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U.S. Nuclear Regulatory Commission
Report Disclaimer

Important Notice Regarding the Contents and Use of This Document

Please Read Carefully

This technical report was derived through research and development
programs sponsored by Framatome ANP Richland, Inc. It is being
submitted by Framatome ANP Richland, Inc. to the U.S. Nuclear
Regulatory Commission as part of a technical contribution to facilitate
safety analyses by licensees of the U.S. Nuclear Regulatory
Commission which utilize Framatome ANP Richland, Inc. fabricated
reload fuel or technical services provided by Framatome ANP
Richland, Inc. for light water power reactors and it is true and correct
to the best of Framatome ANP Richland, Inc.'s knowledge,
information, and belief. The information contained herein may be
used by the U.S. Nuclear Regulatory Commission in its review of this
report and, under the terms of the respective agreements, by
licensees or applicants before the U.S. Nuclear Regulatory
Commission which are customers of Framatome ANP Richland, Inc.
in their demonstration of compliance with the U.S. Nuclear Regulatory
Commission's regulations.

Framatome ANP Richland, Inc.'s warranties and representations
concerning the subject matter of this document are those set forth in
the agreement between Framatome ANP Richland, Inc. and the
Customer pursuant to which this document is issued. Accordingly,
except as otherwise expressly provided in such agreement, neither
Framatome ANP Richland, Inc. nor any person acting on its behalf:

a. makes any warranty, or representation, express or implied,
with respect to the accuracy, completeness, or usefulness of
the information contained in this document, or that the use of
any information, apparatus, method, or process disclosed in
this document will not infringe privately owned rights;

or
b. assumes any liabilities with respect to the use of, or for

damages resulting from the use of, any information,
apparatus, method, or process disclosed in this document.



UNITED STATES
NUCLEAR REGULATORY COMMISSION

WASHINGTON, D.C. 20555-0001

April 9, 2003

Mr. James F. Mallay

Director, Regulatory Affairs
Framatome ANP, Richland, Inc.
2101 Horn Rapids Road
Richland, WA 99352

SUBJECT:  SAFETY EVALUATION ON FRAMATOME ANP TOPICAL REPORT
EMF-2103(P), REVISION 0, "REALISTIC LARGE BREAK LOSS-OF-COOLANT
ACCIDENT METHODOLOGY FOR PRESSURIZED WATER REACTORS"
(TAC NO. MB7554)

Dear Mr. Mallay:

By letter dated August 20, 2001, Framatome ANP submitted Topical Report EMF-2103(P),
Revision 0, "Realistic Large Break LOCA Methodology for Pressurized Water Reactors," for
NRC staff review and approval.

The NRC staff has completed its review of the topical report and Framatome ANP's response to
the staff's request for additional information (RAI) with regard to the analysis of large break
loss-of-coolant accident (LOCA) events in pressurized water reactors of the Westinghouse 3-
and 4-loop and Combustion Engineering 2x4 designs. The NRC staff's safety evaluation
describes the S-RELAPS analysis code and the assessment of the code’s capabilities based on
application of the Code Scaling, Applicability, and Uncertainty (CSAU) evaluation methodology.
The report is acceptable for referencing in licensing applications to the extent specified and
under the limitations delineated in the report and in the associated NRC staff's safety
evaluation, which is enclosed. The safety evaluation defines the basis for acceptance of the
topical report.

The subject topical report and supporting documentation has been reviewed by the Advisory
Committee on Reactor Safeguards which has agreed with the staff's recommendation for
approval by its letter of December 20, 2002.

If the NRC staff’s criteria or regulations change so that its conclusion in this letter, that the
topical report is acceptable, is invalidated, Framatome ANP and/or the applicant or licensee
referencing the topical report will be expected to revise and resubmit its respective
documentation, or submit justification for the continued applicability of the topical report without
revision of the respective documentation.

Accordingly, use of the subject Framatome ANP methodology is acceptable for referencing in
licensing submittals subject to the following conditions and limitations as discussed in the safety
evaluation:

® The model applies to 3 and 4 loop Westinghouse- and CE-designed nuclear steam
systems.



J. Mallay -2-

The model applies to bottom refiood plants only (cold side injection into the cold legs at
the reactor coolant discharge piping).

The model is valid as long as blowdown quench does not occur. If blowdown quench
occurs, additional justification for the blowdown heat transfer model and uncertainty are
needed if the calculation is corrected. A blowdown quench is characterized by a
temperature reduction of the peak cladding temperature (PCT) node to saturation
temperature during the blowdown period.

The reflood model applies to bottom-up quench behavior. If a top-down quench occurs,
the model is to be justified or corrected to remove top quench. A top-down quench is
characterized by the quench front moving from the top to the bottom of the hot
assembly.

The model does not determine whether Criterion 5 of 10 CFR 50.46, long term cooling,
has been satisfied. This will be determined by each applicant or licensee as part of its
application of this methodology.

Specific guidelines must be used to develop the plant-specific nodalization. Deviations
from the reference plant must be addressed.

A table that contains the plant-specific parameters and the range of the values
considered for the selected parameter during the topical report approval process must
be provided. When plant-specific parameters are outside the range used in
demonstrating acceptable code performance, the licensee or applicant will submit
sensitivity studies to show the effects of that deviation.

The licensee or applicant using the approved methodology must submit the resuits of
the plant-specific analyses, including the calculated worst break size, PCT, and local
and total oxidation.

Applicants or licensees wishing to apply the Framatome ANP realistic large break loss-
of-coolant accident (RLBLOCA) methodology to M5 clad fuel must request an
exemption for its use until the planned rulemaking to modify 10 CFR 50.46(a)(i) to
include M5 cladding material has been completed.

The review of the models and benchmarks noted concerns and deficiencies resulting in
conditions of use of S-RELAP5 as follow, which have been committed to in a letter from
Framatome ANP to NRC dated December 20, 2002:

A CCFL violation warning will be added to alert the analyst to CCFL violation in the
downcomer should such occur.

Framatome ANP has agreed that it is not to use nodalization with hot leg to downcomer
nozzle gaps.

If Framatome ANP applies the RLBLOCA methodology to plants using a higher planar
linear heat generation rate (PLHGR) than used in the current analysis, or if the
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methodology is to be applied to an end-of-life analysis for which the pin pressure is
significantly higher, then the need for a blowdown clad rupture model will be
reevaluated. The evaluation may be based on relevant engineering experience and
should be documented in either the RLBLOCA guideline or plant specific calculation file.

e Slot breaks on the top of the pipe have not been evaluated. These breaks could cause
the loop seals to refill during late reflood and the core to uncover again. These break
locations are an oxidation concern as opposed to a PCT concern, since the top of the
core can remain uncovered for extended periods of time. Should an analysis be
performed for a plant with loop seals with bottom elevations that are below the top
elevation of the core, Framatome ANP will evaluate the effect of the deep loop seal on
the slot breaks. The evaluation may be based on relevant engineering experience and
should be documented in either the RLBLOCA guideline or plant-specific calculation file.

In accordance with the guidance provided on the NRC's website, we request that Framatome
ANP publish an accepted version within 3 months of receipt of this letter. The accepted version
shall incorporate (1) this letter and the enclosed SE between the title page and the abstract,

(2) all RAls from the NRC staff and all associated responses, and (3) a "-A" (designating
accepted") following the report identification symbol.

We have determined that the enclosed safety evaluation does not contain proprietary
information as defined in 10 CFR 2.790. However, we will delay placing the safety evaluation in
the public document room for a period of ten working days from the date of this letter to provide
you with the opportunity to comment on the proprietary aspects only. If you believe that any
information in the enclosure is proprietary, please identify such information line by line and
define the basis for such claim pursuant to 10 CFR 2.790.

Our acceptance applies only to matters approved in the report. On the basis of our review of
the topical report and our finding as to its acceptability, we will review license applications that
reference the report to ensure that the material presented applies to the specific plant involved.

In the event that any comments or questions arise, please contact Drew Holland at
(301) 415-1436.

Sincerely,

A

e

erbert N. Berkow, Director

/ Project Directorate 1V
/ Division of Licensing Project Management
/ Office of Nuclear Reactor Regulation

Project No. 693

Enclosure: Safety Evaluation



UNITED STATES
NUCLEAR REGULATORY COMMISSION
WASHINGTON, D.C. 20555-0001

SAFETY EVALUATION BY THE OFFICE OF NUCLEAR REACTOR REGULATION

TOPICAL REPORT EMF-2103(P), REVISION 0

"REALISTIC LARGE BREAK LOCA METHODOLOGY FOR

PRESSURIZED WATER REACTORS"

PROJECT NO. 693

1.0 INTRODUCTION

On August 20, 2001, Framatome ANP submitted EMF-2103(P), Revision 0 (Reference 1), for
NRC staff review and approval for application of the S-RELAPS thermal-hydraulic analysis
computer code to the realistic large break loss-of-coolant accident (RLBLOCA) in
Westinghouse and Combustion Engineering (CE) pressurized water reactors (PWRs) as
detailed in References 3 through 7.

Framatome ANP stated that its goal is to apply a single computer code to the analysis of both
LOCA and non-LOCA transient events. The NRC staff has previously reviewed and approved
application of the S-RELAPS code to Title 10, Code of Federal Regulations (10 CFR) Part 50,
Appendix K, small break LOCA (SBLOCA) events (Reference 8), as well as certain non-LOCA
Standard Review Plan (SRP) Chapter 15 events (Reference 9).

This safety evaluation (SE) addresses application of the S-RELAPS code in a realistic manner
in which the uncertainties in estimating the necessary parameters to satisfy the requirements of
10 CFR 50.46(b) are determined for the large break LOCA (LBLOCA).

20 REGULATORY BASIS

The requirements of 10 CFR 50.46 specify that each boiling or pressurized light-water nuclear
power reactor fueled with uranium oxide pellets within cylindrical zircaloy or ZIRLO cladding
must be provided with an emergency core cooling system (ECCS) that must be designed so
that the calculated cooling performance following a postulated LOCA conforms to the criteria
contained within the paragraph.

The stated requirement can be met through an evaluation model for which an uncertainty
analysis has been performed as follows:

...the evaluation model must include sufficient supporting justification to show that the
analytical technique realistically describes the behavior of the reactor system during a
loss-of-coolant accident. Comparisons to applicable experimental data must be made
and uncertainties in the analysis method and inputs must be identified and assessed so
that the uncertainty in the calculated results can be estimated. This uncertainty must be
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accounted for, so that, when the calculated ECCS cooling performance is compared to
the criteria set forth in paragraph (b) of this section, there is a high level of probability
that the criteria would not be exceeded.

Paragraph (b) specifies that the peak cladding temperature (PCT) must not be calculated to
exceed 2,200°F, the maximum cladding oxidation must not exceed 0.17 times the total cladding
thickness before oxidation, the maximum hydrogen generation must not exceed 0.01 times the
hypothetical amount that would be generated if all of the metal in the cladding surrounding the
fuel pellets were to react, the core must remain in a coolable geometry, and the core
temperature shall be maintained at an acceptably low level and decay heat shall be removed for
the extended period of time required by the long-lived radioactivity remaining in the core.

The NRC has suggested certain means by which the above regulatory criteria can be met.
References 10 and 11 describe acceptable approaches to determine the calculated uncertainty
in the 10 CFR 50.46(b) parameters.

3.0 REGULATORY EVALUATION

The Framatome ANP S-RELAPS code is based on the RELAP5/MOD2 (References 14 and
15), RODEX3A fuel models (References 16 through 18), ICECON containment code
(References 19 and 20), and RELAP5/MOD3 code (Reference 21). The NRC staff became
familiar with many of the modifications made to the RELAP5/MOD2 and RELAP5/MOD3 codes
during its S-RELAP5 SBLOCA review. That review focused on the conservative nature of the
models necessary to satisfy the requirements of 10 CFR Part 50, Appendix K. The
requirements of a realistic code are somewhat different in that many of the prescriptive
conservative models can be replaced by more realistic models. Doing so necessitates
evaluation of the uncertainty in the calculated results. Various means of achieving an estimate
of uncertainty are available in the realm of statistical analysis. Framatome ANP has chosen to
follow the basic Code Scaling, Applicability and Uncertainty (CSAU) evaluation methodology
outlined in NUREG/CR-5249 (Reference 11). While the CSAU approach defines the process
by which an uncertainty analysis is performed, it leaves room for the applicant to determine the
specific statistical methodology to be applied. Framatome ANP has chosen the non-parametric
order statistics methodology. An expanded explanation of the statistics involved is presented
throughout this SE.

The following chronology describes the milestones in the NRC staff's review:

e Request for review of S-RELAPS5 for RLBLOCA: August 20, 2001. Receipt of code and
documentation: August 2001 (Reference 1).

e Acceptance of code for review by the NRC staff: October 3, 2001 (Reference 2).

e Presentation to the staff describing code material and approach to uncertainty analysis:
October 30, 2001 (Reference 12).

® Presentation to the Advisory Committee on Reactor Safeguards (ACRS) Thermal-
Hydraulic Subcommittee regarding code methodology and uncertainty analysis
methodology: January 17/18, 2002 (Reference 13).
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e NRC requests for additional information (RAls): July 2002 (Reference 22).
e Framatome ANP response to the staff's RAls: August 2002 (Reference 23).
e ACRS Thermal-Hydraulic Subcommittee meeting: November 2002.

e ACRS Full Committee meeting: December 2002.

Sections 3.1 through 3.14 of this SE describe a comparison of the Framatome ANP
methodology with the CSAU methodology.

3.1 Step 1 - Scenario Selection

The processes and phenomena that can occur during an accident or transient vary
considerably depending upon the specific event being analyzed. Framatome ANP has
identified the LBLOCA as the event to which the methodology under review will be applied.

Framatome ANP is consistent with this step in the CSAU approach.
3.2 Step 2 - Nuclear Power Plant (NPP) Selection

The dominant phenomenon and timing for an event can vary significantly from one nuclear
power plant design to another. Framatome ANP has specified the nuclear power plant
applicability for the methodology under review to be the Westinghouse 3- and 4-loop designs
and the CE 2-loop (4 pumps) design.

Framatome ANP is consistent with this step in the CSAU approach.
3.3 Step 3 - Phenomena ldentification and Ranking

The behavior of a nuclear power plant undergoing an accident or transient is not influenced in
an equal manner by all phenomena that occur during the event. A determination must be made
to establish those phenomena that are important for each event and various phases within an
event. Development of a Phenomena ldentification and Ranking Table (PIRT) establishes
those phases and phenomena that are significant to the progress of the event being evaluated.

The Framatome ANP PIRT differs from that in NUREG/CR-5249 (Reference 11) in describing
the CSAU approach. NUREG/CR-5249 omitted the following items from the PIRT:

e There was no hot bundle region. Consequently, the caiculated sink temperatures were
too low, lowering the PCT. The hot rod was incorrectly contained in the average core
region. *

e The plant calculations were not performed at realistic peak linear heat rates (PLHR). A
PLHR of 9.5 kilowatts per foot (kw/ft) was used whereas a more realistic upper bound to
the PLHRs fall in the range 12.0 to 13.0 kw/ft. This low PLHR lowers the PCT.
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e The effects of containment pressure were not evaluated, so the impact of steam binding
and the potential for downcomer boiling were missed. These effects will also tend to
increase the PCT.

The PIRT developed in support of the Framatome ANP RLBLOCA methodology addresses
each of these areas in addition to identifying the phases of the LBLOCA and the phenomena
occurring in each phase. All phenomena ranking high and medium are addressed in the code
assessment process.

The specific phases described in the Framatome ANP PIRT are:

e Blowdown - The phase of the LOCA defined as the time period from initiation of the
break until flow from the accumulators or safety injection tanks begins.

e Refill - The phase of the LOCA from the time accumulators or flooding tanks begin
injecting until the mixture level in the vessel refills the lower plenum and begins to flow
into the core.

e Reflood - The phase of the LOCA from the lower plenum filling and emergency core
cooling (ECC) flow into the bottom of the core until the temperature transient throughout
the core has been terminated.

e Post-Critical Heat Flux (CHF) Heat Transfer - Defined according to the transient phase.
During blowdown, high pressure, high mass flux, low vapor superheat film boiling.
During refill, a combination of dispersed flow film boiling and natural convection to
single-phase vapor. During reflood, dispersed flow film boiling.

e Reflood Heat Transfer - Defined for the reflood period as convection to single-phase
steam, wall-to-fluid radiation, film boiling, and transition boiling.

e Rewet - Defined according to transient phase. During blowdown, quench associated
with high heat transfer rates near the quench front during high liquid flow. During refill
and reflood, limited to top-down quenching due to falling liquid films.

The Framatome ANP methodology incorporates a hot bundle in addition to the hot rod, and
plant calculations are performed at realistic, representative peak linear heat generation rates.
The ability to address containment back pressure has been addressed through interfacing the
S-RELAP5 capability with the ICECON containment analysis code previously approved by the
NRC.

Framatome ANP is consistent with the PIRT guidelines and the specifications of this step in the
CSAU approach.

3.4 Step 4 - Frozen Code Version Selection
The version of a code, or codes, reviewed for acceptance must be "frozen" to ensure that after

an evaluation has been completed, changes to the code do not impact the conclusions and that
changes occur in an auditable and traceable manner. Framatome ANP has specified that the
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S-RELAPS5 version UJULOO code, and the UMARO1 version of the code incorporating the
corrected RODEX3A code, which are frozen, were used for the uncertainty analysis.
Framatome ANP is consistent with this step in the CSAU approach.

3.5 Step 5 - Provision of Complete Code Documentation

This step is to provide documentation on the frozen code version such that evaluation of the
code’s applicability to postulated transient or accident scenarios for a specific plant design can
be performed through a traceable record. Framatome ANP has provided the necessary
documentation in References 3 through 7 and 16 through 20.

Framatome ANP is consistent with this step in the CSAU approach.

3.6 Step 6 - Determination of Code Applicability

The applicability of the Framatome ANP methodology is addressed in the following evaluation
of the technical content of the documentation.

3.6.1 Heat Transfer Models

In its review of the heat transfer models within the RLBLOCA model (Reference 4), the NRC
staff proceeded by first identifying the differences (modifications) in the heat transfer models
and CHF correlations between the previously reviewed SBLOCA models in S-RELAPS
(Reference 8), and the RLBLOCA model. For example, Framatome ANP pointed out that in the
heatup/dry-out period of the SBLOCA, the core can essentially be characterized by a single-
phase steam region above a two-phase mixture region. Therefore, its PCT is mainly
determined by the single-phase vapor heat transfer and will not be significantly impacted by
small changes in other heat transfer models.

Due to the large number of different heat transfer correlations used in analyzing a particutar
transient, and in order to obtain a better understanding of such subtle differences and other
differences between the two models, the NRC staff chose to investigate one particular transient
from its initiation to its termination, carefully analyzing the various heat transfer correlations
(Biasi, modified Zuber, etc.) used in the methodology. The review consisted of carefully
reviewing the applicability of each particular correlation as the transient unfolded.

The NRC staff requested additional information from the vendor in Reference 22 and asked
Framatome ANP to choose a transient and identify all the different correlations that are used
from the beginning of the transient to the end. The NRC staff asked Framatome ANP to state
the particular correlation used, its applicable range (in terms of the Reynolds Number, flow
rates, etc.), and validation of its use in the applicable range.

3.6.1.1 Transient Simulation
The transient chosen for simulation is a limiting transient in terms of PCT for a 3- and 4-loop

Westinghouse plant. To demonstrate the capability of S-RELAPS to simulate a LBLOCA
transient, Framatome ANP constructed a test-matrix composed of key correlation dependent
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parameters (such as pressure, mass flow, temperature, range of applicability, etc.) based on
validation studies (benchmarks such as those from the Thermal-Hydraulic Test Facility [THTF]
tests and the FLECHT-SEASET tests) and published correlation reports. The key parameters
that were identified are those parameters that are typically used to define the thermal-hydraulic
behavior and correlation development. The test-matrix defined the space in which the selected
transient is expected to exist. Ideally, the test-matrix should span the simulation-space;
however, realistically, there may be holes in the test-matrix which Framatome ANP does not
expect to fill in because of the lack of available data and test facilities.

Consequently, Framatome ANP constructed a PIRT for the LBLOCA to demonstrate adequate
coverage of the test-space (Reference 23). The PIRT identified and ranked the relevant
phenomena identified as being important for LBLOCA. Table 1 of Reference 1 highlights the
core heat transfer phenomena identified as being important for the LBLOCA. Table 1 of
Reference 1 does not explicitly identify all the important heat transfer regimes or correlations.
However, this information is provided in Reference 3. Table 1 of Reference 1 does provide a
tabulation of the ranking of important heat transfer regimes, such as the nucleate boiling, CHF,
departure from nucleate boiling (DNB), transition boiling and the film boiling regimes. The
Framatome ANP PIRT team concluded, and the NRC staff agrees, that other heat transfer
regimes were either not present or had negligible impact on the peak clad temperatures. Data
(Figures 1, 2, 3 and 4 provided in Reference 23 for the 3- and 4-loop sample plants), indicates
that the core heat transfer around the hot rod is limited to the heat transfer regimes stated
above.

In Reference 23, Framatome ANP provided a time-line of the chosen PCT event as it unfolded,
including clad temperature plots from the 3- and 4-loop sample problems, as well as the
respective LBLOCA phases (see Table 3 in Reference 23). The complexity of the PCT
scenarios are evident as multiple heat transfer correlations are called upon at the various
stages, based upon appropriate applicable ranges of the respective heat transfer correlation.
Results of the analyses indicate that with the exception of the period from the onset of
quenching to the end of the calculation, the dominant heat transfer mode is the Sleicher-Rouse
correlation, representative of single phase convection. In addition, the results of the analyses
also show that for the majority of the transient, the hot rod is in film boiling, which is consistent
with the PIRT results of Table 1 of Reference 1.

Reference 23 also included a chronological presentation of each of the heat transfer
correlations in terms of the range of applicability and validation as applied to the hot rod.

The system of heat transfer correlations in S-RELAPS includes the range of applicability of the
individual correlations, as well as the expanded ranges of applicability of correlations beyond
their published ranges. The expanded range of applicability is provided by the uncertainty
analysis using the THTF and the FLECHT-SEASET data sets and the RLBLOCA analysis
methodology, resulting in a bias calculation used to validate the calculated uncertainty bias.

Tables comparing pressure and heat flux (the heat flux was translated into linear heat
generation rate [LHGR]) are provided and compared to published ranges for each of the
correlations in the simulated space. Where gaps existed between the range of applicability in
matrix space and simulated space, a statistical uncertainty was applied to the data for the range
of applicability. To bridge the gap in the void fractions for application of the Forslund-Rohsenow
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and the modified Bromley correlations, linear interpolation was utilized to extend the applicability
of these correlations. The NRC staff would have preferred a more physical solution to this
situation; however, the NRC staff also recognizes the fact that large uncertainties do exist in
thermal-hydraulic formulation and there is a shortage of relevant data in this subject. Given the
limited availability of data to fill in these gaps, and the acceptable predictions of the most
important phenomena in the assessment cases described below, the staff finds this linear
interpolation to be acceptable.

3.6.1.2 Reflood Heat Transfer

In computing the heat transfer to the liquid, Framatome ANP uses the Bromley correlation and
the Forslund-Rohsenow correlation to cover parts of the anticipated range of void fraction.
Linear interpolation between the two correlations is used to obtain the heat transfer coefficient
between applicable ranges of void fraction. Framatome ANP is, in effect, interpolating between
two correlations to determine the heat transfer along a major portion of the fuel rod for a
sustained period of time during reflood. The NRC staff and Framatome ANP do not agree on
understanding the nature of the Forslund-Rohsenow model with regard to wall-droplet contact
heat transfer when the wall temperature is above the minimum film boiling temperature, that is,
Tw>Tmin, the Leidenfrost temperature. The NRC staff understands the Forslund-Rosenow
correlation to be primarily a vapor de-superheating effect and secondarily a combination of a
wet contact model and a dry contact model that should only be applied above the quench
region where the wall is below the minimum film boiling temperature. Reference 26 states,

" ..heat is transferred from the wall to a possibly superheated vapor to liquid droplets.
Superimposed on this two-step process is an additional amount of heat that is transferred from
the tube wall directly to the liquid droplets, a kind of Leidenfrost effect." The NRC staff believes
that References 24 through 32 further support this position. Framatome ANP, on the other
hand, believes the Forslund-Rohsenow model is a dry contact mode! which can be applied
when the wall temperature is greater than the minimum film boiling temperature. In addition,
the NRC staff notes that the Forslund-Rohsenow model was developed from data taken for
mass fluxes 10 to 100 times the mass flux typical of low flooding rate reflood conditions.

The NRC staff and Framatome ANP studied the Forslund-Rohsenow correlation’s effect further
through several assessment calculations using the S-RELAPS code. Assessment cases were
recalculated with a multiplier set to multiply the Forslund-Rohsenow equation by a factor of zero
(0) when Tw>Tmin. When this was done, the assessments showed that this limitation on
Forslund-Rohsenow had no effect on the peak cladding temperature or its time of occurrence.
This is to be expected since the void fraction in the period leading up to the PCT is
predominantly above 0.995. When the void fraction is above 0.995, the dominant heat transfer
is single-phase vapor determined by the Sleicher-Rouse correlation.

Beyond the time of PCT, the void fraction is lower than 0.995 so that either the modified
Bromley, Forslund-Rohsenow, or an interpolation between the two is used. This results in
temperature response beyond the point of PCT that was slightly higher and the quench time
delayed. The overall effect on temperature beyond the PCT point and the quench point was a
change in temperature ranging from -24°F to +20°F. Since this temperature variation is within
the experimental uncertainty for temperature measurements, the NRC staff concludes that
while the staff disagrees with Framatome ANP on the applicability of the Forslund-Rohsenow
model for wall temperatures above the minimum film boiling temperature, its use does not play
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a significant role in the temperature response of the transient. The NRC staff, therefore,
accepts the modeling included in the Framatome ANP RLBLOCA methodology.

An overall comparison of the performance of the steam cooling model can be seen in Figure 1
(attached to this SE); the steam temperature at the time of PCT for FLECHT-SEASET Test
31302. The steam temperature predicted by S-RELAPS is conservative relative to the
measured steam temperature. The higher predicted steam temperature results in lower,
conservative, heat transfer from the fuel rod simulators.

3.6.1.3 Minimum Film Boiling Temperature

S-RELAPS5 employs a conservatively low minimum film boiling temperature and uses this
temperature limit for both blowdown and reflood. This temperature does not bound the lower
range of Tmin for blowdown suggested in NUREG/CR-5249 (i.e., 600°K). However, since the
NUREG/CR-5249 report was prepared, experience with various vendor analyses, and staff
analyses using its own suite of codes show that Tmin in the range 600 to 750°F is not expected
to have a strong sensitivity to PCT. Therefore, the model is adequate since it does not impact
the PCT.

3.6.1.4 Heat Transfer Models Summary

The NRC staff agrees with the Framatome ANP conclusion that the post-CHF heat transfer is
the dominant influence on the clad temperatures of the fuel rod. The submitted analysis
demonstrated that although multiple CHF correlations are employed (programmed into
S-RELAPS5) simultaneously during a LBLOCA calculation, a single phase vapor provides the
primary heat transfer sink for the hot fuel rods. It is the interplay between these different
correlations (superpositioning, overlapping of correlations, etc. ) that actually forms the overall
post-CHF heat transfer correlation in S-RELAPS.

The NRC staff also reviewed the range of applicability and the expanded range, based on the
statistical treatment and code to data comparisons. The NRC staff agrees with Framatome
ANP that in general, the FLECHT-SEASET and the THTF data sets used to expand the range
of applicability encompass the original derived range of applicability. However, there remained
regions in the test-matrix (assessment-space) where the range of applicability of certain
correlations and associated uncertainty analysis still contained some gaps. To account for
these gaps, Framatome ANP assessed the code against a series of integral tests, including
LOFT, CCTF, and Semiscale (References 3 and 5). The analyses showed good agreement
with the test data and the uncertainty analysis thereby enabling Framatome ANP to complete
the test-matrix (assessment space) and cover the simulation space.

The NRC staff notes that there is disagreement regarding the application of the Forslund-
Rohsenow model when the wall temperature exceeds the minimum film boiling temperature.
Since the effect of the correlation when used within the overall heat transfer model has been
shown to be negligible under the conditions existing in both experimental comparisons and in
predicted full plant conditions, the NRC staff accepts the overall reflood heat transfer modeling
in the S-RELAPS code.



3.6.2 Decay Heat Model

Framatome ANP employs conservative assumptions to compute the decay heat using the
ANSI/ANS-5.1-1979 standard (Reference 34). The ANSI/ANS-5.1-1979 standard is applicable
where U235 is the principal fissile material, but does consider fission contributions from Pu239
and U238. Framatome ANP has assumed infinite reactor operating time, all fissions are from
U235, a fission energy of 200 MeV/fission, and one standard deviation total decay heat
uncertainty. Actinide capture decay power is also computed using the ANSI/ANS-5.1-1979
standard equations, along with the addition of decay heat from neutron capture in fission
products. The NRC staff concludes that the decay heat model used in the Framatome ANP
RLBLOCA methodology is conservative and acceptable.

3.6.3 Counter-current Flow (CCFL) Model

The S-RELAP5 Code employs a CCFL model to limit the flow of liquid into the core through the
fuel alignment plate. Since the CCFL model is not used in the downcomer, there are no
controls to assure that future plant calculations will not result in violations of the CCFL or
unrealistic co-current downflow in this region. Furthermore, the drag and entrainment models in
the original RELAP5 code were not developed specifically to accommodate countercurrent flow.
In response to the staff's RAls, Framatome ANP calculations of the Wallis parameters from the
3-loop sample problem show that there is not a violation of the CCFL in the downcomer. The
4-loop sample problem, however, shows a CCFL violation three times during the transient
simulation. The staff agrees with Framatome ANP that this is a minor effect and does not affect
the overall success of the calculation. To preclude excessive CCFL violation in future
applications, Framatome ANP has agreed to have the code provide a warning message to the
analyst if a CCFL violation in the downcomer occurs. The code user will then determine if the
transient is being influenced by the CCFL violation or whether the violation is insignificant. The
NRC staff accepts this code addition in lieu of the addition of a CCFL model to the downcomer.

3.6.4 Break Type and Size

The requirements of 10 CFR 50.46(a)(1)(i) state, in part:

ECCS cooling performance must be calculated in accordance with an acceptable
evaluation model and must be calculated for a number of postulated loss-of-coolant
accidents of different sizes, locations, and other properties sufficient to provide
assurance that the most severe postulated loss-of-coolant accidents are calculated.

Framatome ANP has interpreted the above requirements to mean that the break size can be
sampled as one of the variable parameters treated statistically by random sampling. The NRC
staff has studied the position proposed by Framatome ANP and accepts its approach on the
basis of the break type and size distributions assumed in its analysis. Specifically, the
methodology applies a binomial distribution to the break type sampling, that is, the two break
types, Double Ended Guillotine and Slot, are treated as equally probable. In addition, the entire
break size distribution is uniform from the largest to the smallest size. Thus, the break type and
size selection is of uniform probability for the entire spectrum.
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In response to an NRC staff request for additional information, Framatome ANP performed a
complete set of analyses while fixing the break size at the worst calculated size. That is, for the
0.66 DEG CL break in a 3-loop Westinghouse plant (the case that resulted in the worst PCT
calculated at 1853°F), the remaining parameters treated statistically were chosen by Monte
Carlo sampling to establish the 59 sample cases. The calculations resulted in two (2) PCTs
calculated above the base worst case and 57 PCTs below the base case. The two PCTs above
the base case were 20°F and 76°F above the base case. The NRC staff finds the break
spectrum as calculated by Framatome ANP in support of its RLBLOCA methodology
acceptable.

Should Framatome ANP elect to alter this distribution specification to one with a bias on size or
type, the NRC staff will require further review of that approach.

3.6.5 Critical Flow Model

The critical flow model in S-RELAPS5 utilizes the Trapp-Ransom model for subcooled flow and
homogeneous equilibrium model (HEM) for two-phase flow. The model does not model non-
equilibrium critical flow through the break and therefore does not address the guidance in items
b and ¢ in Section 3.4.1.1 of Regulatory Guide 1.157, "Best-Estimate Calculations of
Emergency Core Cooling System Performance,” which states that the critical flow model should
(b) provide thermal non-equilibrium conditions when the fluid is subcooled, and (c) provide a
means of transition from non-equilibrium to equilibrium conditions.

Framatome ANP responded to an NRC staff question on the subject of the transition region
between subcooled and saturated fluid conditions lasting 5 — 15 seconds in the Marviken tests
and less than 5 seconds in plant calculations. The Marviken test comparisons showed good
agreement with the data except in the transition region. Since the transition region is of short
duration, this calculation discrepancy has an insignificant effect on the calculation and is
considered acceptable.

3.6.6 Muiti-Dimensional Downcomer Model

To demonstrate momentum conservation and to assist in understanding the behavior of the 2-D
downcomer model, the NRC staff requested that Framatome ANP present the results of several
simple test models. The RELAPS5 code, as well as other similar codes such as TRAC and
RETRAN, can produce anomalous flow circulations, for example, between parallel pipes.

These anomalies are of a numerical nature and cannot easily be corrected without the use of
additional artificial form losses (Reference 33). Framatome ANP provided the results of a
calculation of the sample flow problem presented in Reference 33 and described how the
S-RELAPS5 code resolves this anomalous flow behavior. The NRC staff finds

Framatome ANP'’s response to this concern is acceptable because it demonstrates that the
Framatome ANP multidimensional downcomer model addition does not exhibit anomalous
circulatory flow.
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3.6.7 Downcomer Boiling

Framatome ANP presented the results of a downcomer boiling study performed for the three-
loop plant, including eight variations of the nodalization, cross-flow form loss, and containment
pressure.

Since the sensitivity studies performed include containment back pressure as low as 10 psia,
along with the effect of single failure, the methodology has been shown to be applicable to
subatmospheric containment, including ice condenser plants.

The sensitivity studies were compared to the base case PCT and the variations resulted in an
increase of less than 100°F. The NRC staff concludes that the effect of downcomer boiling has
been properly accounted for in the analysis.

The sensitivity studies performed demonstrate applicability of the methodology to containment
pressures as low as 10 psia. Thus, the methodology is applicable to subatmospheric
containment designs, including ice condenser containments, to a containment back pressure of
10 psia. Application to containments with a back pressure lower than that value will require
further justification.

3.6.8 ECC Bypass

ECC bypass is calculated by the interaction of the interfacial friction, wall drag, and
condensation models. Framatome ANP confirmed that no credit is taken for the bypass
conservatism in the uncertainty analysis. That is, there is no direct, negative bias in the
uncertainty methods simulating ECC bypass. This is conservative and acceptable to the NRC
staff.

Framatome ANP is consistent with this step in the CSAU approach since the models used in
the methodology adequately represent physical phenomena identified in the PIRT, or are
conservative relative to available data.

3.6.9 Two-Phase Pump Degradation Model

An evaluation of the use of either the Semiscale or EPRI-CE two-phase pump degradation
model in the RLBLOCA methodology is presented in Appendix B of Reference 3. Sensitivity
studies show an 18°F higher PCT using the Semiscale model than the PCT using the EPRI-CE
model. Since the expected variability in an S-RELAP5 calculation is 30°F, this level of variation
indicates that either model will produce essentially the same result in a RLBLOCA analysis.
Framatome ANP uses the EPRI-CE two-phase pump degradation model in its SEM/PWR-98
10 CFR Part 50, Appendix K model, as well as the other applications of the S-RELAPS model
(References 8 and 9). The NRC staff finds the change to consistently use the EPRI-CE two-
phase pump degradation model in the RLBLOCA methodology to be acceptable.

3.6.10 Gadolinia Bearing Fuel Rod Modeling

In the performance of sensitivity studies required to respond to an RAI on the RLBLOCA
methodology, Framatome ANP discovered that the modeling of Gadolinia bearing fuel rods had
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been performed incorrectly. The modeling of Gadolinia bearing fuel rods was corrected and the
results showed about a 63°F reduction in the 95/95 PCT for the three-loop sample problem and
a 66°F reduction in the four-loop sample problem.

The correction to the Gadolinia bearing fuel rod modeling was to consider a set of Uranium
Oxide (UO2) and Gadolinia bearing fuel rods for each of the 59 cases analyzed. In the sample
problems, this meant analyzing a UO2 rod and a 2 weight percent (w%), 4 w%, 6 w%, and 8
w% Gadolinia bearing fuel rod for each case. The power in the Gadolinia bearing fuel rod is
reduced relative to the UO2 rod at the statistically selected point in time for each case. The
PCT established for each case is the highest of the PCTs for all of the rods modeled.

Framatome ANP is consistent with this step in the CSAU approach. The NRC staff finds the
sensitivity studies performed acceptable.

3.7 Step 7 - Establish Assessment Matrix

Framatome ANP established an assessment matrix of separate effects tests and integral
system tests, summarized in Table 1 attached to this SE, to address the important phenomena
identified in the PIRT. The NRC staff review of several of the tests used in the assessment
matrix follows, along with some specific staff experience and observations while using the S-
RELAPS5 code on NRC’s computers.

While the staff reviewed all of the assessments performed in support of the RLBLOCA
methodology, the following discussion will emphasize those assessments performed against
the 2D/3D test program data. The most recent generic PWR test program in the public domain
was sponsored by the NRC Office of Nuclear Regulatory Research during the 1980-90
timeframe. Much of the work done at those test facilities used full-scale, or nearly full-scale,
reactor component simulation components. In addition, the data are considered to be of high
quality. For this reason they are considered to be highly appropriate for code assessment.

Before discussing the results of the review of the 2D/3D assessments, two examples are given
of the assessments presented by Framatome ANP. Figure 2, Framatome ANP RLBLOCA
Figure 4.35 taken from Reference 3, attached to this SE, shows the comparison of the
S-RELAP5 maximum cladding temperature calculation versus the measured temperature for
FLECHT-SEASET Test 31504. The figure shows that the code is conservative with respect to
the measured cladding temperature throughout the length of the test assembly. Figure 3,
Framatome ANP RLBLOCA Figure 4.194 taken from Reference 3, attached to this SE, shows
the comparison between the S-RELAPS5 predicted cladding temperature and the measured
cladding temperature for LOFT test LP-LB-1. Two S-RELAPS predictions are shown, one made
without accounting for the code biases determined from the separate effects test assessments,
and one made with the biases taken into account. Again, the code predicted cladding
temperature is conservative relative to the measured temperature throughout the test assembly
except at the very top of the fuel assembly. At that point, the temperature is significantly below
the PCT. lItis also noted in the LOFT assessment that the effect of considering the biases is to
bring the code predicted temperature into close agreement with the measured temperature with
the attendant data error bands.
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3.7.1 Upper Plenum Test Faciltiy (UPTF)

Framatome ANP compared RLBLOCA S-RELAPS calculational results to seven UPTF tests.
The UPTF tests were performed to provide full-scale simulation of the primary system
phenomena occurring during three phases of a PWR LBLOCA. The phases investigated were
end-of-blowdown, refill and reflood. The phenomena that the code calculations must
realistically represent in this assessment include countercurrent flow in the downcomer, upper
tie plate, upper plenum and hot leg, CCFL, refill behavior, condensation induced pressure and
fluid oscillations, entrainment/de-entrainment, steam binding, and carryout. Discussion of the
specific tests follows.

3.7.1.1 UPTF Tests 6 and 7

Five calculations of UPTF Test 6 and one calculation of UPTF Test 7 were designed to examine
downcomer countercurrent flow during blowdown, ECC bypass, and lower plenum refill with
cold leg injection. The RLBLOCA S-RELAPS calculations were assessed against the data to
determine the code’s ability to predict them.

The tests simulated late blowdown and refill phases of a PWR cold leg LBLOCA. The Test
series 6 calculations were initiated with very little or no lower plenum water inventory, and
nitrogen injection with ECCS injection. The Test series 7 calculation was initiated with the lower
plenum partially filled. A lower plenum drain valve operated by a level-controller allowed the
observation of lower steam injection rates to further extend the Test 6 series. Nitrogen was not
injected with the ECCS flow in Test 7.

A constant steam flow rate was injected into the core and steam generator simulators for each
test calculation, but the injection rate varied by test. The lowest steam injection rate data was
gathered from Test 7. A constant ECCS injection was delivered into the three intact cold legs in
all the tests.

Steam injected into the core traveled downward to the lower plenum, up the downcomer and
out the broken cold leg. Depending on the downcomer steam flow rate, the ECCS water
entering the downcomer either bypassed to the broken cold leg, or penetrated downward to fill
the lower plenum. The lower plenum water level determined the amount of ECCS water
reaching the lower plenum.

Framatome ANP noted that there was very little water delivery to the downcomer until the cold
legs were completely filled with water. Further, the rate of penetration varied inversely with the
steam flow rate. The ECC water penetrated the downcomer opposite the broken cold leg, but
the water from the intact cold leg adjacent to the broken leg was bypassed to the break, as
expected. However, the calculated end of bypass occurred later than it did in the experiment.

It is not clear whether this was due to the calculation missing the initial high flowrate, or whether
it results from the delay due to filling the cold legs before penetration.

The downcomer pressure increased with increasing steam flowrate. Pressure drop due to
condensation was captured by the code in most cases. The code predicts a pressure increase
due to ECC water entrainment to the broken cold leg, producing two-phase critical flow at the
break. However, it was not clear how the mixture level tracking influenced the flow at the break.
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Framatome ANP stated that S-RELAP5 overpredicts lower plenum sweep-out. It concluded
that the steam velocity increased through the downcomer and that the overprediction of liquid
sweep-out reduces the lower plenum refill rate and will conservatively delay core recovery and
quench.

The positive slope of the lower plenum mass inventory curve indicates ECC water penetration
into the downcomer. Underprediction of the initial high refill rate results in a lower ECC
penetration rate.

Two sensitivity studies, lower plenum oscillations and a 2D lower plenum model, were
performed. These studies were performed to investigate the large oscillations of pressure,
lower plenum level and lower plenum mass.

As a result of the studies, Framatome ANP suggested that the large oscillations were due to the
level tracking in the bottom node of the lower plenum model. When the level tracking model
was turned off, the large oscillations dampened, and the mass and level remained significantly
lower than the data. To investigate this, the 2D lower plenum model was implemented. Results
were improved by implementing the 2D model.

3.7.1.2 UPTF Test8

The purpose of Test 8 was to investigate condensation-induced pressure and fluid oscillations
in the cold legs due to ECCS injection. Overall, the code closely predicted the flow regime
transition between slug flow and stratified flow. However the downcomer temperature plots
when S-RELAP5 changes from slug to stratified flow, were not in good agreement with the
data.

3.7.1.3 UPTF Tests 10 and 29

The purpose of Tests 10 and 29 was to verify the ability of a code to properly predict
entrainment/de-entrainment and to limit countercurrent flow at the upper tie plate and upper
plenum regions for a LBLOCA during reflood. The downcomer and lower vessel were filled with
water to prevent steam flow between the core and the downcomer.

When using the CCFL inputs recommended by the RLBLOCA methodology, Framatome ANP
observed that overall predictions of total water carryover to the steam generator simulators
indicated that the code overpredicts the liquid carryover to the steam generators. It concluded
that this would result in an overprediction of the steam binding effect which would reduce the
reflood rate. Related to the overprediction of the liquid carryover, Framatome ANP further
suggested that the fallback to the core was underpredicted. The results improved when using
the CCFL input parameters suggested by KWU for UPTF tests, rather than the CCFL model
values specified in the RLBLOCA methodology.

3.7.1.4 UPTF Tests 10 and 12
These tests were similar to the previous set, except flow was allowed between the core and the

downcomer and nitrogen was included in Test 12. Similar results were obtained for these tests
as the previous set. Nitrogen did not appear to have a significant impact on CCFL.
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3.7.1.5 UPTF Test 11

Test 11 was composed of a series of quasi-steady-state separate effects tests to investigate
countercurrent flow in the hot leg. Flow conditions were changed to develop a set of
countercurrent flow curves at low and high pressure. Further, the models for these tests were
built with and without CCFL models at the junction between the hot leg and inlet plenum.

The results of these tests show that the interfacial friction package alone cannot properly
calculate the countercurrent flow at the steam generator inlet plenum. Therefore, as concluded
by Framatome ANP, the CCFL model must be applied at the junction between the hot leg and
the steam generator inlet plenum. The CCFL coefficients for the Wallis form result in good
agreement with the data.

3.7.2 Cylindrical Core Facility (CCF) Test

Framatome ANP compared the S-RELAPS5 calculational results to 4 CCF tests. The CCEF tests
were intended to provide full-scale simulation of the primary system phenomena occurring
during reflood after a PWR LBLOCA. The phenomena that the code calculations realistically
represented in these assessment cases include ECC flow behavior in the downcomer, and
reactor core responses during reflood. The NRC staff concludes that the code performed
acceptably in the CCF assessment test cases.

3.7.3 Code Internals and Experience

The NRC staff compared a few selections from the RLBLOCA coding to the documentation
provided. Five subroutines were reviewed. They were CHFCAL, DITTSG, DITTUS, FILMBL,
and PREDNB. The purpose of the comparison was to determine consistency, soundness of
approach and completeness between the documentation and the code. The results of this
review follow.

3.7.3.1 Subroutine CHFCAL

Subroutine CHFCAL calculates the CHF using the Zuber and Biasi CHF correlations. Many of
the NRC staff's questions involved only minor clarification in the documentation. In some
cases, correlation descriptions which appeared in the code did not appear in the
documentation. For example, the description of the "Extended Biasi" was not included in
Reference 4. However, Framatome ANP stated, and the NRC staff confirmed, that the
Extended Biasi is not applied to RLBLOCA, SBLOCA and other Chapter 15 non-LOCA
methodologies. In another case, the interpolation scheme found in the coding used to smooth
the transition between two correlations for mass flux from 100 to 200 kg/m2s had not been
updated in Reference 4. Framatome ANP is aware of this, and correction will be made in a
documentation revision. The NRC staff also checked for unit consistency and found that units
had been accounted for correctly.

3.7.3.2 Subroutine DITTSG

Subroutine DITTSG codes the implementation of either the Dittus Boelter or Sleicher Rouse
convective heat transfer correlations. Again, many of the staff's questions involved only minor
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clarifications. Some terms in the correlations needed to be completely accounted for in the text,
and an equation reference error was corrected. Framatome ANP will correct inconsistencies in
the documentation in a subsequent version of the document.

3.7.3.3 Subroutine DITTUS

Subroutine DITTUS calculates the forced convection heat transfer correlation only for liquid.
One line of code in the natural convection correlation within DITTUS did not appear in the
documentation. Framatome ANP stated that this coding was added to smooth the transition
between the forced convection correlation and the natural convection correlation. This
oversight will be corrected in the approved documentation.

3.7.3.4 Subroutine FILMBL

The FILMBL routine computes the heat transfer coefficients for film boiling. Framatome ANP
provided the NRC staff with some minor clarification about the continuity between the
documentation and the coding. As a result, the NRC staff found the subroutine to be correctly
coded.

3.7.3.5 Subroutine PREDNB

This subroutine calculates the pre-DNB forced convection heat transfer correlations. As with
the other subroutines, Framatome ANP provided the NRC staff with some minor clarification.
The NRC staff concludes that the subroutine is correctly coded.

Framatome ANP provided the NRC staff with the necessary clarification leading to establishing
consistency between the code and documentation and an understanding of the soundness of
its approach. The NRC staff concludes from its review of the selected subroutines that the
coding is correct.

3.7.4 NRC Staff Studies of Effects on PCT

The NRC staff investigated PCT changes for the Framatome ANP 3-loop PWR model due to
code changes to 3 subroutines and 6 variations in the reflood rate. The three modifications
investigated by the staff included an increase in the post-DNB forced convection heat transfer
correlation (PSTDNB) by a factor of two, an increase in the liquid water viscosity (VISCOL) by a
factor of five, and multiplication of the wall drag (FWDRAG), for both liquid and vapor phases,
by factors of 0.1, 2, and 10. The unmodified calculation predicted a PCT of 1663°F at 232
seconds, with quench at 199 seconds.

Neither the change in post-DNB forced convection heat transfer nor the change in the liquid
viscosity had a significant effect on the predicted PCT. The increase in the forced convection
heat transfer correlation, alone, lowered the PCT to 1582°F, and the increase in liquid viscosity,
alone, lowered the PCT to 1564°F. In both cases the quench time changed less than 40
seconds.

The variations in the wall drag had a much more significant effect on the PCT, as would be
expected since changing the wall drag alters the reflood rate. The base case used for the wall
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drag study had a PCT of 1577 °F with a quench time of 232 seconds. Increasing the wall drag
by a factor of 2 increased the PCT to 1617° and delayed quench by 50 seconds. Increasing
the wall drag by a factor of 10 resulted in an entirely different transient. In this case, there was
a blowdown quench on the order of 400°F along with a delay in the PCT, now occurring at 150
seconds versus 30 seconds in the original calculation. In this case, the PCT reached 1686°F
with a steadily decreasing clad temperature, but no quench at the time of problem termination
at 370 seconds.

Figure 4 (attached to this SE), illustrates the effects of multiplying the liquid viscosity by a factor
of 10, multiplying the post-DNB forced convection heat transfer by a factor of 10, and
multiplying the wall drag by a factor of 10 for a PWR model. A comparison of the results
obtained by ranging the multiplier on the wall drag from 1 to 2 to 10 is shown in Figure 5
(attached to this SE), for the PWR model.

An additional study was performed based on the model for the FLECHT-SEASET Test 31504.
FLECHT-SEASET Test 31504 was a low flooding rate test, fixed as a boundary condition at
0.972 in/sec. Thus, the test assembly was controlled in reflooding by a prescribed liquid and
vapor velocity which was then influenced by the fuel simulator power profile. The test assembly
model consists of a lower plenum, heated core volume, unheated core volume, and an upper
plenum. The 12-foot heated core is divided into 20 equal length axial nodes with a cosine
power shape.

Since the forced convection heat transfer and liquid viscosity were determined to be less
important than the wall drag, only the wall drag was modified for this study. Three cases were
calculated: wall drag unmodified, and wall drag multiplied by 0.1, 2, and 10, as can be noted in
Figure 6 (attached to this SE), with the base case calculated with a multiplier of 10 on the liquid
viscosity for comparison. The first three cases had little effect on the overall progress of the
transient. The calculated PCTs were 2168°F, 2132°F, and 2096 °F, for the multipliers of 0.1, 1,
and 2, respectively. The multiplier of 10, however, again altered the shape of the temperature
plot significantly. The PCT in this case was reduced to 1969°F with a later quench.

Close examination of the cases indicates that when the wall drag is increased, with a fixed
coolant boundary condition, more water mass is retained in the lower portion of the core
allowing the quench front to progress, combined with an increase in the steam flow rate. Thus
the heat transfer is improved under these conditions. When the reduced wall drag is used,
there is a higher mass flow out of the core, a higher carryout fraction, but less liquid in the core
to allow advancement of the quench front. In addition, the flow regime map indicates that the
flow is inverted annular flow, a less efficient mode for heat removal.

These analyses performed by the NRC staff with the Framatome ANP S-RELAPS code confirm
the importance of reflood heat transfer in the analysis of the large break LOCA.

The NRC staff concludes that for the parametric studies it performed, the relative importance of
the phenomena are consistent with the identified PIRT rankings.
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3.7.5 Cladding Material Applicability

Framatome ANP incorporated the NRC-approved M5 cladding material properties into the
S-RELAP5 methodology (References 35 and 36). Sensitivity studies were performed to
investigate the sensitivity of PCT and oxidation with the substitution of M5 for Zircaloy cladding.
The studies show that no unique phenomenological differences are introduced with the M5
cladding.

Differences in the cladding material properties do cause differences in the fuel peliet behavior
due to differences in the gap width, thus affecting pellet temperature and pellet-cladding
interaction. The resulting increase in fuel centerline temperature, increased gap heat transfer
resistance, and removal of stored energy produced a PCT that is 40°F higher for M5 clad fuel,
and a maximum change in oxidation of +0.04%. The M5 cladding material properties approved
by the NRC have been properly incorporated in the Framatome ANP RLBLOCA methodology.

Under existing NRC regulations, applicants wishing to apply the Framatome ANP RLBLOCA
methodology to M5 clad fuel must request an exemption for its use (prior to a rulemaking to
modify 10 CFR 50.46(a)(1)(i) to include M5 cladding material).

The staff concludes that Framatome ANP is consistent with this step in the CSAU approach
based on a broad assessment of the code against accepted separate effects tests and integral
systems tests, with the addition of the most recent test facility results that were performed at
full- and nearly full-scale models.

3.8 Step 8 - NPP Nodalization Definition

Reference 11 discusses the tradeoffs in determining an adequate NPP nodalization.
Framatome ANP developed guidelines for its RLBLOCA methodology that are as explicit as
possible to remove nodalization as a contributor to calculational uncertainty. The guidelines
provide rules for deriving the appropriate nodalization, thus defining a method for automating
" the generation of input for a RLBLOCA analysis that maintains consistency in approach from
one analysis to another. Development of the guidelines has relied heavily on past experience
with the S-RELAPS code and its predecessor code versions.

The NRC staff has noted that NPP nodalization should not consider gaps between the hot leg
nozzles and the downcomer in the plant model. The leakage from these nozzle gaps relieves
the steam pressure/steam binding effect during reflood and is, therefore, beneficial to reflooding
the core and reducing the PCT. There is no evidence to support the view that the nozzle gaps
would remain open under the high temperatures present due to the steam exiting the core
under transient conditions. Framatome ANP has agreed that it is not to use nodalization with
hot leg to downcomer nozzle gaps.

Framatome ANP is consistent with this step in the CSAU approach by specifying a nodalization
approach that maintains consistency between the application of the methodology and the
assessment of the methodology.
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3.9 Step 9 - Definition of Code and Experimental Accuracy

Simulation of the experiments developed from Step 7 using the NPP nodalization from Step 8
provides checks to determine code accuracy. The differences between the code calculated
results and the test data provide bias and deviation information. Code scale-up capability can
also be evaluated from separate effects data through full-scale data when they are available.
Overall code capabilities are assessed from integral systems test data. In addition to these
assessment tools, the code uncertainty determination must also use additional techniques to
determine the uncertainty in the individual contributions arising from both code and experiment,
along with a range of uncertainty for each of the individual contributors.

Framatome ANP used comparisons of code predictions to test data for 15 different separate
effects test facilities to determine code biases in correlations and models, which were then
applied to the assessments performed for the integral systems test facilities.

Framatome ANP is consistent with this step in the CSAU approach since the uncertainties in
experimental data have been accounted for in determining the biases identified for use with the
methodology.

3.10 Step 10 - Determination of Effect of Scale

Various physical processes may give different results as components or facilities vary in scale
from small to full size. The effect of scale must be included in the quantification of bias and
deviation to determine the potential for scale-up effects. The effect of scale was addressed by
Framatome ANP with regard to each of the phases of the transient described in the PIRT along
with the discussion of test scaling, code scaling and specific phenomena scaling. In a
departure from the discussion in Reference 11, Framatome ANP has included in the scale
determination for S-RELAPS, the full-scale UPTF test data, which became available after the
preparation of Reference 11. This is an enhancement to the methodology identified in
Reference 11.

Framatome ANP is consistent with this step in the CSAU approach since the recommendation
provided in Reference 11 has been used and enhanced by inclusion of full-scale facility test
data where available.

3.11 Step 11 - Determination of the Effect of Reactor input Parameters and State

The purpose of this step is to determine the effect that variations in the plant operating
parameters have on the uncertainty analysis. Plant process parameters characterize the state
of operation and are controliable by the plant operators to a certain degree. Framatome ANP
performed a review to identify the NPP parameters that are to be addressed when performing a
LBLOCA analysis. The parameters identified come from the PIRT, plant-specific technical
specifications, and utility input. Components, or operating parameters, and the associated
parameters and ranges were addressed by Framatome ANP.

Sensitivity studies were performed to establish a requirement on the level of importance an
analyst might give when quantifying process parameter uncertainties. The results from a set of
sensitivity studies performed for process parameters for the 3- and 4-loop PWRs were given.
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Sensitivity studies are also useful in determining if certain parameters need not be treated
statistically, can be treated conservatively instead, or can be treated as insignificant.

Framatome ANP is consistent with this step in the CSAU approach since the effect of reactor
input parameters has been considered in the sensitivity studies performed in support of the
methodology.

3.12 Step 12 - Performance of NPP Sensitivity Calculations

Sensitivity calculations are performed to evaluate methodology sensitivity to parameters such
as PCT or metal-water reaction, and to various plant operating conditions that arise from
uncertainties in the reactor state at the initiation of the transient, in addition to sensitivity to plant
configuration.

Framatome ANP is consistent with this step in the CSAU approach since adequate sensitivity
studies have been performed.

3.13 Step 13 - Determination of Combined Bias and Uncertainty

The individual uncertainties resulting from code models of important phenomena, scale effects,
and NPP input parameter variations must be combined to obtain an overall bias and
uncertainty.

Framatome ANP provided sample RLBLOCA analyses for 3- and 4-loop PWRs following the
framework described in Reference 3. Base input models were developed to describe the NPP
and fuel behavior based upon information obtained from several different 3- and 4-loop plants.
Consequently, the analyses are considered representative of typical 3- and 4-loop PWR
designs, rather than specific representations of specific plants. The models used, in general,
are taken as demonstrations of the applicability of the RLBLOCA methodology to the 3- and
4-loop PWR designs.

Framatome ANP is consistent with this step in the CSAU approach.
3.14 Step 14 - Determination of Total Uncertainty

The first few steps in the CSAU methodology identify and rank the physical phenomena
important to judging the performance of the safety systems and margins in the design. The
phenomena are compared to the modeling capability of the code to assess whether the code
has the necessary models to simulate the phenomena. Most important, the range of the
identified phenomena covered in experiments is compared to the corresponding range of the
intended application to assure that the code has been qualified for the most significant
phenomena, as reflected in the ranking process, over the appropriate range. The result is then
provided in a PIRT. The NRC staff has reviewed the PIRT provided for S-RELAPS in
Reference 3, and finds it acceptable and consistent with the NRC staff’'s experience in judging
the important phenomena associated with the LBLOCA.

The discussion of the uncertainty analysis approach presented in NUREG/CR-5249 and in
Regulatory Guide 1.157 envisioned the use of response surfaces for quantifying uncertainty in
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the calculated PCT. The NRC staff recognizes that there are other valid and acceptable means
by which the uncertainty can be assessed. Framatome ANP has chosen to use a method
based on non-parametric order statistics which follows the development by Wilks

(Reference 37) and others.

The Framatome ANP methodology as described in Reference 3, applies a statistical method
based on order statistics to demonstrate that S-RELAP5 meets the acceptance criteria for
RLBLOCA analyses of pressurized water reactors. These are

1. High probability that the calculated maximum PCT value is less than 2200°F.
2. High probability that the calculated maximum nodal oxidation is less than 17 percent.
3. High probability that the calculated maximum total core oxidation is less than 1 percent.

The methodology adopted by Framatome ANP is based on combining the individual biases and
uncertainties in the S-RELAP5 model and plant parameters to infer the uncertainty associated
with the parameters in the above acceptance criteria via Monte Carlo sampling. That is, the
distributions of the model parameters and plant parameters are sampled at random; and for
each sample of parameters, a RLBLOCA calculation is performed. The three parameters in the
acceptance criterion are scored. The Framatome ANP methodology claims that 59 cases are
sufficient to show that the value of the 59th order statistic associated with the peak cladding
temperature can be used to show that the acceptance criteria for all three parameters are met.

A 95% probability at 95% confidence (95/95) inference with regard to a random variable based
on a sample size of 59 is valid in the case of a univariate distribution. Satisfaction of the above
acceptance criteria at a uniform probability and confidence level of 95/95 implies a trivariate
distribution is necessary. A trivariate distribution requires performing additional calculations.
This has not been done by Framatome ANP.

Instead, Framatome ANP has referred to Regulatory Guide 1.157 for clarification of the
acceptance criterion. Specifically:

The revised paragraph 50.46(a)(1) (i) requires that it be shown with a high probability
that none of the criteria of paragraph 50.46(b) will be exceeded, and is not limited to the
peak cladding temperature criterion. However, since the other criteria are strongly
dependent on peak cladding temperature, explicit consideration of the probability of
exceeding the other criteria may not be required if it can be demonstrated that meeting
the temperature criterion at the 95% probability level ensures with an equal or greater
probability that the other criteria will not be exceeded.

Rather than performing the number of calculations needed to support a trivariate analysis,
Framatome ANP has used a mixture of classical statistics in support of a univariate analysis
combined with engineering knowledge in support of the remaining two criteria. That is,

the 59 cases performed provide the PCT at the 95/95 level. Since the PCT is below the
criterion of 2,200°F, and the cladding oxidation is a strong function of temperature, there is a
high probability that the cladding oxidation will be below the acceptance criteria. Information
provided by Framatome ANP indicates that the local and total oxidation level at the calculated
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PCT are 0.8 percent and 0.02 percent, respectively, for the 4-loop plant, and 1.3 percent and
0.04 percent, respectively, for the 3-loop plant. These oxidation levels are significantly below
the acceptance criteria cited above. Thus, combining classical statistics with engineering
knowledge provides reasonable assurance at a high probability that the acceptance criteria will
not be exceeded.

The NRC staff has studied the position proposed by Framatome ANP that break type and size
be treated statistically, and accepts its approach on the basis of the break type and size
distributions assumed in its analysis. Specifically, the methodology applies a binomial
distribution to the break type sampling, that is, the two break types (double-ended guillotine and
slot breaks) are equally probable. In addition, a uniform distribution is applied to the entire
break size spectrum from the largest to the smallest size. Thus, the break type and size
selection is of uniform probability for the entire spectrum.

The NRC staff finds that the Framatome ANP methodology for the statistical results of an
analysis of a RLBLOCA of a PWR meets the acceptance criteria stated in 10 CFR 50.46 and
Regulatory Guide 1.157.

Framatome ANP is consistent with this step in the CSAU approach.

4.0 CONCLUSIONS

The NRC staff concludes from its review of the documentation, code and input models
submitted that the S-RELAP5 RLBLOCA methodology is structured consistent with the CSAU
methodological process, and satisfactorily reflects the intended use of the methodology to
address licensing requirements for a variety of similarly designed nuclear power plants.

The NRC staff concludes that the approach proposed by Framatome ANP for selection of break
type and size is acceptable since it assumes a binomial distribution of break type and uniform
distribution of break size. Should Framatome ANP choose to change from this approach, the
NRC staff will review the proposed changes.

The review of the models and benchmarks noted concerns and deficiencies resulting in
conditions of use of S-RELAP5 as follows, which have been committed to in Reference 38:

e A CCFL violation warning will be added to alert the analyst to CCFL violation in the
downcomer should such occur.

e Framatome ANP has agreed that it is not to use nodalization with hot leg to downcomer
nozzle gaps.

e If Framatome ANP applies the RLBLOCA methodology to plants using a higher planar
linear heat generation rate (PLHGR) than used in the current analysis, or if the
methodology is to be applied to an end-of-life analysis for which the pin pressure is
significantly higher, then the need for a blowdown clad rupture model will be
reevaluated. The evaluation may be based on relevant engineering experience and
should be documented in either the RLBLOCA guideline or plant specific calculation file.
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Slot breaks on the top of the pipe have not been evaluated. These breaks could cause
the loop seals to refill during late reflood and the core to uncover again. These break
locations are an oxidation concern as opposed to a PCT concern, since the top of the
core can remain uncovered for extended periods of time. Should an analysis be
performed for a plant with loop seals with bottom elevations that are below the top
elevation of the core, Framatome ANP will evaluate the effect of the deep loop seal on
the slot breaks. The evaluation may be based on relevant engineering experience and
should be documented in either the RLBLOCA guideline or plant-specific calculation file.

The following restrictions apply when the Framatome ANP methodology is used for analysis of
RLBLOCA.

The model applies to 3 and 4 loop Westinghouse and CE-designed nuclear steam
systems.

The model applies to bottom reflood plants only (cold side injection into the cold legs at
the reactor coolant discharge piping).

The model is valid as long as blowdown quench does not occur. If blowdown quench
occurs, additional justification for the blowdown heat transfer model and uncertainty are
needed or the calculation is corrected. A blowdown quench is characterized by a
temperature reduction of the PCT node to saturation temperature during the blowdown
period.

The reflood model applies to bottom up quench behavior. If a top-down quench occurs,
the model is to be justified or corrected to remove top quench. A top-down quench is
characterized by the quench front moving from the top to the bottom of the hot
assembly.

The model does not determine whether Criterion 5 of 10 CFR 50.46, long term cooling,
has been satisfied. This will be determined by each applicant or licensee as part of the
application of this methodology.

The NRC staff also notes that a generic topical report describing a code such as S-RELAPS
cannot provide full justification for each specific individual plant application. When a license
amendment is necessary in order to use the S-RELAP5-based RLBLOCA methodology, the
individual licensee or applicant must provide justification for the specific application of the code
which is expected to include:

Nodalization: Specific guidelines used to develop the plant-specific nodalization.
Deviations from the reference plant must be addressed.

Chosen Parameters and Conservative Nature of Input Parameters: A table that
contains the plant-specific parameters and the range of the values considered for the
selected parameter during the topical report approval process. When plant-specific
parameters are outside the range used in demonstrating acceptable code performance,
the licensee or applicant will submit sensitivity studies to show the effects of that
deviation.
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Calculated Results: The licensee or applicant using the approved methodology must
submit the results of the plant-specific analyses, including the calculated worst break
size, PCT, and local and total oxidation.
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Table 1

S-RELAP5 ASSESSMENT MATRIX

Facility Tests Purpose

THTF Heat Transfer 35 Heat Transfer

THTF Level Swell 3 Void Distribution

GE Leve! Swell 1 Void Distribution

FRIGG-2 27 Void Distribution

Bennet Tube 2 Heat Transfer

FLECHT & FLECHT-SEASET 9 Heat Transfer, Nodalization, Axial Power
Distribution, Scalability, Entrainment

PDTF/SMART 4 Spacer Effects

Marviken 9 Break Flow

W/EPRI 1/3 Scale 9 Cold Leg Condensation, Interfacial Heat
Transfer

Mini-Loop CCFL 3 Upper Tie Plate CCFL

Multi-dimensional Flow 3 Core Flow Distribution

UPTF 14 ECCS Bypass, Steam Binding, CCFL,
Scalability, Nodalization

CCF 4 Steam Binding, Nodalization, Scalability

SCTF 6 Nodalization

ACHILLES 1 Accumulator Nitrogen Disch.

LOFT 4 Overall Code Performance, Nodalization,
Scalability

Semiscale 2 Blowdown Heat Transtfer, Nodalization,

SCALABILITY, Compensating Errors
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August 20, 2001
NRC:01:035

Document Control Desk

ATTN: Chief, Planning, Program and Management Support Branch
U.S. Nuclear Regulatory Commission

Washington, D.C. 20555-0001

Request for Review of EMF-2103(P) Revision 0, Realistic Large Break LOCA Methodology for
Pressurized Water Reactors

Framatome ANP requests the NRC's review and approval for referencing in licensing actions the
topical report EMF-2103(P) Revision 0, Realistic Large Break LOCA Methodology for Pressurized
Water Reactors. One CD containing a proprietary version of the report and one CD containing the
non-proprietary version of the report are enclosed. We request that the NRC approve this report by
September 1, 2002. Framatome ANP plans to apply this methodology to the analysis of the

H. B. Robinson plant.

Several documents referenced in the topical report are being provided in a separate transmittal.
These documents are intended to facilitate the NRC's review and approval. The computer codes
used to execute the methodology and input for a sample problem are also being provided separately.

Framatome ANP intends to make minor modifications to the methodology described in the topical
report after its approval. These modifications will facilitate the integration of the fuel designs
developed by Siemens Power Corporation and Framatome Cogema Fuels. These changes will
extend the range of applicability of the methodology to other plants types (B&W), another fuel
cladding type (M5), and an additional fuel rod code (COPERNIC). Since these modifications will be
submitted for review and approval soon after the base methodology has been accepted, these
planned modifications should be taken into account during the review.

Framatome ANP considers some of the information contained in the enclosed report to be
proprietary. As required by 10 CFR 2.790(b), an affidavit is enclosed to support the withholding of
the information from public disclosure.

Very truly yours,

(4

“"James F. Mallay, Director
Regulatory Affairs

cc. R. Caruso
R. Landry (w/enclosures)
N. Kalyanam (w/enclosures)
J. S. Wermiel Project 702

Framatome ANP Richland, Inc.

2101 Horn Rapids Road Tel: (509) 375-8100
Richland, WA 99352 Fax: (509) 375-8402



AFFIDAVIT

STATE OF WASHINGTON )
) ss.
COUNTY OF BENTON )

1. My name is James F. Mallay. | am Director, Regulatory Affairs, for
Framatome ANP ("FRA-ANP"), and as such | am authorized to execute this Affidavit.

2. | am familiar with the criteria applied by FRA-ANP to determine whether
certain FRA-ANP information is proprietary. | am familiar with the policies established by
FRA-ANP to ensure the proper application of these criteria.

3. I am familiar with the FRA-ANP material enclosed in report EMF-2103(P),
Revision 0, "Realistic Large Break LOCA Methodology for Pressurized Water Reactors,”
transmitted with letter NRC:01:035, and referred to herein as "Document.” Information
contained in this Document has been classified by FRA-ANP as proprietary in accordance with
the policies established by FRA-ANP for the control and protection of proprietary and
confidential information.

4. This Document contains information of a proprietary and confidential nature
and is of the type customarily held in confidence by FRA-ANP and not made available to the
public. Based on my experience, | am aware that other companies regard information of the
kind contained in this Document as proprietary and confidential.

5. This Document has been made available to the U.S. Nuclear Regulatory
Commission in confidence with the request that the information contained in the Document be

withheld from public disclosure.



6. The following criteria are customarily applied by FRA-ANP to determine
whether information should be classified as proprietary:

(a) The information reveals details of FRA-ANP’s research and development

plans and programs or their results.

(b) Use of the information by a competitor would permit the competitor to
significantly reduce its expenditures, in time or resources, to design, produce,
or market a similar product or service.

(c) The information includes test data or analytical techniques concerning a
process, methodology, or component, the application of which results in a
competitive advantage for FRA-ANP.

(d) The information reveals certain distinguishing aspects of a process,
methodology, or component, the exclusive use of which provides a
competitive advantage for FRA-ANP in product optimization or marketability.

(e) The information is vital to a competitive advantage held by FRA-ANP, would
be helpful to competitors to FRA-ANP, and would likely cause substantial
harm to the competitive position of FRA-ANP.

7. In accordance with FRA-ANP’s policies governing the protection and control
of information, proprietary information contained in this Document has been made available, on
a limited basis, to others outside FRA-ANP only as required and under suitable agreement
providing for nondisclosure and limited use of the information.

8. FRA-ANP policy requires that proprietary information be kept in a secured file

or area and distributed on a need-to-know basis.



9. The foregoing statements are true and correct to the best of my knowledge,

information, and belief.
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March 1, 2002
NRC:02:015

Document Control Desk

ATTN: Chief, Planning, Program and Management Support Branch
U.S. Nuclear Regulatory Commission

Washington, D.C. 20555-0001

NRC Review of EMF-2103(P) Revision 0, Realistic Large Break LOCA Methodology for
Pressurized Water Reactors

Ref.: 1. Letter, J. F. Mallay (FRA-ANP) to Document Control Desk (NRC), "Request for Review of
EMF-2103(P) Revision 0, Realistic Large Break LOCA Methodology for Pressurized Water
Reactors," NRC:01:035, August 2001 (Accession #ML012400042).

Framatome ANP requested the NRC's acceptance for referencing in licensing actions the topical
report EMF-2103(P) Revision 0, "Realistic Large Break LOCA Methodology for Pressurized Water
Reactors" in Reference 1. Two documentation errors have been identified since the submittal of
Reference 1. The attachment to this letter contains two corrected pages which Framatome ANP
proposes to use when the A version of EMF-2103 is issued following NRC review and approval.

The change on page 4-97 deletes the following sentences:

As this value was based solely on data at 40 psia (2.76 bar), a penalty bias was included to cover the
possibility of the system pressure falling below this value. The hydrodynamic film instability theory of
Berenson was used to develop this pressure bias (Reference 5).

The use of a pressure bias was considered during the development of the methodology but was
determined to be unnecessary due to the extensive conservatism inherent in the base model. The
primary conservatism derives from basing the T, model on tests using stainless steel clad.
Comparison of quench data for zircaloy clad quantify this conservatism to be around 200°F. A
complete discussion of this model and the inherent conservatism is given in EMF-2102.

The change on page 5-22 deletes the entry "ECCS Losses" from the table. The ECCS losses are
dominated by variations in break size and are therefore not treated separately. In addition, data from
a series of accumulator drain down tests showed only a +3% variation.

Framatome ANP, Inc.

2101 Horn Rapids Road ’ Tel: (509) 375-8100
Richland, WA 99352 Fax: (509) 375-8402
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Framatome ANP considers some of the information contained in the enclosure to this letter to be
proprietary. The affidavit provided with the original submittal of EMF-2103(P) Revision 0 (Reference
1) satisfies the requirements of 10 CFR 2.790(b) to support the withholding of this information from
public disclosure.

Very tr
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James F. Mallay, Director
Regulatory Affairs
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cc: R.R. Landry
J. S. Cushing
D. G. Holland
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The probability density functions are defined by the following two equations. The coefficients for
the equations vary depending on whether they are to be applied to FILMBL (low void fraction) or
FRHTC (high void fraction).

[ ]

These are given in Table 4.20.

4.3.3.2.6 Tmin

A set of seven FLECHT SEASET tests was used to evaluate the trends in Tmin at low pressure.
Quench temperatures improve at higher pressures; hence, a Tmin uncertainty based on low
pressure data was expected to bound high pressure data. This was validated with data from
ROSA/TPTF, the ORNL/THTF and the Westinghouse G1/G2 tests. Examination of FLECHT
SEASET data showed that based on observable conservatisms, only the 3 in/s reflood rate test

(Test #31302) was necessary to evaluate a bounding Tmin uncertainty (Reference 5).

From the FLECHT SEASET data and from an evaluation of code uncertainty with regard to how
the LBLOCA multiplier relates to Tmin, [
] The uncertainty evaluation has been

demonstrated to be a conservative bounding distribution relative to other datasets.

43.3.2.7 Break Flow

Break flow is a function of break area and critical flow uncertainty. [

Framatome ANP Richland, Inc.
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Table 5.6 Relationship of Uncertainty Parameters to Computer Code Input

|

Framatome ANP Richland, Inc.
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FRAMATOME ANP

May 1, 2002
NRC:02:024

Document Control Desk

ATTN: Chief, Planning, Program and Management Support Branch
U.S. Nuclear Regulatory Commission

Washington, D.C. 20555-0001

NRC Review of EMF-2103(P) Revision 0, Realistic Large Break LOCA Methodology
for Pressurized Water Reactors — Appendices D and E

Ref.: 1 Letter, J. F. Mallay (FRA-ANP) to Document Control Desk (NRC), “Request for
Review of EMF-2103(P) Revision 0, Realistic LLarge Break LOCA Methodology for
Pressurized Water Reactors,” NRC:01:035, August 20, 2001

Framatome ANP requested the NRC'’s acceptance for referencing in licensing actions the
topical report EMF-2103(P) Revision 0, “Realistic Large Break LOCA Methodology for
Pressurized Water Reactors” in Reference 1. The purpose of this letter is to submit two
appendices (D and E) to EMF-2103(P). We request that these appendices be included in
the NRC’s review and approval of EMF-2103 (P). Appendix D provides a sample
application of the EMF-2103 methodology to a 3-loop Westinghouse plant. Appendix E
describes the incorporation of M5 cladding properties into the realistic methodology.

A CD containing proprietary and non-proprietary versions of Appendix D and Appendix E is
enclosed. The attachment to this letter provides a list of the files contained on the CD.

Framatome plans to include Appendices D and E in the approved version of EMF-2103(P)
following receipt of the NRC safety evaluation report. The table of contents in the approved
version of EMF-2103(P) will be modified to reflect these appendices.

Framatome ANP considers some of the information contained in the enclosure to be
proprietary. The affidavit provided, with Reference 1, satisfies the requirements of 10 CFR
2.790(b) to support withholding of this information from public disclosure

W/Le

James F. Mallay, Director
Regulatory Affairs

Attachment/Enclosures
cc: R. Caruso

D. G. Holland
Project 693
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Attachment A

Listing of files contained on the enclosed CD

Readme.txt File containing listing and description of files on the CD.

EMF-2103(P)_Appendix_D_Sample_Westinghouse_3_Loop_PWR_Licensing_Analysis.pdf

Sample Westinghouse 3-loop PWR Licensing Analysis,
Appendix D to EMF-2103 (Proprietary Version)

EMF-2103(P)_Appendix_E_Incorporation_of _MS_Cladding_Properties.pdf

Incorporation of M5 cladding Properties, Appendix E to EMF-
2103 (Proprietary Version)

EMF-2103(P)_TOC. pdf Updated table of contents and nomenclature for EMF-2103
that includes Appendix D and Appendix E. (Proprietary
Version)

EMF-2103(P)_TOC.pdf Updated table of contents and nomenclature for EMF-2103
that includes Appendix D and Appendix E. (Proprietary
Version)

EMF-2103(NP)_Appendix_E_Incorporation_of _MS5_Cladding_Properties.pdf

Incorporation of M5 cladding properties, Appendix E to EMF-
2103 (Nonproprietary Version)

EMF-2103(NP)_TOC.pdf Updated table of contents and nomenclature for EMF-2103
that includes Appendix D and Appendix E. (Nonproprietary
Version)



UNITED STATES
NUCLEAR REGULATORY COMMISSION

WASHINGTON, D.C. 20555-0001

June 24, 2002

Mr. James Mallay

Director, Regulatory Affairs
Framatome ANP, Richland, Inc.
2101 Horn Rapids Road
Richland, WA 99352

SUBJECT: REQUEST FOR ADDITIONAL INFORMATION ON EMF-2103(P), REV. 0,
"REALISTIC LARGE BREAK LOCA METHODOLOGY FOR PRESSURIZED
WATER REACTORS" (TAC NO. MB2865)

Dear Mr. Mallay:

By letter dated August 20, 2001, Framatome ANP submitted for staff review Topical Report
EMF-2103(P), Rev. 0, "Realistic Large Break LOCA Methodology for Pressurized Water
Reactors." The staff has completed its preliminary review of EMF-2103(P), Rev. 0 and has
identified a number of items for which additional information is needed to continue its review.
The enclosed request for additional information (RAI) was discussed with your staff on May 13,
2002. A mutually agreeable target date of July 19, 2002, was established for responding to the
RAI. Please provide the requested information so that the review can be completed in a timely
manner. Partial submittals would be welcomed to minimize delays.

Pursuant to 10 CFR 2.790, we have determined that the RAI provided as Enclosure 1 contains
proprietary information. Proprietary information contained in Enclosure 1 is indicated by
marginal lines. We have prepared a non-proprietary version of the RAI (Enclosure 2) that we
have determined does not contain proprietary information. However, we will delay placing
Enclosure 2 in the public document room for a period of ten (10) working days from the date of
this letter to provide you with the opportunity to comment on the proprietary aspects only. If you
believe that any information in Enclosure 2 is proprietary, please identify such information line
by line and define the basis pursuant to the criteria of 10 CFR 2.790.

If you have any questions, please call me at (301) 415-1436. ./
Sincerely, 4 “Zé. /

Drew Holland, Project Manager, Section 2
Project Directorate IV

Division of Licensing Project Management
Office of Nuclear Reactor Regulation

Project No. 693

Enclosures: 1. Request for Additional Information (Proprietary)
2. Request for Additional Information (Non-proprietary)



REQUEST FOR ADDITIONAL INFORMATION
TOPICAL REPORT EMF-2103(P), REV. 0, " REALISTIC LARGE BREAK LOCA
METHODOLOGY FOR PRESSURIZED WATER REACTORS"
FRAMATOME, ANP

PROJECT NO. 693

Heat Transfer

1.

Please provide a list of differences in the heat transfer models and the critical heat flux
(CHF) correlations as utilized in the realistic large break loss-of-coolant accident
(RLBLOCA) to those utilized in the small break loss-of-coolant accident (SBLOCA)
models.

In the analysis of the large break loss-of-coolant accident (LBLOCA) transient, there are
a number of different correlations that are used as the transient unfolds (Biasi, modified
Zuber, Sleicher and Rouse, Dittus-Boelter, etc.). Please choose a typical LBLOCA
transient and map out all the different correlations that are used along the way, from the
beginning of the transient to the end. State the particular correlation used, its applicable
range (in terms of Reynold No., flow rates, etc.), and validation of its use in the
applicable range.

Subroutine CHFCAL has the ICHF options for either Biasi and Zuber (ICHF=0), or the
Extended Biasi (ICHF=1). EMF-CC-097(P), Rev. 7, page 7-2 also mentions the -

for the Extended Biasi and choosing this will use the correlation for all flow conditiuie.
However, EMF-2100(P), Section 4.4 does not mention the "Extended" Biasi, but the
Biasi and Zuber correlations. There is also a note that the Biasi correlation is not used
for G < 100 kg/m?s. s this Biasi correlation the "Extended Biasi"?

Subroutine CHFCAL appears to contain the Modified Zuber CHF correlation beginning
at 300. Line 300 and its uncommented continuation and Equation 4.32 of EMF-2100(P)
appear to match up if MHTCHF is equal to F. However, it does not appear that was the
intention given the code which follows.

a. What are MHTCHF and XBIASI and where do they come from?

b. The second option for F in Equation 4.33 of EMF-2100(P) is similar, but different
than the first uncommented line after what appears to be the modified Zuber
CHF correlation. Please clarify the differences and the apparent absence of the
first option for F (commented out on the second continuation line after 300).

C. The three lines of coding before the last END IF of subroutine CHFCAL appear
similar but different than the linear interpolation for mass flux between 100 and
200 kg/m?s of Equation 4.34 of EMF-2100(P). Please explain the apparent
differences between the coding and the code manual documentation.

Enclosure 2
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d. Parameter HTHDMO(LS) appears to be in units of meters given the logic
question: IF (HTHDMO(LS) .LT. 0.01DO) THEN in the Biasi correlation coding.
However, the next line multiplies HTHDMO(LS) by 100 possibly to convert to
meters from centimeters before raising it to the "n" power (either 0.4 or 0.6
based on the conditions on page 4-12 of EMF-2100(P)). The documentation
states that the hydraulic diameter is in units of cm and is not multiplied by 100 in
either Equation 4.28 or 4.29. Please clarify.

e. Is the mass flux parameter "G" brought into the CHF calculation in units of
gm/cm?s, or kg/m?s?

f. Clarify why MAXimums and MINimums are taken throughout the subroutine
CHFCAL. How does this affect the uncertainty of the CHF value? For example,
if CHF=1 and G=20 kg/m?s, G is changed to 100 kg/m?s since the Biasi
correlation is not used for G<100 kg/m?s. However, Biasi is used when the ICHF
overrides that applicability where the Zuber correlation should be used. This also
occurs if G is 120 kg/m?s and ICHF=1. It does not appear that the interpolation
on the mass flux with the Biasi and Zuber correlations will not be implemented as
described in the documentation. Is this Biasi correlation the Extended Biasi?
Where did the parameter XBIASI come from?

In the Sleicher and Rouse heat transfer correlation, please clarify how the coded
parameter XTF in subroutine DITTSG matches the documentation of Equation (4.36) in
EMF-2100(P), page 4-15.

Account for the VOIDG term which appears in the coding for the natural convection
term, but does not appear in the documentation.

Please clarify what is meant by, "The equation is independent of the characteristic
length due to the 1/3 power dependency of the Grashof number given in Equation
(4.35)." Equation (4.35) gives the heat transfer coefficient as the MAX of the Sleicher
Rouse and the natural convection heat transfer coefficients with no mention of the
Grashof number (pages 4-14 and 4-15 of EMF-2100(P), Rev. 4).

The documentation on page 4-15 of EMF-2100(P), Rev. 4 includes the addition of
radiation heat transfer from the wall to the single phase vapor fluid if the surface
temperature is greater than 650K. [dentify where this is accounted for in the code.

It appears that a modified Dittus-Boelter correlation or the Sleicher and Rouse
correlation is chosen based on the IF statement:

IF (IAND(IDNGAP(2,IH),256) .NE. 0) THEN...... modified (?) Dittus-Boeiter
else Sleicher Rouse.

a. Please clarify why in the documentation of page 4-14 of EMF-2100(P), the
Sleicher Rouse correlation is said to be selected because it has a smaller
uncertainty than the Dittus-Boelter correlation, but in the code the IF statement
results in a choice between the two. Please clarify the meaning of the IF
statement.
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b. The Dittus-Boelter heat transfer correlation coded in the DITTSG subroutine
does not appear to be the same as that documented in Equation (4.16) of
EMF-2100(P). Please clarify the differences.

The 'nature’ convection correlation coding of subroutine DITTUS includes:

HTCOEF = MAX(HMAC, 0.59DO*(PRGR)**0.25DO*PRGR*COHDM/TERM)
which occurs if PRGR is less than the Reynolds number squared. Please identify the
discussion of this in the documentation of EMF-2100(P), or include it as needed.

Is the modified Bromley from the documentation (EMF-2100(P), Rev. 4, page 4-18) the
same as the Bromley correlation of the FILMBL subroutine?

Please describe how the interpolation of the last line of FILMBL is the same as Equation
4.50 of EMF-2100(P), Rev. 4, page 4-19.

Please include @@ in the documentation description above Equation 4.50 of
EMF-2100(P), Rev. 4, page 4-19 to describe use of the Forslund-Rohsenow and
modified Bromiey correlations if that was the intent as coded.

Please explain why in the code the BROMLEY correlation is calculated for a void
fraction less than or equal to | ], and the FORSLUND-ROHSENOW is
calculated for a void fraction greater than or equal to [ ]as
documented in EMF-2100(P), Rev. 4, page 4-19. The void fractions appear consistent
with the documentation beginning at line 208.

What does CFR, the first term in HDF, account for in the Forslund-Rohsenow
correlation?

In the "NATURE" convection correlation, HMAC is defined if (PRGR.LT.TERM) as the |

]. Please
discuss the appearance of the "PRGR/TERM" in the natural convection heat transfer
coefficient, which appeared similarly in subroutine DITTUS, which the staff has not yet
found described in the documentation.

Please include discussion of the scaling of the natural convection heat transfer
correlations by the void fraction in the PREDNB subroutine by COHDMF=COHDM*
VOIDF.

Please explain why the suppression factor is coded to be 0.0797 of ReTP@70 instead
of 0.1 as documented in Equation 4.21 of EMF-2100(P).

What is the ICHF=2 option and where is that described?

Many of the test programs used in the assessment of S-RELAPS inherently incorporated
radiation heat transfer between hot rods and colder components. Please discuss and
justify exclusion of a specific radiation heat transfer model in the Framatome-ANP
RLBLOCA methodology. Include in the discussion the manner in which the
methodology accounts for radiation heat transfer during those portions of the analyzed
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event for which radiation heat transfer would be expected to play a significant role. Also
discuss and justify known compensating errors introduced in the methodology that
account for this effect.

Please explain and justify the basis for choosing the Forslund-Rosenow correlation for
void fractions | ] and the Bromley at | ] for dispersed flow film
boiling. Since the Bromley correlation can result in high heat transfer coefficients during
dispersed flow, extrapolating the Bromley correlation between 0.7 and 0.9 can result in
applying extrapolated HTCs over large regions of the bundle. Please justify this
extrapolation range and show that it does not influence the heat transfer coefficient at or
near the PCT location.

The Forslund Rosenow correlation for dispersed flow film boiling consists of a droplet
wall contact model developed for low quality, high mass flux conditions in a small
diameter tube. The model! is applicable only to a small localized region just above the
quer.ch front, where the wall temperatures are below the rewet temperature. Physically,
the droplet wall contact 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 droplet wall contact. Downstream of the agitated region,
this droplet wall contact affect decreases rapidly and becomes non-existent once the
highly dispersed flow region develops. The computed heat transfer multiplier of [

] indicates that the correlation may not present a true best-estimate representation.
Since the Forslund—Rosenow correlation is highly dependent on void fraction,
over-estimation of the entrainment can propagate large errors into the heat transfer
during reflood.

it appears that the data for elevations above 8 ft in the tests used for determining the
film boiling heat transfer multipliers were discarded during the data reduction process.
Please discuss and justify the applicability of the film boiling heat transfer multiplier at all
elevations along the fuel rod and for various power shapes. Include in the discussion,
justification for applicability of the film.

The Framatome-ANP PIRT is similar to the NUREG/CR 5249 PIRT. This PIRT does not
address the following:

a. Relative Icoation or the hot assembly in the core.
b. Uncertainty in the single phase pump performance.
C. Uncertainty in the broken nozzle k-factor.

Please clarify how these contributors are addressed in the RLBLOCA methodology.

Break Flow Modeling

25.

The orientation and location of the postulated pipe breaks are not explicitly addressed.
Please discuss the following:
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a. The choice of break location, such as cold leg versus hot leg and hot leg both
with and without pressurizer, and location of slot breaks, such as top, side and
bottom of the pipe. In addition, why were other locations than those presented
not considered, or if they were considered, why were they not analyzed?

b. The smallest break size analyzed using the RLBLOCA methodology. Also
discuss the definitions used by Framatome-ANP in determining the boundaries
between the large and small break methodologies and how a single calculational
tool such as S-RELAPS is applicable over the entire range of break sizes.

Containment Modeling

26.

Although the Framatome-ANP RLBLOCA methodology uses the ICECON methodology
to perform the containment back pressure to the reactor coolant system analysis, the
methodology still uses a simplified component system model of the containment.
Please discuss how a single comparison of ICECON with GOTHIC is sufficient
demonstration of applicability to the range of Westinghouse and Combustion
Engineering containment configurations.

Downcomer Boiling

27.

The brief overview and description of LBLOCA behavior on page 3-4 does not mention
the potential for downcomer boiling. Downcomer boiling has been shown to be
important in the transport of coolant to the core in the LBLOCA. Discuss the basis for
the applicability of the S-RELAPS simulation of the effects of downcomer boiling and the
manner in which downcomer boiling has been treated in the RLBLOCA methodology.
Include in the discussion the roll of the downcomer wall initial temperature in downcomer
boiling.

The PIRT in Table 3.3 does not include downcomer boiling. Please include in the
discussion the exclusion of downcomer boiling from the PIRT.

Fuel Swelling and Rupture, Relocation and Metal/Water Reaction

28.

On page 3-7 it is noted that fuel rod rupture is not included in the calculations, and
possibly the peak local clad oxidation calculation will not include inside oxidation as well
as outside oxidation. In addition, there is some confusion regarding the metal/water
reaction model being used.

a. Please clarify and discuss why the fuel swelling and rupture model is not used.
The discussion should inciude consideration of the effects of burnup. The
discussion should also include justification for neglecting fuel swelling and
rupture in the calculations and the effect this has on producing a lower oxidation
potential since inner cladding surface oxidation is not considered.

b. Fuel pellet relocation has been observed which can cause pellets to fill the space
created by swelling and ballooning cladding. Please discuss why
Framatome-ANP has not included this effect and the basis for that decision.
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C. Please clarify why the Cathcart-Pawel model is used in S-RELAP5 model as
described in the Methodology document, EMF-2103, while the Models and
Correlations document, EMF-2100 describes the Baker-Just model. Also, there
appear to be better models than the Cathcart-Pawel metal/water reaction model
for temperatures below 1900°F. Please discuss the basis for not choosing
another metal/water reaction model for the lower temperature range and also
include in the discussion a justification for the assumptions applied for the initial
condition.

d. In the time-in-life study, what inside and outside initial oxidation thicknesses were
used for the BOL analysis. What oxide thickness is used for once and twice
burned fuel?

Decay Heat

29.

Section 4.3.3.2.3 of EMF-2103 discusses the decay heat standard but does not show
the calculated decay curve used in the analyses. Please compare the decay heat model
with uncertainty applied to the ANSI/ANS-5.1-1979 standard to show that the S-RELAPS
model predicts or bounds the data in the standard for the simulation period. Include in
the discussion the treatment of gamma redistribution uncertainty.

Assessment

30.

Numerous tests cited in the methodology assessment, such as FRIGG2, THTF, GE
level swell, FLECH™ -nd FLECHT-SEASET are valid under specific pressure conditions.
Please clarify anc ss the applicability of the tests used in the assessment program
to the ranges of conditions in which they were used. Include in the discussion the
assessment of void distribution and subcooled boiling via high pressure data and the
applicability of these modeis to low pressures.

Please discuss and justify use of the Forslund—Rosenow correlation to determine PCT.
Justification is needed to assure that errors in other models and the thermal hydraulics
will not produce heat transfer coefficients that are beyond the range of the intended
correlation.

Long-Term Coolability

31.

32.

Please discuss how the Framatome-ANP RLBLOCA methodology addresses the
element of long-term coolability as required in the regulatory acceptance criteria.

Please describe the methods and analyses that will be employed to demonstrate that
boric acid precipitation is assessed or neglected in the methodology.

Entrainment and 2-D Effects

33.

The S-RELAPS liquid entrainment predictions overpredict the data by a factor of 2 for
the FLECHT-SEASET and skewed tests. However, S-RELAPS overpredicts the clad
temperatures at the upper elevations. Please discuss this apparent anomaly and also
discuss the capability of the 2-D model in S-RELAPS to simulate the super heat near the
wall and account for the radial steam temperature profile across the channel in the tests.



Void Fraction

34.

35.

36.

37.

38.

Page 4-97 discusses Tmin but does not describe the conditions as to how the
correlation is applied in the code. Please discuss and justify the effect of void fraction
on the application, effect of its exclusion, and the application of Tmin in the
Framatome-ANP RLBLOCA methodology.

Page 5-2 of EMF-2103(P) states that "the plant process parameters are treated
statistically, however conservative methods also can be used in the absence of
adequate data to support the statistical use." Table 5.1 also does not indicate the
following parameters. Please discuss which have been treated statistically and which
conservatively in the methodology.

Initial Conditions:

RCS Temperature
Accumulator line resistance
Safety injection temperature
Peripheral assembly power (how is this bounded?)

Also please discuss how the following model uncertainties are handled and/or justify
their omission from the analysis:

Broken nozzle resistance, K-factor
Broken loop pump resistance
Condensation
Fuel conductivity (before and aftei burst)
Fuel density (packing fraction after burst)
Rod internal pressure
Cladding burst temperature
Cladding Burst strain and average strain
Metal/water reaction

Since different plant designs will have different values and ranges for many of the
parameters in the above lists, will the various parameters be identified in the
plant-specific submittals giving the distributions or conservative limits?

Please discuss the procedures which will be used to ensure that the range of conditions
in the plants for which the Framatome-ANP RLBLOCA methodology is used are
consistent with those in the test programs used to assess the code and determine the
code uncertainties.

Figure 4.4 shows the leakage paths connecting from the upper head to the upper
downcomer. Please discuss the effect of the geometry, resistance and flow rates
through these junctions on the LBLOCA response expected in the piant designs for
which the methodology will be used. Specifically, what is the impact of modeling this
leakage on blowdown temperatures and PCT?

Figure 4.7 shows four half assemblies surrounding the hot assembly. Please discuss
the use of [ ] assemblies versus [ ] assemblies since the power level of these adjacent
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assemblies would affect the thermal conditions and cross flow in these outer
assemblies. A comparison of the effect of this modeling on blowdown temperatures and
PCT would be helpful.

Please provide the nodalization sensitivity study results used to arrive at the upper
plenum and core nodalizations shown in Figures 4-4 through 4-8. Please discuss the
level of nodal detail needed to show PCT convergence. Also discuss how the aiignment
of key leakage paths influences the chimney effects observed in the upper plenum
studies and noted in Table A.2.

Please discuss the sensitivity of PCT to the cross flow resistance in the core and
describe how these resistances are calculated.

Regulatory Guide (RG) 1.157, "Best-Estimate Calculations of Emergency Core Cooling
System Performance," states that " A distinction from, and transition to laminar
convection (i.e. Re < 2000) should be made, with a value of the laminar heat transfer for
rod bundles that is appropriate for the applicable bundle geometry and flow conditions."
Please discuss how the models in Section 4.0 of EMF-2100(P) meet RG 1.157. Also,
does the heat transfer model for single phase vapor which considers the Sleicher-Rouse
correlation and a separate natural circulation correlation result in the appropriate heat
transfer for Re numbers less than 10,000 since the lower limit for this correlation is
10,000 (page 4-115, EMF-2103(P))? Please discuss the use of the Sleicher-Rouse
correlation and the steam cooling model for transition and laminar flow.

How does the critical flow model address RG 1.157, Section 3.4.1.1, items b and ¢c?

How does the frictional pressure drop model address RG 1.157, item 3.6.1, which
states: "A model for frictional pressure drop to be used in ECCS evaluations should: b)
be consistent with models used for calculating gravitational and acceleration pressure
drops. If void fraction modeis or correlations used to caiculate the three components of
the total pressure drop differ from one another, a quantitative justification must be
provided?"

How does the post CHF heat transfer model address RG 1.157, item 3.9.1 b), which
states a post-CHF flow model should "recognize effects of liquid entrainment, thermal
radiation, thermal non-equilibrium, low and high mass flow rates, low and high power
densities, and saturated and subcooled inlet conditions?"

To understand the two-dimensional model behavior, please show the results of a test
problem to verify the convection of lateral momentum by the vertical velocity. A simple
ring noding problem can be developed that represents the flow from a downcomer and a
break in a hot leg which shows flows for both vapor and liquid.

Anomalous flow circulation has been shown to develop, for example, between paraliel
pipes, that are of a numerical nature and cannot easily be corrected without the aid of
additional form losses (see Proceedings of ICONES, 8" International Conference on
Nuclear Engineering, "Recirculating Flow Anomaly Problem Solution Method,” D. Lucas,
April 2-6, 2000, paper # 8479). Please discuss the capabilities of S-RELAPS with regard
to the sample flow problem presented in this paper and steps to resolve this anomalous
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flow behavior potential. In addition, discuss whether or not the new 2-D model
introduces these numerical anomalies as seen in 1-D formulations.

Recent reviews of thermal-hydraulic analysis computer codes have questioned the
accuracy of momentum flux terms such as given by Equation 2.116 in EMF-2100(P).
Please provide and discuss:

- The numerical form of the momentum equations in S-RELAPS and their
reduction to the Bernoulli "type" equation.

- The S-RELAPS5 calculated Bernoulli expression versus flow channel cell number
for a 1-D and 2-D pipe with and without a contraction and an expansion. A
simple problem can be defined having a constant flow area and variable flow
area and elevation change with the pressure, kinetic, and potential energy terms
calculated by S-RELAPS for both vapor and liquid.

- Application of S-RELAPS to the Ferrell-McGee data for flow through a pipe with
expansions and contractions. (See Ferrell, J. K. and McGee, J. W. , "Two-phase
Flow through Abrupt Expansions and Contractions," TID-23394, 1966.)

Please discuss the stability analysis for the numerical scheme presented in Section
2.6.5 of EMF-2100(P). Include a discussion of a consistency analysis of the finite
difference equations and, as discussed in Section 2.6.4, justification of the use of the
value of C = 0.35 when evaluating Equations 2.124 and 2.125. Include in the discussion
the reason why the value of C must be within the range 0.0 to 0.5 for stability.

During the review of S-RELAPS for application to 10 CFR Part 50, Appendix K
small-break LOCA analysis, concerns were raised regarding the completeness of the
formulation of the momentum equation. Specifically, the momentum equation as
formulated is a vector equation that can only be reduced to 1-D if the flows and forces
act in a single direction and hard surface reaction forces have also been omitted. Also,
the momentum equation can only be reduced to Bernoulli's equation for pipes by
integrating the differential form of the momentum balance along a streamline. Please
discuss the momentum equation and its application to the reactor coolant system when
major portions are modeled as a series of variable flow areas, 1-D straight pipes, and
flow channels with bends.

Please discuss the manner in which S-RELAPS indicates to the user that mass, energy,
and momentum are conserved in a plant application. Is there a measure that shows in
the code output that the above parameters are conserved?

Please discuss the omission of the viscous shear term in the 2-D formulation. Include a
discussion of the consequence of the omission of this term, for example, in the hot
bundle and hot channel during early reflood when the Re numbers are in the range
1,000 to 2,000. Are there low flow conditions during the LOCA (blowdown, refill, reflood,
long term during downcomer boiling) where omission of this term would affect the hot
channel thermal behavior and/or hot rod PCT?

Please discuss the numerical solution strategy described in Section 2.6.5.1 for a single
1-D pipe and a second system using a 1-D loop connected to a 2-D component. Include
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54.

55.

56.

57.

58.

59.

60.

61.
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a discussion of the development of the coefficients from the numerical approximation to
the conservation equations and the tri-diagonal matrix, along with the column vectors
containing the source terms.

Please discuss the method and model used to simulate the emergency core cooling
entering and mixing in the discharge legs? Also, since emergency core cooling water
can enter the loop seal during rapid safety injection tank (SIT) injection, please discuss
how S-RELAPS captures this behavior. What is the effect of loop seal refill on steam
binding, the reflood rate, and the PCT?

Please provide the comparisons of the S-RELAPS predictions to the Marviken test
system pressure for the tests presented in EMF-2102, Section 3.5. Discuss how the
uncertainty in break flow was determined. Does the S-RELAP5 model include wall heat
structures? If not, discuss the effect of the omission of wall heat on the results.

What is the cause of the drop in mass flow rate at 75 seconds in Figure 3.5.18 and at
20 seconds in Figure 3.5.22 presented in EMF-2102? Why was the S-RELAPS
prediction not shown for completion in Figures 14, 15, 18, 21, and 227

The comparisons to the data show that the transition from single-phase to two-phase
conditions is not well predicted. Please discuss the expected transition in the plant
calculations, including effect of persistence of the duration of the transition period for an
extended time and the error introduced in the calculation that is not captured by the
uncertainty evaluated from the Marviken test comparisons. Include a discussion of the
effect of the duration of the transition period on the uncertainty in the break flow model
determined from the Marviken tests.

Does the critical flow model uncertainty show a dependence on L/D for all fluid
conditions? Please discuss the lack of this effect in the uncertainty evaluation.

How is the critical flow rate calculated when superheated steam exits the break? Please
discuss the uncertainty in the break flow model under these conditions.

No tests were provided to show the capability of the code to predict pure steam flow out
of the break. Were comparisons of S-RELAPS with data for saturated steam flow, to
Marviken Test 11, performed? Please discuss the uncertainty in the break flow model
for saturated steam.

Were comparisons performed between S-RELAPS and data for vessel blowdown, such
as Allemann, "Experimental High Enthalpy Blowdown from a Simple Vessel through a
Bottom Outlet,” BNWL-1111, Battelle Northwest Laboratory, 19707 If so, please
discuss the results of the comparisons.

HEM is an equilibrium break flow model. Since HEM is applied to two-phase conditions,
and since non-equilibrium conditions can exist at the break with combinations of
subcooled liquid with saturated or superheated steam (or saturated liquid with
superheated steam) exiting the system, how are these conditions handled with the
S-RELAPS critical flow model? What is the uncertainty in the break flow model under
non-equilibrium conditions?
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What is the uncertainty in the critical flow model when the flow is no longer critical and
may contain superheated steam or non-equilibrium two-phase conditions? Please
discuss benchmarks that were used to evaluate the break flow model under these
conditions and include results of the transition from critical to non-critical conditions and
discuss how the model works.

Section 3.5.4 states that a break flow multiplier of | ] was used to predict
these tests. Uncertainty in the model is typically determined with a value of 1.0. Use of
a multiplier in the range [ ], implies that S-RELAPS5 tends to overpredict
break flow for the Marviken tests. Discuss how this additional bias has been taken into
account in the uncertainty analysis when the bias was varied for the Marviken tests?
How is the break discharge coefficient then modeled when performing plant
calculations? What is the uncertainty in the break model if a discharge coefficient of 1.0
is used? Please discuss how, in light of this initial assumed bias in the break multiplier
input, the 25 percent error calculated for the break flow model bounds the data.

The break nodalization of the discharge leg in Figure 4.3 of EMF-2103(P) shows

[ ] in the discharge leg while the nodalization of the break in the Marviken test
shows [ ] in the exit pipe. In Section 3.5.6 of EMF-2102, it is noted that "the
fine nodalization was used to mitigate numerical diffusion which may send hotter water
or vapor prematurely to the discharge pipe.” The modeling philosophy given in Section
4.2.3.5, entitled Cold Leg and Break, seems to contradict the statements in Section
3.5.6. Please discuss and justify the differences in the modeling philosophy applied to
the Marviken test and that applied to plant calculations. Include a discussion of the
effect of finer nodalization on break flow and PCT in the plant calculations and the effect
of the use of a crude nodalization on break flow uncertainty.

Section 4.3.1.10 discusses the CCFL model applied to the upper tie plate and compares
test data against the theoretical flooding curve to bound the air — water flow rates. The
performance of the code has not been demonstrated against test data to show that the
model is performing correctly, especially under saturated and subcooled fluid conditions.
To demonstrate the capability of the model, please show comparisons of code
predictions to test data, such as the Northwestern data (Bankoff, 1981), to show the
condensation effects on the CCFL predictions and the model's performance. How does
S-RELAPS prevent unrealistic concurrent down flow of liquid and steam into the core?
Does countercurrent flow or concurrent downward flow produce upper core cooling or a
top down quench for any of the separate effects, integral tests, or plant calculations?

Discuss how the two fluid models have been assessed for CCFL behavior since the
flooding point is determined entirely by the interfacial drag and entrainment models in
the code. Has the CCFL model in S-RELAP5 demonstrated its ability to reproduce
flooding behavior which is consistent with scaling laws. Has a comparison been
performed for the S-RELAP5 model to tests such as the Creare 1/15" and 1/5" scale
data. Are there continuous liquid and steam velocity piots in the downcomer verifying
that CCFL is preserved by the S-RELAPS interfacial drag model for saturated and
subcooled conditions? Since the CCFL limit model { ], what
controls are used to assure that plant calculations will not result in violations of CCFL or
unrealistic concurrent downflow in this region? Also please discuss what special
interfacial drag, film droplet, entrainment/de-entrainment, drop size models were added
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or modifications/provisions to RELAPS5 to properly deal with countercurrent flow in the
downcomer in the {

Page 4-4 of EMF-2103(P) briefly states how compensating errors are handled in the
assessment matrix for FLECHT, SCTF, CCTF, and THTF. However, there are no
detailed discussions of compensating errors relative to the separate effects and integral
tests. Please discuss compensating errors relative to the separate effects and integral
experiments. The discussion should include post CHF heat transfer, emergency core
cooling bypass/condensation, and blowdown/post-blowdown thermal hydraulics and
entrainment.

Please identify a reference discussing error propagation and how this is handled in the
uncertainty methodology.

The Achilles Test in EMF-2102 showed that S-RELAPS underpredicted the core liquid
level, the PCT by about 125°F, and the downcomer level. Please discuss possible
reasons ror these differences. The effect of the nitrogen on condensation was not
measured in this test. How is the effect of nitrogen on condensation determined in
S-RELAP5? Also, please discuss the sensitivity of the PCT to condensation efficiency.
How does S-RELAPS compute entrainment of liquid by the nitrogen and, if so, how does
this influence the calculations? What is the sensitivity of full scale plant PCT to
condensation efficiency?

Section 4.3.3.2.6 of EMF-2103(P) identifies a Tmin of | ] is used in the analysis
based on comparison to FLECHT reflood data while page 4-20 of EMF-2100(P)
identifies a Tmin of | ] as used to establish the boiling curve. Please clarify and
_...cuss the iipact on the test comparisons and plant calculations.

Regarding modeling of transition boiling heat transfer at the lower limit, S-RELAPS uses
the maximum of the Sleicher-Rouse steam cooling correlation and a free convection
correlation; Forslund-Rosenow or Bromely is used for film boiling depending on the void
fraction. Please discuss the lower limit of the transition correlations with regard to
consistency with the lower limit on the film boiling correlations. Please discuss code
stability with regard to the heat transfer coefficient at Tmin during the switch from
transition boiling to film boiling.

General comments regarding code assessment:

a. Core 3-D Flow and Void Distribution (page 4-85, EMF 2103(P)). Comparison to
the THTF and GE level swell data, for example, are high pressure tests and do
not represent PWR reflood conditions. The GE data does not apply to rod
bundie drag. On the other hand, specific FLECHT boil-off or reflood data are
applicable to voids in bundles at low pressure (FLECHT-SEASET Test 35658,
for example).

b. Regarding Core 3-D flow distribution, the SCTF comparisons, especially at the
higher elevations, indicate underprediction of peak temperatures and quench
times that are early by 200 —300 seconds for transients with 500 second heat-up
times. Additional justification is needed to demonstrate that the clad oxidation is
bounded. While these are low temperature tests, the early quench time
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predictions will significantly affect oxidation and the uncertainty may effect the
error methodology. Discussion is needed regarding how the 200-300 second
early quench predictions are factored into the uncertainty in oxidation
calculations. There should also be discussion of the lack of a mode! for film
boiling as a function of distance from the quench front which would improve the
quench time predictions. This discussion should also address the reasons for
the discrepancies in quench time predictions and underprediction of PCTs. The
S-RELAPS code predicts large oscillations in the void fractions in the core (see
Figure 3.11.47 of EMF-2102, for example). Discussion is needed regarding the
oscillations and their effect on super heat and clad temperature underprediction.
The discussion should also address the consequences of the oscillations with
respect to the reflood behavior the potential bias of these oscillations to lower
PCT.

Liquid Entrainment. While the entrainment is overpredicted for the CCTF tests,
overprediction coupled with drop size could bias the steam temperatures in the
channel to low values if the drop size is too small. Please discuss how the
S-RELAPS5 model predicts the steam super heat for these tests (at selected
elevations starting at locations near the quench front) and the reflood data
presented in EMF-2102. How does the void fraction influence the steam super
heat and dispersed flow film boiling heat transfer when the entrainment is
overpredicted for the tests? Included in the discussion should be the topic that
excess entrainment does not lead to propagating errors into the fiim boiling
model and a non-conservative impact on PCT.

Upper Plenum Entrr  ~nt/De-entrainment. Please discuss the manner in
which de-entrainme... ... .ne upper plenum is calculated. Is there a model for
de-entrainment on structures? How is entrainment to the hot legs and steam
generator calculated? It should be shown that the S-RELAP5 overprediction of
liquid buildup in the upper plenum is not due to underprediction of entrainment to
the hot legs and steam generators. Also since the code allows a second top
down quench, does CCFL in any of the SETs, integral tests, and plant
calculations reduce the clad temperatures or affect clad oxidation in the top of
the core?

CCFL. There are no special drag models in the downcomer specifically
designed to treat CCFL. Without these comparisons, there is no assurance that
the CCFL limit will not be violated during a plant calculation. Comparisons to
countercurrent flow data would demonstrate that the liquid down flows in the
downcomer do not violate CCFL. Figures 4.116 and 4.117 show that the CCFL
model is limiting the liquid downflow for many of the test points. This suggests
the drag model tends to produce too high a liquid down flow for a given steam
flow. Unless the drag model is different in the downcomer, these results suggest
that the drag model will produce excessive liquid down flows in the downcomer.
Please discuss the omission of the CCFL model or drag model specifically
designed to model CCF in the downcomer.

CCFL. Since the S-RELAP5 code does not use a CCF limit model, interfacial
and wall drag modeling is key to predicting CCF. Application of concurrent
up-flow correlations for interfacial and wall friction to countercurrent flow tend to
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over-estimate the downflow of liquid. !t appears that wall shear is neglected
during countercurrent flow which would produce over-estimated liquid downflows
in the low gas velocity region. Wall shear stress acting on falling water is almost
the same order of magnitude as interfacial shear stress, making it inappropriate
to ignore this stress. Since RELAPS ignores wall shear during annular flow and
EMF-2100 Section 3.0 does not show the details of the wall shear, discussion is
needed that describes how wall shear is computed during CCF. This discussion
should also compare the friction factor with data and show the behavior at low
velocities/Reynolds numbers.

CCF. How is CCF modeled in the 2-D downcomer and how are the flow regime
maps applied in this region?

Hot Leg Entrainment. Hot leg entrainment is underpredicted in Figures
4.165-4.167, 4173, 4.177, and 4.179, and, thereby it is not supported that hot
leg entrainment is calculated conservatively. In some cases entrainment is not
predicted until late in the test. Does the underprediction lead to a beneficial
effect on PCT for the tests which offsets another conservatism elsewhere in the
methodology? Figure 4.173 shows no entrainment was calculated for the entire
test. If the entrainment is calculated to match the data late in the test, this does
not support the model being conservative as stated on page 4-90 of
EMF-2103(P).

Two-Phase Pump Model. The pump resistance and broken cold leg nozzle
typically represent the largest resistances in the loop which determines the core
flow (and hence fuel stored energy/PCT, during blowrown. It st ~uld be shown
how the uncertainty in the relative resistances betv.. .. the core and break
through the downcomer and hot leg paths are taken into account and that the
pump resistance, broken nozzle resistance, and the other loop resistances
conservatively bound the expected variation (or are insignificant) in these path
resistances from the core to the break.

Pump Differential Pressure Loss. How is the pump coastdown verified in the
case where there is no plant data? What is done in the modeling to assure the
coast down is bounded?

Non-Condensable Transport. The Achilles Test # 25 underpredicted the PCT
later in the event. While the effect of the nitrogen is to initially force additional
water onto the core providing some early limited core cooling, the later overall
effect is to reduce core cooling since the higher initial steaming reduces the
liquid inventory in the core causing a late heat-up of the core. S-RELAP5
underpredicted the negative effects while capturing some of the early beneficial
effects. Please discuss the basis for including the early beneficial effects of
nitrogen in plant calculations and not considering this parameter in the
uncertainty methodology and imposing it as a penalty on PCT.

Downcomer Entrainment. Please identify the correct section in Reference 5 for
the downcomer entrainment tests and discussion referred to in Section
4.3.3.1.10 of EMF-2103(P). Please discuss the cause of the lower plenum liquid
level oscillations in Figures 4.106 through 4.110, including the flow regimes
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predicted by S-RELAPS5 during this period, and the steam and liquid velocities in
the downcomer and exiting the lower plenum during these tests. Does the
underprediction of the liquid inventory in the lower plenum enhance the steam
downflow in the core during blowdown and produce a beneficial effect on PCT?
Does boiling occur in the lower downcomer and lower plenum in these tests and
what effect does boiling versus no boiling have on the entrainment?

m. Downcomer Level Oscillations. Figure 3.11.47 of EMF-2102, shows large
oscillations in void fraction. Please discuss the model conservatism as stated in
Section 4.3.3.1.11, since the core in these tests shows large void oscillations
which can "provide additional core cooling” as pointed out on page 4-92. If
downcomer boiling occurs during accumulator discharge, what is the effect on
PCT after the accumulators empty.

0. Lower Plenum Sweepout. Oscillations suggest that the sweepout of the liquid
from the lower plenum is retained in the downcomer and immediately flows back
into the lower plenum periodically. In such a case, please discuss the model
conservatism regarding the lower plenum liquid level test predictions. Should
there be flow of liquid back into the lower plenum? Does this result in entrained
liquid entering the core and providing additional cooling? Discuss the need for
bias in the uncertainty evaluations if the lower plenum oscillations cool the core.

Uncertainty Analysis

Reference EMF-2102(P)

72.

73.

5.1.1 - Data Set Adequacy

With regard to Table 5.1 it appears that not only the maximum pressure data, but also
the mass flux of the vapor and liquid do not bound the intended application. Please
justify in greater detail the statement that the data set on which film boiling muiltipliers,
bias, and uncertainty are determined adequately cover the intended application.

5.1.2 - Inferring Heat Transfer Coefficients from Experimental Data

Please describe mathematically the inverse conduction algorithm (filow diagram and a
few equations) used in computing the boiling heat transfer coefficient from the
thermocouple data.

In Figure 5.1 is this the numerical node scheme for the inverse algorithm? If so, at what
node is the thermocouple?

Specifically, how is the surface heat flux a function of the derivative with respect to time,
as stated in Section 5.1.2.1?

The thermocouple measures the temperature T(r,,2,,t) (i.e. at some fixed point (r,,z,) as
a function of time t (as in Figures 5.2 and 5.3). The objective seems to be to compute
the surface temperature at the same elevation at the same time points as the
thermocouple measurements. So where is the time derivative necessary? Where is the
source of the amplification?
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5.1.2.1 - Signal Filtering

What is the t between thermocouple signals?

What is the thermocouple instrument error?

The thermocouple reading has two sources of variation:
a. the instrument error

b. a variance due to the fluctuations in the underlying physical process. (If we had a
perfect instrument, this variance would still be there.)

Do you estimate these effects?

What is your stopping rule with regard to smoothing of the thermocouple readings with
respect to the above variances?

What is your stopping rule with regard to smoothing the inferred heat transfer
coefficients (as in Figures 5.4 and 5.5)?

Do you apply any quantitative measure to claim that "the underlying features of the
signal are intact"?

Comment: Figure 5.6 is irrelevant.

5.1.3 - Data Consistency Check

Since the test data provide multiple estimates of HTC for common times and elevations,
is the mean computed at some specific time and elevation the "truth" with respect to
which you compute the bias in the computed value at that time and elevation; and the

standard deviation the uncertainty?

How do you assure that the data was not oversmoothed? (That is only the instrument
error and outliers were removed.)

5.1.4 - Partitioning the Data

The data is partitioned into two sets. What is being validating? Are the THTF and
FLECHT - SEASET data considered initially as one set and then split into two through
random selection?

5.1.5 - S-RELAPS Calculated HTC

5.1.5.1 - Data Averaging

The oscillations in the computed values of void fraction, heat transfer coefficient and
clad temperature are attributed to changes in the heat transfer mode in the course of the



-17 -

c computation(i.e., film boiling @single-phase vapor) ¢ omputation(i.e., film boiling

@single-phase vapor).

a. What is the variable and its value that determines which mode to assume?

b. What is the time increment in the computation and what is the average cycle
length of the oscillation in the void fraction, and T,_,?

78. a. Is it correct that RELAP computes the void fraction (@), the heat transfer

coefficient (h) and the clad temperature (T,,,) sequentially as follows:
@ @ h @ Tclad
If so, is the same algorithm applied with the 8 second window? How does the
window size compare to the computational time step?
How does it compare to the time step in the T,,, measured values?

b. Is the following sequence of computations during processing of the data correct?
Let D(t) be the original values at time t. Assume w = 3. Then
f3(4) = (1/3) [D(1) + D(2) + D(3) + D(4)]
3(5) = (1/3) [D(2) + D(3) + D(4) + D(5)]

etc.
Then fumeen(t-wi2) @, (t) for each t @ w/2.
Is it correct to say that you compute a moving average with a lag of w and then
shift the value back by w/2 in tme?
79. In reference to the comparison shown in Figures 5.18 through 5.20.

a. Are you applying the same algorithm (i.e., w) in the vapor and quench parts of
the curves as in the transition region?

b. How would enlarging the window result in larger segments of unsmoothed data
in the film boiling regime?

c. How is stopping the smoothing at the level where the amount of ripple remaining

is on the order of what might be expected as experimental uncertainty relevant?
The computation is deterministic, therefore, experimental uncertainty cannot be
reproduced. By not smoothing "completely" how can you be sure you are not
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skewing the distribution on which your uncertainty estimate in the muitiplier is
based?

d. Therefore, what harm is there in smoothing completely, in view of the
comparisons shown in Figures 5.18 through 5.207?

e. 5.1.6 - Multiplier Correlation

Two heat transfer coefficient correlation multipliers are being determined in this
section: Mg, s @Nd Megyrc. Correct?

M is a function of z (fuel height) and t the time in the transient, since h,,(,.t)
and h_(z,t), where z, is the thermocouple location. Correct?

80. How do you define quench front?

a. At a thermocouple location z, how do you determine the time of the quench front
at that location from the measured data?

b. How are Mg, ys. @nd Mg, related to the definition of quench front?

C. In aligning the quench fronts to a common location (say z, ), what parameters
are yOU equating (i'e'! Pmeas( ZOv tmeas) = Pcalc (ZO' tcalc)?

81. You state "Temporal displacements between THTF measured data and code
calculations were ignored. The transients are sufficiently short in duration that the
temporal differences are expected to be small."

In principle, is it not the relationship between the time step size in the transient
calculation in relation to the temporal differences that is the issue, and not the duration
of the transient? Please explain your reasoning in greater detail.

Note: Since

M(t) = hmeas(t) / hcalc(t)

a misalignment of h.. and h,,,. with respect to time will introduce a bias in the distribution of
M(t) (which t will be used in M(t), the one from the measurements or from the calculation?)

82. 5.1.7 - Film Boiling Multiplier Statistics

5.1.7.1 - Defining Data Set

Is this the same partitioned set as described in Section 5.1.47
83. The first paragraph is not clear.

a. Does "muitiplier pairs" mean Mg ys. and Megyrc ?
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b. How were Me e =[  1a@nd Megyrc ={ ] determined?

c. What does "The correlating set had a mean of 1.00 and a standard deviation of
0.373." mean? In particular, what is the "correlating set"?

Please explain the rest of this section more clearly.

a. Figures 5.21 through 5.23 refer to frequencies of measured-to-calculated HTC
ratios. What happened to the distinction between FILMBL and FRHTC?

b. Similarly, in the fit of M vs. @, what heat transfer regime is assumed and why?
5.1.7.2 - Validating Data Set

Is it not true that both the correlating set and the validating set are random samples from
the same data set? What are you validating in that case?

5.1.7.3 - Probability Distributions for Film Boiling

It seems that a lognormal distribution would be more appropriate for f(x). There is no
reason a priori to separate f(x) into two terms based on low and high void fraction.
Moreover a discontinuity in the derivative with respect to void fraction is introduced.
Please explain.

Reference eMF-2103(P), Rev. 0

87.

88.

4... .- Evaluation of Code Biases

in the first paragraph it is stated that "..., the evaluation of the biases does not include
uncertainties."

The biases do have uncertainties associated with them as you have quantified in Table
4.19. In order to make the conclusion in Section 4.3.4.4 "The application of the biases
resulted in a reduction in the maximum PCT predicted by the code, ....". Therefore, the
bias corrected value of the code is a prediction. This requires that the uncertainty in the
bias be taken into account. Please explain.

4.4 - Determination of Effect on Scale (CASU Step 10)

Please comment on the following argument and how your conclusions, with regard to
the ability of S-Relap5 to scale the requisite phenomena concerning to a RLBLOCA, are
valid in this context.

A Heuristic Analysis of the Effect of Scale

Notation:

meas@test measured result of a test

calc@test S-RELAPS5 calculated result of a test
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meas@LOCA measured result of a LOCA

calc@LOCA S-RELAPS5 calculated result of a LOCA

Of the above four the only one the staff cannot do is the meas@LOCA, yet it is what the
staff wants to estimate since it is considered the "truth”.

Let P be a variable of interest such as peak clad temperature.

@ P(@) where @ @ set of independent variables defined by PIRT and for which the
sensitivities have been quantified.

So, scaling issues deal with the effect of @ @ @ @ @loca @ @+ @ @ On
P(@).

If scaling holds
F@+@@)-P(@) @RQ.

The question then is what are the conditions on test scaling and code scaling so that we
can get an estimate of the "truth” in terms of meas@test, calc@test, and calc@LOCA.

Consider the following relationships:
Test Scaling:
p meas@test @) @ - 2as@LOCA(@g)

Under the assumption that the tests are scalable

p meas@LOCA(@) @ p meas@test (@) + @P/@@Imeas@test @ @
@ p meas@LOCA(@)/p meas@test@n) @ {1+ 1/P @P/@@Imeas@test @ @}
Similarly for
Code scaling:

p calc@LOCA(@)/p calc@test@s) @{ 1+ 1/P @P/@@I calc@test @ @ }

What we want to estimate is the "true" value of P(@) at LOCA conditions, i.e. we want
to compute P Meas@LOCA(@) at some level of confidence.

From the above expressions we form

p meas@LOCA(@)/P meas@test(@o) {1+1/P @PI@@Imeas@test @ @}
@

p calc@LOCA(@)/p calc@test(@y) {1+1/P @PI@@lcalc@test @ @}
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Rearranging terms we obtain

p meas@LOCA @ p calc@LOCA « (p meas@test/p calc@testy
{1+ 1/P @PI@@Imeas@test @ @ X 1 + 1/P @P/@@lcalc@test @ @ }-°

for | 1/P @QP/@@|calc@test @ @ | @1 we can write
p meas@LOCA g p calc@LOCA » (p meas@test,p calc@test) » gF

where we define a scaling factor (SF) as

SF @ (1 + 1/P @QP/@@Imeas@test @ @ - 1/P @P/@Q@calc@test @ @)
@ee@ Q@@
test scaling code scaling

So, the estimate of the "true" RLBLOCA value of some parameter P has the following

components:

a. p calc@LOCA _ the S-Relap5 computed parameter for the LOCA.

b. p meas@test/p calc@test - the bias estimated by comparing computed and
measured values of the parameter from tests. This is the sole source of
variation that contributes to the computation of the confidence level in the
estimate of P Meas@LOCA(@).

c. SF is a factor that accounts for scaling effects.

The analysis implies that SF @ 1.0. The above discussion implies that for this to be
true we must fulfill the following conditions:

a. | 1/P @P/@Q@calc@test @ @ | @1

b. 1/P @P/@@meas@test @ @ @ P @P/@RIcalc@test @ @

The first implies that the sensitivities of the computed results of the tests to changes in
the independent variables are small. The second that the sensitivity of the measured
results for the tests are comparable in size to those computed.

How do your conclusions with regard to test scaling for blowdown, refill and reflood fit
into the above scheme?

Similarly, how do your conclusions with regard to code scaling fit into the above
scheme?

5.1.1 - Determining Important Process Parameters

You state "In contrast, treating these process parameters statistically accounts for
higher order behavior by including all possible combinations in the sample space."
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a. What exactly are you referring to by higher order behavior? Give an illustrative
example.
b. To get "all possible combinations in the sample space" would require n° (from

Table 5.1) uniformly distributed sample points, where n is some appropriate
number of observations for each variable. Is this what was in mind? This gets
big very quickly!

5.1.2 - Role of Sensitivity Studies

"Parameters can be demonstrated to be insignificant by sensitivity studies and/or by
their relationship to low-ranked PIRT parameters.”

a. What exactly is meant by sensitivity studies in this context? That is, are these
S-RELAPS calculations of a full scale RLBLOCA wherein input parameters are
varied? Give an example.

b. Have you shown that the results of a S-RELAPS calculation for sensitivity at full
scale is valid?

5.1.3 - Quantifying Statistical Quantities

Why are there no measurement uncertainties associated with the parameters -
accumulator level through core flow in Table 5.4?

How are the operational and measurement uncertainties combined to give the
distribution for the parameters in Table 5.4?

5.2 - Performance of NPP Sensitivity Calculations
5.2.1 - Statistical Approach

The statement "Non-parametric statistical techniques are useful in situations where
acceptance or rejection is based on meeting a tolerance limit and where you do not
need the probability distribution itself." is misleading. The analytic form of the probability
distribution function need not be known, but the function must be continuous. In the
current context, the distribution function is the S-RELAP5 code. What evidence do you
give that S-RELAPS computed PTC and cladding oxidation are continuous in the
independent random variables for RLBLOCA analysis conditions?

Define your use of the term "outlier” in the current context of your application, i.e. given
59 observations of PCT, what makes you call the 59 th term in the order statistic and
outlier? What statistical test do you apply and what makes you think it is appropriate,
i.e. not due to some deterministic quirk in the computation? Please formulate your test
for an outlier in terms of a statistical hypothesis test.

5.4 - Determination of Total Uncertainty

The final results for the 4-loop sample problem are summarized as:
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e The 95/95 calculated PCT was 1635°F
® The 95/95 calculated maximum nodal oxidation was 1.1%

e The 95/95 calculated maximum total oxidation was 0.02%

a. Are these joint estimates based on the same n = 59 S-RELAPS5 runs?
b. If yes, please explain why. The 95/95 for the joint estimation of three dependent

variables requires far more than n = 59.

C. Physically PCT and oxidation rates should be correlated. Do you account for
that and if so how?

Stored energy in the fuel is treated, however pin pressure is not. Please describe the
methods used to assess the potential for blowdown ruptures and how fuel rod gap
pressures are calculated and treated statistically.

Please explain how the uncertainty in the gap gas conductance is accounted for.
Please explain how variations due to fuel relocation are treated and included in the
uncertainty in the stored energy of the fuel.

What is the initial oxide layer thickness assumed on the inside and outside of the rod.
Please explain how this is treated and justify the initial oxide layer thicknesses.

On page 4-94, the 90 percent confidence limit was used to evaluate the constant and
expcnential terms in the oxidation model. As described in RG 1.157, please use the 95
percentile confidence limits to evaluate these terms. Also, was the uncertainty on the
predicted mean of the data in the Cathcart-Pawel cited reference verified.

Cold leg condensation only, is discussed on page 4-99. Please explain how downcomer
condensation was ranged and applied in the methodology.

Downcomer entrainment was not discussed in the statistically treated section. Please
explain how downcomer entrainment was ranged.

The refill heatup period heat transfer multipliers were also not discussed. Please show
the S-RELAPS code predictions to data during refill and show the heat transfer
multipliers applicable to refill.

Please explain the "Comparison with Adjusted Accumulator” in Figure 4.152.

LOFT L2-3 predictions capture the second peak due to the lack of quench during
blowdown. If quench occurs, how well does S-RELAP predict the second peak? Do the
plant calculations always show a failure to quench during blowdown? [f not what is the
effect on the reflood PCT?

Explain why the methodology does not contain an uncertainty assessment regarding
peak local oxidation. At the higher PLHGRs and with downcomer boiling, what is the
core wide oxidation.
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What is the basis of the moderator-density feedback curve employed in the analysis? Is
the most positive MTC allowed by the technical specifications used? Please explain and
show the reactivity versus density curve used in the demonstration analysis. What
doppler feedback curve is used? What is the uncertainty in these curves applied to the
analysis?

In Table 5.7 on page 5-23 of EMF-2103, how was the lower limit on T inlet determined?
Will the analysis be applied to plants during an end of cycle coastdown? If so, what is
the sensitivity of the methodology to T inlet and how would the evaluation be performed?

In Figure 5.2 on page 5-29 of EMF-2103, which peak temperatures are due to first
peaks and which are due to reflood peaks? The peaks corresponding to times beyond
100 seconds are very low. These appear to be reflood peaks; please explain why the
reflood peaks are so low when linear heat rates are based on peaking factors in the
range 2.4 to 2.6? Why do the guillotine breaks appear to be all first peak limited?

Figure 5.3 shows break areas of 1.0 ft? and less. What is the effect on the PCT
distribution if breaks 1.0 ft? and smaller are thrown out? The upper limit on the break
size is about 4.0 ft>. What are the break multipliers for the largest sizes in Figure 5.3?
How are the multipliers applied to each side of the break? Please explain.

What does the scatter plot for PCT versus reflood rate look like?

Table 5.7 identifies the failure of 1 LPSI| and 1HPSI. Please show the PCTs for a diesel
failure, a LPSI failure, and no failure on the same plot.

In Table 5.7, why is steam generator plugging limited to 10 percent since the average
for operating plants is 15 percent? How is the plugging distributed among the steam
generators? How are asymmetries in plugging handled?

Table 5.7 lists the hot assembly to be anywhere in the core? Please show the core flow
and PCT for the hot assembly placed in the most limiting position which minimizes
blowdown cooling.

Minimum EC boron of 2925 is used in the analysis. What is the minimum time to boron
precipitation for this boron concentration? Show that the switch to simultaneous
injection occurs before precipitation for the limiting large break and location.

Please explain why the PCT is not skewed toward the higher values as power is
increased in Figure 5.6 of EMF-2103 and Fq is increased in Figure 5.7?

How is the ASI chosen in the analysis? Are power distributions with power skewed
toward the top most likely and how does the ASI chosen reflect the most likely
distribution?

Please explain why the trend in PCT is not increasing with increasing inner ring and cold
ring power? Are these PCTs determined with the hot assembly located in the position
which minimizes core flow and cooling during blowdown? Which PCTs are first peaks?
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What do the PCT scatter plots look like if they are separated into first peaks and second
peaks?

Why does the PCT turn around so quickly in Figure 5.187 What is the reflood rate
versus time for this break? Please explain why the quench occurs so early since
downcomer boiling should initiate following discharge of the SITs.

What is the cause of the spike in flow at about 7.5 seconds in Figure 5.207 What is the
PCT if this flow spike is eliminated?

What is the cause of the downcomer level increase just after 50 seconds in Figure 5.25?
What causes the drop in level at 225 seconds? Please show a plot of the downcomer
void fractions versus time. Also show a plot of the downcomer temperatures for these
locations versus time compared to the saturation temperature.

Show a plot of the core flow at the PCT location.

Please show the heat transfer coefficient and steam temperatures corresponding to
Figure 5.18. Also show the core void fraction versus time for these locations and the
droplet size at the hot spot versus time. What is the reflood rate versus time?

Why does the PCT show the rapid temperature decrease just after the safety injection
tanks empty? What are the low pressure safety injection and high pressure safety
injection flow rates after safety injection tank exhaustion?

Why is the lower plenum liquid solid at about 75 seconds? Why is there no boiling in
this region? How is wall heat modeled in the lower plenum? Please e::plain

What is the source of the pressure spike in Figure 5.28 at 70 seconds? Please explain.

What is the sensitivity of PCT to the expected variation in containment pressure? What
is the uncertainty in containment pressure?

Page A-4 of EMF-2103 states that a discussion of each study is not practical. In order
to demonstrate the basis for these studies, plots of key parameters are needed along
with a discussion of the resuits. The basis for each sensitivity needs to be explained
and the key plots presented with comparisons to the base case to provide the technical
justification for the choices for the parameters listed in the sensitivity studies given in
Table A.2.

The discussion in Section A.2 refers to core flow stagnation, reduced heat transfer and
many other phenomenological behaviors but does not show any piots other than PCT.
Figures A.1 through A.4 do not display quench. Please show the quench for these
cases. What is the impact on clad oxidation for these cases? Comparison of Figure A.3
with A.1 shows an increase in PCT of 500°F. Given this large change in PCT and the
fact that the S-RELAPS did not capture the effects of nitrogen which was to
subsequently increase PCT after the initial decrease, please provide the justification for
including this PCT benefit in the methodology. Is Figure A.2 incorrectly labeled as this
plot for the 4-loop plant? Why does the PCT increase substantially beyond that for the
3-loop plant compared to the 4-loop plant when nitrogen injection is precluded.
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How does low rod pressure produce more conservative PCTs as indicated in Table A.27
Higher rod pressures at higher linear heat rates will eventually cause blowdown ruptures
increasing the stored energy at end of blowdown that will increase PCTs. Please
explain.

In the rupture sensitivities given in Figures B.3 and B.4, how was fuel relocation and the
subsequent heat generation in the ruptured zone modeled? If this was not taken into
account, please justify the omission of fuel relocation effects in the ruptured region. How
does blowdown rupture influence the conclusions of the rupture study? What
assumptions are made regarding rupture of the surrounding rods in the rupture study.
Are touching strains predicted and what conditions are needed for this condition? What
is the justification for the blockages calculated that show rupture reduces PCT? What is
the PCT sensitivity to percent blockage up to the maximum? What test data was used
to justify the less limiting nature of rod rupture and show S-RELAP5 comparisons to the
data?

Please show the heat transfer coefficient vs. time for Figures B.3 and B.4. Also show
the temperature of the node just above the ruptured region and it's corresponding heat
transfer coefficient. Also show the gap conductance vs time for the ruptured and
unruptured region just above. Are the drop sizes affected by the ruptured region. What
is the void fraction and corresponding drop sizes versus time at the hot spot?

Figure B.13 shows an increasing PCT at the end of the plot. Please show the transient
until quench.

Figure C.1 shows a variation of about 50 K during reflood with time step. Please
dis. .. .he effect of smaller time steps on PCT.

Please support the basis for the uncertainty, especially the difference between the 95/95
and 50/50 and the data base used to assess the code predictive capability (for example,
there are many more FLECHT-SEASET, FLECHT Cosine and FLECHT Skewed tests
with PCT between 2000 and 2200 F that were not used in the S-RELAPS comparisons).
This would include the sensitivity of PCT to nitrogen injection, fuel swell and rupture
modeling, sensitivity to time step, downcomer boiling sensitivities, etc. If a larger data
base was used, how would the uncertainty be impacted?

As identified on page 3-17 of EMF-2100, the Weber number is used to define the
maximum bubble size. For reflood calculations, Wallis has proposed a formula based
on the Taylor instability theory. Please discuss the impact of the Wallis approach for
choosing bubble size on level swell and reflood behavior and justify the model.

Regarding the critical Weber number of 4.0 for droplets in dispersed flow (page 3-17 of
EMF-2100), Wallis recommends that a Weber number of 12 be used to define the
maximum drop diameter for viscous fluid droplets. Drop diameters of about 1/10 inch
characterize LOCA reflood behavior and have been used to capture the PCT in the
FLECHT tests. Please justify the Weber number used to compute the drop size for the
FLECHT tests. What is the lower limit on drop size in the S-RELAP5 methodology and
how does this value compare to the data base?
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138. How are the flow regime maps applied to the 2-D downcomer model?

139. Since flow regimes affect entrainment and ECC bypass, how was the uncertainty in the
flow regime maps included in the methodology?
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measured temperatures below the 15-in elevation, much greater than the measurements from
15-in to 44-in elevation, and much lower than measurements above the 44-in elevation. The
comparison can be considered acceptable because the calculated temperature trends followed
the data trends, although the magnitudes did not compare well, and the calculated temperatures
were overpredicted for the high power region. The highest PCT of 942 K (1236 F) was
measured at the 15-in elevation while the calculated PCT was 1005 K (1350 F).

43215 LOFT Test L2-5 Assessment

Test L2-5 was the third LBLOCA test conducted in the LOFT facility in which the reactor core
power provided the primary heat source. The test represented a hypothetical cold leg guillotine
break that simulated a double-ended, offset, shear break in a commercial (1000 MWe) 4-loop
PWR. The test was initiated at 75% thermal power (36 MWt) and a 12.22 kW/ft maximum
LHGR.

Operation of the LOFT PCPs differs from a typical PWR in that the LOFT pump rotors are
electromagnetically coupled to their flywheel system. It is normal during LOFT tests to uncouple
the pumps from their flywheels whenever the pump speed falls below 750 rpm (78.54 rad/s).
During the L2-5 test, the two PCPs were tripped at 1 second and disconnected from their
flywheels. This provided a rapid pump coast down. This operation of the pumps reduced the
flow into the vessel to less than the flow to the break, thus preventing an early bottom-up fuel
rod rewet. These simulated conditions are more typical of a 3-loop PWR than a 4-loop PWR.
LOFT pumps normally coast down while connected to their flywheels that were designed to

represent the normal pump coast down of commercial W 4-loop PWRs.

The Test L2-5 HPIS flow is 58% of Test L2-3 HPIS flow and is 75% of Test LP-02-6 HPIS flow
because an improper small break HPIS flow condition was inadvertently specified for Test L2-5.
The injections of high and low pressure ECCSs were delayed to 23.9 and 37.32 seconds,
respectively, to simulate the expected delay in starting up the emergency power diesel

generator to run the ECCS.

Before the transient started, the power level in the reactor core was steadily increased, then
held at 36 MW + 1.2 MW for about 28 hours. This ensured that an appropriate decay heat
power level would be obtained once the control rods were inserted into the reactor core. Test

conditions before the beginning of the L2-5 test were as follows.

. This document contains proprietary information and is
Framatome ANP Richland, Inc. subject to the restrictions on the first or title page.
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leg and 558.0 K for the hot leg come very close to measured values considering the large error
bands quoted for the measured data, namely 554.3 K + 4.2 °K for the cold leg and 561.9 K +
4.3 °K for the hot leg. The desired steady-state conditions were successfully achieved and the

calculation accurately reached the L2-5 test initial conditions.

For the transient calculation, a short steady-state calculation before the break opening is carried
out to ensure that the steady-state initial condition is properly maintained when switching from
the steady-state input model to the transient simulation. The calculation for this analysis is a
simulation of Test L2-5 from 10 seconds before the break initiation at 0 seconds up to

140 seconds. This time interval was chosen because the important phenomena and significant

events of Test L2-5 occurred during this period.

The assessment of S-RELAPS to predict each of the important LOCA phenomena is presented
in detail in Reference 5. Figure 4.149 depicts the final comparison of the calculated and
measured PCT versus core elevation. In this figure, the PCT is referred to as a maximum
cladding surface temperature, either calculated or measured at the various locations, during the
LOCA transient history. The comparison generally shows very good agreement and the
differences between the calculated and measured PCT in the high power region between 15-in
to 44-in elevations are quite small. Calculations and measurements both show a plateau region
between the 15-in and 28-in elevations where maximum PCT occurs. The highest PCT of
1105.4 K (1530.1 F) was measured at the 24-in elevation and the calculated PCT was 1102 K
(1524 F).

43216 LOFT LP-02-6 Assessment

LOFT LP-02-6 was the fourth LOFT nuclear powered core LBLOCA test conducted with
pressurized nuclear fuel rods and with a specification of minimum U.S. ECC injection rates. The
maximum LHGR of 14.87 kW/ft was above the typical technical specifications currently used for
licensing analyses of PWR fuel rods with the same approximate pellet diameter used in a

15 x 15 fuel pin array. Test LP-02-6 represented an NRC "design basis accident" test and was
supposed to run at 100% power, 50 MWH, but because of questions concerning the integrity of
the pressurized fuel rods in the central hot assembly, the power level was reduced to mitigate
possible safety problems. LP-02-6 is an important LBLOCA test for code assessment because
it addresses the issues relating to safety margins associated with the response of a PWR to the

NRC "design basis accident" scenario, including delayed minimum ECC safeguards.

. This document contains proprietary information and is
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agree quite well and the calculated initial conditions are generally within the uncertainty band of
the measured quantities. The calculated initial broken loop temperature of 557.6 K for the cold
leg and 558.3 K for the hot leg come very close to measured values considering the large error
bands quoted for the measured data, namely 553.0 K + 6.0 °K for the cold leg and 560.0 K +
6.0 °K for the hot leg. The desired steady-state conditions were achieved and the calculation

accurately reached the LP-02-6 test initial conditions.

A short, steady-state calculation before the break opening is carried out to ensure that the
steady-state initial condition is properly maintained when switching from the steady-state input
model to the transient simulation. The calculation for this analysis is a simulation of Test
LP-02-6 from 10 seconds before the break initiation at 0 second up to 140 seconds. This time
interval was chosen because the important phenomena and significant events of Test LP-02-6

occurred during this period.

The assessment of S-RELAPS to predict each of the important LOCA phenomena for LOFT
LP-02-6 is presented in detail in Reference 5. Figure 4.150 compares the calculated and
measured PCT versus core elevation. This figure refers to the PCT as a maximum cladding
surface temperature, either calculated or measured at the various elevations, during the LOCA
transient history. The comparison shows that the code overpredicted the measured
temperatures except at the low power region near the core exit. The greatest differences
between the calculated and measured PCT occur in the high power region between the 15 in
and 44 in elevations. The highest PCT of 1104.8 K (1529 F) was measured at the 26-in
elevation. The comparison shows that the calculated PCT of 1159 K (1627 F) is in good
agreement with data and conservatively exceeds the measured PCT in the high power core

region.

43217 LOFT Test LP-LB-1 Assessment

The fifth LOFT LOCE, Test LP-LB-1, simulated a hypothetical double-ended cold leg guillotine
break initiated from conditions representative of a PWR operating near its licensing limits. The
initial core power was near the facility design limit of 50 MWt with maximum LHGR of 15.8
kW/ft. Included in the test's boundary conditions were loss-of-offsite power coincident with the
LOCE, a rapid PCP coastdown, and a minimum safeguard ECCS injection assumption from a
European PWR. To minimize possible fuel pin damage, all of the fuel rods in the core were

initially unpressurized.

. This document contains proprietary information and is
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From Reference 5, a bias of 11.4°K + 16.2°K (20.5°F + 29.2°F) should be applied to the
measured PCT to account for the 'fin cooling' effects on the surface mounted thermocouples.
Thus, the reportable PCT for LOFT LP-LB-1 is 1284.0 K (1851.5 F).

A steady-state initialization calculation was performed to reach the desired steady-state
conditions for initiating the LOCA calculation. The calculated and measured initial conditions
agree quite well and the calculated initial conditions are generally within the uncertainty band of
the measured quantities. The calculated initial broken loop temperature of 560.0 K for the cold
leg and 558.3 K for the hot leg come very close to measured values considering the large error
bands quoted for the measured data, namely 552.0 K + 6.0 K for the cold leg and 561.0 K +

6.0 K for the hot leg. The desired steady-state conditions were achieved and the calculation

accurately reached the LP-LB-1 test initial conditions.

A short steady-state calculation before the break opening is carried out to ensure that the
steady-state initial condition is properly maintained when switching from the steady-state input
model to the transient simulation. The calculation for this analysis is a simulation of Test
LP-LB-1 from 10 seconds before the break initiation at 0 second up to 240 seconds. This time
interval was chosen because, although most the important phenomena and significant events of
Test LP-LB-1 occur before 100 seconds, the quenching of the core occurred much later in the

calculation.

The assessment of S-RELAPS to predict each of the important LOCA phenomena for LOFT test
LP-LB-1 is presented in detail in Reference 5. Figure 4.151 compares the calculated and
measured PCT versus core elevation. In this figure, the PCT is referred to as a maximum
cladding surface temperature, either calculated or measured at the various elevations, during
the LOCA transient history. The comparison shows that S-RELAP5 overpredicted temperatures
in the high power region up to the 44-in elevation, and slightly underpredicted temperatures
above 44 in. The measured PCT is 1284.0 K (1851.5 °F) at the 24-in elevation. That
measurement includes a bias and uncertainty of 11.4 °K + 16.2 °K (20.5 °F + 29.2°F) caused by
the fin cooling effects on the surface mounted thermocouple. The calculated maximum PCT of
1310 K (1899 F) also occurred at the 24-in core level and is in good agreement with the
measured PCT. Based on Figure 4.151, the PCT at any elevation is within approximately 20%

of the data, which is reasonable agreement.
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Figure 4.148 Comparison of PCTs Versus Core Elevations LOFT
Test L2-3 with S-RELAP5S
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Figure 4.149 Comparison of PCTs Versus Core Elevations LOFT
Test L2-5 with S-RELAP5S
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Figure 4.150 LOFT Test LP-02-6 Comparison of PCTs Versus Core
Elevations

. This document contains proprietary information and is
Framatome ANP Richland, Inc. subject to the restrictions on the first or title page.




EMF-2103(NP)
Realistic Large Break LOCA Methodology for Revision 0
Pressurized Water Reactors Page 4-296

Cladding Temperature (F)

Qo Q
=) =) < <
< < oS =)
) < < <
— — o <o
I I I Ld
©

55.0

44.0

22.0

LOFT LP-LB-1 S-RELAPS5 ANALYSIS
S-RELAP5

* PCT node with ’fin cooling’ bias

- Measured Data

11.0

Lo v b v b e v v b v b e b
33.0
Core Central Assembly Elevation (inches)

0.0

1500.0
1000.0 -
500.0

(M) aimesadwa ] Buippe|D

LOFT LP-LB-1 S-RELAP5 ANALYSISPLOT FILE NAME: Olb—1_pct_00.eps, JOB ID: make_pct_plot.03587, DATE: Wed May 22 08:57:30 PDT 2002

Figure 4.151 LOFT Test LP-LB-1 Comparison of PCTs Versus Core
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Figure 4.193 LOFT LP-LB-1 Temperatures at Measured PCT Node
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Figure 4.194 LOFT LP-LB-1 PCT Profile
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Figure 4.195 LOFT LP-02-6 Temperatures at Measured PCT Node
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Figure 4.196 LOFT LP-02-6 PCT Profile
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Figure 4.197 LOFT L2-5 Temperatures at Measured PCT Node
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Figure 4.198 LOFT L2-5 PCT Profile
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Figure 4.199 LOFT L2-3 Temperatures at Measured PCT Node
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Figure 4.200 LOFT L2-3 Temperatures at Calculated PCT Node
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Figure 4.201 LOFT L2-3 PCT Profile
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S-RELAPS5 REALISTIC LARGE BREAK LOCA
Request for Additional Information
Heat Transfer
Question 1: Please provide a list of differences in the heat transfer models and CHF
correlations as utilized in the Realistic Large Break LOCA to those utilized in Small Break LOCA
models.
Response 1: The differences in the heat transfer models and CHF correlations utilized in the

RLBLOCA methodology relative to those utilized in the SBLOCA methodology are summarized
in Table 1.1 below.

Table 1.1 Differences Between SBLOCA and LBLOCA Models

Heat Transfer Model Changes from SBLOCA to References

LBLOCA EMF-2100, EMF-2100,
Revision 2 Revision 4

Minimum Film Boiling New Model Figure 4.1 Figure 4.1

Temperature, Tmin =

700 K

Transition Boiling The F; factor in the modified Equation Equation
Chen's transition boiling (4.36) (4.41)
correlation is changed for
smoothness

Forsiund-Rohsenow The value for the coefficient K Page 4-17, Page 4-18,

Dispersed Film Boiling | is changed from 0.4 to 0.2 second the last

sentence from | sentence of
the end of the | second

first paragraph | paragraph

Modified Bromley Film | The (1- o, )4 factor is dropped | Equation Equation
Boiling (4.45) (4.47)
Modified Zuber Critical | Zuber CHF is used for void Equation Equations
Heat Flux (CHF) fraction below 0.74 and the (4.32) (4.32) and
modification factor is applied for (4.33)

void fraction above 0.74

The minimum film boiling temperature [ ] was implemented to improve the
calculated quench temperature and quench behavior during reflood. The Tmin model practically
eliminates the role played by the transition boiling comrelation to detemine whether the heat
transfer mode is in transition boiling or film boiling. Consequently, the transition boiling
correlation can be modified for smoothness without significant impact on the calculated results.

The changes in the film boiling cormrelations were made in an attempt to improve code-data
comparisons for tube data.

The change in the modified Zuber critical heat flux is partly based on experimental data and
partly intended to smooth the reflood calculations.
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The heat transfer modifications between the SBLOCA and the RLBLOCA code wersions are
improvements for LBLOCA. In the heat-up/dry-out period of a SBLOCA, the core can essentially
be characterized by a single-phase steam region above a two-phase mixture region. Therefore,
its PCT is mainly determined by the single-phase vapor heat transfer and will not be significantly
impacted by smali changes in other heat transfer models. Undocumented calculations did
demonstrate that both SBLOCA and RLBLOCA code wersions produce about the same PCTs
for SBLOCA.

Question 2: /n the analysis of the LBLOCA tmnsient, there are a number of different
correlations that are used as the transient unfolds, (Biasi, modified Zuber, Sleicher and Rouse,
Dittus-Boelter, etc.). Please choose a typical LBLOCA transient and map out all the different
correlations that are used along the way, from the beginning of the transient to the end. Stating
the particular correlation used, its applicable range (in terms of Reynolds No., flow rates, efc.),
and validation of its use in the applicable range.

Response 2: During a transient simulation, different heat transfer correlations may be applied
at any given time. The best way to demonstrate how the S-RELAP5 simulation of a LBLOCA is
supported by correlation development and validation studies is to first identify (or map) the
“simulation-space” and compare it to the “assessment-space.” The “assessment -space”
represents the combination of the applicability range from separate-effects investigation (i.e.,
correlation development or derivation), the expanded applicability range from uncertainty
analysis, and validation from integral-effects benchmark calculations. The simulation-space is
evaluated through the examination of the limiting calculations (in terms of PCT) for the 3- and 4-
loop sample problems for key correlation dependent parameters. The key parameters are
defined as those engineered parameters that can be designed into a themal-hydraulic test
matrix. The most common engineered parameters used in thermal-hydraulic testing and
correlation development are pressure, power (in terms of linear heat generation rate, or heat
flux), and mass flux (may be also given as Reynolds number or mass flow).

The comparison of the simulation-space and assessment-space provides quantitative support to
Step 6, Detemination of Code Applicability, in the Code Scaling, Applicability, and Uncertainty
(CSAU) methodology (Reference 1). As stated in Reference 1, “if inadequacies are noted, they
should be fully documented and, if possible, quantified.” Ideally, the assessment-space will span
the simulation space; however, realistically, there will likely be holes in the assessment-space.
To prioritize the effort in demonstrating adequate coverage, Framatome ANP presented a PIRT
for the LBLOCA in Reference 2. This PIRT identified and ranked the relevant phenomena of
importance for a LBLOCA. Table 2.1 highlights just the core heat transfer phenomena identified
as being important for LBLOCA from the PIRT. This table does not explicitly identify all the heat
transfer regimes or correlations of importance. This information is given in Reference 3. The
important heat transfer regimes are nucleate boiling, CHF (DNB), transition boiling, and film
boiling. As can be seen from the PCT response in Figures 2.1 and 2.3 for the 3- and 4-loop
sample problems, respectively, core heat transfer around the hot rod is limited to these heat
transfer regimes. Figures 2.2 and 2.4 provide the corresponding heat transfer coefficient near
the PCT node. It was the conclusion of the Framatome ANP PIRT team that the other heat
transfer regimes were either not present or had negligible impact on peak clad temperatures. In
fact, it was concluded that nucleate boiling has a relatively low ranking during the LBLOCA event
(see Table 2.1).
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The best resource for information about the heat tansfer regimes and their application can be
found in Section 4 for the S-RELAPS Models and Comrelations Code Manual (EMF-2100,
Reference 3). The selection logic for each heat transfer regime is presented in Figure 4.1 of that
document. As a summary Table 2.2 highlights the heat transfer correlations used in S-RELAPS.

The transient history at the PCT node for the 3- and 4-loop limiting PCT calculations (Case 41
and Case 22, respectively as given in Reference 2) are used as an example to show the heat
transfer models invoked during the entire transient and to define the example problem
simulation-space. The heat structures at the PCT locations pass through the CHF point almost
immediately (~0.03 s) after the break is initiated and the mass flux drops rapidly from over 3000
kg/s-m?. Table 2.3 defines the simulation-space from the 3- and 4-loop sample problems for the
duration of the transient simulation by presenting the different heat transfer regimes, the heat
transfer correlations used and approximate parameter ranges. (Note: the chronology presented
in this table is the traditional LBLOCA phases. The LBLOCA phases map well to the heat
transfer region numbers highlighted in Figures 2.1 and 2.3 and referenced in Table 2.3.)

Figures 2.1 and 2.3 show clad temperature plots from the 3- and 4-loop sample problems,
respectively with the LBLOCA phases in Table 2.3 identified. The heat transfer modes during
the LBLOCA are identified in this figure. During most of the LOCA calculation, multiple heat
transfer modes are present. However, with the exception of the period from just prior to quench
to the end of the calculation, the dominant heat transfer mode is convection to single phase
vapor (Sleicher-Rouse correlation). It should be noted that the heat tansfer to vapor is
calculated by the Sleicher-Rouse correlation during the film boiling period. Unlike the 44oop
sample problem, the 3Hdoop sample problem shows a late reflood heat up (Figure 2.1 vs. 2.3).
As identified in Table 2.3, this is a period of film boiling with the void fraction generally greater
than 0.995. The most obvious observation that can be made from these figures is that for the
majority of the transient the hot rod is in film boiling. This is consistent with the expectation
presented in the PIRT.

Definition of the assessment-space in terms of the range of applicability and validation of the
relevant heat transfer correlations applied to the hot rod is given in the following paragraphs.
This discussion is presented in the chronological order anticipated during a LBLOCA. Pressure
and heat flux (heat flux is translated into linear heat generation rate, LHGR, by assuming a
typical fuel rod diameter) are easily compared to the simulation-space; however, reported flow
rates are given in either mass flux, velocity (aka, reflood rate), or Reynolds number. A simple
approximation for reflood rate is 1 in/s ~ 25 kg/s-m>.

Time Period: Early Blowdown (0.0 — 0.03 s)

Immediately following the postulated LBLOCA, pottions of the core will, for a very brief time, be
in the nucleate boiling heat transfer regime until critical heat flux (CHF) is achieved. The
duration of this period depends on the size of the break; however, for the typical limiting PCT
break, this period will last only a fraction of a second. This period is more influenced by the CHF
correlation, rather than the nucleate boiling heat transfer correlation, because CHF triggers the
time of transition to the low heat transfer regimes (post-CHF).

S-RELAPS Implementation of CHF
Correlation: Modified Zuber [ ] and Biasi [ |

Formulation: See Section 4.4 of Reference 3.
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Derived Range of Applicability: During this early portion of the LBLOCA transient, core mass
fluxes are generally high as fluid is beginning to move rapidly towards the break planes. For
these higher mass fluxes, the Biasi correlation will apply. The Biasi correlation is empirical. For
LBLOCA simulation with S-RELAPS, the Biasi comrelation is applied only immediately following
the transient initiation until the beginning of reflood. Sensitivity studies have shown that CHF is
reached so quickly after a break, that clad temperatures are unaffected by a large uncertainty in
CHF. The applicability range for the Biasi comrelation is published in Reference 19 as:

° 2.7 bar < Pressure (P) < 140 bar (approx. 40 psia <P < 2050 psia)
. 100 kg/m?-s < Mass Flux (G) < 6000 kg/m?-s (S-RELAP5 constrains to G > 200 kg/m?s,
typical of blowdown phase of LBLOCA)

In general, the conditions for which the Zuber correlation is applied are not expected during this
early period. Nonetheless, the Zuber correlation was derived theoretically for pool boiling
conditions with well-wetted horizontal surfaces; however, the formulations for other geometries
range within +/- 12% of the Zuber values (Reference 17). It is applied for very low mass fluxes
and when the reflood heat transfer model is activated. The S-RELAP5 mass flux constraint was
recommended in Reference 18.

Validation/Assessment/Expanded Range of Applicability. Sensitivity of PCT to CHF was
determined to be minimal in LBLOCA sensitivity studies. Early in the transient, heat transfer in
the core rapidly advances to post-CHF conditions. Nonetheless, the Biasi corelation was
assessed against the tests performed on the THTF at Oak Ridge National Laboratory and a
bounding bias was determined for application in the RLBLOCA methodology. This study is
presented in EMF-2102 (Reference 15). Further discussion is provided in Section 4.13 of EMF-
2100 (Reference 3).

Table 2.4 provides a comparison of the simulation-space (taken from Table 2.3) and the range
of applicability evaluated for the assessment-space for the Biasi CHF comelation. [Note: the
assessment-space includes three components as previously described: the test conditions used
in correlation development, relevant uncertainty analysis, and integral-effects validation.]

Time Period: Blowdown (0.03 - 20 s)

As the RCS depressurizes and CHF is reached in the core, vapor generation is rapid and the
steam quality increases. This post-CHF period is characterized by film boiling, single-phase
steam convection, and radiation (although radiation isn’t expected to be significant; hence, it
doesn’t appear in the PIRT). As long as the steam maintains some wetness, the total heat
transfer includes all three heat transfer mechanisms; however, single phase steam convection
dominates heat transfer when void fractions are above about 0.75. Post-CHF heat transfer
includes uncertainty not only from the application of the correlations, but also from contributions
of interfacial drag and heat transfer phenomena. For this reason, total post-CHF heat transfer,
rather than the individual correlations, is a statistically treated parameter.

S-RELAPS Implementation of Film Boiling Heat Transfer

Correlation: Modified Bromley [ ], Forslund-Rohsenow [ ]. Sleicher-Rouse
(a=1)

Formulation: See Section 4.7 of Reference 3.



NRC:02:062
Attachment 1
Page 5

Derived Range of Applicability: The modified Bromley correlation was analytically derived to
be generally applicable in the film boiling regime. Nonetheless, the Bromley model was
assessed with datasets covering a range of working fluids. The published database ranges for
this correlation is:

0.1 Mpa < Pressure (P) < 0.7 Mpa (or 14.7 psia < P < 102.9 psia, bounds reflood pressures)
0 < Velocity (V) < 0.3 m/s (approx. 0 < G < 300 kg/s-m?, typical of reflood conditions)
30.0 kW/m? < Heat Flux (q") < 130 kW/m? and 0.25 in <D(rod) < .5 in
(or ~0.16 kWI/ft < LHGR < 0.7 kW/ft, typical decay heat during reflood)
. Void < 0.4

The Forslund-Rohsenow correlation was derived experimentally using only nitrogen as the
working fluid.

Pressure = 25 psia (below reflood)
70,000 Ibm/hr-ft? < G < 190,000 Ibm/hr-ft* (0.82 kg/s-m? < G < 2.23 kg/s-m?, a very low
flow rate)

. q" < 25000 Btu/hr-ft? (q” < 79 kW/m?, .228 in <D < .462 in, hence, 0.44 kWift < LHGR <
0.88 kW/ft, approximately, typical decay power range)

The Sleicher-Rouse correlation is discussed separately in the next section.

Validation/Assessment/Expanded Range of Applicability: Within S-RELAPS5 both the
modified Bromley and Forslund-Rohsenow correlations may be used outside their derived range
of applicability; however, applied statistical uncertainty on the total heat transfer provides the
means for expanding the range of applicability. The primary deviations from the original range of
applicability are:

. The modified Bromley correlation is limited to the condition where vapor void fraction is
lessthan [ ], rather than 0.4.

. The Forslund-Rohsenow correlation was developed using nitrogen as the working fluid.

° The Forslund-Rohenow correlation is applied when the volume void fraction is above [ ]

° For void fractions between [ 1, both the Forslund-Rohsenow and modified
Bromley correlations are smoothly weighted to cover this transition region.

) Full range of pressure from 2250 psia to atmospheric.

. Full range of mass fluxes expected during reflood.

A discussion on the statistical treatment of total heat transfer is presented in S-RELAPS
Verification and Validation document, EMF-2102 (Reference 15). The uncertainty analysis
applies data from the Thermal-Hydraulic Test Facility (THTF) tests and from FLECHT-SEASET
tests. The applicability of these tests was evaluated by analysis of the breadth of the data in
terms of key correlation parameters and the density of the data in tems of the parameters for
which the correlation is most sensitive, pressure and void fraction. A comparison of the data
density from the simulation- and test-space over the Bromley and Forslund-Rohsenow void
range of applicability are given in Figures 2.5 and 2.6. The experimental ranges for the key test
parameters for each test are:

THTF: Transient reflood tests and full height
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° 404 psia < P < 1195 psia (typical during blowdown)
G < 4250 kg/s-m? (typical during steady-state and blowdown)
0.8 kw/ft < LHGR < 2.2 kwi/ft (typical during blowdown)

FLECHT-SEASET: Transient reflood tests and full height

. 20 psia < P < 60 psia (typical reflood range)

o .8 in/s < flooding rate < 6 in/s (approx. 20 kg/s-m? < G < 150 kg/s-m?, typical reflood range)
. LHGR <.7 kw/ft (typical decay power)

Since steady-state pressure will always be near 2250 psia, there will be a short period of time in
which the system pressure will be above the range of applicability. However, additional
coverage is supported through the “Evaluation of Bias” calculations using the LOFT and
SemiScale benchmarks that show good or conservative agreement. These are integral tests
that are initiated from full pressure conditions.

S-RELAPS Implementation of Single-Phase Vapor Convection
Correlation: Sleicher-Rouse
Formulation: See Section 4.5 of Reference 3.

Derived Range of Applicability: The Sleicher-Rouse correlation was developed for single-
phase heat transfer for both liquids and gases over the following parameter ranges:

0.1 <Pr<10° (0.6 < Pr< 0.9, typical for single phase water vapor)
10* < Re < 108 (typical of blowdown phase, high for refill and reflood period)

The form of the correlation is a summation of both a turbuient and laminar convection term. The
faminar convection term is Nu(lam) = 5.0. This is below the best-estimate value of 7.86 for rod
pitch to diameter of 1.33 (see Section 4.2 of Reference 3).

Validation/Assessment/Expanded Range of Applicability: Single-phase vapor heat transfer
has been assessed using the 161+0d bundle FLECHT-SEASET steam cooling tests (Reference
16, also see RAI Response 41). The range of the key design parameters for these tests is:

. Pressure = 40 psia (typical of post-blowdown periods)
3000 < Re < 20000 (typical of reflood period)
0.006 kW/ft < Rod Power (q') < 0.24 kW/ft (below typical decay heat powers)

The LOFT and Semiscale integral tests during the refill period and the separate effect
assessments, including FLECHT-SEASET and CCTF, during the early period of adiabatic heat-
up were used to validate single-phase heat transfer at very low flows. The range of the key
design parameters for these tests are:

° Pressure = 20-60 psia
e 0 <Re <3000
LHGR <.7 kw/ft (typical decay power)

Low flows that directionally oscillate are characteristic during this period in both the tests and the
calculations (i.e., Re will be as low as zero). In LBLOCA calculations during vessel refill, vapor
flow rates decelerate and directionally oscillate as a result of the transition to refill. This will last
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until the beginning of core reflood which is a period typically less than 15 s. During this unsettled
period, core flow will likely remain turbulent; however, vapor Reynolds numbers will be low.

In general, the S-RELAPS results conservatively bound the measured results (higher clad
temperatures). While the results of the assessments demonstrated that the Sleicher-Rouse
correlation is adequate for post-blowdown periods during a LOCA (and lower Reynolds
numbers), single-phase vapor heat transfer is treated implicitly in the evaluation of uncertainty in
the total post-CHF heat transfer (see previous section).

S-RELAPS Implementation of Radiation
Correlation: Sun (for rod-to-fluid, based on Stephan-Boltzman)
Formulation: See Section 4.8 of Reference 3

Derived Range of Applicability: The Stephan-Boltzman correlation was derived to be
generally applicable for radiation calculations. Radiation heat transfer in S-RELAPS is limited to
rod-to-fluid phenomenon. The key addition of the Sun correlation is the development of
separate emissivities for vapor and liquid droplets. Since radiation is a relative small contributor
to heat transfer, this model is not invoked until rod temperature is both above 650 K and the
steam temperature.

Validation/Assessment/Expanded Range of Applicability: Since radiation is such a small
component to total heat transfer, this model has not been explicitly assessed by separate effects
tests; however, this model is activated in the majority of assessments presented in the
S-RELAPS5S Code Verification and Validation document (Reference 15). This includes both the
THTF and FLECHT-SEASET test suites used to dernve the post-CHF total heat transfer
uncertainty.

Table 2.5 provides a comparison of the simulation-space (taken from Table 2.3) and the range
of applicability evaluated for the assessment-space for the film boiling correlation. (Note: the
assessment-space includes three components as previously described: the test conditions used
in correlation development, relevant uncertainty analysis, and integral-effects validation.)

Time Period: Refill (20 s — 32 s)

During the refill period, the RCS has nearly depressurized and the core region is devoid of
coolant. Heat transfer in the core is almost all from single phase vapor. As previously stated,
single phase vapor heat transfer is predicted using the Sleicher-Rouse correlation. The core
conditions during this time are con