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UNITED STATES.
NUCLEAR REGULATORY COMMISSION
WASHINGTON, D. C. 20555

December 19, 1989

Mr. J. H. Taylor, Manager
Nuclear Power Division

Babcock & Wilcox

P. 0. Box 10935

Lynchburg, Virginia 24506-0935

Dear Mr, Taylor:

SUBJECT: ACCEPTANCE FOR REFERENCING BABCOCK & WILCOX TOPICAL REPORT
BAW-10172P, "MARK-BW MECHANICAL DESIGN REPORT™ (TAC NO. 68873)

We have completed our review of the subject topical report dated July 1988
together with responses to requests for additional information dated June 2,
1989, and September 7, 1989. -Based on our review we conclude that BAW-10172P
provides an acceptable basis for Mark-BW fuel mechanical design. The
enclosure to this letter provides our Safety Evaluation Report (SER) which
details the basis and Timitations of our approval. Our evaluation applies
only to matters described in the topical report.

In accordance with procedures established in NUREG-0390, "Topical Reports
Review Status," we request that B&W publish accepted versions of the subject
topical reports, both proprietary and non-proprietary, within 3 months of
recefpt of this letter. The accepted versions should (1) incorporate this
letter and the enclosed Safety Evaluation Report between the title page and
the abstract and (2) fnclude an -A (desionated acceptance) following the
report identification symbol.

Should our acceptance criteria or regulations change such that our conclusfons
as to the acceptability of the report is no longer valid, appliicants
referencing this topical report will be expected to revise and resubmit their
respective documentation, or submit justification for the continued :
applicability of the topical reports without revision of their respective
documentation. :

Sincerely,
v4’;7L (jzgzz1*{ ;
Far T L
Ashok C. Thadani, Director

Diviston of Systems Technology
Office of Nuclear Reactor Regqlation

Enclosure:
Safety Evaluation Report
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1.0 INTRODUCTION

The Babcock & Wilcox Fuel Company (BWFC), a subsidiary of Babcock & Wilcox
(B&W) has.submitted to the U.S. Nuclear Regulatory Commission {NRC) a topical
report, entitled "Mark-BW Mechanical Design Report," BAW-10172pP

(Reference 1), for review and approval. This report describes the BWFC
reload licensing criteria and methods of the Mark-BW fuel design for
Westinghouse-designed pressurized water reactors (PWRs).

BWFC has requested that the Mark-BW fuel assembly have a target burnup of

55 GWd/MTM for the peak assembly, 60 GWd/MTM for the peak rod, and 66 GWd/MTM
for the peak pellet. BWFC has previously obtained approval (Reference 2) for
application of their design criteria, analysis methods, and the Mark-B fuel
assembly design, up to extended burnup levels slightly lower than those
requested for the Mark-BW fuel assembly. These earlier approved design
criteria generally remain applicable to the Mark-BW fuel assembly; however,
some of the earlier analysis methods have been modified to be applicable to
the Mark-BW design.

The TACO2 (Reference 3) and the recently approved TACO3 (References 4 and 5)
fuel performance codes have been approved for extended burnup applications.
The TACO3 code will be used for future safety and design analyses for the
Mark-BW fuel design. The NRC staff encourages the change to the TACO3 code
for extended burnup applications because it has been verified against a much
larger data base at extended burnup levels than those data used to verify the
TAC02 code. .

In order to demonstrate the in-reactor performance of the Mark-BW design and
verify the analytical models used for this design, four Mark-BW lead test
assemblies (LTAs) have been loaded into the McGuire Unit 1 Reactor for
irradiation during fuel cycles 5, 6, and 7. The McGuire Unit 1 Reactor and
three other reactor units, McGuire Unit 2 and Catawba Units 1 and 2, are
Westinghouse-designed reactors operated by Duke Power Company which will
receive full batch reloads of the Mark-BW design. The core for each unit
consists of 193 fuel assemblies, each with a 17x17 matrix of fuel rods.
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Pacific Northwest Laboratory (PNL) has acted as a consultant to the NRC in
this review. As a result of the NRC staff's and their PNL consultant's review
of the topical report, a 1ist of questions were sent by the NRC to BWFC
requesting clarification of specific design criteria and licensing analyses
(Reference 6). In addition, it was -also requested that BWFC provide the
results of additional analyses and test data that were not complete at the
time of the topical report submittal. BWFC has provided responses to these
questions in.Reference 7.

This review was based on those licensing requirements identified in Section 4.2
of the Standard Review Plan (SRP) (Reference 8). The objectives of this fuel
system safety review, as described in Section 4.2 of the SRP, are to provide
assurance that 1) the fuel system is not damaged as a result of normal
operation and anticipated operational occurrences, 2) fuel system damage is
never so severe as to prevent control rod insertion when it is required, 3) the
number of fuel rod failures is not underestimated for postulated accidents, and
4) coolability is always maintained. A "not damaged" fuel system is defined as
fuel rods that do not fail, fuel system dimensions that remafn within
operational tolerances, and functional capabilities that are not reduced below
those assumed in the safety analyses. Objective 1, above, is consistent with
General Desfan Criterion (GDC) 10 (10 CFR 50, Appendix A) (Reference 9). and
the design 1imits that accomplish this are called specified acceptable fuel
design 1imits (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 100 (Reference 10) 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 even after an accident, The
general requirements to maintain control rod insertability and core coolability
appear repeatedly in the GDC (e.q., GOC 27 and 35). Specific coolability
requirements for the loss-of-coolant accident are given in 10 CFR 50, Section
50.46.




In order to assure that the above stated objectives are met and follow the
format of Section 4.2 of the SRP, this review covers the following three
major categories: 1) Fuel System Damage Mechanisms, which are most
applicable to normal operation 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 are applied to postulated accidents. Specific fuel damage or failure
mechanisms are identified under each of these categories in Section 4.2 of
the SRP. The BWFC design limits and analysis methods are discussed in this
report under each fuel damage or failure mechanism listed in the SRP.

The purpose of the design criteria or limits are to provide 1imiting values
that prevent fuel damage or failure with respect to each mechanism. Reviewed
in this report is the applicability of the BWFC design criteria/limits to the
Mark-BW design, up to the burnup levels requested. These approved design
criteria/limits, along with certain definitions for fuel failure, constitute
the SAFDLs required by GDC 10.

The BWFC analysis methods assure that the design limits and, thus, SAFDLs are
met for a particular design application. Reviewed in this report is whether
the NRC-approved design 1imits are met for the Mark-BW design, up to the
burnup levels requested, using approved BWFC analysis methods applicable to

" this design.

The Mark-BW design description is briefly discussed in the following section
(Section 2.0). The fuel damage and failure mechanisms are addressed in
Sections 3.0 and 4.0, respectively, while fuel coolability is addressed in
Section 5.0.




2.0 FUEL SYSTEM DESIGN

The Mark-BW design is a 17x17 Zircaloy spacer-grid fuel assembly designed for
use in Westinghouse-designed reactors. The fuel assembly was designed for
compatibility with the Westinghouse standard and optimized fuel assemblies.
The design, however, incorporates several features that have been proven in
years of in-reactor experience with the BWFC Mark-B (a 15x15 design) and
Mark-C (a 17x17 design) fuel assemblies. The Mark-BW assembly description
and drawings are provided in Section 3.0 of BAW-10172P (Reference 1).
Therefore, BWFC has provided a satisfactory description of the Mark-BW fuel
design for this review.
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3.0 FUEL SYSTEM DAMAGE

The design criteria presented in this section should not be exceeded during
normal operation including anticipated operational occurrences (AOOs). The
evaluation portion for each damage mechanism(a) evaluates the analysis
methods and analyses used by BWFC to demonstrate that the design criteria are
not exceeded during normal operation including AOOs for the Mark-BW design.

(a) Stress

Bases/Criteria - In keeping with the GDC 10 SAFDLs, fuel damage criteria
should ensure that fuel system dimensions remain within operational
tolerances and that functional capabilities are not reduced below those
assumed in the safety analysis. The BWFC design criteria for fuel assembly
components and fuel rod c]adding stresses are presented in Table 4.1 and
Section 4.5.2, respectively, of the subject topical report. These criteria
are based on guidelines established by Section 111 of the ASME Code
(Reference 11). These criteria are consistent with the acceptance criteria
established in Section 4.2 of the SRP (Reference 8). Consequently, these
stress criteria are acceptable for application to the Mark-BW design.

Evaluation - BWFC has used the approved TACO2 fuel performance code
(Reference 3) [but expects to use the recently NRC-approved (Reference 5)
TACO-3 code (Reference 4) in the future] to analyze fuel rod cladding
stresses for the Mark-BW fuel design, up to the burnup levels requested. The
cladding stresses are calculated using the conventional thick-wall formula
for a tube from engineering texts and conservative values for cladding
thickness, corrosion, and temperature. BWFC has evaluated cladding stress
using two cladding oxide thickness values for cladding thinning; the first is
considered by BWFC to be a realistic value, while the second is considered to
be bounding. Both calculated stress values are within the criteria and
limits established by BWFC for the fuel rod cladding stresses; i.e., less

(a) ggg damage mechanisms considered are those listed in Section 4.2 of the
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than the yield stress of nonirradiated Zircaloy. It should be noted that

large conservatisms exist in the BWFC criterion that cladding stresses remain
below the yield stress for nonirradiated Zircaloy; and this large conservatism
more than compensates for the differences between the two stress analyses using
the realistic and conservative oxide thickness values.

The BWFC evaluation of stresses for the other fuel assembly components have
used conventional engineering formulas and ASME code guidelines (Reference 11)
for analyzing primary bending and secondary stresses. From the results of
these calculations in Section 4.5.2 and Table 4.1 of the topical report, BWFC
has shown that the Mark-BW cladding and assembly component stresses during
normal operation and AOOs are within the criteria and 1imits established by
BWFC. Based on these acceptable ASME code guidelines we conclude that the
Mark-BW fuel assembly design stresses are acceptable.

(b) Strain

Bases/Criteria - The BWFC design criteria for fuel rod cladding strain is

that maximum uniform hoop strain (elastic plus plastic) shall not exceed 1%.
This criteria is intended to preclude excessive cladding deformation during
normal operation and AOOs. This is the same criterion for cladding strain that
is used in Section 4.2 of the SRP, The material property that could have a
significant impact on the cladding strain criterion at extended burnup levels
is cladding ductility. The strain criterion could be impacted if cladding
ductility were decreased, as a result of extended burnup operations' to a level
that would allow cladding failure without the 1% cladding strain criterion
being exceeded in the BWFC analyses.

Recent cladding ductility data from BWFC (Reference 12 and 13) and other
sources (Reference 14 and '15) have shown that cladding ductility from tensile
tests has decreased significantly at local burnup levels of 55 to 63 GWd/MTM
(the cladding fluence ranges from 10 to 12xE21 n/ecm2)., This data demonstrates
that at room temperatures, the uniform cladding ductility values are much Tess
than the 1% 1imit (including elastic plus plastic uniform strains). However.
at the more applicable in-reactor operating temperatures of 600 to 650°F, the
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cladding has shown adequate (elastic plus plastic) uniform strains of 1@ or
greater. This ductflity decrease is significant because at burnup levels
between 40 to 50 GWd/MTM (fluence range from 7xE21 to 9xE21 n/cm2). the
cladding ducti]it} values were a factor of two higher at in-reactor operating
temperatures than those observed at burnups between 55 to 63 GWd/MTM. The
concern here is that cladding ductility will continue to decrease with
increasing burnup.

In response to an NRC question on BWFC cladding ductilities BWFC has stated
that they do not believe that the earlier observations of- lower cladding
ductility values are representative of the cladding in their newer fuel
desfgns. These newer BWFC designs have only minor cladding fabrication changes
from the previous designs, and have been {irradiated to local fluence levels
between 8 to 9.5xE21 n/cm2, without a significant reduction in measured
cladding ductility. Therefore. BWFC has stated that they do not expect
cladding ductility to be Timiting at higher burnups and fluence levels in the
newer fuel designs such as for the Mark-BW fuel design.

It has been shown that even with the loss-in-cladding ductility observed at
Tocal burnups up to 63 GWd/MTM (fluences to 12xE21 n/cm2?). the measured uniform
ductility at in-reactor operating temperatures is still within the 1% limit of
combined elastic plus plastic strain imposed by Section 4.2 of the SRP. The
peak pellet (local) burnup Tevel of 66 GWd/MTM requested for the Mark-BW design
is only slightly above the maximum local burnup levels of the ductility data;
f.e., 63 GWd/MTM. Therefore, it is concluded that adequate ductility is '
expected to exist in the Mark-BW design up to the burnup levels requested by
BWFC. Based on the acceptable 1@ strain 1imit in the SRP we conclude that the
Mark-BW design strain 1imit of 1% is also acceptable.

Evaluation - BWFC has performed a bounding analysis using the TACO2 fuel

performance code to demonstrate that the Mark-BW fuel design meets the 1%

cladding strain 1imit for all expected operating conditions including all

AOOs. Therefore, we conclude that the Mark-BW design strain is acceptable
for normal operation {ncluding A0Os.
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(c) Strain Fatique

Bases/Criteria - The BWFC design criterion for cladding strain fatigue is
that the cumulative fatigue usage factor ‘be less than 0.9 when a minimum
safety factor of 2 on the stress amplitude or a minimum safety factor of 20
on the number of cycles, which ever is the most conservative, is imposed as
per the 0'Donnell and Langer design curve (Reference 16) for fatigue usage.
This criterion is consistent with SRP Section 4.2 and, therefore, we conclude
that this strain fatigue criterion is also acceptable for the Mark-BW

design.

Evaluation - The BWFC methodology for evaluating strain fatigue for the
Mark-BW fuel design uses the O'Donnell and Langer curve for irradiated
Zircaloy (Reference 16). The use of 0'Donnell and Langer's curve and
analysis methods for determining strain fatigue 1ife is consistent with SRP
Section 4.2 and have been previously approved by the NRC. The system
transients and the number of cycles for each transient type considered in
this analysis are listed in Tables 4.10 and 4.11 of the topical report
(Reference 1). The BWFC methodology also requires conservative inputs of
minimum as-fabricated cladding thickness, oxide layer thickness, internal
fuel rod pressure, external system pressure, and differential temperature
across the cladding. BWFC has evaluated cladding fatigue for the Mark-BW

" fuel design using two oxide thickness values for cladding thinning. The

first is considered by BWFC to be a more realistic value for oxide thickness,
while the second value is considered to be a bounding value for oxide
thickness up to the burnup level requested in the submittal. It is
acknowledged that the bounding waterside oxide thickness value used is indeed
bounding, as claimed by BWFC, based on the measured oxide thickness values
observed to date, but the realistic oxide value used in the first analysis
may be non-conservative for particular operating plants in the U.S. However,
we have concluded that there is considerable conservatism in the BWFC
analysis methodology, i.e., the 0'Donnell and Langer strain fatigue curve and
analysis methods, for strain fatigue and this conservatism more than
compensates for the differences between the realistic and bounding oxide
thickness values used in these two analyses. Both analyses have resulted in

'8




fatigue usage factors that are well under.the limit of 0.9 required by BWFC.
Therefore, we conclude that the BWFC strain fatigue analysis methods and
analyses are acceptable for the Mark-BW design.

(d) Fretting Wear

Bases/Criteria - The BWFC design criterion against fretting wear is that the
fuel design shall provide sufficient support to limit fuel rod vibration and
cladding fretting wear. This design criterion can also be applied to other
fuel assembly components that are susceptible to fretting wear, such as the
fuel assembly guide tubes. This criterion is consistent with Section 4.2 of
the SRP and is found to be acceptable for the Mark-BW design.

Evaluation - BWFC has stated that they have not experienced a fretting wear
problem in their previous fuel designs and, therefore, BWFC does not expect
to have a fretting problem with their Mark-BW design because it is based on
their previous fuel designs. In order to substantiate this, BWFC has
performed ex-reactor hydraulic fiow tests to simulate in-reactor vibrations
on a prototype Mark-BW assembly for 500 and 1000 hours, and extrapolated the
results of the ex-reactor measured wear to the projected in-reactor life of
the Mark-BW assembly (Reference 1). These extrapolations of the ex-reactor
measured data have shown that the expected wear is small and no fuel rod
failures due to fretting wear are predicted up to the in-reactor life of this
design. It should also be noted that the prototype assembly on which these
tests were performed have simulated Inconel end spacer and Zircaloy
intermediate spacer relaxation by intentionally oversizing the cells of the
spacer grids. BWFC has also presented in-reactor fretting wear measurements
from lead test assemblies with Zircaloy intermediate grids similar to those
in the Mark-BW design and found no evidence of wear up to a burnup of

37.6 GWd/MTM. Based on the fact that fretting wear has not been observed in
past BWFC fuel designs, and the fact that BWFC continues to perform
postirradiation examination (PIE) of the Mark-BW LTAs, we conclude that the
fretting wear has been adequately addressed by BWFC for the Mark-BW design.
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(e) Oxidation and Crud Buildup

Bases/Criteria - Section 4.2 of the SRP identifies cladding oxidation and
crud buildup as potential fuel system damage mechanisms. General mechanical
properties of the cladding are not significantly impacted by thin oxides or
crud buildup. The SRP does not establish specific limits on cladding
oxidation and crud but does specify that their effects should be accounted
for in the thermal and mechanical analyses performed for the fuel. BWFC has
stated that these effects are accounted for in their Mark-BW design
analyses, and therefore, this is found to be acceptable.

Evaluation - BHFC has stated (Reference 7) that the Mark-BW methodology used
to account for the effect of oxidation depends upon the analysis and the
version of TACO used for the analysis. Previous Mark-BW design analyses have
used the TACO2 methodology to account for oxide thicknesses. The NRC staff
has concluded in the safety evaluation report (SER) of the TACO2 code that
the specific oxide thickness values used from this code were not
conservative; however, other conservatisms in these analyses more than
compensated for the lack of conservatism in the oxide thicknesses at extended
burnup levels.

BWFC has stated that future oxidation analyses will be performed with the
recently approved TACO3 code. The use of the oxide thickness values from
Appendix I of TACO3 are found to bound the measured oxide thicknesses for
past BWFC designs, and, therefore, will most 1ikely bound those for the Mark-
BW design. BWFC has indicated that they plan to perform oxide measurements
of the fuel rods from the Mark-BW LTAs in order to confirm that.oxide
thickness values are consistent with those in Appendix.l of TACO3.

Therefore, we conclude that the application of TACO3 oxide cladding thickness
values in the evaluation of cladding strain, fuel temperature for LOCA, and
rod pressure for the Mark-BW design is acceptable.

BWFC has stated (Reference 7) that a more realistic oxide thickness value
will be used for determining cladding stress and stress intensities used in
the stress and fatigue usage calculations, respectively. The use of

10




realistic oxide thickness values in the calculation of cladding stress and
stress intensities for these analyses has previously been accepted by the
NRC staff (Reference 2). This previous acceptance was based on the
significant conservatisms in BWFCs use of the nonirradiated yield stress
Timit for their stress analysis, and their use of the 0'Donnell and Langer
analysis methods and fatigue curve (Reference 16) for their fatigue analysis.

BWFC has indicated, by a telephone conference call, that the effect of
cladding crud is inherently included in their oxidation thickness values
used for the thermal and mechanical analyses. The effect of crud is included
because BWFC's oxidation values are based on oxide thickness measurements
that include both oxidation and adherent crud in the measurement. It should
also be noted that the nonadherent crud that was observed on fuel rods
irradiated in the early 1970's has been virtually eliminated with todays
water chemistry controls and, therefore, is not a problem with todays PWR
fuels. Therefore, we conclude that the BWFC approach that inherently
accounts for cladding crud in their estimate of oxide thickness is
acceptable.

(f) Rod Bowing

Bases/Criteria - The BWFC design basis for rod bowing is that it shall be
evaluated with respect to the mechanical and thermal/hydraulic performance
of the fuel assembly and that the fuel assembly shall not exhibit excessive
fuel assembly bow during its operational life.

Fuel and burnable poison rod bowing are phenomena that alter the design
pitch dimension between adjacent rods. Bowing affects local nuclear power
peaking and the local heat transfer to the coolant. Rather than placing
specific design 1imits on the amount of bowing that is permitted, the effects
of bowing are included in the safety analysis. This is consistent with the
SRP guidelines. NRC staff have previously approved this criterion for
extended burnup levels (Reference 2). Therefore, we conclude that the Mark-
BW rod bowing criterion is acceptable. An evaluation of BWFC methods used

- 11
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for predicting the degree of rod bowing in the Mark-BW fuel design at
extended burnups follows.

Evaluation - The methods used to account for the effect of fuel rod bowing in
BWFC assemblies have been.addressed in Reference 18, which has been approved
for extended burnup applications (Reference 2). BWFC has indicated
(Reference 7) that they intend to apply these methods and models to the Mark-
BW assemblies. In order to support the application of the BWFC Rod Bow
Topical Report (Reference 18) to the Mark-BW design, BWFC has indicated that
those parameters critical to rod bow such as grid spacer spring forces, grid
span length, and cladding moment-of-inertia, in the Mark-BW design are
similar to those in previous BHFC designs that were the basis for the Rod Bow
Topical Report. 1In addition, significant conservatisms were included in the
Rod Bow Topical Report to cover any minor variations in rod bow for their
various fuel designs and none of these previous BWFC fuel designs have had
any fuel performance problems that are related to rod bow. Based on the fact
that previous BWFC fuel designs have not had problems related to rod bow and
the fact the BWFC continues to perform PIE on the Mark-BW LTAs up to the

burnups requested, it is concluded that rod bow has been adequately addressed
for the Mark-BW fuel design.

(g) Axial Growth

Bases/Criteria - The BWFC design basis for axial growth is that the upper-
nozzle-to-fuel-rod gap and the fuel-assembly-to-reactor-internals gap shail
be designed to provide a positive clearance during the assembly lifetime.
This is consistent with Section 4.2 of the SRP guidelines and, thus, is
found to be acceptable for the Mark-BW fuel design.

Evaluation - The BWFC models used to predict fuel rod and assembly growth are
based on axial growth data from other BWFC designs, at burnup levels up to

50 GWd/MTM. The major concern with the application of growth data from
previous. BHFC fuel designs to the Mark-BW design is in the onset of pellet-
cladding-interaction (PCI) assisted rod axial growth. The Mark-BW fuel rod
has a smaller fuel-to-cladding gap size than previous BWFC fuel rod designs

12




and, therefore, its fuel cladding gap will close sooner in its irradiation
life than the previous designs, which may accelerate rod axial growth at a

-« lower burnup level. BWFC has anticipated this potential increase in rod
axial growth for the Mark-BW design and has assumed an accelerated growth
rate at a lower burnup level in the fuel rod growth model for this design.
Preliminary data from the first cycle of irradiation of Mark-BW LTAs has
demonstrated that both assembly and rod axial growth are well within the BWFC
models predictions for this design. BWFC has stated that they plan to
continue collecting this rod and assembly growth data from the Mark-BW LTAs.
BWFC has also stated that additional growth data will soon be obtained from a
BWFC assembly with an assembly-average burnup of 58 GWd/MTM recently
discharged from Oconee 1.

In response to an NRC question on the conservatisms used in the axial growth
analyses, BWFC has stated that in order to ensure that the axial upper-
nozzle-to-fuel-rod gaps and the fuel-assembly-to-reactor gaps are adequate up
to the burnup levels requested, they have used models that provide a 95%
confidence level that 95% of the data are conservatively predicted. These
analyses have also used minimum as-fabricated axial gap sizes in their
calculations. In addition, BWFC will use the growth data from the Mark-BW
LTAs and from other BWFC designs to confirm that their growth models for the
Mark-BW design are valid and a positive clearance will remain between the

" top-nozzle-and-fuel-rods, and between the fuel-assembly-and-core-internals
up to the burnup levels requested; i.e., 55 GWd/MTM peak assembly-average.
Based on BWFCs conservative analyses and planned PIE of the Mark-BW LTAs, it
is concluded that BWFC has provided adequate assurances that axial gap
clearances will be maintained in the Mark-BW assemblies up to assembly-
average burnups of 55 GWd/MTM.

(h) Rod Internal Pressures

Bases/Criteria - The BWFC design criterion for fuel rod internal pressures is
that they will remain below nominal system pressure during normal operation
including AOOs. This design criterion is consistent with the SRP guidelines
and is found to be acceptable for the Mark-BW design.

13
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Evaluation - BWFC has utilized the approved TACO2 fuel performance code in
past analyses to demonstrate that the rod pressure criterion has been met;
however, it is anticipated that future rod pressure analyses for the Mark-BW
fuel design will use the recently approved TACO3 code (Reference 5). The
TACO3 computer code has been verified against fission gas release data from
fuel rods with rod-average burnup values up to 62 GWd/MTM (Reference 4).
Therefore, the application of the TACO3 code to the Mark-BW fuel rod design
for the calculation of rod pressures up to rod-average burnups of 60 GWd/MTM
is found to be acceptable. No rod pressure analyses have been provided in
the subject submittal for the Mark-BW fuel design and, therefore, a licensee
using the Mark-BW design must submit a plant specific analysis.

(i) Assembly Liftoff

Bases/Criteria - The BWFC design criterion for assembly liftoff is that
contact shall be maintained between the fuel assembly and the lower support
plate during normal operation including AOOs except for the 120% pump
overspeed transient. In addition, the fuel assembly top and bottom nozzles
shall be maintained and engaged with the reactor internals for all normal
operation and A0Os. The effect of the Mark-BW assembly liftoff during the
overspeed transient is discussed in the evaluation below. Other than this
exception, the BWFC criterion for Mark-BW assembly liftoff is consistent with
the SRP guidelines and, therefore, is acceptable.

Evaluation - BWFC analyses have shown that no 1iftoff is expected for the
Mark-BW assembly for normal operation and A0Os, except for the 120% pump
overspeed transient. We have questioned BWFC (Reference 6) on what effect
the Mark-BW assembly 1iftoff would have on core physics and thermal
hydraulics for the pump overspeed transient. BWFC respbnded (Reference 7)
that the maximum calculated Mark-BW assembly liftoff was very small and that
the lower nozzle does not 1) 1ift off the core locator pins, 2) result in an
interference fit with adjacent grids, nor 3) alter assembly coolant flow.
Therefore, BWFC has concluded that the effects on core physics and thermal
hydraulics are insignificant.. Based on BWFC acceptable analyses, we
conclude that except for the 120% pump overspeed transient the assembly
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remains seated on the lower core plate for normal operation and AOOs. Ffor
the 120% pump overspeed transient, the amount of assembly liftoeff is so

small that there are no adverse effects on the overall performance of the
Mark-BW fuel assembly. Therefore, we conclude that this small amount of
assembly 1ift off for the 120% pump overspeed transient is acceptable for the
Mark-BW design.
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4.0 FUEL ROD FAILURE

Fuel rod failure thresholds and analysis methods for the failure mechanisms
listed in the SRP are reviewed in the following. When the failure thresholds
are applied to normal operation including AOOs, they are used as limits (and
hence SAFDLs) since fuel failure under those conditions should not occur
according to GDC 10 (Reference 9). When the 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 (Reference 10). The
basis or reason for establishing these failure thresholds is, thus,
established by GDC 10 and Part 100. The threshold values, and the analysis
methods used to assure that they are met, are reviewed below.

(a) Hydriding

Bases/Criteria - Internal hydriding as a cladding failure mechanism is
precluded by controlling the level of hydrogen impurities in the fuel pellets
during fabrication and is an early-in-life failure mechanism. The hydrogen
level of BWFC fuel pellets is controlled by drying the pellets in the
cladding and taking a statistical sample to ensure that the hydrogen level is
below a specified level. Previous BWFC design reviews, e.g., Reference 2,
have shown that this level is below the value recommended in the SRP. BWFC
has stated that this same level is also used for the Mark-BW fuel design.
Consequently, we conclude that the BWFC hydriding design criterion is
acceptable for the Mark-BW fuel.

Evaluation - BWFC has stated that the Mark-BW fuel design is not expected to
have any problems with internal hydriding. This assessment by BWFC is
accepted as long as the hydrogen level in the Mark-BW fuel is controlled.
Because BWFC has not had ‘any indications of hydride failures in their fuel
designs and continues to control hydrogen levels during fuel manufacture, we
conclude that the Mark-BW fuel design is acceptable with respect to internal
hydriding. - '
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(b) Cladding Collapse

Bases/Criteria - If axial gaps in the fuel peliet column were to occur due to
fuel densification, the potential would exist for the cladding to collapse
into a gap (i.e., flattening). Because of the large Jocal strains that would
result from collapse, the cladding is then assumed to fail. It is a BWFC
design basis that cladding collapse is precluded during the fuel rod and
burnable poison rod design lifetime. This design basis is the same as that
in the SRP and, thus, is acceptable for the Mark-BW design.

Evaluation - The analytical methods and models (References 3 and 20) used by
BWFC for evaluating cladding creep collapse of the Mark-BW fuel rods have
previously been approved by the NRC for earlier BWFC fuel designs. Because
the materials and design of the Mark-BW fuel rods are similar to earlier BWFC
designs, these analytical methods and models for creep collapse are found to
be applicable to the Mark-BW design. No specific creep collapse analyses
have been presented for the Mark-BW design in this submittal and, therefore,
a licensee using the Mark-BW design will be required to submit a plant-
specific analysis.

(c) Overheating of Cladding

Bases/Criteria - The design limit for the prevention of fuel failures due to
overheating is that there will be at least 95% probability, at a 95%
confidence level, that departure from nucleate boiling (DNB) will not occur
on a fuel rod during normal operation and AOOs. This design limit is
consistent with the thermal margin criterion of the SRP guidelines and is
acceptable for the Mark-BW design.

Evaluation - As stated in the SRP, Section 4.2, adequate cobling is assumed
to exist when the thermal margin criterion to 1imit DNB or boiling transition
in the core is satisfied. The BWFC DNB methodologies for the Mark-BW fuel
and for specified Westinghouse fuel designs, i.e., the BWCMV correlation,
have been approved (References 22 and 23). However, the application of BWFCs
BWCMV correlation to mixed cores, in order to account for the differences in
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thermal hydraulics between Mark-BW and various Westinghouse fuel.designs, has
not been addressed in this submittal or in the referenced SERs (References 22
and 23). Plant specific analyses of DNB events using an approved mixed core

methodology are required for licensees using the Mark-BW design in mixed core
reloads. -

(d) Overheating of Fuel Pellets

Bases/Criteria ~ To preclude overheating of fuel pellets, BWC has indicated
that no fuel centerline melting is assumed for normal operation and A0Os.
This design 1imit is the same as given in Section 4.2 of the SRP and,
therefore, is acceptable for the Mark-BW fuel design.

Evaluation - The BWFC evaluation of the fuel centerline melting for the Mark-
BW design has been performed with the TACO2 (Reference 3) fuel performance
code; however, BWFC intends to use the recently approved TACO3 code
(Reference 4) for future fuel melting analyses. Both the TAC02 and TACO3 .
codes have been previously approved (References 3 and 5) for fuel performance
analyses up to extended burnup levels and, therefore, we conclude that they
are applicable to the Mark-BW evaluation of fuel melting. Those licensees

using the Mark-BW fuel design will be required to submit a plant specific
analysis of fuel melting.

(e) Pellet/Cladding Interaction

Bases/Criteria - As indicated in Section 4.2 of the SRP, there are no
generally applicable criteria for pellet/cladding interaction (PCI) failure.
However, two acceptable criteria of limited application are presented in the
SRP for PCI: 1) less than 1% transient-induced cladding strain, and 2) no
centerline fuel melting. Both of these limits are used by BWFC and are
acceptable for application to the Mark-BW fuel design.

Evaluation - As noted earlier, BWFC utilizes either the TACO02 (Reference 3)

or TACO3 (Reference 4) code to show that their fuel meets both the cladding
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strain and fuel melting criteria and that these codes are acceptable for
application to the Mark-BW fuel design. '

In addition, in the past, BWFC has stated (Reference 2) that they have
adopted several cladding design criteria to help mitigate the effects of PCI.
In this respect, the cladding is specified so that it 1) maintains sufficient
ductility over its irradiated life [see Section 3.0 (b)], 2) has a higher
creep rate to accommodate PCI strains, and 3) has a better inner diameter
surface finish to minimize stress corrosion cracking (SCC) attack sites.

BWFC has also indicated that, as a result of these criteria, the BWFC fuel
designs have shown excellent performance with respect to PCI for assembly
burnups up to 50 GWd/MTM, and that additional fuel examinations are to be
performed on a BWFC fuel assembly with an assembly-average burnup value of

58 GWd/MTM recently discharged from Oconee-1. We, therefore, conclude that
BWFC fuel has been designed to mitigate PCI failure and that periodic PIE has
confirmed this.

(f) Cladding Rupture

Bases/Criteria - There are no specific design Timits associated with
cladding rupture other than the 10 CFR 50 Appendix K requirement that the
incidence of rupture not be underestimated. A cladding rupture temperature
correlation must be used in the LOCA ECCS analysis. BWFC has used a rupture
temperature correlation consistent with NUREG-0630 guidance (Reference 24).
We therefore conclude that BWFC has adequately addressed the bases/criteria
for cladding rupture.

Evaluation - BWFC has presented their cladding deformation and rupture model
for the Mark-BW design in Reference 25 and has performed a plant specific
ECCS evaluation of the Mark-BW fuel design ior the Catawba and McGuire plants
in Reference 26. The Mark-BW cladding deformation and rupture model in these
topical reports (References 25 and 26) will be evaluated by NRC in another
review. Therefore, BWFC has addressed the concern of cladding rupture for
the Mark-BW fuel design in References 25 and 26, and the acceptability of the
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Mark-BW cladding rupture analysis will be addressed in the Safety Evaluation
Report (SER) of these topical reports.

(g) Fuel Rod Mechanical Fracturing

Bases/Criteria - The term "mechanical fracture" refers to a fuel rod defect
that is caused by an externally applied force such as a hydraulic load or a
load derived from core-plate motion. The design limit proposed by BWFC to
prevent fracturing is that the stresses due to postulated accidents in
combination with the normal steady-state fuel rod stresses should not exceed
the yield strength of the components in the Mark-BW fuel assembly design.
This design limit for fuel rod mechanical fracturing is consistent with the
SRP guidelines, and, therefore, is acceptable for the Mark-BW fuel design.

Evaluation - The mechanical fracturing analysis is done as a part of the
seismic-and-LOCA loading analysis. A discussion of the seismic-and-LOCA
loading analysis is given in Section 5 (d) of this SER.
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5.0 FUEL COOLABILITY

For postulated accidents in which severe fuel damage might occur, core
coolability must be maintained as required by several GDCs (e.g., GDC 27
and 35). In the following paragraphs, limits and methods to assure that
coolability is maintained are discussed for the severe damage mechanisms
listed in the SRP.

(a) Fragmentation of Embrittled Cladding

Bases/Criteria - The most severe occurrence of cladding oxidation and
possible fragmentation during a postulated accident is the result of a LOCA.
In order to reduce the effects of cladding oxidation during a LOCA, BWFC uses
a limiting criterion of 2200°F on peak cladding temperature and a limit of
17% on maximum cladding oxidation as prescribed by 10 CFR 50.46. These
criteria are consistent with SRP criteria and thus are acceptable for the
Mark-BW fuel design.

Evaluation - In response to an NRC question on this issue, BWFC has indicated
(Reference 7) that they have presented LOCA analysis methodology and the
analyses for the Mark-BW design application for the Catawba and McGuire
plants in References 25 and 26, respectively. Therefore, BWFC has addressed
the concern of fragmentation of embrittled cladding for the Mark-BW fuel
design in References 25 and 26, and the acceptability of this analysis will
be addressed in the SERs of these topical reports.

(b) Violent Expulsion of Fuel

Bases/Criteria - In a severe reactivity insertion accident (RIA), such as a
control rod ejection accident, large and rapid deposition of energy in the
fuel could result in melting, fragmentation, and dispersal of fuel. The
mechanical action associated with fuel dispersal might be sufficient to
destroy the fuel cladding and rod bundle geometry and to provide significant
pressure pulses in the primary system. To limit the effects of an RIA évent,
Regulatory Guide 1.77 recommends that the radially-averaged energy
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deposition at the hottest axial location be restricted to less than
280 cal/g. The limiting RIA event for the Mark-BW fuel design is a control
rod ejection accident.

The BWFC safety criteria for the control rod ejection accident are:

1. A control rod assembly (CRA) ejection accident shall not cause further
violation of the RCS integrity.

2. The maximum fuel enthalpy for the hottest fuel rod shall not exceed
280 cal/g.

These criteria are consistent with the criteria specified in Section 4.2 of
the SRP and, thus, are acceptable for the Mark-BW fuel design.

Evaluation - BWFC has stated (Reference 7) that the violent expulsion of fuel
from an RIA is addressed in Section 4.4.8 of Reference 27. Therefore, BWFC
has addressed the concern of violent explosion of fuel for the Mark-BW fuel
design in Reference 27 and the acceptability of this analysis will be
addressed in the SER of this topical report.

(c) Cladding Ballooning

Bases/Criteria - Zircaloy cladding will balloon (swell) under certain
combinations of temperature, heating rate, and stress during a LOCA. There
are no specific design 1imits associated with cladding ballooning other than
the 10 CFR 50 Appendix K requirement that the degree of swelling not be’
underestimated. To meet the requirement of 10 CFR 50 Appendix K, the burst
strain and the flow blockage resulting from cladding bailooning must be taken
nto account in the overall LOCA analysis. BWFC has used burst strain and
flow blockage models consistent with NUREG-0630 guidance. We thus conclude
that the Mark-BW fuel design has addressed the bases/criteria for claddiqp
ballooning.
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Evaluation - Fuel rod ballooning and rupture models for the Mark-BW design
are provided in Section 4.3.3 of Reference 25 and the plant specific LOCA
analysis for Catawba and McGuire in Reference 26. BWFC has adopted the
cladding fupture and ballooning models from NUREG-0630 (Reference 24) for
app]icatibn to the Mark-BW design and these are discussed in References 25
and 26. The BWFC cladding ballooning model and the plant specific analyses
for Catawba and McGuire will be evaluated by the NRC in a éeparate review of
these topical reports. Therefore, BWFC has addressed the concern of cladding
ballooning for the Mark-BW fuel design in References 25 and 26, and the
acceptability of the BWFC cladding ballooning analysis will be addressed in
the SERs of these topical reports. :

(d) Fuel Assembly Structural Damage From External Forces

Bases/Criteria - Earthquakes and postulated pipe breaks in the reactor
coolant system would result in external forces on the fuel assembly.
Appendix A to SRP Section 4.2 states that the fuel system coolable geometry
shall be maintained and damage should not be so severe as to prevent control
rod insertion during seismic and LOCA events. BWFC has adopted the SRP
guidelines as the design criteria. We thus conciude that the BWFC design
criteria for seismic and LOCA loads are acceptable.

- Evaluation - BWFC has analyzed seismic and LOCA loads on Mark-BW fuel
assemblies using the approved methodology in BAW-10133P, Rev. 1

(Reference 28) for McGuire and Catawba. The results showed that the combined
loads on Mark-BW fuel assemblies were small enough such that the coolable
geometry is always maintained. However, the NRC staff expressed a concern
about a mixed core situation of Westinghouse and BWFC fuel assemblies which
may have an adverse effect because of the interaction between the two - .
different fuel assembly designs. in response to the NRC staff concern, BWFC
performed a bounding analjsis of a mixed core configuration of Westinghouse
and Mark-BW fuel (Reference 29). The results showed that the Mark-BW fuel

. had a higher grid impact load than the Westinghouse fuel for a mixed core
situation; however, the Mark-BW fuel still maintained a coolable geometry.
We therefore conclude that BWFC has adequately demonstrated that the Mark-BW

23




fuel design will maintain coolable geometry for the corﬁbined seismic-and-LOCA |
loads in a Westinghouse designed plant.
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6.0 CONCLUSIONS

We have reviewed the Mark-BW fuel design described in BAW-10172P in
accordance with the SRP, Section 4.2. We conclude that the Mark-BW fuel
mechanical design report is acceptable for licensing application to
Westinghouse-designed reactors up to the burnup levels requested, i.e.,

55 GWd/MTM peak assembly, 60 GWd/MTM peak rod, and 66 GWd/MTM peak pellet.

Those licensees that use the Mark-BW fuel design for reload applications are
required to submit the following plant specific analyses: rod pressure
[Section 3.0 (h)], cladding collapse [Section 4.0 (b)], DNB analysis

[Section 4.0 (c)], and fuel melting [Section 4.0 (d)]. In addition, DNB
analyses of mixed cores containing Mark-BW and Westinghouse fuel designs must
be performed using an approved mixed core methodology.

The issues of cladding rupture, fragmentation of embrittled cladding, and
cladding ballooning for the Mark-BW fuel design have been addressed by BWFC
in References 25 and 26. The issue of violent expulsion of fuel has been
addressed by BWFC in Reference 27. The acceptability of BWFCs analysis of
these issues for the Mark-BW design will be addressed in the respective SERs
of References 25, 26, and 27.
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3. INTRODUCTION

The Mark-Bd fuel assembly is a 17x17, Zircaloy spacer grid fuel assenbly
designed for use in Westinghouse-designed reactors. ‘The fuel assenbly
fuel assemblies, The design however, incorporates features proven in BsW
Fuel Campany (BWFC, formerly B&W) Mark-B (a 15x15) and Mark-C (a 17:17) fuel
assemblies. Design features specific to HWestinghouse designed reactors have
been based on designs by Nuclear Fuel Imdustries (NFI), a BWFC technology
licensee in Japan. NFI supplies fuel to twelve Westinghouse designed
reactors in Japan, and has joined with BAFC in developing the Mark-Bd fuel
assenbly desien.

To demonstrate the in-reactor performance of the Mark-BW design, four
Mark-Bé lead Assemblies (IAs) have been loaded into the MoGuire Unit 1
reactor far irradiation during fuel cycles 5, 6 and 7. The McGuire Unit 1
reactor and three «<ther reactor units, MoGuire Unit 2 and Catawba Units 1
and 2 are Westinghouse designed reactors operated by Duke Power Company,
which will receive full batch reloads of the Mark-BW design. The core for
each it consists of 193 fuel assemblies, each with a 17517 matrix of fuel
rods, .

This report describes the Mark-BAd fuel asserbly design, method of
evaluation, and reports the results of all campleted evaluations. The
results demonstrate the structural integrity and the mechanical, thermal-
hydraulic, and neutronic cagpatibility with equivalent 17x17 reload fuel for
Westinghouse designed plants, and the reliability of the Mark-BW design.

The results of the evaluations reported here are based on the design of
the IAs unless noted otherwise, The design of the Mark-Bé fuel assembly has
been changed slightly from the IAs to achieve greater burmup capabilities.
The Mark-Bd fuel assemblies have a target burmap of 55,000 MAd/mtU for the
peak assembly, 60,000 MAQ/mtU for the peak rod, and 66,000 MWd/mtl) far the
peak pellet. Rurther changes may be made to the design of the Maxk-Bd fuel
assenbly based on the results of the irradiatien program for the Mark-BW
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Ias, or on the addition of design improvements. These changes are being, or
will be evaluated by the same or similar methods used on the IAs. The

resalts will be reported in the reload repart of the plant in which the fuel
will be used.
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2. SOMARY ’

The Mark-BW 1747 fuel assemblies are designed to be fully campatible
with any combination of Westinghouse Standard Iattice (SID), or Westinghouse
Optimized Fuel Assenblies (OFA) which camprise the balance of the core.
Four Isad Ascemblies (IAs) are beiny irradiated in the MoGuire Unit 1
reactor. All four of the IAs were built to the BWFC design, however, two of
the fuel assemblies were built by Nuclear Fuel Industries (NFI) a BAFC
tachnology licensee in Japan.

Key features of the Mark-BH fuel assembly can be divided into two
groups: (1) features standard on other BAFC designed fuel assemblies and (2)
wique features incorporated into the Mark-BW for campatibility with a core
containing Westinghouse designed fuel. Features that have been utilized on
fuel assemblies for BSW designed reactor plants and the progrems on which
they are used include: ’

~Keyable spacer grids (aAll).

~Locking cup type removable top nozzle (Optimized Iead Test
Assembly (OLIA) for the B&Y 1545 Mark-B fuel assembly).
=Zircaloy intermediate spacer qrids (Mark-BzZ).

-Intermediate spacer grids not attached to the guide thimbles
(Mark-B, BZ,etc.).

-Arnealed Zircaloy gquide thimbles (Mark-B extended burmup lead test
assembly Mk-BEB and OITA Demo’s).
~Skirtless Inconel upper end grid (OLTA).

-Fuel rod on lower grillage {Mark-B, BZ, C (Mark-C a B&W 1717 fuel
assembly design)).

~Top and battom plemm springs in fuel rod assemblies (all).

Other features have also been incorporated into the Mark-Bd design for
use in Westinghouse reactors. To a large extent, these features were adapted
fram the operating experience and technology base developed by KFI in
supplying reload fuel for Westinghouse-type reactors in Japan.
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These features include:
-leaf type holddown springs
~Dashpot region in guide thimbles for control rod deceleration.
“Mixing vanes cn spacer grids.
-Guide thimbles used for intermediate spacer grid restraint.

Withr&epecttotheovemumelperfomne,ﬁmemfeaunes
represent cnly a minor change fram the current production BAFC assemblies.

Two Hundred Ninety Six (296) assemblies of the NFI 1747 fuel design
have been irradiated in the chi 1 and 2 units, Takahame 3 and 4 umits, and
the Sendai-1 unit with outstanding performance. A peak assembly burrup of
42,100 MWd/mtll has been reached by the NFT 17x17 fusl design. The NFT fuel
assenbly design incarporates proven BSW design featires and techmology for
use in Westinghouse design reactors in Japan. NPT mamufactured fue) has
achieved an excellent performance record. All NFI supplied fuel assemblies
have been sipped for leaking fuel after each cycle of operation. Only three
leaking rods have been detected, of which two were due to baffle jetting out
of more than 100,000 fuel rods irradiated.

The results of the thermal-hydraulic analysis for the IAs in McGuire 1
show that the fuil OFA core pressure drops, lift forces, crossflows and
therml marg:ns are only slightly affected by insertion of the IAs and that
full OFA core licensing calculations bound the OFA/IA core configuration.
The same is expected for any possible combination of Mark-Bd fuel assemblies
and Westinghouse SIDs or OFAs.

The muclear design analysis shows that the Mark-Bd fuel has neutronic
behavior similar to the STD assexblies, with essentially the same moderator
coefficient. The differences between the Mark-B4 and the OFA are slight.

The use of the Mark-BW fuel assenbly in the Westinghouse designed core

either alone or in conjunction with the STD and OFA 17x17 does not adversely
affect plant cperation, safety margins or neutronic parameters.

2=2 B&W FUEL CMPANY
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3. FUEL ASSEMBIY DESTGN DESCRIPTTON

3,1, Fuel Assembly Design Pescription

The Mark-Bd fuel assembly shown in Figure 3-1, is a 17x17, standard
lattice, Zircaloy intermediate spacer grid fuel assembly designed for use in
Westinghouse-designed reactors. The fuel assembly incorporates many
standard BSW design features while raintaining camatibility with the
Westinghouse reactor intermals and resident fuel assemblies. 'The basic
design parameters of the Mark-BW are cawpared to those of the standard and
OFA Westinghouse 17x17 designs in Table 3-1. The nozzles and end spacer
grid desiyns are based on proven NFI designs anrently in operation in
Westinghouse-designed reactors in Japan. The quide thimble top section amd
dashpot diameters, the instrument sheath diameter, and the fuel rod outside
diameter are the same as the standard 17x17 Westinghousa design. The fuel
rod design has been developed based on standard BsW methods applied to the
Westinghouse standard cutside cladding diameter. The featwres of the Mark-
BY fuel assembly design include the Zircaloy intermediate spacer grid, the
intermediate spacer grid restraint system, reconstitutable upper end
fitting, and spacer springs on both erds of the fuel stack.

The fuel assembly consists of 264 fuel rods, 24 guide thinbles, and ane
instrument sheath in a 17x17 square array. The annealed Zircaloy-4 quide
thimbles provide quidance for control rod insertion and are attached to
mezzles and Inconel end spacer grids at the top and bottam of the fuel
assembly to form the structural skeleton. A reduced diameter section at the
bottom of the guide thimbles acts as a dashpot and decelerates the control
rod acsembly during trips. The amealed Zircaloy-4 instrument sheath
ocampies the center lattice position and provides guidance and protection
for the incore instrumentation assemblies. The fuel rod ard quide thimble
spacing is maintained alang the lemgth of the assenbly by five vaned ard one
vanaless Zircaloy intermediate spacer grids.

TOP NOZZLE
The top nozzle assembly is a box-like structure of welded 304 stainless
steel plates as shown in Figure 3-2. The grillage of the nozzle cansists of
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a plate with a machined hole pattern for attaching the quide thimbles and
providing flow area for the reactor coolant exiting the fuel assenbly. The
thickness of the grillage is approximstsly] [inch thinner than the design
used on the four IAs to allow for fuel rod growth at extended burmup levels.
The top surface of the grillage provides the interface for fixed core

copanents such as  thimble plug assemblies and urmable poison red
assenblies.

The top plate of the top nozzle assanbly provides the handling and
reactor internals interface surfaces and supports four sets of three~leaf
Inconel-718 holddown springs. Two guide pins on the upper core plate engage
with two holes in diagonally cpposing cormers of the nozzle to position the
assenbly during cperation. The holddown springs are attached to the nozzle
by Inconel-600 clamp bolts. These bolts are designed with a genercus shank
to head radius and special head confiquration to maximize the reliability of
the bolts in service. The bolted attachment is protected by clamps which
are bolted to the tcp plate independently from the spring clamp bolts. The
holddown springs are machined from Inconel-718 and heat treated to maximize
the in-service performance. A tang extending from the main (top) leaf of
the holddown springs is captwred through a slot in the top plate to preload
the spring and to capture the spring parts in the unlikely event of a spring
fracture.

The tcp nozzle assembly is removable to allow for the replacement of
fuel rods in the field., A standard-type ring mut and locking ap
arrangenment is used to attach the nozzle to the threaded collars at the top
exxis of the quide thimbles as shown in Figure 3-3. ‘The locking ap
resenbles a flat washer with a thinwalled circular side extending from the
cutside diameter. The locking cup is sandwiched in-between the ring nut and
nozzle grillage and tabs on the bottam of the cup engage with slots in the
nozzle grillage to prevent rotation of the cup. The walls of the locking
cp are plastically deformed into grooves in the top of the ring mut to
prevent rotation of the mit relative to the cup.” The nuts may be removed in
the field with a special tool to overcame the lecking forces of the
deformatiens in the locking cups.
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BOTTCM NOZZIE

The bottaom nozzle consists of a flat 304l~stainless steel plate or
grillage with legs welded to each comer as shown in Figure 3-4. The kottom
nozzle engages with the quide pins in diagomally cpposing cormers and rests
directly on the lcwer core plate to support the weight of the fuel assembly
plus the holddown spring forces. As in all BWFC fuel assenbly designs, the
fuel rods are seated on the grillage of the bottcom nozzle.

An altermative Mark-BW bottom nozzle design is debris resistant. The
circular fiow hales drilled through the grillage are smaller in size and
la:germrnmrﬁmnistypmalofﬁwseusedmﬂzefaxrm,ﬂmstandard
mloadnaﬁc-mdesignaxﬂmcthersmmmmelassenblydaigmto
date., A conparisan of the flow hole patterms of the standard and debris
resistant designs is given in Figqure 3-5. The flow holes are sized to
£3lter cut debris that could be captured between the grillage and the lower
erd spacer grid. Debris captured in the spacer grid area has been known to
cance damaging wear to the fuel ruods. Hydraulic flow tests will be
conducted on the Gelris resistant bottam nozzle to verify that the effects

on fuel assenbly pressure drop are acceptable.

The bottcm nozzle is attached to the guide thimbles by a simple kolted
comection illustrated in Figure 3-6. The bottom end plug of the guide
thinbles is intermally threaded. The bottom end plug rests on the grillage.
The quide thimble bolt is inserted through a hole in the grillage and
erxrges the threads of the bottam end plug. The kolt head is tack welded to
the underside of the grillage. A stepped diameter hole timough the shank
and head of the bolt is provided to vent the bottom porticn of the guide
thinble.

END SPACER GRIDS

The end spacer grids of the Mark-EW fuel assembly are similar to the end
spacer grids of the other EWFC fuel assembly designs. The grids are
fatricated from| |inch tall Inconel-718 strips which are slotted at the
top or bottam for assembly in an "egy crate" fashion. Material thicknesses
ot [ Jama[ Jiwh are used for the imer and outer strips,
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respectively. The strips are TIG welded at the tcp and bottcom of the strip
intersections to form an assenbly. PRunched projections on the strips form
steps to support the fuel rods and saddles to support the guide thinbles and
instrurent tube. Each fuel rod cell cmtains two perpendicular sets of
steps and each set consists of two hardstops near the edges of the strip
arcsed by one softstop at the center of the strip as shown in Figure 3-7.
Keying windows are provided for the insertion of rectangular keys which cpen
the cells (softstops) for scratch free ard stress free insertion of the fuel
rods during fuel hudle assenbly.

The tcp and bottam end grid restraint designs are illustrated in Fiqures
3-8 and 3-9, respectively. Tabs are employed at the guide thimble locations
on the top of the top end grid strips and on the bottom of the bottam end
grid strips for the attachment of short 304L stainless steel sleeves. These
sleaves are resistance welded to the tabs durirng the spacer grid assembly
process. The top end grid sleeves are seated against the guide tube collars
to restrain the grid from upward motion ard to transmit axial campression
lcads from the top nozzle to the fuel rods. The bottom end grid slesves are
crirped into circular qrooves in the quide thimble bottom end plugs to
restrain the grid in both axial directions.

'meendspacergriddsigmamidmticaltoﬁeprovenmnxel
Industries, Itd. (NFI) designs in use in Japan. NFI develcped the grid
designs based on EWFC specer grid design technolcgy cbtained under a
technology estchange agreement.

INTERMEDIATE SPACER GRIDS

The intermediate spacer grids of the Mark-BH fuel assembly are similar
to the intermediate spacer grids of the 15x15 BAFC Mark-BZ fuel assembly
design. ‘The MK-BZ fuel assembly is a EWFC Mark-B fuel assembly with
Zircaloy intermediate spacer grids (Reference 3). With the Mark-B2
spacergrid as the design basis, nixing vanes were added and the dimensions
were adjusted to optimize the hydraulic and mechanical performance for
Westinghouse~tyre design applicatiens. A cagarison between the Mark-B2 and
the Mark~E4 Zircaloy spacer grids is provided in Figure 3-10.
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The grids are fahricated frem 2.244 inch tall 2ircaloy-4 strips which
are slotted at the top or bottom for assembly in an Yegy crate" fashiom.
Material thicknesses of .018 and .021 inch are used for the inner and cuter
strips, respectively. ‘The strips are laser welded in an irert gas
atmesphere at the top and bottom at the strip intersections to form a grid
assembly. Fuel rod, guide thimble and instrument tube supports are of the
standard BWFC design previously described for the end spacer grids. The
proven design features of the Mark-BZ @esign have been incorparated into the
Mark-BW design. The standard BWFC keyable features are maintained for the
Zixtalqrinteqnsdiatespwergridsmwingformtmfreearﬂstr&fme
fuel . red insertion during fuel bundle assembly. The genercus leadin
festures and an improved corner have been verified to facilitate ease of

fuel assembly handling.

uhe[ ]inbenmdiatespacergddassem)lisemloyﬂwmiﬁm
vanes on the downstream edges (top). The mixing vanes are small tabs kent
apprmdmatelyE Jtothsﬂwdirectim. The purpose of the mixing vanes is
to improve the thermal perfarmance of the fuel assembly by erhancing the
coolant turbulence. The mixding vane .design and pattem has been verified by
CHF testing and is based on proven mixing vane designs of NFI in use in
Japan. Mixing vanes are not used on the lowest intermediate spacer grid
since the thermal erhancement is not needed in this cooler region of the
fuel assembly.

As in all EWFC fuel assembly designs, the Mark-Bd intermediate spacer
grids are not attached to the quide thimbles, and the grids are free to
follow the fuel rods early in life as they grow due to irradiation. This
feature virtually eliminates axial friction forces suspected of contributing
to fuel yod bow. Gross spacer grid movement is limited by stops
incorporated on the instrument tuke and selected guide thimbles ehown in
schematic form on Figure 3-11.

The Mark-B4d intermediate spacer grid restraint system 1s identical in
function to the proven Mark-BZ restraint systeh. The intermediate spacer
grids are alicwed to follow the fuel rods as they grow due to irradiation
until burmp effects have significantly relaxed the Zircaloy spacer grids.
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At this burrep level, the intermediats spacer grids contact rigld stops to
prevent further axial movement. The stops are short sleaves or ferrules
resistant welded to twelve guide thirmbles amd the instrument sheath akove
each intermediate spacer grid. The flow mixing vanes are removed from the
walls of the twelve quide thimbles and instnment tube cells which interface
with the ferrules. This spacer grid restraint system esmploys miltiple guide
thirbles as restraining merbers rather than the single instrument tube
sleeve arrangement of the Mark-BZ design. ‘This is required because of
dimensicnal limitations associated with the “relatively large diameter
instrurent tube ard quide thimbles end increased hydraulic forces producsd
by the tall Zircaloy spacer grid with mixing vanes. The lccaticns of the
twelve restraining guide thimbles are shown in Figure 3-12, There is also
one ferrule attached to the instrment sheath below the top end spacer grid
ard kelow each intermediate spacer grid to prevent downward motion during
shipping and handling.
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3.2 Fuel Red Pesion Description

The Mark~B4 fuel rod design consists of UO, pellets cantained in a
Zircaloy-4 seamless tube with erd caps welded at each end. There is a small
diametral clearance between the cladding inside diameter and the cutside
diameter of the fuel pellets. The tube is sealed at both ends by welding
Zircaloy-4 end plugs of slightly different designs to the cladding, The top
-end plug has an additiomal hole drilled throuch the center by a laser beam
to.permit £illing the interior of the fuel rod with high pressure Helium
gas. A series of springs at both erds position the fuel stack within the
cladding and provide protection against axial gap formation during shipping,
hardling and irradiation. The fuel rod is evacuated and then backfilled
with helium of high purity at high pressure prior to seal welding. The high
purity helium assures good heat transfer across the pellet-cladding gap. In
adlition the high pressure f£iil gas prevents creep collapse of the fuel rud
during the expected incore operation of the fuel rod. A schemtic of the
fuel rod design is shown in Figure 3-13.

The fuel pellets are a simtered ceramic of high density U0,. The fuel
pellets are cylindrical in shope with a truncated conical dish at each end.
The ends of the pellets are chamfered., The dish and chamfer on the pellet
ends reduces hourglassing of the fuel pellet at power. The diameter of the
fuel pellet is comtrolled within very tight limits. The density of the
pellets used in the IAs and to be used in the relcads for the McGuire and
Catawba Units is[ _]meozetical Density (TD).

The purpose of the fuel rod spring system is to prevent axial gaps from
forming in the fuel colum. Thermal and irradiaticn imduced changes in the
fuel stack length can cause gaps to form in the fuel stack. Axial
acceleration of the fuel stack during shipping and handling can also produce
gaps in the fuel stack. Axial gaps in the fuel stack cause power peaks in
adjacent fuel rods, and allow for creep ovalization into the gap.
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Differences:

The feel rcd design for the Mark-EW fuel assexdly differs from the
Westinghouse 17 ¥ 17 CFA fiel rcd design in the follewing axees:

Ttems A thrcugh € are shown cn Table 3-1,  Ttem D can ke sssn cn Figure 3-
13.

The Mark-EW fuel rod fabricaticn is inftdated by ]tbet::pend
plug to the cladding. The fuel stack is then assemhled, checksd for lergth,
ard inserted into the cladding aleng with the tcp spring. Then the kottom
sprirg is inserted and comuessed using the kottom end cap ad welded
clesed, The finished fuel red is dried in a Nitregen atmesghere,  Aftax
&ryirg the fuel red is evacuated ard backfilled with hich purity Felium ges.
The tcp end plug vert bole is sealed by a laser beam, ard the seal weld
irspected by vitrascenic petheds,
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3,3 Test

3,3, Intreducticn

A carprehensive test program was conducted to characterize and verify
the perfarmance of the Mark-B¥ fuel assenbly design. A complete list of the
tests conducted is provided in Table 3-2. Most of these tests were
ccrﬂntedatBW'leianceRseaxdmOenter(Am). Iaser Doppler
Velc-imeter (LDV) testing of the intermediate spacer grids was conducted by
NFI in Japan, and Critical Heat Flux (CHF) testing was conducted at Columbia
University in New York City. Only the ARC test program is discussed in
detajl in this section. The 1DV and CHF tests ard the results of the lift
ard pressure drop tests are discussed in section 3.3.6 and in sections 5.2
and 5.3. -

3.3:2. Prototype Fuel Asserbly

A prototype fuel assembly was fabricated for use in the test program.
The erd of life condition was simulated by intentionally oversizing the fuel
rod cells of the spacer grids. The Incanel end spacer grids were relaxed
appraoximately 60% and the Zircaleoy intermediate spacer grids were relaxed
approximately 90%. End of life conditions are the warst case for testing
fuel asserbly vibration and wear characteristics ard mechanical preperties.
The fuel rcd intermals were typical of production parts with pressed
tungsten-nickel-copper powder pellets used to similate the fuel pellets,
The fuel rods were pressurized to| _fpsig with helium to similate actual
fuel rod intermal pressure. ‘The prototype spacer grid restraint system
employed four ferrules resistarce welded to quide thimbles above each
intermediate grid ard one ferrule below each grid attached to the instrument
tube with a cylindrical expansion joint. The nozzles were typical of the
standard nozzles,
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Hydraulic flcw testing of the prototype fuel assembly was corducted in
the Comtrol Red Drive line (CRDL) facility at the ARC. A schematic of the
CROL facility is given in Figure 3-14. The autcclave houses one fuel
assembly, and one Reactor Cluster Control Assembly (ROCA) with a drive
mechanism if needed for testing. The CRDL intermals provide support and
ooolant flow gecmetries at each end of the fuel assembly representative of
the reactor. The system is capable of producing flow rates, temperatures,
pressures, ard water chemistries typical of those fourd in pressurized water
reactors. The hydraulic flow tests included 1ift, pressure drop, life amd
wear or envirommental tests, and RCCA trip tests.

The prototype fuel assembly was modified by removing the holddown
springs and replacing the upper ring muts with cap muts to bleck flow
thragh the guide thimbles during the 1lift.and pressure drep tests.
Pressure drop measurements across the fuel assembly and varicus fuel
assembly camonents (spacer qrids, nozzles) as illustrated in Figure 3-15
vere made at various flow rates at 120°F, 200°F, 300°F, 400°F, S00°F, 585°F,
ard 630°F. At each test temperature, the flow rate which lifted the fuel
assanbly off the lower support was measured. The pressure drop neasurements
were used to calaulate form loss ceefficients, and the lift test served as a
benchmark for the calculations. The 1lift and pressure drep test results are
discussed in more detail in secticn 5.0.

The prototype fuel assembly was rehuirmed to the standard configuration
and fitted with a thimble plug assexbly for the life and wear tests. Two
500 hour tests were caducted with the prototype fuel assembly subjected to
similated reactor conditions. Pressure drop measurements were repeated at
the baginning of each test. OCoclant temperature, pressure, flow rates, and
chemistry were representative of PR conditions. The purpose of the life
and wear tests was to verify the corrosion and wear resistance of the
design. In particular, fusl rod wear due to the relawed spacer grid
interface was characterized.

3-10 B&W FUEL COMPANY
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A thorough examination of the fuel assembly after 1000 howrs of exposure
to the similated PR envircment revealed no abnorml corresion or wear.
Wear depth measurements were taken at the spacer grid contact site of
selected fuel rods extracted from the fuel assembly. Fifteen fuel rods were
removed from the fuel assembly for inspection after the first 500 hours ard
were replaced with rew fuel rods. Eighteen fuel rods were removed for
inspection after the second 500 hours, including three of the replacement
fuel rods inserted after the first 500 hour test. The locations of the fuel
rods extracted from the fuel assembly ard inspected are shown in Figure 3-
16. ‘The fuel rods were rotated 459 before being withdrawn from the fuel
assembly (replacement rods wera rotated 45C after insertion) to prevent the
contact sites from being scratched by the grids. '

An evaluaticn of the wear depth measurements has shown that the wear
pattemn indicates an initial breaking-in pericd followed by very smll long
tere progressive wear. After 500 hours of test, 427 of 864 contact sites
(49%) exhibited meamnable wear; while after 1000 hours, 570 ocut of 720
contact sites (79%) exhibited measurable wear with no apparent change in
wear depth. Iog nonmal statistical techniques were used to characterize the
magnitide of wear at the contact sites. “A comparisen between the
corresparding values for the $00 and 1000 hour testing periods has been used
to assess the contribution of the long term progressive wear rate on the
total cheserved wear. The mean values of the log nommal distributions for
the test periods irdicate no significant differences between the data at 500
and 1000 hours, as shown in Table 3-3. These results show that the
comtribution of the long term progressive wear rate aon the total cbserved
wear is small, and no fuel rod failures due to fretting wear are predicted.

The prototype fuel assembly was also tested with a simulated reactor
cluster control assembly (RCCA) in the CROL facility. The CROL facility was
recanfigured to include similated reactor upper intermals at a ROCA core
lccation. A Babeock & Wilcox type control rod drive mechanism was modi€ied
to eliminate the smibbing action for use in these tests. Pressure drop
testing identical to the pressure drop testing previously described was
canducted with the ROCA both fully inserted and fully withdrawn from the
fuel asecembly.
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RCCA trip testing wes corducted at selected flow ratas at 150°F, 250°F,
S50CF, and 6CCSF. kommwpﬁmmsmmmmw
das@cte:ﬂywas[ _jmﬁsmﬂmmdat[ Jg:mat[ﬁ. This
ma:dnmtzd.ptimismllbelwﬂze[ '_.]secazlqawqmncelimit. Trip time
criteria are listzd in more detail in sectien 4.1.1.9. Trip times were
Teasured at other ccmbinatiens of flow rate and temperatire to fully
charactzrizs the trip performance of the fuel assembly. A typical pesitien
versus tire trace is provided in Figure 3-17. .

3,3.,4.  Fuel Aseembly Mochanica) Tests

Fuel assenbly mechenical tests were cornductsd to determine the
mechanical charactaristics of the fuel asserbly in air at rcom temperature.
The results from these tests were used to benchmark the amalytical medels
Gescriked in secticn 4.1. The protetype fuel assembly was supeertad by meck
core plates with guide pins to similate the erd conditiens in the reacter.
The fragquercy ard damping values and the mede shapes for the first five
nedes of vikraticn of the fuel asseambly were determired by a shaker test.
An electrodyremic ehaker was usad to excite the fuel assembly near the
midplare at varicus frequencies ard amplitides as the respenses of the fuel
assenbly nczzles and spacer qrids were measured and recorded., These
displacement-tire histeries twere amalyzed to dstemmine the dQynamic
characteristics of the fuel assembly. The results frem these vibratien
tests are summarized in Table 3-4. The first five mede shapes of the fuel
aseenbly are illustrated in Figure 3-18.

A fuel assembly pluck test was performed on the prototype fuel assembly
in air ard in water at rcom terperature to cktain fundamental natural
frequercy ard damping values at varicus amplitudes. - The pluck test is
corficcted by measurirng and reconding the displacement of selected spacer
grids es the fuel assembly is deflected latsrally at the midplare ard
quickly relsased. The results were censistent with the shaker test results
for the first mcde. Sutmersion of the fuel assembly in water reduced the
Mﬂmmfréqmzy[]mthadmmsmmeeﬁectmmeamﬁ;g. This
test wes also preformed in air on two of the lead fuel assemblies fcr
McGuire Unit 1 for comparisen with the protctype test results. As expected,
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ﬁ:eladaszaﬂalizsedﬂbitsﬁaslightly[ jmmralﬁ@.emjmi
epprodrstely [ Jot the empirg of the rrotctyre fusi ascarhly with
relaved gracer grade. Tos results frcm these virratien tests ars sumarized
in T=kle 3-3,

. Force vermus deflecticn tests wers conductzd to @etermire the axda),
Jateral, cantilever, and torsicnel stiffress of the fuel aszerbly. The fusl
ascertly is campwesesd aleng its logitudinel axds by an application of
fczoes &t the nezzlss in the axdal stiffness test. The lateral stiffness
test cersists of lcading the fuel assenbly lstsrally at thse two canter

_specer grids. The top rozzle is éeflectsd laterally while the kotian rozzle

is restrained during the cartilsver stiffness test. Tre torzicnzl stiffress
test is the applicaticn of a torgue to the tep rezzle such that ths fual
assenbly is twisted abcut its logitedinal ads with the kottom nezzle
restraired, The resits from these stifiress tests ars uszd to kanchmazi
analytical wedels ard are rrevided in Teble 3-6.

3,3,5.  Frel peserbly Corperent Tests
3.3.5.1, Sgecer Grid Trpact Tesks

I@aﬂtt&sﬁsweramﬁxteﬂtodetamimﬁmedyrmicd:arac&risticsof
e Zirealey irtemmediate specer grids, Thess characteristics were used as
ircut preparties for the amalytical medels of the fuel assambly, to
establish allewshle impact lceds, ard to charecterize the plastic
Ceferyaticn of the spacer grids. The Mark-EY Zircalcy intexpediats spacer
crifs wera impact tested using the stardard B specer grid jmpact test
wethed.

The sracer grid wes supported at eicht diegeral guide thimble lecaticrs
cn a rolling cart. Feel rod segrents lcaded with krass pellsts, ard quife
thirkle segments were.installed into each test grid for mmss and stiffness
medeling., The cart and test grid were propelled into a staticrary
instnmented imrect surface by a rrematic rem as illustrated in Figure 3-
19. Irpact force, impect duration, pre-impact ard pest-impact velecity, and
grzdpmrmtdef:matimmmsasmedm:gead:imact These cata
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wera iroat into a sirsle dsgree of freedem nofel to calaulate sguivalant
dyramic stiffness ard dmmping values, Sgecsr grids wers testsd at roem
tareratire ard at €CCSF. The xesuits £xom the epecer orid dmpect test ars
rrevided in Tekle 3-7.

The faflurs mede of tie srecer grids was racddrg in ths cuter tioee
rous. Grid plastic deforration was corzelatad with the fizst plestic drpect
lced for uee in the ICCA ard seleric aralyeses descriked in secticn 4.1.2.

3,3.5.2, Specer Grid Static Crueh

Zircalcy interredists epecsr orifs were alsc cxush tested at room
tenperatira to determing tha static stiffness and elastic lced 1imit for use
in estshlishing allcweble grid clamping lceds auring shippirg. The cxush
test was also uvessd to éstarmine the value of qrid defoemabion at which
lcealized distortion of an irdividual quice thinble affected Insertien of a
cotrol rod. Exch test grid conmtained a full complewent of fuel rod
gecrents leaded with Yrass slugs and quide thimble esgments. Fech 6rid wes
cxusked in its plare wnder slcwly arplied forees. The failwrs wede of the
stecer orid wes recking., Clesurs of a guide thizble ccowrzed after the
ertire grid was racksd into a diaword shere.

The results of the static cxich test ere given in Tekls 3-8.
.3.5.3. Srecer Grid €1%:

The forses required to slip spacer grids relative to the fuel rcds,
guife thimbles, ard irstmurent tike in air at rcen taperature were msasurad
Aurirg the slip tests. Inconel erd spacer grids simnlating the Eegimning cf
1ife (20I) ard Eod of life (EOL) corditicns, and Zircaley interpediate
ggecer orids similsting the ECL corditien wers tested. The EOL Inctnel
specer grid cells were intenticnally cversized to retuce the interfersrce
with the fiel pirs by approdmately] | No EOL Zircaley spacer grids vere
tested kecavee it wes essumed that the minimm slip fores for Zircaloy grids
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is[ 1 s resits from this test repreeent the total friction force
ketween the specer orids wd the fuel reds, ard were used as imputs inko
aralytical medels of the fuel eszambly. Tre test results are provided in
Table 3-5.

3.3,5.4 2dewm i ecti

Helddown spring ferce/cdeflecticn tests wexs corficted in alr at zrocom
tarperatire to characterize the fercs/deflectieon kehavier of tre srrings.
The ferce/Ceflection charactevistics were used in the rorwel cperating
aralyeis to determine frel asszenbly holddoum forces. Tee keldfoun sxwing
Tete calculatad from the test results was ussd to medel the holddon springs
in tke aralytical mcdel of the fuel assesbly. The holédewn eprircs were
strain gaged to determine the maface strains as a fimction of force., These
éata were used dirzctly in the holddewn spring strass analysis. A tyolesl
kolédoun spritg forcs versus éeflecticn amve is shom in Figurs 3-21.

3,3.5.5. oYk

Guide thimble ssgrents, each regpresenting a particular spen bstveen
spacey grids, wera testsd irdividually in adal copression to detzrmine
thedr kuckling characteristics. Fowr segments rerresenting the spen ketween
the uper erd spacer grid ard the uprer interwediste spacer grid, and foxr
segrents represerting the span kebieen the two \rresnest intermediate spacex
grids wers tasted a2t room tampezabwre. These two spans revressmt the two
spars mest highly lcaed in compressien during fuel assembly cperation.

Each test segrent was fabricated with hemispherica) end caps on each erd
to allew unrestricted rotaticn of the ends. The specimens were lcaded
thrasch special plates suprortsd by ball bearings to allew uestrictsd
translaticn of the ends. Ernd rotaticnal resiraint was provided by pretotyes
fracer grid secticns in the relaved codition. The test was cordectsd by
slevly incrzesing an adal conpressive lead while measuring ard recording
ceflecticns in both the axdal ard latersl directicns. The lateral
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Geflecticn wee meosred &t midsron of the esoments ard wes the prdiwevy
idicater of tre kuckling porformarce. The add=l deflection wes u=sd to
calculzted axdal stiffress values for guide thirdble scen elmmemts in the
fuel essakly anzlytical medsls,

Tha quicde thixrie segrenmts falled es columrs with initia) eccertricity
xather then es straicht coliyms described in classical Eqler thetry. Sseant
fermila cchirn thecry has kesen sboun to acourately descrike the buckling
tehavier of the quide thirhle spare. T forms of the secant formiles are
given rext, cre in texws of the latorsl displecmment &k ore in teows of
corressive stress.

~mmtttn—

e —

| L

| |
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3.3.5.6. _Joint Strercth Tests

Varicus strnchrel joints wers tested for stiffress ard stxergth in aldr
at €50°P. Trese joints inciude quide thimble erd plug welds, slesva to end
spacer ¢xrid resistarce welds, the kcttem erd spacer grid sleswve cximp
cornecticen, ferrule to cuide thirble resistance welds, and the ferrule to
Zircaley intermsdiate specer orid interface. The stiffnesces of these
sttedzents were used as irputs to the anelytical wcdels of the fuoel
eseexkly, and the stzengths wers used to establish allowehle leeds in the
stroctural evaluatiers. :

3:3.6.1. Evdroulic Tift/Presaure Dreo Test

Bydranlic 1ift and pressure dren testing, performsd in the OCartrol Red
‘Trive Lire (CRDL) at Eckeeck ard Wilcot’s Alliancs Ressarch Cenmter (ARC) in
the fall of 1985, provided quantitative results which allowed fer the
éstemminaticn of the famlcss ccefficies of vericus fuel assexbly
capenents cn the Mark EX fuel asserbly. The GROL is a clesed lccp test
facility that can provide coolant flew rates to approstimately 2500 ¢pm,
ccolant terperatires to 630°F and cperating pressures to 2500 psi. Fer the
| Mark BF hydraulic 1ift ard presoure drep testing, coolant flow rate veried
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frem 450 to 25C0 gmm, ccclant terperatire vexded frem 80 to €30%F, ard
creyatirg pressare varded from €30 to 2280 peia.  This renge of ccolant
ccrditiers provided test data for Reyrolds Mmter rarging £xom 50,000 to
£00,0¢C0,

Testirg was perforred using a full ecale assexbly with adsl presswes
ters placed at feurtsen different adal lecaticns. The test data wers
rmﬁedinthefmofm:radiﬁaamm,inindmscfmer,
acrcss ssventeen different spars aleng the length of the asserkly. The GRIL
test reasurement devices wers calibrated to rasd zaros inches of wetsr with
the pures of2, thereky eliminating the contritutien of préssurs drep due o
elevaticn from the messured pressure drep. Dwring the course of a test mm,
the data lcouing device in the CROL facility roads several pressuzs drers
frem varicus comeenents ard then reads the coolant pressure, tarrevaturs ard
fcowrats, This way, cdata for several ssts of ccolert corditiens axe
avaliadbls for a given test run., Fresswee &rop cases were performed at 2
variety of flow rates, for a glven set of cocolant temceraturs ard prssurs
cenditions, Rydreniic 1ift casss were performed sweh thet, for & given sot
cf ceolent terperatira ard pressure corditiens, flow rates wes increased to
the point at which tha fuel assembly lifted. Fressure drop meestraremts
were then mede and the flow ratz was zediesd wuntdl the fuel assembly
reeeated and pressure drcp measwraments were rede again.  The results from
thess tests wers armalyzed ard formloss ceefficients for vericus fuel
aseznbly corperents determired,  For more information en the presswwe drep
ard Iydranlic 1ift charactoristics of the Mark EW fuel acserbly eze Sectien
5.2 erd 5.3 cf this rerert.

322.6,2, TV Test,

Extersive Iaser Derpler Velcoimster (IIV) testing performed by Muclear
Fuel Irdustries (FI) has provided a detailsd description of the subcharmel
ficw distritution within the Mark E4 fue)l assambly. The results from these
tests have kesn used to confirm the subchammel formless ceefficients which
were Getermined analytically. The test grparatus consistad of a water flcw
lccp, the test containment and the test rod hundle. The test rcd hundle was
e up of four 434 mini-ardles which simnlatsd the cormer regiers of feur
adjecent Mark EW assextiies. The mini-turdies were arprosdmatsly 65 inches

3-18 B2 FUEL COMFANY




;'l
1
I

|
i
i
3

N e |

Com

L B

t211 zrd conteined fomwr spacsr orids each. Tre middle o orids were
seraratad by a2 distancs equal o tha distance ketwen spacer grids cn a Mark
Bi assably. In crder to characterize the cocolant fley ketween the to
xiddle specer grids, velecity profile measwrawents wers mede at four
differsrt cxres-secticnal planes. These velcoity reamuwrepents wers measured
alcrg linss thwagh the centers of ths stkcharnels at plares which wers 20,
100, ard 200 millimeters dewnstreem of the lower spacer orid and 20
millirzeters vrstreem from the wgrer crid.  All velccity measuremerts weze
rcrralized to an average velecity of 4.7 m/s (25.4 £f/=sec). The tests wers
nm with a water toperature ketween 20°C ard 40°C  (88CF-104C7) =t a
Frescrited ficw rata. Results from two ILV tests, are with four adjacent
ircerel grids and cre with four adjacent zircaloy grids, have bkeen armlyzed.
The results of the analysis show that the analytical results can ke
correlated to the test results., IV test results fer adjscant inccmel arnd

zircaley grids are still wrderceing evaluaticn.

3.3.6.3. GiF Testirg

In Jarcery 1687, a Critical Eeat Flux (C5r) test was conducted at tre
Coltntia University Beat Transfsr Research Facility to confimm the
erriicakdiity of the BN correlatien for predicting CGFF in red hurdles
vith zircaley miving vere grids like these used in the Mark B4 fuel
sesarbly. The BXMV coxrelztion wes crigirally develcpsd using data which
hed keen conpiled for test hindles havirg incors? mixing vare specer grids.
Tre nev test wes condicted on a2 full lergth, S5 tsst kundle with non-
wmifcrm asdal hest gernevaticn., A S9 point test matrix wes esteblished which
cversd the entire rarge of the BEQOWV cdata kase. Results feom trhe
confimmatery test showed that the BIOMV correlatien consexvatively predicts
the CF perfogmance of the Mark BEY fuel design. Fer a complete discussien
cf the test and resuits sce 28@erdm B of the BNV topical repert
(referarca 22).

3-15 B85 FUEL COTRNY



e S P NP

P

Fuel Assenbly Iength, in.
Fuel Red Iength, in.
Assenbly Bwvelcpe, in. |

Carpatible with Core Interrals
 Fuel Red Pitch, in.
Nuzber of Fuel Reds/Ass’y.

Naker of Guide Thinkles/Ass’y.
Nunker of Instrumentaticn Tuce/Ass’y.

Cenpatible with Movable In-Core

Fuel Tuke Material
Rel Fad Clad 0.D., in.

- Foel Red Clad Thickress, in.

Foel/Clad Gap, mil.

Fuel Fellet Diameter, in.
Fuel Pellet Density, % TD
Guice Thinble Material

Imner Diameter of Guide Thinbles
(xrer part), in.

Cutar Diamater of Guide Thimbles
(uper part), in.

Trmer Dlameter of Guide Thizbles
{lcwer part), in.

(lower part), in.

Trmer Diameter of Instrupent Guide
Thimdles

Zircaloy-4
374

0.024

6.5

0.3195

L]

Zircalcy-4
0.450
0.482
0.397
0.429

'0.450
3-20

- 151.630
Yes

«4396

264
24
l

Yes

Zircaloy-4
374
0.0225

6.5

0.3225

'E]

Zixcaloy—4
0.450
0.482
0.397
0.429

0.450

Zircaloy-4
-360
10,0225

6.2

0.3088

[]

Zircaley-4
0.442
0.474
0.397
0.429

0.450
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Cutzr Dizmeter of Irstnument cuide
Thizbles, in.

Coxpesition of Grids

Tep Nozzle Bolddown Spxings

0.482 0.482 _ 0.373
2 Irc.~718 Inc.-718 2 Irc.-718
Erd Grids, £rd Gricds,

6 Zircaloy-4 & Zircalcy-4
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Foeal Assamnly Lift
Presswre Lrep with Thizble Flug
1’st ECO Ecur Life ard Wear
Pressura Crep with Thizhle Flug
2'nd 500 Foux Iife ard Wear
Spacer Grid 1V
Critical Beat Flarz (CEF)
RCA reg -
Fresswrz Dxcp with RCC Aseanbly
RCA Trip
uel Asserbly Stretwran
Trequercy ard Camping in Alr
Freguercy ard Camping in Water
I2:z8 Assenbly Freguercy and Camping in Ailr
Adal, Isteral, Tersicnal, ard Cantilever Stiffress
Coreerert Styechiweal,
Spacer CGrid Impact , .
Spacer Grid Crush
. Spacex Gzid s1ip
Eclddevn Soring Fores/Tefiecticn
Gaide Thinble Buckling
Joint Strergth
Contrel Red Insertien
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FIGURE 3-13
Typical Fuel Rod Schematic
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Pressure Drop Measurement Locations
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Figure 3-17. Typical RCCA Trip Curve




ab-¢

Length Along Fuel Assy

- 120

MODE 1

Figure 3-16. Flrst Five Mode Shapes of Fuel Assembly

MODE 2

MODE 3

2%

MOODE 4

P

MODE 5

20

40

60

100

140

160

-1

o4

-1 0 +

-1

W

0

+1

-1

0

+

Q- Normalized Displacement e——e—f2»




gv-€

-

AIR CYLINDER

FUEL RO

D

| ‘ B SURFACE
i . _

l I /TEST GRID

LOAD CELL-///,

N

'
LSS S ST

FIGURE 3-19
SPACER GRID IMPACT TEST




i - P S
az TN

o

Ml -

Figure 3-20, Guide Tnimbla Buckllng Curves For Spen

Between Tep End Grid and First
Intermediate Grid

3-44

-3lia



T

Figure 3-21.  Typical Holddown Spring Force/Deflection Curve
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4. Acsemhl

The Mark-EN fuel assanbly design evaluaticn will ke kased cn tha design
aftbeleadasaﬁ:lis (Ias) with the follcwing differences:

. Eracer grid restraints en twelve guide thimbles insteed of four for

the JA.

mlmgnnagemtheumererﬁntun;axﬁasbcrtarfualmdto
allew mere room for fuel rod growth. The UEF grillage has keen
reduced by appradimately 0.2 inch., The fuel red has keen shortered
by .15 irches.

Cther design charges may ke made as cptiens to this design. These
charges may inclide charges in the fuel rod lergth, the hole pattern in the
IEF grillage (debris resistant), and varicus mechanical fastenings., These
rrcduct upgrades and cther minor evoluticnary charges ars esgected to have
dﬂyami:nreffectmthedetailedrwﬂtspr&a:tedinthissectim
Hewever additiomal analysis will ke perforxed cn these charges expectad to
have any adverse effect cn structural integrity cr safe shutdown capability.
Charges will reet the sare requirements ard wiil ke evaluated by the same
metheds presented in this report. 2Any significant charnges will ke presented
in the relced report for the plant in which the fuel will ke used.

In the following secticn the design kasis or criteria will be presented.
The methcd of amalyses will ke described or referenced, ard the results
reported. Based on the conservatismes inherent in the analyses, a positive
margin is sufficient to assure design acceptability., Margins are dstemmined
by the follcwing: '

Margin % = {(Allcweble - Predicted)/Predicted] x 100 %
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4.1 Strechura Inteerity

To ensure safz ard rz=liasble creration the structural integrity of the
mmelessablydasigxwasveﬁﬁedfcmtbélmdingsasscdatedwith
the rormal cparation, seismic and Icss Cf Cocolant Accident (LCCA ) events
ard shirpirg ard bandlirg. The results from the prototype tests ard
aralytical evaluaticns presented in tke follewing sections verify that tre
Mark-EW fuel assenbly mests the struchmal requirements for design lcads ard
functicns in a safe ard reliable mamer. The mechanical design kases used
for the desicn are idemtified in Teble 4~1. Secticn 4.1.1 discusses the
norml cperation, ard evaluation of mechanical canpatinility of the Mark-EW

Westinghcuse designed reactor intermals. Section 4.1.2 discusces the
amalytical petheds ard the results from the seismic and ICCA evaluaticen.
Secticn 4.2 discusses the hardling characteristics of the Mark-E{ design.

4.1.1  Normal Creraticns

Tha structiral desion requirsments for the Mark-E4 fuel assembly ars
éerived in large part from BSA experience, bkecth in design ard in—care
creratien with similar designs. The desigm bases ard design limits for the
Mark-E fuel assembly are essentially the same as these for the Mark-C,
Mark-B, ard Mark-EZ designs descriked in Refererces 1, 2 & 3, except as
requirad to conform to the Catasba/McGuire fuel plant specific design
requivements., These requirements ars consistent with the " Acceptance
Criteria of the Standard Review Plan ( NUREG-800 ) , Section 4.2 ( Ref-4),
ard follew the quide lines estahlished by Secticn III of the ASME ccde
(Reference 5). Ccde Ievel A criteria are used for rormal cperaticn ard Cocde
Ievel D criteria are used for ICCH/Seismic. The design kases and evaluaticn
performed to verify the adequacy of the Mark-Bi fuel assenbly for normal
cperating conditicns are prasented in the follewing suksecticns.

Tehle 4-1 shows the stress intensity limits ard maximm stress for majer
struchural comperents for the limiting conditicns except seismic arnd ISCA,
which are addressed in Section 4.1.2. The tenperabmrs ranges of cesicn
tmsiaxtsforthemmalmtim,amﬁieupsetcaﬂitimtramientswm
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taken frem Teble 5.2-1-1 of the McGuire FSAR Volume 4 (Refererce 11) excert
mmmm,Mmmﬁﬁeﬂmimhﬂethemngesoo-eso
F for mest trarsients. Tabla 4~5 provides the transients with the
tanperature rarges to which the Mark-EW fuel assembly was analyzed for ezch
tramsient. Icw cycle fatique of the fuel assembly was net & factor in the
romal cperating analysis since transient cycling involves variatien of
tamperature ard pressure which provides negligible stresses.

4.1,1.2 Growth pllcwancs Tesign Baces

.Ebeﬁzlassablytoreactcfinbenﬁlsgapanmmemﬂmrmﬂeto
fuel rcd grewth allowance gep shall ke designed to provide a positive
cleararce during the assanbly life time.

Grewth Allowance Evaluation

The adal oeps betwesn the tcp rezzle and reactor core plates ard
ketwesn the tcp nozzle and fiel rod were conservatively analyzed shewing
that these cars allcw sufficient margin to accomrcdate the fuel assenbly ard
frel xcd growth to raximm design armips established for the Mark-EX fuel
assenblies. The target burmups fer the Mark-EW design ars 55,000 MEG/mtD
for the peek assembly, ard 60,000 Mii/mtU for the peak rcd. The aralysis
wis &re by statistically cabining the growth tolerances by the square rcot
of the stm of the sguares methed from reminal and uwsing an upper kourd
“(minimm) cap., The gap ketween the tep nozzle and fuel rcd has teen
ircrezeed by approximately 0.3 inches cver the gap cn the Mark-EW lead
asserbly by thiming the production tep grillace design, and by shortening
the fuel rcd slightly to allew for additicral fuel. xed grewth for high
burmrs. Analyses with a finite element mcdel for the upper rczzle has keen
rerformed to verify the structural adeguacy of the grillage strength for
romral, uypset and faulted (seismic and ICCA) cerditions.
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Tre growth rate for the Zircaloy cuide thirbles ard fuel reds will ke
different from that of Westinchcuse foel assewblies. This is e to the
different material procassing these perts receive as required in BSY
sescificatiens. '

_ Irradiaticn growth of the Zircaloy fuel assembly ard fuel rcds was
ccnsa:vativelystimtsiusingbcthmmmpcstmim
Emmiraticn (PIE) data. The cooperative DOE/BswW/utility pregrams at koth
P}&lammlmlsupplyaddiﬁmm-af&lzwmﬂﬁmﬁsabu
groith cata for high bumps. In additien, an irrediaticn pregram to ke
performed cn the Mark-BW lead assenblies, which are in the Mctuire Unit 1
reactor Aurirg fuel cycles 5, 6 & 7 will provide early hurmup performance
creowth data for the Mark-EW design.

1 Fuel 13 1

Cesion Bases

The kolddewn spring system shall ke capable of maintaining fuel assewbly
contact with the lower support plate Auring Corditien I & IT events except
for the purp overspeed transient. The fuel asserbly tcp ard kotbtom rezzles
shall maintain emgagerent with reactor internals for all Cerditien I- IV
events. memelassenblyshallmtcmpr&theholddcwnspﬁng'tosolid
keicht for any Corditien I or IT evenrt.

Lesign Evaluaticn

The helddown springs were analyzed to show that the kolédown springs can
accemeedate the differential thermal expansicn ketween the fuel assembly ard
the core interrals and irradiation growth., The Mark-Ed fuel assembly 1ift
evaluatimmsperfomdbycanparingtheholedmm focrce provided by the
fuel assembly leaf springs with the hydraulic forces at varicus corditions,
incliding the pump overspeed conditicn. The amalysis indicated that the

- Mark-EW fuel assembly will not lift off under any hormal creratirg

cardition. At-lzp%pmpaverspeaicmﬂitim,themelamﬂalywm
egarience scre lift-off. The lift-off will be very smell and the holcdown
sering deflecticn will ke less than the worst-case normal cperating cold-

4-4 BN FUEL CCMPRNY




- rn

R T

ehntioin corditien. The fuel assambly 1ift-off will causs ro edditicral
Flastic ‘'set of tte koléfcwn sprirg. The Mearic-EW fosl assembly holddowm
erTirs stress calculstions shewed that the bolédown spring is stmochmally
efequate wreer 211 static ard fatigue lceding conditicns. The desicn of the
#ark-BV holddcun s¥xirg is the sams 25 thmt of the MFT 17:Q7 frel cesimm,
whldzhaspa'ﬁamdwanmﬁvamactorsins@an(i‘ahlebm. Tha tcp
mzzlapzwidespcaiuveretsnt:mcfthem&imcpmngmcasetﬁthe
unlikely event of sprirg kreskage. The aralysis also detsrmired that the
q;erccraplataguidepmmmthctbunaﬂ:mtbeguidepmholedths
Urper rozzle during the fuel design life.

Mﬂ@mmw&emmm&e@mtecf
the tcp rezzle wera aralyzed for nommal cperaticon ard the faticus leads.
The analysis skewed that the clamp scres are afequate for all iceding
cerditiens.

4.1,1.3 Guice Thixble .
Cesicn Eaees

Thigtle rucdirg shall not ccour durdrg rezwal cperaticn (Corditien I)
cr any trarsisnt cordition where contzol rod insertien is requirad by the
safsty amalysis.

Cesign Evaiuatien

Varicus lcading sitvatiers relative to guide thimble kuciding ard
farrule retentien were amalyzed. Under hypothetical. woxst case ¥ type of
leadirg conditien (120 % pum cverspesd ) 2] |mergin acairst buckling
edsts. As previcusly descrited, a conservative ruckling test s mnen a
full scale sirgle span of a guide thizble ( two grids and a guide thimble
segment ) at rcea taperature.,  This buckling lead wes corxected for
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cxrxesion, tolerances ard temperature effects. ‘The maryins of safsty
reportedinl?ble4-4fcrthewrimsguidethinblexmalcparaﬁng
kuckling lceding corditicns are based en the fallewing two kacses.

1) Zoad to produce a midspan lateral deflection of [ Jinch
.usirg the secant formla as discussed in Sectien 3.3.5.5, which
is kased on not affecting control red insertion or trip pexformance.

2) Icxd to preduce maximm allewable campressive yield stress
( Sy ) using the secant formula as discussed in Sectien 3.3.5.5.

The margins are reported for cases 1) 100 % full power ( FP ) mechanical
design flow rate, 2 ) 120 % FP mechanical design flow rate ( pup overspeed
cordition ), and 3 ) 100 % FP mechanical design flow rate with an upper
bowd scram 1cad of [ 1ks ( vhich is based on assuming control rod epring
fully compressed during a scram ). For the first two cases, the mayins
reported are based on the first basis specified akove, as the contyol red
insertion requirement has to ke shoun far these cases. For the third case,
the margin reparted is kased on the second basis specified akeve, since
after a SCRAM, the contxol rod is fully inserted in the quide thimble ard
herce the control red insertion is not a2 concern for this case. All margins
were shewn to ke acceptable.

The ferrule to Zircaloy spacer grid intarface was tested to
deterxine the stiffress ard stxength ( medmm lcad ) of this interface.
The results of this tast, together with the results frcm the guide thinhle
buckling test were used in an evaluaticn of the intermediate spacer grid
restraint system. The evaluation showed that sufficient margins exist for
ferrile/grid imterface strength under all epected corditicns. All margins
were shown to be acceptable. 2 camlete qualification of the ferrule
weldirg precess for procduction on the MarkdW fuel assemblies is in
progress. Testing results of the resistance welds of the ferrules to
Zircaley quide thimble segments chtained to date, indicate that the weld

will provide adequate strength during exposure to the reacter envirorment.
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4’1.1.4 m

Cesicn Bases

The design keszs of the tcp ard kettem Incenel orids erd the
intexwediats Zirceley corids rmrain the same as the Mark~EZ Cesign, Ref-3,
vhich require that no crushing deformaticns cocour ¢oe to rocrmal cpsratien (
Corditien I ) ard Cordition II event lceding, end that thesa orids prewide
adequate suprort to maintain tha fuel rods in a coolable confiquratien fer
all cerditiers. )

| Design Evaluatia:

The tcp ard kottcm Incorel grids of the Mark-E4 fuel assambly ars the
szxe as these of the Standard NFI feel design. As discussed in Sachien 3.2
tre interwediats Zircalcy spacer grid desicn is similar to the B&¥ 1515
¥er-EZ spocer orid design.  Tre structral inteqrity of the intarvediste
Sircaley epecsr orid was confirmed throuch struchra: tests somrarized in
Sacticn 3.3.5. Calculaticns wers perfoarmed to shew the accoptshility of the
frel rcd zestraining forces provided by the grid. e structural
performarce of the grid under selsmic ard ICCA lcedings as descyited in
Secticn 4.1.2 has shown that the Zirceley specer grid provides adequate

¢esien rargirs.
4.1.1.8 ace wi
Design Ezees
2s 2 minimm,the flat vertical surfzces of grids en adjacert assembijes
(ircluding resicval Westinchouse fabricated fuel essegbiles) shall bave

a
pcsitivecverlapattha"mstczsa"mﬁiticm.hminimmoff _‘_{
WA/my differential bump bstwsen adjacent assenhlies ehall ke consicered.
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Elavatiens of the orid have keen selected by adjusting the sgacer grids
ard fzrrules to mesdmize dal aligrrert with the grids of the adjecent fuel
ascembliss, Grid to orid comtact is mainteined at a1l times ksbwesn
adjecert fuel aseemblies., This is recessary to pravent fuel red wear by
grids cn an adjecent frel essably ard to meintain the fusl assamblies
strectural capzdility ardng selsmic and 10 corditicns.

4,1,1,6  Fusl Red Frettirg ard Wear
Dasicn Bases

T2 fuel assearbly éesicn shall ke shown to provide sufficient sirrort to
1imit frel rod virration ard clad frething wear.

Cesign zvaluatien

A life ard wear test wes cenductsd at meddmm resctor fiow condibions
for wors tran]. | hows to evaluate the frettirg charactaristics of fuel
reds arnd spacer orids. Results of the test showed no irdicetiecn of adverse
fretting wear or procressive wear of fuel zods. - Petails of the fretting
carresion testing are descrited in Sectien 3.3.3,

Creraticrel experience is also available from the Me-EZ Iead Test
Assarkly (Z03). ‘The M-EZ IOR is a Mark-B fuel assenbly with Zircaley
Interzsiate spacer Grids which vas irmradiated to a bump of[ |GRYmD.
A prelside exmminaticn weas mads of fuel rods remcved from the MR-EZ ITA
(refexence 27). The Zircalcy imtermediate spacer grids for the Mark-BH were
kesed cn this design. A total of five rods weve pulled fzom the two of the
four MR-EZ Ifs. Al spzcer arid stop-fuel red contact sites were ex=mired.
Mo eviderce of fretting was visible.
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4,1,3.7  Fed Eoy
Cesicn Bases

Tuel red kouwirg shall ke evalirated with rssoect to the mechaniesl exd
thermal /vdradiic periczmance of the feeol esserbly. The fuel esemily erall
rct ethidit excessive frel assambly kow Awrirg its creraticn 1ife.

Design Evaluatien

There ars ssveral feahmccftixs}%c—ﬂff@alassamblyé%ign&at
irprove its fusd rod kow performerce. These festires inclnde met rigidly
attachirng the intemxediate spacer grids to the quide thinkles ard wsing a
keyekle specer orid éssign,  The ret result is that the @dal stxairs
ir2czd in the cladding are retiuced which tzarslates to lower rod kow.
Similarities etween the Mark-B¥ and cthar BEW fuel Cesigns ((ferk-B, -EZ,-
C) rermit the use of the red kow predicticn as pressnted in the red kow
topical report (EAW-10147, Ref 6) in the trermal-hywlreudic eveluaticn
Qiscusesd in Secticn 5.4 for plent cperation limits. This rzzezt has keen
zgprreved by tha NRC for licensing previcus B&W fusl designs.

The fusl rcd bow performance of Zircaley grids kas teen verifisd by
reolside PIE (raference 28). Water charrel peeswwerents wzde cn the Me-ES
Il follcwing irredietion to [ | ca/mn ehowea the foml w8 bow wes
ervelcred by the predictions frem the fusl red kow topical.

4.1.1.8 _Teo Pozzle ard Bottem Hozzle
Lesien Bases

The tcp nezzle ard rethem nezzle Gesign kesess are the sare as given in
Ref 1, Sectien 4.2 vhich are based cn the AQE Boiler ard Fresswre Vesszl
ccde, Section IIT limits.
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Design Evaluaticn ' .

Finite elsmert sralyses of the top rozzle grilizee and the kotben nozzle
grillzce hava been performed 0 show that the designe are rers than edeguate
o withstard the normal cperating leeds. fThe anslyses wers perforred using
envelcping ceresrvative crerating lceds, Faxtiomlarly, the 1cads durdng
shatéoun were evaluatsd st 100 ©F, EOL at which the holdfom forze is
rexdmm.  Alse at the crerating corditien of 630 SF a coneszvative SCRAM
lced was arplisd in acdditicn to the kalddown force. . For the lcwer nozzla,
in additien to the SCRMM lced, tre weicht of tha ass=mkly wes a2l=o erplisd
o the lowsr rezzle grillace. )

mthebettmmmle,ﬂmﬁzﬁ&alméaalymdim&aﬂ_aﬁveam
perfermed for the lesd aczembly. Cozrently, the dshris rasistamt kotiom
rezzle desiogn as Cescriked in section 3.1 iz keing pexussd S the
predecticn desicn,  Freliminery calculatics have shoun the adecuecey of the
@ekrls resistart kottom design for the romel crereting leads., This will e
confizeed by finite eloment aralyses schediled for completicn by the later
rart of 15g8,

+1.1.9 io Tires

Cesign Esses

The fuel ascarkly shall rot exparierce any permenant deformaticn @uring
nearal cperation (Cerdition I) or & Condition IT event that would cavse e
control comperent drep time to incrsase keyerd the follcwing limit.,

¥xdmm Centrol Red Trip Tims: [ ]sscm:ds &s mpeaswped from the
start of control rod spider movemert
to dashpet entry by the control red.
[ ] seconds: to re weed in &=
acﬁdmtamlysis.

Eesign Evaluation
Tre diemsters of the Maxic-Ed cuide thimbles are idsrtieal to theee of
the Stardad Westinghcuse cesign at the pper ard dashpot secticrs,
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4.1,1,10 _ Mechenical Concativility

Desian Easss )

Tre Mark-i fuel ascephly shall be dirensicrally ard vdreulicelly
coxpativie with the Westirghouse residernt frel znd dirensicnally compatinis
with ctier core compenents and fusl hardling equizment,

Desicn evaluaticon \

Trhe Maxk-EV fuel assarbly Cesign data are given in Teble 3-1, In this
tzble, comparieces are mads between roth the Westinchouse ST ard the GRA
" frel €5 shew éezsign similarities ard @iffeyerces. Flooe 3-1 shews a ¥azrk-
E7 full length schematic view, The Maxk-Bf fuel ascewnly hes the game
cress-secticrmal envelepe 23 the 17347  Westinchousa fusl  aszendly.
Mechanical imtaracticn between fuel assemklies is confined to the cxid
lccations. The grid elevations of the #ark-T fuel assambly ratch the 17:47
Westinchousa 2] assemkly, mindmizing the effects of mechanical erd
bydranlic interaction ketwsesn asembliss, Tre Mark-BY fusl asssmbly is
cesicred to ke fully corpatitle with the STD and OFA Hestincheuss 17:a7 frsl
essexbly Cesign, yeactor Intewmal inmterfaces, fuel hardling and yefuelirng
equirment, arnd spent fuel storace racks. Compatibility of ths esdsting
certxrol coxpeorents with the Mark-EW design is assured by the similarity ef
critical @imensicns sxh e guide thizble lecations with these used in the
4.1.2 __ TI0CA argd Seiemic Icading

Tre follewing criteria have bkeen established for the fuel assembly
seismic 2rd ICCA eralysis which are consistent with the Wacceptance
Criteria® of the Sterdard Review Plan (MUREG-0800), Secticn 4.2.

1) Fer Cperaticral Basis Farthouake ( CEE )
Tee fusl aszzombly is éesicgned to ensure safe cparatien follewirg an CEE.
2) Fer Safe Stutdown Earthouake (SSE)
The fusl asserbly is designed to allew contzol rod inserticn ard to
mairntain a ceolakle gecretry.
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3) Fcr 1ccs of Coolant Accident (IOCR) o Cobined ICQA klus SSE.

Tre fosl eseexdly is Qesigred to allcw for 4he eafe ehutdom of the

Teacter gystens.

In the accidert analyees, the lateral effsct (ICCA ard sadmaic ) s the

vextical effzct (12CR) ars investigatsd scparztsly. This leads to a
Gevelerzent of a latzral wedel rerwesanting & xow of assexblies jecztzd en a
symustzy axis of the core ard a vertical medel of the fuel aszenbly.
This section gives a Gescription of these wedels end discueses the results
Cf the aralysis. Cnly the ICCA effect was eralyzed in the veztical
directicn, as the s2immic excitstion in this Qirectien will coies fuel
aseexbly 1iftoff.

4.2.2.3 __ Fuel seerbly Jateval Aralygis

The saiendc ard IcCA tixe history meoticns of the uvrrer and lower coxe
plates ard the karrel at the core plats clevetien wers rrovided by Duke
Fower Corpenyy for each of the MoCuirs and Catavda raiclzar staticns. These
woticns were zpplied to the rescter core medel as shomn in Figee 4<1. Tre
foel aszembly dsflection ard grid inmpact force restemess were determined
usirg the gereral rrecedire cutlined in BSW topical repert BAN-10133F, Rev 1
(Refexerce 7), excert for a mince censervative medification that was made to
the reector core medel. This report has raceived the MRC approval for
referercing in licensirng spplicaticrs. In the reactor coxa xedal, the fuel
aazenblytsaszzgrmtsﬂw[ .imimteadofi . :Iuassasas
éestrired in the Reference 7 report. It hes besn shown that| Jmasses in
the core medel result in the highest lead, :

A krisf escriticn of the amalytical core mcdel ard the results cf the
analyels ars summarized kelcw. TCetalls of the cors medsl and the aralysis
rethied may ke fand in Refszencs 7.

The covs moeel contains “J#ue zscerbites in a single rov to
simiate the west esvere inpact lesdirg conditien for the fiel assenblies. A
pramu-icsb;ayhﬁw.edtnatthe[ ]n.ez assenbly melel gives the
highsst impact lczdirg cordition ard as the muwker of aszarblies incrsases
keyerd five, the lced decreases, Each fuel assarbly was mcdelled as a
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sxrirg yaes syster, with sl messss lumped at the intezzediate spacer orid
lccatierns ard ssven kemm elarents representing the fisl rod ard quids
thizbia crees-sscticnal inertizs, Tre valtes for the rotaticral springs ard
water azsss distritution wera calculated beesd on the fuel  aesambly
. eperinertally dstemmined mede eheres and coxresponding frequencies. Tre
aseabliamim;mwtsdby’[ ' jga;edspﬁngs,ﬂ:atrmaxtbs
sracey orid imract precperties, such as imact stiffresz, dmmping, etc.
Thesz preperties were cotained from the spacer grid impact test reauits.
Calculated ncminal cpevating tamerabwe geps ketieen the adjecent fuel
. asseblies and ketveen baffle plate ard perigheral frel esserblies were vesd
in te aralysis. The SSE and ICCA calculstion in the analysis wes kesad en
fual aszzably prorertizs at 600 F ard full reecter ccolant flew cordltien.

The wrper coxs plate, lower core plate ard the cors karrsl wotiers at
xrer core plate elevations were similtenecusly applisd to the camplets cora
" medel. The core barzel moticns at esch irdividusl grid eleveticn were then
lirearly irtarrclztzd betieen the motions of the upper cocre baxrel ard the
lcwer core karrel at evexy particular tims irstént. The medal wes amalyzed
w%mmmmiml&l, Gesermived in Referercs-8.
The SRFS program perforrs direct mmsrical intsoraticon of the eguation of
ection sbjected to krown displacement tixe histories.

Tre gtatic and dyremic chavacteristics of the Mark-EW fusl assamblies
vere Cetermingd eralytically ard exerirentally. These charactavistics wvers
ford o ke conpstivle within the range of velues provided by Westingheves
for thelr resient fuel zesemblies, Also both Westinghcues and Mark-Ed
sracsr oriés have similar cverall stiffness ard gecmetric buckling
characteristics. The typical grid bucddding failure mede cotaired from the
Corr~Yarkee specer cxid (Vestinghouee 15:45 Inconel grid - test dena by BE
Feel Co.) ard the Mark-EW spacer orid impact tests was a racking failure
wede for both type of the grids. Recking wes confined to the first| ]
zous on the dzpact avface sice of the orld, and tne guie thimble pesiticons
wers rct altered. In visw of these similar rsstlts en the Westingheuse and
the Maxk-EY fusl assexdly and the spacer grid charecteristics, the Mark-EW
zralyeis resdts zre eppliceble to the Westinghouse fel,
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For the Gafe Swicdoun Earthauals, the calouletsd specer grid imgact
lczfis are within tre elestic 1cad limit. Teerefors for the Safe Shutdown
Eartheouekes (SSZ), the recuirement of 2 comtzel red incertien end cociskis
eenzizy is met. 23S the specer grid inpect lcecs ars witlin the elastic
lead limit for tha £S5, these results also eatisdy the Craraticral Easis
Eaxthquaks (CEE) reguirerents, that the assembly or coapcnert not srcssd its
yield limit ( usu=lly ths wecnitide cof the CFE is5 bkalf the mecnitide of the
EST ). Eerce a screrate CEE analysis is rot reguired.

Fer the ICCA lesding, a Vexry fov of the specer orid inpect lceds
slichtly ‘exceedsd the spacer orid.elastic lced limit. .This lced on. s
grecer grid resultsd in minor plastic defcrmatien. Eowever, calcilations
stowved that the fral rods remined in a ccolable gecmetzy and tke cuide
thixbls peoitions were not altersd. Tws, the inserticn of the contrel xcd
will ‘nct ke hincdersd, fTheee calculaticre wers kaced on orid 211 gecxetry
ard the MRC’s Gefinitien of a fully collarsed grid, (Referemce 4) all soit
stqsmuymmmmmmmamawimmmy.%s.
mmsmﬂad&fmtimﬂammmmmlﬂwamms{J,
mmma[ "Jarch deflscticn of the grid, This is consistent
with results cf Merk-EZ ard Inconel grids, which have shown compliance with
NUREG-0800, Ssctien 4.2. The BCCS analysis will verify that for the
collzpezd grid, the fesl red cladding terpsratie is within the acceptance
limit cf 22¢0 ©F. Tre EXS I0CA analysis will be reportzd in EWFC Tepical
Report-EP13-10174P unhich is echeduled to ks iszied by the end of calendar
vear 1588. The iceds for ICCA plus SS2 weore corbined by the sum of the
eqEre-reot-of the equares ;ethed s discussed and acospted by the MRC in
Fef 4, FURFC-0800.
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The results of the madmm sgacer orid fmpect forces for the fanlted
cerditieors are mumerized in Table 4-2. The mxdmm grid ireact force of
4888 1xs ccourred at the middle irtemmediace grid lccaticn of the perizhersl
fuel acemily. Pigwe 4-5 shows the typleal inpact force plct for the
perirheral fiel sssmbly, whers the madmm orid impsct lced coourred,. Gy
cne ixract zkove the elastic impect lcad wes edperienced for tha peripheral
fuel assembly pesiticn. The subsscuent impect wes of much lawer mecnituds
ad will et have a significent effsct en ths recniteds of ths grid

_ The grid permerent deformation wes wessured as a functicn of inpact lesd
&uriry tha Gyremic impect tests s diecuseed in Szcticn 3.3.5.1. 2n uwprer
rord limit anve of the grid permevent deforzatien was cbtainred from the
test data &t room temperature and at reector cperating conditiens. The
reacter crerating temperehue cnrve wes used to cbtain the spzeer- oric
permanent daformation from the fmpact ferce crtained fzom tha aralysis. The'
coolable gaczetry of the fusl assanbly corzespordivg to the madmom
calculated grid @forraticn was cenfirmed ky pexforming the limitirg grid
¢efarratien caiculaticn as discussed akowve.

2.2V

For the vertical ICCA respenss araly=sis, a redification to the fuel
aszadly agiel mcofel, as descrited in BEAN=10133P, Rev 1 (Referanee 7) wes
rzguired, reczvse of the design diffevences ketveen the Mark-C and the Mark-
EY cesigrs in the methed of restzaining the specer ¢rids. This is a mirer
crarge in cnly the wechanics of the amlysis,

Tee finite element vertical medel of the fuel assepbly as shown in
Figuwra 4-2 is a lwrpsd mess medel with one dirensicral spring ard slidirg
frictien elemerts Just like the Mark-C fuel assenkly vertical wedel
Geecrited in Refeverce 7. The model was aralyzed using the gereral finite
elerent ccls ANSYS ( Reference 9 ) tecause of its capsbility to distrirute a
given hydraulic force tire histery cver a large rmker of mess ncdes, The
strirg el=rent characteristics wers directly cdetsrnined frem cecmetric ard
mammm,mm.mmuammmm
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frrm the finite elorert  znelysis, e gijdirg el=went Erictien
charecteristics were cotaired frem elip lcad tssts on preductien grics.
Fer-linesr effests such as holédewn sprirg pre-lced, fusl to grillece oop,
end fral rcd to spacer grid frictien wers incorporated in this medel. The
sorirg rate of the restrained ard the urmestzreired cuids thintles erd the
frel red wera Getermined from thedr respective cxces szcticnal exeas of the
claédirg, and the spen lergth. A corcentrated mess was added to the eprirg
elans:ts&tamﬁatemdallmtiaxsfcrthedyrﬁmigmlysis.

The hydramlic leczds en the rzector core during a ICCA weze detesmined by
BEd from their CRAFT amalysis (for metheds rafex to Pefsvence 10) for irs
¥cGaire ard Citaba Mclear Statiens. Tre f£ollcuing desion cases ware
cersiderad,

Czez=1. A brezk at the surge linse nczzls attacikment to the kot leg.
Cacz~2 A kwesk st the safety imjection lire rcezle sttaciment €9 the e2ld

lq. . .

Fiqures 4-3 and 4-4 ghow the reactor core forcing functicns respectively
fcr the skove cases. Tee fuel assably force time histery applisd to tre
frel assexbly vertical medel wes chbtained by norralizing the 193 assanbly
cczz to a single assembly rasis, The hydranlic force cn the assambly wes
zrpiied to the ANSYS medel as a force time histery imrut. ICCA distrinutien
fectors for the foel asserbly comperents were calculetsd tzssd on the fom
less ccefficient asscclated with each nede.  Analyses were pexfereed for
Ecth kegirning zrd end of 1ife values to Gotermire the worst case lcading
corditien.

Tre compenent forces cktained from the aralysis are stmrarized in Table
4=3, Tha results ofthea::alysiss}ww_ﬂzatbemseofthehnl&imnsprirg
arplizd prelced and stiffness, the fuel assambly Awirg the ICCA dees ot
contect the urpar cors plate. Thesa forces ave well kelcw conssxvatively
calculatsd allcweble leeds for the guide thinbles and the fuel reds.
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Tee fusl assambly coporsnt strsss analysis wes perforwed using the
that could ke amalyzed- SSE and £SE plus ICCA. The criterdis for ICCR ard
SSE pivg ICCA are the eame. Eeczuez of this, cnly the €S8 plus ICCR ks
aralyzed since it produced the highest lcads.

The melal and latsral lcads chtained from the selsmic ard ICCA lcads
were used for the sukbesgrent stress amalysis. ASQIE Ocde- Arperdix F (Ref—4)
. %es used as a guide for the fuel assembly censral stress criteria. Tha
"ar.alysisfcrmstmts_:edclasaicaltec}ms Inscmacases,
failure leeds as estzbliched by testing were inccorporated pexr the ASME Code.
In mest cases, the adsquacy of the components was shown using tha rominal
dixensicns. The wpper ard lower nezzles were emalyzed using the finite
elerert cde AMSYS (Reference 9). The quide thimble mudQing analysis wes
pexforred using the colum secant formuia 2s given by the Fquatien in
Secticon 3.3.5.5. The quide thimble kuciding limit used in tre amalysis is
corseyvative since the guide thinble will deflect ard contact the fuel xred
which provide surport ard a higher alloweble lczd. A1eadfacmrofr,-_]uas
uszd to account for unequal lceding dre to external factoers, fakricaticn
differerces and irkerent design factors. ‘Theccuide thimbile arnd fuel red
stresses resulting from the medmm prokeble fuel assenbly deflsction were
evaluatad. The fie] asserbly meximm prokable defiection was calculatsd
using the ecommlated fuel assenbly gops of the rows having the mesrimm
nxker of fusl assapblies zcrcss the core Qismeter. This is the masdmm
cefiecticn allcwed by the reacter internals corstraint system (core baffle
Plates). Tre total stress intensity in fuel rois was calaulated by
cersidering contritutien from 1) dynemic berding leads 2) dyramic adal
leads ard 3) stesdy state bocp stress causad by the pressure differential
between the reacter system pressure and frel rof intermal presstre. The
internal preseurs corsidersd wes the minimm £ill ges preseurs at rom
taperaturs before cpsration. This is corservative in the determinatien of
Tdmm stress intensity in the fuel red, since the internal presswre
censidered was a minimm value. '
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Tre endyom stresszes for varices feel esserbly camponerts ars sumrarized
in Tzhle 4~3. They indicate that all major compcrents of the fusl asemkly
mest the desicn requirsments for the S5Z ard a ccrbined SSE plus ICCA event
with acsguate struchiral margin. Te results of the SSZ enzlysis mest the
-@esicn criteria for CEE cGescriked in Sectien 3 of topical repert EAN-10133P,
Rev 1 {Referznce-7). Eo ceparate CEE stress resuits are rot raquired. Also
the SSE requirersnt of contxel red insertien was fulfilled for a coubined
SSE plus ISCA ard therefor provides added conssrvatism to the aralysis.

4.2. Fusl Aeserbly Mechanical Coppatibility
erd Farliny Choractecistice

Fechanical conpatibility of the Mark-EW fuel aszembly with the rsactor
internals, hardling and storage ecuirrent, and resident fuel assemblies has
keen confirmed by direct corrarisens with the dimensiens of Westirgheuse
fuel assamblies affecting these critieal intarfacas. ¥any of these critical
irtsrfzce dimensions were supplied to Bskceck & Wilcot by Westircheouse
Electric Corporaticn tirouch Duke Fower Corpery. The informetien included
cutlire @rawings containirg envelcpe diversicrs, spacer grid lecaticns, and
critical interface dixensiens of the tcp and kottom nezzles.

el el el ol el el

Tte Zircalecy intermediate spacer grids of the Mk-EW fuel assanbly
ircivfe several design fezhurss of the BSW Fuel Comperny’s Mi-EZ specer orid
.midipmmterssistaubmg-@wiﬂxctherfuelassanbliescr
equizment. The leadirg ecges of the extericr strips of the spacer grid
assenblies ars inkcard of the plare of the cutside edges cof the periphexal
fuel rods., Each intermediate specer orid assembly is checled for harg-ip
resistarce cn the fuel aseenbly by sliding a straight edge alcrg the plare
of the cutside of the perirheral fuel reds ard over the spacer grid, Iead-
in is also provided at the coamers of the grid to resist harg-up. The MK-EX
Zircaley grid comer has keen imryeved cver the Mk-EZ design by replacing
tte cormer Xeving wirdew with a commer colum which provides imoroved

4-32 BEJ FUEL COMEANY

!




Tre Mxle-E7 foel assankly is fully cexpativle with Westirchouse zeacter
hardlirg ard storege raneuvers. The @taricr featwres of the Zircsioy
irterzediate sracer qrid have keen keesd cn scecessful Zircaley specer orid
Qesiens (Refererce 3). The mechenical conpatidility ard stpericer rerdling
rexfermance of the Mo-BY fuel assarbly design have been derenstratsd by en
ewmrodse with the prototyce test fuel aseemhly at the Catswka, Unit 2
facllities end by the irsertien cf the four lezd essexblies in ¥cCuire, Unit
1.

4,2 ot Tar Al

The Mark-EW fuel assarbly is desitmed to maintain its dimensicral ard
- strechoal integrity when sibjectsd to rommal hendling ard shirping leads,
The lead~-in taks kstween the fuel reds cn the wrrer ard lower edges of the
cutsr strips of the Mark-EZ Cesign have een meintained in the MerlcEW
éesign to provide ksttzr resistance to hergup durdng fuel berdling, To
preciuds spzoer orid fallures resulting from excessive clamping leads
impozed by the cshippirg container, B has develcped a bwackst that
mechanically limits the impesed leads. The follewing provides the éisign
kases and evaluaticn for hardling and shipping lcads.

Dasign Bases
Fardling Icads .
Adal Rall E\We‘tWeight+£ ]Pa.:rds
Adal Fush : L]Pcurzis ’
Shirping 1czds _
Iateral : 6.0 G's lced factor
adal : 4.0 G's lcad factcy
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4 .1 Sview: ds

an aralysis wes perforred to enswe the struchural edecracy of the Mazi-
7. desicn unfer the ztove specified shipping lests. Tre results of the
aralysis showved that the fuel aszably and its coxpenents will maintain
thelr struchural integrity under the epecified shippirg lczds. Crush tasts
as CGescriked in Sectien 3.3.5.2 have keen performed to ensure that the
kardlirg corditions, Sumraries of the results are provided rext.

1. T2 yrper ard lowsr plsam sprirgs ars designed to waintain the fued
colum pesiticn ard prevent the forratien of =dal gars. This is done by
maintaining & preleed on the fuel stack to camter acceleratien lcads wp to
146’ which is significantly axcve theee exprected to cocour dwrdng shirring

2. The frel rod will rct slip throch the specer grids urdsr the waximm
axdial shirping lcads.

3. The spacer grids will maintain treir sbchoal integrity under the
paximm lateral shipping lcads, and the mcdmm clazpirg lcacs.

4. Specer grid esoft sters are desigrsd to maintain acceptetie frel rd grip
forces urder the # €G / lateral chippiry lceds.

4,3 Materials Comratibility

The majerity of the materials used in the design of the Mark-EW Fuel
Reserkly includes 304L Stainless Steel, Inccrel 718, and Zircaley-4 which
sorord and cenmtain the wanium dicdés (UO,) fuel pellsts. A list of
materja)s is shcun in Teble 4-6 with their respective use cn the Mark-Bi
fuel asserbly. Fach material copenent is kased en an incustryewide
starf&dsaximdiﬁedawamimtomivimala‘gireeﬁmm. aAn
eample of this tyre of mcdificatien is lowering the ccralt content in
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(Reference 13). Trhe follewing secticns sumerize the mpaterdsl ard
ervircrmesmtal coopstivility fer the Mark-E7 fuol assahly coxponents, The
raterials cn Mark-Ed fusl assemblies kave been dencrstrated thyeuch irdistry
mummme,mmmm-mmmmﬁmﬁm
are fora2 to ke cagstible with these used in tre Seismic ard Icss Of
mlantkcciémt(lb@)amlyses. |

4.3.1 _ Corpopent Materia) Precerties

Sere wechanical ard metallzgical prepertiss of the -zixcelcy, staindess
stzel, ard inccnel motels are very szesitive to the fakxricatioen precess.
Charginy the arcuomts of alloying elemers, ammealing terreraturss, amd
percent of cald werk in the wetal can very the strength avd coctility of the
fim) preduct, Throch extensive ressarch ard develcrment and industry-wide
ecsrismce, pamfachwirg tednﬁg:esare:xntixﬁmny adjuq‘caitéimprwa
pertioilar paterial pevformences. The following raregrerh descrires the
néj&mliﬁx%m'mwtomtmm—w
Fregrem. '

Cetimizirg the allcy ediiticns in Zivcaleyd Cledding capired with
wcdifisd therne~chezical treatmerks allows the recrystaliized alloys to shoy
Eetter cresp strength with miniml effects on the tensile strength and
Guctility (Refererre 12). ‘This atvercsd Zircaloyd cladding will ke uesd cn
the Merl-F7 fuel scemblies. Zircaloy~d specer grids use sterdard bes2
mtarisl ard exthibit excellert strength and ductility.
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Stainlesz stesls kave reen used througheut the mdlear drdustry, end
wrooghlt 3C4L €S used con the MX-BEH fioel sceertly posssss very ceoed
formebility ard can ke resdily wolded by all commen petheds. A1l welding oo
the Mark-EW frel asserblies copsists of jednirg metals of similer
ceeposition (i.e. walding Zircalopd to Zircaicy-4). Trerafara,
m@ﬁbﬁityefmﬂ:gmisawq:mble,mammaﬂ

Irccrsl 718 elloys have been markelly improved by incressing the
This resuits in a mich improved wiform grain struchre ard a mere ductile
mstal. The uniform czairs, especially on ths swrface of the x=terial,
ing:mvethemgtalsmistametodef&ts&atmaymacmddng.
capetibility of the fuel eseemkly camcrents to thedr mectenical ard
rstallurgical effects.

- 4.3.2 Covroeien apd Ipredistien pifects

mmmmimdﬂzwsm&am&-mm
wmmmwmxmm-am
asemgblies amrently in-resctor. This corresien resistance is the rasalt cf
a coabirstion of hish quality bese metrrisls ard scwrd semufectuing
trchpicues. Materie) stardarts were specified to insure high quality kase
zzterial end comtzolled xemufectirirg precedimes were Esvelcped £o prodcce
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campcrents with a minimm of swisce cot=minstien. Mermfechniry,
bardiirg, ard welding precetures have aleo keen davalcpsd ©o prevent surfece
wmkaumafmammm&atmmmmtmm
m@ﬁmmmmmmmmmm

Zircaley-4 is chemically reactive ard resdily forws varicus cxide
cm@mﬂs%ms:bjectedtotamhm&mmctaﬁsticofmm
ewvirgment. ﬁ:em:simr&imofztuﬂsyb&iswsiﬁvetoﬁm
cmpcsiﬂmoftbebe_eemterialaﬂanymmsw‘ﬂcecmmmam
When subjected to the reactor envirerment, a thin, tough, adherent oride
film forms and acts as a protective karrier against corrcsive attack.
;mﬁm&mﬁt&sw@i@tﬂémﬁmﬁﬁmmm
assmamcsimrasistantmétsﬁal.

The lewer carken in 304L &S provides excallent resistarce to
intergrermlar corresion ard limits sasitizedion of the metal. Tke
Zircaley-4, 304L SS, ard Ircorel 718 mcne."d'sretam theiyr hich impect
strenth after irradistien, and cverall strength is incwessed wnile tre
auctility of the metal is reduced when in ezpvice. The activity levels
mwmmwmismwmﬁnqmm
of ccalt in 304L stainiess stesl ard Incorel 718 crponents on e Mexik-Ed
fuel assexblies.
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Tre-use of Zircaloy-4 m‘u.binganismp acbliwua:s,:_
pmmrmwm,mmnsfxmmmmm
zrplications are competible from a coxresien standroint on MErk-Ey foel
ascembides. -

4.3.3_Sumazy

'n:accummmedmﬁmr*m’mfmwlymmtm
kdthﬁ:ereectcraﬁimmbax:ﬂwithadxm
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4.4, Crertiens] Breerierce

T8 Max-EW fusl eszembly Cesign is besed on ixvedistion emerdiescs
chtaired by both BSV end IFT. The irrediaticn experience eterds to homgs
of 52,CC0 Mrd/mtl, 2rd carprices six frel essarbly Cesitns in five different
type Teactor plant desigrs. Sumeries of irredistich experience of B ard
NFI ars presented in the folleowing secticrs. Flarred peolside ressiwenents
to k2 performed on the Mark-BEX IAs ars discuss=a.

4.4.1. BSW 177 Plant (Srk-B) Fuel Berierce

2s of Cecewkar 31, 1587 a total of $87,888 R&W marmfachursd zircalcy
clad foel reds have teen irzadiatad, In Table 4-7 ave the pasdmm incore
ar? discharged fuel assarbly bumixs for each of eicht BIC suzpplied 177
reacter plants. Tsbls 4-8 lists the hwnmp zarge for 2l fiel assamblies
irrediatzd in theee same reacter plants,

4.%:2, 3] Fye] Becerience
hhlea-snstsmirﬁdiatimemimformaxpnedfuelassmbﬁa.
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Tre Marik-F4 I2s are belng lrrediated in Motuire Unit 1 inoles s, 6
ard 7. Tee fuel assmdliss will ke inspected poclside following esch oyoie )
cf egcare. Tre follcwiny insrecticns will ke perforyed:

1. Visual (Vidso)

2. Fuel Aes=bly Grwikh. '

3..Exrulder Gap (Cn sslectsd perirheral rods)

4. Eclffom Sprirg sst.

5. Fuel Red Growth (Cn seisctsd perdrhers) reds)
6. Spacer Grid Fesitien. .

7. @dée Thickness.,

8. Rcd Dharster,

Tre FBaX=ZW I3s wexz chazacterized during ramrfechrers end ths date

reoexded, nismllallcwfwmprecise@lanatimswmcmp;ﬁn;m
data with the as-Tuilt data,
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.5 _Fy2l Fed Mechamd vatien

A ezriss of anailyzes bave Peen parformed on the Maxk-E4 frel yod dssign
to cenfirm its inm~resctor mechapical perforwarcs. The aress that wsze
eralyzed include: '

A, Cl=ding Stress
B. Qlefdirg Stzain
€, Clecding Fatice
D. Crzsp Collepee
E. Reel rcd growth

G. Shirping and herdlirg

It=s E erd G aze diecueszd in the fued ascexbly design evaluatien sectien
4.1, It=xs A Hroich D are discussed after the following section cn the
irract ¢f cxdiée fcrmation of ths aralyees:

45,1 Cdde Grwih

'Bmmﬂ:ofmaddal&mm&ededdﬁ:éimse@faraleﬁm. e
effsctive thickress cf the claiting is reficed as the kess petal is
carertsd to edée. The cladding crarztes at a hicher taprsrahye kecouse
of the lcver theren) condictaree of the aidde corparsd to the bkese metad,
In additien, bydrocen releaced frem the Ziro-water reectien will diffues
irto the clsfdivg forning 2irc-hycrides., The pressres of Zirc-ndrides can
resiit in a cecrzeee in cledding ductility. .
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m%smmmﬁm&amwm
e:@ectsdathjgabmxpfcrthe‘m-mis[ ] 'Ihisvalu.ems
weed as the medmm cdde laver thidwess for the Mark-TY apmlyees whors
recairad, .

ﬁzecra@wumamlysisishassdmthsclagﬁﬁ:gwaﬂzmgintoa
intow:tadtwithﬂ*spe}letgahi&mﬂdslwwstcpﬁx&wcmﬁzaﬁm
ﬁ:ecladdingtani:erabxém&zaféjimo;:ﬂzgzpissigﬁﬁcanuylm,
cnly a f= degrees akcve ccolant tewyerature for koth the incide end cutsida
cf the claddirg. At these lower tamperatures the clzdding is cddized at a
meh lower zats. Becaues of this, mxch thirmer layers of otide ars egpected
cn the cladding in the regien of a gap. The conemxvetisn in the cxesp
collzpsz analysis is sufficient to eccomt for cdde lzyer growth (Refsverce
28).

In the strain snalysis the corservetisa in the TRCD2 code is sufficlent
to zccamt for the effscts of oddde layer growth (Refeverce 28). The
mmmmmmﬁymmmﬁr&[]ﬁb
'lﬂ:iclawmﬂa[ 'Jhy&cgmpidnmﬁacﬂmm&xiscmwvativefcrhigh
burmye fusl. mmmmmfmwu[ Frm.
Gﬁdjmmmmtnqnmmamcfm[ ]p;mﬁzfm
25). The cxide crowth that the Mark-Ed fuel rod design is projectad to
ererisnce will ret remult in exbrittlsesst of the cladding,
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Inﬂ:efatiguemlysis&eclmdh:g;hidc:asismcedtoamttw
the effacts of cxide layer crowih ard cladding dimensicnal toisrarces.

mmmmmmmmfmmsqmmm
cperstion. mmmmﬂmmwumsmmas
cuidelires, Corsarvative values ave used for cladding thickness, odds
leyer builéwp, extorrsl pressure, internal fusl rod presoure, differertial
touperstre ard unirrediated clacding yield strergth. The eralysis results
for the Merie-TW IAs ghey that the waximm cladding stress intersities are
within limits urder all Corditien I ard IT events.

Fallst-cledding interechion (RCI) ard cresp collepes iniced styesses
are ot of corcarn s srall daforraticns of the cledding will relieve thesz
stresses, Limits are besed on ASME criteria. Stress lsvel intensities ars
caloniated in acccriance with the ASE Code, whic includss both rommal and
chear stress effects. These stress intersities are compparad to Sm. Sm is
eceal o 2/3 of the minimm specified unirrediatsd yisdd strergth of the
m*.ﬂiﬂ&&equaﬁmtapemm{}dsgn The limits are as
follcus;

I. Pﬁmymalmmhmiﬁes(m)mstmt
eecsed Sa. .
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L. Tocel privary metrane stress Intersithes (Pl) must rot excesd
1.5 * Sa. mmﬂemmﬁmmgﬁ&m ¥
rcd contact,  Primavy mentmre + Bending stress intersitiss (51
+5p) must rot excesd 1.5 # Sm. '

IIi. Frivery mentrara + - Berdirg + Secendary stress intensities
(F14TcHQ) must nct exceed 3.0 # Sn.

ol

gy

The fisl red stresses under fanted corditiers ave evalusted using -
pdmarilyﬂnemsﬁ:cdswtlﬁadin?mﬂix?ofthem&ﬂararﬁ
Fressre Vessel Code, Sooticn IIX. ‘The results of arslysss wider
faulted corditions are reperded in ezchien 4.1.2.

Stresz intarsity calanlaticns conbire the streseses so that the stxess
intzrsity is mecdmizad. )

Fresamre arnd torsetive irpats to the stxess intensity apalyses ars

chesen £0 that the crevatirg copditions for 211 Corditien IZ txansients axe
ervaleped,
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Tre type of stresses which ara aralyzed in this calculaticn ars as follcws:

1.

2.

3.

S.

6.

7.

Pressurs Stressss - These ere mestrare stresses dvs to the extersl ard
internal presswe on the fiel red cladding, - '

Flow Indrced Vitration - Thess ars lergitudinal bending stresses e to
vikraticn of the fuel red. The vikratien is caused by ceclant ficw
Mity-muemmmsmmto'\m“mml
Iressure cn tre fuel rod cladding that is cval. This dees net ircluds
the stresces resulting from crsep ovalizaticn into an exdal gep.
Thermal Stresssg - Thess are secondary strosses that arise fxxm the
Frel Red Growth Stresess - These socoriary stresses are Gue to the fuel
red slipping thraxh the specer orids. Trhese may ke due to the fusl
assambly exganding mors than the fuel rod due to heatup, cr they mey ke
due to fuel rocd growth frem irrediaticn.

Three point Grid Stecp Stresses - These ars kerding stresses due to the
grid stcp lcecs ecainst the fuel red clacding. '

Fuel Fed Specer Grid Interactien -~ These are lecalized stressas ame to

EH
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cvality Streszes
Spacer Grid Irtteracticon
Flow Intaced Vibratien
Differantial Red Growth
En, primsry wexkrane streszes
o, prixary werbrzene berding stresses

°© R g Ny Yy

. P1, prixzary membrane lecal stresses

Q, sscordary styssses

Te reslis of the stress aralysis for the Mark-S7 are:

Minimm
Iceding Corditden Stress Internsity limit Maxgin 2
Prirazy Morrane S [_]
Prizary Batrane + Berding 1.5 Sn L3
Frivary Merbrare + Berdirg 3.0 Sm ' Ej
+ Secerrary -
¥argins ere calculated by the following:

Pargin $ = [(Allcueble - Predictsd) Predictsd) x 100 %
mmhﬁmmﬁxaeiwmmmofa:edmmis[- ]ps;
The Mari~F éssicn will crerats vith sufficient margin for clacdirg stress.
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The frel rcd is analyzed to éeternine the mercimm {zarsient the fisl red
could experience befare the tzarsient strain limit cf[-](aafsmm 4) wes
exceeded.  The trarsient strain limit vsss ciadding cirawmfarence cherges
Lafers and after a lirear beat rats (IER) trarsient to dstermire the strain.

Restminmlgsisfortbel@aﬂrﬂ?rcdiskzsai‘mtbansthcdwsdfor
the Mark~B fuel asserbly éesign given in r=ference 23. Scxme chewgss are
requirsd due to the Gesign @ifférerces between the Mark-= Gasicn ard ths
M¥ark-B design. The emller pallet to claddirg gap for the Mark-E7 desicn as
crresed to the Mark-B céesien results in significantly hicher valve fer
linear beat rzta to melt (IERY). Sirce the fuel will excesd tre strain
critadabefmthenmmmisread:ed,thglinearh&atrateaxm at
vhich the sizain critszia is exceeded will sot trarsismt stzein criteria.
For the transient strain calculaticn usirg TACO2 the fuel rcd is ramped at
[_; ]Wfrm[]m/ftminstagsmtilﬁ:al%stmincriteﬁais
exceedad, 'ﬂ:es&ainishasaimdm:;sintrz-melpllstdimterm"er'
&edimte*:atﬂ!d‘/ﬁ.

Tre fermila for determining the transisnt strain is:

ERES = X 163 <
(Fallet ©.D.)o

t

mmmmfmmm-mﬁmmmmmmmm
amdthznliaitbasfmzﬂtcha[_]m/ft,mid:ismgraterﬁ:an
tre redmm trarsisnt tte fuel red is exgpectsd to experience. ‘this
map&kﬂ&e@[]m/nmsimm[ : ]m/ft)-

(Eeliet 0.D.) Trarsient - (Fellet O.D.)o [ ]

4=33 BET FUEL CCHRARY



451‘:‘ 3

Tee fus]l rod wes analyzed for the total faticue usage facter using tha
ASYE pressure vessel cciz as a guideline. A wecdmm faticue usace factor of
[ lis alica. e o’Comei-Targer fatigue quve for irzadisted zZircaloy
hwasusad,axﬁaﬁ:elrcdlifaof[]yeamwasessmsd. Avasall.ifeof[] '

ot tre mmver of trarsients the resctor pressws vessal will
eperierce. A1l pezaible conditien I § IT events expectsd and ere cerdition
III - evert are aralyzed to determire the total fatigue usage facter
.. egerienced by the fuel rcd cladding, Consexvative imputs in tewms of
claddirg thickness, cxide layer kuiléwp, extermal pressure, interral fel
rcd presawra ard differential temperature acrtes the claCling sxz as=suwed.
A summary cf the system trensients copsidersd is listed in Teble 4-10. Tke
ccrbiration of txansients, and the power histeries that are aralyses t©
. determirs the fatigus usage factor axe given in Teble 4-11.

-

"l o

The results of the fatigue apalysis for the Mark-E{ chcy a padmm
faticue useca factarcfi: .:]midaiswellmmtmlimitcf{ J

4.5, 2 ol

-

The fiel rods are amalyzed for cxeep coollepse uvsing retheds cutlired in
referare 23 ard raferzrre 25. Trese azre the tepicals for the fesl
thermal cocde TR and the cxeep collzpee code (RV. ‘Iie ecceplarce
excesd the pademm egectsd incore life. CTV przdicts that the fuel rod
will fail &ce to creep collapse when either of the following heppens:

1. mmﬁmmm[]mm.
2. Tee MoXimdNiiver strzes ereeds the unirradiatsd yield strauh of
the cladding,
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the feel rod: '

1. Minimm fuel rcd pre-pressure is used.

2. Mo fissicn gas ralease is assumed,

| 3. Warst case dersification is used.

al Jemomgeat] TJwamo ol s na.

b.[. % T charge at]” {MA/mtU for] ' {3 T fuel.
4.Afactcrof[ ]isusaimk:iarhistmyorb\xmptommtfcr
5. A wrst case or ervelcping power history is used,

6. Warst case cladding dirensicars are usad.

a.[ :]fcu:claddﬁagthickmss.

h.[: 3furcladdingcvality.

%&emtismareusedindetezmirﬁrgthecreepconapselﬁeof
the ¥ark-BE¥ fuel red. The same methed will k2 uszd in dstermindry tha crsep
collapee life of all Mark-Ed ralcad fuel.

The crzep ecuations used in OOV are kassd cn measurements perforwad on
the Merk-B cladding to detormire the therm=l sreep rats, and the cladairg
texturs. ‘These measurements ard pest irrediation examinaticn (PIE) data
were used to Cerive the irradiaticn creep rate. ‘Trhermal creep ard texbhore
roasurarents were m=de on the cladling used for the Mark-E7 Ias to verify
that the texturs and creep were similar to these for Mark-B. It was assumed
that the irzradiaticn creep carpcnent will ke the same as for the Mark-B.
This will ke verified frcm PIE éata gathersd pcolside cn the Mark-Ef Ias.

Usmgmcleardesignirpats,amrhiséryw_sdetemiredfcrthe
Yark-Bi fuel rcd. This power histery with appropriate urcertainty factors
was input into the corputer cocde TACO? which Getormined the tenperature, the
pressurs, and the fast neutyon flune level histery of the Mari-EW fuel reds,
This histery was input in CROV using conservative claddirg dimensicens. From
the cutput of CROV the creep collapse point of the Mark-EW fuel rocds was
Getermined, '.mism[ ]Wﬁ/mtﬂhmxpm:danimee@csmech
EFFH.
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Table 4-1. Limiting Ioad Conditions for Fuel Assenbly Compcments

for Normal Opertation
. Basis for Dasign
Component 1oad oondition Desian Iinit ~Limit
Guide Thinble
. Upper Nozzle
Iower Nozzle
Holddown Spring
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Table 4-1. Ilimiting Ioad Conditions for Fuel Asserbly Components
for Normal Opertation (Cont’d)
Basis for Cesion Actual ]
Carponent: Load Copdition Design Limit _Limit; lcsd, - Maxain
Instrurent Thimble-
. - _

4~37 B&W FUEL COMPANY




SSE - .
Diffsrarces dvre to Catawba configquratien as a upflew plant, ard McGuire
confiquraticn as a dounflow plant.

v ol wl d l  p

- g 4= Vextieal TCRs

[

] Mzrimam
'~l' Guide Thinble CIB - WL i
Ly I(ﬁmi’dng )

Ll Fuel Red CIB - BOL

. (Load/Red)

L Iower Nezzle CIB - EOL

J Holédewn Spring CIB - EOL

I

|

').

T |
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Guige®)
Mixble, lbs

Fuel Rod, ®

Upper Nozzle
ksi

Iourer Wozzle
ksi

Spacer Grid

Tahle 4-4. Mark-E4 Fuel Assenbly Strees Analys
£SE_and _Conh Pl
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Tslde 4-5. Sumery of Resctor Geolant Svsten Desien Trapeients

Formal Cerditiers

1. Beatup and ccoldewn at 100%F/ir
(pressurizsr ccoldown 200°F/hr)

mitlcedingm:dmﬂcedingats%
of full power/min.

3. Step lead increase ard decrease
of 10% cf full power .

4. largs step lced decrease,
5. Steady state fluctuaticns

Desst Conditions

1. Icss of lead, withcut immediata
tubine or reactor trip

2. Icss of power (blackeut with natral
ciraulaticn in the Reactor Coolant System)

3, Icss of flocw (partial less ef flew
cre purp cnly)

4. Reacter trip from full pover
Ingdvarts-tatm.hazymy
Cpaaﬁ::g&sistarmm

Steam Generater, Reactor Coolant Ramp,
. Pressurizer )

Reacter Vesszl, Unit 1
Reactor Vessel, Unit 2

4-30

Tareratrs

B&W FJEL COHMFRTY




4=431 BE FUFL COMEANY




k-

L M MR mas R EmT pEme

D T I T T

PN P,

BT FUEL COFRTY

4-42

ek

B



. Toble 4-2
Swmary of Birmp Boerience for BSY Succlied Zixealoy Cled Fuel :
{December 31, 1587) :

- Accenblies Incora hezextlies Discharced
Fuel Aseewbly cn Dec. 31, 1687 Trrocuch Dec. 31, 1587 ;

PR

R

- Assy’s Rcds - Assy's Reds i

b
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(Septexter 30, 1587)
Acegmolies (Total) Irredistion  Burup (23/o0)

Feel Muker of Feel Begimning of Max Assaubly

Reactor Tyee
r

‘-W

B&7 FUEL
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Saraary
Nermal Corditicens

1. Ecatup ard ccoidown at 100 F/hr
. (cressurizer ccoldown 200 F/hx)
2. Unit lceding and unlcading at 5%
cf full power/min, . )
3. Step lcad incresece zrd decrsasz
cf 1¢% of full power (FP).
4. Iarge etep lcad decrease,
(55% of full power with steem durp.
5. Stzady-state fluchuations
Ursset Corditions
6. Icss of lcad, withcut imeediate
turbire cr reacter trip.
7. Ices of pover (blackout with naturel
circulation in the reacter coolant systsm)
8. 1Icss of flew (partial less of flow

9. QReactor trip fram full power
10. Insdvertent awdiliary spray
Corditien 11T Event
11. Minocr lces of ccolant accident or
secardary steam lice break
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FIGURE 4-1
HORIZONTAL CORE SEISMIC AND LOCA MODEL
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FIGURE 4-2

FA VERTICAL MODEL
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FIGURE 4-3

Total Force on Core Ouring Hot Leg Break
: (Guillotine at NHozzle of 14-inch 1.D. Surge Line-
! _ Attachment to Hot Leg)
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FIGURE 4-4

Total Force on Core During Cold Leg Break
(Guillotine &t Nozzle of 10-inch- 1.D. Safety
Injection Line-Attachment to Cold Leg)
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Figtire 4-5,

Mark BY Grid Impact Force Responses - .
Outer Peripheral Fuel Assembly Case McGuire LOCA
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‘Bﬂssactﬁmdescﬁbatbétbml—hydmulicdmracteristicsmﬁ
analysis metheds to ke used in the licensing evaluaticn of tha Mark EW fosl
aseerhly.

The kasis for the thermal-hydraulic desigm cf the fuel assembly is to
erchle the reactor to cperata at rated power with eufficient rargin to
withstand cperaticnal and moderate frequency transients withcut sustaining
damage to the core.. To insure core integrity the following design criteria
have Leen established:

1. Tte minimm derartawre from micleate koiling (IMB) ratio shell be
sufficiently high to provide a 95% prckebility, with 553 confiderce that
o fiel rod will egperience departure from mcleate bkoiling during
nermal cperatioen or incidents cof mederate frequerncy. :

2. Mo fuel melting will coour et desicn corditiens, inclwding design
cverpower.

3. The fuel ascembly wili not be pemitted to lift off the lower core

Tre follcwirg secticn descrikes the analyses ard evaluaticns which have
keen er will ke performed to assurs that these criteria are satisfied by the
Mark-E4 fuel assewhly. Where the thermal-hydreulic amalysss descriked in
this szctien have ret keen completed for the £inal preducticn assembly, the
rrecedures descrited bere will ke followed.

-1 B&H FUEL COMPANY



S.2 Coze Treeaurs Drep

as descrived in Sectien 3.3, the pyessure drep craracteristics of the
‘Mark-F¥ fus) aezembly vere dotewmined thrauch a esries of flow tests at the
Cortrel Fed Crive Line (CROL) at BSi’s Alliance Research Certer.  The
results of these tests wers used as the kesis for the calcalation of
formless ceefficients for the end fittirgs ard spacer qrids.

‘B:eﬁnfammtalegz;imfcrdetamﬁahgmmﬁmpmaspanis
defined as follows: i

Umrecoverable = ( delta Pg + delta By )

vhere  delta Pg = friction pressure drep, psi
celta P fe = cmtra;stim/a@arsim pressure
dz@l

Tre fricticn and contractien/esgansion lesszs vhich make up the total
umeccverzble pressure drep are deperndent en the velecity head ard the
caperent lees charactsristics. The following rslaticnships define the two
caxrerents of the total presswre drop lcss.

delta Py = fL [rho(va)]
ard D 29¢

daltaPse = Kyjer %anm?n

where éelta Pp = frictien pressurs drep, psi

> = fricticn factor
Da = hydraulic diameter in tuked region, £t
o = ccolant ensity, lb,/ft3

S = constant, 32.174 ft- £12
éelta Py/a = cont/exp pressure drep, S :
Xiife c/eﬂfuelassaﬂalyliftcce%finient

v = ccolant velccity, ft/sec

L ﬁlaigthoffuelmds,ft
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In.crder to ceternine the formless ceefficient acress a gran the total
lces dre to fricticn was subtractad frem the total pressuwre less acxess the
szan. For the CRIL tests the total frictien lces wes determined using to
metixds, The first pethed was kesed on the measured frictien less acress
the span ard 1ed to the following equaticn:

k = .assai(del'mp Gelta Pp ) ecara) ) +a;35t312 - szgl

wbere 3 = ccolant veight, 1bf/ft2 rho(g) /g

gB = taticnal aweleratim, 32,173 £t/sec?
= 214

" Ay, &y = flew axeas ot Fo ;Lar.ziz,ftz,

Wy W2 =ﬂwra’caatrcintslam2,ft/cec

Ag -ﬁ:elhnxilembedmgmﬁwaraa £t2
= fuel bundle tuked regien flew rate, f££3/sec
= calibration/measuremwent dansity

62.43 lby/ft3

delta P = peasursd pressure lcss, ft
Gelta Py = measured frictien lcss, £t
k = formless ceefficient

The seccrd methed was kased on the calculated fricticn less across the
span. Using this meitcd the fricticn lcss was based on the Reyrolés Murkexr
relaticnchip £ = .186(Re)"0-2 which led to the following equaticn:

k=%§‘;\;§§(demp)[zg!gaug)_1ﬁ Aa§ 12~w1

vhere £ = frictien factor - in £
L = taked length region sgan
Do = hydraulic dismeter in tubed regien, ft

Tre equaticn besed on Reynolds Raber yielded slightly higher, more
censarvative farmlcss coefficients than the euation based on measured
fricticn less. Therefor the formless ccefficient kased on Reynolds marker
was chesen. Using‘l‘hem:ltsfrmthemwts,tEfMo&
coefficients over the entire rarge of flew conditions tested were determined
using the equations atove. Using these results, a cuxve fit was performed
for each fuel assembly comporent to provide a relationship in the form k =
A(Re)® to calculate the formloss coefficlent as a functicn of Reyrolds
Nurker cnly. ' '
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In cxéer to dstermire the pressmure drop cheractaristics of a tzensitien
core into which the MicEW is beirg placed, scre knewlecoe of the pressure
drep cheracteristics of the resident Westirghcues fuel is recuired. For the
aralysis of the Mark EW lead ascemblies (IA’s), in Duke Fower Copemy’s
Mc@uirs 1 core, BEW was able to detzrmine formlcss ccefficients of the
Westinghcuse CFA aralytically frem core pressure Grep data.

Analyees have een perforred using the INCO and IVNR2 ccces (rafsrsnces
18 & 15) to establish pressure drep characteristics of the #ark-Ed in a
Westinghcusa OFA cors. These aralyses camparesd the cverall pressure drep of

‘the Mark EY and CFA assexblies, as well as the pressure &rep of individoal

corperents, It was Getermired that the pressure drcp of the first
mtwtsdiatemcergridmsa;;:rudmmy[ '.]cnthemﬂc—ﬁ«iﬂmm
the CFA. This was due to the Mark-EW’s having a ron-mixirg grid while the
CFA kad a mixdng grid. mc&mmgridprmdmpsmwimn[j
of the curresperding OFA values. In additicn, the Mark-EW has a 6% swaller
flew area than the CFA. Tre ccnbired effect of these differences resulted
in a2 diversien of ficw fxrxm the OFA’s to the Mark-Ei’s keicw the core
midplane and frcm the MarX-Ed’s to the CFA’s above the core midplare. Even
with this flcw diversicn, the amcunt of cxcesflew wes found to ke less than
the . medmm cxessflew criteria. Using the INT ccde ard the
campdrent formless ccefficients, the cverall core pressure drep for a2 full
MArk-Bi core with the standard kottom rezzle (Figure 3-5) wes calculatsd to
be[ ]psi. This valte was generatsd at the same corditicns as these that
pma:cada[ ]psiccraptassumdrcpfcrafmoaa.m.
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ﬁ:ahydraulicliftfozcemamelamuisattﬁmtedtot}:e
mmmblepmadmpamtbelmgthoftbeassmbly. As part of
the pressure &rcp testing performed on the Mark EW fiel asseanbly at the
Alliarce Research Center’s Control Red Drive Line, a series of hydraulic
1ift tests were perforred. A brief description of the testing precsdura was
provided in Section 3.3. Results from these tests were used to dsvelcp
assarhly ard coopenent hydraulic 1lift formloss ccefficients. It should ke
roted that for all camponents except the top rozzle, the hydraulic lift

. formless ccefficients are equal to the pressure drep formlcss ccefficients

vhich wera detarmined from presswre drep measurenents as descriked in
Secticn 5.2. Since the cocolant flow is not fully develcpred immediately uron
exdtirg the fuel asserbly, the recoversble camrcnent of the tep rezzle must
ke carsidered as an unrecoverzble coxpanent, therchy increasing the formless
ceetficient for the urper end fitting. Usirg the hydraulic 1ift test data,
an expression for the overall hydramlic 1ift formless ccefficient for the
assepbly as a furction of Reyrolds Narker was determined. Knowirg this
eqressicn ard the corresparding pressure ércp formicss ccafficients of the
irdividml assembly compenents, the top mozzle hydraulic 1ift ermicss
ccefficient was determined. The resultirg camperent 1lift  formicss
coefficients were then irnput into INNXl. Results frem the IYNXL analysis
showed that the pressura drep which was predicted with the calculated
formless cocefficients was within 0.9% of the measured test data. .

Using the calculated formless cosfficients and the INNQ ccde, along
with bourding assumptions cn flow corditiens (i.e. maximm flow) and core
cenficuration, several analyses were performed which evaluated the hydraulic
13ft forces on the Mark EW in both a full B4 corg envircment and in a mixed
core envircrment. The mixed core amalysis showed that the total 1ift force
forthexaﬂtbmvmﬂdbet - Jina full Mark-BW core envircmment than in
a Westinghcuse CFA enviroament. 2n evaluaticn of iscthermal cperatien at
mmmmammmmmmamm‘
rargin ccourred with cperation at power. This indicates that there is o
mﬁfwd&iqaﬁmafam&pmst&tﬂpwpemmfarﬂ‘amﬂc-mﬁm
assably,asiscammlymmmm-Bmel.
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5,4 _Core [NB Analysis

The paxpose of the core INE amalysis is to inare that there is 95%
probability, with a 95% confidence level that no fuel rod will experience a
departure fran mxleate boiling (INB) during normal operation or transienmts
of moderate frequency. CQurrent thermal-hydraulic analysis methodology
aploys the IYNX series of crossflow amlysis codes (LYNX1, LYNX2, I¥YNXT,
references 18, 19, ard 20) to calculate subcharmel departure from micleate
boiling ratios (INER’s). 'The INB criterion is met if the calaulated INER is
greater than the dQesign limit DNER, which has been established for the
critical heat flux (CHF) correlation being used. Far the Mark-Bd DND
analysis, a one-pass LYNXT model will be employed using the statistical core
design (SCD) analysis technique developed in reference 21. The BHQW CHF
correlation (developed in reference 22) will be employed in the SO
analysis.

The advantage of the SCD analysis technique is that it treats core state
and hindle urcertainties statistically. Traditional analysis methods assume
the worst level of each uncertainty occurs simultanecusly. As stated in
reference 21, in the SCD method, imput uncertainties are amalyzed using
statistical methods and an overall INER uncertainty is determined. This is
then used to establish a design limit INBR known as the Statistical Design
Iimit (SDL). All variables treated in the develomment of the SDL are then
inut into the themmal-hydravlic analysis camuter codes at their nominal
values. All other variables contime to be input at conservative levels.
Once the SPL has been established, the calculated INBR, at a specific core
state, is compared to the SDL to determine if the INB protection criterion
is met. For plant specific applications, margin will be added to the SDL to
define an analysis limit known as the Thermal Design Limit (TDL). Using the
following formila, the level of retained thermal margin made available by
the use of the TDL can be calculated.
Retained'memaluaxgin(%)=m1;LSULX100
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This retained thermal margin is then used to provide flexibility in the
design of fual cycles for reload cores. Examples of offsets that might be
assessed against the retained margin include transition core effects, and
penalties for input uncertainties greater than those considered in the SDL
develoment.,

The SCD methodology will be implemented for all steady-state amd
ixansient INB analyses performed for the Mark-Bi fuel assenbly. In general,

-core canditions for steady-state plant operation are bourded by the reactor

core safety limits. These limits, which are generated using desion radial
and axial power distributions, graphically represent various cowbinmations of
pressure, temperature, and power that produce acceptable operation based on
the thermal design amd hot leg boiling limits (See Figure 5-1). To insure
that the INER margin to the design limit INER determined using the design
power distritutiens is presexrved for other power distributions, maximm
allowable peaking (MAP) limits are established. The MAP limits are a set of
curves vwhich represemt, for a given core state point, various cambinations
of radial and axial peak and axial peak liocation that yield the same
calculated INER as that calculated with design radial and axial peaking
distributions. - For each core amalyzed, a full set of MAP limite is
established and paovided as imput for the wore manauvering analysis. A set
of typical MAP limits is presented cn Figure 5-2.

The transient INB analysis insures that the 95/95 INB criteria is met.
Several moderate frequency loss of coolant and overpower transients will be
amlyzed in order to determine the most limiting in terms of DNER. This
limiting INER will then be compared to the thermal design limit to insure
that the INB protection criteria is met. -

5-7 B&W FUEL COMPANY
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5.5 Fuel %ed Performerca

The fuel thermal performance is determined as a furcticn of kuwp using

"the TAO2 ccputer code (reference 23). The cede includes calculational

mﬂelsfmﬁmmiﬁmdmmﬂmm,'mmhﬁm,gasreléas,
cladding creep ard gap cloesure. Using these models, the TAM2 cede
censexvatively calculates fuel pin temperatire amd pressure.
Figlms-Btlz;:x;hs-Sprwideresaltsfmthé‘fuelthemalamlysis
of the 96 yercent thecretical density rod used jn the Mark E4. Figure 5-3

- shows the pocwer history assumed for the TACO2 analysis, while Figures 5-4

uds-smwi&eﬁnltaperatneaxdimlm:@lts,
respectively. The linear heat rate limit to prevent fuel centerline melt
was calculatad by TACC2 to ke[~ Jlow/ft. In general, application of these
results to any other specific fuel cycle design, would require verification
that the kase inputs (densification, rod geamstry, etc.) ard power history
used in the analysis bourd those of the new design.

As an altemative to the TACO2 amalysis, similar analyses may also ke
rerformed with the btest estimate fual thermal performarnce ccde TROO3
(reference 24). This occde includes models for gap comductance, fuel
@ensification and swelling, fuel restruchmring, <ladding creep ard
deformation, gep cleswre, and fissicn gas release, TACO3 provides a more
accurate, less conservative fuel performance predicticn than TACO2.
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5.6 Transition Cvcles

The thepmal-tydraulic analysis of a Mark-BW transition core will be
performed on a cycle-by-cycle basis. The purpose of the tyxansition core
analysis is to detemine the effects of the transition core on various areas
including core pressure drop, fuel assembly lift, calculated DNBR, amd
diversion crossflow. The goal of the amalysis is to demonstrate campatible
performance of the Mark-BW fucl with resident fuel.

One characteristic of a transition core which must be evaluated in terms
of its effect on the core therml-hydroulic analyses is the difference in
pressure drop between the old and new fuel. By knowing which assembly has
the lower pressure drop, one can determine in vhich direction flow diversion
ocaurs, and, in turn, the effect of the increased ar decreased fiow an fuel
assembly 1lift and calculated DNER. For the Mark-BW lead assemblics (IA’s)
in Duke Power’s McGuire 1 OFA core, the variation in core pressure drop
along the length of the assembly caused flow to be diverted frum the OFA’s

to the IA’s below the core midplane and fram the IA’s to the OFA’s abave the
core midplane. .

One of the most critical areas of the transition core anmalysis is
determining the impact of the transition core on calculated INER. The first
step in analyzing this effect is to establish models of a full Mark BY core
in both the single pass I¥NXT code (reference 20) ard the muiltipass
LYNX1/I¥YNX2 corbination (references 18 and 19). The next step is to amalyze
the actual mixed core configuration using the IYNX1/IYNX2 cambination. If
the mixed core analysis is more limiting than the full core analysis, then a
transition core pemalty is established. As discussed in Section 5.4 Core
INB Analysis, by using the Statistical Core Design technique, any transition
core penalty will be offset against the retained margin made available by
using the Thermal Design Limit.
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FIGURE 5-1

Typical Reaciar Core Safety Limits
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6. MARK-BA4 NUCTFAR DESTGN EVAIIATION

The Mark-BW is similar in design to the Westinghouse SID 17x17 asseubly,
exept the Mark-Bd contains spacer grids made of Zircaloy (instead of
Inconel) that reduce parasitic neutron absorption. The Mark-BéW assemblies
have a larger diameter fuel rod which results in a higher loading of uranium
and a lower hydrogen-to-uranium ratio (H/U) than the Westinghouse OFA
design. On an equal enrichment basis the Mark-BW initially exhibits less
reactivity than the OFA primarily because of less neutron thermalization.
As exposure increases this difference diminishes amd eventually the Mark-BW
has the greater amount of reactivity due to the higher fuel loading amd the
harder neutron spectrum, which has bred greater amounts of fissile plutonium
than the OFA. As a result the rate of depletion of reactivity is smaller
for the Mark-BW than the OFA. ‘This difference will not have any adverse

impact an the operation of the plant. .

The Doppler ccefficients are not significantly different than the OFA
and are essentially the same as the SID 17x17. Due to the lower H/U ratio
the moderatar coefficient for the Mark-Bé is more negative than the OFA, but
is not aprreciably different than the moderator coefficient of the STD
assenbly. Previous fuel cycles of Westinghouse cores have ocontained
mixtures of STD and OFA assemblies with acceptable power peaking amd
reactivity behavior.

From a physics standpoint, the Mark-BW assembly design is not a large
change from previous Westinghouse assembly designs already licensed amd
cperated. The use of the Mark-BW assembly design in the Westinghouse core
either alone ar in conjunction with the OFA and STD 17x17 does not advarsely
affect plant operation or neutronic parameters.

6-1 B&W FUEL CCMPANY




2. OVERALYL TMPACT EVAIUATTON

The Mark-BW fuel assembly is compatible with both the Westinghouse STD
and OFA designs. Special BWFC features incorporated into the design include
the use of keyable grids vhich minimize scratching of the fuel rods during
assembly, and a spacer grid restraint system which allows the grids to
follow the fuel rods early in life. This will reduce axial friction dquring
manufachre and during in-reactor operation.

The design of the Mark-BW fuel rod design is externally similar to the
Westinghouse STD design. Design features different from both the STD and
OFA designs include the used of thicker cladding, higher dasity fusl
pellets, and the use of a double spring system-to position the fuel stack.
The mamfacturing methods and texture of cladding for the Mark-BW 1s nearly
identical to those of tha cladding used for Mark-B production.

The design of the Mark-BW is based on teclmology proven by BWFC and NFI
in operation in-reactor. Using methods similar to those used to analyze
BWFC Mark-B design, the Mark-B4 design has been analyzed and found to be
acceptable.

Features of the Mark-BW design such as fuel rod length may change as the
design develops. An analysis of any significant design features will be
done and will be reported in the standard reload report along with other
amalyses that cammot be done until the fuel cycle design for each cycle is
campleted.

The Mark-BW and OFA designs are hydratlically similar with the
differences in grid pressure drops and flow areas nearly offsetting each
other. The net flow diversion between fuel assemblies in a transition core
is small with acceptable effects on lift forces, crossflows, DNER margins
and transient response. Fuel rod thermal performance is acceptable up to
60,000 M4Q/mtU provided that the linear heat rates remain below those shown
in Figure 5-3.

7-1 B&W FUEL OOMPANY
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The Mark-B# design will have a different rate of depletion of reactivity
cxpared to the OFAs. The moderator coefficient is more negative compared
to the OFA, but there are no significant differences in the Deppler
coefficients. From a physics standpoint, the Mark-BW assembly design is not
a large change from previous Viestinohouse assembly designs already licensed
ard operated. The use of the Mark-Bé assembly design in the Westinghouse
core either alane or in conjunction with the OFA and STD 17x17 does not
adversely affect plart ocperation or neatrenic parameters.

The use of the Mark-Bi4 fuel assembly is not expected to impact reactar
plant margins or operation. Operatiomal characteristics will vary slightly
frar the Westinghouse STD and OFA designs. ‘These differences will be
accamted for during transition cycles when the Mark-Bd is resident with
varying combinations of STD and OFA assemblies.
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Appendix A to BAW-10172

Responses (dated 6/2/89) to NRC Questions

A-l




Questien 1; The subject deoument states in several instances that edther
perticular amalyses are still under evaluation or that data is to ke
cotaired from four Mark-EX lead assemblies (IAs) being irradiated in McGuire
Unit 1 in cxder to verify the Mark-EW design (such as analysis of LIV test
results, assembly and rcd growth data,” oxidation data, gualificaticn testing
of the ferrite welding process, testing ard analysis of the cebris-resistant
bottom nozzle, ard pest-irradiaticn cladding dimensicral charges to vexdfy
the arplicaticn of the B&W creep mecel to the Mark-EW design). Eave any of

- these aralysasbeencmpleted.crmve-any“damwd:mmsim&e

skmittal of the subject deoment? Also, what is the irradiation arg
examinaticn schedule for the Mark-EW IAs?

Response: When the Mark-E4 Mechanical Cesign Tepical was sukmitted for
raview a ramker of pregrams were wrderway to rrovide additieral verificatien
data for the design. The status of the relevant programs is given here.

a.) 1LV Testirg: The testing bas keen campleted. Test data bas keen reduced
ard prelimirary results ave as egected. [ ltest configuraticns have been
studied, invelvirg hundle intericr regicns for koth Zircaley ard Incorel
spacer grids and hurdle peripheral regicns for grid interfaces. Preliminary
results indicate that anmalytical predictiens.correlate well to egerimental
data, These ressults demenstrata that the Mark-EW grid yields acceptable
flow characteristics when residing adjacent to fuel assembliss with either
Incerel or Zircaley misdrg-vane grids. h

In additicn to the IV tests, fuel assembly pressure drep tests have keen
perfomedmm:gin:sefuelassaﬂauesotthetypethatwﬂlm:sidmt
dring the intxcéuction of the Mark-EW fuel., These tests were performed
with EfFC’s transpertable flow test xig (TFIR). Measurements cn a prototyre




e e e e e e e e e e e

-

-

.}aa:rk-BImelassexﬂ:ly\mﬂmttalm, follweabymasmtsmsemal

S

mmewdmmmna nwsamaszrmm,mld:yielded
prassxmadmpvsﬂwarﬂﬂmdho-ﬁftcﬁfd;b crfirn the hydraunlic
capatibility of the Mark-EW with zesient fuel.

b.) Assamhly and xcd growth data: The first cycle peolside pest frradiatien
ecmiration (PIE) of the Mark—EW lead asse blies (IAs) wascmpletedin
Novermker 1988, Easedmmlimimydataevalmtimthemelasadﬂyani
m:cdgrwﬂammlasﬁanthemm Fuel assendly and
rcdgrwthazastm&imﬁgmluﬂz.

c.) Cxidaticn data: Additicnal data that hes keen cbtaired since the
sumission of the Mark-EW design tcpical:

First cycle Mark~Ed peolside PIE - 15 G&/mtU asserbly bumup.
Third cycle Mark~EEB hotcell ~ 46 GR/mtU assembly huamp

Preliminary data evaluaticn shows oxdide thickresses kelow the design values
predicted for each burmup rarge. These are shown tegether with the Mark-B
cddde data cn Pigure 3.

Data ckservaticens that are plamred in the near fuhre include:

Secord ard Third cycle Mark-Ed peolside FIE |
Fourth cycle Mark-G3B peolside FIE - 59 Gid/mtU

d.) Qualificaticn testing of the restraining ferrule welding precess: The
spacer grid restraining schieme has been charged with an increase from 4 to
12 restraining guide tubes. Stxergth ard corresion cualification of the
ferrule system cn 12 quide tukes is in progress. Preliminary results shew
that the strergth and corycsien resistance of the samples welds is adequate.
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asenblymﬂxthe debris mistarrl:m? ﬂi:édiffm'inmmmemble-
mpressmadmpbebmamwywithﬂwmmmmm'

ofﬂxem?wasccrpletaiusingaﬁrﬁ.taelmmm !ﬂ:eixq_actq:us:ng
the debris resistant IEF on mechanical ard thermal hydraulic perfommarce is

f.) Fest irradiation creep ard adiéaticn data: Creepdown ard oddaticn data
the data is in ilie general range expected as shown cn Figures 3 ard 4. Tee
irradiation creep constant will ke determined when a wide rarge of flvence
is available, The cxide growth ckserved is within the envelcpe of pravicus
data. However it has a hich roise conporent (scattex) due to the smill
cxide thicknesses examined which are on the axder of instrument erxer.

g.) ¥ark-B4 IA PIE Scheduls: Mark-EW IA post irradiation exams (PIEs) are
expectsd to take place at a frequency of 14 to 16 months deperding cn plant
capacity. The first cycle PIE tcck place in Nevenker 198%. A total of
three PIEs are plarmed. The secord is plamred for Jaruary 1950, ard the
third for March 1591, )

Questicn 2: It is presumed that the axial geps between the tcp rozzle ard
the fuel rods, ard ketween the tocp rczzle ard reactor cors plates for the
Mark-BEd design have been calculated based on data from Mark-B designs with
arrealed guide tukes. Is this presumpticon correct, and, if so, what is the
bomp range of this data? Have these calculaticns of gap sizes reen
pezfqmedtoapartiwhrstatisticalcmﬂﬁamlevel,andhwmthzgin
is there ketween clcsure ard calcnlated end-cf-1if2 gep size?

-

. .q‘:‘:
any, .
b TR

L

PR Sl -
BER IO IR N

v .l
3N




=

e T e e e e me ww e e

L N

Py

Resperie; Growth medsls for the Marke-B fuel assinbily ard fuel red are based

e those used for Mark-B fuel designs. The models used provide af |
c:z:fmamtmt{ “|of the adta are cinservativaly predictad. The fuol xed
growth moedel is based on Mark-B data while the amealed -quide tuke growth
ncdel is based on industry and Mark-B data. The data for the mclels exterds
to :] Itmzberefmnmd-ﬁthmemn_abmtyof[

data from the Mark-GdB assembly which wes recently discharged from Cocnee 1
Ttas fuel rod growth model was modified for use with the Mark-B4 by moving
the cnset of acceleratsd growth éown in bwrap from -
This was &ze to account for the faster creepdoun of Mark-EW fuel rod
wken capared to the Mark-B. The medified growth axrve is shown in Figure
2.

Prelimirary evaluation of first cycle FIE data for the Mark-EW IAs shcw that
the growth is contained inside the medel as shown on Figure 1. Based on
rcminal grewth rates ]theﬁmlasenblymmzletoreacta
core plats gap will have the followirg margins to clesara:

At 600 deg F, gap = ]irdm
At 140 Geg F, qap = Jir.dms

The growth rate tolerances and mechanical tolerances are ccubined by the
squars-rect-sum-of -the-squares (SRSS) methed. It is pessible urnder werst
case conditicns that at shutdown temperatires of 100 deg F an interfererce
cflessﬁ:an[ _]incbeswi]locazr. This degree of accial compression of a
Mark-EW fuel assembly has been determired by testing to result in acceptable
lcads,

The Marl-EN fuel asserkly design has an increased top nczzle to fuel red gap
mmczggm:edtnthemsof{ ]vs[ ]inchs This gives a ncninal cep
ot(_ ‘irdmat[ ].mtcasegapmwcpentixgcaﬂiﬁms
(mstccrservative)is[_]im.




_Cuesticn 3: In Secticn 4.1.1.2 it is stated that as a'result of a particular

cperating corditicn, there will ke a smll amoaumt of assembly liftoff. Is
the pessibility of liftoff unicue to the Mark-BW assembly or is this
pcssihlafaroﬂlermi&ﬁigas’ Pleasedlswssthedegzeeofliftoffmﬂ
its impact on cocre physics (reactivity and peaking facters) arnd thermal

.hyfir.aulics.

mmmitimlarﬂnevemz.mmel'assa;mlylift'ms. Fcr
hut the holddown sprirg is not coopressed solid. A previcus evaluaticn fer
a lifted fuel assenbly dore for the Mark-B design fand no adverse effect en
INER. m[']pmover@eedtramientismtamliczblemt}mm
fuel assembly, and applies only to the Mark-EW design. The effect cf

“potential littoff on core physics and thermal hydraulics is insignificant.

Cuestion 4: The inspectiens to ke performed on the Mark-EW IAs are listed in
Secticn 4.4.3 of the subject report and it is noted that fuel rcd kow and
fretting wear measurements cn the fuel rcds ard quide tubes are cmitted.
Please provice justification for the cmissicn of these weasurements.

Response: Based on experience and the similarity between the Mark-BH ard
cther BAFC fuel designs it was decided roct to inclide measuwements of fuel
red bow, fuel red fretting ard gquide tube fretting in the IA PIE.
BEqerierce includes ex-reactcr testing en the Mark-8¥ design ard PIE exams
cn similar designs. The results of these tests and exams irdicate that fuel
red bow ard red and quide tuke frething are not prcblen arsas.

melrcdbavhasbemmasuzedm'd:efol.mmdoﬁlgm Mark-B with Irccrel
amd Zircalcy intermediate spacer grids, Mark-C, andthezi:chEAsf.or‘:he
Haddam Neck reactor. In all three designs, rcd kow measurements supported
the cerclusicns of the BSW Red Bow Tepical (reference 6), that no pemalty is
required cn INER calaulations due to rod bow, rer is rod to red fretting
wear expectad.
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Fuel radfrettmg irg kas been evaluated in ex-reactor lecp tests of a Maric-E

prototype simiating in-rezcter coditiens, in Mark-B fuel rods with Inconel
spacer grids t:mgh[ and in Mark-B fuel rods with jZircaley
in‘bemdmtespacergﬁdsﬂmuz;h[ } Mthah the contact points
Fetween the grid stcps and the claddirng were cvicus, o depth wes
measureble. This indicates that fuel rod fretting is nct a cocemn. The
ex-reacter testing of the Mak-Bi prototype included spacer ‘griés with
L ]celmtosmnatatmmdmemnw&erelmtim. Pased -
cn these results no dnpact en el red integrity from fretting iz espected.

Guide tuke fretting was e=mined for B&W plants in reference 3. The guicde
tukbe fretting wear that was found wes small ard the struchural integrity of
the fuel assemhly was rct impacted. Mark-EW quide tube diameter dimensicns
are identical with the Westinghousa starfard (17:17) assemblies, and the
lengths are very slichtly different. - With dimensicnal similarity, the
fretting rescemse is assumed to ke idemtieal with the Westinchcuse
assarblies fer which no preblems were repcrted in reference 4.

Questicn B: it is stated in Section 4.3.1 that an Madvanced Zircaloy—4
clacdingy will ke used on the Mark-EW fuel assenblies.™ Flease sukmit
infomatien that d&ccuments the charges in this advanced cladding from that

 previcusly used by BSW. This informaticn should include any alloying,

&amlmﬂdmiald:angestpthecladdim, addatien kehavior, and

Respense: CQledding cdevelcrment for the entire BWFC product line is an
ocoing precess with several demcnstraticn assemblies irradiating a range of
advanced cladding types. FPlammed full katch Mark-Ef relcad assexblies will
use a cladding with the fallcwing changes from the current cladding used.

Decrmsedavmgetmfrm[ ]bo[} 1
nmsadﬁmemadjatsamltgtamameby[_zviegr’.




L,

Ihaetmdm:gaswnlresultinalwermddatimmta,mﬂsimhrcreep
pr@ertiescmparaﬂmtheamts.@lyofcladﬁng }ﬁbenalprq:artis
a.rawithmﬂzengeofpu:wiaxvalm, arﬂwinmtrequiradangsin
preperties used in camputer codes,

Questicn 'medisamimotclaﬂdirgmndegrwﬂzmswtim45.1m
thata"m:dmmsparvaluee@ectsdathighhmgs will ke used for the
mdmmmddelayerthidminm-maxmﬁa Will the methedolecy ard
oxidatien values presented in Arperdix I of the TACD3 decumrentatien ke used
for evalmating cladding addation in the Mark-BW cdesign? If rct, please
defire in greater detail how this maximm span value in Secticn 4.5.1 will
be arplied in the varicus licensing amalyses, e.g., cladding stress ard
strain, I1CCA, rod pressures, etc.

mmmfw&aﬁimmdde&imwmﬁe
aralysis and the versicn of TACO used for the amalysis. Previcus amalyses
and these coreantly wdenway use TACC2 and account for oxide thickness as

shown in referarces 7 ard 10, the TACO2 ard exterded hurrup tepicals.

Zrperdix T of the TACO3 topical (Reference 8). For the strain, fuel
tagerature irputs to ICCA, and rcd pressure aralyses, the cladding cdde
thickness presented in Arpendix I of the TACD3 topical will be used.

The maximm span value referred to in Section 4.5.1 is used in stress
ralated calculatien, i.e., stress intensity 'ard fatique usage facter
calculations. In these calculations the minimm cladding thickress is
further thirmed by an amount equivalent to the thickress of kase matal
caverted to axide. The Mark-BW fuel icd will have acdequate stress margins
at a span pexinm oxide thickness off |inches.
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Qggig]_Z;Please'dismssﬂzecmseqde:besofﬁleprojectedreductimin
cladding ductility at the high local burtups requested for the Mark-BW
dsigninreferemetoﬂleobservedmductimsmmlfomcladiugductulty
observedmReferemelatalocz]_.blmmpof[

wmre&mﬁmin&ctilityreportedinmfermlaxﬂshownm

. Figure 5 is not considered representative. : Hoop testing of cladding from

the same fuel rods resulted in a larger unifomm ductility (Figure 6, data
fram reference 2). Tensile testing of the Mark-BEB fuel rod cladding after .
3 cycles and shown on Figure 7 (Ref 14) showed uniform ductility
significantly greafer-than the[ ]limit imposed en fuel rod operatian (Ref
5). Therefore any anticipated rediction in cladding ductility is not
expectedtoadverselyinpac}ttheMark—B«Tfuelrodperfomme.

Question 8: It is stated in the clacﬁ.ug strain analyses (Section 4.5.3)
that the fuel rod is ramped at a particular burmp level and with linear
heatra'oestepsmrt:.lﬂie[]stramcnterialsexceeded Please explain
howthepartxwlarbunmplevelarﬂthelmearheatratestepsare
canservatlvemrelatmntoB&queloperanonarﬂmsanalysm.

'm;_e_medaaimgsttamamlysissamrHyperfonnedwlthmz'

The results are independent of fuel rod burup. The analysis is performed -
foucmn;themeﬂmdfmmreference7mﬁ1ﬂwebwept1mofthenm.
Bwauseofthesnallerpellet-claddnggapofthemﬁc-mfuelrodompared
mthemrk-BE‘ . ]the[]st:ramlimtwﬂlbereaded
pnortofuelmelt'm; 'mest:ra.inlsbasedonthepelletdlametml
e@arslmwhldxmltsinalargerstrainthanthednangemc]addi:g

'ov.rtsz.dedlamete.r Othercasa:vatisnsincluieﬂaeuseofancvexslzed

pel_letdn.aneterasnp.ttmtomz. '.Buspelletdlameterlsgreaterthan'
thate:q:ectedat[ ‘ ] "The step ramp approximates a single ramp




asﬁ:ehmmpst@sbemeenzmazevaysmu The purrcse of the smll
steps is to ensure code stability and to accurately eternire wen| |strain
33 reached. 'n:ezaxq:iscmse:vative&sitbegmsatam&[ _} e
cladi,i:gstrainlimitof[]isezmededatapeakniRof[ 3

Strain amalyses done after TACO3 aprroval is cbtained will use the mpethed
Fresentad in Appersix I of the TACO3 reference. The fuel rod will e remped
mﬁlacaaedingstmnof[]isreadm. This analysis is not irgeperdent
of burmip, and will te performed at vericus humips t5 establish a kW/ft vs
barmp 1imit for cladding strain, ' '
Question 9: The accsptance criteria for creep collapse is scmevhat vague in
- Secticn 4.5.5. What degree of cladding ovality dces BSW cersider to bae the
collapse point in the creep collapse lifetime calculaticn? Please provide
ﬁmﬂ:&j@tﬁi@ﬁmfwth_emtasedasiﬁmtimvahmfort ]'m
fuel in Sectien 4.5.5. If there are any changes in the creep collarse
rethedolegy frem that previcus approved, please justify them.

Respemse; Cvality alcne dees not determine the collapse of the cladding.
The cvality, cladding thickness, tomperatire, and differentizl pressure
acress the cladding together determine when the first of two possible
cerditiens ocour. When either of these two corditions coour the cladding is
assared to have failed, The corditions are:

1.1herateofovalizatimequalsore:w_eeds[ ]

ﬁ.mmsamlevimmammmumm

For the Mark-EN fuel rcd corditien 2 sets the predictad creep collapsa life,
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’n:em:dmmdmsiﬁmtimvalusmmmf]mmelmbasedm
rreducticn  experience. In core densificaticn can be predicted frem

resintering demsity ctanges atter| . J Based cn these the
na)dmmdasiﬁcatimmctedis['{]atﬁ -7 7} This results in a
lcwerpihptesmthmuéixx;amxdmmderxsitycfE _]matlr; J

as.jsusedwith[- ]’mmelmﬂisﬂ:ergfore ccnsexrvative.

Becept for the densification assmptions for| ]in‘melauotharpamaof
the creep collapse amalysis follows the patheds demenstrated in references
7, 9 and 10. ' '

Question 10: The power histery envelcpe for the Mark-BW design in.Figure 5-3

dees not match the emvelcere for this design provided in Figuro I-13 of

Arperdix I in the TACOS Jeoumentation, Why is there a difference between
these power history emvelopes? How is the power histcry envelcpe in Pigure
5-3 determined? Will the power history envelcpe in Figure 5-3 be used for
internal rcd pressure analyses? Will the rod pressures for the Mark-BW
design exceed system pressure at the mayimm hirmrs requestad?

Response: The power history envelcps for the Mark-BW design shovn in Figure
53 of EAW-10172P was develcred using methcds descrited in BAW-10141P-3,
rev. 1, ard EAW-10153F-A. This power history was used in calculations
rerfarmed with TAOO2 to produce the fuel temperature ard intermal pressure
predictions shown in Figures 5~4 and 5-5 of BAW-10172P. The power history
envelope shewn in Figure I-13 of the TAOOS deaumentation (8) represents a
later update, develcped with a slightly different methed (i.e. uncertainty
adjustments are treated differently). The applicaticn of this erwelcpe to
the amlysis of fuel perfarmance for any specific fuel cycle is subject to
the same cviterion as the TACD2 envelcpe, narely that it must ke
demcnstrated to kound the predicted fuel rcd pewer vs bump for the mest
limiting reds in the core. A1l fubmre Mark-B# fuel red thermal perfoarmence
amalyses will use TACD3. This envelcpe, or similar envelcpes develcped with
the same procedure, will ke used for the prediction of fuel rod intermal

10
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pz&szn‘evshmmp Until separately justified, }saﬁc-aiﬁ:elmdhn:mp
winnctbepemltbedboaceedthevalueﬁurwhm&epredictaimtenm
mmmmmmﬂ(m.mﬂmmﬂtm
pressure.

Question 13: The NRC Standard Review Plan reguirements for fuel enthalpy,
fuel rcd rallocning and rupture, cladding embrittlement ard cladding melting
have rct Leen addressed in the subject document. Please surply the amalyses
thataddressﬂmreqairamﬁarstztemmmmmtobe
addressed in future dccumentation,

_ejection accident for FWRs. The rocd ejection accident is Qiscussed in

secticn 4.4.8 of reference 11. Fuel rod kallccning and xupbrre models are
provided in section 4.3.3 of reference 12. mad'!ixganhtittlazentam
mmmmmmmmmmmm@um
topical report which is scheduled to be submitted to the NRC on Angust 31,
1989.
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Figure 4, Span Six Average Diameter -
Span Six - Maximum Creepdown Span
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Appendix B to BAW-10172

Responses (dated 9/7/89) to NRC Questions
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Ouestions

Provide bounding results of a mixed core seismic and LOCA analysis °
consisting of Westinghouse and Mark-BW Fuel assemblies.

Eesgouse:

A boundmg analysis of a mixed core conflguratlon (Mark BW and
Westinghouse fuel assemblies) representative of a transition cycle
was performed. The properties of the Westinghouse assemblies
required for this bounding mixed core analyses were provided by
Duke Power Company. Both Westinghouse and Mark-BW fuel assemblies
have essentially the same overall assembly stiffness and freguency
characteristics. Hence identical assembly stiffnesses were assumed
in the ana1y51s. A comparison of the Mark-BW and the Westinghouse
gr:.d properties showed that the stiffness of the Westinghouse grid
is about [ Jhigher than that of the Mark-BW grid. As the
Westinghouse grid is stiffer than the Mark-BW grid, there will-be
a reduction in spacer grid impact loads on the Westinghouse spacer
grid for a mixed core configuration compared to an all Westinghouse

fueled core.

A reactor core pattern as shown in Figure 1 was analyzed for the
reload trans:.t:.ons core. In this core pattern, E -
are placed in *t:hel_—_h
. while the Westinghouse assemblles are placed in the
g ) T This pattern is conservat:we in the impact loadlng
nalysis, since [

This confiquration with the stiffer Westinghouse grid resulted in
a2 maximumi _]hlgher grid impact load on the Mark-BW fuel assembly
compared to the full Mark-BW core confl ration. This higher load
resulted in a grid deformation of j;!.nches which is less than
the 1limiting grid defcrmatlons. hese are: .o inches
deformation used for defining a coclable geometry an ]!_'_ ] inches
deformation used for assuring contrcl rod insertability. The
smaller of these two limits, ’ginches for a coolable geometry,
is used to deter’mine margins. is results in a margin of J
i .73 Hence it is concluded tha
mixed core con51st1ng of Westinghouse and BWFC Mark-BW fuel
assemblies will meet the appropnate criteria and maintain a
coolable geometry under combined seismic and LOCA accidents.
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FIGURE | REACTOR CORE FUEL ASSEMBLY
RELOAD PATTERN CONSIDERED
IN THE ANALYSIS




