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FOREWORD

Material that is proprietary to the Westinghouse E!ectric Corporation has been deleted from
this document. Such deletions are marked by brack.ets. The basis for marking the material
proprietary is identified by marginal notes referring to the standards in Section 8 of the

affidavit of R. A. Wiesemann of record "In the Matter of Acceptance Criteria for Emergency
Core Cooling Systems for Light Water Cooled Nuclear Power Reactors (Docket No. RM-50-1)"
at transcript pages 3706 through 3710 (February 24, 1972).
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ABSTRACT

The purpose of this document is to report the extent of fuel rod bowing in
Westinghouse Low Parasitic (LOPAR) irradiated fuel assemblies and to

present an evaluation of bowing effects for fuel performance and plant
applications. Empirical bow correlations as a function of fuel assembly
burnup are developed. The correlations are used to de fine the DNBR e f fec t

Uand the power pe.tking factor uncertainty (F ) effect as a function ofq
burnup and assembly design. Based on fuel rod bowing data, the use of the
L rod bow scaling factor is justified, where L is the grid span length.
Fretting of bowed rods is shown to be negligible and has no safety
significance.

-iii-
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SECTION 1

INTRODUCTION AND SUMMARY

Prior to 1973 a small amount of fuel rod bow was expected in fabricated
fuel and was considered in core departure-from-nuclear boiling (DNB)
evaluations by assigning reduced rod-to-rod spacing to the hot channel.
In late 1972, a much larger fuel rod bowing was observed in Westinghouse
irradiated low parasitic (Zircaloy thimbles and fuel cladding) 14x14
fuel a ssemblies. Since then, rod bow observations have been obtained

from irradiated 14x14 and 15x15 low parasitic (LOPAR) assemblies during
reac tor re f ue lings, and more recently f rom 17x17 irradiated fuel. In

1975 sufficient rod bowing information was available to develop an
empirical model to predict rod b ow a s a func tion of cegion average
bu rnup . This information and the effects of predicted rod bowing on
power peaking and DNBR analyses wt,c presented in the original WCAP-

8691, which was submit ted for NRC review in January 1976. In August
1976 the NRC was inf ormed of new DNB test resul ts which showed larger
DNBR e ffec ts caused by two heated rod s in contact near an unheated

th imble rod (th imble ce ll), compared to two heated rods in contact in a
typical cell (presented in WCAP-8691). The NRC reviewed this and later
information, and the DNBR e ffec ts due to rod bow we re rede fined. A

chronology of the rod bow submittals and NRC reviews and approvals is
given in Table 1-1.

The fuel rod bow data and evaluations in this report update the previous
inf ormation on LOPAR t uel submitted to the NRC . Sec tion 2 scribes the

'

fuel assembly and the rod bow nomenclature. Section 3 describes the roc

bow data base and the procedures used to obtain rod bow data. Sec tion 4

evaluate s the data and uses this information to obtain a revised bow
correlation related to f uel a ssembly bu rnup. The revised bow c o r re la-

tions in fection 4 are used to evaluate the DNBR e flec ts in Section 5.
Mechanical evaluations due to rod b owing a re p re s e n ted , and the use of

the L rod bow scaling f ac tor is justified from irradiated 17 x 17
fuel assembly data which have a dif f erent grid span length (L) . Sec t i on
6 shows how the revised rod bow correlations are applied to various fue l

1-1

1035 36<27



TABLE l-1

CHRONOLOGY OF EVENTS

WESTINCHOUSE AND NRC CORRESPONDENCE

ON REVIEW AND APPROVALS OF ROD BOW SUBMITTALS

January 1976 Submittsi of WCAP-8691 to NRC

- Etapirical model predicts rod bow from 22 regions of
fuel data (14x14, 15x15)

- Rod bow F penalty of 5.6 % offset by

statistical combination with other peaking f ac tor

uncertainties, " mini-convolution"

- DNB penalty o f fset by generic DNBR design margins

- Methodology pre sented for using 14x14 and 15xli fuel

data to predict 17x17 rod bowing.

April 1976 NRC Issue s Interim SER on WCAP-8691

- Approval received on mini-convolution approach of

F penalty.

- Amount of 17x17 bow increased 40-50% compared to

WCAP projec tions.

August 1976 - Westinghouse informs NRC of new data which

shows larger DNBR reduc tion e f f ec ts than that

previously submitted. Westinghouse and NRC inform

operating plants to accouraodate larger DNBR e f fec ts.

1-2
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TABLE l-1 (Continued)

CHRONOLOGY OF EVENTS

WESTINGHOUSE AND NRC CORRESPONDENCE

ON REVIEW AND APPROVALS OF ROD BOW SUBMITTALS

February 1977 - NRC issues Interim SER on DNBR effec ts due to
rod bowing. Plant F limits are identified toAH
accommodate rod bow DNBR e ffec ts. Also identified

are generic DNBR margins and credits for increased

reactor coolant flow and/or reduced cora inlet
temperature.

October 24, 1977 - Submittal of Westinghouse letter (NS-CE-1580) to NRC

for reduction of rod bow DNBR ef fects on 15x15 and
17x17 fuel, based on partial rod bow DNBR test data

and rod bow data f rom 17x17 demonstration assemblies.

April 1978 - NRC accepts application of rod bow data from 17x17

demons t ratior a ss emb li es to reduce amount of rod bow

and resultant DNBR e f f ec t , as documented in Westing-

house letter (NS-TMA-1760) to NRC.

October 13, 1978 - Westinghouse transmittal (NS-TMA-1976) responds to
NRC questions on partial rod bow submittal of

October 1977.

November 17, 1978 - Westinghouse transmittal (NS-TMA-1986) of additional

partial rod bow information t NRC reviewer.o

March 16, 1979 - Wes t inghou se transmittal (NS-TMA-2053) of additional

partial rod bow inf ormation to NRC reviewer.

April 5, 1979 - NRC is s ue s acceptance letter on partial rod

bow DNBR test results, based on Westinghouse
Submittals(11) (16).

.
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de signs to assess the DNBR e ff ec ts , and methods for accocnodating these
e f f ects are discussed. Section 6 also gives the total power peaking

U
fac tor uncertainty (F ), as a func tion of assembly burnup, needed

to accomodate the rod bow power peaking fac tor uncertainty.

.
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SECTION 2

FUEL ASSEMBLY DESIGN AND NOMENCLATURE

2.1 FUEL ASSEMBLY DESIGN

Fuel rod bowing data were gathered fo three basic Low-Parasitic (LOPAR)
Westinghouse fuel assembly designs hasing a 14x14, 15x15 or 17x17 square
fuel rod pattern. Figure 2-1 shows the typical 15 x 15 fuel assembly.
Th i.- fi gu re is also representative of the 14x14 design, except for the
numb er of fuel rod s. The 14x14 and 15x15 design have identical fuel rod
designs and an identical number of grids (7) at the same axial loca-
tions. Figure 2-2 shows the typical standard 17x17 fuel assembly, which
has sma ller diameter fuel rods and an additional grid compared to the
14x14 and 15x15 designs. The 16 x 16 fuel assembly design has the same
relationship to the 17 x 17 fuel as the 14 x 14 fuel assembly has to the
15 x 15 fuel. All of the designs have their square array of 12 foot fue l
rods supported and spaced by the Inconel grids. The fuel rods are loaded
into the fuel assembly structure, which consists of the Inconel grids
attached to an array of Zircaloy thimble tubes that are end-supported by
the tap and bottom nozzles. Since late 1972, all fuel assemblies have

been =anuf actured with the fuel rods o f fset f rom the bottom nozzle.
Additional information on the fitting together of the fuel assembly com-
ponents can be obta ined from RESAR-3S Other pertinent comparison.

inf ormation f or the three designs and the 17x17 demonstration assemblies
are pre sen ted in Table 2-1.

Specifically excluded from evaluations in this report are designs with
s tainie ss steel th imble t ubes and pre-1973 designs with rods resting on
the bottom nozzle. The few nuclear plants using fuel with stainless
steel thimbles (HIPAR) have experienced much less fuel rod bowing than
fue l using Zircaloy thimbles. The NRC has concluded that rod bowing
doe s not rep re s ent a safety concern in operating plants using HIPAR fuel
as s e mb li e s.

)
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TABLE 2-1

COMPARISON OF FUEL AS'iEMBLY DESIGNS

14 x 14 and 15 x 15 Standard and Demons trat ion *
Fuel Assemblies 17 x 17 Fuel Assemblies

Rod OD (inche s ) .422 .374

Rod - Rod Cap (inches) .141 (15x15) .122

.134 (14x14)

Pellet - Clad

Diametral Cap (inches) .007 .0"65

Pellet Diameter (inches) .366 .323

Rod Length (inches) 151.6 151.6

Nominal Fuel Length (inches) 144 144

Number of Grids ( Incone l) 7 8 (Standard)
7 (Demonstration)

* Exce pt for the number of grids, the demonstration assembli as were
equivalent to the standard 17x17 assemblies. The axia'. locatton of
the demonstration assembly grids were the same as for the 15x15
assemblies.

035
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2.2 FUEL ASSEMBLY NOMENCLATURE

For the remainder of this report, the following terms and identif tcation
schemes will be used:

Channe l - The space between adjacent fue l rods . Channels are

numbered from left to right when looking directly at
the fuel assembly f ace (see Figure 2-3) .

Cap - Lateral distance between the adjacent fuel rods or
channel width.

Rod Bow - The lateral deformation of a fuel rod, assuming an
initial straight (unbowed) rod in a given span.

Face - The surface fuel rods on the side of any assembly.
These are numbered counter-clockwise from the Y

Corner (reference) from 1 to 4 when looking down on
the assembly (see Figure 2-3) .

Span - The fuel rod region between grids. These are
numbered from the bottom of the fuel assembly start-
ing with Span 1 between Grids No. 1 and 2.

Burnup - Unless otherwise specified burnups reported are the
best estimate average burnup for individual
asaeeblies and not region average burnups.

Channe l - The dif ference between the nominal unbowed gap and
Closure the minimu2 gap (at a fixed elevatton) between sur-

faces of the two fuel rods associated with a chan-
nel. It is expressed as a fraction of the unbowed

ga p . It is to be noted that no attempt is made to
measure individual rod displacement.

]b
i
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Wors t Span - The distribution of channel closures is determined
for each span in an assembly. The worst span is the
one whose channel closure distribution results in
the largest standard deviation.

On-Bottom Those fuel assembly designs with rods manuf ac tured-

in contact with the bottom nozzle assembly.

O f f-Bot t om - Those fuel assembly designs with a manuf actured

offset between the rod bottom end plugs and the
bottom nozzle assembly (see Figures 2-1 and 2-2).

1035 0702-7



SECTION 3

ROD BOW OBSERVATIONS

S ince late 1972 the phenomenon of rod bow has been observed in irra-
diated Westinghouse fuel assemblies. Fuel assemblies f rom a total of 14

nuclear plants have been examined for rod bow at various reactor cycle
shutdowns, and a total of 1656 assemblies with varied burnup experience
have been examined.

The Westinghouse rod bow performance database has been acquired from
irradiated fuel assemblies in two general ways. The bulk of data has
been reduced from television tapes made during on-site examinations of
irradiated assemblies in the spent fuel pits. The second methad of
acquiring bow data is by the use of a strain gage, otherwise known as
the Channel Spacing Measurement System (CSMS). Television tapes allow
for the observation of peripheral rods only, while the CSMS enables the
measurement of all interior channels as well.

3.1 TV ROD BOW MEASUREMENTS

As experience in measuring rod bow has increased, several methods of
using the televisicn tape have been developed. Earliest TV visuals

ins pections were made at low magnification, such that one half the futi
complement of rods fcr each assembly face were viewed at one time. Each

face was scanned it two vertical passes along its entire length.
Channel closures were either visually estimated or directly measured
from the TV screen using dividers and a ruler. Although this method of
TV taping has served the purpose of rod bow data reduc tion rather well,
the accuracy and precision of the measurements taken at each reactor

site were dependent on such factors as the water clarity in the spent
f ue l pit , the exis ting ligh ting conditions , and television camera para-
meters and calibration. Therefore, a quality index has been designated
for each data set . There were cases in which low magnification tapes
did not allow for clear definition of individual rod edges, thus making

/



accurate mea surements dif ficul t. These tapes have allowed only esti-
mates of channel closures and have been designated as data quality "1".

Data quality "2" has been assigned to those better quality low magnifi-

cation tapes where more accurate direct measurements were possible.

Later TV visual inspections have been improved through the use of high
magnification video tape equipment. To further improve measurements

using this method, only three rods at a time are viewed and scans are

made horizontally across each face of an assembly. These horizontal

scans are conducted just below each grid, just above each grid and at

each mid grid elevation. Channel spacings are measured directly from

the TV screen, where high magnification allows clearer definition of

individual rod edges. Measurements can be taken from high magnification

TV tapes in either of two ways, de pending on the particular TV equipment
used to inspect the irradiated assemblies on site. Data can be reduced

by measuring the channel spacing between adjacent rods in each hort-
zontal scan from the TV screen with dividers and a ruler. In those

cases where more sophisticated television equipment was used during the

on-site examination, it was possible to reduce data using a vertical

raster line in conjunction with a digital encoder. Encoder readings are

taken for each rod edge at each of the three key locations for each grid

span. These readings are then used to determine the channel clos ures .

Both types of high magnification data are designated as data quality "3".

3.2 CHANNEL CLOSURE DETERMINATION FROM TV OBSERVATIONS

Calculation or the percentage channel closure is the same for each of

the three methods of television data acquisition. It can be described

by the equation:

- -

% Channel Closure = 100 - 1-( (3-1))j,
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where: A mea surement of gap above lower grid of span i=

B measurement of gap below upper grid of span i=

C measurement of gap at mid grid of span i=

Although both data of qualities 2 and 3 serve well in evaluating the
relative extent of significant rod bow, analysis has indicated that low

magnification may tend to overcatimate individual channel closures.

Reduction of individual channel closure data at low magnification indi-
cated a positive mean bias when compared to the same channels viewed at

high magnification. Generally speaking, for a given assembly, low
magnification has also indicated a greater extent of significant rod bow
than high magnification and, therefore, could be considered conservative.

3.3 PROLE CHANNEL SPACING MEASUREMENTS

The channe l spacing measurement system, the second method of measuring
rod bow performance, utilizes a strain gauge probe to measure rod-to-rod
s pac ing . The pro be is passed directly through each row of rods at the

mid grid span location. All channels, both interior and peripheral,
within the range of 40 mils to 190 mils (fully depressed to fully open
spring elements) can be measured. Percentage channel closure is then
calculated, unlike TV tape measurements , with respect to nominal channel
spacing. When measuring channel spacings, small measurement errors can

occur due to the probe de flec ting the rods as it is passed between
them. The amount of this deflec tion is dependent on both the particulat
stif f ness of the rods involved and the size of the gap between them. A

suall correc tion was applied to the measured gaps to compensate for this
effect. A most significant feature of the CSMS is its ability to pro-
vide data for interior as well as exterior rods. Data which have been

obtained through use of the CSMS are classified as data quality "4".

3.4 ROD BOW DATA BASE

The rod bow correlations described in Section 4 are derived from the rod
bow observations made on a total of 1656 trradiated fuel assemblies from

1035 CM-

. 3-3



i

14 different Westinghouse Nuclear Plants. Table 2-1 lists the descrip-
tive characteristics of the assemblies which currently comprise the
Westinghouse rod bow performance database shown in Table 3-1. A succary

of the channel closure data is presented in Section 4.
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IABLE 3-1

SUMMARY OF WESTINGHOUSE ROD BOW PERFORMANCE DATA BASE

Plant /
Fue l Rod Assembly
Diameter Avg. BU Number Data
(Inches) Region * Cycle 3(10 MWD /MTU) of Assemblies Quality

A 1 (OFF) 1 18-20 2 2
(0.422) 2 (OFF) 1 20-22 2 2

3 (OFF) 1 16-18 3 2

B 2 (0%) 2 26-28 2 1

(0.422) 3 (ON) 2 20-22 4 1

3 (ON) 2 22-24 2 1

3 (ON) 2 24-26 4 1

4 (OFF) 2 6-8 28 1

4 (OFF) 2 8-10 1 1

4 (OFF) 2 10 -12 15 1

4 (OFF) 2 12-14 8 1

C 2 (OFF) 1 18-20 10 2
(0.422) 2 (OFF) 2 30-32 7 2

2 (OFF) 2 30-32 2 3
2 (OFF) 2 32-34 1 3
3 (OFF) 1 8-10 4 2
3 (OFF) 1 10-12 1 2
3 (OH ) 1 ;-16 3 2
3 (OFF) I au-18 2 2
3 (OFF) 2 22-24 1 2
3 (OFF) 2 22-24 1 3
3 (OFF) 2 26-28 1 2
3 (OFF) 2 30-32 1 2
3 (OFF) 2 30 -32 2 3
3 (O'F) 3 38-40 3 3

D 1 (OFF) 1 10-12 2 2
(0.422) 1 (OFF) 1 12-14 1 2

1 (OFF) 1 14 -16 8 2
2 (OFF) 1 14-16 3 2
2 (OFF) 1 16-18 17 2
2 (OFF) 2 22-24 2 1

2 (OFF) 2 24 -26 8 1

3 (OFF) 1 8-10 8 2
3 (OFF) 1 10-12 2 2
3 (OFF) 1 12-14 6 2
3 (OFF) 1 14-16 4 2
3 (OFF) 3 26-28 9 2
3 (OFF) 3 30-32 6 2

0 0FF - Fue l rods Of f-Bottom
DN - Feel rods On Bottom
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TABLE 3-1 (Continued)

SLMiARY OF WESTINGHOUSE ROD BOW PERFORMANCE DATA BASE

Plant /
Fue 1 Rod Assembly
Diameter Avg. BU Number Data

3(Inches) Region * Cycle (10 MWD /MTU) of Assemblies Quality

D (cont) 3 (OFF) 3 32-34 4 2

(0.422) 4 (OFF) 3 10 -12 2 2

5 (OFF) 3 4-6 2 2

5 (OFF) 3 8-10 2 2

E I (ON) 1A 10-12 16 2

(0.422) 1 (ON) 1A 12-14 25 2

1 (ON) IB 18-20 7 2

1 (ON) IB 20 -22 20 2

2 (OFF) 1A 10-12 20 2

2 (OFF) lA 12-14 20 2

2 (OFF) IB 20-22 33 2

2 (OFF) IB 22-24 1 2

2 (ON) 2 28-30 24 2

2 (ON) 2 30-32 5 2

3 (ON) 1A 6-8 20 2

3 (ON) 1A 8-10 20 2

3 (ON) IB 12-14 6 2

3 (ON) IB 14 -16 2 2

3 (ON) IB 16-18 18 2

3 (ON) IB 18-20 4 2

3 (ON) IB 20-22 6 2

3 (ON) 2 20-22 6 2

3 (ON) 2 22-24 2 2

3 (ON) 2 24 -26 10 2

3 (ON) 2 26-28 8 2

3 (CN) 2 28-30 6 2

3 (ON) 2 6-8 2 2

4 (OrF) 1B 6-8 24 2

4 (OFF) 2 12-14 8 2

4 (OFF) 2 14 -16 4 2

4 (OFF) 2 16-18 10 2

4 (OFF) 2 4 -6 10 2

4 (OFF) 2 6- R 6 2

5 (OFF) 2 4-6 4 2

5 (OFF) 2 6-8 2 2

5 (OFF) 2 8-10 14 2

F 1 (OFF) 1 12-14 7 2

(0.422) 1 (OFF) 1 14 -16 46 2

1 (OFF) 2 16-18 5 2

1 (OFF) 2 18-20 4 2

2 (OFF) 1 14-16 32 2

* OFF - Fue l rods Off-Bot tom

ON - Fuel rods On Bottom
3-6
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TA .LE 3-1 (Continued)

SLMMARY OF WESTINGHOUSE ROD BOW PERFORMANCE DATA BASE

Plant /
Fue 1 Rod Assembly
Dismeter

Avgb. MWD /MTU)
BU Number Data

(Inche s)_ Region * Cycle (10 of Assemblies Quality

F (cont) 2 (OFF) 1 16-18 20 2
(0.422) 2 (OFF) 2 18-20 1 2

2 (OFF) 2 20-22 31 2
2 (OFF) 2 22-24 19 2

3 (OFF) 1 8-10 27 2
3 (OFF) 1 10-12 4 2
3 (OFF) 1 12-14 28 2

3(OFF) 2 16-18 19 2

3 (OFF) 2 18-20 13 2 <

3 (OFF) 2 20-22 12 2
3 (OFF) 2 4-6 2 2
4 (OFF) 2 4-6 25 2
4 (OFF) 2 6-8 25 2

G 1 (OFF) 1 10-12 8 2
(0.422) 1 (OFF) 1 12-14 24 2

1 (OFF) 1 14 -16 21 2
2 (OFF) 1 12-14 22 2
2 (OFF) 1 14 -16 30 2

3 (OFF) 1 6-8 3 2
3 (OFF) 1 8-10 22 2
3 (OFF) 1 10-12 13 2

'

3 (OFF) 1 12-14 14 2

H I (ON) 1 10-12 2 1

(0.422) 1 (ON) 1 12-14 1 1

1 (ON) 1 14-16 14 1

i (ON) 1 16-18 s 1

2 (OFF) 1 14-16 4 1

2 (OFF) 1 16-18 4 1

2 (OFF) 2 24-25 6 2

2 (OFF) 2 26-28 2 2

3 (OFF) 1 8-10 12 1

3 (OFF) 1 12-14 3 1

4 (OFF) 2 4-6 2 2

1 1 (ON) 1 10 -12 2 1

(0.422) 1 (ON) 1 12-14 2 1

1 (ON) 1 14 -16 8 1

2 (ON) 1 12-14 4 1

'

2 (ON) 1 14 -16 7 1

2 (ON) 1 16-16 9 1

2 (ON) 1 6-8 2 1

..

* OFF - Fue l rods O f f-Bot tom
ON - Fuel rods On Bottom jp7q nP4
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TABLE 3-1 (Continued)

SLMMARY OF WESTINGHOUSE ROD BOW PERFORMANCE DATA BASE

Plant /
Fue 1 Rod Assembly
Diameter Avg. BU Number Data

3(Inches) Region * Cycle _(10 MWD /MTU) of Assemblies Quality

I (cont) 3 (ON) 1 10-12 4 1

(0.422) 3 (ON) 1 12-14 3 1

3 (ON) 3 18-20 3 2

3 (ON) 3 20 -22 1 2

3 (ON) 3 22-24 8 2

J l (ON) 1 16-18 5 1

(0.422) 1 (ON) 1 18-20 4 1

1 (ON) 1 20-22 9 1

2 (ON) 1 18-20 8 1

2 (ON) 1 20-22 9 1

2 (ON) 2 28-30 11 1

2 (ON) 2 30-32 21 1

2 (ON) 2 32 -34 8 1

3 (ON) 1 10 -12 8 1

3 (ON) 1 12-14 1 1

3 (ON) 1 14 -16 3 1

3 (ON) 1 16-18 5 1

3 (ON) 2 ..-22 8 1

3 (ON) 2 22-24 8 1

3 (ON) 2 24 -26 4 1

3 (ON) 2 26-28 10 1

3 (ON) 2 28-30 5 1

4 (OFF) 2 6-8 20 1

4 (OFF) 2 8-10 4 1

4 (OFF) 2 10-12 8 1

4 (OFF) 2 12 -14 9 1

4 (OFF) 3 22-24 8 2
4 (OFF) 3 24-26 2 2

4 (OFF) 3 26-28 1 2

4 (OFF) 3 28-30 2 2

4 (OFF) 4 32 -34 1 2

6 (OFF) 4 16-18 1 2

7 (OFF) 4 4-6 5 2

7 (OFF) 4 6-8 1 2
7 (OFF) 4 8-10 2 2

J/K+ 1 (ON) 4 24 -26 4 2
(0.422) 2 (ON) * 28-30 2 2

+ Contains combination of J and K 1rradiated fuel in Cycle 4 of plant J.
* OFF - Fuel rods Of f-Bot tom
ON - Fuel rods On Bottom
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TABLE 3-1 (Cc,ntinued )

SUMMARY OF WESTINGHOUSE ROD BOW PERFORMANCE DATA BASE

Plant /
Fue l Rod Assembly
Diameter Avg. BU Number Data(Inches) Region * Cycle 3(10 mwd /KrU) of Assemblies Quality
K 1 (ON) 1 16-18 4 1
(0.422) 1 (ON) 1 18-20 21 1

1 (ON) 1 20-22 8 1
2 (ON) 1 18-20 17 1
2 (ON) 1 20-22 9 1
3 (ON) 1 10 -12 1 2
3 (ON) 1 14-16 4 2
3 (ON) 1 14-16 4 1
3 (ON) 1 16-18 4 2
3 (ON) 1 16-18 1 1
3 (ON) 3 34-36 8 1
3 (ON) 3 36-38 6 1
3 (ON) 3 38-40 4 1
4 (OFF) 3 18-20 2 1
4 (OFF) 3 20-22 4 1
4 (OFF) 3 24 -26 2 1
4 (OFF) 3 26-28 2 1
5 (OFF) 3 6-8 2 1
5 (OFF) 3 8-10 4 1
5 (OFF) 3 12-14 2 1

L 1 (OFF) 1 14-16 1 3(0.374) 1 (OFF) 1 16-18 1 3
1 (OFF) 1 18-20 4 3
2 (OFF) 1 16-18 1 3
2 (OFF) 1 18-20 5 3
3 (OFF) 1 8-10 2 3
3 (OFF) 1 12-14 2 3
3 (OFF) 1 16-18 1 3

H 4 (ON) 2 6-8 2 2(0.374) 4 (ON) 3 14 -16 2 2

I 4 (ON) 2 8-10 2 2(0.374) 4 (ON) 3 16-18 2 2

M 3 (ON) 3 22-24 3 2
(0.422) 3 (ON) 3 26-28 3 2

3 (ON) 3 28-30 6 2
3 (ON) 3 30-32 8 2
4 (OFF) 3 14-16 3 2
4 (OFF) 3 16-18 2 2
4 (OFF) 3 18-20 3 2

* OFF - Fue l rods O f f-Bot tom
ON - Fuel rods On Bottom

3-'
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TABLE 3-1 (Continued)

SL*MMARY OF WESTINCHOUSE ROD BOW PERFORMANCE DATA BASE

Plant /
Fue l Rod Assembly
Diameter Avg. BU Number Data

3(10 MWD / MWD) of Assemblies Quality( Inch e s ) Region * Cyc le
_

M (cont) 5 (OFF) 3 4-6 7 2

(0.422) 51 (OFF) 4 16-18 2 3

52 (OFF) 4 14-16 6 3

6 (OFF) 4 4-6 2 3

6 (OFF) 4 6-8 3 3

6 (OFF) 4 8-10 1 3

L 1 (OFF) 1 14-16 2 4

(0.374) 1 (OFF) 1 16-1,8 2 4

1 (OFF) 1 18-20 1 4

2 (OFF) 1 18-20 3 4
3 (OFF) 1 8-10 1 4

3 (OFF) 1 10-12 1 4

3 (OFF) 1 16-18 1 4

C 2 (OFF) 2 30 -32 5 4

(0.422)

I 3 (ON) 3 18-20 2 4

(0.422) 3 (ON) 3 20-22 1 4

3 (ON) 3 22-24 2 4

I 4 (ON) 3 16-18 2 4

(0.37a)

N

(0.422) 4(OFF) 4 28-30 11 2

* OFF - F ue 1 rods O ff-Bot tom
DN - Fuel rods On Bottom

1035 0BC)
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SECTION 4

EMPIRICAL BOW CORRELATION

4.1 DATA ANALYSIS

4.1.1 REDUCTION OF ROD BOW DATA

Since rod bow data were c'Dtained using a number of techniques described in
Section 3, it was necessary to process the raw data in order to obtain
estimates for the bou distribution parameters. kod bow behavior exhibited
by 14x14 and 15x15 fuel assemblies was similar. As these assemblies

dif fer only in the number and spacing of rods in the assembly lattice,
such results were expected. Consequently, the 14x14 and 15x15 fuel
assembly bow data were combined into a single set, referred to by their
common 0.422 inch f uel rod diameter.

4.1.1.1 Low Magnification TV Tape (Quality 1 and 2 Data)

A threshold value of channel closure was chosen (50%) and the location of
each gap (mid-span) having a cloaure greater or equal to this value was
noted. For each assembly the relative f requency of this significant
closure was determined span-by-span by totalling the number of such

closures for a span and dividing by the total number of observed gaps at
that span. This va lue represented the best estimate value for the frac-

tion of the gap population having closures greater than or equal to the
threshold va lue . A f requency of 50 percent was assigned "a priori" for
zero closure (i.e., half the gaps were considered to be smaller than the

nomina l va lue ). Justification for this value is based on the manufactur-
ing procedure whereby the tatal assembly width is controlled to within a

very close tolerance of the va lue detercined with all nominal rod ga ps.
Fur t he rmore , probe and high magnification TV data analyses indicate that
sample mean value s do not differ significantly from the assigned value of
zero clasure.
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As is indicated in Section 4.1.2, the closure population can be con-

sidered normally distributed. The standard deviation of a normal
distribution represented by the aforementioned closure frequencies is
readily determined. Graphically the procedure used is shown in Figure
4-1. On a normal probability plot, frequency of closure is represented
on the vertical probability scale and fractional closure on the hori-
zontal arithmetic scale. The observed frequency of significant closures
is plotted, in the case shown a frequency of 0.62 percent being observed
for closures of 50 percent or more. This point is joined to the 50
percent frequency value at zero percent closure by a straight line
representing the best estimate normal distribution curve for the
observed closure frequency. The standard deviation is found by reading
off the closure value corresponding to a frequency of 15.87 percent.
This frequency value, obtained from standard normal distribution tables,
represents the fraction of the population that is at least one standard

deviation greater than the mean. For the case shown in the figure, the

standard deviation value obtained is 20 percent closure.

In practice, a tabular procedure using normal distribution values is
used. Referring to the example, the frequency value of 0.62 percent is
found fro = normal distribution tables to correspond to a value of 2.5 in
standardized units. The standard deviation is obtained by dividing the
fractional closure value of 50 percent by 2.5 giving, as before, 20
percent as the standard deviation value.

If no significant closures are observed in a span, a non-zero estimate
of the distribution standard deviation is obtained as follows:

An upper tolerance limit on the frequency of significant closures based
on observing x such closures in a random sample of n corresponds to the
value of f satisfying the following equation:

x

i=0 (x H)!i3 f (1-f)"'.I l-Y (4-1)=
1

where y represents the confidence level.

4-2
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If no significant closures are observed, x=0. The value of f can then
be explicitly found from the equation, and Y=0.5 will give a value
comparable to a be st e st ima te value. The resulting relation is:

f = 1 - (0.5)I!" (4-2)

Th is equation is used to determine the f requency value assigned to the
chosen frac tional closure, the standard deviation being calculated as
irdica ted above.

4.1.1.2 High Magnification TV Tape (Visual Reduction-Quality 3 Data)

All mid-span gaps whidi were le ss than the nominal value were measu red

and their frac tional closures determined based on the nominal gap
closu re correc ted f or cladding c reepdown. The standard deviation was
obtained from the expression

, - 1/2
s= I. x7/(n-1) (4-3)1 1, 1

,

where the x. are the closure values and n is the total number of1

measured closures. This equation corresponds to the familiar expression
for the standard deviation with the average closure value being set to
t h e "a p r i or i" m e an va l ue o f z e ro .

4.1.1.3 High Magnification TV Tape (Encoder Reduction-Quality 3 Data)

The f rac tional closure at each mid-span location was determinec by
dividing the mid-span gap value by the average of the gap values at the
two grid elevations bounding the span (equation 3-1). The standard
deviation is obtained from the conventional expression

-
17,

t (x. -),/(n-1) ~

. x' (4-4)s=
1 1

. .

where the x. are the closure values, x is the mean of the x., and n1
1

is the number of observed gaps.
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4.1.1.4 Probe Data

Channel spacing values obtained using the strain gage probe were cor-

rected to account f or the de f Aec tion of the rods by the probe. The

insertion of the probe between two rods resulted in a lateral force being
exerted and, as a result, a lateral deflection of the rods. This neces-
sitated correcting the values indicated by the probe to accocnt for tne
increased deflection by comparing the actual mean gap for an a ssembly
with the mean value given by the probe readings. Using this difference
and the f ree probe width, a correction curve which varied linearly with
the mea red gap was produced for each assembly.

The corrected spacings were then converteu to values of fractional
clo. ure. based on the nominal closure corrected for claading creepdown.
As many as four sets of data were reported f or an a ssembly at each span
elevation: inner and outer rods obtained with the probe entering from
eacn of two faces of the assembly. For each data set , the mean and
standard deviation obtained using equation (4-4) were determined.

4.1.2 NORMALITY OF GAP DIEIRIBUTION

The channel spacing probe data were obtained in a manner which permitted
testing the validity of the assumption that gaps are normally
distributed. Ti.. test is defined in the American National Stancards

assumption of normality ( , which hasIns *itute's assessment on the
been accepted by the NRC .

The procedure involves using the individual data points to ca!culate a
" statistic", and then to compare this quantity with tabulated values

wh i ch de fi ne an interval indicative of a statistically significant depar-
t u re f rom norma lity. Th is te st is representa tive of other significant
tests in that a hypothesis concerning the distribution is maae and tnen
either rej ec ted or not rej ec ted on the ba sis of t he out come of t he

te st .

4-5
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A tabulation of the gap data and the resulte of the normality test are

indicated in Table 4-1. Of the 260 distributions obtained from the probe
data analysis, well over 90 percent were found to satisfy the normality
assumption at the 5% significance level. Thus, the assumption of
normality is well justified and in subsequent analyses, normal distribu-
tions of gaps will be used.

4.1.3 COMPARISONS BETWEEN INNER AND OUTER GAP DISTRIBUTIONS

The data obtained using the channel spacing probe were used to compare
the distributions of fuel rod gaps on the periphery of the fuel assembly
(" outer") with those for the remaining gaps within the assembly
(" inner"). As is shown in the preceding section, the distributions

satisfy nurmality, end consequently the F distribution can be used

to perform significant tests using the ratio of the sample standard devi-
ations determined from the measurement.

A comparison of the sample standard deviation for inner and outer rods

are shown in Figures 4-2 and 4-3. Each point represents a pair of

standard deviation values obtained fom measurements taken from one face
of a fuel assembly midway between two grids. The dashed lines represent
limits, determined from the F distribution, beyond which significant
differences between the o values are indicated at the five percent
significance level.

For the 0.422" rod data shown in Figure 4-2, it is evident that the outer

gap c values are generally greater than the inner gap values. In only

a single case is the standard deviation of the inner gaps significantly

greater than that of the outer gaps.

Figure 4-3 shows the results obtained for the 0.374" rod data. Again it

is evident that most of the data shows no significant difference between

inner and outer gap distributions, with the cases in which the outer gap
standard deviation is significantly greater than the inner value being

more numerous than for the converse effect.
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TABLE 4-1

NORMALITY CHECK ON GAP DISTRIBUTIONS

(Quality 4 Data)

Total

Number of Number of Distributions
Rod Number of Inner and Satis fying Narmality
Diameter Assemblies Outer Gap at 5% Significance

Plant Inches Observed Distributions Level

I 0.422 5 42 39

C 0.422 5 68 62

I 0.374 2 26 25

L 0.374 ljl_ 124 113

TOTALS 23 260 239

5 'c34-7
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Based on these results, the analysis in the remainder of this report
will consicer data f or any of rne gaps at a mid-span loca' ion on an
assembly to be representative of all gaps at that location. As the bulk
of the data is based on outer gap measurements , the data presented in
Figures 4-2 and 4-3 indicate that this procedure leads to conservative
results.

4.2 ROD BOW CORRELATIONS

Using the techniques described in 4..I to quantify rod bow, the effects
of various parameters on channel closure were evaluated. Fuel assembly
burnup was found to be the most significant parameter. After separation
of the burnup e ff ec ts , another significant variable was identified.
Ear lier design fuels had fuel rods in contact with the bottom nozzle.
This condition was identified as "on bottom." In 1972 the design was
altered to provide an axial offset of the fuel rod from the bottom
no zzle . Th is condition is representative of current production an: is
identified as "off bottom." Separation of the two groups of data
(Quality 2 and 3 only) is illustrated in Figure 4-4. Assembly burnups
were grouped to eliminate scatter due to small sample sizes. From these
fi gu re s , it is clear that the older design "on bottom" asseoblies have
inferior bow per f ormance when compared to the current design. Tne "on
bottom" design resul ts in increased grid forces f rom the grid springs
via a staircase effect. For the bottom span (Span 1) to accommodate
irradiation growth or thermal expansion, it must force the remainder of
the rod through all the remaining grids. Net grid force will, as a

result, le ss en toward the top of the assembly. Wit h r od s "o f f b o t tom" ,
the rod expansion can be relieved by downward motion and the staircasing
does not occur to the same extent. This explanation is supported by the
data in Figure 4-4, which shows that the newer "off bottom" design has
reduced bow by t he reduction of these f orces.

The change-over from the "on bottom" to the "off bottom" rod design
occurred over a short t ime i nterval . The imp ro vement i n b ow performance
may be the result of concurrent improved fabrication procedures or
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design changes. In any case, the older "on bottom" assemblies are no

l onger representative of the Westingl.ause product and will not be
included in further discussions or analyses of channel closures.

Regression analysis of the "off bottom" data was perf ormed utilizing
various equation forms. For conservatism, only the worst span was util-
ized. Only the 17xl? standard assemblies (8 grids) were used f or the
0.374 inch rod bow data. The best fit to the data was obtained using an
equation of the f orm:

Sbe " #1+Bx (4-5)g

where:

S best estimate standard deviation of channel closure=g

f or the worst span of each assembly

[ ]*for0.422inchfuelrods (14x14, 15x15A =
g

a ssemblies ) (a,c)
[ ] * for 0.374 inch fuel rods (17x17 assemblies)=

assembly average burnup (10 MWD /MTU)x =

[ ] for 0.422 inch fuel rods la,c)B =
y

[ ] for 0.374 inch fuel rods

The resultant equations are shown with the grouped data in Figures 4-5
and 4-6. These equations re pre sent the best estimate of the standard

deviatic. of channel closure in the worst span as a function of burnup
for current produc t Westinghouse fuel.

In order to show the relationship more clearly for tne 0.422" rod data ,
the obs er va t i on s for a group of assemblies (each having nearly the same

burnup) were combined to determine a single value plotted in Figure
4-5. Thus, the ordinate of each point represents a best estimate for
the channel closure standard deviation, based on the total of t he number

significant closures observed in the worst span of each of the twenty or
twenty-one a ssemblies in the group. The abscissa value is the average
of the burnup values for the assemblies in the group.

, ., ,_
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Using the distribution of the differences between the observed and pre-

dicted standard deviations, a tolerance limit factor was determined.

Applying this factor to the best fit line resulted in a tolerance limit

line which represents an upper 95 percent tolerance limit for the chan-
nel closure standard deviation with a 95 percent con fidence . Using this
method the equation obtained is:

S =A +Bx (4-6)2 2

where:

S upper 95 percent tolerance limit for the standard=

deviation of channel closure for the worst span

A ={ ] + f r 0.422 inch fuel rods (14x14, 15x15 (a,c)
2

assemblies)

[ ] for 0.374 inch fuel rods (17x17 assemblies) (a,c)

= assembly average burnup (10 E'D/KT U)x

[ ] * for 0.422 inch fuel rods (a,c)B =

[ ] f or 0.374 inch fuel rods (a,c)

Equations 4-5 and 4-6 are the closure correlations used in Chapters 5
and 6 to evalua te the eff ec ts cf rod bow.
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SECTION 5

ROD BOW EVALUATIONS

5.1 MECHANISTIC CONSIDERATIONS

5.1.1 FUEL ROD FRETTING

Clad fretting wear could occur for the unlikely event of rods bowed to
contact. Fuel rod fretting is caused by small amplitude oscillatory
motion of mating surfaces. Due to motion, " adhesive wear" (or wear

caused by attraction between the surface atoms of two contacting sliding
surfaces) occurs. The Archard wear equation derived for unlubri-
cated sliding surfaces relates the worn volume to the normal force and

the sliding distance. The Archard equation has been previously used to
eva. : ste rod to grid f retting. The Archard wear model has been extended

to rod-to-rod wear in a conservative manner. Details of this study are
given in Appendix A, where it is chown that the forces are small, the
amplitudes of vibration low, and the resulting fretting negligible.
Therefore, fuel rod clad failure due to fretting wear is not predicted
for thoge rods bowed to contact.

5.1.2 COLD-TO-HOT BOW CORRECTION

The rod bow correlation equations in Section 4.2 were obtained using
cold rod bow data. Appendix B considers the effects on rod bowing at
hot fuel operating conditions and presents a hot-to-cold correction
(equation B-2) to the rod bow correlation equations. Appendix B was
evaluated by the NRC(I) who replaced equation B-2 by the following
conservative equation:

~
*

HOT COI.D
'

This NRC approved equation is being used to adjust all calculated rod
bow channel closures to hot channel closures in operating reactors.

1035 'Ot>5-1



5.1.3 ROD BOW SCALING

In the absence of rod bow data for a particular design, it is f re quent ly

necessary to extrapolate or scale the bow behavior of a different geo-

ne tr ica l de si gn . This was necessary when the 17x17 design was intro-

duced several years ago with no available rod bow data for that design.

A scaling factor is derived in Appendix C from basic engineering

mechanics p-inciples for the bending of a creep sensitive rod under the

action of an arbitrary bending moment. This derived scaling f ac tor is

L /I, where L is the span length and I is the moment of inertia of the

clad. The validity of the L factor is also supported by bow data

which have recently become available for the 17x17 fuel rod design where

span length was the only variable. The grid design, rod design and

manufacturing processes for these two applications were virtually iden-
tical giving support to the assumption that the sacie bending moment is

app! ed in both cases. An evaluation of the bow data for determination

of the span length dependence is presented in Appendix D.

5.2 THERMAL-HYDRAULIC EVALUATON

One of the design criteria for pressurized water reactor cores is the *

prevention of departure f rom nucleate boiling (DK 3) during Condition I
or II events *. This criterion is shown to be met for any particular

case by calct:lating a minimum DNB ratio (DNBR) which is greater than the
appropriate limit DNBR for that case. It is the intent of this section

to show how to include the e ffects of rod bow on DNB in determining the

appropriate limit DNBR.

5.2.1 CRITICAL HEAT FLUX (CHF) EFFECTS

Changes in flow geometry due to fuel rod bowing can result in a reduc-

tion in the critical heat flux (CHF) at which DNB occuss. The rod bow

* Condition I (Normal Operation) and Condition II (Faults of Moderate
Frequency) are described in Chapter 15 of Reference 4.

5-2
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effects on DNBR is based on DNB tests with a heater rod bowed f rom its
nomi na l pos it i on to approach or contact ad j ac ent rods. The critical

heat flux at the DNB condition with rod bow is compared to a correspond-
ing data point obtained previously without any bow. This pair of runs

is matched as closely as possible in inlet temperature, pressure and
flee.

The parameter used to quantify the penalty due to the bow is:

" ~

BOW (5-2)6 NO BOW=

b ow
(gjp)NO BOW

where

P predicted critical heat flux based on no bow geometry=

input for both BOW and NO BOW Conditions

M measured critical heat flux=

1 (5-3)(M/P) =

minimum DNBR

NO BOW inlet temperature pressure, f l ow , and power level from=

an unbowed test run.

BOW inlet tempera t ure , pressure, f l ow , and power level from=

a bowed test rua.

The bow DNB e f f ec t has been found to be strongly related to the amount

of closure, with DNB tests of rods bowed to contact giving significantly
lar ger va lue s o f 5,g, than tests with some slight ga p. The form of
6 as a func tion of frac tional closure is given in Figure 5-1 withbow

the points based on DNB test results indicated by circles. Figure 5-1

shows th is form conceptually; the values used in the analysis are dis-
cussed later in the report.

5-3
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The circle located at zero closure and zero penalty represents the rod
bundle DNB test data with nominal spacing which is used to develop DNB

correlations. The continuation to the left of that circle indicates
t hat no penalty is assigned to a gap which is greater than the nominal
value. Similarly no penalty is assigned for a closure of 50% of nominal
gap. Th is is based on the results of DNB testing at 50% closure des-
cribed in References 10 and 16, which show no adverse ef fect on CHF

unless the clearance between heated rods is reduced by more than 50%.

The values used for 6 a
bow closure values of .85 and 1.0 are basd

on the correlations f or 85% closure partial bow and contact DNB test
penalties as described in References 11 and 16. These submittals to tue
NRC and the NRC acceptance letter are given in Appendix H. The

continuation of the value of the contact penalty f or closure values
greater than 1.0 is indicated because the analytical treatment of rod
bow as a normal distribution requires de fining a bow penalty function
for all values of bow (-= < closure <+=).

Statistical comparisons of the mean and standard deviations o f the 65".
closure and contac t DNB test data sets, including the appropriate
6 c rrection, with the corresponding unbowed DNB testbow set

statistics indicate that all of the sets are f rom the same population.

5.2.2 LIMIT DNBR DETERMINATION

The appropriate limit DNBR to assure a 95% probability that DNB will not

occur at a 95% confidence level is derived f rom t he re s ul ts of DNB
testing as follows:

LIMIT DNBR = (5-4)
(M/P)- K "

95x95

where:

(M/P) average ratio of measured to predicted CHF for the=

correlated data.

5-5
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8(M/P) unbiased estimate of standard deviation for the=

correlated data.

1/2"
r -2

jI L(M/P); - (M/P)
n-1

L __

number of data points in set used to derive the correlation.n =

a tabulated (12) factor, as a function of n (or degrees ofK =
95x95

f reedom = n-1 ), f or a one-sided tolerance limit f or a normal
dis tr ibu tion. This factor is such that at least 95% of the

population of M/P values is greater than (M/P)- K95x95 (M/#)
with 95% con fidence.

Values of these paraneters and the corresponding limit DNBR's for some DNB
c orre la tions in use ate:

Corre lat ion (E77) o(M/P) n K Limit DNBR95x95

WRB-1( l.0043 .0873 1147 1.723 1.17
17x17 R grid .9813 .109 199 1.838 1.28
15x15 L grid 1.0184 .1093 91 1.942 1.24

In order to determine the limit DNBR (including the e ff ec ts of rod bow)

to assure 95% probability with 95% confidence that DNB will not occur,
each of the parameters of Equation 5-4 must include t he e f f ec t of rod
bow.

The DNBR calculations for both DNB test geometry and reactor core

geometry are based on the fluid conditions of the flow cell (de fined by
four fuel rods or three rods and a thimble) and the heat flux of tne

103510$5-6



hottest rod assoc iated with that cell. Thus, the DNB effec t of rod bow
on that DNBR calculation would be determined by the gap closure asso-
ciated with the hottest rod in the ce ll . The penalty to that rod should
be based on the lesser of the two gaps between it and its neighbors in
tha t ce ll .

Thu s , the distribution of bow DNBR penalties can be generated by choos-
ing two random gaps from a normal distribu tion of gap closure and
assigning the appropriate penalty from the penalty function in Figure
5-1 based on the larger closure of the two gaps chosen. To accomplish
diis, a Monte Car lo type ca lculation was used to genera te a dis tribu tion
of DNB penalttes based on 100,000 random selectior.s of two gaps.

The normal distribution used for selec tion of gaps is a distribution

with a mean of zero closure and a conservative value for the standard
deviation of channe l closure , as given by the tolerance limit va lue s in
Figures 4-5 and 4-6. The values are multiplied by a fac tor of 1.2 for
co ld-to -ho t bow correc tions as discussed in Section 5.1.2.

The penalty f unc tion magnitudes are calculated based on a combination of

cond it ions wh ich are atta inable sithin the protection setpoints for
events protec ted against DNB and which maximizc rod bow DNBR penalttes
(maximum pre ssure , maximum hot rod average heat flux, minimum local mass
velocity).

The calculated average (6) and standard deviation (c ) f the DNBR penalty
6

distribu tion can be combined with the DNB correlation (M/P) statistics
to obtain total e f fect parameters as follows:

(M/P)B = (M/P)(1-6) (5 _)3

(1- ) [ (M/Pf + ( 5 ) 8 (5-6)o =

B

1035 tc35 _/



(h )
n~ ~

B (5-7)
(M/P)4 ^ 4(1-5) h(M/P) +

n-1 n ~I
6

These equations and the definitions of the terms used are explained in
Appendix E.

Thus the liciit DNBR inc luding the ef f ec t of rod bow on DNB is :

LIMIT DNBR *
B

(M/P)B -K
5x S Bo

Bwhere K is based on n .95x95 3

Using a relationship corresponding to Equation (5-2) and making use of
Equation (5-3), the DNBR penalty f or the e ff ect of rod bow is:

6 = 1 LIMIT DNBR (Equation 5-4)
DNBR LIMII DNBR 9"" " ~ (5-9)

B
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SECTION 6

PLAE APPLICATIONS

6.1 ROD BOW DESIGN CORRELATIONS

The correlations of rod bow as a furetion of assembly burnup are given
in Table 6-1 for the fuel assembly types listed. These correlations
re pre sent a conservative value for the standard deviation of channel
closure, as given by the tolerance limit values in Figures 4-5 and 4-6.
They also include a conservative cold-to-hot multiplier of 1.2 for all
burnups which bounds the derived cold-to-hot variability given in
Append ix B.

TABLE 6-1

ROD BOW DESIGN CORRELATIONS

Number of Gap Measurements

S Cor re lat ion (%) Used to Derive Correlation
Fue l Assembly Type (Hot)

(n6}

.422 rod, 7 grids *
(a,b,c)

.374 rod, 8 grids
_

_ _

where: BU = Fuel Assembly Average Burnup (10 MWD /MTU)

6.2 POWER PEAKING EFFECTS OF ROD BOW

An extensive discussion of the eff ec t of local moderation variations due
to rod bowing and their impact on peaking fac tors was previously
reviewed by the NRC and is contained in Appendix F. The resultant
rod bow peaking fac tor uncertainty (F ) as a function of the
standard deviation of rod displacement was approved by the NRC(1) and
is shown in Figure F-8. This fi gu re , in conjunc tion with the rod bow

Bcorrelations of Table 6-1, determines the appropriate F as a

6-1



function of assembly burnup by using the values of S in fractional
y

c l os u re . Since the rod bow peaking f ac tor uncertainty is independent of

the other uncertainties which are included in the evaluation of the
Utotal power peaking factor uncertainty (F ), the uncertainties can
N

statistically combined as was approved by the NRC(1) Combining
i b;

.

B UF with a nuclear pewer distribution uncertainty (Fq N
*

and an engineering hot channel factor (F ) of 1.03, the following
relation would apply:

( .05) 2 + ( .03) 2 + (g_1) 2' 1/2
F =1+
0 Q -

This func tion is sho-n on Figure 6-1 for the rod bow correlations given
in Table 6-1. Th is total uncertainty must be accounted for in the
analysis of peaking factors for each plant application.

6.3 DNBR EFFECTS OF ROD BOW

Using the method of calculating rod bow DNBR ef fects as described in
Sec tion 5.2 and the design rod bow correlations of Table 6.1, the DNBR
reduction as a function of assembly burnup were calculated. The results
are shown in Figures 6-2, 6-3 and 6-4. E ach figure shows two curves which

consider the 35% closure DNB reduction as given in Reference lo and Appenaix H.

One curve is for the( )* (a,c)
and the other for the ( ]*. (a,c)
The rod bow design correlation and DNB correlation used in the
calculation are noted in the title of each figure.

These reductions must be accounted I r in the analysis of each plant
application. Applicable generic credits for margin resulting from
retained conservatism in the evaluation of DNBR and/or margin obtained

Nfrom measured plant operating parameters (such as F # "'AH

which are more restrictive than those required by t he saf ety analysis,
can be used to offset these reductions.

1035 |lj
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6.4 ROD BOWING CONSIDERATIONS AT HIGH BURNUPS

The amount of fuel rod bowing has been observed to increase with

bu rnup . The re sultant rod bow correlations re flec t this trend and con-
sequently the magnitudes of the rod bow DNBR e f fect, and the rod bow

power peaking fac tors also increase with burnup. However, by the time
the fuel attains a burnup of 33,000 MWD /MTU, it is not capable of
achieving limiting peaking fac tors due to the decrease in fissionable
isotopes and the buildup of fission product inventory. This physical
bu rndown e f f ec t is greater than the rod bowing effects which would be

calculated based on the amount of bow predic ted at those burnups.
There fore , for the purpose of evaluating effects of rod bow, 33,000
MWD /MTU represents the maximum burnup of concern.
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SECTION 7

CONCLUSIONS

Sufficient rod bow data exist to make conservative predictions on the
extent and e f f ect of rod bow in Westinghouse LOPAR fuel assembly designs.

Analyses of this extensive data show the following:

1. Rod bow gap closures are determined as a function of fuel assembly
average burnup. The amount of bow accounted for in DNBR effects and
power peaking f actor uncertainties re pres ents an upper tolerance

limit on the standard deviation of channel closure. Using this
upper bound gap closure and the conservative cold-to-hot mul tiplier
of 1.2 for all burnups, the rod bow correlations for plant applica-
tions are de fined in Table 6-1.

2. The rod bow DNBR effect as a function of rod bow closure is defined
for design application (Figure 5-1). This function considers no
DNBR effect for less than 50% closure and the DNBR ef fect deter
mined f rom UNB tes ts at 85% closure and contact.

3. The rod bow DNBR effect for use in plant safety analysis is defined
in Figures 6-2, 6-3 and 6-4 as a function of assembly average burn-
up. This effect is the result of the statistical combination of DNB
and rod bow test data. If this eff ect is offset in a particular
application by the use of DNBR margins , no resultant F penaltyg
would be required.

4. Based on 17x17 (8 grid) and 17xl? (7 grid) fuel rod bowing data, an

L rod bow sealing fact.r is justified for a different grid span
length (L), as shown in Appendix D.

7-
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5. The rod bow power peaking fac tor uncertainty (F ) is accommo-
9 Udated within the total design peaking fac tor uncertainty (F )

by the approved statistical combination approach. Figu re 6-1 shows
U

the minimum F that must be accounted for as a function of
assembly average burnup.

6. The re sults of the analyses show a rod bow DNBR eff ec t of less than

5% at 33,000 MWD /MTU assembly average burnup. This represents the

ma ximum bu rnup o f conc e rn , due to the physical peaking fac tor burn-
down e f fec t of the fuel. Likewise, the maximum required total

Upeaking fac tor uncertainty (F ), including the effec ts of rod

bow, is 1.069.

7. Conservative analysis for vibratory wear or fretting for rods bowed
to contac t predic ts an insignificant amount of clad wear.

. .
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APPENDIX A

FUEL ROD FRETTING

The Archard wear equation derived for unlubricated sliding surfaces due to fretting relates
the worn volume to the normal force and the sliding distance as follows:

SFLv=
4260 H (A-1)

where:

V wear votume ( cu in)=

S wear coefficient=

F normal force on contacting surfaces (Ib)=

H hardness (kg/sq mm)=

L total sliding distance (in.)=

The cor'stant 4260 contains the shape factor and conversioi. .anstants.

This eaaation has been apphed to rod to grid fretting and has been shown to be conservative
from both out-of pile hydraulic tests (D loop) and reactor experience.

A-1. WEAR COEFFICIENT

As shoe., above, wear is directly related to the wear coefficient, S, which must be experi-
mentally determined.

Since no wear coefficient data were available on Zircaloy 4 pairs at the small normal forces
typical of vibrating bowed rods, a wear test program was recently conducted. A schematic
diagram of the vibratory wear test apparatus is illustrated in figure A-1. The first phase of
the testing employed loads of 0.1 and 0.5 pounds with no resultant measurable wear depth

shos n in table A 1. The second phase was then performed with higher loads of 1 and 2as a

pounds in order to achieve measurable *vear depths. For the 0.5 pound test and a wear depth
of 0.001 in., the limit of measurement capability and upper limit wear coef ficient of

l +(b c) was determined from the Archard equation. A comparable value was[

1035i'I^'
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0 d
a

'

g ZlRCALOY SECTI0liS
-

$
ZlRCA:0Y TUBE

p ZlRCALOY SECTIONS

Figure A1. Vibratory wear Test Annantus
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obtained for the 2 pound test (a load much greater than forces experienced in contacting
bowed rods). Therefore, the use of [ ] +(b,c) is judged conservative.

A 2. WEAR DEPTH AND LENGTH

Next, the relationship among uear depth, length, ar.1 volume will be established. It is asso-ed
that the worn section is a circular segment, as showr in figure A -2.

where:

c= scar width

h= wear depth of scar

C= wear length

2Segment area = 1/2 [r 0 - (r h) cl

U c
sin - = -

2 2r

For small wear depths:

0=
r

Simph f ying.

Segment area = (1/2) c h

1035 '2hA -3
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Figure A 2. Definition of Wear Depth
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But from trigonometric relationship:

c/2=kh(d-h)

Segment area = h Q h (d h) (A 2)

The shape of the bowed rod is described as:

y nx
- 1 - cos (A 3)

Yo L

where:

y rod deflection at coordinate x
.

=

y mid span deflection=
g

axial position from mid spanx =

L span length=

The wear depth varies along the length of the rod in the scar area as:

y+h=h ( A-4)o

where, h maximum wear depth at x = 0=
g

The volume of the wear scar is determined by summing up the incremental segment areas
along the scar length, or: ''

"*"
(segment area) dx

_L
2

0

r2
l=2 h g h (D-h) dxj

0

^5
1035128



Since n is small relative to D, simplification results:

C

h I h) dx (A 5)volume = 2
J

o

By substitution of Equations A-3 and A-4 into Equation (A-5), the resulting volume is
obtained:

3_.
37r 2

volume = - Dh N 'OI
32 0

When wear occurs on a bowed rod, the re!ationship between the depth and ler'gth of the
wear scar is dependent on the bow shape. If the shape is sinusoidal as in Equation (A-3) the

length of the scar is uniquely determined for any given wear depth. As can be seen in
figure A 3, the clearance and relative geometry are the same for a single roa bowing fall
channel width into a straight rod or for two rods bowing toward each other a half channel
width. This depth length relationship can be graphically plotted and curve fit to be ana-
lytically described as:

h = K (* (A-7)o

where

2.0m =

42.5 x 10K =

A3 IMPACTING AND WEAR MODEL

Vii) ration data have been obtained from strain gage instrumented fuel rods rysated in a
hydrauhc test loop at reference conditions of temperature and flow rate. Spectrum analysis
of results show that fuel rod vibration is random with a fundamental . frequency of

1035 !?6'
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WHICH HORE LIMITING

(1) ONE ROD B0 WING FULL CHANNEL

(2) TWO RODS BOWING HALF Ci!ANNEL

/

/
_ _____

CLEARANCE = 0.140 (l - COS { }

/ m
[0.070 (l - COS y ))CLEARANCE = 2

BOW VELOCITY = 1/2 (AMPLITUDE / TIME)

CONCLUSICH: NO DIFFERENCE

Figure A 3. Rod Deflection Definition
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of [ ] +(b,c) Hz, a single peak RMS amplitude of | ] +(b c) mil and single peak mni-

mum amplitude of [ ] +(b,c) milr While the [ } +(b,c) rnil amplitude occurs infrequently,
it is conservative to calculate wear assuming a [ ] +(b,c) mil vibration amolitude at a fre-

quency of [ ] +(b,c) Hz. The assumption of [ ] +(b,c) mil amplitude provides higher energy
for wear and keeps the rcos in the wear regimu a longer time interval. Figure A4 shows the
va'ious regimes the vibrating rods experience. When the rod surfaces are mcre than [ ] +(b,c)

mils apart, no contact can occur. At [ ] +(b,c) mils separation the ods begin contact but at
zero normal force. As bowing proceeds, the normal force increases and as the rods slide over
each other wear results. As the rods bow into hard contt 't, the normal force increases

greatly dt'? to the high spring constant of the clad and motion at the contact point ceases.
Analysi indicates that the fuel rods then vibrate in a mede consistent with a half span
length and a frequency of l ] +(b,c) Hz.

Conservation of energy is applied to determine the buildup of normal force which is then
used in the Archard equation to determine the wear vdume. The vibration energy of the
fuel rod is dissipated by damping when no contact occurs. When rods are in the wear regime,
some of the rod energy produces wear, but the amplitude is reduced. Therefore, the relation-

ship between normal force and amplit de is required.

Equating excitation work and damping work, the following derivation for excitation force
is made:

Excitation work / cycle = damping woik/ cycle

Darnping work / cycle = 2rr w A2 [ W/9 ( A 8)2

where:

2 f=2 x[ l +b.c frequency , sec=w

l
1 + b,c n., amplitudeA =

[ ] +b,c damping factors =

1.02 lbf, weight / spanW .=

2
g 386 in/sec , gravitational acceleration=

A-8
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Damping work / cycle = 5.4 x 10 5

Excitation v/ork/ cycle = force x travel

=F*A

Therefore, the force, F * = 0.018 lb

in the wear regime, the excitation energy is partitioned between wear and damping:

Excitation work = wear work + damping work

F * A = 4y N A + 2r w2 [ w/g A2

where:

N= normal force, lbf

p coefficient of friction=

Then solving for amplitude:

A = (F * - 4p N)/(2n w2 f w/9 ( A-9)

The graphical behavior of amplitude and normal force for y = [ ] +(b,c) is shown in

figure AS. As expected, when normal force is zero (no contact or wear) the amplitude is

the unimpeded value of ( ) +(b.c) mil. At the maximum value of normal force k the
amplitude is zero and motion ceases.

As seen in figure A 4, the normal force is proportional to the separation distance or the
so called interference or:

N = KX

1035 136
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Figure A-5. Amplitude vs Normal Force
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The separation distance can be described as:

X = Vt

where:

bow velocityV =

Then the normal force varies with time as follows:

fi = KVt
(A 10)*

_N(t) = Nt

N = time rate of change for N
From equation A 9 or figure A-5, it follows that amplitude varies linearly with normal

force or:

A(t) = A0- t (A 11

The wear rate is proportional to the product of normal force and amplitude:

.
-

Wear rate = a w = a N A

then:

.
-

w= AN

d$t2A0 t ( A 12)
=

The behavior of amplitude, normal force, and wear rate are shown graphically in figure A-6.
It is seen that wear rate builds up from zero. goes through a maximum, and then returns to

zero.

The total wear can be determined by integration of the wear rate over the time interval that

wear occurs T -0

1035 130
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TO

Total wear =a O dt

0

A T T0 O
=a ( _ O) (A-13)2 3

A T E0 O 0
=a

6

Equation (A-13) can be interpreted as meaning that in calculating wear as
is done by the Archard equation, the effective nonnal force to be used with
peak amplitude A , over the total wear time interval T , is one sixth of

0 0
the peak normal force N -O

In the NRC SER* it was accepted that channel closure varies with the square
root of burnup with a zero burnup offset. For individual rods, however, the

most likely value for initial bow in those rods which contact at end of life

i s ze ro . It can be shown for parabolic functions that the slope or bow
velocity is 1/2 of the bow displacement divided by total time. For purposes

of wear calculations, however, it would be conservative to use linear burnup
dependence. The time interval of concern for wear calculations is the time
to traverse the interference range of [ ]+(b,c) mils. The wear time is then
maximum when bow rate is minimum. This occurs when channel closure is
reached at the end of three cycles. The time required to traverse the

interference range for various bow rates is shown in figure A-7. The

maximum time is seen to be about [ ]+(b,c) hours.

Table A-2 summarizes the parameters used in the Archard equation to determine
the wear depth of 0.044 mil .

Unterim Safety Evaluation Report on Effects of Fuel Rod Bowing on Thermal
Margin Calculations for Light Water Reactors," Revision 1, USNRC, February
16, 1977.
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Figure A 7. Fretting Time vs Bow Rate
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TABLE A .1

CURRENT TEST PROGRAM FOR 2R/ZR
WEAR COEFFICIENT

Load Amp Measured
Test (Ib) (in.) Cycles Wear Depth (in.)

1 0.1 0.010 7.7 x 106
- -

+(b,c)

6
2 0.5 0.010 7.7 x 10

3 1.0 0.010 7.6 x 106

4 2.0 0.010 7.6 x 106
-. -

TABLE A-2

FRETTINr ANALYSIS
_ _ _ _

II

Use force =
6

s=[ j +(b,c)
i

H =[ ] +(b,c)

Frea =[ ] +(b,c) Hz

Amp =[ ] +(b,c) in.

Time =[ ] *(b c) hr

Wear volume = 2.42 x 10-8

Wear Dept = 0.044 mil

1035!$, _ ,



APPENDIX B

COLD TO HOT INCREMENTAL INCREASES
IN ROD BOW

The correlation described in section 4 is based on bow measurements made with assemblies
removed from the core. A correction is next presented for estimating the changes in bow
from those measured to those existing at power.

The rods are assumed to have zero axial force during bow measurements. This is because of
shaking and movement during fuel shuffhng prior to measurements.

Af ter replacement in the core, application of coolant external pressure causes the clad to

shrink diametrally and axially due to the anisotropic strain properties of Zircaloy. The axial
strain is greatest in the thinnest part of the clad wall. This gradient in axial strain across the

clad diameter causes the clad to bow, the amount of bow being proportional to the average
axial strain and the amount of wall eccentricity. Wall eccentricity is defined as the quotient
of the difference between the maximum and minimum wall thickness with the average
thickness. The first part of table B-1 lists the amount of mid-span bow in inches, taking into
account the straightening ef fects of the grid, due to 100 percent axial strain in a clad with
100 percent wall eccentricity. In 15X15 for example, 8.7 mils of bow would occur in span 2
if the clad were strained 0.56 mils / inch and had a wall eccentricity of 0.18 (87 x 0.56 x 0.18).
Part 2 of table B 1 lists the calculation of axial strain due to 2250 psi external pressure. Part 3
tabulates the results of using parts 1 and 2 for a clad wall eccentricity of 8 percent. It has
been found that [ ] +b,c percent of Westinghouse clad has wall eccentricity less than 8
percent. For example, the 17 x 17 eight grid design will experience 3 mils of bow in span
3 due to 8 percent wall eccentricity and 2250 psi external pressure.

As the core is brought to temperature at zero power, the clad and thimbles remain at
comparable temperatures. No differential axial expansion between fuel rods and thimbles

Therefore, the axial force in the fuel rod remains zero. No change in bow occursoccurs

because of no change in the axial force acting on existing bow.

}{}} 1]fBl



TABLE B 1

CHANGE IN BOW DUE TO 2250 PSI PRESSURE
AND 8% WALL ECCENTRICITY AT OPTIMUM PITCH

Bow / Unit Strain / Unit Eccentricity

Bow / Strain / Eccentricity in Span

Array Bottom 2 3 4 5 6 7 |

'
74 87 89 88 83 15 --

[ )
17 x 17 (7) 80 94 96 95 91 16 --,

| 17 x 17 (8) 91 67 66 65 64 59 19
1

Axial Strain

i Axial Strain = 2.5 x 10-7 x Pressure

= (2.5 x 10-7) (-2250)

= - 0.56 mils / inch

!

Mils of Bow Due to 2250 psi and 8% Eccentricity

Array ( 17 x 17 (7) 17 x 17 (8)

!Span 7 -- -- 0.9

6 0.7 0.7 2.6
,

5 3.7 4.1 2.9
'

4 3.9 4.3 2.9

3 4.0 4.3 3.0
i

i 2 3.9 4.2 3.0 |
|

Bottom 3.3 3.6 4.1. ,

l
!

B2



During the period the core is brought to 100 percent power, the clad temperature rises
faster than the thimble temperature until the clad is approximately 100iF hotter than the
thimbles. Differential thermal expansion between clad and thimbles results in 12 poundt

compression loading on each fuel rod in 15x15 and 10 pounds in 17 x 17. Reacting
tension loads in the thimbles are higher in the ratio of number of fuel rods per thimble.
The axial strains in clad and thimble together equal the magnitude of differential expansion
between clad and thimbk

The bow increment resulting from this 12 pound loading is proportional to load, span length
squared, initial bow and inversely proportional to flexural rigidity. The proportionality con.
stant is determined from an analysis which accounts for the effects of grid stiffness and
support from adjacent spans.

During an overpower incident, the differential thermal expansion between clad and thimbles

will increase the bading and bow a proportional amount. The loading increments due to
changes in power, however, can never exceed the cuaent value of grid slip force. On the
other hand, if the increment of rod loading due to power changes are less than the current

grid' rod slip load, subsequent differential expansion between rod and thimble due to greater
rod growth than thimble growth may be expected to result in further load increases. The rod
compression loads will then rise until they equal the current grid' rod slip loads and increase
no further. For these reasons, cold to hot changes in bow are based on current values of

grid shp load rather than magnitude of power change. This will result in maximum possible
estimates for cold to hot increments in rod bow. Table B 2 summarizes the parameters used
to calculate the cold to hot bow increments in table B-3.

The rod bow corre.ations are corrected for temperature and pressure effects prior to
performing the DNB and power peaking analyses. The cold to hot correction is a direct

multiplier on the magnitude of bow. The standard deviation at hot conditions, oHOT 'S

obtained by multiplying the standard deviation at cold conditions, aCOLD, by the cold to
hot correction factors, f CH/100, given in table B 3.

B-3
1035 3G
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TABLE B 2
CHANGE IN BOW, COLD TO HOT, DUE TO GRID FORCE

AB
,

2LE K FLn
B ~ "

o
B El"
O

F

h L K = 0.0475

Span Length, L
i

No. Grids Middle End
-

7 26.2 24 6

8 20 6 - 24 4

6
E 13 = 10

15x15
Array (14xl4) 17 x 17

4 4
I, Moment of inertia 6.02 x 10 3 85 x.10

,

t

FO, BOL Maximum Span Load - Rods Off Bottom

Span

Array Bottom 2 3 4 5 6 7
,

15x15(14x14) 16 30 43 43 30 16 - - -

17 x 17 (7) 12 22 32 32 22 12 --

17 x 17 (8) 12 22 32 42 32 22 12

f, Span Load Fraction vs. Time

Time BOL EOC-1 EOC 2 EOC 3

f = F/F 1.0 0 35 0.10 0 03
O

|B 2

-- = K f FO ' 'El
"O



I

'
TABLE B-3

fCH, n CH ANGE IN BOW, COLD TO HOT,'

DUE TO GRID FORCE (RODS OFF-BOTTOM)

15x15 (14x14)
|Span BOL EOC 1 | EOC 2 EOC 3;

! T 5.9 2.1 06 0.2
I 5 12.6 4.4 1.3 0.4

'
!

6

4 18.1 6.3 1.8 06: ,

3 18.1 6.3 1.8 0.6 |;
,

i 2 12.6 4.4 1.3 0.4 !,
'

'
.

! B 5.9 i 2.1 0.6 0.2 |

,

|

|
17 x 17 (7) |

T 6.8 24 | 0 0.2
14.3 00 !

.

i
1- 0.5 1

20.8 7.3 ! 21 0.7 |i

| 20.8 3 8 2.. 0.7
'

i 14.3 5.0 1.- 0.5 |
'

i 6.8 2.4 0.7
. 02 !' ,

!
1

17 x 17 (8:
t

' '

T G.7 2.4
,

IO7 0.2'

j
8.8 3.1 O.9 0.3 -

'
i

j 12.8 ! 4.5 | 1.3 O4'

! '

16.8 5.9 1.7 00|
,

,

12.8 4.5 1.3 04
8.8 3.1 09 03, i

j
6.7 2.4 O7 I 0.2

''

I l
.

i i

85
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The bons due to the application of system p essure to an eccentric rod, given in table B-1 are
independent of bowing direction and magnitude. The bow oue to application of p essure,
b , is a fixed amount, for a given pressure and eccentricity, and the direction of bow isp
random. Thus, the variance of bow due to pressure effects is equal to:

0 p

2 (B-1)

The variance of rod bow with cold to hot and pressure corrections is:

62
/100) ]2

2 p
HOT " |0 COLD Il + ICH + __ (B-2)

2

,

.

1035 14 L
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APPENDIX C

ROD BOW SCALING FACTORS

Ir : Sis appendix, bending deflection of a creep sensitive rod is derived
*follsving the methods of Rabotnov .

Consider a rod with a cross section shown below:

Y

N l $ dh : mY4b N, y ., , ,

e 6

h

3 J

The height of the section is 2h, and the section width is b, which is a
function of y. If a c reep law of the form o = c(c) is postulated, rod
sections remain plane on deformation and c = Ky where K is the time
race of change of curvature of the center line of the rod. If the

properties cf the material are the same in tension and compression, the
bending moment M is:

A
M= f y dA (C-1)

o

where A is cross-sectional area of the rod.

Introducing a power creep law:

1 1

(@)e= c (. ) =o (C-2)m c * Em m

u Y. N. Rabotnov, " Creep Problems in Structural Members", No r t h-lio ll and
Publishing Co., Amsterdam, Holland, 1969.

C-1



then

1
A -

(h)M= [ y c dA (C-3)
o m

where o and c are constants.
m m

Solving C-3 for curvature:

.

. . -

"
K= (C-4)l l

A

[c ( )" y dA
o m

,

.

Knowing the re lationship between the bending moment and the rate of
change of curvature, the rate of rod displacement can be found by inte-
grating

~ ~

2. m
d y= M (C-5)

g 3
2 A -

1+m-1dt c (2-) m[ y dA
'm"

o
- -

The length e f f ec t can be determined by non-dimensionalizing this length

variable as fo llows :

*
Let s= (C-6)

where L is the distance between grids, span length.

Then ,

,
--

d'* 2 M,g (C-7)
' A -

1+m-ds' If c (v-) m y dA
'm

_

*
o

_

1035 !<!
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The ra te of deflec tion is obtained by double integration and can be
symbolically shown as

~

s=1 s
~

m
=L f ds J ds (C-8)g 3o o A

a ( )* "dAf y
,o m -

,

Equation C-8 shows that c reep de flection varies with the square of the
span length L. In order to obtain further simplifications, the nature

of the c reep law must be explored.

It can be shown for Westinghouse clad material that n-1 i.e. b# 0.
The equation C-8 becomes

" *p=L ds [ (C-9)g
Jc (h ) y dA

'm.o .

Making use of the following de finitions:

0 /

2=E (the creep modules)
t
m

A ,

J y ',d A = I (the troment of inertia)
o

equation C-9 becomes

2 "*l 8.

Ly= f ds J M ds

El

1035 1/
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As mentioned earlier, the integration of M can only result in a pure
number. Then for a given bending moment applied to two dif ferent fuel

2designs, the resultant bow varies as L fy,

103516
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APPENDIX D

ROD BOW SPAN LENGTH DEPENDENCE

The 17x17 demonstration assemblies irradiated in plant I* contain seven
grids while those irradiated in 17x17 cores contain eight grids
( S t a nd s.. a ) . Table D-1 compares span lengths for these two designs.
Channe1 spacing probe measurements using a strain gage probe were taken
in Plan; I demonstration assembly RD-1 at EOC-3 and in several Plant L*
assemblies it EOC-1. These data were corrected for probe stiffness
effects. Plant L assemblies A-64 and B-27 were selected from those
probed since data are available in all spans as is the case for demon-
stra tion assembly RD-1. From Table D-1, it can be seen that (4) 26.2
inch span lengths exist in the seven grid assembly versus (5) 20.6 inch
span lengths in the eight grid assemblies. The top span is considered
non-typical because of the plenum. It is the purpose of this evaluation
to determine the span length dependence on rod bow for these two span
lengths.

I f no rod bow were pre sent , all channels would exhibit nominal dimen-

sions. The deviation from nominal is a measure of rod bow and the stan-
dard deviation of the data set quantifies the bow or variability. Table
D-2 presents the standard deviation for outer and inner channels (c,
and 0;), the number of outer and inner channels (N and N;) andg

the standard deviation for the combined set of inner and outer channels
(; ). It can be seen from Table D-2 that the axial distribution of
standard deviation dif fers for plant I and L assemblies. Th is is

believed to be caused by the dif ferent burnup levels of the assemblies.

The three assemblies under study achieved dif ferent burnup levels so
that normalization to a common burnup is necessary. The burnup levels
wire 16,300, 18,100 and 19,200 MWD /MTU for RD-1, A-64 and B-27, respec-
t ive ly. A linear burnup correc tion relationship, based on the best fit
equa t ion (4-5 ), is employed as follows:

* Plant designations I and L follow the nomenclature given in Table 3-1.

D-1



TABLE D-1

COMPARISON OF SPAN LENGTHS

Span Length in Inches

Span Seven Grid + Eight Grid *

1 24.4 24.4

2 26.2 20.6
3 26.2 20.6
4 26.2 20.6

5 26.2 20.6
6 18.6 20.6
7 20.6

+ Plant I 17x17 Demon stration Assembly, RD-1.
* Plant L 17xl~ Assemblies, A-67 and B-27.

10351%
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TABLE D-2

CilANNEL SPACING STANDARD DEVIATION

A-64 F-1 B-27, F-l RD-l, F-1 RD-1, F-2

N 1 N. o. o N 0 N 3. oN O N. O. O N O N. c. 'T _66 o o 1 1Span - t t T _6 o 1 i T _6 o i i T

4(b,c)
2 #

3

4

5

7
"6

A-64, F-1: Plant L Fuel Assembly, Face 1

B-27, F-1: Plant L Fuel Assembly, Face 1

RD-1, F-1: Plant I Demo Assembly, Faces 1, 2

F-2

a: Standard deviation for channel closure
N: Number of channels measured

Subscripts:

o - outer channel

i - inner channel*

CD
T - combi ned innor and outer channelg

LT1

_ . _ _

h %



,3.65 + 0.649 BU (D-1)g , ,N 3.65 + 0.649 - N

standard deviation at burnup BUwhere: a =

C = standard deviation at burnup N
N

In order to proceed, the following functional relationship between
standard deviation and span length is postulated:

0 = AL * (D-2)
m

where: c = best fit standard deviation

constant for best fitA =

L span length=

m exponent on span length=

For purposes of determining the exponent m, the above equation can be

linearized to the form:

log c = log A + m log L (D-3)
m

When a linear r'egression analysis is perforced on the natural logarithms
of the corrected standard deviations and corresponding span lengths, a

value of [ ] * is obtained for m and [ ] * for log A with a (a,c)

c orre la t ion c oe f fic ient o f .8. Hence:

'*
7 =[ ] + (L)[ (D-4) (a,c)'

As a value very near 2 was obtained with a high correlation coef ficient,
it is conc luded that the channel spacing data supports a second power

span dependence.
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APPENDIX E

R0D BOW EFFECT ON DNB CORRELATION DISTRIBUTION

The DNB correlation parameters for unbowed and bowed configurations are

designated (M/P) and (M/P)B re spec tive ly. The rod bow penalty
function 6 relating these two parameters is de fined by the relation

(R7P)

6 = 1 - (M/P) (E-1)-

Solving for (M/P)B E "* *

(57P)B
'~

(E-2)

The mean and variance of the (M/P)B distribution are determined from
the mean and variance of the (M/P) and 6 distributions using relation-
ships given in Reference E-1. The resulting equations are:

.

(M/P)_ = (M/P) (1-6)
D (E-3)

- --

(1-6) 8 (M/P)B , + ( M7P) c.o =

o (E-4)

where the sample mean and variance of the (M/P)3 d is t r ibu t ion _p r 242
(57T') g and a , of the (M/P) distributton are 01/P) and a(M/V

- ^ 2g
- aand of the 6 dis tribu tion are 6 and oj, respec tively. The carat is

used over the variances to indicate that they are estimates based on
sampling data .

In order to determine an upper tolerance limit on OA
*"" "'E "*B'

^2degrees of freedom associated with the value of e B gtven by the
following equa tion ( Re f. E-1) is used.

E-1



g4
Bn -1=
0 4 (E-3)(1- I) o(M/P) (3/py g4

~ +
n-1 n 'I

6

where n and n are
6 the number of measurements used in determining

the DNB correlation and channel closure distributions, respectively.
Equa t i ons (E-3), (E-4) and (E-5) are indica'.ed as Equations (5-4), (5-5)
and (5-6), respec tively, in Sec tion 5.0.2.

Reference E-1: J. L. Jaech, " Statistical Methods in Nuclear Material'

Control ," TID-262 98, USAEC, 19 73, p. 156.
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APPENDIX F

R0D B0W POWER PEAKING FACTOR UNCERTAINTY

0

(F9)

F-1 Local Power increase

Loca' changes in the fuel rod pitch caused by fuel rod bowing create small local power changes
(bot- positive and negative) in the surroundir g fuel rods. A positive power increase results
fro- improved local neutron moderation for an increase in the local pitch, for example, for
tb - 'ed adjacent to a bowed rod with the bow away from it. Conversely, the pov.cr in the
rod adjacent to the bowed rod in the direction of the bow decreases due to the reduced local

mode ation.

F -2 Calculational Method

Twc dimensional transport theory calculations for a 9 x 9 array of discrete fuel rods were us>:a
to cetermine the local power changes due to a single displaced fuel rod in a typical Westing-
hoos. 16xl5+ fuel assembly lattice. The effects of nearby water filled thimble tubes on the

locai power changes were also investigated. The conditions used in this study, a burnup of

22.000 MWD /MTU with zero boron concentration in the coola '.t provide conservatively higher

po..er chonges than would be calculated during most of a normal operating cycle. Power
perturbations for various magnitudes and directions of rod displacement are shown in figures F-1,

F2 and F3. Detai!s of the calculations are given in Appendix G.

Pcs.er changes due to a single displaced rod were also computed for a 17 x 17 lattice and
found to be somewhat smaller than those shown in figures F-1, F-2 & F-3. i he more

conservative power changes shown in the figures were also used for 17 x 17 and 16 x 16

boe.ing power change calculations. Power changes due to c single displaced rod were deter-
mined for a one-eighth symmetric 37 rod array. Tne power change on the center rod of the
array due to its own displacement and the individual displacements of the 36 surrounding

rods in each of eight directions were computed.

+Also applies to a 14x14 fuel assenbly lattice.
'-' 1035 '51
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5 -f t event pov.er changes were calco!ated as a fc ction of rod disp?acement o' a s;crt ros
t. . .' m . , c 3 ' p ed;ctions for rol bc".. prM-- ' ' in tab'e 6-1 are in tern's o' '* e o'c a:* c 1**

gi;; closare Gap closures result f rom the simul *2 'eoas bo.. of two rods. Hov.e.t- i t rr' ; , a
s"o, - that tra standard deviation of bo,.ing disof accmont is equal to the standard dt iat a

c' p o;ected 90 closure The geometric relation between rod displacements, 6. and pro,e:- '

gap closure, C, is shown in figure F-4. The mean value of clearance is C and the varia"ceg

of C is the expected vafue of (C C )2
o

2 -I)E C-C 2=E cos0 +5 cos0 - 25 5 cos0 cos0232 g0 = o
. . _

or +m r

2 2 P(6 ) d5 j- cos0 P (cos9 )do) (F 2)5o =
3 3

-x .o

e r
2 2

P(5 ) d62- cos0 P (cos0 Id92+ 5 2 7 22
.a o

M h: f|l
i !O

!s | !! ! s'j b ' d d,d-
_

- 2E 5 62 cos0j cos02
_

eq Q' i(p ] 'j { [
-

3

Jv.h e r e :

P = probability density functions

Therefore, the variance of gap closure may be v.ntien as:

b b
2 1 2 - n

- 2E b) 62 cos93 cos"2 ( F- 3)u - +
c 2 2 _ J

The evpected value of the last term in the above equation is zero if the rods bo.-

independentis, and since 03 = ob = "b-2

"c " "6 (F 4)

1035
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Tre power changa on the center rod due to its own bow was determir.ed for sesera' va!uts
o' rod disphccment. The individual power changes were (conservatn e y) fit to the curse.

6 2 63 1j3

Sj j = -0.02 go; ) - 1.88 p) , - Co < 6); < C (F 5;o
o

where:

S jj = power change in the center rod due to its own bow in direction j

b ij = bow in direction j

C = initial gap clearanceo

This function applies to all bowing directions.

The power changes on the center rod due to the bows of the surrounding rods were ca'culated

to be linear functions of bowing displacement. The power changes can be represented by the
expressio

6;j
S1 A S ( F-6 )8-

=

il Co

where:

S;j = poner change on the center rod in the array due to the bow of rod i
in direction j

A;j = attenuation factor of rod i in direction j
'

S = reference power changeo

The computed attenuation factors, A,j, for the 37 rod array with eight possible bowing
directions, for S = 2.83 percent and b =C are shown in figure F-5 This set of attenuationo ij o
factors was used for boning poner change calculations for all assembhts.

Individual power changes on a rod due to its own bow and the bon of the 3G surrounding
rods were determined with *,1onte Carlo techniques. The computer code us.'d for these calco-
lations was similar to the DR AW code used to compute densifict. tion powe spikes. The
sequence of calculations is shown in the flow diagram given in figure F-6. Input to the calcu-

lation consists of the probabihty distribution of bowing disp |acement for a given value of

og, the power change versus rod displacement function for the center rod, the reference poAer

F- 7
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chany: S , and the arra,' of attenuation factors A,j. Random numbers a- used to determineo

one o' t t eight bc ng directions and a displacement for one rod in t"e array. The power
change on the center rod due to the bow of this rod is computed. The same precedure is applied

to all rods in the a'rav, giving 37 individual power changes on the center rod. The total power
change on the center rod is cetermined by superposition of the 37 individual power changes
This represtnts a po/.er change on the center rod for one set of randomly chosen conditions.
The procedure is repeated until power changes on the center rod have been computed for
50,000 sets of randomly chosen conditions.

The results of the ca'culations are the probabihty distributions of bowing power change for the
given va!ues of o3. Results of typical calculations are shown in figure F-7 where the probabit-

ity distributions for bowing power change are shown for several values of 03/C , which is theg

normalized standa d deviation of rod displacement. The bowing power increase not exceeded

with a 95 percent probability, FB , can be determined as a function o' 03/C from thiso
family of probabihte distributions for bowing power change. The value of FB is plotted versus

Ooh/C in figure F- 8.o

F. 3 Verification of Monte Cailo Method - The Monte Carlo method of solution was
verified by compar; san with an exact solution. The 37 rod arrey was analyzed for the case
where there were tv.o boning directions. The attenuation factors were the same for each

dirt cliun of bow o u ti e center rod in the array oio not bon The attenuation f actors, A,,
used fr.r the examp> are shown in figure F-9.

The pacer chang" on the center rod due to the bow of any rod i is given by:

6
i

S, = S A -=<6;<+= ( F- 7)o i
o

The mean va!ue nf the change is zero and the variance of S, is given by

2U
2 2 2 6o =S A ( F-8)S; o i 2Co

The varunce of the poner cha"go due to the bow of N rods surrounding the center rod is-

N
2 2 2 6S *bb A ( F-9 )o

i= 1 C 2o

F-10 1 n ),c 4 -

1U J lO
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Results v.ere computcd for a = 2.83 and the attentuation array shown in figure F-9o

2
(2.8312 (4+4 (0.06)2 + 4(0.156)2 + 8(0.2/8)2 + 4(0.137)2o =

3

2 (F-10)

+ 4(0.075)2 + 8(0.085)2) (0
5-)
Co

from which:

06
og 7.27 - ( F-ll )c

Co

The pov.er spike not exceeded with a 95 percent probability is:

06
S95 = 1.645 og = 11.972 (F-I2)

o

The abo.e equation is plcued in figure F-10 along with the results of the Monte Carlo method

for the same problem. The Monte Carlo solution is in good agreement with, and slightly more
conservatise than the exact solution.

F.4 Effect of Gap Closure Distribution on Bowing Power Spikes

The discibution of boe.ing displacements in a span was assumed to be normal.

The assumption of a normal distribution is
conservative for predictn.g the magnitu fe of at least 99.5 percent of the bows. It is also

conservative for predicting the frequency of bows with magnitudes of 6/Co < 1.

The contributions of bows within discrete displacement intervals to the total power change
were computed assuming a normal distribution. The percent of the contribution to the power

B
change not exceeded v.ith a 95 percent probability, FO, is plotted versus bow magnitude in
figure F-il for several satues of o6/C . It can be seen that the greatest contribution to FBo

comes from the large number of bows with small bowing displacements. For example, v. hen
og/C = 0 5. over 60 percent of the value of FBo is contributed by bows v.ith displacements
of t'C less than 0.5 and 96 percent of FBo results from bows with 6/Co < 1. The use of a
normal distribution for tnis limiting example overestimates the frequency of the bows which

contribute 96 percent of the power increase and may underestimate the frequency of the bows
which contribute onb 4 percent of the power increase. Therefore, the use of a normal distribution
is conservative for performing power change calculations.

103516Q,,
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F.5 Thimbic Cell Rods

The bowing power changes for thimble cell rods were also computed. Single event changts are
shown in figures F-12 & F-13. The sing!e event power chang 2 on a rod near a thimble rcd,
due to the bow of surrounding rods, is slightly greater than on a rod completely surrounded
by fuel rods. However, the power change on a rod near a thimble rod duc to its own bov, is
more negative than for a rod completely surrounded by fuel rods. Also, fcr a thimbic ccli

rod, there is one less rod near the center rod that can contribute to the total power change.
As a result, the net power increases on rods near thimble rods are less than on rods completely
surrounded by fuel rods.

F.6 Peaking Factor Uncertainty Basis

in order to protect the reactor against the consequences of accidents, Westinghouse PWR's
operate within a specified Wper boundary on the value of local power density or linear heat

generation rate (kw/f t). This is expressed in terms of Fg, which is the ratio of the peak local
power on the most limiting fuel rod in the core at a fixed time to the average linear power
for the core at that time. The " limiting fuel rod" (or rods) is defined as that rod which is
calculated to have the highest peak local power without uncertainties. To date, uncertainties

have been applied to the " limiting fuel rod" by considering the deviations in fuel density
and enrichment combined statistically into an engineerir g hot channel factor,1.03, and the
uncertainty in the nuclear power distribution calculation,1.05. These were multiplied to
conservatively give the total uncertainty factor, (FU) of 1.05 x 1.03 = 1.0815. The two com-
ponents of this uncertainty factor are individually specified so that both conservativelv bound

95 percent of the por ulation, resulting in the total uncertainty factor being stated at a
probability level greater than 95 percent.

An appropriate basis for design for Fo with rod bow is that there must be at least a 95 per-
cent probability that the power peaking factor for the limiting fuel roa is less than or equal

,

to the design power peaking factor, that is, the value assumed for the initial condition for ,

accident analyses. '

F.7 Treatment of Uncertainties

in the evaluation of Fg the uncertainties in various parameters are considered. All probability
distribution parameters used in the FO design basis which are based on the evaluation of data
are determined at the 95 percent confidence level.

Uncertainties considered in the establishment of the uncertainty f actor, FU include those due
O

to uncertainty in calculation of the power distribution, those due to distrmutions about the

nominal in local fuel density and local fuel enrichment, and local power changes due to geom
etry changes from the nominal, rod bow.

1035 : Q'
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F- 8 Local Fuel Density Variations

Density variations arise from variations that occur during the manufacturing process. The green

pellet press pressure, pellet sintering temperature, pellet sintering time, and powder character-
istics, for example, can affect the pellet final density. Variations in fuel density directly lead
to variations in quantity of fissile material, and therefore, heat generation rate. The manufac-

.

turing processes are performed on selected quantities or batch sizes of fuel or pellets. Therefore,
although a random distribution of fuel density exists within a region, the random variation
between adjacent pellets in a givea fuel rod is small.

Pellet density variations within approximately a span length are typically on the order of ore
tenth of the density variation allowed by the specification range for the fuel region. Typical
as-built density data on a regionwide basis have been previously providedIll and show that

the great majority of the pellets are near the middle of the specification range.

F-9 Local Fuel Enrichment Variations

Fuel enrichment variations arise from variations from the nominal enrichment in the bottles
6 gas received from the fuel enrichment facility. Additiona! variation arises during theof UF

manufacturing process as gas from dif ferent bottles, each containing ~4000 pounds, is intermixed

to allow for recycle of :, trap, and continuity of operation. Variations in fuel enrichtnent
cause variations in heat generation rate. Although a random distribution of fuel enrichment

exists within a rt;gion, the random variation between adjacent pellets in a given fuel rod is
small. Typical as-built enrichment data on a regionwide basis have been previously provided{l} .

E
Fuel density and enrichment variations are statistically combined into Fg, an engineering hot

Echannel f actor for kw!f t. The value of F used in design is 1.03, and is stated at the design
Q Eprobability level. Typical as built values of F for fuel regions are less than this design value.

O
The infrequently occurring causes of change in pellet density and enrichment, and the contin-

Euous pe!!ct manuf acture and rod loading process allow a single value of F to adequately
O

E
characterize the pellets within a g;ven gridspan. The design va!ue of FQ.1.03, is suf ficiently
large to conservatroelv account for pellet to-pellet and grid span to grid span variation in fuel
enrichment and density.

1 ' eiter E.chelenger to sceno NS CE 476. Jure 16.1975..
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U LyJ Oj _1 @ gF 10 The Nuclear Power Distribution Uncertainty, F
N

Since the desi n peaking factor is a result of calculations for specified core conditions, calcu-0

lational uncertainties must be considered and allowed for'in a total uncertainty allowance. The
U for this purpose are determined 'oy examination of potential errorsappropriate values of F
N

in the calculatien introduced by input data describing the reactor, and by basic neutron cross-
section data, by geometry approximations and by deficiencies in the noutron transport model
used. These have been quantified by comparison with accurate experimental results obtained

from critical experiments, isotopic post-irradiation analysis, and power reactor reactivity and

flux distribution measurements. An examination of these uncertainties has been madeI2*M
fower distribution experiments are described in which differences between measured and pre.

dicted values of Fg were quantified. Based upon these comparisons, it has been concluded that
fewer than 5 percent of actual peaking factors will exceed the calculated values by more tht n
4.58 percent. This number was rounded up to 5 percent for conservatism. Later experiments

of a similar nature have been analyzed and these confirm the adequacy of the 5 percent
calculationai uncertainty allowanceI4l.

The calculational model uses nominal dimensions of fuel rods, and average density and enrich-
ments of the fuel regions. Therefore, no account has been taken in the usual calculatinns of
fuel rod power distributions for the effects considered in FE or rod bow.

O

Conservatism accrues from the design use of the power distribution calculated during an
extreme load follow transient. A more realistic treatment would consider operating time
weighted peaking factors, which for Westinghouse PWR's are much lower than those currently
used for design, such as 19 versus 2.15. Correspondingly, a larger deviation would then be
applied.

E UF.ll INDEPENDENCE OF Fg, F , AND ROD BOW

The correct manner of calculating the effect of variations in fuel enrichment fuel density, rod
bow effects, and nuclear calculational uncertairties can be determined by an examination of
the uncertainties' independence.

3 L anf ord. * L . Jr , anct N a th. H
J . "Es Cumon of %cica Hot Channet Factor Uncerta nt es'', WCAP-7308 L.Apni 19C3. U.\ cst.neovse Prunr n tary l.

3 Nodd , R
J . "E vo vat.on of M.m Sre:rometoc and Raj ochemical Araivs.s of Yankee Core i Spent Fuer*

i

WC AP GCC S. *.*e ch 1SGG W ntiry;houw Propr.ctary) ,

4. Mc F arlane A
F .. anct L anq%<d. F. L , Jr.. '' Power Peak nq F actors Supptement 1, "WC AP-7912 St P A

(Westin0 cue Proproctary L . January 1975h
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In the preceeding discussion, the mechanism by which each of these deviations influence the
local power level have baen described. At this point, it can be noted that enrichment variations

arise because of dif fcrent causes than density variations, such as changing the green pellet press
pressure which changes the fuel density but not its enrichment. Likewise, thee deviations from
nominal have a local effect confined to the space of a small number of pellets and do not

affect the base calculation of Fg or local power density when expressed as the nominal value
of local power divided by the cors average power. None of the effects allowed for in FE

O
or rod bow has any bearing on the routinely performed calculation of Fo with nominal or

U Eaverage dimensions. Therefore, F is independent of F and rod bow.
N g

Rod bow has been observed to be independent of density and enrichment. The frequency and
magnitude of rod bow has not been correlatable from region to region with the differences in

Edensity and/or enrichment from region to region. A comparison of F determined from as-
O

built manufacturing data with observed rod bow likewise shows no correlation. Independence

is also inferred from the observation that FE is random in the radial and axial directions,
O

whereas b'N occurs preferentially in the bottom spans of the core.

f.12 Evaluation of FU
Q

The independence of the various individual uncertainties constituting the uncertainty factor on
U

FO enables F to be calculated by statistically combining the individual uncertainties on the
limiting rod. The standard deviation of the resultant distribution of FU is determined by taking

Q
the square root of the sum of the variances of each of the contributing distributions. By the
central limit therorem, normality of the individual distributions is not a prerequisite for nor-
rnality of the resul'3nt distribution; however, the input uncertainties are close to normal.

EThe values for F and FU to be used in this evaluation are straight forward; the 1.645 o
Q N

(95 percent probaoih:y) values are 0.03 and 0.05, respectively.

Using the stated design values, FU is evaluated as:
O

U -

B
F =1+ (0.03)2 + (0.05)2 + (Fq -1)2

u
"

U 8Using the current maximun Fq design value of 1.0815, a maximum Fg of
0.057 is permitted without applying an additional rod bow penalty.

0 % 17F-22
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APPENDIX G

LOCAL POWER VARIATIONS
DUE TO SINGLE ROD BOW

The power perturbat ons caused by rod bow are due primarily to the local changes in neutron
moderation The rod away from a single bowed rod essentially has a larger effective lattice

pitch and more surrounding moderating coolant, therefore, an increase in moderation, a higher
thermal to fast fluw ratio, and a higher power than at the norm 2| slightly undermoderated
pitch. For the rod near the bowed rod and the bowed rod itself, the converse occurs. Increased

fuel and decreased rroderator thermal absorption promote the power increase for a given bon
displacer"ent. Therefore high enrichment and high burnup fue; rrounded by soluble boron
free coo! ant will give the largest power changes (both positise and negative). An average
enrichment of 3.2 w o at the average burnup of 16,000 MWD MTU with the average boro"
concentration of aboa 450 to 500 ppm provides an appropriate power spike to app!y to the
peak rod at any time n any cycle with the present fuel management schemes where the peak
power usually occurs a once burned fuel assembly (~ 11,000 MWD.MTU) near BOL
(~1000 ppm borom To fuel rod with burnup greater than 22,000 MWD MTU has been
found to lead the core _ especially at low baron concentration. Fuel with 22,000 MWO MTU

burnup and moderator with 0 ppm boron was conservatively used in this study. Although
this anans s uses 3.04 ,, o U 235 fuel, the high burnup and low boron more than compensates
for the sma|| differe-:e between 3.04 w 'o and 3.20 w o U 235 fuel. Since both power pen
alties and benefits are obtained due to fuel rod bow and either is equally probable, the
expected power spiL: cenalty on any rod is zero. There is only a change in the expectod
deviation of each roc s aower.

G.1 METHOD

Two dimensional tra sport theory calculations of a 9 by 9 array of fuel rods with reflecting
bou n da r', conditions ..e e used to determine the local power peaking due to a single bowed

r

fuel roc i' typical nest'ghouse 15x15+ and 17 x 17 fuet assemblies. Two energy groups. S
4

symbohc angular qua:%re, and isotropic scattering IP ) were used in this study. Each fue!g
od (homogenized fue

.nd clad) was treated in xy geometry as a discrete square explicitly
se"oundea by the r'ccerating coolant. Csoss sections were generated using a modified version

+Also 14x14 fuel assenblies

1035 ' TG-1 '



of the LEOPAHD code.!II Calculations were made for bows in the lateral directions with
bowing displacements of C 2 and C , where C is the nominal distance between adjacento g o
rods (see figuie 5-12). Power change calculations for bows in the diagonal direction v.ere
computed for a bowing displacement of C d for the 15x15 assembly and for dis-o

placements of Co s/ 2/2 and Co s/ 2 for the 17 x 17 assembly. The perturbation in local
power due to a bowed rod was determined es the ratio of the perturbed (center rod bowed)
to unperturbed (no bowed rods) power for each fuel rod.

Results

in all cases the maximum local power increase occurred in a fuel rod directly adjacent to the
bowed rod on the side away from the bow. The diagonally bowed rods caused larger power

increases than the corresponding lateral bow cases. Both the bowed rod's power and the
touched rod's power always decreased.

The various case configurations and percent power changes for the worst rod (s), the bowed
rod, and the touched rod (s) are summarized in table G-1 for easy comparison.

This table shows that the 15x15 results are more conservative than the 17 x 17 results.

G.2 SENSITIVITIES

The reference maximum rod bow power spikes given in table G-1 are relatively insensitive

to changes in the cross sections due to spectrum effects of the pitch change in the rod
directly af fected by the maximum rod bow, or to enrichments higher than the reference
3.04 w/o U 235 enrichment.

A char ge of the enrichment from 3.04 w/o to 3.40 w/o U 235 increases the reference spike
(2.83'o) to about 2.9 percent.

Accounting for the harder spectrum on the rods closer together and the sof ter spectrum for
the rods with more surroundirg moderator as a result of a maxirnum bowing displacement
increases the reference spike to about 3.0 percent.

The use of a rnure nearly co rect linear anisotropic scattering (P ) cross section set rather thanj

the reference P set, reduce the reference spike a about 2.0 percent.g

Taken as a whole, these sersmities show that the reference saik" of 2.E3 percent (So (see

section 5)) is conservative b'. at,out 0.5 percent power for LOPAR assemhhes at 3.4 w o
U 235, 22,000 MWD MTU t;urnup and with 0 ppm soluble baron in the ccolant.

..

Ba ry. R . f . ' L E O P -m D A5attvn Depcmfrnt Non Spatial Demet.an CMa 'a tN IU'.i le94f1. r

WCAP-3209 26 smte vtvr 19G3

8.ery. H F "Tne neme.1 L E CP A n D CNe A Scertrum ocpemtent N r Sc.aa Dru et.uo Pwpamf
WC AP 2759, Wrch 1965. L Aest a use Prcprietaf yl

G-2 jQ}} }[h



TABLE G-1

CONFIGURATIONS AND POWER CHANGES

Percent Power ChangeAdjacent
Bowed RodWater Hole Peak Bowed TouchedCase Position Displacement Direction Rod (s) Rod Rod (s)

15x15 Assemblies

1 None Cg s/2 Diagonal 2.83 -4.67 -3.68
2 None C Lateral 2.67 -1.90 -3.93o

3 None C /2 Lateral 1.34 -- 0.24 1.97g

4 Diagonal C Lateral 2.76 -3.00 -3.75o

5 Diagonal Co s/2 Diagonal 3.05 -6.45 -3.01
i

I

17 x 17 Assemblies
i

6 None C /2 Lateral 1.27 -0.21 1.57
!

g

7 None C Lateral 2.42 -1.66 -3.66o

8 None Co s/2/2 Diagonal 1.29 -0.77 1.55
i

9 None Co s/7 Diagonal 2.49 -4.61 ~ 3 51

|

-3
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EFFECT ON CHF OF A PARTIALLY BOWED

HEATED ROD IN A COLD WALL THIMBLE

CELL GEOMETRY

Correspondence with tRC:

1. faC Acceptance Letter on Partial Rod Bow, April 5, 1979

2. We stinghouse Let ter NS-TMA-2053, March 16, 1973

3. Westinghouse Letter NS-CE-1580, October 24, 1977
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9, UNiiED 5TATCS
e g, , F* FJUCLEAR REGULATORY COMMISSION.

W{@~~f./
j j WASHING T ON. D. C. MLS' /.7 8

%, ,#
APR 5 1979

h f |[j]-)')
D

'J ll liu!Mr. Thomas M. Anderson, Manager ' -

Huclear Safety De.nartment ',g |, r, ;

| @f
-| fl

n
Westirghouse Electric Corporation !i /!U l q . | [ J J llU <j/d 6

i

P. O. Box 355 'IU J ''

Pittsburgh, Pennsylvania 15230

Dear Mr. Anderson:

SUBJECT: STAFF REVIEW 0F WCAP-8691

Our review of certain aspects of WCAP-8691 (Proprietary) " Fuel Rod
flowing" has been completed. Your letter NS-TMA-1924 dated September 1,
1978, advised us of your plan -to submit a revised topical report on fuel
rod bowing to include new information requested in our June 19, 1978
letter. Subsequently you have submitted supplemental information
regarding the effect on critical heat flux of a partially hoved. heated
rod in a cold uall thimble cell geometry.

We have revimed the supplemental informatien regarding the effcct on
critical heat flux of a partially bowed rod. We have concluded that
the supplemental information provides an acceptable basis for calculating
critical heat flux on bowed rods. Our evaluation is enclosed.

Please incorporate the supplemental infomation into the revision to
WCAP-8691.

Sincerely,

| w sAn
' e o John F. Stolz, Cnief

Light Water Reactors Branch No. 1
Division of Pro.;ect Management

i nclosure:
Ivaluation of Westinghouse

I:eport

cc: Mr. D. Raulins
Westinghause Electric Corporation
P. O.. Box 355
Pittsburgh, Pennsylvania 15230

1035'7f



ENCLO5tlRE

Evaluation of Westir$ghouse Report
on "Effect on CHF of A Partially

Bowed Heated Rod In A Cold Hall Thimble
Cell Geometry"

Summary of Report

This report describes tests to determine the effects of a bowed rod on

critical heat flux (CHF). The tests were done with a heated rod bowed

to 85 percent of tSe maximum possible closure and the bowed rod was

adjacent to a thimble tube. Figure 1 shows the position 'of the bowed

rod relative to tne other rods in the bundle and figure 2 shows the

method- of maintaining the bowed geometry throughout the test.

The test bundle consisted of 15 electrically heated rods and i unheated
.

rod which simulated a control rod guide thimble. The bundle had a

non-uniform radial power distribution with the 12 outer rods having

less power than the 3 inner rods. The thimble was attached to the grid

in the same manner as in a reactor core. The bowed heater rod had its

point of maximum bow at the midpoint between the two topmost nixing

vane grids,136 inches above the beginning of the test section heated

length. The axial heat flux distribution was, as shown in Figure 3,

non-uniform with an approximate u sin u distribution.

The test method consisted of obtaining CHF data on the bcwed geometry

for inlet conditions which match inlet conditions for the tests in

referenc'e 1 (The tests of reference I had no intentional bew). The

measured-to-predicted critical heat flux ratio ("/P) was obtained for

each test and a new parameter, S "US "C S'CpB'

h/Pfnobow -

( /P )BOU6 pg __ |
= .

no bow
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The parameter 6 is a measure of the effect of a partially bowed rod onP8

CHF. 6 was found to scatter about zero for tests at 1500 and 1800 PSIAP8

but was greater than zero for tests at 2l00 and 2400 PSIA. The partial

bow parameter was also found to be a function of the mass flux.

The value of the bow effect at a closure of 1.0 is the contact penalty as

previously defined (4) at limiting conditions of heat flux an'd pressure. The

bow penalty ootained from the 85% closure data yield values of 11.4% for all

loops in service and 14% for the loss of flow accident and for one-loop-out-

of-service analyses. Based on data reported by other investigators )a
bow penalty of zero percent will be used for bow magnitude less than or equal
to 50%. Linear interpolation will be used to calculate the bow penalty between

50% and 85% and between 855 and 100% gap closure. The resultant bow penalty

as a function of gap closure is shown in Figure 4.

Su:rmary of Staff Evaluation

To obtain reliable CHF data on a partially bowed geometry is an extremely

dif ficult task because of the possible influence of the restraints required

to maintain the desired bowed geometry. For this reason, the supports and

restraints used by Westinghouse to obtain 85% closure with a bowed rod were

analyzed for possible influence on the CHF data.

The thermocouple us I to detect CHF at the bow location was at the elevation

of maximum bow. The special support grid used to maintain the desired bow

was 1/2 inch downstream of the elevation of _ maximum bow. Simple finning

analyses show that the possible finning effects of the support pins in the

1035 ': 1
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grid did not extend more than approximately 1/4 inch from the pins. Thereforc,

there should be no increase in observed CHF due to the influence of the

special support grids. There may be some hydrodynamic effects which extended

as much as 1/2 inch below the grid but these effects woul d have resulted in a

reduced value of the indicated CilF. Therefore, the Westinghouse method of

maintaining the bowed geometry for the tests is acceptable. .

The parameter which characterizes the effect of a partially bowed rod on CHF,

6PB, was f und to be a function of pressure and mass flux. An attempt to

correlate 6 in terms of the bow penalty for rods bowed to contact resulted
PB

in the relation

(SB0W) COPR6 *
PB PB

where (680W) CORR is the bow contact penalty obtained in reference 2. The

F btained from this correlation had a correlation coefficient of -0.5.PB

Therefore the F correlation reported in the bow report is unacceptable.
PB

The correlation of e with mass flux for the two high pressure data setsgg

gives a ruch better fit than the F c rrelation. The partial bow correlation
PB

corrects all the high pressure data in such a manner that the data is dis-

tributed like a repeat set of non-bowed data. This is shown by testing for

a significant difference between the corrected data and another, unbo.ted,

data set. The t-statistic for comparing the two means is 0.1435' with 58 degrees

of freedom; the probability of a deviation greater than t is between 0.8 and

0.9. Therefore, the partial bow correlatior. is acceptable.

The use of the data of reference 3 to justify no bow penalty for channel closure

less than or equal to 50" is acceptable because the typical cell contact bow

1035 : W>
/
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results presented were the same as the results_ for tests conducted on

similar Westinghouse geometries. Thus, while critical heat flux is sensitive

to differences in test section geometry, the bow effect is not.

Staff Position

The letter report on CHF uith partial rod bow provides an acceptable data

base for CHF on rods bowed to 85% of the bow necessary for contact. Further,

the relation for bow penalty as a function of gap closure, given in Figure 4 is

an acceptable bow penalty for use on Westinghouse fuel designs.

1035 ':
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use Dcctric Corporation Power Systems PM S,: et. ui

Ecs355
P.t:Rv c')Frt y.m 15:30

March 16, 1979

f45'-TMA-2053 .- ,. _

'

.Mr. John F. Stolz, Chief

h (h[0 f|j
dl

Operating Reactors Branch I D
[' f; -Division of Project Management d '- aOf fice of !!uclear Reactor Regulation -

O [M ] Q lnq !U. S. fluclear Regulatory Commission !

0b LIl' J O .j! (uu hd6Washing ton, D.C. 20555 t f M , .

J

Dear Mr. Stolz:

Attached please find additional information on the "Effect on CHF of a
Partially Bosted Heated Rod in a Cold Wall Thinble Cell Geometry". A
rccorrelation of the partial bow data and tr.e ir.ethod of applicaticn
of bo.. effect to reactor design are included.

This information has been discussed tiith Mr '!ayne Hodges .

Therefcre, enclosed you v:ill find the follouing:

1. Tsienty-five (25) copies of the proprietary version of the above noted
infortation.

2. Forty (40) copies of the non-proprietary version of the above noted
in fo rra tion .

3. One (1) copy of Application for 1|ithholding, (' ion-proprietary).

4. One (1) copy of original Af fidavi t , ( .or. -proprictary) .

This su' rittal contains proprietary information of 'clestinchouse Electricc
Corpora;ico In ccnfoi; ence with the recuirc cents of 10Cik2.7M, as c .2nded,

of th Cc :ission's regulations , we are cnclosing with the st.b :ittal, an
applica inn for ' i ti.holdir.g frc::. r .blic discle'.ure and an af fidavit. The
af fid2 ci t seis forr) to oasis on '..hich the inforca tion . >v l'c wi tn :el d
frc:t palic disclo:ure t;y the Cc: lission. Corresrc.:.'ence ti th rey;oct to

' the af fida.it or enlication fm withholding should refer ence //!-7J-ll
and shceld be addecss ac to k a. '.|iesemenn, U.anajer of hgulatory anJ
Legislati ve Af f airs . '.|es tinghcuse Electric Corporation, P. O. Box 355,
Pittsburgn, PA 15233.

Very )truly yours,
-- .,

'. ( . [ 1 u b G :-o
ct- T. ii. Anderson, l'1 nager

cc: ti. W. Hodges fiuclear Safety Departr:.2nt
1035 I89
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1.0 SUMMARY

II) a nethod.In the original submittal of partial rod bow CHF information
was presented for correlating the results which were dependent on the
contact bow correlation. Subsequent evaluations have shown that the 85%

]a ,c
closure partial rod bow data can be correlated as a function of [

The resulting
oni,y considering the high pressure' data (2100 and 2400 psia).

This
correlation can be used to calculate the CHF effect for 85% closure.
result can be combined with the results of other available rod bow data.to
provide the effect of rod bow on CHF as a function of closure.

RE-CORRELATION OF THE 85 PERCENT CLOSURE PARTIAL BOW CHF DATA2.0

The plots of 6PB previously presentedII) show only a few data points which
are outside the repeatability band. These points are at higher (2100 and

]a,c There
2400 psia) pressure and [

.

appears to be a linear function of decreasing bow effect with [
]a,c No bow effect is seen at low pressurcs, thus considering

.

only the high pressure data, a lir. ear tunction of [ ]a.c was detemined.
~'

-

(6pg) corr "

J-

3.0 EVALUATION OF PARTIAL R0D B0W CHF CORRELATION

The partial rod bow correlation should correct all the high pressure data in
Thissuch a manner that the data will be distributed like a repeat data set.

is shown by plotting the residual -- the difference between the measured partial
- (6PB) corr}, Figures 1 andbow result and the correlation prediction (APB ' 3PB

2 show that the residuals do not exhibit any remaining trend with pressure, flow,
quality, or heat flux. This indicates that the partial bow correlation has

.

(1) NS-CE-1580, C. Eiche1dinger to D. F. Ross, October 24, 1977.
1035 190
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P00RORGINM.
roperly taken into account all the important variables. The scatter of
he residuals is quite small rnd is within that expected from repeatability ~.

nother method of evaluating the partial rod buw correlation is to treat the
arrected partial rod bow data as a set of unbowed data and by statistical
valuation determine if there is a significant difference between the cor-
2cted data and another, unbowed, data set. Table 1, attached, shows the
3rrected partial bow data with the matching unbowed data and the diffennce
2Eween them. A "t" test on the difference. Table 2 'shows that the hypothesis
.; accepted that there is no difference between the data sets. The hypothesis
e accepted even if over 50% of the correct hypotheses are rejected.

.0 APPLICATION TO REACTOR CORE DESIGN

.

ie bow effect on CHF is a strong function of closure. The partial bow test
lows that a large reduction in the bow penalty is obtained with only a smali
ip. Data obtained by other investigators O)(2) indicate that at 50% closure
T the gap, there is no measurable CHF effect. This information has been com-
.ned to provide the CHF effect of rod bow as a function cf fractional closure
; shown in Figure 3. This linear interpolation is considered conservative and
ill be used in analysis of the rod bow effe:t.

ie value of the bow effect at a closure of 1.0 is the contact penalty as pre-
[ously defined (3) at limiting conditions of heat flux and pressure. The cor-
:lation in this letter will be used to calculate the CHF effect at 85% closure.
ir the analysis of alI loops in service, a value of 11.4% will be used to account
ir the effect of rod bow [

].a,c For the loss of flow accident and one-loop out-of-service analysis,
value of 14% will be used [

3a.c ,

) Markowski, E.S. , et.al . , "Effect of Rod Bowing on CHF in PWR Fuel Assemblies,"
ASME paper 77-HT-91.

-) Letter, J. ". Taylor co S. A. Varga, November 13, 1978, status mport on R & D
programs described in Semiannual Topical Report BAW-10097A, Rev. 2.

} ' etter, C. Eicheldinger to D. F. Ross, NS-CE-1161, August 13, 1976..

1035 'l
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'T7}8LE 1
es% WRTinL Rep Bow CHF Dr3rA . A(h =-h m-h

ff--(f '
t

0 F P)- -- -- -
a,

i

JC401 i 1.1178 f.o 45 2. -0.1726
J0402 v.9837 o.9507 -0.0330
J0403 0 9642 1.0179 0.0537
JC404 | 1.2027 1.11_09 -0.0338

1.0962 1. 017Y -0. 0 703JC405
|0.9920 0.9946 0.0026JI406
|1 0011 1.0122 0.0111J0407 ,

J0406 'O.93'9 0.n97/.-0.o'',2

J0409 0 9029 1.0035 0.0206;
mn ? rD'O'' Jf J0410 1.0852 0.0169i

'. 1 . 0 6 C 31.1353 1.0522 -0.0331!l'
ji JC411

'
r J_f4_1_2 1 07n0 _3,or30 0. n ne'

.- ,- e s .'

Ifi / ; J0413 0.7919 1.C797 0.0070|''
.i

l $ > ._, & L b u a C J J0414 1 1626 1. 0901 'O . 0645|
,

0.9001 0 9355 0.03541JL415
~ 0.9?n? o 9c;71 o . n?c aj
,

J0416
J0417 0.9902 1.0005 0.0023; .

J6416 0 9711 0.9773 0.C062|
.

.J0419 0.9437 1.0160 0.0723l
J0420 0.93 0 ' o,6222. 0.Cl341
M21' g 9 7 5 b ! o 934 3 -C,04 06i
J0422 J.C322!o,c778 _ o ,c y r;

'J L,4 2 3 C'. S S S S: 0,3E60
o , c o i .*d'
0. n 'a

J0424- 0. 6 F l 91 c.cg33
JL425 0. 93 7 6 i 0.S 254 -0.o l zii.

JC426 0 9277i 0.0569 -0.0703.

0. 0L - 0.900? 0.0207J0427 i

J042e 0.2760! 0.*SS2 0.07?2
JL429 0.9420; 0.9557 0.0137
JE430 ! 0 96951 0.9202 -0.0493
J0431 0 33nci 0.0074 0.0406
J0432 0.?370 n . n 7 v eI- 0 . n /a o
Jc433 ^ 0 0631i 0.973 0 1097
JC434 0.0330' O.0739 0. 0 401|
JC05 o . d rc 4 2. l c.9 2 9 5 0.cG53i
JC436 Q.57F0 ' c.el3 5 c.c355

. 955: 0.: 2.7 0GJC437 a.3280 ,

JL438 c.8029 2.8693 c.00 6 I';
JC439 o.8507! o.802o o.coS3|
lC_4_4C 0.70'4' O.079: n 1^W
J' 44; I 0 0516 0.9050 0.0534.

TJ C4 4 2 ' O. 61 l o |
'JC443 0. 8150 o.9GSO O. C54 0

_J_0 4 4 4 c.30G8 9.$ 2 95 0 . 0 '. :.7 :
J e 4 4 ', c.i36 I c. d 5 G:) .- C.0 74 Sj,

JL446
IJC647 f.olJ 2 i 1.0148 i p. coo 6 t- .r

i JC446 -

| |- | J-
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' TABLE 2.

Hypothesis: ud = 0 dj = (H/P)PB corrected'INI Ino bow

test t =M3
d

All Data Corrected Data Only

gh=.00757t== t=. .0086=
g

Critical value t45 75 = .68 t30. 75 = .683

*

the hypothesis is accepted even tf over 50% of the correct
'

,,

hypotheses are rejected.

-

.

Reference: Statistics and Exoerimental Design

' In Engineering and the Physical Sciences,
Vol.1 p 227-229, John Wiley & Son, Inc.
New York, 1964.

.

.
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* *

ere is no effect on CHF from 0% to 50% closure. At zero closure no effect
hould be shown since this is the situation of nonnal spacing which is used
n tests to develop the CHF correlations.

seriesII) of bowed rod CHF tests have been conducted which included a test in
ich a rod was bowed to about 50% of maximum closure and showed no measurable

ffect on CHF. Westinghouse cons,iders the results of this 50% closure test to
. applicable to Westinghouse fuel assemblies for the following reasons.

1) The typical cell contact bow results presented were the same as
those conducted on similar Westinghouse geometries and were
correlated in a similar manner. -

2) Some of the typical cell runs presented were carried out with
a large (80%) partial bow. These runs showed a much smaller
bow effect than contact, a result entirely consistent with
Westinghouse experience.

3) Accumulated experience with rod bow testing clearly shows that
the bow effect is second order, i.e., is a relatively small
effect which is superimposed on the underlying critical heat
flux, and can be correlated with a few flow variables in a
simple way. Thus, while critical heat flux is sensitive to
differences in test section geometry, the bow effect is not.
Hence, bow effects found with the above test sections ana appli-
cable to other test section geometries.

t is thus concluded that a Westinghouse 50% partially bowed test would produce
he same result (no measurable effect) as did the published (II test.

naddition,anothersource(2) , with rod bow closures of up to 55i also con-
luded that no bow effect exists at these magnitudes of closures.

1) Markowski, E.S., et.al., "Effect of Rod Bowing on CHF in PWR Fuel Assemblies,"
ASPE paper 77-HT-91.

)~ Letter, J. H. Taylor to S. A. Va~rga, November 13, 1978, status report on R & D
pr_ograms described in Semiannual Topical Report BAW-10097A, Rev. 2.
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rghouse Electric Corporation Power Systems ears
PmmrParawa um

Octccer 24, 1977

NS-CE-1580

Mr. Denwood F. Ross , Jr.
Assistant Director Peactor Safety

p @lj b 1p0 pDivision of Reactor Licensing -I
Office of Nuclear Reactor Regulation LJ Y
U. S. Nuclear Regulatory Comission
7920 Norfolk Avenue opig m r- i

I //,i t
>

Bethesda, Maryland 20014 oLjld&. . Ut aa

Dear Mr. Ross:

Enclosed are:

1. Twenty-five (25) copies of Attachment on Fuel Rod Bow Penalties (Proprietary).2. Twenty (20) copies of Attachment un Fuel Rod Bow Pehalties (Non-
Proprieta ry) .

Also enclosed are:

1. One (1) copy of Application for Withholdino
One (1) copy of Affidavit (Non-Proprietary), AW-76-35, (Non-Prcprietary).e.

.

This letter in intended to provide the basis for a near tem revision of fuel
rod bow penalties imposed on the current Westinghouse 15 x 15 and 17 x 17
designs.

The trethod currentl; in use for quantifyirg rod bow penalties is essentiallya two-step process:

First, DNBR penalty as a function of channel closure is specified based ucen
critical heat fiu< rod bundle test results. The bow cenal ty currently pre-
scribed is basically a linear function of channel closure nomalizcd to a~

ineasured D'OR penalty associated with rod ccntact in thimble cell geretry.This revisitn intercarates the results of recs.it partial bo<,, thimble ceil
tests at B53 closure conducted by Westinghouse which deronstrate a sigt.ifi-
cantly louer penaity at partial closure than indicated by the linear inter-
pol a tion .

Secondly, rod bow ragnitude, i.e. channel closure is specified as a function
of fuel burnup basec ucca rod bow measurerents of irradiated fuel assemblies.
In the case cf 15 x 15 LOPAR fuel, a statistical bound has been derived from
a fit cf twenty-seven regions of cata. In the case of 17 x 17, a conservative

1035'1



NS-CE-15 0
October 24, 1977
Page 2

bound had been specified based on a simplistic extrapolation of the 15 x 1
LOPAR data. This extrapolation was necessary due to a lack of actual 17 x 17
irradiated bow measurements. This revision establishes a 17 x 17 bow magni
tude versus burnup projection in its own right based u;:on 17 x 17 bow measure-
ments of demonstration assemblias irradiated in the VEPC0 Surry plants. Poten-
tial region to region variability is conservatively acco :modated by augmentation
of the Surry bow measurements by a factor of 1.5 as derived from the 15 x 15
LOPAR data. This data was additionally augmented by a factor of 1.2 to con-
Servatively account for potential cold to hot affects. We understand that
this approach is consistent with current NRC recommendatiens on treatment of
limited bow data sets.

The net result of these revisions is to reduce EOL design burnup CNBR bow
penalties (before margins) to 11.7% for 15 x 15 LOPAR fuel and 10.6% for
17 x 17 fuel . By comparison the current E0L DNBR bow penalties for both
designs is on the order of 30".

Supporting information is provided in the attachments to this letter which
provide an expanded discussion of the infomation discussed with the NRC
Staff at an October 26, 1977 meeting.

We request that this revision ba recognized as an interim position pending
an expected statistical convolution of bow affect with DNS co relation
statistics and/or, in the case of 17 x 17 fuel, the first full cores irrad-
iated fuel examination. Convolution wil? require a definition of bow
penalty as a function of closure rather than merely bounding the affect as
done for the purpose of this interim position.

ifestinghcuse is recommending to its customers, both first core and reload,
that they reference this submittal on their individual applications.

This submittal contains proprietary information of Westinghouse Electric
Corpora tic q . In confomance with the requirerents of 10C R Section 2.790,
as amended, of the Comission's regulations, we are enclosing with this
submittal an application for withholding from public discicsure and an
af fidavi t . The affidavit sets forth the basis on which the information
may be withheld from public disclosure by the Comnission.

Correspondence with respect to the affidavit or application for withholding
should reference AW-77-52 and should be addressed to R. A. Wiesemann, Manager
of Licensing Programs, Westinghouse Electric Corporation, P. O. Box 355,
Pittsburgn, Pa. 15230

Please feel free to contact us if you should have further questions on this
matter.

(g G rg Very truly yours,
n-, . .

-

,1.
jj '>

,

!si O q.;r. 1
' , '

,

'di J. *

DWC:pj C. Eicheldincer, Manager
Attachment Nuclear Safety Department

1035 :o$
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EFFECT ON CHF 0F A PARTIALLY BOWED
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SECTION 1 a Lib _ UE J ul OU_a
INTRODUCTION

The study of the effect of bowed rods on critical heat flux (CHF) has become of major
interest recently in the design of pressurized water reactors. This report describes the con-
ciuding test in a program to determine the effects of a bowed heater rod in a reactor rod
bundle thimble ccil (that is, in a flow channel formed by three heated rods and an unheated
control rod thimble tube). The test described in this report was done with a heated rod
which was partially bowed to 85 percent, of the maximum possible closure.

,

Ill n a thimblePast efforts have investigated the effects of a heated rod bowed to contact i

cell. The results of those tests indicated that there is no effect at low pressures (1500,1800
psia), but at high pressures (2100, 2400 psia) the contact caused a large decrease in CHF
which varies linearly with the hot rod average heat flux.I21 Those trer.ds are consistent with

the findings of two other contact bow tests [3,4) carried out with a typical cell geometry.

Because heated rods bowed all the way to contact are rarely observed in irradiated reactor

cores, it was decided to conduct a test more representative of the partial Sap closures which
are more often observed. It was expected that such a partially bowed heated rod would
cause substantially less degradation of CHF than is seen at contact, because there is much

less possibility that a partial bow geometry can induce stagnation or other strong localized
effects around the point of maximum closure.

The bow geometry selccted for this partial bow test was one in which a heater rod was

bowed into a thimble cell toward another heater rod and the unheated thimble tube. This
allows investigatien of the effects of both types of gap reduction (that is, rod to-rod and
rod to thimble tubel A gap closure of 85 percent was tested and is shown in figure 1-1.

The results of this partial bow experiment are presented in this report.

1. Nagino. Y . et ai . "R:,d beacd to Contict oNB le o nesu'ts from a Co d Wei Thimbie Cett Geo ret y.'' to ber

publisheJ in t he Jou r aat of % clear S: ence and Technoieg,

2. The umc cessits were 'ound in t^o o if e ent th-mme cei: boa geumetr.es with a heated red bo^er1 it'to contac: with
the two c'he heated rcci c' the thimb e cc:t and with a heated rod bones into contact with a heated rod and tac
unheated thetce tube [

a(
g

3. H.fl. K. W , et al . "E"ect of a Rod Bowed to Contact on Cntical HeJt Fin in Pressurged Water R eactor Rod S v d'es.'a

ASVE Pape, 75 W A H -77

4. Markowski. E . S . e, "Eff ect et Rod Bowing on CHF in PWR Fuel Assembhes.*' AsVE Pape 77-HT-91.
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COLDWALL THIMBLE TUBE
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Figure 1-1. Partial Rod Bow Test Section, 85 Percent Closure
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SECTION 2
DESCRIPTION OF TEST FACILITIES

.w ND TEST SECTIONS
21. FACILITY DESCRIPTION

The test was carried out in the heat transfer loop located in the Columbia University
Chemical Engineering Laboratory. The test facilities consist of a 7.5 MW de power supply, a
main circulating loop, a side stream purification system, an auxiliary cooling system, and a
control system. A layout of the facility is shown in figure 21. A flow diagram of the main
circulating loop and auxiliary systems is illustrated schematically in figure 2 2. The main
circulating loop components were designed according to section 1 of the ASME Boiler and
Pressure Code and the following specifications:

Loop flow rate, maximum 400 gpm
Loop operating pressure,Ill maximum 3500 psia

'

Loop operating temperature, maximum 700 F
Main loop cooler heat removal capacity 5 MW

22. TEST SECTION DESCRIPTION

The test bundle consists of 15 heater rods and 1 unheated rod which simulates a control rod
guide thimble, as shown in figure 2 3. The bundle has a nonuniform radial power distribution

with the 12 outer rods having less power than the 3 inner rods. The simulated thimble guide
tube occupies the fourth inner rod location. This thimb!e is made up of a thin steel rod over
which ceramic cylind ical shells (with outer diameters equal to the thirr' . outer diameter)

are placed. These thimbles are attached to the grid in the same manner as in the reactor core,

using a s'eeve which is brazed into the grid and then bulged out above and below the grid to
connect to the thimbte. The dimensions of the test section shown in figure 2 3 are identical
to those of the thimble cell test section employed in the previous Westinghouse test.{2l

1. Refers to a:I componems e=ceot the pumps which were t' gned fcr 650 F m'et tempe'etste and 2500 psia system pressure

2. Motter F E and Cade. F F . ''ONB Test Results for A Grid Thiratre Cold Wati Ce:Is." WC AP 7958- A1 A.
Janua v.1975

21 lO) h
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The bowed rod test section has a geometry identical to that of the unbowed test except
that one of the heater rods has been bowed toward the thimble tube and an adjacent
heater rod so that the gaps between the bowed rod and these nearby rods are partly closed
(to 85 percent of full closure). The point of maximum closure is at the midpoint between
the two topmost mixing vane grids,136 inches above the beginning of the test section
heated length. This location was chosen because both the original and repeat thimble cell

tests showed that CHF almost always occurred at this location or at one of the two mixing
vane grids above or below this elevation.

Prior to assembly, the rod to be bowed is permanently deformed to the desired closure. The

rod bundle is then assembled using a special support grid located 1/2 inch above the midspan
point to assure the proper closure. Figure 2 4 shows the configuration of the special support
grid required to maintain the closure geometry shown in figure 1-1. The axial positions of
the other mixing vane and support grids are shown in figure 2 5.

M. HEATER ROD DESCRIPTION

The heater rods are constructed of two pieces of specially made tubing to provide a non-
uniform axial shape. The special tubing has a constant outer diameter with a variable inner

diameter. The thin wall thickness provides a high heat flux and the thick wall gives a low
heat flux. By joining the thin ends of two tubes together, a heat flux peak is obtained. The
position of the peak can be changed by varying the length of the two tubes. The axial heat
flux shape used for this test is shown in figure 2 6.

A means of detecting the occurrence of critical heat flux (CHF) must be provided at several
elevations along the rod beyond the peak heat flux. Thermocouples are located in the
ceramic pieces which are fitted to the inside diameter of each heater tube. These thermo-

couples can detect the raoid and uncontrolled increase in temperature which occurs at CHF.

At most elevations shoe.n in figure 2-5, a thermocouple is installed as shown in figure 2-7.
In this installation the thermocouple is connected to a copper ring to allow detection of
CHF on all sides of the rod simultaneously. hi those rods uhich are almost in contact a

special multiple thermocouple installation at the maximum closure elevation was developed to
provide indications of any possible radial effects of gap closure on CHF. This spccial

installation is used onis at the maximum closure elevation (136 inches above the iniet).
Figure 2 8 shows this installation.

25
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There are several charac*. eristics of this installation which result in large uncertainties in
surface temperature determination. These include radial and axial conduction of both the
ceramic and heater tube wall, the gap between the heater tube wait and the ceramic, and

the eccentricity of the thermocouple positioning ceramic. It should be pointed out, however,
that the actual value of the surface temperature is not a key parameter in determining
critical heat flux. Instead, CHF is indicated by a rapid rise in temperature as a consequence
of the reduced heat transfer.

2-11
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SECTION 3
TEST PROCEDURE

31. PRE-TEST CAllBRATION

Prior to each set of CHF tests with a particular test section, single phase (cold flow) pressure
drop measurements are made to check test section inlet flow measurement and pressure
drop instrumentation.

32. IN TEST CAllBRATION

Periodically during each test prcgram, heat balances are performed to check inlet and outlet

temperatures, power instrumentation, and 'ecording system performance. Typical heat

balances show a negligible her loss of 10 to 50 KW compared,to test run powers of up
to 7 MW.

3 3. DETERMINATION OF CHF

For a particular run, test section inlet temperature, mass velocity, and outlet pressure (at
steady state conditions) are set with power at about 85 percent of the predicted CHF power.
At this powe. :evel the thermocouples and Offner recorders (employed as CHF detecto s) are

checked for proper operation. The approa:b to CHF is accomplished by a sequence of steps,
increasing the power in small increments (1 percent or less). A point is reached at which a
rapid and continuous rise in temperature <s indicated by one or more of the heater rod

thermocouples. Once this happens, the test section oower is quickly reduced manually (by
perhaps 35 to 40 percent). During this approach to CHF the values of voltage and current
through the test section, inlet temperaturc, inlet flow, outlet pressure, and test section

pressure drop are automatically recorded. The set of measuremanis immediately before the

power reduction is taken to be the recorded CHF conditions. Once all CHF thermocouples
show a decrease in temperature, the power is reset for the next CHF run.

3-4. REPEATS

Periodically during testing, an earlier run will be repeated to check on the repeatability of
the experiment and to reveel any changes which may have taken place in the test section.

J E ||
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SECTION 4
TEST RESULTS : ANALYSIS AND CORRELATION

41. INTRODUCTION

The results ol' the 85 percent closure partial bow test are givcn in table 41. This table gives
a complete tabulation of the measured test parameters of inlet pressure, inlet temperature,
inlet mass velocitc and hot rod average critical heat flux as well as the location of measured
CHF sites. Table 41 also contains values of the measured-to predicted critical heat flux ratio

h pg, computed from a rod bundle subchannel analysis using the measured inlet conditions
for each run. This analysis was carried out using the normal (unbowed) test section geometry
as was done with the previously presented contact bow cases. r2I

Table 41 includes the run numbers and the values of for the matching unbowedo bow
runs, that is, those runs from the originc'{M and repea I unbowed thimble cell data sets
which have inlet conditions that match the individual runs of this partial rod bow data set.
In most cases there are matching unbowed runs from both original and repeat data sets, and
the value of hno bow given in the table is the numerical average of the two. For cases
where there is only one matching unbowed run, the value of ngle run*

no bow
is given in the table.

The last column in the tabie gives values of $PB defined by

~[M
i

P \P Bno bow
OPB " y

_

P no bow

This definition is consistent with that given for previous Westinghouse thimble and typical
cell heated rod bowed to contact tests.{l 2l

1. N a;+o. Y., et al . ' Red f>caed to Contact DNB Tese Hesults from a Cold Watt Thimble Cell Geomet y/ to be
p.,pshed in the Jour nsi e' Nucicar Sc.erce and Tecari: : ; ,-

2. H i i . K . W , e t ,,, "Fffect of a Rud Bowed to Contact on Critical Heat Flum in Pressurned Water Reactor Rod S vNies."
As' * C Pacer 75 // A H T 7 7

3. M ; icy, F . C . and Cadek. F F., "DNS Test Results f c R Grid Thimb'e Cold Wa!! Cells." WC AP.79L8 A1 A,
sa ,u.. . ,m
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TABLE 41
EFFECT OF PARTIAL ROD BOW ON CHF,85 PERCENT CLOSURE

Hot Rod
SMet Mass Average

j[ Heat Flus
V''OC dY Mat <bing Run No yE % tion Of yIMet Intet

2}OW} B'* Messo,ed CdF -
-

'PB
An Pressure Temp

' P
8 Repeat O<.g aat /no boaNo -IP$l Al i F1 \h / \ he It /

f I T/C No ] I

JO401 1 2678 JQcia 1097 1045?] '-0TITT
0 0347

J0402 9837 JOO15 1093 0 950' i

JM03 9413 J0016 1102 1 0179 0 0758

J0404 11587- J00t? 1104 1ItE3 1 0 0445
J0405 1 0644 J0016 l 1102 10179 -0 0457'

J0406 90E5 J0022 | 1100 9926 O Ce66
'

| 10122 0 0915J0407 9297 J0021 1107

J0408 8657 J0020 1116 8976 | 0 0355
| 1 0035 t 0 0673 ,J0409 9360 J0013 1114
I 10652 0 0t C 4 iJ0410 1 0131 J0050 1106

J0411 10952 JOC23 1105 10522 ! -0 04:3'

J0412 9914 JCC14 1113 1C438 | 0 0602
JO413 9800 JCC25 + 1101 1 0737 0 02f 5

J0414 11545 J0026 i 1103 1OMI i 00514
0136J04i5 8124 JOC27 1110 9355 '

*
'

J0416 8383 JOC28 1120 9571 0 1241

J0417 9263 J002) 1117 1 00'S ! 0 0742
J0418 9010 a0030 1108 I 9773 | CC si'
J0419 8936 J0052 1115 10+f G t 01:05
J0420 t'098 JC032 1t27 0 8232 0 C2 %

J0421 9755 JOO33 1124 9343 -C C4 34
9776 -0 0thJ0422 1 0322 JC234 1C3: |
SSiO 0C2%14t23 8599 J0036 112P '

J0424 8819 J0335 1133 8333 0OT6:'
10425 9376 J0054 1125 9254 0 0132 ',

J0426 8240 JC237 -- 85i3 1 0 03'4 t
J0427 7812 | J0043 -- 9 e3 01405 |
J0428 7922 | JM3 1111 95* ' O 17 Dr '

10423 8483 ! JC033 1121 9557 011% t

10430 8524 ! ;00 e2 -- 92'' 0 0'37 !

J0431 7386 JCS41 -- 02374 j 0 % '' !'

,

J0432 8511 -- - 1112 0873s OC23' I'
'

'
1123 09723 Ot3ft |'

J0433 7820 JCC,4 3 i

J0434 7553 j -- 1112 0SU) G1357

J0435 E642 : JG 4 4 1123 0 92h 0 0';3

J0436 8760 | JC045 | 1134 | 0 9135 0C:e9

10437 9290 1 - -i 112G 0 95'0 0 0233
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In connection with the previous thimbel cell contact bow tests III a repeatability test was
carried out using two dif ferent but geometrically identical test sections. This test shcaed that
CHF runs with the same inlet conditions are repeatable to within ' } a,c percent of M/P f thes

measured to-predicted CHF ratio). More precisely, this means that 95 percent of the runs

in a repeatability test program should yield values of a repeatability parameter 6g (defined
similarly to 6PB above) within a band of [ }ac

Thus, a bowed rod test program which results in a significant portion of the runs havinc-

values of 6pg outside the { j .c band can be said to display a measurable bow ',ffect.a

4 2. RESULTS OF 85 PERCENT GAP CLOSURE TESTS

Figures 41 and 4 2 show plots of S PB f r the 85 percent closure partial rod bow test
against pressure and flow. These plots show that the 85 percent closure bow effect is small --
much smaller than was observed for the thimble cell contact bow.!Il Nevertheless, the effect

is large enough to be measurable. The pressure effect shown in figure 41 is characteristic of
rod bow, that is, there is no discernible effect at low pressures (1500,1800 psia), but a
definite effect at high pressures (2100, 2400 psia). [

1 a,c

4-3, CORRELATION OF THE 85 PERCENT CLOSURE PARTIAL BOW DATA

The plots of 6PB versus the various test parameters indicate that the 85 percent partial bow
data are qualitatively similar to the contact data, though much smal'cr in magnitude. It is
thought, therefore. that these data can be correlated by a simple extension of the contact bow

bow corr, which was fit to the thimble cell contact bow data:lllcorrelation, (5 I

(5 PB corr = FPB I6 II bow corr

where

(5PB corr is the partial bow effect parameter. (The subscript " corr" signifies SI
PB

as computed by a correlation.)

FPB e the partial bow f actor. Note that FPB = 0 for unbc..ed rods (that is, r'oi

bow ef fect); FPB = 1.0 for rods bowed to contact (that is. full bow eficct)

1. Naryno. Y . et at . ''Aod Doaed to Coeract DNe Test Results from a Ccu Wa Th n e cciGeemet,yf to ter

pubbshed an the heno et % tea science amt Technotegy

.
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~ ~

a,

U Ibow corr "

where
Btu

O" AVG s the hot rod average c~ritical heat fluxi
2hr f t

P is the system pressure (psia)

The task of correlating the partial bow data thus becomes that of writing an appropriate

expression for FPB. The expression for Fpg can be inferred from data by computing for
each run in the partial bow data set

SPB,.

Ib Ibow corr

and plotting the results against various parameters. [
]a c Figures 4 3 and 4-4 show plots ~or pressures of 2400 and 2100 psia.Il!

It should be pointed out that plottinr, the data in this manner exaggerates the data scatter

because (6 I appears in the denominator. (;5 I can have a small value for certainbow corr Dow corr
sets of conditions. This is especially true of the 2100 psia data, for which many of the
predicted contact penalties are within repeatability. To show this more clearly, each data point
in figures 4 3 and 4 4 has been plotted along with its range of most p ,bable error.I2l As

explained above, these error bands are larger for the 2100 psia data.

1. No ssen picts a e p esamtea f or the son pressa e (1500,1800 ps'ai data s.nce they shan no bow ef fect and nor.e isr

pr ed *c t t 3 t o Ib as'gcart

*2. T h e ta o s t p o t>4 Die e s c e c, n h is g.ven byPb

p ,

0 674s03-| 3,

Ocu'dtol'e(]rercertr in the thimb e ced r e pea'ab.h t y 3,wher s the star ca d cc at.c'n assuc sted * t% repeatab hty

test) Thus the % st se eD2bec ev ror range on F w,4 te g-sen bypg

6pg 1004
FPB * (b g

,

3. Nag ne. Y , et s' " Rod S c.wd to Contact o's0 Test Heutts f rom a Cord Wa-1 T wt;'e Cc'l Geornt try," to be
pubbsta d in the Jovma, of Nvetcar sc.cnce aN T echnolog y .
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Figure 4 5 shows a plot of FPB versus local mass flow for both the high pressure subsets.
A linear best fit of these data is also shown, and is given by

, a,c-

- .

When the measured values of 6PB are corrected by the partial bow correlation, ($pg) corr =
FPB(6 Ibow corr, the re u!!ing residue, opg = 6PB ~ Ib IPB corr, should be no worse than
repeatabihty data, that is, almost all tte residues should fall within the repeatability band
I ]ac when plotted against the various ficw parameters. This is shown in figures
4 6 and 4 7 which are plots of APB versus pressure, flow, quality, and bot rcd avuage
heat flux.

Thus, it can be concluded that the 85 percent closure partial rnd bow data is satisfactorily
represented by the correlation

_ a,c-
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SECTION 5
CONCLUSIONS

The results of this test permit the folicwing conclusions to be drawn:

The effect of partially bowed heated rods on CHF is much smaller than that ofa

heated rods bowed to contact. This effect is only slightly greater than repeatability.

a The effect of partially bowed heated rods resembles that of heated rods bowed tn

contact in that it is seen only at high pressures.

The reduction of CHF caused by partially bowed heated rods can be correlatede

by a modification of the thimble cell contact bow correlation. This modification is
in the form of a partial rod bow factor [which is a function of flow.]a,c
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