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Revision 1 Changes

Note: These changes are identified throughout the document with vertical bars on the left margin.

No. |Section/Page(s) Description/Reference

1. |3.5.3/p 3-15. Enhanced description of variable ¢ in Eq. (3-30) for the thermal
accommodation coefficient (LTR-NRC-16-5).

2. |3.5.3/p3-15. Specified minimum value in Eq. (3-31) for the thermal accommodation
coefficient (LTR-NRC-16-5).

3. |3.53/p3-15. Corrected plots in Figure 3.5-1 for the thermal accommodation coefficient
(LTR-NRC-16-5).

4. |4.2.1/pp 4-7—4-8. Corrected units for time in Table 4.2-1 for the [IFBA helium release model per

RAIJ-6f (LTR-NRC-15-87).

5. [4.2.2/p 4-10. Corrected units for time in Figure 4.2-2 for the IFBA helium release model per
RAI-6f (LTR-NRC-15-87).

6. |54/p5-8 Corrected units for strain rate in Eq. (5-20) for the cladding creep model per
RAI-9b (LTR-NRC-16-5).

7. |5.5.1/pp 5-13 —5-15. Modified Figures 5.5-1 and 5.5-2 and removed Figure 5.5-3 for the cladding
diametral growth model per RAI-13 (LTR-NRC-15-87).

8. [5.5.1/pp 5-12 —5-13. Updated value of Rq for Optimized ZIRLO™ ' cladding material and
modified text for consistency with modification and removal of figures per
RAI-13 (see item 7) (LTR-NRC-15-87).

9. |5.6/p 5-16. Corrected units for LHGR in Eq. (5-30) for the pellet fragment relocation
model per RAI-14b (LTR-NRC-16-5).

10. |5.7.1/pp 5-19 — 5-20. Modified text to incorporate solid swelling model for gadolinia per RAI-15b
(LTR-NRC-15-87).

11. |5.8/p 5-31. Corrected unit for temperature in Eq. (5-39) for the fission gas swelling model
per RAI-16a (LTR-NRC-15-69).

12. |6.1.5/p 6-9 Removed proprietary markings from Egs. (6-14) through (6-16). No applicable
previous reference.

13. {6.5/pp 6-21 — 6-22. Modified Figures 6.5-2 for the cladding yield stress and 6.5-3 for the cladding
ultimate tensile strength per RAI 18 (LTR-NRC-15-69).

14. |7/pp 7-1 —7-115. Complete re-write per RAI-32 (LTR-NRC-16-34).

15. |A.l.1/p A-2. Reworded text about the use of calibration and validation datasets per RAI-30
(LTR-NRC-15-69).

16. |A.2.2.1/p A-31. Corrected reference to test rod in Table A.2.2-2 per LTR-NRC-16-16.

17. {A.2.3.1/p A-65. Added missing plant in Table A.2.3-1 per LTR-NRC-16-5.

18. |A.2.3.2/p A-69. Added missing plant in Table A.2.3-2 per LTR-NRC-16-5.

19. |A.2.4.1/p A-92. Corrected ramp holding times for three rods in Table A.2.4-4 per RAI-10 a-e
(LTR-NRC-16-5).

20. |A.2.5.2/pp A-103 — A-106. | Corrected fuel type for several rods and deleted repeated rods in Table A.2.5-2

per RAI-12a (LTR-NRC-16-5).

! ZIRLO and Optimized ZIRLO are trademarks or registered 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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1 INTRODUCTION AND SUMMARY

1.1  INTRODUCTION

The principal design tool for evaluating fuel rod performance is the Performance Analysis and Design
(PAD) code. This computer program iteratively calculates the interrelated effects of fuel and cladding
deformations including fuel densification, fuel swelling, fuel relocation, fuel rod temperatures, fill and
fission gas release (FGR), and rod internal pressure (RIP) as a function of time and linear power. PAD
evaluates the power history of a fuel rod as a series of steady-state power levels with instantaneous jumps
from one power level to another. The length of the fuel rod is divided into several axial segments, and
each segment is assumed to operate at a constant set of conditions over its length. Fuel densification and
swelling, cladding stresses and strains, temperatures, burnup and fission gas releases are calculated
separately for each axial segment and the effects are integrated to obtain the overall fission gas release
and resulting internal pressure for each time step. The coolant temperature rise along the fuel rod is
calculated based on the flow rate and axial power distribution, and the cladding surface temperature is
determined with consideration of corrosion effects and the possibility of local boiling.

The fuel pellet is modeled as a solid cylinder with allowances for dishing, edge chamfering and pellet
chipping. For purposes of evaluating thermal expansion, fuel densification and swelling, and fission gas
release, the fuel pellet is divided into ten equal-volume concentric rings with each ring assumed to be at
its average temperature during a given time step. Axial and radial thermal expansion, swelling and
densification are determined for each ring and these effects are integrated over the entire fuel rod to
determine the length of the fuel column and evaluate the void volumes (VV) required to compute the
internal gas pressure.

The PAD fuel performance models have evolved in several stages from the original application
(References 1.1 through 1.9). This report provides a compilation of the licensing basis documentation for
all of the significant PAD fuel and clad performance models including descriptions for new models.
Where appropriate, model validation data are provided to demonstrate the acceptability of the individual
fuel and clad performance models relative to available fuel performance data.

Fuel performance data has been obtained over the past five decades from a number of sources.
Commercial reactors provide a substantial portion of the in-reactor fuel performance database, beginning
with the examinations of the first Zircaloy-4 clad fuel in the Plant Z reactor in Spain, conducted in the late
1960’s and through the 1970’s. Data for Westinghouse Improved Zircaloy-4 cladding, and the
Westinghouse ZIRLO® cladding material were obtained from commercial irradiations. Data acquisition
continues to the present with the recent examinations of Optimized ZIRLO™ cladding material fuel
rods irradiated to very high burnup (HB). Data from these commercial fuel programs has been obtained
from both on-site and hot cell examinations to characterize fuel and cladding behavior under normal
operation conditions.

Fuel and cladding performance data from commercial irradiation programs are augmented by data
obtained under test reactor conditions. Test reactor programs allow for the examination of fuel and
cladding performance under off-nominal conditions, such as transient power increases or very high power
operation. Test reactor irradiations also allow for additional instrumentation to measure critical parameters
such as fuel temperature, internal pressure and cladding elongation. The PADS fuel performance database
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includes measurement data from jointly sponsored industry programs such as the Halden Project, the
Studsvik Clad Integrity Project (SCIP), and the INTERRAMP, SUPERRAMP and TRANSRAMP ramp
test programs. The combination of both normal commercial operation and test reactor operation data
produces a substantial basis for the calibration and validation of the PADS fuel and cladding performance
models over the broad range of operating conditions addressed in fuel rod design. Data selected from the
database for model Calibration and Validation (C+V) will be identified, as appropriate, for each PADS
performance model.

1.2 SCOPE AND SUMMARY

The PAD5 models are the latest versions in the Westinghouse PAD code. Model updates incorporated into
the PAD code address all of the fuel and cladding performance models required for high burnup fuel
design. Key fuel performance updates to the PADS models include fuel Thermal Conductivity
Degradation (TCD) with burnup, enhanced high burnup athermal fission gas release (pellet rim effects)
and enhanced high burnup fission gas bubble swelling. Cladding creep and growth models are also
updated to reflect high burnup cladding performance.

In addition to high burnup analysis capability, a key driver for the implementation of the PADS models in
fuel design is to address regulatory concerns associated with fuel thermal conductivity degradation with
burnup. It is intended that, following the Nuclear Regulatory Commission (NRC) review and approval,
the PAD5 model will be applied on a forward fit basis to all domestic Westinghouse PWR fuel rod design
analyses, including both Westinghouse and Combustion Engineering Nuclear Steam Supply System

(CE NSSS) fuel.

A comprehensive description of all PADS models is provided in this topical. Some models are unaffected
by increased fuel burnup and thermal conductivity degradation and remain the same as in the prior

PAD 4.0 version, some models were adjusted to address high burnup and fuel thermal conductivity
degradation, and some new models have been incorporated in the code. All PAD models are described in
this topical, but the report clearly identifies models that are the same as in PAD 4.0, modified models and
new models. Section 2 provides an overview of the PAD5 model changes.

The major performance models in PADS are discussed in Sections 3 through 6 of this report, as follows:

Section3 Thermal Model, including Thermal Conductivity Degradation
Section4 Gas Release and Internal Pressure Model

Section 5 Fuel and Clad Deformation Models

Section 6 Fuel and Clad Material Properties

Details of the PAD5 model calibration and validation are provided in Appendix A. Appendix B provides
PADS5 model results for several sample cases using the PAD code, including both Westinghouse and

CE NSSS fuel rod designs, with and without integral burnable absorbers (either ZrB,, Gd,05-UO,, or
EI'203-U02).

To facilitate implementation of the PAD5 models, this topical combines the description of the PADS5 fuel
and clad performance models with an assessment of the fuel rod design criteria to be addressed with the
PAD code, including a description of the analysis methods for each criterion. Section 7 summarizes these
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fuel rod design criteria and application methods which address the fuel rod design related aspects of the
fuel system design as discussed in the US NRC Standard Review Plan (SRP), Section 4.2

(Reference 1.10). The design criteria presented in Section 7 will be applied to all Westinghouse PWR fuel
rod designs, and they supersede criteria and evaluation methods previously approved for application to
Westinghouse and CE NSSS fuel rod designs.

Section § describes a process by which the PADS5 fuel and clad performance models or methods may be
improved and implemented in design. The process specifies criteria to be applied to model/model
improvements such that, when satisfied, the improved model or method will be acceptable for
implementation without requiring additional NRC review and approval. Any model or method
improvement that does not satisfy the specified criteria will require explicit NRC review and approval
prior to implementation.

In summary, this topical report requests NRC review and approval of:

1. The PADS fuel perforrhance models for application to lead rod average burnup up to
[ 1*° for Optimized ZIRLO cladding, and 62 GWd/MTU for all ZIRLO and
Zircaloy-4 cladding.

2. The fuel rod design criteria and associated PADS5 model evaluation methods for design
application to rod average burnup up to [ 1

3. The PAD5 Model and Method Improvement Process (MMIP) that will be applied to future PADS

model and method changes to determine if these changes are acceptable for implementation
without an explicit licensing submittal

1.3 SECTION 1 REFERENCES

1.1 NS-SL-521, NS-SL-524, and NS-SL-543, (Proprietary), and NS-SL-527, and NS-SL-544, (Non
Proprietary), Supplemental information on fuel design transmitted from R. Salvatori,
Westinghouse, to D. Knuth, AEC, January 1973.

1.2 WCAP-8218-P-A, (Proprietary) and WCAP-8219-A, (Non-Proprietary), “Fuel Densification |
Experimental Results and Model for Reactor Application,” March 1975.

1.3 WCAP-8720 (Proprietary), “Improved Analytical Models Used in Westinghouse Fuel Rod
Design Computations,” October 1976.

1.4 WCAP-8270 Addendum 2 (Proprietary), “Revised PAD Code Thermal Safety Model,” October
1982.

1.5 WCAP-10851-P-A, (Proprietary) and WCAP-11873-A, (Non-Proprietary), “Improved Fuel
Performance Models for Westinghouse Fuel Rod Design and Safety Evaluations,” August, 1988.
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1.6 WCAP-15063-P-A Revision 1, with Errata, (Proprietary) and WCAP-15064-NP-A Revision 1,
with Errata, (Non-Proprietary), “Westinghouse Improved Performance Analysis and Design
Model (PAD 4.0),” July 2000.

1.7 WCAP-12610-P-A (Proprietary), June 1990 and WCAP-14342-A (Non-Proprietary),
“VANTAGE+ Fuel Assembly Reference Core Report,” April 1995.

1.8 CENPD-404-P-A, (Proprietary), and CENPD-404-NP-A, (Non-Proprietary), “Implementation of
ZIR1.O™ (Cladding Material in CE Nuclear Power Fuel Assembly Designs,” November 2001.

1.9 WCAP-12610-P-A & CENPD-404-P-A, Addendum 1-A (Proprietary) and WCAP-14342-A &
CENPD-404-NP-A, Addendum 1-A, (Non-Proprietary), “Optimized ZIRLO™,” July 2006.

1.10  NUREG-0800, Standard Review Plan for the Review of Safety Analysis Reports for Nuclear
Power Plants, Chapter 4.2, “Fuel System Design,” March, 2007.
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2 FUEL PERFORMANCE MODELS INTRODUCTION

2.1 BACKGROUND AND PURPOSE

The primary obj ectives for upgrading the PAD 4.0 Code (Reference 2.1) to PADS are to (a) improve
-and/or validate the fuel and clad performance models for application to high burnup, with a target lead rod

average burnup of |

1*¢ GWd/MTU for fuel with Optimized ZIRLO cladding material and 62

GWd/MTU for Westinghouse PWR fuel with Zircaloy-4 or ZIRLO® High Performance Fuel Cladding
Material and (b) to explicitly model fuel Thermal Conductivity Degradation (TCD) with burnup.

The PADS models describe fuel and clad behavior influenced by time, temperature, or burnup dependent
phenomena for individual fuel rods. A fuel pin history is followed through a series of time increments
during each of which the power is assumed to be constant. Independent radial thermal equilibrium
calculations are performed for each discrete axial segment. Fuel burnup, fuel and clad temperatures, fuel
fission gas release, and fuel and cladding deformations are calculated for each axial segment, with
convergence based on fuel-cladding gap size for each axial segment. The converged results for each
segment are coupled to those of other segments through the assumption of complete and instantaneous
mixing of the free gases within the fuel rod. The coupling permits integrated, whole rod predictions of
fuel rod fission gas release and internal pressure, with convergence based on the total moles of free gas.

This report is written such that the basis for all of the models in the code are justified and supported in a
single document, including models that are not changed relative to prior code versions.

2.2 OVERVIEW OF MODEL CHANGES

Table 2.2-1 summarizes the PAD5 models discussed in detail in later sections of this report. Comments in
the table highlight whether the models are the same as or changed relative to PAD 4.0.

Table 2.2-1  Fuel Performance Models in PADS
System Section Model Comments
Thermal 3.1 Thermal Hydraulic Same as PAD 4.0
32 Film Temperature Drop Same as PAD 4.0

3.3 Clad Corrosion

Same as Reference 2.2

34 Clad Temperature Drop Same as PAD 4.0
35 Gap Conductance [ e
3.6 | Fuel Temperature Drop [

e

Radial power distribution within pellet
updated to be consistent with PARAGON
(Reference 2.3)

3.7 Plenum Temperature

Same as PAD 4.0
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Table 2.2-1  Fuel performance models in PADS
(cont.)
System Section Model Comments
Gas Release 4.1 Helium Solubility and Release Same as PAD 4.0
and Internal ; ) ) .
Pressure 4.2 Helium Release (Zirconium Updated model using Halden test data
Diboride)
4.3 Fission Gas Release Updated athermal release model;
Added high burnup athermal release model;
Recalibrated thermal fission gas release
model
44 Equation of State (EOS) Same as PAD 4.0
4.5 Gas Absorption In Cladding Effect | Same as PAD 4.0
4.6 Void Volumes and Internal Pressure | Updated crack volume and gap volume due
to relocation model
Fuel and Clad 5.1 Clad Stresses Added deviatoric stress for creep and
Deformation plasticity analysis :
52 Clad Elastic Deformation Same as PAD 4.0
53 Clad Plasticity [
]a,c
5.4 Clad Creep Revised irradiation creep model.
Recalibrated thermal and irradiation creep
model with addition of newer data
55 Cladding Diametral Growth Updated for ZIRLO and Optimized ZIRLO
cladding
5.6 Fuel Relocation Updated to add explicit relocation model
5.7 Fuel Swelliﬁg and Densification Validated to data with different manufacture
processes
5.8 Fission Gas Bubble Swelling Recalibrated PAD 4.0 model
5.9 Rod Axial Growth | Updated with addition of newer data for
ZIRLO and Optimized ZIRLO cladding
Materials 6.1 Fuel: UO»/U0,-Gd;04/UO,-Er,04 Updated fuel melting temperature [
Properties 1
Updated Urania — Gadolinia thermal
conductivity model;
Added Urania~- Erbia Properties;
Other properties remain the same as PAD 4.0
6.2 Zirconium Diboride Integral Fuel Same as PAD 4.0, but updated operating
Burnable Absorber experience
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Table 2.2-1  Fuel performance models in PADS
(cont.)
System Section Model Comments
Materials 6.3 Cladding: Zircaloy-4,/ZIRL.O and Added irradiation hardening on yield
Properties /Optimized ZIRLO strength and ultimate tensile strength;
(cont.) Other properties remain the same as PAD 4.0
6.4 Fill Gas & Fission Gas Material Same as PAD 4.0
Properties

2.3  LIMITS OF APPLICABLITY

The ranges of applicability for PADS fuel rod design and safety analyses are defined by the aggregate of
the calibration and validation data used in PADS5, summarized as follows:

o Pressurized water reactor designs using Low-Enriched Uranium (LEU) fuel loading

o  Zircaloy-4 (including OPTIN, conventional Zircaloy-4, and improved Zircaloy-4) cladding,
ZIRLO cladding, and Optimized ZIRLO cladding

e Uranium U enrichments up to [ 1>

. Z1B, fuel pellet coating

. Gadolinia concentrations up to [ 1>

. Erbia concentrati;)ns up to [ 1%

. Fuel grain sizes ranging from [ 1 to [ 1

. Nominal true pellet dénsityv ranging from [ *to] 1*° of the theoretical density of
U0,.

° Rod average burnups up to 62 GWd/MTU for Zircaloy-4 and ZIRLO cladding and up to

[

1*¢ for Optimized ZIRLO cladding

. Steady-state rod average linear heat generation up to [ 1*¢ with local powers up to
[ ]a,c '
. Transient power and associated fuel centerline temperatures up to the melt temperature defined in

subsection 6.1.5

" The PADS5 models and application methods will be implemented on a forward fit basis with the fuel
design criteria of Section 7 for all Westinghouse PWR fuel, including CE-NSSS applications that
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formerly applied FATES3B fuel performance code models and methods. All PADS fuel performance
models and the ZIRLO and Optimized ZIRLO cladding performance models are applicable to current
Westinghouse fuel fabricated for CE-NSSS cores. PADS may also be used to perform analyses for legacy
fuel fabricated with Zircaloy-4 clad, though it is not anticipated that fuel of this vintage would be further
irradiated in current reload cores. The PADS Zircaoy-4 cladding models are directly applicable to legacy
Westinghouse NSSS Zircaloy-4 clad fuel rods. For analysis of CE-NSSS fuel with legacy CE Zircaloy-4
or OPTIN cladding, PAD5 may be applied [

]a,c
2.4 SECTION 2 REFERENCES

2.1 WCAP-15063-P-A Revision 1, with Errata, (Proprietary) and WCAP-15064-NP-A Revision 1,
with Errata, (Non-Proprietary), “Westinghouse Improved Performance Analysis and Design
Model (PAD 4.0),” July 2000.

2.2 WCAP-12610-P-A & CENPD-404-P-A, Addendum 2 “Westinghouse Clad Corrosion Model for
ZIRLO™ and Optimized ZIRLO™,” November 2008.

23 WCAP-16045-P-A (Proprietary) and WCAP-16045-NP-A (Non-Propﬁetary), “Qualification of
the Two-Dimensional Transport Code PARAGON,” August 2004.
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3 THERMAL MODEL

Section 3 describes the PADS models for calculating the temperature distribution for the fuel rod,
beginning with the coolant conditions surrounding the individual fuel rod and proceeding inward to the
fuel centerline. Independent radial temperature calculations are performed at each axial segment in PADS.
The models described are:

° Coolant thermal-hydraulic model,
Coolant-to-clad film temperature model, including crud,
° Clad corrosion models, including

- The oxide-to-metal ratio

- The clad corrosion temperature drop model
L Clad temperature model,
. Fuel-cladding gap conductance, including

- Gap gas mixture thermal conductivities

—  -Gap gas accommodation

- Open gap conductance

- Contact gap conductance,

o Fuel temperature model, including
- Fuel thermal conductivity, and
. Fuel rod plenum temperature model

3.1 THERMAL HYDRAULIC MODEL

This model is the same as that used in PAD 4.0 (Reference 3.1). Original documentation of this model is
located in Attachment P of NS-SL-521 (Reference 3.2) with additional information in Reference 3.9.

The thermal hydraulic model calculates the bulk coolant temperature, Ty, (2), at any axial position:

a,c

- 1

q (2) is the heat flux at axial elevation z,
C, 1s the coolant heat capacity,

G is the mass flow rate,

De is the hydraulic diameter,

T is the inlet water temperature,

where:

[ ]a,c‘
Appropriate values for [
1*. A typical value for [ il
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3.2 FILM TEMPERATURE DROP

This model is the same as that used in PAD 4.0 (Reference 3.1). Original documentation of this model is
located in NS-SL-521(Reference 3.2), Attachment P.

The surface temperature of the zirconium oxide layer is derived from the bulk coolant temperature with
consideration of the following three modes of heat transfer:

1. Forced convection without boiling using the [
]*° and accounting for conduction heat transfer across the crud layer, if present.

2. Nucleate boiling from an essentially clean surface using the [
]a,c.
3. Nucleate boiling through a crud layer using the [ 1.

‘The mode of heat transfer is a function primarily of the heat flux and, if assumed to be present, the crud
thickness, and to a lesser extent, of fluid and system conditions. For the ZIRLO cladding and Optimized
ZIRLO cladding corrosion models (References 3.7 and 3.8) [

]a,c
The clad oxide surface temperature under forced convection heat transfer, T, is given by:

a,C

i ’

q” is the heat flux (BTU/hr-ft%),

Tpur  1s the bulk coolant temperature (°F),

hun = the [ 1*° (BTU/hr-ft*-°F),
Ky is the crud conductivity under forced convection (BTU/hr-ft-°F),

Owua s the crud thickness (ft).

where:

If T¢ is less than the saturation temperature, 7, the calculation would proceed to the consideration of the
temperature rise through the oxide layer. Otherwise, the film temperature calculation considers the impact
of subcooled nucleate boiling.

For typical calculations involving ZIRLO and Optimized ZIRLO cladding, [

¢, as given by:
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a,c
(3-3)
where:
[
]a,c
and,
T, 1s the coolant saturation temperature (°F),
P is the system pressure (psi).
The clad surface temperature using the [ 1*“ heat transfer becomes
(References 3.9 and 3.10):
a,c
[ , :| (3-4)
where:
[ ]a,c
If crud is explicitly modeled, then the [ 1*¢ is also calculated using:
a,c
] | 9
where:

K 1s the effective crud conductivity in nucleate boiling (BTU /I1r-ft;°F)
Oerug 18 the crud thickness (ft.)

The temperature at the clad oxide surface under nucleate boiling heat transfer is:
[ ™ (3-6)
3.2.1 Crud Model

This model is the same as that used in PAD 4.0 (Reference 3.1).[
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[
]a,c
The crud formation model in PAD provides a means to [
]a,c
The crud thickness model allows for [
1% as shown below:
[ I (3-7)
where:
Ocrud is the total crud thickness (mils)
[ 1> is an input constant crud thickness (mils) assumed to be formed under
[
]a,c
[ 1™ is the crud thickness (mils) assumed to be formed under [
1*° conditions.
[ ™ (3-8)
where:
[ * (3-9)
q"boit is the fractional heat transfer through the coolant film layer due to [
]a,c
q" is the total heat transfer

Acaand B,  are input constants.
33 CLAD CORROSION MODELS
3.3.1 ZIRLO Cladding and Optimized ZIRLO Cladding

The ZIRLO and Optimized ZIRLO cladding corrosion models have been approved by the NRC
(References 3.7 and 3.8) and are incorporated into the PAD code.

The corrosion model form consists of a Thermal Reaction Accumulated Duty (TRD) term which is an

[
]a,c
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a,C

: |

where:
[
]a,c
[ 1 (3-11)
where:
[
]a,c
The [ 1*¢
[ > (3-12)
where:
[
]a,c
The corresponding TRD is the [ 1™
a,c
l: :' (3-13)
where:

T is the total time duration in hours.

The ZIRLO cladding best estimate oxide thickness, CRzz;0, is calculated with the expression:
a,c
l: j (3-14)
The coefficients 4 and B are model constants.

The Optimized ZIRLO cladding best estimate oxide thickness, CRpprzirs0 1 calculated from the
[ 1*° as follows:

[ | I (3-15)
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Validation of the ZIRLO and Optimized ZIRLO cladding corrosion models was presented in detail in
Reference 3.7 and approved in Reference 3.8. Figures 3.3-1 and 3.3-2 (Reference 3.9) illustrate the
measured oxide thickness data as a function of TRD for ZIRLO and Optimized ZIRLO cladding,
respectively, with the upper 95% uncertainty curve. '

ab,c

Figure 3.3-1 ZIRLO Cladding Material Measured Oxide Thickness Versus TRD With Upper
95% Uncertainty Curve (Reference 3.9)
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Figure 3.3-2 Optimized ZIRL O Cladding Material Measured Oxide Thickness Versus TRD
With Upper 95% Uncertainty Curve (Reference 3.9)

3.3.2 Zircaloy-4 Cladding

The following model was in PAD 4.0 (Reference 3.1) for application to Zircaloy-4 cladding. This model
was presented to the NRC in Reference 3.11. Current fuel does not employ Zircaloy-4 cladding. This
model is used as required to analyze Zircaloy-4 clad fuel designs. It is applicable for rod average burnup
up to [ 1. Zircaloy-4 clad fuel will not be used in design at burnups greater than this
value.

The Zircaloy-4 cladding corrosion model in PAD describes the in-pile corrosion of Zircaloy-4 fuel

cladding in terms of weight gain rate, dw/dt, as follows:
a,c

-]

a,c

- ]

where:
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is the out-of-reactor thermal corrosion rate, in (mg/ dm®)/ day,
Tx is the oxide surface temperature in kelvins, and:

F, =1 1™
= [ 1

and the in-reactor corrosion acceleration factors are:

]a,c

where:

Figure 3.3-3 shows the measured versus predicted oxide comparisons for the Zircaloy-4 corrosion model
applied to Westinghouse conventional and improved Zircaloy-4. Figure 3.3-4 provides the measured
minus predicted versus predicted oxide comparisons for Westinghouse conventional and improved

Zircaloy-4. The 95% uncertainty bounds are seen in Figure 3.3-4.
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a,b,c

Figure 3.3-3 Measured Versus Predicted Oxide Thickness — Westinghouse Zircaloy-4 Model
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Figure 3.3-4 Measured Minus Predicted Oxide Thickness — Westingheuse Zircaloy-4 Model

3.3.3 Oxide-to-Metal Ratio

This model is the same as presented in PAD 4.0 (Reference 3.1) and in the recently licensed ZIRLO and
Optimized ZIRLO cladding corrosion model Topical (References 3.7 and 3.8).

Due to the differences in densities of the oxide and the base metal, there is volumetric change from the
metal consumed to the oxide formation. This volumetric difference results in a thicker oxide than the
equivalent thickness of the base metal that was consumed. The ratio of the volumes is characterized by
the oxide-to-metal ratio (O/M). The theoretical O/M ratio, O/My, is referred to as the Pilling-Bedworth
ratio, and for zirconium-based alloys, the value of 1.56 is commonly used. However, during the in-reactor
generation of ZrO,, different mechanisms occur that cause the oxide density to be less than theoretical
resulting in higher O/M ratios at increasing oxide thickness. As the oxide grows, it transitions from a
protective to a non-protective structure. The non-protective oxide contains cracks and pores and this
transition occurs when the oxide is about [ 1.
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The equations governing the O/M ratio as a function of oxide thickness are as follows:

a,c
(3-18a)
a,c
(3-18b)
where:
0zro,1s the oxide thickness (mils).
The cladding base metal wall thickness corrected for oxide, t,,,;;, is then:
! — 621‘02
twau = twau — T’ (3-19)
M

where:
twau 1s the initial clad wall thickness.
3.3.4 ZrO, Temperature Drop Model

This model is the same as that used in PAD 4.0 (Refei ence 3.1) and prior PAD versions (References 3.2,
3.12, and 3.14).

The temperature drop across the zirconium oxide layer, §z,¢,, is given by:

a,c

- ]

Kzr0, is the zirconium oxide thermal conductivity (BTU/hr-ft-°F) (see subsection 6.3.2) and
dzr0, 18 the zirconium oxide thickness (ft).

where:

The temperature at the clad metal-to-oxide interface, T,; a/d , is then:

m/o

where T is the temperature at the oxide surface.
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34 CLAD TEMPERATURE DROP MODEL

This model is the same as presented in PAD 4.0 (Reference 3.1) and prior PAD versions (References 3.2,
3.12, and 3.14.

When the thermal conductivity of the cladding is a [ 1> (Reference 3.1 and
Subsection 6.3.2):

[ ™ (3-22)

then the heat conduction equation can be solved for the cladding inner surface temperature:

a,c

(3-23)

where:

R, is the clad outer radius,

R; is the clad inner radius,

Tc%/; is the metal-oxide interface temperature from Equation (3-21), and
TCI is the cladding inner surface temperature.

For the calculations of cladding creep rates and thermal expansion, the cladding average temperature is
used. This is found by numerically calculating the volumetric average of the cladding temperature.

35 GAPCONDUCTANCE MODEL

This model is modified from that used in PAD 4.0 (Reference 3.1). Original documentation of this model is
located in Attachment F of NS-SL-521 (Reference 3.2) and Reference 3.12.

The temperature drop across the pellet to clad gap is given by:
[ * ' (3-24)

The gap conductance, 4,,,, contained in the fuel rod design model is dependent on the [

]a,c.
3.5.1 Gap Conductance Used for Finite Gaps

The PADS gap conductance model for an open gap is given by:

[ ¥ (3-25)
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where:

hgq is the gap conductance (BTU/hr-ft>-°F),

K. is the effective gas thermal conductivity (BTU/hr-ft-°F),
GAP is the diametral gap (in),

J, is the effective surface roughness (ft).

The gap conductance calculated with Equation (3-33) is used to calculate the temperature drop across the
annular gap. The fuel-clad gap is determined by first radially deforming both the fuel and cladding. The
cladding is radially deformed considering thermal expansion (subsection 6.3.3), elastic deformation in
response to the rod internal pressure and coolant pressure (Section 5.2), creep (Section 5.4), clad
diametral growth (Section 5.5), and plastic deformation (Section 5.3). The fuel is radially deformed
considering thermal expansion (subsection 6.1.3), relocation (Section 5.6), fuel densification and swelling
(Section 5.7), and high temperature fission gas bubble swelling (Section 5.8).

3.5.2 Gas Mixture Thermal Conductivity Model

This model is the same as that used in PAD 4.0 (Reference 3.1). Original documentation of this model is
located in Attachment F of Reference 3.2.

[

]*° The relationship for calculating the thermal conductivity of a monatomic gas mixture is based on
the work of [ 1>
’ a,c

i ] e

where the case i=j is excluded from the sum over j (innermost sum) and:

a,c
(3-27)
a,c
(3-28)
and
n is the number of component gases in the mixture,
M represents the molecular weight,
x is the mole fraction,
K stands for the thermal conductivity (BTU/hr-ft-°F).
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The correlations used for the thermal conductivities of the individual gases in the pellet-cladding gap are
described in Section 6.4.

In calculating the gas mixture thermal conductivity for the gas occupying the pellet-cladding gap, the
average temperature between the pellet surface and the cladding inner surface is employed.

3.5.3 Accommodation Coefficient

This model is the same as that used in PAD 4.0 (Reference 3.1). Original documentation of this model is
located in Reference 3.12.

When the ratio of the mean free path of the gas molecules to the characteristic dimension (gap) of the
body exceeds [ 1*“. Heat transfer from a solid to
a gas in this, [ 1*¢ is then dependent on an accommodation coefficient which is
defined as the ratio of the actual energy interchange to the maximum possible energy interchange between
a surface and a gas. Generally the accommodation coefficient factor of a heavy gas such as argon or
xenon is near one and this effect can be neglected. But the effect cannot be neglected when the gap is
filled with a light gas such as helium. For helium, PAD calculates the following factor by which the bulk
thermal conductivity of helium should be divided when calculating temperature drops in [

]a,c_

fo= 1+ (BEEBE) () (Ko /) (1/8) (329)

12722} CptCy
where:

a; is the accommodation coefficient of the fuel,

«; is the accommodation coefficient of the cladding,
C, is the constant pressure heat capacity,

C, is the constant volume heat capacity,

K}, is the gas thermal conductivity,

4 is the gas viscosity,

A is the mean free path, 4

0 is the characteristic dimension (e.g., radial gap).

Assuming that [ J*¢ and utilizing relationships from the |

]1*¢ it can be shown that Equation (3-29) reduces to:

B [16787-1075 (L;“i)KHerl/Z]
f - Pf )

(3-30)
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where:

K is in BTU/hr-ft-°F

T is the gap gas temperature in degrees Rankine,

P;is the absolute gas pressure in psi,
d is the radial gap in feet | 1€

and where A, the accommodation coefficient, is a function of pressure (Reference 3.17), as shown in
Figure 3.5-1, and is given by:
[ I* (3-31)

The effective thermal conductivity of helium used in Equation (3-26) accounts for the accommodation
factor, so that:

Koy=Ku./f (3-32)
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Figure 3.5-1 Variation in Accommodation Coefficient with Pressure (Reference 3.17)
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3.5.4 Gap Conductance Used for Pellet-Clad Contact

This model is the same as that used in PAD 4.0 (Reference 3.1). Original documentation of this model is
located in Reference 3.12.

When the pellet is in contact with the cladding, the PADS gap (contact) conductance is determined by:

a,c

: ] e

hggp is the contact conductance (BTU/hr-ft*-°F),

P, is the contact pressure (psi), [ ™
K,.i. 1s the thermal conductivity of the gas mixture (BTU/hr-ft-°F),
d, is the effective surface roughness (ft).

where:

If the deformed cladding inner diameter is predicted to be radially inside of the deformed fuel diameter in
a particular axial segment, i.e., an interference fuel-cladding gap, the fuel-cladding contact pressure is
calculated based on the interference gap size assuming.both the fuel and cladding are in the elastic state
(see subsection 5.1.1).

Equation (3-33) is based on the work of [ 1™
and has been selected as a mean value between the published curves. The contact conductance described
by Equation (3-33) is shown in Figure 3.5-2, and is compared to the published work. The adequateness of
this selection is confirmed by the ability of the overall model to correlate the data.
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Figure 3.5-2

Contact Conductance for UO,-Zr at 500°F in Argon
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3.6 FUELTEMPERATURE DROP MODEL

This model is the same as that used in PAD 4.0 (References 3.1) and previous PAD versions
(References 3.12, and 3.14). A brief description of this model is included below.

The fuel temperature profile across a fuel pellet, from the fuel surface to the fuel centerline, is calculated
by solving the heat conduction equation for a cylindrical pellet (assuming radial heat flow) using [

1*° method:
a,c

- ]

K (T) is the fuel thermal conductivity, assumed to depend on temperature and burnup,
T is the temperature at the pellet surface,

T(r) is the pellet temperature at radial position 7,

R is the pellet radius at the outer surface,

q" (r') is the heat flux at radial position 7"’.

where:

The heat flux is calculated as:

ey 1 LT, "d ”'

q'(r") =7 fp,, @G r"dr (3-35)
where:

q""' (r'") is the volumetric power density at pellet radius 7° . —‘

In PAD, the fuel pellet is divided into ten equal-volume radial rings. The volumetric power density in
each ring is given by the pellet radial power distributions discussed in subsection 3.6.2.

The PAD code assumes that the burnup, fuel density, and volumetric power density in each radial ring are
uniform over the ring. Using Equations (3-34) and (3-35), the value of | 1*is calculated for each
ring. The [ 1 correlation for the fuel thermal conductivity presented in subsection 6.1.2 is
then solved for the temperature at each ring boundary.

3.6.1 Fuel Thermal Conductivity

This model is revised for PADS. Original documentation of this model is located in Reference 3.14.

The fuel thermal conductivity model should account for the dependence of thermal conductivity on local
fuel temperature and local burnup, as well as on the burnable absorber concentration |

1*°. The model used in PADS has been updated to explicitly account for fuel
thermal conductivity degradation with burnup and is described in subsection 6.1.2.
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The fuel thermal conductivity model can be qualified directly, based on thermal conductivity data from
laser flash thermal diffusivity measurements, and indirectly, based on measured fuel temperatures. The
validation against measured fuel temperatures is presented in the thermal calibration results in
Appendix A.

Figures 3.6-1 through 3.6-3 show plots of the fuel thermal conductivity of UO,, gadolinia, and erbia fuel,
respectively, as a function of temperature for various burnups. The plots have been extended to the
melting point. The correlations for fuel thermal conductivity and fuel melting point from

subsections 6.1.2 and 6.1.5, respectively, were used.

Figure 3.6-1 Thermal Conductivity for UO, Fuel at Various Burnups
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Figure 3.6-2

Thermal Conductivity for 8% Gadolinia Fuel at Various Burnups
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Figure 3.6-3 Thermal Conductivity for 2.5% Erbia Fuel at Various Burnups

3.6.2 Pellet Radial Power Distribution Model
This model is revised for PADS.

The radial power distribution (and the resulting radial power depression factor) in the PAD code is a
function of [ ' 1*. Local distributions are
determined for each axial segment by a parabolic interpolation to data which are tabulated as a function of
[ 1*°. It has been shown that these distributions

[
. ]a,c'

Radial power distributions can be accurately calculated by PARAGON (Reference 3.13) for various fuel
types (UO,, erbia, gadolinia, and ZrB,-coated fuel), at various burnups, and for different reactor types.

Figures 3.6-4 through 3.6-7 show sample radial power distributions used in PADS. Figure 3.6-4 displays
radial power distributions for UO, fuel with 4.5% enrichment. Figure 3.6-5 presents graphs for radial
power distributions for ZrB,-coated fuel with 3% uranium enrichment. For this graph the focus is on
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lower burnups, as the distributions approach those of pure UO, fuel at burnups starting from about 15
GWdJ/MTU. Figure 3.6-6 shows radial power distribution for 2.5% erbia fuel of 4% uranium enrichment,
and Figure 3.6-7 shows radial power distributions for 8.1% gadolinia fuel of 4.5% uranium enrichment.
PAD divides the pellet into ten equal-volume radial rings. In the graphs shown in Figures 3.6-4 through
3.6-7, ring number one corresponds to the innermost ring and ring number ten corresponds to the
outermost ring. '

Figure 3.6-4 Radial Power Distributions for 4.5% Enriched UO, Fuel at Various Burnups
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Figure 3.6-5

Radial Power Distributions for ZrB,-Coated 3% Uranium Enriched Fuel for
Various Burnups
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Figure 3.6-6

Radial Power Distributions for 2.5% Erbia Fuel with 4% Uranium Enrichment at
Various Burnups
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Figure 3.6-7 Radial Power Distributions for 8.1% Gadolinia Fuel with 4.5% Uranium
Enrichment at Various Burnups

3.7 PLENUM TEMPERATURE MODEL

This model is the same as what was used in PAD 4.0 (Reference 3.1). Original documentation of this
model is located in NS-SL-521 (Reference 3.2), Attachment M.

The plenum gas temperature calculation is based on the data obtained from two in-pile experiments. The
first experiment was performed in the Organization for Economic Co-Operation and Development
(OECD) Halden Boiling Heavy Water Reactor in Norway during the second half of 1968. The second
experiment was performed in the Plutonium Recycle Test Reactor (PRTR) during several months of
operation as part of the Plutonium Utilization Program at Pacific Northwest National Laboratory (PNNL).
For both experiments, both internal gas pressure and plenum gas temperature were recorded during the
irradiation period.

The plenum geometries, the axial heat flux distributions and the fuel rod characteristics were significantly
different in the two experiments. However, it was possible to derive from these data a very simple
relationship between the gas plenum temperature, the coolant temperature, and the fuel rod operating
power. This relationship reveals that the plenum gas temperature is directly related to the surrounding
coolant temperature and is a weak function of the fuel rod power. Although the plenum geometries in
these two experiments are somewhat different from our reference fuel rod plenum geometry, this simple
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model can be used to predict the operating plenum gas temperature in the Wesﬁnghouse fuel rods to a
sufficient degree of accuracy.

The resulting equation is:

a,c
Tptenum = Teoolant +|: :| (3-36)
where:
Tyienum 1s the average temperature of the gas space in the plenum of a PWR fuel rod (°F),

Teootant 18 the rod coolant channel outlet temperature. (°F),

[

I*
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4 GAS RELEASE AND INTERNAL PRESSURE
Section 4 describes the PADS:

Fuel helium solubility model,

Z1B, helium release model,

Fission gas release model,

Free gas equation of state,

Cladding gas absorption, and -

Open void volume and rod internal pressure models.

41 HELIUM SOLUBILITY AND RELEASE

This model is the same as in PAD 4.0 (Reference 4.1). Original documentation of this model is located in
PAD 3.3 (Reference 4.2). : :

" Following initial manufacturing, the fuel pellets in fuel rods containing pressurized helium are assumed to
absorb a portion of the helium atmosphere within a short period of time. During operation an additional
0.3 atoms of helium are produced for every 100 fissions and a portion of the produced helium is released.

Review of published literature indicates that dissolution of helium into UO, occurs to a small extent.
Westinghouse has carried out tests to determine the extent of helium dissolution in UO, during irradiation
in helium pressurized fuel rods. Knowledge of the extent of dissolution of helium is important in
calculating fuel rod internal pressures.

Data from 90% Theoretical Density (T.D.) and 95% T.D. fuel irradiated in the Plant AA reactor to
burnups between 1000 and 5000 MWd/MTU (Table 4.1-1) and higher burnup data for fuel between
91.5% T.D. and 96.0% T.D. (Table 4.1-2) have been fit with a standard multiple linear regression equation
to obtain the helium solubility equation used in the PADS code:

S=[ * (4-1)
where:
S is the helium solubility, (cc (STP)/gm UO,)
Po is the initial fuel density, (% T.D.)
Py is the initial gas pressure, (psia)
BU is the fuel burnup, MWd/MTU)

Table 4.1-3 compares the predicted and measured solubility data using this equation.
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The use of the helium content (solubility) equation in design consists essentially of the following steps.

. The extent of helium dissolution is calculated for the initial fuel density assuming dissolution to
be complete at the beginning of irradiation.

. The initial backfill pressure is calculated to be consistent with the loss of helium due to solution.
The internal gas pressure (P) is then given by:

P="Po - APs (4-2)
where:

Po  is the initial fill pressure
APs  1is the pressure reduction due to the initial absorption of helium.

. At any point during irradiation the helium content in the fuel is re-evaluated using Equation (4-1)
and assuming that helium produced by fissioning is 0.30 atoms/100 fissions. Thus at any time:

Hg = So + H, - S(t) (4-3)

and the fractional release (relative to the total) is:

_. Hp
Fy = So+Hp (4-4)

where:
S(t) is the helium content at any time
So is the initial helium absorbed into the fuel
Hr  is the helium release during irradiation
H, is the helium produced by fissioning.

Figuie 4.1-1 illustrates how the helium content varies as a function of density and burnup.

The helium which has been released from the fuel (HR) increases the internal gas pressure proportionally.
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Table 4.1-1  Plant AA Helium Solubility Data
| Fuel Density Design Pressure Burnup Helium Content
Rod Identification (%T.D.) (psia) (MWd/MTU) (cc/gm)
(1) 506-A1 90.1 720 4600 [
(2) 506-A2 90.1 720 4600
(3) 506-B1 90.2 720 3300
(4) 506-B2 90.2 720 3300
(5) PM-1 94.7 500 3310
(6) PM-2 94.7 500 3500
(7) PM-3 94.7 500 3350
(8) PM-4 94.7 500 3500
(9) PM-5 94.7 500 1070 N
Table4.1-2  Plant A and Plant Z Helium Solubility Data
A - Fuel Dehsity (% | Design Pressure Burnup Helium Content
Rod Identification T.D.) (psia) MWdJI/MTU) (cc/gm)
(1) Plant A 007-110 96 600 14030  |[
(2) Plant A 007-4.5 96 600 7788
(3) Plant A 013-110 96 380 10707
(4) Plant A 11-110 94 200 13774
(5) Plant A/3/C18-H1-1A 915 275 23500
(6) Plant A /3/C18-H1-1B 91.5 275 23500
(7) Plant A /3/C18-J5-1A 91.5 275 22600
(8) Plant A /3/C18-J5-1B 91.5 275 22600
(9) Plant Z 285/75-76 94.6 500 31000
(10) Plant Z 285/75-76 94.6 500 31000
(11) Plant Z 285/9.9-10.4 94.6 500 30000
(12) Plant Z 285/4.8-5.2 94.6 500 25000 L
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Table 4.1-3  Comparison of Predicted and Measured Helium Solubility Data

Data Point

Helium Content (cc/gm)

Predicted

Measured

Table 4.1-1 (1)

Table 4.1-1 (2)

Table 4.1-1 (3)

Table 4.1-1 (4)

Table 4.1-1 (5)

Table 4.1-1 (6)

Table 4.1-1 (7)

Table 4.1-1 (8)

Table 4.1-1 (9)

Table 4.1-2 (1)

Table 4.1-2 (2)

Table 4.1-2 (3)

Table 4.1-2 (4)

Table 4.1-2 (5)

Table 4.1-2 (6)

Table 4.1-2 (7)

Table 4.1-2 (8)

Table 4.1-2 (9)

Table 4.1-2 (10)

Table 4.1-2 (11)

Table 4.1-2 (12)
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Figure 4.1-1

Comparison of Predicted and Measured Helium Content
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42  HELIUM RELEASE (ZIRCONIUM DIBORIDE)

The helium generation from ZrB; is the same as in PAD 4.0. The helium release model for ZrB; is revised
Jor PADS.

4.2.1 Background and Helium Release Data

Helium generation from the ZrB, coating is equal to the Boron-10 (B'®) depletion of the boron coating,
The model for the fractional B'® depletion of boron coated pellets is

a,c

C :

B, = fraction remaining of B

the units of Rod Burnup are GWd/MTU

the units of Enrichment are weight percent

the constants are [ , 1*

where:

The ZrB, helium release model in PAD 4.0 conservatively assumes [
]*¢ for best estimate results since the licensing of the Vantage 5 fuel assembly in Reference 4.3.
This model is largely based on results from early [

]a,c

There are helium release data from [

]a,c

A recent Halden test has allowed a better understanding of the magnitude and trend of the release during
the time of helium production and after the completion of the production. Two rods with ZrB, coating

[ ]*“. The fraction of helium gas
released from the ZrB, coating was determined to be around [
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[
]a,c
Table 4.2-1  Boron Coated Fuel Helium Release Data from LTA Programs
B" : Helium
Test Thickness | Enrichment | Percent B Release Burnup Time
Number Plant (mil) (%) (%) (Fraction) | (GWd/MTU) (days)
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Table 4.2-1  Boron Coated Fuel Helium Release Data from LTA Programs
(cont.)
B" Helium
Test Thickness | Enrichment | Percent B Release Burnup Time
Number Plant (mil) (%) (%) (Fraction) (GWd/MTU) (days) ab.c
_
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Figure 4.2-1 Helium Release Fraction as Function of Irradiation Time

4.2.2 ZrB; Helium Release Model

The temperature of the ZrB, coating was maintained at [ 1*° which is higher
than the temperature of the ZrB, coating expected in normal commercial reactor operation. While the
absolute helium release fraction may vary in the Halden test rod due to this temperature difference, the
helium release trend and the time-dependence indicated by the Halden data should be applicable to
commercial fuel rods with ZrB, coated pellets.

From Beginning of Life (BOL) to the time the helium release reaches a maximum release fraction, the

release fraction as a function of time can be modeled as three linear segments — the Best Estimate (BE)
model shown in Figure 4.2-2. [

>
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]a,b,c
a,b,c

Figure 4.2-2 ZrB; Helium Release Model and Data

In summary, the proposed helium release fraction model as a function of irradiation time for PADS5 is [

]a,c
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4.3  FISSION GAS RELEASE MODEL

The model function form for the thermal release was developed as part of PAD 3.4 (Reference 4.4). The
model continued to be used in PAD 4.0 (Reference 4.1). The coefficients for the thermal release model are
recalibrated with an updated database. | '

]a,c

A two component gas release model is used to describe the fission gas release, with one component giving
the gas release from the high fuel temperature regions of the high power rods and the second component
giving the major contribution to the gas release from the lower power rods and the cooler outer regions of
the fuel rods. The fission gas release model is based on a fission gas production rate of 30 atoms per

100 fissions.

4.3.1 Thermal Fission Gas Release Model

The high temperature gas release model is based on concepts drawn from mechanistic models of high
temperature gas release through interlinking of grain edge fission gas bubbles. Fission gas produced in the
interior of the fuel grains migrates to the grain boundaries by diffusion or grain boundary sweeping,
depending on the local fuel temperature. Fission gas bubbles form on the grain boundaries and a saturated
gas bubble density develops on the grain edges as irradiation continues. Eventually the grain edge bubbles
interlink, and the fission gas stored in the bubbles is vented to the fuel rod void volume. An equilibrium
release rate is eventually established such that the net gas release rate equals the fission gas production
rate.

The functional form of the thermal fission gas release model developed in Reference 4.4 is a
phenomenological model based on the irradiation dependence of the gas release from mechanistic gas
release models for the diffusion of the fission gas generated in the fue] grains to the grain boundaries,
formation of fission gas bubbles on the grain boundaries, and release of the fission gas when these grain
boundary bubbles interlink. At low fuel temperatures the grain boundary bubbles do not form, since the
gas diffusion rates are very low, and no fission gas is released by this gas release mechanism. At higher
fuel temperatures, grain boundary gas bubble formation and grain boundary gas bubble interlinking
occurs. There is a delay in the gas release at the higher fuel temperatures to account for the time needed
for the grain boundary bubbles to form and interlink. This delay decreases with increasing temperature, as
the gas diffusion rates increase, and at very high fuel temperatures the thermal fission gas release is
virtually instantaneous. The principal feature of this gas release model is that fission gas is released as fast
as it is produced once a burnup threshold is reached. To give a smooth variation in the thermal fission gas
release, a transition region is used through which the gas release rate varies continuously between no
thermal gas release at low temperatures to a release rate equal to the fission gas production rate at high
temperatures.
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The temperature dependence of the fission gas release model burnup thresholds is determined by fitting
the model with the fission gas release data. The burnup thresholds are shown in Figure 4.3-1. The burnup
thresholds Bpnc (for incubation) and Bggp (for Release Equal Production) are defined as functions of the
local temperature T, in K, by pairs of burnup and temperature values, with the threshold curves given by:

a,c

[ ] -

The burnups (in MWd/MTU) and temperatures (in K) defining the inflection points for the Bye and Brgp
curves are:

]a,c

The fractional gas release in the three regions shown in Figure 4.3-1 are given by:

a,c
(4-7a)
a,c
(4-7b)
a,c
(4-7¢)
where:
Rinerma 18 fractional thermal fission gas release
B is the local burnup MWd4A/MTU)
and Bggp and By are calculated from the current local temperature.
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Equation (4-7b) is a simple interpolation formula between no release for burnup less than By to release
equal to production for burnup greater than Bggp with the constants chosen so that the fractional release
Rinerma1 1 @ continuous function of burnup.

For time dependent fuel temperatures, the thermal fission gas release model is applied by assuming that
the thermal fission gas release is path independent when the fuel temperatures increase, so that there is
rapid release of stored fission gas when the fuel temperatures increase. When the fuel temperatures
decrease, there is no change in the amount of fission gas that has been released until the burnup reaches a
value where the model predicts additional fission gas release at the lower temperature. Though the
fractional thermal fission gas release will decrease with decreasing temperatures, the total amount of
fission gas released will either remain constant or increase.

Because of the path independence of the steady-state thermal fission gas release with increasing

temperatures, a transient fission gas release model is used to obtain the fission gas release during short
duration overpower transients. The transient fission gas release model is given by:

Rtransient (t) = f (t)Rrhermal (4_8)

where f(t) is an approximation of the Booth expression (Reference 4.5) for the diffusion of the fission gas
in the fuel grain to the grain boundary:

_ ac
B N (4-9a)
_ a,c
(4-9b)
where:
T = Dy t/XDIFF
Dx. is the Xenon diffusion coefﬁcient (cm*/sec)
t is the time (sec)
XDIFF is an effective grain radius (cm), [
I
and the Xenon diffusion coefficient, (Reference 4.6), is:
Dy = 7.6x10%exp(-35000/T) + 1.41x107"%¢'*exp(-13800/T) +2x10°) (4-10)
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where:

T is the local temperature (K)
¢ is the local fission rate (fissions/cm’-sec)

The f(t) transient factor is always used in calculating the thermal fission gas release. It has a relatively
minor impact on the thermal fission gas release fractions calculated during steady state operation, where
the fuel operates at effectively constant temperatures for a sufficiently long time for f(t) to reach its
asymptotic value, f(t) = 1.

[

]a,c

a,b,c

Figure 4.3-1 Bgrep and Biyc Burnup Dependence
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4.3.2 Athermal Fission Gas Release Models

Two models are used for the athermal fission gas release at low fuel temperatures. At all fuel burnups,
there is a relatively small amount of fission gas release due to recoil and knockout. The fission gas
release fraction due to knockout and recoil, Rxog, is given by:

[ I (4-11)
where:

Buy,, is the fuel local radial burnup (MWd/MTU) and
[ [t

In addition, a significant increase in the fission gas release of rods that operated at relatively low power at
high burnups has been measured. The fuel temperatures achieved for this fuel during high burnup
operation are too low for there to be any significant release due to the thermal fission gas release effects
included in the PADS5 thermal fission gas release model.

To account for this enhanced athermal fission gas release at high burnup, an enhanced athermal fission
gas release fraction, Ry enn, 1S calculated:

a,c

[ :I : (4-122)

a,c

[ ' :I (4-12b)

where Buy, is the fuel radial local burnup, in MWd/MTU, and Bu,,;, is the threshold burnup for the
enhanced athermal fission gas release, in MWd/MTU. The value of these model constants for the high
burnup enhanced athermal fission gas release are:

a,c

44  EQUATION OF STATE (EOS) MODEL

This model is the same as in PAD 4.0 (Reference 4.1).

4.4.1 Background

The relationship between pressure, temperature, and mass for the fill gas or fission gas in PAD 3.4
(Reference 4.4) and earlier models was based on the Ideal Gas Law. The Ideal Gas Law relationship is

valid for many gases near room temperature and pressure, and is good for noble gases such as helium,
neon, and argon up to moderate pressures (400-500 psia). At high pressures (P > 500 psia) however, the
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Ideal Gas Law becomes increasingly inaccurate. Figure 4 from Chapter VII of Reference 4.7 shows that
above about 500 psia, inert gases do not exhibit ideal behavior. At end of life, when the rod internal
pressure can exceed 2000 psia, none of these gases will exhibit ideal behavior. Therefore, use of the Ideal
Gas Law to estimate rod pressure given the temperature and specific volume will be inaccurate.

A survey was conducted to determine the most appropriate EOS. It was determined that the Peng-
Robinson equation, (Reference 4.8), gave the most accurate predictions for the range of interest.
However, this EOS consistently under predicts the measurements over the whole range of helium mole
fraction. A positive aspect of this EOS is that the prediction error is insensitive to the helium
concentration, thus leading to the following (calibrated) gas EOS:

P = aP  (4-13)

where P° is the corrected or calibrated Peng-Robinson gas EOS, P is the original Peng-Robinson gas EOS,
and [ 1*¢ is a correction factor determined from the data depicted in Figure 4.4-1, which shows
the prediction error DP/P as defined below as a function of helium mole fraction for the corrected Peng-
Robinson EOS. The prediction errors are very balanced and range between -2% and 2%.

For fission gas mixtures even at end of life, helium generally has the highest mole fraction. Measured data
was obtained from References 4.9 through 4.13 for the various gas matrix evaluations.

DP/P is defined as:

DP _ Pyredicted—Pmeasured (4_14)

p Pmeasured

This quantity is positive when the pressure is over predicted, and negative when under predicted.

The calibrated Peng-Robinson EOS performs well at high He composition. Figure 4.4-2 shows the
calibrated Peng-Robinson Predicted vs. Measured plot results for various pressures.
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Figure 4.4-1

Calibrated Peng-Robinson Equation of State DP/P versus Helium Mole Fraction
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Figure 4.4-2 Calibrated Peng-Robinson Equation of State Predicted versus Measured Pressure

In summary, the Ideal Gas Law was found to potentially underpredict pressure for compositions with high
helium mole fraction and the Peng-Robinson EOS was found to better fit measured data.

44.2 EOS Model

i

The pressure-temperature-volume relationship for a pure fluid is often represented by a cubic Equation of
State, which has the general form:
po R ___o @15)

v—b  v2+ ubviwb?
where P is the pressure, T is temperature, v is specific volume, and R is the Universal Gas constant.

For the Peng-Robinson equation of state, u =2 and w = -1 with:

0.07780RT,
Pe

b= (4-16)
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and:
a=9£¥§ﬁfu+fwu—qﬁﬁr (4-17)
where:
fw = 0.37464 + 1.54226w — 0.26992w? (4-18)

In Equations (4-16) and (4-17), the subscript “c” denotes properties at the critical point. The reduced
temperature is defined as:

T, =L (4-19)

The function for fw given by Equation (4-18) uses the acentric factor @, which is a parameter that
represents the complexity of a molecule with respect to geometry and polarity. For mono-atomic gases,
o is usually zero or very small.

In the PADS5 code up to eight different gases can be present in the gas mixture. Table 4.4-1 lists these
components and the properties assigned in the code as taken from Reference 4.8.

Table 4.4-1  Pure Gas Component Properties List for PADS

T, P.

Component (K) (bar) ©
Helium 5.19 2.27 -0.365
Xenon 289.7 58.4 +0.008

Krypton 209.4 | 55.0 +0.005
Argon 150.8 48.7 +0.001
Nitrogen 126.2 339 +0.039
Water Vapor 647.3 221.2 +0.344
Hydrogen 332 13.0 -0.218
Oxygen 154.6 50.4 +0.025

For gas mixtures, the attraction and repulsion between molecules of different components causes non-
linear variation of some properties with composition. To account for this in Equation (4-15), a set of
mixing rules can be defined to this non-linearity. The values of “a” and “b” in Equation (4-15) are
re-defined. Based on the recommendations in Reference 4.8, the following mixing rules are used in the
PADS code:

0.5
am = 2 2 viyj (aa;) (1 —k;j) (4-20)
by = X yib; 4-21)
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The b; and a; for each pure component are given by Equations (4-16) and (4-17) respectively. The term k;
is used for some binary pairs to adjust for strong interactions and is determined from experimental data. In
the PADS code k;; = 0, is assumed for all binary combinations. '

45 GAS ABSORPTION IN CLADDING EFFECT

This model is the same as in PAD 4.0 (Reference 4.1).

The fuel rod internal free gas mixture includes: (1) the fission gases produced during operation, (2) gas
from the pellets including the gas from the ZrB, coating if present, (3) the gas from the rod
pre-pressurization, and (4) the [ 1*°. When the rod is
pre-pressurized and sealed during fabrication, the rod [

1*. Zirconium alloys are known to react
with|[ 1*°.

For example, assuming a plenum volume of about [ 1 and a gas mixture of [
1*. With about [

1" the corresponding weight gain for total [
]*“. Based on reaction rates in Reference 4.15, [

1#¢ will occur within [ 1*°. Thus,

all of the [
]a,c.
Zirconium preferentially reacts with [ 1% are present. When the
[
1*° The absorption rate of [
1*. Based upon the weight of [
1*. Thus,

it will take about [ 1*. This may be a
lower than actual rate since the rate is temperature dependent. |

]a,c

Irradiated rods were punctured in the hot cell and the gas present in the rod was captured and analyzed. In
the 22 Plant B rods measured and in 7 other rods from Plant C and Plant D, there was [
1#°°. The
measurement sensitivity is reported as less than 0.01% by volume. If the [ -
1" pressurization and
a resultant internal rod gas mixture with [ J* by volume. These levels, if present in the rod at end
of life, are above the detection limit by a factor of over 100.

These evaluations indicate that the [
1" the Zircaloy-4, ZIRLO, or
Optimized ZIRLO cladding microstructure, and [
1*°. Therefore, PADS
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does not account for [

]a,c.
4.6 VOID YVOLUMES AND INTERNAL PRESSURE

This model has minor updates to what was used in PAD 4.0 (Reference 4.1). Original documentation for
the model is located in NS-SL-521 (Reference 4.16 Attachment C). PADS5 updates the crack volume and
the gap volume due to the pellet relocation model. The central hole volume for the annular pellets was
also modeled in PAD 4.0, but was not discussed in the PAD 4.0 topical report.

The fuel rod void volume at power is the sum of the following void components:

Plenum volume

Dish volume

Fuel-clad gap volume

Crack volume

Open porosity volume

Fuel pellet surface imperfection volumes
o Central hole volume for annular pellets

Plenum volume is calculated from the initial clad, fuel, and spring dimensions and subsequently accounts
for temperature and irradiation effects (such as clad growth and fuel swelling).

The dish volume is calculated at any given power and time by applying the appropriate thermal expansion
and fuel swelling to ten radial rings, recalculating the shape of the pellet, and then summing up the
volume at the pellet end face.

The fuel-clad gap volume is calculated by subtracting a pellet cross-sectional area based on radial fuel
pellet expansion due to fuel densification, swelling, thermal expansion, and pellet relocation, from a
cladding ID cross-sectional area which includes the effects of elastic and plastic cladding deformation.

The crack volume, as a result of pellet cracks from the thermal stress, is calculated at any given power
and time by applying the linear thermal expansion to ten radial rings (appropriate to its average
temperature), calculating the pellet volume based on the pellet radius, and then subtracting the sum of the
volumetric expansions of each ring. [

]a,c

]a,c

a,c

I ]

where j is the axial section index, Al is the height of the axial section, DPy is the hot pellet diameter, and
3Dre1oc is the diametral relocation . AV g, is added to the pellet crack volume in each axial section.
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The open porosity volume is calculated as a function of initial fuel density and fuel temperature at power.
The open porosity at room temperature is:

[ ' ™ (4-23)

where py is geometric density in % T.D. The above relationship was obtained from open porosity
measurements on a large number of unirradiated production fuel pellets.

The open porosity dependence on temperature, T, is calculated as follows:

[
]a,c

Fuel pellet surface imperfection volume is the difference between the geometric and true density. It has
been determined to be [ 1% of the fuel volume, based on a large number of measurements on
unirradiated production pellets.

The central hole volume for the annular pellets is calculated from the initial central hole volume and
subsequently accounts for temperature and irradiation effects (such as fuel thermal expansion and fuel
swelling and densification).

All the volumes thus calculated are summed to give the total fuel rod internal void volume.

Rod internal pressure is calculated using the Peng-Robinson EOS discussed in Section 4.4. The various
volumes and the corresponding temperatures used in the equation are:

a,c
Plenum volume [ O
Dish volume

Fuel-clad gap volume

Crack volume

Open porosity volume

Fuel pellet surface imperfection volumes

Central hole volume for annular pellet
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5 CLAD AND FUEL DEFORMATION MODELS
Section 5 begins by describing the PADS5 cladding models for:

e Clad stresses, including fuel-cladding contact pressure, differential pressure stresses, stress for
clad creep and plasticity analysis, and thermal stresses,

Clad elastic deformation,

Clad plasticity,

Clad creep, and

Clad diametral growth.

Following a description of these cladding models, Section 5 then describes fuel models for:

. Fission gas bubble swelling,
. . Fuel swelling and densification, and
. Fuel relocation

Lastly, the fuel rod cladding axial growth model is described. Clad and fuel thermal expansion models are
described in subsections 6.3.3 and 6.1.3, respectively.

51  CLAD STRESSES
5.1.1 Fuel — Clad Interference Gap and Contact Pressure

This model is the same as in PAD 4.0 (Reference 5.1) except that the fuel relocation deformation is
considered in the interference gap in PADS.

The fuel-clad gap is determined by first radially deforming both the fuel and cladding. The cladding is
radially deformed considering thermal expansion (subsection 6.3.3), elastic deformation in response to the
rod internal pressure and coolant pressure (Section 5.2), creep (Section 5.4), clad diametral growth
(Section 5.5), and plastic deformation (Section 5.3). The fuel is radially deformed considering thermal
expansion (subsection 6.1.3), relocation (Section 5.6), fuel densification and swelling (Section 5.7), and
high temperature fission gas bubble swelling (Section 5.8).

If the deformed cladding inner diameter is predicted to be radially inside of the deformed fuel diameter in
a particular axial segment, i.e., an interference fuel-cladding gap, the fuel-cladding contact pressure is
calculated based on the interference gap size. The interference gap, GAP, is represented as a positive
quantity for this calculation. The fuel-cladding contact pressure is calculated assuming both the fuel and

cladding are in the elastic state. The contact pressure is given by: -
a,c

[ I

P, is the contact pressure (psi)

where:
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GAP is the diametral interference (in)

R; is the clad inside radius (in)

E is Young's Modulus (psi)

u is Poisson's Ratio

K. is the cladding radius ratio, R/R;

and the subscripts ¢ and p refer to cladding and fuel pellet, respectively.

Some deformations (for example, fuel relocation, clad plasticity, and cladding creep) may depend on the
calculated stress or contact pressure. These deformations and the contact pressure for a give time step
have to be solved iteratively. The solution procedure is summarized in Section 2.1.

5.1.2 Cladding Stresses from Differential Pressure

This model is the same as in PAD 4.0 (Reference 5.1).

The cladding stresses are calculated assuming no interaction between the axial segments in the fuel rod
geometry. For elastic analysis, the cladding stresses for radial, hoop and axial directions are:

— ac
(5-2a)
_ ac
(5-2b)
a,c
(5-2¢)
where:
o, = radial stress (psi)
os = hoop stress (psi)
o, = axial stress (psi)
P,s = rod internal pressure (psi)
Pys = coolant system pressure (psi)
P.on = pellet-cladding contact pressure (psi) ,
R, = cladding outer radius prior to accounting for elastic strains (in)
R; = cladding inner radius prior to accounting for elastic strains (in)
K. = RJ/R:

The radial and hoop stresses depend on the radial position ‘R’ in the cladding wall, and the axial stress is
constant across the cladding wall.
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5.1.3

Stress for Clad Creep and Plasticity Analysis

This model is new for PADS.

PADS uses the Prandtl-Reuss flow rule to calculate the cladding hoop creep and plastic strain increments,
with the stresses calculated at the cladding mid-wall:

o€

Ogg = Lo 0.d (5-3)
o) eff
where:
dgp = hoop strain increment (in/in)
deer = effective strain increment, calculated from the creep rate model (in/in)
o = effective stress (psi or MPa)
Gga = hoop deviatoric stress (psi or MPa)
with:
Cpq=0g— I2(0,+0,)
and:
1 2 2 Y2
O =—=\|(0g—0,) +(0,-0,) +(0,—0p) (5-4)
eff «/5 [ 7 r z 8 ]
This flow rule can be generalized to calculate the hoop, radial, and axial creep and plasticity strain
increments, using the definitions:
Coq =0p— I2(0, +0),) (5-5a)
C,q=0,— 1(Cy+0,) (5-5b)
Ozd =0~ I/Z(Gr + 0-9) (5-5¢)
With these definitions,
2 [ 2 2 P ]1/2
O-eff = E O-g,d + Gr,a’ + O'z’d . (5-6)
5.1.4 Thermal Stresses
This model is the same as in PAD 4.0 (Reference 5.1).
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Thermally induced hoop stresses caused by the temperature gradient through the cladding are considered
in the fatigue calculation. These stresses are given by:

a,c
I: :l (5-7)

a,c

[ T e

where A and 1 are cladding anisotropic property coefficients, kg is the clad thermal conductivity
(BTU/hr-ft-°F), q"(Z) is the heat flux (BTU/hr-ft?) at axial elevation z, and o4, and Og,; are at the
cladding outside and inside, respectively.

and

Assuming isotropic properties and rearranging, simplified forms of these expressions are obtained:

a,c
- |

a.c

- ;

where, a is the thermal expansion coefficient, i is Poisson’s ratio, AT is the temperature (°F) difference
between clad inner and outer surface.

and

5.2 CLAD ELASTIC DEFORMATION

This model is the same as in PAD 4.0 (Reference 5.1).

Considering the fuel rod as a closed-end transversely isotropic thick-walled cylinder in a three
dimensional system subjected to the external coolant pressure, P, and the internal fission gas pressure, Py,

the elastic diametric deflection at the inner surface due to the pressure differential is given by:

a,c

[ ] e

where:
K. = cladding radius ratio, (R,/Ry);
i, = Poisson’s ratio for cladding;
E. = Young’s Modulus for cladding (psi).
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5.3 CLAD PLASTICITY
This model is revised for PADS.

Cladding plastic strains follow a power law expression:

[ ]

g1 is the plastic effective strain (in/in)
o.rr is the cladding effective stress (psi or MPa)
oy s the irradiated cladding 0.2% offset yield stress (psi or MPa)

where:

The correlation for the plasticity model stress exponent N can be developed using the materials properties
correlations for Young’s modulus (E), the yield stress, and the ultimate tensile strength.

Though Equation (5-12) will be used as an equation for engineering strain as a function of engineering
stress in PADS, it is an equation for true strain as a function of true stress. This distinction is not
significant for plastic strains < 2%, which is probably the maximum plastic strain that could occur in fuel
rod overpower ramp tests and is certainly more than the plastic strain that would be calculated in design
analyses, which will be no more than the 1% allowable transient total strain increment. However, the
distinction is significant for the evaluation of unirradiated cladding tubing plasticity data when it is used
to obtain data for the stress exponent N in Equation (5-12).

During a uniaxial test,

Epe = N1+ geng) (5-13)

and:

O = O g™ (5-14)

true

Including the elastic strains, the relationship between the total true strain and the true stress is:
a,c

[ g e

The engineering strain at the maximum is the Uniform Elongation (UE) and the engineering stress at the
maximum is the Ultimate Tensile Stress (UTS). The condition defining the UE is:
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a,c

(5-16)

From Equations (5-15) and (5-16), it can be shown that the stress exponent N and the cladding Uniform
Elongation (UE) are related by two coupled non-linear equations: '

(5-17)

(5-18)

where E is the cladding Young’s modulus and UTS is the cladding Ultimate Tensile Strength.
Using the Westinghouse materials properties correlations for E, the irradiated yield stress oy, and the
irradiated Ultimate Tensile Stress in Section 6, the stress exponent N for irradiated cladding is
temperature dependent and is given by: '
[ ™ (5-192)
[ " (5-19b)
where:
T, is the cladding temperature (°C).
This correlation for N is applicable to irradiated Zircaloy-4, ZIRLO, and Optimized ZIRLO cladding.
Figure 5.3-1 shows the behavior of the PADS cladding plasticity model. This plasticity model is
implemented using the von Mises criterion and the Prandtl-Reuss flow law to calculate the hoop, radial,

and axial components of the plastic strains as discussed in subsection 5.1.3, in the same way that the
hoop, radial, and axial components of the cladding creep strains are calculated.
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Figure 5.3-1 Plasticity Model Schematic Behavior

54  CLAD CREEP

The thermal creep model is the same as in PAD 4.0 (Reference 5.1). The irradiation creep model is
revised in PADS. The coefficients are updated for PADS based on calibration to in-reactor and test
reactor data.

In-reactor diametral creep is predominantly a combination of the following mechanisms: thermal creep,
irradiation enhanced creep, and irradiation induced diametral growth.

The in-reactor cladding creep determines the total effective strain rate by adding together the terms for
thermal, irradiation, and diametral growth:
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[ ]

where:

£, = thermal creep rate (in/in/hour),
&,, = irradiation creep rate (in/in/hour), and
é‘g, = diametral stress-free irradiation growth rate (in/in/hour).

Eps Epprand & o are treated as mid-wall quantities, i.e., mid-wall clad strain and mid-wall clad strain

rate. The thermal and irradiation creep components are distributed to the hoop, radial, and axial directions
based on the flow rule relationship of the deviatoric stress, effective stress, and effective strain that was
established in subsection 5.1.3. Only the diametral stress free irradiation growth is considered here. The
axial stress free irradiation growth is considered in Section 5.9 rod axial growth.

For each cladding type [

1*¢ determined with the final functional
form such that the average Predicted-Measured creep value for each clad material is approximately zero;
and thus the total effective strain rate is given by: ‘

a,c
|: :I 521y

Thermal effective creep rate & 18 a time derivative of:

a,c
(5-22)
where:
&, = thermal creep effective strain (-),
¢ = time (hour),
s = cumulative fast fluence (n/cm?),
HTCAL and DTCAL are calibration coefficients.
and the secondary creep rate is:
a,c
i T e
where:
&, = secondary creep rate (1/hour)
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T = temperature (K),
O,y = effective stress (MPa),
E = Young’s modulus (MPa),

STCAL and QTCAL are calibration coefficients.

and the saturated primary creep strain is:

a,c

I: :| (5-24)
and the time constant is:

a,c

l: :I (5-25)
where, PTCAL and CTCAL are calibration coefficients.
From a review of the available irradiation creep data on Cold-Worked Stress Relieved (CWSR)
Zircaloy-4, ZIRLO, and Optimized ZIRL.O cladding, [

]a,c
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ab,c

Figure 5.4-1 B&W/EPRI CWSR Zircaloy-4 Irradiation Creep Data (103 MPa) for Various
Temperatures '

The revised effective irradiation creep rate &;,, is:

|: :| (5-26)

where:

cumulative fast fluence (n/cm’),

o =
¢ = instantaneous fast flux (n/cm’-sec),

[ : o (5-27)
r = temperature (K),

AICAL, DICAL, FICAL, and TSATIRR are calibration coefficients,

[
]a,c

May 2016
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In PAD 4.0, [

]*°. This change of temperature dependence is based on the following observations:

1. [
2, [
3. [
]a,c
However, [

The diametral growth é‘g, is described in Section 5.5.

] a,.c

]a,c

]a,c.

The creep model calibration and model uncertainties are discussed in the creep model calibration section

of Appendix A. The calibrated model coefficients are:

Table 5.4-1  PADS Creep Model Coefficients

Creep Model

Calibration Parameters

Values

Comments

Thermal Creep

STCAL

PTCAL

CTCAL

HTCAL

QTCAL

DTCAL

Irradiation Creep

AICAL

DICAL

FICAL

TSATIRR
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The coefficients CCOEF1 and CCOEF2 are cladding alloy specific material constants, with values given
in the following table:

Table 54-2  PADS Creep Model Alloy Specific Material Constants -
Cladding Material : CCOEF1 CCOEFR2 ac

5.5 CLAD DIAMETRAL GROWTH

The rod growth model for Zircaloy-4 cladding is the same as in PAD 4.0 (Reference 5.1). Rod growth
models for ZIRLO cladding and Optimized ZIRLO cladding are revised for PADS.

5.5.1 ZIRLO Cladding and Optimized ZIRLO Cladding
The fluence dependence of the experimental data for both ZIRLO and Optimized ZIRLO cladding is

different from the PAD 4.0 model. The PAD 4.0 model has an exponential decay fluence dependence. The
data exhibit an approximately linear fluence dependence. Figures 5.5-1 and 5.5-2 show that: ,

o The fluence dependence is linear and
. The measured strains (note that the data have negative hoop strain values) are significantly lower
than the PAD 4.0 model.

The models for the stress-free diametral growth strains of ZIRLO cladding and Optimized ZIRLO

cladding are:
a,c

i 5

where Ry are the low fluence irradiation growth rates and @ is the fast fluence. The values for these
material parameters, for €¢ in units of % and fast fluence in units of 10?! n/cny?, are:

Parameter (Units) ZIRLO Cladding Optimized ZIRLO Cladding a,c
Ro (%/10%' n/em?, E>1 MeV) B ]
The nominal tin content for Optimized ZIRLO cladding is [ 1.

The hoop strain data are shown in Figures 5.5-1 for ZIRLO.cladding and 5.5-2 for Optimized ZIRLO
cladding as a function of fluence.

In the case of ZIRLO cladding, [
1*¢. Figure 5.5-1 shows that the data are consistent.
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In the case of Optimized ZIRLO cladding, [
la,c.

Figure 5.5-1 ZIRLO Cladding Irradiation Growth Diameter Strain

a,b,c
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a,b,c

Figure 5.5-2 Optimized ZIRLO Cladding Diameter Irradiation Growth

WCAP-17642-NP May 2016
Revision 1



5-15

5.5.2 Zircaloy-4 Cladding

This model is the same as in PAD 4.0 (Reference 5.1).

7 a,c
l: | :| (5-29)

where & , = axial growth rate (time derivative of Equation [5-48] in subsection 5.9.3).

5.6 FUEL RELOCATION
This model is new for PADS.

Fuel pellets crack as a result of thermal stress during operation. When there is a fuel-cladding gap, the
fuel pellet fragments move towards the cladding and reduce the gap size. Previous versions of PAD have
accounted for this effect in the thermal calculations, but not in the pellet-cladding mechanical interaction
calculations.
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When the gap is open, the relocation depends on the pellet-cladding gap size. The relocation may also
change due to mutual interaction between the pellet fragments caused by thermal expansion during a
power change or long term interaction effects due to fuel swelling. When the pellet-cladding gap closes,
the relocation may reduce due to the contact forces exerted on the pellet fragments. This relocation
reduction is not expected to be instantaneous. The magnitude of the relocation reduction depends on the
contact pressure and the nature of the interface, which may change during irradiation as a result of failure
or localized creep of the asperities on the fuel and/or cladding surface.

The pellet relocation phenomenon has been studied in detail by Oguma (Reference 5.2). Oguma’s model
is based on the analyses of pellet cracking (crack pattern and diameter increase) using out-of-pile
experiments of cracked pattern behavior under soft and hard pellet-clad interaction. Oguma’s work also
included analyses of gap closure during power ramps of instrumented fuel rods irradiated in the Halden
Boiling Water Reactor for determining the burnup and power dependence of pellet relocation. Similar
models were used in developing the Westinghouse fuel performance code FATES (Reference 5.3) and the
EPRI fuel performance code ESCORE (Reference 5.4).

The pellet fragment relocation diameter change is added to the hot pellet Outer Diameter (OD), calculated
without considering relocation, and reduces the pellet-cladding mechanical gap. For consistency with the
PAD mechanical analysis, the fragment relocation is defined as an increment in the pellet outer diameter,
8Deoc (in).

The initial pellet fragment diametral relocation, before the pellet-cladding gap initially closes, is given by:

a,c

[ :I (5-30)

Where:

[ ™

[ *

The meaning of the variables found in these equations is as follows:

G, = as-fabricated pellet-cladding diametral gap (in)

DP = as-fabricated pellet diameter (in)

Bu = local burnup (MWd/MTU)

QO = linear heat generation rate (kW/m)

Q. = critical power for pellet cracking (onset of relocation), = [ 1™
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and CRELOCO0G, CRELOCOP, CRELOC1, CRELOC2, CRELOC3, and CRELOC4 are calibration
constants that have been adjusted in the PADS calibration.

For Westinghouse fuel designs, the current calibration of the relocation model results in maximum
initial diametral relocations (at high powers and low burnups) of 1,
increasing to saturation at about | 1% at burnups of about [

J*¢, provided the gap remains open. Figure 5.6-1 shows fuel diametral rel<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>