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SECTION A

NRC ACCEPTANCE LETTER
DATED OCTOBER 11, 1985
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& K UNITED STATES

s - NUCLEAR REGULATORY COMMISSION
s s WASHINGTON, D. C. 20855

2

* < October 11, 1985

Frant

br. E. P. Rahe, Jr., Manager
Nuclear Safety Departmert
Westinchouse Electric Corporation
Box 355

Pi*teburch, Pernsylvanfa 1523C

Lear dr. Rahe:

SUBJECT: ACCEPTANCE FCR REFERFMCTYNG OF LICENSING TOPICAL PEPCFT
WCAP-10125(P), “EXTENDED BU'PMI'P EVALUATION OF WESTINGHOUSE FUEL"

We have completed our review of the sybfect topical report subrmitted by the
Westinghouse Electric Corporation (Westinghouse' hv letter dated July 28, 1%8%.
We find the repsrt tc be acceptable for referencing in licerse applications

to the extent specifiec anc under the limitations delirested ir the report

and the eascecfated NRC evaluation, which is enclosed. The evaluation defines
the besis for acceptance of the repert,

he do not intend to repeat our reviey of the matters described in the repcrt
arc ‘ound acceptable when the repert zppears as a reference in license
épplications, except to assure that the material presented is applicable to
the specific plant involved. Our acceptarce applies only to the matters
gescribed in the report.

Ir 2crordance with procedures established in NUREG-0390, 1t 1s requestec thst
Wectirebcuse publish accepted versiors of this report, proprietary and
non-proprietary, withir three months of receipt of this letter. The accepted
versions shall incorperzte this letter and the enclosed evaluation between the
title pace and the abstract. The accepted versiers shall include an -A

b |

(designating accepted) following the report identification syrbol,

Should our criteria or regulations change such that our conclusfons as to the
acceptebility of the report are invalidated, hbestinghouse and/or the applicarts
referencing the topical repert will be expected to revise and resubmit their
respective documertatior, or submit fustificatifor for the continued effective

appiicalilty of the topical report without revision of their respective
decrmertition,

Sincerely,

Cecil 0. Thoras, Chief
Stircdardization and Special

Prefects Branch
Civisior of Licensing

Enclosure:
As stated




EVAI UATION REPORT (SER)
DATED MAY 1985

42220, 80-0512'8
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Prepared by
Core Performance Branch and Accident Evaluation Branch
Division of Systems Integration
Office of Nuclear Reactor Regulation
U.S. Nuclear Regulatory Commission
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1.0 INTRODUCTION

Economics and prudent utilization of resources has led utilities to seek

more efficient use of current generation light water reactors (LWRs). Improved
fuel utilization is one of the avenues being pursued for greater efficiency.
One of the greater improvements in fuel utilization is to increase the fuel
discharge exposure which is currently at batch average burnups of approximately
28 MWd/kgM for BWRs and approximately 33 MWd/kgM for PWRs to batch average
durnups of approximately 40 MWd/kgM and 50 MWd/kgM or above, respectively,

In response to this trend for extended burnup fuel operation, the Nuclear
Regulatory Commission (NRC) has requeste. ~ach fuel vendor to prepare and
submit a topical report for review and appro. ' that covers extended burnup
experience, methods and test data to provide a generic basis for operation at
extended burnups (Reference 1).

Westinghouse Electric Corporation westinghouse has submitted such a report
(Reference 2) requesting generic licensing approval of their criteria and
methods used for licensing their fuel designs, for application at extended
burnups. In addition, Westinghouse has also provided responses (References 3,
4, 5, 6) to NRC questions concerning this submittal.

This review considered only Zircaloy- clad Westinghouse fue! and did not con-
sider the effects of extended burnup on westinghouse stainless steel clad fuel.

This technical review and evaluation has been performed by Pacific Northwest
Laboratory (PNL) under contract (FIN B2533) with the United States NRC. The
review has been based on References 2 through 6 and Section 4.2 of the Standard
Review Plan (SRP) (Referenc2 7) and covers the fuel assembly, fuel rods, and
burnable poison rods but does not include the rod cluster control assemblies
for extended burnup operation.

This report follows the intent of Section 4.2 of the SRP, where appropriate
for a generic review, to insure that all licensing requirements of the fuel




system are reviewed with respect to extended burnup operation. The objective

of Section 4.2 and this review is to provide assurance that, as a result of
extended burnup operation, (a) the system is not damaged as a result of normal
operation and anticipated operational occurrences, (b) fuel system damage is
never so severe as to prevent contrel 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. “Not damaged" is defined as meaning
that fuel rods do not fail, that fuel system dimensions remain within operational
tolerances, and that functional capabilities are not reduced below those assumed
in the safety analysis. This objective implements General Design Criterion
(GDC) 10 of 10 CFR Part 50, Appendix A (“General Design Criteria for Nuclear
Power Plants”) and the design limits that accomplish this are called Specified
Acceptable Fuel Design Limits (SAFDLs). "Fuel rod failure" means that the

fuel rod leaks and that the first fission product barrier (the cladding) has,
therefore, been breached. Fuel rod failures must be accounted for in the dose
analysis required by 10 CFR Part 100 ("Reactor Site Criteria") for postulated

accidents. "“Coolability," which is sometimes termed “coolable geometry," means,

in general, that the fuel assembly retains its rod-bundle geometrical configuration
with adequate coolant channels to permit removal of residual heat after a

severe accident. The general requirements to maintain control rod insertability
and core coolability appear repeatedly in the General Design Criteria (GDC e.g.,

27 and 35). Specific coolability requirements for the loss-of-coolant accidents
are given in 10 CFR Part 50.46 (“Acceptance Criteria for Emergency Core Cooling
Systems for Light Water Nuclear Power Reactors").

In order to meet the above stated objectives and follow the format of Section 4.2,
this review covers the following three categories: (1) Fuel System Damage

Mechanisms, which are most applicable to normal operatfon and anticipated
operational occurrences, (2) Fuel Rod Failure Mechanisms, which apply to

normal operation, anticipated operational occurrences and postulated
accidents and; (3) Fuel Coolability, which apply to postulated accidents.

Because the purposes of each vendor's high burnup topical report are slightly

different, it is useful to quote Westinghouse's goal in preparing this report,
as stated in Reference 2.




“The purposes of this topical is to justify operation of Westinghouse

designed fuel to [the target] lead fuel rod average burnup..."

In addition, Westinghouse stated that "The information supplied in this report
supports the conlcusion that Westinghouse design methods and safety analyses

are valid for operation to “the [proprietary] lead rod average burnup target.

No performance limitations have been identified which would preclude the

design of Westinghouse fuel to this target burnup, and it has been shown that
current design and safety evaluation criteria can be applied with no modification

to these criteria”.

The criteria sections in this review address limiting values for fuel damage
that are acceptable under the three major categories of failure mechanisms
listed above and in the SRP. The purpose of this review is to determine if

the Westinghouse criteria are applicable to extended burnup operation of their
fuel. These criteria along with certain definitions for fuel failure constitute

1N

the SAFDLs required by GDC 10.

The evaluation sections review the methods that Westinghouse uses to de trate
that the design criteria have been met for extended burnup operation and thus

are reviewed with respect to their applicability to the proposed range of extended
burnup operation. These methods and data may include operating experience,
prototype testing and analytical techniques. The determination that specific
westinghouse designs meet the stated criteria is not addressed in this review

but will be addressed in specific licensing applications.

westinghouse uses the ANS classification of plant conditions which divides

plant conditions into four categories in accordance with anticipated frequency

of occurrence and potential radiological consequences to the public. The

four categories are as follows:

Condition I: Normal Cperation and Operational Transients
Condition : Faults of Moderate Frequency
Condition : Infrequent Faults

Condition Limiting Faults




This approach is used consistently in Westinghouse analyses and will be used
in this safety evaluation report.

2.0 FUEL SYSTEM DAMAGE

The design criteria in this section should not be exceeded during normal
operation including anticipated operational occurrences (A0Os). The evaluation
portion of each damage mechanism demonstrates that the design criteria are not
exceeded during normal operation and AQOs.

(a) Desi

Bases/Criteria - The Westinghouse design basis for fuel assembly, fuel rod,

burnable poison rod, and upper end fitting spring stresses is that the fuel

1

system will be functional and will not be damaged due to excessive stresses.
The design 1imit for fuel rod cladding stress under Condition I and Il modes
of operation is that the volume averaged effective stress calculated with the

von Mises equation, considering interference due to uniform cylindrical pellet-

to-cladding contact (causcd by pellet thermal expansion and swelling, uniform

cladding creep, and fuel rod/coolant system pressure differences), is less than
the Zircaloy 0.2 percent offset yield stress with consideration of temperature
and irradiation effects as described in Reference 8. This report has been
approved by the NRC (Reference 9). This criterion is applicable to extended
burnup operation,

Evaluation « The Perfurmance-Analysis-and-Design (PAD) code Version 3.3
(Reference 10) is used by Westinghouse to assure that the above criterion is
met. This code has been verified against fuel rod data with rod average burnups
up to approximately 57 MWd/kgM., This code takes into account those parameters
important for determ‘ning cladding stresses at extended burnups, such as pellet
thermal expansion and swelling, cladding creep and fuel rod/coolant system
pressure differences. The NRC has approved (Reference 11) the use of this cede
for licensing applications without burnup restrictions. Consequently, this code
is found acceptable for determining cladding stress on fuel rods with extended
burnups up to those requested by Westinghouse in Reference 2.




It is noted that cladding stresses and strains due to transients (Condition II
events) at extended burnups are not expected to be limiting because the power
capability is reduced due to “issile material burnout, limiting the power
excursion and thus stresses experienced by these rods.

(b) Cladding Design Strain

Bases/Criteria - The Westinghouse design basis for fuel rod cladding strain is

that the fuel system will not be damaged due to excessive cladding strain. In
order to meet this design basis the Westinghouse design limit for cladding
strain during steady-state operation is that the total plastic tensile creep

and uniform cylindrical fuel pellet expansion due to fuel swelling and thermal
expansion is less than 1 percent from the unirradiated condition. For Condition
[I transients, the design limit for cladding strain is that the total tensile
strain due to uniform cylindrical pellet thermal expansion during the transient
is less than 1 percent of the pretransient value. These design strain bases and
limits have been presented previously by Westinghouse (Reference 12) approved by
the NRC (Reference 13) for application to current burnup fuel.

The material property that could have a significant impact on the cladding

strain 1imit at extended burnup levels is cladding ductility. The strain
criterion could be impacted if cladding ductility were decreased, as a result

of extended burnup operation, to a level that would allow cladding failure
without the Condition | and II cladding strain criterion being exceeded in the
westinghouse analyses. From examination of irradiated Zircaloy cladding ductility
data (References 14, 15), 1t has been concluded that ductility decreases with
increasing fluence at low burnup levels, i.e., less than 12 MWd/kgM, but
asymptotice’'v approaches either a constant value or a small fluence dependence
Do_ond thes~ (0w burnups. Consequently, cladding ductility has either little

or no change for the increased burnup levels projected for Westinghouse extended
burnup operation. In addition, Westinghouse has irradiated experimental and
lead test rods with average burnups up to approximately 62 MWd/kgM with no
adverse effects in cladding ductility,

From the above, we can conclude that the strain limit proposed by Westinghouse
is applicable for extended burnup application.




Evaluation - The NRC-approved Westinghouse fuel performance code, PAD 3.3
(Reference 10), is used to assure that Westinghouse fuel meets the above
criterion. As noted in the Design Stress section, this code has been verified

against fuel rod data with rod average burnups up to approximately 57 MWd/kgM
and takes into account those parameters important for determining cladding
stresses and strains at extended burnups. Consequently, this code is found
acceptable for determining cladding strains on fuel rods with extended burnups
up to those requested by Westinghouse (Reference 2).

(c) Strain Fatigue

Bases/Criteria - The Westinghouse design basis for fuel rod cladding fatique

is that the fuel system will not be damaged due to cladding strain fatique.

In order to assure that this cesign basis is met, Westinghouse imposes a design
limit for strain fatigue such that the fatigue life usage factor is less than
1.0. That is, for a given strain range, the number of strain fatigue cycles are
less than those required for failure when a minimum cafety factor of 2 on the
stress amplitude or a minimum safety factor of 20 on the number of cycles,
whichaver is the more conservative, is imposed. This criterion is the same as
that given in Section 4.2 of the Standard Review Plan.

As noted in the Cladding Design Strain section, the material property that

could have a significant effect on cladding strain and thus strain fatigue at

extended burnups is cladding ductility. However, as discussed above, extended
burnup operation has shown little or no observable effects on cladding ductility
and performance. From this, it 1s concluded that extended burnup operation does
not reduce the applicability of the fatigue limits and thus the Westinghouse

criterion is found acceptable for use in extended burnup applications.

Evaluation ~ The NRC-approved Westinghouse fuel performance code, PAD 3.3, fis
used to determine the strain range for the fatigue usage analysis. The Langer
0'Donnell fatigue mode! (Reference 16) with the empirical factors in this model
modifiad in order to conservatively bound the Westinghouse test data, is used
with the strains from PAD 3.3 to assure that the above criterion is met. A
description of this methodology and the Westinghouse data base is presented in
WCAP-9500 (Reference 12) which has been approved by the NRC (Reference 13).




This methodology takes into account daily load follow operation and the additional
fatigue load cycles that may result from extended burnup operation. In addition,
the PAD 3.3 code accounts for those parameters important for determing cladding
strains at extended burnups, see Sections 2.0(a) and 2.0(b). Therefore, the above
methodology is found to model operational and material behavior parameters
important for determining strain fatigue at extended burnups and thus is accept-
able for extended bu-nup application.

(d) Fretting Wear

Bases/Criteria - Fretting wear is a concern for fuel and burnable poison rods,

and the Zircaloy guide tubes. Fretting, or wear, may occur on the fue! and/or
burnable rod cladding surfaces in contact with the spacer grids if there is a
reduction in grid spacing loads in combination with small amplitude, flow-induced,
vibratory forces. Guide tube wear may result when there is flow induced motion
between the control rod ends and the inner wall of the guide tube.

While the Standard Review Plan (SRP), Section 4.2, (Reference 7) does .ot provide
numerical bounding-value acceptance criteria for fretting wear, it does stipulate
that the allowable fretting wear should be stated in the safety analysis report
and that the stress/strain and fatigue limits should presume the existence of
this wear,

The Westinghouse design basis for fuel rod fretting wear is that fue! rods shall
be designed not to fail due to fretting wear during Condition I and Il events.
In order to meet this basis, Westinghouse uses a general guide for wall thickness
reduction which s a percent of the original wall thickness (the specific value
is proprietary) for evaluating cladding imperfections, including wear marks.
westinghouse indicates that the cladding stress and fatigue limits, discussed
here in Sections 2.0(a) and 2.0(c), apply to fretting wear. Westinghouse also
indicates (Reference 2) that fretting wear will not have a significant effect

on cladding stresses and thus need not be considered in stress related analyses.
We have confirmed that fretting wear effects on the stress analysis are in-
significant as long as the fretting wear in Westinghouse designed rods remains
below the general guide for cladding imperfections stated in terms of percent

wall thickness in the extended burnup . pical report (Reference 2). These design




bases and criteria are found to be acceptable for extended burrnup application.

The Westinghouse design bases and criteria for guide thimble tube wear is that

no perforation of the tube wall should occur and that the integrity of the guide
thimble tube be maintained throughout the normal life of a fuel assembly. As

an additional design limit on guide thimble tubes, Westinghouse has determined
(Reference 12) from stress analyses that the limiting load on the fuel assembly
structure is that which might occur during a fuel handlirg accident. A design
criterion of 6 g is used for the analysis of this accident and this has previously
been approved by the NRC \Reference 13). These design bases and criteria are

also found to be acceptable for extended burnup application.

Evaluation - Westinghouse utilizes empirical data taken from operating reactors
and out-of-reactor wear tests to provide assurance that the above criteria are
met for both Zircaloy and Inconel grid designs. Fuel rod fretting is affected

by the increased fluence and in-reactor residence time associated with e.tended
burnup. The increased fluence results in a slight decrease in grid spring forces

and the increased residence time may result in a small increase in wear volume.

Fretting type failures have been observed at the bottom (Inconel) grid location
of several rods in one of the Westinghouse 14x14 OFA assemblies. Westinghouse
has stated (Reference 3) that the cause of these failures was traced to non-
standard installation of the rods in the assembly during fabrication, rather
than to a generic problem in rod or orid design. To support this, Westinghouse

has shown (Reference 3) that the remiining 14x14 and 17x17 OFA assemblies with

assembly average burnups up to 39 MWJ/kgM have shown no indication of fretting

wear indicating that Zircaloy gvid spring forces continue to preclude fretting.
OQut-of-reactor tests on OFA assemblies have indicated (Reference 2) that fue)
rod fretting wear will not be a Timiting concern up to the extended burnup level
requested. From this it is concluded that fuel rod fretting 1s not expected to
be a problem for OFA fuel designs with Zircaloy grids; however, in order to
confirm this conclusfon, it is recommended that additional fuel rod fretting
data be obtained on Zircaloy grid assemblies up to the extended burnup level
requested by Westinghouse.

westinghouse 15x15 and 17x17 assembl: is using the Inconel grid design have been
irradiated for five cycles of operation (assembly average and lead rod average
burnups of approximately 55 MWd/kgM and 60 MWd/kgM, respectively) and for four

8




cycles of operation, respectively Detailed visual examinations of these
assemblies have indicated no evidence of cladding fretting. Consequently,
westinghouse fuel designs with Inconel grids are found to be acceptable for
extended burnup operation.

(e) Oxidation and Crud Bufldup

Jases/Criteria - The Westinghouse design basis for cladding oxidation is that

the fuel system will not be damaged due to excessive cladding oxidation. In
order to preclude a condition of accelerated oxidation, Westinghouse imposes
specific temperature limits on the cladding. The temperature limits applied to
cladding oxidation are that calculated cladding temperatures (at the oxide-to-
metal interface) shall be less than a specific (proprietary) value during steady-
state operation, and for Condition [ transients the metal-to-oxide interface
shall not exceed a higher (proprietary) value. These criteria have been approved
by NRC (Reference 13) for current burnup levels and are also found to be
applicable to extended burnup operation.

Evaluation - The SRP states that the effects of cladding crud and oxidation need
to De addressed in safety analyses, such as thermal and mechanical analyses.

The major means of controlling cladding crud and oxidation s through primary
coolant chemistry controls; however, this does not eliminate the need to include
their effects in safety analyse; at extended burnups.

westinghouse has presented (Reference 3) two sets of oxide thickness data: 1)
those induced by thick crud deposits, along with a bounding curve for the data,
and 2) nominal oxide and crud thickness data along with a bounding curve (labeled
for this discussion as best estimate) for these data. westinghouse has indicated
that they have primary water chemistry controls that 1imit the amount of crud
deposits and only those plants that have operated outside of these chemistry

controls have been observed to have the thick crud deposits and abnormally high

oxide thicknesses. This 1s consistent with past industry experience,.

Westinghcuse has indicated that a best estimate (proprietary) value of crud 1s
fnput to PAD 3.3 and PAD 3.3, Addenda 2 and the best estimate bounding curve
(from Figure 1 of Reference 3) for cladding oxide thickness 1s modeled in the
PAD 3.3 and PAD 3.3 Addenda 2 codes. This 1s found to be acceptable for thermal

9




evaluations of ectended burnup fuel because Westinghou e imposes water
chemistry controls on their plants to maintain crud and oxide thicknesses to
nominal values up to the extended burnup range requested.

For mechanical analyses Westinghouse has indicated that they reduce their
cladding wall thickness by a specified (proprietary) amount to account for
cladding defects and cladding oxidation. This amount is found to more than

bound the cladding thickness reduction due Lo cladding oxidation at the extended
burnups requestea. Therefore, this methodology is acceptable for extended burnup
application.

(f) Rod Bowing

Bases/Criteria - Fuel and burnable poison rod bowing are phenomena that alter
the design-pitch dimensions between adjacent rods. Bowing affects local nuclear
power peaking and the local heat ransfer to the coolant. Rather than placing
design limits on the amount of bowing that is permiteed, the effects of bowing
are included in the safety anmalysis. This is consistent with the Standard Review
Plan and the NRC has approved (Reference 17) this for current burnups. It
remains acceptable for extended burnups. The methods used for predicting the
degree of rod bowing at extended burnups are evaluated below.

Evaluation - The Westinyhouse methods for evaluating fuel and burnable poison
rod bowing in 14x14, 15x15 and 17x17 assembly designs has been addressed in
Reference 18 which has been approved by the NRC (Reference 17) for current
burnup levels. In response to NRC questions in this review Westinghouse has
shown (Reference 3) that their conservative upper 95th percentile worst span
closure curve from Reference 18 conservatively bounds their rod bow data with
regional average burnups up to 48 MWd/kgM, 1.e., peak rod average burnups
approximately 53 MWd/kgM. In addition, Westinghouse has indicated (Reference 2)
that Westinghouse fuel assemblies will not be capable of achieving limiting
power peaking factors at extended burnups due to the reduced power capabilities
of these assemblies. For example, the extended burnup assemblies are not limited
by rod bow imposed penalties above assembly average burnups of approximately

33 MWd/%gM because the self-imposed decrease in power _.apabilities is greater
than the penalty. Therefore, the operztion of Westinghouse fuel assemblies

is found acceptable for this burnup range with respect to rod bowing.

10



(g) Axial Growth

Bases/Criteria - The core components requiring axial dimensional analyses

are the neutron soruce rods, burnable poison rods, fuel rods, and fuel assemblies
(thimble plugaing rods are omitted because they are short and not axial growth
Timited). The axial growth of the first tw., of these components is primarily
dependent upon the behavior of poison, source, or spacer pellets and their

Type 304 stainless-steel cladding. The growtr of the last twe is mainly
governed by fuel-pellet contact, and creep and irradiation growth of the
Zircaloy-4 cladding, and Zircaloy-4 guide thimble tubes. Failure to adequately
design for axial growth of these components can lead to fuel rod-to-nozzle gap
closure, rod bowing and perhaps fuel rod failure. In addition, gruwth of the
guide thimble tubes can result in collapse of the assembly holddown springs.

The Westinghouse design bases for core component rods are that (a) dimensional
stability and cladding integrity are maintained during Condition I and Il events
and (b) these components do not interfere with shutdown during Condition 111

and IV events.

Westinghouse does not, per se, have design limits on the axial growth of their
control, source, and burnable poison rods. However, allowances are made to
accommodate (a) pellet swelling due to gas production and (b) relative ther-
mal expansion between the stainless-steel cladding and the encapsulated materi-
al. Westinghouse does not account for irradiation growth of the stainless-
steel cladding and has cited experiments (Reference 19) as justification for
the insignificance of irradiation growth of stainless-steel at PWR operating
conditions. This is also found to be true for extended burnup operation with
the Zircaloy clad fuel rods providing the limiting conditions for irradiation
growth,

For the Zircaloy cladding and fuel assembly components, the axial-dimensional
tolerances that require controlling are (2) the spacing between the top and
bottom of the fuel rods and the top and bottom fuel assembly nozzles, respec-
tively, and (b) the spacing between the fuel assemblies and the upper and

Tower core plates. As noted earlier, failure to adequately design for the for-
mer may result in fuel rod bowing, and for the latter may result in collapse

11



of the assembly holddown springs. With regard to a design basis . r both rod-to-
nozzle gap spacings and fuel assembly to core spacings, Westinghouse withdrew the
proposed design limit in their extended burnup report (Reference 2) and indicated
that they will continue to use the design limit approvad in WCAP-9500 (Reference
12) which states that no axial interference shall take place due to closure of
either the rod-to-nozzle gap spacing or the fuel assembly to core spacing.

Evaluation - From the Westinghouse topical report on extended burnup (Reference

2) and responses (Reference 3) to NRC quastions, Westinghouse has shown that they
have both rod and assembly growth data near the burnups and fluences requested for
extended burnup operation. These data indicate that the rod-to-nozzle gap spacings
on Westinghouse fuel designs are approaching the above criteria at extended burnups
and thus should De monitored in their fuel surveillance program. The models used
by Westinghouse to predict rod and assembly growth appear to bound the extended
burnup data and thus are found to be accpetable for extended burnup applications.

(h) Rod Internal Pressure

Design Bases/Criteria - The Westinghouse design basis for fuel rod internal pressure
is that the fuel system will not be damaged due to excessive fuel rod internal
pressure. The Westinghouse design limits used to meet this design basis are

that the internal pressure of the lead rod in the reactor will be limited to a

value below that which could result in (1) the diametral gap increasing due to
outward cladding creep during steady-state operation and (2) extensive DNB propa-
gation (References 2 and 20) This design basis and the associated limits have

been found acceptable by the NRC (Reference 21) for current burnup levels, and

they are not found to be affected by extended burnup operation. Therefore, they

are also found to be acceptable for extended burnup application.

Evaluation - The models and methods used by Westinghouse to evaluate whether

their designs meet the above basis and limits are examined in this section. The
models used by Westinghouse are contained in the PAD 3.3 code (Reference 10) which
has been approved by the NRC (Refernce 11) without restrictions of its use to high
burnup fuel. As noted in Section 2.0(a) this code has been verified against

fuel rod data with rod average burnups up to approximately 57 MWd/kgM. The NRC
review of this code paid particular attention to those parameters important to
internal rod pressure predictions, i.e., the thermal and fission gas releicc models,
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Therefore, the PAD 3.3 code is approved for use in the evaluation of rod
internal pressures of extended burnup fuel to the target Westinghouse burnup.

An important parameter of the methodology used in the internal rod pressure
evaluations is the power history used as input to the PAD code. Power history

is very important because fission gas release and thus internal rod pressures

are strongly dependent on the fuel thermal history. In response to an NRC
question on the power histories used, Westinghouse has indicated (References 5

and 6) that the power ristories input to the PAD 3.3 code for calculating internal
rod pressures are based on best estimate peak power histories from their fuel
management calculations. The peak rod power histories are chosen by Westinghouse
from their fuel management calculations based on those rods which have experienced
the highest rod powers during each reactor cycle of operation, e.g., cycle 1, 2,
3, etc., along with the power history of the peak burnup rod of the fuel batch

for a total of (number of cycles +1) power histories. For example, a batch of
fuel that will experience four cycles of operation will have at the maximum five
peak power histories (sometimes a rod with a peak power during a specific reactor
cycle corresponds to the peak burnup rod which would give four peak power histories
for this case). Each of these five peak power histories are then input separately
into PAD 3.3 to calculate five different end-of-life internal rod pressures with
the highest pressure being subject to the above criteria.

In response to a subsequent NRC question concerning the conservatism in the rod
power history methodology used by Westinghouse, Westinghouse presented analytical
calculations (Reference 6) to demonstrate that the models used by Westinghouse

are conservatively biased to bound any power uncertainties and Condition Il powér
excursions that their fuel may experience as a result of extended burnup operation.
As a check on the conservatism in the Westinghouse methodology, we have performed
dudit calculations using the GT2R2 code (Reference 22) along with bounding power
histories of Westinghouse fuel to show that the Westinghouse methodology predicts
bounding end-of-life rod pressures up to the extended burnups requested by Westing-
house (Reference 2). From the above evaluation, it is concluded that Westinghouse
mode!s and methodology for determining end-of-1ife rod pressures are adequately
conservative and thus acceptable up to the extended burnups requested by Westing-
house (Reference 2).
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(i) Assembly Liftoff

Design/Bases - The SRP calls for the fuel assembly holddown capability (wet
weight and spring forces) to exceed worst-case hydraulic loads for norma)
operation, which includes anticipated operational occurrences. Westinghouse

has stated (References 2 and 12) that they meet this criterion for all Condition
I and II events with the exception of the turbine overspeed transient associated
with a loss of external load. The NRC has accepted (Reference 13) this condition
in the past for current burnup levels as long as the affected fuel assemblies

can be shown to reseat properly in the core plate without damage or other adverse
effects during the event. This also remains acceptable for extended burnup
assemblies as long as the same criteria are met as for current burnup fuel.

Evaluation - The fuel assembly liftoff forces are a function of primary coolant
flow, spring forces and assembly dimensional changes. Westinghouse has indicated
(Reference 2) that extended burnups will result in 1) additional irradiation
relaxation of the holddown springs and 2) assembly length increases. These two
phenomena have opposing effects on assembiy holddown forces; however, Westinghouse
predicts that there is a net increase in force with increased irradiation because
fuel assembly growth is the dominant effect which more than compensates for the
decrease in spring force. This is consistent with industry experience and thus
assembly liftoff is not judged to be a problem at extended burnups.

(j) Tontrol Material Leaching

Control rods are not within the scope of this review since they are treated
separately and may be removed or installed in a core independent of fuel
assembly burnup.

3.0 FUEL ROD FAILURE

In the following paragraphs, fuel rod failure thresholds and analysis methods
for the failure mechanisms listed in the Standard Review Plan are reviewed.
When the failure thresholds are applied to normal operation including antici-
pated operational occurrences, they are used az limits (and hence SAFDLs)

since fuel failure under those conditions should not occur according to the
traditional conservative interpretation of General Design Criterion 10.
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When these thresholds are used for postulated accidents, fuel failures are
permitted, but they must be accounted for in the dose calculations required by
10 CFR 100. The basis or reason for establishing these failure thresholds is
thus established by GOC 10 and Part 100 and only the threshold values and the
anaiysis methods used to assure that they are met and reviewed below.

(a) Hydriding

Bases/Criteria - Internal hydriding as a cladding failure mechanism is precluded
by contrelling the level of hydrogen impurities in the fuel during fabrication.
The moisture level in the uranium dioxide fuel is limited by Westinghouse
(Reference 12) to less than or equal to 20 ppm, and this specification is
compatible with the ASTM specification (Reference 23) which allows two micrograms
of hydrogen per gram of uranium (i.e., 2 ppm). This is the same as the limit
described in the Standard Review Plan and has been found acceptable by NRC
(Reference 12) and continues to be acceptable for extended burnup application.

In addition, for extended burnup fuel, Westinghouse has introduced (Reference 2)
a design limit on the hydrogen pickup level the value of which is proprietary.
Westinghouse has indicated that their test results show that the mechanical
properties of Zircaloy-4 are not adversely affected at this level of hydrogen.

We agree with this assessment as long as hydride platelet orientation remains

in the circumferential direction. Westinghouse has also stated that process
controls and texture acceptance tests assure that Westinghouse cladding maintains
the proper hydride platelet orientation. This design 1imit on hydrogen pickup
level is found acceptable for extended burnup applications.

Evaluation - The hydrogen uptake of Zircaloy-4 during normal reactor operation

to the extended burnup levels requested by Westinghouse is typically much lower
than the Westinghouse criterion. The exception to this is when an abnormal amount
of cladding oxidation is encountered that results in cladding failure. Cladding
oxidation is addressed in Section 2.0(e). In this review Westinghouse has pro-
vided data (References 2 and 3) on hydrogen uptake from commercial reactor
operation to burnups that bound the extended burnup level_requested by Westing-
house. These data have shown that extended burnup operation up to the level

15




requested by Westinghouse remains significantly below their criterion for
hydrogen uptake. From this it is concluded that hydriding is not a likely
failure mechanism for Westinghouse fuel at extended burnups.

(b) Cladding Collapse

Bases/Criteria - If axial gaps in the fuel pellet column were to occur due to
densification, the cladding would have the potential of collapsing into a gap
(i.e., flattening). Because of the large loc?] strains that would result from
collapse, the cladding is assumed to fail. It is a Westinghouse design basis
that fuel rod failures due to flattening will not occur. In order to meet this
design basis Westinghouse imposes a design limit for fuel rod clad flattening
such that “the core residence time will not exceed the calculated core residence
time which corresponds to a flattened rod frequency of 1.0". This design basis
and its associated criterion are essentially the same as those specified in the
SRP and are found acceptable for extended burnup application.

Evaluation - The longer in-reactor residence times associated with extended-
burrup fuel will increase the amount of creep of an unsupported fuel cladding.
Extensive postirradiation examinations of both test and commercial fuel designs
of current vintage by Westinghouse have not shown any evidence of cladding
collapse or large local ovalities at rod average burnups up to approximately 62
MWd/kgM. This is primarily the result of the use of prepressurized rods and
stable fuel in current generation designs.

Westinghouse utilizes a cladding collapse mode! (Reference 24) to show that the
longer inreactor residence time associated with extended burnup fuel will not
result in the collapse of an unsupported cladding with their fuel design. This
method is very conservative in relation to the stable fuel employed in current
designs, because it assumes a gap has formed in the fuel column and the tube

is unsupported. This method has been approved by the NRC (Reference 25) and
because it explicitly accounts for the longer in-reactor residence times of ex-
tended burnup fuel, it is also found acceptable for extended burnup applications.

-

(c) Overheating of Cladding

Bases/Criteria - The Westinghouse decign limit for the prevention of fuel
failures due to overheating is that there will be at least 95% probability at
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a 95% confidence level that departure from nucleate boiling (DNB) will not
occur on a fuel rod having the minimum ONBR during normal operation and
anticipated operational occurrences (Condition I and II events). This design
limit is consistent with the thermal margin criterion of SRP Section 4.2 and
thus has been found acceptable by the NRC (Reference 13) for use at current
burnup levels. It is also judged to remain acceptable fr extended burnup
applications.

Evaluation - As stated in SRP Section 4.2, adequate cooling is assumed to exist
when the thermal margin criterion to limit the departure from nucleate boiling

(DNB) in the core is satisfied.

(d) Overheating of Fuel Pellets

Bases/Criteria - As a second method of avoiding cladding failure due to over-
heating, Westinghouse has as a design basis that the fuel rod will not fail due
to fuel centerline melting during Condition I and II operation. In order to
assure that this basis is met, Westinghouse imposes a design limit on fuel
temperatures such that there is a 95% probability that the peak linear heating
rate (ki/ft) fuel rod will not exceed the U02 melting temperature (Reference 2).
The melting temperature of the U02 is assumed to be 5080°F unirradiated and is
decreased by 58°F per 10 MWd/kgM of exposure. A calculated centerline temper-
ature of 4700°F has been selected by Westinghouse as the overpower limit. The
fuel meiting temperature dependence with fuel burnup is identical to that
proposed by Christiansen (Reference 26). Christiansen presented two sets of
fuel melting data versus fuel burnup with the above relationship presented by
Westinghouse being the largest decrease with burnup and believed to be the
better of the two. From this it is concluded that the Westinghouse criterion
for fuel melting adequately acounts for the effects of extended burnup on fuel
melting and thus is acceptable for extended burnup applications.

(e) Pellet/Cladding Interaction

Bases/Criteria - As indicated in SRP Section 4.2, there are no generally
applicable criteria for pellet/cladding interaction (PCI) failure. However,
two acceptance criteria of limited application are presented in the SRP for
PCI: (1) less than 1% transient-induced cladding strain and (2) no centerline
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fuel melting. Both of these limits have been adopted by Westinghouse for use

in evaluating their fuel designs (References 2 and 12) and have been approved by
the NRC (Reference 13) for current burnup applications. These are also found
acceptable for extended burnup application.

Evaluation - Westinghouse uses the PAD 3.3 code (Reference 10) to show their
fuel meets both the cladding strain and fuel melt criteria as discussed in
Sections 2.0(b) and 3.0(d), respectively. As noted earlier, this code has
been found acceptable for application to extended burnup fuel.

In addition, Westinghouse Fas presented (Reference 3) various power ramp data
with rod average burnups up to approximately 46 MWd/kgM to show that PCI

susceptibility does not increase at extended burnups. In fact, the trend of
these data suggests that PCI susceptibility may decrease at extended burnups.

From the above, it is concluded that Westinghouse methods adequately address
the effects of PCI at extended burnups.

(f) Cladding Rupture

Bases/Criteria - There are no specific design limits associated with cladding
rupture other than the 10 CFR50 Appendix K requirement that the incident of
rupture not be underestimated. The rupture model is an integral portion of
the approved Westinghouse ECCS evaluation model (Reference 27). This is found
acceptable for extended burnups.

Evaluation - The cladding deformation and rupture models used by Westinghouse
in their LOCA-ECCS analysis are directly coupled to their models for cladding
ballooning and flow blockage. A more detailed discussion of these models and
their relation to extended burnup operation is provided in the section that
addresses cladding ballooning and flow blockage, see Section 4.0(c). These
models have been approved by the NRC (Reference 27) for current burnup ‘evels
and for the reasons stated in Section 4.0(c) are also found acceptable for
extended burnup application.

Other parameters that are important to the LOCA analysis are those input to this
analysis from the steady-state fuel performance code, PAD. There are two versions
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of PAD, 3.3 (Reference 10) and PAD 3.3 Addenda 2 (Reference 28), used by
Westinghouse to evaluate steady-state fuel performance of their designs. The
PAD 3.3 version has been verified against fuel performance data with rod average
burnups up to 57 MWd/kgM and, as noted earlier, has been approved for extended
burnup analysis applications (including LOCA). The PAD 3.3 Addenda 2 version

is a modification of PAD 3.3, in which conservatisms in the thermal mode] have
been reduced. The PAD 3.3 Addenda 2 code has been verified against only thermal
performance data at low burnups. Consequently, t'.is code has been used for
predicting early-in-life fuel thermal performance such as input for the LOCA
analysis. Westinghouse has justified (Reference 28) the use of the (Tow burnup)
PAD 3.3 Addenda 2 code for initializing steady-state thermal conditions input

to their LOCA analysis of fuel designs at current burnup levels by showing that:

“the maximum peak clad temperature during a LOCA occurred using fuel
parameters and initial conditions consistent with the time in life which

exhibits the highest pellet average temperatures, near the beginning of life"
(Reference 28).

Therefore, the use of the PAD 3.3 Addenda 2 code for initializing LOCA input

has been approved by the NRC {Reference 29) for current burnup levels. In
response to an NRC question during this review, Westinghouse has responded
(Reference 4) that their original statement (given above) from the PAD 3.3
Addenda 2 review remains valid for all Westinghouse plant configurations and
approved ECCS Evaluation Models for extended burnups up to those requested in
this review. Westinghouse has stated that this has been verified by performing
a series of calculations with PAD 3.3 on those parameters sensitive to extended
buraup. These calculations have taken into account the reduced fuel rod powers
at extended burnups due to fissile material burnout. This effect is a real
phenomenon at extended burnups, because if extended burnup fuel rods were driven
to the rod powers allowed by the Technical Specifications, other lower burnup
fuel in the core would exceed the Technical Specifications on power distribution
peaking factors. The PAD 3.3 code continues to be used for fuel design cal-
culations that are burnup dependent.
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(h) Fuel Rod Mechanical Fracturing

Bases/Criteria - The term "mechanical fracture" refers to a cladding defect that

is caused by an externally applied force such as a load derived from core-plate
motion or a hydraulic load. These loads are bounded by the loads of a safe-shutdown
earthquake (SSE) and LOCA, and the mechanical fracturing analysis is usually done

as a part of the SSE-LOCA loads analysis (see Section 5.0(d) of this SER).

Evaluation - The discussion of the SSE-LOCA loading analysis is given in
Section 5.0(d) of this SER.

4.0 FUEL COOLABILITY

For accidents in which severe fuel damage might occur, core coolability must be
maintained as required by several General Design Criteria (e.g., GDC 27 and 35).
In the following paragraphs, limits and methods to assure that coolability is
maintained are reviewed for the severe jamage mechanisms listed in the Standard
Review Plan.

(a) Fragmentation of Embrittled Cladding
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