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Question #40: Fuel Burnup Limit in FSLOCA Methodology

Please clarify if the FSLOCATm methodology is limited to 62,000 megawatt-days per metric
ton of uranium rod average burnup for LOCA licensing applications. If so, please explain
how this burnup limit was established and where it is described in the FSLOCA
methodology. In addition, please explain if the rod average burnup limit has been
adequately and consistently accounted for in the proposed FSLOCA sampling methodology.

Response:

Westinghouse fuel is currently licensed to a peak rod burnup of 62,000 MWD/MTU based on
the fuel rod design limit with the use of PAD 4.0 [1]. The burnup limit for FSLOCA also
comes from several areas in the method itself. The burnup limit in the decay heat power
modeling is discussed in the response to RAI-23. Also the model used for the Uranium
Oxide thermal conductivity has its applicability limited to 62,000 MWD/MTU as stated in
Section 11.4.1 of [2]. The rod burnup sampling in FSLOCA is performed consistent with this
limitation as described in Section 29.4.1.1 of [2].

Westinghouse is currently in the process of developing and submitting to the USNRC an
updated version of the PAD fuel performance code, PAD 5.0. [

]a,= Among other
features, PAD 5.0 will include an explicit treatment of burnup-related phenomena such as
fuel TCD.

Once PAD 5.0 is approved, PAD 5.0 will replace PAD 4.0 as the current fuel performance
interface to the FSLOCA EM. The FSLOCA EM may need to be updated to reflect the
changes of the fuel performance code, as well as the 10 CFR 50.46 rule change. The rod
burnup sampling method is expected to be revised based on PAD 5.0, however, the
compliance to the burnup limitation will be strictly maintained.

References:

1. ADAMS Accession Number: ML061420458, "APPROVAL FOR INCREASE IN
LICENSING BURNUP LIMIT TO 62,000 MWD/MTU (TAC NO. MD1486)."

2. WCAP-16996-P, "Realistic LOCA Evaluation Methodology Applied to the Full
Spectrum of Break Sizes (FULL SPECTRUM LOCA Methodology)," November 2010.

FULL SPECTRUMTm and FSLOCATM are trademarks of Westinghouse Electric Company LLC, its affiliates and/or its subsidiaries in
the United States of America and may be registered in other countries throughout the world. All rights reserved. Unauthorized use is

strictly prohibited. Other names may be trademarks of their respective owners.
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Question #41: Nuclear Fuel Rod Special Model Changes

The nuclear fuel rod conductor in the FSLOCA methodology has several special models
used for analyses of nuclear fuel rods. These models include a fuel rod quench front model,
a dynamic pellet-cladding gap conductance model, a fuel rod deformation model, and a
cladding reaction model. These models are described in WCAP-16996-P/WCAP-16996-NP,
Volumes I, II and Ill, Revision 0, Section 8.3.1, Section 8.3.2, Section 8.4, and Section 8.5,
correspondingly.

The previous ASTRUM LBLOCA Evaluation Model (EM) documented in WCAP-16009-P-A
(Nissley, M. E., et al., 2005) describes the fuel rod quench front model in Section
7-3-1, the dynamic pellet-cladding gap conductance model in Section 7-3-2, the fuel rod
deformation model in Section 7-4, and the cladding reaction model in Section 7-5.

Please clarify the following items related to the above identified models implemented in the
fuel rod conductor in WCOBRAITRAC-TF2.

(1) The fuel rod quench front model in the ASTRUM FSLOCA EM is presented in WCAP-
16996-P/WCAP-16996-NP, Volumes 1, 11 and Ill, Revision 0, Section 8.3.1, which
contains Equations (8-25a) and (8-25a). The same model for the 2005 ASTRUM
LBLOCA EM is presented in Section 7-3-1 of WCAP-1 6009-P-A, which contains
Equation (7-25). Please identify and describe any changes introduced to the FSLOCA
methodology model in comparison to the 2005 ASTRUM LBLOCA model.

(2) The dynamic pellet-cladding gap conductance model in the ASTRUM FSLOCA EM is
presented in WCAP-16996-P/WCAP-16996-NP, Volumes I, II and III, Revision 0,
Section 8.3.2, which contains Equations (8-26) through (8-35). The same model for the
2005 ASTRUM LBLOCA EM is presented in Section 7-3-2 of WCAP-16009-P-A, which
contains Equations (7-26) through (7-35). Although the models appear identical, please
identify and describe any changes introduced to the FSLOCA methodology model in
comparison to the 2005 ASTRUM LBLOCA model.

(3) The fuel rod deformation model in the ASTRUM FSLOCA EM is presented in WCAP-
16996-P/ WCAP-16996-NP, Volumes I, II and III, Revision 0, Section 8.4, which contains
Equations (8-36) through (8-73). The same model for the 2005 ASTRUM LBLOCA EM
is presented in Section 7-4 of WCAP-16009-P-A, which contains Equations (7-36)
through (7-72). Some differences between both models were identified. Thus, the
description in Section 8.4.2, "Effects of Fuel Rod Deformation on Core Thermal-
Hydraulics," of WCAP-16996-P/WCAP-16996-NP, Volumes 1, 11 and III, Revision 0,
appears different in its last Subsection "Flow Blockage Due to Rod Deformation," which
contains Equations (8-72) and (8-73) for blockage form loss. The corresponding Section
7-4-2 ends with a Subsection "Continuity and Momentum Cell Flow Areas," which only
includes only Equation (7-72) for the flow area reduction factor. At the same time,
Equation (7-69) for the outer radius of the heat transfer node containing the burst
elevation in Section 7-4-2 is omitted in Section 8.4.2. Please identify and describe any
changes introduced to the FSLOCA model in comparison to the 2005 ASTRUM
LBLOCA model and present the validation base for the introduced modifications.

(4) The cladding reaction model in the ASTRUM FSLOCA EM is presented in Section 8.5 of
WCAP-16996-P/WCAP-16996-NP, Volumes I, II and III, Revision 0, which contains
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Equations (8-74) through (8-85). The same model for the 2005 ASTRUM LBLOCA EM
is presented in WCAP-16009-P-A Section 7-5, which contains Equations (7-73) through
(7-87). Both model descriptions appear identical with the exception that the 2005
ASTRUM LBLOCA EM includes a description of the oxidation kinetics of ZIRLO®
cladding material manufactured by Westinghouse at high temperatures based on a
model by D. L. Burman, "ZIRLOT High Temperature Oxidation Tests," Appendix E to
WCAP-1 2610, Westinghouse, Pittsburgh, PA, 1990. This model description along with
the pertaining Equations (7-80) through (7-82) is not provided for the FSLOCA model.
Please identify and describe any changes introduced to the FSLOCA model in
comparison to the 2005 ASTRUM LBLOCA model and present the validation base for
the introduced modifications.

Response:

(1) The fuel rod quench front model described in the ASTRUM Evaluation Model (EM)
(WCAP-16009-P-A, Reference 1) is used in the FSLOCA EM (WCAP-16996-P, Reference
2). There are a few minor updates on the documented formulas in WCAP-1 6009-P-A and on
the application of the model. Below is a list of differences between Section 8.3.1 in WCAP-
16996-P and Section 7-3-1 in WCAP-16009-P-A:

* Because a heat transfer node could be [
Ia,c Eq. 7-25 in WCAP-16009-P-A was updated to be more generalized as

shown in Eq. 8-25a in WCAP-16996-P. This change is limited to the documentation.
* Eq. 8-25b (Reference 2) was added to explicitly define the energy balance when a

heat transfer node is removed (i.e., nodes coalesced). This change is limited to the
documentation.

* In the FSLOCA EM, the [
]a-c do not exist in the ASTRUM

EM.
" As stated in Section 7-8 of WCAP-1 6009-P-A, [

]a.c This is a new application of the model.

(2) The dynamic pellet-cladding gap conductance model in the ASTRUM EM (WCAP-16009-
P-A) is continuously used in FSLOCA EM (WCAP-16996-P). There are a few corrections on
the documented formulas in ASTRUM EM. Below is a list of differences between Section 7-
3-2 in WCAP-1 6009-P-A and Section 8.3.2 in WCAP-1 6996-P.

* Eq. 8-34 in WCAP-16996-P corresponds to Eq. 7-34 in WCAP-16009-P-A. The unit
of roughness in R1 and R2 has been corrected from inch to feet. The change is
limited to the documentation.

1ZIRLO is a trademark or registered trademark of Westinghouse Electric Company LLC, its affiliates and/or its
subsidiaries in the United States of America and may be registered in other countries throughout the world. All
rights reserved. Unauthorized use is strictly prohibited. Other names may be trademarks of their respective
owners.
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• To complete Eq. 8-34, Eq. 8-34a was inserted to give the formula to evaluate the
Meyer hardness. Eq. 8-34a is the same formula as in Eq. (B-16.1) in NUREG/CR-
0497 (Reference 3). However, a typo in B-16.1 (Reference 3) was corrected in Eq. 8-
34a. The sign in front of "T(2.5621x10 8)" should be a minus to match the curve in
Fig. B-16.1 (Reference 3). The source code listed on p. 482 of NUREG/CR-0497
also shows the sign to be a minus. The change is limited to the documentation.

* In the FSLOCA EM, the overall calculated conductance of the gap after pellet and
cladding contact in GAPHTC is limited by the value of 3.0 E5 BTU/hr-ft 2-F. This value
is selected to be outside the normal gap conductance range, but be able to improve
robustness of fuel rod conductance calculation. The limiter tends to conservatively
reduce the gap conductance when it is applied.

(3) The majority of fuel rod deformation models in FSLOCA EM (WCAP-16996-P) are
consistent with those in the ASTRUM EM (WCAP-1 6009-P-A). The differences between
Section 7-4 in WCAP-1 6009-P-A and Section 8.4 in WCAP-1 6996-P are listed below:

" Eq. 8-46 in WCAP-16996-P corresponds to Eq. 7-46 in WCAP-16009-P-A. The
contribution to the gap pressure from the additional fuel void in the fuel pellet is
added. The change is only limited to the documentation. Note that the unit of
averaged fuel pellet temperature is in Kelvin and the unit of radius of additional fuel
void in the fuel pellet is ft in Eq. 8-46 of WCAP-1 6996-P.

* Text is inserted to p. 8-24 of WCAP-1 6996-P to note that Eq. 8-59 is also not
applicable to [

]ax. The change is only limited to the

documentation.
" The transient gap conductance after rod ruptures, the burst strain and outer radius of

the heat transfer node at the burst elevation in ASTRUM EM as documented in
Section 7-4-2 of WCAP-16009-P-A is only applicable to [ ]ac
in FSLOCA EM (WCAP-16996-P), so the discussion has been moved from Section
8.4.2 to Section 8.6 of WCAP-1 6996-P.

" A difference between "flow blockage due to rod deformation" in ASTRUM EM
(WCAP-1 6009-P-A) and FSLOCA EM (WCAP-16996-P) is the flow blockage due to
rod rupture. The model in ASTRUM EM was described in the "Continuity and
Momentum Cell Flow Areas" subsection on p. 7-32, and the model in FSLOCA EM is
described in the "Flow Blockage Due to Rod Deformation" subsection on p. 8-31.
This flow blockage due to creep is consistent between ASTRUM EM and FSLOCA
EM. However, the flow blockage model due to rod rupture deformation is revised in
FSLOCA EM. The revised flow blockage model due to rod rupture is based on [
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Iaxc

(4) The majority of the cladding reaction model in the ASTRUM EM (WCAP-1 6009-P-A) is
continuously used in FSLOCA EM (WCAP-16996-P). The changes between Section 7-5 in
WCAP-1 6009-P-A and Section 8.5 in WCAP-1 6996-P are listed below:

* Burman oxidation model for the ZIRLO® cladding in the ASTRUM EM is removed
from FSLOCA EM and is being replaced with the Cathcart-Pawel oxidation model.

* In FSLOCA EM, the Cathcart-Pawel oxidation model is applied to predict oxidation of
both Zircaloy-4 and ZIRLO® cladding materials. [

Jac

Ja0c

References:

1. WCAP-16009-P-A, "Realistic Large-Break LOCA Evaluation Methodology Using the
Automated Statistical Treatment Of Uncertainty Method (ASTRUM)," January 2005

2. WCAP-16996-P, Volumes I through III, "Realistic LOCA Evaluation Methodology
Applied to the Full Spectrum of Break Sizes (FULL SPECTRUMTm LOCA
Methodology)," November 2010

3. NUREG/CR-0497, Hagrman, D.L., and Reymann, G.A., "MATPRO-Version 11: A
Handbook of Material Properties for Use in the Analysis of Light Water Reactor Fuel
Rod Behavior," Idaho National Engineering Laboratory, Idaho Falls, Idaho, February
1979

4. NUREG-0630, Powers, D. A., and Meyer, R. 0., 1980, "Cladding Swelling and
Rupture Models for LOCA Analysis," U.S. Nuclear Regulatory Commission,
Washington, D.C.

5. Research Information Letter 0801, "Technical Basis for Revision of Embrittlement
Criteria in 10 CFR 50.46," May 2008

6. NUREG/CR-6967, "Cladding Embrittlement during Postulated Loss-of-Coolant
Accidents," July 2008
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Question #42: Nuclear Fuel Rod Special Model Validation

The special models of the nuclear fuel rod conductor implemented in the FSLOCA
methodology to analyze the nuclear fuel rods behavior include the fuel rod quench front
model, dynamic pellet-cladding gap conductance model, fuel rod deformation model, and
cladding reaction model. These models are described in WCAP-16996-P/WCAP-16996-NP,
Volumes I, II and III Revision 0 Section 8.3.1, Section 8.3.2, Section 8.4, and Section 8.5,
correspondingly. As explained in WCAP-16996-P/WCAP-16996-NP, Volumes I, II and III,
Revision 0, Subsection 29.4.2.2, "Initial Calibration of the Steady-State Condition for the
Nuclear Rods," specialized fuel performance codes are used by Westinghouse for stored
energy and rod pressure inputs to LOCA analyses performed with the FSLOCA
methodology.

Please clarify the following items related to the special models of the nuclear fuel rod
conductor implemented in WCOBRA/TRAC-TF2 for describing the behavior of nuclear fuel
rods.

(1) Please explain if some of the nuclear fuel rod special models or major modeling features
in these models have been previously reviewed by the U.S. NRC. In particular, clarify if
this has been the case as part of the review of other fuel rod performance codes used by
Westinghouse for LOCA analyses. If this is the case, please identify these codes, code
versions, models and/or modeling features that apply to the WCOBRA/TRAC-TF2
nuclear fuel rod conductor model, provide the review outcome and summarize major
relevant review findings and conclusions. Please provide references for the safety
evaluations by the staff.

(2) Please explain if specialized fuel performance codes were used as part of the evaluation
of the WCOBRAITRAC-TF2 nuclear fuel rod special models. In such a case, please
present the assessment results and include comparison of prediction results for
governing parameters obtained by the codes using the same input conditions. Provide
references to the available assessment documentation.

Response:

(1) It has been discussed in the response to RAI 41 that the majority of nuclear fuel rod
special models such as the fuel rod quench front model, the dynamic pellet-cladding gap
conductance model, the fuel rod deformation model, and the cladding reaction model, in
FSLOCA EM (WCAP-16996-P, Reference 1) are equivalent as the corresponding model in
ASTRUM EM (WCAP-16009-P-A, Reference 2). Those models have been reviewed and
approved by NRC. The differences between the models in ASTRUM EM and FSLOCA EM
have been identified in the response to RAI 41, and the differences were justified by the
evidences and validations provided in WCAP-16996-P or the response to RAI 41.

WCAP-1 6996-P Section 29.4.2.2 describes the initial calibration of fuel average temperature
and rod internal pressure for the fuel rods against the PAD 4.0 fuel performance code
(WCAP-1 5064-P-A, Revision 1, Reference 3) or FATES3B fuel performance code
(CEN-161 (B)-P, Supplement 1-P-A, Reference 4). Both are NRC approved fuel performance
codes. However, it is worthwhile to point out that using the fuel average temperature and rod
internal pressure data predicted by the PAD 4.0 or FATES3B codes is only limited to the
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steady state condition calibration. Once the LOCA transient starts, the fuel rod behavior is
predicted by the fuel rod models provided in Section 8 of WCAP-16996-P.

(2) As addressed in the response to part (1), the fuel performance code is only used to
provide input for the fuel rod initial conditions (e.g., fuel rod average temperatures and rod
internal pressures) in the steady state run. The fuel performance codes such as PAD 4.0
and FATES3B are not directly used to predict the fuel rod behavior in FSLOCA EM.

References:

1. WCAP-16996-P, Volumes I through Ill, "Realistic LOCA Evaluation Methodology
Applied to the Full Spectrum of Break Sizes (FULL SPECTRUMm LOCA
Methodology)," November 2010.

2. WCAP-16009-P-A, "Realistic Large-Break LOCA Evaluation Methodology Using the
Automated Statistical Treatment Of Uncertainty Method (ASTRUM)," January 2005.

.3. WCAP-15063-P-A, Revision 1 with Errata, "Westinghouse Improved Performance
Analysis and Design Model (PAD 4.0)," July 2000.

4. CEN-161(B)-P, Supplement 1-P-A, "Improvements to Fuel Evaluation Model,"
January 1992.
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Question #43: Dummy Rod Component Models

As a major difference between the FSLOCA methodology and the previous ASTRUM
LBLOCA Evaluation Model (EM) documented in WCAP-16009-P-A (Nissley, M. E., et al.,
2005), WCOBRAITRAC-TF2 features a dummy rod component, [

].c WCAP-16996-PIWCAP-16996-
NP, Volumes I, II and Ill, Revision 0, Section 8.6 describes the dummy rod component.

Please clarify the following items related to the new dummy rod component implemented in
WCOBRA/TRAC-TF2.

(1) Please explain if the dummy rod component models are consistent with the
corresponding models in WCOBRAITRAC-TF2. If corresponding models are not fully
consistent, please identify only the differences and explain why such differing features in
the dummy rod model are considered appropriate and valid for the intended functions of
the dummy rod component.

(2) Please identify the models in the dummy rod component that have no counterpart
models in WCOBRA/TRAC-TF2. For each such model, please explain if the model or
major modeling features in the model have been previously reviewed by the NRC. If this
is the case, please identify these codes, code versions, models and/or modeling features
that apply to the WCOBRAITRAC-TF2 dummy rod component, provide the review
outcome and summarize major relevant review findings and conclusions. Please
provide references for the safety evaluations by the staff.

(3) Please explain how the dummy fuel rod model in WCOBRA/TRAC-TF2 was evaluated.
Present analysis results, if available, and provide references to existing assessments
that demonstrate the applicability of the model for the purposes of LOCA analyses
performed with the FSLOCA methodology. Please explain if the model was
benchmarked against any available tests.

Response:

(1) The purpose of introducing the dummy rod is to [

axc
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Section 8.6 of WCAP-16996-P and Table 8-6 explained the difference between the dummy
rod, hot rod, and hot assembly rod. The hot assembly rod is a typical regular fuel rod in
WCOBRAITRAC-TF2, and the hot rod is the typical regular fuel rod [

]a,c. The differences between a dummy rod and hot
assembly rod (which is treated as a regular fuel rod) have been listed in Section 8.6 of
WCAP-16996-P and are summarized herein following the same order.

I
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axc

[

axc

(2) The relationship between the dummy rod and the regular rod in WCOBRAITRAC-TF2
has been addressed in the response to part 1. The dummy rod model was developed to [

]a,c The consistency and differences

between the dummy rod model and the HOTSPOT code are discussed:

[
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Sa,c

(3) Most of the dummy rod models are [

I ac

References:
1. WCAP-1 2945-P-A, Revision 2 (Vol. 2) and Revision 1 (Vols. 2 through 5),

"Westinghouse Code Qualification Document for Best Estimate Loss of Coolant
Accident Analysis," March 1998.
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2. WCAP-16009-P-A, "Realistic Large-Break LOCA Evaluation Methodology Using the
Automated Statistical Treatment Of Uncertainty Method (ASTRUM)," January 2005.

3. NUREG-1230, R4, "Compendium of ECCS Research for Realistic LOCA Analysis,"
December 1988.

4. NUREG-4166, "Analysis of FLECHT SEASET 163-Rod Blocked Bundle Data Using
COBRA-TF," January 1986.
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Question #44: Fuel Rod Material Properties

WCAP-16996-P/WCAP-16996-NP, Volumes I, II and III, Revision 0, Section 8.2, "Conductor
Geometries Modeled in the Vessel," explains that the nuclear fuel rod model requires
minimum user input and uses material properties specified by input or "defaulted to uranium-
dioxide and zircaloy." The default properties are calculated using correlations from
MATPRO-Version 11 (Revision 1) as documented in NUREG/CR-0497, Revision 1, 1980.

Subsection 8.3.2, "Pellet-Cladding Gap Conductance Model," of the Section 8.3, "Fuel Rod
Modeling," states that the material property correlations in the simplified dynamic gap
conductance model were taken exclusively from MATPRO-1 1 (Revision 1). In computing
radiant heat transfer, the fuel emissivity and that of the cladding inner surface are based on
data from MATPRO-11 (Revision 0). The gas mixture conductivity is determined from the
conductivities of the constituent gases using a simplified version of the model in MATPRO-
11 subroutine GTHCON. The conductivities of helium, xenon, argon, krypton, hydrogen,
and nitrogen gases are calculated using correlations from MATPRO-11 (Revision 1). The
interfacial pressure for the pellet-cladding contact conductance is calculated with the fuel rod
deformation model and is non-dimensionalized using the Meyer hardness calculated from
MATPRO-11 (Revision 1).

Subsection 8.4.1, "Deformation Mechanisms Fuel Pellet Thermal Expansion," of the Section
8.4, "Fuel Rod Deformation Model," explains that the axial and radial thermal expansion of
the fuel is calculated using a MATPRO-1 1 (Revision 1) correlation for thermally induced
strain in U02. The correlation was simplified by omitting the corrections for molten fuel and
mixed oxide. The axial and radial thermal expansion of the cladding is also calculated using
correlations from MATPRO-1 1 (Revision 1).

The most recent version of the material properties library MATPRO is documented in
NUREG/CR-6150, Vol. 4, Rev 2, "SCDAP/RELAP5/MOD 3.3 Code Manual: MATPRO-A
Library of Materials Properties for Light-Water-Reactor Accident Analysis," 2001. A
comparative study between the current versions of FRAPCON-3 and FRAPTRAN, which
use a relatively consistent set of correlations for applied properties, and the latest MATPRO
properties is documented in NUREG/CR-7024, "Material Property Correlations: Comparison
between FRAPCON-3.4, FRAPTRAN 1.4, and MATPRO," 2011. In addition to comparing
various correlations, correlation-to-data comparisons for FRAPCON-3, FRAPTRAN, and
MATPRO properties are also provided in NUREG/CR-7024.

Please explain how material properties in the WCOBRA/TRAC-TF2 nuclear fuel rod model
described in WCAP-16996-P/WCAP-16996-NP, Volumes I, II and Ill, Revision 0, Sections
8.2, 8.3, and 8.4 compare with the.latest MATPRO library and data provided in NUREG/CR-
6150 (Siefken et al., 2001) and NUREG/CR-7024 (Luscher and Geelhood, 2011). Please
clarify which cladding materials can be modeled using the default material properties for
zircaloy in the WCOBRA/TRAC-TF2 nuclear fuel rod model.
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Response:

WC/T-TF2 fuel rod dynamic gap conductance and deformation models simulate the fuel rod
dimensional changes and pellet-cladding gas conductance to calculate the fuel rod
temperature response. In the WC/T-TF2 steady state calculation, [

]a,c When the loss-of-coolant

accident (LOCA) transient is initiated, the WC/T-TF2 fuel rod deformation model predicts the
variations in the fuel rod structure and filling gas pressure at accident conditions, and these
changes are'accounted for in the gap conductance model to determine the fuel rod
temperature.

The default WC/T-TF2 nuclear fuel rod models, with limited user inputs, feature U0 2 fuel.
The cladding material is selected from either ZIRLO® or Zircaloy-4 cladding for plant
calculations.

In this response, the WC/T-TF2 fuel rod properties in the gap conductance and fuel rod
deformation models using MATPRO-1 1 (Reference 2) are compared to the latest versions of
MATPRO (Reference 4), designated as MATPRO (2001), FRAPCON and FRAPRAN
(Reference 3), designated as FRAP, as follows.

* Density (Fuel, Cladding)

The radial position of the fuel and cladding conduction nodes are fixed in WC/T-TF2,
which ignores the node relocation due to thermal expansion. As such, the densities
are evaluated at the [

]aFc for fuel pellet (Uranium Dioxide) and cladding (Zircaloy-4,

ZIRLO®) materials, respectively.

# Specific Heat (Fuel, Cladding)

The Specific Heat of the fuel pellet is calculated using the same correlation among
MATPRO-11, MATPRO (2001) and FRAP.

WC/T-TF2 calculates the Zircaloy-4 specific heat by interpolating the tabulated values
in a table consistent with MATPRO-1 1, MATPRO (2001) and FRAP. For ZIRLO®
specific heat calculation, WC/T-TF2 modifies the Zircaloy-4 specific table [

,a~c while MATPRO

(2001) and FRAP use the same table for ZIRLO® and Zircaloy-4. Figure 11-34 in
Section 11 of Reference 1 shows the comparison of WC/T-TF2 specific heat models
for Zircaloy-4 and ZIRLO®.
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Thermal conductivity (Fuel, Cladding and fill gas)

+ Fuel (Uranium Dioxide): the fuel thermal conductivity model in MATPRO-1 1 and
MATPRO (2001) do not account for the degradation of thermal conductivity with
increasing burnup, which is taken into consideration in FRAP fuel thermal
conductivity model. The impact of the thermal conductivity degradation and the
resolution to the issue will be discussed in the response to RAI 36.

+ Cladding (Zircaloy-4, ZIRLO®): the same correlation is used to calculate cladding
material thermal conductivity in WC/T-TF2, MATPRO (2001) and FRAP.

+ Fill gas:

The thermal conductivity of the fuel rod pellet-cladding gap gas mixture is
calculated from the thermal conductivities of the constituent gases, i.e. helium,
argon, krypton, xenon, hydrogen and nitrogen based on a mixing law used
consistently in WCT-TF2, MATPRO (2001) and FRAP.

The constituent gas thermal conductivities are calculated slightly different in
WC/T-TF2, MATPRO (2001) and FRAP, as compared in the Figures RA144-1
through RA144-6 attached. It is shown in Figures RA144-1 through RA144-6 that [

axc

For temperatures higher than [
for [

] a, the thermal conductivity
]in WCT-TF2 results, [

Ia,c when compared to the

MATPRO (2001) results. This difference is considered small and acceptable [

Ia]c This is discussed in Section 29.4.2.2 of
WCAP-1 6996-P.

* Surface Emissivity (Fuel, Cladding)
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+ Fuel (U0 2): The same correlation is used to calculate fuel surface emissivity in
WC/T-TF2, MATPRO (2001) and FRAP.

+ Cladding:

WC/T-TF2 uses a [ ]a~c for cladding surface emissivity, instead
MATPRO (2001) and FRAP use the cladding surface emissivity model depending
on the surface oxide layer thickness and temperature.

As shown in the model-to-data comparison performed in References 2 and 3
(Figure RA144-8 is the duplication of Figure 3.4-1 in Reference 2), the [

]axc used in WC/T-TF2 is a [
]ax and MATPRO (2001), etc.

model prediction trend of 0.80 for temperature lower than 1500 °K (2240.3 OF) and
surface layer thickness greater than 5pm (Note: It is believed that the title of the
Figure 3.4-1 in Reference 2 should be 'Surface Layer Thickness (pm)' instead of
'Surface Layer Thickness (mm)', based on the model correlations enclosed
therein).

Cladding Meyer Hardness

Cladding Meyer Hardness number in WC/T-TF2 is modeled using the same
correlation as that in MATPRO (2001) and FRAP packages.

Thermal Expansion (Fuel, Cladding)

+ Fuel (U0 2 ): WC/T-TF2 uses the same correlation to calculate the thermal
expansion of U02 as that in MATPRO (2001). The comparison of the MATPRO
(2001) models to the models in FRAP are documented in Reference 3, which
shows similar results between these models at temperatures lower than 1500 OK
(2240.3 OF). The noticeable difference shown in the comparison results at a
temperature near 2300 °K (3680.3 OF) is not a concern in WC/T-TF2 transient
scenarios within the FSLOCATM evaluation model.

+ Cladding

The circumferential and axial thermal expansions as functions of temperature are
compared in Figures RA144-9 and RA144-10. The cladding thermal expansion
models in WC/T-TF2 using MATPRO-1 1

Iaxc

* Cladding Modulus of Elasticity and Shear Modulus

WC/T-TF2 uses the models that [
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]a'c that are included in the MATPRO (2001) and
FRAP models. The temperature dependence of the elastic and shear modulus
models in WC/T-TF2-TF2, MAPTRO (2001) and FRAP are the same.
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a, c

Figure RA144-1 Comparison of Helium Gas Thermal Conductivity

a, c

Figure RA144-2 Comparison of Argon Gas Thermal Conductivity
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a, c

Figure RA144-3 Comparison of Krypton Gas Thermal Conductivity

a, c

Figure RA144-4 Comparison of Xenon Gas Thermal Conductivity
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a, c

Figure RA144-5 Comparison of Hydrogen Gas Thermal Conductivity

a, C

Figure RA144-6 Comparison of Nitrogen Gas Thermal Conductivity
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a, c

Figure RA144-7 Comparison of Gas Mixture Thermal Conductivity (Gas mixture of the mole fraction

composition: Helium 63.8%; Argon 0.32%; Krypton 5.38%; Xenon 30.5%; Nitrogen 0.003%)
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Figure 3.4-1 Model-to-data comparison for cladding oxide emissivity.

Figure RA144-8 Data-to-Model Comparison on Cladding Surface Emissivity (Duplicated from
References 3)
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a, c

Figure RA144-9 Comparison of Cladding Circumferential Thermal Expansion between WC/T-TF2
and FRAP

a, c

Figure RA144-10 Comparison of Cladding Axial Thermal Expansion between WC/T-TF2 and FRAP
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