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With this letter, Mitsubishi Heavy Industries, Ltd. ("MHI") transmits to the U.S. Nuclear
Regulatory Commission ("NRC") a document entitled "Response to the NRC Request for
Additional Information on topical report: "Thermal Design Methodology", MUAP-07009 Rev.
0".

Enclosed are the responses to 40 RAIs contained within Reference 1. Of 40 RAls, the 23 as
listed below have already been answered within Reference 2; they are also included in the
enclosure.

1.3, 1.5, 1.6, 1.7, 1.12, 1.13, 1.14,.1.15, 1.16, 1.17, 1.18, 1.19, 1.20, 1.21, 3.3, 3.4, 3.5, 3.6,
3.7, 3.8, 3.10, 4.1,6.2

No changes have been made except for 1.5, 1.7 and 3.8. Modifications for the three RAls are:
(1.5) last paragraph "Flexible radial fuel nodalization" was added
(1.7) Table format on Table 1.7-1 was slightly modified
(3.8) Table 3.8-1 was treated as proprietary information

VIPRE-01M code manual (Reference 3) and Quality assurance manual (Reference 4) are
being transmitted separately as supplemental information.

As indicated in the enclosed materials, this document contains information that MHI considers
proprietary, and therefore should be withheld from public disclosure pursuant to 10 C.F.R. §
2.390 (a)(4) as trade secrets and commercial or financial information which is privileged or
confidential. A non-proprietary version of the document is also being submitted with the
information identified as proprietary redacted and replaced by the designation"[ ]".



This letter includes a copy of the proprietary version (Enclosure 2), a copy of the
non-proprietary version (Enclosure 3), and the Affidavit of Yoshiki Ogata (Enclosure 1) which
identifies the reasons MHI respectfully requests that all materials designated as "Proprietary"
in Enclosure 2 be withheld from public disclosure pursuant to 10 C.F.R. § 2.390 (a)(4).

Please contact Dr. C. Keith Paulson, Senior Technical Manager, Mitsubishi Nuclear Energy
Systems, Inc. if the NRC has questions concerning any aspect of the submittals. His contact
information is below.

Sincerely,

Yoshiki Ogata,
General Manager- APWR Promoting Department
Mitsubishi Heavy Industries, LTD.

Enclosures:

1. Affidavit of Yoshiki Ogata

2. Response to the NRC Request for Additional Information on "Thermal Design
Methodology" MUAP-07009 Rev. 0 (proprietary version)

3. Response to the NRC Request for Additional Information on "Thermal Design
Methodology" MUAP-07009 Rev. 0 (non-proprietary version)

CC: J. A. Ciocco
C. K. Paulson

Contact Information
C. Keith Paulson, Senior Technical Manager
Mitsubishi Nuclear Energy Systems, Inc.
300 Oxford Drive, Suite 301
Monroeville, PA 15146
E-mail: ck-paulson@mnes-us.com
Telephone: (412) 373-6466



Enclosure 1

Docket No. 52-021
MHI Ref: UAP-HF-09500

MITSUBISHI HEAVY INDUSTRIES, LTD.

AFFIDAVIT

I, Yoshiki Ogata, state as follows:

1. I am General Manager, APWR Promoting Department, of Mitsubishi Heavy Industries,
LTD ("MHI"), and have been delegated the function of reviewing MHI's US-APWR
documentation to determine whether it contains information that should be withheld from
public disclosure pursuant to 10 C.F.R. § 2.390 (a)(4) as trade secrets and commercial or
financial information which is privileged or confidential.

2. In accordance with my responsibilities, I have reviewed the enclosed document entitled
"Response to the NRC Request for Additional Information on "Thermal Design
Methodology", MUAP-07009 Rev. 0", dated October 30, 2009 and have determined that
portions of the document contain proprietary information that should be withheld from
public disclosure. Those pages containing proprietary information are identified with the
label "Proprietary" on the top of the page and the proprietary information has been
bracketed with an open and closed bracket as shown here "[ ]". The first page of the
document indicates that all information identified as "Proprietary" should be withheld from
public disclosure pursuant to 10 C.F.R. § 2.390 (a)(4).

3. The information identified as proprietary in the enclosed document has in the past been,
and will continue to be, held in confidence by MHI and its disclosure outside the company
is limited to regulatory bodies, customers and potential customers, and their agents,
suppliers, and licensees, and others with a legitimate need for the information, and is
always subject to suitable measures to protect it from unauthorized use or disclosure.

4. The basis for holding the referenced information confidential is that it describes the
unique thermal and hydraulic design developed by MHI and not being used in the exact
form by any MHI's competitors. This information was developed at significant cost to
MHI, since it required the performance of research and development and detailed design
for its software and hardware extending over several years.

5. The referenced information is being furnished to the Nuclear Regulatory Commission
("NRC") in confidence and solely for the purpose of information to the NRC staff.

6. The referenced information is not available in public sources and could not be gathered
readily from other publicly available information. Other than through the provisions in
paragraph 3 above, MHI knows of no way the information could be lawfully acquired by
organizations or individuals outside of MHI.

7. Public disclosure of the referenced information would assist competitors of MHI in their
design of new nuclear power plants without incurring the costs or risks associated with
the design of the subject systems. Therefore, disclosure of the information contained in



the referenced document would have the following negative impacts on the competitive
position of MHI in the U.S. nuclear plant market:

A. Loss of competitive advantage due to the costs associated with the development of
the thermal and hydraulic design. Providing public access to such information
permits competitors to duplicate or mimic the methodology without incurring the
associated costs.

B. Loss of competitive advantage of the US-APWR created by benefits of enhanced
plant safety, and reduced operation and maintenance costs associated with the
thermal and hydraulic design.

I declare under penalty of perjury that the foregoing affidavit and the matters stated therein
are true and correct to the best of my knowledge, information and belief.

Executed on this 30th day of October, 2009.

Yoshiki Ogata,
General Manager- APWR Promoting Department
Mitsubishi Heavy Industries, LTD.
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October 2009
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Response to the NRC Reauest for Additional Information on

"THERMAL DESIGN METHODOLOGY". MUAP-07009-P Rev.0

1.0 Requests for Additional Information on the Evaluation Model

1.1 Identify the specific accident/transient scenarios and plant configurations for each
application in which VIPRE-O1M will be used. Include the parameters of interest,
figures of merit, and limiting transients.

Response:

Safety analyses are performed according to the NRC Standard Review Plan (SRP)
Chapter 15 which describes the specific accident/transient scenarios, parameters
of interest, and acceptance criteria.

The VIPRE-01 M code is directly used in the following accident/transient analyses
for the evaluation of minimum DNBR, peak fuel centerline temperature (TCL), fuel
enthalpy, peak cladding temperature (PCT), and Zircaloy-water reaction. The
VIPRE-01M code also generates an interface file containing time-dependent core
average void fraction and heat flux which is used as an input for the MARVEL-M
analyses of peak RCS pressure. The parameters of interest and figures of merit
for each of these events are shown in Table 1.1-1.

- SRP/DCD 15.1.4

- SRP/DCD 15.1.5

- SRP/DCD 15.3.1.1

- SRP/DCD 15.3.1.2

- SRP/DCD 15.3.3

- SRP/DCD 15.4.1

- SRP/DCD 15.4.3

Inadvertent opening of a steam generator relief or safety
valve

Steam system piping failure

Partial loss of forced reactor coolant flow

Complete loss of forced reactor coolant flow

Reactor coolant pump rotor seizure

Uncontrolled control rod assembly withdrawal from a
subcritical or low power startup condition

Control rod misoperation (one or more misaligned
RCCAs)

Mitsubishi Heavy Industries, LTD. 1/68



- SRP/DCD 15.4.8 Spectrum of rod ejection accidents

A DNBR look-up table*, generated by VIPRE-01M steady state calculations, is
used in MARVEL-M for the evaluation of minimum DNBR in events which have a
constant core flow rate and are bounded by the applicable power distribution.
These events, along with the parameters of interest and figures of merit, are shown
in Table 1.1-2. For those events whose parameters exceed the applicable ranges
of the look-up table, VIPRE-01 M is used to calculate the DNBR based on the input
data generated by other codes such as MARVEL-M.

*Detailed information is provided in the response to RAI 2.1-2 on Topical Report

MUAP-07010-P "Non-LOCA Methodology", submitted via the MHI letter
UAP-HF-08141 dated August 22, 2008.

MIISUDISflI heavy inaustries, LI U. 2Ib~
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Table 1.1-1 SRP Chapter 15 Events Utilizing VIPRE-01M

SRPeDCD Event Category Parameters of Figures of
Section Interest Merit

Inadvertent opening of a
15.1.4 steam generator relief or AOO DNBR >CL(W-3)*3

safety valve
Steam system piping
failures*6

- Minor AOO DNBR >CL(W-3) 3

- Major PA DNBR >CL(W-3)*3

15.3.1.1 Partial loss of forced AOO DNBR >SAL*'reactor coolant flow
15.3.1.2 Complete loss of forced AOO DNBR >SAL*'

reactor coolant flow
DNBR NA"8

15.3.3 Reactor coolant pump rotor PA PCT <2200°Fseizure Zr-H20 <17%
Uncontrolled control rod DNBR

15.4.1 assembly withdrawal from AOO TCL*4 <Melting point
a subcritical or low power RCS pressure*7 <1M10% design
startup condition
Control rod misoperation

15.4.3 - One or more misaligned AOO DNBR >SAL*'
RCCAs

DNBR NA"8

TCL*4  <Melting point
15.4.8 Spectrum of rod ejection PA Fuel enthalpy SRP 4.2 App. B

accidents PCT <2200°F
Zr-H20 <17%
RCS pressure*7 SRP 15.4.8*5

*1 Safety Analysis Limit for RTDP ([ ] for US-APWR with WRB-2 correlation)
*2 Correlation Limit ([ ] for the US-APWR with WRB-2 correlation)
*3 Correlation Limit ([ ] for the US-APWR with W-3 correlation)
*4 Fuel centerline temperature
*5 ASME service limit C
*6 Hot zero power case
*7 VIPRE-01 M calculates the core average void fraction and heat flux for the

MARVEL-M RCS pressure analysis
*8 DNBR calculated by VIPRE-01 M is evaluated against the SAL to determine the

number of rods in DNB for the dose evaluation analysis, but the SAL is not a
figure of merit for DNBR in this event
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Table 1.1-2 SRP Chapter 15 Events Utilizing DNB Look-Up Table in MARVEL-M

SRP/DCD Parameters Figures
Section ofInterest of Merit

Decrease in feedwater

15.1.1 temperature as a result of AOO DNBR >SAL*'feedwater system
malfunctions
Increase in feedwater flow as

15.1.2 a result of feedwater system AOO DNBR >SAL*'
malfunctions
Increase in steam flow as a

15.1.3 result of steam pressure AOO DNBR >SAL*'
regulator malfunction
Steam system piping failures 2

15.1.5 - Minor AOO DNBR >SAL"*
- Major PA DNBR >SAL*'

15.2.1 Loss of external electrical load AOO DNBR >SAL"
15.2.7 Loss of normal feedwater flow AOO DNBR >SAL"
15.4.2 Uncontrolled control rod AOO DNBR >SAL"*

assembly withdrawal at power
Control rod misoperation
- One or more dropped AOO DNBR >SAL*'

15.4.3 RCCAs
- Uncontrolled withdrawal of

a single RCCA
Inadvertent opening of a PWR

15.6.1 pressurizer pressure relief AOO DNBR >SAL
valve or a BWR pressure relief
valve

*1 Safety Analysis Limit for RTDP ([
correlation)

*2 Hot full power case

] for the US-APWR with WRB-2

*3 DNBR calculated by MARVEL-M is evaluated against the SAL to determine the
number of rods in DNB for the dose evaluation analysis, but the SAL is not a
figure of merit for DNBR in this event
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1.2 For the scenarios identified in RAI 1.1 (above), provide justification that the specific
accident/transient scenarios can be adequately modeled with VIPRE-O1M. This
means that models must be present in the VIPRE-Q1M code to capture the
phenomena and components that have been determined to be important or
necessary to simulate the accident/transient under consideration. The chosen
mathematical models and numerical solution of those models must be able to
predict the important physical phenomena reasonably well from both qualitative
and quantitative points of view.

Response:

Key parameters for accident/transient scenarios, which are consistent with the
parameters of interest in Table 1.1-1 and Table 1.1-2 in the response to RAI 1.1,
related important physical phenomena to be captured in order to simulate these
scenarios, and physical models used in VIPRE-01 M to capture these phenomena
are summarized in Table 1.2-1. References to the qualification studies are also
shown in the rightmost column of Table 1.2-1. Applicable ranges of these models
and correlations are discussed in the response to RAI 3.9.

The applicability of the WRB-1/2 DNB correlations to the MHI fuel has been verified
by evaluating the DNB test data of the MHI fuel model using the VIPRE-01 M code
with the WRB-1/2 correlations, as described in Appendices B and C.

W-3 correlation is used for analyzing certain AOO cases in which parameters are
out of the applicable ranges of WRB-1/2, typically in the cases that the pressure
falls below the range for WRB-1/2. It has been developed based on the DNB test
data for single channels without considering the mixing vane effect.

The use of[ ]and the[ ] with
VIPRE-01M is justified because these models conservatively predict the void
fraction compared to [ ], as described in Chapter 7.

The applicability of the selected models for pressure drop and the coefficient for
turbulent mixing is verified via the sensitivity studies in Appendix A.

The [ ] correlation predicts the heat transfer coefficient slightly more
conservatively at PWR conditions (see Ref.1.2-3). In the nucleate boiling regime,
I ] conservatively accounts for the effect of the nucleate boiling
because it predicts larger wall superheat than experimental results (see Ref.1.2-4).

The fuel temperature analyses with VIPRE-01 M were validated with the FINE and
FACTRAN code analyses in Chapter 7.

The use of the [ ] correlation for peak cladding temperature
(PCT) analyses with VIPRE-01M and the Baker-Just correlation for the Zr-Water
reaction in PCT analyses is verified by comparison with the FACTRAN code
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analyses, as described in Chapter 7.

References

1.2-1 MUAP-07009-P, "Thermal Design Methodology", 2007.

1.2-2 Tong, L. S., "Boiling Crisis and Critical Heat Flux", AEC Critical Review
Series, TID-25887, 1972.

1.2-3 Tong, L. S., Weisman, J., Thermal analysis of pressurized water reactors,
second edition, American Nuclear Society, 1979.

1.2-4 Stewart, C. W., et al., "VIPRE-01 M: A Thermal Hydraulic Code for Reactor
Cores, Volume 2: Mathematical modeling: (Revision4)", NP-2511-CCM-A,
Electric Power Research Institute, 2001.

Table 1.2-1 Important Physical Models Utilized in VIPRE-01M

Key Physical Physical Model References
Parameter Phenomena

Critical heat flux WRB-1/WRB-2 Ref.1.2-1 Appendix B, C
W-3 Ref. 1.2-2

Void generation

DNBR

Pressure drop

Turbulent mixing

Fuel Heat transfer

temperature Fuel heat
/enthalpy conduction

Peak
cladding Heat transfer
temperature
Zircaloy- Zircaloy-water
water
reaction reaction
RCS Void generation
pressure _._ _

Mitsubishi Heavy Industries, LTD. 6/68



1.3 Provide the following listed in Chapter 9.0 of MUAP-07009-P to the NRC:
References 1,2,3,4,5, and 18.

Response:

References 1, 2, 3, 4, and 5 are documents published by Electric Power Research
Institute (EPRI). Due to MHI's license agreement with EPRI, we are not allowed to
provide these documents directly to the NRC. MHI has contacted EPRI, and they
suggest that the NRC contact them directly for obtaining the documents.

Reference 18 is an internal document, and it can be replaced by the Topical Report
PQD-HD-19005 Revision 3 "Quality Assurance Program (QAP) Description For
Design Certification of the US-APWR". PQD-HD-19005 Revision 3 has been
submitted to the NRC by MHI letter UAP-HF-09445, dated September 14, 2009.
MHI will revise the description for this reference in MUAP-07009-P.

1.4 Provide an overview of the thermal design methodology which provides a clear
roadmap describing all parts of the thermal design methodology and the
relationships between the separate parts.

In this overview, describe where VIPRE-O1M receives its inputs, which codes
interact with VIPRE-O1M (provides input to VIPRE-O1M or receives output from
VIPRE-OIM), and what is done with the output from VIPRE-O1M. References
should be supplied for any interacting codes, as well as verification that the codes
are approved by the NRC and are being used within their conditions and limitations.

Response:

For PWR core thermal design (DNB design), the design basis is that "there is at
least a 95% probability at a 95% confidence level that the hot fuel rod in the core
does not experience a DNB phenomenon during normal operation and anticipated
operational occurrences". The design basis can be met by retaining the minimum
DNBR to be greater than the "DNBR limit value" which is determined as the
criterion for the safety analyses stated in the responses to RAIs 1.1 and 1.2. In
addition, reactor operating conditions are restricted by the range of "core thermal
limits", which leads to the setpoint determination of over-temperature AT trip. In
the thermal design, the "DNBR limit value" and "core thermal limits" are evaluated
according to the process shown in Figure 1.4-1. In this process, the VIPRE-01 M
code is adopted and utilized to calculate the thermal-hydraulic coolant conditions in
the core. The inputs to VIPRE-01M are basically core geometry, operating
parameter conditions and pre-determined design core power distribution. To
determine the design core power distribution, ANC, which is a core simulator
described in Ref.1.4-1, provides a number of power distributions for DNB analyses
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by VIPRE-01 M and the bounding power distribution is thus established.

At the beginning, based on the RTDP, the design limit of minimum DNBR (DL) is
evaluated by statistical combination of plant operating parameters, heat flux
distribution in a core, computer codes and DNB correlation as "described in the
response to RAI 4.2. Then, the safety analysis limit of minimum DNBR (SAL) is
determined, accommodating the DNBR penalties incurred due to fuel rod bowing
and transition core and/or design margins to reserve more core operational
flexibility. The detailed information on the DNBR penalties is provided in the
responses to RAIs 1.8 and 1.9. The SAL is considered as the criteria for most
safety analyses associated with DNB.

In the case where the RTDP is not applied, the conventional deterministic approach
is adopted, in which all the uncertainties with the input parameters are taken into
account by VIPRE-01M. The calculated minimum DNBR is compared with the
DNBR limit which includes the DNB correlation uncertainty.

The core thermal limits represent the operational region in terms of thermal power,
inlet temperature and system pressure which should satisfy that (1) the minimum
DNBR in a core is greater than the SAL and (2) the hot-leg enthalpy does not
exceed the saturation enthalpy. The coolant parameters at which the minimum
DNBR is equal to the SAL are evaluated to represent item (1) above by VIPRE-01 M
computation.

In the safety analysis methodology, the VIPRE-01M code interacts with the
MARVEL-M, TWINKLE-M and ANC codes. The interactions between these codes,
including the inputs/outputs, are described in detail in Sections 5.2 through 5.4 of
the Non-LOCA Methodology Topical Report (Ref.1.4-2). In this topical report,
Figure 5.2-2, Figures 5.3-1 through 5.3-4, and Figure 5.4-2 show the roadmap for
these code-to-code interactions. As an example, code interaction between
MARVEL-M and VIPRE-01M is presented in Figure 1.4-2. The response to RAI
3.10 provided an example file following this interface route. In addition, the
VIPRE-01M output of interest for each safety analysis is summarized in the
response to RAI 1.1. These other codes are currently being reviewed for approval
by the NRC as a part of the design certification of the US-APWR.

References

1.4-1 "Qualification of Nuclear Design Methodology using PARAGON/ANC",
MUAP-07019-P, December 2007

1.4-2 "Non-LOCA Methodology", MUAP-07010-P, July 2007
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Uncertainties of (Basic Input for VIPRE-01 M)
Parameters-Core Geometry
DNB__CorrelationJ-Operating Parameter Condition

-Design Core Power Distribution*

Revised Thermal -Subchannel Analysis
Design Procedure 4 (VIPRE-01M)

(RTDP) -DNB Correlation

Design Limits of
Minimum DNBR

(DL)

[-DNBR Penalties
Rod Bow
Transition Core

-Design Margin

Safety Analysis Limit
of Minimum DNBR

(SAL)

Core Thermal Limits]

*ANC code provides a number of power distributions to VIPRE-01 M to determine

the design power distributions which are applied to DNB analyses.

Figure 1.4-1 Overview of Thermal Design (DNB Design)

Iitsuisn heavyl I inutis I LI .... i
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VIPRE-01M
Fuel temperature and

T/H transient
(subchannel model)

Assumed a constant RCS
pressure and inlet temperature

Output
-), Minimum DNBR

Figure 1.4-2 Code Interaction between MARVEL-M and VIPRE-01 M

(Corresponding to Figure 5.2-2 in Ref. 1.4-2)
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1.5 Identify which MOD of VIPRE-01 was used to create VIPRE-Q1M and which
revision of documentation was used. If something other than MOD-01 or MOD-02
were used (for example, MOD-2. 1) MHI may need to provide additional justification
because even a "small" change to the evaluation model can have unintended
consequences on calculation results that were through to not be impacted by the
changes.

Response:

NRC issued Safety Evaluations for EPRI VIPRE-01 versions MOD-I.0 and
MOD-2.0. MHI's VIPRE-01M code was created from MOD-2.2.1 of the EPRI
VIPRE-01 code. MOD-2.2.1 was the latest version of VIPRE-01 when MHI
obtained it from Electric Power Research Institute (EPRI) and Computer Simulation
& Analysis, Inc. (CSA) in 2006.

VIPRE-01, MOD-2.2.1 incorporated fixes to minor editorial errors which were found
after MOD-2.0 was approved by the NRC and some features for user convenience.
All of the modifications are administered by EPRI/CSA according to their Quality
Assurance Program, and it was confirmed by CSA that the modifications did not
impact the calculation results.

MHI uses three features added between MOD 2.0 and MOD 2.2.1. They have
been verified as follows:

- Model to read RETRAN-3D generated boundary condition file

This model was modified so as to read the boundary condition file generated by
MHI MARVEL-M code. This feature has been verified internally and in the
response to RAI 3.10.

- Flexible radial fuel nodalization

This feature was used for the equal volume and the equal thickness
nodalizations in Chapter 7 of MUAP-07009-P, and verified there.

Mitsubishi Heavy Industries, LTD. 11/68



1.6 The NRC generic safety evaluation report for VIPRE-O MOD-Ol includes five
conditions for use of the code. The NRC generic safety evaluation report for
VIPRE-0I MOD-02 includes four additional conditions for use of the code. Explicitly
state the SE conditions and discuss how. MHI will meet each of these conditions
using VIPRE-QIM.

Response:

MHI is in compliance with the five conditions required in the generic safety
evaluation for VIPRE-01 MOD-1.0 as described in Section 3.2 of MUAP-07009-P.

The safety evaluation for VIPRE-01 MOD-2.0 includes four additional conditions.
The first two of them are for the BWR applications, and therefore, are not
applicable to the PWR design applications described in MUAP-07009-P. MHI
meets the last two conditions as follows:

Condition 3

"Section 2.2 of Volume 5 of the submittal identifies a spectrum of limitations of the
code. Each user, should ensure that the code is not being used in violation of
these limitations."

MHI compliance

In summary, Section 2.2 of Volume 5 of NP-2511-CCN-A describes that the
VIPRE-01 code cannot be used for the following situations:

- Specific two phase flow conditions that are characterized by large relative
velocity between the phases or radical changes in flow regime, such as
low-flow boil-off, annular flow, stratified two phase flow, or countercurrent flow.

- Phenomena dominated by local pressure such as blow-down transient, boiling
inception at low pressure, or BWR transient flow instability.

- Free-field situation not dominated by wall friction

- Out of the applicable range of the constitutive correlations

MHI uses VIPRE-01 M for the non-LOCA thermal-hydraulic analyses for the PWR
core. Those applications do not involve phenomena that are dominated by large
relative velocity between liquid and vapor phase and/or local pressure effects as
mentioned above. The flow in the PWR core is highly dominated by the axial rod
friction.

The. correlations used in MHI VIPRE-01M analyses are described in
MUAP-07009-P and are justified for the non-LOCA thermal-hydraulic analyses of
the PWR core.

Mitsubishi Heavy Industries, LTD. 12/68



Condition 4

"By acceptance of this code version, we do not necessarily endorse procedures
and uses of this code described in Volume 5 as appropriate for licensing
applications. As the code developer stated in Reference 5, the materials were
provided by the code developers as their non-binding advice on efficient use of the
code.

Each user is advised to note that values of input recommended by the code
developers are for best-estimate use only and do not necessarily incorporate the
conservatism appropriate for licensing type analysis. Therefore, the user is
expected to justify or qualify input selections for licensing applications."

MHI compliance

MHI selected conservative input options of VIPRE-01M for the licensing
applications. Those were described in MUAP-07009-P and justified to be
conservative and in compliance with the safety evaluation for VIPRE-01 MOD-1.0.

1.7 MHI should provide an assessment of the differences between Pressurized Water
Reactors which the NRC staff reviewers are accustomed to dealing with and which
the VIPRE-01 computer code was licensed for, and MHI-designed Pressurized
Water Reactors. MHI should provide justification as the applicability of VIPRE-01
(and subsequently VIPRE-Q1M) to MHI-designed Pressurized Water Reactors.

Response:

The MHI-designed PWR (US-APWR) has plant configurations essentially identical
to those of typical 4-loop PWRs currently in operation in the United States.

The core thermal-hydraulic parameters shown in Table 1.7-1 demonstrate the
similarity between them. It is obvious that the core thermal hydraulic
characteristics of the US-APWR are not different from those of the PWR designs
that the NRC staff reviewers are accustomed to dealing with.

The VIPRE-01 code has various models and correlations presented for use as
options, and the core thermal hydraulics of the typical PWRs can be modeled using
appropriate options as approved by the NRC. VIPRE-01 M is the MHI version of
VIPRE-01 in which no substantial modifications that impact the calculations have
been made.

For the above mentioned reasons, the use of VIPRE-01 M to model the US-APWR
core thermal hydraulics is justified.
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Table 1.7-1 Comparison of Design Parameters

Typical 12-ft Typical 14-ft
Design Parameters US-APWR 4-loop PWR 4-loop PWR

(Ref. 1.7-1) (Ref. 1.7-2)
Core thermal output (MWt) 4,451 3,565 3,853
System pressure (psia) 2,250 2,250 2,250
Thermal design flow rate (1061bm/hr) 168.2 139.4 145.0
Core average coolant mass velocity 2.25 2.41 2.59
(106 lbm/hr-ft

2)

Coolant Temperature 549.8 to
RV/core inlet (OF) 550.6 556.8 561.2
Average rise in RV (°F) 66.4 63.2 63.6

63.6 to 65.0

Heat flux (106Btu/hr-ft2)
Core average 0.162 0.206 0.181
Local peak 0.421 0.515 0.489
Minimum DNBR at nominal condition
Typical hot channel 2.05 2.47 2.19
Thimble hot channel 1.98 2.33 2.11

References

1.7-1 Vogtle Electric Generating Plant, Updated
Revision 12, November 5, 2004

Final Safety Analysis Report

1.7-2 South Texas Project Electric Generating Station (STPEGS) Units 1 and 2,
Updated Final Safety Analysis Report (UFSAR), Revision 12, September,
2004

1.8 Provide a discussion on rod bow Include how rod bow will be accounted for
(especially in any thermal limits) and the basis for that decision.

Response:

Fuel rod bowing is a phenomenon observed in irradiated fuel assemblies. It leads
to gap closure between adjacent fuel rods. Since significant fuel rod bowing may
adversely affect the departure from nucleate boiling ratio (DNBR), the effect has
been taken into account as a DNBR rod bow penalty.

The Safety Analysis Limit (SAL) of DNBR in the Revised Thermal Design

Procedure (RTDP) is determined accommodating such DNBR penalties.

The methodology used for estimating the DNBR rod bow penalty is summarized as
Mitsubishil Heavy Indlustries, LI D. 14/68



follows. (1) A probability distribution of a rod-to-rod gap closure ratio is obtained
for the specified assembly average fuel burn-up. (2) A relationship between
DNBR reduction and the gap closure ratio is given by a correlation derived from
DNB test data with bowed rod. (3) The probability distribution of the DNBR
reduction obtained from (1) and (2) is statistically combined with the probability
distribution of the minimum DNBR derived in RTDP using Monte Carlo calculation.
The resulting probability distribution is used for determining a new DNBR design
limit (DL) that accounts for the rod bow effect. (4) The percentage difference
between the DLs with and without rod bow is defined as the rod bow penalty.

Brief discussions regarding the procedure described above are given in the
following paragraphs. A detailed description is presented in Ref.1.8-1.

(1) In general, the rod-to-rod gap closure ratio becomes greater with increasing fuel
burn-up. The gap closure ratios in a fuel assembly are distributed around zero,
and their standard deviation grows with fuel burn-up. The standard deviation of
the gap closure ratio is correlated with the assembly average burn-up, which
conservatively bounds the visual inspection data of the irradiated fuel assemblies
obtained in the fuel reload for the existing plants.

The gap closure ratio at the specified burn-up condition is assumed to have a
normal distribution with zero mean and the standard deviation which is estimated
from the correlation mentioned above. Since there is a gap on each side of a fuel
rod, the greater 'random rod-to-rod gap closure value' of the two sides is selected
as the random value corresponding to that specific rod in the Monte-Carlo
calculation described later.

The detailed descriptions of the data and methodology are discussed in Ref.1.8-2
and Ref.1.8-3.

(2) An empirical correlation estimating the DNBR reduction (8) from the gap closure
ratio (AC/C 0) and plant operation parameters has been developed using the rod
bow DNB test data obtained at Colombia University (Ref.1.8-4 and Ref.1.8-5).

In the DNB tests, the DNB heat flux data for the rod bundle with 100% and 85% rod
bow were compared to the reference data without rod bow, and the DNBR
reduction was determined. The comparison between the 100% and 85% bow
DNB data indicates that even a small remaining gap can prevent the significant
reduction in DNB heat flux. It has also been shown in the separate test conducted
by CE (Ref.1.8-6) that a 50% rod-to rod gap closure doesn't significantly affect the
DNB heat flux. The DNBR reduction for an arbitrary gap closure ratio is given by
linear interpolation of the DNBR reduction for the gap closure of 50%, 85% and
100% as shown in Figure 1.8-1.
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The correlation is expressed in the following form.

where

This correlation has been approved by the NRC in Ref.18-1.

Reduction

of DNBR, %

Rod-to-rod gap closure %

Figure 1.8-1 Relationship between DNBR Reduction and Rod-to-Rod Gap Closure

Mitsubishi Heavy Industries, LTD. 16/68



(3) The probability distribution of the DNBR including the rod bow effect is
generated by the Monte Carlo calculation, in which random samplings from the
probability distributions of the DNBR reduction and minimum DNBR are repeated.
The probability distribution of the DNBR reduction is obtained by the combination of
the relationship between the DNBR reduction and rod-to-rod gap closure and the
probability distribution of the gap closure. The probability distribution of DNBR is
derived in RTDP for the determination of DNBR design limit (DLunbow).

Then, a new DNBR design limit (DLboW) is determined as a DNBR value at which
DNB does not occur at 95% probability with a 95% confidence level based on the
DNBR distribution including the rod bow effect.

(4) The rod bow penalty (NOw) is defined as the percent difference between DLbOw
and DLUfbow as:

8bow = 1 DLunbow
OLbow

References

1.8-1 Skaritka, J., Ed, "Fuel Rod Bow Evaluation, WCAP-8691, Revision 1,"

July 1979.

1.8-2 "Mitsubishi Fuel Design Criteria and Methodology," MUAP-07008-P, May
2007.

1.8-3 "MHI's Responses to the NRC's Requests for Additional Information on
Topical Report MUAP-07008-P(O) "Mitsubishi Fuel Design Criteria and
Methodology"," UAP-HF-09025, January, 2009 (ML090340614)

1.8-4 Nagino, Y., et al., "Rod Bowed to Contact Departure from Nucleate Boiling
Tests in Coldwall Thimble Cell Geometry," Journal of Nuclear Science and
Technology, 15[8], pp. 568-573, August 1978.

1.8-5 Nagino, Y., et al., "Effect of Partially Bowed Heated Rod on DNB in
Coldwall Thimble Cell Geometry," Journal of Nuclear Science and
Technology, 15[12], pp. 943-945, December 1978.

1.8-6 Markowski, E. S. et al., "Effect of Rod Bow on CHF in PWR Fuel
Assemblies", ASME paper 77-HT-91.
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1.9 Provide a discussion on transition cores. Include how the transition cores will be
accounted for (especially in any thermal limits) and the basis for that decision.

Response:

A transition core may contain more than one single type of fuel assembly with
different hydraulic resistances. Since the cross flow is induced between the fuel
assemblies with different hydraulic resistances, DNBR penalty may be introduced
as the result of variations of mass flow and enthalpy distributions, compared with a
reference core which is composed of only a single type of fuel assembly. The
DNBR penalty for a transition core is determined by following the methodology
presented in Ref.1.9-1, and it should be confirmed that the safety analysis limit of
minimum DNBR can conservatively cover its penalty.

When two types of fuel assemblies, e.g. type A and type B co-exist in a transition
core and the type B fuel assemblies, which include the hot assembly, have a
relatively higher pressure loss coefficient, the DNBR penalty for the transition core
is defined as follows:

DNBRpenalty (% 1 - DNBRA___ X 100

where

DNBRA+B: Minimum DNBR for a transition core composed of types A and B
DNBRA: Minimum DNBR for a reference core fully occupied by type A

VIPRE-01 M code is applied for the calculation of DNBRA+B and DNBRA, and DNBR
penalties are evaluated at several core thermal limit conditions for DNBR analysis.
Since the DNBR penalty also depends on the fraction of the type B fuel assemblies
in the core, VIPRE-01M calculations are performed for various fuel assembly
arrangements.

References

1.9-1 P. Schueren and A. J. Friedland, "Extension of methodology for
calculating transition core DNBR penalties", WCAP-11837, January 1990
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1.10 Provide a discussion and data or analysis on the selection of the constant ABETA,
specifically, what is the physical justification for the constant's value?

Response:

In VIPRE-01M, the thermal energy exchange rate between neighboring flow
channels due to turbulent mixing is modeled as being proportional to the difference
in the local volume-averaged fluid enthalpy of the respective channels and the local
axial mass flow rate. The proportionality coefficient is defined by the following
equation.

.WV

ABETA = --

Ga

where w' is the effective flow exchange rate per unit length, G is the axial mass
velocity of the fluid, and a is the lateral flow area between channels per unit length.

The design value of ABETA used for the US-APWR is 0.026 and is a constant.
The ABETA was conservatively determined from the results of a mixing test which
was conducted at the Heat Transfer Research Facility of Columbia University.
The mixing test using the Mitsubishi-designed Z3 grid spacer was conducted for
various fluid conditions, such as pressure, mass velocity and temperature.
Figures 1.10-1 to 1.10-4 show the ABETA plotted against pressure, mass velocity,
quality, and Reynolds number. The mean value of ABETA is [ ] and the lower
bounding value with a 95% probability at 95% confidence level is [ ]. Since
ABETA is found to be insensitive to the fluid conditions, the design value of ABETA
= 0.026 is conservatively acceptable.

MI ISUI =IflII I hev nu ieS, LI U. .....
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Figure 1.10-1 ABETA versus Pressure for Z3 Grid Spacer

'N

Figure 1.10-2 ABETA versus Mass Velocity for Z3 Grid Spacer
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Figure 1.10-3 ABETA versus Quality for Z3 Grid Spacer

Figure 1.10-4 ABETA versus Reynolds Number for Z3 Grid Spacer
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1.11 Provide a discussion and data or analysis on the selection of the form loss
coefficients for grid spacers specifically, verify that the form loss coefficient is
applicable to the fuel assembly which will be put in the MHI-designed Pressurized
Water Reactors.

Response:

The form loss coefficient for the MHI-designed Z3 grid spacer was determined
based on the pressure loss measurements using a hydraulic test loop.

The measured data plots for form loss coefficient are shown in Figure 1.11-1. The
figure shows that form loss coefficient is expressed by

]. Although
measured data covers [ ] close to a typical PWR
operating condition [ ], the form loss coefficient at the PWR condition
is obtained from the extrapolation based on the measured data and resulted in

]. This value is used for the design calculation using VIPRE-01 M.

As was conducted in the Appendix A of MUAP-07009-P, the sensitivity studies for
the form loss coefficient of the grid spacer have been performed based on
VIPRE-01M code, for the cases listed in Table 1.11-1. The results show that the
effect of the form loss coefficient of the grid spacer on DNBR is negligible.

Table 1.11-1 Sensitivity Study on Form Loss Coefficient of Grid Spacer
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Figure 1.11-1 Form Loss Coefficient of Z3 Grid Spacer versus [ I
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1.12 Which radial noding scheme will be used to perform licensing analysis on
MHI-designed Pressurized Water Reactors?

Response:

As described in Subsection 4.1 of MUAP-07009-P, MHI intends to use the radial
noding scheme presented in. Figure 4-1 for licensing analysis. In this scheme, the
fine noding scheme is adopted around the hot sub-channels and the peripheral
core region is modeled by large lumped channels.

The various noding schemes presented in Appendix A of MUAP-07009-P are used
for the sensitivity studies to justify the use of the noding scheme presented in
Figure 4-1.

1.13 Provide a discussion on the mode which will be used in VIPRE-OIM (UPFLOW or
RECIRC). Discuss any associated limitations, and why they will be consistent with
the accident/transient scenarios modeled with VIPRE-QIM in MHI-designed
Pressurized Water Reactors. Specifically which input conditions are needed and
where the input conditions will be obtained from.

Response:

The VIPRE-01M code has two computational modes; UPFLOW and RECIRC.
These two modes provide the same solution results because they solve the
identical discretized field equations. The Safety Evaluation for the VIPRE-01 code
indicated that both of them are applicable for the PWR analysis. MHI uses the
RECIRC mode for typical design analysis.

Since the RECIRC mode does not have any computational restrictions for the
applied flow conditions for which the UPFLOW mode has, it is applicable for all the
accident/transient scenarios of the MHI-designed PWR without any specific
consideration for the input conditions.

MI lsuIsni heavy inuiries LI U. .....
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1.14 What values of the core inlet distribution factors will be used to perform licensing
analysis on MHI-designed Pressurized Water Reactors?

Response:

In MUAP-07009-P, it is stated that the inlet mass velocity of the hot assembly could
be approximately 5 to 10% lower than the average core inlet mass velocity. For
the US-APWR design analysis, a 10% reduction for the hot assembly is assumed.

In the past, as a conservative engineering practice, MHI had assumed that the hot
assembly inlet flow is 5% lower than the core average in DNB analysis for the
conventional type PWR reactor in Japan. For the recent plant design, including
the US-APWR, 10% reduction is assumed for the practice.

As a matter of fact, various subchannel analyses all indicated that minimum DNBR
is really insensitive to such a prescribed inlet flow distribution. Sensitivity studies
in Appendix A of MUAP-07009-P show that the effect of the hot assembly inlet flow
rate on the minimum DNBR is negligibly small even if it is 20% lower than the core
average flow rate, because the flow redistribution in the lower core swiftly flattens
out the channel inlet mass flux disparity.

1.15 How many radial nodes are used in the clad for both steady state and transient
applications? Why was this number chosen.

Response:

Two radial nodes are used in the cladding for VIPRE-01 fuel rod analyses. This
noding setup is fixed in the code by the original code developers, and the user
cannot change it.

We believe that this model is acceptable, because the cladding is extremely thin
and the temperature distribution inside the fuel cladding can be reasonably
approximated by a linear distribution.

1.16 Provide a further description for the phrase 'initial pellet heat up'.

Response:

The term "initial pellet heat up" in Subsection 6.1 of MUAP-07009-P means the
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initial temperature or enthalpy of the pellet used in the transient analyses. In
many safety analyses cases, the reactor will be tripped at an early stage of the
transient. After that, the fuel releases the energy stored in it. Therefore, the
"initial pellet heat up" is an important condition to predict the thermal behavior of the
fuel rods during the transient relevant to DNB and fuel temperature.

1.17 Describe the axial nodalization for transient analyses.

Response:

The VIPRE-01 transient fuel rod model is applied at each fluid node to provide the
heat input to the fluid. The axial nodalization for the fuel rod transient analysis is
the same as the one for the fluid analysis described in Subsection 4.1 of
MUAP-07009-P. That is, the channels are divided at the axial mesh size less than

], which keeps the Courant number greater than 1 under the condition of

1.18 Confirm that the thermal properties for the fuel have been previously reviewed and
approved the NRC.

Response:

The fuel thermal properties used in the VIPRE-01M analyses are described in
Appendix D of MUAP-07009-P.

The properties described here are basically the same as those reviewed in
WCAP-8301 "LOCTA-IV Program: Loss-of-coolant Transient Analysis", except for
the thermal conductivity of the fuel pellet and the heat capacity of ZIRLOTM.

The thermal conductivity of the fuel pellet is the same as that in the FINE code,
which is described in MUAP-07008-P "Fuel System Design Criteria and
Methodology" and is under review by the NRC.

ZIRLOTM properties are based on WCAP-12610 "VANTAGE+ Fuel Assembly
Reference Core Report", which has been reviewed by the NRC. The properties
are mostly the same as those of Zircaloy-4, except the phase transformation
temperature in the heat capacity shows a small difference from that of Zircaloy-4.
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1.19 Provide a discussion identifying each accident/transient scenario and how the gap
conductance will be conservative for each of the scenarios modeled with
VIPRE-O1M.

Response:

The following discussion illustrates the effect of gap conductance varying from a
lower-than-expected value to a higher-than-expected value for modeled scenarios.
If the gap conductance is reduced from its normal value, the overall heat flux from
the fuel rod to the coolant channel is reduced which will result in a higher fuel
centerline temperature. On the other hand, if the gap conductance is increased
from its normal value, the heat flux will increase which will result in a lower fuel
centerline temperature.

Over-predicting the overall heat flux is conservative in calculating minimum DNB
ratios and over-predicting gap heat flux is conservative in calculating peak cladding
temperature. Under-predicting the gap heat flux will result in a conservative peak
fuel temperature calculation. This illustrates how the selection of a gap
conductance model could result in different conservative predictions.

Table 1.19-1 below shows the actual gap conductance behavior during the
transient and the analytical assumption used in the safety analysis only for events
that use transient VIPRE-01 M.

The actual gap conductance behavior in each of the transients is as follows:

- For the partial and complete loss of forced coolant flow events, no DNB is
expected to occur and thus the cladding temperature will stay almost constant.
The core thermal power and pellet temperature will be decreasing due to the
reactor trip; therefore, the pellet-cladding gap width will increase. As a result,
for those transients, the gap conductance will actually decrease.

- The RCP rotor seizure event is almost the same as above. When the DNB
occurs, the cladding temperature will increase and the pellet-cladding gap
width will increase by a larger amount. Then in this transient, the gap
conductance will actually decrease.

- For the uncontrolled control rod assembly withdrawal from a subcritical or low
power startup condition event and the spectrum of rod ejection accidents, the
pellet-cladding gap width will decrease due to the rapid core power increase
and pellet temperature increase. Then for those transients, the gap'
conductance will actually increase.

The gap conductance between the fuel pellet and the cladding for each transient is
,assumed to be conservative according to the purpose of the evaluation. The initial
condition of the fuel temperature at the hot spot is consistent with the result of the
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fuel design code FINE:

- Remains constant after event initiation for DNBR analyses in the case of the
partial and complete loss of forced coolant flow and RCP rotor seizure events

- Remains constant (at the maximum value) after event initiation for DNBR
analyses in the case of the uncontrolled control rod assembly withdrawal from
a subcritical or low power startup condition event

- Remains constant after event initiation for fuel temperature and enthalpy
analyses in the case of the uncontrolled control rod assembly withdrawal from
a subcritical or low power startup condition event and spectrum of rod ejection
accidents

- Instantaneously decreases to zero for the adiabatic fuel enthalpy analysis in
the case of the spectrum of rod ejection accidents

- Rapidly increases to the maximum value for the cladding temperature analyses
in the case of the RCP rotor seizure event and spectrum of rod ejection
accidents

- Realistic* increases for the rods in DNB and the RCS pressure analyses in the
case of the uncontrolled control rod assembly withdrawal from a subcritical or
low power startup condition event and spectrum of rod ejection accidents

* The realistic gap conductance model is justified in the response to Question

No.15.4.8-8 of US-APWR DCD RAI 313-2361, which was submitted by MHI letter
UAP-HF-09346, dated July 3, 2009. In this analysis, which has a large power
distortion during transient, a large safety margin is included in the power
distribution assumption
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Table 1.19-1 Actual Gap Conductance (Hgap) Behavior during Transients and
Analytical Assumptions in the Chapter 15 Safety Analysis

Actual
Section Event Hgap Analytical Assumption

Behavior
Partial loss of forced
reactor coolant flow
Complete loss of Decrease DNanls:Competelos of ecrase Constant value from initial

15.3.1.2 forced reactor coolant
flow

DNB analysis:

15.3.3 Reactor coolant pump Decrease Constant value from initial
rotor seizure PCT analysis:

Rapidly increases to the maximum value

Uncontrolled control Fuel temperature analysis:

rod assembly Constant value from initial

15.4.1 withdrawal from a Increase DNB analysis:
Constant value (maximum) from initialsubcritical or low power RSpesr nlss

startup condition RCS pressure analysis:
Realistic gap conductance

Fuel temperature analysis:
Constant value from initial
Adiabatic fuel enthalpy analysis:

15.4.8 Spectrum of rod Increase Instantly decreases to zero
ejection accidents PCT analysis:

Rapidly increases to the maximum value
Rods in DNB and RCS pressure analysis:
Realistic gap conductance
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1.20 Provide a discussion of how the VIPRE-O1M implementation of the Zr-Water model
is derived from the formulas in the source documents. Include the original
continuous equations, the discrete approximation to these, the VIPRE-OIM
variables, the units of all physical quantities, and the energy released by the
reaction. Step-by-step descriptions and all the equations must be presented in
sufficient detail for replication by independent reviewers.

Response:

Reaction between Zirconium and water is modeled based on the Baker-Just
correlation (Reference 1.20-1):

W2 =K, exp- K2 T()

where,

W: Amount of Zirconium reacted (kg/m 2)
Ki: Empirical coefficient (33.3x10 2 (kg/m 2)2/s = 140(lbm/ft2)2/s)

K2 : Activation energy (45,500 cal/mol)
R': Gas constant (1.987 cal/mol-K)
T: Temperature (K)
t: Time (s)

In the VIPRE-01 M code, the growth of the oxide layer and heat generation due to
the reaction are incorporated into the thermal analysis of the fuel rod cladding as
follows:

(1) Growth of oxide layer

The reaction rate can be derived from Equation (1).

dW_ K, exp,_ K2  (expý - )(2)
dt 2W R'T)

Converting to British unit, and dividing by the density of Zircaloy, Pz, =410 Ibm/ft3 ,
leads to:

dx = C- expl -C (3)
dt 2x T(t)

where,

x: Thickness of Zircaloy reacted (ft)
Cj: Constant (= K,/Pzr =8.33xl 04 ft2/s)
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C 2 : Constant (=K 2 /R'=41,218 R)

Since the reaction rate can be strongly influenced by the temperature, it is
preferable to consider the temperature variation during the time step in the
discretization process. Assuming the temperature variation during the time step
between t=to and t=to+At to be expressed by a linear function of time:

(4)

Equation (4) is a proper approximation, [
limited, in this model, by:

Equation (4) is substituted into Equation (3).

The bracketed term can be expanded as follows:

]. Then, At is

J
]

(5)

(6)

(7)

Substituting Equation (7) into Equation (6) gives:

I
Integrating Equation (8) after the separation of variables

[-
I

]
(8)

(9)
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Putting: E(10
then, Equation (9) becomes: I(11)

(12)

Finally, x can be obtained from following equation:S(13)
(2) Heat generation

Heat generated by the above reaction is defined as follows:

q"dt = xpzrhr (14)

where,

q": Heat generation rate per unit area (Btu/h-ft2)

hr: Heat of reaction per unit mass of Zircaloy reacted (Btu/lbm)

The heat of reaction is obtained from Reference 1.20-1:

2H 20 + Zr H2 + ZrQ2 +140,500 (cal / Mol - Zr) (15)

Using the atomic weight of Zirconium, 91, hr is conservatively estimated:

141x103
hr 91 = 2790 (Btu/Ibm) (16)

Then, Equation (14) becomes:

I q dt = (410 x 2790)x = (1.144 x 106)x (17)

Integrating Equation (17) gives the heat generation rate due to the reaction:

q" = 1.144 x 1 0 6 X - x0 (Btu/ft2-s) (18)
At
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(3) Incorporation into VIPRE-01 fuel rod model

VIPRE-01M considers Zirconium-Water reaction at the outer surface of the fuel
cladding, because the VIPRE-01M code is applied only to the condition without
cladding rupture.

The calculation is carried out at each VIPRE-01 M time step as follows:

1 . If the VIPRE-01 M time step size is larger than the maximum value in Equation
(4), define a new time step size so as to satisfy Equation (4).

2. Calculate the reacted layer thickness, x, at the end of the (divided) time step
using Equation (12) and the conditions at the previous time step.

3. Substitute x into Equation (17), and then, obtain the heat generation during the
(divided) time step.

4. Repeat the above Steps 2 and 3 until the end of the time step for the
VIPRE-01M calculation is reached.

Reference:

1.20-1 L. Baker Jr. and L. C. Just, "Studies of Metal-Water Reactions at High
Temperatures," ANL-6548, Argonne National Laboratories, May, 1962.
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1. 21 What fraction of power is deposited directly in the coolant? What fraction of power
is deposited directly in the clad? Provide an adequate justification for each.

Response:

In the VIPRE-01M analysis, it is assumed that 97.4% of the total power (heat
energy) is generated in the fuel rods, and 2.6% is deposited directly in the coolant.
The heat energy deposition is due to several mechanisms:

- Kinetic energy of fission fragments
- Kinetic energy of newly born fast neutrons
- y (gamma) ray energy released at time of fission
- Kinetic energy of delayed neutrons (very small contribution)

P (beta) decay energy of fission products

y (gamma) ray decay energy of fission products

Neutrinos associated with P decay energy of fission products

Non-fission reactions due to capture of excess neutrons

Each mechanism deposits energy in various reactor and vessel components
primarily in the following manner:

All fission product energy is deposited in the fuel rod, as well as P-decay energy.
Neutron and y ray energy is primarily deposited in the fuel and moderator. A small
amount of the y ray and neutron energy is also deposited in the reactor vessel, fuel
components, and internals (which are recoverable), as well as shielding and other
components outside of the vessel (which will not contribute to recoverable power);
this represents less than 1% of total fission power. Neutrino energy is not
recoverable.

Based on the above considerations, an "effective" (recoverable) average total
energy from a fission event is approximately 195 MeV. As described above, most
of this fission energy is released as the kinetic and decay heat energy of fission
products and prompt y energy which is captured within the fuel rods (about 190
MeV), while about 5 MeV is transmitted outside the fuel rods via y rays and
neutrons, resulting in power deposition in the coolant. Therefore it is appropriate
to assume that 2.6% (=5 MeV/195 MeV) of fission energy is deposited in the
coolant without heat transfer through the fuel rods.

For the direct power deposition in the fuel rod, the clad itself may also generate a
very small fraction of the power due to gamma heating, as described above;
however in the VIPRE-01M analysis all the heat generated inside the fuel rod is
assumed to be generated in the fuel pellet. This assumption is conservative for
the transient safety analyses, because it leads to a higher initial fuel temperature
and consequently increases the heat release during the transient.
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1.22 Section 6.5 of MUAP-07009-P discusses a correlation that is used to calculate film
boiling heat transfer. This correlation was accepted by NRC staff for use in the
FRACTRAN code. Provide a list of transients and accidents for which MHI will use
VIPRE-O1M in the post CHF heat transfer region and discuss the licensing
requirement that the calculation is designed to meet. As stated in the NRC generic

.SE for VIPRE-01, "Post CHF analysis aspects of the code dealing with post-CHF
phenomena were excluded from this review," the use of VIPRE for this type of
analysis will therefore require additional justification. Please provide justification
that VIPRE can conservatively model the mechanical, physical and chemical
changes that might occur in the fuel rods at elevated temperature including
comparisons with applicable reactor fuel rod test data.

Response:

The events that use the film boiling heat transfer model are the PCT analyses for
the RCP rotor seizure and the spectrum of rod ejection events. The acceptance
criteria are as follows:

- The maximum fuel cladding temperature is below 2200°F

- The cladding oxidation fraction from the zirconium-water reaction at the hottest
point is below 17%

Since the original VIPRE-01 code does not have models for the mechanical,
physical and chemical changes that might occur in the fuel rods under the
extremely high cladding temperature condition after DNB, the NRC concluded in its
generic Safety Evaluation for VIPRE-01 that "Post CHF analysis aspects of the
code dealing with post-CHF phenomena were excluded from this review," and "Any
use of VIPRE-01 in BWR calculations or post CHF calculation will require prior
NRC review and approval".

When the original VIPRE-01 code was reviewed, there was a lack of some
important models in contrast to other approved codes which had been applied to
the PCT analyses in the post-CHF event, such as LOCTA (Ref.1.22-1) and
FACTRAN (Ref. 1.22-2).

The models to be incorporated in VIPRE-01M in order to perform the functions
achieved by those approved codes are as follows:

- Post-CHF fuel surface heat transfer model

- Fuel mechanistic deformation model

- Fuel cladding chemical reactions with water

In addition, the scope of the NRC review for VIPRE-01 was the applicability of the
code and models to the PWR licensing applications. It did not include the
methodology, assumptions and choice of the model options appropriate for the
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application analyses, which were required to be submitted by the code user and
reviewed prior to the application.

In order to apply the VIPRE-01 M code to the PCT analyses mentioned above, MHI
added the necessary models to analyze the fuel behavior in post-CHF transient
and applied conservative assumptions. This implementation compensated for the
lack of models in VIPRE-01 and made VIPRE-01M capable of analyzing the fuel
behavior with sufficient conservatism comparable to the FACTRAN calculation.

These special models and assumptions consist of the following features.

- The film boiling heat transfer coefficient is obtained by the additionally
incorporated Bishop-Sandberg-Tong correlation, which has been verified by
the post-CHF heat transfer experiment data (Ref.1.22-3).

] In order to ensure sufficient conservatism, the
change to the film boiling heat transfer mode is assumed at the hot spot
immediately after the initiation of the transient. Transition boiling is
conservatively neglected.

- The fuel pellet-to-cladding gap conductance at the hot spot is raised up to
14,000 Btu/h-ft2-OF immediately after the initiation of the transient. This
assumption conservatively covers the fuel mechanical deformation effect to the
gap conductance, including the contact of fuel pellet and cladding, which may
occur due to the cladding heat-up.

- The chemical reaction between the cladding and water is evaluated by the
NRC approved Baker-Just correlation (Ref.1.22-4), which is additionally
incorporated. The heat generated by the reaction is treated as the heat
source in the cladding.

The justification of the above analysis model is described in Subsection 7.2.3 of
MUAP-07009-P. The PCT analyses using VIPRE-01M showed fairly consistent
results with FACTRAN analyses for the transient behavior of fuel cladding
temperature and Zirconium-Water reaction.

Thus, MHI's PCT analysis methodology using VIPRE-01M described above is
believed to be acceptable for the non-LOCA Postulated Accident events.

References

1.22-1 MUAP-07009-P, "Thermal Design Methodology", 2007, Ch.7

1.22-2 MUAP-07009-P, "Thermal Design Methodology", 2007, Appendix D

1.22-3 Bishop, A. A. et al., "Forced Convection Heat Transfer at High Pressure
after the Critical Heat Flux", ASME-65-HT-31, 1965

1.22-4 Baker, L. and Just, L. C., "Studies of Metal-Water Reactions at High
Temperatures", ANL-6548, Argonne National Laboratories, 1962
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2.0 Requests for Additional Information on the Accident Scenario Identification
Process

2.1 Provide a complete description of the accident/transient scenarios which will be
analyzed by VIPRE-OIM including plant initial conditions, the initiating event and all
subsequent events and phases of the accident, and the important physical
phenomena and systems and/or component interactions that influence the
outcome of the accident.

Response:

The SRP Chapter 15 events for which analyses are performed by using
VIPRE-01 M directly are shown in Table 1.1-1 of RAI 1.1. For each of these events,
information such as a complete description of the event, including plant initial
conditions, the initiating event and all subsequent events and phases of the
accident, and systems and/or component interactions that affect the outcome of the
accident, is given in the event-specific subsection of Chapter 15 of the US-APWR
DCD. A brief summary of this information is provided below. The important
physical phenomena for these events were described previously in the response to
RAI 1.2.

15.1.4 - Inadvertent opening of a steam .qenerator relief or safety valve

The inadvertent opening of a main steam relief valve, main steam depressurization
valve, main steam safety valve, or turbine bypass valve can cause a rapid increase
in steam flow rate and a depressurization of the secondary system. The steam
release removes energy from the RCS which causes a reduction in reactor coolant
temperature and pressure. In the presence of a negative moderator temperature
coefficient (positive moderator density coefficient), the decrease in the primary loop
coolant temperature (and associated increase in coolant density) results in a
positive reactivity insertion and core power increase. This event is analyzed at hot
standby conditions (0% power) considering the most reactive RCCA fully withdrawn.
VIPRE-01M is used to calculate the minimum DNBR. This calculation is a
steady-state analysis at the peak transient core heat flux based on the MARVEL-M
calculations using the power distribution generated by ANC.

15.1.5 - Steam system pipinq failure

The increase in steam generation rate caused by the postulated steam system
piping failure removes heat from the RCS, which, in turn, lowers the temperature
and pressure of the RCS. In the presence of a negative moderator temperature
coefficient (positive moderator density coefficient), the decrease in the primary loop
coolant temperature (and associated increase in density) results in a positive
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reactivity insertion and core power increase. This event is analyzed for three
different conditions: hot standby (0% power) with offsite power, hot standby (0%
power) without offsite power, and at power (75% and 100% power) with offsite
power. VIPRE-01M is used to calculate the minimum DNBR for the two cases at
hot zero power considering the most reactive RCCA fully withdrawn. These
DNBR calculations are steady state calculations at pre-selected state point
conditions based on the MARVEL-M calculations using the power distribution
generated by ANC.

15.3.1.1 - Partial loss of forced reactor coolant flow

A partial loss of forced reactor coolant flow accident results from a loss of electrical
supply to one or more of the four reactor coolant pump (RCP) motors. If the
reactor is at power at the initiation of the transient, the immediate effect of a loss of
coolant flow is a rapid increase in the coolant temperature and a decrease in
minimum DNBR. This event is analyzed at hot full power (100% power)
conditions. VIPRE-01M is used to calculate the minimum DNBR during the
transient based on the time-dependent boundary conditions generated by
MARVEL-M.

15.3.1.2 - Complete loss of forced reactor coolant flow

The complete loss of forced reactor coolant flow is initiated by malfunctions that
cause the loss of electrical power or the decrease of offsite power frequency to all
four RCPs during power operation, resulting in a reduction in the core cooling
capabilities. If the reactor is at power at the initiation of the transient, the
immediate effect of a complete loss of coolant flow is a rapid increase in coolant
temperature and decrease in minimum DNBR. This event is analyzed at hot full
power (100% power) conditions for a complete loss of flow due to loss of electrical
power or decrease in offsite power frequency. VIPRE-01M is used to calculate the
minimum DNBR during the transient based on the time-dependent boundary
conditions generated by MARVEL-M.

15.3.3 - Reactor coolant pump rotor seizure

This event is initiated by the instantaneous seizure of one RCP rotor during power
operation. This postulated rotor seizure would cause a rapid reduction in the
reactor coolant flow (compared to the coast-down associated with an RCP trip)
resulting in a decrease in core cooling capacity. This could, in turn, lead to an
increase in the reactor fuel temperature, the primary loop coolant temperature, and
reactor core pressure. This event is analyzed at hot full power (102% power)
conditions. VIPRE-01M is used to calculate the DNBR, peak cladding
temperature (PCT) and cladding oxidation due to the zirconium-water reaction at
the hot spot during the transient based on the time-dependent boundary conditions
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generated by MARVEL-M.

15.4.1 - Uncontrolled control rod assembly withdrawal from a subcritical or low
power startup condition

A rod cluster control assembly (RCCA) withdrawal incident is an uncontrolled
insertion of reactivity to the reactor core caused by the withdrawal of RCCA banks,
which results in a power increase. The occurrence of such a transient can be
caused by the malfunction of the reactor control system or the control rod drive
system. This event is analyzed at hot zero power conditions. VIPRE-01M is
used to calculate the DNBR and the fuel centerline temperature (TCL) at the hot
spot for the core transient based on the time-dependent boundary conditions
generated by TWINKLE-M. It is also used to generate a time-dependent core total
void fraction and core heat flux interface file for the RCS pressure transient
analyzed with MARVEL-M.

15.4.3 - Control rod misoperation

This event is analyzed for three scenarios: one or more dropped RCCAs within a
group or bank, one or more misaligned RCCAs, and uncontrolled withdrawal of a
single RCCA. VIPRE-01M is used to calculate DNBR for the one or more
misaligned RCCAs case. RCCA misalignment could occur if a fault in the control
system causes a single RCCA or the RCCAs in a bank to be moved out of the
pre-programmed sequence. If misaligned RCCAs are not detected and corrective
action not taken, the core power distribution could exceed the design power
distribution, resulting in a reduction of margin to the fuel design limits. No
transient analysis is performed; the DNBR analysis is performed at the initial hot full
power (100% power) condition.

15.4.8 - Spectrum of rod eiection accidents

This accident is defined as the mechanical failure of a control rod drive mechanism
housing, which results in the ejection of a RCCA and its drive shaft. The
consequence of this RCCA ejection is a rapid positive reactivity insertion with an
increase of core power peaking, possibly leading to localized fuel rod failure. This
event is analyzed for four scenarios: hot full power (102% power) at beginning and
end of cycle and hot zero power at beginning and end of cycle. VIPRE-01M is
used to calculate TCL, fuel enthalpy, PCT, ODNBR, and cladding oxidation due to the
zirconium-water reaction at the hot spot during the core transient, based on the
time-dependent boundary conditions generated by TWINKLE-M. It is also used to
generate a time-dependent core total void fraction and core heat flux interface files
for the RCS pressure transient analyzed with MARVEL-M.
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3. 0 Requests for Additional Information on the Code Assessment

3.1 Provide a code assessment of VIPRE-O1M. Assessments performed with other
versions of VIPRE-O1M (such as EPRI's VIPRE-01) require additional justification
because even a "small" change to the evaluation model can have unintended
consequences on calculation results that were thought to not be impacted by the
changes.

Response:

The original VIPRE-01 code was assessed by EPRI with numerous analyses, being
compared with experimental results or other codes. The results were reported in
the Topical Report (Ref.3.1-1), and have been reviewed by the NRC. The
verification analyses reported are as listed below, and cover the thermal-hydraulic
phenomena in the PWR core which may appear in the non-LOCA safety analyses
up to the point of DNB.

- Comparisons with flow distribution and pressure drop experiment
- Comparisons with void fraction data
- Comparisons with analytical conduction solutions and fuel centerline

temperature measurement
- Comparisons with boiling heat transfer data
- Comparisons with CHF data
- Sensitivity studies on geometry modeling, flow field parameters and numeric

schemes
- Comparisons with COBRA series codes and existing FSAR analyses

MHI created VIPRE-01M from the original VIPRE-01 by incorporating some
additional features listed below to accommodate the thermal-hydraulic design and
safety analyses needs for the MHI PWRs.

- DNB correlations for MHI designed fuels
- Fuel thermal properties consistent with MHI fuel design
- Hot spot PCT analyses mode to replace FACTRAN analysis (incorporating

Bishop-Sandberg-Tong correlation and Baker-Just Zirconium-Water reaction)
- More user-friendly interfaces, including free format input style, dynamic

memory allocation, interface with MARVEL code, and printing out of some
summary results

Those additional features do not affect the basic field equations and physical
models in the original VIPRE-01 code. Since MHI is aware that even a small
change might have unintended consequences on calculation results, MHI repeated
the sample analyses which were included in the original VIPRE-01 code package,
and compared the results with those of the original VIPRE-01 code made by EPRI
as described in the response to RAI 3.2. From the results, MHI confirmed that
VIPRE-01 M provides identical results with the original VIPRE-01 code. Therefore,
the EPRI's code assessment for the original VIPRE-01 code is still applicable to the
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MHI VIPRE-01M code.

The code with additional features such as DNB correlations, fuel thermal properties,
and the PCT analysis model, has to be verified. MHI has reported the verification
analyses, which are compared with experimental data and other NRC approved
codes, in Chapter 5 and 7 of the MUAP-07009-P. Those results showed that the
additional models do not have any impact of the original VIPRE-01 code and
provide conservative results for the PWR design.

References

3.1-1 Stewart, C. W., et al., "VIPRE-01 M: A Thermal Hydraulic Code for Reactor
Cores, Volume 4: Users Manual: (Revision4)", NP-2511-CCM-A, Electric
Power Research Institute, 2001.

3.2 Along with the code assessment of VIPRE-O1M, MHI will need to provide an
assessment of correct implementation of the code. Comparisons of VIPRE-01M by
MHI to other NRC approved codes provide some assessment of the difference
between codes, but such a comparison can not provide adequate regulatory basis
to justify the evaluation model which VIPRE-01M is a part. Two possible ways to
provide adequate regulatory basis for the evaluation model are VIPRE-O1M
comparisons to data or VIPRE-CIM comparisons to analysis performed by an
organization with an approved evaluation model. Such analysis should be
performed to verify that VIPRE-G1M accurately captures the physical phenomena
of the accidents/transients of interest for MHI-designed Pressurized Water
Reactors.

Response:

As the assessment of the implementation of VIPRE-01M, MHI has done the
analyses of sample problems provided by EPRI included in the VIPRE-01 code
package. The sample problems are described in Chapter 4 of Ref.3.2-1, and
include the following cases.

1. 1/8th core single-pass hot channel analysis
2. 1/8th core multiple case test
3. Gap conductance transient
4. Supercritical pressure transient
5. BWR test case problem
6. Fuel thermal model test
7. Restart of sample problem 6

The brief description of each problem and the comparison between VIPRE-01 and
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VIPRE-01 M results conducted by EPRI and MHI, respectively, are shown below for
cases 1, 2, 3, 6 and 7, which include important phenomena in the PWR analysis.
(Cases 4 and 5 do not involve PWRs, thus they are not applicable.)

In addition, the analysis results for the DNB test data described in chapter 5 of
Topical Report MUAP-07009-P show the correct implementation of the code.

Case 1, 2 - 1/8th core single-pass hot channel analysis

These sample problems are steady state analyses for a 1/8th core of a typical PWR,
using the radial noding shown below. In case 1, the core power is found iteratively
so that the minimum DNBR by B&W-2 correlation equals 1.0. In case 2, the
DNBRs by EPRI-1 and WSC-2 correlation are obtained at two operating conditions.

Operating conditions

Average Inlet Inlet System
power mass flux temperature pressure
(kW/ft) (Mlbm/h-ft 2) (F) (psia)

Casel
Case2-1
Case2-2

(*1) initial condition of the iteration
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The results of both codes are identical, as follows:

(Case 1)

VIPRE-01 VIPRE-01 M
(by EPRI) (by MHI)

Average power (kW/ft) [ 1
Min. DNBR (B&W-2)

(Case 2)

VIPRE-01 VIPRE-01M
(by EPRI) (by MHI)

Case 2-1: Min. DNBR (EPRI-1/WSC-2) . [ ] [
Case 2-2: Min. DNBR (EPRI-1/WSC-2) ]
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Case 3 Gap conductance transient

This sample problem models a single channel and a nuclear fuel rod. The four
fuel rods surrounding a single subchannel are modeled by a single rod.

The transient analysis was performed. The fuel rod transient forcing functions for
the power and gap conductance were as follows:
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The transient behaviors of fuel rod center line temperature and surface heat flux
were compared between both codes. The results are virtually identical.

VIPRE-01 VIPRE-01M
(by EPRI) (by MHI)

Maximum fuel centerline temperature (F)
Time (s) [
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Case 6 and 7 - Fuel thermal model test

The sample problem used for cases 6 and 7 consists of the three different type fuel
rods in triangular array and four subchannels. This problem is intended to check
the many calculation options, such as fuel geometry, gap conductance, and axially
non-uniform flow area geometry.
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The transient behavior of the fuel centerline temperature for each rod is compared
between the two codes. The results are virtually identical.

VIPRE-01 VIPRE-01M
(by EPRI) (by MHI)

Rod 1 - maximum fuel centerline. [ [ ]
temperature (F)
Rod 2 - maximum fuel centerline [ ] [
temperature (F)
Rod 3 - maximum fuel centerline [ ] [
temperature (F)

References

3.2-1 Stewart, C. W., et al., "VIPRE-01 M: A Thermal Hydraulic Code for Reactor
Cores, Volume 2: Users Manual: (Revision4)", NP-2511-CCM-A, Electric
Power Research Institute, 2001.
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3.3 Confirm that the code assessment (both the assessment already submitted and
any additional assessment) was performed with a frozen version of the evaluation
model that has been submitted for review?

Response:

The VIPRE-01M code assessment was performed with a frozen version of the
evaluation model that has been described in MUAP-07009-P for review. The code
version is strictly controlled under the Quality Assurance Program, and can be
confirmed by the printed information in the output file.

3.4 Provide verification and documentation that as a result of the Accident Scenario
Identification Process, no new accident/transient scenarios were identified that
contain a physical phenomenon that was previously unimportant in the VIPRE-01
code assessment. If a new accident/transient scenario was identified, provide
appropriate justification (for example, comparison to separate effects test data) for
VIPRE-Q1M's modeling of that particular physical phenomenon.

Response:

No new accident/transient scenarios were identified for the US-APWR that contain
a physical phenomenon that was previously unimportant in the VIPRE-01 code
assessment.

3.5 Provide verification and documentation that as a result of the Accident Scenario
Identification Process no new accident/transient scenarios were identified that that
were not previously identified in the VIPRE-01 code assessment. If a new
accident/transient scenario was identified, provide appropriate justification (for
example, comparison to integral effects test data) for VIPRE-OI M's modeling of that
particular accident/transient scenario.

Response:

No new accident/transient scenarios were identified for the US-APWR that were
not previously identified in the VIPRE-01 code assessment.

~itsuoisni I-Ieavy inaustries, LI LI. 4WIiB
Mitsubishil Heavy indlustries," LI U. 48/68



3.6 Provide verification and documentation that as a result of the Accident Scenario
Identification Process no new accident/transient scenarios were identified which
exceed the parameter range of previously identified accident/transient scenarios in
VIPRE-01. If a new accident/transient scenario was identified, confirm that
VIPRE-OI's models can adequately model the physical phenomena in the new
range.

Response:

No new accident/transient scenarios were identified for the US-APWR which
exceed the parameter range of previously identified accident/transient scenarios in
VIPRE-01.

3.7 Confirm that the code options used in the code assessment calculations will be the
same as those used in plant accident calculations.

Response:

For the fuel temperature, heat flux and DNBR, and peak cladding temperature
analyses in the US-APWR DCD Chapter 15, the same code options as described in
MUAP-07009-P are used.

For the spectrum of rod ejection accidents, a realistic fuel pellet-and-cladding gap
conductance model is used for the rods in DNB and RCS pressure analyses. This
is justified in the response to Question No. 15.4.8-8 of US-APWR DCD RAI
313-2361, which was submitted by MHI letter UAP-HF-09346, dated July 3, 2009.

3.8 If scaling was performed, provide a scaling analysis which identifies important
non-dimensional parameters related to geometry and key phenomena.

Response:

No scaling analysis was performed in MUAP-07009-P. DNB tests were performed
using the test section which represents the actual fuel assembly geometry including
grid spacer type and grid spacing. Since the DNB tests described in
MUAP-07009-P were conducted for 12-ft heated length which differs from the
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actual fuel applied for the US-APWR core (14-ft heated length), the additional DNB
tests using 14-ft heated length will be conducted as proposed by MHI -letter
UAP-HF-09182, dated April 28, 2009. In the DNB tests, fluid conditions such as
pressure, mass velocity, and inlet temperature have been carefully selected to
cover the spectrum of safety analysis conditions for which DNB correlations are
applied as shown in Table 3.8-1.

Table 3.8-1 Test Conditions for MHI DNB Test
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3.9 Confirm and provide documentation that each empirical correlation in VIPRE-OIM
will be used within its intended range. For the empirical correlations in VIPRE-OIM
provide a list of those correlations and their ranges.

Response:

The following empirical correlations are used in VIPRE-0IM.

- DNB correlations

WRB-1
WRB-2
W-3

- Heat transfer correlations

I
- Friction factor

- Void Fraction

I

D
Ii
a

- Metal-water reaction

Discussions relating to the applicability of these correlations are described below.

DNB correlations

Minimum DNBR is evaluated by WRB-1 (Ref.3.9-1) and WRB-2 (Ref.3.9-2) DNB
correlations in thermal-hydraulic design analyses and relevant safety analyses.
Table 3.9-1 shows a comparison of the applicable range of the correlations with the
parameter ranges for the minimum DNBR conditions of the US-APWR.

In some cases of the AQOs, such as steam system piping failures, the pressure is
less than the applicable ranges of WRB-1 and WRB-2, so the W-3 (Ref.3.9-3)
correlation is used instead. The applicable range of W-3 is shown in Table 3.9-2 in
comparison with the US-APWR parameter range at the minimum DNBR conditions
under which the W-3 correlation is applied.
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Table 3.9-1 : Applicable Parameter Range for WRB-1/WRB-2

Applicable range for
Parameter range correlations
for US-APWR* WRB-1 WRB-2

Pressure Min
(psia) Max
Local Quality
N Max

Local Mass Flux Min
(Mlb/hr-ft2) Max -. J
*Certain AQOs are excluded

Table 3.9-2: Applicable Parameter Range for W-3

Parameter range Applicable range
for US-APWR* for W-3

Pressure Min 1000
(psia) Max 2300
Local Quality Max 15

Local Mass Flux Min 1.0
(Mlb/hr-ft2) Max __5.0

*In the case of certain AOOs in which W-3 is used

Heat transfer correlations

The surface heat transfer in a PWR involves several different regimes such as
single-phase forced convection and nucleate boiling. The film boiling correlation
is used for PCT analysis in the limited postulated accident.

Single-phase forced convection:

The heat transfer coefficient in single-phase turbulent forced convection regime is
evaluated with the [ ] correlation, which takes the following form.

[ I (3.9-1)

The single-phase forced convection regime is selected if the wall temperature is
Mil., is, . , a., ,nas, ie, LI, . .....
Mitsubishil Heavy Industries, LI D. 52/i68



below the onset of nucleate boiling and coolant is subcooled or saturated. The
onset of the nucleate boiling is defined as

I.

Subcooled and saturated nucleate boiling:

The subcooled boiling regime is selected when
]. In this regime, the heat transfer

coefficient is evaluated by [

I I (3.9-2)

The applicable range for [ ] is shown in Table 3.9-3 and is
compared with the parameter ranges for US-APWR design analysis.

Film boiling:

The applicable range for the
Table 3.9-3 and is compared with the parameter
analysis.

] correlation is also shown in
ranges for US-APWR design

Table 3.9-3: Applicable Range of the Heat Transfer Correlations

US-APWR [ ] [ ]
Pressure Min
(psia) Max
Local quality Max
(%)
Local mass Min
flux
(Mlb/hr-ft2) Max
Heat flux Min
(MBtu/hr-ft2) Max
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Friction factor correlations

Single-phase friction factor:

The friction factor is obtained from the

I I (3.9-3)

where Re is Reynolds number defined as:

GDh
Re=.I

(3.9-4)

Here, G, Dh and p, are mass flux, hydraulic diameter and fluid viscosity,
respectively.

The values for a, b and c are as follows.

I I (3.9-5)

The formula mentioned above is derived for isothermal flow in commercially
available smooth tubes; however, it reasonably predicts the friction factor for flow
along the rod bundle with Reynolds number between 105 and 106 (see Ref.3.9-6).
In addition, the heated wall effect has not been considered because of the relative
insensitivity of DNBR to the friction factor.

Two-phase friction factor:

VIPRE-01M uses
multiplier, which

] for evaluating the two-phase friction

] In addition, the
DNBR is not sensitive to the friction factor evaluation as described in Appendix A of
MUAP-07009-P.

Void models

I

I.
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Subcooled void model:

[
defines there

where[

is used to estimate the true quality for the licensing calculation.
] by the equation

it

] (3.9-6)

]. Where subcooled boiling occurs, [ I.

Bulk void/quality relations:

The void fraction/quality relation is represented by the slip ratio between the liquid
and gas phase. VIPRE-01M uses [ ], which indicates that
I. This approximation is
considered reasonable because it gives the highest void fraction. Therefore,

] model is justified.

Zircaloy-water reaction

The Baker-Just correlation (Ref.3.9-7) is used in order to estimate the effect of
oxide layer thickness and heat generation at the fuel clad surface. The Baker-Just
correlation is expressed in the following form:

W = K, expC- ýý jt, (3.9-7)

where

W: Amount of Zr reacted (kg/m 2)
Ki: 33.3x102 ((kg/m 2) 2/s)
K2: 45,500 (cal/mol)
R': Gas constant = 1.987 (cal/mol-K)
T: Temperature (K)
t: Time (s)

The [

]. Therefore, this correlation is used
within its intended range.
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3.10 For codes which interact with VIPRE-OIM, where applicable, provide the results of
a null transient. Include comparison of the parameters of interest between the
interacting codes.

Response:

Transient calculation flow diagrams of the MARVEL-M I VIPRE-01M and the
TWINKLE-M / VIPRE-01M methodology are described in Sections 5.2 and 5.3,
respectively, of the Non-LOCA Methodology Topical Report (MUAP-07010-P). In
both cases, an interface file, which includes time histories of the nuclear power,
RCS pressure, core inlet temperature and core inlet flow rate, is used as a
boundary condition in these sequence calculations.

A null transient analysis for the VIPRE-01M code is performed by using the
US-APWR nominal conditions and the following null transient boundary condition
data. Ordinarily, this interface file is created by the MARVEL-M code.

Figures 3.10-1 and 3.10-2 show the results of the null transient for minimum DNBR
and maximum temperature (fuel centerline, fuel average, and cladding),
respectively. These results show excellent stability during the transient.
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Figure 3.10-2 Maximum Fuel and Cladding Temperature vs. Time in Null Transient
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4.0 Requests for Additional Information on the Uncertainty Analysis

4.1 Provide a sample uncertainty analysis evaluation for a typical plant application.
This analysis should include discussion of all the engineering factors used as well
as justification for their values. Include in this discussion any assumptions made
about the engineering factors (such as the heat flux engineering factor) and provide
appropriate justification for those assumptions.

Response:

Thermal design analyses should conservatively include uncertainties involving
analysis conditions. Major uncertainties are statistically combined into the DNBR
design limit of the Revised Thermal Design Procedure (RTDP).

Plant Operating Conditions

Measured plant operating condition parameters, such as reactor power, RCS
pressure, RCS temperature, and RCS flow, are monitored and/or controlled for
their nominal values. Their measurement uncertainty and control allowance are
treated in the thermal design analysis in a conservative way.

All uncertainties and allowances used for the US-APWR design are summarized
below. They are the conservatively determined bounding values based on the
accumulated experience in the MHI-designed PWRs.

Controlled or Rated Value Uncertainty Included Uncertainty
Monitored Value
Parameter

Reactor power 4451 MWt - Calorimetric measurement ±2.0 %
uncertainty

Pressurizer 2250 psia - Measurement and control ±30 psi
pressure system uncertainty of the

pressurizer pressure
RV average 583.80F - Measurement uncertainty ±4.00 F
temperature for the hot and cold leg

temperature
- Dead band for rod control

RCS flow 460,000 gpm - Calorimetric measurement ±2.5 %
(Minimum uncertainty
Measured - Elbow tap flow uncertainty
Flow)
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The methodology of the detailed evaluation for these uncertainties is based on the
guidance provided by ANSI/ISA-67.04.01 endorsed by Regulatory Guide 1.105
Revision 3 "Setpoints for Safety-Related Instrumentation".

Power Distribution

The radial power distribution can be characterized by the nuclear enthalpy rise hot
channel factor, FAHN, which represents the ratio of the maximum value of integral
rod power to core-averaged integral rod power. The uncertainty factor of FAHN is
defined as FAHu. It is determined to be 1.06 for the US-APWR core based on the
evaluation described in Technical Report MUAP-07021 "US-APWR Incore Power
Distribution Evaluation Methodology".

Since the axial power distribution changes during an operating cycle, and its effect
on DNBR is rather complicated, the design axial power distribution, which is a
bounding curve of the axial power distribution, is used in DNBR analyses. While
this design axial power distribution is selected to practically envelop all axial power
distributions from normal operation for the DNBR calculations, the conservatism of
this design power shape is to be confirmed in the first and reload core designs.

For certain transients such as steam line break and rod ejection in which the design
power distribution may not be bounding, conservatively determined event specific
power distributions are used.

For the analyses that are dominated by local power, such as the peak cladding
temperature (PCT) determination for the postulated non-LOCA accidents, the
nuclear heat flux hot channel factor, FQN, is defined to represent the peak ratio of
local heat flux or linear heat rate to its core average. The uncertainty factor
included in FN, defined as FQu, is also evaluated in the Technical Report
MUAP-07021. The Technical Report demonstrates that a value of 1.08 is
conservative.

Engineering Factors

The hot channel factor should include the effect of the fuel rod manufacturing
tolerances for the parameters such as fuel pellet diameter, fuel pellet density, fuel
pellet enrichment, and fuel cladding diameter, in addition to the nuclear effect
described above.

Engineering hot channel factors, FAHE and F E for enthalpy rise and heat flux,
respectively, are basically obtained from the statistical combination of the standard
deviation of related parameters as follows:

[ He
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where

k - Owen's factor for 95x95 basis

Q Standard deviation of local heat flux based on manufacturing data

EStandard deviations for the pellet are also applied to the FaH which represent the
maximum integrated rod power, conservatively.

Both hot channel factors, FAH E and F QE , are defined as 1.03, which conservatively
bounds the value derived by a statistical analysis of the Japanese manufactured
fuel product. Typical results from the recent data are less than

The manufacturing tolerances for the core bypass flow areas are considered in the
core bypass flow evaluation. The core bypass flow rate is estimated so that the
pressure drop through the core bypass flow paths equals that through the main flow
path. The uncertainty is determined as the difference between the evaluation of
each core bypass flow rate with and without considering the uncertainty such as
manufacturing tolerances of the core bypass flow area and pressure drop through
the main flow path. The uncertainty of the total core bypass flow rate is evaluated
as the SRSS (Square Root of the Sum of the Squares) of all core bypass flows.
The uncertainty is conservatively determined to be of RCS flow for the
US-APWR.
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4.2 Discuss how MHI will implement the RTDP analysis, specifically addresses the
uncertainties used and the basis for the uncertainties.

Response:

MHI has implemented the RTDP analysis to obtain the design limits of the minimum
DNBR in the US-APWR core based on the methodology described in Ref.4.2-1.
In RTDP, the design limits of the minimum DNBR is evaluated based on the
statistical combination of key parameter uncertainties involving plant operating
parameters, heat flux distribution in a core, computer codes and DNB correlation.
In the case of the US-APWR core design, VIPRE-01M and WRB-2 are utilized as
the computer code and the DNB correlation, respectively.

To consider the effects of uncertainties of plant operating parameters, heat flux
distribution and computer code on the DNBR, the following statistical parameters
for the DNBR uncertainty factor are calculated from the input parameter
uncertainties.

I (4.2.1)

where

To determine the standard deviations ai for i-th input parameters, the corresponding
uncertainty values, which are summarized in the response to RAI 4.1, are taken
into account. For the computer code uncertainties, 4% for VIPRE-01 M and 1% for
transient calculation are used, which are determined in Ref.4.2-1.

For the DNB correlation uncertainty, the statistical parameters are obtained from
the DNB test analysis as described in MUAP-07009-P, i.e., mean value (['M/P) and
standard deviation (cyM/p), where M/P denotes the ratio of measured to predicted
DNB heat fluxes.

As a result of those statistical parameters, the design limits of minimum DNBR (DL)
are deduced as follows.

MI!5UIfl . , ea. , nausre, LI , .•....
Mitsubishil Heavy Indlustries, LITD. 62/68



[ ] (4.2.2)[ ] (4.2.3)

The examples of RTDP analysis for US-APWR design are shown in Tables 4.2-1
and 4.2-2.

References

4.2-1 Friedland, A. J. and Ray, S., "Revised Thermal Design Procedure",
WCAP-11397-P-A, April 1989.
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Table.4.2-1 Design Limit of Minimum DNBR for US-APWR based on RTDP
(Typical Cell)

Parameters (xi) 9i 'i a"/gi Si Si2(C7"/gi)2

Power
(fraction)

Tin
(OF)

Pressure
(psia)
Flow

(fraction)
Effective Core

Flow
(fraction)

FNAH

FE AH, 1

Subchannel Code

Transient Code

- Uncertainties of input parameters and code predictions:

- Uncertainty of DNB correlation prediction
(See Table B.3-6 of MUAP-07009-P):

[
[

I

I

- Design limit of minimum DNBR (DL)
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Table.4.2-2 Design Limit of Minimum DNBR for US-APWR based on RTDP
(Thimble Cell)

Parameters (xi) PLi i 'i/,i S, Si2('i )

Power
(fraction)

Tin
(OF)

Pressure
(psia)
Flow

(fraction)
Effective Core

Flow
(fraction)

FNAH

FEAH, I

Subchannel Code

Transient Code

- Uncertainties of input parameters and code predictions:

I I

- Uncertainty of DNB correlation prediction
(See Table B.3-6 of MUAP-07009-P):

I I

I I

- Design limit of minimum DNBR (DL)
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5.0 Requests for Additional Information on the Theory Manual

5.1 For VIPRE-OIM, provide a theory manual that is a self-contained document and
that describes (a) field equations, (b) closure relationships, (c) numerical solution
techniques, (d) simplifications and approximations (including limitations) inherent in
the chosen field equations and numerical methods, (e) pedigree or origin of closure
relationships used in the code, and (f) limits of applicability for all models in the
code.

Response:

The VIPRE-01M code manual will be provided in a separate transmittal. This
document includes summary descriptions for the equations and models that came
from the original VIPRE-01 code and are used in MHI PWR design analyses, and
descriptions for the models added by MHI. The information covers the items
mentioned in this RAI item. Since all of the equations and models composing the
original VIPRE-01 code are not changed, the theoretical manual of the VIPRE-01
code (Ref.5.1-1) is still valid as a supplement to the VIPRE-01M code manual.

References

5.1-1 Stewart, C. W., et al., "VIPRE-01 M: A Thermal Hydraulic Code for Reactor
Cores, Volume 1: Mathematical Modeling: (Revision4)", NP-2511-CCM-A,
Electric Power Research Institute, 2001.
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6.0 Requests for Additional Information on the User Manual

6.1 For VIPRE-O1M, provide a user manual that provides (a) detailed instructions about
how the computer code is used, (b) a description of how to choose model input
parameters and appropriate code options, (c) guidance about code limitation and
options that should be avoided for particular accidents, components, or reactor
types, and (d) if multiple computer codes are used, documented procedures for
ensuring complete and accurate transfer of information between different elements
of the evaluation model.

Response:

The VIPRE-01M code manual will be provided in a separate transmittal. This
document includes all the information that is required to perform the MHI PWR
design analyses and covers the items mentioned in this RAI. Since all the
functions that the original VIPRE-01 code has, including the original input scheme,
are not changed, the user manual of the VIPRE-01 code (Ref.6.1-1) is still valid as
a supplement to the VIPRE-01 M code manual.

References

6.1-1 Stewart, C. W., et al., "VIPRE-01 M: A Thermal Hydraulic Code for Reactor
Cores, Volume 2: Users Manual: (Revision4)", NP-2511-CCM-A, Electric
Power Research Institute, 2001.

6.2 Provide the NRC with a VIPRE-Q1M executable (preferably PC) and the
appropriate input parameters for Runs I - 7 on Table 7-1 of the TR such that the
NRC may generate their own input deck according to the VIPRE-O1M user manual,
execute the code, and compare the results to results generated by MHI.

Response:

The VIPRE-01M executable for the PC has been provided by MHI letter
UAP-HF-08092, dated May 30, 2008 and MHI letter UAP-HF-09434, dated August
28, 2009. Both letters include the same frozen version of the code. The input
data file specified by the NRC is provided in the Optical Storage Media included
with this RAI response.
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7.0 Requests for Additional Information on the Quality Assurance Program

7.1 Provide the quality assurance plan for VIPRE-O1M which describes the procedures
and controls under which the code was developed and assessed, and the
corrective action procedures that are followed when an error is discovered.

Response:

Code configuration of VIPRE-01 M is controlled by QAP described in MHI internal
document PQF-HD-18041-024 Rev.2, which is based on ASME NQA-1, and
includes. It will be provided in a separate transmittal.

7.2 Verify that the quality assurance plan described in response to RAI 7.1 was used
when performing all changes which were required to generate VIPRE-OIM from
VIPRE-01 and performing all analysis submitted to the NRC. Verify that all
VIPRE-01M analyses were performed with a specific frozen version of the code.

Response:

Since most of the VIPRE-01 M code development work was carried out prior to the
QAP program (as described in PQF-HD-18041-024 Rev.2) was in place, all the
added features and changes to VIPRE-01, which lead to VIPRE-01M, have been
re-evaluated in accordance with the validation and installation procedures for the
existing software as described in PQF-HD-18041-024 Rev.2. Consequently, the
code changes were all validated and VIPRE-01 M is now under the full control of the
QAP program, PQF-HD-18041-024 Rev.2.

All the analyses submitted to the NRC were performed by using the frozen code
version assessed under this QAR Even in the case of minor modifications, such
as fixing editorial errors and adding user-friendly features, the code version and the
code configuration are strictly administered per the QAP in order to ensure that the
minor code changes do not affect the already verified results.
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