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ABSTRACT

The FRAPCON-3 code has been altered by a number of additions to form version FRAPCON-3.3.

The major changes include an improved model for the urania fuel pellet thermal conductivity; the
addition of mixed plutonia-urania oxide (MOX) fuel pellet thermal properties and other parameters to
facilitate analysis of MOX fuel rod performance; and the addition of corrosion and hydrogen pickup
parameters appropriate to advanced cladding types. This volume contains descriptions and discussions
of these and other revisions.

The document also contains code-data comparisons of MOX fuel temperatures used to verify the
MOX fuel pellet thermal conductivity model, and similar comparisons for urania fuel rods. The total
sequence of code revisions that have led from the last-published version of FRAPCON-3 (NUREG/
CR-6534, Volume 2, 1997) to the latest issued version, FRAPCON-3.3, is also given.
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FOREWORD

Computer codes related to fuel performance have played an important role in the work of the U.S.
Nuclear Regulatory Commission (NRC) since the agency’s inception in 1975. Formal requirements for
fuel performance analysis appear in several of the agency’s regulatory guides and regulations, including
those related to emergency core cooling system evaluation models, as set forth in Appendix K to Title 10,
Part 50, of the Code of Federal Regulations (10 CFR Part 50), “Domestic Licensing of Production and
Utilization Facilities.” Nonetheless, these codes and requirements must evolve to reflect changes in the
reactor fuel design. For example, recent initiatives in the U.S. Department of Energy’s Surplus Plutonium
Disposition Program will incorporate urania-plutonia or mixed-oxide (MOX) fuel for the first time in a
commercial nuclear power plant. This made it necessary to seek new experimental data, and to modify
and validate the code predictions for proposed new fuel designs.

FRAPCON-3.3, described in this report, is the most recent addition to the series of fuel performance
codes developed by Pacific Northwest National Laboratory (PNNL) and used by the NRC. This version
of the FRAPCON code incorporates modifications to predict the behavior of material used in the Surplus
Plutonium Disposition Program. Although similar in many respects to more traditional low-enrichment
urania fuel, MOX fuel exhibits some differences. For fuel performance, the most notable difference is
thermal conductivity, which is suppressed with the addition of plutonia. This difference results in higher
fuel temperatures at a given linear heat generation rate and must be accounted for in fuel performance
analyses.

Changes in the FRAPCON code to account for the addition of plutonia were documented and made public
during the MOX hearings for the Catawba Nuclear Station. This report formally captures that
information along with other recent code changes, and reviews the experimental data used to validate the
code predictions. In so doing, this report supplements three previous volumes of information on
FRAPCON in the NUREG/CR-6534 series.

The current report is also noteworthy because of its extensive use of experimental data from test reactor
programs (particularly the Halden Reactor Project sponsored by the Nuclear Energy Agency of the
Organization for Economic Cooperation and Development). These data, which the NRC obtained under
an international agreement, demonstrate that the analytical tools used by the NRC staff are more than
adequate for a wide variety of fuel designs and reactor conditions. As presented in this report, these data
and the PNNL analyses have contributed significantly to our understanding of nuclear fuel behavior.

Ll

Carl J. Paperiello, Director
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission






CONTENTS

F N o1 2 2 T OO OO SO PRSPPI ii
FOTEWOT ...ttt ettt et e b e s bt e s at e e bt e bt et e e bt e sbeeeateenbe e beesaeesaeesnneenne v
(070311753111 P PP vii
LIST OF FIGUIES ...ttt et b bttt ettt et et e s bt et et e e bt e sbeeeaeeenteeneean ix
ST OF TADIES ...ttt ettt et e b e bt e e bt e et et e e bt e sbe e bt e bt e sbeesbeeenbeenbeenbeen X
EXECULIVE SUIMIMATY ...ttt ettt h e bt e a e et e bt e bt e s bt e satesabeeabeenbeenteanbeenbeesbeesaeenas xi
F N0 ) ) (<) 103 4 TSRS xiii
1.0 INTRODUCTION ...ttt ettt ettt ettt be st e e e e st e e e steest e eeeseentenseeneenseaseenees 1.1
2.0  URANIA FUEL PELLET THERMAL CONDUCTIVITY UPDATE......cccccosctiirieeieieenene 2.1
2.1 Revised Urania Pellet Thermal Conductivity Model...........ccccevveriiiniieiiiiiiieieceeieeeeeee, 2.1

2.2 Adjustment for Gadolinia AddItIONS.........c.eccvieerierrieriierie e ere e ere et seesreereeereeseesseeseees 24

2.3 Verification of the Urania Pellet Thermal Conductivity.........c.ceevevverieiiieeireenieeseeseeseneens 2.5

2.3.1 Verification of the Urania-Gadolinia Model ...........cccceiiiiniiiiniieiceeeeee, 2.9

2.4 Range of Application and UnNCErtainties........c..ccuerevierrierieereesieesiresreereesseesseesseesseesnessneens 2.11

3.0 MODELING CHANGES FOR EXTENSION TO MOX FUEL.......cccoocevieieinineneieieeeeene 3.1
3.1 Thermal Conductivity Model for MOX Fuel Pellets..........ccccoeevieeiiecrieniienieniesie e 3.1

3.1.1 Background on MOX Fuel Thermal Conductivity.........cccceeeririenenirnencnieienens 3.1

3.1.2  Description of the MOX Fuel Thermal Conductivity Models...........ccccecerireene. 3.2

3.1.3  Verification of the Duriez/NFI Combined Model ..........c..ccccooininiinininnininceen, 3.5

3.1.4 Range of Application and Uncertainties for MOX Thermal Conductivity ............ 3.7

3.2 Fission Gas Release Model Changes for MOX ........cccccvviiiiiiiiiieiiieiieiieneenee e sne e snne e 3.8

3.2.1  The Model Changes..........cccecieeuieriierienieeieeieesieesieesaesreereeseesseessaessnesssesnseenseenns 3.8

3.2.2  Model VerifiCation .........ceceeiuiriiiiiiiieieieiteese sttt s 3.8

3.3 XE/KI RAIO .ttt ettt st et 3.9

3.4 Helium Production and Release............cecueiuiririiiriiiiiiiiieieestee et 3.9

3.5 Input Plutonium Isotopes for Radial Power Profile..........c..cccoevieviiinienieiiiiireeeeee 3.10

3.6 MOX Fuel Heat Capacity ......cceeviereieieeieeieesieesiiesite ettt sitesieeseteseeesteeteesseeseeesneeenes 3.11

3.7 Melting Temperature for MOX .......cccociiiiiiiiiitiie ettt 3.13

3.8 Thermal Expansion, Densification, and Swelling for MOX..........cccccceeiiiiiininninninee, 3.13

4.0  REVISED PARAMETERS FOR THE URANIA FGR MODEL ........cccoeviiiiieieieieeeenee. 4.1
4.1 Massih Diffusion Coefficient Model Changes ............cccceeveerieneenienienieeie e 4.1

vil



4. 1.1 MOl VEITTICAION ..eeeeiiiieeieeee et e e et eeeeeeeeeeeaeereeeeeseaenanes 4.1

4.1.2 Ranges of Application and Uncertainties for Urania FGR...........c.ccccooiiinnnne. 4.5

4.2 Numerical Solution IMProvemMENtS ...........ceccvieerieriieriieriieiiesreereesieesieeseeseresreeeseeseesseessees 4.5

4.2.1 Improved Numerical SOIULION .......c.ccviiiiiiiiieieerieectee et ere et ereebeeseesree s 4.5

4.2.2  Use of Radial Burnup Profile ..........cccceviiiiiiiiiiiii et 4.6

4.2.3 Modeling of Fission Gas Release During Power Ramps ..........ccccoeevveeveniieninninne 4.6

4.3 Corrections to the ANSS5.4 MOdel ......oouiriiiiiiiiiiieee e 4.6

5.0  MODIFICATIONS FOR CLADDING CORROSION AND ITS EFFECTS ....cccceovviviieienne. 5.1
5.1 Modifications for ZIRLO™ Cladding: Changes and Verification ..............ccccccococevruennn... 5.1

5.2 Modifications for M5™ Cladding: Changes and Verification ..............ccococevvvireirueennn.. 5.4

5.3 Ranges of Application and Uncertainty for Cladding Corrosion..............ccceeeverveerieerieennnnns 5.5

5.4 Confirmation BWR Corrosion Rate and Hydrogen Pickup for Zircaloy-2 ...........ccccovenieen. 5.5

5.5 Adjustment of Stress Calculations for Clad Wall Thinning Due to Corrosion.................... 5.8

5.6 New Hydrogen Solubility Function for Zircaloy Cladding............ccccoevververrinciiniiieiieinns 59

6.0  CODE CAPABILITY ENHANCEMENTS ....oooiiiiiiieteeeeseee ettt 6.1
6.1 Input Option to Restrict Fission Gas Release ............ccoceviiiiiiiiiiiieiieieieeee e 6.1

6.2 Input Option to Impose Cladding Surface Temperature Profiles .............cccooceevirriininnnnne 6.1

6.3 FORTRAN 90 COMPIANCE .....eeevieiieiieeiieeieeie et eitestee sttt see ettt et sbee et saeeseeeeneeeneeens 6.2

7.0 REFERENCES .. .ottt ettt ettt ettt et b e e e e s e e st esbesseensansesssensasseensessesneensas 7.1
Appendix A — Code-Data Comparisons for MOX Fuel Temperatures.............cccecceeveereeneeneenieeieenenn A.l
Appendix B — Summary of Code Changes Since FRAPCON Version 1.0 ........cccccoevieiieniininniinnieens B.1
Appendix C — Input Instructions for FRAPCON-3.3 ...t C.1

viii



2.1

2.2

23

24

2.5

2.6

2.7

2.8

2.9

LIST OF FIGURES

The Lucuta, Unmodified NFI, and Modified NFI Fuel Pellet Thermal Conductivity Models

Compared at 5 GWA/tU BUIMUP .....ooouviiiiiiiiieiee ettt e svaeeebeeseveeeseaeeeens 2.3
The Lucuta, Unmodified NFI, and Modified NFI Fuel Pellet Thermal Conductivity Models
Compared at 30 GWA/tU BUIMUD ...ccvvieiiieiiieeciee ettt ettt sive e st e e tbaesveaestaeesnseeensaeensnas 2.3
The Lucuta, Unmodified NFI, and Modified NFI Fuel Pellet Thermal Conductivity Models
Compared at 60 GWA/tU BUIMUD ...ccvviiiiieiiieeiee ettt ettt seveesvee e eveeeveeeseaeessseeensseensns 2.4

Modified NFI and Lucuta Model Predictions Compared to Measured Conductivity on
Unirradiated Pellet Material (Ronchi et al., 1999 ITU Data)..........cccuevvverierierienieereere oo 2.5

Comparison of Modified NFI Fuel Pellet Thermal Conductivity to Ronchi et al. (2004)
ITU Data for High Burnup Pellet Material ............ccoocviieiiiviieniieniieiieiie e cre v ereesreesreesenesene e 2.6

The Lucuta and Modified NFI Models Compared to Postirradiation Thermal Conductivity
Measurements from Carrol et al. (1994) for BWR Pellet Samples with 40 GWd/tU Burnup........... 2.7

FRAPCON-3 Fuel Temperature Predictions Compared to the Halden Ultra High
Burnup (HUHB) Data with the Indicated Thermal Conductivity Models in the Code...................... 2.7

Code-Data Comparison for Fuel Center Temperatures for Rod-3 of Halden Experiment
TE A A3 ettt ettt h ettt n et e h e et e heea e et e en e e te bt et et e eaeeneeeneeneenes 2.8

Code Data Comparison for Fuel Center Temperatures for Halden Experiment
TFA-597.3 ROA 8 ..ottt ettt 2.9

2.10 The Modified NFI Model with the Massih Adjustment for Gadolinia, Compared to

Various Data Correlations at 8.0 Wt.% Gadolinia.............oooovvveoiiiiiiiiiiiiiiiieeee e 2.10

2.11 Comparison between Modified NFI (with Massih correction for Gadolinia) and

3.1
32

33

34
3.5

3.6
3.7

Unirradiated Urania Gadolinia Data Trend from Hirai and Ishimoto (1991) at
8.5 Wt.% Gadolinia CONLENL.......cc.couiriiiiiiiieiiitirtetetee ettt 2.10

Predicted vs. Measured Fuel Center Temperatures for Halden MOX Tests........ccecveeivecrieriienieennenns 3.6

Predicted Minus Measured Normalized Temperature Difference for MOX Test Cases
aS @ Function Of BUIMUP ........ccciiiiiiiieiecic ettt e st esenesnbeeseeseenens 3.6

Predicted Minus Measured Normalized Temperature Difference for MOX Test Cases

as @ Function 0f LHGR .......c.ooiiiiii ettt st ettt e sne e 3.7
Predicted vs. Measured FGR, Diffusion Constant X 1.75.....cooooiiiiiiiiiiiiieeeeeeeeeeeeee e 3.8
MCNP and FRAPCON-3 Calculations of Normalized Radial Power Profile in PWR

MOX Fuel at 50 GWA/MTHM ......cccoiiiiiiiieicee ettt sttt ae e esessesesensanseas 3.11
Urania and Plutonia Heat Capacities and Heat Capacity for 7 wt.% plutonia MOX.............c....... 3.12

Urania and Plutonia Heat Capacities as Calculated by MATPRO-11 Correlation and by the
Correlation of POpov et al. (2000) .....cccueeriierieeieeie ettt et ettt ettt beeaeas 3.13

X



4.1
4.2
4.3

4.4

5.1

52

53

54

5.5

5.6
5.7
5.8
5.9

2.1
3.1

3.2
33
4.1
4.2

Predicted vs. Measured FGR for Steady-State Assessment Cases Using FRAPCON-3.3 ................ 4.3
Predicted vs. Measured FGR for Power Ramp Assessment Cases Using FRAPCON-3.3................ 4.4

Predicted Minus Measured FGR as a Function of Burnup for Steady State Assessment
Cases UsSiNg FRAPCON-3.3 .. ..ottt ettt te s veseve b e essaetaestaestaessbessseesseesseesseesssenssenens 4.4

Predicted Minus Measured FGR as a Function of Burnup for Power Ramp Assessment
Cases UsSiNg FRAPCON-3.3 .. ..ottt ettt s te s te sttt sae e ssaesaaesssessseesseesseesseesssennns 4.5

Comparison of FRAPCON-3 (Zircaloy-4) Calculated Corrosion with Westinghouse
Data (Small Dots) for ZIRLO™, as a Function of Fuel Duty Index (FDI) .........ccecovveivvcivrciveiieennnns 52

Comparison of FRAPCON-3 Calculated Zircaloy-4 Corrosion (Closed Symbols),
Modified FRAPCON-3 (ZIRLO™) Calculated Corrosion (Open Symbols), and

Westinghouse Data Trend for ZIRLO™ (Solid Line), as a Function of FDI ............ccccccoveveiuevnnnn... 5.2
Hydrogen Pickup Data (Closed Circles) and Modified FRAPCON-3 Calculations
(Open Symbols), for ZIRLO™ Cladding .........ccceeveriirirriiieiieriieniesee e eereereereeseesseeseeesenesssesssennns 53

Comparison of Unmodified FRAPCON-3 Zircaloy-4 Corrosion (Solid Symbols, x Symbol,
and Modified FRAPCON-3 [M5™] Corrosion (Open Symbols and + Symbol) Against

FRAMATOME Corrosion Data for M5™ Cladding.............occoevurveuieeveeeeeeeeeceseeeeeeeeeeenee s, 5.4

Hydrogen Pickup Data (Closed Circles) and Modified FRAPCON-3 Calculations for

M5™ Cladding (Hydrogen Pickup Fraction is Reduced from 15% t0 7.5%) ....coeveeveevereerrerrerernnnn. 5.5

Japanese/Spanish BWR Zircaloy-2 Corrosion Data and FRAPCON 3 Calculations............cccceeu.e... 5.6

Japanese Halden Test BWR Zircaloy-2 Corrosion Data and FRAPCON-3 Calculations................. 5.6

GE BWR Zircaloy-2 Corrosion Data and FRAPCON-3 Calculations ...........ccccceeveeneenirniesinennnne, 5.7

Measured In-Reactor Hydrogen Pickup Fractions in Zircaloy-2 Coupons Compared to

the FRAPCON-3 VALUE ....ccueiiiiiiiiiiiieee ettt sttt sttt st s 5.8
LIST OF TABLES

Measured Fuel Pellet Material Thermal Conductivity and Calculated Values............ccccceeveeneennnn. 2.6

Instrumented MOX Tests in Halden. All with Re-fabricated PWR Rod Sections

Containing MIMAS MOX FUCL........oooiiiiiiieee ettt ettt st e 3.5

Helium Results from Halden Test High-Burnup PWR MOX “Mother Rods™..........ccccceveeviennnnnne. 3.10

Parameter Values for Urania and Plutonia Fuel Heat Capacity and Enthalpy...........c.cccooeerennee 3.12

Steady State Cases Used in the Assessment and Validation of FRAPCON-3.3.........cccccvviiiinnnnnn 4.2

Power Ramp Cases Used in the Assessment and Validation of FRAPCON-3.3........ccccveiieneenenne. 43



EXECUTIVE SUMMARY

The FRAPCON-3 fuel rod performance code is sponsored by the U.S. Nuclear Regulatory Commission
(NRC) for evaluating light water reactor (LWR) fuel performance and is maintained by Pacific Northwest
National Laboratory (PNNL). The code is used by fuel experts from a large number of organizations
worldwide.

This document discusses the modifications and additions to the FRAPCON-3 code that results in the
currently issued version FRAPCON-3.3. The major modifications include an improved thermal
conductivity model for urania that provides a better prediction of fuel temperatures at high burnups and at
high temperatures. The improved model contains the same adjustment for urania-gadolinia conductivity
as provided in the previous conductivity correlation for urania documented in Volume 1 of
NUREG/CR6534. This adjustment for gadolinia additions to the current urania correlation was
confirmed to provide a good prediction to out-of reactor measurements of unirradiated urania-gadolinia
thermal conductivity.

The improved thermal conductivity model also required that the fission gas release (FGR) model be
recalibrated and verified. Several new fuel temperature and FGR data were used to recalibrate and verify
the thermal conductivity and FGR models including new data from the Halden test reactor with fuel
burnups up to 70 GWd/MTU and beyond (temperature only). The modifications to the UO, models have
shown that the code provides a good prediction of UO, fuel temperatures and FGR up to rod-average
burnups of 62 GWd/MTU. The code has been verified against a small amount of data beyond this burnup
level but these data are not judged to be of sufficient quantity to provide confidence in predictions beyond
this burnup level.

Additions and modifications were also performed to model the performance of mixed oxide (MOX) fuel
in LWRs. The most important were adding a new thermal conductivity model and increasing the
diffusion coefficient in the FGR model to better predict the measured fuel temperature and FGR data from
MOX fuel. The modifications have shown that the code provides a good prediction of MOX fuel
temperatures up to rod-average burnups of 62 GWd/MTU. While there are FGR data from MOX fuel up
to 65 GWd/MTU the code’s predictions of MOX fission gas release are of much greater uncertainty than
the UO, FGR model due to the scarcity of the MOX data. Helium production and release models used for
urania are not presently altered for MOX fuel.

The corrosion and hydrogen pickup characteristics of the advanced new alloys of ZIRLO™ and M5™
were added to the code by modifying the current corrosion model for Zircaloy-4 by multiplication factors
(< 1.0) appropriate to each alloy, and by reducing the current hydrogen pickup fraction. It is anticipated
that a more comprehensive corrosion model will be developed in the future for the code but this simple
modification has been shown to provide a good prediction of corrosion for these advanced alloys.

This document also describes additional updates and corrections to existing models and provides

traceability for all corrections and updates made since the last published code description documentation
(NUREG/CR-6534 Volumes 1, 2 and 3).
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1.0 INTRODUCTION

The FRAPCON-3 fuel rod performance computer code is sponsored by the U.S. Nuclear Regulatory
Commission (NRC) and maintained by Pacific Northwest National Laboratory (PNNL). The code is used
in original or modified form by fuel experts worldwide (see for example, Hodge and Ott, 2004; Vallejo et
al., 2004; In de Betou et al., 2004; Kim and Lee, 2004; Hejzlar et al., 2004; Long et al., 2004; Khoruzhii
et al., 2004).

The FRAPCON-3 code has been altered by a number of modifications and additions to form version
FRAPCON-3.3. The major changes include an improved model choice for the urania fuel pellet thermal
conductivity, the addition of mixed PuO,-UQO, (plutonia-urania) oxide (MOX) fuel pellet thermal
properties and other parameters to facilitate analysis of MOX fuel rod performance, and the addition
corrosion and hydrogen pickup parameters appropriate to advanced cladding types. Those models and
subroutines in the code not modified are described in Volumes 1 and 2 of NUREG/CR-6534.

MOX light-water reactor (LWR) fuel pellets are high-density, low plutonia-content mixtures of
plutonia and urania. This MOX fuel has been produced in France, England, Japan, and Germany and
irradiated in European and Japanese power reactors for several decades (Blanpain et al., 2000;

Lippens, 1988). In the United States, interest in LWR MOX fuel has been limited since 1978 due to the
prohibition on fuel recycle. However, interest has revived recently because special MOX rods will be
fabricated to irradiate (fission) excess weapons-grade plutonium in pressurized water reactors (PWRs),
rendering the plutonium non-weapons grade and very difficult to access, and extracting nuclear electricity
in the process (U.S. Department of Energy, 1999). The U.S. Nuclear Regulatory Commission (NRC)
supports MOX fuel performance prediction capability in order to assess vendor assertions of the
performance of special MOX rods.

FRAPCON-3 (Berna et al., 1997) and its antecedents, FRAPCON-1 and FRAPCON-2, contained a
plutonium content dependency for fuel pellet-specific heat and conductivity. However, these dependen-
cies, reflected in MATPRO-11 Rev. 2 (Hagrman et al., 1981) were drawn from relatively old fast-reactor
fuel data that utilized much higher plutonia contents than are currently planned for LWR MOX for
weapons-grade plutonium disposition. In addition, FRAPCON-3 lacked any accommodation for input of
initial Pu isotopic distribution and calculation of Pu isotopic shift sufficient to accurately track the
development of radial power and burnup profiles for MOX fuel.

The NRC, which sponsors the FRAPCON-3 (steady-state) and FRAPTRAN (transient) fuel perform-
ance codes, has requested Pacific Northwest National Laboratory (PNNL) to update the FRAPCON-3
code with fuel pellet properties and parameters appropriate for the LWR MOX planned for Pu disposition.
This effort also includes confirmation of whether the current subcode used for calculating radial
power/burnup distributions (TUBRNP) will adequately predict these profiles when given initial
(as-fabricated) plutonium content and weapons-grade isotopic distributions.

Section 2 of this volume contains the description of the revised urania fuel thermal conductivity
model, which is shown to better reflect credible recent data both at high temperatures (>2500 K) and at
nominal to high burnup (> 30 GWd/tU). Section 3 contains the revisions that have been made to update
the FRAPCON-3 code for LWR MOX applications. This section addresses fuel pellet thermal
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conductivity, fission gas release (FGR), helium production, Xe/Kr ratio for stable fission gas, radial
power/burnup profile predictions, fuel heat capacity, fuel melting, and fuel thermal expansion and
swelling. In each section where an update is described, background is given for the update, the updated
model is described, the verification against measured data is shown, and the limits and uncertainties are
stated.

Updates to the FGR model for urania fuel (in response to the revised urania fuel pellet thermal
conductivity model) are described and confirmed against the FGR data base in Section 4.

The updates to cladding corrosion and hydriding to apply to advanced Zircaloy cladding materials
(ZIRLO™ and M5™) are discussed in Section 5, together with model corrections for cladding wall
thinning due to corrosion. Specific code capability enhancements are described in Section 6. References
are given in Section 7.

Appendix A contains code-data comparisons on MOX fuel temperatures used to verify the MOX fuel
pellet thermal conductivity model. Appendix B describes the code updates made from the first published

version (described in Volumes 1 and 2 of NUREG/CR-6534) up to the present version, FRAPCON-3.3.
Appendix C describes the revised code input instructions.

Errata to the various volumes of this NUREG are collected as a list on the PNNL
FRAPCON/FRAPTRAN website, www.pnl.gov/frapcon3.
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2.0  URANIA FUEL PELLET THERMAL
CONDUCTIVITY UPDATE

The Lucuta formula for urania pellet thermal conductivity (Lucuta et al., 1996) used in previous
versions of FRAPCON-3 was found to have two inaccuracies: It predicts values at high temperature
(> 2200 K) that are too large relative to credible modern data for unirradiated fuel pellet material
(Ronchi et al., 1999), and it had too little burnup degradation (and hence was non-conservative above
~30 GWd/tU burnup) compared to both in-cell laser-flash diffusivity measurements on high-burnup pellet
samples and in-reactor fuel temperatures measured at nominal to high burnup. The form of the Lucuta
equations was also non-standard and did not facilitate comparisons between models. A revised model
was developed, as described below.

2.1 Revised Urania Pellet Thermal Conductivity Model

Following examination of several thermal conductivity models, the Nuclear Fuels Industries (NFI)
model (Ohira and Itagaki, 1997) (with modifications) was selected as a replacement for the Lucuta model
in FRAPCON-3 and FRAPTRAN. This model, as published, applies to urania fuel pellets at ~95% of
theoretical density (TD). Similar to most other fuel thermal conductivity models utilized in fuel
performance codes, the NFI model consists of a lead term that is inversely proportional to the temperature
function A + BT (phonon term), with burnup dependence factors in its denominator, plus terms that
model the electronic contribution to fuel heat transfer at high temperature. In the revised model, the
temperature-dependent portion of the burnup function in the phonon term is altered, and the form of the
electronic term is changed, as shown below:

UNMODIFIED NFI MODEL (for 95% TD pellet material)

1

K = - CT*+DT* (2.1)
A+ BT + f(Bu)+ g(Bu)h(T)
MODIFIED NFI MODEL
1 E
K = +—2€Xp(—F/T) (2 2)
A+ BT + f(Bu)+(1-0.9 exp(=0.04Bu))g(Bu)W(T) T '
where:
K = thermal conductivity, W/m-K
T = temperature in Kelvin
Bu = burnup in GWd/MTU
f(Bu) = effect of fission products in crystal matrix (solution)
= 0.00187+bu
g(Bu) = effect of irradiation defects, = 0.038+Bu’%,
h(T) = temperature dependence of annealing on irradiation defects
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1+396e79'"
= temperature dependence parameter (“Q/R”) = 6380 K
= 0.0452 m-K/'W
= 2.46E-4 m-K/W/K
= 547E-9 Wm-K’
= 2.29E14 Wm-K’
= 3.5E9 W-K/m
= 16361 K

Mg Qw0
|

As applied in FRAPCON-3, the above model is adjusted for as-fabricated fuel density (in fraction of
TD) using the Lucuta recommendation for spherical-shaped pores (Lucuta et al., 1996), as follows:

Kq=1.0789*Kos*[d/{1.0 + 0.5(1-d)}] (2.3)
where:
d = density in fraction of TD
Kos = as-given conductivity (reported to apply at 95% TD)

The factor 1.0789 adjusts the conductivity back to that for 100% TD material.

This model is activated when the user-input integer flag IMOX has the value 0 (the code defaults to
IMOX = 0)

The phonon-term modification applies nearly full irradiation defect annealing at low burnup but
restores the temperature-dependent annealing at higher burnups such that for burnups greater than
30 GWd/MTU, the phonon term is equivalent to that in the original NFI model. The electronic terms
(which in either case become significant only above ~1500 K) are altered to a more theoretically based
equation (see Hagrman et al., 1981; Popov et al., 2000). The magnitude is slightly lower than the original
NFI model at high temperature. This adjustment was indicated by Institute for Transuranium Elements
(ITU) data at on unirradiatied PWR pellet material at temperatures approaching fuel melting
(Ronchi et al., 1999).

At low burnup (<20 GWd/MTU) and low temperatures (< 1000 K), the modified model is higher than
the unmodified NFI model and roughly equivalent to the Lucuta model without its radiation term. At
higher burnup (> 30 GWd/MTU), the revised model is equivalent to the original NFI model with the
exception of the small reduction at very high temperatures. These trends are demonstrated in Figures 2.1
through 2.3.
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Figure 2.1 The Lucuta, Unmodified NFI, and Modified NFI Fuel Pellet Thermal
Conductivity Models Compared at 5 GWd/tU Burnup
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Figure 2.2 The Lucuta, Unmodified NFI, and Modified NFI Fuel Pellet Thermal
Conductivity Models Compared at 30 GWd/tU Burnup
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Figure 2.3 The Lucuta, Unmodified NFI, and Modified NFI Fuel Pellet Thermal
Conductivity Models Compared at 60 GWd/tU Burnup

2.2 Adjustment for Gadolinia Additions

Gadolinia (Gd,03) additions to reactor fuel provide a burnable absorber for power peaking control
early in the life of a fuel assembly. The additions are typically limited to less than 10 wt.%. The impact
of limited gadolinia additions on the unirradiated fuel thermal conductivity is somewhat significant due to
its disturbance of the lattice and of phonon-type heat transfer. Various commercial fuel vendors have
their own data sets and proprietary modeling approaches. In FRAPCON, it will suffice to have a model
that captures the effect, and is publicly available. The data correlation in Massih et al. (1992) provides
such a model.

Massih found a parameter to be used the denominator in the phonon term of standard equations for
urania conductivity that correlated the laser-flash diffusivity data for urania gadolinia conductivity
reported by Babcock and Wilcox in Newman et al. (1984). The form of the Massih adder to the phonon

€69 6 9

term denominator is simply “a” times “g,

where
a = constant=1.1599
gad = weight fraction of gadolinia.

Therefore, the modified NFI model with the gadolinia term becomes

1 E
k= —exp(-F /T
A+a-gad+ BT + f(Bu)+ (1 -0.9 exp(—O.O4Bu))g(Bu)h(T) + 72 exp( ) (2.4)
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2.3 Verification of the Urania Pellet Thermal Conductivity

In Figure 2.4, the model predictions at zero burnup (unirradiated) are shown in comparison to the
Ronchi (1999) data on unirradiated pellet material at nominal and high temperatures to demonstrate that
the revised model accounts for the high-temperature portion of that data better than the Lucuta model.

The modified NFI model was also compared to recent laser-flash diffusivity/conductivity data taken
post irradiation at ITU on both high-burnup PWR fuel pellet samples and on flat, thin urania disks
irradiated at constant temperature to varying burnup levels in the Halden Reactor under the High Burnup
Rim Project (Ronchi et al., 2004). The data were compared to the model only at the irradiation
temperatures, although data were taken over a large range of temperatures (from room temperature to
1500 K). The comparison is tabled in Table 2.1 and plotted in Figure 2.5. On average, the model
overpredicts the data for unannealed material by 8% relative. Since some in-reactor annealing is expected
at temperatures of interest, especially in overpower transients when fuel pellet temperatures themselves
are of interest, the FRAPCON (modified NFI) model is considered adequate.

The modified NFI model was also compared to postirradiation conductivity from laser flash
diffusivity data reported by Carrol et al. (1994) on test fuel irradiated in the Halden Reactor to
40 GWd/tU burnup. The results again show improvement over the Lucuta model (Figure 2.6).

FRAPCON-3 predictions (with the modified NFI pellet thermal conductivity model) are compared to
in-reactor test fuel center temperatures in Figure 2.7. The data in this figure come from the Halden Ultra
High Burnup instrumented fuel assembly (Wiesenack and Tverberg, 2000). The tendency for the over-
prediction at low burnup with the unmodified NFI model and for underprediction at high burnup with the
Lucuta model has both been significantly reduced by the revised thermal conductivity model.

Conductivity, W/m-K
w

0 500 1000 1500 2000 2500 3000 3500

Temperature, K

e Ronchi Data ------ Lucuta Modified NFI

Figure 2.4 Modified NFI and Lucuta Model Predictions Compared to Measured
Conductivity on Unirradiated Pellet Material (Ronchi et al., 1999 ITU Data)
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Table 2.1 Measured High Burnup Fuel Pellet Material Thermal Conductivity and Calculated Values (see
also Figure 2.5)

Measured Conductivity
Burnup Reported Irradiation (before annealing) Calculated Conductivity,
GWd/tU Temperature, K W/em-K W/m-K
34 730 2.57 2.76
34 860 2.41 2.60
33 1020 2.16 2.49
34 1210 1.86 2.31
55 680 2.24 2.28
51 890 2.14 2.22
51 1100 1.86 2.11
51 1300 1.92 2.00
82 700 2.10 1.83
96 730 1.98 1.63
92 1490 1.49 1.52
3.0
£
25 - N/

N
o
>

Predicted Conductivity, W/m-K
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Figure 2.5 Comparison of Modified NFI Fuel Pellet Thermal Conductivity to
Ronchi et al. (2004) ITU Data for High Burnup Pellet Material
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Figure 2.7 FRAPCON-3 Fuel Temperature Predictions Compared to the Halden Ultra

High Burnup (HUHB) Data with the Indicated Thermal Conductivity Models
in the Code (Wiesenack and Tverberg, 2000)
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Code-data comparisons for test fuel center temperatures have been made for two other experiments in
Halden. The center temperatures from the lower thermocouple in a small-gap boiling-water reactor
(BWR)-type test rod (Rod 3 of IFA-432) (Lanning, 1986) are compared to code prediction in Figure 2.8.
In this case, use of the modified NFI model results in a slight overprediction of the temperatures at
~40 GWd/tU, but this could be partly due to overprediction of the FGR for this test rod. A similar
comparison is made in Figure 2.9 for a test involving a re-fabricated instrumented high-burnup BWR fuel
section, IFA-597.3, with base-irradiation burnup at ~66 GWd/tU. (Matsson and Turnbull, 1998). In this
case, due to the refabrication process and the pellet cladding gap closure in the high burnup fuel section,
uncertainties in predicted fuel temperature due to uncertainty in gap size and FGR/gap gas composition
are minimized. The use of the modified NFI model results in improved code-data comparison in this
case.

Based on these comparisons, the FRAPCON-3 code with the Modified NFI model is considered a
best-estimate predictor (i.e., not intentionally conservative) for fuel temperatures.
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Figure 2.8 Code-Data Comparison for Fuel Center Temperatures for Rod-3 of
Halden Experiment IFA-432 (Small-Gap BWR-Style Test Rod)
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Figure 2.9 Code Data Comparison for Fuel Center Temperatures for Halden Experiment
IFA-597.3 Rod 8 (Re-fabricated, Instrumented BWR Fuel Section with
~66 GWd/tU Burnup)

2.3.1 Verification of the Urania-Gadolinia Model

Because the data base for the Massih model only includes gadolinia contents up to 5.66%
(Newman, 1984), the model was also compared to data correlations from other studies that included
higher gadolinia contents. Hirai and Ishimoto (1991) measured thermal conductivities by the laser-flash
diffusion method on sintered samples containing 0, 3, 5, 7, and 10 wt.% gadolinia over the temperature
range from 20 to 1750°C. These authors developed a thermal conductivity correlation using a special
form for the phonon term that includes point-defect interactions and adding a high-temperature term that
fit their data with a standard error of only 6% relative. In an earlier study, Fukushima et al. (1982)
measured thermal diffusivities and deduced conductivities in the temperature range from 400 to 1335°C
for gadolinia contents of 0 to 10.3 wt.%. A thermal conductivity correlation was also developed by
Fukushima et al. (1982) based on their data.

The modified NFI model is compared to the Hirai and Ishimoto (1991), Massih et al. (1992), and
Fukushima et al. (1982) data correlations at an example gadolinia content of 8.0 wt.% in Figure 2.10. The
Massih model, and the modified NFI model with the Massih gadolinia adjustment, are very similar and
show the same qualitative degradation of the thermal conductivity with increasing gadolinia content as the
other two correlations and remain intermediate between them in the operating temperature range (above
300°C). The Fukushima et al. (1982) data have been found to be low relative to results of other investiga-
tions such as that of Hirai and Ishimoto (1991). We recommend using the Massih correction for gadolinia
in FRAPCON, both because of its slightly conservative predictions and its straightforward application
within the existing MATPRO fuel thermal conductivity equations.
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Figure 2.10 The Modified NFI Model with the Massih Adjustment for Gadolinia,
Compared to Various Data Correlations at 8.0 Wt.% Gadolinia

The modified NFI model with the Massih adjustment for the phonon term was also compared to data
from Hirai and Ishimoto (1991). The comparison, for example at 8.5 wt.%, is shown in Figure 2.11. This
is further confirmation that the model is not overpredicting the thermal conductivity at this level of
gadolinia content.
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Figure 2.11 Comparison between Modified NFI (with Massih correction for Gadolinia)

and Unirradiated Urania Gadolinia Data Trend from Hirai and Ishimoto
(1991) at 8.5 wt.% Gadolinia Content
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All these comparisons are shown for unirradiated pellet material. As burnup progresses, there is
mounting evidence from comparative fuel temperature data taken in the Halden Reactor that a synergism
exists between burnup-induced conductivity degradation and that induced from gadolinia addition, such
that the two effects are not completely additive. At present, the model in FRAPCON treats these effects
as additive, and hence it is likely low (conservative) for high-burnup urania-gadolinia fuel. This aspect is
a subject for continued data monitoring and model adjustment in the future.

2.4 Range of Application and Uncertainties

The recommended ranges of application for the urania and urania-gadolinia fuel pellet thermal
conductivity expressions are given below. These ranges represent PNNL-estimated limits for reliable
model-to-data comparisons to-date, and not necessarily the outer bounds of all available data. No attempt
has been made to bias the conductivity in any direction.

Temperature: 300 to 3000 K

Rod-Average Burnup: 0 to 62 GWd/MTU (Urania only*)
As-fabricated Density: 92 to 97% TD

Gadolinia Content: 0 to 10 wt.%

*The current model underestimates thermal conductivity at nominal to high burnup for
urania-gadolinia pellets. The Halden Reactor Project currently has integral experiments
(fuel centerline temperature data) of urania-gadolinia fuel at nominal burnups that
demonstrate some conservatism in the current model. Further Halden experiments are
planned that will measure fuel temperatures in urania-gadolinia fuel up to high
burnups.

The uncertainty on the thermal conductivity is on the order of the uncertainty of verification for fuel
temperature rise from pellet surface to pellet center, i.¢., from about 10 to 15%.
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3.0 MODELING CHANGES FOR EXTENSION TO MOX FUEL

This section contains the various model and code changes that have been made or considered to
extend the code to apply to MOX fuel. In the United States, the introduction of MOX fuel into LWRs is
planned solely as part of the conversion and disposition effort for plutonium metal contained in excess
weapons parts. The changes described below are limited, in part, by that sole application.

3.1 Thermal Conductivity Model for MOX Fuel Pellets

The major modification to FRAPCON-3.3 for application to MOX fuel was the addition of a fuel
thermal conductivity model specific to MOX fuel. This was selected as a combination of the Duriez
stoichiometry-dependent correlation, derived from diffusivity measurements on unirradiated fuel pellets
(Duriez et al., 2000), plus the burnup degradation contained in a modified version of the NFI fuel thermal
conductivity model (Lanning and Beyer, 2002; Ohira and Itagaki, 1997). Background on MOX fuel
pellet thermal conductivity considerations is given in Section 3.1.1. The combined model is described in
Section 3.1.2.

The model was verified by inserting it into the FRAPCON-3.3 code and comparing predicted fuel
center temperatures to measured values for several instrumented Halden Reactor test irradiations on fuel
segments, which were re-fabricated from irradiated full-length MOX PWR rods and instrumented with
centerline thermocouples. The results of this verification process are described in Section 3.1.3. The
ranges of application for the MOX model and the estimated uncertainty are stated in Section 3.1.4.

3.1.1 Background on MOX Fuel Thermal Conductivity

Significant experimental investigations and modeling efforts are ongoing concerning the thermal
conductivity of LWR-type MOX fuel pellets. Thermal diffusivity/conductivity measurements at
Cadarache Laboratory on unirradiated hypostoichiometric MOX pellets have confirmed a strong
dependence of the MOX thermal conductivity on deviations from stoichiometry, but only a minor
dependence on plutonia content over the range of 1 to 15 wt.% (Duriez et al., 2000). Duriez et al. (2000)
reported measurements on unirradiated pellets only and did not discuss burnup-induced thermal
conductivity degradation. In contrast, the Halden Reactor Project recommends a function for burnup
degradation, derived from their extensive data base on measured urania and MOX fuel temperatures
(Wiesenack and Tverberg, 2000). However, the Halden Reactor Project model overpredicts recently
published urania thermal conductivity data at high temperatures (> 2500 K), and the Halden adaptation of
their model for MOX fuel lacks an explicit dependence on stoichiometry. Various organizations are
proposing models that combine the current understanding of stoichiometry, plutonia content, burnup
degradation, and high temperature effects on MOX fuel pellet thermal conductivity.
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PNNL has installed an LWR MOX fuel pellet thermal conductivity model in FRAPCON 3.3. The
key features of this model are as follows:

(a) The previous dependence in the model on plutonia content (derived from MATPRO-11) is
eliminated, especially since FRAPCON-3 applications for MOX will be at less than 15 wt.% plutonia
while the MATPRO model is based on ~ 25% plutonia data

(b) The Duriez model for unirradiated fuel is applied, with its stoichiometry dependence

(c) Revised functions are used for burnup degradation and high-temperature thermal conductivity based
on urania data.

3.1.2 Description of the MOX Fuel Thermal Conductivity Models

At the request of the NRC, two thermal conductivity models for MOX fuel are made available in
FRAPCON-3.3. The first, the Duriez-Modified NFI model (described in Section 3.1.2.1), is the
recommended model and the one that PNNL has verified against in-reactor fuel temperature data. The
second is the Halden MOX fuel model (described in section 3.1.2.2), which has not been verified by
PNNL but has been verified by Halden Reactor Project staff against a similar set of in-reactor MOX fuel
temperature data. The two models are similar at normal operating fuel temperatures (< 2000 K) but
diverge at higher temperatures. The burnup degradation in the recommended model is also somewhat
stronger than in the Halden model.

3.1.2.1 The Duriez-Modified NFI Model

The Duriez model for the thermal conductivity, Kys, of unirradiated MOX fuel pellets at a nominal
density of 95% TD, is as follows:

K, N S +%exp(—2) (3.1)
AxX)+Bx)T T T
where:
K95 = Conductivity in W/m-K, at 95% TD
X = 2.00— O/M (i.e., oxygen-to-metal ratio)
T = temperature in K
Ax) = 2.85x+0.035 m-K/'W
B(x) = (2.86-7.15x)*1E-4 m/W
C = 1.689E9 W-K/m
D = 13520 K.
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PNNL has modified this model to include a burnup dependence, a gadolinia dependence, and a
slightly reduced high-temperature term, as follows:

Kys = ! + sz"d exp(— 2) (3.2)
A(x)+a- gad + B(x)T + f(Bu)+(1-0.9 exp(-0.04Bu))g(Bu)h(T) T T

where:

x, T, A(x), B(x), and D are as defined above

a = 1.1599, “gad” = weight fraction gadolinia (not expected in MOX)

Bu = burnup in GWd/tHM

f(Bu) = effect of fission products in crystal matrix (solution) = 0.00187<Bu

g(Bu) = effect of irradiation defects = 0.038*Bu0.28 1

h(T) = temperature dependence of annealing on irradiation defects = 0
Q = temperature dependence parameter (“Q/R”) = 6380K 1+ 396 exp(— ?)
Cmod = 1.5E9 W-K/m.

In the first term of the modified model (the “phonon conduction” term), the expressions describing
the effect of dissolved fission products [f(Bu)], irradiation induced defects [g(Bu)], and the temperature-
dependent defect healing (annealing) [h(T)] are the original functions put forward by Ohira and Itagaki
(1997) of NFI. The term multiplying the product g(Bu)h(T) is a PNNL modification that reduces the
annealing at low burnup (<20 GWd/MTM) and brings it back at nominal-to-high burnup (see Lanning
and Beyer, 2002).

The second term in the model describes high-temperature electronic heat conduction. The constant
“C” has been reduced in the modified model to agree with recent high-temperature diffusivity-derived
conductivity measurements on unirradiated fuel pellets (Ronchi et al., 1999). These data are lower than
previously measured values, but the older values have high uncertainty, and the more recent data appear
to be very credible.

As applied in FRAPCON-3, the above model is adjusted for as-fabricated fuel density (in % of TD)
using the Lucuta recommendation for spherical-shaped pores (Lucuta et al., 1996) as follows:

In the first term of the modified model (the “phonon conduction” term), the expressions describing
the effect of dissolved fission products [f(Bu)], irradiation induced defects [g(Bu)], and the temperature-
dependent defect healing (annealing) [h(T)] are the original functions put forward by Ohira and
Itagaki (1997) of NFI. The term multiplying the product g(Bu)h(T) is a PNNL modification that reduces
the annealing at low burnup (<20 GWd/MTM) and brings it back at nominal-to-high burnup (see Lanning
and Beyer, 2002).

The second term in the model describes high-temperature electronic heat conduction. The constant
“C” has been reduced in the modified model to agree with recent high-temperature diffusivity-derived
conductivity measurements on unirradiated fuel pellets (Ronchi et al., 1999). These data are lower than
previously measured values, but the older values have high uncertainty, and the more recent data appear
to be very credible.
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As applied in FRAPCON-3, the above model is adjusted for as-fabricated fuel density (in % of TD)
using the Lucuta recommendation for spherical-shaped pores (Lucuta et al., 1996) as follows:

Kq=1.0789*Kos*[d/{1.0 + 0.5(1-d)}] (3.3)

where:

d = density in fraction of TD.

The factor 1.0789 adjusts the conductivity back to that for 100% TD material.

This model is activated when the user-input integer flag IMOX has the value 1.

3.1.2.2 The Halden Project MOX Fuel Thermal Conductivity Model

The Halden Reactor Project has developed a variant of their urania fuel pellet thermal conductivity
model for MOX fuel, based on their extensive in-reactor data base for fuel temperatures and linear heat
generation rates (LHGRs) for both fuel types. This model is included in the FRAPCON-3.2 code as a
user option (utilized when the user-input integer flag IMOX has the value 2).

The structure of the Halden model for urania fuel is very straightforward, consisting of a phonon

conduction term plus an electronic conduction term. The effects of burnup are contained solely in the
phonon conduction term, as follows:

1
" 0.1148+a- gad +1.1599x +0.0040- B +2.475-10~* - (1-0.00333- B)- 9

+0.0132- 1% (3 4y

95

where:
Kos conductivity in W/m-K, at 95% TD
T = temperature in degrees Celsius
B = burnup, MWd/kg urania
¢ = Minimum of: 1650°C or current temperature in degrees Celsius
a = 1.1599, “gad” = weight fraction gadolinia (not expected in MOX).

In applying this equation, one must recognize that the units for temperature and for burnup (degrees C
and MWd/kg urania) deviate from the units used for most models in the literature (degrees Kelvin and
MWd/kgU or atom % burnup) and adjust accordingly.

The change to the above equation for MOX is to multiply the phonon term by the factor 0.92. The
Halden equation for MOX fuel conductivity is thus:

0.92
©0.1148+a- gad +1.1599x +0.0040- B +2.475-10* - (1-0.00333- B)-

+0.0132: ™7 (3 5

K95
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The above conductivity is adjusted for fuel pellet density by the same K, factor applied above to the
Duriez-NFI model.

3.1.3 Verification of the Duriez/NFI Combined Model

Code-data comparisons were made with the combined MOX model (Equation 3.3) added to
FRAPCON 3.3 for three instrumented MOX fuel tests in the Halden Reactor: IFA-629.1, IFA-610.2,4
and IFA-648.1 and also for IFA-629.3 (the ramp-test extension of IFA-648.1) and for IFA-606. All these
tests and their reference documents are briefly summarized in Table 3.1. Each test is described in more
detail in Appendix A.

Table 3.1 Instrumented MOX Tests in Halden. All with re-fabricated PWR rod sections containing

MIMAS MOX Fuel
Burnup,
Reactor/Full- GWd/MTM
Length Rod (and FGR%) Halden Test End of Test FGR
(and Rod Base at End of (IFA No.) Test Type and Max. % and
Diameter in Irradiation Base and Report (Rod-Average Measurement
mm) Cycles Irradiation (HWR No.)* LHGR , kW/m) Type
St. Laurent- 2 27 (low) 629.1 Ramp (35) 25% (Puncture)
B1/J09 HWR-586 26% PT®
(9.35)
Gravelines-4/N06 4 48 (4.12) 610.2,4** Lift-off (10). --
(9.35) HWR-603,650
Gravelines-4/N12 4 57 (4.86) 648** (629.3) SS@ (10) (Ramp, 25) -
(9.35) (64.5)® HWR-651
(HWR-714)
Gravelines-4/P16 4 53 (2.58) 648** (629.3) SS (10) (Ramp, 25) 7% (PT)
(9.35) (59.5)® HWR-651
(HWR-714)

Beznau-1 5 50 (low) 606 Ramp (32) 13% (PT and
(10.7) (HPR-349/30) puncture)

*  HWR-664 contains design, precharacterization, and base irradiation data for the St. Laurent and Gravelines EdF rods.

**  Note that [IFAs 610.2,4, and [FA-648.1 operated in a PWR-condition loop within the Halden Reactor, thus at a coolant
temperature and pressure of 310°C and 2250 psia instead of normal Halden Reactor conditions (240°C, 500 psia)

(a) Pressure transducer

(b) End of steady-state irradiation in Halden at ~10 kW/m

(c) SS means steady-state (steady operation at normal PWR core-average LHGR levels)

Predicted vs. measured results for all the comparisons are shown in Figure 3.1. The normalized
temperature differences (predicted minus measured, divided by measured minus coolant temperature) are
shown as a function of LHGR in Figures 3.2 and vs. burnup in Figure 3.3. The deviations between
predicted and measured temperatures show no bias or trend vs. LHGR or burnup and are generally within
+/- 10% relative, which is considered good agreement because this is near the uncertainty for LHGR in
the Halden instrumented tests. Note that this bound on deviation is for the center temperature in Celsius.
Since the coolant temperature for most Halden HBWR tests is ~240°C, and temperature typically rises
~100 to 200°C from coolant to pellet surface, the uncertainty in calculated fuel temperature increase from
pellet surface to pellet center implied by Figures 3.2 and 3.3 is approximately 15 to 20%.
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3.1.4 Range of Application and Uncertainties for MOX Thermal Conductivity

The recommended ranges of application for the MOX fuel pellet thermal conductivity models are
given below. These ranges represent PNNL-estimated limits for reliable model-to-data comparisons to
date and not necessarily the outer bounds of all available data. No attempt has been made to bias the
conductivity in any direction:

Temperature: 300 to 3000 K

Rod-Average Burnup: 0 to 62 GWd/MTU

Plutonia Content: 0to 7 wt.%

As-fabricated Density: 92 to 97% TD

Plutonia Particle Size <20 microns*
*The majority of the code-data comparisons involves EdF fuel rod sections, for which the
plutonia particle size is reported at 15 to 18 microns.

The uncertainty on the thermal conductivity is on the order of the uncertainty of verification for fuel
temperature rise from pellet surface to pellet center, i.e., from 15 to 20%. This is greater uncertainty than
that estimated for urania thermal conductivity because urania fuel thermal conductivity is verified not
only from in-reactor instrumented fuel tests but also from ex-reactor diffusivity/conductivity on irradiated
fuel samples. This latter data set is now becoming quite extensive for urania (see Ronchi et al., 2004, for
example).
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3.2 Fission Gas Release Model Changes for MOX

FGR model parameters have been modified for MOX fuel and verified against available data. Well-
qualified FGR data for MOX fuel is rather sparse. What data have been reported have not suggested a
large difference in FGR between urania and MOX, given equivalent duty cycles (Cook et al., 2003). This
has been indicated again, in particular for LWR-weapons grade Pu source MOX tested to date in the
Advanced Test Reactor (ATR) (Hodge et al., 2003). Therefore, only an incremental change in the
existing FRAPCON-3 FGR model for urania (the Massih model) is proposed for MOX. This change
takes the form of an altered diffusion constant for fission gas diffusing from the fuel grains to the grain
boundary.

3.2.1 The Model Changes

The diffusion constant was increased by the factor 1.75 for MOX, based on preliminary comparisons
of code predictions to data for Halden ramp tests.

3.2.2 Model Verification

Design, operation, and FGR data provided by Halden have provided an opportunity to compare code
predictions to the steady-state FGR from three full-length MOX PWR rods (the “mother rods” N06, N12,
and P16 used as sources for instrumented sections tested in Halden Reactor tests, IFAs 610.2,4, and
IFA-648.1/629.3). Comparison has also been made to end-of-ramp FGR for the power-ramp tested
instrumented fuel rod sections in IFAs 629.1, 629.3, and 606. The results, with and without the
modification to the FGR model, are shown in Figure 3.4. It is clear that FRAPCON-3.2 is generally
under predicting the FGR for these six cases. Multiplying the diffusion constant by 1.75 raises the FGR
to a closer overall comparison with this available data and has been incorporated for MOX into
FRAPCON-3.3.
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Figure 3.4 Predicted vs. Measured FGR, Diffusion Constant x 1.75
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3.2.2.1 Ranges of Application and Uncertainties for MOX FGR

The recommended ranges of application for MOX fuel FGR are given below. The uncertainties on
the present MOX FGR model, at all burnup levels, are considered large and indeterminate due to the
scarcity of validation data. No attempt has been made to bias the FGR in any direction.

Temperature: 300 to 2300 K
Rod-Average Burnup: 0 to 62 GWd/MTU
Plutonia Content: 0to 7 wt.%
As-fabricated Density: 92 to 97% TD

Mean Plutonia Particle Size < 20 microns*
*The majority if the code-data comparisons involve EdF fuel rod sections, for which the plutonia
particle size is reported at 15 to 18 microns.

3.3 Xe/Kr Ratio

Ranges of application and uncertainties are not provided for Xe/Kr ratio or the other following
models and correlations.

Fission gas is partitioned into krypton and xenon fractions within the code. Currently, the code uses
Xe/Kr ratio of 5.67 in making this partition, which is appropriate for urania fuel at low burnup. For MOX
fuel, the majority of fissions occur in plutonium, and the xenon stable isotope yields are higher. Halden
gas analysis data from MOX rod punctures at nominal to high burnup indicate Xe/Kr ratios of
approximately 19; however, Xe/Kr fission yields for plutonium indicate a value of 16 (White et al., 2001).
The code has been altered to use the ratio of 16 when MOX fuel is being analyzed. The effects of this
change are a small decrease in gas conductivity and a very small decrease in gap conductance for cases
where fission gas concentration in the plenum gas becomes significant. However, the output gas species
ratios now reflect a more realistic Xe/Kr ratio for MOX.

3.4 Helium Production and Release

Helium production in MOX rods can be expected to be higher than in urania rods due to higher
actinide decay sources from the plutonium. Halden puncture data and gas analysis were provided for
two of the three mother rods, N12 and P16. This permits evaluation of the change to rod helium
inventory from beginning-of-life (BOL) to end of life (EOL). The results indicate negligible change
(~1% relative) in the helium inventory from BOL to EOL. These results are summarized in Table 3.2.
This is consistent with current FRAPCON-3.2 predictions, and no change to FRAPCON-3.2 regarding
helium release is recommended at this time. It should be noted that the initial fill gas pressure for these
rods was relatively high at 363 psia, vs. a somewhat smaller expected value for MOX rods used in the
United States for plutonium disposition. There is some evidence and theory that suggests higher fill
gas pressure will reduce helium release.

Examples where release of created helium was possibly detected in low-pressure rods (1 atmosphere
fill gas pressure at room temperature) include the Pu-Disposition program MOX test rodlets irradiated in
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the ATR. The rods were punctured, and the postirradiation pressure was measured. FGR was deduced
from the Kr-85 activity in the gas. By difference, an additional source of pressurizing gas was deduced,
on the order of 3E-5 moles per 82-gram (15-pellet) rodlet at 42 GWd/tHM. This corresponds to a release
of created helium equal to 9E-9 mole He per gram fuel per GWd/tHM, which is a 5 to 6% increase in the
helium inventory in an LWR MOX rod. However, this amounts to only about 10 psi pressure increase at
room temperature or 20 to 25 psi increase at reactor operating temperatures. Due to the small amount of
additional helium production and release that is expected and the lack of quantitative measured release
data, the previous helium release model in FRAPCON-3 is unaltered in the current version.

Table 3.2 Helium Results from Halden Test High-Burnup PWR MOX “Mother Rods”

Initial Fill Pressure,
Reactor/Full-Length Rod | Base Irradiation MPa at Room Burnup, BOL/EOL Helium
(Rod Diameter in mm) Cycles Temperature GWdI/MTM inventory, STPcc
Gravelines-4/N12 (9.35) 4 2.6 50 449/454
Gravelines-4/P16 (9.35) 4 2.6 47 417/422

3.5 Input Plutonium Isotopes for Radial Power Profile

Input parameters have been added to signal when MOX fuel is being analyzed and to initialize the
concentrations of plutonium isotopes in the TUBRNP subcode, which calculates radial power and burnup
profiles within the fuel pellets. Given this isotope initialization, TUBRNP calculates the radial profiles
for LWR MOX fuel with acceptable accuracy. This was assessed by comparing code calculations to
Monte Carlo N-particle (transport) (MCNP) code calculations for radial power profiles (where the MCNP
results were provided by Oak Ridge National Laboratory). The code MCWO (MCNP Coupled With
ORIGEN-2) was used to analyze the detailed fuel rod radial burnup characteristics. This code was
validated by comparing the MCWO-calculated concentration profiles with the postirradiation examination
(PIE) data. For detailed radial profile analyses, a typical PWR unit cell model with a 0.915-cm-diameter
fuel pin was set up. The radial mesh contained 100 subdivided, equal-volume sub-cells in the fuel rod.
An example of the results of this code in comparison with TUBRNP is shown in Figure 3.5.
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3.6 MOX Fuel Heat Capacity

The MATPRO-11 correlations for the heat capacity of urania, plutonia, and MOX have been retained
in FRAPCON-3.2. The heat capacity equation was derived in MATPRO-11 as:

2
FCP = K,0"exp(@/T)

YK.E
+K,T +—"Lexp(-E, /RT 3.6
2 RT p(-E), ) (3.6)

2

T° [exp(@/T)-1]?

and the fuel enthalpy is the integral of the above equation with respect to temperature:

2
FENTHL = K.0 + KT +XK3 exp(=E, /RT) (3.7)
[exp(@/T)-1] 2 2
In the above,
FCP = specific heat capacity (J/kg-K)
FENTHL = fuel enthalpy (J/kg)
T = temperature (K)
K1, K2, and K3 are constants (see Table 3)
Y = oxygen-to-metal ratio
R = universal gas constant = 8.315 J/mole-K
0 = Einstein temperature (K)
ED = Activation energy for Frenkel defects (J/mole).
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The values for the urania and plutonia parameters are given in Table 3.3. At temperatures exceeding
200K, the urania heat capacity exceeds that of plutonia, which means that the heat capacity of MOX is
less than that of urania. The enthalpy and heat capacity values for urania are adjusted to account for
plutonia additions by the rule of mixtures; that is, X (MOX) = X(plutonia)*COMP +
(1-COMP)*X(urania), where COMP is the weight fraction of plutonia in the mixed oxide, X is either heat
capacity (in J/kg-K) or enthalpy (in J/kg), and Y is the plutonia weight fraction. However, for LWR
MOX application with < 10 wt.% plutonia, the difference between MOX heat capacity and urania heat
capacity is relatively small, as demonstrated in Figure 3.6.

Equations for heat capacity and enthalpy having the same form as the MATPRO equations (Eq. 6
and 7), but slightly differing parameter values, have been proposed by Popov et al. (2000). The
deviations between the two sets for temperatures below melting are, however, extremely small
particularly at the low-plutonia contents of interest for LWR applications, as demonstrated in Figure 3.7.
Therefore, the heat capacity equations in FRAPCON-3.3 have not been altered to date.

Table 3.3 Parameter Values for Urania and Plutonia Fuel Heat Capacity and Enthalpy

Parameter and Value for Value for
Units Urania Plutonia
K, J/kg-K 296.7 347.4
Ks, J/kg-K* 0.0243 0.000395
Ks, J/kg 8.745x10’ 3.860x10’
0, in degrees K 535.285 571
Ep, J/mole 1.577x10° 1.967x10°
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Figure 3.6 Urania and Plutonia Heat Capacities and Heat Capacity
for 7 wt.% plutonia MOX
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3.7 Melting Temperature for MOX

FRAPCON-3 contains the MATPRO values for unirradiated urania and plutonia melt temperatures of
3113 K and 2647 K, respectively. Popov et al. (2000) recommend values of 3120 K and 2701 K for
urania and plutonia, respectively. The code has not been altered with regard to the melt temperature of
the unirradiated fuel because these differences are very small as applied to LWR MOX. The melt
temperature Tmelt for MOX is calculated from the urania and plutonia contents in a manner similar to the
calculation of fuel specific heat; that is,

Tme(MO) = Y*T pe(plutonia) + (1-Y)*Tye(urania),
where Y = the weight fraction of plutonia.

The MATPRO burnup dependence (reduction) in melt temperature is 3.2 K per MWd/kgU, whereas
Popov et al. (2000) recommend 0.5 K per MWd/kgU on the basis of two references (Adamson et al.,
1985; Komatsu et al. 1988). The code has been altered to include this lower burnup dependence because
it is based on more reliable data.

3.8 Thermal Expansion, Densification, and Swelling for MOX

Following the comparisons and recommendations of Popov et al. (2000), the current (MATPRO-11)
thermal expansion correlation for urania is also applied to LWR MOX fuel.

The current expressions for urania for in-reactor densification and solid fission product-induced

swelling are also applied to MOX. MOX test rod irradiation experiments that include assessment of fuel
densification are ongoing in the Halden Reactor and at the ATR reactor in the United States, but the
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results to date are inconclusive regarding significant difference between LWR MOX and urania fuel (see
for example, Tolonen et al., 2001; Hodge et al., 2003). Therefore, the current urania-fuel solid fission
product-induced swelling rate is also applied to MOX fuel.

The in-reactor creep of MOX fuel has been demonstrated to be greater than that of urania fuel (see,
for example, Petiprez, 2002). Therefore, the consequence of fuel swelling upon cladding outward strain
and rod axial strain (once fuel-cladding hard contact has occurred) has been shown to be less for MOX
fuel rods (see, for example, White, 1999). However, currently, FRAPCON-3 does not model fuel creep
for either fuel type.
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4.0 REVISED PARAMETERS FOR THE
URANIA FGR MODEL

When a change is made to the code that significantly affects the predicted fuel temperature for the
confirmation cases, the constants in the Massih FGR model must be re-tuned to fit data from steady-state
and slow power ramp cases and thus keep the model best estimate. As discussed in Section 2.0, the
urania thermal conductivity model was changed. As a result of this change, the fuel temperatures
predicted by FRAPCON-3 will be significantly changed. Therefore, the constants in the Massih FGR
model will also be re-tuned to a data base consisting of measured FGR from steady-state and power
ramped rods.

4.1 Massih Diffusion Coefficient Model Changes
The following are the constants that were changed in the Massih FGR model:
e The multiplier on the recommended resolution rate was increased from 250 to 300

e The divisor on burnup in the adjustment to the diffusion constant for burnup was increased from
35 GWdA/MTU to 40 GWd/MTU

e The multiplier on the diffusion constant was decreased from 14 to 12.
4.1.1 Model Verification

The current model changes were verified by comparing the model predictions to the measured gas
release values from 23 steady-state rods and 18 power ramp cases. These cases were drawn from the
“development data base” described in Volume 3 of this NUREG, plus additional verification cases.

These steady-state and power-ramp cases are listed in Tables 4.1 and 4.2, respectively. The predicted vs.
measured gas release values for the steady-state cases are shown in Figure 4.1. This figure shows that the
FRAPCON-3 model fits these data quite well. The standard deviation on the predicted minus measured is
2.77% FGR. The predicted vs. measured gas release values for the power ramp cases are shown in Figure
4.2. This figure shows that the FRAPCON-3 model fits these data acceptably. The standard deviation on
the predicted minus measured is 5.32% FGR.

The code-to-data comparison was also examined for bias or trend as a function of burnup. The
predicted-minus measured FGR difference is plotted vs. test rod burnup for the steady-state and power
ramp cases in Figures 4.3 and 4.4, respectively. No significant bias or trend is evident for the cases
portrayed here.
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Table 4.1 Steady-State Cases Used in the Assessment and Validation of FRAPCON-3.3

Predicted
Measured Rod Measured Fission
Average Fission Gas Gas
Burnup Release Release

Case GWd/MTU % % Reference
24i6 60.1 21.8 22.90 Balfour, 1982
3618 61.5 33.8 38.40 Balfour, 1982
111i5 48.6 14.4 15.07 Balfour, 1982
28i6 53.3 13.2 13.63 Balfour, 1982
30i8 57.85 34.5 36.76 Balfour, 1982
BNFL-DE 42 10.7 9.22 Lanning et al., 1987

See also Garlick et al., 1982
BNFL-DH 33.9 20 15.54 Lanning et al., 1987
LFF 3.29 17.3 19.81 Notley et al., 1965, 1967
CBP 2.61 14.1 14.82 Notley et al., 1965, 1967
CBR 2.7 14.1 17.96 Notley et al., 1965, 1967
CBY 2.65 16.8 19.80 Notley et al., 1965, 1967
4110-AE2 6.2 22.1 17.81 Janvier et al., 1967
4110-BE2 6.6 15.9 17.78 Janvier et al., 1967
332 56.8 20.9 17.44 Balfour et al., 1982
ELP-4 10.4 17.3 18.00 De Meulemeester et al., 1973
FUMEX 6F 55.45 4545 43.02 Chantoin et al., 1997
FUMEX 6S 55.45 50+5 56.49 Chantoin et al., 1997
IFA 597.3 70 15.8 12.62 Matsson and Turnbull, 1998
IFA429DH 73 24 44.63 Devold and Wallin, 1994,
Waterman, 1978

ANO 53.2 1 1.78 Smith et al., 1994
TSQ002
Oconee 50 0.8 1.25 Newman, 1986
15309
M2-2C 43.75 35.6 41.16 Bagger et al., 1978
PA29-4 47.39 48.1 45.59 Bagger et al., 1978
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Table 4.2 Power Ramp Cases Used in the Assessment and Validation of FRAPCON-3.3

Measured | Predicted
Measured Fission Fission
Rod Average Gas Gas
Burnup Release Release
Case GWd/MTU % % Reference
D200 25 38 17.32 Barner et al., 1990
D226 44 441 32.19 Barner et al., 1990
PK6-2 36.8 3.5 9.30 Djurle, 1985
PK6-3 36.5 6.7 10.2 Djurle, 1985
PK6-S 35.9 6.1 10.36 Djurle, 1985
IRRMP 16 21 16 15.05 Mogard, 1979
IRRMP 18 18 4 6.40 Mogard, 1979
RISO F14-6 27 22.1 14.67 Knudsen, 1983
RISO F7-3 35 11.5 13.71 Knudsen, 1983
RISO F9-3 33 17.5 17.42 Knudsen, 1983
GE2 41.9 24.6 26.98 Chantoin et al., 1997
GE4 23.96 27 18.27 Chantoin et al., 1997
GE6 42.29 26 33.64 Chantoin et al., 1997
GE7 41 14.4 11.78 Chantoin et al., 1997
RISO ANI1 41.3 31.16 26.15 Chantoin et al., 1997
RISO ANS 40.3 13.85 5.73 Chantoin et al., 1997
B&W Studsvik R1 62.3 9.4 11.88 Wesley et al., 1994
B&W Studsvik R3 62.1 11.3 13.60 Wesley et al., 1994
60
*
50
< * . <t
o 40 - .
e
E 30
L
g 20
o * 0 *®
*
*
10 + (Y
0 T T T T T
0 10 20 30 40 50 60

Measured FGR, %

‘ e FRAPCON-3.3

Predicted = Measured ‘

Figure 4.1 Predicted vs. Measured FGR for Steady-State Assessment Cases
Using FRAPCON-3.3

43




Predicted FGR, %
N
(@)]

0 T T T
0 10 20 30 40 50

Measured FGR, %

¢ FRAPCON-3.3 Predicted = Measured

Figure 4.2 Predicted vs. Measured FGR for Power Ramp Assessment Cases Using
FRAPCON-3.3

V'S 2B 4

Predicted-Measured FGR, %
o
L 2

'6 T T T T T
0 10 20 30 40 50 60 70 80

Burnup, GWd/MTU

Figure 4.3 Predicted Minus Measured FGR as a Function of Burnup for Steady
State Assessment Cases Using FRAPCON-3.3

4.4



10

X *
9 I’
o s S
E . o o s
?
P 0 TS *
=
iy -
o
8 -5
K
E .’ »
-10 ‘
0 20 40 60 80

Burnup, GWd/MTU

Figure 4.4 Predicted Minus Measured FGR as a Function of Burnup for Power
Ramp Assessment Cases Using FRAPCON-3.3

4.1.2 Ranges of Application and Uncertainties for Urania FGR

The recommended ranges of application for the urania FGR model are given below. These ranges
represent PNNL-estimated limits for reliable model-to-data comparisons to date and not necessarily the
outer bounds of all available data. No attempt has been made to bias the FGR in any direction:

Temperature: 300 to 2300 K
Rod-Average Burnup: 0 to 62 GWd/MTU
As-fabricated Density: 92 to 97% TD.

The uncertainties on the present urania FGR model are considered good based on the comparison to
assessment data. The standard deviation for the steady-state cases is 2.8% FGR, and the standard
deviation for the power ramp cases is 5.3% FGR.

4.2 Numerical Solution Improvements

Several improvements were made to the Massih gas release model to increase the accuracy of the
FGR predictions. The first change was to replace the three-term approximation to the integration kernel
with a more accurate four-term approximation. The second change was to use the radial burnup profile
rather than the radial power profile to weight the release from each radial ring in the calculation of the gas
release for the current axial node.

4.2.1 Improved Numerical Solution

Hermansson and Massih have recently published a paper (Hermansson and Massih, 2002) where they
use a four-term approximation to the integration kernel in their gas release model rather than the three-
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term approximation that was used in the original publication of the model (Forsberg and Massih, 1985).
The use of the four-term approximation in the Massih model in FRAPCON-3 resulted in negligible
changes to the overall FGR prediction for the assessment cases.

4.2.2 Use of Radial Burnup Profile

The original version of FRAPCON-3 used the radial power profile to weight the contribution of
released gas from each radial ring when calculating the total gas release from each axial node. This is not
correct because the gas release value is a fraction of the total produced gas; therefore, a quantity
proportional to the total produced gas should be used to weight the contribution of gas release from each
radial ring. The radial power profile is proportional to the gas produced in the current time step, but since
the power changes with time, it is not proportional to the total gas production. The radial burnup profile
is proportional to the total gas production. For this reason, the code was changed to use the radial burnup
profile to weight the gas release from each radial ring in the calculation of the total gas release from each
axial node.

4.2.3 Modeling of Fission Gas Release During Power Ramps

A clarification is offered here on the recommended use of the code for power ramp cases, which
relates to the current logic within the Massih FGR model. In the Massih gas release model, if the current
time step is less than 1 day, the code assumes that no re-solution occurs during that time step. Thus, more
gas will accumulate in the grain boundary bubbles, which in turn promotes grain boundary saturation and
FGR from more nodes relative to the case where resolution is allowed. This behavior simulates the
enhanced release that is known to occur during power ramps following significant burnup accumulation at
steady-state power operation.

This enhanced release is not appropriate for steady-state power operation. Therefore, if steady-state
operation is being modeled, then time steps greater than 1 day should be used so that the re-solution is
modeled for the entire power-time history.

This guideline on the size of time steps will also be reflected in the input instructions for the latest
version of FRAPCON-3 under the variable, ‘ProblemTime.” Future issues of the code are expected to

contain a revised version of the Massih model that will more robustly incorporate both high-burnup
effects and power ramp-related effects.

4.3 Corrections to the ANS5.4 Model

Several errors were discovered and corrected in the alternate gas release model, ANS5.4:
e The ANSS5.4 model was modified to calculate gas release based on the current time step radial power

and burnup profile. In the previous version of FRAPCON-3, the BOL power and burnup profiles
were used throughout life.
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o A typographical error was discovered in an intermediate version of the code (FRAPCON-3.2), which
resulted in the ANS5.4 subroutine excluding the thermal release portion in the calculation of the total
gas release. The total gas release only reflected the athermal gas release fraction. This error was

corrected, so both the thermal release and the athermal release are included in the calculation of total
gas release.

Note: No adjustments have been made to the ANS5.4 gas release model parameters to account for the
new thermal conductivity model or the addition of MOX fuel properties. PNNL has not assessed the
impact of these code changes on ANS5.4 predictions relative to data. PNNL does not recommend the
use of the ANS5.4 model to make quantitative estimates of FGR. The changes described in this section

have been made simply to bring the ANS5.4 model in FRAPCON-3.3 into agreement with the original
reference (ANSI/ANS-5.4-1982).
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5.0 MODIFICATIONS FOR CLADDING
CORROSION AND ITS EFFECTS

Improved zirconium alloys have now been developed and deployed for PWR fuel rod cladding that
demonstrate significantly reduced corrosion and hydrogen pickup compared to Zircaloy-4. These include
“ZIRLO™" (developed by Westinghouse) and “M5™” (developed by FRAMATOME). The extensive
use of these new alloys, and the recent availability of published performance data for them, makes it both
possible and necessary to make preliminary updates to the corrosion model and hydrogen uptake model in
the FRAPCON-3 code to apply to cases where these cladding alloys are used.

Sections 5.1 and 5.2 describe the corrosion model updates that have been made for each of the new
alloys. It should be emphasized that these changes are empirical corrections to the existing FRAPCON-3
models for Zircaloy-4 corrosion and hydrogen pickup, not new models.

Note that changes for the new alloys to other cladding models, such as axial growth, thermal
expansion, mechanical properties, and thermal conductivity have not been made. The current Zircaloy-4
models continue in use for these properties because published data for the new alloys are sparse, and
proprietary data indicate that the variations from the Zircaloy-4 models present in FRAPCON-3 are not
large in general. (The exception to this is axial growth, which will be examined in a subsequent fuel code
update.) Ranges of application and uncertainties for the advanced cladding corrosion models are given in
Section 5.3.

NRC Staff questioned whether the existing corrosion and hydrogen pickup models for Zircaloy-2
cladding (used in BWR fuel rods) are applicable to the higher burnup and varying water chemistries
typical of modern BWR fuel and operation. Section 5.4 demonstrates, by data comparisons drawn from
recent references, that the existing models for Zircaloy-2 cladding on BWR rods are still applicable, even
to higher burnup. Section 5.5 describes the adjustment now made to cladding stress calculation from
corrosion-related wall thinning. The revised hydrogen solubility model in Zircaloy cladding is described
in Section 5.6.

5.1 Modifications for ZIRLO™ Cladding: Changes and Verification

ZIRLO™ cladding differs from Zircaloy-4 primarily by the addition of 1% niobium and reduced iron
and tin content. These changes result in significantly reduced corrosion (Knott et al., 2003) (see
Figure 5.1) and slightly reduced hydrogen pickup fraction. The FRACPON-3 input signal ICM (cladding
type indicator) is given the value 4 for Zircaloy-4. In the modified code, this variable can now be given
the value 6 to indicate that modified corrosion appropriate for ZIRLO™ will be used.

It was found by trial that reducing the FRAPCON-3 calculated Zircaloy-4 corrosion rate by the factor
2.0 results in corrosion layer thickness predictions that compare closely to the ZIRLO™ corrosion data
trend presented by Knott et al. (2003). (Much of these data were also presented earlier in Kaiser et al.,
[2000].) The least-squares (LSQ) curve presented with this data in Figures 5.1 and 5.2 represents the least
squares fit to the ZIRLO™ data. Figure 5.2 demonstrates the effect of this change in FRAPCON-3
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predictions, relative to the ZIRLO™ corrosion data. The closed data points are FRAPCON-3 predictions
for these fuel rods with Zircaloy-4 cladding, and the open data points and (+) symbols are for these same
fuel rods with ZIRLO™ cladding.

Note that both Kaiser et al. (2000) and Knott et al. (2003) present the ZIRLO™ corrosion data as a
function of the so-called fuel duty index (FDI), which is proportional to the product of cladding surface
temperature and time, integrated over the operational history of the fuel rod segment corresponding with
the cladding sample. Hence, the calculated oxide layer thicknesses are plotted against this same index,
using the axial nodal cladding surface temperatures for each time step and the case power history time
step sizes, and applying the formula for FDI given by Knott et al. (2003):

T —580 ¢
FDI = J’ dt (5.1)
100 1000
where
t = time in hours
Tave = local average cladding oxide layer outer surface temperature in °F.

The hydrogen pickup fraction for ZIRLO™ was reduced from the 15% derived for Zircaloy-4 to
12.5%, based on data from the irradiation tests reported in the Japanese/Spanish TopFuel paper (Tsukuda
et al., 2003) (see Figure 5.3.) The overall hydrogen absorption is reduced significantly relative to that of
Zircaloy-4 at equivalent duty factor because of the significant reduction in oxidation.
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Figure 5.3 Hydrogen Pickup Data (Closed Circles) and Modified FRAPCON-3
Calculations (Open Symbols), for ZIRLO™ Cladding
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5.2 Modifications for M5'™ Cladding: Changes and Verification

M5™ cladding differs from Zircaloy-4 primarily by the addition of 1% niobium and alteration of
annealing resulting in recrystallization of the grains. These changes result in significantly reduced
corrosion (FRAMATOME website 2004; Mardon and Waeckel, 2003) (see Figure 5.4) and significantly
reduced hydrogen pickup fraction. In the modified FRAPCON-3 code, the cladding type indicator ICM
can now be given the value 5 to indicate that modified corrosion and hydrogen pickup fraction
appropriate for M5™ cladding will be used.

In FRAPCON-3, it was found by trial that reducing the calculated Zircaloy-4 corrosion rate by the
factor 2.3 results in corrosion layer thickness predictions that compare closely to the M5™ corrosion data
trend presented by Mardon and Waeckel, (2003) and on the FRAMATOME website. Figure 5.5
demonstrates the effect of this change in FRAPCON-3 predictions, relative to the M5™ corrosion data.
The open triangles, diamonds, and squares and the (+) symbols are the FRAPCON-3 predictions for these
rods with M5™ cladding. The LSQ curve in this figure represents the least squares fit to the M5™
corrosion data.

The corrosion data are presented by FRAMATOME only as a function of fuel burnup. If the
information were presented as a function of FDI, which incorporates the effect of cladding surface
temperature, the data scatter likely would be reduced, and it is certain (from Section 5.1) that the scatter in
the calculated oxide values would be reduced.

The hydrogen pickup fraction for M5™ was reduced from the 15% derived for Zircaloy-4 to 7.5%,
based on data presented on the FRAMATOME website (see Figure 5.5).
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for M5™ Cladding (Hydrogen Pickup Fraction is Reduced from 15% to 7.5%)

5.3 Ranges of Application and Uncertainty for Cladding Corrosion

The recommended ranges of application for the cladding corrosion models are given below. These
ranges represent PNNL-estimated limits for reliable model-to-data comparisons to date and not
necessarily the outer bounds of all available data:

Temperature: 570 to 650 K (PWR)

520 to 550 K (BWR)

Rod-Average Burnup: 0 to 62 GWd/MTU
Oxide Thickness: 1 to ~150 microns.

The uncertainty on oxide thickness is approximately 5 microns up to 50 microns layer thickness, and
10% relative for thicker oxide layers. The uncertainty on hydrogen content in the cladding (for a given
oxide layer thickness) is approximately 15% relative.

5.4 Confirmation BWR Corrosion Rate and Hydrogen Pickup for
Zircaloy-2

It is apparent that the current BWR-condition corrosion model in FRAPCON-3 (applied to
Zircaloy 2) predicts well to high burnup and should be retained based on comparison to data from GE fuel
presented by Potts (2000), and Japanese BWR and Zircaloy-2 corrosion data presented by Itagaki et al.
(2003) and Ishimoto et al. (2000). This is demonstrated in Figures 5.6 - 5.8.
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It is also apparent that the current hydrogen pickup fraction of 29% used in FRAPCON 3 is

appropriate to high burnup and should be retained, based on irradiation test data and autoclave test data
presented by Itagaki et al. (2003), and Ishimoto et al. (2000) (see Figure 5.9).
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Figure 5.9 Measured In-Reactor Hydrogen Pickup Fractions in Zircaloy-2 Coupons (from
Itagaki et al. [2003]) Compared to the FRAPCON-3 Value

5.5 Adjustment of Stress Calculations for Clad Wall Thinning Due to
Corrosion

As the cladding oxidizes, the wall thickness that should be used to calculate stress decreases as more
of the Zircaloy is consumed in the oxidation reaction. This thinning of the cladding had not been
modeled in previous versions of FRAPCON-3. The latest version of FRAPCON-3 accounts for the effect
of clad wall thinning due to corrosion on the calculation of stress.

To account for this wall thinning, at each time step the variable, ‘dco’, which stores the clad outer
diameter, is reduced by the oxide thickness increase from the previous time step divided by 1.56, which is
the ratio of the volume of ZrO, to the volume of Zircaloy. This value of ‘dco’ is stored for each axial
node and goes into the mechanical calculations, so the cladding stress is calculated based on a reduced
wall thickness.

In FRAPCONS-3, the variable, ‘dco’, which is modified as described above, is used to convert surface
heat flux to LHGR and back to surface heat flux in several places throughout the code. To keep the
LHGR values consistent with the input values a new variable is defined as the initial cladding outer
diameter, which was input, and this variable, which is not modified for the thinning due to oxidation, is
used to convert between surface heat flux and LHGR.

It is known that at high burnup, as the cladding begins to pick up a significant quantity of hydrogen,

the outer edge of the cladding begins to exhibit a structure known as a hydride rim, characterized by
dense circumferential hydrides. This hydride rim is very brittle and most likely does not contribute to the
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strength of the cladding. Currently in FRAPCON-3, this hydride rim is not modeled, and the stress in the
cladding is divided equally across the entire thickness of the cladding that has not been consumed by
oxidation.

5.6 New Hydrogen Solubility Function for Zircaloy Cladding

The model in FRAPCON-3 for the solubility of hydrogen in Zircaloy was changed from the Sawatzky
model (Sawatzky and Wilkins, 1967) to the Kearns model (Kearns, 1967). FRAPCON 3 does not
explicitly use the amount of hydrogen in solution in any of its calculations. It does, however, output the
amount of precipitated hydrogen at each axial node that is calculated using a hydrogen solubility model.
The transient companion code to FRAPCON-3, FRAPTRAN, uses the amount of precipitated hydrogen
in the calculation of its strain-based failure criteria. To keep the two codes consistent with each other, the
hydrogen solubility model in FRAPCON-3 was changed to the Kearns model used in FRAPTRAN, and
that is more widely used in the literature.

The model for hydrogen solubility in Zircaloy in FRAPCON-3 is now given by the following
equation.

H=1.2x 10 exp(-8550/[1.986T]) (5.2)
where:
HSol = Solubility of hydrogen in Zircaloy (ppm)
T = Zircaloy temperature (K).
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6.0 CODE CAPABILITY ENHANCEMENTS

Several significant changes have been made to FRAPCON-3 since its original release that do not fall
into the category of new or updated models. Rather, these changes represent enhancements to the basic
code structure that allow the user to perform calculations that previously had not been possible without
altering the code.

6.1 Input Option to Restrict Fission Gas Release

A new input variable was added to the data block, $frpcon, called ‘igas.” The default value for ‘igas’
is 0. This variable is defined as the time step when FGR will begin. For all time steps prior to this value,
the code will calculate a value of 0 for the gas release. For steps including and after the value specified in
‘igas,’ the calculation of FGR will proceed as if the rod had released gas in the prior steps, except the
released gas from prior steps is not included in the rod void volume and therefore does not contribute to
the gas mixture for gap gas thermal conductivity and gap conductance calculations or to the rod internal
pressure.

This option is useful in performing a calculation where a rod is irradiated for some time, refabricated
and refilled with gas, and then the refabricated rod is irradiated for another period of time. If the user is
interested in the gas release behavior of the refabricated rod, the user can run the code with no gas release
during the initial irradiation to calculate the burnup effects from the initial irradiation, and then specify a
time step where gas release will begin for the second irradiation period.

This option only applies to the Massih FGR model. PNNL has not included this option in the
ANSS5.4 model.

6.2 Input Option to Impose Cladding Surface Temperature Profiles

In some cases, it may be necessary for the user to be able to specify the cladding surface temperature
at each axial node (as a function of time). The previous version of the code did not facilitate this because
it calculated the cladding temperature for each node based on the coolant inlet temperature, enthalpy rise,
and film coefficient, where the latter two are in turn functions of input flow rate, LHGR (hence heat flux),
and coolant system pressure. Potential applications of this option are analysis of a test rod irradiated
within a capsule and simulation of an irradiated rod in cask storage conditions. The latest version of
FRAPCON-3.3 has been modified as described below to allow the user to input the temperature profile
for the cladding surface for use during specified time steps.

The application of this option follows a pattern similar to that for axial power shape input.

The following is a list of the new variables that were added to the $frpcon input block in order to add
this capability.

o ifixedtsurf — default value =0, in order for the input surface temperature to be used for a time step,
‘ifixedtsurf” must be equal to 1 and the input variable, ‘go,” must be equal to 0.0 for that time step.
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o xt(1) — input elevations for the first temperature profile. The first value must be 0.0 and the last value
must equal ‘totl.” Begin the input elevations for the second temperature profile at xt(n+1), where n is
the number of values in the first profile. Input value in feet or meters, depending on the type of input
units being used.

e cladt(1) — input cladding temperatures corresponding to the values in the ‘xt’ array. Begin the
temperature values for the second temperature profile at cladt(n+1), where n is the number of values
in the first profile. Input value in °F or K, depending on the type of input units being used.

e jstsurftemp — array of integer values that show which temperature profile to use for each time step.
Similar to ‘jst’ for the axial power profiles.

o jnsurftemp — array of integer values that show how many values are in each temperature profile.
Each temperature profile may have a different number of values. The number of values does not need
to correspond with the number of axial nodes. The code will interpolate values for each axial node
based on the input.

The plenum region rod outer surface temperature equals the top-node input surface temperature. The
plenum (gas) heatup model remains unchanged (but that model adds no heat in a zero-power application).

6.3 FORTRAN 90 Compliance

The development and release of the FRAPCON-3 code has moved from a UNIX-based system to a
PC-based system. The benefit is that more users have access to PC systems, and the speed of these
systems is sufficient to run the code. With each release of FRAPCON-3, PNNL sends the code to the
user group as an executable that can be run on any PC system capable of executing a WIN32 application.
PNNL also distributes the FORTRAN source code so users can compile the code and make changes if
they wish. Due to the number of different systems and compilers used to develop and maintain the code,
the source code was not compatible with all FORTRAN compilers. Therefore, PNNL made the extensive
(non-modeling) revisions to bring the code into compliance with the FORTRAN 90 standard. Now, any
compiler that can compile a FORTRAN 90 program will be able to compile the program regardless of the
operating system or computer type in use.

During this process of bringing the code into compliance with the FORTRAN 90 standard, an
extensive quality assurance program was in place whereby the output of the code was checked
electronically relative to the output of the original code after each set of changes were made. This
program ensured that the output of the FORTRAN 90 compliant code was identical to the output of the
original code.
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Appendix A
Code-Data Comparisons for MOX Fuel Temperatures

A.1 Introduction

Recent instrumented fuel tests in the Halden test reactor are of interest to FRAPCON-3.3 MOX fuel
thermal performance confirmation because they include re-fabricated high-burnup pressurized water
reactors (PWR) mixed plutonia-urania oxide MOX fuel segments. A total of four rod segments are
represented in the five high-burnup tests, with pre-test burnups ranging from 50 to 65 MWd/kgM. These
comparisons include fuel temperature as a function of time and burnup and include fission gas release
(FGR) in the case of experiments IFA 606 and 629.3 (see Sections A.2 through A.5).

Fuel temperature, rod elongation, and FGR data are also available from two additional PWR MOX
fuel rod segments tested in the [FA-629.1 experiment. The base-irradiation burnup for these two rods was
27 and 29 MWd/kgHM. The maximum linear heat generation rates (LHGRs) during the test were
significant (35 to 40 kW/m). Code-data comparisons are shown in Section A.6.

Beginning-of-life (BOL) fuel temperatures have been measured for both UO, (urania) and MOX fuel
in IFA-633. The IFA-633 code-data comparisons in particular confirm the magnitude of the conductivity
difference between MOX and urania. These are shown in Section A.7.
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A.2 TFA-606 Temperature and FGR Data and Calculations

The IFA-606 test assembly consisted of four re-fabricated rod segments from a full-length PWR
MOX rod irradiated in the Beznau-1 reactor (Switzerland) at nominal LHGRs to a burnup of
50 MWd/kgM. Two test rods were instrumented with a fuel thermocouple and a pressure transducer, and
irradiated under Halden conditions for approximately 30 days at elevated LHGR in “Phase 2” of the test,
to determine FGR behavior (Mertens et al., 1998; Mertens and Lippens, 2001). The code-data
comparisons presented here are for one of these rods with “nominal” (12.5-micron) grain size.

A.2.1 Description of Test Rod and Base Irradiation

The design and operating parameters available for the full-length (“mother”) rod and for the
instrumented rod segments (“daughter rods”) are given in Tables A.2.1 and A.2.2, respectively. Table
A.2.2 does not list the thermocouple well diameter for the instrumented rod, which is assumed to be
2.5 mm based on other Halden irradiation specifications. The rod was base-irradiated at nominal LHGRs
for ~1500 days, as shown in Figure A.2.1. The rod segment reached a burnup of 49.5 MWd/kgM.

A.2.2 Test Rod Instrumentation and Test Conduct

The fuel rod segment was instrumented with a pressure transducer and a fuel centerline thermocouple.
FGR was determined from the rise in pressure readings and was later confirmed by postirradiation
examination puncture. The LHGR history during the test (the segment-average LHGR) is shown in
Figure A.2.2. The neutron flux at the thermocouple position happens to be very close to the rod-average
value; however, this value is adjusted downward by 10% for FRAPCON input because of the effect of the
thermocouple well, which in this case is 30% of the radius and hence about 10% of the fuel volume.

A.2.3 Code-Data Comparisons

The measured and calculated fuel center temperatures vs. burnup are shown in Figure A.2.3. The
data are overpredicted by about 50°C at the highest LHGR but the comparison is closer elsewhere. The
FGR was measured as about 12% by end-of-test compared to a calculated increase in FGR (during the
test) of 13.1%.
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Pellet OD:
Pellet ID:
Pellet Ht:

Dish & Chamfer Volume:

RMS Roughness:

Avg. Grain Diameter:
As-Fabricated Density:
Resinter Densification:
Open Porosity:

Pu Content:

U-235 Enrichment:

Pu isotopes:

Table A.2.1. IFA 606 Mother Rod

(Pu-239, Pu-240, 241, 242) at. %

Fuel Type:

Clad Material:
Clad OD:
Clad ID:

RMS Roughness:

Stack Length:

Upper Plenum Volume:
Lower Plenum Volume:
Total Free Volume:

He Backfill Pressure:
Backfill Temperature:

A3

9.293 mm
0.000 mm
12.555 mm
1.2%

0.0025 mm
0.012 mm
95.585%
0.65%

0.1%

5.97 w/o HM
0.278 w/o
65.86, 23.83, 7.38, 3.33 est.

AUC

Zr-4
10.72 mm
9.48 mm

0.00063 mm
3028.7 mm
8.96 cm’

0.0 cm’
21.42 cm®
2.4 Mpa
25°C



Table A.2.2. IFA 606 Daughter Rod

Fuel Rod Diametral Gap: 0.0 mm
Stack Length: 398.2 mm
Upper Plenum Length: 45.0 mm
Upper Plenum Volume: 3.14 cm’
Lower Plenum Volume: 0.0 cm’
Total Free Volume: 3.91 cm’
He Backfill Pressure: 0.511 Mpa
Backfill Temperature: 25°C
Mass Flux: 3280.0 kg/m’s
Hydraulic Diameter: 25.90 mm
Equivalent Heated Diameter: 27.00 mm
Inlet Temp: 220°C
Coolant Pressure: 33.6 bar
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Figure A.2.1. IFA-606 Base Irradiation Power History. (“ALHR” is Average Linear Heat
Rate; “Segment” Shows Heat Rating for the Segment of Interest, which was
Re-Fabricated to a Test Rod)
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A.3 1FA-610.2 and 610.4 Fuel Temperature Data and Calculations

One segment from 4-Cycle PWR MOX EdF Rod NO16 (which was base-irradiated for four cycles in
the French Gravelines-4 reactors to a burnup of approximately 55 MWd/kgM) was re-fabricated and
instrumented for use in the sequential IFA-610.2,4 cladding liftoff experiments (Nishi and Lee, 2001).
The rod was tested under simulated PWR conditions in a pressurized water loop within the Halden
reactor. The rod was connected to a gas supply system, and temperature measurements were made in
both helium and argon fill gases at varying pressures. Fuel temperature data from helium gas fill periods
are compared to calculations herein.

A.3.1 Description of the Test Rod and Base Irradiation

The design and operating parameters available for the mother (full-length) rod and daughter rod
segment are given in Tables A.3.1 and A.3.2, respectively. The rod was base-irradiated at nominal
LHGRs for ~1500 days, as shown in Figure A.3.1. The final burnup for the segment was
54.5 MWd/kgM.

A.3.2 Test Rod Instrumentation and Test Conduct

The rod was instrumented with a fuel center thermocouple and a rod elongation sensor. Internal gas
pressure was varied throughout the ~100-day IFA-610.2 test to investigate the threshold for cladding
liftoff (Beguin, 1999; Fujii and Claudel, 2001). The LHGR level during the IFA-610.2 test was steady at
about 14 kW/m to 15 kW/m, and LHGR at the thermocouple was about 13.5 to 14 kW/m.

In IFA-610.4, the LHGRs were similar at the beginning and drifted downward to 12.5 and 12.0 kW/m
for rod-average and thermocouple location, respectively (Fujii and Claudel, 2001). The test duration was
similar to that of IFA-610.2 (100 days); however, after 50 days, questions of potential thermocouple
degradation were raised, and code data comparison was only conducted over the first 50 days of the test.

A.3.3 Code-to-Data Comparisons

The measured and predicted temperatures throughout the IFA-610.2 test are shown in Figure A.3.2.
FRAPCON-3 tracked the measured temperatures very closely (+/- 10°C) for this test. For information,
this comparison is plotted vs. rod-average burnup in Figure A.3.3. The fuel picked up about
3.5 MWd/kgM during the test.

The calculated center temperature is shown vs. time-in-test for [FA-610.4 in Figure A.3.4. The code
continued to track the measured center temperature closely in this follow-on test < 20°C overprediction).
During the first half of each test, the rod internal overpressure was 150 to 200 bar, with little apparent
effect upon fuel temperatures.
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Table A.3.1. IFA 610 Mother Rod

Pellet OD:

Pellet ID:

Pellet Ht:

Dish diameter and depth:
RMS Roughness:
Diametral gap:
As-Fabricated Density:
Resinter Densification:
Grain size:

Pu Content:

U-235 Enrichment:

Pu isotopes:

O/M Ratio:

Clad Material:

Clad OD:

Clad ID:

RMS Roughness:

Stack Length:

Lower Plenum Volume:
Total Free Volume:

He Backfill Pressure:
Backfill Temperature:

8.193 mm

0.000 mm

11.770 mm

4.897,0.281 mm

0.002 mm est.

167 microns

94.43%

0.503%

8 microns

5.95 w/o HM

0.229 w/o

0.953, 65.187, 23.215, 7.317, 3.298 (Pu-238,
Pu-239, Pu-240, 241, 242) at. %
1.997

Zr-4 (SR)

9.50 mm

8.36 mm

0.001 mm estimated
3655.9 mm

0.0 mm’

19.7 cm®

2.6 Mpa

25°C

Table A.3.2. IFA 610 Daughter Rod

Fuel Rod Diametral Gap:
Thermocouple well diameter:
Stack Length (enriched):
Total Free Volume:

He Backfill Pressure:
Backfill Temperature:

Inlet Temp:

Outlet Temp:
Coolant Pressure:
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0.0 mm
2.3 mm
400 mm
3 cm’ est.

2.6 Mpa
25°C

300°C
310°C
160 bar
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Figure A.3.1. Base Irradiation History of IFA-610.2,4 Rod Segment

800
750 A
700 4 \
650 \
600 4
550
500
450
400
350
300 ‘ ‘
0 20 40 60 80 100 120

Center Temp., C

Time, Days

— Measured FRAPCON-3.2

Figure A.3.2. Measured and Calculated Fuel Center Temperatures vs. Time-in-
Test for IFA-610.2
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Figure A.3.4. Measured and Calculated Fuel Center Temperatures vs. Time-in Test for
IFA-610.4 (first 50 days)
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A.4 1FA-648.1 Temperature Data and Calculations

The IFA-648.1 irradiation was simply a burnup extension at low LHGR for two re-fabricated
instrumented segments from Gravelines-4 four-cycle PWR MOX rods, one segment each from Rods N12
and P16. The irradiation was carried on at low LHGR under simulated PWR conditions in a pressurized
water loop within the Halden reactor. The rods were then power-ramped in the follow-on IFA-629.3 test
to investigate FGR and rod elongation behavior.

A.4.1 Test Rod Description and Base Irradiation

The design and operating parameters available for the mother (full-length) rods and daughter rod
segments are given in Tables A.4.1 and A.4.2, respectively (Nishi and Lee, 2001). The mother rods were
base-irradiated at nominal LHGRs for ~1200 days, as shown in Figure A.4.1 and A.4.2. The final burnup
for the Rods N12 and P16 were 57 and 53 MWd/kgM, respectively.

A.4.2 Test Rod Instrumentation and Test Conduct

The two rods were instrumented differently upon refabrication. Rod 1 carried a fuel center
thermocouple and a rod elongation sensor. Rod 2 carried a fuel center thermocouple and a pressure
transducer. The LHGRs were kept deliberately low to accumulate more burnup without inducing FGR
(Claudel and Huet, 2001). The LHGRs at the thermocouple locations are shown in Figures A.4.3 and
A.4.4, respectively. Note that the LHGRs for Rod 1 are slightly higher than those for Rod 2. The rod-
average LHGRs were about 10% higher than those shown in the figures.

A.4.3 Code-to-Data Comparisons

The measured and predicted temperatures throughout the IFA-648.1 irradiation are shown for Rods 1
and 2 in Figures A.4.5 and A.4.6, respectively. Note that the measured temperatures for Rod 1 are
slightly higher than for Rod 2, reflecting the difference in LHGRs. FRAPCON-3 tracked the measured
temperatures very closely for Rod 1 (within 15°C) and underpredicted the temperatures for Rod 2 by
20 to 30°C).

For information, the measured temperatures for the two rods are plotted vs. rod-average burnup in

Figures A.4.7 and A.4.8. The segments accumulated an additional ~7 MWd/kgM burnup during the
IFA-648.1 irradiation.
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Table A.4.1. IFA 648.1 Mother Rods (1st value for Rod N12, 2nd value for Rod P16)

Pellet OD:

Pellet ID:

Pellet Ht:

Dish diameter:

Dish depth:

RMS Roughness:
Diametral gap:
As-Fabricated Density:
Resinter Densification:
Grain size:

Pu Content:

U-235 Enrichment:

Pu isotopes:

(Pu-238, Pu-239, Pu-240, 241, 242) at. %
O/M Ratio:

Clad Material:

Clad OD:

Clad ID:

RMS Roughness:
Stack Length:

Total Free Volume:
He Backfill Pressure:
Backfill Temperature:

8.193,8.190 mm

0.000 mm

11.936, 11.897 mm

4.864,4.972 mm

0.292, 0.293 mm

0.002 mm estimated

167, 170 microns

94.72, 94.62%

0.086, 0.385%

8.0, 6.5 microns

5.93,4.69 w/o in HM

0.231, 0.225 w/o

0.957,65.211, 23.175, 7.356, 3.302
1.047, 65.296, 23.209, 7.004, 3.444
1.996, 2.000

Zr-4 (SR)

9.50 mm

8.36 mm

0.001 mm estimated
3656.3, 3658.0 mm
19.7,19.6 cm’

2.6 Mpa

25°C

Table A.4.2. IFA 648.1 Test Rods (Rods 1 and 2)

Fuel Rod Diametral Gap:
Thermocouple well diameter:
Stack Length: (enriched):
Total Free Volume:
Instrumentation:

He Backfill Pressure:
Backfill Temperature:

Coolant Temp:
Coolant Pressure:

0.0 mm

2.5 mm
453.6,451.3 mm
2.81,2.81 cm’
TF/EC, TF/PF
2.6 Mpa

25°C

315 to 325°C
160 bar
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A5 1FA-629.3 DATA AND CALCULATIONS

The IFA-629.3 test was carried out in a standard Halden Reactor test position under the normal
Halden Reactor coolant conditions (~240°C temperature, 500 psia pressure). The test involved the same
rod segments that were irradiated in IFA-648.1 in a pressurized water loop under simulated PWR coolant
conditions (320°C temperature, 2350 psia pressure). The rod designations changed: Rod 1 in IFA-648.1
is called Rod 5 in IFA-629.3 and Rod 2 is called Rod 6. Between the two tests, Rod 6 was fitted with a
new type of thermocouple not subject to in-reactor decalibration. The LHGRs in IFA-629.3 were much
higher (up to 30 kW/m) since FGR at high burnup was being investigated. Data from the first 30 days of
the irradiation are compared to FRAPCON-3.2 calculations for fuel center temperatures from both rods,
gas pressure/FGR from Rod 6.

A.5.1 Test Rod Description and Base Irradiation

The design and operating parameters available for the mother (full-length) rod and daughter rod
segments are given in Tables A.4.1 and A.4.2, respectively. The mother rods were base-irradiated at
nominal LHGRs for ~1200 days, as shown in Figures A.4.1 and A.4.2 (Nishi and Lee, 2001). The final
burnup for the Rods N12 and P16 were 57 and 53 MWd/kgM, respectively. Following the IFA-648.1
low-power irradiation, these burnups had increased to approximately 64.5 and 59.5 MWd/kgM.

A.5.2 Test Rod Instrumentation and Test Conduct

The two rods were instrumented differently upon refabrication. Rod 5 carried a fuel center
thermocouple and a rod elongation sensor. Rod 6 carried a new type of fuel center thermocouple
(replacing the one used in IFA-648.1) and a pressure transducer. The LHGRs during the first 30 days
of the test were increased slowly in a stepwise fashion to probe for the gas release threshold
(Petitprez, 2002). The LHGRs at the thermocouple locations are shown in Figures A.5.1 and A.5.2,
respectively.

A.5.3 Code-to-Data Comparisons

The measured and predicted temperatures through the first 30 days of the IFA-629.3 irradiation are
shown for Rods 5 and 6 in Figures A.5.3 and A.5.4, respectively. Note that the measured temperatures
for Rod 5 are slightly higher than for Rod 6, reflecting the difference in LHGRs. FRAPCON-3 tracked
the measured temperatures very closely for Rod 5 (within about 10°C). For Rod 6, the temperatures are
over-predicted by 30 to 40°C.

The fact that center temperatures for Rod 2 of IFA-648.1 are underpredicted, whereas the tempera-
tures for Rod 6 of IFA 629.3 are overpredicted, is remarkable since Rod 2 and Rod 6 are just two different
designations for the same rod segment. The measured center temperatures show small differences for
Rod 1/Rod 5 but a larger difference exists for Rod 2/Rod 6, as shown in Figures A.5.5 and A.5.6, respec-
tively. To make these plots, the data from [FA-648.1 were corrected downward by the difference in
coolant temperatures (320°C versus 240°C = 80°C).
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The thermocouple was replaced in Rod 2/6 between the two irradiations, and this may have
contributed to the difference in measurements. The uncertainty in quoted LHGRs at the thermocouple
position between Rod 2 and Rod 6 may also be a contributing factor.

The FGR deduced from pressure measurements on Rod 6 is given in Petitprez (2001) for the first
15 days of the test. These data are plotted in Figure A.5.7 in comparison with the FRAPCON-3.2
calculation of FGR. The agreement is fairly close regarding the onset of FGR during the power
ascensions, and the predicted FGR at the end of 15 days is fairly close to the measured value.
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A.6 Data and Calculations for the IFA-629.1 Test

Fuel temperature, rod elongation, and FGR data are available from two additional base-irradiated
PWR MOX fuel rod segments tested under Halden Reactor coolant conditions in the IFA-629.1
experiment. The base-irradiation burnups for Rods 1 and 2 were 27 and 29 MWd/kgHM, respectively,
which were extended to 33 and 40 MWd/kgM, respectively, during the Halden irradiation. The maximum
LHGRs were significant (35 to 40 kW/m).

A.6.1 Description of the Test Rods and Base Irradiation

The mother rod for the IFA-629.1 test rods was a full-length PWR MOX rod irradiated for two cycles
in the Gravelines-4 PWR. The design and operating parameters available for the mother (full-length) rod
and daughter rod segment are given in Tables A.6.1 and A.6.2, respectively (Nishi and Lee, 2001). The
mother rod was base-irradiated at (segment-specific) LHGRs ranging from 18 to 25 kW/m.
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Table A.6.1. IFA 629.1 Mother Rod J09

(Ranges for pellet dimensions and density reflect ranges given for pellet lots used.)

Pellet OD: 8.192 t0 8.195 mm
Pellet ID: 0.000 mm

Pellet Ht: 11.83 to 12.02 mm
Dish diameter: 4.879 t0 4.907 mm
Dish depth: 0.295 t0 0.306 mm
RMS Roughness: 0.002 mm estimated
Diametral gap: 167 microns nominal
As-Fabricated Density: 95.22 t0 95.41%
Resinter Densification: 0.669%

Grain size: 11.8 microns

Pu Content: 5.93w/o in HM
U-235 Enrichment: 0.253 w/o

Pu isotopes: 1.187,60.744, 24.373, 8.957, 4.74
(Pu-238, Pu-239, Pu-240, 241, 242) at. %

O/M Ratio: 1.996 estimated
Clad Material: Zr-4 (SR)

Clad OD: 9.50 mm

Clad ID: 8.36 mm

RMS Roughness: 0.001 mm estimated
Stack Length: 3657 mm estimated
Lower Plenum Volume: 0.0 mm’

Total Free Volume: 19.7 cm’ estimated
He Backfill Pressure: 2.6 Mpa

Backfill Temperature: 25°C

Table A.6.2. IFA 629.1 Test Rods (Rods 1 and 2)

Fuel Rod Diametral Gap: 0.0 mm
Thermocouple well diameter: 1.8 mm

Stack Length: (enriched): 380.7, 451.0 mm
Total Free Volume: 2.81,3.31 cm’
Instrumentation: TF/EC, TF/PF
He Backfill Pressure: 2.6 Mpa
Backfill Temperature: 25°C

Coolant Temp: 232°C

Coolant Pressure: 160 bar
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A.6.2 Test Rod Instrumentation and Test Conduct

The two rods were instrumented differently upon refabrication. Rod 1 carried a fuel center
thermocouple and a rod elongation sensor. Rod 2 carried a fuel center thermocouple and a pressure
transducer. The LHGRs during the first 30 days of the test were increased slowly to probe for the gas
release threshold (White, 1999). The LHGRs at the thermocouple locations and the rod-average LHGRs
are shown in Figures A.6.1 and A.6.2, respectively. Note that (White, 1999) covers only the first
120 days of operation, whereas LHGR and temperature data plots presented here cover the full 180 days
of operation.
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Figure A.6.1. LHGR at the Thermocouple Location for IFA-629.1 Rods and 2
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A.6.3 Code-to-Data Comparisons

The measured and predicted temperatures through the first 120 days of the IFA-629.1 irradiation
(spanning the published data set) are shown for Rods 5 and 6 in Figures A.6.3 and 6.4, respectively. Note
that the measured temperatures for Rod 1 are slightly higher than for Rod 2, reflecting the difference in
LHGRs. FRAPCON-3 underpredicts the measured temperatures by 30 to 60°C in the first half of the
irradiation but is much closer thereafter. The code predictions appear closer to data for Rod 2 than for
Rod 1, but this is mainly a consequence of the lower LHGRs for Rod 2.

The FGR was deduced for Rod 2 by rod puncture and gas analysis (Oberlander et al., 2000), as
21.7%. The predicted value for Rod 2 (at the end of 180-day test) was 13.5%. The calculated FGR is
calculated in comparison to the measured rod pressure in Figure A.6.5. It is apparent that the onset of
FGR is well predicted, even though the total FGR is somewhat underpredicted in this case.
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A.7 Data and Calculations for the IFA-633 Test

Fuel temperature, rod elongation, pellet stack elongation, and FGR data are becoming available from
six instrumented rods (three MOX rods and three urania rods) irradiated from BOL under Halden Reactor
coolant conditions in the IFA-633 gas flow experiment. Data are available through a burnup of
25 MWd/kg oxide and include a power ramp to achieve fission gas bubble interlinkage (Wright, 2004).
The code-data comparisons presented here are from BOL and used to confirm the difference between
MOX and urania fuel thermal conductivity.

A.7.1 Description of the Test Rods

The test rods were short but had normal PWR 17 x 17 fuel rod radial dimensions (9.5 mm outer
diameter). The rods were heavily instrumented and connected to a gas flow system, which permitted
changes between various gas species and measurement of gas release for both short-lived and long-lived
isotopes.

The short binderless route (SBR) MOX fuel pellets had a small grain size (7.5 microns) in contrast to
the more normal urania pellet grain size (10 microns). Otherwise, the fuel pellets were high-density
stable pellets dished on both ends, which is typical of commercial fuel.

A.7.2 Test Rod Instrumentation and Test Conduct

All six rods had fuel centerline thermocouples in the top and bottom of the fuel stack and were
connected to rod elongation sensors and to gas flow lines. One urania rod and one MOX rod were fitted
with pressure transducers. The remaining two rods of each type had stack elongation sensors. The rod
design parameters are further describes in Table A.7.1.
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Table A.7.1. IFA 633 Rod Dimensions and Fabrication Parameters

Pellet OD: 8.15 mm
Pellet ID: 0.000 mm
(1.8 mm at top/bottom of stack)
Pellet Ht: 12.39 Urania, 12.41 MOX mm
Dish diameter: 6.4 mm
Dish depth: 0.2 mm
Land width: 0.65 mm
RMS Roughness: 0.002 mm estimated
Diametral gap: 210 microns nominal
As-Fabricated Density: 95.4% TD urania 95.4% TD MOX
Resinter Densification: not given
Grain size: 9.95 microns urania,
7.42 microns MOX
Pu Content: 6.04 wt.% Pu-fissile in depleted U
Enrichment: 7.98 wt.% U-235 in urania rods
Pu isotopes (estimated) 1.187, 60.744, 24.373, 8.957, 4.74
(Pu-238, Pu-239, Pu-240, 241, 242)
MOX Fuel Type: SBR
O/M Ratio: 1.996 estimated for MOX
2.00 est. for urania
Clad Material: Zr-4 (SR)
Clad OD: 9.50 mm
Clad ID: 8.36 mm
RMS Roughness: 0.001 mm estimated
Stack Length: 450 mm urania, 447 mm MOX
Lower Plenum Volume: 0.0 mm’
Total Free Volume: 6.0 cm’ with pressure transducer
5.1 cm’ for remaining rods.
He Backfill Pressure: 2 bar nominal
Backfill Temperature: 25°C

A.7.3 Code-to-Data Comparisons for Fuel Center Temperature at Beginning of Test

The predicted and measured centerline temperatures as a function of LHGR in the startup ramps for
urania and SBR MOX rods are shown in Figures A.7.1 and A.7.2, respectively. The agreement is very
close. Ifthe calculated fuel surface temperatures are subtracted from both the measured and calculated
centerline temperature values, the resulting estimated temperature rises across the fuel can be used to
estimate the relative value of the MOX and urania thermal conductivities. The result is shown in
Figure A.7.3. The ratio of MOX conductivity to that of MOX is about 0.92 to 0.94.

Data were also recorded for the effect of exchanging argon gas for helium fill gas. Because the
thermal conductivity of argon is much lower than that of helium, the fuel temperatures rise dramatically
when argon is exchanged for helium gas. The code-to-data comparison for this effect for a urania rod is
shown in Figure A.7.4. The excellent prediction of this dramatic effect indicates the predicted BOL
effective gap sizes are very close to true values.
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A.7.4 Code-to-Data Comparisons for Fuel Temperatures Through-Test to Date

Rod 6 (MOX) also had a pressure transducer, which permitted an estimate of the onset of FGR as a
function of temperature. This was assessed during an “interlinkage test” (step-wise power ramp)
performed at a rod-average burnup of approximately 20 MWd/kgHM. Measured and predicted fuel
temperatures and FGR (estimated from measured rod pressures) are plotted in Figure A.7.5. The
corresponding estimated and FRAPCON-calculated peak center temperatures (in solid pellets) are shown
in Figure A.7.6. The predicted temperatures are close to measured values until the onset of FGR.
Thereafter, the predicted temperatures are greater than the measured values. This overprediction is
believed to occur because in this gas flow experiment, there is a large helium-filled volume of
interconnected piping open to the rods, and fission gas can diffuse into this volume. The code does not
model this volume (i.e., it only models the rod plenum volume) resulting in the code calculating more
degradation in gap conductance (due to the higher fraction of low conductivity xenon and krypton gas)
and higher fuel temperatures. The important aspect for FRAPCON-3 is that the code does predict onset
of significant FGR (>1%) at a peak (solid-pellet) fuel temperature of 1200°C, followed by major FGR
(6.2% quoted in the reference) as peak fuel temperatures approach 1400°C.
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Figure A.7.5. Measured and Predicted (Lower Thermocouple) Fuel Temperatures and
Predicted FGR for IFA-633, Rod 6
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Appendix B

Summary of Code Changes Since FRAPCON Version 1.0

B.1 Changes Made for FRAPCON-3 v1.1

e Axial array of fast fluence was added to the output

o The input variable 'jdlpr' was set equal to 0 (output all axial nodes) when ntape > 0 (create a
FRAPTRAN initialization file)

e The hydrogen concentration in the final summary page of the output was corrected to be the peak
node hydrogen concentration

o The variable cladding permanent displacement was added to the FRAPTRAN start tape.

B.2 Changes Made for FRAPCON-3 v1.2

e The excess hydrogen concentration was added to the FRAPTRAN initialization file
e Corrected typographical error in function call statement

e Moved continuation markers from column 1 to column 6 in many places to make the code more
compatible with different compilers.

B.3 Changes Made for FRAPCON-3 v1.3

e The volume of the central annulus, if present, was included in the calculation of the rod void volume
for the gas pressure calculation

e External changes were made to allow the building of the PC version of FRAPCON.

B.4 Changes Made for FRAPCON-3 v1.3a

e A typographical error in the constant, 'a2', in the Massih fission gas release model was corrected. The
new value of a2 is as specified in equation 40 by Forsberg and Massih (1985). The earlier value was
in error.

B.5 Changes Made for FRAPCON-3.2

Many changes were made for the release of FRAPCON-3.2. In this section, the changes are divided
into five categories: model changes, input changes, output changes, errors fixed, and changes to clean up
FORTRAN.
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B.5.1 Model Changes

e A new thermal conductivity model is now used in FRAPCON. This model is described in Section 2.0
of this report.

e Mixed oxide modeling capability was added. The changes made to model mixed oxide are described
in Section 3.0 of this report.

e The pre- and post-transition values of hydrogen pickup fraction were made the same for boiling-water
reactor and pressurized water reactor applications.

o The alternate fission gas release model, ANS54, was modified to calculate gas release based on the
current time step radial power and burnup profile. Previously, it had used the beginning of life power
and burnup profiles throughout life. (Note: no adjustments were made to the ANS54 gas release
model parameters to account for the new thermal conductivity model. In addition, Pacific Northwest
National Laboratory (PNNL) has not assessed the impact on that change on ANS54 predictions
relative to data).

e Tuning parameters in the Massih fission gas release model were changed to better fit data. This
change is due to changes in the new thermal conductivity model. This change is described in Section
4.0 of this report.

e Calculation of fraction gas release in the Massih fission gas release model was made a function of
radial burnup profile rather than radial power profile. This change is described in Section 4.0 of this
report.

e A four-term approximation, rather than the original three-term approximation, is now used as the
integration kernel in the Massih fission gas release model as given by Hermansson and Massih
(2002). This change is described in Section 4.0 of this report.

B.5.2 Input Changes

e Input variable 'time' was changed to 'ProblemTime' to avoid issues with some compilers for which
‘time’ is a reserved variable.

e The default value of ‘ngasr’ was changed to 45. This is the value PNNL recommends for the number
of radial fuel nodes used in the gas release calculation.

e The input variable 'afsw' was removed. This variable was not described in the input instructions.
e The input variable 'ivoid' was removed. This variable was not described in the input instructions.
e The input variable 'linkt' was removed. This variable was not described in the input instructions.
e The input variable 'thoh20' was removed. This variable was not described in the input instructions.

e The input variable 'cldwkd' was removed. This variable was not described in the input instructions.
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o The input variable 'grnsiz' was removed. This variable was not described in the input instructions.

e The input variable 'im93wc' and associated function emftc.f was removed. This function was not
being used in the code.

B.5.3 Output Changes
e Write statements were changed to reflect the presence of a dish or a central hole.
e A misspelling in the plotter was corrected.

o The plotter was corrected to plot the bulk coolant temperature rather than the inlet temperature for
each node.

e Error warnings were made to print to the output file, not a separate file.

o The output of 'fuel thermal conductivity degradation factor' is removed if FRACAS-1 is used. If
FRACAS-2 is used, this value is output as 'cracked fuel thermal conductivity degradation factor.'

e Negative values calculated for uniform strain are changed to 0.0 and the user is warned.

e The problem with output value of relocation in microns not being the same as the output value of
relocation in mils was corrected.

e A statement was added that the clad-coolant film coefficient includes the effect of the crud layer.
e The text in page headers was changed to reflect the current version of FRAPCON-3.

e Interface pressure output in peak node summary had been calculated before creep occurred. It was
changed to be calculated after creep was calculated.

¢ In the plotter, one set of data is labeled “Fuel Surface Hoop Strain” but the values are for fuel surface
axial strain. The label was changed to “Fuel Surface Axial Strain.”

e A rod average burnup selection was added under the 'data’ tab in the plotter.
o The output of the Oth time step in the plotting routine was removed.
e A mechanical gap selection was added to '1D data' tab in the plotter.

e A Fission Gas Release was added to the list of variables that can be plotted in the ‘Data’ tab of the
plotter.

o The variable, Yield Stress, was removed from the plotter. This variable is always 0.0.

e A relocation to initialization file for FRAPTRAN was added.
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B.5.4 Errors Fixed

e Correctly calculate the initial cold void volume in rods with a central hole.

e Correctly calculate the fuel volume for dished pellets with a central hole.

e Correctly calculate the thermal expansion for annular pellets.

e Correct error in subroutine cmlimit under the calculation of uniform strain.

e Use the correct conversion factor in fudens.f to convert from MWs/kgU to MWd/kgU.
e Use the variable 'gadolin’' correctly in calculating fuel enthalpy.

o The input variable, 'enrich’, is in atom%. Use this variable in the appropriate manner in calculating
the radial power profile.

e Use consistent value of 10.96 g/cc for the theoretical density of urania (UO,) throughout the code.
B.5.5 Changes to clean up FORTRAN

e The dynamic dimensioning was completely removed, and the a-array was replaced by variables that
make it easier to follow what the code is doing.

o The input variable, 'iplant' is used as the universal signal for plant type.
o The following subroutines that are never called were removed: fluxd.f, fluxdp.f, radar.f, and voidp.f.
e In turbin.f, only one call per ring to turbnp.f is needed to initialize atom concentrations.

e The variables drdt, dkdt, and cdkdt were removed. These variable store the uncertainty from models
that are not being used in FRAPCON-3.

e 'icm' was made the universal index for cladding type (icm=2 - Zircaloy-2, icm=4 - Zircaloy-4), and
the variables ‘iaaha’ and ‘iah’were removed.

e Default values were explicitly given to all variables that are not required input.

B.6 Changes made for FRAPCON-3.3

Many changes were made for the release of FRAPCON-3.2. In this section the changes are divided
into five categories: model changes, input changes, output changes, errors fixed, and changes to clean up
FORTRAN.
B.6.1 Model Changes

e The capability to run a case with no gas release up to a certain time step was added in order to
model re-fabricated rods.
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e The hydrogen solubility model was changed to the Kearns’ hydrogen solubility to be more consistent
with FRAPTRAN and available data.

e  Oxidation and hydrogen pickup properties were added for ZIRLO™ and M5™. These changes are
described in Sections 5.1 and 5.2 of this report, respectively.

e The cladding stress calculation was modified to account for the clad thinning that occurs as the
cladding oxidizes. This change is described in Section 5.5 of this report.

e The code was changed to allow the user to set the cladding surface temperature axial profile for each
time step. This option was added to allow the calculation of fuel rod behavior under spent fuel

storage conditions. This change is described in Section 6.2 of this report.

e The burnup dependence for fuel melting temperature was changed from a reduction of
3.2 K/GWd/tHM to 0.5 K/GWd/tHM. This change is described in Section 3.7 of this report.

B.6.2 Input Changes

e The default value of fuel sintering temperature was changed to be the same value in regardless of
whether SI or British input units are selected.

e If the same value is input for consecutive values of ‘ProblemTime,’ the code will stop and inform the
user to fix the input.

o New warning statements have been added so the code stops and informs the user what line of input
has a problem rather than crashing.

e The input of the axial power profiles was changed so they do not need to be normalized to an average
value of 1.0. The code will automatically normalize the input axial power profile to a value of 1.0.
This normalization procedure will not be applied to cases where the chopped cosine distribution is
used.

o The check that ensured the maximum value of ‘qf” was not less than 1.0, and the warning if the
maximum value of ‘qf” was 1.0, were removed now that the code automatically normalizes the input

power profiles.

e The fuel grain size was re-added as an input value. The default grain size (effective diameter) is
10 microns.

e The ICM variable has the value 5 for M5™ cladding and 6 for ZIRLO™.
B.6.3 Output Changes

e  When the input file is in SI units, the output of pitch was in meters and labeled in cm. The output was
changed to cm to match the label.

¢ Changes were made to the page header to better track the current version.
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In SI units, the output of gap and oxide thickness were not being shown with enough detail. The
output was changed to print out in microns with three digits before the decimal and one digit after the
decimal.

Some cosmetic glitches in the printout were corrected.

The code was changed to output total hydrogen rather than excess hydrogen to the FRAPTRAN
initialization file.

The cladding fast neutron fluence for each axial node was added to the FRAPTRAN initialization file.
The oxide surface temperature was added as an option in the plotter.
The total hydrogen concentration was added as an option in the plotter.

The cladding and fuel radii in the output file were changed to be consistent with the fuel and cladding
radii elsewhere in the output file.

The gas release value in the peak axial node summary table of the output file was specified as the rod
average gas release.

In the plotter, the value labeled “average power” plotted peak power if the chopped cosine axial
power shape was used. This error was corrected so this item plots average power for all cases.

B.6.4 Errors Fixed

A typographical error in the second call to print2.f was corrected.

Changes were made to make the evaluation model options work correctly. (Note: PNNL has not
evaluated the evaluation models and does not recommend using these options).

Several typographical errors in gspres.f were corrected.

The indexes on several variables used to calculate temperature and power were corrected.

The alternate fission gas release mode, ANSS5.4, had been excluding the thermal release from its
calculation of gas release because of a typographical error. This error was corrected. (Note: no
adjustments have been made to the ANS5.4 gas release model parameters to account for the new
thermal conductivity model. In addition, PNNL has not assessed the impact on that change on
ANSS5 .4 predictions relative to data).

An error in the calculation of the plenum temperature was corrected.

The initial cladding dimensions are written to the FRAPTRAN initialization file rather than to the
dimensions that have been reduced due to cladding oxidation.
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e An error was corrected where the calculation of cladding creep used the value of flux from the top
axial node for every axial node. The code now uses the value of flux that corresponds with each axial
node.

B.6.5 Changes to Clean Up FORTRAN

e The dimension statements in tapegn.f were changed to be consistent with the other dimension
statements.

e The arrays ‘porosnew,” ‘densp, ‘densf,” ‘dpw,” and ‘dpwpp’ were explicitly initialized.
e The code was changed to be compliant with the standards of FORTRAN 90. This will ensure that the

code can be compiled on any compiler that complies with FORTRAN 90. This change is described in
Section 6.3 of this report.
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Appendix C

Input Instructions for FRAPCON-3.3

C.1 Input Structure

The NAMELIST input is divided into four sections: Case control integers (in SFRPCN), case design
and operation descriptors (real and integer variables) located in (SFRPCON), evaluation model options (in
$EMFPCN), and plutonium isotopic distributions (in SFRPMOX). The variables in the first group must
be separated by commas and placed between the statement SFRPCN and $END. Similarly, the variables
in the second, third, and fourth groups must be placed between SFRPCON and $END, between
SEMFPCN and $END, and between SFRPMOX and $END, respectively.
Before the NAMELIST input, the following lines must be included in the input file
FILEOS5=nullfile', STATUS='UNKNOWN', FORM=FORMATTED',
CARRIAGE CONTROL='NONE'
This line sets up a file called “nullfile,” which is needed by FRAPCON-3.3.
FILEO6="file.out', STATUS="UNKNOWN', CARRIAGE CONTROL='LIST.

This line specifies the name of the output file. In this case, the output file would be called “file.out.”

FILE66="file.plot', STATUS="UNKNOWN', FORM="FORMATTED',
CARRIAGE CONTROL='LIST.

This line is needed if a plot output file is being created. (See definition of variable NPLOT in the table
below.) In this case, the plot file would be called “file.plot.”

The above three lines should not exceed 72 spaces, and if they do, continue on the next line with no
continuation symbols needed.

The line below, which is proceeded by the character “/,” tells the code that the lines specifying files are
complete.

/************************************************************************************

The line immediately after this line is reserved for the case description that will be displayed in the page
headers in the output. Up to 72 characters can be inserted here to describe the case.
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After this line, the NAMELIST input can be entered. In the section above the NAMELIST input, any line
with a “*” in column 1 is considered a comment and will not be read by the code. An example case input

is given in Section C.2.

C.2 Input Variables Specifying Rod Design

The following tables describe the input variables to FRAPCON-3.3. Unless otherwise noted in the
Limitations/Default value column, the variables should be placed in the $frpcon data input block.

C.2.1 Rod Size

Variable Name Limitations/Default
(type) Description Units British/SI Value
dco Cladding outer diameter in./m Required input
R)
thkeld in./m Required input
(R) Cladding wall thickness
thkgap Pellet-cladding as-fabricated in./m Required input
(R) radial gap thickness
totl The total (active) fuel column | ft/m Required input
(R) length.
cpl Cold plenum length in./m Required input
R)
(R) = real, (I) = integer
C.2.2 Spring Dimensions
Variable Name Limitations/Default
(type) Description Units British/SI Value
dspg Outer diameter of plenum in./m Required input
(R) spring (dgpg should be less than
the clad inner diameter)

dspgw Diameter of the plenum spring | in./m Required input
(R) wire
\& Number of turns in the plenum | Dimensionless Required input
(R) spring

(R) = real, (I) = integer

C2



C.3 Input Variables Specifying Pellet Fabrication

C.3.1 Pellet Shape

Variable Name Limitations/Default
(type) Description Units British/SI Value

hplt
(R) Height (length) of each pellet in./m Required input
rc
(R) Radius of inner pellet in./m Default = 0.0
hdish Height (depth) of pellet dish,
(R) assumed to be a spherical

indentation. in./m Default = 0.0
dishsd Width of pellet end-dish
(R) shoulder (outer radius of fuel

pellet minus radius of dish) in./m Default =0.0

(R) =real, (I) = integer
C.3.2 Pellet Isotopics
Variable Name Units Limitations/Default
(type) Description British/SI Value

enrch Fuel pellet U-235 enrichment Atom % U-235 Required input
(R) in total U
imox Index for modeling MOX: Dimensionless Default =0
) 0 =urania (UO,) fuel

>0 = mixed oxide fuel

1 =use Duriez/Ronchi/NFI 1

thermal conductivity

correlation

2 =use Halden thermal

conductivity correlation

(if imox>0, must include comp

and namelist SFRPMOX)
comp Weight percent of plutonia wt.% Default = 0.0
(R) (PuQ,) in fuel

(Must specify if imox>0)
enrpu39 Fuel pellet Pu-239 content Atom % Pu-239 | Default=0.0
(R) in total Pu (namelist frpmox)
enrpu40 Fuel pellet Pu-240 content Atom % Pu-240 | Default = 0.0
(R) in total Pu (namelist frpmox)
enrpu4l Fuel pellet Pu-241 content Atom % Pu-241 | Default = 0.0
(R) in total Pu (namelist frpmox)
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Variable Name Units Limitations/Default
(type) Description British/SI Value
enrpu4?2 Fuel pellet Pu-242 content Atom % Pu-242 | Default=0.0
(R) in total Pu (namelist frpmox)
fotmtl Oxygen-to-metal atomic ratio | Dimensionless Default =2.0
(R) in the oxide fuel pellet (If MOX fuel is selected,
fotmtl should be less
than 2.0)
gadoln Weight fraction of gadolinia Dimensionless Default=0.0
(R) (Gd,05) in urania-gadolinia
fuel pellets
ppmh2o0 Parts per million by weight of | ppm Default = 0.0
(R) moisture in the as-fabricated
pellets
ppmn2 Parts per million by weight of | ppm Default = 0.0
(R) nitrogen in the as-fabricated
pellets
(R) =real, (I) = integer
C.3.3 Pellet Fabrication
Variable Name Units Limitations/Default
(type) Description British/SI Value
den As-fabricated apparent fuel % of theoretical | Required input
(R) density density (theoretical density taken
as 10.96 g/cc)
deng Open porosity fraction for % of theoretical | Default =0.0
(R) pellets density
roughf The fuel pellet surface in./m Required input
(R) arithmetic mean roughness,
peak-to-average
rsntr The increase in pellet density kg/m’ Required input
(R) expected during in-reactor
operation (determined from a
standard re-sintering test as per
NUREG-0085 and regulatory
Guide 1.126)
tsint Temperature at which pellets °F/K Default = 2911 °F
(R) were sintered

(R) = real, (I) = integer
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C.4 Input Variables Specifying Cladding Fabrication

Variable Name Units Limitations/Default
(type) Description British/SI Value

icm Cladding type indicator: Dimensionless Required input
@ 2 = Zircaloy 2

4 = Zircaloy 4

5=M5™

6=ZIRLO™
cldwks Cold-work of the cladding Dimensionless Default = 0.2
R) (fractional reduction in cross-

section area due to

processing). PNNL

recommends 0.5 for stress

relief annealed cladding and

0.0 for fully recrystallized

cladding.
roughc The cladding surface in./m Required input
(R) arithmetic mean roughness,

peak-to-average
catexf Cladding texture factor; Dimensionless Default = 0.05
(R) defined as the fraction of

cladding cells with basal poles

parallel to the longitudinal axis

of the cladding tube
chorg As-fabricated hydrogen in ppm wt. Default =10.0
(R) cladding

(R) = real, (I) = integer

C5




C.5 Input Variables Specifying Rod Fill Conditions

Variable Name Units Limitations/Default
(type) Description British/SI Value
Fgpav Initial fill gas pressure (taken psia/Pa Required input
(R) to be at room temperature)
Idxgas Initial fill gas type indictator: Dimensionless Default =1
@D 1 = helium
2 = air
3 = nitrogen
4 = fission gas
5 =argon
6 = user-specified mix, using
the amfxx variables amfair etc.
amfair Mole fraction of air; use only Mole fraction Default = 0.0
R) if idxgas = 6.
amfarg Mole fraction of argon; use Mole fraction Default = 0.0
(R) only if idxgas = 6
Mole fraction of fission gas; Mole fraction Default = 0.0
amffg use only if idxgas = 6 and if
(R) amfxe and amfkry = 0.0
amfhe Mole fraction of helium; use Mole fraction Default = 0.0 (note default
(R) only idxgas = 6. on idxgas = 1 initializes
pure He)
amfh2o Mole fraction of water vapor; Mole fraction Default=0.0
(R) use only if idxgas = 6.
amfkry Mole fraction of krypton; use Mole fraction Default=0.0
(R) only if idxgas = 6.
amfn2 Mole fraction of nitrogen; use | Mole fraction Default=0.0
(R) only if idxgas =6
amfxe Mole fraction of xenon; use Mole fraction Default = 0.0
(R) only if idxgas = 6.

(R) = real, (I) = integer
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C.6 Input Variables Specifying Reactor Conditions

Variable Name
(type)

Description

Units
British/SI

Limitations/Default
Value

iplant
@

Signal for which type of
reactor:

-2=PWR

-3=BWR

-4 =HBWR

Dimensionless

Default = -2

nsp

@

Signal for time-dependent
input arrays for p2, tw, and go:
If nsp = 0, single values for
these three variables will be
used for all time steps

If nsp = 1, a value for each
variable for each time step
must be input

Dimensionless

Required input

p2(IT)
(R)

Coolant System pressure.
Must be input for each time
step if nsp =1

psia/Pa

Required input

tw(IT)
R)

Coolant inlet temperature.
Enter a value for every time
step if nsp =1

°F/K

Required input

go(IT)
R)

Mass flux of coolant around
fuel rod. Input a value for
each time step if nsp = 1.
Note: go input may have to be
adjusted to yield both desired
coolant and desired cladding
surface temperatures.
Concurrent adjustment of pitch
may also be required.

Ib/hr-ft/
kg/s-m’

Required input

pitch
R)

Center-to-center distance
between rods in a square array

in./m

Required input
(must be greater than dco)
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Variable Name
(type)

Description

Units
British/SI

Limitations/Default
Value

icor

@

Index for Crud Model:

icor= 10 or 1 yields constant
crud thickness; 0.0 mil crud as
default; input crdt as constant
thickness. Maximum
temperature rise permitted
across this layer is 20 °F.

icor =2 yields time-dependent
crud; growth rate is crdtr,
starting from zero crud layer.
There is no limit to the
temperature rise across the
crud when icor=2. The
conductivity of the layer is

0.5 Btu/hr/ft-°F-

Dimensionless

Default =0

crdt
(R)

Initial thickness of crud layer
on cladding outside surface

mils/m

Default =0.0

crdtr
(R)

Rate of crud accumulation
(used if icor =2)

mils/hr/m/s

Default =0.0

flux(J)
(R)

Conversion between fuel
specific power (W/g) and fast
neutron flux (n/m?/s,
E>1MeV). Input as an axial
array; the second value of the
array corresponds to the first
axial node, the na+1 value
corresponds to the top axial
node.

n/m* /s/W/g of
fuel

Default = 0.221x10"

(Maximum of 20 values)

(R) = real, (I) = integer
IT = Time Step Index
J =1+ Axial Node Index
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C.7 Input Variables Specifying Power History

the rod-average value if ig =0
and the peak value if ig = 1.
Note: Changes in local LHGR
of greater than 1.5 kw/ft per
time step are not
recommended. Size gmpy
accordingly.

Variable Name Units Limitations/Default
(type) Description British/SI Value
im Number of time steps Dimensionless Greater than 1, less than
@D 400
Required input
(namelist frpcn)
ProblemTime(IT) Cumulative time at the end of | Days Required input
(R) each time step. Note: Time Limit 400 steps
steps greater than 50 days are
not recommended. If steady-
state operation is being
modeled, use time steps
greater than 1 day. Time steps
less than 1 day should only be
used when modeling a fast
power ramp.
qmpy(IT) The linear heat generation rate | kW/ft / kW/m Required input
(R) at each time step. This equals Limit 400 steps

R) =real, (I) = integer
IT = Time Step Index
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C.8 Input Variables Specifying Axial Power Profile

each time step. One value of
Jjst is required per time step if
ig=0.

Variable Name Units Limitations/Default
(type) Description British/SI Value

iq Indicator for axial power Dimensionless Required input
Q) shape:

0 = User-input power shapes,

with gmpy = rod-average

powers and power shapes

defined by gf,x, and fa = 1.0

1 = Chopped-cosine shape,

with fa = peak-to-average ratio

and gmpy = peak power (use

na=odd to have an axial node

corresponding to the input

peak power)
x(N) The elevations in each gf, x ft/m Required input if ig=0
(R) array defining a power shape. Maximum number of gf, x

Note the first value should be pairs is 40

0.0 and the last value must =

totl
qf(N) The ratio of the linear power at | Dimensionless Required input if ig = 0
(R) the x(N) elevation to the Maximum number of gf, x

axially averaged value for the pairs is 40

M-th power shape. The

number of QF, X pairs for the

Mth power shape is defined by

jn(M). The code will

automatically normalize to an

average value of 1.0
jn(M) The number of gf, x value pairs | Dimensionless Required input if ig=0
D for each axial power shape; Maximum number of

required input if ig = 0. Input shapes is 20.

in the same sequence as the gf’ Maximum number of gf, x

and x arrays. pairs is 40
jst(IT) The sequential number of the Dimensionless Required input if ig=0
D power shape to be used for Maximum number of

power shapes = 20.
Maximum time steps is
400.
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Variable Name Units Limitations/Default
(type) Description British/SI Value
fa Peak-to-average power ratio Dimensionless Required input

(R) for cosine-type axial power
distribution (= 1.0, unless ig =
1; see description of ig)

(R) =real, (I) = integer

N = Axial Node Index for Input Power Profile
M = Power Shape Number

IT = Time Step Index
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C.9 Input Variables Specifying Axial Temperature Distribution (Optional)

Variable Name
(type)

Description

Units
British/SI

Limitations/Default
Value

ifixedtsurf

@

Indicator for using axial
temperature distribution

0 = Cladding temperature will
be calculated based on input
power and coolant conditions

1 = Cladding temperature will
be specified by the user for
certain time steps. Each time
step where the temperature
will be set by the user, the
input variable, go, should be
set equal to 0.0.

Dimensionless

Default value = 0

xt(N)
R)

The elevations in each cladt, xt
array defining a cladding
temperature profile. Note: the
first value should be 0.0, and
the last value must = tot/

Begin the input elevations for
the second temperature profile
at xt(n+1), where n is the
number of values in the first
profile.

ft/m

Default value =0.0

cladt(N)
R)

The cladding surface
temperature x#(N) elevation for
the M-th temperature profile.
The number of cladt, xt pairs
for the Mth power shape is
defined by jusurftemp(M).

Dimensionless

Default value =0.0
Maximum number of
cladt, xt pairs is 40

jnsurftemp(M)
@

The number of cladt, xt value
pairs for each axial
temperature distribution; input
in the same sequence as the
cladt and xt arrays.

Dimensionless

Default value =0
Maximum number of
shapes is 20.
Maximum number of
cladt, xt pairs is 40
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Variable Name Units Limitations/Default
(type) Description British/SI Value
jstsurftemp(IT) The sequential number of the Dimensionless Default value =0
() temperature profile to be used Maximum number of
for each time step. One value shapes = 20.
of jstsurftemp is required per Maximum time steps is
time step if ifixedtsurf= 1. 400.

(R) =real, (I) = integer

N = Axial Node Index for Input Surface Temperature Profile
M = Surface Temperature Profile Number

IT = Time Step Index
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C.10 Input Variables Specifying Code Operation

(should be set to a minimum of
10 creep steps per time step for
smallest step)

Variable Name Units Limitations/Default
(type) Description British/SI Value
nr Number of radial boundaries Dimensionless Greater than 1, less than
) in the pellet (for temperature 25; suggested minimum
calculations and temperature number is 17
distribution output). These are
spaced by the code with Default =17
greater fraction in the outer (namelist frpcn)
region to optimize definition
of the heat generation radial
distribution.
ngasr Number of equal-volume Dimensionless Greater than 6, less than
) radial rings in the pellet for gas 50; suggested number is
release calculations. ALSO 45.
SIGNALS WHICH GAS
RELEASE MODEL THE Default = 45
CODE WILL USE. If ngasr is (namelist frpcn)
10 or less, the ANS5.4 model
is used; if 11 or greater, the
MASSIH subroutine is used.
It is not recommended to use
ANSS5.4 for burnups >
50 GWd/MTU
na Number of equal-length axial Dimensionless Greater than 1, less than 18
D regions along the rod, for
which calculations are Default=9
performed and output. (namelist frpcn)
nunits Signal for units system to be Dimensionless Default =1
D used for input and output:
1 = British units
0 = SI units
Note that input of nunits >10
will activate “debug” output,
which is significant in volume.
crephr Subdivision for internal creep | hours Default =10.0
(R) steps

C.14




time steps prior to igas, the
calculated gas release will not
be included in the gas in the
rod void volume. (Note: this
option only is available when
using the Massih fission gas
release model)

Variable Name Units Limitations/Default
(type) Description British/SI Value
sgapf Number of fission gas atoms Dimensionless Default=31.0
(R) formed per 100 fissions.
slim Limit on swelling Volume fraction | Default =0.05
(R)
gend Fraction of end-node heat that | Dimensionless Default =0.3
(R) transfers to the plenum gas
igas Time step to begin calculation | Dimensionless Default =0
() of fission gas release. For all

(R) =real, (I) = integer

C.10.1 Model Selection Variables Not Recommended by Pacific Northwest National Laboratory

Variable Name Units Limitations/Default
(type) Description British/SI Value
imswch Signal for EM models: Dimensionless Default =0
q)) =1 All EM models
=0 No EM models
= -1 Selected EM models,
input signals in SEMFPCN
impowr EM Power requirement index; | Dimensionless Default =0
(R) =0, not assumed to be (namelist emfpcn)
required
imfuel Switch on dimensional Dimensionless Default=0
(R) changes: = 0, BE changes, =1, (namelist emfpcn)
EM changes
imdens Switch on densification model | Dimensionless Default=0
(R) (namelist emfpcn)
imrelo Switch on fuel relocation Dimensionless Default=0
(R) model (namelist emfpcn)
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Variable Name Units Limitations/Default
(type) Description British/SI Value
imclad Switch on cladding Dimensionless Default=0
(R) deformation; = 1, no (namelist emfpcn)
permanent deformation
imgapc Switch on gap conductance Dimensionless Default =0
(R) calculation (namelist emfpcn)
imenrg Switch on stored energy Dimensionless Default=0
(R) reference temperature: = 0 (namelist emfpcn)

reference = 298 K
=1, reference =273 K

(R) =real, (I) = integer
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C.11 Input Variables Specifying Code Output

subroutine RESTFS. If ntape
>0, RESTFS is called and a
tape (file 22= “restart”) is
incrementally written each
time step

Variable Name Units Limitations/Default
(type) Description British/SI Value
jdlpr Output print control for each Dimensionless Default =1
) time step: Note: The code sets jdipr
0 = All axial nodes to 0 (full output) when
1 = peak-power axial node ntape is greater than 0, to
-1 = axial summary assure full axial array of
for NO printout each step, see permanent radial
nopt deformations is passed to
FRAPTRAN
nopt Control on printout Dimensionless Default =0
@ = 0, printout each time step,
controlled by jdipr
=1, case input and summary
sheet only
nplot Control on output of plot file Dimensionless Default=0
D for excel plotting routine
=0, No output plot file will be
created
=1, Plot output file will be
created (File 66). Note: The
name of the plot file should be
specified in the input file
below where the name of the
ordinary output (File 06) is
specified
ntape Signal for creating a start tape | Dimensionless Default=0
D for FRAPTRAN, from
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Variable Name
(type)

Description

Units
British/SI

Limitations/Default
Value

nread

@

Signal to start up from a restart
tape (File 13). The value of
nread is the time step to start
from. Note: user must switch
his restart-write tape file
number from 12 to 13 to make
it a restart-read tape. Note: the
restart tape does not currently
contain complete restart
information for the fission gas
release models.

Dimensionless

Default =0

nrestr

@

Signal for writing a restart tape
for FRAPCON-3. If nrestr not
equal to 0, subroutine
TAPEGEN generates a restart
tape (file 12) at each time step.
Note: the restart tape does not
currently contain complete
restart information for the
fission gas release models.

Dimensionless

Default=0

(R) = real, (I) = integer

C.18




C.12 Example Case with MOX Fuel

khkkkkkhkhkkkkkhkhkhkhkhkhhhkkkhhhkhhhhkkhkhkhkhhhhhhhkhkhhhhhhhhkkhhhhhhhkkhhkhkhkhhhkkhhhk

*

frapcon3, steady-state fuel rod analysis code

* CASE DESCRIPTION: MOX example rod

*
*

*UNIT FILE DESCRIPTION

*

* Output:

*

* Output :

* 6 STANDARD PRINTER OUTPUT

* Scratch:

* 5 SCRATCH INPUT FILE FROM ECHO1

* Input: FRAPCONS3 INPUT FILE (UNIT 55)

*hkkkkkkkkkhkkkkkhkkhkkhkkhkhkhkkkkhkkhkkhkkhhhhkhkhkkkhkkhkhkhhhhkhkhkkhkkhkhhkhhhhkhkkhkkhkhhhhhkhkkkkhkhhhkhhhkkkx

* GOESINS:

FILEO5="nullfile', STATUS="UNKNOWN', FORM="FORMATTED/,
CARRIAGE CONTROL='NONE'

* GOESOUTS:

FILEO6="MOXexample.out', STATUS='UNKNOWN', CARRIAGE CONTROL='LIST'

FILE66="MOXexample.plot', STATUS="UNKNOWN', FORM="FORMATTED',
CARRIAGE CONTROL='LIST'
MOX Example Rod

$frpcn

im=50, na=4,

ngasr = 45,

$end
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$frpcon

cpl = 2., crdt = 0.0, thkcld = 0.0224, thkgap = 0.0033,
dco = 0.374, pitch = 0.5,nplot=1,

rc = 0.0453, fotmtl = 1.997,dishsd=0.06488,
den =94.43,dspg=0.3,fa=1.,

dspgw = 0.03, enrch = 0.229, fgpav = 382, hdish = 0.011,
hplt = 0.5, icm =4, imox = 1, comp = 5.945,
idxgas = 1, iplant =-2, iq = 0, jdIpr = 0,
jn=5,5,

totl = 1.31, roughc = 3.94e-5, roughf = 7.9e-5, vs = 10.0,
nunits = 1, rsntr = 52., nsp = 1,

p2(1) = 44*2250., p2(45) = 6*2352,

tw(1) = 44*570, tw(45) = 6*590

go(1) = 50*2.0e6,

jst =44*1, 6*2

qf(1)=1.0,1.0,1.0,1.0, 1.0

x(1) = 0.0, 0.3275, 0.6650, 0.9925, 1.31
gf(6)=0.9,1.0,1.1,1.0,0.9

x(6) = 0.0, 0.3275, 0.6650, 0.9925, 1.31
ProblemTime=

0.1,0.2,0.3,0.4, 0.5,

0.6, 30., 60., 90., 120.,

150., 180., 210., 240., 270.,

300., 331., 360., 390., 420.,

450., 480., 510., 540., 570.,

600., 625., 650., 700., 750.,

800., 850., 900., 945., 990.,

1000., 1050., 1100., 1150., 1200.,

1250., 1300., 1350., 1400

1401., 1402., 1403., 1404., 1405.,

14086.

aqmpy =

1,2,3,4,5,

6.,6.7,6.7,6.7,6.7,

5%6.7

6.7,6.7,7.0,7.0,7.0,

5*7.0,

7.0,7.0,7.0,5.8,5.8,

5*5.8,

5*4.11,

4.11,4.11,4.11,4.11,

4.0, 3.5, 3.0,

25,20,15

slim = .05,

$end

$frpmox

enrpu39 = 65.83, enrpu40 = 23.45, enrpu41 =7.39,
enrpu42 = 3.33

$end
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C.13 Input Variables Arranged Alphabetically and by Input Block

$frpcn input block

Variable Name Page Number
im C9

na C.14
ngasr C.14

nr C.14
$frpmox input block

Variable Name Page Number
enrpu39 C3
enrpu40 C3
enrpu4l C3
enrpu4? C4
$emfpcn input block

Variable Name Page Number
imclad C.16
imdens C.15
imenrg C.16
imfuel C.15
imgapc C.16
impowr C.15
imrelo C.15
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$frpcon input block

Variable Name Page Number Variable Name Page Number
amfair C.6 imswch C.15
amfarg C.6 iplant C.7
amffg C.6 iq C.10
amfh2 C.6 jdlpr C.17
amfh2o C.6 jn C.10
amfhe C.6 jnsurftemp C.12
amfkry C.6 jst C.10
amfn2 C.6 jstsurftemp C.13
amfxe C.6 nopt C.17
catexf C5 nplot C.17
chorg CS5 nread C.18
cladt C.12 nrestr C.18
cldwks C.5 nsp C.7
comp C3 ntape C.17
cpl C.2 nunits C.14
crdt C.S8 p2 C.7
crdtr C8 pitch C.7
crephr C.14 ppmh2o0 c4
dco C2 ppmn2 C4
den c4 ProblemTime (ORY)
deng C4 gend C.15
dishd C3 qf C.10
enrch C3 qmpy C.9
fa C.11 rc C3
fgpav C.6 roughc CS5
flux C.8 roughf c4
fotmtl C4 rsntr Cc4
gadoln C4 sgapf C.15
g0 C.7 slim C.15
hdish C3 thkcld C2
hplt C3 thkgap C2
icm CS5 totl C2
icor C.8 tsint Cc4
idxgas C.6 Vs C2
ifixedtsurf C.12 X C.10
igas C.15 xt C.12
imox C3
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