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NUCLEAR REGULATORY COMMISSION
•WASHINGTON,

D.C. 20555.0001

February 20, 2015
Mr. Pedro Salas, Director
Licensing and Regulatory Affairs
AREVA Inc.
3315 Old Forest Road
Lynchburg, VA 24501
SUBJECT:

FINAL SAFETY EVALUATION BY THE OFFICE OF NUCLEAR REACTOR
REGULATION FOR TOPICAL REPORT EMF-92-116(P)(A), REVISION 0,
SUPPLEMENT 1, REVISION 0 "GENERIC MECHANICAL DESIGN CRITERIA
FOR PWR FUEL DESIGNS" (TAC NO. ME7962)

Dear Mr. Salas:
By letter dated December 19, 2011 (Agencywide Documents Access and Management System
(ADAMS) Accession No. MLI1363A1 29), AREVA NP Inc. (AREVA) submitted Topical Report
(TR) EMF-92-116(P)(A), Revision 0, Supplement 1, Revision 0, "Generic Mechanical Design
Criteria For PWR [Pressurized Water Reactor] Fuel Designs," to the U.S. Nuclear Regulatory
Commission (NRC) for review and approval. By letter dated November 2Q, 2014 (ADAMS
Accession No. ML14289A548), an NRC draft safety evaluation (SE) regarding our approval of
TR EMF-92-116(P)(A), Revision 0, Supplement 1, Revisiorn 0, was provided for your review and
comment. By letter dated December 12, 2014 (ADAMS A..ession No. ML14351A354), AREVA
provided comments on the draft SE. The NRC staff's disposition of the AREVA comments on
the draft SE are discussed in the attachment to the final SE enclosed with this letter.
The NRC staff has found that TR EMF-92-116(P)(A), Revision 0, Supplement 1, Revision. 0, is
acceptable for referencing in licensing applications for nuclear power plants to the extent
specified and under the limitations delineated in the TR and in,the enclosed final SE. The final
SE defines the basis for our acceptance of the TR.
Our acceptance applies only to material provided in the subject TR. We do not intend to repeat
our review of the acceptable material described in the TR. When the TR appears as a reference
in license applications, our review will ensure that the material presented applies to the specific
plant involved. License amendment requests that deviate from this TR will be subject to a
plant-specific review in accordance with applicable review standards.
NOTICE: Enclosure 2 transmitted herewith contains Proprietary Information.
When separated from Enclosure 2, this traesmittai 1ocument is decontrolled.
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P. Salas

In accordance with the guidance provided on the NRC website, we request that AREVA publish
approved proprietary and non-proprietary versions of TR EMF-92-116(P)(A), Revision 0,
Supplement 1, Revision 0, within three months of receipt of this letter. The approved versions
shall incorporate this letter and the enclosed final SE after the title page. Also, they must contain
historical review information, including NRC requests for additional information and your
responses. The approved versions shall include an "-A" (designating approved) following the
TR identification symbol.
If future changes to the NRC's regulatory requirements affect the acceptability of this TR,
AREVA and/or licensees referencing it will be expected to revise the TR appropriately, or justify
its continued applicability for subsequent referencing.
Sincerely,

Aby S. Mohseni, Deputy Director
Division of Policy and Rulemaking
Office of Nuclear Reactor Regulation
Project No. 728
Enclosures:
1. Final Safety Evaluation (Non-Proprietary)
2. Final Safety Evaluation (Proprietary)'
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INTRODUCTION

By letter dated December 19, 2011, AREVA NP Inc. (AREVA) submitted Topical Report (TR)
EMF-92-116(P)(A), Revision 0, Supplement 1, Revision 0, "Generic Mechanical Design Criteria
For PWR [Pressurized Water Reactor] Fuel Designs" (Reference 1) to the U.S. Nuclear
Regulatory Commission (NRC) for review and approval. The purpose of this report was to
address NRC staff concerns that the RODEX2 code (Reference 2) lacks a fuel thermal
conductivity model that accurately captures the thermal conductivity degradation (TCD) of
uranium dioxide (U0 2) fuel with burnup. The supplement describes the RODEX2 results that
are potentially impacted by the effects of TCD. These criteria are then evaluated and
dispositioned by establishing that TCD does not significantly affect the criteria, crediting known
conservatisms to account for TCD, or by developing correction factors to account for the effects
of TCD.
Experiments carried out at the Halden Reactor Project in the 1990's have led to a much better
understanding of the effects of TCD on high burnup fuel. The NRC issued Information
Notice 2009-23, "Nuclear Fuel Thermal Conductivity Degradation," dated October 8, 2009
(Reference 3) to make the industry aware of the potential effects of TCD.
AREVA's RODEX2 thermal-mechanical code was approved in 1984, at this time the effect of
TCD was known but sufficient data was not available to accurately account for its effects.
However, RODEX2 models were adjusted to predict the high burnup data available at the time.
During recent reviews of AREVA supported fuel transitions and extended power uprates
(EPUs), the NRC staff has determined-that RODEX2 predicts certain specified acceptable fuel
design limits (SAFDLs) non-conservatively. AREVA worked with their customers to develop
correction factors to satisfy the NRC staffs concerns regarding the lack of a TCD model in
RODEX2. At the conclusion of the ongoing affected licensing actions, the NRC staff requested
that AREVA submit a TR to gain generic approval for the correction factor methodology. This
supplement contains very similar methods as used in these previous licensing actions.
However, there are some differences, including the development of generic bounding correction
factors to be applied to all RODEX2 analyzed fuel.
The NRC staff sent an initial Request for Additional Information (RAI), dated October 18, 2013
(Reference 4) to AREVA. AREVA responded to the RAI by submittal of "Response to a
Request for Additional Information Regarding EMF-92-116(P)(A), Revision 0, Supplement 1,
Revision 0," dated November 11, 2013, and August 7, 2014 (Reference 5).
2.0

REGULATORY EVALUATION

Regulatory guidance for the review of fuel system designs and adherence to Title 10 of the
Code of Federal Regulations (10 CFR) Part 50, Appendix A, General Design Criteria (GDC) for
Nuclear Power Plants, GDC-10, "Reactor Design," GDC-27, "Combined Reactivity Control
Systems Capability," and GDC-35, "Emergency Core Cooling," is provided in NUREG-0800,
"Standard Review Plan for the Review of Safety Analysis Reports for Nuclear Power Plants"

-4(SRP), Section 4.2, "Fuel System Design" (Reference 6). In accordance with SRP, Section 4.2,
the objectives of the fuel system safety review are to provide assurance that:
a. The fuel system is not damaged as a result of normal operation and anticipated
operational occurrences (AOOs),
b. Fuel system damage Is never so severe as to prevent control rod insertion when it is
required,
c. The number of fuel rod failures is not underestimated for postulated accidents, and
d. Coolability is always maintained.
In addition to licensed reload methodologies, an approved fuel rod thermal-mechanical (T-M)
model and application methodology are utilized to demonstrate compliance with SRP,
Section 4.2, fuel design and performance criteria. EMF-92-116(P)(A), Supplement 1, describes
the adjustments made to the RODEX2 code results to account for the impact of fuel thermal
conductivity degradation. The NRC staff reviewed this TR to: (1) ensure that with the
adjustments RODEX2's models are capable of accurately (or conservatively) predicting the
in-reactor performance of fuel rods, (2) identify any limitations on the code's ability to perform
this task, and (3) ensure that the application methodology conservatively accounts for model
uncertainties and is capable of ensuring compliance with SRP Section 4.2 criteria.
3.0

TECHNICAL EVALUATION

The NRC staff's review of the supplement is summarized below:
" Verify each model of RODEX2 affected by TCD is correctly identified.
*

Verify correction factor calculation methodologies are sufficient to bound the effects of
TCD.

*

Verify generic correction factors remain bounding for all AREVA fuel types.

•

Verify application methodology properly accounts for second and third. burned fuel.

The NRC staff compared RODEX2 corrected predictions to data as well as results of
confirmatory calculations performed using the NRC audit code FRAPC.ON-3. The fuel
pertormance models in I-FRAI-.UUN-3 have been validated against an extensive database and
are continually assessed against newer data as it becomes available (see Reference 7).
In addition to reviewing the material presented in the supplement and In response to RAI
questions, the NRC staff met with AREVA to discuss the supplement review on July 9-11, 2013
(AREVA - Lynchburg, VA).

-53.1

Impact of TCD on Mechanical Design Criteria

The main impact of TCD is on the temperature of the fuel, a code that does not properly account
for TCD will under predict the temperature of the fuel. Therefore a correction must be made to
the fuel temperatures that RODEX2 predicts. AREVA benchmarked RODEX2 against the
extended Halden database that includes rods up to a local burnup of 100 gigawatt-days per
metric ton of uranium (GWd/MTU). The results of the benchmarking show that RODEX2
conservatively predicts fuel temperatures up to about [
]. Therefore, AREVA
proposes to apply a correction factor to RODEX2 fuel temperature predictions at burnups
].
greater than [
An expression was derived by selecting [
]. The
temperature expression was defined such that, [
]. This correction factor will
at [
].
fuel
rods
and
U0
-Gadolinium
fuel
rods
starting
be applied to U0 2
2
3.1.1 Cladding Collapse
AREVA's cladding collapse model is not affected by fuel thermal conductivity degradation. The
methodology demonstrates that the pellet-to-clad gap remains open during fuel densification,
] before significant effects from TCD are observed.
which occurs up to about [
RODEX2 benchmarking to the extended Halden database shows that it conservatively predicts
fuel temperatures in this burnup range.
3.1.2

AOO Cladding Strain

RODEX2 does not account for fuel TCD and therefore under predicts fuel temperatures as
burnup increases. This under prediction of fuel temperature [
]. AOO
cladding strain is the delta strain that occurs from the power spike introduced by a transient. In
AREVA analyses this is the difference between the pre-transient power level and the peak
transient power level. The increase in power causes an increase in fuel temperature which
leads to thermal expansion of the pellet. The expansion of the pellet then increases the amount
of strain on the cladding.

-6-

I
AREVA developed a generic, bounding AOO strain penalty to avoid the need for excessive
calculation on a reload basis. This was done by applying the above described methodology to
hundreds of different design cases. The results were then plotted as corrected incremental
strain versus original incremental strain. A 95/95 upper tolerance limit line was calculated for
the data and [
]. The
equation for this new bounding line is the correction factor that will be applied to all uncorrected
AOO cladding strain results from RODEX2. The correction will be verified for use prior to
analyses on fuel designs that fall outside of the design attributes in Table 2 of the TR or
operating temperature beyond the maximum considered in the survey.
On a case specific basis, AREVA may use the methodology presented to calculate the
corrected AOO strain if the generic bounding correction factor is determined to be overly
conservative and challenges design margins. This is acceptable because the methodology is
conservative and the generic correction factor was developed to reduce extensive calculation
time.
3.1.3 Steady-State Strain
For the same reasons as given above for AOO cladding strain, TCD will impact RODEX2
predictions of steady-state strain. Therefore a correction is needed to ensure that the RODEX2
results will remain conservative for licensing analyses. AREVA performed a survey of several
prior reload analyses, including EPUs, that encompassed a representative sample of their
current fuel products and operating parameters. [

.

-7To create a bounding steady-state strain correction applicable to any rod in the survey, [
3. This value represented a bound
to the increase in [
]. To ensure that this [
] was bounding to every case in the survey, a comparison was made between
two uncorrected [
1. The first was a distribution that was
back-calculated as a function of bumup using the [
]. The
second was the set of all [
] from the survey plotted
against their respective burnups. This comparison showed that [
3value proposed was in-fact bounding for every case in the survey.
The steady-state strain correction factor was calculated as the [
]. To
*ensure conservatism, it was assumed that the entirety of the [

]. To further ensure
that the most limiting case is represented, [

3.

The combination of [

] ensure a bounding maximum increase in steady-state
strain based on the effects of TCD. This correction factor will be added to the uncorrected
RODEX2 steady-state strain results for all RODEX2 licensing applications. The correction will
be verified for use prior to analyses on fuel designs that fall outside of the design attributes in
Table 2 of the TR or operating temperature beyond the maximum considered in the survey.
3.1.4 Cladding Fatigue
The increased fuel temperatures from the effects of TCD would result in a small increase in the
cladding fatigue usage .factor. This is because the higher temperatures would result in larger
pellet outer diameters due to additional thermal expansion, which could cause greater stresses
on the cladding during power maneuvering. AREVA's licensed cladding fatigue methodology
contains very large conservatisms built into the power levels used for the duty cycles. The
power level amplitudes are conservatively increased for the high power and conservatively
decreased for the low power to ensure a bounding duty cycle. The NRC staff also reviewed
previous results of cladding fatigue analyses for a number of plants including EPU analyses that
show a significant margin to the Zircaloy-4 alloy and M5® alloy limits.
The combination of the large conservatisms in the analysis and the significant margins available
to the criterion more than compensate for the effects of TCD.

-83.1.5 Fuel Densification and Swelling
RODEX2 contains fuel densification and swelling models that have been benchmarked against
measured data over the approved burnup range. The models are calibrated to provide best
estimate results for rod void volume. The nature of the calibration inherently accounts for the
effects of TCD on densification and swelling. Therefore, correction to these models is not
necessary.
3.1.6 Cladding Oxidation, Hydriding, and Crud Buildup
TCD does not impact the RODEX2 predictions of the temperatures on the very edge of the fuel
pellet or of the cladding. Therefore, the cladding oxidation, hydrding, and crud buildup analyses
are unaffected by TCD.
3.1.7 Fuel Rod Internal Pressure
AREVA's RODEX2 code is a best estimate code that has been calibrated to measured
experimental data. This calibration of the code to data inherently accounts for the permanent
burnup effects of TCD. The code was validated at cold zero power conditions against a
database that included the available high burnup data at the time of development.
While RODEX2 accurately predicts the moles of fission gas release and the cold zero power rod
internal void volume [
]. This causes the code to under-predict rod internal pressure at
operating conditions. AREVA modified the originally submitted TR to account for these issues
via RAI by performing a study to determine a bounding correction factor to apply to the
RODEX2 rod internal pressure predictions. This study used the [
] of this safety evaluation to determine a
conservative value for [
]. This process was
applied to a population of more than 2,000 cases to develop a 95/95 upper tolerance limit
correction factor.
The application of a bounding correction factor developed using conservative assumptions for
the fuel centerline temperature adequately accounts for the effects of TCD on the RODEX2 rod
internal pressure calculation. The correction will be verified for use prior to analyses on fuel
designs that fall outside of the design attributes on Table 2 of the TR.
3.1.8 Fuel Centerline Melt
Fuel TCD directly impacts the centerline fuel temperature and the impact becomes greater with
burnup. This will cause fuel melt to occur at lower powers than what RODEX2 predicts and this
effect becomes greater as burnup increases. AREVA chose to perform a code-to-code
comparison with the NRC approved code COPERNIC, which accurately models TCD, to
determine appropriate correction factors to apply to RODEX2's fuel centerline melt (FCM)
results. The approved methodology for each code was used to model the same fuel designs.

-9The RODEX2 fuel melt temperature was then lowered until the RODEX2 results became
conservative as compared to the COPERNIC results. This lowering of the fuel melt temperature
was increased with burnup to ensure that RODEX2 always remained conservative compared to
COPERNIC in a stair-step fashion. This type of analysis was performed for a representative
sample of AREVA fuel designs. The analysis was also done for U0 2 and urania-gadolinia
concentrations of 2 percent, 4 percent, 6 percent, and 8 percent.
The results for the varying fuel types were then combined into a single set of bounding RODEX2
fuel melt temperature reductions. These reductions were confirmed by the NRC staff to be
bounding based on the figures provided in the TR and through independent confirmatory
,calculations using the NRC code FRAPCON-3. The correction factors are provided in Table 6
of the TR.
AREVA's reload methodology shows that [
accomplish this, AREVA compares the [

]. To

].
To demonstrate that the process outlined in the TR will remain conservative when extending to
burnups [
],.Figure 6 in the TR was revised and submitted as part of
RAI response 1.b. In the revised figure, the model in COPERNIC was revised and extended to
a burnup of 62 GWd/MTU. This revised COPERNIC model used [
]; this change resulted in a more realistic FCM limit at higher burnups. Additionally, the
revised COPERNIC model used a [
j. The revised figure provided a comparison
between the revised COPERNIC model and the penalized RODEX2 model from Figure 6
conservatively extrapolated to 62 GWd/MTU. This showed that the process outlined in the TR
remained conservative even when extended to the current licensed maximum burnup of
62 GWd/MTU.
3.2

RODEX2 Rod Internal Pressure Methodology Validation

To further validate RODEX2's fission gas release and cold void volume calculations AREVA
re-benchmarked the codes results for these two parameters to an expanded database.
RODEX2's fission gas release continues to be shown as best-estimate and the cold void
volume proves conservative with no bias as burnup is increased.

-10The RODEX2 methodology, as presented in the original TR and amended in this supplement,
includes several modelling adjustments that ensure the code predicts a conservative rod
internal pressure. These adjustments include analyzing several limiting power histories for each
] is achieved by at least the most limiting
cycle and ensuring that [
history, applying a transient axial power shape at a frequency that is conservative based on
] to either it's maximum or minimum value to
operating experience, biasing the [
obtain the most conservative result, applying a TCD penalty to the final result predicted by the
code as described above in Section 3.1.7 of this safety evaluation, and by comparing the final
RODEX2 calculated and adjusted rod internal pressure to a conservative overpressure limit.
The combination of the above adjustments to the RODEX2 rod internal pressure calculation
methodology ensures that the code conservatively predicts rod internal pressure while
accounting for the effects of TCD.
CONCLUSION

4.0

Based on the review above, the NRC staff has reasonable assurance that the use of RODEX2,
as supplemented by Reference 1, is acceptable for performing fuel T-M calculations for U.S.
PWRs using U0 2 and urania-gadolinia fuel rods with Zircaloy-4 or M5® cladding materials. The
basis for this conclusion is that AREVA has proposed sufficient correction factors, or penalties,
to account for the lack of fuel TCD modeling in the RODEX2 code. The NRC staff found that
AREVA conservatively applied these corrections to the steady-state strain, AOO strain, fuel
centerline melt, and rod internal pressure results calculated by RODEX2. All other criteria
specified in Section 4.2 of the SRP were confirmed to not be affected by the lack of TCD
modeling in RODEX2.
5.0
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December 19, 2011
NRC:11:117

AREVA

Document Control Desk
U.S. Nuclear Regulatory Commission
Washington, D.C. 20555-0001
Request for Review and Approval of EMF-92-116(P)(A), Revision 0, Supplement 1,
Revision 0, "Generic Mechanical Design Criteria for PWR Fuel Design"
Ref. 1: Letter, Pedro Salas (AREVA NP Inc.) to Document Control Desk (NRC), "Pressurized
Water Reactor Safety Analysis Licensing Topical Reports," NRC:I 1:063, June 24, 2011.
AREVA NP Inc. (AREVA) requests the NRC's review and approval of the enclosure,
EMF-92-116(P)(A), Revision 0, Supplement 1, Revision 0, "Generic Mechanical Design Criteria
for PWR Fuel Design."
The NRC staff identified concerns that the RODEX codes lack a fuel thermal conductivity model
that accurately captures the thermal conductivity degradation associated with increasing
exposure. In Reference 1, AREVA informed the NRC staff of our intention to develop a generic
resolution to this issue via a supplement to the topical report. The submittal of the enclosed
supplement to the referenced topical report fulfills this commitment.
Proprietary and non-proprietary versions of the topical report supplement are enclosed.
AREVA considers some of the material contained in the enclosed document to be proprietary.
As required by 10 CFR 2.390(b), an affidavit is enclosed to support the withholding of the
information from public disclosure.
In support of the Office of Nuclear Reactor Regulation's prioritization efforts, the prioritization
scheme matrix is attached.
Ifyou have any questions related to this submittal, please contact Ms. Gayle F. Elliott, Product
Licensing Manager at 434-832-3347 or by e-mail at aavle.efliottaereva.com.
Sincerely,

ýPedro Salas, Manager
Corporate Regulatory Affairs
AREVA NP Inc.
cc:

H. D. Cruz
Project 728

AREVA NP INC.
3315 Old Forest Road, P.O. Box 10935. Lyndi-brg, VA 24500-0930
Tel.: 434 832-3000 - wwwareva.con
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Document Control Desk
December 19, 2011

EMF-92-116(P)(A), Revision 0, Supplement 1, Revision 0,
"Generic Mechanical Design Criteria for PWR Fuel Design"
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Mr. Pedro Salas, Manager
Site Operations and Regulatory Affairs
AREVA NP Inc.
3315 Old Forest Road
Lynchburg, VA 24501
SUBJECT:

ACCEPTANCE FOR REVIEW OF AREVA NP, INC (AREVA) TOPICAL
REPORT (TR) EMF-92-116(P)(A), REVISION 0, SUPPLEMENT 1,
REVISION 0, "GENERIC MECHANICAL DESIGN CRITERIA FOR PWR
[PRESSURIZED WATER REACTOR] FUEL DESIGN" (TAC NO. ME7962)

Dear Mr. Salas:
By letter dated December 19, 2011, AREVA submitted for U.S. Nuclear Regulatory Commission
(NRC) staff review TR EMF-92-116(P)(A), Revision 0, Supplement 1, Revision 0, "Generic
Mechanical Design Criteria for PWR Fuel Design." The NRC staff has performed an
acceptance review of this TR. We have found that the material presented is sufficient to begin
our comprehensive review. The NRC staff expects to issue its request for additional information
by August 31, 2012, and issue its draft safety evaluation (SE) by November 30, 2012. The NRC
staff estimates that the review will require approximately 260 staff hours including project
management time. The review schedule milestones and estimated review hours were
discussed and agreed upon in a telephone conference between Gayle Elliott, AREVA Product
Licensing Manager and the NRC staff on May 18, 2012.
Section 170.21 of Title 10 of the Code of FederalRegulations requires that TRs are subject to
fees based on the full cost of the review. You did not request a fee waiver; therefore, NRC staff
hours will be billed accordingly.
As with all TRs, the SE will be reviewed by the NRC's Office of the General Counsel (OGC) to
determine whether it falls within the scope of the Congressional Review Act (CRA). During the
course of this review, OGC considers whether any endorsement or acceptance of a TR by the
NRC amounts to a rule as defined in the CRA. Ifthis initial review concludes that the SE, with
its accompanying TR, may be a rule, the NRC will forward the package to the Office of
Management and Budget (OMB) for further review and consideration. Any review by OMB
would impact the schedule for the final issuance of the SE.

-

P. Salas

-2-

If you have questions regarding this matter, please contact Holly Cruz at (301) 415-1053.
Sincerely,

/JhR.colioe7ur Chief
Licensing Processes Branch
Division of Policy and Rulemaking
Office of Nuclear Reactor Regulation
Project No. 728
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October 18, 2013

Mr. Pedro Salas, Manager
Corporate Regulatory Affairs
AREVA NP Inc.
3315 Old Forest Road
P.O. Box 10395
Lynchburg, VA 24506-0935
SUBJECT:

REQUEST FOR ADDITIONAL INFORMATION RE: AREVA TOPICAL REPORT
EMF-92-116(P)(A), REVISION 0, SUPPLEMENT 1, REVISION 0, "GENERIC
MECHANICAL DESIGN CRITERIA FOR PWR FUEL DESIGN"
(TAC NO. ME7962)

Dear Mr. Salas:
By letter dated December 19, 2011, (Agencywide Documents Access and Management System
Accession No. ML1 13630355), AREVA submitted for U.S. Nuclear Regulatory Commission
(NRC) staff review Topical Report EMF-92-116(P)(A), Revision 0, Supplement 1, Revision 0,
"Generic Mechanical Design Criteria for PWR Fuel Design." Upon review of the information
provided, the NRC staff has determined that additional information is needed to complete the
review. On September.12, 2013, Gayle Elliott, AREVA Product Licensing Manager, and I
agreed that the NRC staff will receive your response to the enclosed Request for Additional
Information (RAI) questions on or before November 11, 2013, which is 60 days after our
September 12, 2013, communique. If you have any questions regarding the enclosed RAI
questions, please contact me at 301-415-1002.
Sincerely,

Joseph A. Golla, Project Manager
Licensing Processes Branch
Division of Policy and Rulemaking
Office of Nuclear Reactor Regulation
Project No. 728
Enclosures:
1. RAIs (Non-Proprietary)
2. RAIs (Proprietary)

NOTICE: Enclosure 2 transmitted herewith contains Proprietary Information.
When separated from Enclosure 2, this transmittal document is decontrolled.

OFFICIAL USE ONLY-PROPRIETARY INFORMATION

REQUEST FOR ADDITIONAL INFORMATION
BY THE OFFICE OF NUCLEAR REACTOR REGULATION
EMF-92-116(P)(A), REVISION 0. SUPPLEMENT 1. REVISION 0.
"GENERIC MECHANICAL DESIGN CRITERIA FOR PWR FUEL DESIGNS"
AREVA NP. INC.
PROJECT NO. 728 (TAC NO. ME7962)
The following information is required to assess whether or not the applicant has demonstrated
that the fuel system design will meet the criteria in Title 10 of the Code of FederalRegulations
(10 CFR) Part 50, Appendix A, General Design Criteria (GDC) for Nuclear Power Plants, GDC10 "Reactor Design," GDC-27 "Combined Reactivity Control Systems Capability," and GDC-35
"Emergency Core Cooling." Regulatory guidance for the review of fuel system des~ans is
provided in NUREG-0800, "Standard Review Plan for the Review of Safety Analysis Reports for
Nuclear Power Plants" (SRP), Section 4.2, "Fuel System Design." The objectives of the fuel
system safety review are to provide assurance that:
a. The fuel system is not damaged as a result of normal operation and
anticipated operational occurrences (AOOs),
b. Fuel system damage is never so severe as to prevent control rod insertion
when it is required,
c. The number of fuel rod failures is not underestimated for postulated
accidents, and
d. Coolability is always maintained.
GDC 10 establishes specified acceptable fuel design limits (SAFDLs) that should not be
exceeded during any condition of normal operation, including the effects of AQOs. The SAFDLs
are established to ensure that fuel is not damaged.
SRP 4.2 discusses all fuel failure criteria and the below questions are based on these criteria:
1. SRP 4.2 Acceptance Criteria 1.B.iv- Overheating of Fuel Pellets
a. Please discuss the methodology that AREVA uses in its reload process to
ensure that [
] with regards to fuel melt. Also,
describe how this process continues to be valid as [
I

ENCLOSURE1

-2b. Please provide a revised Figure 6 with the burnup extended to [
I
and ensure the response to l.a. above accounts for the maximum expected
penalty.
2. SRP 4.2 Acceptance Criteria 1.B.vi - Pellet/Claddinq Interaction
a. Please provide additional detail about the process that was used to determine
the [
] in steady-state strain. This information is
necessary to expand upon the statements made in the topical report and was
presented to NRC staff during the Audit held in Lynchburg, July 9-11, 2013.
3. SRP 4.2 Acceptance Criteria 1.A.vi - Rod Internal Pressure
a. Based on knowledge acquired in recent licensing actions utilizing RODEX2, the
staff has concerns that the RODEX2 rod internal pressure calculations may be
non-conservative. Therefore, the staff performed confirmatory calculations using
the NRC fuel thermal-mechanical code FRAPCON-3 as a follow up to the audit
that took place July 9-11, 2013. The results of the calculations showed that
[
]. When FRAPCON was run using a best-estimate plus uncertainty
methodology the upper tolerance limit (95/95) rod internal pressure prediction, for
both cases, [
]. The results were discussed with AREVA as a
continuation of the audit during several phone conversations held in August
2013.
Please provide additional justification to show that RODEX2's rod internal
pressure predictions remain conservative, as used in the framework of AREVA's
reload methodology. If additional RODEX2 sample cases are run to support
AREVA's response, please provide the input parameters to allow the staff to
model the cases using FRAPCON.
AREVA notified the NRC at the audit that took place on July 9-11, 2013 at AREVA's
Lynchburg, VA facility that the topical report included an error in the identification of a
U02 rod as a gadolina bearing rod in the [
] database.
4. Please provide the details of the error and any effect that the error had on the content of
the topical report. For any significant effect please provide additional justification for
continued acceptability of the contents of the report.

A
AREVA
November 11, 2013
NRC:13:082
Document Control Desk
U.S. Nuclear Regulatory Commission
11555 Rockville Pike
Rockville, MD 20852
Response to a Request for Additional Information Regarding EMF-92-116(P)(A), Revision 0, Supplement 1,
Revision 0
Ref. 1: Letter, Pedro Salas (AREVA NP Inc.) to Document Control Desk (NRC), "Request for Review and
Approval of EMF-92-116(P)(A), Revision 0, Supplement 1, Revision 0, 'Generic Mechanical Design
Criteria for PWR Fuel Designs'," NRC:11:117, December 19, 2011.
Ref. 2: Letter, Joseph Golla (NRC) to Pedro Salas (AREVA NP Inc.), "Request for Additional Information Re:
AREVA Topical Report EMF-92-116(P)(A), Revision 0, Supplement 1, Revision 0, 'Generic Mechanical
Design for PWR Fuel Design' (TAC No. ME7962)," October 18, 2013.
AREVA NP Inc. (AREVA NP) requested the NRC review and approval of Topical Report EMF-92-116(P)(A),
Revision 0, Supplement 1, Revision 0, "Generic Mechanical Design Criteria for PWR Fuel Designs" dated
December 2011 in Reference 1. The NRC provided a Request for Additional Information (RAI) in Reference 2.
Responses to Questions 1.a, 1.b, 2.a and 4 of the NRC RAI (Reference 2) are provided in Attachment A to this
letter. A schedule to provide a response to Question 3 in the RAI will be provided no later than January 31,
2014.
AREVA NP considers some of the material contained in the enclosed documents to be proprietary. As required
by 10 CFR 2.390(b), an affidavit is enclosed to support the withholding of the information from public
disclosure. Proprietary and non-proprietary versions of Attachment A are enclosed.
This letter contains one commitment. A schedule to provide a response to Question 3 in the RAI will be
provided no later than January 31, 2014.
If you have any questions related to this letter, please contact Ms. Gayle F. Elliott, Product Licensing Manager
at 434-832-3347 or by e-mail at Gayle.Elliott@Areva.com.

Sincerely

Pedr 2Salas, Dire or
Regulatory Affairs
AREVA NP Inc.

AREVA NP INC.
3315 Old Forest Road. P.O. Box 10935, Lynchburg, VA 24506-0935
Tel., 434 S32-3000 - www.areva.com
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cc:

Proprietary Version of Attachment A "Response to RAI on EMF-92-116(P)(A) Revision 0, Supplement 1
Revision 0"
Non-Proprietary Version of Attachment A "Response to RAI on EMF-92-116(P)(A) Revision 0,
Supplement 1 Revision 0"
Notarized Affidavit
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Attachment A:
Response to RAI on EMF-92-116PA Revision 0, Supplement I Revision 0
Questions I through 4 Background
The following information is required to assess whether or not the applicant has demonstrated that
the fuel system design will meet the criteria in Title 10 of the Code of FederalRegulations (10 CFR)
Part 50, Appendix A, General Design Criteria (GDC) for Nuclear Power Plants, GDC-10 "Reactor
Design," GDC-27 "Combined Reactivity Control Systems Capability," and GDC-35 "Emergency Core
Cooling." Regulatory guidance for the review of fuel system designs is provided in NUREG-0800,
"Standard Review Plan for the Review of Safety Analysis Reports for Nuclear Power Plants" (SRP),
Section 4.2, "Fuel System Design." The objectives of the fuel system safety review are to provide
assurance that:
a. The fuel system is not damaged as a result of normal operation and anticipated
operational occurrences (AOOs),
b. Fuel system damage is never so severe as to prevent control rod insertion when it is
required,
c. The number of fuel rod failures is not underestimated for postulated accidents, and
d. Coolability is always maintained.
GDC 10 establishes specified acceptable fuel design limits (SAFDLs) that should not be exceeded
during any condition of normal operation, including the effects of AOOs. The SAFDLs are
established to ensure that fuel is not damaged.
SRP 4.2 discusses all fuel failure criteria and the below questions are based on these criteria:

Question I SRP 4.2 Acceptance Criteria I.B.iv - Overheating of Fuel Pellets
Question l.a
Please discuss the methodology that AREVA uses in its reload process to ensure that [
J with regards to fuel melt. Also, describe how this process continues to be valid as

[

Response l.a
The AREVA NP, Inc (AREVA) methodology used during reload analyses so that

[
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Figure 1-1 Example of Once Burnt Fuel FCM Limit Verification

Question 1.b
Please provide a revised Figure 6 with the burnup extended to [
response to 1.a. above accounts for the maximum expected penalty.

I and ensure the

Response to 1.b.
EMF-92-116PA, Supplement 1, Section 2.8 describes the analytical method used to calculate
RODEX2 fuel centerline melt (FCM) temperature [
The analysis is based on the approved COPERNIC methodology for FCM limit generation in
Reference 1, Section 12.3 and the approved setpoint methods from Reference 2, Appendix A and
Reference 3, Appendix A which uses the RODEX2 code to determine the FCM limits in terms of
Linear Heat Generation Rate (LHGR).
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The setpoint methodology for the calculation of FCM limits was specifically designed

I

[
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Combined Impact and Extension to Hi-gh Bumup
To demonstrate the conservatism of the RODEX2 FCM limits at

[

I
The revised COPERNIC results for a Westinghouse 15x1 5 U0 2 rod are plotted in Figure 1-2, with
the original results from Figure 6 in EMF-92-116PA, Supplement 1. The RODEX2 results with [

I
The "Revised COPERNIC" FCM limits agree well with the sample problems presented in Figures
12-28, 12-29, 12-30, 12-31, 12-32 and 12-33 in Reference 1. The similarity in both the magnitude
and bumup dependence (i.e. slope) of the predicted FCM limits demonstrates consistency of the
method and results. The "Original COPERNIC" results are [

The results indicate the significant level of conservatism present in the penalty factors in
EMF-92-116PA, Supplement 1 and confirm that. [

References
1. BAW-10231(P)(A), Revision 1, "COPERNIC Fuel Rod Design Computer Code," January
2004.
2. EMF-1961(P)(A), Revision 0, "Statistical Setpoint/Transient Methodology for Combustion
Engineering Type Reactors," July 2000.
3. EMF-92-081 (P)(A), Revision 1, "Statistical Setpoint/Transient Methodology for Westinghouse
Type Reactors, Siemens Power Corporation," February 2000.
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Table 1-1 Conservative Adjustments in the Original COPERNIC Analyses for
FCM Penalties
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Figure 1-2 W15 U0 2 Results
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Question 2 SRP 4.2 Acceptance Criteria 1.B.vi - Pellet Cladding Interaction
Question 2.a
Please provide additional detail about the process that was used to determine the [
] in steady-state strain. This information is necessary to expand upon the
statements made in the topical report and was presented to NRC staff during the Audit held in
Lynchburg, July 9-11, 2013.
Response 2.a
Before calculating the impact of higher fuel temperatures on the steady-state strain margins, a
survey of all the fuel designs and plants supported by the RODEX2 fuel performance code was
conducted to determine the reload analysis cases that result in the most limiting steady-state
strains. Uprated power levels have been considered for applicable plants. Table 2 of Topical
Report EMF-92-116P-A, Supplement I provides a summary of the reload designs that have
been considered. Table 2-1 provides the nodal burnups and fuel average temperatures
corresponding to the time step at which the limiting strain occurred for each of the limiting cases
that were identified,. Table 2-1 also provides the nodal burnups and fuel average temperatures
corresponding to the time step at end-of-life, and the time step at which the maximum fuel
average temperature occurred.
For some plants, additional limiting cases were chosen because they yielded strain values that
were very close to the strain value obtained from the most limiting case. For each case listed in
Table 2-1, the fuel average temperature [

]

This equation is conservatively used in Table 2-1

Document Control Desk
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I

The cases presented in Table 2-1 are plotted in Figure 2-1

[

] This value of additional thermal expansion bounds all the values calculated in
Table 2-1.
Using a curve-fit program, the following relationship can be defined -

[
]

Equation 2-1

Where Bu represents the nodal bumup of the corresponding node in GWd/mtU.
Increase in steady-state cladding strain can now be calculated by

[
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A maximum increase in steady-state cladding strain can be calculated as:

The maximum steady-state strain correction calculated above will be applied to the uncorrected
results obtained for licensing applications using the RODEX2 code. The correction is applicable
to both Zircaloy-4 and M5® cladding. Applicability of the maximum steady-state strain correction
will be verified prior to use based on the fuel design attributes listed in Table 2 of Topical Report
EMF-92-116PA, Supplement 1 and the [
] presented in Equation 2-1 above.
Reference
1. XN-NF-81-58(P)(A) Revision 2 and Supplements 1 and 2, "RODEX2 Fuel Rod ThermalMechanical Response Evaluation Model," March 1984.
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Calculation of Additional Fuel Thermal Expansion
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Figure 2-1 Allowable Fuel Average Temperature vs. Nodal Bumup
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Question 3 SRP 4.2 Acceptance Criteria 1.A.vi - Rod Internal Pressure
Question 3.a
Based on knowledge acquired in recent licensing actions utilizing RODEX2, the staff has
concerns that the RODEX2 rod internal pressure calculations may be non-conservative.
Therefore, the staff performed confirmatory calculations using the NRC fuel thermal-mechanical
code FRAPCON-3 as a follow up to the audit that took place July 9-11, 2013. The results of the
calculations showed that [
] When FRAPCON was run using a bestestimate plus uncertainty methodology the upper tolerance limit (95/95) rod internal pressure
] The
prediction, for both cases, [
results were discussed with AREVA as a continuation of the audit during several phone
conversations held in August 2013.
Please provide additional justification to show that RODEX2's rod internal pressure predictions
remain conservative, as used in the framework of AREVA's reload methodology. If additional
RODEX2 sample cases are run to support AREVA's response, please provide the input
parameters to allow the staff to model the cases using FRAPCON.
Repsponse 3.a
To be provided at a later date
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Question 4
AREVA notified the NRC at the audit that took place on July 9-11, 2013 at AREVA's Lynchburg,
VA facility that the topical report included an error in the identification of a U02 rod as a
gadolinia bearing rod in the [
] database.
Please provide the details of the error and any effect that the error had on the content of the
topical report. For any significant effect please provide additional justification for continued
acceptability of the contents of the report

Response 4
AREVA notified the NRC during an audit in Lynchburg that Topical Report EMF 92-116PA,
Supplement 1 included an error in the identification of a U0 2 test rod as a urania-gadolinia rod
in the I
] database. Section 2.0, Impact of Fuel Thermal
Conductivity Degradation with Burnup on Mechanical Design Criteria, of the topical report
states:
The benchmark results [
extended Halden data base results shown in figure 1. The basis [

] the

Following submittal of the topical report, AREVA discovered that the test rod was a U0 2 rod and
not a urania-gadolinia rod as stated in the text.
The error in identifying the selected test rod as a urania-gadolinia fuel type rather than a U0 2
rod is clerical. The [
] discussed in Section 2.0, was based on
the RODEX2 benchmark predictions of I
] The expression for adjusting the fuel temperature
predictions due to the lack of a bumup dependent fuel thermal conductivity model in RODEX2
remains unchanged. The adjustments applied to the mechanical design criteria affected by fuel
thermal conductivity degradation are not affected.

I

] This change is discussed further below.
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The benchmark results shown in Figure 1 of Topical Report EMF-92-116PA, Supplement 1
indicate that RODEX2 is conservative [

I

Figure 4-1 shows the predicted to measured fuel centerline temperatures for the RODEX2
thermal predictions in the [

Degradation of fuel conductivity with bumup does occur in the

Figure 4-1

[

RODEX2-Predicted vs. Measured Fuel Centerline Temperatures for Nodal
Bumups < 20 GWdImtU

A
AREVA
August 7, 2014
NRC:14:049
U.S. Nuclear Regulatory Commission
Document Control Desk
11555 Rockville Pike
Rockville, MD 20852
Response to a Request for Additional Information Regarding EMF-92-116(P)(A), Revision 0,
Supplement 1, Revision 0
Ref. 1:

Letter, Pedro Salas (AREVA NP Inc.) to Document Control Desk (NRC), "Request for Review and
Approval of EMF-92-116(P)(A), Revision 0, Supplement 1, Revision 0, 'Generic Mechanical
Design Criteria for PWR Fuel Designs'," NRC:11:117, December 19, 2011.

Ref. 2:

Letter, Joseph Golla (NRC) to Pedro Salas (AREVA NP Inc.), "Request for Additional Information
Re: AREVA Topical Report EMF-92-116(P)(A), Revision 0, Supplement 1, Revision 0, 'Generic
Mechanical Design Criteria for PWR Fuel Design' (TAC No. ME7962)," October 18, 2013.

Ref. 3:

Letter, Pedro Salas (AREVA NP Inc.) to Document Control Desk (NRC), "Response to a Request
for Additional Information Regarding EMF-92-116(P)(A), Revision 1, Supplement 1, Revision
0'," NRC:13:082, November 11, 2013.

AREVA Inc. (AREVA) requested the NRC review and approval of Topical Report EMF-91-116(P)(A),
Revision 0, Supplement 1, Revision 0, "Generic Mechanical Design Criteria for PWR Fuel Designs" In
Reference 1. The NRC provided a Request for Additional Information (RAI) in Reference 2. AREVA
provided responses to Questions 1.a, 1b, 2.a and 4 of the RAI in Reference 3. The response to Question
3 of the RAI is provided in Attachment A to this letter.
AREVA considers some of the material contained in the enclosed document to be proprietary. As
required by 10 CFR 2.390(b) an affidavit is enclosed to support the withholding of the information from
public disclosure. Proprietary and non-proprietary versions of Attachment A are enclosed.
If you have any questions related to this submittal please contact Gayle F. Elliott by telephone at
(434) 832-3347 or by e-mail at Gayle.Elliott@Areva.com.

Pe oSSalas, irecto~r
Regulatory Affairs
AREVA Inc.
AREVA INC.
3315 Old Forest Road, Lynchburg, VA 24501
Tel.: 434 832 3000 - www.areva.oom
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Enclosures:
1. Proprietary version, Response to RAI on EMF 92-116PA, Revision 0, Supplement 1, Revision 0
2. Non-proprietary version, Response to RAI on EMF 92-116PA, Revision 0, Supplement 1,
Revision 0
3. Notarized affidavit
cc:

J. G. Rowley
Project 728
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ATTACHMENT A
RESPONSE TO NRC REQUEST FOR ADDITIONAL INFORMATION
(RAI) RELATED TO EMF-92-116(P)(A), REVISION 0, SUPPLEMENT 1,
REVISION 0, GENERIC MECHANICAL DESIGN CRITERIA
FOR PWR FUEL DESIGNS
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RAI 3: SRP 4.2 Acceptance Criteria I.A.vi - Rod Internal Pressure
Based on knowledge acquired in recent licensing actions utilizing RODEX2, the staff has
concerns that the RODEX2 rod internal pressure calculations may be non-conservative.
Therefore, the staff performed confirmatory calculations using the NRC fuel thermal-mechanical
code FRAPCON-3 as a follow up to the audit that took place July 9-11, 2013. The results of the
calculations showed that [
]. When FRAPCON was run using a bestestimate plus uncertainty methodology the upper tolerance limit (95/95) rod internal pressure
prediction, for both cases, [
]. The
results were discussed with AREVA as a continuation of the audit during several phone
conversations held in August 2013.
Please provide additional justification to show that RODEX2's rod internal pressure predictions
remain conservative, as used in the framework of AREVA's reload methodology. If additional
RODEX2 sample cases are run to support AREVA's response, please provide the input
parameters to allow the staff to model the cases using FRAPCON.
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Response to RAI 3:
3.1 Introduction
During the development of the Response to Question 3, AREVA discovered

[

]. These issues
have an impact on the content and conclusions for rod internal pressure in Supplement 1 of
Topical Report EMF-92-116(P)(A) (Reference 1). The following sections identify the issues and
discuss the impact on the code benchmarking and rod internal pressure predictions. In addition,
a revised methodology for rod internal pressure is described that conservatively addresses
these issues. The revised methodology is validated through an accounting of the specific
conservatisms present in the RODEX2 code, methodology, and criteria for rod internal pressure.
An Appendix to this Response includes revisions for the affected content in Reference 1.
3.2 Identification and Assessment of Issues
3.2.1

[

I

The original methodology for rod internal pressure predictions using RODEX2 was established
in XN-NF-81-58(P)(A) Revision 2 and Supplements 1 and 2 (Reference 2). This was later
extended to higher burnups in XN-NF-82-06(P)(A) Revision I Supplements 2, 4, and 5
(Reference 3) and ANF-88-133(P)(A) and Supplement 1 (Reference 4). Reference 2,
Supplement 1, Page 38 describes [
as a characteristic of the methodology in order to [
]. This was expected to result in higher rod
internal pressure predictions. Recent sensitivity studies have indicated that [
]. Figure 3-1 shows the results of a comparison
between rod internal pressure predicted [
]. For the majority of rod designs and operating conditions, the use of
[
] provides the conservative result. The use of the [
]. The use of the[

J. The results shown on

Figure 3-1 indicate that [

[
] is a methodology requirement and does not affect any of the code
benchmark results presented in Figures 3, 4, and 5 of Reference 1. This is because the
benchmark analyses use [

I

Attachment A
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Thermal Conductivity Degradation (TCD) with Bumup

The major factors influencing the internal gas pressure are the amount of fill gas, released
fission gas, and the void volumes and their associated temperatures. The thermal modeling
and radial/axial noding used in RODEX2 allows assignment of representative temperatures to
each void volume. The deformation modeling considers the significant phenomena that change
the void volumes with irradiation. The void volumes that are considered are dishes, crack
volumes, pellet-clad gaps, upper and lower plenum volumes, and internal hole volumes if the
pellets are annular. The free gas is assumed to be interconnected at the same pressure, and it
obeys the ideal gas law. These assumptions permit the internal gas pressure to be calculated
with the relation:

PF

N*R

V'.

Where:
PF =

internal pressure of gas, (psi)

N = number of moles of released and initial fill gas, (gm-moles)
R = 40.883 = gas constant, ((in.lb)/(gm-mole.°R))
Ti = absolute temperature of void volume i, (OR)
Vi = volume of void volume i, (in3 )
. = summation over void volumes
The temperature associated to each void volume is defined in Table 3-1.
The absence of a TCD model in RODEX2 has the potential to affect the rod internal pressure
via numerous paths. Reference 1 concludes that the effect of TCD was adequately captured in
the rod internal pressure predictions from RODEX2 based on benchmarks to measured data for
fission gas release (Reference 1, Figure 3), cold rod void volume (Reference 1, Figure 4), and
at-power rod internal pressure (Reference 1, Figure 5). The benchmark data for fission gas
release and void volume is from measurements taken in hot cell conditions (at cold, zero power
conditions). The measured data accounts for the permanent, integral effects of TCD on fission
gas release and pellet swelling. [
] These
factors influence the prediction of rod internal pressure at hot conditions. [

]. Figure 3-2 compares the RODEX2
predicted pressures at cold conditions relative to the measured pressure at cold conditions and
confirms the conservative predictions observed for fission gas release and cold void volume.

Attachment A
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Rod internal pressure predictions for "at power" conditions must consider the effect of TCD
because the void volumes are dependent on fuel thermal expansion and the gas temperatures
are related to the fuel temperatures. [

I.
3.3 Revised Method for Rod Internal Pressure
The current RODEX2 methodology for rod internal pressure is defined in Supplement 5 of XNNF-82-06(P)(A) (Reference 3). Revisions to this methodology are necessary to correct the
issues identified regarding [
I and TCD. The revisions will result in an increase in
the RODEX2 predicted internal rod pressure. The following sections describe the revised
portions of the methodology.
3.3.1

Power History

Consistent with the approved method for power histories (Reference 3),

[

]. The power histories are generated prior to operation
of the fuel and the rods with the [

1. InReference 5, AREVA (then Siemens Power Corporation)
committed to review the internal rod pressures determined by the method in Reference 3,
described above, after the fuel had completed a cycle of irradiation. [
Furthermore, while running confirmatory FRAPCON-3 cases against RODEX2 results [

]i.
In the reload safety-related evaluations, maximum rod internal pressures will be calculated
using the method from Reference 3. Fuel inserted fresh into a cycle will use power histories
projected into the future until discharge. Previously burned fuel will use a combination of actual
operational history and projections to end of cycle consistent with the Reference 5 description.
Margin to the rod internal pressure specified acceptable fuel design limits (SAFDL) will be based
on more conservative of the results from the Reference 3 method or the Reference 5 method.
3.3.2

[

I

] will be biased to both maximum and minimum design tolerance and the
I
bias that provides the highest prediction of rod internal pressure will be used as the basis for the
reload safety-related evaluations.

Attachment A
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TCD Penalty

The impact of TCD on RODEX2 rod internal pressure predictions is determined by

[

1. The result from this analysis is the TCD adjusted maximum rod
internal pressure for the analyzed rod design and power history.
This process was performed for the full spectrum of fuel rod designs supported by the RODEX2
methodology and included numerous power histories for each rod design. A database of more
than 2,200 cases was used to develop a generic TCD rod internal pressure correction factor.
Table 2 of Reference 1 provides a summary of the reload designs that have been considered in
developing the generic correction factor. The generic correction factor bounds the available
data at a 95/95 UTL. Figure 3-3 shows the TCD adjusted results and the determination of the
95/95 UTL correction factor. The correction factor is applicable to U02 and Urania-Gadolinia
fuel rods with Zircaloy-4 or M5® cladding materials. Applicability of the generic correction factor
will be verified prior to use for fuel designs that fall outside of the fuel design attributes listed in
Table 2 of Reference 1.
The RODEX2 rod internal pressure predictions will be adjusted to account for the impact of TCD
using the following equation:

Where;
Ptcd= TCD Corrected Rod Internal Pressure (psia)

P = Rod Internal Pressure predicted by RODEX2 (psia)
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3.4 Validation of Method
The RODEX2 methodology for rod internal pressure provides a conservative assessment of the
rod internal pressure SAFDL. The degree of conservatism is relative to the best-estimate
predictions of the code. In contrast to contemporary methodologies for rod internal pressure
described in BAW-10231P-A (Reference 6, Section 12.1), [
]. The previously-approved method relies on the inherent
conservatism of the code models in conjunction with key modeling adjustments to achieve a
conservative prediction of rod internal pressure.
3.4.1

Code

The conservatism inherent in the RODEX2 code for rod internal pressure predictions is evident
in the benchmarks to measured data for fission gas release and cold void volume. The
benchmark results show that RODEX2 provides [
]. Benchmarks to cold void volume are

[

Figure 3-2 shows the RODEX2 benchmark to measured data for rod internal pressure at cold,
zero power conditions. The average prediction is conservative by [
].
3.4.2

Method

The conservatism in the revised RODEX2 methodology for rod internal pressure is achieved
through four modeling adjustments. The following sections describe each adjustment.
3.4.2.1 Power History
Several limiting power histories, [
], are utilized. Each power history is adjusted so that the fuel rod

[

I
The adjustments to the power histories

[

I
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3.4.2.2 Transients
The effects of normal operational duty cycles are evaluated by considering variations in the axial
power shapes. A transient axial power shape is applied [
J. The axial power shapes are peaked so that [

]. The sample cases from Reference 3, Supplement 5
indicate that for the limiting rods in the core, the application of the transient shapes increases
the predicted rod internal pressures by [
3.4.2.3 [

I

] is biased to both the maximum and minimum design tolerances and the
I
bias that provides the highest prediction of rod internal pressure is selected. For the limiting
rods in the core, the [
] typically increases the maximum rod internal
pressure by [
] (i.e., from nominal to maximum or minimum tolerance). For some
conditions and fuel rod designs, the effect of [
] can be significantly larger
than these typical ranges (refer to Figure 3-1).
3.4.2.4 TCD Penalty
The generic TCD penalty factor bounds 95 percent of the calculated data with 95 percent
confidence and is based on [
]. This
conservatively addresses the TCD impact on rod internal pressure. The penalties for U02 and
Gadolinia fuels are typically in the range of [
1.
3.4.3

Criteria

The [
I overpressure limit was originally established in Reference 3, Supplement 5,
Pages 2 to 3. A cladding stress limit was established at [
] to preclude [
]. The [
I overpressure corresponded to a cladding stress of
approximately [
1 for the most limiting rod design, thereby reserving significant
margin.
A more contemporary evaluation of [
I established conservative
overpressure limits of [
] for Zr-4 cladding and [
] for M5® cladding. These
results confirm the degree of conservatism in the RODEX2 overpressure criterion.
Reference 3, Page 8, "Safety Evaluation Report" also defines a criterion to [
]. The criterion assures [
]. The overpressure limit and [
criterion must both be satisfied throughout the life of the fuel rod.
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3.5 Conclusions
During the development of the Response to RAI 3, AREVA discovered [
]. A revised methodology is
described that conservatively addresses these issues. The key conservative aspects of the
revised methodology include:
*

RODEX2 benchmarks to measured data indicate the code provides conservative predictions
of fission gas release and cold void volume.

*

Transient axial power shapes are applied [
]. The
frequency of occurrence and duration of the transients are conservative relevant to
operating experience.

*

The fuel rod power histories are

S[

[

]i.

] is biased

to either the maximum or minimum design tolerance to
provide the most conservative prediction of rod internal pressure.
At the time of peak pressure, the predicted rod internal pressure is penalized to account for
the impact of TCD with burnup. The penalty factor is based on[

I.
The overpressure criterion of [
evaluations of [

]

is conservative relative to contemporary
] limits. The [
] criterion assures [

I.
The revised method provides a measure of conservatism above the best-estimate predictions of
the code. This remains consistent with the intent and approval of the original methodology. On
this basis, the revised RODEX2 methodology for rod internal pressure provides a sufficiently
conservative assessment.
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Table 3-1-Characteristic Temperature of Void Volumes in RODEX2 Rod
Internal Pressure Calculation
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[

I
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Figure 3-2-RODEX2 Cold, Zero Power Rod Internal Pressure Benchmark
against Expanded Validation Database
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Figure 3-3-TCD Penalty for RODEX2 Rod Internal Pressure Predictions
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1.0

Introduction

AREVA's Thermal Mechanical (T-M) code, RODEX2, was approved in 1984. At the time this code was
approved, the effect of thermal conductivity degradation with burnup was known, but adequate
benchmarking data was not available to account explicitly for this effect. The models in RODEX2 were
adjusted to predict the data available including the high burnup data.
A review of the RODEX2 code predictions has been performed to assure that this effect is adequately
addressed.

[

I AREVA has conducted an evaluation of the impact of thermal conductivity degradation with
burnup on RODEX2 predictions. The results of this investigation indicate the following:

AREVA has developed correction factors to be applied to the RODEX2 predictions to account for the lack
of fuel thermal conductivity degradation with burnup in the cladding strain, afl-fuel centerline melt
analyses, and rod internal pressure.

[

]The impact of
fuel thermal conductivity degradation on the RODEX2 analyses is presented in detail in Section 2.0.
Further validation of the RODEX2 rod internal pressure methodology for a V•.•iety;f
presented in Section 3.0.

1

fuel dcsig.z is
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duty cycles. The power levels are

[

] to add excess conservatism to the calculated stress amplitudes. The
excess conservatism compensates for the underprediction of fuel temperatures by the RODEX2 code.
Coupled with the fact that

[

1, no

correction to the fatigue usage factors predicted by the RODEX2 code is required.

2.5

Fuel Densification and Swelling

Models for fuel densification and swelling are included in the RODEX2 code and are used in calculating
margins to the various mechanical design criteria. These models are provided in Appendix K of
Reference 3. The fuel densification model is

[

] whereas the swelling

]. Densification and swelling of the fuel column affect the
models are [
available free volume inside the fuel rod. The RODEX2 code has been benchmarked against measured
free volume data over the entire approved burnup range

[

[

]. The results of the benchmarking are contained in Supplement 4 of Reference 7.

]. These

models do not require any correction to

compensate for the underprediction of fuel temperatures by the RODEX2 code.

2.6

Cladding Oxidation, Hydriding, and Crud Buildup

Cladding oxidation is a function mainly of the metal-to-oxide interface temperature and of exposure
time. Since the underprediction of fuel temperatures by RODEX2 does not invalidate the metal-to-oxide
interface temperature predictions, the existing cladding oxidation margins remain unaffected by the
degradation in fuel thermal conductivity with burnup. Similarly, hydriding and crud buildup are also
unaffected by the degradation in fuel thermal conductivity with burnup.

2.7

Fuel Rod Internal Pressure

RODEX2 is a best estimate code developed to predict the thermal-mechanical behavior of fuel rods in
Light Water Reactors (Reference 3). It is composed of interrelated models which describe all physical
phenomena known at the time it was approved. The effects of fuel thermal conductivity degradation
with burnup were known at the time RODEX2 was submitted but benchmarking data was not readily
available and therefore the code does not include a model to explicitly account for this phenomenon.
The NRC-approved RODEX2 code uses high burnup data (i.e., rod average burnups up to the licensed
value of 62 GWd/mtU) to validate the fission gas release and cold, zero power7 rod internal void
-nd rod.nt.r.n.l prczUr, mde'sl (References 3 and 7). As a result, the effects of fuel thermal
volumes7 z
conductivity degradation were implicitly captured during the overall code calibration and the red
intr.;ia1 c -lzutifnzthese
-Ea'-.r
1
parameters do not require any adjustments to account for the
reduced fuel thermal conductivity at high burnups.
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Reference 3 and repeated in Table 3 for completeness. It is composed of [
rods with rod average burnup greater than

[

] rods including [

1

] GWd/mtU.

The original RODEX2 database was significantly enlarged with the addition of the entire pin pressure
calibration database of the RODEX4 code, a modern fuel rod design code approved by the US NRC in
Reference 4. The expanded database now includes a total of

[

many rods as in the original database. Additionally, there are now
burnups greater than [

] GWd/mtU, almost [

I rods, almost [

[

] times as

I rods with rod average

] times as many as in the original RODEX2

database. The maximum rod average burnup in the expanded database is greater than

[

1

GWd/mtU. The expanded database is summarized in Table 4.
The results of the RODEX2 fission gas release and cold rod void volume benchmark against the expanded
validation database are shown in Figure 3 and Figure 4 respectively. These figures show no bias with rod
average burnup for either the fission gas release or cold rod void volume predictions

[

I
There is no limit imposed on the amount of fission gas release or rod void volume. Instead, a criterion on
rod internal pressure needs to be met for every reload. Figure 5 shows the results of the RODEX2
benchmark against the expanded database in terms of cold, zero power rod internal pressure. The
results show no bias with burnup

[

1.

The benchmark data discussed above is from measurements taken in hot cell conditions (cold, zero
power). The measured data does account for the permanent, integral effects of thermal conductivity
degradation on fission gas release and pellet swelling. [

1. These factors influence the prediction of rod internal pressure at operating
conditions and therefore must be accounted for.
The impact of thermal conductivity degradation on RODEX2 gas pressure predictions is determined by

L

]1
9
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1The result from this analysis is the TCD
adjusted maximum rod internal pressure for the given rod design and power history.
The process described above was repeated for the full spectrum of fuel rod designs supported by the
RODEX2 methodology and included numerous power histories for each rod design. Table 2 provides a
summary of the reload designs that have been considered in developing the generic correction
relationship. A database of more than 2,200 cases was used to develop a generic TCD gas pressure
correction factor. This correction factor bounds the available data at a 95/95 UTL. Figure 6 shows the
TCD adiusted results and the determination of the 95/95 UTL correction factor. The correction factor is
applicable to U02 and Urania-Gadolinia fuel rods with Zircaloy-4 or M56 cladding materials. Applicability
of the generic correction factor will be verified prior to use for fuel designs that fall outside of the fuel
design attributes listed in Table 2.
The RODEX2 rod internal pressure predictions are adiusted to account for the impact of TCD using
Equation 2.7-1:

I

2.7-1

1Equation

Where;
Ptcd = TCD Corrected Rod Internal Pressure (psia)

P = Rod Internal Pressure Predicted by RODEX2 (psia)
The 95/95 unc.w.ri.-.
mndcrn

f the RODEX2 pin P.eS.... r,,,ei lc

onzz[rhc

AL....tcnt
pS

with

fucel Fed perfoFRqR~nz codzz 5uzh ar thz US; NRC zaPProved COPERNIC (Refe~Rrzez 5).

I.-

2.8

Fuel Centerline Melt (FCM)

The RODEX2 code is used to predict the linear heat generation rate (LHGR) at which FCM occurs. The
reduction in the LHGR calculated with RODEX2 resulting from the lack of modeling of the degradation in
fuel thermal conductivity with burnup was calculated with a code-to-code comparison between the
RODEX2 and the COPERNIC fuel performance codes. COPERNIC (Reference 5) is an NRC-approved fuel
performance code that models exposure dependent degradation of fuel thermal conductivity.

[

], correction factors were developed as a function of
burnup for application to the RODEX2 FCM temperature. The correction factors for the FCM calculation
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process [
RODEX2 methodology is

] for FCM limits. Since the FCM limit calculated with the

[

]

This evaluation was performed to a rod average burnup of

[

[

]

]. This burnup bounds the

Results:

I

The FCM limits as a function of fuel rod average burnup for the reference CE plants analyzed are
provided below. Plots of the FCM limit for one of the reference plants are provided for both U0 2 and
urania-gadolinia fuel types in Figure74f-:
, through Figure 1tFg•,'e4. Tables of the bounding
correction factors extracted from the figures for the sample plants are provided for U0 2 and uraniagadolinia concentrations of 2%, 4%, 6% and 8% in Tabl•4-Table 5 and Table 6.
The correction factors are defined as

[

].
Correction Factor Summary:
Based on the data in Table 5 and Table 6T'ble 6 -andTable 7, AREVA will apply the following correction
factors to its licensed analyses. Due to the conservatism used in calculating the correction factors, the
analysis will not be repeated unless core conditions or fuel designs change from those analyzed. The
correction factors were conservatively selected to bound the data in a stair step fashion.
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3.0

RODEX2 Rod Internal Pressure Methodology Validation

The RODEX2 methodology for rod internal pressure is constructed to provide a conservative assessment
of the rod internal pressure SAFDL. The degree of conservatism is measured relative to the bestestimate predictions of the code. Unlike more contemporary methodologies for rod internal pressure
(Reference 5),

1.The
approved method relies on the inherent conservatism of the code models in coniunction with key
modeling adiustments to achieve a conservative prediction of rod internal pressure.

Code
The conservatism inherent in the RODEX2 code for rod internal pressure predictions is evident in the
benchmarks to measured data for fission gas release and cold, void volume. RODEX2 was rebenchmarked to an expanded database (see Section 2.7), and the benchmark results show that RODEX2
provides [
Benchmarks to cold, void volume are

[

Figure 5 shows the RODEX2 benchmark to measured data for rod internal pressure at cold, zero power

.1.

conditions. The average prediction is conservative by [

Method
The conservatism in the RODEX2 methodology for rod internal pressure is manifest through four
modeling adiustments. The following sections describe each adiustment.

Power History
Several limiting power histories.

r

1. Each history is adjusted so that the fuel rod reaches

i

-1
The adjustments to the power histories

r

-1
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Transients
The effects of normal operational duty cycles are evaluated by considering variations in the axial power
shapes. A transient axial power shape is applied
power shapes are peaked so that

i

1. The axial

r

.1
The sample cases from Supplement 5 of Reference 10 indicate that the application of the transient
shapes increases the predicted rod internal pressures by jr.

L

TCD Penalty
Section 2.0 quantifies the under-prediction of fuel temperatures in RODEX2 because of TCD. and Section
2.7 defines a generic penalty that is applied to predicted rod internal pressures. The generic penalty
factor bounds 95 percent of the calculated data with 95 percent confidence and is based on [

1. This conservatively addresses

the TCD impact on rod internal

pressure. The penalties for UO, and Gadolinia fuels are typically in the range of L

.

Criteria
The r

loverpressure limit was originally established in Supplement S (Pages 2 to 3) of Reference

[

I overpressure corresponded to a cladding stress of approximately
limiting rod design, thereby reserving significant margin.
A more contemporary evaluation of r
overpressure limits of r

1. The

I to preclude r

10. A cladding stress limit was established at r

r

1 for the most

established conservative

1 for Zr-4 cladding and r

I for MS® cladding. These results

confirm the degree of conservatism in the RODEX2 overDressure criterion.
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Reference 10 (Page 8, "Safety Evaluation Report") also defines a criterion to[

I

1. The criterion assures that

1. The overpressure

limit and

r

I criterion must both be

satisfied throughout the life of the fuel rod.
Th RAD X; r-f intzrnal ,,.
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,.
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able-6Q Table 5: U02 Penalty Factor Data
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Table-7 Table 6: Urania-Gadolilnia Correction Penalties
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Figure 4: RODEX2 Cold, Zero Power Rod Void Volume Benchmark Against Expanded
Validation Database
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Figure 5: RODEX2 Cold, Zero Power Rod Internal Pressure Benchmark Against Expanded
Validation Database
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Figure 6: TCD Penalty for RODEX2 Rod Internal Pressure Predictions
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Figure 7: W 15x15 U02 Results
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r-Ulge-7Figure 8: W 15x15 2 wt% Urania-Gadolinia Results
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Fige49.Figure 9: W 15x15 4 wt% Urania-Gadolinia Results
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Fogwe

Figure 10: W 15x15 6 wt% Urania-Gadolinia Results
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Figuwre-IO Figure 11: W 15x15 8 wt% Urania-Gadolinia Results
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1.0

Introduction

AREVA's Thermal Mechanical (T-M) code, RODEX2, was approved in 1984. At the time this code was
approved, the effect of thermal conductivity degradation with burnup was known, but adequate
benchmarking data was not available to account explicitly for this effect. The models in RODEX2 were
adjusted to predict the data available including the high burnup data.
A review of the RODEX2 code predictions has been performed to assure that this effect is adequately
addressed.

[

] . AREVA has conducted an evaluation of the impact of thermal conductivity degradation with
burnup on RODEX2 predictions. The results of this investigation indicate the following:

AREVA has developed correction factors to be applied to the RODEX2 predictions to account for the lack
of fuel thermal conductivity degradation with burnup in the cladding strain, fuel centerline melt
analyses, and rod internal pressure.

[

] The impact of
fuel thermal conductivity degradation on the RODEX2 analyses is presented in detail in Section 2.0.
Further validation of the RODEX2 rod internal pressure methodology is presented in Section 3.0.

2.0

Impact of Fuel Thermal Conductivity Degradation with Burnup on
Mechanical Design Criteria

A conservative expression was derived for adjusting the fuel temperature predictions due to the lack of
a burnup dependent fuel thermal conductivity model in RODEX2. The benchmark results

]
1. The basis

[

the extended Halden data base results shown in Figure

[

1
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The RODEX2 thermal predictions

[

J

The temperature

correction is defined as
Cor.9 5 / 95 = M/P + Ka

=

[

]

Cor.95 /95

Temperature correction at the 95%/95% one-sided tolerance limit as a function
of nodal burnup

M/P

Mean measured to predicted

K

95/95 one-sided tolerance factor

a

Standard deviation, measured/predicted

Bu

Nodal burnup (GWd/mtU)]

and is used as a multiplier on RODEX2 temperature predictions

TCorrected = Cor. 9 5 / 9 5 TRODEX2

TCorrected

Fuel temperature corrected for the degradation of fuel thermal conductivity

Cor.95 /9 5

Factor used to increase RODEX2 temperature predictions for fuel thermal

conductivity degradation
Temperature prediction using RODEX2

TRODEX2

The application of the temperature correction expression provides a prediction

[

I
RODEX2 benchmark results have shown the code to be conservative in the

].

To avoid over penalizing U0 2 fuel

1 corrections for U0 2 fuel rods will be applied

[

[

[

1 Corrections for urania-gadolinia fuel rods will be
applied

[

1 using the benchmark results

2

[
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A review of the generic mechanical design criteria contained in Reference 1 was performed in order to
identify criteria that are potentially impacted by the fuel pellet thermal degradation phenomenon. The
criteria contained in Sections 3.0, 4.0 and 5.0 of Reference 1 are presented in Table I along with the
results of the applicability review. The criteria that pertain to the LOCA and the non-LOCA safety analysis
are not evaluated within this document. Therefore, these criteria are shown with a strike-through
symbol. Out of the remaining criteria, those that are not analyzed using the RODEX2 code, and therefore
are unaffected by the fuel thermal conductivity degradation issue, are designated with "NA" in the
applicability column.
Generic Mechanical Design Criteria
For PWR Fuel Designs

The review presented in Table 1 shows that the RODEX2 code is used in evaluating the following
mechanical fuel design criteria:
*
"

Cladding collapse
Cladding strain

*

Fuel rod fatigue

*

Fuel densification and swelling
Cladding oxidation, hydriding, and crud buildup

"
*
*

Fuel rod internal pressure
Fuel centerline melt

For each criterion listed above, the impact of the fuel thermal conductivity degradation phenomenon
has been assessed. For the criteria that are judged to be adversely impacted, bounding correction
factors have been developed to restore conservatism in the results predicted by the RODEX2 code.
The following sub-sections present the details of the assessments and the development of correction
methodologies for each criterion in Table 1 judged to be affected by the underprediction of fuel
temperatures by the RODEX2 code.

2.1

Cladding Collapse

AREVA's cladding collapse methodology (Reference 1) is based on analytically demonstrating that the
radial pellet-to-clad gap remains open during fuel densification (up to a rod average burnup of

[

]. Since the RODEX2 code does not underpredict fuel temperatures in this burnup range, the
degradation in fuel thermal conductivity at higher burnups does not impact the existing cladding
collapse margins.

2.2

AOO Cladding Strain

AREVA's criterion for maximum AOO strain is

[

]1.

3
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]

This is due to the fact that higher fuel temperatures will

result in an increase in the pellet outer diameter (due to thermal expansion) thereby enhancing pelletto-cladding contact. A larger fuel pellet will result in larger cladding strains and smaller strain margins.
Cladding strain during AQOs is calculated as an incremental strain resulting from a difference in power
level between the peak transient power level and the pre-transient power level. Since the diameter of
the fuel pellet is a function of fuel temperature, an increase in power level during the transient causes
the fuel pellet to expand.

[

The correction to the AOO strain predicted by the RODEX2 code is calculated as follows -

[

I

] Equation 2.2-1

Where,

In order to calculate the corrected strain predictions, the pre-transient and peak transient fuel
centerline temperatures at the time step of interest "t" and for the axial node of interest "n" are first
adjusted using the bounding temperature correction expression shown below in Equation 2.2-2.

[

]

4

Equation 2.2-2

EMF-92-116(NP)(A)
Revision 0
Supplement 1
Revision 0

Generic Mechanical Design Criteria
For PWR Fuel Designs

Where,

The corrected pre-transient and peak transient nodal strain values that correspond to the adjusted
nodal temperatures are then calculated

[

The corrected nodal AOO strain value for the axial node of interest "n" and at the time step of interest
"t" can now be calculated as

I

[

The methodology described above can be used for calculating a correction to the uncorrected RODEX2
strain prediction for a given axial node "n" and at a given time step "t" for a particular steady-state
power history file. The fuel rod models used in RODEX2 typically consist of 12 or 24 axial nodes. For any
given cycle-specific analysis (reload), several power history files corresponding to each fuel pin type in
core are analyzed. In accordance with the NRC-approved methodology provided in Reference 2, an AOO
power transient,

[
] in order to calculate

the most limiting cycle-specific AOO
strain margin for the reload fuel. Since each power history file consists of a multitude of time steps, a
"generic" correction relationship is developed that can be applied independent of the time step or the
power history file used.

I
that will

J. The generic correction relationship is therefore developed

in a manner

[

] bound the AOO cladding strain for all expected ranges of
operation for PWR fuel using RODEX2.
A large number of design analysis cases have been chosen from a survey of prior reload design
calculations in order to develop the generic correction relationship. The cases are chosen so as to
consider all RODEX2-based fuel designs and plants. Uprated power levels have been considered for
applicable plants.
Table 2 provides a summary of the reload designs that have been considered in developing the generic
correction relationship.

[

J. Various fuel rod average burnup steps have
5
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been selected to provide a relationship that covers a broad range of burnups.

[

J. Atotal of nearly 800
design cases were selected to formulate the generic correction relationship. For each design case, the
methodology for calculating correction to the AOO cladding strain, presented above, was utilized to
generate a corresponding strain correction.
The resulting corrected strain values are shown in as a function of the corresponding uncorrected AQO
strains as originally predicted by the RODEX2 code as part of the reload design calculations. Large
variations in strain correction can be caused due to open pellet-to-clad gap states prior to the
application of the power transient. Open gap states are encountered at lower burnup levels typically for
the end nodes in the fuel stack, but occasionally for the other nodes as well. For these types of cases,
the cladding strain levels are typically low. All data points that correspond to cases with very low
uncorrected incremental strain

[

] have been discarded.

[

I
depicts the cladding strain database along with its least squares fit linear trend line. Also shown in is
the one-sided 95/95 upper tolerance limit (UTL) line for the database. As shown in,

[

]. Thus, the generic correction line is

[

The equation for the AOO strain correction line is given by ] ........ Equation 2.2-3
The AOO strain correction will be applied to the uncorrected AOO cladding strain results obtained using
the RODEX2 code for licensing applications. The correction is applicable to both Zircaloy-4 and M5®
cladding. Applicability of the AOO strain correction will be verified prior to use for fuel designs that fall
outside of the fuel design attributes listed in Table 2.
The correction relationship is valid for both hot full power (HFP) and hot zero power (HZP) transients. As
shown in , the correction line bounds all the data points, including those at the higher strain levels. For
any given application, if the generic correction is judged to provide an overly conservative result that
challenges design margins, a case-specific correction using the methodology presented earlier for
calculation of corrected cladding strain may be used instead.

6
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2.3

Steady-State Strain

AREVA's criterion for maximum steady state strain is

[

[
] This is due to the fact that higher fuel temperatures will
result in an increase in the pellet outer diameter. A larger fuel pellet will in turn result in larger cladding
strains and smaller strain margins.
In order to calculate the impact of higher fuel temperatures on the strain margins, a survey of the
pertinent fuel design parameters and operating fuel temperatures from prior reload design calculations
has been conducted in order to determine limiting designs and plants. The survey considers all RODEX2based fuel designs and plants. Uprated power levels have been considered for applicable plants. Table 2
provides a summary of the reload designs that have been considered in calculating the impact on strain
margins.

The maximum steady-state strain correction calculated above will be applied to the uncorrected results
obtained for licensing applications using the RODEX2 code. The correction is applicable to both Zircaloy4 and M5® cladding. Applicability of the maximum steady-state strain correction will be verified prior to
use for fuel designs that fall outside of the fuel design attributes listed in Table 2 or for fuel operating
temperatures that exceed those considered in establishing the maximum correction.

2.4

Cladding Fatigue

AREVA's criterion for maximum cladding fatigue usage factor is

[

J for Zircaloy-4 cladding

] for M5 cladding (Reference 6). Correction to the fuel temperatures
predicted by the RODEX2 code at higher burnups will result in an increase in the pellet outer diameter
due to additional thermal expansion. A larger fuel pellet could in turn cause larger cladding stress
intensity amplitudes during power cycling due to increased pellet-to-cladding contact. However,
AREVA's licensing analyses for cladding fatigue include a large conservatism in the power levels for the
(Reference 1) and [

7
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duty cycles. The power levels are

[

] to add excess conservatism to the calculated stress amplitudes. The
excess conservatism compensates for the underprediction of fuel temperatures by the RODEX2 code.
Coupled with the fact that

[

1, no

correction to the fatigue usage factors predicted by the RODEX2 code is required.

2.5

Fuel Densification and Swelling

Models for fuel densification and swelling are included in the RODEX2 code and are used in calculating
margins to the various mechanical design criteria. These models are provided in Appendix Kof
Reference 3. The fuel densification model is
models are

I

[

] whereas the swelling

]. Densification and swelling of the fuel column affect the

available free volume inside the fuel rod. The RODEX2 code has been benchmarked against measured
free volume data over the entire approved burnup range

[

1. The results of the benchmarking are contained in Supplement 4 of Reference 7.

J. These models

do not require any correction to

compensate for the underprediction of fuel temperatures by the RODEX2 code.

2.6

Cladding Oxidation, Hydriding, and Crud Buildup

Cladding oxidation is a function mainly of the metal-to-oxide interface temperature and of exposure
time. Since the underprediction of fuel temperatures by RODEX2 does not invalidate the metal-to-oxide
interface temperature predictions, the existing cladding oxidation margins remain unaffected by the
degradation in fuel thermal conductivity with burnup. Similarly, hydriding and crud buildup are also
unaffected by the degradation in fuel thermal conductivity with burnup.

2.7

Fuel Rod Internal Pressure

RODEX2 is a best estimate code developed to predict the thermal-mechanical behavior of fuel rods in
Light Water Reactors (Reference 3). It is composed of interrelated models which describe all physical
phenomena known at the time it was approved. The effects of fuel thermal conductivity degradation
with burnup were known at the time RODEX2 was submitted but benchmarking data was not readily
available and therefore the code does not include a model to explicitly account for this phenomenon.
The NRC-approved RODEX2 code uses high burnup data (i.e., rod average burnups up to the licensed
value of 62 GWd/mtU) to validate the fission gas release and cold, zero power rod internal void volumes
(References 3 and 7). As a result, the effects of fuel thermal conductivity degradation were implicitly
captured during the overall code calibration and these parameters do not require any adjustments to
account for the reduced fuel thermal conductivity at high burnups.

8
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Reference 3 and repeated in Table 3 for completeness. It is composed of [
rods with rod average burnup greater than [

] rods including

[

]

] GWd/mtU.

The original RODEX2 database was significantly enlarged with the addition of the entire pin pressure
calibration database of the RODEX4 code, a modern fuel rod design code approved by the US NRC in
Reference 4. The expanded database now includes a total of

[

many rods as in the original database. Additionally, there are now
burnups greater than [

] GWd/mtU, almost [

I rods, almost [

[

] times as

I rods with rod average

] times as many as in the original RODEX2

database. The maximum rod average burnup in the expanded database is greater than

[

1

GWd/mtU. The expanded database is summarized in Table 4.
The results of the RODEX2 fission gas release and cold rod void volume benchmark against the expanded
validation database are shown in Figure 3 and Figure 4 respectively. These figures show no bias with rod
average burnup for either the fission gas release or cold rod void volume predictions

[

I
There is no limit imposed on the amount of fission gas release or rod void volume. Instead, a criterion on
rod internal pressure needs to be met for every reload. Figure 5 shows the results of the RODEX2
benchmark against the expanded database in terms of cold, zero power rod internal pressure. The
results show no bias with burnup

[

The benchmark data discussed above is from measurements taken in hot cell conditions (cold, zero
power). The measured data does account for the permanent, integral effects of thermal conductivity
degradation on fission gas release and pellet swelling.

].

[

These factors influence the prediction of rod internal pressure at operating

conditions and therefore must be accounted for.
The impact of thermal conductivity degradation on RODEX2 gas pressure predictions is determined by

[

9
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] The result from this analysis is the TCD
adjusted maximum rod internal pressure for the given rod design and power history.
The process described above was repeated for the full spectrum of fuel rod designs supported by the
RODEX2 methodology and included numerous power histories for each rod design. Table 2 provides a
summary of the reload designs that have been considered in developing the generic correction
relationship. A database of more than 2,200 cases was used to develop a generic TCD gas pressure
correction factor. This correction factor bounds the available data at a 95/95 UTL. Figure 6 shows the
TCD adjusted results and the determination of the 95/95 UTL correction factor. The correction factor is
applicable to U0

2

and Urania-Gadolinia fuel rods with Zircaloy-4 or M5® cladding materials. Applicability

of the generic correction factor will be verified prior to use for fuel designs that fall outside of the fuel
design attributes listed in Table 2.
The RODEX2 rod internal pressure predictions are adjusted to account for the impact of TCD using
Equation 2.7-1:

]

[

Equation 2.7-1

Where;
Ptcd = TCD Corrected Rod Internal Pressure (psia)
P = Rod Internal Pressure Predicted by RODEX2 (psia)

2.8

Fuel Centerline Melt (FCM)

The RODEX2 code is used to predict the linear heat generation rate (LHGR) at which FCM occurs. The
reduction in the LHGR calculated with RODEX2 resulting from the lack of modeling of the degradation in
fuel thermal conductivity with burnup was calculated with a code-to-code comparison between the
RODEX2 and the COPERNIC fuel performance codes. COPERNIC (Reference 5) is an NRC-approved fuel
performance code that models exposure dependent degradation of fuel thermal conductivity.

[

], correction factors were developed as a function of
burnup for application to the RODEX2 FCM temperature. The correction factors for the FCM calculation
with RODEX2 are reductions in the melt temperature applied over the burnup range which lower the
LHGR at which fuel melting occurs.
Correction factors that reduce the melt temperature in RODEX2 were calculated as a function of fuel rod
average burnup for both U0

2

and urania-gadolinia fuel types. The correction factors are temperature

penalties in degrees Fahrenheit that are applied as reductions to the melt temperature (in RODEX2) in a

10
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manner such that the LHGRs predicted with RODEX2

[

I
The methodology for calculating the correction factors as functions of rod average burnup is provided
below for three different reference plants. Based on these results, bounding factors were
conservatively selected and are reported as a function of rod average burnup.
RODEX2 and COPERNIC Approved Methodologies:

The methodology for calculating FCM limits with RODEX2 is discussed in detail in References 8 and 9.
The methodology for calculating FCM limits with COPERNIC is discussed in Reference 5.
Comparison Methodology:
The methodology for the FCM calculation was developed with a code to code comparison using
approved methodologies for each. The following is an overview of the calculation process used in this
analysis.

Three plants were selected for the analysis (Westinghouse 15x15, Combustion Engineering 14x14 and
15x15). These provide a sample of fuel rod designs and plant types which utilize RODEX2 for the FCM
limit calculations.
Range of Application:
The methodology from References 8 and 9 [
] for FCM limits. The
methodology for the correction factors for FCM was calculated to bound the fresh fuel in the example
plants. In light of the potential for non-conservatism in the FCM limit that could occur as a result of not
explicitly accounting for the degradation of fuel thermal conductivity with burnup, AREVA's reload

J for FCM limits.

process [
RODEX2 methodology is

[
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This evaluation was performed to a rod average burnup of

[

]. This burnup bounds the

Results:
The FCM limits as a function of fuel rod average burnup for the reference CE plants analyzed are
provided below. Plots of the FCM limit for one of the reference plants are provided for both U0 2 and
urania-gadolinia fuel types in Figure 7, through Figure 11. Tables of the bounding correction factors
extracted from the figures for the sample plants are provided for U0 2 and urania-gadolinia
concentrations of 2%, 4%, 6% and 8% in Table 5 and Table 6.
The correction factors are defined as

[
I

Correction Factor Summary:

Based on the data in Table S and Table 6, AREVA will apply the following correction factors to its
licensed analyses. Due to the conservatism used in calculating the correction factors, the analysis will
not be repeated unless core conditions or fuel designs change from those analyzed. The correction
factors were conservatively selected to bound the data in a stair step fashion.

12
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3.0

RODEX2 Rod Internal Pressure Methodology Validation

The RODEX2 methodology for rod internal pressure is constructed to provide a conservative assessment
of the rod internal pressure SAFDL. The degree of conservatism is measured relative to the bestestimate predictions of the code. Unlike more contemporary methodologies for rod internal pressure
(Reference 5),

[
]. The

approved method relies on the inherent conservatism of the code models in conjunction with key
modeling adjustments to achieve a conservative prediction of rod internal pressure.

Code
The conservatism inherent in the RODEX2 code for rod internal pressure predictions is evident in the
benchmarks to measured data for fission gas release and cold, void volume. RODEX2 was rebenchmarked to an expanded database (see Section 2.7), and the benchmark results show that RODEX2
provides

[

.

Benchmarks to cold, void volume are

[
I.

Figure 5 shows the RODEX2 benchmark to measured data for rod internal pressure at cold, zero power
conditions. The average prediction is conservative by [

1.

Method
The conservatism in the RODEX2 methodology for rod internal pressure is manifest through four
modeling adjustments. The following sections describe each adjustment.

Power History
Several limiting power histories,

].

[

Each history is adjusted so that the fuel rod reaches

[

]1.
The adjustments to the power histories

[

.
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Transients
The effects of normal operational duty cycles are evaluated by considering variations in the axial power
shapes. A transient axial power shape is applied
power shapes are peaked so that

[

]. The axial

[

The sample cases from Supplement 5 of Reference 10 indicate that the application of the transient
shapes increases the predicted rod internal pressures by

[

].

[

TCD Penalty
Section 2.0 quantifies the under-prediction of fuel temperatures in RODEX2 because of TCD, and Section
2.7 defines a generic penalty that is applied to predicted rod internal pressures. The generic penalty
factor bounds 95 percent of the calculated data with 95 percent confidence and is based on

[

]. This conservatively addresses the TCD impact on rod internal
pressure. The penalties for U0 2 and Gadolinia fuels are typically in the range of [

].

Criteria
The

[

]overpressure limit was originally established in Supplement 5 (Pages 2 to 3) of Reference

10. A cladding stress limit was established at

[

] overpressure

[

I to preclude

[

corresponded to a cladding stress of approximately

]. The

[

] for the most

limiting rod design, thereby reserving significant margin.
A more contemporary evaluation of[

[

] established conservative

] for Zr-4

cladding and [
I for M5 cladding. These results
confirm the degree of conservatism in the RODEX2 overpressure criterion.
overpressure limits of

15
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Reference 10 (Page 8, "Safety Evaluation Report") also defines a criterion to[
]. The criterion assures that

J. The overpressure limit and [

[
1 criterion must both

be satisfied throughout the life of the fuel rod.
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Table 2: Summary of Reload Designs used in Development of Corrections for AOO and SteadyState Strain and Rod Internal Pressure
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Table 3: Original RODEX2 Fission Gas Release and Void Volume Database

19

Generic Mechanical Design
Criteria
For PWR Fuel Designs

EMF-92-116(NP)(A)
Revision 0
Supplement 1

Revision 0

20

EMF-92-116(NP)(A)
Revision 0
Supplement 1
Revision 0

Generic Mechanical Design Criteria
For PWR Fuel Designs

21

EMF-92-116(NP)(A)
Revision 0
Supplement 1
Revision 0

Generic Mechanical Design Criteria
For PWR Fuel Designs

22

EMF-92-116(NP)(A)
Revision 0
Supplement 1
Revision 0

Generic Mechanical Design Criteria
For PWR Fuel Designs

Table 4: Expanded RODEX2 Pin Pressure Validation Database
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Table 5: U02 Penalty Factor Data
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Table 6: Urania-Gadolilnia Correction Penalties
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Data Base
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Figure 2: Generic AOO Strain Correction Relationship
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Figure 3: RODEX2 Fission Gas Release Benchmark Against Expanded Validation Database
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Figure 4: RODEX2 Cold, Zero Power Rod Void Volume Benchmark Against Expanded
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Figure 5: RODEX2 Cold, Zero Power Rod Internal Pressure Benchmark Against Expanded
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Validation Database
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Figure 6: TCD Penalty for RODEX2 Rod Internal Pressure Predictions
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Figure 7: W 15x15 U02 Results
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Figure 8: W 15x15 2 wt% Urania-Gadolinia Results
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Figure 9: W 15x15 4 wt% Urania-Gadolinia Results
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Figure 10: W 15x15 6 wt% Urania-Gadolinia Results
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Figure 11: W 15x15 8 wt% Urania-Gadolinia Results
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1.0

Introduction

AREVA's Thermal Mechanical (T-M) code, RODEX2, was approved in 1984. At the time this code was
approved, the effect of thermal conductivity degradation with burnup was known, but adequate
benchmarking data was not available to account explicitly for this effect. The models in RODEX2 were
adjusted to predict the data available including the high burnup data.
A review of the RODEX2 code predictions has been performed to assure that this effect is adequately
addressed.

[

] AREVA has conducted an evaluation of the impact of thermal conductivity degradation with
burnup on RODEX2 predictions. The results of this investigation indicate the following:

L

AREVA has developed correction factors to be applied to the RODEX2 predictions to account for the lack
of fuel thermal conductivity degradation with burnup in the cladding strain and fuel centerline melt
analyses.

[

] The impact of fuel thermal conductivity
degradation on the RODEX2 analyses is presented in detail in Section 2.0.
Further validation of the RODEX2 rod internal pressure methodology for a variety of fuel designs is
presented in Section 3.0.

2.0

Impact of Fuel Thermal Conductivity Degradation with Burnup on
Mechanical Design Criteria

A conservative expression was derived for adjusting the fuel temperature predictions due to the lack of
a burnup dependent fuel thermal conductivity model in RODEX2. The benchmark results I
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duty cycles. The power levels are

[

I to add excess conservatism to the calculated stress amplitudes. The
excess conservatism compensates for the underprediction of fuel temperatures by the RODEX2 code.
Coupled with the fact that

[

], no

correction to the fatigue usage factors predicted by the RODEX2 code is required.

2.5

Fuel Densification and Swelling

Models for fuel densification and swelling are included in the RODEX2 code and are used in calculating
margins to the various mechanical design criteria. These models are provided in Appendix K of
Reference 3. The fuel densification model is [
models are

] whereas the swelling

[

]. Densification and swelling of the fuel column affect the
available free volume inside the fuel rod. The RODEX2 code has been benchmarked against measured
free volume data over the entire approved burnup range I

[

1. The results of the benchmarking are contained in Supplement 4 of Reference 7.

J. These models do not require any correction to
compensate for the underprediction of fuel temperatures by the RODEX2 code.

2.6

Cladding Oxidation, Hydriding, and Crud Buildup

Cladding oxidation is a function mainly of the metal-to-oxide interface temperature and of exposure
time. Since the underprediction of fuel temperatures by RODEX2 does not invalidate the metal-to-oxide
interface temperature predictions, the existing cladding oxidation margins remain unaffected by the
degradation in fuel thermal conductivity with burnup. Similarly, hydriding and crud buildup are also
unaffected by the degradation in fuel thermal conductivity with burnup.

2.7

Fuel Rod Internal Pressure

RODEX2 is a best estimate code developed to predict the thermal-mechanical behavior of fuel rods in
Light Water Reactors (Reference 3). It is composed of interrelated models which describe all physical
phenomena known at the time it was approved. The effects of fuel thermal conductivity degradation
with burnup were known at the time RODEX2 was submitted but benchmarking data was not readily
available and therefore the code does not include a model to explicitly account for this phenomenon.
The NRC-approved RODEX2 code uses high burnup data (i.e., rod average burnups up to the licensed
value of 62 GWd/mtU) to validate the fission gas release, rod internal void volumes, and rod internal
pressure models (References 3 and 7). As a result, the effects of fuel thermal conductivity degradation
were implicitly captured during the overall code calibration and the rod internal pressure calculations do
not require any adjustments to account for the reduced fuel thermal conductivity at high burnups.
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Reference 3 and repeated in Table 3 for completeness. It is composed of
rods with rod average burnup greater than [

(

[

] rods including

I

] GWd/mtU.

The original RODEX2 database was significantly enlarged with the addition of the entire pin pressure
calibration database of the RODEX4 code, a modern fuel rod design code approved by the US NRC in
Reference 4. The expanded database now includes a total of

[

many rods as in the original database. Additionally, there are now
burnups greater than [

] GWd/mtU, almost [

I rods, almost [

[

] times as

I rods with rod average

] times as many as in the original RODEX2

database. The maximum rod average burnup in the expanded database is greater than

[

J

GWd/mtU. The expanded database is summarized in Table 4.
The results of the RODEX2 fission gas release and rod void volume benchmark against the expanded
validation database are shown in Figure 3 and Figure 4 respectively. These figures show no bias with rod
average burnup for either the fission gas release or rod void volume predictions

[

I
There is no limit imposed on the amount of fission gas release or rod void volume. Instead, a criterion on
rod internal pressure needs to be met for every reload. Figure 5 shows the results of the RODEX2
benchmark against the expanded database in terms of rod internal pressure. The results show no bias
with burnup

[

J. The 95/95
calculations is

[

]

uncertainty of the RODEX2 pin pressure

psi which is consistent with modern fuel rod performance codes such as the US

NRC-approved COPERNIC (Reference 5).

2.8

Fuel Centerline Melt (FCM)

The RODEX2 code is used to predict the linear heat generation rate (LHGR) at which FCM occurs. The
reduction in the LHGR calculated with RODEX2 resulting from the lack of modeling of the degradation in
fuel thermal conductivity with burnup was calculated with a code-to-code comparison between the
RODEX2 and the COPERNIC fuel performance codes. COPERNIC (Reference 5) is an NRC-approved fuel
performance code that models exposure dependent degradation of fuel thermal conductivity.

[

1, correction factors were developed as a function of
burnup for application to the RODEX2 FCM temperature. The correction factors for the FCM calculation
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Correction factors that reduce the melt temperature in RODEX2 were calculated as a function of fuel rod
average burnup for both U0 2 and urania-gadolinia fuel types. The correction factors are temperature
penalties in degrees Fahrenheit that are applied as reductions to the melt temperature (in RODEX2) in a
manner such that the LHGRs predicted with RODEX2

[

I
The methodology for calculating the correction factors as functions of rod average burnup is provided
below for three different reference plants. Based on these results, bounding factors were
conservatively selected and are reported as a function of rod average burnup.
RODEX2 and COPERNIC Approved Methodologies:
The methodology for calculating FCM limits with RODEX2 is discussed in detail in References 8 and 9.
The methodology for calculating FCM limits with COPERNIC is discussed in Reference 5.
Comparison Methodology:
The methodology for the FCM calculation was developed with a code to code comparison using
approved methodologies for each. The following is an overview of the calculation process used in this
analysis.

Three plants were selected for the analysis (Westinghouse 15x15, Combustion Engineering 14x14 and
15x15). These provide a sample of fuel rod designs and plant types which utilize RODEX2 for the FCM
limit calculations.
Range of Application:
The methodology from References 8 and 9 [
]for FCM limits. The
methodology for the correction factors for FCM was calculated to bound the fresh fuel in the example
plants. In light of the potential for non-conservatism in the FCM limit that could occur as a result of not
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J for FCM limits.

process [
RODEX2 methodology is

[

Since the FCM limit calculated with the

]

This evaluation was performed to a rod average burnup of

[

[

]

J. This burnup bounds the

Results:
The FCM limits as a function of fuel rod average burnup for the reference CE plants analyzed are
provided below. Plots of the FCM limit for one of the reference plants are provided for both U0 2 and
urania-gadolinia fuel types in Figure 6, through Figure 10. Tables of the bounding correction factors
extracted from the figures for the sample plants are provided for U0 2 and urania-gadolinia
concentrations of 2%, 4%, 6% and 8% in Table 7.
The correction factors are defined as

[

Correction Factor Summary:
Based on the data in Table 6 and Table 7, AREVA will apply the following correction factors to its
licensed analyses. Due to the conservatism used in calculating the correction factors, the analysis will
not be repeated unless core conditions or fuel designs change from those analyzed. The correction
factors were conservatively selected to bound the data in a stair step fashion.
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3.0

RODEX2 Rod Internal Pressure Methodology Validation

The RODEX2 rod internal pressure methodology includes the following conservatisms:
*

A set of limiting cycle-specific rod power histories is selected for the analyses so that, when
taken as a whole, these power histories bound the entire core.

[

* [
*]

* [

] is used in the calculation to maximize rod internal pressure

predictions.
The RODEX2 standard methodology was compared to a statistical methodology based on the US NRCapproved COPERNIC methodology (Reference 5). The alternative RODEX2 methodology consists of
running a best estimate case followed by a series of relevant uncertainty cases with RODEX2. In the best
estimate case, all manufacturing and model parameters are set to their nominal values and the

[

J. The uncertainty cases are [

Once the best estimate pressure, PBE, and the rod internal pressure Pi of each uncertainty case i are
determined, the 95/95 upper bound pressure, PUB, is calculated as follows:
[ PUB = PBE + SQRT(SUMj(P1 - PBE) 2 ) ]

The upper bound pressure calculated above can then be compared to the results of the original RODEX2
calculations to demonstrate the generic nature of the standard RODEX2 pin pressure methodology and
quantify its conservatisms.
The RODEX2 statistical methodology was compared to two recent fuel managements and the detailed
results of the analysis are summarized in Table 5. The 95/95 upper bound pressures of [
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[

]

psia are comparable to the pin pressure results obtained with the standard RODEX2

methodology( [

] psia and [

] psia respectively). The standard RODEX2 rod internal

pressure methodology produces results consistent with or more conservative than a statistical
methodology up to the design limit of

J, and therefore is acceptable for continued

[

use in reload analyses.

4.0
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Table 2: Summary of Reload Designs used in Development of Corrections for AOO and SteadyState Strain
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Table 4: Expanded RODEX2 Pin Pressure Validation Database
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Table 5: Summary of the 95/95 Pin Pressure Analysis with RODEX2
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Table 6: U02 Penalty Factor Data
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Table 7: Urania-Gadolilnia Correction Penalties
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Figure 5: RODEX2 Rod Internal Pressure Benchmark Against Expanded Validation Database
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Figure 6: W 15x15 U02 Results
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Figure 7: W 15x15 2 wt% Urania-Gadolinia Results
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Figure 8: W 15x15 4 wt% Urania-Gadolinia Results
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Figure 9: W 15x15 6 wt% Urania-Gadolinia Results
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Figure 10: W 15x15 8 wt% Urania-Gadolinia Results
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