BAW-1623

June 1980

CONTROL ROD GUIDE TUBE WEAR
MEASUREMENT PROGRAM

Prepared for

The B&W Mk-B User's Group
by

BABCOCK & WILCOX
Power Ceneration Group
Nuclear Power Ceneration Division
P. 0. Box 1260
Lynchburg, Virginia 24505

%0073\4’0 DOl Babcock & Wilcox




CONTENTS

1. SUMMARY

Rl R T i S N e e e e B e Tl B LR e 1-1

2. SYSTEM DESCRIPTION . . : v 2-1

dels CUIR TUDD DRBIRI & o o o « o 5 o o v 6 o 6.6 o & 5% 9.5 2~1

" e [ CORtYOoL Rod Assambly DeSiEl « « s s o ¢ o ¢ 5 o o » o 5 o ® 2=1
2.3. Guide Tube/Control Rod Interface . . « « o o o « o« o « o & 2-2
2.4, Guide Tube and Upper Plenum FIowS . . v v v & « s « s « o = 2-2

Ve HEABUNENENEE. o & & o & o % 6.0 % 5 6 6 eil nt e e e ..o e s 3-1
dodo- OBleOElon OFf AsEREBLIRE . . v o i b d d s e e e b 3~-1
}.1.1. Fuel Assembly Core Location and Exposure Time . . . -1

J.1.2, Types of Wear Mechanisms . . . « ¢ ¢ o « « o o o & 3~1

3.1.3. Operation Histories . . « « v« v o ¢ ¢ « o o =« o o o 3-2

3.2. Description of Measurement SYStem . + « + o« o « o o « o o » 3-2
3.2.1. Eddy Current Technique . . + + + + v o o = « o o o 3-2

BN Ry U IENE & %% o e e kR B R e e e e 1 3-3

EsBads  EFEDCONNEE.- ¢ 5 v v wis o b o & s n 55 b ¥ on a e 3-3

Suksis. ACEUEBEY 'y a sl wlle wslmrm e e . b 3-3

4. METURED &3 %% 5.0 % 05 % & o e e e w e a e e 4-1
W 'hrough-Wall Wear . . R BT R R e eI R e N T B +=1
4.2, FUSL ASBOnDlyY AVETERE MEBE . . + ¢ o 5 5.3 5.5 & % % o 5 4~1

; Bids: CLBEABRICAL ARGLYBER v s s 5 o 5 5 8 b & 6 o o 8 o 6 o % o 4-2
5. STRESS ANALYSIS . o e o & o ¢ = . o o @ & » 5~1

List of Tables

Table

J-1. Data on FAs Inspected . + . & & v « o « o .- 4 3-5

41, Oconee Control Rod Guide Tube Wear Test, Percent
Wear Indication . . . . . . .

2. Rancho Seco Control Rod Guide Tube Wear Test, Percent
Wear Indication . . . . . . . . 4-5

. . . . . . . . . . . . . . . .

- 111 - Babcock & Wilcox




List of Figures

Guide Tube, Schematic Diagram . . . . . « . . . .
Control Rod Assembly . o« o« o o ¢ ¢ ¢ o s o o &

Core Location of Fuel Assemblies Examined at Oronee
l]and Oconee 3 . . « « « « « o« e e

Core Location of FAs Examined at SMUD « %
Oconee Wear Amplitude . . . &+ ¢« ¢ ¢ ¢ « o « &
Rancho Seco Wear Amplitude . . . « « « « « « « &

- iy -

Page

. . 2-3
‘e 2-4

. . 3-7
. 3-8

. 4-6

o o 4-6

Babcock & Wilcox



1. SUMMARY

During November 1979 the utilities operating B&W-designed plants received let-
ters from the NRC expressing a need to examine control rod guide tubes. This
request was based on observations of guide tube wear at other vendors' plants.
As a result, the Mark B User's Group formulated a program, with B&W assistance,
to measure guide tube wear and to verify the integrity of the guide tubes. The
results of this program show that guide tube wear is well within allowable
limits.

A

All 177-fuel assembly B&W plants employ the same design for hoth fuel assemblies
aind reactor internals; however, there are variations in primary coolant flow
rates from plant to plant. This variation in flow rate causes a corresponding

variation in velocity in the vicinity of the control rods and guide tubes.
) 8

[0 encompass this velocity variation in the measurement program, three plants

were selected to be representative of the range in velocity. Oconee 1 (Duke

Power Co.) represents the "low" flow plant, Oconee 3 represents an "intermedi-

ate" flow plant, and Rancho Seco (SMUD) represents the "high" flow plant. Con-

1

sion irawn from measurements at these plants are judged to be valid for

all of the B&W 177-fuel assembly (177-FA) plants.

Guide tube wear measurements were taken on Oconee Units 1 and 3 in December
1979 and on Rancho Seco in February 1980. 1In all 56 guide tubes in 10 fuel
assemblies were inspected at Oconee, and 139 guide tubes in ¢ fuel assemblies

were inspected at Rancho Seco.

In general, all wear greater than 5% was located approximately 9 inches down
from the top of the control rod guide tube, which corresponds to the safety
rod park position and in some cases the regulating rod park position. All
measurements at both Oconee and Rancho Seco are referenced to one-sided wear

and would be lower if uniform wear around the tube were assumed.
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Through-wall wear averages 1.9% and 5.7% were measured at Oconee (average of

56 tubes) and Rancho Seco (average of 139 tubes), respectively. The results
from the Rancho Seco examination show that the largest measured individual wear
indication was 57% through-wall wear. The results from the Oconee examination
show less wear, with the largest measured indication being 27%. Several con-

clusions can be drawn from the results of this program:

1. The magnitude of the measured wear is low and well within the design cri-

teria.

2. A statistical analysis shows that the probability of through-wall wear is
valikely (probability less than 107°) for 150 weeks of power operation.

3. Tne average wear for a fuel assemb'y (average of 16 tubes) is low, and the

structural integrity of a fuel assem‘ly is maintained.

4. The amount of wear appears to increase with primary coolant flow velocity.
The Rancho Seco plant experienced the largest wear indication and is repre-

sentative of a unit with a large flow rate.

5. Fuel assembly guide tubes containing axial power shaping rods (APSRs),
orifire rods (ORAs), and burnable poison rods (BPRAs) were also examined.
Only guide tubes showing withdrawn c ..:rol rods indicated wear greater
than 5%, and no significant wear was seen in guide tubes containing APSRs,

ORAs, and BPRAs control components.

6. No "core-position" dependence was found for observed wear.
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SYSTEM DESCRIPTION

g “UL§S“13§S,D““LED

B&W's 15 x 15 array fuel assembly design includes 16 Zircaloy guide tubes. In
addition to providing structural continuity for the fuel assembly, the guide
tubes provide continuous guidance to the control rods while they are inserted
in the fuel assembly. Welded to each end of a guide tube are flanged and
threaded sleeves, which secure the guide tubes to each end fitting by lock-
welded nuts (Figure 2-1). Typical guide tube and control rod dimensions are

shiwn below.
Guide tube Control rod

Cladding material Zircaloy-4 Type 304 SS
Tube OD, in. 0.530 0.440
Cladding ID, in. 0.498 0.398
Length, ft-in. 13-1.5625 --

Control Rod Assemb ly CCR_A) _Design

Each CRA has 16 control rods, a stainless steel spider, and a female coupling
(Figure 2-2). The 16 co trol rods are attached to the spider by a nut threaded
to the upper shank of each rod. After assembly, all nuts are lock-welded. The
control rod drive is coupled to the CRA by a bayonet connection. Full-length

guidance for each CRA is provided by guide tubes in the upper plenum assembly

and in the fuel assembly. The CRAs and guide tubes are designed with flexi-

bility and clearances to permit freedom of motion within the fuel assembly

guide tuoes throughout the stroke.

Each control rod contains a neutron absorber material. The material is an al-
loy of silver-indium-cadmium (Ag-In-Cd) and is clad in cold-worked type 304
stainless steel tubing. Stainless steel end pieces are welded to the tubing
to form a water- and pressure-tight container. The stainless steel tubing
provides the structural strength of the control rods and prevents corrosion of

the absorber material.
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2.3. Guide Tube/Control Rod Iaterface

As shown in Figure 2-1, the control rod tip always remains inside a fuel assem-
bly guide tube during normal reactor operation. The axial locations of the
control rod tip inside the guide tube vary and depend on the control rod's in-
tended function. When a control rod is used as a safety rod, it is positioned
in the "full-out" mode. In this case, the tip of the control rod is approxi-

mately 9 inches inside the guide tube.

2.4. Guide Tube and Upper Plenum Flows

The B&W upper reactor internals design in addition to the full-length guidance

for the CRAs, has two fe:z "'ires that minimize crossflow excitation and turbulence

on the CRAs. The first i¢ an upper plenum, which directs approximately 827% of
the flow in an axial direction while allowing only 18% of the flow to be taken
out directly into the outlet nozzles. This strong tendency towarde axial flow
will minimize any dependence of CRA vibration on outlet nozzle location. The

seccnd feature is the use of the full-length upper plenum tubes enclosing each
CRA in *he uppe’ reactor internals. These full-length tubes provide additiomal

protection .~ the CRAs against crossflow and turbulence.
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Figure 2-2. Controcl Rod Assembly
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3. MEASUREMENTS

3.1. Selection of Assemblies

}.1.1. Fuel Assembly Core Location
and Exposure Time

Fuel assemblies were selected from across the core and for various effective

full-power days (EFPD) of control rod operation in the safety position to de-

termine the effect of core-position, time, fluence exposure, etc. To obtain
the effect of flow rates on guide tube wear, fuel assemblies were examined at
Oconee 1, Oconee 3, and Rancho Seco, the nominal flows of which run from ap-

proximately 109 to 114% of design flow.

lable 3-1 lists the fuel assemblies selected from the three reactors. Figures
-1 and 3-2 show the core locations of the fuel assemblies inspected. Table

}~1 also gives the operating histories of the fuel assemblies examined.
3.1.2. Types of Wear Mechanisms

Several flow-related mechanisms may cause CRA vibration and guide tube wear;
two of these appear to be the most probable. The first is turbulent flow along
the rod or crossflow across the control rods in the upper internals, resulting
in wear at the lower tip of the rod when in the park position. The second hy-
pothesized mechanism is axial flow inside the guide tube and a turbulent vibra-
tion response. In both cases, an increase in primary coolant flow could result
in higher rod vibration and possible higher wear; however it is felt that tur-
bulent flow with some possible crossflow in the internals area is the most

probable cause of rod vibration.

The objective of this analysis is not to determine the cause of the wear at
this time but to determine the extent of wear experienced and evaluate its ef-

fects on the safe operation of the fuel assembly.
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3.1.3. Operation Histories

Seven of the nine fuel assemblies examined at Rancho Seco had operated for
one cycle (460 EFPD) with the contro components as either regulating rods or
safety rods. Both configurations ace located at the same elevation and for
this analysis are considered the same. One assembly, No. 1Bll, experienced
an additional 272 EFPD during the second cycle, but since the assembly showed
no wear, the results can be incorporated with those for the first seven as-

semblies.

One fuel assembly, No. 1B41, with BPRAs in the first cycle and an ORA in the
second cycle, was examined and showed no wear at any location along the full

lengtu of the guide tube.

The guide tubes measured at Oconee 1 all had undergone three cycies of opera-
tion with a combination of safety rod and regulating rod locations. Guide
tubes measured at Oconee 3 averaged two cycles of operation, also with a com-

bination of safety rod and regulating rod locations.

3.2. Description of Measurement System

3.2.1. Eddy Current Technique

An eddy-current probe was used to determine the tube wall thickness relative

to a reference tube. This technique uses a high-frequency (900 kHz) eddy-

current signal to develop a field that passes through the tube wall. The probe

measures changes in the conductivity of the field, which is proportional to

tube thickness.

In order to calibrate the eddy-current signals, standards were machined with
known defects and calibration charts were made. Four standards — 20, 40, 60,
and 76% through-wall thinning — were made and used throughout both the Oconee
and Rancho Seco tests. These standards depict a localized defect in approxi-

mately one fourth of the tube ID circumference.

These standards were used as the basis for all the measurements and reported
results., For comparison, some samples with uniform circumferential defects
were measured; the results show that a localized defect produces approximately
half the eddy-current signal of a uniform circumferential defect of the same
depth. All measurements in this report are referenced tc one-sided wear and

would be lower if uniform wear around the circumference were assumed.
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3.2.2. Equipment

The eddy-current probes used in these measurements used a circumferentially
wound differential coil. This is simply two coils in the same probe spaced
about 0.25 inch apart and measuring relative changes in tube wall thickness.
Sir «he exact geometry of the defects was not known, it was decided to use

two probes instead of one. .2 second probe was inserted in a reference tube.

he instrument measured the diameter of the tube being investigated by compar-

ing it to a reference tub

Eddy-current signals for both calibration and measurement were recorded on
tape as well as on a strip chart. Thus, the operator could monitor the re-
cordings and repeat the measurement on tubes that indicated large or unusual

defects.
3.2.3. Procedure

Fuel assemblies to be measured were identified before the program started and
were examined in the spent fuel pool. A guide tube for the eddy-current probe
was lowered to each fuel assembly and registered on the guide tube nut with

the aid of a television camera. The probe was then driven to the bottom of

the guide tube and the measurement taken while withdrawing the probe.

As the probe passed through the guide tube, it also detected the three holes
drilled in the bottom of the guide tube as well as the eight spacer grids.
lhe eddy-cnrrent signal can measure both increases and decreases in guide tube

mass and clearly shows the three drilled hoies as decreases and the spacer

grids as increases in materi

Calibration signals are recorded at the beginning and end of each tape and at
intervals to ensure that the eddy-current signals did not degrade. These cali-
brations were plotted for Oconee and Rancho Seco data, and average calibration
curves were used in the data reduction and analysis. Throughout both tests,

the calibrations did not vary sigrificantly, and little drift was observed.
3.2.4. Accuracy

The accuracy of the measurements is dependent on the type of defect being mea-
sured. Since a localized defect was assumed, these measurements will tend to
be conservative. Potential errors due to the recording system are minimized

since both calibration and data signals zre read from a strip chart.
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Data below 5% are not considered accurate as indications of defects. The
calibration curves appear linear through 40% and are plotved through 76%. Due
to the nonlinearity of the system, data in the high range (above 60%) are not

considered accurate.

Each guide tube was examined for the full length of the tube, including the
three flow holes located in the bottom. These holes serve as a check on the

calibration and verified the upper limit calibrations.

The eddy-current probes also detect the presence of the eight spacer grids and
allow for accurately locating any defect in the tubes. Good eddy-:urrent sig-
nals were produced throughout each of the seven spans. Once the eddy-current
probe enters the vicinity of the upper end fitting, the signals are no longer
valid. Finally, standards were made with varying amounts of zirconium hydride
and were eddy-current tested to determine the effects of hydride formation on
the calibration. The resmlts of these tests show *hat the hydride material
has lower resistance and gives the same indication as the absence of material.
Therefore, the presence of hydride mater’ ° would indicate more wear than ac-
tually exists and would give conservative results. The effects of hydride

formation on the results of this program are believed to be insignificant.
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Table 3-1. Data on FAs Inspected

(a) Total EFPD w/rod
Core Rod " bank in safety
Plant FA No.  Cycle location  bank ___location

Oconee 1 1 DOS 2 H-8 7
4 ] 793

“4

Oconee 3

Rancho

Seco
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Table 3-1. (Comnt'd)

Total EFPD w/rod

Core Roc bank in safety
Plant FA No. Cycle location bank EFPD ___location
1 A32 | K-3 2 460 460
1 A29 1 M-11 7 165
4 295 o
1 B4l 1 M-8 LBP 460 b
2 0-8 ORA 272
1 CO1 1 B-6 6 165
1 B~6 5 295 732
2 c-7 7 272

(a)

Rod banks 1-5 are safety rods; rod banks 6 and 7 are regulatory rods.
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Figure 3-2,

Core Location of FAs Examined at SMuD
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Iwo potential areas of concern were investigated. The first concern is that
any one guide tube could wear through at the control rod park poszition (ap-
proximately 9 inches from the top eof the control rod guide tube). ['he second
concern is that smaller amounts of wear in all 16 guide tubes in a fuel as-

sembly could cause high stresses in that fuel a-sembly.
4.1. Through-Wall Wear

results from the Rancho Seco examination (high flow rat ) indicates that
largest measured wear was 57% (through-wall ;ear). In general, the wear
was located approximately 9 inches down frow the top of the guide tube, which
corresponds : location of the lower tip of the control rods of the safety
banks in their park position. lhie location also corresponds to the control
rod park position for control banks in some reactors. Four Rancho Seco fuel
assemhlies indicated wear ranging from 6.9 to 14.9%Z for one and one half cvcles
f operation. The other five assemblies examined indicated no wear. Table
4-1 shows the wear indication for each tube measured.
lhe results from the Oconee examination (low flow rates) indicate less wear
than Rancho Seco, with a ma:imum measured indication of 27% (in Oconee 3). The
average wear for each Oconee fuel assembly was low, with a maximum of 6.7

lable 4-2 shows the wear indication for each tube measured.
Bl Fuel Assembly Average Wear
Uel ASSEMDLY AVerage wi

l'he second concern was that each guide tube would have some wear and that un-

acceptable stresses could occur. A stress analvsis was performed that showed

that through-wall wear for a single tube was acceptable. This analysis also

considered the case with some wear in each guide tube. Two types of wear were
considered — localized wear on only one side of the tube and uniform wear
around its circumference. T'he results of this analysis show an allowable of
100%Z wear for localized (one-sided) defects and 55% wear for uniform circum-

ference wear. Therefore, .f the average wear in any fuel assembly (average
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of 16 tubes) does not exceed 55% uniform wear, than the fuel assembly will

maintain a positive design margin.

The results of both the Oconee and SMUD measurements show small average wear

with the maximum average of 14.9% for one SMUD assembly with 1% cycles of op-
eration. The 14.9% was one-sided wear which is compared to an allowable wear
of 13)%. The distribution of wear indications is plotted in Figures 4-1 and

4-2,

4.3. Statistical Analysis

A statistical analysis was performed on both the Rancho Seco and Oconee data
to determine the probability of any one tube experiencing through-wall wear.
An analysis was also performed to determine the probability of the average of
16 tubes in one assembly reaching 55% wear. The data used in the Rancho Seco
analysis assume 460 EFPD of operation, which is approximately 477% of three cy-
cles of operation. The data measured at both Oconee 1 and 3 were for varying
lenghs of time and were extrapolated to three cycles of operation for this

analysis.

Data from both Oconee and Ranchc Seco were analyzed. The results from the

latter plant examination were used in this analysis since it constituted the

largest data sample and contained the highest wear indications. The Rancho Seco

data are also consistent in that all of the assemblies with wear indications
were from the first cycle of operation, while the Oconee data ranged from two

to three cycles over the first four cycles of operation.

The amount of wear indicated is assumed to be random for each tube and for
each assembly. The cause of the wear is also assumed to be random and a func-
tion of neither the FA location in the core nor the combination of FA and con-

trol components.

In an effort to show that the incore location is not related to higher wear,
two fuel asserblies that used the same control components and operated in core
location C7 for cycles 1 and 2 were examined. Fuel assembly 1A24 experienced
the largest wear indication, while assembly 1C0l experienced no wear, indicat-
ing that the wear is randomly distributed and independent of core locat.on.
This indicates that the amount of wear in any core location may change for
each cycle due to variations in control components (different alignment of

control rods) and possible changes in coolant flow patterns in the core.
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Wear indications from the Rancho Seco
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Table 4~1. Oconee Control Rod Guide Tube Wear Test,
Percent Wear Indication

Guide Oconee 1 FA No. ik Oconee 3 FA No.
tube No. 1DO5 1D20 1D54  1D43 3A09 3A55 OOK5 3A39 3A53  3A28
1 0 0 0 5 —  172® _ — 0
2 0 1 0 0 2 - 0 0
3 -- - -- -- -- 1 .- -
4 - 0 - - - - - -
5 0 -~ -~ 0 0 0 - 0 - 0
6 -- - -~ - - -- - -- 5 --
7 - - - -- -- -- -- 10 - --
i 0 0 0 0 0 -- 0 - -- -
I
& g -- - - -- -- - - -- - -
10 0 - - - 27 -- - - - 0
11 - 0 0 0 - i (@) g - -
12 10 - - - - -- - -~ -- -
13 -- -- -~ - - - -- - -~ -~
14 - - - - 6 - - - - -
15 0 0 - 3(a) — 3 0 2 4 0
16 - - L - 2 - -- -- --
4 (c) "
§. Average 1.6 0.2 0 0 6.7 1.5 2.8 3.3 2.5 0
=
=
e (d)Second span.
= (b)
=Y Third span.
-1 (c)

First span.




Table 4-2,
Guide -
tube No. 1A22

1 24

2 0

3 9

4 0

5 0

6 28

7 8

8 25

9 18

10 35

11 +1

12 4

13 )

14 28

15 8

16 11

Average 14.9%

Rancho

Seco Control Rod

Percent Wear Indication

1423

1A24

1A28

_}'_r‘\” \1 )

1A29

Guide

1A32 1B11
€ U
4 0
18 0
24 0
24 0
15 0
0 N/A
0 U
3 N/A
0 N/A
( 0
4 0
24 0
3G U
U O
U U
9.8% U

Tube Wear Test,

1B41  1€01
) 0

( 0
U U

) 0

0 0
0 0
0 O

) U

) 0

‘n ':‘\ )
) )
N/A U
0 0
0 0
0

0 0
0% 0%
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Figure 4-1. Oconee Wear Amplitude
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STRESS ANALYSIS

A stress analysis was performed to determine the amount of wear that would
still result in positive design margin. The loads considered included normal
operating, handling, and LOCA plus seismic ; Of these, the highest loads

are due to handling (tension) and LOCA plus seismic uckling) effe«

Uniform, one-sided, and two-sided wear was considered in the analysis. The
wear pattern was assumed to have the same radius of curvature as the control
rod for both the one-sided and the two-sided wear (diametrically opposed) .
Wear was assumed constant ov the length of the span where it was observed on
the withdrawn control rods. For the one-sided wear case the shift in neutral

axis was considered
'he allowable wear based on the assumptions above, conservatively considering

the nirradiated strength of unhydrided Zircaloy-4, is as follows:

Design Allowable#*
Load condition criterion wear,

Handl ing Stress

LOCA+seismic Buckling

Handling

LOCA-seismic

I'wo-sided dandling Stress
LOCA+seismic Buckling

*¥100% wear is defined ..s wear depth equal to the wall

thic ‘Knl"n.\l .

The controlling design condition is 55% wear. This value is used as a limiting

value in the statistical analysis to determine the probability of not having

a positive design margin.
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