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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 brackets. 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
West inghouse 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 define the DNBR effect
and the power peiking factor uncertainty (Fg) effect as a function of
burnup and assembly design. Based on fuel rod bowing data, the use of the
L2 rod bow scaling factor is justified, where L is the grid span lengti.

Fretting of bowed rods is shown to be negligible and has no safety

significance.
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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 assemblies. Since then, rod bow observations have been obtained
from irradiated 14x14 and 15x15 low parasitic (LOPAR) assemblies during
reactor refuelings, and more recently from 17x17 irradiated fuel. In
1975 sufficient rod bowing information was available to develop an
empirical model to predict rod bow as a function of cegion average
burnup. This information and the effects of predicted rod bowing on
power peaking and DNBR analyses w.. - presented in the original WCAP-
8691, which was submitted for NRC review in January 1976. In August
1976 the NRC was informed of new DNB test results which showed larger
DNBR effects caused by two heated rods in contact near an unheated
thimble rod (thimble cell), 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 effects due to rod bow were redefined. A
chronology of the rod bow submittals and NRC reviews and approvals is

given in Table -1,

The fuel rod bow data and evaluations in this report update the previous
information on LOPAR .uel submitted to the NRC. Section 2 ’':scribes the
fuel assembly and the rod bow nomenclature. Section 3 descr bes the roa
bow data base and the procedures used to obtain rod bow dati. Section &
evaluates the data and uses this information to obtain a revised bow
correlation related to fuel assembly burnup. The revised bow correla-
tions in fection 4 are used to evaluate the DNBR effects in Section 5.
Mechanical evaluations due to rod bowing are presented, and the use of
the L2 rod bow scaling factor is justified from irradiated 17 x 17

fuel assembly data which have a different grid span length (L). Section

6 shows how the revised rod bow correlations are applied to various fuel

1035 *éfp
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TABLE 1-1 (Continued)

CHRONOLOGY OF EVENTS
WESTINGHOUSE AND NRC CORRESPONDENCE
ON REVIEW AND APPROVALS OF ROD BOW SUBMITTALS
February '977 = NRC issues Interim SER(3) on DNBR effects due to
rod bowing. Plant FAH limits are identified to
accommodate rod bow DNBR effects. Also identified
are generic DNBR margins and credits for increased
reactor coolant flow and/or reduced cor: inlet

temperature.

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

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

an! rod bow data from 17x17 demonstration assemblies.

April 1978 - NRC accepts application of rod bow data from 17x17
demonstratior assemblies to reduce amount of rod bow
and resultant DNBR effect, 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 ‘. NRC reviewer.

March 16, 1979

Westinghouse transmittal (NS-TMA-2053) of additional

partizl rod bow information to NRC reviewer.

(1
April 5, 1979 NRC issues acceptance jetter " on partial rod

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

1035 /9
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designs to assess the DNBR effects, and methods for accommodating these
eftects are discussed. Section 6 also gives the total power peaking
factor uncertainty (Fg), as a function of assembly burnup, needed

to accommodate the rod bow power peaking factor 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 having a 14x14, 15x15 or 17xl7 square
fuel rod pattern. Figure 2-1 shows the typical 15 x 15 fuel assembly.
Thi- figuce is also representative of the l4x14 design, except for the
number of fuel rods. The l4x14 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 smaller diameter fuel rods and an additional grid compared to the
l4x14 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 ot the designs have their square array of 12 foot fuel
rods supported and spaced by the Inconel grids. The fuel rods are loaded
into the fuel assembly s“ructure, which cunsists of the Inconel grids
attacned to an array of Zircaloy thimble tubes that are end-supported by
the top and bottom nozzles. Since late 1972, all fuel assemblies have
been manufactured with the fuel rods offset from the bottom noz.le.
Additional information on the fitting together of the fuel assembly com-
ponents can be obtained from RESAR—3S(4). Other pertinent comparison
information for the three designs and the 17xl7 demonstration assemblies

are presented in Table 2-],

Specifically excluded from evaluations in this report are designs with
stainiess steel thimble tubes 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
fuel using Zircaloy thimbles. The NRC has concluded(B) that rod bowing
does not represent a safety concern in operating plants using HIPAR fuel

assemblies,

1035 @
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TABLE 2-1

COMPARISON OF FUEL A:SSEMBLY DESIGNS

14 x 14 and 15 x 15
Fuel Assemblies

Standard and Demonstration*
17 x 17 Fuel Assemblies

Ro¢ OD (inches)

Ro¢ - Rod Gap (inches)

Pellet - Clad

Diametral Gap (inches)

Pellet Diameter (inches)

Rod Length (inches)

Nominal Fuel Length (inches)

Number of Grids (Inconel)

422

141 (15x15)

134 (l4x1s)

.007

.366

151.6

144

7

.374

122

.C"65

.323

151.6

144

8 (Standard)

7 (Demonstration

* Except for the number of grids, the demonstration assembli-s were
equivalent to the standard 17x17 assemblies. The axia. location of
the demonstration assembly grids were the same as for the 15x!5

assemblies.



2.2 FUEL ASSEMBLY NOMENCLATURE

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

Channe 1

Gap

Rod Bow

Face

Span

Burnup

Channel

Closure

The space between ad jacent fuel rods. Channels are
numbered from left to right when looking directly at

the fuel assembly face (see Figure 2-3).

Lateral distance between the adjacent fuel rods or

channel width.

The lateral deformation of a fuel rod, assuming an

initial straight (unbowed) rod in a given span.

The surface fuel rods on the side oI 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).

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.

Unless otherwise specified burnups reported are the
best estimate average burnup for individual

assewmblies and not region average burnups.

The difference between the nominal unbowed gap and
the minimua gap (at a fixed elevation) between sur-
faces of the two fuel rods associated with a chan-
nel. It 1s expressed as a fraction of the unbowed
gap. It 1s to be noted that no attempt is made to

measure individual rod displacement.

2-5
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Worst Span

On-Bottom

Off-Bottom

The distribution of channel closures is determined
for each span in an assembly. The worst span 1s the
one whose channel closure distribution results in

the largest standard deviation.

Those fuel assembly designs with rods manufactured

in contact with the bottom nozzle assembly.
Those fuel assembly designs with a manufactured

offset between the rod bottom end plugs and the

bottom nozzle assembly (see Figures 2-1 and 2-2).

et 1035 7@



SECTION 3
ROD BOW OBSERVATIONS

Since late 1972 the phenomenon of rod bow has been observed in irra-
diated Westinghouse fuel assemblies. Fuel assemblies from 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 method 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 telev:sicn tape have been developed. Earliest TV visuals
inspections were miade at low magnification, such that one half the fu:l
complement of rods fcr each assembly face were viewed at one time. Each
face was scanned ir 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 reduction 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
fuel pit, the existing lighting 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

1035 07¢




accurate measurements difficult. These tapes have allowed only esti-
mates of channel closures 2.d have been designated as data quality "i".
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, depending 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 hori-
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 closures.

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

3.2 CHANNEL CLOSURE DETERMINATION FROM TV OBSERVATIONS

Calculation ot the percentage channel closure 1s the same for each of
the three methods of television data acquisition. It can be described

by the equation:

- . M e -
% Channel Closure 100 [l (A*B)/é] (3-1)

3~2

1035 279



where: A = measurement of gap above lower grid of span i

B = measurement of gap below upper grid of span 1
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 overestimate 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 PROBE CHANNEL SPACING MEASUREMENTS

The channel spacing measurement system, the second method of measuring
rod bow performance, utilizes a strain gauge probe to measure rod-to-rod
spacing. The probe 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 deflecting the rods as it is passed between

them. The amount of this deflection 1s dependent on both the particula:
stiffness of the rods involved and the size of the gap between them. A
small correction was applied to the measured gaps to compensate for this
effect. A most significant feature of the CSMS 1s 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 irradiated fuel assemblies from

33 1035 079



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 summarv

of the channel closure data is presented in Section &.

o 1035 80




Plant/
Fuel Rod
Diameter

(Inches)

A
(0.422)

(0.422)

C
(0.422)

D
(0.422)

SUMMARY OF WESTINGHOUSE ROD BOW PERFORMANCE DATA BASE

TABLE 3-1

Assembly
Avg. BU Number Data
Region * Cycle (103MwD/ MTU) of Assemblies Quality
1 (OFF) 1 18-20 2 2
2 (OFF) 1 20-22 2 2
3 (OFF) 1 16-18 3 2
2 (on) 2 26-28 2 1
3 (oN) 2 20-22 4 1
3 (o) 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
2 (OFF) 1 18-20 10 2
2 (OFF) 2 30-32 ¢ 2
2 (OFF) 2 30-32 2 3
2 (OFF) 2 32-34 i 3
3 (OFF) 1 8-10 4 2
3 (OFF) 1 10-12 1 2
3 (OF:) 1 -16 3 2
3 (OFF) 1 iv-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 (O7F) 3 38-40 3 3
1 (OFF) 1 10-12 2 2
1 (OFF) 1 12-14 1 2
1 (OFF) 1 14-16 g 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

* OFF - Fuel rods Off-Bottom
ON - Fuel rods On Bottom

1035 C§



TABLE 3-1 (Continued)

SUMMARY OF WESTINGHOUSE ROD BOW PERFORMANCE DATA BASE

Plant/
Fuel Rod Assembly
Diameter Avg. BU Number Data
(Inches) Region * Cycle 5103ﬂ!p/HTU) 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 1 (OoN) 1A 10-12 16 2
(0.422) 1 (ON) 1A 12-14 25 2
1 (ON) 1B 18-20 7 2
1 (ON) IB 20-22 20 2
2 (OFF) 1A 10-12 20 2
2 (OFF) 1a 12-14 20 2
2 (OFF) IB 20-22 33 2
2 (OFF) 1B 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) 1B 12-14 6 2
3 (ON) 1B 14-16 2 2
3 (ON) 1B 16-18 18 2
3 (ON) 1B i8-20 4 2
3 (ON) 1B 20-22 6 Z
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 (0rF) 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- 8 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 S 2
1 (OFF) 2 18-20 4 2
2 (CFF) | 14-16 32 2
* OFF - Fuel rods Off-Bottom
ON - Fuel rods On Bottom
3-6
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TA..LE 3-]1 (Continued

SUMMARY OF WESTINGHOUSE ROD BOW PERFORMANCE DATA BASE

"

Assembly
Diameter Avg, BU Number Data
* I 1 - ; . .
\1““hﬂjl Region * v (10°MWD/MTL of Assemblies Quality

F (cont)
(0.422)

2 (OFF)
2 (OFF)
2 (OFF)
2 (OFF)
3 (OFF)
3 (OFF)
3 (OFF
(OFF

(OFF)
(OFF )
(OFF)
(OFF
(OFF

OFF




TABLE 3-1 (Continued)

SUMMARY OF WESTINGHOUSE ROD BOW PERFORMANCE DATA BASE

Plant/
Fuel Rod Assembly
Diameter Avg, BU Number Data
(Inches) Region * Cycle (lOéEdD/HTU) of Assemblies Quality
I (cont) 3 (oN) 1 10-i2 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 1 (ON) 1 16-18 S 1
(0.422) 1 (ON) I 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 -v22 8 1
3 (oN) 2 22-24 8 1
3 (ON) 2 2426 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) i 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 | 2
6 (OFF) - 16-18 1 2
7 (OFF) A 4-6 5 2
7 (OFF) “ 6-8 1 2
7 (OFF) 4 8-10 v 2
J/K+ 1 (ON) o 24-26 o 2
(0.422) 2 (ON) “ 28-30 2 2

+ Contains combination of J and K 1irradiated fuel in Cycle 4 of plant J.
* OFF - Fuel rods Off-Bottom
ON =~ Fuel rods On Bottom
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Plant/
Fuel Rod
Diameter

(Inches)

K
(0.422)

L
(0.374)

H
(0.374)

I
(0.374)

M
(0.422)

TABLE 3~]1 (Continued)

SUMMARY OF WESTINGHGUSE ROD BOW PERFORMANCE DATA BASE

Assembly
Avg. BU Number Data
Region *  Cycle  (103Mwp/MTU) of Assemblies Quality
1 (ON) 1 16-18 4 1
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 2426 2 1
4 (OFF) 3 26-28 2 1
5 (OFF) 3 6-8 2 1
5 (QFF) 3 8-10 4 1
5 (OFF) 3 12-14 2 1
1 (OFF) 1 14-16 1 3
1 (OFF) 1 16~-18 1 3
I (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
4 (ON) 2 6-8 2 2
4 (ON) 3 l14-16 2 2
4 (ON) 2 8-10 2 2
4 (ON) 3 16-18 2 2
3 (ON) 3 22-24 3 2
3 (oN) 3 26-28 3 p.
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 - Fuel rods Off-Bottom
ON -~ Fuel rods On Bottom
3-9
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TABLE 3-1 (Continued)

SUMMARY OF WESTINGHOUSE ROD BOW PERFORMANCE DATA BASE

Plant/

Fuel Rod Assembly

Diameter Avg, BU Number Data

(Inches) Region * Cycle _(103M/mn) of Assemblies Quality

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=-18 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
2 (OFF) 1 16-18 1 4

C z (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 i2-24 2 4

1 4 (ON) 3 16-18 2 4

(0.37%)

N

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

* OFF - Fuel rods Off-Bottom
ON - Fuel rods On Bottom
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SECTION 4

EMP IRICAL BOW CORRELATION

4.1 DATA ANALYSIS

4.1.1 REDUCTION OF ROD BOW DATA

Since rod bow data were rotained using a number of techniques described in
Section 3, it was ntecessary to process the raw data in order to obtain
estimates for the bow distribution parameters. Kod bow behavior exhibited
by l4x14 and 15x15 fuel assemblies was similar. As these assemblies
differ 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 fuel 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 closure greater or equal to this value was
noted. For 2ach assembly the relative frequency of this significant
closure was determined span-by-span by totalling the number of such
closures for 4 span and dividing by the total number of observed gaps at
that span. Tiis value represented the best estimate value for the frac-
tion of the gap population having closures greater than or equal to the
threshold value. A frequency of 50 percent was assigned "a priori" for
zero closure (1.e., half the gaps were considered to be smaller than the
nominal value). Justification for this value is based on the manufactur-
ing procedure whereby the total assembly width 1s controlled to within a
very close tolerance of the value determined with all nominal rod gaps.
Furthermore, probe and high magnification TV data analyses indicate that
sample mean values do not differ significantly from the assigned value of

zero closure.

1035 q



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 from 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

(5)

value of f satisfying the following equation:

x ' ; _:
bo DT £ -0 = 1y 1)

where y represents the confidence level.
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If no signiricant 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 best estimate value. The resulting relation is:

£=1-(0.5)/m (4-2)
This equation is used to determine the frequency value assigned to the
chosen fractional closure, the standard deviation being calculated as

indicated above.

Belala2 High Magnification TV Tape (Visual Reduction-Quality 3 Daca)

All mid-span gaps which were less than the mominal value were measured
and their fractional closures determined based on the nominal gap
closure corrected for cladding creepdown. The standard deviation was

obtained from the expression

. 1/2
s = Zi [x:/(n-l)] (4-3)

where the x; are the closure values and n is the total number of
measured closures. This equation corresponds to the familiar expression

tor the standard deviation with the average closure value being set to

the "a priori" mean value of zero.

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

The fractional closure a: 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

i

1/2
s = [z (xi-;)z/(n-l)] (4~4)

where the xi are the closure values, x is the mean of the xi, and n

is the number of observed gaps.

1035 40
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4.1.1.4 Probe Data
e e .

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

rected to account for the defiection of the rods by the probe. The

insertion of the probe between two rods resulted in a laieral force being

exerted and, as a result, a lateral deflection of the rods. This neces-
sitated correcting the values indicated by the probe to account for the

increased deflection by comparing the actual mean gap for an assembly

with the mean value given by the probe readings. Using this difference

and the free probe width, a correction curve which varied linearly with
the mea ‘'ved gap was produced for each assembly.

The corrected spacings were then converteu to values of fractional

clorure based on the nominal closure corrected for cladding creepdown.

as many as four sets of data were reported for an assembly 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 DISTRIBUTION

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 Stanaards
In."itute's assessment on the assumption of normality(6)

been accepted by the NRC(7).

y which has

The procedure involves using the individual data points to ca'culate a
"statistic", and then to compare this quantity with tabulated values
which define an interval indicative of a statistically significant depar-
ture from normality. This test is representative ot other significant
tests in that a hypothesis concerning the distribution is made and tnen

eitner rejected or not rejected on the basis of the outcome of the test.

4=5
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A tabulation of the gap data and the results 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% signi{icance 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 n.rmality, u«nd consequently the F distribution(s) 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 {uel assembly midway between two grids. The dashed lines represent
limits, determined from the F distribution, beyond which significant
differences between the 0 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-]

NORMALITY CHECK ON GAP DISTRIBUTIONS
(Quality 4 Data)

Total
Number of Number of Distributions
Rod Number of Inner and Satisfying Normality
Diameter Assemblies Outer Gap at 5% Significance
Plant Inches Observed Distributions Level
I 0.422 5 42 39
C 0.422 5 68 62
0.374 2 26 25
L 0.374 _ﬂ 124 113
TOTALS 23 260 239
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Based on these results, the analysis in the remainder of this report
will consider data for any of the gaps at a mid-span localion 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.l 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 effects, another significant variable was identified.
Earlier 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
nozzle. This condition is representative of current production an: ‘s
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
figures, it is clear that the older design "on bottom" assemblies have

inferior bow performance when compared to the current design. The "on
bottom" design results in increased grid forces from 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, lessen toward the top of the assembly. With rods "off bottom",
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 the reduction of these forces.
The change-over from the "on bottom" to the "off bottom" rod design

occurred over a short time interval. The improvement in bow performance

may be the result of concurrent improved fabrication procedures or

4-10 1035 7%



bo

LL-p

Spes Channel Closure Standard Deviation (Percent)

+ (b,c)

—_ T T Y 1
S | { {
‘.C e
L S
15 =
1 | | | | | 1 |
0 . 1€ 15 20 25 3N 35
Assembly Average Burnup (10° MWD/MTU)
Figure 4-4 Comparison of Channel Closures for
Rods-On-Bottom and Rods-0ff-Bottom
(0.422 Inch Rods, Worst Span) LEGEND
sl i Rods-On-Bottom

- Ay Rods-Nff-Bot tom



design changes. 1In anv case, the older "on bottom" assemblies are no
longer representative of the Westingiouse product and will not be

included in further discussions or analyses of channel closures.

Regression analysis of the "off bottom" data was performed utilizing
various equation forms. For conservatism, only the worst span was util-
ized. Only the 17x1? standard assemblies (8 grids) were used for the
0.374 inch rod bow data. The best fit to the data was obtained using an

equation of the form:

Sbe = Al + le (4-5)
where:
Sbe = best estimate standard deviation of channel closure
for the worst span of each assembly
+ P
Al = [ ] for 0.422 inch fuel rods (l4xl4, 15xi5
assemblies) (a,c)
- [ ] * for 0.374 inch fuel rods (17x17 assemblies)
X = assembly average burnup (103 MWD/MTU)
+ "
B, = [ ] 7 for 0.422 inch fuel rods (a,¢)
[ )" for 0.37¢ inch fuel rods

The resultant equations are shown with the grouped data in Figures &4-5
and 4-6. These equations represent the best estimate of the standard
deviatica of channel closure in the worst span as a function of burnup

for current product Westinghouse fuel.

Ia order to show the relationship more clearly for tne 0.422" rod data,
the observations 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 the number
significant closures observed in the worst span of each of the twenty or
twenty-one assemblies in the group. The abscissa value is the average

of the burnup values for the assemblies in the group. = 6
4-12 R %
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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 confidence. Using this

method the equation obtained is:

Sw 'Az + 52x (4-6)

where:

S = upper 95 percent tolerance limit for the standard

deviation of channel closure for the worst span

A, o ] for 0.422 inch fuel rods (14x14, 15x15 (a,¢)
assemblies)
C J"for 0.37¢ inch fuel rods (17x17 assemblies) (a,c)
X = assembly average burnup (103 MWD/MTU)
B, = [' J * for 0.422 inch fuel rods (a,c)
C J’ for 0.374 inch fuel rods (a,c)

Equations <=5 and 4~6 are the closure correlations used in Chapters 5

and 6 to evaluate the effects ¢f 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

(9)

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 fretting. 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 thown 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 cond tions and presents a hot-to-cold correction
(equation B-2) to the rod bow correlation equations. Appendix B was
evaluated by the NRC(l) who replaced equation B-2 by the following
conservative equation:

o 1.2

= o4 ’-l
HOT CoLD (5-1)

This NRT approved equation is being used to adjust all calculated rod

bow channel closures to hot channel closures in operating reactors,

i1 1035
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5.1.3 ROD BOW SCALING

In the absence of rod bow data for a particular design, it is frequently
necessary to extrapolate or scale the bow behavior of a different geo-
metrical design. 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 u;det the
action of an arbitrary bending moment. This derived scaling factor is
Lzll, where L 1s the span length and 1 is the moment of inertia of the
clad. The validity of the L2 faccor 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 same bending moment 1s
appl =»d i1n both cases. An evaluation of the bow data for determination

of the span length dependence 1s presented in Appendix D.

5.2 THERMAL-HYDRAULIC EVALUATON

One of the design criteria for pressurized water reactor cores 1s the
prevention of departure from nucleate boiling (D*3) during Condition I
or II events*, This criterion is shown to be met for any particular
case by calculating 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 effects 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 cccuis. The rod bow

*Condition 1 (Normal Operation) and Condition II (Faults of Moderate

Frequency) are described in Chapter 15 of Reference 4.

3=2
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effects on DNBR is based on DNB tests with a heater rod bowed from 1ts
nominal position to approach or contact ad jacent rods. The critical
heat flux at the DNB condition with rod bow 1is compared to a correspond-
ing data point obtained previously without any bow. fhis pair of runs

is matched as closely as possible in irlet temperature, pressure and
flow.

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

Spon ™ M/P) o pow = (M/Plgoy (5-2)
M/P) o 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
(M/P) = I (3=3)

mirimum DNBR

NO BOW inlet temperature pressure, flow, and power level from

an unbowed test run.

BOwW

inlet temperature, pressure, flow, and power level from

a bowed test ruan.

The bow NNB effect has been found to be strongly related to the amount
of closure, with DNB tests of rods bowed to contact giving significantly
larger values of 500” than tests with some slight gap. The form of

Gbow as a function of fractional closure is given in Figure 5-1 with

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

shows this form conceptually; the values used in the analysis are dis-

cussed later in the report.
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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
that 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 nomiual
gap. This is based on the results of DNB testing at 50% closure des-
cribed in References 10 and 16, which show no adverse effect on CHF

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

The values used for 6bow at closure values of .85 and 1.0 are based

on the correlations for 85% closure partial bow and contact DNB test
penalties as described in References 1l and 16. These submittals to tue
NRC and the NRC acceptance letter(l7) are given in Appendix H. The
continuation of the value of the contact penalty for closure values
greater than 1.0 is indicated because the analytical treatment of rod
bow as a normal distribution requires defining a bow penalty function

for all values of bow (=® < closure <+w®),

Statistical comparisons of the mean and standard deviations of the B5%
closure and contact DNB test data sets, including the appropriate
6b°~ correction, with the corresponding unbowed DNB test set

statistics indicate that all of the sets are from the same population.

5.2.2 LIMIT DNBR DETERMINATION

Tne appropriate limit DNBR to assure a 95% probability that DNB will not
occur at a 95X confidence level is derived from the resuits of DNB

testing as follows:

LIMIT DNBR = : (5-4)

(M7P) - K965 S(M/P)

where:

(M7P) = average ratio of measured to predicted CHF for the

correlated data.

‘\.



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

correlated data.

-

y I 1/2
I e, - (umj.ﬂ

.
L - J

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

(12)

a tabulated factor, as a function of n {or degrees of

K =
95x95
freedom = n-1), for a one-sided tolerance limit for a normal

distribution. This factor is such that at least 95% of the
population of M/P values is greater than (M/P)- Kgsxggﬁ\H/P)

with 95% confiderre.

Values of these parameters and the corresponding limit DNBR's for some DNB

correlations in use ae:

Correlation (M7P) S(mM/p) n Kg5495 Limit DNBR
(13) )

WRB- 1 1.0043 .0873 1147 1.723 1.17

17x17 R-gria‘?®) 9813 .109 199 1.838 1.28

15%15 L-grid‘*®’  1.018 .1093 91 1.942 1.24

In order to determine the limit DNBR (including the effects of rod bow)
to assure 95% probability with 951 confidence that DNB will not oceur,
each of the parameters of Equation 5-4 must include the effect 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 (defined by

four fuel rods or three rods and a thimble) and the heat flux of tne
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hottest rod associated with that cell. Thus, the DNB effect of rod bow
on that DNBR calculation would be determined by the gap closure asso-
ciated with the hottest rod in the cell. The penalty to that rod should

be based on the lesser of the two gaps between it and its neighbors in
that cell.

Thus, the distribution of bow DNBR penalties can be generated by choos-
ing two random gaps from a normal distribution 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
this, a Monte Carlo type calculacion was used to generate a distribution

of DNB penalties based on 100,000 random selections of two gaps.

The normal distribution used for selection of gaps 1s a distribution
with a mean of zero closure and a conservative value for the standard
deviation of channel closure, as given by the tolerance limit values in
Figures 4-5 and 4-6. The values are multiplied by a factor of 1.2 for

cold-to~hot bow corrections as discussed in Section 5.1.2.

The penalty function magnitudes ire calculated based on a combination of
conditions which are attainable within the protection setpoints for
events protected against DNB and which maximize rod bow DNBR penalties

(max imum pressure, maximum hot rod average heat flux, minimum local! mas«

velocity).

The calculated average (§) and standard deviation (36) of the DNBR penalty
distribution can be combined with the DNB correlation (M/P) statistics

to obtain total effect parameters as follows:

(M/P)y = (M/P)(1-8)

2
50 = a-hH e + i)’

ay

(5=0)




A

(o, )
g fh . (5-7)
(1-8)‘[6(n/p)l" + (AR 5
n-l 06"1
These equations and the definitions of the terms used are explained in
Appendix E.
Thus the limit DNBR including the effect of rod bow on DNE is:
LIMIT DNBR = : e
B ~
(H7P)g = Kggpas O
where KB is based on
95%95 . g
Using a relationship corresponding to Equation (5-2) and making use of
Equation (5-3), the DNBR penalty for the effect of rod bow is:
. LIMIT DNBR (Equation 5-4)
oDNBR : B (Eﬁuatxon 5-8) (=9

s 1035 109



SECTION 6

PLANT APPLICATIONS

6.1 ROD BOW DESIGN CORRELATIONS

The correlations of vod bow as a furction of assembly burnup are given
in Table 6-1 for the fuel assembly types listed. These correlations
represent 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 alsc 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

SH Correlation (%) Used to Derive Correlation

Fuel Assembly Type (Hot) (n6)

422 rod, 7 grids Bl i (a,b,c)
«374 rod, B grids _J

where: BU = Fuel Assembly Average Burnup (103 MWD/MTU)

6.2 PCWER PEAKING EFFECTS OF ROD BOW

An extensive discussion of the effect of local moderation variations due
to rod bowing and their impact on peaking factors was previously
reviewed by the NRC(I) and 1s contained in Appendix F. The resultant
rod bow peaking factor uncertainty (Fg) as a function of the

standard deviation of rod displacement was approved by the NRC(I) and

is shown in Figure F-8. This figure, in conjunction with the rod bow

: B
corre lations of Table 6-1, determines the appropriate F_ as 3

Q
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function of gssembly burnup by using the values of Su in fractional
closure. Since the rod bow peaking factor uncertainty is independent of
the other uncertainties which are included in the evaluation of the
total power peaking factor uncertainty (FU). the uncertainties can

N
b. statistically combined as was approved by the nxc(‘). Combining

P; with a nuclear pcwer distribution uncertainty (F ) of 1.05
and an engineering hot channel factor (r‘) of 1.03, 'hc following

relation would apply:

q1/2
fm i [Con?+ on? e @n?

This function is sho.n on Figure 6-1 for the rod bow correlations given
in Table f-1. This 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 effects as des:ribed in

Section 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. Each figure shows two curves waich

consider the 85X closure DNB reduction as given in Reference lo and Appenaix H.

One curve is for the [ ]*
and the other for the [ ]’.
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 . 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
from measured plant operating parameters (such as F:H or flow),

which are more restrictive than those required by the satety analysis,

can be used to offset these reductions.

1035 114
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6.4 ROD BOWING CONSIDERATIONS AT HIGH BURNUPS

The amount of fuel rod bowing has been observed to increase with
burnup. The resultant rod bow correlations reflect this trend and con-
sequently the magnitudes of the rod bow DNBR effect, and the rod bow
power peaking factors 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 factors due to the decrease in fissionable
1sotopes and the buildup of fission product inventory. This physical
burndown effect is greater than the rod bowing effects which would be
calculated based on the amount of bow predicted at those burnups.

There fore, for the purpose of evaluating effects of rod bow, 33,000

MWD/MTU represents the maximum burnup of concern.

1035



SECTION 7

CONCLUSIONS

Sufficient rod bow data exist to make conservative predictions on the

extent and effect 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 ana
power peaking factor uncertainties represents an upper tolerance
limit on the standard deviation of channel closure. Using this
upper bound gap closure and the conservative cold-to~hot multiplier
of 1.2 for all burnups, the rod bow correlations for plant applica-

tions are defined in Table 6-1.

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 effect deter
mined from LUNB tests at 85% closure and contact.

The rod bow DNBR effect for use in plant safety analycis 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. 1If this effect is offset in a particular
application by the use of DNBR margins, no resultant FAH penalty

would be required.

Based on 17x17 (8 grid) and 17x17 (7 grid) fuel rod bowing data, an
L2 rod bow sealing faci'r is justified for a different grid span

length (L), as shown in Appendix D.

—
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5. The rod bow power peaking factor uncertainty (Fg) 18 accommo-

6.

dated within the total design peaking factor uncertainty (Fg)

by the approved statistical combination approach. Figure 6-1 shows
cm U :

the minimum F_ that must be accounted for as a function of

assembly average burnup.

The results of the analyses show a rod bow DNBR effect of less than
5% at 33,000 MWD/MTU assembly average burnup. This represents the
maximum burmup of concern, due to the physical peaking factor burn-
down effect of the fuel. Likewise, the maximum required total
peaking factor uncertainty (Fg), including the effects of rod

bow, is 1.069.

Conservative analysis for vibratory wear or fretting for rods bowed

to contact predicts 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:

Ve SFL (A-1
4260 H -1)
where
V. = wear volume ( cu in)
S = wear coefficient
F = normal force on contacting surfaces (b}
H = hardness (kg/'sq mm)
L = total sliding distance (in.)

The constant 4260 contains the shape factor and conversior. _onstants

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

A1 WEAR COEFFICIENT

As sho..n above, wear is directly related to the wear coefficient, S, which must be experi-
mental'y 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 1is 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

as shown in table A 1. The second phase was then performed with higher loads of 1 and 2
pounds in order to achieve measurable wear depths. For the 0.5 pound test and a wear depth
of 0.00" in, the limit of measurement capability and upper limit wear coefficient of

[ ]”b'” was determined from the Archard equation. A comparable value was

A 1035 17§
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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.

A2 WEAR DEPTH AND LENGTH

Next, the relationship among wear depth, length, ardi volume will be established. It s assiimed
that the worn section is a circular segment, as showr in figure A -2.

where

c = scar width
h = wear depth of scar

£ =  wear length

Segment area = 1/2 (r2 6 - (r-h) c]

t
sin— =
2

¥
;’ln

For small wear depths:

Simplitying,

Segment area = (1/2) ¢ h

A3 1035 ’i%
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£ c
R = ho
FOR SINE SHAPE
k. _ -4, 2
ho = 2-5 X '0 . _3-
WEAR VOLUME = 2 ~D h 21
X © 32 0

Figure A 2. Definition of Wear Depth
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But from trigonometric relationship:

c/2 = §h (d-h)

Segment area = h\[ h (d-h) (P2

The shape of the bowed rod is described as:

-t e — (A-3)
Yo L
where:
y = rod deflection at coordinate x
Yo © mid span deflection
X = axial position from mid span

L = span length
The wear depth varies along the length of the rod in the scar area as
y+h=h, (A-4)

where, hy = maximum wear depth at x = 0

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

e 4
2

"

volume
(segment area) dx

1
p_—

m)

‘ h) dx

1]
)
o“\
ul"
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Since n s small relative to D, simplification results:

L
2 -
volume = 2 h (4/hD) dx A 5)

o

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

obtained

3 3
volume =3§ JD hg ¢ (A 6)

When wear occurs on a bowed rod, the relationship between the depth and lergth of the
wear scar 1s 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 rou bowing full
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:

- m .
b, = K ¢ (A-7)
where
m= 20
K = 25x 109
A3 IMPACTING AND WEAR MODEL

Vioration data have been obtained from strain gage instrumented fuel rods rpcrated in a
hydraulic test loop at reference conditions of temperature and flow rate. Spectrum analysis
of resuits show that fuel rod vibration is random with a fundamental frequency of

A6



WHICH MORE LIMITING
(1) ONE ROD BOWING FULL CHANNEL
(2) TWO RODS BOWING HALF CitANNEL

—

CLEARANCE = 0.140 (I - €OS lL’f)

Zcmmce = 2 [0.070 (I - cOS “—L")J

BOW VELOCITY = 1/2 (AMPLITUDE/TIME)

CONCLUSICN: NO DIFFERENCE

Figure A 3. Rod Deflection Definition
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of | l"b'c’ Mz, a single peak RMS amplitude of | ]*(b-‘:) mil and single peak m3axi
mum amplitude of | l’(b'C) milc While the [ ]*(b,c) mil amplitude occurs infrequently,

it is conservative to calculate wear assuming a [ l’(b":) mil vibration amolitude at a fre
quency of | “*fb,c) Hz. The assumption of | ]*(b.c) mil amplitude provides higher energy
for wear and keeps the rods in the wear regime a longer time interval. Figure A4 shows the
va-ious regimes the vibiating rods experience. When the rod surtaces are mcre than | | *+ib.c)
mils apart, no contact can occur. At | ]*(b-‘:) mils separation the rods 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 cont: t, the normal force increases
greatly du2 to the high spring constant of the clad and motion a* the contact point ceases.
Analysic indicates that tne fuel rods then vibrate in a mode consistent with a half span
length and a frequency of | j*be) b,

Conservation of energy is applied to determine the buildup of normal force which is then
used in the Archard equation to determine the wear voiume. 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 amplii.de is required.

Equating excitation work and damping work, the following derivation for excitation force

s made:
Excitation work/cycle = damping woi«/cycle
Darnping work/cycle = 2n w? A2 { W/a (A8
where:
w = 27t=2rx [ 1*PC frequency, sec”
A = | 1 *b.c in., amplitude
¢ = | ] *D.C gamping factor
W .= 102 Ibf, weight/span
g = 386 1n/sec2, gravitational acceleration

A8
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Damping work/cycle = 5.4 x 105

Excitation work/cycle = force x travel
= F*A

Therefore, the force, F* = 0.018 Ib

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

Excitation work = wear work + damping work

F*A=4uNA+2r w2t wq A2

where
N = normal force, 1bf
u = coefficient of friction

Then solving for amplitude:

A= (F* - 4u N)I/(27 w2 ¢ wig (A9)

The graphical behavior of amplitude and normal force for u= ]*‘b ¢) is shown in
figure A5. As expected, when normal force is zero (no contact or wear) the amplitude is
the unimpeded value of [ ] *(P€) mii Ay the maximum value of normal force NO the
amplitude is zero and motion ceases.

As seen in figure A4, the normal force is proportional to the separation distance or the
so-called interference or:

N = KX

1035 130

A0



st

Amplitude, A {inches)

NORMAL FORCE,

Figur2 A-5.  Amplitude vs Normal Force

A-11

D
LN

(& y |



The separation distance can be described as:

X =Vt

whereg

vV = bow velocity

Then the norma! force varies with time as follows:

N = KVt
= - (A-10)
N(t) = Nt

fi = time rate of change for N
From equation A-9 or figure A5, it follows that amplitude varies linearly with normal
force or

Alt) = Ag - At A-11)

The wear rate is proportional to the product of normal force and amphitude.

Wear rate =a w =a N A

then

w= AN

It

- - 2
g™ s (A-12)

The behavior of amplitude, normal force, and wear rate are shown graphically n figure A6
It is seen that wear rate builds-up from zero goes through a maximum and then returns to
2ero.

The total wear can be determined by integration of the wear rate over the time interval that
wear occurs, To.

1035
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Figure A-6. Fretting Parameters vs Function of Time
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Total wear
0
. 2 = %
AN Ty ARNTy
- ( : =%
a 2 3 ) (A-13)
Ag To No
= a pem—c... o
6

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

In the NRC SER* it was accepted that channel closure varies with the square
root of burnup with a zero burmup offset. For individual rods, however, the
most likely value for initial bow in those rods which contact at end of life
is zero. 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'°) 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 1s 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.

——— e — e

* "Interim 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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TABLE A 1

CURRENT TEST PROGRAM FOR ZR/ZR
WEAR COEFFICIENT

Load Amp Measured
Test (Ib) (in.) Cycles Wear Depth (in.)
1 0.1 0.010 7.7 x 106 i T +be)
2 05 0.010 7.7 x 108
3 1.0 0.010 7.6 x 106
4 2.0 0010 7.6 x 108 1
' -
1
TABLE A-2
FRETTINT ANALYSIS
N;
Use ‘orce = -6— = 0.00'5 Ib
s = | }*(b.c)
H = | ] +(b,c)
Freq = [ 1%y,
Amp = | 1+(b,c) in.
Time = | ‘j‘(b'C) hr
Wear volume = 2.42x 108 i
Wear Dept = 0,044 mii '

1035 10
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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 shuffliing prior to measurements.

After 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 axal
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 effects 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 [ ] *P:€ 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
occurs Therefore, the axial force in the fuel rod remains zero. No change in bow occurs
because of no change in the axial force acting on existing bow.

B 1 '|

.
~
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TABLE B

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

L Aamne e

1035 13

B2

§

Array | Bottom 2 3 4 5 6 7
NN 3% R v
(14 x 18) | 74 87 | 89 |88 (83 |15 | —-
17 x 17 ()| 80 94 | 96 |95 | 91 16 | —-
17 x 17 (8) | a1 67 | 66 [ 65 |64 | 59 | 19
% | x
Axial Strain
Axial Strain = 25 x 10'7 x Pressure
= (25 x 107) (-2250)
= - 0.56 mils/inch

Mils of Bow Due to 2250 psi and 8% Eccentricity
1 K B LY N . .
Array Jr A 17 x 17 (7) 17 x 17 (8)
Span 7 f - - 0.9

€ 5 0.7 0.7 a 26

e | 3.7 ; 4. ? 29

4 39 , 43 ; 29

3 40 | 43 l‘ 3.0

2 3.9 ; 4.2 | 3.0
Bottom 33 36 | a1



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 100" F hotter than the
thimbles. [ fferential thermal expansion between clad and thimbies results in 12 pound:
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 thimbic

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 ‘Lading and bow a proportional amount. The loading increments due to
changes in power, however, can never exceed the cu.rent vaiue 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 s'ip 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 calcuiate the cold to hot bow increments in table B 3.

The rod bow corre,ations are corrected for temperature ancd 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 condi
obitained by multiplying the standard deviation at cold conditions, o
hot correction tactors, fciy 100, given in table B3

tions, ”HOT‘ IS
COLD: by the cold to
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TABLE B-2

CHANGE IN BOW, COLD TO HOT, DUE TO GRID FORCE

K FL?
E!
| K = 0.0475
No. Gnds Midd'e End
N 26.2 246
| 206 244
‘Lh -
| £ 13108
B =
! 15x15
L Array (]‘114) 17 x 17
,r I, Moment of Inertia 602 x 107 385 104
i Fo, BOL Maximum Span Load - Rods Off Bottom |
Span
|
Array Botiom 2 3 4 5 6 | 7
' 15x15(14x14)| 16 30 a3 43 30 16 T‘
t 7 x12(n | 12 22 32 32 22 12
i 17 x 17 (B) ! 12 22 32 42 32 22 12
k. L
zL t, Span Load Fraction vs. Time
| Yime ! BOL | EOC1 EOC 2 £OC 3
t=F 'FO i 1.0 i 035 010 003
b | A ——— ————————
B
— K¢ FO L E'
B4



TABLE B3

fcH. % CHANGE IN BOW, COLD TO HOT,
DUE TO GRID FORCE (RODS OFF BOTTOM)

15x15 (14x14)
~ Span BOL ' eoc1 | Eoc2 EOC 3
N ; 59 21 06 02 |
5 126 a4 13 . 04 |
4 181 6.3 1.8 06 |
| 3 181 ; 63 18 06
| 2 126 44 j 13 04
B 59 ' 2.1 | 06 1 0.2
Aritlialy LY, ] 1 il
!
17 x 17 (1) !
T 68 | 24 1 0.7 l, 02 |
14.3 . 5.0 ' 14 f 0.5
{ 208 73 21 ' 0.7
f 208 3 SR X | 07
‘ 143 1.4 ’ 05
| 68 24 0.7 2
% — : |
} 17 x 17 (8 .
1 T v i
! T 67 2.4 07 02
| 8.8 : 3.1 0.9 03 |
| 128 as 1.3 04 |
' 16 8 . 59 17 06 |
| 12.8 | a5 1.3 04 |
; 8.8 | 3.1 0o » 03 |
{ 67 | 4 | 07 02
o — e el A s
BS
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The bows due to the application of system pressure to an eccentric rod, given in table B 1, are
independent of bowing direction and magnitude. The bow aue to application of pressure,

hp, is @ fixed amount, for a given pressure and eccentricity, and the direction of bow s
random. Thus, the variance of bow due to pressure effects is equal to:

P. (B-1)

The variance 6f rod bow with cold to hot and pressure corrections is.

5,2

2 2
onoT = locoLp © (1 + few/100) 17 + _‘2’_ (B-2)
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APPENDIX C
ROD BOW SCALING FACTORS

Ir his appendix, bending deflection of a creep sensitive rod is derived
folliwing the methods of Rabotnov" .

Consider a rod with a cross section shown below:

Y

hl 1,

- Iyx.
*
X

The height of the section is 2h, and the section width is b, which is a
function of y. If a creep law of the form 0 = o(e) is postulated, rod
sections remain plane on deformation and €= 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:

M = J yedA (c-1)

where A is cross-sectional area of the rod.

Introducing a power creep law:

(c-2)

- Y. N. Rabotnov, '"Creep Problems in Structural Members", North-Holland
Publishing Co., Amsterdam, Holland, 1969.
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then
M= [y oo (D "da (c-3)

where 0In and cn are constants.

Solving C-3 for curvature:

K = L. (C-4)

Knowing the relationship 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 vy M l : {C~5)
& e R e T
J —_— 4
o m

The length effect can be determined by non-dimensionalizing this length

variable as follows:

z
= - {C=§
Let s L (C=6)

where L 1s the distance between grids, span length.

Then
dzi 2 M m
= L I (c-7)
2 A : -
ds f s (l m l+m d A
m €
o m

'y
Y



The rate of deflection is obtained by double integration and can be
symbolically shown as

s=] 8 m
§ » 2 / s [ N i i ds (c-8)
’ g IA o ( l); “;d A
o m& 7

Equation C-8 shows that creep deflection varies with the square of the
span length L. 1In order to obtain further simplifications, the nature

of the creep law must be explored.

It can be shown for Westinghouse clad material that n-l i.e. ¢ & o

The equation C-8 becomes

2 s=] s

y =L ] e []= X o (c-9)

. 1 2
J O (Eﬁ) y° d A

0

Making use of the following definitions:
o >

< = E (the creep modules)
tm

A
I v 24 A = I (the moment of inertia)
o

equation C-9 becomes

. L2 s=] s
g S [ ds [ Mds
El o o

1035 1445
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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 different fuel

designs, the resultant bow varies as Lzll.

1035 146



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
(Stands.u). Table D-1 compares span lengths for these two designs.
Channe' spacing probe measurements using a strain gage probe were taken
in Plar 1 demonstration assembly RD-! at EOC-3 and in several Plant L*
assemblies 't 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-
stration 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

t> determine the span length dependence on rod bow for these two span
lengths.

[f no rod bow were present, 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 (co

and Oi), the number of outer and inner channels (No and Ni) and

the standard deviation for the combined set of inner and outer channels
(%r). It can be seen from Table D-2 that the axial distribution of
standard deviation differs for plant I and L assemblies. This is

believed to be caused by the different burnup levels of the assemblies.

The three assemblies under study achieved different buraup levels so
that normalizatior to a common burnup is necessarv. The burnup levels
ware 16,300, 18,100 and 19,200 MWD/MTU for RD-1, A-64 and B-27, respec-
tively. A linear burnup correction relationship, based on the best fit

equation (4-5), is employed as follows:

* Plant designations I and L follow the nomenclature given in Table 3-1,
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TABLE D-

COMPARISON OF SPAN LENGTHS

1

Span Seven Grid+

L P

o w

-3

+ Plant I 17x17 Demonstration Assembly, RD-1.

* Plant L 17x]17 Assemblies, A-67 and B-2

Span Length in Inches

24.4
26.2
26.2
26.2
26.2
18.6

7.

Eight Grid*

24.4
20.6
20.6
20.6
20.6
20.6
20.6



£=d

TABLE D-2

CHANNEL SPACING STANDARD DEVIATION

A-64, F-1 B=22, F-| RD-1, F-1 RD-1, F-2
ag. o 1 . N ‘
Span 2 Tob " g T % o " 1 r N o Nl Y4 e ; _2 . Ni
2 L4
3
4
5

N:

Plant L Fuel Assembly, Face 1
Plant L Fuel Assembly, Face |

Plant 1 Demo Assembly, Faces 1, 2

Standard deviation for channel closurec

Numbher of channels measured

Subscripts:

o =

—_— 1 -
o

N T~

outer channel

inner channel

combined 1nner and outer channel
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where: © = standard deviation at burnup BU

S = standard deviation at burnup N

In order to proceed, the following functional relationship between

standard deviation and span length is ~ostulated:

o= AL (D=2)
where: O = best fit standard deviation

A = constant for best fit

L = gpan length

m = exponent on span length

For purposes of determining the exponent m, the above equation can be
linearized to the form:

log 0_* log A+ mlogl (D=3)
When a linear éegression analysis is performed on the natural logarithms
of the corrected standard deviations and corresponding span lengths, a

value of | 1% is obtained for m and [ ] * for log A with a

correlation coefficient of .8. Hence:

Q
"
-
—
+
~
=54
~—

' (D-4)

As a value very near 2 was obtained with a high correlation coefficient,
it is concluded that the channel spacing data supports a second power

span dependence.
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APPENDIX E
ROD BOW EFFECT ON DNB CORRELATION DISTRIBUTION

The DNB correlation parameters for unbowed and bowed configurations are
designated (M/P) and (H/P)B respectively. The rod bow penalty

function & relating these two parameters is defined by the relation

(H7P)B
G'I-W - (E-1)

Solving for (H/P)B gives

(M7P) = (M/P)(1-6) (E-2)

The mean and variance of the (H/P)B distribution are determined from
the mean and variance of the (M/P) and & distributions using relation-

ships given 1in Reference E-1. The resulting equations are:

(H—ﬁ;s = (M/P) (1-3) (E-3)

a3 = u-DYe (M/sz s (7252 (E-4)

Y]

where the sample mean and variance of the (M/P)B distribution_ar:

e ] —
(ﬁ??)a and 3;, of the (M/P) distribution are (M/P) and EéFM/P.F

Al

and of the & distribution are & and 06' respectively. The carat is

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

sampling data.

_ A
In order to determine an upper tolerance limit on OB' the effective

A
degrees of freedom associated with the value of aé given by the

following equation (Ref, E-1) is used.

£-1 1035
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(E=>)
(1- D%6mse) e 8.4

+
n-1 n;-

o

where n and n, are the number of measurements used in determining
the DNB correlation and channel closure distributions, respectively.

Equations (E-3), (E-4) and (E-5) are indica.ed as Equations (5-4), (5-5)
and (5-6), respectively, ir Section 5.2.4.

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

Controi," TID-26298, USAEC, 1973, p. 158,
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APPENDIX F

ROD BOW POWER PEAKING FACTOR UNCERTAINTY
B
(F)

F=1 Local Power Increase

Lozz' changes in the fuel rod pitch caused by fuel rod bowing create small local power changes
(bot- positive and negative) in the surroundirg fuel rods. A positive power increase results
frc~ improved local neutron moderation tor an increase in the local pitch, for example, for
th= =ad adjacent to a bowed rod with the bow away from it. Conversely, the power in the

rod adjacent to the bowed rod in the direction of the bow decreases due to the reduced loca!
moderation.

F-2 Calculational Method

Twe dimensional transport theory calculations for a 9 x 9 array of discrete fuel rods were us:a
10 cetermine the local power changes due to a single displaced fuel rod in a typical Westing
hous. 15X15+ fuel assembly lattice. The effects of nearby water filled thimble tubes on the

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

22 020 MWD/MTU with zero boron concentration in the coola t provide conservatively higher
pow.er changes 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.

Power 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. ,he more
conscrvative power changes shown in the figures were also used for 17 x 17 and 16 x 16
bowing power change calculations. Power changes due to & single displaced rod were deter-
mined for a one-eighth symmetric 37 rod array. The 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 assembly lattice.
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m3'¢ event power changes were calculated as a function of rod displacement of a sing'e rod,

B.t the emvnca! predictions for rod bow preseiad in table 6-1 are in terms of tHe pro=

gap closure Gap closures result from the simultzaneous bow of two rods Howeses, 1t m3y

|

-k

[T
“e

sho.~m that the standard deviation of bowing displacement is equal to the standard doviat o”

&
LSl

o' projected gap closure. The geometric relation between rod displacements, &, and pro sct

gap closure, C, i1s shown in figure F=4, The mean value of clearance 1s C, and the variance

of C is the expected value of (CCO)Z.

az s E [C-Co] 2. I:? cosoz + 6§ cosﬂg - 26,62coso1c0502:] (F-1)
or - n
ag = f 63 P(&q) 08 - fcos()fP (cosf¢)dfl4 (F-2)

on n
+ f 53 P(bzi dbg ~fcosO§P (cosoz)d'?z
- g [+)

- 2 [e., b cosly cost] o =

[1 u\* & .E
where: J) ISR IR Uul

P = probability density functions

Therefore, the variance of gap closure may be written as

2 obf obg -
o, " ‘2—'¢ T- 2C E, b5 cosfty cosvg (F-3)

The exnected value of the last term in the above equation is zero if the rods bow
independently, and since "b‘ B 062 = 0.

. I (F-8)
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Tre power change on the center rod due 1o its own bow was determired for several values
of rod displacement. The individual power changes were (conservatively) fit to the curve.

PRI T D <c (F-5°
M "é;"'- ‘c‘:’"o 1 o s

where.

S” = power change in the center rod due to its own bow in direction |

6” = bow in direction |

Co initial gap ciearance

This function applies to all bowing directions.

The power changes on the center rod due to the bows of the surrounding rods were calculated
to be linear functions of bowing displacement. The power changes can be represented by the
exprossion

S; = A. S i (F-6)
i. = . 0 —_——— -
i ) Co
where:
S” = power change on the center rod in the array due to the bow of rod i

in direction |
A” = attenuation factor of red i in direction ]

)

"

» reference power change

The computed attenuation factors, A,’. for the 37 rod array with eight possible bowing
directions, for S, = 2.83 percent and 8j; = Cg are shown in figure F=5 This set of attenuation
factors was used for bowing power change calculations for all assemblics

Individual power changes on a rod due to its own bow and the bow of the 36 surrounding
rods were determined with Aonte Carlo techniques. The computer code 1isoad for these calcu
lations was similar to the DRAW code used to compute densification power spikes. The
sequence of calculations is shown in the flow diagram given in figure F=6. Input to the caley
lation consists of the probability distribution of bowing displacement for a aiven value of

0g. the power change versus rod displacement function for the cente: rod, the reference power

F-7
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Factors

F-5 Array Geometry and Bow Attenuation
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STANDARD DEVIATION
0F
BOWING DISPLACEMENT

PROBABILITY DISTRIBUTION OF
BOWING DISPLACEMENT
(NORMAL DISTRIBUTION)

BY SINGLE ROD BOWING FOR EACH OF
EIGHT BOWING DIRECT|ONS

POWER CHANGE ON THE CENTER ROD CAUSED |

|

So AND COEFFICIENTS A
RELATED TO
SINGLE EVENT POWER CHANGE

GENERATION OF
RANDOM NUMBERS

1

CALCULATION OF
SINGLE EVENT POWER CHANGE

DETERMINATION OF
- BOWING DISPLACEMENT
AND DIRECTION |

SUPERPOSITION OF
POWLR CHANGES CAUSED
BY BOWING OF 37 RODS

4

(MONTE CARLO METHOD)

I

PROBABILITY DISTRIBUTIONS
0f
BOWING POWER CHANGE

/

DETERMINE POWER INCREASE
NOT EXCEEDED WITH
A 95 PROBABILITY

Figure F=€ Flow Chart for

Evaluating Bowing Power Chana:



change S, and the array of attenuation factors A”. Random numbers are used to determine
one of the eght bowing directions and a displacement for one rod in the array. The power
change on the center rod due to the bow of this rod is computed. The same procedure is applied
to all rods in the array, giving 37 individual power changes on the center rod. The total power
change on the center rod is determined by superposition of the 37 individual power changes
This represents a power change on the center rod for one set of random!y 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 calculations are the probability distributions of bowing power change for the
given values of vy Results of typical calculations are shown in figure F=7 where the probabil-
ity distributions for bowing power change are shown for several values of 0g/Cq. which is the
normalized standard deviation of rod displacement. The bowing power increase not exceeded
with a 95 percent probability, £B , can be determined as a function of 0g/Cq from this
family of probability distributions for bowing power change. The value of FB is plotted versus
a“)/C0 in figure F-8, -

F.3 Verification of Monte Cailo Method — The Monte Carlo method of solution was
verified by comparison with an exact solution. The 37 rod arrey was analyzed for the case
where there were tv.o bowing directions. The attenuation factors were ihe same for each
dircction of bow and the center rod in the array aid not bow. The attenuation fartors, A,
used for the example are shown in figure F-9,

The power changs on the center rod due to the bow of any rod i is given by
s‘ o SO Al-— -0 (6‘ < 4+ = (F°7)
The muan value of the change is zero and the variance of S, is given by .

2 052

2
Co

2 2
aSi s0 Al

(F-8)

The vanance of the power change due to the bow of N rods surrounding the center rod is:

N o 2
P a2 35
0s=XY S" A F-0
S =1 © 1 C°2 (F-9)
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Results were computed for 9o = 2.83 and the attentuation array shown in figure F-9

og = (2.83)2 (4+4 (0.66)2 + 4(0.156)2 + 8(0.2/8)2 + 4(0.137)2

9 (F-10)

[+
+ 4(0.075)2 + 8(0.085)2) ‘c_a_’
(¢}

from which:

(2] -
05'7.27—6- (F-11)
Co

The power spike not exceeded with a 95 percent probability is:

%
= 1.64 = 11.972 — ' (F-12)
Sgs = 1.645 og 9200

The above equation is plc:ted 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
conservative than the exact sclution.

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

The dis.-ibution of bowing displacements in a span was assumed to be normal,

The assumption of a normal distribution is
conservative for predicu..; the magnitu-de of at least 99.5 percant of the bows. It is also
conservative for predicting the trequency 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
change not exceeded with a 95 percent probability, FB, is plotted versus bow magnitude in
figure F=11 for several values of 0s/C,. It can be seen that the greatest contribuiion to FE
comes from the large number of bows with small bowing displacements, For example, when
o‘/Co = 0.5, over 60 percent of the value of FB is contributed by bows with displacements
of “'C, less than 0.5 s~d 96 percent of F(B) results from bows with 8/Co < 1. The use of a
normal distribution for this imiting exampie overestimates the frequency of the bows which
contribute 98 percent of the power increase ang may underestimate the frequency of the bows
which contribute oniy 4 percent of the power increase. Therefore, the use of a normal distribution
is conservative for performing power change calculations.
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F.5 Thimble Cell Rods

The bowing power changas for thimble cell rods were also computed. Single event chang:s are
shown in figures F-12 & F-13, The single event power changz on a rod near a thimble re d,
due to the bow of surrounding rods, is slightly greater than on a rod completely surroundzd
by fuel rods. However, the power change on a rod near a thimble rod duc to its own bow is
more negative than for a rod completely surrounded by fuel rods. Also, fur a thimble cell
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 v~ per boundary on the value of local power density or linear heat
generation rate (kw/ft). This is expressed in terms of Fy, 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 engineering 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, (FY) 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 pojulation, resulting in the total uncertainty factor being stated at a
probability level greater than 95 percent.

An appropriate basis for design for FQ 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.

.7 Treatment of Uncertainties

In the evaluation of FO the uncertainties in various parameters are considered. All probability
distribution parameters used in the Fy 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 factor, FYU include those due
to uncertainty in calculation of the power distribution, those due to distnibutions 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.
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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, peliet sintering temperature, pellet sintering time, and powder character-
istics, for example, can affect the peliet 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 given 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 provided[11 and show that
the great majority of the pellets are near the middle of the specification range.

F-9 Local Fuet Enrichment Variations

Fuel enrichment variations arise from variations from the nominal enrichment in the bottles

of UFg gas received from the fuel enrichment facility. Additiona! variation arises during the
manufacturing process as gas from different bottles, each containing ~4000 pounds, is intermixed
to allow for recycie of scrap, and continuity of operation. Variations in fuel enrichment

cause variations in heat generation rate. Although a random distribution of fuel enrichment
exists within a region, the random variation between adjacent peilets in a given fuel rod is
small. Typical as-built enrichment data on a regionwide basis have been previously pvovided[”.

Fuel density and enrichment variations are statistically combined into Fg an engineering hot
channel factor for kw/ft. The value of FE used in design is 1.03, and s stated at the d-emgn
probability level. Typical as-built values of FE for fuel regions are less than this design value.
The infrequently occurring causes of change in pellet density and enrichment, and m;» contin-
uous pellet manufacture and rod loading process allow a single value of FE 10 adequately
characterize the pellets within a given gridspan. The design value of FE 1 3, is sufficiently
large to conservatively account for pellet-to-pellet and gnd span to grvg span variation in fuel
enrichment and density.

1 Letter-Echeidinger to Steito NS.CE876. June 16. 197%
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Since the design peaking factor is a result of calculations for specified core conditions, calcu-
lational uncertainties must be considered and allowed for in a total uncertainty allowance. The
appropriate values of FY for this purpose are determined by examination of potential errors
in the calculation introduced by input data describing the reactor, and by basic neutron cross-
section data, by geometry approximations and by deficiencies in the neutron transport model
used. These have been quantified by éomparison 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 made{2'3]
Power distribution experiments are described in which differences between measured and pre-
dicted values of Fq 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 thin
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 allowance['ﬂ.

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 calculations of
fuel rod power distributions for the effects considered in FS or rod bow.

Conservatismi accrues from the design use of the power distribution calculated during an
extreme load follow transient. A more realistic treatment would consider operating time
veighted 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.

F.1 INDEPENDENCE OF FE U, AND ROD BOW

Q "N

The correct manner of calculating the effect of variations in fue! enrichment fuel density, rod

, F

bow effects, and nuclear calculational uncertainties can be determined by an examination of
the uncertainties’ independence.

2 Lengford. £ L Jr and Nath R J

Evaluation of Nucicar Hot Channe!l F .
¢ actor Un nties’ 'CA x
Apnit 1960 Nestinghouse Proprictary) certainties”, WCAP-7308-L,

3 Nodvik, R J “Evgluation of Mass Spect

ametnic and Radiochenmical Anglyws of Y
7 - ¢ ' ankee Core | Spen s
WCAP.GOLS. Nurch 1666, (Westinghouse Proprietary) Spent Fuel”,

4 McFarlane A F and Langlord F "
’ ! L. Jr, "Power Peaking Fact " o
(Westinghouse Proprietary) § Factars Supplement 1, “WCAP 7012 51 P.A, January 1975,
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In the preceeding discussion, the mechanism by which each of these deviations influence the
local power level have been described. At this point, it can be noted that enrichment variations
arise because of different causes than density vanations, such as changing the green pellet press
pressure which changes the fuel density but not its enrichment. Likewise, thi<2 deviaticns from
nominal have a local =ffect confined to the space of a small number of pellets and do not
affect the base calculation of Fq or local power density when expressed as the nominal value
of local power divided by the core average power. None of the effects allowed for in FE

or rod bow has any bearing on the routinely performed calculation of Fq with nominal or
average dimensions. Therefoie, Fg is independent of Fg and rod bow.

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
density and/or enrichment from region to region. A comparison of FE determined from as
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,
whereas bow occurs preferentially in the bottom spans of the core.

F.12 Evaluaticn of Fg

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

U to be caleulated by statistically combining the individual uncertainties on the

Fq cnables F
limiting rod. ‘Phc standard deviation of the resultant distribution of FY is determined by taking
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-

mality of the resul’ant distribution; however, the input uncertainties are close to normal.

The values for FE and FY 10 be used in this evaluation are straight-forward; the 1.645 ¢
(95 percent probaoility) values are 0.03 and 0.05, respectively.

Using the stated desicn values, Fg 1s evaluated as:
U B L7
CU R [(0'03)2 + 10.05)2 + (Fg -Uﬂ o

U

Using the current maximum FQ design value of 1.0815, a maximuni FQB of

0.057 is permitted without applying an additional rod bow penalty.

. 1035 174k



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 latt
pitch and more surrou

ce
nding moderating coolant, therefore, an increase in moderation, a higher
therma! to fast flux ratio, and a higher power than at the norma:

pitch. For the rod near the bowed rod and the bowed rod itself,

I shightly undermoderated

the converse occurs. Increased
fuel and cecreased moderator thermal absorption promote the power increase for a giv
displacement. Therefore high enrichment and high burnup fue:

en bow
rrounded by soluble boror
free coolant will give the largest power changes (both positive and negative). An average
enrichment of 3.2 w o at the average burnup of 16,000 MWD MTU with the average boron
concentration of abo.t 450 to 500 ppm provides an approprat
peak rog at any time

€ power spike to apply to the
n any cycle with the present fuel management schemes where the peak
power usually occurs = a once burned fue! assembly (~11 000 MWD MTU) near BOL

(~1000 ppm boron:. o fuel rod with burnup greater than 22,000 MWD MTU has been
found to lead the cors especially at low boron concentration. Fuel with 22,000 MWD MTU
burnup and moderator with 0 ppm boron was conservatively

used in this study. Although
this anaysis uses 3.0

w0 U235 fuel, the high burnup and low boron more than compensates
for the small differe~c: between 3.04 w o and 3.20 wo U-235 fuel. Since both power

pen
alties anc benefits ar= obtained due to fuel

rod bow and either is equally probable, the
expected power spik= nenalty on any rod is zero There 1s only a chanae in the expectsd

deviatior of each roc s power

6.1 METHOD

Two dimensional tra~soort theory calculations of a 9 by 9 array of fuel rods with reflecting

boundary conditions wzre used to determine the local power peaking due to a single bowed

fuel roc = typical West ~ghouse 15x15+ ang 17 x 17 fuel
symbolic anqular quaz-ature

assemblies. Two energy groups S4
and isotropic scattering (Pol were used in this study. Each ¢

‘od (homogenized fus _nd clad) was treated in xy geometry as a discrete square explicitly
surrouncec by the rmocerating coolant. Cross sections were generated using a modified version

+Also 14x14 fyuel assemblies
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of the LEOPARD code.!” Calculations were made for bows in the lateral directions with
bowing displacements of C, 2 and C,, where Co is the nominal distance between acjacent
rods (see figwe 512). Power change calculations for bows in the diagonal direction were
computed for a bowing displacement of Co‘/i—for the 15x15 assembly and for dis-
placements of C, Vf§72 and C, \f-2_for the 17 x 17 assembly. The perturbation in local
power due to a bowed rod was determined ¢s 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 larget 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 tableG-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 pcwer spikes given in table G-1are relatively insensitive
to changes in the cross sections due to spectrum effects of the pitch change in the ro
directly affected by the maximum rod bow, or to enrichments higher than the reference
3.04 wo U-235 enrichment.

A change of the enrichment from 3.04 w/o to 3.40 w/o U-235 increases the reference spike
(2.83%) to about 2.9 percent.

Accounting for the harder spectrum on the rods closer together and the softer spectrum for
the rods with more surrounding moderator as a result of a maximum bowing displacement
increases the reference spike to about 3.0 percent.

The use of a more nearly correct hinear anisotropic scattering (P.) cross section set rather than
9 )

the reference Po set, reduces the reference spike 19 about 2.0 percent.

Taken as a whole, these sers tvities show that the reference spike of 2.83 percent (So (see
section 5)) is conservative by about 0.5 percent power for LOPAR assemblizs at 3.4 w o
U235, 22,000 MWD 'MTU bturnup and with O ppm soluble beron in the coolant

1. Barry, R F. "LEOPARD A Stwctrum Deperdent Non-Spatial Depletion Code Yor the 1BM 72094
WCAP.3269 26, Scptember 196

Burty, B F ""Tne Revised LEOPARD Coae A Spectrum Dependent Non Spatia Depletion Program,”
WCAP 2789, March 1965, (West " buse Proprietary !
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TABLE G-1
CONFIGURATIONS AND POWER CHANGES

' Per.ent Power Change
:::::‘32.. A Peak Bowed | Touched
Case Position Displacement Direction Rod(s) Rod Rod(s)
15x15 Assemblies
1 None Co V2 Diagona! 283 467 IIT 368
2 None Co Lateral 267 1.90 3.93
3 None Cy/2 | Lateral 1.34 0.24 . 1.97
4 Diagonal Co ! Lateral 2.76 3.00 | 3.75
5 | Diagonal Co V2 ; Diagonal | 305 645 | 3¢
ot | L
AR AE AR SHHRICGRGE SN TR S i S
17 x 17 Assemblies
i -— R DR SEm—
| 6 ] None ,T Cy/2 I Lateral 1.27 T 021 | 15
E 7 f None : Co E Lateral 242 l 1.66 | -3.606
g 8 || None 1; Co V272 Diagonal 1.29 0.77 155
i 9 | None ; Co V2 J Diagonal 249 | 461 f 351
E e TSI (SEN R SR S o S—— v
M 1035



EFFECT ON CHF OF A PARTIALLY BOWED
HEATED ROD IN A COLD WALL THIMBLE
CELL GEOMETRY

Correspondence with NRC:
l. NRC Acceptance Letter on Partial Rod Bow, April 5, 1979
2. Westinghouse Letter NS-TMA-2053, March 16, 197

3. Westinghouse Letter NS-CE-1580, October 24, 1977
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& % | NUCLEAR REGULATORY COMMISSION

o 'K.‘.’:_‘ 1S WASHINGION, D. C. 20555
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g APR 5 1978 i
(0N}

Mr. Thomas M. Anderson, Manager | !
Nuclear Safety Denartment (n st A
Westirqhouse Electric Corporation iC} nl I ]ﬁ
P. 0. Box 355 o UL UL LN

Pittsburgh, Pennsylvania 15230

Dear Mr. Anderson:
SUBJECT: STAFF REVIEW OF WCAP-B69)

Our review of certain aspects of WCAP-869) (Proprietary) "Fuel Rod
Bowing" has beoen completed. Your letter HS-THA-1924 dated September 1,
1978, adviscd us of your plan to submit a revised topical report on fue)
rod bowing to include new information requested in our June 19, 1978
letter, Subsequencly you have submitted supplemental information
regarding the effect on critical heat flux of a partially bow:d heated
rod in a cold wall thimble cell geometry.

We have reviewed the supplemental information regarding the effect on
critical heat flux of a partially bowed rod. We have concluded that

the supplenental information provides an acceptable basis for calculating
critical heat flux on bouad rods. OQur evaluation is enclosed.

Please incorporate the supplemental information into the revision to
KCAP-8691.

Sincerely,
s vé”‘aﬂ’&

John F. Stolz, Chief
Light Water Reactors Branch No. )

Division of Project Management

Enclosure:
Evaluation of Westinghouse
Report

cc: Mr. D, Rawlins
Westinghtouse Clectric Corporation
P. 0. .hox 355
Pittsburgh, Pennsylvania 15230
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ENCLOSURE

Evaluation of Westinghouse Report
on "Effect on CHF of A Partially
Bowed Heated Rod In A Cold Wall Thimble
Cell Geometry"

Summary of Report

This report describes te§ts to determine the effects ¢f a bowed rod on
critical heat flux (CHF). The tests were done with a heated rod bowed
to 85 percent of the 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 oi 15 electrically heated rods and 1 unheated
rod wvhich simulated a control rod guide thimble. The bundle had a .
non-uniform radial power di;tribution 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 mixing
vane grids, 136 inches above the beginning of the test secticn 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 bowed geometry
for inlet conditions which match inlet conditions for the.tcsts in
reference 1 (The tests of reference 1 had no intentional bouw). The
measured-to-predicted critical heat flux ratio (M/P) was obtained for

each test and a new paranmeter, § wvas defined such that

PG’
~ Medobow - M)

o O 1035 80
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The parameter 6?8 is a measure of the effect of a partially bowed rod on
CHF. GPB was found to scatter about zero for tests at 1500 and 1800 PSIA
but was greater than zero for tests at 2100 and 2400 PSIA. The partial

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

The value of the bow effect at a closure of 1.0 is the contact penalty as
previously defined(a) at limiting conditions of heat flux and 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 investigatqrs(3) a

bow penalty of zero percent will be used for bow magnitude less than or equal
to 50%. Linecar interpolation will be used to calculate the bow penalty between
50% and 85% and between 85% and 100% gap closure. The resultant bow penalty

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

Surmary of Staff Evaluation

To obtain reliable CHF data on a partially bowed geometry is an extremely
difficult 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 ! 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 effe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>