struci.ure end the fill gas pressure that affect the gap conductance and fuel
teinper purc during a transient. The model is based on the GAPCON and

84

FRAP ss computer codes.I ~

MCOBRA/ TRAC includes models to account for fuel rod deformation: fuel
pellet and cladding thermal expansion, cladding elastic deformation, cladding

-

creep deformation, and cladding rupture. For Zircaloy cladding, the cladding
rupture temperature correlation of Powers and Meyer, Reference 138, is used.

A separate model is employed for Westinghouse's proprietary ZIRLO cladding.
The effects of fuel rod deformation are incorporated into the thermal-
hydraulic analysis by updating the following items each time step: the
pellet-cladding gap, the rod surface area, and the effects of the rod
deformation on the core cell continuity and momentum areas.

The fuel pellet and cladding radial and axial expansion models are from
MATPRO-11, Version 1.18s Cladding deformation due to pressure differences

across the cladding are based on a thin shell approximation loaded with
internal and external forces. The gap gas pressure model is similar to FRAP
or GAPCON. If the gap closes, the internal stress comes from the radial
displacement of the fuel with the fuel / cladding interface pressure given by
Eqn. 7-49. CQD Section 7-4-1 discusses the models for fuel / cladding .
radial / axial effects due to temperature and pressure. CQD Section 7-4-2
discusses how the gap conductance model is adjusted. CQD Section 7-5
discusses how the effects of swell and rupture are included in the oxidation
calculation.

.

One of the most important models for representing the fuel rod response
to a LBLOCA is the cladding reaction model. For Zircaloy cladding,
Westinghouse developed the model in MCOBRA/ TRAC based on the work of Catncart
and Pawel, Reference 84. Regulatory Guide 1.157 notes this is an acceptable
approach. Westinghouse also included in MCOBRA/ TRAC a cladding reaction rate
model for their proprietary ZIRLO cladding. The cladding reaction model
accounts for the reaction of the outer cladding surface and the inner cladding
surface if burst occurs. The reaction of both surfaces is assumed not to be
steam limited.
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1

i

A.7.2 INEL Review of C00 Section 7

.

The INEL reviewed the models for gap conductance / fuel and cladding -

'

deformation (other than elastic). That review found them consistent with
I

| standard models for these phenomena;"5 therefore, the INEL concluded they

! were adequate for realistic LBLOCA analyses.
:

i

; The INEL reviewed the MCOBRA/ TRAC cladding elastic deformation model,
which is based on a thin shell approximation, and found it consistent with,

{ standard models for this phenomenon. The cladding rupture model for
| Zircaloy-4 (Eqn. 7-66) is taken from Powers and Meyer, Reference 138, and the

[ INEL considers this adequate because it is a widely recognized model for
cladding rupture. The cladding rupture model for ZIRLO is shown in CQD

j Figure 7-20, and Westinghouse noted in Volume 5, question 41, Reference 46,
| that this is the same model approved by the NRC for 10 CFR 50.46, Appendix K,

: analyses in WCAP-12610-P-A. The INEL reviewed the CQD figure and found the
I ZIRLO model adequately represents the data; based on this review and the NRC

| Appendix K approval, the INEL considers the ZIRLO model adequate.
1

i MCOBRA/ TRAC uses the Cathcart-Pawel model (Eqn. 7-74) to calculate the
j Zircaloy-4 metal-water reaction rate at all temperatures above 1500*F.

Westinghouse justified the use of the model below 1900*F by noting the model,

| will overpredict the oxidation rate at the lower temperatures, and the INEL I
t confirmed this by reviewing Reference 84. Based on'this argument for
; temperatures below 1900*F and the RG recommendation for temperatures above
i 1900*F, the INEL finds the Zircaloy-4 metal-water reaction model adequate.

| For IIRLO, Westinghouse propocrA a IIRLO specific model (Eqn. 7-80) developed

) in Reference 127 to calculate the metal-water reaction rate. In the response .;

i to Volume 5, question 41, Reference 46, Westinghouse noted the ZIRLO model for
'

f metal-water :eaction was not approved by the NRC for 10 CFR 50.46, Appendix K,

; analyses. Therefore, the INEL reviewed the model in Reference 127 for use in
.

realistic LBLOCA analyses. This review found the ZIRLO model adequately
j represented the ZIRLG data at temperatures above 2000*F and overpredicted the i

) data below 2000*F. Th2refore, the INEL recoussends the model be approved for
I realistic LBLOCA analyses. '

i-
i

<
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,

On CQD page 7-24, Westinghouse stated the fuel pellet thermal expansion

model in MATPRO-11, Revision 1, Reference 176, was simplified by omitting the
,

corrections for molten fc31 and mixed oxide (Pu). In Reference 214, List II,
Item 6, Westinghouse committed to resubmitting the relevant MCOBRA/ TRAC models

for NRC review if the code will be used to analyze US licensed plants with
-

molten fuel or mixed oxides.

- A.8 Reactor Kinetics and Decay Heat Models - C0D Section 8

A.8.1 Model Descriotion

The ren. tor kinetics and decay heat models are disce: sed in Section 8 of
'

the CQD. E 0 BRA / TRAC allows either the ANS 1971 (Draft)128 or the ANS 1979,

Reference 83, models to be used to represent decay heat. For realistic
LBLOCA, the ANS 1979 model is used. The calculation of fission heat is based

on a point kinetics model and includes feedback from moderator density and
fuel temperatures. The contribution to decay heat from actinides is
calculated for uranium-239, plutonium-239, and neptunium-239. Finally, the
model allows for the direct deposition of energy in the moderator or other
structures outside the fuel rod using the Generalized Energy Deposition Model
(GEDM). The GEDM is used for fission neutrons, fission gammas, decay gammas,
and actinide gammas separately with different redistribution fractions based
on the energies of the particles involved. The redistribution kernal is based
on higher order neutron and gamma transport calculations for a specific fuel
design.

A.8.2 INEL Review of C0D Section 8

The INEL reviewed the point kinetics model implemented in WCOBRA/ TRAC
and found it consistent with standard models in this area. Comparison of the,

point kinetics model to the Inhour Equation for step reactivity insertions of
+3.0x10-3, +1.5x10-3, and -3.0x10-2 AK showed the MCOBRA/ TRAC model can

accurately reproduce analytic solutions to the Inhour equation. The fission
product decay heat model was implemented consistent with standard models, and
comparison of the MCOBRA/ TRAC model with the ANS 1979 standard showed good
agreement (see CQO Table 8-1). INEL review of the actinide decay heat model

also found it to be consistent with standard treatment of this Seat source.
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|
,

Therefore, the INEL concluded the reactor kinetics and decay heat models are
adequate.

( -
,

1

The INEL reviewed the GEDM and considers it a more realistic approach to

| energy redistribution than that used in other nuclear system codes. Review of
the methods for calculating the redistribution kernal parameters found they
are adequate based on comparisons of results for a 3x3 fuel assembly array and
a 5x5 fuel assembly array. The redistribution fractions-used for the -

particles are also adequate because they are dependent on the energy of the
particles, and the values used are reasonable. Overall, the INEL considers
the GEDM adequate because it treats neutron and gamma energy redistribution in
a rigorous manner based on the energies of each different source.

A.9 One-Dimensional Component Models - C00 Section 9

A.9.1 Model Descriotion

The one-dimensional components in MCOBRA/ TRAC provide a means of

modeling a number of different loop components. Included are models for
pipes, tees, valves, accumulators, pressurizers, steam generators, centrifugal
pumps, and problem boundary conditions via breaks and fills. All models are
based on TRAC-PD2, and many models are unchanged from their original TRAC-PD2
versions. Section 9 of the CQD presents these models in detail; however, the
pump and accumulator models are discussed here because of the special
approaches taken with these models.

The pump model calculates the pressure differential across the pump and
its velocity as a function of the fluid flow through the pump. Two-phase flow
effects can be modeled. The single-phase and two-phase head / flow and
torque / flow characteristics of the pumps are provided in homologous curve
format. Two-phase head and torque multipliers are used to provide a
transition from single-phase to two-phase conditions. Pump speed as a

function of time is calculated using Eqn. 9-9.

f The accumulator model assumes a nitrogen cover gas over water, and
MCOBRA/ TRAC assumes the accumulator injection period can be divided into two
intervals. Phase A assumes only water is injected, and Phase B assumes a
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nitrogen / water mixture and ultimately only nitrogen enters the system. During
Phase A, the vapor in the accumulator is assumed to be an ideal gas with
nitrogen properties. A sharp interface between the nitrogen and water is -

maintained by assuming a large relative velocity. As a result only water is
discharged during Phase A. As the accumulator discharges, the nitrogen
expands, decreasing the component pressure. MCOBRA/ TRAC does not have'an.

option to simulate a nitrogen-steam-water mixture. To simulate the nitrogen
discharge that occurs in Phase B, the subcooled vapor model in MCOBRA/ TRAC is

used to provide pressure / flow characteristics similar to nitrogen. To account
for the reduced condensation that would occur with nitrogen discharge into the
RCS, Westinghouse activates a condensation suppression model in the

accumulator.and line, the intact cold legs, the upper downcomer region, and
the broken cold leg. This model is active as long as the accumulator pressure
is significantly higher than the RCS pressure. Details of the model are
provided in Section 5-2-11 of the CQD.

A.9.2 INEL Review of C0D Section 9

The MCOBRA/ TRAC pump model is of the same type as other pump models
where the pump is treated as a momentum source to the fluid. The INEL

compared the MCOBRA/ TRAC pump model to that described in the COBRA / TRAC

manual, and the model is unchanged. Based on CQD Section 16-3, the pump
homologous head, torque, and two-phase multiplier curves are based on

1/3-scale pump data. Westinghouse, in its response to Volume 1, question 233,
Reference 33, clarified how the two-phase multiplier curves were developed )
from the single-phase and two-phase homologous data. For example, to
determine the two-phase head multipliers, Eqn. 9-7 for the pump head is solved
for the multiplier. The pump data is then used to determine the multiplier as
a function of void fraction. In this response, Westinghouse noted that CQD
Figure 16-3-5 supports the fact that the fully degraded two-phase curve is

,

effset from the single-phase curve by a constant value. Westinghouse used
this to extend the fully degraded curve into areas where data is sparse or
lacking. Because data is lacking for high void fraction, Westinghouse assumed,

the head multiplier returns to single-phase values at void fractions greater
than 80% using a curve similar to that for void fractions below 20%. Based on
the above, the INEL considers the MCOBRA/ TRAC model adequate.
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As noted above, the accumulator model covers the liquid discharge,
transition to two-phase liquid / nitrogen discharge, and nitrogen discharge
phases of accumulator injection. The liquid discharge phase and the criterion -

for transition to two-phase liquid / nitrogen discharge are discussed here.
Because of the importance to PWR analyses of the correct modeling of

single-phase nitrogen discharge, INEL review of MCOBRA/ TRAC's capabilities in

these areas are discussed in Section 12.2 of this report.

To verify the liquid discharge phase of accumulator injection,
Westinghouse analyzed the IP2 accumulator discharge test. Figure 16-2-3 of
the CQD shows WCOBRA/ TRAC was able to accurately represent the accumulator

tank depressurization during the test. To determine the modeling detail i

needed in the accumulator discharge line, Westinghouse evaluated two

approaches (see CQD Section 16-2-2 and Volume 3, question 33, Reference 20).

One approach modeled all piping details and used the MCOBRA/ TRAC pipe friction 1

models to calculate the fluid flow. The second assumed a simple, straight
pipe with equivalent fluid volume and a fL/D obtained from tests and fluid
systems analysis. The results shown in C0D Figure 16-2-7 indicate the two
approaches were equivalent, but Westinghouse chose to use the second option
because it was easier to implement. In its response to Volume 3, question 33,
Westinghouse noted that the uncertainty in the accumulator discharge line
resistance is estimated, the effect of resistance evaluated in the plant
sensitivity studies, and the PCT effects included in the uncertainty
evaluation. Based on the above, the INEL concluded the accumulator liquid
discharge model is adequate. )

i
i

In CQD Section 16-2-5, Westinghouse evaluated the critical depth (height
above the exit pipe divided by the exit pipe diameter) at which nitrogen would
begin to discharge with liquid based on CQD Figure 16-2-8. This figure shows
critical depth ratio as a function of the correlating parameter used by
Westinghouse. The data show that the critical depth ratio increases if the
pipe size is small relative to the reservoir. Based on Volume 3, question 34,
Reference 20, Westinghouse chose a critical depth ratio that bounds the values
for the smallest pipe data available over the expected range of the
Westinghouse correlating parameter. Westinghouse did this because of the
small size of the accumulator line relative to the tank.
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Another way to determine the critical depth ratio, is to extrapolate the
data in CQD Figure 16-2-8. The smallest pipe diameter to reservoir diameter
ratio in the figure is larger than the PWR accumulator ratio. If the data -

available was extrapolated to the PWR pipe to reservoir ratio, the INEL

| calculated a critical depth ratio and, therefore, a critical depth greater
j- than the Westinghouse values. Based on Westinghouse's response to Volume 3,

question 36, Reference 42, this can have a significant effect on the
transition volumetric flow (see Figure 36-5).

In Submittal SS, Reference 50, Westinghouse responded by noting the
critical depth ratio used in the realistic LBLOCA methodology is based on the
assumption that the critical depth ratio approaches a limiting value as the
ratio of the drain pipe diameter to vessel diameter approaches zero. This
limiting value was the value selected in CQD Section 16-2-5. Work in
Reference 187 was discussed to support the asymptotic behavior assumption.

INEL reviewed the information in Reference 187 and found it supported
Westinghouse's argument. Based on this information, Westinghouse's critical
depth ratio is considered adequate.

:

!

|

|
\

'

.
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| INEL REVIEW OF WESTINGHOUSE HCOBRA/ TRAC ASSESSMENT j
;

i

I

This appendix provides an overview of the extensive code assessment work
'

Westinghouse performed on MCOBRA/ TRAC. This assessment is required by

Part (a) of 10 CFR 50.46, and Westinghouse uses the results in determining an
- experiment based uncertainty for MCOBRA/ TRAC. In Reference 54, Westinghouse

compared the highly ranked phenomena in its PIRT to the assessment test
. matrix. INEL review of the comparison found all the highly ranked phenomena

were covered by the test matrix. The separate effects experiments are
discussed first followed by the integral experiments and other assessments. !

Because of the large number of tests analyzed, INEL conclusions are noted at,

the end of the discussion for each test facility and summarized at the end of
this appendix. Note all references cited in this appendix are listed in the
references at the end of the main body of this report, Section 15.

B.1 WCOBRA/ TRAC Separate Effects Assessment

Westinghouse's separate effects assessment of MCOBRA/ TRAC included

blowdown, refill, and reflood separate effects experiments. The blowdown and
refill experimental facilities include the ORNL THTF, References 93 and 94,
and the Westinghouse G-1, Reference 77, and G-2 test facilities. The tests
from the G-2 facility included both blowdown, Reference 78, and refill,
Reference 108, tests. For reflood, tests from the FLECHT-SEASET,
References 89 and 90, FLECHT Low Flooding Rate, Reference 91, and FLECHT

Skewed Power Shape, Reference 92, test series were used. Also, reflood tests
from the Westinghouse G-2 test facility" and the German Flooding Experiments
with Blocked Arrays (FEBA) test facility"0 were used. Table B.1-1 summarizes
Westinghouse's separate effects assessment matrix.

In CQD Volume 2, Tables 11-1-3 and 12-1-3 for blowdown / refill and
reflood, respectively, compared the assessment test conditions against those
expected in the plants to be analyzed with the realistic methodology.

| Regarding the reflood assessment matrix, INEL review found it provided
| adequate coverage of the range of expected reflood conditions.
|
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Table B.1-1 Westinahouse WCOBRA/ TRAC Seoarate Effects Assessment
Matrix

.

Test Facility Test Number

ORNL THTF 3.07.098
3.08.6C

3.03.6AR

G-1 Blowdown 148 -

143
152
153
146
154

G-2 Blowdown 616
652
667
637

G-2 Refill 743
750
760
761
762
767

FLECHT-SEASET 31805
31203
31701
31504
32013

FLECHT Low Flooding Rate 05029
05132
04641

FLECHT Skewed Power Shape 15305
13812
15713
13914
13609

G-2 Reflood 550
562
568

FEBA 223
234
216
229

B-4
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INEL review of the blowdown / refill assessment found it provided broad

coverage of the expected conditions. However, there were 'some portions of the

expected conditions not covered by Westinghouse's assessment. Westinghouse -

addressed these uncovered areas in their response to Volume 2, question 2,
Reference 39, and that response is discussed below.

.

Regarding pressure during late blowdown, Westinghouse provided the

results of G-2 refill Test 764 which covered the appropriate range of pressure.

conditions for this period. Comparison to the test results showed MCOBRA/ TRAC
tended to underpredict the heat transfer in this test.

For mass velocity during the early and late blowdown periods,
Westinghouse noted the high mass velocities listed in CQD Ta'le 11-1-1 forb

early blowdown are those typical of steadystate conditions, and the mass
velocity in a LBLOCA quickly reeces to that in the ORNL tests within a second
or two. For the late blowdown period, Westinghouse noted the c. ode was

assessed against G-2 Test 750 with a mass velocity of 9 lb/s/ft . Comparison2

to the test data and an adiabatic heat up showed MCOBRA/ TRAC adequately

calculated heat transfer in the low flow conditions.

Regarding the need to cover high subcooling for the early blowdown
period, Westinghouse noted the high subcooling listed in CQD Table 11-1-1 is
that typical of steadystate conditions, and the subcooling in a LBLOCA quickly
reduces to that in the ORNL tests within a second or two. For the low
subcooling later in blowdown, Westinghouse discussed the coverage provided by
ORNL Tests 3.03.6AR and 3.08.6C. These tests included pressure transients
that reduced the pressure, and the subcooling decreased to approximately 9'F.

According to CQD Table 11-1-1, Westinghouse assessment of the peak heat
rate did not cover the upper end of heat rates expected in PWR analyses

,

(11-17 kW/ft during early blowdown). Westinghouse's response noted that this
value includes all uncertainties, and if the LOFT test uncertainties are
included in the highest power LOFT test analyzed (LB-1), then the LOFT peak
power is 16.9 kW/ft. Westinghouse also discussed how Figure 33 of the CSAU
report (Reference 61) indicated that high linear heat rates do not introduce

; new phenomena. In Figure 33 of the CSAU report, Westinghouse points out the
blowdown PCT is a linear function of the initial power, and that this
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|

|

relationship is to be expected because the blowdown peak is a function of the
1

initial fuel temperature that varies linearly with linear heat rate. '

.

The final area Westinghouse discussed in its response was core inlet
quality. Westinghouse concluded that the more important parameter was core

exit quality because the range of core exit quality will determine cladding
i

dryout and vapor superheat. Table 2-1 of Westinghouse's response to Volume 2,

question 2, in Reference 39 and Westinghouse's associated discussion regarding
the applicability of low flow reflood tests to late blowdown / refill conditions
showed the test assessments adequately covered the range of core exit
qualities.

! Based on the review of the CQD and Westinghouse's response to Volume 2,
question 2, Reference 39, the INEL concluded the assessment of blowdown heat

transfer adequately covere6 the appropriate range of conditions.

|
The following subsections describe the results of the separate effects

! MCOBRA/ TRAC assessment calculations performed by Westinghouse. Because of the
extensive nature of the Westinghouse assessment matrix, not all code / test

,

comparisons will be discussed; rather, a summary of the overall code
performance will be provided. Details on the separate effects assessment can
be found in CQD Volume 2.

B.1.1 ORNL THTF Blowdown Tests

| The three ORNL THTF blowdown tests simulated with MCOBRA/ TRAC were high

i pressure (greater than 1849 psia) film boiling tests. The comparisons to test
I data are found in Figures 11-2-12 to 11-2-22 of CQD Volume 2. Except for Test

3.08.6C, the PCT was reasonably well calculated by MCOBRA/ TRAC. In Test
3.08.6C, the PCT was underpredicted by approximately 100*F. In general,
MCOBRA/ TRAC predicted the correct data trends. For example, when the steam
flow was high enough that the cladding temperature decreased demstream of the
dryout point, MCOBRA/ TRAC calculated the same trend. Similarly, when
conditions resulted in the cladding temperature increasing downstream of the
dryout point, MCOBRA/ TRAC calculated a cladding temperature increase. The

; code also did a good job of calculating the dryout point in the steadystate
test (Test 3.07.9B). The code and data both showed the dryout point at
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approximately 62 inches. The transient tests snow that the timing / location of
dryout as it moved down the bundle was also well predicted. Therefore,

Westinghouse concluded, and the INEL agrees, that WCOBRA/ TRAC did a reasonable -

job of calculating the ORNL THTF tests simulated.

8.1.2 G-1 Blowdown Tests-

The G-1 tests simulated with MCOBRA/ TRAC were run at intermediate
pressures (800 psia). Comparison of the MCOBRA/ TRAC results to the G-1

blowdown test results shows the code tended to overpredict the cladding
temperature and underpredict the heat transfer in the center of the bundle.
At the bundle ends, MCOBRA/ TRAC calculated a more extensive rewet relative to

the test data. See Figures 11-3-7 to 11-3-42 in Volume 2 of the CQD.

Westinghouse provided additional figures for G-1 Test 143, the reference test,
in.its response to Volume 2, question 12, Reference 9. The rewet at the
bundle ends appears to be due to the low rod end temperatures that are near
the MCOBRA/ TRAC T , temperature.gg

Based on the comparisons of calculated and measured results shown in the
CQD, INEL concluded MCOBRA/ TRAC adequately calculated the G-1 blowdown tests.

B.I.3 G-2 Blowdown Tests

The G-2 tests simulated with MCOBRA/ TRAC were also run at intermediate
pressures (800 psia). MCOBRA/ TRAC comparisons to test data are found in CQD

Volume 2, Figures 11-4-8 to 11-4-31. These comparisons show MCOBRA/ TRAC

tended to compare reasonably well with the experimental data at the bundle
ends and overpredict the test data in the middle of the bundle.

,
Based on the comparisons of calculated and measured results shown in the

'CQO, INEL concluded MCOBRA/ TRAC adequately calculated the G-2 blowdown tests.

B.1.4 G-2 Refill Tests

Low pressure refill tests were also run in the Westinghouse G-2
facility. Comparisons of WCOBRA/ TRAC results to test data are found in
Figures 11-5-3 to 11-5-39 in CQD Volume 2. In most cases, MCOBRA/ TRAC did a
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good job of simulating the cladding heat up rate during the tests, and,

! generally MCOBRA/ TRAC overpredicted the PCT, In one case, MCOBRA/ TRAC

underpredicted the PCT by 100*F; however, this test had a maximum, initial .

cladding temperature of 600*F which is not likely to be encountered in PWR
LBLOCA analyses. The code / data comparisons also showed MCOBRA/ TRAC results

underpredicted the test data at the 118.9 inch elevation in several tests -

(Tests 760/761/762) even though the initial cladding temperatures were

approximately 1000*F. The INEL does not consider this a serious problem !

because the cladding temperatures are still lower than those associated with
!

PCT. calculations, the location was at the end of a rod, .and MCOBRA/ TRAC tended
| to overpredict the PCTs in the G-2 refill tests (see CQD Figure 11-5-39).
|

Based on the comparisons in the CQD, INEL concluded that MCOBRA/ TRAC
adequately calculated the G-2 refill tests.

! B.I.5 Seoarate Effects Reflood Tests

, As discussed previously, Westinghouse used tests from the FLECHT-SEASET,
,

FLECHT Low Flooding Rate, and FLECHT Skewed Power Shape test series, the
1

Westinghouse G-2 test facility, and the German FEBA test facility to perform
their separate effects reflood assessment. Although a wide range of tests and
test facilities were analyzed, the assessment comparisons showed essentially

I the same results: adequate prediction of PCT but early cladding temperature
turnaround time, overprediction of the cooldown rate, more rapid quench front

! progression and early quench, underprediction of the bundle steam superheat,
and overprediction of the bundle mass relative to the test data. These
differences were especially noticeable for tests at low pressure (20 to 40
psia) and long transient times.

' Westinghouse determined most of these factors were related to the bottom

entrainment model used in MCOBRA/ TRAC (see entrainment model discussion in
Reference 27). Westinghouse noted the original bottom entrainment model in
WCOBRA/ TRAC did not calculate enough entrainment relative to more recent
models.ll! Sensitivity studies performed by Westinghouse and reported in

i Reference 27 showed that modifying the model to calculate more entrainment

! improved the MCOBRA/ TRAC comparisons to bundle mass data considerably but not
! in the other areas listed above. Increased entrainment improved the bundle
!
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mass comparisons because more liquid was carried out of the bundle. However,

| the responses to Volume 2, questions 12, 22, 26, 28, 40, and 41, Reference 46,

showed that WCOBRA/ TRAC, MOD 7A, still had difficulty calculating turnaround '

time, cooldown rate, and quench time accurately relative to the forced reflood
test data. The response to Volume 2, question 63, Reference 47, identified

I

j- the fact that WCOBRA/ TRAC tended to overpredict entrainment and underpredict

| heat transfer to the vapor just above the quench front as the dominate reasons
for these calculated results.'

For PCT, Westinghouse addressed these effects by determining heat
transfer multipliers based on comparisons to test data that are applied in the
uncertainty evaluation. Westinghouse addressed these issues for oxidation

through the methodology discussed in Section 13 of this report. As discussed
in that section, the oxidation methodology adequately accounts for the
oxidation uncertainty resulting from the above issues by applying a time shift
to the oxidation calculations. In Reference 206, Attachment 6, Westinghouse
addressed the effect of underpredicting the turnaround time on PCT.
Westinghouse noted that the effect of turnaround time is covered in the
methodology through the break flow / condensation run matrix. For the case of
VRA given in Reference 206, Westinghouse found reflood turnaround time varied

from 69 to 114.5 s and 156 to 249 s for the first and second reflood peaks,
respectively. Westinghouse also showed th:t MCOBRA/ TRAC tended to overpredict
quench time and turnaround time for the gravity reflood tests, which are the j
tests most representative of the PWR. Based on the turnaround time variation

calculated in the break flow / condensation run matrix and the conservative
estimates of quench time and turnaround time for the gravity reflood tests,
INEL concluded that Westinghouse adequately addressed the effects of
turnaround time on PCT. Therefore, the separate effects reflood test_

comparisons are considered adequate based on: (a) the INEL review of the
,

comparisons provided and (b) Westinghouse's methodology adequately addressing
uncertainty due to turnaround time, cooldown rate, and quench time on PCT and
oxidation.

B.2 WCOBRA/ TRAC Inteoral/Laroe Scale Assessment

|
,

The integral /large scale assessment of MCOBRA/ TRAC included a number of

! different test facilities. Westinghouse used tests from the LOFT facility,
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References 98, 99, 112, and 113; CCTF, References 70 to 74; SCTF,

References 65-69;, and UPTF, References 64, 75, and 114-116. The last three

facilities were part of the international 2D/3D Test Program of which the NRC -

| was a participant. Table B.2-1 summarizes Westinghouse's integral /large scale
assessment matrix.

|

The following subsections describe the results of the integral /large
| scale MCOBRA/ TRAC assessment calculations performed by Westinghouse. Because

of the extensive nature of the Westinghouse assessment matrix, not all
code / test comparisons will be discussed; rather, a summary of the overall code
performance will be provided. Details on the integral /large scale assessment
can be found in CQD Volume 3.

B.2.1 LOFT Assessment

| The LOFT facility was the only nuclear powered, integral test facility
in the world. LOFT Tests L2-2 and 12-3 were low and intermediate power tests
with the reactor coolant pumps (RCPs) left running. Tests L2-5 and LB-1 were
intermediate and high power tests where the RCPs were tripped and allowed to
coast down. Therefore, the four LOFT tests analyzed provide data to
demonstrate MCOBRA/ TRAC's ability to predict a number of different variables
including: (a) reactor power, (b) ECC bypass, (c) RCP behavior, (d) break
flow, (e) nuclear fuel rod cladding temperature, and (f) core and loop flow
distribution.

|

Westinghouse's response to Volun;e 3, question 1, Reference 42 provided
the results of all LOFT assessments redone with the M007A version of
MCOBRA/ TRAC. The PCT comparisons for the tests are shown in Figures al, bl,

| c1, and di for the four tests. Those comparisons show that MCOBRA/ TRAC tended
to underpredict the measured LOFT temperatures except for Test L2-3 where the
comparison was excellent. The worst underprediction was for Test L2-5 where
the test PCT was underpredicted by approximately 175'F. Based on
Westinghouse's response to part e of Volume 3, question 1, and Reference 59 on

! compensating errors, the underprediction of PCT in the LOFT tests was due to

| the misprediction of break flow and the corresponding effect on core flow and !
Icore heat transfer. INEL review of the Test L2-2, L2-5, and LB-1 comparisons |

| found that the hot leg break flow, cold leg break flow, or both was !
|

| B-10
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Table B.2-1 Westinahouse WCOBRA/ TRAC Intearal/Laroe Scale Assessment
| Matrix

Test Facility
. Test Number

~

LOFT L2-2
L2-3-

L2-5
. LB-1

{
CCTF Run 62 (Test C2-4)

Run 63 (Test C2-5)
Run 64 (Test C2-6)
Run 67 (Test C2-8)
Run 75 (Test C2-15)

SCTF Run 604 (Test S2-SH1).

Run 619 (Test S2-14)
Run 620 (Test S2-15)
Run 621 (Test S2-16) 4

Run 623 (Test S2-18) |
UPTF Test 6, Run 131

Run 132
Run 133
Run 135
Run 136

Test 25, Phase A, Subphases la,
Ib, and 2-4

Test 8, Phase A i

Test 10, Phase B, Subphases 1-4 !

Test 29, Phase B, Subphases 1-6

!

i

4

I

e

I

<
,

I

f
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overpredicted (see Figures a3, c3, c4, d3, and d4), which would affect the
core heat transfer. This is also consistent with the underprediction of
system pressure in Figures, a2, c2, and d2. The break flow misprediction is *

discussed in more detail in Section 11 of this report that discusses
Westinghouse's work on compensating errors.

Although break flow mispredictions caused the MCOBRA/ TRAC calculated

PCTs to be lower than the data, the INEL notes the MCOBRA/ TRAC uncertainty

evaluation directly accounts for the effect of break flow uncertainty on the
calculated PCT. Therefore, the Westinghouse LOFT assessments are considered

adequate. Also, the detailed analysis of LOFT Tests L2-3 and L2-5 in

Section -11 of this report on compensating errors supports the adequacy of the
MCOBRA/ TRAC LOFT assessments.

B.2.2 CCTF Assessment

CCTF was a large scale test facility designed to study refill /reflood
behavior in a four-loop PWR. It was a full height, large diameter facility
with a flow area scale factor of 1/21.4. The facility included a 12-foot,
electrically heat core and four loops (three intact loops and one broken
loop). The tests selected varied the initial power, system pressure, and
radial power profile. As shown in Table 14-2-2 of CQD Volume 3, the
conditions in the five CCTF tests are representative of those expected in a
typical four-loop PWR.

Although Westinghouse reran all the CCTF assessments with the M007A code

version, only the CCTF Test 62 results were reported in detail (see M007A
report, Reference 27). The M007A results from Reference 27 are discussed
here. At elevations above 6 feet, the WCOBRA/ TRAC PCT overpredicted the data
average, sometimes by several hundred degrees (see Figures 4.4-2 to 4.4-5).
The mass comparison in the lower core shows that MCOBRA/ TRAC results agreed

,

with the data until approximately 300 s after which it falls below the data
(Figure 4.4-9). In the upper core, the bundle mass comparison shows the
MCOBRA/ TRAC results were always lower than the data (Figure 4.4-10). This
would appear to be the cause of the PCT overprediction, less mass in the upper

I core.

B-12

_ _ _ - _ _ _ _ _ _ .



Figures 4.4-14 and 4.4-18 show that WCOBRA/ TRAC calculated the mass not

found in the upper core was carried into the hot legs and causes increased
steam binding relative to the test results. The increased steam binding would

~

slow the MCOBRA/ TRAC calculated reflood rate relative to the data causing
higher PCTs and later quench times. Review of the M007A comparisons found -

that MCOBRA/ TRAC did calculate later quench times relative to the data.-

Westinghouse discussed the overprediction of liquid flow into the hot legs in
detail in its response to Volume 4, question 37, Reference 44.

Westinghouse did provide M007A PCT results for the other CCTF tests run
in Table 12 of the M007A report. Review of those tables found that
MCOBRA/ TRAC calculated PCTs were generally higher than the measured PCTs for

all the other assessments. Table 12 of the MOD 7A report also shows that in
general MCOBRA/ TRAC results showed quenches later than the data.

Additional information is provided in Section 11 of this report
discussing Westinghouse's evaluation of compensating errors.

Based on the conservative predictions, the CCTF assessments are
considered adequate. Also, the detailed assessment of CCTF Test 62 in

Section 11 of this report supports the adequacy of the CCTF analyses.

B.2.3 SCTF Assessment

The SCTF test facility was designed to complement the CCTF test results
by providing two-dimensional heat transfer and hydrodynamic data in a PWR core i

during reflood. The eight bundle design represented a full height, full
radial section of a PWR core one bundle wide. Four of the five SCTF tests
simulated were forced reflood tests where the accumulator water was injected
directly into the facility's lower plenum. The one gravity feed test was

,

Run 604.

Although Westinghouse reran all the SCTF assessments with the M007A code

version, only the SCTF Test 604 results were reported in detail (see MOD 7A
report, Reference 27). The M007A results from Reference 27 are discussed
here. PCT comparisons in Figures 4.3-3 to 4.3-6 show that MCOBRA/ TRAC results
were mixed with some elevations underpredicted (approximately 6 foot
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elevation) and some overpredicted, especially in the upper part of the core.
Bundle mass comparisons showed that WCOBRA/ TRAC tended to underpredict both

the lower and upper core measurements. but the prediction was better in the ~

lower half of the core (Figures 4.3-8 and 4.3-9). Therefore, the
overprediction of temperatures in the upper core was due to lower calculated
mass in the upper core.

Based on the conservative results, Westinghouse's SCTF assessments are
considered adequate. Also, the detailed analysis on SCTF Test 619 in

Section 11 of this report on compensating errors supports the adequacy of the
SCTF analyses.

.

B.2.4 UPTF Assessment

The UPTF was designed to provide data on multi-dimensional flow in a
PWR. The phenomena studied included:

1. Upper plenum entrainment and deentrainment.
E. Upper core and tie plate coturrent and countercurrent two-phase

fl ow.
3. Downcomer cocurrent and countercurrent flow.
4. Loop ECC injection condensation and steam / water mixing processes.

The tests simulated with MCOBRA/ TRAC were related to items 1, 3, and 4 above.

The UPTF represented at full-scale the upper plenum region of a German
PWR. The facility simulated steam and droplet flow in the core by injecting
steam and water into dummy fuel rods. Four loops represented three intact
loops and one broken loop.

The upper plenum entrainment/deentrainment tests Westinghouse used to
.

assess MCOBRA/ TRAC were UPTF Tests 10B and 29B. For the initial subphase of
Test 108, MCOBRA/ TRAC accurately calculated the upper plenum mass (see CQD
Figures 15-2-1 and -2). For later three subphases of Test 10B, Westinghouse
noted in the CQD that MCOBRA/ TRAC overpredicted by a small amount the upper
plenum mass. However, Westinghouse considered the MCOBRA/ TRAC mass within the
data uncertainty.

B-14

.. .

.

. _ _ _ - .



1
l

| |

For Test 29B, the MCOBRA/ TRAC results for Subphases 1 to 6 were compared

|. to test data in Westinghouse's response to Volume 3, question 10,
,

| Reference 41. In Figures 10d to 101, it can be seen that MCOBRA/ TRAC
,

underpredicted the upper plenum mass storage for these test runs. Summary
|

,

!
figures are provided in Figures 10j and 10k. Based on these results,

MCOBRA/ TRAC underpredicted upper plenum mass storage, implying greater |
*

entrainment into the hot legs and SGs. This will cause increased steam |
|

binding relative to the measured data, and a conservative bias in MCOBRA/ TRAC
analyses.

The downcomer ECC bypass experiments analyzed by Westinghouse were

Test 6, Runs' 131, 132, 133, 135, and 136. As discussed previously,
Westinghouse evaluated the MCOBRA/ TRAC results relative to test data in its
response to Volume 4, question 2, Reference 21. In that response,

l
Westinghouse showed that MCOBRA/ TRAC underpredicted ECC penetration (more mass '

bypassed out the break) and overpredicted ECC penetration time (ECC
penetration began later than the data). Again, this introduces a conservative
bias into the WCOBRA/ TRAC PWR analyses.

Test 25A was run to look at the entrainment calculated from the top of a
full downcomer during reflood. Westinghouse's response to Volume 3,
question 13, Reference 23, showed that WCOBRA/ TRAC adequately calculated the
measured entrainment rate for five subphases of this test.

UPTF Test 8, Phase A, was a cold leg steam / water mixing test.
Comparison of the measured and predicted cold leg temperatures near the vessel
showed adequate agreement (within 10*C, see Westinghouse response to Volume 3,

- question 21, Reference 20) between the two (see also CQD Figures 14-4-177
and -178 or CQD Figure 15-3-46). Westinghouse also used UPTF Test 25A to look
at cold leg steaWwater mixing. CQD Figure 15-3-47 compared the measured and.

i predicted cold leg temperatures for this test, and it showed good agreement.

I In terms of condensation, Westinghouse calculated the condensation
efficiency in the cold leg from the WCOBRA/ TRAC results and compared it to
that estimated from the test data for Tests 8 and 25. Condensation

f efficiencies of 80 to 100% were estimated from the test data and 70 to 100%
! from the MCOBRA/ TRAC results (see CQD Figures 15-3-48 and -48). In the CQD,
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Westinghouse noted the very high or very low WCOBRA/ TRAC condensation

efficiencies shown in CQD Figure 15-3-49 were calculated when transient

conditions existed at the beginning or end of a simulation or when the steam

flow rate was changing; steadystate conditions are those where the points are
clustered closely together.

.

As cold leg void fraction increases and decreases, changes in the
condensation rate, relative velocity, vapor velocity, and liquid velocity in

! the cold leg cause pressure oscillations. These pressure oscillations are

observed in the test data and the MCOBRA/ TRAC results for both UPTF tests (see{t

CQD Figures 15-3-44 and 15-3-45). The oscillation calculated by MCOBRA/ TRAC, :

however, are three to four times larger than the test data. In the CQD '

(page 15-3-12), Westinghouse concluded that although WCOBRA/ TRAC overpredicts

the measured oscillations, they do not impair the code predictive or
|

calculational capability. Based on the comparisons above for temperature and
condensation efficiency, the INEL agrees with Westinghouse's conclusion.
Based on the above, MCOBRA/ TRAC did an adequate job of simulating the UPTF
steam / water mixing tests.

Based on the above comparisons, MCOBRA/ TRAC did an adequate job of
simulating the UPTF tests.

, ,

B.3 Other WCOBRA/ TRAC Assessments

B.3.1 Westinahouse/EPRI 1/3rd-Scale Steam / Water Mixina Tests

Westinghouse and EPRI performed cold leg steam / water mixing tests in a
1/3rd scale facility, Reference 97. MCOBRA/ TRAC assessments using those tests
were completed with the original code version, M007. Two test series were
used to assess WCOBRA/ TRAC, an accumulator flow series (No. 6) and an SI only
series (No. 5).

One parameter of interest in these tests is the pressure drop induced in
the cold leg due to the steam /ECC water interaction. The larger the cold leg

'

pressure drop, the greater the resistance to reflood, and the higher the PCT.
^

Comparisons of MCOBRA/ TRAC results to test data in CQD Figures 15-3-12 to -18
for the accumulator tests and Table 1A in Volume 3, question 20, Reference 34,

i
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| for the SI tests show the average MCOBRA/ TRAC pressure drop generally

overpredicted the average measured pressure drop. This implies the
MCOBRA/ TRAC results are conservative relative to the test data. *

Another parameter considered in these tests was the liquid temperature
increase as it flowed down the test section. The liquid temperature at the-

cold leg exit is important because the subcooling present influences whether
downcomer boiling is calculated and when it begins. Also, the liquid.

temperature increases as it condenses steam; therefore, comparison of the
calculated and measured liquid temperatures reflects the calculated and

! measured condensation rates. The comparisons in CQO Figures 15-3-25 to -36 |

show that, although there are differences in the first part of the test
section, by the time the liquid exits the test section, the calculated and
measured temperatures compare well. As stated by Westinghouse (CQD page

15-3-6), and the INEL agrees, this indicates that the average condensation
,

rate was calculated reasonably well in these tests.

Pressure oscillations are observed in the test data and the WCOBRA/ TRAC
results for these steam / water mixing tests (see CQD Figures 15-3-10 (data) and
15-3-1/-7 (MCOBRA/ TRAC)). The oscillation calculated by MCOBRA/ TRAC, however,
are up two times larger than the test data. In the CQD (page 15-3-12),
Westinghouse concluded that although MCOBRA/ TRAC overpredicts the measured

oscillations, they do not impair the code predictive or calculational
capability. Based on the comparisons above for pressure drop and temperature, |
the INEL agrees with Westinghouse's conclusion.

Based on the above comparisons, MCOBRA/ TRAC does an adequate job of

simulating the Westinghouse /EPRI 1/3rd-scale steam / water mixing tests.

B.3.2 Creare 1/15th and 1/5th Scale ECC Bvoass Tests
,

Westinghouse evaluated MCOBRA/ TRAC's ability to calculate ECC bypass in
a scaled test facility using 1/15thus and 1/5th (Reference 107) scale tests
performed by Creare. In its response to Volume 3, question 8, Reference 37,
Westinghouse provided M007A results compared to test data for a variety of
injected flow rates. INEL review of the comparisons found excellent agreement,

!. between the calculated and measured values for saturated liquid conditions. A
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| comparison for 70*F subcooled ECC bypass also snowed excellent agreement.
i Based on these comparisons, INEL concluded MCOBRA/ TRAC adequately calculated

'

these scaled ECC bypass tests.
,

8.3.3 NRU Reactor Assessmentq
*

\

Westinghouse analyzed tv:, NRU tests in the CQD: the tests were Test
| PTH-110 * and' Test MT-3.06. * Westinghouse reanalyzed the NRU tests with the

M007A version of MCOBRA/ TRAC and presented the results in References 23, 34,
| and 35. The WCOBRA/ TRAC, M007A, prediction of NRU Test PTH-110 in

Westinghouse's response to Volume 3, question 30, Reference 23, (see
Figures 30-1 to 30-5) was a significant improvement over the M007 version

results presented in the CQD (see Figures 16-1-13 to 16-1-18). Westinghouse
noted in response to Volume 3, question 30, Reference 23 that in addition to
the code version changes, input changes were also made to better reflect the
test parameters reported in Reference 119. The comparisons in Volume 3,

. question 30 show PCT, overall cooldown rate, and quench time comparisons were
much better with the revised input and new code version.

I

For NRU Test MT-3.06, the M007A results were presented in response to
Volume 3, question 26 Reference 35. The comparisons show that MCOBRA/ TRAC

underpredicted the PCTs at Level 15 (see Figures 26-1 and 26-2), but it
overpredicted the PCTs at Levels 17 and 18 (see Figures 26-3 to 26-5). The
underprediction at Level 15 was not as severe as in the CQD analyses (see CQD
Figures 16-1-5 and 16-1-6). The difference is due to the greater entrainment
calculated with M007A (see Volume 3, question 27, Reference 23). This NRU
test was run with a variable flooding rate that caused the quench front to
stagnate. The quench front in the M007A analysis stagnated 12 to 15 inches
below that in the CQD analysis. With the lower M007A quench front relative to
the' M007 results, higher cladding temperatures resulted.

! '

Westinghouse's response in Volume 3, question 26, compared measured and
predicted burst results for Test MR-3.06. Good comparisons were found. In

i- Figure 26-8 Reference 35, however, Westinghouse compared the calculated and

f measured transient RIP for NRU Test MT-3.06. In the calculation, MCOBRA/ TRAC

~underpredicted the RIP for a period of time due to quenching of the fuel rod
i at the rod internal plenum location. Later, after the plenum dried out, the
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calculated RIP increased, and MCOBRA/ TRAC calculated the rod to burst. This
implies there is some uncertainty in whether rod burst will be properly
calculated. ~

Westinghouse evaluated this in its response to Volume 3, question 28,
-

Reference 34. Westinghouse noted that in the sensitivity studies for the SQN
plant, rod burst was calculated in all cases except when the PCT was below

approximately 1625'F. Also, Westinghouse's response to Volume 4, question 40,
Reference 53, discussed how the uncertainty in the RIP calculation results in

burst temperature variations that are small and within the range of burst
temperature variations included in the local effects uncertainty analysis
perforised wi.th the HOTSPOT code. Therefore, the Westinghouse methodology
accounts for the uncertainty in transient RIP for local effects. Westinghouse
also calculates HA rod burst in the full MCOBRA/ TRAC analyses called for in
its methodology. If MCOBRA/ TRAC calculates a HA rod reflood PCT greater than
1600*F but not rod burst, Westinghouse in Reference 214, List II, Item 2,
committed to increasing the initial RIP in the MCOBRA/ TRAC HA rod until burst
is calculated and choosing the more limiting of the burst and non-burst cases.
This adequately accounts for RIP uncertainties and their effect on rod burst
in the full MCOBRA/ TRAC runs.

Based on the above discussion, INEL considers the NRU analyses
adequately calculated by MCOBRA/ TRAC. PCTs were reasonably calculated as were
the burst parameters. Based on the NRU results, there is some uncertainty in
the transient RIP calculation that will affect the burst temperature
criterion; however, the Westinghouse methodology appropriately accounts for
this uncertainty as discussed above.

.

B.4 Sr - rv of INEL Review
.

This section summarizes the INEL review of the Westinghouse code
assessment of the MCOBRA/ TRAC code.

B.4.1 Senarate Effects Tests

Based on the INEL's review of the separate effects tests discussed in
Section B.1 of this report, the following conclusions were reached:,
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1. Based on the review of the CQD and Westinghouse's response to

Volume 2, question 2, Reference 39, the INEL concluded the
L assessment of blowdown heat transfer adequately covered the -

appropriate range of conditions. Assessment of reflood heat
j transfer also covered the appropriate range of conditions.

2. MCOBRA/ TRAC did a reasonable job of calculating the ORNL THTF
|

tests simulated. |

,

3. Based on the comparisons of calculated and measured results shown
|

! in the CQD, INEL concluded MCOBRA/ TRAC adequately calculated the

.G-1 and G-2 blowdown tests and the G-2 refill tests.

4. MCOBRA/ TRAC, M007A, had difficulty calculating turnaround time,
cooldown rate, and quench time accure.tely relative to the forced
reflood test data. The response to Volume 2, question 63,
Reference 47, identified the fact that MCOBRA/ TRAC tended to
overpredict entrainment and underpredict heat transfer to the i

vapor just above the quench front as the dominate reasons for |,

these calculated results. For PCT, Westinghouse addressed these

effects by determining heat transfer multipliers based on
comparisons to test data that are applied in the uncertainty i
evaluation. Westinghouse addressed these issues for oxidation
through the methodology discussed in Section 13 of this report.
As discussed in that section, the oxidation methodology adequately |

accounts for the oxidation uncertainty resulting from the above
issues by applying a time shift to the oxidation calculations. In
Reference 206, Attachment 6, Westinghouse addressed the effect of
underpredicting the turnaround time on PCT. Westinghouse n9ted
that the effect of turnaround time is covered in the methodology,

through the break flow / condensation run matrix. Westinghouse also
showed that WCOBRA/ TRAC tended to overpredict quench time and

turnaround time for the gravity reflood tests, which are the tests |

most representative of the PWR. Based on the turnaround time
j ' variation calculated in the break flow / condensation run matrix and
| the conservative estimates of quench time and turnaround time for
j the gravity reflood tests, INEL concluded that Westinghouse

B-20

. ._ ._ - -_- . - .



- - --

adequately addressed the effects of turnaround time on PCT.

Therefore, the separate effects reflood test comparisons are
i considered adequate based on: (a) the INEL review of the

~

comparisons provided and (b) Westinghouse's methodology adequately

| addressing uncertainty due to turnaround time, cooldown rate, and
jo quench time on PCT and oxidation.

|

B.4.2 Intearal Effects Tests.

,

Based on the INEL's review of the integral effects tests discussed in
| Section B.2 of this report, the following conclusions were reached:

.

1. Although break flow mispredictions caused the WCOBRA/ TRAC

calculated PCTs for LOFT to be lower than the data, the INEL notes

the MCOBRA/ TRAC uncertainty evaluation directly accounts the
effect of break flow uncertainty on the calculated PCT.
Therefore, the Westinghouse LOFT assessments are considered

i

| adequate. Also, the detailed analysis of LOFT Tests L2-3 and L2-5
in Section 11 of this report on compensating errors supports the
adequacy of the WCOBRA/ TRAC LOFT assessments. !

!

I
i2. Based on the conservative predictions, the CCTF assessments are '

considered adequate. Also, the assessment of CCTF Test 62 in
; Section 11 of this report supports the adequacy of the CCTF ;

analyses.

3. Based on the conservative results, Westinghouse's SCTF assessments
are considered adequate. Also, the detailed analysis on SCTF
Test 619 in Section 11 of this report on compensating errors
support the adequacy of the SCTF analyses.,

4. Based on the comparisons provided by Westinghouse, WCOBRA/ TRAC

does an adequate job of simulating the UPTF tests.

:

1

i

<
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B.4.3 Other Assessments

Based on the INEL's review of the other assessments discussed in
'

Section B.3 of this report, the following conclusions were reached:

1. Based on the Westinghouse comparisons, MCOBRA/ TRAC does an

adequate job of simulating the Westinghouse /EPRI I/3rd-scale

steam / water mixing tests and the Creare scaled ECC bypass tests.

2. Based on the NRU comparisons, INEL considers the NRU tests

adequately calculated by MCOBRA/ TRAC. PCTs were reasonablyt

| calculated as were the burst parameters. Based on the NRU
results, there is some uncertainty in the transient RIP
calculation that will affect the burst temperature criterion in
MCOBRA/ TRAC analyses. However, the Westinghouse methodology

; appropriately accounts for this uncertainty as discussed in
Section B.3.3 of this report.

|

i Based on the above results, the INEL concluded WCOBRA/ TRAC is adequate
| to provide realistic analyses o'f three- and four-loop PWR I.BLOCAs.

|

!

i
!

I
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'
,

;

i

COMPARISON OF WESTINGHOUSE REALISTIC LBLOCA METHODOLOGY,

AND

REGULATORY GUIDE 1.157
_ .

,

r

A comparison of Westinghouse's methodology to Regulatory Guide
,

(RG) 1.157 is shown in Table C-1. This table compares the RG, Sections 3
; and 4, guidance and Westinghouse's realistic model. Notes are located at the

end of the table to discuss the basis for INEL findings. Note all references
| cited in this appendix are listed in the references at the end of the main

| body of this report, Section 15. Based on information provided by
! Westinghouse, Westinghouse has met the RG guidance or provided adequate
'

justificatio'n for its af ternate approach. Therefore, INEL concluded that
Westinghouse has adequately met the guidance of RG 1.157.

| |
i :

f
1

I

i

|
|
1

I
i
|

.

Q

.
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Table C-1 COMPARIS0N OF RG 1.157 AND WESTINGHOUSE'S REALISTIC LBLOCA MODEL

.

RG 1.157 Guidance Westinchouse Realistic Model

3.1 - The initial conditions used Westinghouse performed a sensitivity
1'

in the BE LBLOCA analysis shall be study to determine the limiting
the most limiting over the life of initial conditions for three different
the plant and based on sensitivity plants in CQD Sections 21 and 22. The
studies. Given the assumed initial sensitivity studies showed that BOL

| conditions, relevant factors such core conditions were most limiting.
as power, peaking factors, and fuel Power, peaking factors, and fuel
conditions should be calculated in conditions are calculated in a BE
a BE manner. A break spectrum manner (see Note 1). A break spectrum
study should be performed, include is considered and inclades split
breaks up to double-ended breaks of breaks equal to twice the pipe flow |
the largest pipe in the primary area (see CQD Table 22-6-2 and Note 1) |
coolant system, be detailed enough unless the PCT peaked earlier. Some

to define system response versus boundary and initial conditions are
break size, and include split set at bounding values, and some are
breaks with area equal to twice the set at nominal rather than Technical
pipe. Other boundary and initial Specification limits. However,

I conditions should be based on plant Westinghouse includes the effect of
| Technical Specification limits. variations in those parameters set at

Consider a single failure when nominal values in a code initial
analyzing safety system response condition bias and uncertainty (CQD

|

| and consider the effect of using Section 26-5). The bias / uncertainty
| only onsite or only offsite power. are based on the sensitivity studies
I in CQD Section 22. The INEL considers

this approach con istent with that
discussed in RG 4.3.1. Westinghouse

accounts for a single failure and

| offsite/onsite power directly in the
analysis by analyzing the worst case.
See Note 1.
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Table C-1 (continued)

.

RG 1.157 Guidance Westinohouse Realistic Model

3.2.1 - The steadystate Westinghouse closely matches the-

fuel / cladding gap conductivity MCOBRA/ TRAC initial fuel temperature
- should account for fuel burnup, to that predicted by a highly detailed

fuel pellet cracking and fuel rod model used in fuel design.
relocation, cladding creep, and gas The MCOBRA/ TRAC hot rod match with the
mixture conductivity. fuels code is done at the BE level

! with uncertainties accounted for in.

-

the uncertainty propagation. See
.

Note 2.
|

3.2.2 - Fission heat should be MCOBRA/ TRAC incorporates a point

calculated using a BE model for kinetics model to evaluate the fission
reactivity and reactor kinetics. heat (see CQD Section 8-3). See

| Temperature and void coefficients Note 3. The capability of modeling
should also use BE values. The the temperature and void coefficients
point kinetics model is acceptable. is included in the code. Pl ant-
Control rod insertion may be specific values are justified with the

! assumed if expected to occur. code application. For the LBLOCA

| analyses in the CQD, control rod

i insertion was assumed not to occur
because damage to control rod guide
tubes could not be precluded.

l'
i 3.2.3 - Decay heat from actinides, Westinghouse's actinide decay heat

including plutonium, neptunium, and model accounts for uranium-239 and
isotopes of uranium, shall be neptunium-239 (CQD Section 8-4).
calculated using BE models. The Plutonium-239 is included in the decay
actinide decay heat should be heat model (see CQD Section 8-2).

! appropriate for the operating Other plutonium isotopes and other
'

history. actinides are excluded (see CQD

} 5ection 8-9-1). See Note 4.
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Table C-1 (continued)

.

RG 1.157 Guidance Westinahouse Realistic Model
>

3.2.4 - Fission product decay heat WCOBRA/ TRAC is capable of using the
should be calculated in a BE 1979 ANS decay heat model in the
manner. The 1979 ANS decay heat fission product decay calculation, and
model (Reference 83) is ccasidered Westinghouse selects this model for
acceptable. LBLOCA analyses (see CQD Section 8-2).

See note 5. The 1971 draft ANS model
-

(Reference 126) is also available.

3.2.5 - The metal-water reaction Westinghouse uses the Cathcart-Pawel
rate should be calculated using a metal-water reaction model for
BE model. The model should temperatures above 1500*F for Zircaloy
recognize the effects of steam clad fuel. Note 6 discusses the
pressure, preoxidation, cladding justification for using the
deformation, and internal oxidation Cathcart-Pawel model below 1900*F. A
from steam and U0 . Data from separate model is available for2

Cathcart-Pawel, Reference 84, are Westinghouse's proprietary ZIRLO
acceptable for model development cladding material (see Note 6 for the
for cladding temperatures greater INEL review). CQD Section 7-5
than 1900*F. When cladding rupture describes these models. The
occurs, the oxidation will also be metal-water rsaction model accounts ;

calculated for the inside of the for preoxidation (the initial outer
cladding in a BE manner. surface oxidation is from the NRC

approved PAD code (Volume 1, question .

237, Reference 57)) and cladding
deformation as recommended by the RG.

However, Westinghouse noted that

internal oxidation from UO and steamz

pressure effects are not accounted for

by MCOBRA/ TRAC (see Note 6). When;

: cladding rupture is calculated,
oxidation of the inside of the

a

cladding is calculated.
1
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Table C-1 (continued)
|

*

RG 1.157 Guidance Westinohouse Realistic Model i
l

3.2.6 - Heat transfer from reactor MCOBRA/ TRAC is capable of modeling
-

internals should be included in a heat transfer from reactor internals. !
BE manner. The model is described in CQD i

Section 7-2. The INEL considers

Westinghouse's approach to calculating
reactor internal heat transfer capable
of providing a realistic calculation.-

See Note 7.

13.2.7 - Primary to secondary heat WCOBRA/ TRAC is capable of modeling
|

transfer should be accounted for in primary to secondary heat transfer,
a BE manner. The model is described in CQD i

Section 9-5. The INEL reviewed the SG
conduction equation used in
MCOBRA/ TRAC (Eqn. 7-89) and found it

adequate (see Note 8).
I

l

l
I

! l

I

|
4
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Table C-1 (continued)

.

RG 1.157 Guidance Westinahouse Realistic Model

3.3.1 - The model should calculate Cladding swell and rupture is modeled
cladding swelling from cladding in MCOBRA/ TRAC. The effects of

| temperature and pressure cladding swell and rupture are
! differences between the inside and included in the gap conductance,

outside of the fuel as a function cladding oxidation, heat transfer
of time in a BE manner. Cladding surface area, and flow areas. The gap
swell and rupture should be conductance model and the other
accounted for in gap conductance, thermal parameters are a function of
cladding oxidation, heat transfer, temperature and time. The use of
and fluid flow outside the multiple axial nodes in the fuel rod.

cladding. Fuel and cladding allows for axially varying cladding
temperature calculations with time temperatures and heating rates.
should use gap conductance and MCOBRA/ TRAC accounts for fuel rod
other thermal parameters as a thermal and mechanical parameters,

| function of temperature and time. through a rod conduction model that
'

Calculations of cladding swelling has properties of the fuel pellets,
j should include: spatially varying gap, and cladding. Fuel and cladding
L cladding temperatures, heating axial and radial thermal expansion are

rates, anisotropic' material included, and the cladding deformation
properties, asymmetric cladding due to rod / system pressure differences
deformation, and fuel rod thermal and fuel pellet / cladding contact are

L
and mechanical parameters. also modeled. Anisotropic material

'

properties are not used and asyimnetric .

cladding deformation is not calculated
as discussed in Note 9.

i

i

!
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!
. Table C-1 (continued) <

I
-

,

;

RG 1.157 Guidance Westinahouse Realistic Model i

!
3.4.1 - The critical flow model The MCOBRA/ TRAC critical flow model

-

- should account for fluid conditions accounts for break fluid conditions
at the break, upstream and (subcooled, two-phase, and single-,.

downstream pressures, and break phase steam), upstream and cell edge
,

geometry. The break flow pressures, and break geometry.
calculation should be a BE Guillotine or split breaks and break

| calculation with the break flow area variations can be m+; deled. The
uncertainty included in the break flow was assessed against
uncertainty evaluation. Marviken tests, and the uncertainty

included in the code uncertainty

| evaluation. See Note 10.

|

| 3.4.1.1 - The critical flow models The WCOBRA/ TRAC critical flow model
! should be checked against an was assessed against Marviken and LOFT

acceptable set of relevant data data for the appropriate range of
(covers fluid conditions, fluid conditions and geometries (sea !

geometries, and break types), Volume 1, question 3a, Reference 44.,

recognize thermal nonequilibrium For break types, see Note 11. Based
conditions when the fluid is on Reference 205, Attachment 5, the
subcooled, and provide a transition WCOBRA/ TRAC model recognizes the |

! from nonequilibrium to equilibrium effects of nonequilibrium and L/D on
conditions. critical flow. See Note 11.

|

|

:

!

:
;
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Table C-1 (continued);

I
.

.

RG 1.157 Guidance Westinohouse Realistic Model

; 3.4.2 - ECC bypass during the WCOBRA/ TRAC does not use a special
| blowdown phase of a LBLOCA should model to calculate ECC bypass; rather,

be calculated in a BE manner based it is calculated from the intercell,
on applicable experimental data. interphase, and wall drag interaction.
The amount of cooling water stored Westinghouse used MCOBRA/ TRAC to,

I in the piping or vessel and not
calculate Creare 1/15th and 1/5th

expelled should be calculated in a scale bypass tests (References 107 and
| BE manner based on applicable 118) and UPTF. full-scale bypass tests

experimental data. The ECCS bypass (Reference 64). Those tests varied
| model should consider the effects flow rate, pressure, subcooling, and
L of pressure, subcooling, fluid geometry. The code inputs allow

conditions, hot walls, and system modeling hot walls in the vessel
geometry. through the use of heat structures and

' system geometry through node input.;

|
f The basic equations and constitutive

models account for pressure,
subcooling, and fluid conditions.
Model validation covered the range of
conditions expected in PWR analyses
(see response to Volume 5, question
45, Reference 25). See Note 12.

i

| 3.5 - Noding near the break and ECC In order to use the assessment
| injection points should be based on calculations in the code uncertainty

sensitivity studies to ensure evaluation, the noding near the break
realistic results. and ECC injection points is the same

in the assessment models and the PWR
models. In this way, modeling
uncertainty is included in the code
uncertainty. See Note 13.,

|
.
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Table C-1 (continued)

.

RG 1.157 Guidance Westinahouse Realistic Model

3.6 - Pressure drops should be The model is discussed in the CQD
-

calculated using models that (vessel, Section 4-2; loops, Section
include a BE variation of friction 4-7). It accounts for two-phase flow
factor with Reynolds number and and varies the friction factor with
account for two-phase flow effects Reynold: r. umber. The uncertainty in

|

on friction. The wall friction the friction pressure drop calculation
model should be consistent with is included in the uncertainty
that for calculating gravitational evaluation. Based on Reference 205,
and acceleration pressure drops and Attachment 5, and the CQD, the code
the same void fraction model used models for wall friction,
for all three components unless gravitational, and acceleration I

justified. pressure drops are consistent, and the i

code uses the same void fraction for
each component. See Note 14.

i

3.7 - The momentum equation should The MCOBRA/ TRAC momentum equation

take into account temporal change includes the recommended components of
of momentum, momentum convection, momentum transfer. See Note 15.
area change momentum flux, momentum

change due to compressibility,
pressure loss from wall friction,
pressure loss from area change, and

- gravitational acceleration.

.

1

C-11



(

l

| Table C-1 (continued)

*

1

RG 1.157 Guidance Westinohouse Realistic Model,

| 3.8 - BE CHF correlations developed WCOBRA/ TRAC uses the Biasi CHF f'

ifrom appropriate steadystate or correlation at high mass fluxes and !

transient data are acceptable. the Zuber correlation as modified by
Correlations should be used within Bjornard and Griffith in pool boiling !

.

their range of applicability as situations. An annular flow film
.

specified by the authors. After dryout model is also included. The
CHF is predicted, return to code calculates return to nucleate
nucleate boiling is allowed if boiling if justified by local

.

local fluid and heat transfer condition as shown in the LOFT
conditions justify it. simulations provided in response to '

Volume 3, question 1, Reference 42. I
>

The steam generator component model

uses the Biasi CHF correlation. The
CHF model data base covers the range

of conditions expected in a PWR. See

Note 16.

3.9 - Post-CHF heat transfer should The post-CHF blowdown heat transfer
be calculated with BE models based models are described in Sections 6-2-5
on applicable steadystate and through 6-2-9 of the CQD. INEL review
transient data. The models should of those sections found the
account for liquid entrainment, MCOBRA/ TRAC code models for post-CHF
thermal radiation, thermal heat transfer accounted for the RG
nonequilibrium, low and high mass items. See Note 17.!

flow rates, low and high power
densities, and inlet fluid

conditions.

,

| C-12
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Table C-1 (continued)

.

RG 1.157 Guidance Westinahouse Realistic Model
|

3.9.3 - Heat transfer from The single-phase vapor model accounts
uncovered rod bundles should for transition between laminar and
account for the effects of turbulent flows. A vapor and.

radiation and laminar, transition, entrained drop radiation model is
and turbulent flows. The radiation included in MCOBRA/ TRAC. Based on
correlation derived should include Reference 205, Attachment 5, the INEL
a stated procedure to correct for believes that the MCOBRA/ TRAC models
radiation heat transfer and for are adequate to meet the RG I

estimating vapor temperatures. The recommendations or Westinghouse
Hottel procedure in Reference 132 adequately justified its alternate I
is a satisfactory example. model. See Note 18.

3.10 - Pump modeling should be The pump model accounts for momentum
based on a BE dynamic model that transfer to the fluid and pump speed 4

includes momentum transfer to the varies with time. See Eqns. 9-1, 9-2,
fluid with variable pump speed as a and 9-9. Empirically determined
function of time. Pump resistance single- and two-phase homologous
should be justified, and two piiase curves are input. These curves allow
pump performance should be verified the calculation of pump resistance as
by data comparisons. Pump a function of volumetric flow and pump
coastdown following a loss of power speed for single- and two-phase flow.
should be a BE calculation. A MCOBRA/ TRAC has the capability to
locked pump rotor need not be calculate pump coastdown following a
assumed unless calculated to occur. loss of power (see Eqn. 9-9). See

Note 19.

|

|
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Table C-1 (continued)
!

.

| RG 1.157 Guidance Westinahouse Realistic Model

3.11 - The flow through the hot MCOBRA/ TRAC is capable of modeling a

| region shall be calculated as a single hot assembly and including the
function of time, and the hot effects of cross flow. MCOBRA/ TRAC {.

region shall not be greater than calculates the core flow as a function
! one fuel bundle. Core flow in the of time, The cladding swell and

hot region should include cross rupture model accounts for these
flow and flow blockage. The effects on core flow area.
numerical scheme should ensure Westinghouse applies numerical !
unrealistic oscillations do not damping, convergence criteria, time

i result. step controls, and modeling technolog.i
. to ensure unrealistic flow

oscillations do not occur. See

response to Volume 5, question 48,

Reference 22. See Note 20.

| 3.12.1 - BE containment pressures Westinghouse's realistic methodology
| should be used and include the will use previously approved

effects of containment heat sinks containment pressure models. These
and all pressure reduction systems models will be used with MCOBRA/ TRAC

| assumed to be available. mass and energy release rates. See

Note 21.

3.12.2 - Refill and reflood rates MCOBRA/ TRAC has the capability of
. should use BE models. The model modeling the thermal-hydraulic

should be able to: (1) take into characteristics of the core, ECCS, and
consideration the thermal-hydraulic the primary and secondary systems.
characteristics of the core, ECCS, The code can calculate a two-phase
and the primary and secondary core level (this is discussed in more
systems and (2) calculate a detail under RG 3.12.2.1).,

two-phase level in the core.

| C-14
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[ Table C-1 (continued)

.

RG 1.157 Guidance Westinohouse Realistic Model

|- 3.12.2.1 - The level swell model The WCOBRA/ TRAC two-phase core level

should be checked against an model was assessed against a wide
acceptable set of relative data and range of FLECHT (low flooding rate,.

include the effects of Reference 91, and top skewed,

! depressurization, boiloff, power Reference 92) and FLECHT-SEASET,

level, fluid conditions, and system (References 89 and 90) test data. The
geometry. The pumps should be effect of pumps on or off is analyzed

| assunied to operate in the expected and the worst case chosen.
manner. . The fluid leaving the core Westinghouse showed the entrainment

j should be calculated in a BE manner model u:ed to calculate carryover is
| and include the effects of cross capable of calculating sxperimental

| flow and core fluid distribution. data adequately (see response to
! Unique ECCSs should be accounted Volume 3, question 19, Reference 50).

for. The effects of accumulator Cross flow is calculated between core
nitrogen discharge after draining channels (for example, see CQD Figure <

)
| accumulator water should be 20-2-6, Section 3: Core). The core

included in the calculation. fluid distribution is calculated

| axially (see Volume 4, question 37,
Reference 44) and radially between the

| core channels. MCOBRA/ TRAC is capable

of accountir.g for unique ECCS such as !

| downcomer injection. MCOBRA/ TRAC

!- includes models to account for
accumulator nitrogen (see Section 12.2 |,

of this report). See Note 22.

:

s

1

0
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Table C-1 (continued)

.

RG 1.157 Guidance Westinahouse Realistic Model

3.12.3 - Interaction between steam MCOBRA/ TRAC includes a two-fluid, non-
and the ECC water shall be taken equilibrium model that directly
into account in a BE manner. calculates steam /ECC water

interaction. This model was shown to
adequately represent the phenomena in

CQD Section 15-3. See Note 23.

3.12.4 - Refill and reflood heat WCOBRA/ TRAC calculates the core flow
transfer should be based on BE directly from the basic equations, and
calculations of flow through the it is capable of accounting for unique
core, accounting for unique ECCS. ECCS. The code accounts for flow
The calculations should account for blockage due to cladding swelling and
flow blockage due to cladding swell rupture. Westinghouse calculates core
or rupture. Heat transfer heat transfer during refill based on
calculations based on two-phase WCCBRA/ TRAC calculated conditions
core conditions during refill including two-phase conditions.
should be justified by comparison Comparisons to G-2 refill tests,
to experimental data. Reference 108, justified this

approach. See Note 24.

!

,
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Table C-1 (continued)

.

RG 1.157 Guidance WestinghouseRealisticModel

4.1 - The calculational uncertainty Westinghouse determined the code bias-

should include the uncertainty from and uncertainty for the code models,
|

individual code models, power distribution, break flow paths, i.

1experimental data, boundary a.1d initial conditions, and simplifying
initial conditions, fuel behavior, assumptions. The bias and uncertainty
and simplifying assumptions and for simplifying assumptions in code
approximations. The calculational models are part of the code bias and
uncertainty should be determined to uncertainty based on test data
the 95% probability level when comparisons. Other simplifying
comparing the calculated results to assumptions are those due to model
the requirements of 10 CFR 50.46 input choices. Westinghouse accounts |

for these using scoping studies to
select conservative input (see
response to Volume 5, question 51,
Reference 40. These biases and
uncertainties are used in a Monte
Carlo simulation to determine the 95th
percentile PCT for comparison to 10
CFR 50.46 requirements. See Note 25.

.

*
i

|

1

-

:
i
i
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Table C-1 (continued)

.

RG 1.157 Guidance Westinahouse Realistic Model

4.2 - The code uncertainty should Westinghouse determined the

be determined by direct comparison )! COBRA / TRAC uncertainty by direct

|
between calculated results and comparison to both integral and
experimental data from integral and separate effects experiments.
separated effects experiments at Uncertainty due to measurement effects
different scales. The comparisons are accounted for in the uncertainty,

-

should account for measurement evaluation. Westinghouse evaluated
limitations and calibration errors. several thermal-hydraulic parameters
The codes predictive ability will in addition to PCT to ensure the
need to be evaluated for several absence of significant compensating
key parameters and over several errors (see Note 26). Westinghouse !;

i

! time intervals. Justification for calculated separate biases and !
i

the uncertainty treatment should be uncertainties for the blowdown and !
,

provided. Effects of scale on the first and second reflood PCTs. |

calculated results should be Westinghouse justified the biases and I

assessed. uncertainties applied in CQD Sections- !

19, 26, and 27 and Reference 58.
Westinghouse found.the code did not !

,

f, have a scale bias. See Note 27.
'

.

| 4.3.1-Uncertaintydue'yoboundary The uncertainty due to boundary and
and initial conditions and initial conditions is accounted for by !

equipment performance should be Westinghouse's methodology. In some
. .ccounted for in the uncertainty cases, a nominal value is used (if the
,

evaluation. The parameters parameter is tightly controlled) and
| considered may be limited by bounding assumptions are also applied;

setting their values to in other cases, the boundary and
conservative limits. initial condition uncertainty is

directly included in the uncertainty
,

analysis. See CQD Sections 25 and,

26-5 and Reference 58, Section 4.3.1.
See Note 28.

C-18
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Table C-1 (continued)

,
-

RG 1.157 Guidance Westinahouse Realistic Model

|- 4.3.2 - The uncertainty associated Westinghouse directly accounts for
with fuel behavior cannot be peaking factor uncertainty in the
determined from integral uncertainty analysis (see CQD Section.

experiments that use electrically 26) using a power distribution
heated rods. Uncertainties to be response surface and Monte Carlo

|
quantified and included in the simulation (MCS}. Based on its
overall code uncertainty are those revised methodology, fuel conductivity
from fuel conductivity, gap width and gap width / conductivity
and conductivity, and peaking uncertainties are accounted for by
factors. matching the WCOBRA/ TRAC initial fuel

temperature to that from a detailed |

fuel rod model at the BE level and
'then varying the fuel conductivity and

gap conductivity in the HOTSPOT model.
| '

See Note 29. l

l

i

, 4 4

.

I

;

I

a

.

:
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Table C-1 (continued)
!

.

RG 1.157 Guidance Westinohouse Realistic'Model,

l

!

4.3.3 - Other factors include those Uncertainties due to the decay heat
not evaluated by the comparisons to calculation and the cladding metal-
integral effects tests. For water reaction rate are included (see
example, the decay heat calculation Section 3.1.3, Reference 58). The
and the cladding metal-water uncertainty due to use of break
reaction model cannot be evaluated discharge coefficients is accounted
from tests that use electrically for in the global model response

| heated rods. Another area is the surface and MCS. See Reference 58,
'

use of break discharge Section 4.4.2. In its response to
coefficients. Quantify the Volume 4, question 55, Reference 16,
uncertainty from models that have Westinghouse noted that CQD Section 17

j not been evaluated by comparison to reviewed the code assessment
integral effects tests and include matrix /results. That section showed
it in the overall code uncertainty. the code had no deficiencies that

would significantly impact the PWR PCT
calculation, and the assessment

*

covered the main processes important
j to PCT calculations. See Note 30.
1

I

|

|

i

|

!

'r

!

!
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Table C-1 (continued)
|
|

.

RG 1.157 Guidance Westinahouse Realistic Model

4.4 - The methods used to determine Westinghouse discussed and justified'-

the overall calculational the uncertainty approach in CQD
uncertainty at the 95% probability Sections 26 and 27 and Reference 58.
level should be provided and Westinghouse justified the assumed
justified. Justification should be parameter distributions and ranges in

|
provided for the assumed parameter Reference 58. Westinghouse, in Volume
distributions and ranges 5, question 53, Reference 51,
considered. Evaluation at the 95% clarified its position on the
probability level is needed only uncertainty on the worst break and

| for the worst case break. other 10 CFR 50.46 criteria. See
Justification must be provided to Note 31.

demonstrate the overall uncertainty
for the worst case break bounds the
uncertainty for all other breaks in

| the break spectrum. If it can be
shown that meeting the temperature
criterion at the 95% probability
level ensures with an equal or

| greater probability that the other

| 10 CFR 10.46 criteria will not be

| exceeded, then explicit 1

| consideration of the probability of
- exceeding the other criteria may

| not be required.

.

4.5 This section noted that the Section 2 of this report compared the
CSAU methodology (Reference 61) Westinghouse and CSAU methodologies

|
represents an approach developed by and concluded the Westinghouse

the NRC to evaluate overall PCT methodology met the intent of the CSAU
uncertainty, approach.

;

.
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Notes to Table C-1: !

|
.

1. The INEL reviewed the results of Westinghouse's initial condition ~

,

| sensitivity studies in CQD Section 22. As indicated by Westinghouse, the
| results showed BOL was most limiting.

|

|

Based on CQD Section 25, Westinghouse assumes the core power in the
| )(COBRA / TRAC runs is the maximum licenoed core power without

| uncertainties. The INEL considers this appropriate because it is the |

j maximum. power at which the plant is allcwed to operate and will result in i

the highest PCT. Uncertainties in core power are accounted for in the
uncertainty evaluation through the power distribution uncertainty.

While most nuclear power plants operate in baseload mode with low peaking

| factors, transient operation is possible, and the Technical

| Specifications allow a wide range of peaking factors to account for plant
i

transients. Westinghouse accounts for this peaking factor variation by,

| developing a power distribution response surface. This response surface
I

is based on WCOBRA/ TRAC runs that vary the peaking factor and power
distribution. For example, the F is varied as discussed in '

g

! Section 4.4.1.1 of Reference 58 and shown in Table 4.4.1-1. The response '

surface is then used in the Monte Carlo simulation to account for power
distribution effects on the 95th percentile PCT. The base PCT in the

Monte Carlo simulation uses a power distribution with Fn given in
Reference 58, Table 4.4.1-1, power shape 10. The F values used in thea
run matrix are also discussed in Section 4.4.1.1 of Reference 58 and

'

shown in Table 4.4.1-1. Transient F uncertainty is accounted for asg

discussed in Section 9.2 of this report. Measurement uncertainties are
accounted for during the Monte Carlo analysis by sampling the uncertainty
distribution also discussed in Section 9.2 of this report. The 1NEL
considers this adequate because the base PCT is the result of medium to
high peaking factors, measurement uncertainties are accounted for, the F

n

uncertainty distribution covers the calculated range, and the uncertaintyi

i

analysis will overestimate the possibility of high peaking factors in the
95th percentile PCT evaluation.
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For fuel conditions, see Note 2 for initial stored energy and Notes 4
and 5 for decay heat.

.

The break spectrum results for three plant reported in CQD Section 22-6
were reviewed and Westinghouse included guillotine breaks of the

*

recommended size. The split break spectrum also included breaks of the

recommended size except for one plant that had the peak split break PCT
at a break area equal to the cold leg area. In this case, the split.

break spectrum was not extended to 2 times the cold leg area. The

Westinghouse uncertainty methodology accounts for guillotine and split
breaks separately.

.

The single failure Westinghouse assumes is the loss of a train of pumped
ECC for the calculation of the primary system response but loss of only a
low head pump for the containment pressure calculation to minimize

containment pressure. The INEL considers this adequate to account for
single failure effects because it is a conservative approach to both ECC
flow to the primary system and the containment pressure.

2. The initial stored energy'is based on the NRC approved PAD code,
Reference 79. Westinghouse stated the code includes the effects of high- !

temperature cladding creep, gas mixture conductivity, fuel burnup, fuel
pellet cracking and relocation, and operating temperature creep. To '

ensure the stored energy in MCOBRA/ TRAC matches that calcuTated with PAD,

Westinghouse adjusts the initial gap size to match the best-estimate fuel
average temperature to within +5'F at the peak power location for all
rods modeled. Uncertainties in fuel stored energy are accounted for in
the HOTSPOT model through variations in the gap conductance and the fuel.

conductivity. Based on the use of a best estimate plus uncertainties
, approach for the initial stored energy from a model that is NRC approved,

the INEL considers Westinghouse's model adequate.

3. The INEL reviewed the reactor kinetic models and found them consistent
with standard practice. In addition, Westinghouse validated the point
kinetics model. In CQD lable 8-15, Westinghouse compared the MCOBRA/ TRAC

point kinetics model response (reactivity insertion and asymptotic
period) to step reactivity insertions of +0.003, +0.0015, and -0.030

C-23
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I

| delta-K in'the absence of external feedback methods to those calculated
analytically by the Inhour equation. .The comparison shows very good

.

agreement between the two. Therefore, based on the INEL review and the
'

good agreement between the code and the analytical solutions, the INEL

considers the WCOBRA/ TRAC point kinetics model adequate for realistic
LBLOCA calculations.

4. INEL review of the actinide decay heat model found it consistent with
standard practice. Decay heat model parameters are based on the 1979 ANS

Standard (decay heat constants, see CQD page 8-16). In Reference 214,

List I, Westinghouse indicated the value of R used in CQD Eqns. 8-14/15
(and Eqn. 14/15 from the 1979 ANS Decay Heat Standard) is based on ENDF-

B/V data.12s The INEL considers these two sources adequate to support
j

the BE nature of the actinide decay heat model.
|!

The actinide decay heat model only includes neptunium-239 and
|

uranium-239. Westinghouse included 'the plutonium-239 decay heat in the
fission product decay heat calculation. It clarified its reasons for not

| modeling other actinides in response to Volume 1, question 231, l
Reference 29. Based on the information from Westinghouse in that j

response, the INEL concluded that Westinghouse had adequately justified i

the WCOBRA/ TRAC actinide decay heat model.
! J

Westinghouse discussed the actinide decay heat modeling assumptions in
|

Attachment 2, Reference 57. The modeling of actinide decay heat for the
HR and HA rod is different from the average and low power rods. For the
HR and HA rod, actinide decay heat is chosen based on a burnup that
maximizes the actinide decay heat contribution to the calculated PCT.

For the average and low power rods, Westinghouse noted that the actinide
decay heat was based on the facility operating history. This is
accomplished by using a burnup of 10,000 MWD /MTU which provides a

| slightly conservative combination of heat sources (decay heat and stored
energy) for these rods. This burnup is conservative as discussed in

,

| Reference 57, Attachment 2, and Reference 55. In Reference 55,
:. Westinghouse also noted that no credit is taken in the decay heat
! calculation for prior shutdowns of previously burned assemblies (for
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|

| example, prior refueling outages). Credit for these outages would reduce
l the decay heat from those assemblies in their second or third fuel cycle.

.

Based on these considerations, the INEL concluded that Westinghouse has

adequately justified the time-in-life used for the actinide decay heat
model.

-

|

| 5. INEL review of the fission product decay heat model found it consistent
with standard practice.

|

1

Westinghouse compared the fission product decay heat model output from
i

the MCOBRA/ TRAC model to that based on the ANS 1979 Standard in CQD |

Table 8-2. Based on the excellent agreement between the two shown in the
L

table, the INEL considers the MCOBRA/ TRAC fission product decay heat
model to adequately represent the ANS 1979 standard.

|
o6. As discussed in the table, the MCOBRA/ TRAC models vary from the RG in

several areas. First, WCOBRA/ TRAC uses the Cathcart-Pawel model below l
-1900*F. Westinghouse justified this by noting the model overpredicted

,

the original data base below 1900*F (see response to Volume 1,

question 225,. Reference 8). Westinghouse supported this by noting the
discussion in Reference 84 on page 67 and the comparison in Figure 30 of
the reference. INEL review of Reference 84 found the information
Westinghouse indicated supported the assertions made by Westinghouse.
Also, in Reference 84, INEL found the authors noted that oxidation is not
describable by parabolic kinetics models below 1742*F and that
extrapolation of high temperature rate constant data below 1832*F will
result in overprediction of oxide layer growth and total oxygen.

consumption. See page 118, Reference 84 (Cathcart/Pawel). This is
consistent with the Westinghouse information. Given that the WCOBRA/ TRAC,

model differs from the RG in a conservative direction, the INEL considers'

! use of the Cathcart-Pac 1 model below 1900*F adequate.
<

1

j- To support the ZIRLO metal-water reaction rate model, Westinghouse

| provided information for a IIRLO specific model developed in

] Reference 127. In the response to Volume 5, question 41, Reference 46,
2 Westinghouse noted the ZIRLO model for metal-water reaction was not
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approved by the NRC for 10 CFR 50.46, Appendix K, analyses. . Therefore,

the INEL reviewed the model in Reference 127 for use in realistic LBLOCA
'

analyses. This review found the ZIRLO model adequately represented the

ZIRLO data at temperatures above 2000*F and overpredicted the data below

| 2000*F. Therefore, the INEL recommends the model be approved for

realistic LBLOCA analyses.
|
|

Two other areas where the WCOBRA/ TRAC models differ from the RG are the
lack of modeling a steam pressure effect and internal oxidation from U0 .g

! The INEL considers this adequate because the oxidation nodel is not steam
!

| limited when applied to either cladding surface. This more than
compensates for the not modeling these effects (Reference 128). Also, as
noted by Westinghouse in Reference 57 the system rapidly depressurizes in
a LBLOCA minimizing any steam pressure effects.

j 7. Westinghouse includes a conduction model to represent reactor internal

| heat transfer. The INEL reviewed the model in CQD Section 7-2 and found

| Westinghouse used a standard approach to solving the heat conduction

| problem. The WCOBRA/ TRAC equations were compared to the conduction
solutions provided in Holman,188 and found to be consistent. ,The vesseli

models allow for modeling a wall (flat plate) or hollow and solid .-

cylinders. No specific conservatisms in the conduction model were noted ,|
f 1
' by Westinghouse or found by the INEL review.

Material properties in the sel are supplied by the user (see CQD
Section 10-5-1). Westinghuse noted that standard references such as
Touloukian* or material properties from the material vendor are used. -

Based on these considerations, the INEL considers MCOBRA/ TRAC capable of

providing a realistic calculation of reactor internal heat transfer.
Questions on the material properties used or the actual use of the model |

would require an evaluation of a plant specific submittal.

; 8. The INEL reviewed the steam generator heat transfer model described in
! CQD Section 9-5. That section referenced CQD Section 7-7 as providing
I the conduction model for the steam generator tubes. The INEL reviewed

Section 7-7, and the SG conduction equation used in WCOBRA/ TRAC is found
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in Eqn. 7-89. In Reference 206, Attachment 6, Westinghouse compared the

results of the as coded CQD Eqn. 7-89 to an analytical solution for a 1-D
~

pipe. INEL found a good comparison between the MCOBRA/ TRAC output and
,

the analytical solution. Based on this, INEL considers the MCOBRA/ TRAC

I-D conduction equation for the steam generator adequate for realistic l

LBLOCA analyses.

9. The MCOBRA/ TRAC cladding swell and rupture model is described in CQD
!

Sections 7-4-1 and 7-4-2. The models and INEL review are discussed in
Section A.7 of this report. Review of the model found that the
MCOBRA/ TRAC models included most of the RG recommended items except for

anisotropic material properties and asymmetric cladding deformation. The

INEL considers this adequate because the uncertainties associated with
the use of averaged strain data overwhelms these omissions. The scatter
in the burst strain relative to an average strain model is illustrated in
CQO Figures 7-18 (Zircaloy) and 7-20 (Westinghouse ZIRLO cladding).*
The INEL also notes that the burst strain uncertainty is accounted for

i

directly in Westinghouse's uncertainty propagation.

10. The critical flow model for realistic LBLOCA analyses is discussed in CQD
Section 4-8-2. The INEL reviewed the MCOBRA/ TRAC critical flow model and i

found that it included the RG recommended items: fluid conditions at the
break are accounted for by using the appropriate model based on void '

fraction (see CQD page 4-127), upstream and downstream pressures are

accounted for by assuming equilibrium conditions at the break plano (CQD
page 4-127) and stagnation conditions at the cell center based on the
cell center conditions (CQD Eqns. 4-260 and 4-263, for example), and

- geometry effects (L/D) through CQD Eqn. 4-259 and following discussion.

The INEL review also considered the comparisons to Marviken test data
Westinghouse provided in CQD Section 16-4. The Westinghouse analysis

discussed in Section 16-4 showed that the model calculated the Marviken
data to within the range shown by the code / data comparisons in CQD
Figure 16-4-36 for L/D ratios given in CQD Table 16-4-2. Because of the

| importance of the break flow on the calculated PCT, Westinghouse included
! the break flow as part of the model uncertainty evaluation. This was
I incorporated through a response surface to account for break flow effects
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on PCT that was developed based on the thermal-hydraulic run matrix (a

series of WCOBRA/ TRAC runs) where the C was varied as shown in3

Table 4.4.2-1, Reference 58. Based on Reference 58, this range covers
~

100% of.the data (see Figure 3.1.1-8, Reference 58). Also, Westinghouse :

samples the full range of C s found in the Marviken comparisons in the
.

I3
i uncertainty analysis and includes an extrapolation error for C s outside

3

the response surface range. Based on this, the INEL considers the
MCOBRA/ TRAC critical flow model adequate to meet RG Section 3.4.1.

11. The Westinghouse methodology accounts for break type, split or
guillotine. The PCT from a cold leg guillotine break with medium to high

| peaking factors and moderate power shape skewing is calculated with

MCOBRA/ TRAC. A Monte Carlo simulation to account for uncertainties due
to peaking factors and power shape, initial conditions, models, and local
HR effects is used to determine the 95th percentile PCT for the
guillotine break. The basis for INEL finding this approach adequate is
discussed in the main body of this report.

i

i

Westinghouse calculates the limiting cold leg split break through direct |
MCOBRA/ TRAC runs. The limiting split PCT is then used as the basis for a
separate Monte Carlo simulation to account for uncertainties due to power
shape, initial- conditions, and local HR effects. Westinghouse
successfully supported using the pwer shape and initial conditions
uncertainties based on the guillotine break (see Reference 58). The code

! model uncertainty is not used in the split break Monte Carlo because of

| the choice of the limiting split break. Finally, local HR rod effects

| are calculated directly for the limiting split break via a HOTSPOT
calculation. The INEL found this adequate because the split break is
accounted for in Westinghouse's analysis and the information provided by ;

!

Westinghouse supports its approach. See also Section 9.3 of this report. |

Based on Reference 205, Attachment 5, the critical flow model accounts
for nonequilibrium and L/D effects. When the L/D is less than 1.5 for i

;- the cell connected to the break, conditions as discussed in |

| Reference 205, Attachment 5, are allowed. When the L/D for the cell
i connected to the break is greater than 1.5, the code assumes stagnation
; conditions based on equilibrium. If nonequilibrium conditions are

!
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,

|

|
|

calculated, equivalent equilibrium conditions are obtained and used in
the model. In Reference 205, Westinghouse noted this approach was

,

consistent with Reference 199. INEL reviewed the reference and found it
supported the Westinghouse approach. Therefore, INEL concluded that the

WCOBRA/ TRAC critical flow model adequately meets the RG guidance.
.

12. ECC bypass is calculated by the interaction of the interphase drag, wall
- friction, and condensation models. Westinghouse discussed the bypass

model in its response to Volume 4, question 2, Reference 42. The

information provided there showed the bypass model overpredicted the
bypass in the UPTF bypass tests, Test 6, Run Nos. 131, 132, 133, 135, and

; 136. Westinghouse calculated vessel fill ratios (calculated result over
measured result), and these showed the WCOBRA/ TRAC model overpredicted
the amount of bypass because the vessel fill ratios were all less than
one. This. indicates the WCOBRA/ TRAC models tend to be conservative
rather than a BE representation of ECC bypass. Westinghouse calculated a

'

plant specific estimate of the conservatism from the extra bypass for the
VRA model in its response. The estimate showed the PCT was approximately
55'F higher due to the increased bypass and the longer refill period.
The INEL also notes that Westinghouse does not take direct credit for the
ECC bypass conservatism in the uncertainty analysis. That is,
Westinghouse does not include a direct, negative bias in the Monte Carlo
simulation for the ECC bypass conservatism.

Westinghouse also evaluated the model against Creare 1/15th and 1/5th
scale test data in CQD Section 15-1-5 and provided additional details in
its response to Volume 3, question 8. Reference 37. The comparisons
between test data and WCOBRA/ TRAC results provided in its response to
Volume 3, question 8, showed the code did a good job of representing the

, Creare data.
|
!

| Based on the above, the INEL finds that the Westinghouse model for ECC
i bypass is conservative and such conservatism is allowed by the RG.

) 13. In general, the INEL agrees with Westinghouse's approach regarding the
need to keep nodalization consistent between the test simulations used to

,

| determine the code uncertainty and the plants. By keeping the
.

'
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nodalizations consistent, Westinghouse is using the approach that best !

allows the code uncertainty to be applied to plant analyses without
,

additional uncertainty questions needing to be addressed due to
nodaiization differences. |

This being said, the INEL also notes the following items:

(1) The Westinghouse uncertainty analysis does include a nodalization
;

uncertainty (see CQD Section 19-6).

(2) Westinghouse did a nodalization study (see Volume 4, question 17,
Reference 21) where the number of nodes in the in cold leg models
for UPTF (Test 8) and tne Westinghouse Steam Water Mixing Tests
(Test 629) was reduced by a factor of about 1.4 to make the node
lengths consistent with the plant models. The results showed the '

calculated liquid temperatures at the end of the pipe for the two
nodalizations were essentially the same.

(3) For critical flow, Westinghouse did a nodalization study based on
the Marviken test analyses in CQD Section 16-4. Two Marviken tests
were analyzed with two and four nodes in the test nozzle. CQD

Figures 16-4-28/29 show little change in the flow rate was
calculated due to this change.

'

Therefore, Items 2 and 3 above support the adequacy of the plant
nodalizations. -

14. The INEL reviewed CQD Sections 4-2 and 4-7.

Vessel Model

| As noted in the table, both two-phase conditions and friction factor
variation with Reynolds number are accounted for in this model. For

I laminar flow, the standard friction factor model is used, and for
turbulent flow, a fit to the Moody friction factor model is used (see CQD
Eqns. 4-Sa,b and the response to Volume 1, questions 49/52, Reference 7).
In the vessel, the two-phase wall pressure drop model is based on that
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developed by Wallis (Reference 121), which is considered adequate because
it is a widely accepted model.

.

MCOBRA/ TRAC allows form losses to be input and partitions the form loss

by a weighting. This is adequate based on the fact that the phases flow
J together and mix together as they flow through an orifice, for example.

Around a bend or elbow this assumption may not accurately reflect the
- flow structure, but overall, the assumption does not seem unreasonable.

Also, orifice type test data provided by Westinghouse showed good

comparisons between test and code calculations for pressure drop (see
Westinghouse's response to Volume 1, question 50, Reference 8).

The wall friction, however, is not a weighted. The code determines
whether the wall is in a cold or hot condition. If cold, the code
applies the wall drag to the liquid only, and the wall drag is applied to
the vapor only if the wall is hot. This seems like an adequate approach
for the fluid-wall interaction.

Looo Model

The loop friction model also varies the friction factor based on the
Reynolds number (Eqns. 4-198,4-207), and it includes a two-phase
multiplier (Eqns. 4-203,4-209). The two-phase friction factor model is

ibased on a simplification of the Colebrook equation (according to '

Reference 133, the MCOBRA/ TRAC model varies up to 4% from the Colebrook

equation). Comparison of the MCOBRA/ TRAC two-phase multipliers with the
HTFS*' multiplier showed good agreement over a wide range of conditions
(see CQD Figures 4-8 to 4-11). A homogeneous two-phase friction model is
applied (Eqns. 4-207, 4-209, and 4-211) if the void fraction is greater
than 0.9995. Westinghouse's response to Volume 1, question 100,

i

Reference 11 verified the homogeneous model by comparing to other models.
Linear interpolation between the annular model (used for void fractions
below 0.9) and the homogeneous model (used for void fraction greater than |

0.9995) connects the two models. Therefore, based on the good
comparisons to the HTFS correlation for the two-phase model shown in the |

CQD, and the good comparisons of the homogeneous model to the other
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| mode.e in Westinghouse's response to Volume 1, question 100, the INEL

considers the loop two-phase friction model adequate for LBLOCA analyses.
,

MODEL CONSISTENCY i
'

1

Based on Reference 205, Attachment 5, and CQD, the basic variables in the

MCOBRA/ TRAC friction models are phasic density and velocity and void

traction. The code calculates these parameters directly from the
conservation equations and uses them consistently for each term of the

.

friction model. The code uses the same void fraction for each component.
For example the same phasic velocity and void fraction are used in CQD
Eqns. 2-45 and 4-3. Therefore, INEL considers the approach in
MCOBRA/ TRAC to be consistent with RG 1.157 guidance in this area.

For range of applicability, see Section 10.2 of this report.
,

15. The INEL reviewed the equations as documented in the CQD. The momentum

equations contain the RG recommended items. The review also found the

equations consistent with standard practice. Therefore, they are
adequate for realistic LBLOCA analyses.

16. The Biasi and Zuber (and its modifications) CHF correlations are widely
used in reactor analysis codes to calculate CHF; therefore, the INEL
considers them adequate for LBLOCA analyses. Collier (Reference 87)

noted the Biasi correlation correlated 85% of the data base (over 4500
data points) within 110%. The code applies the Biasi correlation above

230 g/cm -s with a linear interpolation to the Zuber correlation at flows
2below 30 g/cm -s (see CQD Eqn. 6-68). Collier gives the lower bound of

the Biasi correlation data base as 10 g/cm -s which indicates MCOBRA/ TRAC2

uses the Biasi correlation within the data base flow range except for
part of the interpolation regime (between 10 and 0 g/cm -s) until the2

Zuber correlation is used alone at zero flow. This extension is
'

considered appropriate to allow for a smooth transition between the Biasi
and Zuber correlations. The Zuber correlation is only applied at low
flows as conditions approach pool boiling (less than 30 g/cm*-s) and ist

; used alone at zero flow. The other data base ranges for diameter,
! length, flow, quality, and pressure for the Biasi correlation given in
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Collier indicate the Biasi correlation overs the range of conditions |
!expected in a PWR. Based on the above review, the INEL considers the
1,

MCOBRA/ TRAC CHF model to have met the RG and finds it adequate for LBLOCA
analyses.

!

i
17. The post-CHF models in CQD Sections 6-2-5 through 6-2-8, account for the |

RG recommended items:
.

i

1. Liquid entrainment: See Eqns. 6-75, 6-85, 6-112, and 6-118. In
{ Reference 205, Attachment 5, Westinghouse discussed how transition

boiling model 2 meets this RG item because an entrainment term is

not directly included in this model (see CQD Eqn. 6-82).
Westinghouse noted that entrainment effects would be accounted for

indirectly through the F , term used in CQD Eqn. 6-83 and defined

in CQD Eqn. Eqn. 6-84. Model 2 is a simple model that uses F ,1 to
interpolate between heat flux at the CHF point and the T point.g
Westinghouse also noted that CQD Eqn. 6-89 shows that WCOBRA/ TRAC

takes the maximum of transition boiling Model 1, which includes
entrainment effects directly, and Model 2. In Submittal K,
Attachment 1, Reference 17, Westinghouse noted that Model 2 tends to

be used a lower void fractions and Model 1 tends to be used at
higher void fractions. INEL notes the higher void fractions is |

; where the effects of entrainment would be more important. Based on
! this, the .INEL considers the transition boiling models to be '

j consistent with the RG recomendations.
I

2. Thermal radiation: See Eqns. 6-75, 6-82, 6-85, 6-111, 6-112, and
6-118. ;

)
3. Thermal nonequilibrium: MCOBRA/ TRAC calculates separate heat :

transfer to the liquid and vapor fields which can be at different
temperatures that are calculated locally.

.

4. Low and high mass flow rates: Forced convection to vapor accounts

{ for a locally calculated mass flux in Eqns. 6-75, 6-82, 6-85, 6-111,
and 6-118.
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i
5. Low and high power densities: These are accounted for through the

|
effect on the local HTC of the local fluid conditions. The local !

fluid conditions reflect the effects of high and low power densities {
'

upstream of a given location. Also, the local high or low power I

density will be reflected in the local wall temperature. Further,
Westinghouse noted in Reference 205, Attachment 5, that the code |

,

L assessment matrix included tests for a range of linear heat rates
and axial power variations. Therefore, uncertainty in this
parameter is included in the HTC multipliers used in the uncertainty j
evaluation discussed in Section 6 of this report. |

6. Subcooled and saturated inlet fluid conditions: MCOBRA/ TRAC
calculates subcooled or saturated inlet fluid conditions based on
the heat transfer to the ECC upstream of the core inlet. These ;

fluid conditions pass into the core, and local heat transfer to the
phases determines how subcooling is lost or saturated fluid becomes
superheated. See also Item 3 above.

18. The single-phase vapor model is based on the Dittus-Boelter
l5(Reference 102) and Wong-Hochreiter correlations for turbulent flow,

; ,

,
'

and a Nusselt number given in CQD Eqn. 6-4 for laminar flow. The laminar
flow Nusselt number is based on References 89 and 205, Attachment 5. For

l38Reynolds numbers less than 2000, the McAdams correlation is also
evaluated.

|

Transition between turbulent and laminar flow is allowed by choosing the
maximum heat transfer coefficient from amongst the four correlations.
Attachment 1, Reference 17, was a study of the vessel heat transfer
package. The evaluation in that submittal gave the Reynolds number for
turbulent / laminar flow transition (see Figure 44) in the heat transfer
model. This showed the WCOBRA/ TRAC model extrapolated the turbulent
correlations into the transition and upper laminar regions. The i

I MCOBRA/ TRAC transition value is also lower than the transition at a i

i

i Reynolds number of 2000 recommended in the RG.
: >

1

! !
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In Reference 205, Attachment 5, Westinghouse indicated that:
1

~

(a) Its review of the literature found the RG recommended transition
from turbulent to laminar conditions at a Reynolds number of 2000 is
better explained by a range of Reynolds numbers. For example,

Holman (Reference 129) was cited to support a transition range of
2000 to 4000. Westinghouse noted the data base for the Wong-
Hochreiter correlation covered Reynolds numbers down to 2500, which-

; is well within the transition region cited by Holman. If this
!

transition data is extrapolated, Nusselt numbers greater than the
MCOBRA/ TRAC value in CQD Eqn. 6-4 are found at Reynolds numbers

below the MCOBRA/ TRAC transition point. The extrapolated values are

also higher than the 7.86 found by Kim (Reference 169) and in

| agreement with Kays (Reference 163) for flow through a staggered
!. array. !

|

(b) Test data analysis for FLECHT-SEASET Test 32013 supports a Nusselt
number greater than the MCOBRA/ TRAC value at a Reynolds number lower

! than the MCOBRA/ TRAC transition point.

(c) Westinghouse compared test data at low Reynolds numbers (1000 to
| 2000) to the MCOBRA/ TRAC laminar Nusselt number multiplied by:

| (1) the maximum WCOBRA/ TRAC two-phase enhancement factor discussed
'

in CQD Section 6-2-8 (to account for possible trace droplets in the i

data used in the comparison) and (2) a factor to account for |

possible drop contact heat transfer. This comparison showed that !

| the resulting Nusselt number still was a lower bound to most of the
- measured test data shown in Figure C, Attachment 5, Reference 205.

|

l |

. (d) Finally, Westinghouse compared the WCOBRA/ TRAC model to a single-

phase correlation developed in Reference 207. The comparison showed
that the MCOBRA/ TRAC model underpredicted the correlation to a

| Reynolds number less than the MCOBRA/ TRAC laminar / turbulent

transition point. That is, the correlation gave Nusselt numbers
greater than the CQO Eqn. 6-4 value to this Reynolds number. '

!

i i

,
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Therefore, Westinghouse concluded its review supported the MCOBRA/ TRAC !
models in the transition region.

,

1

Based on the above, INEL considers the Westinghouse information

sufficient to justify its alternate approach in the area of
laminar / turbulent transition and its choice of Nusselt number for laminar
flow. Also, INEL review of Reference 200 found that it discussed a
laminar / turbulent transition between Reynolds numbers of 1160 and 1610

based on the test results reported, and this supports the Westinghouse
review. Therefore, the WCOBRA/ TRAC model is considered adequate. i

A radiation model is included to account for radiation from the rods to I

the steam and entrained drops. Vapor temperature is calculated directly
from the WCOBRA/ TRAC vapor energy equation.

The RG discussed a Hottel procedure (Reference 132) to correct for
radiation heat transfer in a single-phase vapor heat transfer model based i

!on test data. A review of the WCOBRA/ TRAC models found that only the
Wong-Hochreiter model was based on data where there was the potential for I

radiation heat transfer. In Reference 206, Attachment 6, Westinghouse
;

stated the test data used to develop the Wong-Hochreiter model was |
limited to wall temperatures less than 400'F. In that situation,

radiation heat transfer was not important. '
:

Based on information provided by Westinghouse, INEL believes Westinghouse

showed the WCOBRA/ TRAC models are consistent with the RG recommendations
for radiation heat transfer.

4

For the vessel and loop post-CHF models, Westinghouse showed in response ,

to Volume 1, question 213, Reference 29 for the loop and Volume 2,
question 2, Reference 39 for the vessel that the blowdown assessment !

range for single-phase vapor heat transfer covered the appropriate PWR
range of conditions. For reflood, see Section 10.2 of this report. |

19. The INEL reviewed the pump model for MCOBRA/ TRAC described in CQD
Section 9-4. The momentum transfer from the pump to the fluid is treated
as a momentum source tem (Eqns. 9-1/9-2), and pump speed as a function
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of time is calculated (Egn. 9-9). The pump head and torque models are

based on empirical homologous curves derived from a scaled pump with
.

similar specific speed. The homologous curves determine the pump
j resistance based on volumetric flow and pump speed in both single- and
'

two-phase flow. This model is basically an empirical model and is
considered consistent with other pump models based on a homologous curve

-

approach. Therefore, it is considered to have met the RG and adequate
!. for LBLOCA analyses.

Westinghouse showed in the response to Volume 5, question 47,

Reference 48, that a locked rotor need not be considered. The response
! noted the broken loop pump speed increased to less than X% of nominal in

the three plants analyzed in the CQD, and pump flywheel integrity was
i assured up to a pump speed of Y% of nominal, where X < Y. (Note the

values for X, Y, and Z (used below) are given in the Volume 5,
question 47 response, and Westinghouse considers them proprietary
information.) If flywheel integrity is maintained, a locked rotor will

t

not occur. The value of Y% was achieved, however, by assuming a minimum
ultimate tensile strength for the flywheel material, but without the 30%
derating of the tensile strength noted in the ASME code. If the 30%

L tensile strength derating is included, flywheel integrity is only assured
up to Z% of nominal speed, where X > Z. The NRC Staff found this
approach acceptable, and closed the issue. Subsequent INEL discussion
with the NRC Staff found that the 30% derating in the ASME code did not
apply to the pump concerns addressed here. Therefore, the INEL agrees
with the NRC closure of this item.

20. The INEL reviewed the CQD to determine:

(a) The plant models in CQD Section 20 included a hot assembly and the,

code calculates the core flow as a function of time.

(b) The models included cross flow between the hot assembly and
,

surrounding assemblies. All the different core regions are
! connected by crossflow junctions. The 1NEL reviewed Westinghouse's

| approach to calculating crossflow loss coefficients in its response
i
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to Volume 4, question 65, Reference 16. The approach was found
adequate because it was based on Idel'Chik.137

.

(c) The effects of cladding swell and rupture are accounted for in the
core hydraulic calculations.

The methods used are described in CQD
Section 7-4-2. The INEL reviewed those methods and found they
account for the flow blockage by adjusting the flow areas of the

continuity cells each time step to reflect the deformed cladding.
Momentum cell flow areas are also updated each time step using the
average outer rod diameter from the continuity cells above and below
the momentum cell center. If burst is calculated for the HA rod
this is accounted for using the method of Powers and Meyer.las The

burst strain in converted to a flow area reduction factor and
applied to the continuity cell containing the HA rod burst
elevation. Momentum cell flow area is also adjusted using a
elevation weighting approach (see Eqn. 7-72).

(d) Westinghouse stated they applied numerical damping, convergence
criteria, time step controls, and modeling technology to ensure
unrealistic flow osc'illations do not occur. See response to
Volume 5, question 48, Reference 22. The INEL considers these to be
standard numerical analysis techniques to ensure unrealistic results
do not occur and, therefore, adequate in this situation.

Based on the above, the INEL considers Westinghouse's approach to RG 3.11
adequate to meet the RG and for LBLOCA analyses.

21. As noted in the table, Westinghouse will use previously approved
containment pressure models with MCOBRA/ TRAC mass and energy release

rates. This is adequate to meet the RG as it should give a bounding
approach to the containment pressure calculation for LBLOCA analysis.

22. RG 1.157, Section 3.12.f.1, discussed the phenomenon of level swell.
Westinghouse noted in response to Volume 5, question 49, Reference 44,
that level swell is more important for small-break LOCAs while the
phenomena of importance to LBLOCAs are entrainment and carryover.

. NUREG-1230, Reference 88, Tables 5-1 and 5-2, was cited to support thist

''
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|

|

l distinction. Therefore, Westinghouse focused on entrainment/ carryover

rather than level swell. The INEL agrees with this distinction as it is
consistent with our understanding of the important LBLOCA phenomena, and

*

it is consistent with the Westinghouse PIRT. Reflood assessments for the
core and upper plenum were carried out in UPTF, CCTF, SCTF, and FLECHT

facilities. Various core radial and axial power distributions and-

various bundle geometries (15x15 and 17x17) were simulated in these
facilities. Volume 3, question 19, Reference 50, and Volume 4,-

question 37, Reference 44, discussed entrainment/ carryover and axial void
distributions due to two-phase mixtures in the core.

The INEL considers the effects of depressurization, boil-off, power;

! level, fluid conditions, and system geometry accounted for in MCOBRA/ TRAC

due to the basic models in the code and the constitutive models. For

example, the code calculates separate liquid and vapor temperatures,
depressurization will result in vaporization of fluid at pressures
consistent with the local liquid temperature, different power levels will
result in different heat transfer conditions to the core fluid, and
boil-off will occur as core heat transfer causes fluid to be saturated
and boil. System geometry effects are accounted for by nodalization and

,

code model input (for example, cell lengths and hydraulic diameters). !
:

Based on these considerations, the INEL considers the two-phase core
| model and the carryover /entrainment models adequate to meet the RG and
, for realistic LBLOCA analyses. '

|

23. The steam / water mixing test results in CQD Section 15-3 were reviewed.
The results there showed that the MCOBRA/ TRAC results overpredicted the
measured pressure drop in the cold leg. Overprediction of the pressure
drop is conservative. Also, the temperature of the fluid exiting the
cold leg was adequately calculated. Therefore, the INEL considers the
MCOBRA/ TRAC results bounding and adequate to meet the RG and for '

l realistic LBLOCA analyses. In addition, Westinghouse ranges a
condensation multiplier directly in the uncertainty evaluation. The
range of the multiplier is based on comparisons to UPTF test data. See

i Sections 6 and 9.2 of this report.
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24. Comparisons of MCOBRA/ TRAC results to G-2 refill test data show the code
adequately calculated the test data. See CQD Sections 11-5 and 13-3-3.
In general, MCOBRA/ TRAC tended to overpredict the refill test PCT (see ~

CQD Figure 11-5-39). These results indicate the code tends to provide a
conservative estimate of heat transfer during refill. Based on this

!

conservative trend, the INEL considers the two-phase,-refill models
adequate to meet the RG and for realistic LBLOCA.

i

25. In Reference 58, Westinghouse evaluated the sources of uncertainty in its ;

!

LBLOCA methodology. Sources of uncertainty included the code uncertainty '

(including experimental uncertainty and simplifying assumptions
(Volume 5, question 51, Reference 40)). Other sources of uncertainty |

included, for example, code models, initial and boundary conditions, fuel
!

behavior, decay heat, cladding oxidation, and break flow.

Westinghouse does use simplifying assumptions to make the calculation of i

{
the overall uncertainty more practical. To support the assumptions used, !

Westinghouse provided the results of sensitivity studies (see Section
5.1.3 of Reference 58, for example). Also, Westinghouse modified its
methodology in Reference 205, Attachment 2, to verify the superposition
assumptions. Validation runs are made using MCOBRA/ TRAC-HOTSPOT, and

those results are compared to the results obtained from the superposition
methods. The differences are used tc develop a correction that is
applied in the Monte Carlo simulation. Thus, if the assumptions in the

|
superposition model are bad, and it performs poorly, the validation step
will account for the poor performance. Because of the validation step,
the INEL considers the simplifying assumptions in Westinghouse's
methodology adequately justified.

26. In Reference 59, Westinghouse evaluated a number of post-CHF heat
i

transfer, downcomer bypass, and blowdown / post-blowdown

thermal-hydraulics /entrainment tests for compensating errors. INEL

evaluation of the CER is found in Section 11 of this report. In summary, 5;

: the INEL concluded that MCOBRA/ TRAC does not have any serious

compensating errors that would compromise MCOBRA/ TRAC's ability to,

perform realistic analyses of LBLOCAs, or Westinghouse has appropriately
! accounted for the compensating error in the uncertainty methodology.
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27. In Section 18 of the CQD, Westinghouse evaluated the effects of scale on
the MCOBRA/ TRAC uncertainty evaluation. They noted the NRC CSAU analysis

,

(Reference 61) determined there were no scale effects for data on
blowdown phenomena. Although the CSAU analysis raised concerns about the

effects of scale on data for reflood phenomena, no apparent scale effect
'

for reflood was found. Westinghouse noted that because MCOBRA/ TRAC was

assessed against this data, there should be no scale effect for the code
predictions for reflood. The INEL notes these tests were run at
facilities covering a wide range of scales. The CQD also noted that
MCOBRA/ TRAC was assessed against full-scale UPTF data in the areas of

ECCS bypass, hot leg entrainment, and vessel plenum behavior. Other
large scale tests include Marviken Critical Flow tests, accumulator te.its
at a plant, CCTF, SCTF, and G-1 and G-2 test facilities. Given the range
of scales considered by Westinghouse, the INEL agrees that scaling
concerns were adequately addressed by Westinghouse's code assessment
process. Further information is found is Section 7 of this report.

28. The INEL reviewed Westinghouse's method of accounting for boundary and
initial conditions uncertainty. Nominal values are used if the parameter
is tightly controlled, or the sensitivity studies showed parameter
variation had little effect on the PCT. An example is the pressurizer
level, which is tightly controlled. In some cases, the uncertainty was
covered by assuming a bounding value that was often based on Technical

Specification limits. The use of the minimum SI flow is an example of
this type of bounding approach. In other cases, the PCT variation due to
a parameter change was determined from the plant sensitivity studies
discussed in CQD Section 22. This variation was used to determine the
plant specific uncertainty to the allowed or expected variation in the
parameter. Then, the uncertainty was included in the uncertainty
analysis through the initial condition uncertainty (CQD Section 26-5).
The effects.of accumulator temperature, pressure, and volume are examples.

of this type of approach. Based on this review, the INEL considers
Westinghouse to have met the RG recommendations to include boundary and
initial conditions uncertainty in the uncertainty analysis. Further
information is found is Section 8 of this report.
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29. Westinghouse includes the peaking factor uncertainty directly in the
uncertainty analysis by a response surface. The INEL reviewed this

,

approach and asked Westinghouse to justify the run matrix used to develop !
*

the power shape response surface. Westinghouse's response (see Volume 5, '

question 8, Reference 38) showed the run matrix adequately accounted for
I

power shape effects on the calculated PCT. Information from Westinghouse

in Reference 190 adequately addressed INEL concerns on the response |
surface generation from the run matrix data. Westinghouse's revised
methodology (Reference 58) directly accounts for fuel conductivity and

|
gap conductance / width uncertainties through a Monte Carlo analysis that
varies the fuel conductivity and gap conductivity in the HOTSPOT model
(see Section 9.4 of this report). Based on the review discussed in
Section 9.4 of this report, the INEL concluded the Westinghouse HOTSPOT
approach was adequate to meet the RG in this area.

30. The decay heat uncertainty is accounted for through the power shape
response surface (see Volumes 5, question 7, Reference 38). INEL review
found that: (a) the uncertainty is based on the ANS 1979 decay heat
standard and a conservative estimate of that uncertainty (see
Figure 3.1.3-6, Reference 58) and (b) Westinghouse's approach adequate to
include the decay heat uncertainty in the overall results (see
Section 9.2 of this report). The cladding metal-water reaction rate

I uncertainty is accounted by using a BE reaction rate on the HR and then
j accounting for the uncertainty in the HOTSPOT model. The INEL considers

this adequate to meet the RG in these areas.

The INEL reviewed the code model response surface that includes the break
flow uncertainty using information provided by Westinghouse in
Reference 58. Westinghouse's information showed how the response surface.
run matrix was based on WCOBRA/ TRAC runs where the break flow multiplier
was varied to capture 1007, of the data in the break flow distribution '

(based on comparisons to Marviken test data). Westinghouse also

j demonstrated how the response surface would be modified if analyses I

| results showed higher PCTs as the discharge coefficient increased or
| decreased. Based on this information, the INEL found Westinghouse's
j approach to critical flow uncertainty adequate to meet the RG.
i
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The INEL reviewed CQD Section 17 and Westinghouse's PIRT (Volume I,
; question 2, Reference 37). Based on that review and the review to a
I

~

large number of RAls, the INEL concluded that WCOBRA/ TRAC has no I

deficiencies that would preclude using WCOBRA/ TRAC for realistic LBLOCA

PWR PCT calculations, and the assessment covered the main processes
'' important to PCT calculations.

;

31. In its response to Volume 5, question 53, Reference 51, Westinghouse '

clarified the bases for its conclusions that a break in the cold leg (DEG
or split) is the worst case break. For hot leg and pump suction breaks,

| positive effects include: the break location prevents core flow reversal l
or delays it, all accumulators are functional, ECC bypass is eliminated |

| or reduced, and a larger downcomer head is maintained. Westinghouse |
| supported these arguments with reference to the results of a pump suction

break analysis for IP2 reported in CQD Section 22-2. In that study, the

blowdown and reflood PCTs were 600*F and 700*F lower, respectively, than |

| the base case DEG cold leg break. Given the size of these reductions,
Westinghouse concluded there was sufficient margin for the other break
locations that even if the code uncertainty was larger for the other
break locations, the cold leg break location would still be limiting.

The INEL agrees with Westinghouse assessment. Lower PCTs for the other

| break locations is consistent with past LBLOCA analysis experience for
,

| the reasons noted above. Also, the question of larger WCOBRA/ TRAC

j uncertainty for other break locations was discussed with the NRC Staff.

| The NRC Staff concluded that Westinghouse had shown there was sufficient
, margin to cover possible increases in uncertainty for the cold leg versus

other break locations,* and the INEL agrees with that assessment.
f
I

| The response to Volume 5, question 53, also addressed how the non-PCT
criteria of 10 CFR 50.46 would be met. The only criteria were an
uncertainty would affect the calculated results are. Criterion 2, maximum
local oxidation, and Criterion 3, maximum core wide hydm;en generation.
(Note: For Criteria 4 and 5, Westinghouse uses the same methods as for-

10 CFR 50.46, Appendix K, analyses.) For Criteria 2 and 3, see
'

Section 13 of this report.
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EVALUATION

[ OF THE

|- MCOBRA/ TRAC DISPERSED FLOW FILM BOILING HEAT TRANSFER MODEL
~

!
!

! Note that the references cited in the following discussion are found in
||

Section 15 of this report.*

i
t

Accurate prediction of the post-critical heat flux heat transfer in a-

nuclear steam supply system during reflood of the core is essential to

quantify the safety margins following a design basis large-break
loss-of-coolant accident (LOCA). Following a design basis large-break LOCA,

| the peak cladding temperature typically occurs during reflood of the core, so
the heat transfer process which ultimately cools the hottest fuel is
characterized by a highly dispersed flow consisting of liquid drops

j distributed in a superheated steam environment. Thus, to permit accurate-

! quantification of the safety margin, accurate prediction of the cooling
capability in the upper portion of a nuclear core during dispersed flow film
boiling (DFFB) is required. 'Given the importance eF Cne cooling effects

- during dispersed flow, a review of the methods in the MCOBRA/ TRAC (WCT) code
follows since this model is integral to the calculated peak clad temperature

i

(PCT) achieved during the reflooding of a pressurized water reactor (PWR).

A general description of the reflood process is presented followed by a
discussion of the methods employed in the WCT code to model dispersed flow

| heat transfer. Key phenomena needed to accurately predict dispersed flow heat
i

transfer are enumerated, along with comments on the WCT methodology.

D.1 Reflood Behavior

|
,

At the initiation of reflood of the core, subcooled liquid enters a steam
j

filled, hot, core. As more emergency core cooling water enters the core at !

the bottom, complex heat transfer and multi-dimensional two-phase flow i

phenomena develop. During reflood, the core experiences forced convection
heat transfer to subcooled liquid at the bottom, then, when the liquid*

{ saturates nucleate boiling develops followed by transition boiling, film
,

| boiling, DFFB, and finally forced convection to steam at the very top. The
I

steam generated in the liquid expands the steam-liquid mixture region into the
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core. If the liquid contacts the cladding and the cladding temperature is
above the rewet temperature, sputtering occurs producing a population of
droplets above the quench front. The breakup of waves on the liquid-steam -

interface during annular and inverted annular flow along with the release of
large bubbles from the mixture surface are the major source of these droplets,
and it is noted that the particular flow regimes where the drops are produced
dictate the initial size of the droplets. The steam, disengaging the
two-phase surface, accelerates up the core, entraining liquid droplets and
carrying them upward. Sometimes the steam disengaging the two-phase surface

does so in bursts of bubbles that lead to bursts of entrained liquid droplets,
which can cause variations in droplet sizes leaving the quench front. Once
the reflood has progressed sufficiently, eventually there will be enough
entrained droplets to cool the upper portions of the core terminating the I

heatup of the fuel rods. Dispersed flow heat transfer clearly plays a key |
role in determining the reflood PCT following a large break LOCA. !

I
D.2 WCOBRA/ TRAC DFFB Model |

|

Since DFFB heat transfer is the dominant heat transfer mechanism !

controlling peak clad temperature, it is important to understand the details
of the dispersed flow heat transfer methodology in WCT.

The WCT DFFB heat transfer model consists of four parts. They are:

1) convective heat transfer from the wall to the vapor,

l
2) radiative heat transfer from the wall to the vapor, '

3) radiative heat transfer from the wall to the droplets, and

4) droplet-wall direct contact heat transfer.

Interfacial heat transfer between the drops and the steam is also an important
contribution to the heat transfer processes during dispersed flow and will be
discussed later. Radiation between the drops and steam is not modeled.
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It should be noted that the WCT methodology does not model rod-to-rod
r

radiation during DFFB and the convection to steam heat transfer regimes. This
can be a serious limitation since the data base used to quantify the dispersed '
flow heat transfer model includes rod-to-rod radiation effects. The
implication of the lack of a rod-to-rod radiation model on the prediction of
the total heat transfer rate during dispersed flow will also be discussed

*

later. The details .of dispersed flow heat transfer will be discussed first.
.

In computing the DFFB heat transfer, the individual heat flux components,
including the radiation and convection contributions discussed above, are
modeled separately. While this is the standard modeling approach, the
difficulty that arises is that the adequacy of the modeling of the individual
contributions comprising dispersed flow heat transfer cannot be verified

independently. Moreover, the modeling of DFFB consists of a highly coupled
| thermal and hydrodynamic problem, where the modeler must develop accurate-

| thermal-hydraulic models in order to achieve good heat transfer predictions.
| Many times the heat transfer modeling is over-adjusted to overcome
i deficiencies in the hydrodynamic model.s. Best estimate methodologies should
j attempt to incorporate the best thermal and hydrodynamic models.

The most significant challenge in predicting dispersed flow heat transfer
| is the calculation of the steam superheat. Once the steam superheat is known,

the computation of the fuel rod heat flux becomes straightforward. The j
superheat of the vapor must be obtained from a heat balance involving heat
transfer from the superheated vapor to the droplets. The interfacial heat

|
| transfer is, therefore, a major controlling factor where the interfacial area
j is also needed. As a consequence, the distribution in interfacial area and

relative velocity between the droplets and the vapor, which controls the
interfacial heat transfer mechanism, must also be known. This interfacial
area depends not-only on void fraction distribution, but also on the spectrum
of droplet diameters, so that droplet hydrodynamics is also of key importance. :

As mentioned above, the vapor superheat is the most significant challenge
to successfully modeling dispersed flow heat transfer. To accomplish this,
the droplet distribution and droplet diameters are needed. The radial
distribution of droplets along with the radial temperature profile are also,

important.2m Even though the WCT code is three-dimensional in the vessel
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component, where cross flow through the core is accommodated, the information

on the distribution of variables in the direction normal to the main flow is
lost since the intensive quantities have to be represented by values that -

result from averaging over cross sections that are orders of magnitude larger

than the area of the subchannel enclosed between four rods. Thus, with
respect to heat transfer in the mist flow regimes, the information concerning
velocity, temperature, and droplet concentration is often not always captured
in the multi-dimensional codes.210 Furthermore, droplet concentration and the
distribution of sizes are strongly dependent on previous history and on the
generation mechanisms.

The WCT code basically ignores the flow regime relationship to the
droplet production and uses an average local droplet diameter obtained from
the local Weber number. As with most all other codes, the WCT code

methodology incorrectly assumes that this mean diameter provides an adequate
representation of the droplet population. Modeling all tne relevant phenomena
and repr'esentation of the entire spectrum of droplet diameters by a single
average droplet diameter satisfying all averaging requirements is not

'

rigorously possible and is a major shortcoming of all safety analysis codes, j
including the WCT code.

|
,

Droplet size, as mentioned earlier, is also history dependent. That is,
the flow regimes dictate the size of droplets produced at their birth sites.
During reflood, the liquid core during the inverted annular flow regime can
contain surface waves from which liquid drops are stripped. Ligaments of

;
I liquid can form and with increased agitation can breakup into large slugs and |

eventually drops with sizes that differ from those produced by the stripping
of the drops at the liquid surface. Steam can also disengage from the mixture

'

region in the vicinity of the quench front in bursts producing a spectrum of
drop sizes with a non-uniform axial concentration. Experimental data further
shows that at short distances from the generation point, drops of very.
different size attain the same velocity,. further illustrating the limitations
of the Weber number criterion for drop size computations. Use of this

; aerodynamic stability criterion can also lead to physical inconsistencies
further away from the droplet generation site..

4

1

t

!
'
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|

The WCT code uses a model that computes entrainment based on the critical

velocity to lift a droplet. The Weber number is then used to produce an
~

average drop size for this entrained liquid. This model suffers from the
limitation that it does not consider the details of the particular flow
regimes under which the drops are produced. Beyond the point of droplet
production, the axial evolution of the drop diameter is determined using an

'

interfacial area transport equation in the WCT code. Important phenomena such

as evaporation and the breakup at grids is considered in dotermining further-

4

changes in drop size in the WCT code.

The WCT model for DFFB includes the radiation and convection components

enumerated above. Having discussed some of the important effects influencing
DFFB, each of the models in the WCT are discussed next.

D.2.1 Wall-to-Vaoor Heat Transfer

The heat transfer to single phase vapor is computed in the WCT code as
the maximum coefficient from laminar flow assuming the Nusselt number given in

1

CQD Eqn. 6-4, from Dittus-Boelter for turbulent flow, from the Wong-Hochreiter
correlation, and from McAdams correlation for turbulent natural convection.

| These correlations are standard for heat transfer to single phase vapor.

This forced convection model also includes a two-phase enhancement factor
that improves the wall-to-steam heat transfer when liquid drops are present,
and was inferred from the FLECHT data. The enhancement factor on the heat
transfer is based on the work of Kays (Reference 163). CQD Figure 6-11
compares the Westinghouse model to the data. The large scatter in the data,
however, clearly indicates that the correct parameters that control this
phenomenon have yet to be identified. Westinghouse's justification of the

| model is weak because of the large data scatter.
1

Furthermore, Westinghouse performed a FLECHT sensitivity study where the
drop size was increased by a factor of 1.36. The resulting vapor temperature
increased; however, the clad temperature remained the same. Westinghouse
. indicated the larger drop size produced an increase in wall heat transfer:

because of the relative velocity parameter included in the model. This does
not appear to be consistent with experiment (discussed below) and can be
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| attributed to the fact that all phenomena needed to properly characterize the
effects of drop sizes on wall heat transfer to single phase vapor have not
been identified (Reference 210). Experimental data for coarse drop sizes

'

t

(that is, drop diameters > 0.0015 ft.) show that as the drop diameter
; increases, the heat transfer enhancement decreases. For the large drop sizes,
!

a drop free region near the wall exists with the dispersed phase flowing in
the central region. Only, the smaller drops tend to impact the walls. This
experimental observation explains the reason for the absence of appreciable
enhancement in heat transfer coefficient which has been reported for large
drops.'

While these concerns are noted, INEL concluded the uncertainty evaluation
accounts for the potential overprediction of heat transfer due to this model

i
through the multipliers that are developed based on code / data comparisons. If

the model results in overpredicting the HTC relative to test data, the
multiplier Westinghouse applies will account for this effect. Also, the
maximum two-phase enhancement multiplier applied in WCOBRA/ TRAC (see CQD
Section 6-2-8) will prevent severe overprediction of the heat transfer
enhancement.

i

;

'

D.2.2 Radiation to Droos and Vaoor !

i

l

The WCT code uses the network method to compute the radiation to drops
and the vapor. This model assumes an optically thin medium for the radiation

| heat transfer so that any pcrtion of the fluid exchanges radiant heat directly
with the boundary surfaces. This model provides an adequate response for
radiation to the mixture for the optical thicknesses encountered during
reflooding following a large-break LOCA.

D.2.3 Droolet-Wall Contact Heat Transfer

|
The direct contact heat transfer where drops contact the wall is based on

the Forslund-Rohsenow model (Reference 101). This model is questionable since
, it was originally developed to account for an additional heat transfer
'

mechanism at low quality and high mass flux that occur near the quench front. l; ;

Even more questionable is the use of the Forslund-Rohsenow model in,

1 conjunction with the Bromley correlation which was originally done in the TRAC !
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code. The Forslund-Rohsenow model was intended to represent the total heat

flux to the liquid; however, Westinghouse corrected this oversight which is
quite common in safety codes. *

The Forslund-Rohsenow droplet-wall contact model, developed from DFFB of

nitrogen in small diameter tubes, is applied to rod arrays where the-

probability of the drops impinging the rods is less, since drops, unlike that
of the test conditions, can flow around rods without impingement. The model.

is also applied throughout the entire dispersed flow regime. This droplet-
wall contact effect begins at the inverted annular regime and increases
through to the agitated inverted annular regime, where the effect is at a
maximum due to either high turbulence or some possible liquid-wall contact.
Downstream of the agitated region, this droplet-wall contact affect decreases
and becomes negligible once the highly dispersed flow regior develops.211 The
WCT code simulates the direct wall contact effects throughout the entire
dispersed flow region. Sensitivity studies performed by Westinghouse show
that the Forslund-Rohsenow model can represent 5 to 10% of the total heat
transfer during DFFB in the WCT code. As evidenced by the code's
overprediction of entrainment for the FLECHT tests, the void fraction
dependence of this model would also produce an additional enhancement in the
direct wall contact contribution, further driving up the heat transfer rate
during dispersed flow under these conditions. Errors in the entrainment then
can propagate into the heat transfer model through the application of the
Forslund-Rohsenow model, which tends to reduce the clad temperature.
Sensitivity studies by Westinghouse on nodalization also show that the
entrainment rate in the WCT code is very sensitive to the node size. Thus, no
attempt can be made to investigate additional nodal detail because, with more

- nodes, the smaller node size reduces the steam production in the volume which
significantly reduces the entrainment. The limitation in the entrainment
model restricts the nodalization to approximately 14 axial volumes, and, with
this nodalization, the entrainment model produces severe discontinuities or
step changes in the heat transfer coefficient as the entrainment level passes
through each axial volume.

As mentioned above, experimental data demonstrates that the coarse or
larger drops tend to flow in the central regions between the rods while only
the smaller drops can impinge the walls. Since the Forslund-Rohsenow model
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does not distinguish between drop sizes, the void fraction dependence of this
model can produce an enhancement of the wall heat transfer during dispersed
flow, which may not be justified. However, while this concern is noted, INEL '

concluded the Westinghouse uncertainty evaluation accounts for the potential

overprediction of heat transfer due to this model by the multipliers that are
developed based on code comparisons to test data. If the model results in
overpredicting the HTC relative to test data, the multiplier Westinghouse
applies will account for this effect.

D.2.4 Interfacial Heat Transfer

! The interfacial heat transfer model for vapor droplet heat transfer is
based on the original work of Lee and Ryley (Reference 157). This correlation
is based on a very low range of vapor superheats so its use in high vapor
temperature environments is questionable. It also tends to predict higher
heat transfer rates than other correlations such as the model developed by
Renksizbulut and Yuen.212 Also, the droplet diameters do not cover the full

range of droplet sizes that are expected to be encountered during large-break
LOCA reflood. M eeover, when questioned, Westinghouse performed some,

calculations showing the effect of drop size on the clad temperature response
| for FLECHT-SEASET Test 31203. The sensitivity to other tests was not

provided. Increasing the drop size by a factor of 1.36 produced about a 75'F
| increase in steam temperature, but had a negligible effect on the peak clad

temperature. While the larger drop can increase turbulence in the steam,
which is included in the WCT wall heat transfer model, the overall effect on
peak clad temperature may be _ reduced or masked due to the potential for the
interfacial heat transfer rate to overpredict the vapor-to-druplet heat
transfer. The larger drop size did delay the turn-around time and improved
the clad temperature response, moving the prediction more closer to the data.
This suggests that even a larger drop size of 0.007 ft. (which is,

representative of the upper range in drop sizes for this test) would be more
appropriate. Westinghouse contends that the range of drop sizes used in the
sensitivity study are more representative of the FLECHT data. However,
because of the inaccuracies in using a single droplet diameter to represent
the entire population, use of the larger drop is considered an improvement
simply because it moves the clad temperature profile toward the data. Use of
the larger drop size can be justified, particularly since the code operates at

|
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the minimum drop size allowed by the Weber number, and a single drop size

offers a crude approximation, at best, during this heat transfer regime.
.

i

| The WCT comparisons with FLECHT show a general underprediction of the
steam superheat. This may be due in part to the improper heat transfer

~

| partitioning between the vapor and liquid above the quench front, and the
deficiencies noted above in the overall dispersed flow heat transfer model.
While this concern is noted, INEL concluded the Westinghouse uncertainty-

evaluation accounts for the potential overprediction of heat transfer due to
this model by the multipliers that are developed based on code comparisons to
test data. By using the overall HTC to develop the multipliers, the effects
of local condition differences are included. Thus, if the model results in

| overpredicting the HTC relative to test data, the multiplier Westinghouse
applies will account for this effect.

D.3 Omission of a Rod-to-Rod Radiation Model
<

Westinghouse has chosen not to include rod-to-rod radiation as part of
their fuel rod heat transfer model. This has implications regarding the
correctness of their calculated multipliers on the heat transfer coefficient
used during reflood since the multipliers are based on comparisons with the,

l FLECHT data base, which includes rod-to-rod radiation. The INEL questioned
the need to quantify this radiation contribution since the computation of
multipliers for the reflood convection heat transfer coefficient using the

| FLECHT total heat transfer data is incorrect due to the fact that the FLECHT
| data includes rod-to-rod and rod-to-thimble thermal radiation effects. As

such, rod-to-rod radiation should be subtracted from the FLECHT total heat
! transfer rate prior to a comparison with the ECOBRA/ TRAC calculated convective

heat transfer coefficients. Comparisons of the code predictions to the
corrected FLECHT heat transfer coefficient may then result in a lower

j
multiplier on the convective component, since the MCOBRA/ TRAC code I

consistently overpredicts the convective heat transfer rate from the hot rod
! during dispersed flow heat transfer.

>

Removal of the rod-to-rod radiation component from the data will tend to
3

increase the penalty on reflood heat transfer resulting in higher calculated
!

peak clad temperatures when the MCOBRA/ TRAC realistic methodology is employed !
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in plant calculations. Without subtracting thermal radiation from the total I

heat transfer coefficient from the FLECHT data, Westinghouse is, in effect,
|

adjusting their convective reflood heat transfer model to accommodate thermal *

rod-to-rod radiation behavior. Thus, an effect which is highly non-linear or
| proportional to temperature, T', is imbedded in the convective coefficient !

which is linear in T. {
|

Based on the INEL concerns regarding rod-to-rod radiation, Westinghouse
reviewed the FLECHT data and computed the convective heat transfer

coefficients at the time of PCT for several FLECHT low flooding rate
i experiments. Based on the Westinghouse evaluation, the total convective heat
i transfer coefficient multiplier given in Reference 214, Attachment 4, was

computed to remove rod-to-rod radiation effects from the total heat transfer
coefficient at the plane of interest in the bundle. The multiplier is based
on a comparison of the bundle wide average planar convective heat transfer

i coefficient at the time of the PCT, with that of the total convective heat
transfer coefficient experienced by each of the rods at this elevation, for
several FLECHT tests.

The multiplier was based on limited bundle data. That is, there was
insufficient bundle thermocouple data to analyze the radiation contribution
for all rods at a given elevation. INEL calculations show that depending on
the proximity of the rod of interest to thimbles, the equivalent rod-to-rod
radiation heat transfer coefficient can be as high as 30% of the total heat
rate. As such, the limited data makes it impossible to perform a more

| thorough analysis. A more complete data set is expected to show that the
average rod-to-rod radiation heat transfer coefficient is closer to 10-15% of
the total heat transfer.

i

| While the above concerns are noted, INEL found the overall Westinghouse !

| methodology treats DFFB heat transfer conservatively. The heat transfer
coefficient in HOTSPOT is limited to the mean value during dispersed flow,
only the negative aspects of nitrogen injection or entrainment of fluid from ;

the annulus are included in the model, the entrainment model enhances steam
;

binding effects, high heat transfer coefficients are removed from the data
base, only data on low reflood rates are used to develop the reflood heat

'

transfer coefficient multipliers, and a lower limit on the rewet temperature
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is used during blowdown. Moreover, qualitatively, the thimble density in a
'

plant assembly is higher than that for the FLECHT tests, so some rods in the
plant assembly will tend to have a higher rod-to-rod radiation contribution. -

|

Based on the above, the rod-to-rod radiation heat transfer multiplier
computed by Westinghouse is considered adequate. This multiplier will be-

applied to the HOTSPOT analysis to remove rod-to-rod radiation effects from

the hot rod calculation in the MCOBRA/ TRAC methodology. This multiplier will.

be applied to all hot rod calculations regardless of location. With the
inclusion of this penalty in the HOTSPOT analysis, the HOTSPOT model is

considered a conservative treatment of the hot rod peak clad temperature.

|
*

| D.4 INEL Conclusions
>

While the INEL cited a number of concerns regarding the dispersed flow
heat transfer model in the MCOBRA/ TRAC code, the overall model is recommended

for acceptance. This is because the deficiencies in the ability of the model
to predict the data base are rectified using multipliers on the hot spot heat
transfer coefficient. An evaluation of the calculated heat transfer
coefficients with the data results in a reflood heat transfer coefficient
distribution with a median multiplier given in Reference 206, Attachment 3. |

An additional multiplier given in Reference 214, Attachment 4, is used to
further adjust the calculated heat transfer coefficient to account for the
omission of rod-to-rod radiation. The comoination of these two-penalties
results in a median multiplier less than 0.90 on the hot spot heat transfer
coefficient to remove bundle rod-to-rod thermal radiation effects and to
adjust the calculated heat transfer coefficient with low reflood rate based
heat transfer coefficients. The acceptability of this reflood model is
further supported by the fact. that the reflood heat transfer multiplier
distribution was based on low flooding rate experimental data. Therefore, in- 1,

the plant applications, where the reflood rates will tend to be higher, the
model is considered a conservative representation of expected plant behavior. '

,

i Lastly, it should be mentioned that there is no known mechanistic model
,.

j. that includes an accurate description of the all of the thermal and
j hydrodynamic processes characterizing DFFB heat transfer. Thus, while

1

; Westinghouse could improve their modeling in this areazis (that is, this model
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i

|

|is not considered state-of-the-art), there many unanswered questions that ,

limit the means to assess each of the individual contributions affecting DFFB
1

heat transfer. Advancements in the state-of-the art regarding DFFB |
-

experimentation have been limited since multi-fluid, multi-dimensional models |
| were first introduced some 10 to 15 years ago. Also, the experimental data is

insufficient to provide the thorough understanding needed to allow one to -

j utilize the full capabilities of multi-fluid, multi-dimensional codes.
|
l
,

|
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The Idaho National Engineering to.boratory (INEL) reviewed the five volumej topical report Code Qualification Document for Best Estunate Loss of Coolant Accident _
. Analysis, WCAP-12945-P. ThTreview evaluited Westinghouse's real<.stic methodology for'

targe-Tieak Loss-of-coolan,t accident (LBLOCA) analysis to determine the performance of
emergency core cooling systems (ECCS) following a LBLOCA. The methodologi; will be,

; applied to Westinghouse three- and four-Loop pressurized water reactors (PWRs) with cold
leg injection. Because of the realistic approach to determrnrng the performance of
de ECCS, the INEL evaluated conformance of the methodology described in WCAP-12945-P to.

Nuclear Regulatory Comission requirements in 10CFR50.46, gardance. in Regulatory,

, Guide 1.157 (RG 1.157) and de Code Scaling, Applicability, and uncertainty (CSAU)
i Methodology. Based on de TMEL review of de information provided by Westinghouse

in WCAP-12945-P, responses to NRC questions, and special submittals, de TNEL recommendsi

î the Westinghouse realistic methodology be approved subject to certain suggested
restrictions. This recomended approval is for Westinghouse three- and four-toop plants
wLth cold leg ECC injection.
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