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3STRACT

This topical report is prepared for review by the United States Nuclear Regulatory Commission
(NRC) of the Mitsubishi thermal-hydraulic design code, VIPRE-01M, and its design
applicability to Light Water Pressurized Water Reactor cores.

VIPRE-01M is an MHI version of the VIPRE-01 code. VIPRE-01 was developed by Electric
Power research Institute (EPRI) and has been generically approved by NRC for PWR
licensing applications. MHI has added specific DNB correlations and implemented some minor
moadifications that enable enhanced design application flexibility to the code. MHI
demonstrates VIPRE-01M's applicability to PWR cores via sensitivity studies, comparison with
other qualified codes, and calculation of measured to predicted heat flux ratio (M/P) of
published DNB tests.

With DNB test data, MHI also demonstrates VIPRE-01M's applicability to PWR cores in which
MHI-designed fuel assemblies are used.

Mitsubishi Heavy Industries, LTD.
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1.0 !NTRODUCTION

The objective of this topical report is to present a comprehensive thermal design methodology
utilized by Mitsubishi Heavy Industries, Ltd. (MHI) for analyzing the thermal-hydraulic
conditions in the MHI-designed Pressurized Water Reactor cores.

For the PWR core therinal-hydraulic analysis, the major design criterion is, as stated in the
next chapter, to prevent a Departure from Nucleate Boiling (DNB) from happening in the core
during normal operation and operational transients (former ANS Condition | events) and
events of faults of moderate frequency (former ANS Conditions Il events) for already-built
nuclear power piants, or during Anticipated Operational Occurrence (AOO) events termed in
Appendix A to 10 CFR Part 50 (Rev. 1) for new plant design. Departure from Nucleate Boiling
Ratio (DNBR) could also be used as a conservative measure for some Condition Il events.
For certain Condition 1V or Postulated Accident (Non-LOCA) transients, a conservative
criterion on Peak Cladding Temperature (PCT) is imposed. The PCT criterion will prevent
cladding embrittlement from occurring.

This topical report will delineate the overall process used to perform the core thermal-hydraulic
analysis and highlight the features of the computer tool, VIPRE-01M, which includes the DNB
correlations that will be used for Mitsubishi PWR core design and safety analysis, and the fuel
rod model that will have significant impact on the heat flux transient and/or PCT.

Section 2 of the report describes the design bases that are used for the core thermal-hydraulic
analyses and the thermal analysis process involved in the Mitsubishi methodology. Section 3
highlights the features of the VIPRE-01M code, which is essentially identical to the EPRI
VIPRE-01 [Ref.1-5] except for the addition of DNB correlations and certain enhancements for
more flexible design applications. As indicated in the Section, the VIPRE-01M code complies
with the NRC-issued Safety Evaluation Report (SER) of the EPRI VIPRE-01. Section 4
explains how VIPRE-01M will be used to model the reactor core geometry and the selection of
noding and time step size. The additional options for constitutive models, such as flow
resistance, turbulent mixing factors and subcooled boiling correlation are described. Section 5
elaborates on the DNBR related subjects. Mitsubishi added WRB-1 [Ref.6] and WRB-2 [Ref.7]
correlations to the VIPRE-01M code for DNBR calculation purposes. Comprehensive data
base is analyzed and presented in the section to demonstrate the compatibility of WRB-1 and
WRB-2 with the VIPRE-01M code for Mitsubishi fuel designs.

Transient Fuel Rod Modeling, another key capability of the VIPRE-01M, is discussed in
Section 6. Section 7 demonstrates that VIPRE-01M is qualified to be a design code for PWR
cores. The seclion includes examples of design applications and comparisons with other
qualified codes such as THINC [Ref.8] for core DNBRs; FINE [Ref.9] for steady state fuel rod
analysis; FACTRAN [Ref.10] for transient fuel rod analysis.

Mitsubishi Heavy Industries, LTD. 141
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2. 0 DESCRIPT!ON OF THERMAL DESlGN METHODOLOGY
2.1 Design Basis

For PWR core thermal design in already-buiilt power plants, the major design criterion for the
Conditions | & Il events was established to prevent DNB phenomena from happening in the
core. The limitation on DNB is expressed in the “DNBR limit value” during safety analyses and
is reflected in “Core Thermal Limits" that lead to the setpoints determination such as Over-
Temperature AT and Over-Power AT.

The design basis for generating the DNBR limit value and core thermal fimits is that DNB
phenomena will not occur on the most limiting fuel rods with at least a 95% probability at a
95% confidence level during Condition | and Conditions Il events.

The same design basis will be required for the AOOs in new nuclear power plant designs.
AOOs are defined in Appendix A to 10 CFR Part 50 (Rev. 1) as those conditions of off-normal
operation that are expected to occur one or more times during the life of the nuclear power
plant. In Regulatory Guide 1.70 and draft Regulatory Guide 1,206, AOOs are referred to as the
conditions of the events that are categorized as incidents of moderate frequency and
infrequent events, which were also referred to in the former American Nuclear Society (ANS)
standards as Condition Il and Condition Il events, respectively. While Condition | and
Condition Il are still used for elaboration purposes above, Conditions | through 1V definitions
are no longer used as safety analysis categorizations in new nuclear power plant designs.

2.2 Thermal Design Methodology

Figure 2-1 shows the framework of two cascading flow paths of procedures which the thermal
désign (or DNB design) analysis follows.

DNBR is defined ds the ratio of DNB heat flux, g'owe, and actual local heat flux, q'car
DNBR = 9o

qmcul
“Min. DNBR" is the minimum value of the DNBRSs determined in the core.

DNB heat flux is predicted by the adopted DNB ¢orrelation as the function of local coolant
conditions and fuel geometry such as equivalent diameter of hydraulic channel, rod diameter,
grid locations and so on. Mitsubishi uses either the WRB-1 or WRB-2 correlation for the core
thermal designs of different fuel grids and features.

The local thermal-hydraulic parameters that are needed by the DNB correlations are
generated by VIPRE-01M, the Mitsubishi subchannel analysis code. VIPRE-01 (EPRI version)
is a subchannel analysis code that has been reviewed and approved by the NRC. An SER has
been issued in 1986 [Ref.1]. The WRB-1 and WRB-2 correlations are NRC-approved DNB
correlations that are applicable to Westinghouse-like fuel bundles. Detailed discussions of
VIPRE-01M and the compatibility between VIPRE-01M and WRB-1/ WRB-2, as well as their
applicability to the Mitsubishi fuel designs, are described in Sections 5 and 7.

Mitsubiéﬁf Heavy Industries, LTD. | 21
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'The left path of the framework in Figure 2-1 shows the process to derive the hmmng DNBR in
accordance with the above-mentioned design basis. The Revised Thermal Design Procedure
(RTDP) [Ref.11] is used for deriving the Design Limit DNBR. RTDP is a Westinghouse-
developed statistical thermal design procedure. It has been approved by the NRC in 1889
[Ref:12]. The application of the RTDP will follow the guidelines prescribed in the SER issued
by NRC.

The Design Limit (DL) of DNBR is obtained by consideriig the uncertainties of certain major
input parameters and the uncertainty of the selected DNB correlation on a 95% probability at
95% confidence level basis.

The Safety Analysis Limit (SL) of DNBR i$ determined after- accommodatmg thé DNBR
penalties incurred by rod bows, transition core geometry and/or reserving more core
operational flexibilities.

The right path of the framework in Figure 2-1 shows the process of deriving the Miri. DNBR of
the most limiting fuel rods.

For the Min. DNBR analysis, parameters of which uncertainties are considered in the DL
determination in the RTDP are input to VIPRE-01M as nominal values. The nominal DNBR
value, obtained through such process, should be greater than the SL that is determined for
each specific core.

Mitsubishi Hea.v.y.Industr’iesI LTD,
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3.0 VIPRE-01M DESCRIPTION
3.1 VIPRE-01M Features

-developed to perform thermal- hydrauhc ana!yses m reactor cores. Usmg the orlgmal VIPRE-01
code as the basis, Mitsubishi incorporates certain added functions for more flexible design
applications. VIPRE-01M is used to evaluate reactor core thermal limits related to the Min.
DNBR, reactor core coolant conditions, and fue! temperature and heat flux in normal and off-
normal conditions.

The original version of VIPRE-01 was developed by Battelle Pacific Northwest Laboratories,
under the sponsorship of Electric Power Research Institute (EPRI). Its basic components are
from the well-known COBRA code series [Ref.12-15]. VIPRE-01 divides the reactor core into a
number of flow channels. The size of each flow channel could be as small as the flow area
surrounded by four rods (fuel rods and/or control rad guide thimble) situated on a square
lattice, or be formed by a number of fue! rod bundles. Conservation equations of mass,
momentum (in axial and lateral directions), and energy are solved to determine axial mass fluX
distributions, lateral flow rate per unit length, and enthalpy distributions. Fluid properties are
functions of the local enthalpy and a uniform but time-varying system pressure. Transient
thermal behavior of the fuel rod is also analyzed in association with the determined thermal-
hydraulic analysis results.

Specific constitutive models which préscribe optional flow resistance, turbulent mixing, and
subcooled as well as saturated boiling, are selected in VIPRE-01M analyses {o provide
adequate results for the purposes of the applications.

VIPRE-01M has incorporated the following féatures into the original VIPRE-01.

(1) DNB correlations for design applications
WRB-1 and WRB-2 aré incorporated into the VIPRE-01M code for the purposé of design
analysis of Mitsubishi fuel core. Regarding W-3 correlation [Ref.16], some options were
added to allow its use without spacer factor for the safety analysis of low pressure events

(2) Fuel thermal properties for design applications
Fuel thermal properties used in the Mitsubishi fuel performance code and safaty analysis
codes are introduced. They accommodate the degradation effect of thermal conductivity of
UO, with burnup.

(3) Options for hot spot PCT analysis
The VIPRE-01M code may bé uséd for hot spot PCT analysis for condition 111 or condition [V
events (Non-LOCA) as the replacement of the FACTRAN code. For this purpose, new

options for forced film boiling at the hot spot and the Zr-Water reaction model involving the
heat generation within fuel cladding are added in VIPRE-01M.

Mitsubishi Heavy Industries, LTD. 31
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(4) More user-friendly interfaces

To be more user-friendly and have better Quality Assurance, the fol!owmg optimized code
interfaces with the user are Implemented in VIPRE-01M:

- Free format input style like NAMELIST has been introduced for user's convenierice and
reducing input errors.

- Dynamic memory allocation has been introduced for the calculation efficiency and reliable
administration of executable modules.

- New interface for reading the results of system transient code MARVEL [Réf.17] and
printing DNBR and rod temperature summaries have been added.

The modifications mentioned above only add “bells and whistles™to the design applications.
The original solution methods and constitutive models are not changed at all. Therefore, the
VIPRE-01M code is virtually identical to the original VIPRE-01. The conclusion of verification
for the original VIPRE-01 code by EPR! still remains valid.

3.2 Compliance with VIPRE-01 SER

The original VIPRE-01 code has been approved generically by the NRC for PWR core design
' applications [Ref.1]. Several conditions were imposed by the SER if specific applications are
desired.

For applications to PWR core analysés, the NRC staff requires that VIPRE-01 be limited to
PWR licensing calculations with heat transfer regime up to CHF.

Sinicé the intent of the Mitsubishi applications of the VIPRE-01M is for normal and off-normat
core operating conditions (excluding LOCA calculations) with heat transfer regime up to
Departure from Nucleate Boiling, the VIPRE-01M is within the bounds specified in the SER.
When VIPRE-01M is used to calculate the limiting hot spot PCT, it will be applied in a
conservative manner similar to that used in the FACTRAN analysis. The comprehensive
analytical method will be presented later in this report.

Thé SER prescribes that the use of a steady state CHF corrélation with VIPRE-01 is
acceptable for reactor transient analysis provided that the CHF correlation and its DNBR limit
have been reviewed and approved by the NRC and that the application is within the range of
applicability of the correlation including fuel assembly geometry, spacer grid design, pressure,
coolant mass velocity, quality, etc. Use of any CHF correlation which has not been approved
will require the submittal of a separate topical report for staff review and approval. The use of a
CHF correlation which has been previously approved for application in connection with another
thermal-hydraulic code other than VIPRE-01 will require an analysis showing that, given the
correlation data base, VIPRE-01 gives the same or a conservative safety limit, or a new higher
DNBR limit must be used, based on the analysis results.

M|tsubtsh| Heavy lndustnes. LTD.
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Mitsubishi intends to use WRB-1 and WRB-2 correlations for PWR core DNB analyses. Since
both correlations were approved in conjunction with the THINC code by the NRC, Mitsubishi
will demonstrate their compatibility with the VIPRE-01M code and their applicability in PWR
core design applications per the guidelines prescribed in the SER. All the support documents
along with the relevant correlation limits in the PWR core applications are presented in
Sections 5 and 7 of this topical report.

The SER emphasizes that “Each organization using VIPRE-01 for licensing calculations
should submit separate documentation describing how they intend to use VIPRE-01 and
providing justification for their specific modeling assumptions, choice of particular two-phase
flow models and correlations, heat transfer correlations, CHF correlation and DNBR limit, input
values of plant specific data such as turbulent mixing coefficient, slip ratio, grid loss coefficient,
etc., including defaults”.

In this topical report, Mitsubishi thoroughly describes the modeling assumptions, choices of
constittive models, and DNB correlation options. Other plant specific input data will be shown
in the plant application.

Relevant time step size will be selected to ensure numerical stability and accuracy. Specifically,
Courant number will be kept greaterthan 1, if the profile fit subcooled void model is used, in
accordance with the requirement of SER.

SER requires that theé user abidé by the quality assurance procedurés described in Section 2.6
of itself, by which EPRI maintain the program versions certainly. Mitsubishi closely keeps
track of the latest program status and code error notification from EPRI per its quality
assurance procedures. Mitsubishi will maintain its code version under Mitsubishi's Quahty
Assurance Program (QAP) [Ref.18] and commits to inform EPRI of any modifications made to
the approved version, in accordance with the license agreement with EPRI.

Mitsubishi Heavy Industries, LTD., 3.3
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"4.0 CORE MODELING

VIPRE:01M has a rather efficient way to model the reactor core. The conventional way of
modeling the PWR cores by other subchannel analysis codes, such as THINC, is by way of
multi-pass or successive stage approaches. Such codes are first set up to determine the core-
wide thermal-hydraulic parameters which are subject to the over-all boundary conditions
(including the core power level, radial and axial power distributions, reactor pressure, core inlet
temperature, and core inlet ﬂow distribution, etc.) imposed on the core. The subchannel code
will determine the detailed thermal-hydrautic information for the inter-fuel assembly
configuration and for each fuel assembly as a flow channel. Thé successive stage is then to
determine the thermal-hydraulic conditions within the focused fuel assembly, that is, the hot
assembly. This subchannel analysis during the successive stage will determine the deswed
thermal-hydraulic design information such as enthalpy distribution, axial and lateral mass flow
rate, local pressure, and the Min. DNBRs associated with the hot assembly.

VIPRE-01M modsling of 8 PWR coreé is based on the one-pass modeling approach, which
treats hot channels (the subchannels with the highest enthalpy rise) and their immediate
surrounding channels in great detail, while the rest of the core is modeled on a relatively
coarsé mesh. No separate computational stages are required as those used in the
conventional approach. By this one-pass modeling approach, a reactor core can be fully
modeled in a small number of channels without sacrificing the needed detail and accuracy in
and around the hot channels. The VIPRE-01 one-pass modeling approach has been approved
by the NRC in application to PWR core DNB analyses.

VIPRE-01M has different mode! options that users can choose from for various purposes of
core analyses. In this'section, the standard model options, which are selected for Mitsubishi's
thermal design applications, are described. Serisitivity studies have been conducted to verify
the relevancy of VIPRE-01M for various design applications. The results of sensitivity studies
are described in Appendix A.

4.1 Nodalization
(1) Radial Nodalization

For a PWR core design assuming radial power distribution and inlet flow distribution symmetric
to the core center, a one-eighth core modeling is typically adopted for the subchannel analysis
with the hot assembly located at the center of the core.

Using the one-eighth core modeling approach, a representative VIPRE-01M subchannel
analysis model for the US-APWR reactor core (a total of 257 17 x17 fuel assemblies), is
shown in Figure 4-1. Hot assembly is located at the center of the core. 10 subehannels are
modeled to account for the hot typical cell channel and the hot thimble cell channel as well as
the surrounding cells. In core subchannel analyses, only the hot typical cell and the hot thimble
cell channels and their surrounding individual subchannels will provide the needed information
to the core thermal-hydraulic design. No needed detailed information will be lost over the
modeling simplification process that the remaining core flow areas are modeled. The
remaining cells in the hot assembly are grouped into 5 surrounding channels. The fuel
assemblies in the rest of the one-eighth core can be lumped into 6 large channels. A total of
21 radial flow channels are established.
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For the DNB analysxs each rod facmg the detalled subthannels is modeled mdw:dually,
because both of the heat input to the subchannel and the local heat flux should be counted
correctly. In the lumped channel, fuel rods are treated as one lumped rod, which has average
power of the actual rods in the channel.

EPRI has shown that the detailed radial rioding is néeded only for the hot channels and the
neighboring flow area surrounding them [Ref.5). Mitsubishi's sensitivity-studies reachedthe
same conclusion,

(2) Axial Nodalization

EPRI stated in its VIPRE-01 réport that VIPRE-01 pradictions can be affected by the number
.of axial nodes selected. Not enough axial nodes may end up losing the required details for the
flow field [Ref.5).

Sensitivity studies on the number of axial nodes were pérformed by Mitsubishi. Thé resuits
indicated that the number of axial meshes does not have significant impact on DNBR analysis
if it becomes greater than[ ] However, increase of elevational discrepancy between cell
center and grid location may decrease accuracy.

As imentioned above, the sensitivity.on the axial nodalization itseif is rather small, however, the
larger axial mesh size reduce the Courant number and consequently may end up causing
numerical instability when the profile fit type void model is used. Therefore, the axial mesh
size smaller than[ ]a__re recommended for the typical thermal-hydraulic core analysis. It
will be further discussed in Section 4.8.

4.2 Turbulent Mixing
In VIPRE-01M code, turbulent mixings of énergy and momentum are associated with équal
mass exchange between adjacent flow channels due to turbulence. It is described by the

following equation;

Ei = ';‘\”M (4'1 )

M'= FTM -w'Au , 4.2)
where,
E’ energy transfértate per unit axial length due to turbulerit mixing
(Btu/ft-s)
M'  :momentum transfer rate per unit axial length due to turbtilent mixing
((lom-ft/s)/ft-s)
W’ :mass exchange rate per unit axzal length (ibm/ft-s)

AR centhalpy difference between the adjacent channels (Btu/lbrm)

Au  ‘axial velocity difference between adjacent channels (ft/s)

FTM correction factor for difference between turbulent momentum mixing
and turbulent energy mixing

The mass exchange rate across rod-to-rod gap, w', can be expressed by thé following
correlat:on

Mltsublshl Heavy Industnes LTD
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| w' =( ) (4.3)
where,
ABETA :mixing parameter
5 ;flow area between the channels across which turbulent mass
exchange occurs (ft*/ft)
G :axial mass velocity averaged over the channels on both sides of
the gap (lbm/ft?s)

Mixing parameter, ABETA is equivalent to the Thermal Diffusion Coefficient (T DC) in the
THINC code. ABETA is defined as a constant, obtained from thermal mixing tests simulating
the actual fuel assembly geometries. Since TDC is defined as a mixing coefficient for the
turbulent energy transfer rate between two unit subchannels, ABETA, when applied to lumped
channels, should be modified as the following;

ABETH { } (4.4)

N,  :number of unit subchannel fows between the centers of two lumped
channels

whereg,

While ABETA is a significant parameter in predicting hot channe! conditions, its.effect on
design DNB analyses is minimized due to the following assumptions:

- Conservative bounding power distribution is used for the hot assembly in design analysis.

- For conservatism reason, turbulent mixing across the fuel assembly boundary is neglected.

)

Sensitivity study results are shown in Appendix A.

4.3 Hydraulic Resistance

Axial friction factor for single phase flow, f, i$ given by Bleasius typé equation, which is a
function of Reynolds number.

f=a,Re”+¢; (4.5)

Thie friction factor is evaluated as the maximum value of turbulent and laminar flow. The
coefficients, a;, by and ¢, are as follows.

for turbulent flow :a,.:f ] be=( ) Cf=( ] (4.6)
for laminar flow :ar=64.0,  br=-1.0, ¢r=0.0

Mitsubishi Heavy lndustf_ies, LTD.
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"This is a well accepted correlation| T ]A
.sensntwnty study shows that the effect of axial friction factor is small for the DNB design
analysis.

Heated wall effect:on viscosity is not considered, since its ffect is very small.

Form loss coéfficients fof grid spacers and other fuel components are prescribed constants
based on flow test data.

Crossflow loss coefficient is given by following equation;
D
KG = (aG ReXFbG + Cs )i (47)
p

where Rexr is the Reynolds number for crossflow defined with representative dimension of rod
diameter, Dgc i$ a distance between the centers of subchannels and p is a rod pitch. The
constants of ag, bg and ¢g are derived[ ]fo.r lateral resistance of square-
array rod bundles;

g = b = Cg = (4.8)

where dnq is a rod diameter. The sensitivity study in Appendix A shows that the effect of cross
flow resistance is negligible small.

4.4 Two-Phase Flow Model

]:s adopted for two- -phase flow pressure drop calculations. Under most
operating conditions in the PWR analyses, this assumption has been proved adequate.

]ls used to evaluate flow quality, Which includes loca! boiling
and thermal non-equilibrium effects. The relationship between flow quality and void fraction is
provided by | The model generates conservative void fraction predictions
similar to those obtained by conventional design codes such as THINC. The overall model
conservatism will be discussed in Appendix A and Section 7.

Subcooled void fraction might be affected by crud on the fuel fod strface. While VIPRE-01M
code does not have the ability to consider crud for the boiling calculation,[

4.5 Engineering Factors
The enthalpy rise engingering factor F.%, represents the hot rod power uncertainty caused by

fuel manufactunng tolerance. It includes uncertainties of pellet wexght and U,3s enrichment.
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FA,, is: determmed based on the samplmg data involved. In the RTDP analysis, it is one of the
parameters that are considered in deriving design limit DNB_R ‘When it is considered in the
VIPRE-01M analysis, the overall F,, (= F% x FZ, ) is reflected in VIPRE-01M input as the
radial rod power distribution.

Heat flux engineering factor F;r represents the hot spot surface heat flux uncertainty catsed
by fuel manufacturing tolerance.

4.6 Core [nlet Flow Distribution

Existing flow tests showed that there has been 'some mal-distribution in core inlet flow. The
inlet mass velocity of hot assembly could be approximately 5 to 10 % lower than the core inlet
mass velocity average. However, inlet flow mal-distribution could be quickly flattened out in the
entrance portion of the core, its mal-distribution effect on DNBR is negligible small. The
sensitivity study shown in Appendix A concluded that core inlet flow mal-distribution will have
no appreciable impact on the core Min. DNBR determination.

4.7 Boundary Conditions

As in all subchannel analysis code applications, the boundary conditions required by the
VIPRE-01M analyses are as follows:

- Core power

- Core system pressure
- Core inlet temperature
- Core inlet flow

These parameters are varying with time in transient safety analyses. VIPRE-01M can read the
MARVEL-generated transient condition automatically through the established interface file. In
addition to the above parameters, VIPRE-01M can read core exit enthalpy (temperature) and
core exit pressure distribution. Core exit enthalpy is not used in the safety analysis and core
exit pressure distribution is assumed to be uniform.

4.8 Calculation Control Parameters

EPRI pointed out that, in-order to ensure the numerical stability of the code, the Courant
number should be kept as greater than 1, when the profile fit type void model is used. The
time step size for the VIPRE-01M code is thus selected to be;

Al > %’5 (4.9)

where At, Ax,and u aré time-step size, axial noding size, and axial velocity, respectively.

Mitsubishi Heavy Industries, LTD. 45



THERMAL DESIGN METHODOLOGY MUAP-07009-NP

Since the Use of greater time step size may lose the required details for the analysis, ‘
sufficiently small time step size and consequently smallf axial mesh size should be selected to

accommodate the Courant number restriction. A sensitivity study on the time step size is

conducted as presented in Appendix A. Based on the results, it is considered that

for the time step size is appropriate for typical PWR core calculations. A combination of time

step size of and axial mesh size less than( ]keeps the Courant number

greater than 1 under the condition of This set of numbers

covers the typical PWR thermal-hydrauiic anaiysis conditions.

| Mitsubishi}Heavy Industries, LTD.



THERMAL DESIGN METHODOLOGY MUAP-07009-NP

-

&

Figure 4-1 Typical Modeling for VIPRE-01M 1/8 Core Analysis
(17x17-257FA Core, 4-Loop Plant)

Mitsubishi Heavy Industries, LTD.
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5.0 DNB CORRELATIONS
5.1 DNB Corrélations for Design Analysis

WRB-1 and WRB-2 DNB correlations are incorporated into VIPRE=01M for design cajculation
purposes. W-3 DNB correlation without spacer-factor will be used when the calculated
conditions are outside the applicability range of WRB-1 and WRB-2.

WRB-1 is based on the Westinghouse's R-grid and L-grid rod bundle DNB test data, and its
verification was made in conjunction with THINC code. This correlation was approved by the
NRC in 1984 [Ref.6).

WRB-2 is based on the Westinghouse's DNB test data simulating 17x17 type fuels including
OFA and VANTAGES, and its verification was made in conjunction with THINC code. This
correlation was approved by the NRC in 1985 [Ref.7].

W-3 is a generic type of DNB correlation. W-3 without spacer factor is normaHy used for safety
analyses of low pressure events, which aré béyond the approved applicability ranges of WRB-
1 and WRB-2.

5.2 Qualification of DNB Correlations with VIPRE—Q1 M

Studies of WRB-1 and WRB-2 compatibility with VIPRE-01M are presented in Appendix B:
The correlations were validated with the existing data bases. Statistical analysis results are
summarized in Table 5-1 and Table 5-2. Both correlations give reasonable predictions on DNB
heat flux when comparing the VIPRE-01M results with the THINC results {Ref. 6 & 7] for
Westinghouse-type fuel assemblies and grid spacers.

Conservative limit DNBR of 1.17 can be achieved on a 95% probability at 95% confidence
level basis.

5:3 Applicability of DNB Correlations for Mitsubishi Fuels

For the fuel assembly design, Mitsubishi intends to use one of the two recommended grid
spacer designs: Z2 or Z3. Figure 5-1 shows the configuration of Mitsubishi grid spacers, Z2
and Z3. DNB tests for Z2 and Z3 were conducted at the Heat Transfer Research Facility of
Columbia University. The DNB test analyses for 22 and Z3 based on WRB-1 and WRB-2 were
conducted in Appendix C. It is demonstrated that both WRB-1 and WRB-2 give excellent,
while conservative, DNBR predictions for the Z2 and Z3. Statistical resuits of DNB test
analyses are summarized in Table 5-3 through Table 5-6 for various combined sets of
correlation and DNB test data. Limit DNBRs by each DNB correlations are determined on the
95% probability at 95% confidence level basis. As a result, it was confirmed that WRB-1 and
WRB-2 can be conservatively applied to predict DNB heat flux for fuel assemblies with either
Z2 or Z3 grid using limit DNBR 1.17.

Mitsubishi Heavy Industries, LTD. 5.1
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Table 5-1 Statistical Results of DNB Test Analyses using WRB-1 Correlation

[Testcase | Datapoints | Meanof MIP__| Standard deviation of MiP - |

'\

Limit DNBRysosy 5. )

Table 5-2 Statistical Results of DNB Test Analyses using WRB-2 Correlation

[Test case | Datapoints | Meanof MP | Standard deviation of MIP__|

Limit DNBRysos 4 )

""" 52
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Table 5-3 Statistical Results of 22 DNB Test Analyses using WRB-1 Correlation

‘ Test case | Cell type Data points Mean of M/P Standzrfd Ntlilliwat\on

Limit DNBRgsos 5. )

Table 5-4 Statistical Results of Z3 DNB Test Analyses using WRB-1 Correlation

Test éase Cell type Data points Mean of M/P Standi:cdl\;i”e:viatgon

Limit DNBRgsros { )

Table 5-5 Statistical Results of Z2 DNB Test Analyses using WRB-2 Correlation

Test case | Celitype Data points Mean of M/P Standz;dwc‘i/gwatlon

Limit DNBRgsosy 4. ]

Table 5-6 Statistical Results of Z3 DNB Test Analyses using WRB-2 Correlation

Stand.ard’ deviéﬁoh ”

Testcase | Cell type. ADate‘a pomts | Mean of WP of M/P

Limit DNBRgsosy 4 )
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6.0 TRANSIENT FUEL ROD MODELING

6.1 Nodalization

pehawor of the fuel rod mtenor such as the radial fuel temperature distribution and surface
Heat flux variation. Fuel pellet, fuel cladding and the gap between them are simulated
separately. Fuel pellet is divided into( _ Jin the radial direction, which is
consistent with the treatment in the fuel deS|gn Initial pellet heat up, in addition to the thermal
diffusion coefficient of the fuel, is a predominant factor for fuel's thermal behavior. Therefore,
the initial condition is carefully selected and modeled to match the results of the fuel rod
design code, FINE.

6.2 Thermal Properties

In VIPRE-01M, the adopted thermal properties for the fuel are the same as those used in
Mitsubishi’'s fuel design code, FINE, and/or other safety analysis codes. The properties added
by Mitsubishi are shown in Appendix D.

The thermal properties used by Mitsubishi are not much different from those in original VIPRE-
01 code, except that the dégradation effect of fuel thermal conductivity along with bufnup is
accounted for.

6.3 Power Distribution

D'epre‘s’sion of heat generation at the interior of a fuel pellet reduces centerline temperature of
pellet. Radial power distribution within pellet is incorporated into the FINE code as a function
of burnup and composition of peliet. VIPRE-01M uses power distribution from the FINE code

as an input.

6.4 Gap Conductance

Fuel pellet temperature is highly dependant on the peliet-to-claddirig gap conductance. The
gap conductance is affected by the gas composition in the gap, gas pressure and temperature,
and pellet densification/swelling and cladding creep-down as the result of burnup. However,
since VIPRE-01M does not accommodate those effects, gap conductance needs to be
specified |

For transient analyses, the gap conductance is| | Jto give
conservative results of the analyses.

Mitsubishi Heavy Industries, LTD. 6.1
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‘ '6.5 Heat Transfer Coefficient

For typical transient analyses of non-LOCA events, pre-DNB modes of rod sufface heat
transfer is assumed. In such analyses, well-known empirical heat transfer correlations
included in the VIPRE-01 model are used.

| )

In some condition-1V (Non-LOCA) analyses for which the PCT analysis at post-DNB condition
is require‘c[i. VIPRE-01M is used just as an alternative to the traditional FACTRAN analysis. In
the case,

N o | ,. ] The correlation is
originally included in VIPRE-01 code, and Mitsubishi modified it

] The same practices are conducted in the FACTRAN analysis.

6.6 Zr-Water Reaction

Baker-Just correlation [Ref.22] is used in PCT analysis to account for the thickness of oxide
Jayer and heat generation at the cladding surface;

w? =K, eXp(—ﬁ) t
‘ where,

R'T

W :Amount.of Zr reacted (kg/m?)

K,  =33.3x10% (kg/m?d?s)

K,  =45500 (cal/mol)

R :Gas constant =1.987 (cal/ficl-K)
T :Temperature (K)

t Time (sec)

This correlation was incorporated into the PCT analysis by Mitsubishi. [

6-2
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7.0 QUALIFICATION FOR DESIGN APPLICATION
7.1 Steady State Analysis

Seviral results of the VIPRE-01M analyses have been compared with the THINC-IV résults for
the purpose of verifying the acceptability of VIPRE-01M for DNB design analysis. The
analyses were done for a 17x17(14ft), 257 fuel-assembly core. Several plant conditions were
selécted to cover the typical DNB analysis domain. The conditions are shown in Table 7-1.

All of the VIPRE-01M models were set up following the descriptions in Section 4.

7.1.1 Thermal-Hydraulic Characteristics

Hot channiel mass velocity and equilibrium quality predictions are compared between VIPRE-
01M and THINC-IV in Figures 7-1 through 7-16. [

] Relatively smali differences in mass velocity distribution
are observed betweén the codes. The differences in mass velocity distribution in the upper
core region are mainly caused by the subcooled void models used in each code.

:I'he flow distribution effect on fluid enthalpy is relatively small. Therefore, the equilibrium
qualities are fairly close between the codes.

7.1.2 DNBR

Min. DNBRS in each analysis case are shown in Table 7-1. The differences of Min. DNBR are
within( ] VIPRE-01M results are derived with standard( ] and they are more
conservative than those of THINC-IV[

Therefore, it is considered that the modeling of VIPRE-01M is appropriate for DNB design
analysis of PWR cores.

7.2 Transient Analysis

Fuel rod model capabilities for the safety analysis are verified by comparing fuel rod
performance code FINE and transient fuel rod analysis code FACTRAN. Locked rotor DNB
and PCT analysis for the 14x14 (12ft)-121 fuel assembligs core were performed.

7.2.1 Initial Rod Temperature

Calculated results of fuel temperature by VIPRE-01M have been compared with the FINE
code results to verify the capability of VIPRE-01M for initial fuel temperature calculation for
transient analyses.
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"Thermal propertles incorporated by Mitsubishi were used. The degradation of fuel thermal
conductivity along with increased burnup was considered. In the analysis performed for 14x14
fuel, comparisons were done for both BOL and EOL conditions. [

] Fuel centerline,
average, and surface temperatures as a function of linear heat rate are-compared between
both codes in Figure 7-17 and Figure 7-18. The radial temperature distributions are shown in
Figure 7-19. Excellent agreements are observed.

The discussion above indicates that generating an initial condition for safety analyses, which is
consistent with the FINE result; can be achieved[

7.2.2 Heat Flux and DNBR

Comparisons with FACTRAN and THINC codes were conducted for verifying applicability of
VIPRE-01M to certain transient analysis functions.

As a typical transient DNB analysis, a Complete Loss of Flow accident analysis was performed
for a two-loop plant. The transients of power and primary loop flow rate were shown in Figure
7-20. The reference analysis was a combination of transient heat flux prediction by FACTRAN
and DNBR analysis by THINC-ll. VIPRE-01M simulates both simultaneously. Also the state
point DNBR analysis at limiting condition was compared between VIPRE-01M and THINC-III.

Transient fuel temperature behavior highly depends on the initial fuel temperature condition.
Therefore [:

o ) , ' Transient behavior of fuel
surface heat flux and Min. DNBR by WRB-1 correlation is compared with FACTRAN/THINC-H|
results in Figure 7-21. Fairly good agreements are observed. Table 7-2 shows the results of
transient and steady state DNBR analysis results. State point analysis shows a slightly more
conservative result, because it neglects the delay of coolant condition change. However, the
difference is small. Therefore, it has been concluded that transient calculation of fuel
temperature and Min. DNBR by VIPRE-01M is acceptable.

7.2.3 Peak Cladding Temperature

The NRC has approved the applicability of the VIPRE-01 code on heat transfér calculation up
to the point of DNB occurrence. Heat transfer and fuel behavior after DNB occurrence, such as
that simulated in LOCA analysis, is not considered in the code. However, even in Non-LOCA
analysis, it is required to evaluate PCT after DNB for several events. Therefore, the
applicability of VIPRE-01M code as the alternative of traditional FACTRAN analysis was
verified under appropriate conservative assumptions.
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A Locked Rotor transient analysis was performed for two-loop plant. The'transients of power
and primary loop flow rate were shown in Figlre 7-22. Fuél properties used are of Mitsubishi
models. Cladding material is assumed as ZIRLO™ in both analyses.

It is conservatively assumed that DNB occurs[ ] Atthat time, local
heat transfer mode at hot spot changes from nucleate boiling to film bomng immediately. Heat
transfer coefficient in film boiling mode is given by Bishop:Sandberg-Tong corrélation

Bulk coolant density used by the correlation is conservatively kept constant
as the initial core averaged value for the consistency with FACTRAN analysis. [

Jwher DNB oceilts;
o S assuming the collapse of cladding tube. Oxidization
and heat generation by Zr-Water reaction are taken into account on cladding surface with
Baker-Just equation.

Cladding temperature and Zr-Water reaction transients are showh in Figure 7-23 comparing
with FACTRAN analysis. VIPRE:01M and FACTRAN analyses showed a great similarity in
results.

The resuilts indicate that VIPRE-01M can substitute the PCT analysis function of FACTRAN
code adequately.

Mntsubtshc Heavy lndustnes LTD. 7.3



THERMAL DESIGN METHODOLOGY

MUAP-07009-NP

Table 7-1 Analyzed Cases and Results of Benchmarking with THINC-IV

No Pressure| Power Tin Flow Fau® ... Min. DNBR (WRB-2)
“| (psia) |(fraction)] (F) (fraction) -) X
1| h
2
3
4
5
6
7
8
o , - A . -
' * % difference from THINC-IV result
Table 7-2 DNBR Results of Transient and Steady State Analyses
""" Heat FIux | = o ~Min. DNBR (WRB-1)
| Time (s) (%) F‘OY\"(@ Transient | Steady State
VIPRE-01M o
FACTRAN/THINC-II .

" Mitsubishi Heavy Industries, LTD.
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Figure 7-1 Comparison between VIPRE-01M and THINC-IV

(Case-1 Typical Cell)
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8. 0 CONCLUS!ON
Mitsubishi's Thermal Design Methodology consists of the following three areas:

(1) Revised Thermal Design Procediire [Ref 12]
(2) VIPRE-01M (VIPRE-01 [Ref.1 - 5}) subchannel analysis code
(3) WRB-1 and WRB-2 DNB correlations [Ref.8, 7]

_has been approved by the NRC

'VIPRE-01M is just an extension of the NRC-approved VIPRE-01 ¢ode for enhanced design
applications. The NRC-approved main body of the code, namely, governing equation system,
solver and constitutive models, are not changed. Therefore, the NRC's review for VIPRE-01 is
still valid for VIPRE-01M. The application method for design analysis and verification of
design models added by Mitsubishi are described in this report and shown to comply with the
VIPRE-01 SER,

The VIPRE-01M models selécted for the thermal design analysis of PWR core are all well-
accepted and/or conservative. These models predict the core thermal-hydraulic behaviors
adequately and are shown to generate conservative DNBRs in comparisons with the NRC-
approved THINC code models and the models which are recommended by EPRI.

The main design application tools added by Mitsubishi are the specific DNB corrélations,
WRB-1 and WRB-2, and fuel thermal properties that are consistent with the fuel performance
code, FINE. The added fuel thermal properties take into account the impact of degradation of
pellet on thermal conductivity along with burnup. The thermal properties were demonstrated
to be correctly introduced and were verified by comparison with FINE and FACTRAN codes for
steady state and transient conditions respectively. In addition, the replacement of FACTRAN
in PCT analysis by VIPRE-01M for certain non-LOCA transient analyses were justified and
validated.

Mutsubcshl mtends to use these two correlations for DNBR déterminations for its PWR fuels
Since all DNB correlations have to be subchannel-code-compatible, a comprehensive study
was conducted to verify that WRB-1 and WRB-2 are compatible to VIPRE-01M.

The verification of both correlations.with their associated DNB test. database, based on the
VIPRE-01M code, showed that the correlation limit of DNBR on the 95% probability at 95%
confidence level basis are less than 1.17, which is the value originally shown by Westinghouse
in conjunction with THINC code and approved by the NRC.

WRB-1 and WRB-2 correlations can also be conservatively applied to Mitsubishi's latest fuel
designs. The DNB test analyses for Mitsubishi Z2 and Z3 grid spacer designs showed that the
correlation limit 1,17 is conservatively applicable to the fuels.

The Mitsubishi-proposed thermal design methodology is esséntially identical to those adopted
for most existing PWR designs in the US. The code and correlations are verified and

Mitsubishi Heavy industries, LTD. o
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demonstrated to be applicable to the core thermal-hydrauiic design analyses and all Non-_

LOCA Safety Analyses relevant to DNB.

| Mitsubishi Heavy Industries, LTD,
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® a APPENDIX A
SENSITIVITY STUDIES

A.1 NODALIZATION
Radial Nodalization

EPRI has shown that the detdiled radial noding, with which the core flow ared is divided into
unit subchannels, is needed only for the area in the vicinity of the hot channel [Ref A-1]. The
sensitivity studies conducted by Mitsubishi endorse this conclusion. The sensitivity study
cases are listed in Table A.1-1 and the radial nodal configurations for the sensitivity studies
are shown in Figure A.1-1 for comparison purpose, The 21-channel model (reference case),
‘which is recommended as the standard design model, is shown in Figure 4-1 of this report.
The results shown in Figure A.1-2 and A.1-3, and in Table A.1-1 indicate that different radial
nodalization models do not have any appreciable impact on the DNBR analysis, as long as
the flow cells surrounding the hot rod are modeled into detailed subchannels.

The reference case, the 21 flow channel model; was selected as a standard model for the

DNB analysis.
. Table A.1-1 Sensitivity Study on Radial Nodalization
' No ' of ~ Min. DNBR (WRB-2)
Case ch'a‘rin ols Nominal Over power High FaM
, _ condition condition(_*) condition (**)

™ ]of rated power
) Fau

Mitsubishi Heavy Industries, LTD.
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Axial Nodalization

EPRI has stated that VIPRE-01 predictions afe sénsitive to axial noding so that enough
nodes must be provided to resolve the details in the flow field [Ref. A-1]. Sensitivity studies
‘were performed to determine the number of axial nodes needed. Analyzed cases are
shown in Figure A.1-4. Results are shown in Table A:1-2 and Figure A.1-5 through Figure

A7

These results reveal that about-20 nodes in the axial direction are adequate for thermal-
hydraulic analysis of flow redistribution in the core.

Table A.1:2 Sensitivity Study on Axial Nodalization

) ]

No. of axial _  Min.DNBR(WRB-2)
Case | nodesinthe |  Nominal | Overpower High Fy®
heated len,gth» . condition . | condition(*) _condition (**) .
i (*) [ Jof rated power .
(**) FAHN= ] :

Mltsublshl Heé\)y Industries, LTD.
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A

Figure A.1-1 Sensitivity Study Cases for Radial Nodalization
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A2 TURBULENT MIXING

Turbtilent mixing is expressed by EGuation (4.3) of this report. The miixing parameter ABETA
is defined as a constant. Although the mixing parameter is an important parameter for
adequately predicting hot channel conditions, its effect on DNB design analysis is relatively
small. It is because, for typical core modeling, VIPRE-01M analysis is conducted under the
condition| . o
- Junder whichi the cross-channé! mixing effect becomes
minimized. ‘
The sensitivity studies for ABETA were performéd for the ¢ases listed in Table A.2-1. The hot
channel thermal-hydraulic conditions were not significantly affected by different ABETA values

as shown in Figure A.2-1 and Figure A.2-2. DNBR results in Table A.2-1 show relatively small
effects in DNBR when different ABETA were adopted.

Table A.2-1 Sensitivity Study on Turbulent Mixing Parameter ABETA

— Min.DNBR (WRB2)
Case ABETA Nominal Over power |  High Fa®
. . e ‘ . Condltlon condition(*) . . COndltlon (**) 1.
h | 0 [ Jof rated power
(**) Fa'=

Mitsubishi Heavy Industries, LTD.
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. A.3 HYDRAULIC RESISTANCE
Axial Hydraulic Resistance

Ini the' VIPRE-01M analysis, a Blasius type empirical corfélation is used for the axial friction
factor, which is a function of the Reynolds number. This formulation is shown in Equation
(4.5) of this report.

The sensitivity studies have been performed for the three sets of coefficients a;, by and ¢
which are shown in Table A.3-1. The reference case is a commonly used 6orf91ation[

] Case 1 is the Blasius correlation
o jca_se 2 is-a coefficient set selected to approximate
Moody's di:?gram[

The sensitivity studies indicate that the axial friction factor has a rélatively §mall effect on the
DNB analyses.

Table A.3-1 Sensitivity Study on Axial Friction Factor

Coefficients Min. DNBR WRB-2)
Case ~ Nominal | O | High Fa"
a | by Ct mina Ver POWEr | condition

J condition | condition(*) ™

[BX ‘Bc’)f rated power
() Fas

Radial Hydraulic Résistance

Radial loss coefficient at'the rod-to-rod gap, which is defined by Equation (4.7) of this report,
is manipulated for the sensitivity study purposés. Radial loss coefficient of the reference
case is based on _ | The sensitivity studies are periormed using
double the original ag value and half of the original ag value as shown in Table A.3-2. The
results show that the effect of radial loss coefficient on DNB analyses is negligible.

Table A.3-2 Sensitivity Study on Radial Loss Coefficient

Coeficients . ~Min. DNBR (WRB-2)
Case . A b . c Nominal Over power l:'gzi't:%“
| @ G S condition | condition(*) °'E,*)‘ n

! *" '"FAHN,Q ' ]
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A.4 TWO-PHASE FLOW MODEL

The two-phase flow model in VIPRE-01M mainly consists of the following models.
- Subcooled Boiling Model
- Bulk Void / Quality Reélation
- Two-Phase Friction Multiplier

The two-phase flow model may strongly affect the flow redistribution in the core. Therefore,
_careful attention should be paid and the model should be selected conservatively.

Regarding void /-quality refation ( X
In the typical PWR conditions, | g
Therefore,[

Jare chosen as a reference case; R survey

showed that EPRI's two-phase model! gives fairly good prediction for the wide range of coolant
conditions.

The sensitivity studies for the'wide range of conditions shown in{ Jare conducted and
the restilts ate présented in{ Jof this report. The results show that the
reference model gives relatively larger void fraction and more conservative DNBR predictions
at the conditions in which the boiling is dominant.

Mitsubishi Heavy Industries, LTD.
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A5 CORE INLET FLOW DISTRIBUTION

‘Core inlet flow distribution is one of the input boundary conditions for core thermal-hydraulic

analyses. From the existing flow test, several flow distribution patterns are observed at the
core inlet. However, it hardly affects the DNBR analysis, because the PWR core has an open
lattice configuration. Inlet flow distribution is immediately flattened at the lower portion of the
core. '

The sensitivity studies for the care inlet flow distribution are shown in the TableA.5:1, and

Figure A.5-1 ahd A.5-2. The résults show that the effect of core inlet flow distribution is
negligible small.

Table A.5-1 Sensitivity Study on Core Inlet Flow Distribution

"""" Hot Assembly | Mi'n.'DNBRj(WRB-Z‘)
Case Iniet Flow Nominal Over power |  High Fa®
(% of core nditio dition(™ | S e
| average) condition con tthn( ), i cQAn‘dAltio»n (_‘) _
L I i LR (*) ( - ‘iof rated power )
(*w) FAHN

Mitsubishi Heavy Industries, LTD.
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A.6 TIME STEP SIZE

In the VIPRE-01M transient analysis, time step size is specified as an input. User should
select time step size for the transient condition appropriately. Generally, smaller time step size
is considered in order to derive more accurate and more reliable results in transient analysis.
However, when profile fit type void model is used, it is required for numerical stability reason
that time step size is selected to keep the Courant number greater than 1. A sensitivity study
on the time step size was conducted to obtain the reasonable time step size and axial mesh
size for thermal-hydraulic core analyses.

A Loss of Flow analysis shown in Section 7.2.2 is selected as a reference case analysis. In

conducting the sensitivity study on time step size( ) sraller
axial mesh size corresponding t ]ls selected tg keep the Cotirant
number greater than 1

As stiown in Table A.6-1, the fesults indicate that[ ‘ Jtime step size provides a
sufficient accuracy in such transient analysis. For that time step size, the axial mesh size less
than[ ]can keep the courant number greater than 1 under the condition

] Those limitations are feasonable for typical thermal-hydraulic
core analyses.

Tablé A.6-1 Sensitivity Study on Time Step Size

Time step size I 7 Min.DNBR(WRB-1)
(s) ( ]

Case

h)
Fiu

. A.7 REFERENCE

A-1.  C.W. Stewart and J. M. Cuta, et al., “VIPRE-01: A Thermal-Hydraulic Code for Reactor
Cores, Volume 5 (Revision 4): Guidelines”, NP-2511-CCM-A , Electric Power Research
Institute (EPRI), February 2001

Mntsublshl Heavy Industnes LTD

A-18



THERMAL DES!GN METHODOLOGY MUAP-07009-NP

""""" APPENDIX B

QUALIFICATION OF WRB-1/2 DNB CORRELATIONS
WITH VIPRE-01M

B.1 INTRODUCTION

Mitsubishi intends to apply both WRB-1 and WRB-2 DNB correlations [Ref.B-1, B-2] for its
PWR core thermal-hydraulic designs. Local coolant.conditions required by the DNB
correlations are provided by its subchannel analysis code VIPRE-01M. This appendix
documents the qualification of WRB-1 and WRB-2 with VIPRE-01M to ensure that Mitsubishi
can use both DNB correlations with VIPRE-01M for PWR core design. In the qualification
process, DNB data analyses using the original data sets of WRB-1 and WRB-2 were
conducted.

B.2 WRB-1/WRB-2 DNB CORRELATIONS

B.2.1 WRB-1 DNB Correlation

WRB-1 DNB cofrélation was déveloped based on the Westinghouse's R-grid and L-grid rod
bundle DNB test data. The verification of WRB-1 was conducted in conjunction with THING

code and it was already approved by the NRC in 1984 [Ref.B-1].
The WRB-1 provides a predicted DNB heat flux q"wrs.1 by the following formulatlon

qlrézg L= PR+ A +B, ( ]806(. ) ~B, ( ]Bczc) X o | (B:1)

where PF is a performanceé factor dependerit on a rod diameter defined in Ref.B-1, G, oc and
X.oc are local mass flux and local quality, respectively. The specific formulations of Ay, B3 and
B, are Westinghouse proprietary information which can be found in Ref.B-1. The applicable
range of WRB-1 is summarized as follows.

Pressure; 1440 < P.£.2490 {psia)
Local mass flux: 09< GLod1O’5 < 3.7 (bm/h-ft?)
Local quality: -0. 2 < < Xioc <03 )
Heated length: Lp<14 _ (feet)
Grid spacing: ' 13 <gp <32 (inches)
Equivalent hydraulic diameter: 0.37<d.<0.60 (inches)
Equivalent heated hydraulic diameter: 0.46 < d, < 0.58 (inches)

B.2:2 WRB-2 DNB Correlation

Mitsubishi Heavy Industries, LTD.
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WRB-2 DNB cotrelation was developed based on the Westmghouse 'S 17x17 fuel DNB test .
data including OFA and VANTAGES. The verification of WRB-2 was coriductéd in conjunction

wuth THINC code and it was already approved by the NRC in 1985 [Ref.B-2].

The WRB-2 provides a predicted DNB heat flux q"wrs-2 by the following formulation:

q"’ = (G )  (Gioe)

(B.2)

The specific formulations of Ay, B; and B; are Westinghouse proprigtary information which can
be found in Ref:B-2. The applicable range of WRB-2 is summarized as follows.

Pressure: 14405 P < 2490 (psia)

Local mass flux: 09< GLoc/10° <37 (Ibm/h-ft?) N
Local quality: -0.1 < X,0c £ 0.3 () ,
Heated length:; Ly<14 (feet) :
Grid spacing: 10205 <26 (inches) ]
Equivalent hydraulic diameter: 0.37 <d. < 0.51 (inches)

Equivalent heated hydraulic diameter: 0.46 < d; < 0.59 (inches)

B.3. DNB DATA ANALYSES FOR WRB+1 AND WRB-2
B.3.1 Data Base for Ahalyses

WRB-1 was developed based on 24 DNB test cases mc!udmg Westmghouse s R-grid and L- ‘
grid rod bundles [Ref.B-1]. All data Were acquired at the Heat Transfer Research Facility of A
Columbia University and EPRI report [Ref.B-3] summarized all the database, such as test
bundle geometries, flow conditions and measured DNB heat fluxes. Mitsubishi analyses were
conducted based on the data base presented in the EPRI report. Among the 24 test cases,[

for R-grid rod bundle were applied for Mitsubishi qualification process as shown in
Table B,3%1. In each test case, data points were basically chosen to be corresponding with
those used in the development of THINC/WRB-1 [Ref.B-1). However, some data were not

_(_used in Mitsubishi analyses as shown hereunder.

" ~
WRB-2 was developed based on 11 test cases including Westinghouse's R-grid, OFA and
VANTAGES rod bundies [Ref.B-2). Among the 11 Cases,[ _ ]for R-grid rod bundles
were applied to Mitsubishi qualification as shown in Table B.3-2. The data points in each test
case were completely corresponding with those picked up in the WRB-1 data base.

* Mitsubishi Heavy Industiies, LTD.,
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Table B.3-1 Data Base for WRB-1/VIPRE-01M Analyses

.............. T FFimbie s —
- Heater rod : Heated Axial heat Grid e
oot | Geometry | diameter | NP | length flux | spacing dNa’{?bz{n?;
- (inches) (inches) (feet) distribution | (inches) P
R T .
~
Table B.3-2 Data Base for WRB-2/VIPRE-01M Analyses
e 1 Thimble '
Heater rod Heated Axial heat Grid o
;I'aess; Geometry | diameter di;ﬂ?:t er length flux spacing gla";;nbg{h?;
(inches) | ioches) (feet) distribution | (inches) P
. -
o
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B.3.2 Modeling

The VIPRE-01M modeling for the 5x5 and 4x4 test. geometries are shown in Figure B.3-1 and
B.3-2, respectively. All the heater rods and the subchanriéls in a full test bundle were
simulated in a radial noding and individual radial power factors for heater rods were taken into
account. In the axial direction, the heated length was divided into a sufficient number of nodes
per the guideline proposed in Section 4.1 (2). The hydraulic resistance and the two-phase flow
model adopted were those described in Sections 4.3 and 4.4, respectively.

 Mitsubishi Heavy Industiies, LTD.
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(b) Thimble cell test section

Figure B.3-1 VIPRE-01M Modeling for 5x5 Test Geometries
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(b) Thimble cell test section

Figure B.3-2 VIPRE-01M Modeling for 4x4 Test Geometries

Mitsubishi Heavy Industries, LTD.
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B.3.3 Results of Data Analyses

Table B.3-3 and B.3-4 show the summary of results for WRB-1 and WRB-2 DNB data base
analyses, respectively. Thése tablés show the number of data points (1), the mean of M/P
which is the ratio of measured to predicted DNB heat flux (m) and the sample standard
deviation of M/P (s).

Based on the results in Tables B.3-3 and B.3-4, limit DNBR can be evaluated as follows;

B

Limit DNBR
(95x95) k S

(B.3)

wheté k is a gne-sided tolerance factor based on 95% confidence lével and 85% portion of the
population covered, and S is a modified sample standard deviation of M/P which takes into
account the degree of freedom. The detail of statistical procedure to evaluate limit DNBR is
shown in Tables B.3-5 and B.3-6. The number of k can be obtained from Ref.B-4. As a result,
it was confirmed that limit DNBRs are less than 1.17 for both WRB-1 and WRB-2 data
analyses.

Figure B.3-3 to B.3-10 show the data distribution of M/P and the dependency of M/P on local
mass flux, system pressure and local quality conditions. Figures B.3-3 to B.3-6 illustrate the
data plots for WRB-1 data analyses and the others for WRB-2 data analyses: These figures
show that M/P data plots are uniformly distributed and there is no significant tendency against
the fluid conditions.

M,tsub,sh, Heavy A;ndﬁs'tﬁés:, LTD’ — -
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Table B.3-3 Data Analyses for WRB-1 Data Base

f [ Testcase | Datapoints(n). | Mean of M/P (m) | Standard deviation of MIP(s) |
. , L= 3

Table B.3-4 Data Analyses for WRB-2 Data Base

| Testcase | Datapoints(n) | Meanof M/P (m) | Standard deviation of M/P (s) |
¢ | 2

B-8
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Table B,3-5 Statistical Procedire for Limit DNBR based on WRB-1 Data Base

Number o'f_‘dyéta

r.

Degree of freedom’ '

Mean of M/P.

Standard deviation.of M/P

Modified
-Standard deviation of M/P

~ Owen's k-factor

= o lvi3|Z|3}

.. Limit DNBR

N

*WRB-1 correlation includes(

Jconstants.

Table B.3-6 Statistical Procediire for Limit DNBR based on WRB-2 Data Base

Number of data

v

‘Degree of freedom

Mean of MIP ..

Standard deviation of M/P

Viodited
Standard deviation of M/P

= » |o|3|zl>

Owen's k-factor

Limit DNBR =

EN

*WRB-Z'COi’ré!atiOh'in’dudés[, Jconstants.

 Mitsubishi Heavy Industries, LTD.
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Figure B.3-4 M/P vs. Local Mass Flux based on WRB-1/VIPRE-01M
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Figure B.3-8 M/P vs. Local Mass Flux based on WRB-2/VIPRE-01M
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Figure B.3-10 M/P vs. Local Quality based on WRB-2/VIPRE-01M
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B.4 CONCLUSION o o ‘
The verifications of WRB-1 and WRB-2 cofrelations with their own original data base were '
conducted based on VIPRE-01M. As a result, it was confirmed that (1) limit DNBRs-on the

95% probability at 95% confidence level basis are less than 1.17 which were originaily shown

by Westinghouse in conjunction with THINC code, and (2) there is no significant tendency in

M/P-against fluid conditions. Therefore, it is concluded that WRB-1 and WRB-2 correlations

are compatible with VIPRE-01M for PWR core design applications.
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APPENDIX C

APPLICABILITY OF WRB-1/2 CORRELATIONS
FOR MITSUBISHI FUELS

C.1 INTRODUCTION

and Z3 at the Heat Transfer Research Facility of Columbia Umvers:ty

In this appendix, DNB data analyses for Z2 and Z3 weré conducted to confirm the applicability
of WRB-1 and WRB-2 DNB correlations for the two grid spacers. Local fluid conditions
‘substituting in the DNB correlations were calculated based on VIPRE-01M code which was
verified in Appendix B.

C.2 DNB TESTS FOR Z2 AND Z3 GRID SPACERS

Table C.2-1 summarizes the test geometries for four test cases con‘tainmg typ:cal cell and
thimble cell tests for Z2 and Z3. The détails of all test geometries are shown in Figure C.2-1 to
C.2-4 for the radial geometry and in Figure C.2-5 to C.2-8 for the axial geometry.

Thetest section was composed ¢f a 5x5 heater rod bundle and eight mixing vane grids
oriented in the axial direction. In the two test cases Z2-2 and Z3-2, one unheated thimble tube
was placed in the center to simulate a thimble cell.

The heated axia! length of heater rods was 12 feet and each of the heater rods provided a
non-uniform heat flux distribution in the axial direction, i.e., a chopped cosine shape of which
peak-to-average ratio was( JAmong the heater rods arranged 5x5 in the radial direction,
the peripheral rods had about( Jower mean heat flux than the interior rods so as to prohibit
the peripheral rods from the occurrence of DNB. To detect the onset of DNB, several
thermocouples were axially located inside the heater rods and temperatures on the heater rod
surface were measured during the test.

Table C.2:1 DNB Test Section Geometry

T Thimble | .
Test Hgater rod tube H_eated Axial héat Grid spacing
case Geometry | diameter diameter length flux (inches)
(inches) (inches) (fest) dlsmbutlon

Miféubishi Heavy Industries, LTD,
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g

Figure C.2-1 Radial Geometry and Power Distribution for Z2-1

Figure C.2-2 Radial Geometry and Power Distribution for Z2-2

S

X

ishi Heavy Ind':ijs'tﬁes,'LTD.' R

C-2



THERMAL DESIGN METHODOLOGY MUAP-07009-NP

® )

Figure C.2-3 Radial Geometry and Power Distribution for Z3-1

‘ Figure C.2-4 Radial Geometry and Power Distribution for Z3-2
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Figure C.2-5 Axial Geometry for Z2-1
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Figure C.2-6 Axial Geometry for Z2-2

 Mitsubishi Heavy Industries, LTD.
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Figure C.2-7 Axial Geometry for Z3-1
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Figure C.2-8 Axial Geometry for Z3-2
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C.3 DNB DATA ANALYSES BASED ON WRB-1 AND WRB-2

DNB data analyses based on WRB-1/VIPRE-01M and WRB-2/VIPRE-01M were conducted for
both Z2 and Z3 grid spacers. The analysis procedure is corresponding with that in appendix B,
i.e., a geometry modeling and model options for calculating void fraction, heat transfer and
pressure drop.

C.3.1 Statistical Results

Table C.3-1 and C.3-2 show the summary of results for Z2 and Z3 DNB data analyses based
o WRB-1. These tables show the number of data points (n), the mean of M/P which is the
ratio of measured and predicted DNB heat flux (m) and the sample standard deviation of M/P

(s).
Based on the results in Tables C.3-1 and C.3-2, limit DNBR can be evaluated as foliows;

1

Limit DNBR(95X95) _——ﬁ

(C.1)

where K is a one-sided tolerance factor based on 95% confidence level and 85% portion of the
population covered, and S is a modified sample standard deviation of M/P which takes into
account the degree of freedom. The detail of statistical procedure to evaluate limit DNBR is
shown in Tables C.3-5 and C.3-6. The number of k can be obtained from Ref.C-1. As a result;
it was confirmed that limit DNBRs are[ ]andg ]for Z2 and Z3 respectively. Therefore,
limit DNBR 1.17 can be conservatively applied for the design based on WRB-1/VIPRE-01M.

On the other hand, Tables C.3-3 and C.3-4 show the summary of reésults for Z2 and Z3 DNB
data‘analyses based on WRB-2. As was evaluated in the above, limit DNBR for Z2 and Z3
were resulted m[ ]and[ ]respectwely as shown in Tables C.3-7 and C.3-8. As in the
case of WRB-1/VIPRE-01M, limit DNBR 1.17 can be conservatively applied for the design
based on WRB-2/VIPRE-01M.

MltSUblShl Heavy Industries, LTD.
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Table C.3-1 M/P Statistical Restilt for Z2 based on WRB-1/VIPRE-01M

Teét éaée Cell type Data points (n) Mean of M/P (m) Stang?'r\glge(_\;i)ation

Table C.3-2 M/P Statistical Resuit for Z3 based on WRB-1/VIPRE-01M

Testcase | Cell type h bata points (n) Mean of M/P (m) Standard deviation

Table C.3-3 M/P Statistical Result for 22 based on WRB-2/VIPRE-01M

‘ Testcase | Celltype |  Data points (n) Mean of M/P (m) Stangfalr\glge(\él)at:on

Table C.3-4 M/P Statistics Result for Z3 based on WRB-2/VIPRE-01M

Test casé Cell type + VDVaté poihts (n) Meah of'MIvPﬂ (mj | Stang?ﬁ/ge(:i)aﬁon :

Mitsubishi Heavy Industries, LTD.



Table C.3-5 Statistical Proceduire for Z2 Limit DNBR based on WRB-1

"~ Number of data n
_Degree of freedom N
.......... Meanof M/IP m
)
S

Standard deviation of M/P.
Modified
Standard deviation of M/P _

Owen's k-factor =~ _ K
Limit DNBR ‘ L
*WRB-1 correlation includes( )constants.

Table C;3-6 Statistical Proceéduré for 23 Limit DNBR based on WRB-1

Number of data
Degree of freedom
" Meanof M/IP
Standard deviation of M/P
Modified ™
Standard deviation of M/P
- Owen’s k-factor
Limit DNBR
*WRB-1 correlation‘includes( Jconstants.

x| 0 |03z

Mitsubishi Heavy Industries, LTD.
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. Table C.3-7 Statistical Procedure for Z2 Limit DNBR based on WRB-2

“Number of data )
‘Degree of freedom
[ "MeanoftmP____
‘Standard deviation of M/P
Modified
Standard deviation of M/P _
Owen's k-factor
Limit DNBR =~ L
*WRB-2 correlation includes( Jconstants. 7

x| O |0w|3|Z|D

Table C:3-8 Statistical Procedure for 23 Limit DNBR based on WRB-2

w

Degree of freedom
Mean of M/P
Standard deviation of M/P
Modified
Standard deviation of M/P
Owen’s k-factor’

Limit DNBR . J
‘ *WRB-2 correlation includes[ Jconstants. '

i w32

C-11
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C.3.2 M/P Data Distribution

Flgure C.341 to C.3-16 show the data distribution 6f M/P and the dependency of M/P on local
mass flux, system pressure and local quality conditions. Figure C.3-1 to C.3-8 illustrate for

data plots based on WRB-1/VIPRE-01M and the others based on WRB-2/VIPRE-01M. These
figures show that M/P data plots are uniformly distributed and there is no significant tendéncy

against the fluid conditions. As a result, it was confirmed that both WRB-1 and WRB-2 can well ‘

be applied to predict DNB heat fluxes for Z2 and Z3 spacer grids.
For reference purposes, DNB data base for Z2 and Z3 are summarizeéd in Attachmients C-(a)
to C-(d).

Mltsubxshl Heavy lndustnes LTD.
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Figure C.3-1 Measured vs. Predicted DNB Heat Flux for Z2 based on WRB-1/VIPRE-01M

C-13



THERMAL DESIGN METHODOLOGY MUAP-07009-NP

1.0

o
o

o
~

Measured DNB Heat Flux, Mbtu/h-fé
(o]
[¢)]

0.2

0.0 J
0.0 0.2 04 06 08 1.0 1.2

Predicted DNB Heat Flux, Mbtu/h-ft?

Figure C.3-2 Measured vs. Predicted DNB Heat Flux for Z3 based on WRB-1/VIPRE-01M

"Miié'Ubishi Heavy Industries, LTD. _
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Figure C.3-3 M/P vs. Local Mass Flux for Z2 based on WRB-1/VIPRE-01M

Mitsubishi Heavy Industries, LTD.
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Figure C.3-4 M/P vs. Local Mass Flux for Z3 based on WRB-1/VIPRE-01M
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Figure C.3-5 M/P vs. System Pressure for Z2 based on WRB-1/VIPRE-01M
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Figure C.3-6 M/P vs. System Pressure for Z3 based on WRB-1/VIPRE-01M
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Figure C.3-7 M/P vs. Local Quality for Z2 based on WRB-1/VIPRE-01M

" Mitsubishi Heavy Industries, LTD. A
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Figure C.3-8 M/P vs. Local Quality for Z3 based on WRB-1/VIPRE-01M
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Figure C.3:9 Measured vs, Predicted DNB Heat Flux for Z2 based on WRB-2/VIPRE-01M
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Figure C.3-10 Measured vs. Predicted DNB Heat Flux for Z3 based on WRB-2/VIPRE-01M
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Figure C.3-11 M/P vs. Local Mass Flux for Z2 based on WRB-2/VIPRE-01M
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Figure C.3-12 M/P vs. Local Mass Flux for Z3 based on WRB-2/VIPRE-01#
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Figure C.3-13 M/P vs. System Pressure for Z2 based on WRB-2/VIPRE-01M
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Figure C.3-14 M/P vs. System Pressure for Z3 based on WRB-2/VIPRE-01M
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Figure C.3-15 M/P vs. Local Quality for £2 based on WRB-2/VIPRE-01M
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Figure C.3-16 M/P vs. Local Quality for Z3 based on WRB-2/VIPRE-01M
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c4 CONCLUSION

DNB data analyses for Z2 and Z3 were conducted to confirm the applicability of WRB-1-and
WRB-2 correlations for the two types of grid spacers. Through the statistical examination, it
was confirmed that WRB-1 and WRB-2 can be conservatively applied to predict DNB heat flux
for fuel assemblies with either Z2 or Z3 grid spacer using limit DNBR 1.17.
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ATTACHMENT C-(a) _Z2-1 DNB DATA

Table C-(a)-1 Z2-1 DNB DATA BASE (WRB-1/VIPRE-01M)

‘ - - - i e e —
Run No. | Outlet Pressure Temperature Velocity Local Quality Local Heat Flux M/P
Clio ‘ ’ o L. Mbw/h-fE T 1
iy _ pea F Mibm/h-f % ‘Measured | Predicted )
p — —
.
Mitsubishi Heavy Industries, LTD, L
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Table C-{a)-1 (cont.) Z2-1 DNB DATA BASE (WRB-1/VIPRE-01M)
oo, [outet rossre]| oot T st o T Lo | e
' : Temperature Velocity
; T i ' . Mbtuh-ft? . .
- psia F M}bm‘/h'ﬂz % _ | "Measured | ‘Predicted_ -

Mitsubishi Heavy Industries, LTD.
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Table C~(a)-2 Z2-1 DNB DATA BASE (WRB-2/VIPRE-01M)

Run No.

Outlet Pressure

Inlet
Temperature

Velocity

Local Heat Flux

M/P

-

péia

F

Mibm/h-fi2

%

__Mbtufh=ftt

Measured 1 Predicted’

Mitsubishi Heavy Industries, LTD.
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Table C-(a)-2 (cont.) Z2-1 DNB DATA BASE (WRB-2/VIPRE-01M)

F

Mibm/h-ft2

Measured | Predicted

T et TetMass 1 — ) _ -
Run No. | Outlet Pressure Temperature Velocity Local gg_al‘tty‘ Local Heat Flux i M/P
— e — —

 Mitsubishi Heavy Industries, LTD.
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ATTACHMENT C-(b) _Z2-2 DNB DATA | o
Table C-(b)-1 Z2-2 DNB DATA BASE (WRB-1/VIPRE-01M)

" inet | InletMass A TP
Temperature Velocity . Local 9”"“‘,"( Local H:e?t Flg x M.IP.
Mbtu/h-ft2
Measured | Predicted

Run No. | Outlet Pressure

- | e | F Miomh-f¢ %

C-34
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T T e T T —— —_
Run No. | Outlet Pressure Temperature Velocity Local Quality Local Heat Flux M/P
. i T Mbtuhefts :
i psia F Mibm/h-ft’ % Measured | Predicted i
> : :
I
|
L

Mitsubishi Heavy Industries, LTD.
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Table C-(b)-2 Z2-2 DNB DATA BASE (WRB-2/VIPRE-01M) ‘
O DT T N T R
Run No. | Outlet Pressure Temperature Velocity Local Quality Local Heat Flux M/P
: ; T e Mbtu/h-f* .. .
. ) psia F M,lbm/h-.ft.z _ % Measured % Predicted i} N

 Mitsubishi Heavy Industries, LTD.
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. Table C-(b)-2 (cont.) Z2-2 DNB DATA BASE (WRB-2/VIPRE-01M)
Run No Outlet Pféssure Te mg‘;?;ture l%itlxﬁs .‘ .I;o;:;inéualit} | LocalHeatFqu i .M/‘P
' N R Mt
i psia F Mibm/h-ft % “Weasured | Predicted -

Cc-37
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ATTACHMENT C-(c) Z3-1 DNB DATA

Table C-{c)-1 Z3-1 DNB DATA BASE (WRB-1/VIPRE-01M)

“lnlet T Inlet I\}Iéss‘ [P : -
>R.un Nc.A Outlet .Pressure. Temperature | . Velocity Local Qua_hty L,o‘cal. Hgat Flux M/P
. ; ; 0 Mbtu/h-fté
psia F Mibm/h-ft’ A’ “Measured | Predicted i
L
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Table C-{c)-1 (cont.) Z3-1 DNB DATA BASE (WRB-1/VIPRE-01M)

Run No.

Outlet Pressure

Tlnlet

Inlet Mass

 Local Quality

Temperature Velocity LocalHeat Flux . P
- — AL ek —1 - T -
psia ‘ F Mibrm/h-ft* h Measured |- Predicted - § ... .. .

C-39
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Table C-(c)-2 Z3-1 DNB DATA BASE (WRB-2/VIPRE-01M)

_Measured :] /Pr‘edic'tedvf'

Run No. | Outlet Pressure | emperatire “Velocity Local Quality Local Heat Flux me
. . . : ey
- psia F M'bmlh'ﬂz % Mbiu/h-ft* -

Mitsubishi Heavy Industries, LTD,
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Table C-(c)-2 (cont.) Z3-1 DNB DATA BASE (WRB-2/VIPRE-01M)

Inlet

1 tnletMass

Local Heat Flux

Runv No. | Outlet Pressure Temperature Velocity Local Quality M/P
_ 0 S ; N L Mbtulh-fi© I .
| psia F Mibm/h-f % Wsssured | Predicied |
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ATTACHMENT C-(d) Z73-2 DNB DATA

Table C-(d)-1 Z3-2 DNB DATA BASE (WRB-1/VIPRE-01)

. . ___ S e
Runlo. | OuletPreseit| fomporaturs | Velogy | L0UQuty | loealtestfl | WP
S . Mbtu/h-ft? . .

_ psia F Mibm/h-f % Measured | Prediced | .. .~

.

Mitéﬁbjshi HAeavy llhdustries,, LTD. _
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Table C-{d)-1 (cont.) Z3:2 DNB DATA BASE (WRB-1/VIPRE-01M)

Inlet

Inlet Mass

Local Heat Flux

wP

. | Outlet Pressure

psia

Temperature

F

Velocity
Mibm/h-f

%

T MbtuhAE

_Measured | Predicled

Mitsubishi Heavy Industries, LTD.
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Table C-(d)-2 Z3-2 DNB DATA BASE (WRB-2/VIPRE-011M)

Run No. | Outiet Pressure

TRt

Temperature Velocity

Inlet Mags

Local Quality

 Local Heat Flix

- psia

F

Mibm/h-f2

%

Motuhfe S B e

Msasured | Predicted -

 Mitsubishi Heavy Industries, LTD.
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Table C-(d)-2 (cont.) Z3-2 DNB DATA BASE (WRB-2/VIPRE-01M)

N P Tnlet 1 tnletMass | oL | T,
Run No, ' Outlet Pressure Temperature Velocity Local Quality Local Heat Flu | M/P
N ' 2 N ___MbtumRE A
psia F M'bm’h'ﬁz % ‘Measured | Predicted’
; b 3
7
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........... S SENDIXD
FUEL THERMAL PROPERTIES

D:4 INTRODUCTION

Fuel thermal properties are important to the determination of initial fuel temperature and
‘transient heat flux in saféty analysis. Although VIPRE-01 ériginally includes thermal properties
of UO, and Zircaloy [Ref.D-1), Mitsubishi has introduced the thermal properties used in fuel
performance code and other transient analysis codes into VIPRE-01M.

The new thermial propetty library is mainly based on Westinghouse's standard library for safety
analy5|s [Ref.D-2], and adopts the fuel thermal conductivity of FINE code [Ref.D-3]. It gives
almost the same result as that by the original VIPRE-01, except the degradatlon effect on
thermal conductivity of UO, pellet along with burnup. It was verified via the comparisons with
FINE code and FACTRAN code.

D.2 FUEL PROPERTIES
D.2:1 Derisity

Density of UQ, is given as a constant which corresponds to cold dimension, because the
VIPRE-01M heat conduction analysis does not consider volume change of fuel caused by
thermal expansion and other elastic or plastic deformations.

pUOi hapre = fm -TD
Puo, lupre  Density of UO, used in VIPRE-01M (Ibm/ft’)
Sm : Fraction to theoretical density

TD : Theoretical density of UO; at cold condition (Ibm/ft’)
= 684 (Ibmi/ft’) [Ref.D-2]

D.2.2 Thermal Conductivity
Thermal conduct:wty of 95% TD UO, fuel is determined by the following expression. This

function is from the FINE code [Ref.D-3]. It takes into consideration the degradation effect with
burriup [Ref.D-4].

1 3
kyo,os =—— -T
Uoy9s = A+,B BU+B-T
kyo,ss : Thermal conductivity for 95% TD fuel (W/cm-K)
BU Burnup (MWd/kgUO5)

Mltsublshu Heavy Industrles LTD D-1
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T : Temperature (C)
' A =11.8

B =0.0238

c =8.775x10™"3

B £0.35

Correction for density is based on Bakker's equation [Ref.D-5).

IPERNY
k., =% Jm
Uo} - YUOI 95 095
ko, : Thermal conductivity (W/cmi-K)
I : Fraction to theoretical density

The function is compared with the original function in VIPRE-01 in Figure D.2-1. VIPRE-01M
is relatively conservative in high temperature region for:fuel temperature analysis.
Burnup and density (fyp) for thermal conductivity can be input as a local value for each radial

ring of-fuel rod analysis. In the surface ring, thermal conductivity of rim region and the
remaining region can be evaluated separately using respective density, and then be combined.

D.2.3 Heat Capacity

‘ Heat capacity of UO, pellet is given'in MATPRO-11 [Ref.D-6]. This function is the safmie as
that adopted in VIPRE-01 originally.

|_k.6" expl0/7) K:E, [“EJ
- = , - + K., T :
(PCP)Uo, lviere = Puo, lnpre {Tz[é}’{p(g /T)- 1]3 T A0+ RT2 exp RT

(PCP)yo, lrmes : Heat capacity used in VIPRE-01M (J/m®-K)

P : Density (kg/m’)

Cp : Specific heat (J/kg-K)
R : Gas constant (J/mol-K)
K, =286.7 (J/kg-K)

K, =2.43x10%(J/kg-K?),

K, =B.745%107(J/kg)

6 =535.285 (K)

E, =1.577x10°(J/rol)

The function of Cp is shown in Figure D.2-2.

D-2
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Thermal Conductivity, Btu/h-ft-F
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Figure D.2-2 Specific Heat of UO, Fuel
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‘ 'D.3 CLADDING PROPERTIES
D.3.1 Density

Density of Zircaloy-4 is given as a constant which corresponds to cold dimension, becausé the
VIPRE-01M heat conduction analysis does not consider volume change of fuel caused by
~ thermal expansion and other elastic or plastic deformations.

The constant density deriv_ed[ S ]fro‘m the equation in Ref.D-2 is used
in VIPRE-01M. The value is used also for ZIRLO'" devéloped by Westinghouse, because
ZIRLO™ and Zircaloy-4 have almost same theoretical density and thermal expansion
coefficient [Ref.D-7].

- - { 410.1

Pz lvpre = 1+A9.66X10‘6T}[ ]
Pzr hapre : Density used in VIPRE-01M (Jbmi/ft?)
r : Temperature (F)

D.3.2 Thermal Conductivity
Thermal conductivity of Zircaloy-4 is from Ref.D-2. It cani be used also for ZIRLO™ [Ref.D-7].

ky, = Max{7.404+0,0029T, 5.621+0.0053T}
‘ k,, : Thermal conductivity (Btu/f-h-F)
T : Temperature (F)
Comparison with the original function used in VIPRE-01 is shown in Figure D.3-1. Both
expressions give very close result.

D.3.3 Heat Capacity

Heat capacity of Zircaloy-4 is from Ref.D-2.

i . 3

(PCP)lyprs @ Heat capacity used in VIPRE-01M (Btu/ft>-F)
2 lers : Density used in VIPRE-01M (Ibm/ft®)

Cp : Specific heat (Btu/lbm-F)

T : Temperature (F)

Regarding ZIRLO™, it has similar property, but phase transformation temperature shows small
‘ difference from that of Zircaloy-4 [Ref.D-7].
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The o‘r%nai VIPRE-01 function for Zircaloy-4, the VIPRE-01M function for Zircaloy-4 and

ZIRLO™ are presented in Figure D.3-2.
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D.4 ZrO; PROPERTIES _

D.4.1 Density

Density of ZrO; is usually given as a constant, because the VIPRE-01M analysis doés not
consider volume change at any deformation and oxidation.

Density of ZrO, is given by Ref.D-2

Pzo, =347
Pao, : Derisity of ZrO; (Ilbm/ft®)

However the above valie is not uséd, be¢ause VIPRE-01M doés not cohsider the volume

change due to a reaction from Zr to ZrO,. The above value is used for the correction of thermal

conductivity as described in D.4.2.

D.4.2 Thermal Conductivity
Thermal conductivity of ZrO, is given by the following equation in Ref.D-2.
koo, = )
kro, : Thermal conductivity of ZrO, (Btu/ft-h-F)
T : Temperature (F)

Shape of the function is illustrated in Figure D.4-1.
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D.4.3 Heat Capacity
Heat capacity of ZrO; is from Ref.D-2.
l—’szr()z thPRE ;[ .

)

p : Density (Ibm/ft°)
Cp : Specific heat (Btu/lbm-F)
T : Temperature (F)

The specific heat function is illustrated in Figure D.4-2.
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