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UNITED STATES
NUCLEAR REGULATORY COMMISSION
WASHINGTON, D. © 20855

FEB 15 1883

Mr. James H. Taylor, Manager
Licensing

Babcock & Wilcox Company

P. 0. Box 1260

Lynchburg, Virginia 24505

Dear Mr. Taylor:

Subject: Acceptance for Referencing of !.icensing Topical Report BAW-10147(P)

The Nuclear Regulatorvy Commission (NRC) has completed its review of the Babcock

& Wilcox Company (B&W) licensing topical report BAW-10147(P) entitled "Fuel Rod
Bowing in Babcock & Wilcox Fuel Designs" dated April 1981, and the response to
NRC's requests numbers cne and two for additional information submitted by

Mr. J. H. Taylor (B&W) to Mr. J. R. Miller dated April 15, 1982. The report
describes an evaluation of the extent and effects of fuel rod bowing in Babcock

& Wilcox fuel assemblies during irradiation. The correlation of an extensive
data base of rod how measurements has resulted in a method of predicting the
magnitude of rod bow as a function of burnup. The results of bowed rod critical
heat flux tests along with the rod bow prediction equation, are incorporated into
a correlation to be used for predicting departure from nucleate boiling ratio
(DNBR) penalty as a function of burnup. The effects of rod bow on power peaking
uncertainty and on the mechanical performance of the claading are also addressed.
The technical evaluation of the licensing topical report, prepared under contract
by Dr. J. F. Carew of the Brookhaven National Laboratory and concurred in by the
NRC staff, is enclosed.

Based on our review, we conclude that the proposed methodology provides an
acceptable means for analyzing the effects of fuel rod bowing and determining
the power peaking factor (FQ) and departuve from nucleate boiling ratio rod bow
penalties. This acceptability is limited to the fuel designs, exposures and
conditions stated in the licensing topical report and supperting documentation.
It is based, in part, on the Babcock & Wilcox gap closure representation and
the specific assumptions made in formulating this methodology.

As a result of our review, we find the Babcock & Wilcox licensing topical report
BAW-10147(P), as augmented by the response tu NRC's requests for additional
information identified above is acceptable for referencing in license applications
to the extent specified and under the limitations delineated in the licensing
topical report and the enclosed technical evaluation. The acceptance is not
applicable to fuel designs that exhibit a greater propensity for bowing than that
of the data from that the models reviewed were developed. NRC would like to be
notified when fuel rod bowing performance is perceived to be outside of that
predicted. Should a licensee determine that a particular core loading might




FEB 15 183

Mr. James H. Taylor -2~

produce 1imiting fuel (with respect to a thermal-hydraulic penalty) at a burnup
beyond that corresponding to the Babcock and Wilcox generic limit (24 GWd/MTU),
then that licensee should analyze that particular core loading to determine whether
any penalty to the fuel exceeding the ceneric burnup limit is warranted. As
discussed in the technical evaluation, residual DNBR penalties due to fuel rod
bowing remain as are described in the topical report. Traditionally, applicants
have used generic and plant-specific margins to totally or partially offset such
penalties. Offsetting margins that are so used must be documented in the bases to
the technical specifications and any remanent penalties must be accommodated into
the technical specifications. The quantification of margins that are employed
will not debar licensees from conducting reloads under the provisions of 10 CFR
50.59 provided that the specified margins remain available. When this report is
refe:enced. the reference must include both the proprietary and nonproprietary
versions.

We do not intend to repeat the review of the safety features described in the
licensing topical report, and found acceptable, when it appears as a reference
in a license application except to assure that the material presented is
applicable to the specific plant involved. Our acceptance applies only to the
features described in the topical report as augmented by the response to the
requests for additional informaticn.

In accordance with established procedures (NUREG-0390), it is requested that
Babcock & Wilcox Company publish an approved version of this report,
proprietary and nonproprietary, within three months of receipt of this letter.
The revisions are to incorporate this letter and the attached technical
evaluation following the title page, and thus just in front of the abstract.
The revised report must incorporate the supporting information identified in
the above initial paragraph. The report identifications of the approved
reports ire to have a -A suffix.

Should Nuclear Regulatory Commission criteria or regulations change such

that our conclusions as to the acceptability of the report are invalidated,
Babcock & Wilcox Company and/or tie applicants referencing the topical

report will be expected to revise and resubmit their respective documentation
or subnit justification for the continued effective applicability of the
topica’ report without revision of their respective documentation.

Sincerely,

Cecil 0. Thoma=. Chief
Standardization & Special

Projects Branch
Division of Licensing

Enclosure: As Stated
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TECHNICAL EVALUATION OF THE BABCOCK AND WILCOX FUEL ROD
BOWING TOPICAL REPORT BAW-10147P

Prepared By

J.F. Carew

August 1982

Core Performance Group

Department of Nuclear Energy
Brookhaven National Laboratory
Upton, New York 11973



REPORT Tiire-

REPORT DATE:

ORIGINATING ORGANIZATION: Babcock & Wilcox Compau,
1.0 Background

In 1973 Westinghouse reported fuel rod bowing observations in P'Rs to the
Atomic Energy Commission. This fuel rod bowing was a deviation in straight-
ness of fuel rods believed to be caused by irradiation effects. The major
concerns with this phenomenon were the potential effects on bundle power
distribution and the margin of fuel rods to departure from nucleate boiling
(ONB).

Later in 1973, Westinghouse presanted to the AEC the results of experi-
ments in which a 4x4 bundle of electrically heated rods was tested to deter-
mine the effect of fuel rod bowing to contact on thermal margin reduction
(departure from nucleate boiling rato (DNBR)). The tests were performed at
conditions representative of PWR coolant conditions. The results of these
experiments showed that for the highest power density at the highest coolant
pressure expected in a Westinghouse reactor, the DNBR reduction due to heated
rods bowed-to-contact was approximtely 8%. These results were verified by
computer calculations (COBRA IIIC, THINC IV).

In 1976, Westinghouse modified these experiments and replaced one of the

center 4 fuel rods by an unheated tube of the same size as a Westinghouse 1
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thimble tube. This new test configuration was tested over the same range of

power, flow and pressure as the earlier tests. These tests showed, however,

reduction in DNBR was much larger than in the 1973 tests (reference 1).
Because of the 1973 results on fuel rod bowinu reported by Westinghouse,

Babcock & Wilcox (B&W) was requested in June 1974 by the AEC to evaluate fuel

rod bowing for the B&W design. After reviewing the submitted B&W rod bowing

avaluation, the AEC concluded that the DNBR rod-to-rod contact penalty was not

that with the unheated larger diameter rod replacing the heated fuel rod, the

conservatively predicted. During the following years, B&W performad critical
neat flux (CHF) tests for a MK<C 17x17 fuel assembly and 125,000 measurements
on fuel rod bowing.

In June 1978, the NRC requested from 3&4W the submittal of a topical re-
port on fuel rod bowing which covers fuel rod bowing data as well as an as-
sessment of the impact of fuel rod bowing on performance (reference 2). On
December 13, 1978, B&W submitted an interim report on fuel rod bowing with
preliminary CHr test data for a bundle containing a rod bowed to 55% closure
(reference 3). Also included in this report was a determination of the fuel
rod bow impact on DNBR using the statictical method proposed by the NRC. A
final report on CHF test data was submitted to the NRC on March 27, 1979 (re-
ference 4). In a letter to the NRC datea June 22, 1979 (reference 5), B&W
described a statistical method for using experimental data from their C9~and
C10 bundles (unbowed rod) to predict an upper 1imit on tie DNBR penality at 55%
closure. These submittals recaived conditional NRC approval in a NRC letter
to BAW dated Octoher 18, 1979 (reference 6).

.
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The final topical report on the fuel rod bowing evaluation (BAW-10147P)

was submitted to the NRC for review in April, 1981, It describes the B&W

experience with fuel rod bowing and its impact on performance.

2.0 Summary of Topical Report

The B&W report on the effects of fuel rod bowing is summarized in the
following.
2.1. Rod Bowing Data

2.1.1 Data Base

A total of over 125,000 individual rod-to-rod measurements for fuel
assemblies with burnups up to 40,000 MWd/MTU were carried out for 26 as-
semblies from 8 manufacturing batches. The water channel spacings were
measured using a Sulo strain gauge probe. A linear ccrrection was used to
correct for the unavoidable spread of the rods when the probe is inserted.
Measurements were carried out for both inner and peripheral rods. WNo dis-
tinction was made between data from 15x15 assemblies (MK-B) and 17x17 as-
semblies (MK-C).

The uncertainty in the gap size measurements is discussed.

2.1.2 Ana'ysis
Tha nomality of the gap spacing distributions was thoroughly tested.

Babcock & Wilcox corrected the raw data for a bias introduced by the measure-

ment technique.
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No adjustments were made to account for the L/I (i.e., arid span length/
cladding axial moment of inartia) differences between the 15x15 and 17x17
assembiies. For later use, B&W extracted from their measurements the worst
span data. The report does not show how gap closure data were translated into
rod bow data for the neutronics analysis.

2.2 Methods and Basic Correlations

2.2.1 Gap Closure

The gap closure correiation was derived from & standard regression analy-

sis of the worst span closure data. It yielded 2n essentially linear correla-
tion between the standard deviation of the gap at the worst span and burnup:
Sqap * A + B (BU)C,
where, the values of the A,B and C parameters are given in Section 5 of the
report and BU is expressed as average fue! assembly burnup in GWd/MTU. The
gap closure correlation was derived from MK-B assembly (15x15) data only. It
is applied to both MK-B and MK-C assemblies. The recommended cold-to-hot cor-
rection factor of 1.2 has been included in Sgap. In converting the above
rod bow correlatica into a Sg5/95 correlatica B&W uses a burnup-dependent
multiplier, which accounts for batch-to-batch variations in gap closure. For
burnups in excess of 5,900 MWd/MTU, this results in a multiplier greater

(i.e., more conservative) than the earlier NRC recommended 1.5 value.

- ix -



2.2.2 Neutronics

The DOT code (reference 7) was used to caiculate the power distributiorn for a
5x5 fuel rod array. The effect of rod bowing on the center-rod power distri-
butidn was calculated for different magritudes and azimuthal directions of
bow. The 5x5 array of fuel rods was surrounded by a homogenized fuel/moder-
ator region., Reflective boundary conditions were employed., Macroscopic cross
sections were calculated with the ANISN code (reference 8) using five thermal
groups and one fast group. The cylindrical geometry of the fuel rods was ap-
proximated in rectangular coordinates.

2.2.3 DNBR

2.2.3.1 Experimental Data

Babcock & Wilcox has tested two 5x5 non-uni form guide tube bundles.
These bundles (C9 and C10) were identical in design except that in the C10
bundle, one of the hct rods was bowed into the guide tube channel to achieve
approximately 55% closure in the gap. Critical heat fluxes were mzasured for
different pressures and flow rates. The relative heat fluxes for the eight
rods surrounding the center guide tube were 1.117 for test (9 and 1.102 for

test C10.

2.2.3.2 Analysis

For the subchannel analysis, the LYNX2 computer code was used in con-
junction with the B&W MK-C CHF correlation (BWC). Critical heat flux (CHF)
uncertainties were determined, The determination of the ONBR penalty w;s
based on a conbined deteministic-probabilistic approach thus not campletely
following the NRC recommendation for the calculation of the DNBR penalty (re-

ference 2).



neutronics asalysis show that rod bow of 100 mils
leads to 4 power change of ar. 3% fa the rod closest to the bdowed rod.

.

Only 3ingle rod bow has been anaiyzed in the 5i5 fuel rod array. The effect
f the reflactive boundary conditiors on the prediction of power peaking is
not discussed. The cross saction sensitivity also is not addressed in the re-
port.
3.2 Mechanical
sabceock & Wilcox states that fretting wear is of no consequence because
the uw probab’!ity that rod-rod contact will occur, (2) the small

ative motion and (3) the lcow contact force in the case contact

2.3.3 Thermal-Hydraulics

For MK-B8 and MK-C fuel with a gap closure corresponding to 40,000

Mwd/MTU, B&W cal¢iiates DNBR reducticns of a few percent. However, these pen-

alties are considared insignificant and unnecessary, because the power produc-

rion capability of fuel decreases with buriup. According to B&W analyses,

ve! assemblies with burnups of 24,000 MWd/MTU or greater cannot produce suf-
ant power t2 achicve design limiting peaking values. At 24,000 MWd/MTU,
DNBR pena’*ies calculated by B&W for MK-8 and MK-C fuel are less than 1%.
this basis, B&W claims that 2 ONBR penalty due to fuel rod bowing does not

to be considered for reactor licensing.
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3ap Closure Nata Base and Representation

e B&W gap closure data base and its representation were reviewed 1n de=-
tail. Areas of special! concern included the methods used to measure the
rod-to-rod spacings, the excent to which these measurements span the required

fuel designs and expected operating conditions, and the interpre-
tation and correlation of these measurements (vs. exposure, span length,
etc.). The B&W response to questions raised as a result of these and related
concerns (reference 9) has been evaluated and generally found to be satis-
.

actory.

Determination of the ONBR Penalty

The B&W measurements and correlation of the ONBR rod bowing penalty
;30 closure and the use of this penalty function in the determination of
OUNBR penalty were reviewed in detail. Areas of special concern included the
penalty threshold and contact penalty, and the interpretaticn of the ONSR pen-
The B&W response to questions raised as a result of these and re-
lated concerns (reference 9) has been evaluated and generally fcund to be
satisfactory.

31.3. Neutronics Calculaticns

The neutronics calculations of the bowing effects on local pin powers

were reviewed in detail. Areas of particular concern included the calcula-

tional modeling (geometry, cross sections, numerical procedures and solution,
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Babcock & Wilcox has performed (reference 9) PDQ diffusion theory
calculations of a 2x2 fuel assembly array in order to assess the effects of
assembly bowing on local pin powers. The calculations considered two assembly
configurations including assembly arrangement with nominal gaps and a per-
turbed configuration in which one fuel assembly is bowed diagonally away from
its three adjacent neighbors. The central inter-assembly gaps adjacent to the
displaced assembly were increased from 51 mils (naminal) to 102 mils while the
outer adjacen® gaps were reduced to zero. The specific assemblies selected
were two 3.02% and two 2.06% enriched UO, MARK-3 assemblies representa-

of typical fresh/depleted reload assembly shuffle patterns.

The 51 mil increasa in inter-assembly gap resulted in a 2.8% maximum in-
crease in peripheral rod power., It is expected that this sensitivity is ap-
slicable to both the calculated diagonal assembly displacement as well as a
lateral assembly displacement in which only one of the four central gaps is

increased.

while assembly bow effects have not been incorporated in the Fp peaking

factor uncertainty, we believe that the conservatisms identified in re-
sponse to question 6 together with the conservatisms listed below are suf-

ficient to offset this deficiency when the 95/95 increase in inter-as-

sembly gap is not significantly greater than ~ 50 mils.,
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The present calculation of the total peaking factor includes
separate multipliers for the densification power spike penalty and
the penalty representing the statistical combination of the nuclear
reliability factor, the engineering hot channel factor and the rod
bow peaking factor. [f B&W were to include the spike factor in the
statistical combination with the other three factors, the resulting
factor would be less than the product of the original two penalties,
thereby yieiding a peaking credit.

Since the nuclear reliability factor described in the topical report
BAW-10119-A, "Power Peaking Nuclear Reliability Factors,"” for the
worst combination of peak power and assembly radial-local factors is
less than the standard B&W analysis value of 1.075, there is a peak-
ing credit available. This conservatism was recognized in the NRC
topical report evaluation of BAW-10119-A,

The limiting iccation in the fuel assembly generally occurs between
the 2- and 3-foot elevations. The amount of bow at these heights is
less than the bow at the core midplane, resulting in a reduction in
the effect of assembly bow on any associated power peaking increase
in the region of greatest importance.

The limiting peak rod location in the core in the lumped burnable
poison (LB8P) shuffle scheme (used in all but one operating B&W re-
actor) is nomally on the periphery of a fresh LB8P-containing as-

sembly and is sensitive to the effects of assembly bcwing., How=

ever, since the assembly is in its first cycle of operation, the




actual rod power peaking aff

compared to the conservative val

BAW-10147P, Thus the rod bow peaking all

set peaking increases caused by assembly

maximum
fects of fuel 1 bowing on the limiting are not ex-

pected with the effects

the D.'."‘,.t Cf

petween

the assembly peak rod. Based on neutronic sensit

a gap increase of ~ 10 mils

seak rod power and the peripheral

hetween the peripheral and peak

-

inter-as increase

tistical Methodology

1
!

methodology for determining the Fj

-

bowing penalties has been reviewed

the methods for integrating




olba

bowing displacements, the determination of the mean and variance of bowing

penalties, and the method for accounting for multiple rod displacements. The
B&W response to questions raised as a result of these and associated concerns
(reference 9) has been evaluated and generally found to be satisfactory. Howe-

eve, , the statistical method for detemmining the DNBR penalty requires some

discussion.

DONBR STATISTICAL METHODOLOGY - The statistical method used by B&W in

determining the ONBR penalty is considered incomplete in ("at it does not
properly account for the bowing of all eight rods surrcunding the hot rod in
the core. In fact, the proposed method is one-dimensional, considering the
closure of only the two colinear gaps on the left and right of the hot rod and
neglecting the closure of the remaining six gaps. Four of the remaining gaps
are associated with "diagonal" neighbor rods which are -- 2.5 times farther
away than the closer neighbors. Consequently, the probability of the gap to
one of these diagonal neighbors being smaller than the minimum gap to the
closer neighbors is neglibible, and the effect of bowing of the four diagonal
neighbors may be neglected. The increase in the ONBR penalty due to the
inclusion of the remaining two closer gaps h-, oe::\determined and results in
an increase in DONBR penalty by a factor of ~ 2.

Also, B&W calculates an average ONBR rod bowing penalty , 3, and takes no
additional penalty for uncertainty due to variability in gap closure as recom-

mended in reference 2. This simplification is non-conservative and will
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The DNBR experiments, which employed a displaced rod ard which were
designed to assess the effect of bowing of one specific rod, had
generalized bowing (though small) throughout on all of the other
simul ated fuel rods. The bowing was attributable to two factors; (a)
the simulated fuel rods were not manufactured perfectly straight and
(b) when power was applied to the ferromagnetic cartridge inserts,
magnetic forces between rods were induced thus creating widespread
bowing of small magnitudes. Hence, the ONB experiments and the re-
spective analyses of the DNBR penaities are not strictly applicable
to only situations involving one large bow. Rather, these penalties
are more applicable to actual and more probable inpile situations

and associated analyses involving a large bow in a field of several
lesser bows. Consequently, this aspect, though unquantifiable, will
partially compensate for the use of a 2 rather than an 8 bowed-rod
DNBR penalty calculation in the DNBR methodology.

Cladding creepdown increases the nominal rod-to-rod spacing. This
phenomenon was not modeled in the B&W analysis.

There is modeling conservatism in the treatment of reduction in DNBR
as a function of gap closure. As shown in Figure 1, the proposed 3&W
licensing curve (depicted by the solid l1ine) bounds the expected be-

-

havior (hypothesized by the dashed curve).
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echnical Position

The B&W data base and calculational procedures proposed for the analysis
sf the effects of fuel rod bowing have been reviewed in detail. Consideration
nas been given to the basis and accuracy of the individual elements of the

oroposed methodology as well as the overall conservatism and adequacy of

resulting FQ and DONBR penalties. Based on this review, we conclude that

proposad methodology provides an acceptable means for analyzing the effects of
el rod bowing and determining the Fy and DNBR rod bowing penalties.
This evaluation is limited to the fuel designs, exposures and conditions
in the report and supporting documentation and is based, in part, on
jap closure representation and the specific assumptions made in form-
iting this methodology. We recommnend B&W perform continued fuel surveil-

ance to ensure confidence in these assumptions and bases.
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Babcock & Wilcox
Power Generation Division
Lynchburg, Virginia

Report BAW-I10147A, Rev.

Rod Bowing in
:0x Fuel Designs

J. C. Moxley

)sure, DNBR, Burnup, Power Peaking

ABSTRACT
we report describes an evaluation of the extent and effects of fuel rod bow-
1ig in Babcock & Wilcox fuel assemblies during irradiation. The correlation
an extensive data base of rod bow measurements has resulted in a method of
predicting the magnitude of rod bow as a function of burnup he results of
bowed rod critical heat flux tests along with the rod bow prediction equation

incorporated into a correlation to be used for predicting departure from

leate bolling ratio penalty as a function of burnup. The effects of rod

power peaking uncertainty and on the mechanical performance of the

ire also addressed.
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AEC

A
a, a,

Bu

€ €
o
cBu
CHF
DNBR
D'
1* 9
€
£(%)

gap closure

d, d

K
lo
Mark B
Mark C

PIE

rhs
rod bow

Span

Tolerance interval;
global

NOMENCLATURE

U.S. Atomic Energy Commission, now U.S. Nuclear Regula-
tory Commission

Area to adjust probability distribution to unity

Penalty at full closure, upper limit of penalty at full
cloaure

Burnup

Gap closure, nominal or as-built value
Statistical model correction factor
Critical heat flux

Departure from nucleate boiling ratio
Test of normality of a data distribution
Differential, constants of integration
Exponential function

Function of variable in brackets

The change in the water channel gap expressed as a ratio
to the nominal gap

Gap closure value ' :low which no DNBR penalty exists
Limit of integration, a constant

B&W designation for 15 by 15 array fuel assembly design
B&W designation for 17 by 17 array fuel assembly design
Post irradiation examination

Coefficient of determination, measure of model adequacy
Right-hand side

Lateral deviation of a fuel rod from its theoretical
unbowed position in a given span (The standard devia-
tion of the distribution of the water channel gaps with-
in a span is used as a measurement of rod bow for that

span.)

Fuel rod axial region between spacer grids

An interval that brackets a portion of the population
with a specified confidence; over the entire data range

Variable of integration

Babcock & Wilcox
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water channel
worst span
Ac

6. GC' 6 m‘

Q
-

E I et

¢(*)

The gap between adjacent fuel rods or adjacent fuel rod
and guide tubes

The span of a fuel assembly that exhibits the largest
magnitude for the standard deviation of the distribution
of water channel measurements for that assembly

Change in gap closure
Reduction -~ at closure, for DNER

Bow, standard deviation of gap closures, relative to
as-built

Uncertainty in penalty at full closure
Standard error of estimation

Notation c¢f summation

pi

Normal integral of variable integrated to upper value
in brackets
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1. INTRODUCTION

1.1. Summary

The phenomenon of fuel rod bowing was reported to the Atomic Energy Commission
(AEC) in 1973 as a result of chservations in Westinghouse pressurized water
reactors (PWRs). The term rod bowing refers to the deviation in the straight-
ness of a fuel rod caused by irradiation effects. The immediate concerns of
fucl rod bow were the potential effects on bundle power distribution and on
the margin of the fuel rods to departure from nucleate boiling (DNB) .

iu June 1974, the AEC requested that Babcock & Wilcox (p&W) review an analyt-
ical model developed to predict the magnitude of rod bowing and evaluate the
B&Y fuel design with the analytical model. In September 1974, B&W met with
the AEC to discuss the unique features of the B&W fuel design that would pre-
clude significant bowing. At this meeting, B&W reviewed its plans for post-
irradlation examination (PIE) of fuel assemblies, which would measure fuel rod
bow.

The continuing AEC concerns regarding fuel rod bow subsequently resulted in
the imposition of a DNBR penalty on design analyses, which was based on con-
servative equations used to predict the magnitude of the bowing. The penalty
equatfon zssumed that the DNBR reduction due to rod bow varied linearly with
bow (gap closure). The results of critical heat flux (CHF) tests performed
for bundles containing rods bowed to partial and full contact were reported

to the Nuclear Regulatory Commissicn (NRC) and were made available to all fuel
manufacturers. The NRC evaluation of the results concluded that DNBR penalty
at rod-to-rod contact was not being predicted conservatively by existing tech-

niques.

On September 10, 1976, B&W submitted a report to the NRC presenting the results
of rod bow measurements of B&W fuel. the results indicated a small amount of
bow evident on the measured fuel assemblies, which had been irradiated to a
burnup up to 20,000 MWd/mtU. Included in this report was a conservative method
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of predicting the magnitude of rod bow. As part of a total program addressing
rod bow, B&W met with the NRC staff on February 25, 1977, to discuss plans for
CHF test® to determine the effect of rod bow on the B&W Mark C 17x17 fuel as-
sembly.

In June 1978, the NRC provided to B&W a method of conservatively calculating
the magnitude of rod bow and the corresponding DNBR penalty.' The NRC sug-
gested that B&W use this procedure to predict rod bow penalty as an interim
measure until B&W submitted and received approval on a topical report on rod
bow. In December 1978, B&W submitted an interim method for calculating DNER
penalty based on the NRC ptocedure.2 The interim calculational method incor-
porated gap closure 'ata from the B&W PIE program and preliminary CHF test
data for a bundle containing a rod bowed to 55Z closure, which was a signifi-
cantly greater gap closure than had been measured in the PIE program. Final
CHF test data were submitted to the NRC in March 19797, and the test results
were incorporated into a final submittal of an interim DNBR penalty calcula-
tional method in June 1979". This submittal received NRC approval in Gectober
1979.% To date, the B&W rod bow measurement program has produced more than
125,000 measurements, including 26 fuel assemblies from eight manufacturing
batches, two basic fuel assembly designs, two reactors, and fuel assembly
average burnups to 40,000 MWd/mtU.

l... Conclusions

The magnitude of rod bow, or rod-to-rod gap closure, has been determined as a
function of fuel assembly burnup. Equations developed from a statistical
analysis of the rod bow data conservatively predict the increase in rod bow
with burnup for B&W fuel designs. The results of the CHF tests conservatively
indicated that no DNBR penalty is applicable for gap closure up to for B&W

fuel designs.

The statistical combination of the rod bow measurement data and the CHF test
data resulted in a DNBR penalty equation as a function of fuel assembly burnup.
This equation is represented by the curves shown in Figures 7-1 and 7-2 for
Mark B and Mark C fuel. The penalty curves are illustrated for fuel assembly
burnup to 40,000 MWd/mtU and show a penalty that varies from at Mwd /
mtU to DNBR reduction (Mark B) and (Mark C) at MWd /mtU.

This penalty is considered to be insignificant and unnecessary because the
power production capability of fuel assemblies diminishes with irradiation to

1=2 Babcock & Wilcox
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the extent that fuel assemblies with burnups of 24,000 MWd/mtU or more cannot
produce enough power to achieve design limit peaking values. Therefore, no
DNBR reduction due to fuel rod bow need be considered in reactor licensing.

1-3 Babcock & Wilcox

& McDermott company



2. FUEL ASSEMBLY DESICN —
GENERAL DESCRIPTION

This section describes the design characteristics of B&W 15x15 Mark B and
17x17 Mark C fuel assemblies. Both fuel assembly types have the same basic
design configuration and employ similar manufacturing techniques and assembly
fabrication procedures. Table 2-1 is a design comparison of the assemblies.

The Mark B fuel assembly is shown in Figure 2-1 with its major components
identified. It consists of Zircaloy-clad fuel rods, Zircaloy guide tubes,
Inconel spacer grids, and stainless steel end fittings.

The upper and lower end fittings are rigidly connected to the guide tubes.

The two end grids are attached to the end fitting through a reinforced exten-
sion of the outside grid strip. The six intermediate spacer grids are not
attached rigidly to the guide tubes. There is a slight interference between
the guide tubes and the spacer grid cell saddles. This interference ensures
proper positioning and support of the guide tubes and allows the intermediate
grids to move axially with fuel rod growth. This design reduces both the num-
ber of rods that experience axial restraint and the magnitude of the restraint
loads that arise from fuel rod-to-guide tuhe differential expansion or growth.

During fabrication, keys hold the grid cells in the open position so that the
fuel rods can be inserted freely without axial force. After all rods are in
place, the keys are removed, closing the cells. This technique eliminates
residual axial forces in the rods.

The assemblies are fabricated with the fuel rod. in contact with the lower end
fitting and with a clearance between the rods and the upper end fitting to
accommodate fuel rod thermal expansion and irraciation growth throughout the
1ife of the assembly.

The configuration of the 17x17 Mark C assembly is similar to that of the 15x15
Mark B design, as shown in Figures 2-1 and 2-2. The major differences are that
the fuel rod diameter, thickness, and pitch have been proportionally reduced

2-1 Babcock & Wilcox
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to accommodate the 17-17 matrix within the same assembly envelope. The design
features of the fuel rod/spacer grid/guide tube interface are identical to
those of the Mark B design.

The data reported for the Mark C assemblies were obtained from two sets of
demonstration assemblies used to verify the design. These assemblies were
fabricated with standard Mark C spacer grids and fuel rods except that the
standard Mark C fuel vod cladd.rg is 0.0005 inch thicker. The upper end fit-
ting was modified to be comr.tible with both the fuel handling equipment and
the reactor intermals of che host Mark B reactor.

Tabie 2-1. Comparison of Fuel Assembly Designs

Mark C 17x17
demonstration
Mark E Mark C assemblies

Fuel Assembly
No. of fuel rods 208 264 264
No. of guide tubes 16 24 24
No. of instrument tubes 1 1 1
No. of spacer grids 8 8 8
Rod pitch, in. 0.568 0.502 0.502
Rod-to-rod gap, in. 0.138 0.123 0.123
Fuel Rod
Fuel stack length, in. 143 143 143
Cladding OD, in. 0.430 0.279 0.379
Cladding ID, in. 0.387 0.331 0.332
Cladding thickness, in. 0.0265 0.0240 0.0235

Guide Tube

Tube OD, in. 0.530 0.465 0.465
Tube ID, in. 0.498 0.430 0.430




Figure 2-1. Mark B Fuel Assembly
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Figure 2-2. Mark C Fuel Assembly
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3. WATER CHANNEL MEASUREMENTS

The water channel gaps were messured in botn irradiated and unirradiated fuel
assemblies of the Mark B and Mark C designs. These data were reduced into a
span by span summary for each assembly (Appendix B). The statistical summa-
ries for the worst spans were combined into a data base for use in the devel-

opment of a correlation relating rod bow to burnup as described in section 5.

The statistical analysis used to characterize the rod bovw data is based on
the assumption that the data follow a normal distribution as described in
Appendix C.

3.1. Measurement Technique

Water channel spacing is the distance between adjacent rods in an assembly at
the midplane between spacer grids. These spacings can be classified as rod-
to-rod, rod-to-guide tube, or rod-to-instrument tube spacings. The nominal
values for these spacings for both the 15x15 Mark B and the 17x17 Mark C as-
semblies are shown in Figure 3-1. Water channel measurements are usually
taken between all rods, guide tubes, and instrument tubes in the two orthogo-
nal directions at the midspan planes of the assembly as shown in Figure 3-2.

The water channel spacings are measured during post-irradiation examinations
with the assembly in a test frame mounted on the side of the spent fuel pool
at the reactor site. The water channel measuring device consists of a "Sulo"
probe attached to a pneumatic piunger that inserts the probe through the water
channel gaps between two rows of rods. The "Sulo" probe is a thin wand with
strain gages attached to leaf springs that change their resistance proportion-
ally when they are deflected. A special fixture is used to position the Sulo
probe axially and transversely to the desired water channel of an assembly.
The probe measures the distance between the pairs of rods on each irsertion.

A calibration signal for the probe is obtained before each insertion by pass-
ing the probe through two pairs of tungsten carbide pins with known separations
(nominally 100 and 150 mils). The water channel measurements are determined
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by comparinrg the measured signal to these values. The data are recorded on a
continuous time based chart recorder. Appendix A contains a complete descrip-

tion ol the measurement techniques.

During the actual measurement of the water channel spacing, the Sulo probe
spreads the fuel rods slightly, increasing the measured spacing and biasing
the raw data. A linear correction is used to adjust all the individusl water
channel measurements of an assembly so that representative spacings can be
obtaired. This correction is proportional to the amount the lesf springs are
deflected during measurement. The procedure for this correction is given in
Appendix A.

The corrected midspan gap measurements are used to calculate the rod bow sta-
tistics. The standard deviation of gap, often referred to as rod bow, was

determined for each plane, using the following equation:

k)
" N 5 & {N :
X, - % L @) - [ ) xiJ

i e &
1= =1 N -1

(3-1)

vhare X, = individual gap measurements,

i
X = average of measurements,
N

= number of measurements in the data set.

3.2. Data Base

The data base used to develop the rod bow prediction model was obtained from
an extensive measurement program on irradiated and unirradiated assemblies.
Water channel measurements were taken on assemblies of both the 15x15 and
1717 configurations. These assemblies are representative of a wide range of

manufacturing and operational variations.

Table 3-1 is a listing of the rod-to-rod water channel gap measurements used
to develop the rod bow to burnup correlations (section 5) for the Mark B and
Mark C assemblies. These data are for the worst span of the assembly, which
is defined as the span that exhibits the largest magnitude for the standard
deviation of rod-to-rod measurements. Considering only the worst-span gaps
ensures that the correlation developed from these data bounds the span-to-span
variations that may exist within an assembly.

3-2
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A complete summary of all the water channel measurements for each midspan
measured is presented in Appendix B. The data are presented in statistical
form for 26 assemblies from eight manufacturing batches and represent nver
125,000 individual rod-to-rod gap measurements for fuel assemblies with
burnups up to 40,000 MWd /mtU.,
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Table 3-1. Rod-to-Rod Water Channel Measurements

Rod-to-rod gap for worst span

Fuel assembly —— . &
Assembly span No. of Mean Std
FA (a) .2V8 Bu, locat ion, measure- gap, dev'n
ident EOC 10" MWd /mtu span No. ment s mils mils
Plant A, 15x15 Mark B Assemblies
1A16 1 10.6 352
1804 0 0.0 352
2 19.8 176
1BOS 0 0.0 352
2 19.7 352
1829 0 0.0 352
2 20.0 352
1C04 3 22.0 350
1C30 1 6.4 311
2 15.9 352
3 24.6 352
1C63 0 0.0 352
1 7.6 352
2 16.6 352
3 3.1 352
1C66 0 0.0 335
1 9.8 352
2 18.5 352
3 26.5 352
1p13 3 31.2 352
4 39.8 298
1D26 3 1.3 351
4 39.8 280
1D40 0 0.0 352
1 13.1 341
2 24.8 352
1D42 3 28.2 348
4 36.0 226
1D45 3 31.2 344
4 39.8 273
1D55 3 31.2 352
4 39.8 301
3-4 Babcock & Wilcox
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Table 3-1. (Cont'd)

Rod-to-rod gap for worst span

Fuel assembly

Worst
Assembly span No. of Mean(b) Std(c)
FA a) U8 bu, . location, measure- gap, dev'n,
ident eoc' 10°MWd /mt U span_No. ments mils mils
Plant B, 15x15 Mark B Assemblies
2B15 1 17.2 352
2 24.3 352
2840 0 0.0 352
1 17.2 52
2 24.3 352
NJOOS8K 1 5.4 352
2 16.5 313
NJOOSBL 1 5.4 352
2 16.5 352
NJOOSH 1 5.4 352
2 16.5 352
NJOOBN 1 5.4 352
2 16.5 352
NJOOP7 1 11.0 352
NJCOPG 1 10.38 352
Plant B, 17x17 Mark C Assemblies
NJ0O59 0 0.0 310
1 5.4 310
2 12.1 310
3 24.6 310
NJOOSA 0 0.0 380
1 5.4 380
2 12.1 380
3 24.6 380
NJOOMZ 0 0.0 444
1 9.4 444
2 22.3 333
NJOON 0 0.0 444
1 9.4 444
2 22.3 444
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Table 3-1. (Cont'd)

Footnotes

(.)EC: end of cycle; end of cycle zero (0) refers to "as-built."”
(b)

Mean gap is the mean value for the distribution of gaps as determined
from the water channel measurements:

mean gap = %2 gap where N = number of measurements.

(C)Sundard deviation is defined as

o= fiir [1 Gom® - £ (1 so)]}

where gap = water channel measurement.
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Figure 3-1. Nominal Gap Dimensions
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4. VARIABLES AFFECTING ROD BOW

Fuzl rod bowing is a phenomenon that is affected by design configuration,
manufacturing wethods, and fabrication techniques as wz1l as the fuel assembly
burnup. To evaluate the iwportance of assembly variables, statisticai tech-

niques were used to investigate water channel gap mecsurament veriations.

An emriricai equation was developed to predict rhe magnitude of rod bow for
an assembly as a function of the assembly average burnup. This correlation,
described in section 5, is based on the variacion of rod bow within an assem-
bly. The correlation was adjusted to conservatively bound the batch-to-batch

variations.

4.1. Variation of Rod Bow Within an Assembly

Variation of rod bow within an assembly may be characterized in the following

categories:

+ Rod-to-rod variation within a span.
* Row-to-row variation within a span.

+ Span-to-span variation within the assembly.

The data base (section 3) used in the development of the correlation between
rod bow and burnup contains all the rod-to-rod measurements for the worst span.
Therefore, the rod-to-rod variations are inherently included in the statisti-

cal analysis.

A summary of the rod-to-guide tube water channel measurements is tabulated in
Appendix B. The statistical data for the worst-span rod-to-guide tube gaps
are presented in Table 4-1. As shown in Figure 4-1, the standard deviation of
the rod-to-guide tube data is less than the standard deviation of the rod-to-
rod data (presented in Table 3-1). Therefore, the rod-to-rod data used in

the development of the rod bow correlation conservatively bounds the rod-to-

guide tube data.
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To determine whether a significant row-to-row variation exists within a span,
the worst-span rod-to-rod data were divided into two categories: gaps involv-
ing peripheral rods and those involving only interior rods. The data in this
form are presented in Table A-2 and Figure 4-2. In a majority of the spans,

there is no difference between the two categories at the 95% confidence level

using the standard "F" cest.

o:/u; < '5! (4~1}

vhere %, and og standard deviations for peripheral and interion gaps
within a gpan,

Fsz = F distribution at 5X significance level.

The water channel neasurements tabulated in Appendix B were reviewed to identi-
fy the span-to-span variation in rod bow. In general, the spans below the

core midplane had the largest magniiude of the standard deviation of the dis-
tribution gap measurements. Table 4-3 presents the distribution of the loca-
tion of the worst spans for the Mark B and Mark C assemblies. Only the data

from the worst span are used in developing the rod bow correlation. .

4.2, Assembly Configuration Parameters

Fuel assembly design variations were evaluated for their effects on rod bow
by incorporating specific changes into otherwise standard fuel assemblies.
The water channel gaps were monitored after each cycle and compared to data
from standard assemblies. The gap measurements from these assemblies are
included in the data base (section 3.2) used to determine the rod bow/burnup

correlation.

4.2.1. Rods-Lifted Assemblies

A standard B&W assembly is fabricated with the fuel rod contacting the lower
end fitting. As described in section 2.1, the fuel rods are supported lateral-
ly along their lengths by the intermediate spacer grids, which can move axially
with the rods relative to the guide tubes. This configuration limits the accu-
mulation of axial strains in the rods.

The effect of contact between the fuei rods and the lower end fitting on rod
bow was investigated by fabricating twnr Mark B assemblies with lifted rods,
that is, with a gap between the rod and both the lower and upper end fittings.
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Water channel gaps measured on the rods-lifted assemblies after eachk cycle of
operation did not vary significantly from gaps measured for standard assem-

blies, as shown in Figure 4-3.

4.2.2. Spiral Eccentricity of the Cladding

In theory, when a fuel rod with a large wall thickness eccentricity is sub-
jected to an axial strain, the rod will bow tc cqualize the eccantric force.
The marufacturing precesses used to fabricate the fue! rod cladding resuiv in
a spiral variation of the wall thiciress., The eccentricity of the cladding
(Ew) is defined by
tra~ = tnln
E = ——t—— (4~2)
W t
avg

where t . & » and t are the maximum, minimum, and average wall thick-

max' min avg
nesses, respectively. The magnitude of bow may also be affected by the axial

spacing of the suppc “ts (spacer grids) relative to the spiral pitch of the
eccentricity.

To evaluate the effects of spiral eccentri~ity, two standard Mark B fuel as-
semblies were fabricated using cladding selectively chosen from a typical man-
ufacturing ilot. The selection criterion would thevretically minimize rod
sensitiviLy if spiral eccentricity were a significant consideration in the

B&W design. A review of the data shows that the water channel gaps measured
on the irradiated spiral eccentricity assemblies did not vary significantly

from the gaps mcasured on other assemblies, as shown in Figure 4-3.

4,3. Fabricated As-Built Rod Bow

As discussed in section 2, the B&W fuel assembly design and manufacturing pro-
cedures iucorporate several features that tend to reduce both as-built rod bow
and rod bow during operation. The as-built water channel measurements were

. 'ken at B&W s nuclear fuel fabrication facility using a gang arrangement of
Sulo probes. The as-built data are included in section 3.2.

The magnitude of the as-built rod bow is small when compared to rod bow of
irradiated assemblies. A review of the data trends for the Mark B assemblies
with both as-built and irradiated data shows no clear correlation between
initial and end-of-cycle (EOC) values.
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4.4, Summary

The following observations were made from the statistical analysis of the gap
data. The standard deviation of all the rod-to-rod water channel gaps in the
worst span bounds the distribution of all the gaps within the fuel assembly.
The difference within the span between the peripheral and cthe interior gaps
is not significant. 1In general. the standaid deviation of rod-to-guide tube
gaps is less than the standard deviation of rod-to-rod gaps. In add!ticn, gap
measurements from rods-lifted assemblies and spiral eccentricity assemblies
did not vary significantly fiom the standard configuraticu assemblies. There-
for, the gap between the fuel rod lower end cap and the lower assembly end
fitting is not a major factor in the rod bow resporse of the B&W assembly.

The spiral pitch of the fus! rod cladding eccentricity relative to the spacer

zgrid positioning is also not a major factor in rod bow response.

Babcock & Wilcox
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Table 4-1. Rod-to~-Guide Tube Water Channel Mcasurements

Rod-to-guide tube gaps

—

(a) e b)
Assembly Worst No. of Mean std
FA avg Bu, span, measure- gap, dev'n,
ident 10° MWd /mtU No. ment s uils mils
1A16 10.6 64
1504 0.0 54
19.8 32
1805 0.0 64
19.7 64
1B29 0.0 64
20.0 64
1C04 22.0 64
1€30 6.4 60
15.9 64
24.6 64
1C63 0.0 64
7.6 64
16.6 64
25.1 64
1C66 0.0 64
9.8 64
18.5 o4
26.5 64
1p13 31.2 64
1D26 31.2 64
1D40 0.0 64
13.1 60
24.8 64
1D42 28.2 63
1D45 3.2 61
1D55 31.2 64
2B15 17.2 64
24.3 64
2B40 0.0 64
17.2 34
24.3 64
NJOO8K 5.4 64
16.5 58
NJOOS8L 5.4 64
16.5 64
Babcock & Wilcox
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Table 4-1. (Cont'd)

Rod-to-guide tube gaps

(a) Cap(b)

Assembly Worst No. of Mean std

FA avg Bu, span, measure- gap, dev'n,

ident 10° MWd /mtU No. ments mils mils
NJOO8M 5.4 64
16.5 64
NJOCS8™ 5.4 64
16.5 64
RI00P7 11.0 64
NJOOPG 10.8 64
N.i005A 0.0 84
5.4 84
12.1 84
24.6 84
NJ0O059 0.0 66
5.4 66
12.1 66
24.6 66
NJOOMZ 9.4 96
22.3 72
NJOOND 9.4 96
a2+3 96

(a)Hean gap is the mean value for the distribution of gaps as de-
termined from the water channel measurements:

mean gap = ﬁl- Z gap, where N = number of measurements.

(b)Standatd deviation is defined as

o= {N o [:I (gap)? - 5 (1 sap)’_-”l‘

where gap = water channel measurement.

Babcock & Wilcox
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Table 4-2. Rod-to-Rod Water Chavnel Measurements —
Periphery Vs Interior

— ot ipheral gap .. Joterior gap
Assembly Ho. of No. of

Assembly avg Bu, nessure- lunn(‘), §-4 M’lo’. messure~ nu-('). Std av'n(‘).

- meste  ails aile wents ails i i
1ALS 10.6 108 ws
1804 n.o 108 .
19.8 4 122
1605 0.0 108 -
9.7 108 O
1829 0.0 108 264
2.0 108 244
1C04 22.0 107 243
Lo T 6.4 8 -
i3.; 106 244
1C63 0.0 108 264
7.6 106 264
16.6 108 244
25.1 108 264
1C66 0.0 108 P,
9.8 108 2644
18.5 108 244
26.5 108 264
i~13 3.2 108 244
39.8 89 209
1026 3.2 108 243
9.8 81 199
D40 0.0 108 -
13.1 106 235
24.8 108 244
1D42 28.2 107 261
36.0 8" 157
D45 31.2 107 237
39.8 80 193
1DS5 31.2 108 264
39.8 85 216
2815 17.2 108 164
4.3 108 244
2840 0.0 168 244
17.3 21 31
24.3 107 244

da? Babcock & Wilcox
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Table 4-2. (Cont'd)

Peripheral gap interior gap
Assenmbly No. of No. of
Assembly avg Bu, measure- nm“). Std dcv'n“). measure- llun(‘). Std dw'n"’).
ident 10" Mwd /mel mentn wils ails sents  mils mils
NJOOBK 5.4 108 244
16.5% 89 244
NJOOBL 3.4 w8 264
16.3 108 244
NI0OO3M 5.4 108 244
16.3 108 bt
NIOOBN 5.4 108 244
6.5 108 2464
NJOOPT 11.9 108 244
NIOOPG 10.8 108 244
10059 G.C 124 186
5.4 124 186
12.1 124 186
26.6 124 186
NJOOSA 0.0 124 256
5.4 124 256
12,1 124 256
24.6 124 256
"'m- gap is the mean value for the distribution of gaps as determi ed from the water channel
measurements:
Mean gap = % | gap, where N = number of measurements.
()5t andard deviation 1s defined as
o ity [T e - 4 (1 we)?]}
= N Bap
where gap = water channel measurement.
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Table 4-3. Distribution of Worst-Span

Loca’ ions
Frequency of
worst span,
Locatton x
Top
2
N
6
8
i0
12
14
Bottom
4-9 Babcock & Wilcox
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5. ROD BOW CORRFLATION

The relationship between bowing of the fuel rods and fuel burnup is expressed
by an empirical equation c.rrelating ths water channel gap measurements to
assembly average burnup. Thie equation was developed by a statistical anal-
ysis of the gap weasurements summarized ia section 3.2, following the gu'le-

lines presented in reference 1.

The distribution of red-to-rod weasurements in the span with the largest stan-
dard deviation was used to bound all the gaps within an cssembly. The datu
are assumed to be characterized by a normal distribution. A complete discus-
sion of the data normality is included in Appendix C.

A global tolerance multiplier is used to ensure that the gap predicted by the
empirical equation bounds 95% of all the gaps within an assembly at a specific
burnup with a 952 confidence level. A cold-to-hot factor is used to adjust
the predicted gap to the incore enviromment.

5.1. Empirical Equation for Water Channel Gap

The rod-to-rod data base (section 3.2) was statistically evaluated using stan-
dard regression techniques as described in Appendix D. The empirical equation
was determined to be

“gap "~ (5-1)

Whese o = best estimate of the standard deviation of rod-to-rod gaps
gap for the worst span, mils,

Bu = fuel assembly average burnup, 10° MWd /mtU.

A plot of the equation and data base is presented in Figure 5-1. The equation
predicts the best estimate of the standard deviation of the water channel gap
in the worst span of a fuel assembly at a specified level of burnup. The gap
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standard deviation is used as a relative measure of the amount of rod bow,
which is defined as the lateral deviation of a rod from its theorecical un-
bowed position. A review of the data base shows a trend for the rod bow be-
havior to saturate at the high levels of burnup (>35,000 MWd /mtU) with the
magnitude of the standard deviation of gap measurements remaining constant or

decreasing.

The pertinent variable for calculating the effects of fuel rod bowing on the
margin to DNB is gap closure, which is related to the difference between the
nominal and the measured or predicted values for the rod-to-rod gap. It is
expressed as percentage of the uominal gap. Therefore, the standard deviation

of gap closure is

o
O —
ogap closure nominal gap * 100 (3-2)
where o < is the measured or predicted standard deviation of gaps, and the

nominal gap is defined by the assembly configuration.

The derivation of the bow equation was based on only the measurements from
Mark B assemblies. Figure 5-1 compares the Mark B and Mark C data. In gen-
eral, the trend in the relationship between the rod-to-rod os.p and burnup is
the Mark C o is

gap
Therefore, to predict the

magnitude of the water channel gaps irn a Mark C assembly. The value of gap
closure expressed as a percentage of the nominal gap will differ between Mark

B and Mark C by

5.1.1. Tolerance Factor

Fuel rod bowing causes a reduction in CHF as determined by the DNB within an
assembly. The guidelines specify that for correlations affecting the DNB,
there should be a 95X probability, at the 95X confidence level, that the core
meets its design criterion, including the effects of rod bow.?

The empirical equation (5-1) predicts the best estimate values for the amount
of change in the rod-to-rod gaps of the worst span. These values are adjusted
by a global tolerance factor at the 95X confidence level using the following

relationship.

Babcock & Wilcox



995795 = “bow * ¢ (5-3)

where 095/95 = 95% tolerance level of the standard deviation of rod bow
(mils), worst span,

ey * predicted best estimate of the standard deviation of rod
bow (mils) = a"? (equation 5-1), worst span,

o~ factor that includes the effects of model correction and
standard error of prediction % (mils) and its uncertainty.

Appendix D gives details of rhese derivations.

The results nf the global tolerance calculations are glven in Teble 5-'. The
ratioc of the global tolerance to predicted values is burnup-dcpendent. 7The
values presented in Table 5-1 are conservative when compared to the 1.5 factor
suggested in reference 1. The ratio can be approximated by

o
ratio = 95 92 =
0bou

(5-4)

where Bu is the assembly average burnup, 10° MWd/mtU.

5.2. “Cold-to-Hot Correction Factor

To adjust the rod bow prediction to reflect the actual core operating condi-

tions, the cold-to-hot correction factor of 1.2 is used, suggested in reference
1

o = 1.2

hot ocold'

This cold-to-hot factor is used to adjust all predicted rod-to-rod gap closure
values included in the calculation of rod bow effect on DNBR.
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Table 5-1. Rod Bow Predictions

Rod bow, mils

Burnup, Best 95% global
10° MWd /mtU estimate tolerance Rat io

5.4

8.0
12.0
16.5
12.0
20.9
25.0
30.0
35.0
39.8
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6. ROD BOW EVALUATION

Fuel rod bowing affects PWR design and operaticn in two ways: (1) effects on
thermal-hydraulic design criteria in preventing DNB and (2) the effect on the
mechanical integrity of the fuel cladding.

6.1. Thermal-Hydraulic Consideration

A major thermal-hydraulic design criterion fcr PWRs is the prevention of DNB
during normal operation and during incidents of aoderate irequency classified
as Condition I or Condition Il events.® For any of these events, the reactor
core is assured of meeting the design criteria by demonstrating that the pre-
dicted minimum DNBR is greater than the corresponding design limit DNBR.

The effects of rod bow on DNBR have been determired from CHF tests performed
on two Mark C geometry rod bundies. Both bundles were identical in geometry
and heated rod design except. that one bundle contained a heated rod bowed to
55% closure with adjacent heated rods in a guide tube subchannel location,
while the other contained all unbowed rods. The results of these tests were
submitted to the NRC and are included in Appendix E.’*°’

The data obtained from thesu tests were used to establish a threshold for the
amount of fuel rod bowing below which there is no reduction in DNBR. Above
this threshold value, the reduction in DNBR ~an be calculated using a formula
that includes the threshold value. Although these teits were performed for
Mark C geometry fuel, the results are also judged valid for Mark B fuel. This
judgement is based on comparisons of subchannel velocity profiles for the Mark
C and Mark B geometries which show lower velocities (as a percentage of average
velocity) in Mark C rod-to-rod gaps than in Mark B rod-to-rod gaps.

6.1.1., Evaluation of DNBR Reduction Due to Bow

The amount of DNBR reduction, GDNBR’ is related to the amount of fractional
gap closure, Aclca. as illustrated with the straight line in Figure 6-1. The

equation that relates gap closure to DNBR reduction is obtained from refer-

ence 1:
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Ac
1 -K

[—‘é—‘i - K] for K < Ac:/C0 £ 100, percent
o

ammn (6~1)

0 for 0 < Ac/Co < K, percent.

The empirical estimates of Gc. DNBR reduction at full gap closure, and K, the
threshold value of zero DNBR penaity, define the slope of the line. The value
of Ac/C° vary from zero to 100% since gap closure is complete at 100%, or con-
tact. The values of the DNBR reduction vary from zero to Gc. The parameter Gc
is denoted in this report as "a," penalty at full closure. The DNBR limit
(DNBRL) ircluding bow is obtained from tne DNBR limit without bow, using:

DNBRL
no bow (6-2)

DNRHRL, = el DOV
w1 = e

The DNB&LBO - value is equivalent to the design limit and corresponds to
the appropriate CHF correlation limit value.

6.1.2. The Penalty Model

As outlined above, the values of K and Gc are empirical and their estimates
determine the slope and intercept of the penalty line. B&W has performer

howed rod CHF tests to establish the basis of the value of K.?*? Aprendix E
gives details of this experiment. Analysis of variance and significance tests
indicated that an average difference of between bowed and unbowed data
is negligible at the a = 0.01 level but not at the 0.05 level.?*? This statis-
tically inconclusive result prompted the NRC to recommend a penalty of 5.2% at
552 closure.“’® This was accepted by B&W on the basis that a lower, more con-
servative estimate of K results, as Figure 6-2 illustrates, i.e., the position
of K; relative to K; or 55%, is closer to zero. The method of determining this

penalty is provided in Appendix E, part 5.

The value of the parameter 6c. or a, penalty at full closure, was provided in
ref. 7. A best estimate value of a = 0.3353 was used with an uncertainty of
0.1. The 10 data points (Nc = 10) that yielded these results were used to
calculate a the 952 upper limit value of the penalty at full closure as

follows:

Babcock & Wilcox
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& = + to,05,9 &8 . (6-3)

/10

Finally, the equation for predicting the DNBR penalty is given as

< Ac/C° < 3.0,
(6-4)

(&)

This equation would define the penalty, GDNBR' if the value of Ac/Co were
known. Equation 6-4 denotes the conditional penalty.

The approach above accounts for the uncertainty in the estimates of the parame-
ters K and a and does so conservatively in their implementation. Since the un-
certainty in the model coefficients (or the resultant slope of the line) have
thus been accounted for, equation 6~4 will give conservative estimates of the

penalty & for fixed values of Ac/Co.

DNBR
The only unknown still to be evaluated is the value of Ac/C° for which GDNIR
ie to be calculated. Ac/Co is a random variable with an assumed distribution.
The development of the method used to predict the unconditional DNBR penalty

is presented in Appendix F. Figure 6~ illustrates the half-normal distribu-
tion with two different bow estimates. The boundary of the penalty region is

available from equation 6-4.

6.2. Mechanical Evaluation

The mechanical consideration with respect to rod bow is the possibility of
fretting on the outer surfaces of the fuel rod cladding at 100Z gap closure.

Fretting is a surface wear phenomenon resulting from small relative movements

between two surfaces in contact with each other.

Based on a large number of rod-to-rod gap measurements, the empirical equation
(5-1) predicts a very low probability that rod-to-rod contact will occur in
o&W fuel assemblies. In the unlikely event that such contact should occur,
the depth of wear would be insignificant because of the small amount of rela-
tive motion and low contact force. Therefore, rod bow-related fretting wear
is not a concern in the B&W fuel assemblies.

Babcock & Wilcox
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Figure 6-1. Model — DNBR Reduction Vs GCap Closure
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Figure 6-2. Penalty Vs Closure Relationship
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Figure 6-3. 1]lustration of the Penalty-Bow Relationship
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7. ROD BOW EFFECTS ON PLANT PARAMETERS

7.1. DNBR Considerations

A procedure for converiently evaluating the DNBR reduction for plant-specific
analyses was developed from the methods presented in sections 5 and 6. A
method of calculating DNBR penalty due to rod bow was developed as a function
of fractional gap closure and is presented in section 6. Since gap closure

is related to the core operating parameter of burnup, the correlation of gap
closure versus burnup (section 5) was used in conjunction with the correlation
of DNBR penalty versus gap closure (section 6) to establish a method of calcu-
lating DNBR penalty as function of fuel assembly average burnup. A detailed
description of the development of the calculational procedure is presented in
Appendix F. The application of this comservative calculational procedure re-
sults in the DNBR penalty curves shown in Figures 7-1 and 7-2 for Mark B and
Mark C fuel.

Plant-specific analyses include an evaluation of the DNBR reduction due to
rod bow. DNBR margins existing from conservatisms used in evaluating core
DNBR may be used to offset reductions due to rod bow. A generic conservatism
used in such evaluations that results in a 1% DNBR credit used to offset rod

bow DNBR penalty is a flow area (pitch) reduction factor. This credit has

been approved by the NRC.® The flow area reduction factor represents the un-

certainties associated with intrabundle flow area due to manufacturing varia-
tions and as-built fuel rod bow.

The penalty curves are illustrated in Figures 7-1 and 7-2 for fuel assembly
burnup to 40,000 MWd /mtU. They show a penalty that varies from at
MWd /mtU to DNBR reduction (Mark B) and DNBR reduction (Mark C) at

MWd /mtU. This penalty is considered to be insignificant and unnecessary
because the power production capability of fuel assemblies diminishes with
irradiation to the extent that fuel assemblies with burnups of 24,000 MWd/mtU

or more cannot produce enough power toc achieve design limit peaking values.

Babcock & Wilcox
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Therefore, no DNBR penalty due to fuel rod bow need be considered in reactor

licensing.

7.2. Power Peaking Consideration

Local power peaking effects due to local neutron moderation variations are a
result of fuel rcd bowing. The magnitude of peaking changes was evaluated
for a range of geometries and fuel enrichments; the results are presented in
Appendix G. The impact of these local peaking changes on core desig. peaking

factors is accounted for by a peaking factor uncertainty.

A value of the rod bow-related peaking uncertainty was determined that would
be bounding for any burnup since the local peaking change is dependent on gap
closure as described in Appendix G, and since gap closure is dependent on
burnup as described in section 5. Combining these data yields a local peaking
change of for a burnup of 40,000 MWd/mtU. A maximum peaking uncertainty
of is conservatively bounding for any gap closure predicted to ocecur in
B&W fuel designs. This maximum peaking uncertainty was statistically combined
with other independent uncertainties into an overall peaking uncertainty,
which is used to establish core peaking limits in plant-specific analyses.

The method of combining these uncertainties has been submitted to the NRC.®
This technique is very conservative when the actual bow prediction and cor-
responding peaking increases presented in this report are considered. Since
local peaking changes are burnup-dependent at the beginning of life (BOL) and
early in the life of the fuel, the rod bow effect on peaking is negligible.

7-2 Babcock & Wilcox

» McDermott company



DNBR Penalty, %

Figure 7-1.

Mark B Rod Bow DNBR Penalty Vs Burnup

12 16 20 24 28 32 36 40
Assemoly Average Burnup (l(l3 WWd/mtl)

Babcock & Wilcox

7-3
8 McDermott compan,



Figure 7-2. Mark C Rod Bow DNBR Penalty Vs Burnup
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APPENDIX A

Water Channel Measurements
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1. Introduction

The method of water channel measurements and the subsequent data analysis were
discussed in section 3.1 of this report. This appendix discusses additional
details of the water channel measurement technique and addresses errors that

affect the reproducibility and the accuracy of the data.

Water channel measurements are made using a "Sulo" probe (Figure A-1). The
probe consists of a thin wand with a leaf spring attached to either side.
Strain gages are bonded to the inside of the leaf springs. The resistance of
the strain gages is proportional to the amount the leaf springs are deflected.
The probe is inserted into the channel between two planes of fuel rods and
measures the distance between adjacent fuel rods in the direction perpendicu-
lar to the insertion. The probe is calibrated before each insertion by pass-
ing it through two sets of calibration pins (nominally 100 and 150 mils),
shown in Figure A-1. The water channel data are scaled to these values. The
measurement range of the orobe is limited to the thickness of the wand (nomi-
nally 50 mils) and the relaxed dimension of the leaf springs (170 to 200 mils,

depending on the probe).

The water channel data sre obtained as a continuous, time-based voltage output
of the probe during the insertion. The amplitude of the voltage peaks repre-
sents the minimum spacing between rods. A computer was used to digitize the
calibration peaks and data peaks from the strip charts and to store them on
magnetic tape. These data are corrected for measurement bias called probe
spreading. The following sections discuss in detail the potential and real
errors encountered in the measurement and the analysis of the water channel

data and describes the corrections made to the data account for the errors.

2. Error Analysis

This section assesses the major errors that could occur during the taking and
analyzing of water channel data. The areas discussed are inaccuracies of the
probe, inaccuracies due to geometry, and errors in the recording and reduction

of data.

The range of the Sulo probe used in water channel measureients is limited. A
typical probe has a measurement range from 50 to 200 mils. If a significant
number of points are outside that range, both the mean and standard deviations

Babcock & Wilcox
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of the spacing distribution are biased. There is also a nonlinear region of

the probe in the first i0 mils of deflection from the relaxed dimension. The
nonlinear region has the effect of reducing the upper limit of the probe. If
a significant number of data points on a given assembly are missed or b.ased,
a computer program is used to correct their biases.

During measurement of each water channel spacing, the springs on the probe
displace the rods so that the measured spacing is larger than the actual spac-
ing. This measurement bias is called probe spreading. A linear correction
applied to the data corrects each spring in proportion to the amount the leaf
springs were deflected. Second, the fuel rods have an associated ovality

that may be as large as mils. The effect of fuel rod ovality is in-
cluded in the measurement of the water channel spacings and is assumed to be

randomly orientated.

The water channel data are recorded on a time-based strip chart. The accuracy
of the reduction of these data is .~termined by the strip chart readability,
which is estimated at %0.5 =mil. Once “he data are stored in the computer, no
other experimental errors are encounterei. Calculational errors are kept to

a minimum by using standardized computer programs to analyze the water channel
data, which have been checked for data manipulation errors.

3. Correction of Water Channel Spacing
Data for Probe Spreading Effect

The contact type of 3ulo probe, used to measure the spaces between fuel rods,
causes the fuel rods to bow slightly. This results in measurements larger
than the actual spaces. The amount of increase caused by the probe depends

on the size of the gap to be measured; the characteristics of the probe, fuel
rods and guide tubes; the amount of spring relaxation in the spacer grids;

and some lesser effects. The probe spreading correction is important because
the distribution of spacings is contracted causing the standard deviation to
decrease as much as 107 (see Figure A-2). The standard deviation is the param-
eter used to determine rod bow using the water channel technique.

The correction to the measured spacing can be determined using an equation of

the following form:

X = (A-1)
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where X_ = actual spacing,

x_ = measured spacing,

h = relaxed dimension,

K_ = spring rate of probe,
= spring rate of rod.

Equation A-1 assumes that the probe and rod have linear spring characteristics
and that the rods are effectively cantilevered at each grid. This equation
requires that the probe spring rate and relaxed dimension and the rod (guide

tube) spring rates be known.

The spring rates have not been measured; therefore, the Kp/l(r factor must be
determined empirically. The Kp/Kr factor is determined from the relaxed di-
mension of the probe and the amount of deflection that occurs at a known spac-
ing as shown in Figure A-2. The average deflection for a plane is the dif-
ference between the measured and actual spacing (Figure A-3). This can be
obtained by subtracting the average as-built and the amount of cladding creep-

down from the average measured spacing:

d = (A-2)
e d = average midplane deflection,
X = average measured spacing,
X = average actual spacing,
X . = average as-built spacing,

a
=]
"

average creepdown.

Once the average deflections are calculated, equation A-1 can be solved for

Kp/Kr' The difference between the measured and actual value is the deflection.

(A-3)

JNkR
]

Thus, Kp/l(r is calculated for each plane. All of these Kp/xt values are aver-
aged for the assembly and used in equation A-l to correct the data. A similar

correction factor is calculated for rod-to-guide tube measurements, which are

treated independently.
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The correction method has been verified on assemblies that were precharacter-

ized during manufacture ard at poolside.

Figure A-1. Sulo Probe Being Inserted Between
Two Calibration Pins
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Figure A-2. Typical Probe Deflection Characteristics
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Figure A-3.

t of Probe Spreading on Frequency Distribution
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APPENDIX B

Water Channel Gap Measurement
Data Base
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This appendix presents the span-by-span statistical summaries of the PIE water
channel gap measurements. These data were obtained from an extensive measure-
ment program on both the 15x15 Mark B and the 17x17 Mark C assemblies, which
are representative of the range of manufacturing and operational variations.
The data represent over 125,000 individual measurements that have included 26
fuel assemblies from eight manufacturing batches, two basic fuel assembly
designs, two reactors, and fuel assembly average burnups to 40,000 MWd/mtU.
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Table B-1. Water Channel Measurements
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APPENDIX C
Normality of Data Distributions
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A test of normality was performed on the gap measurements described in Appen-
dix B using the D' equations prescribed by the American National Standards In-
stitute'’ and recomnmended by NRC Regulatory Guide 5.22. The assumption of nor-
mality was checked on the spacing distribution of each individual plane. A
test statistic was calculated and compared to critical values at the 95% con-
fidence level. The interpretation of the test is that, if passed, the data

do not exhibit enough evidence for the rejection of normality. The test re-

sults are summarized below.

Percent of Spacing Distribution Passing
D' Normality Assessment

No. of reactor cycles

Total, |
FAtype 0 1 2 3 2
Mark B 44 45 58 71 54
Mark C 44 55 12 50 38

It should be noted that the normality of the spacing distribution generally

increases with irradiation. After three cycles of operation, 71% of the spac-
ing distributions passed the normality test. This indicates that as the stan-
dard deviations of the spacing distributions increase, they become more normal.

The term "worst span” refers to spans in an assembly whose gap measurements
have the largest variation, i.e., their standard deviation is largest. For
these worst spans, the D' test results indicate that 66% of the Mark B spans
and 50% of the Mark C spans passed. In most of the cases the test statistic
was lower than the critical values, implying that there is more than normal
curtosis, that is, the distribution is more peaked.'® Under such circumstances,
the assumption of normality is conservative.

Random samples of comparisons bore out this fact. It was found that the 84th

percentile value from the normal distribution yields larger estimates and is
thus more conservative than the same estimate for the data. Figure C-1 is a
typical illustration given for one of the comparisons.
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Figure C-1. Frequency Plot of Measured and Calculated Gap Values
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APPENDIX D
Rod Bow Correlation
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i. Data Description

The rod-to-rod data described in section 3 were used to form the points from
which the prediction equation for bow was developed. It was found that the
frequency distribution of worst-span gap closures can be characterized by the
normal distribution in 62% of the worst spans analyzed. It is shown in Appen-
dix C that in the cases where the data contradict the normality assumptions,
the results are biased in the conservative direction. Thus, the use of normal-
ity is justified and the standard deviation of worst-span gap closure measure-
ments is assumed to estimate the 84th or larger percentile value of a standard
normal distribution.’ The population percentage of gap closure is related to
the worst-span percentage by the relationship

P - » (0-1)

worst population
Therefore, the 97.5 percentile of the population is expected to be represented
by the 84th percentile estimates of the worst span. The seven spans measured

equal the N value.

2. Model Description

The data were reduced to the common assembly average burnup. It can be seen
from Figure 5-1 that for some values of burnup there are several data points,
but for others only one value is available. The relationship cf bow to burnup

was evaluated empirically using standard (L.S) regression techniques. The

best model was found to be

bow = (D-2)

which for practical purposes may be used as a linear model. This model satis-
fies both statistical and physical conditions of the bow phenomenon.

A plot of the data and the model of equation D-2 fitted to the data are shown
in Figure 5-1. The regression coefficients of equation D-2 were obtained from

the linearly transformed model,

n = (D-3)

The estimates of the regression coefficients of equation U~3 yield a coeffi-

cient of determination r = 0.839 and a standard error o . , which indi-
cate a statistically satisfactory result.
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3. Tolerance Calculations on Bow

In order to validate the linearization procedure, a weighted regression was
performed based on the C. P. Box technique of reference !1. The results indi-
cated that the in transformation, equation D-3, does not violate the homosce-
dasticity assumptions on the residuals. The weighted regression coefficients
were found to be very close to those of the unweighted estimates of equation
D-3. A more detailed comparison is available in paragraph 4. The predicted
values from equation D-2 were used as the basis for defining a 95X tolerance
level using the following relationship:

bow tolerance (at 95/95) =

(D-4)

with CBu = J&;(X’x)'[xo the model correction factor.

Table D-1 shows the results of calculating the upper tolerance level using
this relationship. It may be seen that the ratio of the global tolerance
values to the predicted values is extremely conservative when compared to the

1.5 factor suggested in reference 1.

The burnup-dependent ratios can be calculated by the approximating relation-
ship

ratio = (D=5)

over the range of the burnup data.

As pointed out in reference 12, the upper bound calculated with equation D-4
is expected to bracket the population, with at least 952 confidence, simul-
taneously over the range of burnup values (restricted to the data range).
Because of the statistical properties of this upper bound and the extreme con-
servatism it represents, no further uncertainty of bow will need to be imple-
mented. The results from equation D-4 will be directly applicable in the CHF

penalty calculation after the adjustment of "cold to hot" variation is made.

All empirical estimates shown in Table D-1 are based on the Mark B data. An
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thus adding to the conservatism of the meth .. applied to the Mark C

fuel design.
4. Rod Bow Modeling

The L.S regression estimates of the coefficients were calculated with and
without the weighting technique. Since the results of the two techniques com-
pare well, only the unweighted coefficients were subsequently implemented.

The weighted L.S using techniques of reference 11 yielded

(D-6)
or in the form
(D-7)
As the best model, this compares favorably with equation D-2,
Table D-2 shows calculations for the same inputs using each model.
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Table D-1. Rod Bow Predictions

Best 95% global (a)
Burnup, estimate tolerance Hot, % as-built

GWd/mtU bow, mils bow, mils Ratio Mark B Mark C(b)

5.4

8.0
12.0
16.5
18.0
20.0
25.0
30.0
35.0
39.8

(@) god-to-rod as-built = 138 mils Mark B, 123 mils Mark C; hot-
to-cold ratio = 1.20 for both.

(®)yark ¢ = [Mark B(138)]/123 = Mark B(1.122).
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Table D-2. Bow and Burnup Values

Predicted bow, mils

Point Burnup, Observed
ident GWd /mtU bow, mils Unweighted Weighted

1 5.4
2 5.4

3 5.4
4 5.4
5 6.4
6 7.6

7 9.8
8 10.6
9 10.8
10 11.0
11 13.1
12 15.9
13 16.5
14 16.5
15 16.5
16 16.5
17 16.6
18 17.2
19 17.2
2( 18.5
21 19.7
22 19.8
23 20.0
24 22.0
25 24.3
26 24.3
27 24.6
28 24.8
29 25.1
30 26.5
31 28.2
32 3.2
33 31.2
34 3.2
35 3l.2
36 36.0
37 39.8
38 39.8
39 39.8
40 39.8
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APPENDIX E
CHF Test of Bowed Rod Bundle
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1. Introduction

As part of a continuing 17x]17 geometry test program on a new /-MWe heat trans-
fer facility at the Alliance Research Center (ARC), B&W has tested two 5x5
nonuniform guide tube bundles. The bundles (C9 and Cl0) were identical in
geometry and heated design effects except that in the Cl0 bundle one of the hot
rods was bowed into the guide tube channel to achieve approximately 55% closure

in the rod-to-rod gaps.

This pair of tests presents an excellent opportunity to observe the effects of
a bowed rod on CHF under reactor operating conditions at an upper value of the
bow (closure) actually expec:ed to occur. Analysis of the data from these
tests is approached on both subchannel and bundle-average bases.

The analysis shows that the bowed rod results are within the uncertainty in-
herent in CHF testing and correlation. Consequently, no bow penalty is indi-
cated for B&W fuel assemblies for predicted closures of up to 55%.

2. Test Description

2.1. Facility

The ARC 7-MWe heat transfer facility is a sophisticated, computer-controlled
arrangement with the capability of testing full-length (12 ft) CHF bundles
under pressures of up to 2600 psia, flows of up to 4 million lbm/h-ft?, and

inlet enthalpies approaching saturation.

- e Bundles

The two bundles (C9 and C10) were identical in design except for the Cl0 bowed
rod. Figures E-1 and E-2 show the C9 (unbowed) and Cl10 (bowed) bundle cross
sections and dimensions. An axial representation of the bundles along with
the tested axial heat distribution of the bundles along with the tested axial
heat distribution (a symmetric 1.67 peak-to-average flux shape) is shown in
Figure E-3.

Spacer axial locations and subchannel form loss coefficients are given in Ta-
bles E-1 and E-2, respectively. The location ¢f maximum closure (bow) in
bundle Cl10 was 96.1 in. axially from the beginning of the heated length. An
intermediate spacer was ' 4. at this location to maintain the required gap
reduction. The spacer is a simple, chemically etched minimum turbulence grid
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0.2 in. long. Its main purpose in CHF testing is to maintain spacing between
electrically heated rods subjected to induced magnetic forces.

2.3. CHF Detection

The onset of the transition from nucleate to film boiling (the CHF point) was
determined using acoustical sensors with continuous 4.5-in. temperature sens-
ing zones (16 zones per sensor) over the last 6 ft of the bundle. Each of the
24 tubes had a separate sensor. The sharp temperature rise associated with
CHF could thus be detected at any radial position over any of the 16 axial
zones on any of the 24 heated tubes (or at a total of 384 possible CHF loca-
tions). This essentially universal coverage for CHF detection by acoustical
sensors is a significant advance in nonuniform CHF testing (versus the use of

thermocouples) and is reported in depth in reference 13.

3. Analysis

3.1. Subchannel Basis

CHF is traditionally correlated as a function >f local (subchannel) geometry,
mass velocity, pressure, and quality. A correlation of this form requires

the use of a subchannel computer code to predict these local conditions within
the bundle. For this analysis the LYNX2 code'" was used in conjunction with
the finsl B&W Mark C CHF correlation (BWC). The results were then compared in
the form of measured to predicted CHF ratios. The results of this comparison
are shown in Tables E-3 and E-4 and Figure E-4. On the average, the C-10
measured-to-predicted CHF ratios were 3 to 4% below those of C9.

3.2. Bund.e Average

Since geometry, heat and flow conditions were nearly equal between bundles,
further comparison is pertinent. The observed bundle average heat fluxes to
CHF can be plotted versus inlet subcooling in parameters of mass velocity.
These plots exhibit linear trends; thus, any difference in bundle performance
should be obvious.

This was done for both bundles; the plots of the raw data are shown in Figures
E-5 and E-6 for bundles C9 (unbowed) and C10 (bowed). A direct comparison of
these two figures is possible 1f the tested mass velocities are equal., This
was not the case since the C9 mass velocities averaged approximately 4% greater

than those of the C10 bundle. Consequently, a one-to-one correction of power
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to flow (at each mass velocity) was made to both bundles to correct the ob-
served CHF heat fluxes to correspond to exact msss velocities of 1.5 through
3.5 million lbm/h-ft.'" A linear least-squares regression was then performed
on both sets of data in parameters of these mass velocities.

The results are shown in Figure E~7 as a comparison of the bundle average CHF
conditions. The average differences obtained in this manner in parameters of
mass velocity are shown in Table E-5. The results here show the Cl0 bundle
average CHFs (o be approximately 2% below those of C9.

In CHF correlation, measured/predicted CHF ratios (M/P) are of primary inter-
est. A 12 increase in measured CHF leads to about a 2% increase in M/P CHF
ratio since not only does the measured value (M) increase, but the predicted
value (P) decreases because of the increased severity of local conditions
(mainly a higher local quality). Thus, the observed 2% difference in bundle
average CHFs translates to a difference of approximately 42 in average M/P
CHF ratios.

4. CHF Uncertainty

4.1. Areas of Uncertainty

Uncertainty in CHF testing and correlation can be divided into three areas:

1. The ability to repeat a CHF point within a bundle test at the same condi-
tions of pressure, flow, and inlet temperature. Thirs type of uncertainty
is due to parameter measurement error as well as the local uncertainty

inherent in the CHF phenomenon.

2. The ability to repeat CHF points between like bundles. This uncertainty
is due to test modeling uncertainties, such as deviations in bundle & -
built dimensions, heated effects, facility differences (if any), etc.

3. The correlational uncertainty inherent in any empirical CHF correlation
(i.e., the "fitting" uncertainty), especially one dependent on calculated
(versus observed) local conditionms.

4.2, Uncertainty Analysis

Data from seven rod bundles were used to develop the BWC CHF correlation. On
each bundle, "repeat" data points were taken at a specified midpoint in the
pressure, flow, and inlet temperature test matrix. Statistics for the repeats
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are shown in Table E-6, and statistics for the BWC data base are shown in

Table E-7. The following insights can be drawn from analysis of these sta-
tistics:

1. ap can be considered to be the uncertainty of the within bundle repeat-
ability. o can be considered to be the uncertainty of the between
bundle repeatability (between the means of similar bundles). Considering
both within and between uncertainties, the uncertainty associated with
all repeat points as a group (°R) should be

- (a? 209
oR (aP + o-) 0.048.

This value compares well with the observed value of 0.046,

2. The total uncertainty of the BWC correlation (oT) is 0.070. Defining the
correlational (fitting) uncertainty as A it follows that
- Tl 2 2,4
O (cp - a. K oc) .
or

- tal - a2 - a8 o
9, (°T op o.) 0.051.

A 5% fitting uncertainty is reasonable ccnsidering the complexity and
range of the BWC correlation.

3. Deviations between bundle means in the BWC correlational data base ranged
from 4.8 to +2.9% with a standard deviation of 2.5%.

Based on a standard normal distribution, deviations between bundle means of
roughly two standard deviations would be expected. In item 1 above, the stan-
dard deviation between rep.at means was 32 and in 3 above, the standard devia-
tion between bundle means was 2.5%. Thus, the deviation of approxi.a*ely 5 to
6% can be expected.

5. Conclusions

The analysis of the data by two different methods shows average CHF ratio per-
formance differences of 3 to 4% between bundles (paragraph 3). This is with-
in the range of CHF test repeatability for similar bundles (paragraph 4).
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The conclusion drawn from this analysis is that under typical reactor operat-
ing conditions and at rod bow configurations producing maximum closures of up
to 55% of the nominal! rod gaps, no bow penalty is indicated for B&W fuel as-

semblies.

However, if an upper limit bow penalty must be determined, the only basis for
comparison of bowed and unbowed CHF values is that of bundles C9 and Cl0 since
these are identical in every way except to the bow pheromenon. Comparison of
the Cl10 bowed data with other bundles in the CHF data base would necessarily
introduce excess variability due to factors entirely unrelated to rod bow ef~-
fects. Therefore, it is suggested that a conservative value of CHF adjustment

be based on these two bundle results alone.

We have one identically paired observation, i.e., Cl0 and C9. Both were tested
in the same facility, had virtually the same axial and radial power distri u-
tions, the same geometry, and the same range of test conditions. Thus, in .he
absence of a series of paired observations, an upper confidence limit on the
bias between the true means of these observations can be calculated. Of course,
this value would not represent the actual expected bias (if any), but would
represent the true upper limit of this bias at the given value of closure.

Let

= true mean measured/predicted CHF ratio,

= observed mean measured/predicted CHF ratio,

= number of observations, and

unbiased estimate of the standard deviation of x1 around u.

v 9 M

Then the upper confidence value on the difference between the true means is

2 2 &
s S
= S C9 Cio
Moy =ua, ) s (X, . -X, ) +2 — ¢ =———| x (C)
C9 Cio Cce C10 0,08 nc’ “c;a
M N
S, . sxo
2
1+ 5 . n%(i, - 1) ;z;(nio - I)J
wherce C=1+ - R -
4 x .s_’.+i!£
"y Mo
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Using C9 and Cl0 values from reference 3,

g
_ 0.064)% . (0.078)°
(Mgs = Mpye) & (1.006 = 0.973) + 1.645(-ge=re 4 20s x (1.0063),

and
Moy = ¥gyo) S 0.0517 (or 5.22).

The F ratio for Cl0/C9 yields a value of 1.485, which is not significantly
different from F° R but is significantly different at the a = 0.05
level. Thus, using the Aspin-Welch statistic as shown above is conservative’’,

and at 55% closure the upper limit on the DNBR penalty due to rod bow is 5.2%.

Table E~1. Spacer Grid Axial Locations
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Table E-2. Subchannel Form Loss Coefficients

Table E-3. Measured/Predicted CHF Ratios (M/P)
in Parameters of Pressure

M/P (Vs BWC)

Pressure, 2 b
psia Cc9 Cl0 C9 Vs Cl10
1600 1.010 0.967 4.3
1800 1.003 0.965 3.8
2000 1.025 0.997 - 0
2200 1.017 0.978 3.8
2400 0.975 0.946 3.0
All 1.006 0.973 3:3

Table E-4. Measured/Predicted CHF Ratios in
Parameters of Mass Velocity

Mass velocity, M/P (Vs BWC) % A,
10-% 1bm/h-ft? c9 c10 (€9 Vs C10)
1.0 - 1.080 -
1.5 1.003 0.994 0.9
2.0 0.989 0.955 3.4
2.5 0.998 0.929 6.9
3.0 1.010 0.943 6.6
3.5 1.052 0.956 9.1
All 1.006 0.973 3.3
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Table E-5. Adjusted Bundle Average Heat Fluxes to CHF
(g") in Parameters of Mass Velocity

Mass velocityi

10-% 1bm/h-ft

.

10-? Btu/h-£e? (@)

WWINN - -
VWO wLwWOoOwnwo

Average

380
469
552
634
719

<9

€10

280
373
462
540
625
697

(.)At 200 Btu/lbm inlet subcooling.

X A,

(C9 ve Cl10)

W DD b
M .
-0 N WU

~N
(=]

Table E-6. Rod Bundle Repeat Point Statistics
Number of M/P Standard
Bundle repeats, n (Vs BWC) deviation, ¢
c3 6 0.952 0.064
cé 7 0.942 0.036
C7R 6 1.022 0.039
Cc8 7 0.955 0.010
c9 3 0.972 0.049
C10 4 0.969 0.004
Cll - - -
c12 S 1.011 0.027
All 38 0.973 0.046

The weighted pooled standard deviation:

I (n, - l)oi &
o = = 0.038
P 2 n, - 7

The standard deviation of the bundle repeat

means

g
m

z[(u/r)

2 ™

L(M/p) 1] .

7

6

E-9

= 0.030.
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Table E-7. Statistics for BWC Correlational Data Base

No. of Standard
Bundle points Mean M/P CHF deviation

c3 68 1.010 0.070
cé 92 0.951 0.072
CTR 95 1.017 0.069
c8 122 0.994 0.062
c9 85 1.006 0.064
cl1 30 1.028 0.074
212 109 1.009 0.061
All 601 0.999 0.070
c10(® 77 0.973 0.078

(.)Th. bowed rod bundle Cl0 was not used in the BWC
data base.
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Figure E~1. C9 (Unbcwed) Test Geometry
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Figure E-2. Cl0 (Bowed) Test Geometry
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Figure E-3. Nonuniform Guide Tube Bundles
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€9 and Cl10 Data Compared to BWC CHF Correlation
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Figure E-5. CY (Unbowed) Raw Bundle Data
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Attachment A - Data

Bundle average conditions for bundles C9 and Cl0 are shown in Tables E-8 and
E~9, respectively. The axial power profiles for both bundles for both inner
and outer rods are shown in Tables E-~10 and E-~]1. Finally, the local condi-
tion results for bundles C9 and Cl0 are shown in Tables E-12 and E-13.

Table E-8. Bundle Average Conditions for C9

Inlet Average DNB
Pressure, Mass flux, enthalpy, heat flux, Primary length,
Run _ psia 10° ibm/h-ft®  Btu/lbm  10° Btu/h-ft’ rod No. in.

774
775
776
777
774

779
780
781
782
784

786
787
788
789
790

791
792
793
794
795

796
797
798

801

802
803
804
805
806

E-18 Babcock & Wilcox

» McDermott company



Run

Pressure,
__psia

Table E-8.

(Cont'd)

Mass flux,
10° 1bm/h-ft?

807

809
810
811

812
813
814
815
816

817
818
819
820
821

822
824
825
826
827

828
829
830
832
833

834
835
836
837
838

840
843
844
845
846

848
849

851
852

Inlet
enthalpy,

Btu/lbm

E-19

Average
heat flux,
10°% Btu/n-ft’

DNB
Primary length,
rod No. in,
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Run

Pressure,
psia

Table E-8.

(Cont 'd)

Mass flux,
10° 1bm/h-ft?

Inlet
enthalpy,

_!tu[lb-

853
854
855
856
857

858
859
860
g6l
862

863
864
865
866
867

Average
heat flux,
10% Btu/h-ftr?

Primary
rod No.

_in,

DNB
length,




Run

Pressure,
psia

Table E-9. Bundle Average Conditions for Cl10

Mass flux,
10° 1bm/h-ft?

885

887
888
889

890
891
892
893
894

895
896
897
898
899

901
902
903
904

905
907
908
909
910

911
912
913
914
915

916
917
918
919
920

921
922
923
924
925

926
927
928

Inlet
enthalpy,

Btu/lbm

E-21

Average
heat flux,
10* Btu/h-ft?

DNB
Primary length,
rod No. in.
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Run

Pressure,
psia

Table E-9. (Cont'd)

Mass flux,
10* 1bm/h-ft?

Inlet
.ﬂth‘l’, N
Btu/lbm

Average
heat flux,
10* Btu/h-fr?

DNB
Primary length,
rod No. in,

929
930

931
932
933
934
935

942
944
946
948
950

952
955
961
963
965

967
968
969
970
971

972
973
974
975
976

977
978
979
980
981

982
983

E-22
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Table E-10. Axial Power Profiles for Bundle C9
Inner rod Outer rod
L. in. ™ Norm. power ratio A in, (3 Norm. power ratio
0.0 0.264 0.0 0.264
4.125 0.264/0.283® 4.000 0.264/0.283 >
8.375 0.283/0.306 8.000 0.283/0.301®’
14.308 0.386 13.853 0.383
20.308 0.513 19.853 0.510
26.000 0.666/0.752® 21.500 0.541/0.611
30.000 n.872 24.000 0.682
36.000 1.063 30.000 0.864
42.000 1.247 36.000 1.059
48.000 1.418 42.000 1,252
54.000 1.548 48.000 1.396
60.000 1.615 54.000 1.542
66.000 1.668 60.000 1.613
72.000 1.658/1.637) 66.000 1.646
78.000 1,647 72.000 1.663/1.642®
84.000 1.595 78.000 1.626
90.000 1.529 84.000 1,593
96.000 1.400 90.000 1.523
102.000 1.232 96.000 1,378
108.000 1.050 102.000 1.236
114.000 0.862 108.000 1.047
118.000 0.744/0.671® 114.000 0.854
123.692 0.518 120.000 0.675
129.692 0.390 122.500 0.605/0.548 >
135.875 0.306/0.315® 124.147 0.515
139.375 0.315/0.276® 130.147 0.387
144.000 0.276 136.250 0.301/0.303'
139.750 0.303/0.280 >
144.000 0.280
(‘)N-uurod from start of heated length.
(b)sup in power profile.
Babcock & Wilcox
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Table E~11. Axial Power Profiles for Bundle Cl0

Inner rod Quter rod
X, in.(2) Norm. power ratio X, in, (@ Norm. power ratio
0.0 0.295 0.0 0.271
6.0 0.300 5.82 0.273
8.422 0.301 12.0 0.339
12.0 0.344 18.0 0.445
15.0 0.451 23.57 0.585
24.0 0.593 26.0® 0.648/0.714
26.0® 0.649/0.718 30.0 0.841
30.0 0.848 36.0 1.034
76.0 1.042 42.0 1.223
42.0 1.230 48.0 1.397
48.0 1.378 54.0 1.542
54.0 1.522 60.0 1.636
60.0 1.621 66.0 1.707
66.0 1.698 72.0 1.719
72.0 1.720 78.0 1.707
78.0 1.698 84.0 1.636
84.0 1.621 90.0 1.542
90.0 1.522 96.0 1.397
96.0 1.379 102.0 1.223
102.0 1.230 108.0 1.035
108.0 1,042 114.0 0.843
114.0 0.849 118.0® 0.716/0.656
118.0® 0.719/0.655 124.0 0.491
124.0 0.506 130.0 0.372
130.0 0.383 135.75® 0.299/0.303
135.5®) 0.305/0.317 139.75®) 0.303/0.275
139.75®) 0.317/0.273 144.0 0.275
144.0 0.273

(‘)Dicunce downstream of beginning of heated length.

(b)Stop in power profile.
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APPENDIX F
Rod Bow Effect on DNBR
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As outlined in section 6, DNBR reduction is a function of gap closure, Ac/Co.
and gap closure is a function of buraup. Appendix F presents the development
of the method used to determine the DNBR reduction as a function of burnup.

1. Relating Penalty to Burnup

The value of GDHBR is uniquely defined by equation F-1 once the value of Ac/Co
is known. Formally, the value of the penalty is conditional on Ac/Co and can

be denoted as

amml Ac/co - (F-1)

Ther unconditionally,
DNBR
(F-2)

for all values of the constant d1 between and 1.0 and dj between 0 and

, respectively. Equation F-2 is a weighted sum of possible penalties
over the interval (0,1). Since AcICo is continuous over this interval, the
sums in equation F-2 are replaced by integrals and combined. Thus,

L) (F-3)

DNBR

Being probabilities, the weights are positive and fa.l into the interval (0,1).
If they sum (integrate) to unity, i.e., the probability function of Ac/C° is
normalized to unity, the value obtained from equation F-3 will be the uncondi-
tional penalty of GDNBR at any given assembly burnup.

F-2 Babcock & Wilcox
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The penalty value from equation F-3 will be a function of the parameters of

:c/Co. i.e., of its probability distribution parameters. These parameter

govern the likelihood of a Lc/C) value falling above or below . As

proportion of values falling above increases, the value of :CNﬁP in-

creases appropriately. This is clear from equation F-1, which shows that for
those values of :.c/Co that fall below , no contribution to the integral
of equation F-3 is made since the penalty function is zero. The illustration

of Figure F-1 helps to clarify this point.

In the next section, it will be shown that it is o, the parameter of the 4c/C

distribution, that governs the size of GUNBR' In this context, ¢ is often
. : " " 2 2. 8.7 2 , .
equated with "bow" in the lltekature.l' *»7 The relationship of burnup to

vow and gap closures is evaluated in Appendix D.

]

2. Probability Distribution of Gap Closure

Traditionally, gap closures (C) have been assumed to be normally distributed.”
If C has a mean of u and standard deviation of o, the notation C ~ N(u,o) is

often used. The probability that C will be less than a value £, is defined by

A
0

The notation ¢(*) refers to the integral from (-«) to a value (*) of a stan-

/

dard normal variable [Z ~ N(O,1)]. The value of the mean, uy, of equation F-4
is referred to as the "as-built gap" in previous sections and is denoted by

C..
0

Babcock & Wilcox
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Normalization to unity over the interval (0,1) is achieved by evaluating equa-

tion F-6 from zero to one and dividing the density by this area. Performing

his operation ylelds the normalized density of :.c/CO between the values

< 1). The form of equation F-6 thus becomes

and is valid for values of r between (0,1). The normalizing factor, A,

ound to be

A= 2(¢(1/o*) - 0.5].
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Substitution of equation F-8 and F-! into equation F-3 yields the res:

the unconditional penalty is

"DNRBR

with the constant A defined in equation F-9. The details of the integration

are found in paragraph 3 of this appendix.

Figures F-2 and F-3 show bow, or o%*, as a function of burnup, using the result
of the analyses presented in section 5 and also the corresponding ;DNhR - 8
calculated with equation F-10. The values of SDNBR can be readily substituted
into equation 6-2 to yield the limit values of DNBR (bow) with the value

DNBR (no bow) = from reference 15.

}. Derivation of Penalty Equation, F-10
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With a, = and K = and o replaced by o*, equation F-10 is ob~
tained.
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Figure F-1. Penalty-Bow Relationship
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Figure F-2, Mark B Percent Bow Predictions

As-Built
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Figure F-3. Mark C Percent Bow Predictio:

Bu (Assy Avg.)
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APPENDIX G
Rod Bow Effect on Power Peaking
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Fuel rod bowing results in small local power changes in the vicinity of the
bowed rod because of a change in neutron moderation. For example, a fuel rod
located near a bowed rod will see a softer neutron spectrum if the direction
of bow is away from its lattice location. The increase in neutron moderation
will result in an increase in rod power because the nominal lattice is under-
moderated. On the other hand, if the direction of bow is reversed, there will

be a decrease in neutron moderation, resulting in a decrease in power.

The magnitude of this effect on power is a function of material properties
and geometry, including the rod bow. This phenomenon has been investigated
for the standard B&W 15x15 and 17x17 designs. The DOT code was used to cal-
culate the power distribution for a 5x5 lattice array of fuel rods including
a bowed rod as a function of the magnitude and azimuthal direction of bow.'®
The coce modeled the neutron energy spectrum as six groups, divided into five
thermal and one fast group. The cylindrical geometry of the individual rods
was approximated in rectangular coordinates. A bowed rod was modeled at the
center of a 5x5 array of fuel rod unit cells surrounded by a homogeneous fuel/
moderator region (see Figure G-1). Macroscopic cross sections were calculated
by the ANISN code. '’ Microscopic cross section data for input to ANISN were

obtained from the NULIF'? and PROLIB'® codes for fast and thermal neutrons,

respectively.

Figures G-2 and G-3 show the effectes of bowing on bowed rod power for 15x15
and 17x17 lattices, respectively. The power change is always negative and is
independent of azimuthal angle. Analyses also show that the power change in

perturbed rods is independent of enrichment for enrichments from 2.75 to 3.20

v 235

wt "
wi » U

lhe power effect of a single bowed rod on other rode in the immediate vicinity

is shown in Figures G-4 through G-13. Results for the Mark B lattice are

shown in Figures G-4 through G-8 for a fuel enrichment of 3.00 wt X 23%U. Re-

sults for the Mark C lattice are shown in Figures G-9 through G-13 for a fuel
enrichment of 3.45 wt Z. The effect of enrichment-induced peaking is shown by
Figures G-14 and G-15 for the Mark B lattice. Maneuvering analysis of fuel

cycle designs includes the peaking uncertainty associated with rod bow.
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Figure G-1.
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% Power Cnange

Figure G-2.

Power Change in Fuel Rod A Due to
Self Bow, Mark B Geometry
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% Power Cnange

Figure G-3.

Power Change in Fuel Rod A Due to
Self Bow, Mark C Geometry
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Figure G-4. Percent Power Change in Rod B Due
Mark B GCeometry, E = 3,00 wt 7
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% Power Change
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Figure G-5. Percent Power Change in Rod C Due to Rod A Bow,
Mark B Geometry, E = 3.00 wt %
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% Power Cnange

Figure C-6. Percent Power Change in Rod D Due to Rod A Bow,
Mark B Geometry, E = 3.00 wt %
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% Power Cnange

Figure G-7. Percent Power Change in Rod E Due to Rod A Bow,
Mark B Geometry, E = 3,00 wt %
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Figure G-8. Percent Power Change in Rod F Due to Rod A Bow,
Mark B Geometry, E = 3,00 wt %
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% Puwer Cnange

Figure G-9. Percent Power Change in Rod B Due to Rod A Bow,
Mark C Geometry, E = 3,45 wt %
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Figure G-10. Percent Power Change in Rod C Due to Rod A
Bow, Mark C Geometry, E = 3.45 wt 7
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% Power Change

Figure G-11. Percent Power Change in Rod D Due to Rod A
Bow, Mark C Geometry, E = 3.45 wt %
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% Power Cnange

Figure G-12. Percent Power Change in Rod E Due to Rod A
Bow, Mark C Geometry, E = 3.45 wt %

225°
180°
Type E Rod
Location
270°
' ; o_— 135°
¥ (o)
" . 1 ¥ | 1 1
1’0"\4(!7 60 80 100
o Rod A Bow, mils J15¢
‘.l -
90°
o)
® N
L w0
T0;0]0
2710°
G-14 Babcock & Wilcox

@ McDermott company



% Power Cnange

Figure G-13. Percent Power Change in Rod F Due to Rod A Bow,
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% Power Cnange Per 100 Miis Bow

Figure C-~14. Power Change in Rod B Due to Adjacent
Rod Bow, Mark B Geometry

= 00 .
P ;F7—————————13—————————1f' et
-~ -
¢y 7 )
W A O

- - =

@

] w 1 z

S SONNE

° a

ke 210 5 2

[

- '350, 225° ‘59.3150-. E

——— ‘D.

k. &
( 80°,270° i

- -
of -
A I L L L L L L A

2.5 2.6 2.7 2.8 2.9 3.0 3.10 3.20

Fue! Enricnment, wt % 2350

G-16 Babcock & Wilcox

# McDermott company



% Power Cnange Pei 100 Mils Bow

Figure G-15. Power Change in Rod D Due to Adjacent Diagonal
Rod Bow, Mark B Geometry
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Babcock & Wilcox Nuciear Power Geners _on Division
a McDermott company 3315 Oid Forest Road
P.O. Box 1260
Lynchburg, Virginia 24508-1260
(804) 385-2000

April 15, 1982

Mr. James R, Miller, Chief

Standardization and Special Products Branch
Division of Licensing

Office of Nuclear Reactor Regulation

U.S. Nuclear Regulatory Commission
Washington, D.C. 20555

Dear Mr, Miller:

Attached are ten (10) copies of the responses to first and second
round questions on BAW-10147P, "FUEL ROD BOWING IN BABCOCK & WILCOX
FUEL DESIGNS".

In accordance with 10 CFR Section 2.79, we are requesting that
certain portions of the responses be treated as proprietary. An
affidavit supporting this request as well as proprietary and non-
proprietary versions of the responses are attached.

Should you require further information on this submittal, please
call Frank McPhatter or me (Ext. 2401).

}y.,truly you
/ -

J. H. TayTor
Manager, Licensing

JHT:CFM:dr
Attachments

cc: R. B. Borsum - B&W Bethesda Office

becc: C. F. McPhatter

I-2
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Babcock & Wilcox

(g )
.

AFFIDAVIT OF JAMES H. TAYLOR

My name is James H. Taylor. I am Manager of Licensing in the
Nuclear Power Generation Division of Babcock & Wilcox, and as such
Il am authorized to execute this Affidavit.

I am familfar with the criteria applied by Babcock & Wiicox to de-
termine whether certain information of Babcock & Wilcox is
proprietary and [ am familiar with the procedures established within
Babcock & Wilcox, particularly the Nuclear Power Generation Division
(#PGD), to ensure the proper application of these criteria.

In determining whether a Babcock & Wilcox document is to be classi-
fied as proprietary information, an 1nitial determination is made
by the unit manager who is responsible for originating the document
as to whether it falls within the criteria set forth in Paragraph 0
nereof. If the information falls within any one of these criteria,
it is classified as proprietary by the originating unit manager,
This initial determination is reviewed by the cognizant section
manager. If the document is designated as proprietary, it is re-
viewed again by Licensing personnel and other management within
NPGD as desfgnated by the Manager aof Licensing %o asture that the
regulatory requirements of 10 CFR Section 2.790 are met.

The following information is provided to demonstrate that the pro-
visions of 10 CFR Section 2.790 of the Commission's regulations
have been considered:

(i) The information has been held in confidence by the Babcock &
Wilcox Company. Copies of the document are clearly identified
as proprietary. In addition, whenever Babcock & Wilcox
transmits the information to a customer, customer's agent,
potential customer or regulatory agency, the transmittal re-
quests the recipient to hold the information as proprietary.
Also, in order to strictly 1imit any potential or actual
customer's use of proprietary information, the following

I-3
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Babcock & Wilcox
AFFIDAVIT OF JAMES H. TAYLOR (Cont'd)

provision is included in all proposals submitted by Babcock
& Wilcox, and an applicable version of the proprietary
provision 1s included in all of Babcock & Wilcox's contracts:

“Purchaser may retain Company's Proposal for use in
connection with any contract resulting therefrom, and,
for that purpose, make such copies thereof as may be
necessary. Any proprietary information concerning
Company's or its Suppliers' products or manufaccuring
processes which is so designated by Company or its
Suppliers and disclosed to Purchaser incident to the
performance of such contract shall remain the property
of Company or its Suppliers and is disclosed in confi-
dence, and Purchaser shall not publish or otherwise
disclose it to others without the written approval
of Company, 2nd no rights, implied or otherwise, are
granted to produce or have produced any products ar
to practice or cause to be practiced any manufacturing
processes covered thereby.

Notwithstanding the above, Purchaser may provide the
NRC or any other regulatory agency with any such pro-
prietary information as the NRC or such other agency
may require; provided, however, that Fuiciaser 3iaii
first give Company written notice of such proposed
disclosure and Company shall have the right to amend
such proprietary information so as to make it non-oro-
prietary. In the event that Company cannot amend

such proprietary information, Purchaser shall, prior
to disclosing such information, use fts best efforts
to obtain a commitment from NRC or such other agency
to have such information withheld from public inspection.

I-4
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Babcock & Wilcox

AFFIDAVIT OF JAMES W. TAYLOR (Cont'd)

Company shall be given the right to participate in
pursuit of such confidential treatment.”

(11) The following criteria are customarily applied by Babcock &
Wilcox in a rational decision process to determine whether the
information should be classified as proprietary. Information

may be classified as proprietary if one or more of the following
criteria are met.

Information reveals cost or price information, commercial
strategies, production capabilities, or budget levels of
Babcock & Wilcox, its customers or suppliers.

The information reveals data or material concerning Babcock
& Wilcox research or development plans or programs of

present or potential competitive advantage to Babcock &
Wilcox.

The use of the information By a competitor would decrease
nis expenditures, in time or resources, in designing,
producing or marketing a similar product.

The information consists of test data or other similar data
concerning a process, method or component, the application

or which results in a competitive advantage to Babcock &
Wilcox.

The information reveals special aspects of a process, method,
component or the like, the exclusive use of which results in
a competitive advantage to Babcock & Wilcox.

The information contains ideas for which patent protection
may be sought,
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Babcock & Wilcox
AFFIDAVIT OF JAMES H. TAYLOR (Cont'd)

(+11)

(

E.

iv)

(v)

The document(s) listed on Exhibit "A", which is attached hereto
and made a part hereof, has been evaluated in accordance with
normal Babcock & Wilcox procedures with respect to classification
and has been found to contain information which falls within one
or more of the criteria enumerated above. Exhibit "B", which is
attached hereto and made a part hereof, specifically identifies
the criteria applicable to the document(s) listed in Exhibit "A".

The document(s) listed in Exhibit "A", which has been made avail-
able to the Unfted States Nuclear Regulatory Commission was made
avaiiable in confidence with 2 request that the aocument(s) and
the information contained therein be withheld from public
disclosure.

The information is not available in the open literature and to

the best of our kncwledge is not known by Combustion Engineering,
EXXON, General Electric, Westinghouse or other current aor potential
dcmestic or foreign competitors of B&W.

Specific information with regard to whether public disclosure of
the information is likely to cause harm to the competitive
position of Babcock & Wilcox, taking into account the value of the
information to Babzock & Wilcox; the amount of effort or money
expended by Babcock & Wilcox developing the information; and the
ease or difficulty with which the information could be properly
duplicated by others is given in Exhibit "B",

I have personally reviewed the document(s) listed on Exhibit "A" and

have found that it is considered proprietary by Babcock & Wilcox
because it contains information which falls within one or more of
the criteria enumerated in Paragraph D, and it is informaticn which
is customarily held in confidence and protected as proprietary in-
formation by Babcock & Wilcox. This report comprises information
utilized by Badcock & Wilcox in its business which afford Babcock

& Wilcox an opportunity to obtain a competitive advantage over
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those who may wish to know or use the information contained in

the document(s).
J

AMES H.

State of Virginia)
33. Lynchburg

City of Lynchburg
Tavlor, being duly sworn, on his oath deposes an says

James H. )
that he is the person who subscribed his name to the foregoing state-
ment, and that the matters and facts set forth in the statement are

true.
i) yﬁzi/“?;;;

JAMES H. TAYLOR

Subscribeda[nd sworn before- me 5
this 4M day of 1982.

Notary Public in and for the City
of Lynchburg, State of Virginia

My Commission Expires Q«Ji )£ 1975

J




Exhibit "B"

Criteria for Proprietary Classification of Responses to First and Second
Round Questions on BAW-1' ~4/P, "FUEL ROD BOWING IN BABCOCK & WILCOX FUEL
DESIGNS", April 1981.

Applicable
Round No. Question No. [tem Criteria

3 Power Change Predictions

B Differences between Model
and Physical Parameters

6 Penalty Values
12a, b, ¢, e Model Information

15 Peaking Uncertainty

18 Peaking Value Predictions

-

19 Design Dimensions

Contact Penalty Parameters
Penalty Predictions
Peaking Uncertainty
Measurement Uncertaincies
Gap Measurements
Correlation Parameter
Power Predictions

Design Information
Correlations

Correlations

Correlations

Peaking Margin

31 - Figure 1 Peaking Margin vs. Burnup

* This is proprietary data from a competitor which was made available
to B&W by the NRC. - "
; y . [-8 Babcock & Wilcox

8 McDermott company
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Non-Proprietary Resporises to First and Second Round Questions on BAW-101478,
“FUEL ROD BOWING IN BABCOCK & WILCOX FUEL DESIGNS", April 1981.

Babcock & Wilcox
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Questicn 1

Does the available data indicate that rod bow is greater in regions
of 1imiting ONBR and power and if so, how is this accounted for in
the statistical analysis?

Response

The available data indicates that rod bow is less in regions where 1imiting
ONBR and power usually occur (ugper half of the core). Table 4-3 provides
a distribution of the location of worst spans and shows that the worst

span is located near the bottom of the assembly (measurement plane 12 in
Figure 3-2) in 33% of the tpans measured. In addition, in 90% of the

spans measured the worst span was located on the bottom half of the fuel
assembly.

No credit was taken for this however, as the worst span data only was
used as the basis for developing a rod bow correlation.

Babcock & Wilcox
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Q!!.‘-’t"bﬂ 2 Revision 1 (5/13/83)

[s there correlation between the direction and magnitude of bow in

adjacent grid spans and if so, how is this incorporated in the
statistical analysis?

Resggnse

The rod bow correlation was developed based on the bow within the grid

spen with the largest standard deviation in the rod-to-rod gap measurements. !
This conservatively brackets the bow in the other spans of the assembly.

The ONB analysis considers only the worst span case. Therefore, the

axial variation in the water channel gap is not significant and was

not incorporated into the rod bow correlation development.

I-11 Babcock & Wilcox
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Question 3

In the determination of the effects of rod bowing on local rod power only
configurations with a single bowed rod were considered. What error is

introduced by assuming that superposition is valid and determining the change

in rod power for configurations in which several rods are simultaneously
bowed by combining the effects from single rod bowed configurations? It
should be noted that this approximation is expected to deteriorate at
larger rod displacements.

Response

The reported data does address only configurations with a single bowed

rod; however, prior to the selection of superposition theory as a valid
analytical approach, the theory was tested with an extensive selection of
bowed rod combinations to establish that this approach was satisfactory
and conservative. Two extreme tests were calculated. Referring to Figure
G-4 ot BAW-10147P, one case addressed the situation of 2 B-type rods (rod
B and its 180° counterpart relative to Rod A) bowed away from Rod A to
contact with Rod C and its 180° counterpart. The power change in rod A
was less than two times the equivalent power change in rod A when

a single type B rod was bowed to contact with rod C. The second super-
position extreme tests was the simultangous movement of all 24 rods in the
5 x 5 pin array away from rod A and toward: rod A by

mils; i.e., each rod was moved one mesh interval along a 45° angle relative
to the 90° X-Y geometiy orientation. The simultaneous rod bow effect upon
rod A was approximately less than the power calculated by superposition
theory.

Therefore, it is concluded that superposition theory overestimates the
absolute value of combined rod bow.

Regarding the deterioration of the superposition approximation with larger
rod displacements, the 2xplanation given above, in addition to the results
which show power changing 1inearly for a single bowed rod, supports

the B&W position that this analytical approach is valid also for large
displacement combination rod bowing.

I-12 Babcock & Wilcox
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Question 4

What effect does the rectangular rod representation in the neutronic
calculations have on the calculated rod power perturbation.

Response

The accuracy of the incremental power change with rod bow is primarily
dependent on modeling lattice parameter changes. Rectangular to
cylinderical geometry changes have a negligible, secondary effect.

A measure of the modeling adequacy is provided by the following differences
between modeled and physical parameters:

pellet area
pellet diameter
rod to rod surface

A5 x 5 fuel cell array was considered adequate with a 15 x 15
mesh and discrete representation of the Fuel pellets. Equal mesh
spacing was required to avoid region area changes when a fuel rod was moved

within a fuel cell. The overall results agreed well with 2 standard, unbowed
calculation model used in core design analyses.

I-13 Babcock & Wilcox
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Question S

In the determination of a DNBR penalty, only singie-rod displacement
configurations are emnloyed. What is the effect of multiple rod
placements and gap closures on the DNBR penalty function and how

is this effect accounted for?

Response

In the bowed rod test (Appendix E), the effect of gap closure was
examined by displacement of a single rod. Since the CHF occurs in
the gap between heated rods (see the response to question 60), the
primary variable is the amount of closure in the rod-to-rod gap.
Thus, for the determination of the DNBR penalty due to rod bow (gap
closure), the effect of multiple rod displacements would be the
same as the effect of a single rod displacement as long as either
of these displacements resulted in the same amount of closure in
the rod-to-rod gap. '

I=14 Babcock & Wilcox
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Question 6

Several conservatisms have been identified in the bowin? analysis
2

including (1) selection of the maximum span bowing and

) neglect of rod

power reduction on DNBR, etc. List known conservatisms in the bowing

analysis of power peaking and DNBR and give estimates of their
magnitudes.

Resporse

Major conservatisms included in the bowing analysis will first be
identified and a discussion of each will follow. These conservatisms
include:

1.)

1.) Selection of worst span bowing

2.) The global tolerance level used in the gap closure prediction
mode

3.) Analytical modelling for power peaking calculations
4.) Upper tolerance level of DNBR penalty at contact
a—

5.) Gap closure threshold value of 0% DN3R penalty determined from
bowed rod CHF test

6.) Linear correlation between § DNBR and gap closure.

Selection of Worst Span Bowing

As described in BAW-10147P Section 5, the rod bow prediction correlation
was based on the worst span gap closure data rather than on the

data from all spans. This approach is considered to be conservative
since the worst span data is bounding and because the worst span
location was usually in the lower half of the assembly, where CHF

does not usually occur. Further discussion is provided in the response
to question 1.

If all the rod-to-rod data were used as the basis for the prediction
data instead of the worst span only, the estimated magnitude of
this conserva*ism is equivalent to a reduction in the DNBR penalty
I-15
Babcock & Wilcox
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2.)

3.)

a.)

Revision 1 (5/13/83)

(Figure 7-1) of approximately DNBR (on the average) and
or greater reduction in penalty at a burnup of 40,000 MwWd/mtU.

The giobal tolerance level used in the gap closure prediction model.

A detailed description of the global tolerance factor is provided in
Appendix D and additional comments are provided in the response

to questions 28 and 29. When compared to the sucjested value of

1.5 (reference 1) to be applied to estimated bow co account for bow
variations between batches, the global tolerance factor is increasingly
conservative with burnup as shown in Figure D-1. The estimated
magnitude of this conservatism is equivalent to a reduction in DNBR
penalty (Figure 7-1) of approximately DNBR at a burnup of 40,000
MWd/mtU.

Analytical modelling for power peaking calculations.

Calculations of local power changes due to rod bow were based on
configurations of single bowed rods by using superpositior theory.

The response to question 3 supports“this method and identifies the
magnitude of the conservatism determined for two extreme cases.

Beyond this no addi<icnal estimates of the magnitude of the conservatism

have been determined.
Upper tolerance level of DNBR penalty at contact.

The method used to determine the DNBR contact penalty was provided
by the NRC (ref. 7) with no requirements for justifying a confidence
limit on the penalty. B&W chose to treat this contact penalty
(based on 10 data points) in a conservative fashion as described in
section 6 and in the response to question 58 by determining a

95% confidence 1imit on the penalty. The estimated magnitude of the
conservatism, in terms of DNBR penalty vs. burnup, is less than a

% reduction in DNBR penalty.

I-16 Babcock & Wilcox
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6.)

Revision 1 (5/13/83)

Gap closure threshold value of 0% DNBR penalty determined from a
bowed rod CHF test.

A bowed rod CHF test was performed at 55% closure, a value that
was expected to show no degradation in DNB performance as well as
to bound the expected magritude of gap closure in B&W fuel. The
test data presented in Appendix E for the bowed rod test and for
an otherwise identical unbowed rod test bundle does not indicate
conclusively that a penalty exists at a 55% closure. Additioral
discussion is provided in the response to question 52. Although
the threshold value of gap closure below which no DNBR penalty
exists may be higher than 55%, no estimate can be made for the
magnitude of this conservatism since test data for gap closures
greater than 55% is not available.

Linear correlation between & DNBR and gap closure.

As pointed out in the response to question 63 the expected DNBR
penalty over the applicable range of gap closure is less than
predicted DNBR penalty based on a 1thear correlation over the same
range of gap closure. The degree of conservatism resulting from
using the linear correlation has not been quantified for BAW-10147P
since B&W has not performed rod bow CHF tests at gap closures
greater th n 55%, the closure value used as the threshold closure
below which there is no penaity.

Babcock & Wilcox
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Question 7

In the determination of the effects of rod bowing on local rod powers,
the effect of poison rod bowing has been neglected. Describe in detail
the effects of poison rod bowing and incorporate this e”fect into the
FQB and DNBR penalties.

Res ponse

The design of B&W fuel assemblies does not incorporate poison rods as

an integral part of the fuel assembly lattice. Rather, poison rods are
separate components which are contained in guide tubes. This design precludes
any significant poison rod bowing and therefore FQB and ONBR penalties

are not applicable. The response to Question 2] provides a discussion

of control rod and guide tube bowing which indicates no evidence of

poison rod (control rod) bowing.

Babcock & Wilcox
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Question 8 Revision 1 (5/13/83)

During certain transients and accidents, large local flux and
thermal gradients and stresses are expected. Can these or cther
mechanisms give rise to greater bowing and ¢ larger decr2ase in
gap closures than would be determined using the proposed gap
closure correlations? If so, how are these bowing increases
accounted for?

Rcsgonse

The rod bow correlation was developed from a very extensive data base

that included over 125,000 individual measurements from 26 fuel assemblies.
These assemblies were from 2 reactors and were irradiated to fuel assembly
average burnups up to 40,000 MWd/MTu which encompasses a wide range of actual
operating conditions. Infrequént transient and accidents are not expected
to significantly effect the rod bow because the grids are not fixed but

are allowed to move axially to limit the build up of axial stesses in

the rods. Also, it is unlikely that the flux and thermal gradients which
would be in the same direction would be sufficiently different between
adjacent rods to cause asignificant increase in gap closure.

I-19 Babcock & Wiicox
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For what fuel designs will the rod bow span length scaling be used
to determine the bowing closure reduction?

Response

No span length scaling is required for B&W fuel assembly designs. Both
the 15 x 15 and the 17 x 17 Mark-C designs incorporate 6 spacer grids
approximately equally spaced along its length resulting in almost
identical span lengths. Also, the data base includes measurements from
both assembly designs.

I-20 Babcock & Wilcox
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Question 10 Revision 1 (5/13/83)

Have statistical tests been performed to determine if the closure data
that has been combined (e.g., for different rod types, spans, plants,

exposures, etc.) is poolable and if not, give the basis for pooling this
data.

Question 52

Describe in detail how the data was reduced to a "common burn-up". 1

Resggnse

The water channel measurements from several assemblies was not pooled
into a single data point at a common burnup-up. Instead, the statistical |
analysis treated the span wise distributions for each assembly as !
individual data points at the assembly average burnup.

T=31 Babcock & Wilcox
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Question 11

The rod peaking on certain rods in the neighborhood of guide tubes,
water gaps, water holes and instrument tubes, is larger than for

an infinite lattice of rods. Describe in detail how this is accounted
for in the determination of the power peaking penalty.

Response

The bowing of 2 fuel rod in the vicinity of a control rod guide tube or
instrument guide tube can result in a slightly higher change in
magnitude of the power of surrounding rods than if the bowed rod is
surrounded by a uniform lattice of fuel rods. Conversely, the change in
power of a single rod due to self bow is more negative for rods near
juide tubes. The presence of a guide tube reduces by one the number

of available rods which can bow and thus have a detrimental peaking
effect on the hot rod. Thus, there are two power reduction contributors
and one power increase contributor. The bow induced power changes on
rods rear guide tubes is expected to be bounded by the results of peaking
studies based on uniform lattices amd requires no additional penalty.

1-22 Babcock & Wilcox
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Question 12

Revision 1 (5/13/83)

Please discuss in detail the effect of the following, on the neutronic
calculations of the effects of rod displacement on local power peaking:

(a)
(b)

(c)
(d)

(e)
(g)

spatial mesh size

order of scattering and angular quacrature if a transport
calculation was performed

number of choice of energy groups

ability of diffusion theory to track the effects of small geometry |

changes
effects of spectral changes on the few-qroup cross sections used

reduced rod array size (e.g., 5 x 5 vs. 15 x 15) and the effect
of perturbed image rods introduced by the boundary conditions.

1-23 Babcock & Wilcox
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Question 12

(a) Spatial mesh size?

Response
The mesh spacing was selected to facilitate modeling the fuel cell in
X-Y geometry.

These constraints resulted in a mesh spacing of
This dimension is smal]l compared to the neutron mean free path in the fuel
rod pellet, clad and moderator. This mesh spacing is comparable to that
used in conventional lattice studies to calculate neutrcn flux and reaction
rates in fuel and absorber rods.

1-24 Babcock & Wilcox
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Question 12

(b) Order of scattering and angular quadrature if a transport calculation
wes performed.

Response

Po scattering order and S‘ quadrature options were used in the DOT code
analyses.

The importance of scattering order (Po. Pl) was evaluated in terms of
the change in fast to thermal flux ratio in the pellet region and in the
average thermal flux ratio of the pellet to moderator region of the fuel cell.
The difference in the fast to the thermal flux ratio in the pellet was

for the two scattering options. The difference in the average thermal
flux ratio of the fuel to moderator region was percent. An assessment was

made of the computer memory requirements for the Po and P1 options in the DOT
code.

—————
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Question 12 ’
(c) Number and cnoice of energy groups?

Response
The energy group structure for the DOT code's spatial analysis consists
of one fast aroup and five thermal groups with energy boundaries as follows:

Group Energy Range

1

2 :

3 !

4 |

’ |
a
|

Emphasis was placed on describing the thermal energy spectrum because
rod bow neutronic analysis is primarily a study of local moderation changes
arising from local redistribution of water between adjacent fuel rods.
Multithermal groups are a means to account for neutron energy variations in
the thermal energy range. Energy break points were chosen to accommodate
resonances in the fuel isotopes. Cross sections for group 1 (>1.855 ev) were
. calculated with the NULIF code. This is a B&W code that generates a micro-
group neutron spectrum and calculates spectrum weighted few group parameters |
for use in a spatial diffusion code. A B&W data processing code, ANTY, rerges
the single fast group data with cross section data from an 80 thermal group l
B&W cross section iibrary (PROLIB) for isotopes of interest. These cross
section sets were then input to a second B&W data processing code, TAPMAKE,
which created on magnetic tape an 81 group macroscopic cross section set for
each material zone of the fuel rod cell for use with the ANISN code. ANISN
solves the muitigroup transport equation for the space- and energy-dependent
flux for an inifinte array ot fuel cells with appropriate boundary conditions.
The ANISN results are used to obtain flux and volume weight six group cell
averaged cross sections for the two dimensional DOT analysis.

B EEEe——
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Question 12 Revision 1 (5/13/83)

(d) Ability of diffusion theory to track the effects of small geometry
changes?

RCSEI\SC

The principal neutronic problem in rod bow analysis is the treating of
moderator asymmetry in the perturbed (bowed rod) fuel cell and the

propogation of this perturbation into adjacent and nearby fuel cells as a
power change.

The neutronic model used in the analysis was Discrete Ordinate Transport
Theory with a P0 scattering order and S, angular quadrature. Test cases
were calculated to assess the effect of a few group energy structure,
scattering order, and quadrature level upon the relative change in fuel rod
power. The differences in perturbed power were sufficiently small to

have a negligible effect on the amalytical results.
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Question 12

(e) Effects of spectral changes on the few-group cross sections used.

Response

The selection of cross section energy grouping and the methodology of
collapsing the microgroup cross sections to the few group structure for the
fuel cell was based on previous experience, and are described in the answer
to question 12 (c). The change in local moderation due to redistribution
of water between fuel rods with rod bow was the primary cause of spectral
change. The effect of interest is mainly a thermal energy effect. Therefore,
the thermal energy range was described by five groups with the energy break
pcints chosen to satisfy key isotopic resonance parameters.

Other studies performed at B&W have indicated that when the thermal energy
range is represented by groups, the DOT calculation will account
correctly for the interactions due to spectral changes. Above 1.855 ev
the mean free path of neutrons is large corpared to the lattice pitch, and
hence the effects of spectral changes in the epithermal range are
insignificant.

1-28 Babcock & Wilcox

# McDermott company



Revision 1 (5/13/83)

Question 12

(g) Reduced rod array size (e.g., 5 x 5 vs. 15 x 15) and the effect of
perturbed image rods introduced by the boundary conditions.

Rcsggnse

Studies were performed to assess the geometric propagation of rod bow
induced power perturbations. There is approximately a factor of 4 reduction
in the magnitude of the power perturbation two ~od pitches from the nominal
position of the perturbed rod. See Figures G-4 and G-5 of BAW-10147P. It
was concluded that fuel cells more than two rod pitches from the perturbed
rod could be modeled as a homcgenized fuel zone. The thickness of the
homogenized fuel zone was selected to isolate the effect of imaged perturbed
rods from the quadrant of interest. The test for isolation was equal mirror
image power distribution in the quadrant when the central fuel rod (rod A

of Figure G-1 BAW 10147P) was moved in opposite directions. This was achieved.
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Question 13 Revision 1 (5/13/83)

Disruss the effect of rod bowing on clad corrosion.

Response

It has been BaW operating exp-*ience that corrosion of the fuel rod
cladding is insignificant. Theoretically, a high percent gap closure
of the water channel would increase cladding temperatures and associated
corrosion. However, for the closures measured in B&W reactors and
conservatively predicted by the rod bow correlation, these effects are
very small and any resulting corrosion is insignificant.
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Question 14 Revision

Are all operating plants and fuel desigrns covered by the submitted topical
report analysis? If not, identify those plants and designs that are not
covered and indicate why these results are not applicable.

Response

A1l operating plants and fuel designs are covered by the topical report.
The rod bow correlations were developed from data base that included
measurements from both the 15 x 15 and 17 x 17 design configurations.

Babcock & Wilcox
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Question 15

The nuclear uncertainty factor, which accounts for the inability of the
standard nuclear design codes to calculate the exact rod power, will
increase for off-nominal bowed configurations. How is this increase

in uncertainty due to bowing accounted for?

Question 32

In the determination of the effect of rod bowing on local power peaking,
bowing of only a single rod has been considered. Therefore, either determine
the 95/95 tolerance limit on the local rod power when all surrounding rods
bow randomly according to the assumed distribution or demonstrate that

the selected penalty is conservative.
Response
The power peaking uncertainty of presented in Section 7.2 was determined

as a result of calculations which considered the effect on a pin surrounded
by eight rods bowed in a random manner. The calculations incorporated a
Monte Carlo technique which used a normal distribution for the amount of

rod displacement and a uniform distribution for the angle of bow, and
determined the change in power peaking on the center rod at a 95% confidence
level. Values of A% power per rod were fhput to the calculations and which
were determined for a 5 x 5 rod array over a range of rod displacements

and directions. The calculated values of A% power for che bow of various
rods plus the effects of self bow of a single rod in @ 5 x 5 rod array were
performed, and are shown in the figures of Appendix G. The maximum power
peaking change quoted in Section 7.2 demonstrates the change due to the self
bowed rod.

In the Monte Carlo technique, the total power change on the center rod was
recomputed 100000 times for each selected axial increment to develop a
statistical sample. The resulting calculations of power change c. the
center rod provided the basis that a peaking uncertainty would bound

the calculated power peaking change over the range of burnup (corresponding
to predicted gap closure) that would be expected to occur in 3&W reactors.
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Revision 1

Question 15 & 32 Continued

The peaking uncertainty due to rod bow was combined statistically
(square root of the sum of squares) with the standard nuclear uncertainty
factor of (total peak) and the manufacturing "hot channel" factor

of , in the manner detailed in Reference 5. The combined total

of is less than the total uncertainty currently used in analyses.

When higher burnup cycles (which are anticipated in the future) are considered,

along with the predicted gap closure determined as a function of burnup as
described in Apoendix D, the total peaking uncertainty of remains valid
for fuel assembly burnup to MWd/mtU for MKB fuel and MWd/mtU

for MK fuel. It is very unlikely that fuel assemblies with burnup

values of these magnitudes will be found 1imiting when determining

core operating limits because of the decreased power producing capabiiity

of the fuel (see response to Question 31). However, to ensure that all

fuel assemblies and burnups are considered, a burnup dependent rod bow power
peaking uncertainty can be determined and combined statistically as described
in Reference § and will be applied to these fuel assemblies.
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Question 16 Revision 1 (5/13/83)

A. Over what specific range of burn-up is the gap closure correlation
and proposed bowirg analysis applicable?

B. If there is any increase in uncertainty due to lack of data at high
burn-ups, describe quantitatively how this is accounted for.

C. If the gap-closure data is being extrapolated cutside the domain of
actual measurement data, describe quantitatively how the increase
uncertainty is estimated and how it is accounted for in the analysis.

Response

The rod bow equation was developed from a data base with a range cf 0.

to 40,000 MWd/MTu. The data may be extrapolated to higher burnups

using equations 5-1 and 5-4 of BAW-10147P. [t should be noted that the
global to’..erance as well as rod bow is a function of burnup. Increasing
burnup increases the ratio of the global tolerance to the predicted value.
Additional discussion of the global tolerance is contained in Appendix D
of BAW-10147P.
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Question 17

Are the calculated power peaking senstivities to rod-bow conservative
with respect to all fuel designs? [f not, identify the non-conservative
designs and explain in detail how this non-conservatism is properi
accounted for in the proposed analysis.

Response

The Mark-8 and Mark C-fuel assembly designs identified in B8AW-10147P
have fuel rod peaking characteristics that are conservative when compared
to modified ("wet-lattice"”) Mark-B and C assambly designs that are
currently under consideration. [n addition, it is anticipated that any

future changes in Mark-8 and C class assembly designs wiii be no greater

in magnitude than the differences between the Mark-B and C designs.

Therefore, results i 11s report should be applicable to those designs

as well.
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Question 18

Describe in detail the application of the proposed rod bow analysis to

a typical plant, including the input parameters and their basis (either
explicitly or by reference) and the equations andBfigures (appropriately
referenced) used to determine both the DNBR and FQ penalties. Indicate
what parameters are plant and cycle dependent.

Response

The assessment of a rod bow DNBR penalty to B&W fuel designs is not applicable
as concluded in Section 7 and further demonstrated in the response to Question 31.
As discussed in the response to Question 31 the net penalty is zero for fuel
assembly average burnup values iess than 24000 MWd/mtU. Assemblies with
burnup values greater than 24000 MWd/mtU do not produce enough power to
achieve design 1imit peaking values and a DNBR penalty due to rod bow
has no valid meaning. The philosophy and method of applying a rod bow
penalty used previous to BAW-10147P (approved for use as an interim method
by the NRC in Reference 5) is presented by example, however, to show how
the 1imiting assembly in the core is determined and to demonstrate typical
ONBR margins present relative to design 1imit values. The following example
uses the DNBR penalty model described in=Section 6 and Appendix F of
BAW-10147P. Numbers shown correspond to Cycle 6 of Oconee Unit 3 and are
based on the Reload Licensing Report for that cycle (BAW-1634).
1) for a specific plant and cycle desigr, the maximum predicted
end-of-cycle (EOC) fuel assembly burnup value is determined
for each fuel batch (column 2 of Table 18.1).
2) The net fuel rod bow DNBR penalty corresponding to each burnup
value determined in 1) is determined from Figure 7-1 or 7-2
of BAW-10147P. These values are each adjusted by subtracting
1%, which corresponds to the DNBR value of the pitch reduction
factor used in thermal-hydraulic analyses (column 4 of Table 18.8).
3) The maximum predicted steady-state radial x local peaking factor
(Fah) is determined for the limiting assembly in each fuel
batch, by examination of the fuel cycle design (column 4 of
Table 18.1). The maximum value is selected without regard to
cycle burnup. This is generally a beginning-of-cycle value.
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The minimum DNBR corresponding to each of the Fih values
determined in 3) is estimated for the design overpower (112%

of full power) condition (column 5, of Table 18.1).

The rod bow DNBR penalty for each batch is subtracted from the
minimum DNBR for that batch (Column 6 of Table 18.1). This
provides an indication of which fuel is limiting (batch 8 for the example
shown) as well as showing DNBR margin relative to the design case.
The rod bow DNBR penalty to be applied in the determination of
Reactor Protection System limits is determined by examination

of column 4 of Task 18.8. The penalty value selected for
application is that corresponding to the fuel batch

with the highest predicted Fah, or, if a batch with hiaher

burriup (and penalty factor) has an Fah within 5% of the maximum
value, the penalty would be based on this batch. For the example
shown in Table 18.1 this resvits in the penalty being based

on batch 7, which has an Fah of , rather than batch 8,

which has an FAh of

The design DNBR 1imit value, DNBRL, is adjusted by adding the

rod bow DNBR penalty determined in 6). For example, when the
B&W-2 (BAW-10000A, May, 1976) CHF correlation is used, with its
limit value of 1.30, a rod bow DNBR penalty of 1% would result

in a DNBRL = 1.313.

DNBR - dependent Reactor Protection System limits are

evaluated to insure that the minimum DNBR is greater than or
equal to DNBRL.

The peaking uncertainty (Fg penalty) used to verify plant and cycle specific

operating limits and applied in this example would be a generic value used
for previous cycles. A detailed discussion of the peaking uncertainties
is provided in the response to Question 15 and 32.
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Table 18.1

Oconee 3 Cyzle 6 DNBR Penalty

Fuel Max imum Net Fuel Max imum Minimum DNBR
Batch Assembly Rod Bow Predicted DNBR less
Burnup Penalty * FaH @112% Power Rod Bow
Mikid/mtU % ONBR Penalty
Design
Case
58
6
7
8
*Penalty as determined from Figure 7-1 less 1%
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Question 19

In the measurements of the DNBR penalty, what effect do the rod holders
that maintain the rods in their bowed locations hive on the measured
DNBR penalty?

Resgonse

Referring to Figures E-3 and £-2 of Appendix E, intermediate grid E

is used to position rod 17 in its bowed position. This intermediate

grid is identical to the other intermediate (or minimum turbulence)

grids in both the C-9 (unbowed) and C-10 (bowed) tests

except for the neressary structure for the positioning of rod 17.

The minimum turbulence grids are used in all B&W CHF tests to maintain
proper tube spacing in the span between the regular Mark C grids where
electrically induced magnetic forces could cause bundle deformation. As
opposed to the heavily formed -inch long regular grids, the minimum
turbulence grids are specifically designed to produce negligible additional

turbulence or flow upset. They are extremely thin, chemicaily etched wafers
laminated to an approximately -inch length. A photograph comnaring the

intermediate and regular grids is shown in Figure 2-8 of Reference 15, and
visibly illustrates the minimum turbulenge nature of the intermediate grids.
Furthermore, referring to Table E-9, the DNB length (axial position of CHF
getection) in the vast majority of data points occurs downstream of the point
of maximum bow (usually at the leading edge of the reqular Mark C grid #6).
This observation is consistent with that of the base comparison test (C-3,
table E-8) and, indeed, the observed CHF iocations for all of our Mark C
tests (Reference 15). Thece results evidence the lack of effect of the
minimum turbulence grids on CHF level.
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Question 20

Describe the surveillance procedures and other measures that will be used
to confirm and update when necessary the rod bowing data base and analysis.

Response

The rod bow correlation was developed from an extensive data base as

described in Appendix B of BAW-10147P. Included in this data base are gap ﬂ
measurements from assemblies representative of the design evolution leading

to the current configuration. It is expected that this correlation will be
valid in the future for assemblies incorporating minor changes. This position‘
will be reassessed on a case by case basis. If in the course of the design ’
evolution it is desirable to make additional measurements, the data base !
will be updated and the effect on the rod bow correlation will be evaluateu.

# McDermott company
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Question 21

Provide a discussion of the likelihood ana any measurements of control rod
bowing.

Resgonse

The control rods are suspended within the assembly's guide tubes where the
diameteral gap limits the amount of control rod bow relative to the guide
tube. The thin walled control rod will conform to the shape of the

guide tube. Any significant bow could result in wear of the guide tube.
B&W has not experienced any guide tube wear attributed to control rod bow.

The control rods are not subject to many of the postulated causes of fuel

rod bow. The rods are free to grow axially which prevents a build-up of
axial strains.

No direct measurements of control rod bow have been made but hot cell

t 4
examinations of an axial power shaping rod showed no significant
distortion.
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Question 22

In the evaluation of the MDNBR penalty, are the pressure and Qpc
values corresponding to the high pressure and over power trip
sc{points used? If these values are not used, justify the values
selected.

Response

The QAVG value used in the evaluation of the DNBR penalty corresponds to

the design overpower 1imit (112% of full power). This value is used to
establish a value of DNBR reduction at full contact as described in Section 6.
There is no pressure dependent function that is factored into the penalty
equation. The B&W bowed rod CHF test data (Appendix E) included the range

of allowable plant operating pressure which includes the high pressure

trip 1imit (2400 psia). The conclusion of the test was that no penalty
existed for the gap closure tested (55%).
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Question 23

In the determination of the fuel rod ONBR penalty, the bowing of the

eight surrounding rods and associated gap closures determined the reduction

in ONBR margin. The penalty for each qap is determined by summing over the
contributions from each possible closure. The closure contribution is given

by the product of the probability of occurrence for that closure and tre
associated closure penalty. (In Reference 1 this method was used to determined
the penalty arising from the bowina of two rods on opposite sides of the rod

of interest). Therefore, update the bowing analysis to include the contribution
to the ONBR penalty from all eiaht surrounding rods.

Response

Variations in cap closure (which would be expected to have corresponding
variations in predicted ONBR penalty) were measured within fuel assemblies

and this data forms the rod bow correlation data base as described in sections
4 and 5. The gap closures measured for a given fuel assembly were considered
to have a burnup ecual to the assembly average burnup. The probability
distribution of gap closure is included in the burnup dependent gap closure
correlation and the ONBR penalty correlation described in section 6 and
Appendix F. The response to questions 28 and 29 provide additional information
regarding the statistical treatment of the variability in gap closure.

The variations in ONBR reduction due to variations in gap closure within 2

fuel assembly are therefore accounted for in the manner described in BAW-17147P. |
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Question 24

Discuss the extent to which the gap closure measurements span the actual
operating spectrum of rod-to-rod spacings including enrichment, exposure,
poison rods, instrument thimbles, guide tubes, fuel design, etc.

Question 40

In deriving the data base, in what way has a distinction been made between
different types of assemblies (presence of water holes, burnable poison
rods, control rods, etc.)?

Respcnse

The data base used in the development of the rod bow correlations includes more
than 125,000 individual gap measurements. [t spans a range of design and
manufacturing variations that have been incorporated during the evolution

and improvement of the Mark-8 and Mark-C designs. Also, the data base

includes the effects of variations in the irradiation and operation

environment during numerous reactor operating cycles.

The statistical analysis used to develop the rcd bow correlation is based

on the data from the 15 x 15 Mark-8 assemblies. This correlation was shown
to conservatively envelope the data from the 17 x 17 Mark-C assemblies and,
thereby, can be used to predict the rod Dow for both designs. No distinction
was made between the assemblies within each configuration.

Mark-C designs from 8 manufacturing batches with enrichments from 2.15 %

U233 tg 3.2 % U235 These assemblies were used in two reactors during 8
operating plant cycles. They ware inserted into core locations that contained
orifice rods, burnable poison rods, control or safety rods or were open
assemblies. The assemblies were exposed for 1 to 4 plant cycles with burnup |

to 40,000 Mwd/MTu.

|

|

|
The data base included measursments on 26 assemblies of the Mark-8 and
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Question 25

-
!

Provide the most recent gap closure correlation and coefficients for al
fuel designs.

Resgonse
The most recent correlation and coefficients for all B&W fuel designs is
found in BAW-10147P, Section 5.
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Question 26
Large assembly bow of the ordsr of hundreds of mils has recently been
measured at several plants.2,3.4 This bow is of concern because (1) the
bow magnitude is at least an order of magnitude larger than the reported
rod bow measurements, (2) the resulting rod bow is apparently extremely
correlated with all rods in an assembly face bowing together and (3) the
bow involves inter-assembly gap closure. All of these aspects are outside
the scope of the proposed bowing anaiysis. Therefore, discuss in detail

the effects of assembly bow on fuel rod gap closure and the assumptions
and methods used to evaluate rod bowing.

Response

The rod bow correlation documented in the topical roport BAW-10147P
addresses the random variation of the water channel gap at midplane
between spacer grid elevations. Assembly bow is a measure of the
relative lateral movement of the spacer grids (i.e., the mode shape)
and is a function of the overall structural characteristics of the
assembly.

The geometric configuration of the spacer grid design maintains minimum
intra-assembly gaps as well as the inter-assembly gaps. As discussed

in Section 4.1 of the topical, there is nc significant difference between
the bow of the periphery or interior rods. I[n the case of spacer grid
contact between adjacent assemblies, the grid's outer strip which extends
beyond the peripheral rod maintains an inter-assembly rod-to-rod gap as
large as the rod pitch within an assembly in the grid region. Fuel assembly
bow is addressed in thermal hydraulic analysis as an issue separate from
rod bow. For purposes of conservative thermal hydraulic design analysis,
grids of adjacent fuel assemblies are assumed to bow to touch at an
imaginary fuel assembly midplane and the limiting assembly flow area is
calculated on this basis. ONBR calculations performed on this basis
yield conservative results.
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Question 27

Describe in detail the derivation and basis for Equation (D-4) in BAW-10147P.

Resparse

Equation (D-4) is used to calculate a 95%.upper tolerance level on values

of bow predicted by equation (D-2) whic! in turn is based on rod-to-rod
gap measurements as described in section 5 of BAW-10147P. The derivation
of equation (D-4) is found in reference 12 of BAW-10147P, "Simultaneous

Statistical Inferences", R. G. Miller, McGraw-Hill Book Co. (1966).

\
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Question 28

Please provvde the details of the determination of the DNBR penalty at full
closure, &6 = ( ), the associated uncertainty, ( ), and aiso
Reference 7 in BAW-10147P.

Question 29

In the determination of the DNBR penalty, the effect of the uncertainty in
the penalty due to variability in gap closure (denoted o, in Reference 1)
has been neglected. Incorporate this variability using a 95/95 upper
tolerance 1imit as outlined in Reference 1, Equation (4.10), or indicate
how this effect has been accounted for in the DNBR penalty.

Response

As seen from Figure 6-3, the size of the penalty region is affected by the
variability of two factors: 1) the shape of the probability density function
and 2) the slope of the boundary line, i.e., the line that forms a boundary
for the penalty region.

B&W chose to treat the uncertainty in the penalty due to each effect in a
conservative manner.

1) The shape of the density function is due to the variability in gap
closure. Variability in the shape of the density function is related in
°(%5) as illustrated in Figure 6-3. Thus in estimating °(°‘) a very
onservative approach was taken by B&W and a global to]erance value
established (Egn. D-4) at a 95% significance level. In all caiculations
involving penalty, where o* was indicated in equation F-10, the value of
o* was replaced by the global tolerance value of o 95/95 (%5). This
treatment results in a very broad penalty region &s Figure 8-3 illustrates.
A1l penalty curves, Figures F-2 and F-3, as well as their simplified
versions, Figures 7-1 and 7-2, were derived with the above procedure.

2) The line forming a boundary to the penalty region of Figure 6-3 was
also treated conservatively.
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B&W had estimates for "K" as described in appendix E but not for & _.

~

_ - O : - .
NRC provided estimates for Sc» 8, based on 10 experimental points (Ref. 7,

see note below). From the available information K and and ;c were both
applied in a conservative manner, as illustrated in Figure 6-2.

However, the solid 1ine should be labelled correctly as the "B&W final
penalty region boundary."

In summary, the response to Questions 28 and 29 examined both components
that contribute to the uncertainty in the penalty and treat them both
conservatively and subsequently arrive at a conservative penalty factor,
that is also physically meaningful.

The variability in gap closure however was not denoted by B&W as o, (of

Reference 1). The method of that reference is not physically meaningful
nor statistically precise (See response to Question 57).

Note: In the Reference 7 telephone conversation of October 30, 1978,

R. Lobel (NRC) provided M. R. Stephens (B&W) with data associated with

CHF testing of rods bowed to contact, testing which B&W has not conducted.
The NRC agreed to provide the data in a grevious call on October 26, 1978.
The values provided are:
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Question 30

Discuss in detail the basis (using either calculations or observations)
for concluding that the fretting wear due to rod-to-rod contact is insignificant.

Question 33

How many complete gap closures have actually been observed? Provide details
including fuel design, burn-up level, axial position, etc.

Question 41 >
Has any fretting wear due to rod bowing ever been observed on fuel rods?

Question 42

Has any fretting corrosion due to bowing to contact of two rods and the high
clad temperature in the area of rod contact ever been observec?

Question 43 a
Have any calculations of fretting wedr and corrosion been performed. |

Resggnse

It has been B&W's operating experience that fuel rod bow greater than 50%

gap closure is very unlikely and that complete closure has not been observed

at any plant. Only one case of near contact (gap * .020 inch) has been observed
on a high burnup (4G,000 MWd/MTu) Mark-8 assembly in the mid core region.

This pattern is also evident in the empirical rod bow equation. The predicted
95% tolerance level of rod bow is well below 50% closure at burnup level
experienced by the Mark-8 and Mark-C fuel assemblies.

To date, no analytical studies have been performed to assess the consequences
of rod-to-rod contact, such as fretting wear of the clad. As described
above, only one case of near contact of the rods has been observed and no
fretting was evident.
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Complete gap closure has not been observed and based on the rod bow

correlation it is very unlikely it will occur. Therefore, the mechanical

consequences of bow, such as clad fretting are not critical design concerns
for B&W fuel assemblies.
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Question 31

In order to relieve the DNBER rod bowing penalty, it must be demonstrated
conclusively that assemblies with sufficient exposure to receive a penalty
are never limitine. Therefore, demonstrate that assemblies with exposure
greater than 14,000 MWd/mtU are never DNBR oOr FQ limiting.

Response

A 1imiting assembly in a given cycle is the assembly which has the highest
predicted peaking during the cycle. This limiting assembly may have a
predicted burnup at the end of cycle as high as 24000 MWd/mtU (not 14000 Mwd/
mtU) or greater. For design purposes the limiting assembly is assumed to
have a design radial x local (Fah) peaking value which has been established
as a maximum peaking criteria. This design peak is used in thermal hydraulic
design analyses to establish core operating 1imits based on DNBR criteria. In
Section 7.1 of BAW-10147P, the DNBR penalty associated with both Mark-B

and Mark-C fuel designs for burnups below 24,000 MWd/mty is less than 1%
(see Figures 7-1 and 7-2) ana this penalty is offset by a 1% DNBR credit

in the form of a flow area (pitch) reduction factor. Fuel assemblies with
burnups > 24000 MWd/mtU have penalties greater than 1% but the penalty is
unnecessary since the power production capability relative to other fuel
assemblies in the core is diminished by fissile inventory depletion to the
point where the design 1imit peaking values cannot be reached. With respect
to the 36 reload cycles that have been designed for the Mark-B 177 fuel
assembly plants, all fuel assemblies with a burnup of > 24,000 MWd/MTu have
had greater than margin to the design 1imit peaking values. These cycles
include both rodded and feed/bleed operational modes plus the out-in-in and
in-out-in fuel shuffle schemes and are therefore representative of what can
be expected for future cycles. This decrease in real peaking more than
offsets the peaking which corresponds to DNBR reduction associated with

the burnup dependent rod bow.

For example, consider a 1imiting assembly in a MK-B core which has a rod bow

penalty applied at a burnup of 40,000 MWd/mtU. Referring to Figure 7-1 (MKB fuel)

a rod bow penalty of is determined. Subtracting the 1% DNBR credit the
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resulting net penalty is . This DNBR reduction can be offset

a corresponding reduction in peaking of . Since an assembly with a burnup

> 24000 MWd/mtU was shown in the previous paragraph to have at least a

peaking margin (an even greater margin is expected at 40,000 MWd/mtU) the
DNBR recuction due to rod bow is easily offset, by a large margin. A similar
example for MK-C fuel can be easily constructed and shown to have more than
encugh peaking margin to offset the rod bow penalty.

Clearly then the application of a DNBR penalty due to rod bow is inappropriate
ard has no significance for B&W fuel designs.
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Question 32 |

The question and response are found in conjunction with Question 15.
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Question 33

The question and response are found in conjunction with Question
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Question 34

Why does the worst gap closure occur in the lower spans?

Question 51

[t has been observed that the peak bowing is most likely to occur below
the core midplane, but it has been observed in all but the top grid
span. What significance does B&W attribute to observation?

Response

The largest magnitude of the standard deviation of the water channel
gap measurements in most likely to occur below mid-core as shown in
table 4.3. It is theorized that bowing of a fuel rod is influenced
by the thermal and irradiation histories of the rod as well as its
mechanical loading and resulting creepdown. A1l of these parameters vary
axially during the assembly's life depending on a number of factors
such as the axial power distribution. The relative importance of the
individual parameter has not been determined since the worst span
closure can be conservatively used to bracket all of the gaps within
the assembly. The fact that the largest rod bow is below mid-core is
not considered significant for the B&W analysis technique.
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Question 35

Is there a preferred direction for pre-bow in fresh assemblies? [f yes,
what is the reason for this behavior and how is it accounted for in the
analysis?

Question 39

Is there any evidence that bowing is not isotropic?

Response

[t has been B&W's experience that as built and operational rod bow is a
random i1sotropic behavior. There is no evidence that a preferred direction
for as built rod bow exists.

The analytical techniques used to develop the rod bow correlation are based on
water channel gap widths, not on direct measurements of the lateral
shift (bow) of the individual rods. Also, the DONBR reduction is a direct

function of the water channel or cell dimensions and not the axial mode

shape of the rods.
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Question 36

Early pictures of rod bowing presanted in the Westinghouse report WCAP-8346
showed very severe bowing for the outermost fuel rods. More recently,
spacer grids were damaged during refueling at Rancho Seco (March 1980)

and Indian Point-2 (January 1981). In the latter case, 272 assemblies

were examined and 108 assemblies showed anomalies of some degree. Of

these 108 assemblies, 33 assemblies were judged to require some repair

and 10 assemblies were judged to have sustained more damage than would

be acceptable for reinsertion. Fuel rod bowing seems to be a contributing
factor to this grid damage. Has rod bowing typical of these plants been
included in the reported data pase?

Response

The rod bow correlation was developed from a data base that includes
measurements from assemblies which are typical of the type used in the
Rancho Seco reactor and which were irradiated at plants very similar
to Rancho Seco. There is no evidence that fuel rod bowing was a cause
of, or contributed to, the spacer qgrid damage that was observed at

o

Rancho Seco.
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Question 37

How do the correlations depend on the data base selected? For example, how
would correlations for the burn-up ranges 0.10 GWd/mtu, 10-20 GWd/mtU,
and 20-30 GWd/mtU compare?

Response

!
The rod bow correiation represents the best estimate of the standard deviation|
of the water charne! measurements as a function of burnup. The correlation
was reviewed to assess its sensitivity to the range of the data base used
in the derivation.

The data base was subdivided into 4 sequential groups based on burnup. For
each grouping, the average of the measured gaps compared favorably with the
preidicted gap based on the average burnup. The deviation between the average
measured and predicted gaps was not significant compared to the tolerance

band of the data.
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Question 38

In deriving the gap closure correlation, how has the fact that the number
of measurements differs from assembly to assembly been accounted for?

RCSEHSQ

The gap closure correlation was developed from the statistical
characteristics of the data distribution of the gap measurement in the
worst span of the assembly. In all cases, the large number of data
points measured were sufficient to determine the distribution for that
span. No adjustment was considered necessary to account for the
differences in the number of measurements from assembly to assembly.
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Question 39

The question and response are found in conjunction with Question 35.
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Question 40

The question and response are found in conjunction with Question 24.
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yestions 41, 42, 43

The questions and responses are found in conjunct’on with Questiocn 30.
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Question 44

In carrying out the CHF experiments, the heated rod was bent toward
the other rods. In a reactor, this bowing will cause a change in
power in the rod. Has this effect been taken into account in these
experiments or analysis?

Response
In CHF experiments, the objective is to measure the effects of the

controlled (independent) variables on the dependent variable (CHF).

In a bowed rod test, one of the controlled variables is the amount of
closure. The dependent variable of CHF (ie: rod power to ONEB) is
then correlated to the independent variables including the closure.
Since the allowable rod power is the result, it is implicitly included
in the correlation and the associated bow penalty which results from

experiment.

Babcock & Wilcox
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Is there any justification to support a2 flow dependence in the DNBR '
penalty?

Response

In the discussion and analysis of the bowed rod test (Appendix E), |
the data was examined for both flow and pressure dependence with respect |
to DNBR penaity. The examination was conducted on both a subchannel [
(Tables E-3 and E-4) and a bundle average basis (Table £-5). A1l the '
paired difference comparisons fell within results of the uncertainty analysis !
as developed in Section 4.2 of Appendix E except for the extreme high mass
velocity comparison of Table E-4. Examination of this comparison indicates

that the major part of the deviation is due to the C-9 unbowed value as "
opposed to the C-10 (bowed) value. Based on the paired difference comparisons,.
the deviations between C-9 and C-10 results were judged to be independent '
of both pressure and mass velocity.

Furthermore, the entire analysis inIZDDQndix E indicated that any differences
in results between C-9 and C-10 were within CHF testing repeatability, and
thus there was no ONBR penalty at 55 percent closure. The use cf the upper
tolerance level bow penalty at 55 percent closure is viewed as a conservative
treatment of the data designed to remove any uncertainty on the threshold
value of penalty versus closure.
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Question 46

What data points were used in BAW-10147P in Figures 4.1-4.37 How was
this data selected?

Response

The rod bow correlation was developed from an extensive data base
(Appendix B of BAW-10147P) that includes over 125,000 individual measure-
ments of the water channel gaps from 26 fuel assemblies for burnups to
40,000 MWd/mtU. The comparisons presented i), Figures 4.1-4.3 were
derived from this data base.

Figure 4.1 presents a comparison of the data from the span(s) with the

largest magnitude of the rod-to-rod and/or rod-to-quide tube gaps for each

Mark-8 assembly. The source of data points in the figure are given in
Tables 3-1 and 4-1.

Figure 4.2 presents the standard deviations of the rnd-to-rod gaps involving

only peripheral rods and those involving interior rods for the assembly
span with the largest standard deviation for all the rol .o-rod gaps for
the Mark B assemblies. The sources of the data points used in the figure
is Table 4-2.

Figure 4.3 presents the standard deviation of rod-to-rod gap measurements
for all of the Mark-B8 assemblies within the range of interest of assembly
burnup. Different notation is used to distinguish the rods lifted
assemblies (NJOOSM and NJOO8BN) and the spiral eccentricity assemblies
(NJOOP7 and NJOOPG) compared to the standard configuration assemblies.
The source of the di¢va base is Table 3-1.
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Question 47

Is there a reason for the trend in BAW-10147P in Figure 4.1 which
suggests that the rod-guide tube gaps are larger at low burn-ups
but smaller at high burn-ups than the rod-rod gaps?

Response

The design and fabrication of the fuel assembly results in different
"as built" bow in the guide tubes than the fuel rods. The magnitude
of the irradiation induced bow can be expected to be much lower in

the guide tubes compared to the fuel rods. This rezults in a lower
standard deviation for the rod-to-guide tube gaps than the rod-to-rod
gaps. The trend is more apparent at the higher burnup lTevels due to
the larger magnitude of the values involved. At low burnups, the data
scatter represents a larger percentage of gap magnitudes so that any
correlation between the groups is less pronounced.
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Question 48

[f only 12% of the MK-C spacing distributions passed the normality
tcst.];hy is it justified to treat all distributions as if they were
norma

Response

On page C-2 it is shown that 38% of the Mark C test data passed the
D" test for Normality. In addition, Figure C-1 shows that when the
distribution is very concentrated about the mean, as this data is, it
is more conservative to assume the 84th percentile estimate from the
normal distribution, than from the actual data points. Thus B&W took
the conservative approach of assuming Normality.
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Question 49
[s the bow correlation based on interior rod-rod gaps only?

Response

The rod bow correlation was developed from a data base that included
all the rod-to-rod measurements (interior ana periphery) for that
particular assembly configuration.

Babcock & Wilcox
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Question 50

What is the uncertainty in the gap measurement in mils?

Response
The uncertainty in the gap measurements is estimated to be inch
for the mean with a maximum increase of inch in the standard

deviation of the poolside data. This uncertainty includes the effects
of the accuracy tolerance of the probe itself and its electronic
signal, fuel rod ovality, probe positioning and the accuracy of
recording and reading the data from the strip chart. Also included

is the uncertainty in the data correction techniques used to account
for fuel rod spreading during probe insertion.
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Question S1

The question and response are found in conjunction with Question 34.
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Question 52

The question and response are found in conjunction with Question 10.
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Question 53

How many batches have been considered in the determination of the
95/95 upper one-sided tolerance limit?

Response

The rod bow correlation was developed from a data base of eight
manufacturing batches which included over 125,000 individual
measurements.
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Question 54

It is stated in BAW-10147P that a review of the data base shows a
trend for the rod bow behavior to saturate at high levels of burn-up
(>35,000 MWd/mtU) with the magnitude of the standard deviation of
gap measurements remaining constant or decreasing. Describe in more
detail the results of this review.

Response

The magnitude of the standard deviation of the gap measurements, °gap’
for the assemblies (1013, 1D42, 1045, 1055) that obtained burnups
greater than 35,000 MWd/mtU exhibit a tendency to remain constant or
decrease. The results of a span-by-span comparison of the third and
fourth burnup cycle data from the intermediate spans for these assemblies

is shown below:

Direction of Percent of Spans
Relative Change Exhibiting Change
Decrease

No Change*

Increase

* Only changes greater than .0005 inch were considered significant.
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Question 55

Does B&W have a basis for the 1.2 cold-to~hot correction factor
other than the NRC recommendation?

Response

The 1.2 cold-to-hot correction factor vas used based on the NRC
recommendations.
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Question 56

|
why has the B&W gap correlation been changed from a square root to a ‘
lincaE?burn-up dependence? Is the high burn-up data increasing faster
than i

|

Response

The relationship between the B&W low and high burn-up data does not
support a square ruot dependence. As noted in Appendix D, the best
fit mode] was found to be linear (burnup exponent of ). The data
does indicate that the rod bow behavior tends to saturate at high
burnup levels (Ref. Question 54) with the magnitude of bow remaining
the same or decreasing in the majority of cases. The correlation
equation with its linear burnup dependence will conservatively predict
rod bow in the high burnup regions.
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Question 57

In the letter, Taylor to Vassallo, dated December 13, 1978, B&W used
the NRC (Reference 1) procedure for determining the ONBR penalty. In
the latest report, BAW-10147P, a new method is presented. Why was it
decided not to use the model which was used two years earlier?

Response

The NRC procedure (Reference 1) was written as a proposed procedure, one
to be used as an interim document in lieu of a Topical Report (and not a
NUREG or procedures ruling).

Since 1978, B&W has produced a data base as well as performed a thorough
review of the reference 1 techniques. [t has become apparent that in the
techniques of reference 1, sufficient thought was not given to the physical
consideration of the problem.

The values of gap closure go from 0% to 100% or 0 < ac < 1.0, due to the
fact that closure is complete at contact. Thus, also the penalty function
goes only to contact and is a step fumction essentially, ac defined in
egn., 6-4,

On the other hand, the gap closures assumed to be normally or rather 1/2
normally distributed have a2rguments between zero and infinity which
produce inconsistencies with the above. These two physical and statis-
tical considerations should be reconciled (and were indeed done so in BAW-

10147P) by truncating the riormal (1/2 normal) distribution and renormalizing

the area so that it irtegrates to unity.

This method results in having more weight assigned to physically feasible
gap closures and no weight to physically impossiole ones.

By neglecting to truncate the gap closure distribution functions at 100%
closure, the NRC procedure becomes physically unrealistic and statistically

meaningless because it assigns weight (probability) to physically impossible

gap closures betweon full closure and infinity! B&W does not accept the NRC |

proposal that § = T'? (X-K) is a product of two random variables.
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The fact that X = = is random is not disputed. However, if "&c" is random,

then so is "K"! Since they are two points on the same straight line, it
seemed more realistic to estimate them and to do so conservatively. Other- |
wise, the problem statement is unrealistic as well as inconsistent. Finally |
6c, for instance, was considered by the NRC tu have a normal distribution,
one that has arguments to infinity, yet the pemalty at closure is clearly
limited by a value of one hundred percent. B&W has carefully considered

the above points and concluded that the method presented in BAW-10147P is

more realistic.

-
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Question 58

What is the basis for assuming that the distribution of the contact
penalty &, is normal?

Res ponse

In appendix E, the B&W u.** was used to estimate a value of K as well

as the penalty at 55% closure. These two best estimates would yield
best estimate values for the siope of the penalty boundary line (Figures
6-2, 6-3). The B&W data indicated that the normal assumption for the
scatter was reasonable.

The contact penalty bést estimate value, 3;. as well as o5c' were values ,
at closure supplied by the NRC (ref 7). ODue to the proprietary nature ;
of the data, the actual data points were not released. Thus non-
parametric bounds were unavailable.

=
B&W wished to be conservative in estimating the slope in Figures 6-2 and
6-2 and followed this conservative development in Section 6.1.2. It
seems rcasonabie to assume ngrmality of experimental errors for both
points on the same curve, when evidence supports the assumption for one
point and lack of evidence prevents one from refuting it on the other.
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In BAW-10147P, is the difference between Figure 7.1 and Figure 7.2
solely attributable to the 12% difference in MK-8 and MK-C water channel
widths?

Response

As pointed out in Section 5 and Appendix D, the same prediction equatior
relating gap closure to burnup is used for MK-B and MK-C fuel designs. ‘
Although the equation was developed using the MK-B data base it conservatively
bounds the MK-C data. The development of the ONBR reduction (penalty)
equation includes the probability distribution of gap closure which utilize
the mean ., the value of which is dependent on the fuel design-138 mils

for MK-8 and 122 mils for MK-C. In this respect then the difference

between Figure 7.1 and 7.2 is attributable to the difference in MK-B and

MK-C water channel widths.

[
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Question 60

What is the basis for measuring the bowing effect on CHF for rod-guide
tube bowing rather than rod-rod or rod-instrument tube bowing? Justify
that this is bounding.

Response

In the bowed rod test (C-10) cascribed and analyzed in Appendix F, the
bundle is typical of the guide tube geometry. The bowing effect on CHF,
however, is investigated in a rod-to-rod configuration (dimension b,
figure £-2). The basis for this configuration is that CHF has been found
to occur in the gap between heated rods and not in the gap between one
heated and one unheated rod. This observation is based on both heat
marks found during post-test inspection, and on the relative frequency of
corner versus adjacent hot rod CHF occurrence on unbowed tests of the
guide tube geometry (reference 15). Furthermore, the difference in CHF
level has been found to be a function of only the resultant local
conditions of quality and mass velocity for guide tube versus unit type
geometry, and not a specific geometry term such as the hydraulic diameter
(also reference 15). Therefore, any observed CHF penalty due to rod bow
would be expected to be the same for unit, guide tube, or instrument

tube geometry as long as the closure is relative to heated rod gaps. The
degree of CHF degradation for closure in a heated to iion-heated rod gap
would be expected to be somewhat less than for the tested heated rod

to heated rod gap.
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Question 61

In calculating the effects of rod bowing on power peaking in BAW-10147P
what is the effect of bowing rod-A diagonally towards rod-D? How is this
effect accounted for?

Response

The effect of bowing rod-A diagonally towards rod-D is shown in Figure G-6
and Figure G-11 of BAW-1G147P by curves labeled 45° for Mark B and Mark C
geometr;, respectively.
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Question 62

[s there an explanation why there is no CHF penalty up to 55% closure?

Response

CHF is dependent on and correlated as a function of the local thermal-
hydraulic conditions of pressure, quality, and mass velocity, and the

radial and axial heat input distributions. The mass velocity is a
characteristic local value, while the local quality is basically an

integrated average value based on the mass velocity, geometry, and |
heat input up to that position. The sensitivity of CHF to changes in quality;l
is roughly an order of magnitude greater than that to changes in mass |
velocity. Since the presence of a bowed rod would tend to degrade

the local mass velocity with no increase in quality, it is reasonable

to expect a threshold value of gap closure below which no degradation in
CHF would be observed. As discussed in response to Question 45, the bowed
rod CHF data for 55% closure was actually within the range of uncertainty
of the other (unbowed) CHF data. Th'rs would indicate that the threshold
value is at least 55% closure and is most likely somewhat higher. z
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uestion

What is the conservatism introduced by using a linear correlation between
5 ONBR and gap closure?

Response ;
A linear correlation relating & DNBR and gap closure was used between the
value of gap closure beluw which there is no ONBR reduction, and 100% closure
(contact), the point at which maximum ONBR reduction occurs.

The actual expected behavior of § ONBR over the range of zero DNBR reduction
to the maximum reduction is that & DONBR will initially increase gradually
from the gap closure of 0 ONBR reduction and increase more rapidly as gap
closure approaches contact, as illustrated in Figure 6-1 (and in

Reference 1, Figure 4.2). The degree of conservatism resulting from using |
the linear correlation has not been quantified for BAW-10147P since B&W
has not performed rod bow CHF tests at gap closures greater than 55%,
the threshold closure below which there is no penalty.

- — —
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o ———

What is the basis for the heat flux allocation in Figures E-1 and E-2
in BAW=10147P? Why is there a flatter heat flux distribution in the
case of rod bow? QDoes this bias the rod bow resuits?

Resgonse

In our 5x5 array CHF tests, the inner 8 rod heat fluxes are peaked higher
(usually 10%) than those of the outer 16 rods. This is to insure that
primary CHF occurrence is associated with the inner subchannels which

are typical of in-reactor geometry.

The design relative heat flux distribution for both the unbowed and bowed
rod tests were identical. The as-built rod el

determine the heat flux distribution) varied slightly

sets of rods, and resulted in the values shown in figures E-1 and E-2.

[n the CHF analysis, the actual heat fluxes based on the measured distri-

butions are used. Thus, no bias is included in the results.
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As a bowed rod burns with a perturbed power, the resultant late-in-life
power distribution will be further perturbed due to changes in isotopics.
What effact does this perturbation have on the local FB penalty?

Q

Response

This additional effect on the power is negligible, being less than 0.02%.
The change in isotopic composition resulting from a fuel rcd being
depleted in a bowed position was assessed with calculational checks of
the analytical procedure.

The analysis was performecd with a fuel pellet composition that simulated

end of cycle conditions. End of cycle conditions were chosen because the

rod bow increases with in-reactor operating history. The maximum difference

in the perturbed power in any fuel rod due to a mil bow of rod A along

the 90° axis (Figure G-4), with fuel having MWD/T exposure, was less

than power. The same difference was calculated for fuel having
MWD/T.

Since the actual isotopic composition was quite different between these
severa’ peilet material models, it was concluded that the non-uniform fuel
cell burnup is accurately accounted for in the design analysis and no
perturbation is required for the non-uniform burnup of a bowed rod.
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Question 5
2nd Round:

One cannot conclude from the fact that the CHF occurs in the gap between
heated rods that the effect of the location of the remaining rods is not
important. Therefore, determine quantitively the effects of multiple rod
displacements on Ehe bowing r2nalty 68' [f necessary, incorporate these
effects in the FQ and OMBR operating 1imits.

2nd Round Answer:

The following discussion provides an assessment of the effect
of multiple rod displacements on the bowing penalty, 58’ of a particular
gap of interest.

Two effects are predominant in the determination of CHF level. The first,
the integral effect, is basically the thermodynamic quality of the coolant l
at the axial location of interest. This in turn is just the integrated
effect of mass velocity and heat input up to that point. The integral 1
effect represents the progressive deterioration of the capacity of the !
coolant to accept heat input. Secondly Ehere is the localized effect. This |
can be viewed as the contribution (or detraction) of the mass velocity at
any given axial location to the capacity of the coolant to accept localized
ieat input. CHF testing has established that of these two effects, the
integral effect is much greater than the local effect. |

Extensive testing has established that CHF occurs in the gap between heated
rods. In testing a bowed rod configuration, the bundle is constructed such
that a specified minimum clearance occurs between heated rods where coolant
heat capacity becomes critical. CHF is then detected at (or downstream) of
this minimum clearance axial location in the heated rod gap. Thus, rod bow
clearly has a localized mass velocity effect on CHF level. Up to and

including this axial regicn, the effects on the intagral (quality) effect |
due to rod bow is negligible.

While it is true that the heated rod gaps close to the heated gap of interest
could affect the localized mass velocity in that gap, the change (if any) would

1-87 Babcock & Wilcox

& McDermott company



Revision 1 (5/13/83)

be a secondary (probably order of magnitude lower) effect on this localized
mass velocity. Coupled with the fact that localized mass velocity exhibits

only a secondary effect in itself, the compounding additional secondary effect

of rod gap variability in the reginn of the heated gap of interest would be

negligible.

Moreover, when conside~ing variable rod gaps close to the gap of interest,
any reasonable distribution would result in some gaps larger and scme smaller
than nominal. This would imply, then, less or more (resnectively) flow in

the critical gap. Thus the effect would be further reduced.

On the basis of the above reasoning, it is concluded that the penalty due
to gap closure can be determined by exclusive consideration of the reduction

of the heated rod gap of interest.
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Question 7
2nd Round:

What magnitude of poison rod bowing will the guide thimbles permit and what
is the effect of this bowing? Consider both the bowing of poison rods and
the bowing of fuel rods in the presence of poison rods.

2nd Round Answer:

The poison rods are separate components which are inserted into the guide tubes
(thimbles) of the fuel assembly matrix. The guide tubes limit the poison rod
bow.

The maximum poison rod bow within the guide tube (thimble) annulus is 34 mils
for MK-B and 30 mils for MK-C. This is one half of the diameteral clearance
between the poison rod and guide thimble.

"

An assessment of effect of poison rod bowing on local power peaking considers
the types of poison rods used in B&W cope designs. There are three types c¢f
poison rods used in the B&W core design: " full length control rods, part length
control rods and burnable poison rods.

The effect of control rod (full length or part length) bow and adjacent fuel rod
bow upon power in nearby fuel pins is not a concern, because a fuel assembly
containing a control rod assemtly of either type does not simultaneously have
the .ieximum power producina fuel pin in a B&W core design.

The third type of poison rod, burnable poison rod, is accounted for in the standard
nuclear reliability factor (NRF) that is applied to the B2l nominal design core
peak pin power. ~)is is because burnable poison rod bow is equivalent to the
nominal design radial position uncertainty of the poison rod in the guide

thimble. The radial position uncertainty along the axial length of the guide
thimble is due to causes such as rod straightness. The standard nuclear
reliability factor was established by comparison of calculated to measured peak i
pin power from a Jarge data base that includes buth operating plant and critical
experiment data for core designs using burnable poison rods.
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Fuel rod bow adjacent to a burnable poison rod is expected to induce a smaller |
fuel rod power change for the peak rod power than occurs for a uniform lattice |
corfiguration for several reasons. The water fraction is slightly less in the
immediate area of the bowed rod due to *the presence of the guide thimble and
poison rod. The peak power producing fuel rod is generally located in a fuel
assembly lattice region having higher than average water fraction. Secondly

the burnable poison rod is a neutron abscrber throughout the fuel cycle with

some residual poison remaining at the end of the cycle. This effect adds
assurance that the peak power producing fuel rod will not be adjacent to a

poison rod. Finally there are less fuel rod contributors in the lattice position
statistical population in the vicinity of guide thimbles than was used in

the uniform fuel lattice analyses thatestiblished the total fuel rod bow induced
power change of BAW-10147P.

Babcock & Wilcox
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Question 15
2nd Round:

In the Monte Carlo simulation of rod bowing only the 8 nearest neighbor
rods were allowed tc bow. What is the effect of bowing of second nearest
neighbor rods on the central rod power?

2nd Round Answer:

The calculations which cinsidered the variation in local power peaking with
random bowing of surrounding assemblies included the effect ¢f bowing

the eight nearest rods plus the next nearest group of sixteen rods. As
described in the response to Question 15 (first round) and in Appendix G

of BAW-10147P, the Monte Carlo technique used to determine the sensitivity
of local power peaking with random rod bow considered a 5 x 5 rod array.
With this model the change in power peaking in the center rod was determined
as result of bowing each of the surrounding rods in the 5 x 5 array.
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Question 16
2nd Round:

What specific burnup is this analysis and gap closure applicable to?

2nd Round Answer:

The rod bow analysis presentad in BAW-10147P is expected to be valid for

any range of fuel assembly burnup expected to occur in current or future core
operation. The maximum burnup for current fuel assembly designs for which this
analysis applies is MWd/mtU, and is based on mechanical design considerations.
Modifications to existing fuel assembly designs and to fuel cycle designs may ‘
allow fuel assembly burnup of Mkd/mtU or greater and the current rod

bow analysis presented in BAW-10147P is expected tc remain applicable.

The rod bowing data presented in BAW-10147P, which included fuel assembly
burnups to 40000 MWd/mtU, indicates that the rod bow behavior tends t. saturate
out at burnup levels greater than 35000 MWd/ntU. The response to Q-54 of

the first round questicns provides a data summary showing this trend. The
prediction of gap closure for burnups greater than 35000 MWd/mtU is conservative
because of the linear burnup dependence of the correlation, eq. 5-1 of BAW-
10147P. In addition, the global tolerance';pplied to the correlation, as
determined by eq. 5-4 and described in detail in Appendix D of BAW-10147P,
increases with burnup, thus providing additional conservatism to the analysis
for burnup levels greater than 35000 Mwd/mtU. |
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Question 17
2nd Round:
Provide a typical range of fuel design parameters (including variations in
enrichment, poison rods, rod pitch, burnup, water noles, guide thimbles etc.
covering all NSSS's supplied) to which this analysis is applicabie.

2nd Round Answer:

The data base used in the develcpment of the rod bow correlation encompasses

|

a wide spectrum of fuel design parameters. It includes more than 125,000 1nd1vidual§

gap measurements on 2 range of fuel assembly designs, manufacturing variations,
operational and irradiation histories.

The data base includes measuraments on 25 assemblies of the 15 x 15 Mark-8
(.56€" pitch) and 17 x 17 ‘tark<C . ::2" oitch) configurations. The assemblies
represent 8 manufacturing Satches with 2nrichments from 2.15% U235 ¢o 3.29 1235,
They were used in two reactors during 3 cperating plant cycles for individual
exposures of 1 to 4 cycles wnitn burn-up to 40,000 MWd/mtU. The assemblies
were inserted into core locations that contained orifice rods, burnable posion
rods, safety or control rods or were openqguide tube assemblies.

The rod bow analysis presentad ‘n 2AW-121172 is cunsidered valid for the current
fuel assembly designs from which the data base for the analysis was obtained
plus future designs which may have design parameters (such as pin pitch,
enrichment, etc.) which differ from those described in the previous paragraoh.
As discussed in the response to the first round Question 20 the need to acquire
additional gap closure measurements and to update the analysis for minor fuel
assembly design changes will be reassessed on a case by case basis.
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Question 18

2nd Round:

Update the description of the application of this analysis to include any
changes resulting from this review.

2nd Round Answer:

B&W has concluded that no changes to the methods of iod bow evaluation
presented in BAW-10147P are justified from this review. Additional
information provided in the responses to the second round review support
our conclusion. In particular the data presentad in the 2nd round
response to Question 31 illustrates the level of pin peaking margin which
exists as burnup increases, relative to the design 1imit peaking value.

Because of the magnitude of peaking margin available, which is much more
than necessary to offset the ONBR penalty determined in Figure 7-1 or
7-2, it would seem conclusive that the application of a DONBR penalty

due to rod bow is inappropriate and has no significance for BaW fuel
designs. sl

Babcock & Wilcox
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Question 23

1st Round:

In the determination of the fuel! rod DNBR penalty, the bowing of the
eight surrounding rods and associated gap closures determined the reduction

in DNBR margin. "The penalty for each gap is determined by summing over
the contributions from each possible closure. The closure contribution is

given by the product of the probability of occurrence for tnat closure and
the lssocfateg closure pona!fy. [In Reference 1 this metnod was used to
determine the penalty arising from the buwing of two rods on opposite
sides of the rod of interest)." Therefore, update the bowing anlaysis %o
include the contribution to the DNBR penalty from all eight surrounding

rods.

2nd Round:

The determination of the DNBR penalty using equatior (F-3) does not properly
account for the gap ciosures of all eight surrounding rods. Therefore,
update the analysis to include the contribution to the DNBR penalty from all
eight surrounding gap closures.

2nd Round Answer:

The methods of analysis presented in BAW-10147P have resulted in a treatment
of the subject of rod bow in a manner which can be used to conservatively
assess the impact of rod bow on core design and operating limits based on

DNBR criteria. The treatment of rod bow Tn BAW-10147P is, we feel, consistent

with the objectives suggested in Reference 1 of BAW-10147P.

'

In consideration of the probability distribution of gap closure, and the associated

DNBR penalty, referring to the underlined portion of the 1st round question
please note the following equation F-3.

Is the associated Probability of occurrence
closure penalty for closure

The above integral (instead of sum) is analogous to the underlined statement
in the 1st round question. Also the equation F-1 utilizes the same principle

presented in Reference 1 Aopendix 2.
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The ultimate consideration of the anaiysis is the effect of roa bow on core
design and operating limits based on ONBR. The first round responses to
questions 18 and 31 and the second round response to question 31 discuss the
philosophy and methods of applying a rod bow penalty and guantifies the degree
of pin power peaking margin that is present with increasing fuel assembly
burnup. This peaking margin is more than sufficient to offset DNBR penalty
values predicted in BAW-10147P, or by predictions made prior to the current
analyses such as by the interim method of Refarence 5. In view of the above
considerations an update to the analysis to include a contribution to the
DNBR penalty from the eight surrounding gap :losures is not considered to be
appropriate.
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Question 26
2nd Round:

Determinz the effects of assembly bow on local rod powers ind incorporate
these effects in the F Q penalty.

2nd Round Answer: i

Thermal hydraulic design analyses incorporate a conservative bundle (pin by
pin) peaking distribution which was established from nuclear analysis

that considered the influence of water gap variation between fuel assemblies
when determining rod powers. This peaking distribution represents the worst
cas2 associated with the range of assembly bow considered feasible, which included!|
maximum, minimum, and nominal spacing between adjacent fuel assemblies. This
conservative peaking distritutiin is used in limiting assembly DNBR analyses
along with the conservative method of modeling subchannels between adjacent
assemblies to account for assembly bow as described in the response to Q-25,
(first round). Thermal hydraulic ONBR inalyses performed with the conservative
peaking and modeling assumptions therefore properly account for the effects

of fuel assembly bow.
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Question 27

1st Round:
Describe in detail the derivation and basis for Equation (D-4) in BAW-10147P.

15t Round Answer:

Equation (D-4) is to calculate a 95% upper tolerance level on values

of bow predicted by equation (D-2) whizh in turn is based on rod-to-rod
gap measurements as described in Section 5 of BAW-10147P. The derivation
of equation (D-4) is found in Reference 12 of BAW-10147P, "Simultaneous
Statistical Inferences," R. G. Miller, McGraw-Hi1l Book Co. (1966).

2nd Roung:

Define tne symbols and aiscu:zs zhe pasis and applicability of equation
(D=4) =0 the calculazicn a7 :..2 scw tolerance. )

2nd Round Answer:

Equation D.4 is defined as:

Bow Tolzrence (at 95/95) =

This term is obtained from the least squares regression program thit was used
to evaluate coefficients of the prediction equation. The standard error is
a measure of the deviation between predicted and measured vaiues (of bow in
this case).
(A)
Cg, * vﬂETY’YT’TYE' , the model correction factor is also obtaimed directly
from the regression program. This factor is statistically necessary
in order to ‘ccount for the greater uncertainty in the model predictions,
the further one goes from the mean of the independent variable (BU in 1
this case). It may be seen in Figure 5-1 what a "fanning out" effect
this term has on the tolerance curve. (xo = vector of input for ,

Babcock & Wilcox
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evaluation of regression function and (X“X) is the matrix from

which regression coefficients are estimated.)

o = degrees of freedom used for estimating the regression coefficients

n-p = degrees of freedom available for error

Fo.;ff = the 95% value of the F- Statistic withp and n-o degrees

of freedom.
Up to this set of terms the form of D-4 is very much like any other regression:
function confidence interval on the mean prediction. By using the “F" |
rather than the "t" statistic the entire regression surface is covered, hence
the adjective "global".
(8)
2.95 = the 95% value of the Normal Statistic

xzos e |8 lower 55 value of the CHI-square statistic with neg
. ]

degrees of freedom t
The unknown scale factor of o(bow) is bounded with 95% confidence, by:

To quote the author of Reference 12 on Page 124: "“A quick and
easy family of simultaneous tolerance intervals can be patched
together with the aide of the Bonferroni inequality."

The result is equation D-4.

Miller refers to the aoove technique as being most useful in cases
where the total number of predictions one may make in the future
are unknown or may be subject to change.
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Question 29

1st Round:

In the getermination of the DNBR penalty, the effect of the uncertainty in
the penalty due to variability in gap closure (denoted ¢, in Reference 1)

has been neglected. Incorporate this variability using a 95/95 upper
tolerance 1imit as outlined in Reference 1, Equation (4.19), or indicate
how tnis effect has been accounted for in the DNBR penalty.

2nd Round:

|

|

The NRC guidance requires that the variability in gap closure (denoted gy in

Reference 1) be accounted for explicitly in the calculation of the DNBR
penalty. It also requires that a 95/95 upper tolerance limit be used to

describe the expected distribution of gap closures. Therefore, incorporate
this variability as outlined in Reference 1 (of 3AW-10147P), Equation (4.19)

or indicate how this effect has been accounted for in the DNBR penalty.

Znd Round Answer:
from Reference 1 of BAW-10147P, equation 4-19 is:

9 x 95
(g)b (B 7-4,5%%, () or

’ 95 x 95
- - o -
-‘5”) A K b)

The method chosen by B&W to incorporate the variability of gap closure
into the DMBR penalty is such that the term

/o 95 «x 9saé>

g

carnot be expressed explicitly as in the Reference 1 method, equaticn 4.19
above. It is accounted for never-the-less, inherently, in the c2lculation
of values from Equation F-3 of BAW-10147P.
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An explanation “ollows. One way of rewriting equation D-4 of the report is:

However, it must be stressed, once more, that in D-4 the term calculates
a global simultanecus tolerance and is therefore much more conservative
than a simple "(K95/95a)“ type value. |

Next: Step 1

The expression of D-4 above is then used in F-3 by substituting, appronriately,
into the term as follows:

Step 2

Instead of implementing a simple 3, the upper tolerance (3 + k%5 o(8) ) is used
in F-3 above. The upper bound is represented by the equation F-1 and illustrzted
in Figure 6-2 of BAW-10147P,
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Question 31

2nd Round:
What reload assumptions have been made in establishing the margin
in power peaking of assemblies with burnups in excess of ( )

MWd/mtU? In support of this margin, provide the limiting assembly
local peaking as a function of burnup.

2nd Round Answer:

An evaluation of nine typical B&W reload cycles has quantified the leve!
of rod power peaking margin that exists as burnup increases. The cycles
selected cover a wide range of reload parameters as indicated below:

# Cycles Cycle Length BPRAs Used Mode of Operation
2 Annual No Feed/Bleed
1 Annual No Rodded
2 18 Month Yes Rodded
2 18 Month Yes Feed/Bleed
2 15 Month _ Yes Feed/Bleed

For each of the above cycles pin burnup and peaking data was compiled for
the once and twice burned fuel assemblie$. The conservative assumption
was made that within a given assembly the highest burnup pin was also the
pin with the highest power.

The resulting pin burnup and pin peaking data * are shown in Figure 1. These
data show greater than a margin in peaking for burnups above 24000
MiWd/mtU as identified in the lst round response to Question 31.

* Fuel pin relative power densities (RPDs) are shown in terms of margin
to the design linit.
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APPENDIX J

Letter, J. H. Taylor to Carl Berlinger,
July 23, 1982 and Supplementary Response to
Second Round Question Number 26
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Nusisar Power Qenerstion Division

& McDermott company

July 23, 1982

Mr. Carl Berlinger, Chief

Core Performance Branch

Division of Systems Integration
Office of Nuclear Reactor Regulation
U.S. Nuclear Regulatory Commission
Washington, D.C. 20555

Dear Mr. Berlinger,

1315 Oig Forest Rosd

P Q. Box 1260
Lynchburg, Virginia 24508
(804) 384-5111

In a phone call between B&W and members of NRC staff on June 25, 1982,
BAW agreed to provide a supplementary ~esponse to second round question
number 26 on BAW-10147P, "FUEL ROD BOWING IN BABCOCK & 4ILCOX FUEL
DESIGNS". The requested information is attached.

Should you require further information on this submittal, please call

Frank McPhatter (Ext. 2401) or me.
v

-

JHT:CFM: kb
Attachment
cc: R. B. Borsum - B&W Bethesda Office

bec: T. A, Colemaw

J. B. Andrews

J. C. Moxley

G. A. Mayer

K Q. Stafn
Denmrs
. Hanson
. Kocherdarfer
. McPhatter

Baldwin

»nm
B o<

-“ o
L
-~ .
.

ruly yours,

H;nlgcr, Licensing




ESTION 26 Revision 1 (5/13/83)
Qu

1st Round:

Large assembly bow of the order of hundreds of mils has recently been mezsured
at severa] plants.z' 3 4 This bow is of concern because (1) the bow magnitude
is at least an order of magnitude larger than the reported rod bow measurements,
(2) the resuiting rod bow is apparently extremely correlated with all rods in
an assembly face bowing together and (3) the bow involves inter-assembly gap
closure. All of these aspects are outside the scope of the proposed bowing
analysis. Therefore, discuss in detail the effects of assembly bow on fuel

rod gap closure and the assumptions and methods used to evaluate rod bowing.

2nd Round:

Determine the effects of assembly bow on local rod powers and incorporate
these effects in the !-'QB penalty.

The BAW response to a request for additional informaticn concerning local
power effects of assembly bow sup.iements the information provided in the
respense to the first and second round questions which focused on

fuel assembly gap closure and the effects on DNBR.

The effects of fuel assembly bow on local rod power and on the FQ8 penalty
were evalu>ted in terms of a magnitude of fuel assembly bowing expected to
occur in-reactor. The evaluation found that no additional penalty in FQ
should be included for assembly bow effects.

Fuel assembly bowing has been an inherent characteristic of all PWR fuel
assembly designs. Fuel assembly bowing is believed to be a function of
several parameters, including fuel assembly design and nanufacture, fuel
management practices (viz. cross-core shuffle versus quadrant shuffle), burnup,
flux gradient across the core, and fuel assembly handling techniques.

Babcock & Wilcox Post-Irradiation Examination (PIE) programs have included

fuel assembly bow measurements to provide data for evaluating fuel handling
concerns. Because the measurements were made out of reactor, the data provides
only an indication of trends in the behavior of in-reactor fuel assemoly bow.

The actual amount of in-reactor bow is expected to be constrained by the
limited in-reactor clearance (.051 inches) between fuel assemhiies. The
subsequent spacer grid interaction of all “uel assemblies in the core ensures
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that the magnitude of in-reactor fuel assembly bow 1S 1imited. Additional
constraints to in-reactor fuel assembly bowing are provided by fuel management
practices. Cross-core shuffling places bowed assemblies adjacent to new or
oppositely bowed assemblies, providing additional, continuous, restraint to
fuel assembly bowing.

A fuel assembiy bowing configuration that could reasonably be expected to
occur in core is fllustrated in Figure 1. For a 2 x 2 fuel assembly array,
a fuel assembly bowing diagonally away from its three adjacent assemblies
incresses the fuel assembly gap from .051" (nominal) to .102". (Neminal rod
gap and fuel assembly grid gap dimensions are provided in Table 1.) This
bowing configuration, shown in Figure 1, represents the assembly bowing away
such that its outer adjacent gaps are closed and is used as the geometric
basis for assessing bowing effects on local rod power.

The radial-local rod power change due to in-reactor fuel assembly bow has
been evaluated with the B&W PDQ code employing a geometric mode! of four one-
quarter fuel assemblies with a discrete representation of inter-fuel assembly
water gaps and lattice cells as snown in Figure 2.

The four fuel assembly array consisted of two 3.02% and two 2.06% enriched
UO, B&W Mark B8 fuel assemblies with common enrichments on diagonal arrays.

The fuel enrichments were chosen to represent fresh fuel adjacent to partially
depleted fuel in a typical reload fuel assembly shuffle plan. This modeling
plan for off normal inter-assembly water gaps is applicable to both the B&W
Mark 8 (15x15) and Mark C (17x17) fuel performance due to their similar water/
fuel volume fractions (lattice plus gap).

A 51 mil inter-assembly water gap addition to the nominal gap yields a 2.8%
maximum power increase in a peripheral rod. This increase is applicable to
two types of fuel assembly bowing configurations, i.e. one fuel assembly
bowing laterally or diagonally relative to three other fuel assemblies, as
shown in Figures 3 and 4.

The effects on the I-'Qa penalty resulting from fuel assembly bow related local
power changes were evaluated in terms of Technical Specification Limits based
on Centerline Fuel Melt criteria and LOCA.

Assembly bow effects have not been included explicitly in the peaking uncer-
tainty factors applied in the Centerline Fuel Melt analysis because the effects
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are covered by other conservatisms used in the derivation of the total peaking
factor used to determine Technical Specification Limits., These conservatisms
include the following credits:

1)

2)

3)

4)

The present calculation of the total peaking factor includes
separate multipliers for the Jensification power spike penalty

and the penalty representing the statistical combination of the
nuclear reliability factor, the engineering hot channel factor and
the rod bow peaking factor (Reference 1). [f B&W were to include
the spike factor in the statistical combination with the other three
factors, the resulting factor would be 'ess than the product of the
the original two penaities, thereby yielding a peaking credit.

Since ti.2 nuclear reliapility factor described in Topical Report BAW-
10119A for the worst combination of peak power and assembly radial-
local factors is less than the standard B34&W analysis value of 1.075,
there is a peaking credit available. This conservatism was recog-
nized in the NRC Topical Report Evaluation of B3AW-10119.

The limiting location in the fuel assembly occurs between the 2 and
3 foot elevations. The amount of bow at these heights is less than
the bow at the core midplane, resulting in a reduction of the effect
of assembly bow on any associated power peaking increase in the
region of greatest importance.

The limiting peak rod location in the core in the L3P shuffle scheme
(used in all but one operating B&W reactor) is normally on the periphery
of a fresh LBP-containing assembly, and is sensitive to the effects

of assembly bowing. However, since the assembly is in its first

cycle of operation, the actual rod bow power peaking effects are

zero or very small, compared to the conservative value used in Topical
Report BAN-10147P. Thus the rod bow peaking allowance is available

to offset peaking increases caused by assembly bow, since the maximum
effects of fuel rod bowing on the l1imiting pin in the core do not

occur simultaneously with the effects of assembiy bowing.

For the above reasons the continued use of the product of the
Nuclear Reliability *

Engineering Hot Channel Factor *
Densification Power Spike Factor

conservatively accounts for any credible effects of both fuel rod and assembly
bowing on the linear heat rates calculated in establishing the CFM related
Technical Specification Limits.
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Assembly bow effects have not been included explicitly in the analysis of
the Technical Specification .imits based on LOCA Tinear heat rate criteria
because assembly bow effects will not impact the results of the transient.
Quring the LOCA the increased gap will result in improved cooling ability.
The reflood purtion of the transient is also improved by the enhanced convec-
tive cooling. In addition, the assembly bow effects are offset by cnnserva-
tisms in the total peaking factor used to determine LOCA related Technical
Specification Limits. These conservatisms include credits 2, 3, and 4 from
the 1ist of credits preiented after the Centerline Fuel Melt anmalysis. These
benefits will offset the small power peaking increases which may occur if
assembly bowing is considered.

Reference 1: Letter, J. H. Taylor (B&W) to S. A. Varga (NRC), “Statistical
Combination of B&W Pezking Factors,"” March 25, 1977.

Babcock & Wilcox
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Table 1

NOMINAL GAP DIMENSIONS

Mark B Mark C
(15x18; (17x17)
Nominal Inter Assembly Grid-Grid Gap, Inches .081 051
Nominal Rod-Rod Gap, Fuel Assembly Interior, inches .138 .123
Rod Pitch .568 .502
Figure 1
FUEL ASSEMBLY BOW CONFIGURATION
Gap Sizes (Mils)
g;: g.} } Nominal
Gg - ‘02
Gg = ‘02
Gy l
G, '
Gy,
Gy
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Figure 2

GEOMETRY MODEL
OF FOUR ONE-QUARTER FUEL ASSEMBLIES
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Figure 3 Revision 1 (5/13/83)

FUEL ASSEMBLY LATERAL MOVEMENT
(4-i5 FA Model)
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Figure 4

FUEL ASSEMBLY DIAGONAL MOVEMENT
(4= FA Model)
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