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1.0 INTRODUCTION AND BACKGROUND 
 
By letter dated August 19, 2004, Framatome ANP, now known as AREVA, submitted to the  
U.S. Nuclear Regulatory Commission (NRC) Topical Report (TR) BAW-10247(P), Revision 0 
(Reference 1), entitled “Realistic Thermal-Mechanical Fuel Rod Methodology for Boiling Water 
Reactors,” for review and approval.  The TR describes a fuel performance code, RODEX4, for 
best-estimate thermal-mechanical evaluation for fuel rods of boiling water reactors (BWRs). 
 
Two additional reports, EMF-2994(P), Revision 0 (Reference 2) and EMF-3014, Revision 0 
(Reference 3), were provided to support the review.  The NRC staff notes the additional reports 
were not submitted for review and approval, and as such, the approval of BAW-10247(P), 
Revision 0, will not automatically extend to cover these two supporting reports.  The report EMF-
2994(P), Revision 0, entitled “RODEX4: Thermal-Mechanical Fuel Rod Performance Code 
Theory Manual,” describes the theory basis, structure, thermal and mechanical models, and 
material properties in the code. The report EMF-3014, Revision 0, entitled “RODEX4: Thermal-
Mechanical Fuel Rod Performance Code Verification and Validation Report,” describes the 
analytical results to validate the code.  Due to the empirical nature of the RODEX4 calibration 
and validation process, the specific values of the equation constants and tuning parameters 
derived in TR BAW-10247(P), Revision 0 (as updated by RAI responses) become inherently part 
of the approved models.  Thus, these values may not be updated without necessitating further 
NRC review. 
 
Pacific Northwest National Laboratory (PNNL) acted as a consultant to the NRC staff in this 
review.  As a result of the NRC staff and PNNL review of the TR, a request for additional 
information (RAI) dated November 25, 2005, was sent to AREVA.  AREVA provided a response 
to these RAIs in References 4 and 5 dated July 7, 2006, and November 7, 2006, respectively.  
The NRC staff sent a second RAI dated January 3, 2007, and AREVA responded in  
References 6 and 7 dated December 11, 2006, and August 31, 2007, respectively. 
 
To support licensees referencing TR BAW-10247(P), Revision 0, in license amendment 
requests, AREVA will use the RODEX4 code to determine fuel rod internal pressure, cladding 
strain, and fuel melting analyses.  The NRC audit code, FRAPCON-3 (References 8 and 9), was 
used to support the review in evaluating models and calculation results from RODEX4.
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2.0 REGULATORY EVALUATION 
 
The fuel system consists of arrays of fuel rods, including fuel pellets and tubular cladding, 
spacer grids, end plates, and reactivity control rods.  The objectives of the fuel system safety  
review are to provide assurance that (1) the fuel system is not damaged as a result of normal 
operation and anticipated operational occurrences (AOOs), (2) fuel system damage is never so 
severe as to prevent control rod insertion when it is required, (3) the number of fuel rod failures 
is not underestimated for postulated accidents, and (4) coolability is always maintained.  The 
NRC staff acceptance criteria are based on the NUREG-0800, Standard Review Plan (SRP), 
Section 4.2, “Fuel System Design.”  These criteria include three parts:  (1) design bases that 
describe specified acceptable fuel design limits as depicted in General Design Criterion 10 to 
Appendix A of Title 10 of the Code of Federal Regulations (10 CFR) Part 50, (2) design 
evaluation that demonstrates that the design bases are met, and (3) testing, inspection, and 
surveillance plans that show that there are adequate monitoring and surveillance of irradiated 
fuel.  The design bases include fuel system damage, fuel rod failure, and fuel coolability.  Fuel 
performance codes provide analytical evaluation to verify design bases and criteria. 
 
3.0 TECHNICAL EVALUATION 
 
3.1 THERMAL MODELS 
 
3.1.1 Fuel Thermal Conductivity 
 
The RODEX4 thermal conductivity model is a function of temperature, burnup, gadolinia, and 
plutonium content similar to the thermal conductivity model in FRAPCON-3.  The NRC audit 
code, FRAPCON-3, currently utilizes a urania (UO2) fuel thermal conductivity model proposed by 
Nuclear Fuel Industries (NFI) of Japan that has been modified by PNNL to better fit the current 
data.  The modified NFI model is based on recent high burnup and high temperature thermal 
conductivity data and provides a good comparison to both in-reactor fuel temperature and  
ex-reactor diffusivity data at high burnups (References 10 and 11).  The RODEX4 model is 
based on the thermal conductivity data at intermediate to high temperatures of unirradiated UO2 
using measurements of thermal diffusivity and heat capacity by a specialized laser-flash method. 
Comparison of these two models for unirradiated UO2 shows that the RODEX4 model predicts 
slightly higher thermal conductivity than the FRAPCON-3 model with increasing temperature.  
Based on the consistent results with FRAPCON-3, the NRC staff considers the RODEX4 model 
acceptable. 
 
For urania-gadolinia (UO2-Gd2O3) fuel, the RODEX4 thermal conductivity model contains a 
degradation function that is proportional to the weight fraction of Gd2O3 contained in burnable 
absorber rods.  To assess the thermal conductivity penalty applied in RODEX4 for gadolinia 
additions, the RODEX4 model was compared to the similar correction for gadolinia addition in 
FRAPCON-3.  At high temperature, the FRAPCON-3 thermal conductivity model underpredicts 
these data while the RODEX4 model provides a best-estimate prediction of these data.  Based 
on the best-estimate predictions, the NRC staff finds that the RODEX4 gadolinia modification to 
fuel thermal conductivity is acceptable. 
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Based on the consistent results and predictions with the FRAPCON-3 models, the NRC staff 
concludes that the RODEX4 thermal conductivity models are acceptable for UO2 and UO2-Gd2O3  
fuel pellets.   
 
3.1.2 Cladding Thermal Conductivity 
 
The cladding thermal conductivity in RODEX4 is the same as in both MATPRO  
(NUREG/CR-0497) and FRAPCON-3.  MATPRO is an NRC-developed material handbook for 
fuel rod design from which many FRAPCON-3 models are based.  Based on the same model, 
the NRC staff concludes that the cladding thermal conductivity model in RODEX4 is acceptable. 
 
3.1.3 Gap Conductance 
 
The pellet-cladding gap heat transfer model in RODEX4 includes three modes:  (1) conduction 
through the interface gas, (2) conduction through points of contact when pellet-cladding 
interference is predicted, and (3) radiation heat transfer from the fuel surface to the cladding 
inner surface.  The equations for these modes are standard. 
 
The uncertainty in the gap heat transfer is dominated by the uncertainty of the effective gap size 
in RODEX4.  The effective gap size is determined by the sum of mechanical gap, surface 
roughness, and extrapolation distance.  FRAPCON-3 has similar terms with the exception that 
the latter is termed a temperature jump distance rather than an extrapolation distance. 
 
Based on the similar features between the two codes, the NRC staff concludes that the gap 
conductance model in RODEX4 is acceptable. 
 
3.1.4 Fuel Thermal Expansion 
 
The fuel thermal expansion model in RODEX4 predicts identical results to the FRAPCON-3 
model except in high tempertaure range.  In high tempertaure range, the RODEX4 model 
predicts slightly higher expansion than the FRAPCON-3 model.  The expansion of the pellet is 
found by calculating the expansion of each radial ring based on the temperature at that ring and 
adding up the expansion from each ring to find the expansion of the entire pellet. 
 
Based on the similar features between the two codes, the NRC staff concludes that the 
RODEX4 fuel thermal expansion model is acceptable. 
 
3.2 FISSION GAS RELEASE MODEL 
 
The fission gas release (FGR) model in RODEX4 assumes a two-stage process of high 
temperature and low temperature diffusion.  The model has certain empirical parameters which 
are adjusted to predict steady-state and power-ramped gas release data.  Different empirical 
parameters are applied during rapid power changes in order to adequately fit fission gas release 
data from ramp tests.  AREVA provided a large database of gas release measurements from 
fuel rods operating at steady-state and transient conditions. 
 
Examination of the RODEX4 predictions suggest that the code may have underprediction at high 
release.  AREVA provided predicted-minus-measured versus burnup plots along with mean and  
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standard deviations.  AREVA also provided a histogram to demonstrate whether the data was 
skewed towards underprediction.  AREVA stated that some of the FGR data were known to 
have high experimental uncertainties and possible biases such that these were eliminated in 
their optimized database.  A small underpredictive bias is still observed in the optimized 
database.  However, a closer examination demonstrates that these underpredictions are from 
power-ramped rods and not from rods with steady-state operation.  AREVA stated that some of 
the FGR data also had high uncertainties but demonstrated that the upper 95/95 confidence 
predictions bounded all the power-ramped data.  AREVA also provided predictions of a typical 
BWR 4 fuel rod design with a nominal grain size and typical power ramps.  The FRAPCON-3 
predictions were performed against a similar database.  The results show that the RODEX4 
predictions are consistent with the FRAPCON-3 results. 
 
Due to limitations within the FGR model, the analytical fuel pellet grain size shall not exceed 20 
microns 3-D when the as-manufactured fuel pellet grain size could exceed 20 microns 3-D. 
 
Based on the audit comparison calculations done with FRAPCON-3, the NRC staff concludes 
that the fission gas release model in RODEX4 is acceptable for steady-state and transient 
analyses. 
 
3.3 CLADDING CORROSION MODEL 
 
Cladding waterside corrosion presents added resistance to heat transfer from the cladding to the 
coolant.  There are nodular corrosion and diffusion-controlled uniform corrosion in the BWR 
environment.  Nodular corrosion is athermal, and the diffusion-controlled corrosion is 
temperature-driven.  RODEX4 does not have a nodular corrosion model.  The diffusion-
controlled corrosion in RODEX4 is a function of time (exposure), an enhancement factor 
depending on reactor water chemistry, and temperature at the metal-oxide interface. 
 
The oxidation rate is exponentially dependent on temperature with high activation energy.  This 
leads to a situation where the crud buildup on the cladding surface and the resulting increase in 
surface temperature will substantially increase the oxidation rate.  Hence, oxide layer 
development and crud buildup are intimately connected.  For the purpose of this evaluation, an 
abnormal crud/corrosion layer is defined by a formation that increases the calculated fuel 
average temperature by more than 25 ̊C beyond the design basis calculation.  There is no crud 
deposition model in RODEX4.  AREVA stated that crud was a plant-specific problem, and as 
such, was not included in the modeling.  Due to the potential impact of crud formation on heat 
transfer, fuel temperature, and related calculations, RODEX4 calculations must account for a 
design basis crud thickness.  The level of deposited crud on the fuel rod surface should be 
based upon an upper bound of expected crud and may be based on plant-specific history.  
Specific analyses would be required if an abnormal crud or corrosion layer (beyond the design 
basis) is observed at any given plant.   
 
The RODEX4 corrosion model shows that there is considerable scatter in the model predictions 
and underpredictions against data.  AREVA suggested that the underpredictions could be due to 
the fact that even though the rods were scraped to remove crud there could still have residual 
crud left on the rods.  AREVA provided additional data and added a small multiplier to the best-
estimate corrosion model to bound the corrosion data with greater than 95/95 confidence.  The  
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NRC staff agrees with the approach.  Comparisons between the codes and the results show that 
RODEX4 predicts about the same as FRAPCON-3. 
 
Based on the good comparison and improvement in the model, the NRC staff concludes that the 
corrosion model is acceptable.  However, the NRC staff notes the hydrogen pickup model within 
RODEX4 is not approved for use. 
 
3.4 IRRADIATION ROD GROWTH MODEL 
 
The fuel rod axial growth model is a function of cladding temperature and fast fluence.  There 
are two rod growth correlations for cold-worked stress-relieved (CWSR) Zr-2 fuel rods of 9x9 
and 10x10 arrays.  The correlation coefficients for CWSR Zr-2 cladding are calibrated against 
growth data from full length rods with various burnups.  The RODEX4 model predicts better 
results for the 9x9 than the 10x10 arrays. 
 
The FRAPCON-3 model is based on the Electric Power Research Institute (EPRI) model 
(Reference 12) and is validated up to a local burnup of 65 GWd/MTU.  Comparing between the 
two models, the results shows that the RODEX4 model is in reasonable agreement with the 
FRAPCON-3 model. 
 
Based on the reasonable agreement comparison, the NRC staff concludes that the RODEX4 rod 
growth model for CWSR Zr-2 cladding is acceptable. 
 
3.5 CLADDING CREEP MODEL 
 
The cladding creep model has two components, thermal creep and irradiation creep.  The 
thermal creep is a function of temperature and stress, and is responsible for the cladding stress 
and the fuel-cladding contact pressure and gap closure.  The irradiation creep is responsible for 
the cladding creepdown mechanism. 
 
The irradiation cladding creep model in RODEX4 is a function of fast neutron flux, stress, and 
time.  AREVA provided in-reactor creepdown data to verify this model.  The in-reactor 
creepdown data consists of measurements of cladding outer diameter at different axial locations 
from the 9x9 and 10x10 fuel arrays with CWSR Zr-2 cladding.  AREVA utilized only the 
creepdown data from the first or second cycles if the cladding was found not to have contacted 
the fuel.  There are also measurements from a very small number of fuel rods with recrystallized 
annealed (RXA) Zr-2 cladding. 
 
Examination of the comparisons to the CWSR Zr-2 data for in-reactor 9x9 fuel shows a very 
large uncertainty in the predictions.  A comparison to a second data set of CWSR Zr-2 cladding 
from in-reactor 9x9 fuel shows an even larger uncertainty.  A third data set of CWSR Zr-2 data 
from 10x10 fuel shows that the code underpredicts the creep strains.  The comparison of 
predictions to irradiated creep data suggests that the uncertainty of the irradiation creep model is 
significantly higher than the uncertainty assumed by AREVA.  The creep model in RODEX4 for 
CWSR Zr-4 and Zr-2 cladding is compared to the creep model in FRAPCON-3 for the same 
cladding type.  Initially the creep strain in RODEX4 is lower than FRAPCON-3 in the early life 
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because the RODEX4 creep model does not model primary creep (early-in-life creep).  Once the 
creep rate reaches steady-state condition, the RODEX4 creep model predicts a higher creep 
rate than FRAPCON-3. 
 
AREVA provided additional comparisons to in-reactor creep data from commercial rods that 
quantitatively demonstrated that the uncertainties bounded the in-reactor data at a 95/95 
confidence level.  AREVA increased uncertainties of creep model, solid swelling model, and 
measurements to provide a bounding prediction for creep data at a 95/95 confidence bounding 
level.  AREVA also provided a comparison between liner and non-liner cladding.  The results 
showed that both cladding types had similar trend and distribution for in-reactor creep data.  In 
RODEX4, the liner cladding will be modeled as non-liner cladding because of the extra thin liner 
film.  Since AREVA continues collecting both liner and non-liner cladding creep data to verify the 
performance, the NRC staff finds this approach acceptable. 
 
Based on the code comparison, increased uncertainty, and cladding comparison, the NRC staff 
concludes that the creep correlation and the liner cladding design are acceptable for RODEX4. 
 
3.6 MECHANICAL MODEL 
 
The modeling of fuel rod mechanical behavior in RODEX4 assumes that the pellet is non-rigid  
such that the fuel and cladding are allowed to strain when hard contact between the fuel and 
cladding is achieved.  The fuel strains are calculated from fission product (solid and gaseous) 
swelling, densification, thermal expansion, fuel cracking, and fuel creep models.  When hard 
contact between the fuel and cladding is established, the two are locked together, i.e., there is 
no axial slippage. 
 
The cladding mechanical model assumes a plane strain, i.e., cladding deformation in the radial 
and azimuthal directions are independent of the axial direction, i.e., shear stress and strain are 
assumed to be zero.  The code utilizes anisotropic properties for the cladding.  Based upon its 
review of the cladding models including creep, the NRC staff concludes that the cladding models 
are acceptable in the RODEX4 code.   
 
Additionally, based on the data and code comparisons, the NRC staff concludes that the 
mechanical model is acceptable for RODEX4. 
 
3.7 LICENSING APPLICATIONS 
 
3.7.1 Fuel Melting 
 
RODEX4 assumes the melting temperature to be constant with burnups, while FRAPCON-3 has 
a burnup dependence for UO2 fuel.  The comparison between the two codes shows that the 
RODEX4 predictions are more conservative than the FRAPCON-3 predictions for the fuel 
melting analysis for UO2 fuel.  For UO2-Gd2O3 fuel, the RODEX4 code shows a larger decrease 
in melting temperature with increasing Gd2O3 concentration than the FRAPCON-3 code.  Thus, 
the RODEX4 code is more conservative than the FRAPCON-3 code. 
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The NRC staff notes that RODEX4 shall not be used to model fuel above incipient fuel melting 
temperatures.  Based on the conservative results, the NRC staff concludes that the fuel melting 
analysis is acceptable for UO2 and UO2-Gd2O3 fuel for RODEX4. 
 
3.7.2 Fuel Rod Internal Pressure 
 
Fuel rods usually have upper and lower plenum regions.  AREVA provided analyses including 
fuel rods with and without lower plenum.  The results showed that both fuel rod types had similar 
results for rod pressure calculations.  AREVA indicated that RODEX4 will model the lower 
plenum as part of the upper plenum during the calculation.  The NRC staff agrees with this 
approach.  
 
AREVA provided maximum rod internal pressure calculations for Atrium 10 rod design in 
different core conditions (e.g., BWR 4 and BWR 6 equilibrium cores and transition cores).  The 
NRC staff made comparisons using the FRAPCON-3 code.  The results showed that 
RODEX4 predicts greater rod pressures than FRAPCON-3.  This is due to a greater FGR in 
RODEX4 than FRAPCON-3 on a best-estimate basis. 
 
Based on the conservative predictions, the NRC staff concludes that the fuel rod internal 
pressure analysis is acceptable for RODEX4. 
 
3.7.3 Clad Strain 
 
AREVA provided a clad strain analysis for normal operation and incremental strain during a 
transient.  The NRC staff made a comparison using the FRAPCON-3 code.  The results showed 
that two codes provided similar results of permanent hoop strain during normal operation 
including an AOO. 
 
To maximize the incremental strain, certain AOOs are applied to the power histories depending 
on the type of limiting transients.  [ 
 
                                                                                                ]  The NRC staff made a comparison 
using the FRAPCON-3 code and found that the results were agreeable with the RODEX4 code. 
 
Based on the consistent results, the NRC staff concludes that the RODEX4 prediction of 
cladding strain is acceptable. 
 
3.7.4 Power Histories 
 
To determine the steady-state power histories, AREVA [  
 
 
 
                                                                                                                   ] 
 
To determine the AOO transient power histories, AREVA selected a set of power histories that  
contains AOO transients from [ 
 
             ] 
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calculated batch of power histories containing AOO transients.  Then, AREVA applied similar 
uncertainties randomly the same way as in the steady-state case to determine the transient 
power histories.  The NRC staff reviewed the power histories and determined them to be 
conservative. 
 
Based on the adequate conservatism, the NRC staff concludes that the RODEX4 application of 
power histories for licensing analyses is acceptable. 
 
3.7.5 Statistical Approach 
 
The RODEX4 statistical approach is based on randomly selected uncertainties of fuel rod 
fabrication, operation (rod powers), and models to produce a distribution from which an estimate 
can be made [ 
 
 
 
 
 
 
 

           ] 
 
 
In order to demonstrate that the new statistical approach [ 
 
 
 
 
 
 
 
 
 
 
 
 
 

        ] 
 
Based on the rod pressure analysis, the NRC staff concludes that the RODEX4 statistical  
approach of [                 ] is acceptable. 
 
4.0 LIMITATIONS AND CONDITIONS 
 
Compliance with the following conditions and limitations must be ensured when referencing  
TR BAW-10247(P), Revision 0: 
 
1. Due to limitations within the FGR model, the analytical fuel pellet grain size shall not 

exceed 20 microns 3-D when the as-manufactured fuel pellet grain size could exceed  
20 microns 3-D.  (Section 3.2)
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2. RODEX4 shall not be used to model fuel above incipient fuel melting temperatures.  

(Section 3.7.1) 
 
3. The hydrogen pickup model within RODEX4 is not approved for use.  (Section 3.3) 
 
4. Due to the empirical nature of the RODEX4 calibration and validation process, the 

specific values of the equation constants and tuning parameters derived in  
TR BAW-10247(P), Revision 0 (as updated by RAI responses) become inherently part of 
the approved models.  Thus, these values may not be updated without necessitating 
further NRC review.  (Section 1.0) 
 

5. RODEX4 has no crud deposition model.  Due to the potential impact of crud formation on 
heat transfer, fuel temperature, and related calculations, RODEX4 calculations must 
account for a design basis crud thickness.  The level of deposited crud on the fuel rod 
surface should be based upon an upper bound of expected crud and may be based on 
plant-specific history.  Specific analyses would be required if an abnormal crud or 
corrosion layer (beyond the design basis) is observed at any given plant.  For the  
purpose of this evaluation, an abnormal crud/corrosion layer is defined by a formation 
that increases the calculated fuel average temperature by more than 25 ̊C beyond the 
design basis calculation.  (Section 3.3) 

 
5.0 CONCLUSION 
 
As specified in TR BAW-10247(P), Revision 0, RODEX4 is approved for modeling BWR fuel 
rods with the following conditions: 
 
 a. Peak rod average burnup limit of 62 GWd/MTU. 
 b. Solid UO2 fuel pellet with a maximum gadolinia content of 10.0 weight percent. 
 c. CWSR Zr-2 fuel clad material. 
 
The NRC staff has reviewed the AREVA submittal of the RODEX4 fuel performance code as 
described in TR BAW-10247(P), Revision 0.  Based on the NRC staff’s evaluation, the NRC 
staff concludes that the TR is acceptable for referencing in licensing applications for BWRs to 
the extent specified and under the Limitations and Conditions delineated in Section 4.0 of this 
Safety Evaluation. 
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RESOLUTION OF COMMENTS ON DRAFT SAFETY EVALUATION FOR 
 

AREVA NP, INC. (AREVA) 
 

TOPICAL REPORT BAW-10247(P), REVISION 0 
 

“REALISTIC THERMAL-MECHANICAL FUEL ROD METHODOLOGY 
 

FOR BOILING WATER REACTORS” 
 

PROJECT NO. 728  
 
By letter dated August 19, 2004, AREVA submitted to the U.S. Nuclear Regulatory  
Commission (NRC) Topical Report (TR) BAW-10247(P), Revision 0, entitled “Realistic Thermal-
Mechanical Fuel Rod Methodology for Boiling Water Reactors,” for review and approval.  This 
Attachment provides the NRC staff’s review and disposition of the comments made by AREVA in 
its January 30, 2008, letter. 
 
AREVA General Comment 
 

On Page 7, Lines 9-10, Omit "AREVA indicated that RODEX4 will model the lower 
plenum as part of the upper plenum during the calculation."  This sentence was added by 
the NRC staff as a result of an initial response, by AREVA, to a restriction which 
indicated AREVA modeled the creep in the upper plenum, but not the lower plenum.  
This was incorrect since creep is not modeled in either plenum, and a different criteria 
was used to remove the restriction on the lower plenum. 

 
NRC Response 
 

In an email dated, November 2, 2007 (ADAMS Accession No. ML080370383), AREVA 
proposed that for fuel designs with lower plenums, RODEX4 be required to model the 
lower plenum free volume in the upper plenum where both thermal and irradiation 
induced creep would be modeled using the upper plenum conditions.  This email 
contradicts the AREVA statement that the lower plenum modeling was “incorrect.”  On 
February 6, 2008, the lower plenum modeling approach was confirmed to be correct via 
teleconference with Gayle Elliott, AREVA Product Licensing Manager.  As such, the NRC 
staff did not modify the SE. 
 
 
 
 
 
 
 
 
 
 
 
 

 
ATTACHMENT 
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