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UNITED STATES.,

i -/s NUCLEAR RECULATORY COMMISSION
'

a.
'L ,I WASWNGTON, D. C. 20555

'h.,,../ '/* ~3.

MAR 2 81984
'

'

.

MEMORANDUM FOR: George Knighton, Chief
Licensing Branch #3
Division of Licensing

..

FROM: Robert J. Bosnak, Chief
Mechanical Engineering Branch

,

Division of Engineering
,

SUBJECT: PALO VERDE VIBRATION PROBLEMS - REQUEST FOR
ADDITIONAL INFORMATION

*
.

As a result of the March 20, 1984 meeting with the applicant, the
followin'g additional information is needed to complete our review:-

.

1. We were notified in the meeting that the thermal liners of the surge
lines will also be removed in addition to the liners in the safety
injection system as originally indicated in the licensee's,

submittal. Information regarding the nature and number of occur-
rences of pressure and thermal transients induced by various flow
modes during the expected life span of the surge line should be
provided and reviewed by the Reactor System Branch in order that
MEB's evaluation of fatigue effects can be completed. This is
necessary to ensure the nozzle structural integrity without the
thermal liner.

~

2. We also were advised during the course of the meeting that the four -

" snubbers" (nominally keyways) at the top of the CEA shroud are the
first-of-a-kind design being used initially in the CE system 80
reactor internals. Due to the lack of service experience, additional
information is needed to demonstrate that, with the reduced clearances
present in these " snubbers" over other des.igns now in service,these
devices can operate reliably for the service life of the internals.
Further, to eliminate confusion, we recommend the use of the term
" Keyways" in lieu of " snubbers".

'
.-

o ert J. Bosnak, Chief
Mechanical Engineering Branch
Division of Engineering

,

cc: See Page 2.
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pat.0 VERDE UNIT 1

SAFETY INJECTION N0ZZLE THERMAL LINER

.

1.0 Introduction
e

Palo Verde Unit I system is a 3800 ht class, pressurized water System 80

nuclear power plant. Figure 1 is a layout arrangement of the primary

components. The hot-leg piping is a 42 inches in diameter and the

cold-leg piping is 30 inches in diameter. The pumps in the coldleg

piping are designated 1A,18, 2A and 28 and, hereinafter, the cold-leg

pipe attached to a particular pump will carry the same designation.

There is one safety injection nozzle in each of the four cold-leg pipes.

The nozzle is a 14 inch, schedule 160, full penetration welded nozzle

mounted on an angle 30* from perpendicular to the axis of the pipe as

shown in Figure 2. The nozzles are located near the discharge of the-

main coolant pumps (Figure 1) anu serve as a conduit for the injection

of water into the system for plant cooldown, loss of secondary pressure

and loss of coolant accident conditions.
-

*

.

The pumps were operated for cold hydrostatic testing during July -

September,1982 (Figure 3), and for pre-core hot functional testing*

during May - July,1963 (Figure 4).

-
t

|
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' During the post core NFT inspection on July 19, 1983. the reactor coolantt

7

pipe (RCP) 1A and 18 discharge piping was entered to look at the

thernowells which failed during the NFT. It was noticed that the thermal
|

liner in the safety injection nozzle for the 18 pipe was protruding into
!*

the pipe about one-half isch. Also it was observed that the thermal

|* liner was missing from the safety injection nozzle in the 1A pipe. Also.
|

L there were gouges in the clad on safety injection noule 1A near the
|
! noule-to-pipe juncture where the positioning pads were located. The

missing liner was found in the reactor vessel below the inlet noulei

through which it had passed and wedged between the reactor vessel and the'

7

outside of the flow skirt. All other nozzles with thermal liners in the

RCS piping were exastined and the liners were found to be in place. As a

result of the findings an intensive effort was initiated to understand

I the failure mechanism and develop a course of action to prevent any

; further occurrence. The intent of this report is to discuss efforts in
!

! both of these areas pertaining to the safety injection nozzle liner

i problems.

|
L

The safety impitcations of the failure have been evaluated. The tran-

|
sients and the nuder of cycles originally specified and analyzed were

' reviewed and were found to be-applicable for this plant. An examination

of the usage factors for the area of the safety injection noule under*

the liner was perfonned and the results are listed below:+

i*
1-

| a. With the liner in place the Itmiting usage factor is 9.45 of the
! .

I allowable.
t

,

6
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b. With the liner missing and the support groove in the "as is'

condition" the Itaiting usage factor is 605 of the allowable in the
|

| raised portion of the explansien groove (see Figure 7 thermal sleeve

expiansion groove and Figure 5).
,

c. With the evplansion groove blended, the Ilmiting usage factor is 345'

of the allowable. .

Therefere. with the explansion lands blended, the lietting usage factor,

under the liner has increased to 34% of the allouable without the liner

as compared to 9.45 with the liner.

If the liner had become dislodged in service, the usage factor would have

increased to 605 of the alloweble, however, even at this value the nozzle

is acceptable for use for its full 40 year design life.

The safety injection noaale is located down stream of the pump (see

Figurs 1) and upstrees of the reactor vessel. The potential for core

flow blockage has been examined and it has been concluded that the dis-

Iodged Ifner would not lead to flow blockage. The I f ner would be

prevented from entering the core region by tie reactor flow skirt and

would remain trapped between the flow baffle and the reactor vessel.

shell as found in Palo Verde !.
e

It has been a Cadustion Engineering design practice to nstall a thermal

liner in nozzles which could expertence rapid temperature changes (ther-

mal shock) during the life of the plant. In some instances, this was

, .
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done without regard to the necessity for a liner, but as an additional

esurance of adequate " protection" for the nozzle. Therefore, the

. original calculations which justified the fatigue life of the safety

. injection nozzles included the nozzle liner. No calculations were made
,

at that time to determine if the liner was actually required for the

fatigue evaluation of the nozzles to be satisfactory.*

As will be discussed in more detail in this report, subsequent fatigue

evaluation of the safety injection nozzle without the liner indicates the
,

fatigue life is well in excess of the specified requirements.
>

j Other nuclear steam supply systems designed by Combustion Engineering

have a safety injection rozzle and liner design steiler to that described
,

i

above. There are significant differences in primary coolant pump design

and in fluid flow rates. Generally, the pump ispeller blade passing

frequencies and fluid flow rates for the other plants are less than for
'

the System 80 plants. The significance of this will be discussed in

another section of this report.

F.0 Summary

-

|* When the safety injection nozzle liner at the 1A coolant pipe was dis-

covered missing, an intensive effort was begun (1) to determine why this
.

.

occurred. (2) to determine the effect on the safety injection nozzle, and
|

| (3) to determine if a similar condition existed in other safety injection

nozzles. Initial inspection of the explantion groove in the nozzle clad

|
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suggested either improper groove design or improper fabr' cation. Later.

the liner was found in the reactor vessel against the flow skirt below
.,

I the 1A inlet nozzle. The recovered thermal liner IA was sent to C-E

Chattanooga Metallurgy Laboratory for further examination which revealed
,

5 an inside explansion groove area corresponding to what would be expected

- from a properly made joint. However, the outside explanded and centering*

; pad areas (see Figure 11) showed very definite signs of wear corre-

sponding to the plaster molds made of the nozzle inside surface (Figure
-

.

From this evidence it was concluded that the nczzle groove had teen7).
e

{
correctly machined the liner had been explanded properly inte place, and

that the liner had vibrated and worn the nozzle clad so as to become
' loose and eventually exit the nozzle.

~

-

To prevent loosening of the safety injection norrie 1 f ners at other

i
locations, the liners were removed. Any damage done to the nozzle

-

~

cladding was repaired and operational suitability vertfled by rw-
_

f destrwetive examination. The emplansion ridge in the clad was also
'

removed and the surface examined. No base metal was exposed.
~

-

F

f
Tne above solution to the problem has been verified by analysis. The

f neximum cumulative usage factor in the part of the costle that is

y protected by the liner when it is in place is calculated to be .094*

I The usage factor at this location without the liner is .34 The .34
e

i usa tor would allow three times the nunter ot' transients that are
5
_

listed in the RC piping specification. The specific soirle transients
_

h are IIsted in Figure 17. Another location namly the explansion groove,

E

5
.

.

---mmmei meimummmmme
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' ~ is calculated to have a cumulative usage facter of .60 in its "as is"

configuration in uhtch a stress concent.ation factor is used. If this

surface is sechined smooth se thst a stress concentration factor would

not be present, the usage factor at this location would be .16. Thus,
,

the largest usage factor in the area that was behind the liner will be

.34 uten the liner is not present.*

7

The usage factor in the safe end portion of the r.orzle, which is not

| protected by the thermal liner, is 0.6N. Therefore, the absence of the
L

| liner util not change the operating capahtlity of the nozzle.

!
1

3.0 Inspection and Examinations

|

( The initial examination of the clad surface in norzle IA revealed that

the explansion groove was non-existent for about 1/3 of the circumference

and greatly reduced for the remaining portion. Diameters on appropriate

surfaces were measured at several circumferential locations and compared

to drawing requirements as shown on Figure 5. This indicated that either

,
the groove had been machined incorrectly or that it had been worn

significantly. Pad height measurements taken at the same time (dimension

"D* cn Figure 5) did not completely agree with the diarwter ressurernents

| even though some reduction of giaove length was again indicated.*

.

(1) This was previously reported to the staff incorrectly as .M.

t

. _ - _ _ _ - _ _ _ - _ - - _ - _ _ - _ _
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I To further verify the explansfor groove dimensions in safety injection

neazle 1A, a set of molds were made in areas where a groove could be

I Examination of these molds showed a severe reduction in grooveseen.

depth more in agreement with the diameter .,easurements taken previously.
.

Molds were taken of impressions in the nozzle clad that were caused by-

'

one of the centering pads on the liner. It appeared from the inden-

| tations that the liner had vibrated at its original location while
,

I turning slowly. At some time, the liner slipped out of the nozzle about
'

1* and lodged there while vibrating and rotating slowly again (Figure 4).
f

f Finally, the liner slipped out of the nozzle completely and was eventu-

ally found in the reactor vessel under the 1A pipe inlet location.

An inspection of the three (.') remaining safety injection nozzles at the

site showed that the liners wre still in place, but the 2A liner was

protruding about 1/2* into the primary pipe (Figure 8). Eventually, this

liner as well as the others were removed exposing indentations in the
' nozzle clad very similar to those found under Ifner IA with definite, but

f reduced, evidence of rotation (Figures 9 and 10). All indentations were

acid-etched to check for emoosed base metal, but none was found. Repairs

were made by blending the worn areas and inachining out the explansion -

f groove area flush with surrounding surf aces. A liquid penetrant-

inspection was done on finished surfaces to identify any indications that
-e

might have been uncovered during the rework. No weld repair was

required,

b

..
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4.0 Problem Def1nftion

| One end of the cylinder is cut on a 30 degree angle to conform to

the nozzle-to-pire juncture. The liner is held in place in the nozzle

by asplansion into a specf ally prepared groove 1a the clad on the nozzle-

inside diameter. The groeve is apprenfestely 0.1 inch deep. Also,three
,,

equally spaced tabs on the Ifner near the nozzle-to-pfpe juncture tend
t-

to Itait lateral rovement of the Ifner. Figures 11 and 12 show the Ifner
,

(- detatis and the Itner installed in the nozzle.
*

I

The cantilever length significantly influences the natura1' frequency and

the " leverage" that forces can eifrt upon the If ner.

.

By reviewing the operating history and the design of the liner, a failure
''

mechanism can be developed to explain the post Core Hot functional

Testing findings. The following conditions were found:

.
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1. The liner f a the safety injection nozzle in the 1A pipe was

missing.

2. The Ifner in the safety injection nozzle in the 2A pipe protruded
.

into the main pipe between 1/2 inch anc 1 inch. (This was found to
I

i result from rotation of the liner.)*

-

,,

3. The Ifners in the safety injection nozzles in the 13 and 20 pipes

were apparently in the proper position.

By observing the operating history provided on Figure 4. a pattern is

evident which suggests a reason for the liner problem. The following

table contains data from Figure 4

Total E pump TimedMentame Liner
Liner hun T!w H_rs Flow Rate * Conditiont

1A 1136 528 Missing

2A 1041 137 Notated

29 906 81 Acceptable
~

18 646 77 Acceptable

-

), , The data suggests lose correlation between liner condition and total run

1 time and a fairly strong correlation between If ner condition and the time'

at a high flow rate.'*

(

The menisse flow rate in a cold leg (>1371) occurs when only one of*

two pumps in a steam generator loop is operating. See Figure 1 ror

RC5 toop configuration.

I

- - _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - . . . - _ _ . - _._- -. __ _ _
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' The failure mechanism is further substantiated by the indentations

observed in the nozzle clad at the liner tab locations. Figure 6 shows

photographs of the clad surface in nortle IA. Apparently, the liner

vibrated against the nozzle well and then dropped a short distance where
.

both vibration and rotation within the explansion groove occurred. As

the liner rotated, sure of the liner end protruded into the fluid flowing-

to the main pipe. Ever increasing flow induced forces impacted the liner

and was magnified by the cantilevered design. Eventually, the

, combination of vibration and flow load caused the liner to " lose its

grip" at the explansion groove and fall into the main pipe.

Figure 8 shows photographs of the liner in nozzle 2A which has

esperienced some rotation. This is evidenced by the fact that the liner

does not confore to the pipe surface, but protrudes into the pipe.,

There were other factors which may contribute significantly to the mode

of failure. The fundaeental pump rotational frequency is about 20 cycles

per second. Since the pumps have six blades, the blade passing frequency

would be about 120 cps. If the natural frecuency of the nozzle li.wr is

sufficiently close to either of these frequencies or other haronnics, e
'

resonant or near resonant condition could result which could cause liner'

'

fa ilure. A finite element analysis was made to determine the natural-

frequency of the liner.
'

l
,

I

.
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5.0 Desten Verificatten |t

|
.

i

Two analyses w re performed to demonstrate the acceptah111ty of operating
,

the primary pfping and safety injection systems without a thereal liner
i

and esplansion groove in the safety injectica nogale. $ lace the purpees

! of the liner is to protect the nor21e from Iasgo therum) gredients

(stresses), the analyses performed are (1) o thermal analysts to evaluate

the new therus) gradleet condttfoM in the nozzle and (2) a structural l:

stress analysis to f acorporate the results of the thermal analysts into

the primary plus secondary stress and f atigue stress evaluattent. These

two analyses are "Therunel Analysis of Safety injection %221e Without-

| |

; Thermal Liner" and " Fatigue Analysis of the Safety injection Nortle tilth-
!.

out a Theresi Liner". It was not' accessary to include e re-evaluation of
!

the nortle safe end in these analyses because the thermal ifner did not i

effer protection in that area of the norale.

1 .
'

s

w --w - c ,- n,, n- --e .._-e n--,-------.----,-----_,-,-w - . - - - - - - . - . . - _ _ - - - - - - - - - - - - - - - - - - - - , - - - -



. . ..

....

j ..

3-' -13- . i

:

lising analytical criteria of the A5M Seller & Pressere Vessel Code |

|
Sectien !!! Article 1183000 and the assumed transients in Flpre 17. the j

'

results are summertred below.

Ffpre 13 shows the different places in the nerale where stresses were
* calculated. Ffpm 14 shows the resulting range of stress and Fipre 15

III at each location. Itete !shows the corresponding fattpe usage factor

tha. :N highest fatigue usage facter is at location 0 in the clad and is

0.34. This is only about one third of the A$E Code. Section !!!

allomeble fattpe usage factor of 1.0 and is less than the 0.6 vsage

facter in the safe end. Therefore, removing the thersel Ifners util not -

adversely affect the operating capability of the safety injectica metales

or the primary coolant system.

,

i
'

|

:

|.
'

| (1) The usage factor is a cumulative seesurreent of fattgee daange to the

assale resulting fras spectf fed transients (ratio of anticipated awter

of cycles e allewable muster of cycles, with a llett of one).

,

, .- . - _ - - - _ - - _ - _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ . _
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1.0 INTRODUCTION
. .

:

1.1 DESCRIPTION OF THERM 0WELL DAMAGE AND DISCOVERY AT SITE
..

Pre-Core Hot Functional Testing (PCHFT) of C-E's first System 80
Nuclear Steam Supply System (Arizona Nuclear Power Project (ANPP) -

1' Palo Verde Nuclear Generating Station (PVNGS), Unit 1) was initiated .

in early May 1983. The first indication of Resistance Temperature . ,-p
Detector (RTD)'and related equipment problems developed at the site ,; k . . ..-

% ..

when the first of five RTD's failed in the electrically open posi- Jr M
. htion on May 31, 1983. The RTD/thermowell installation of the uG

. . ,f ggoriginal design is shown on Figure 1.1-1. Hot functional testing 1.

(HFT) was about three quarters complete on June 17 when a leak was 3+r$f
.

-

detected in the thermowell corresponding to the first RTD that ,g jf,,

failed electrically. Several days later, June 21, a leak developed 0'f
in the thermowell associated with the second RTD that failed. 10b[

. < . . -

Arizona Public Service Company and Combustion Engineering site fj.jg
i

^

personnel analyzed the pattern that had been established with the T.:-{i,

'
failure of the RTD's and thermowells and proceeded to plug the gj f {....
associated thermowell for each of the failed RTD's. "..a5

W ~~ J
. 1.e-

_'h -|

When the loop 2A reactor coolant (RC) pump was disassembled for its [# ,,,

planned inspection following hot functional testing (HFT) an attempt $4 f.
was made to visually inspect the cold leg thermowells in loop 2A 9h'; k
through the reactor coolant pump casing with the pump diffuser in fdj
place. No thermowell failure was detected. Further testing of ANPP {.h .
Unit-1 (PVNGS) was performed. Structural vibration data for the i.'.'.Y ./ . , c,.-

. 4themowells was obtained during this time by placing an accelero- {c . . ,

meter in one of the thermowells. Inspection of the thermowells from f. . fil ,,.
,.: ,-

the inside of the RC piping during the week of July 18, 1983 showed .

damage to several cold leg thermowells. Some cold leg thermowells V ,2,a
+

were broken flush with the inside of the RC pipe; one was bent but Q |, n; ,-

.u r. .

intact; and one was broken both at the intersection between the ; '.|j '

[k;).ylarge section at the top of the thermowell and at the lower end

'{. fyadjacent to the inside wall of the pipe. Another themowell was .

,' f,
,.

16 l i; .=
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broken at the top and had fallen into the flou stream of the RC pipe

-] cold leg. Other thermowells showed no visible damage. A total of 5 v.<-
=

. ..

of the cold leg thermowells were found to have failed. Initial Q.s ;=,4T .

b inspection of the hot leg thermowells did not show any visible 'h..,j.I
. w. . ..e
T T ..damage, except about half of them were slightly bent in the direc-ay ..

'i tion of the reactor vessel (against the ficw). i s.k | * -
y~. .

. . - -,.8

k
, .g. .

.
. . . ., o, . . . ..

I
.

'P' 's..
~

. . ' _ ;.; ;'| ,, .,

.a, ,_y ,

y, ' ,. .
g ,':

.( ;.,,.. . .

e
' ' . . .!3#f:. . , -'

, 'f: [ . _ . ' , . --

, ..

..'
i.e

*
.ht

'*'.h
'

.s
a+

^,.y9;,y',
n

,i$ .4
, * * > ' -e

. :.,

' , ' ,
,

+
, .

3 (.. 1f. >
'

..

.' ...%<&#.
' .N,'.N,"

e:- s
....s...~ ' ' *

.Is,f -

' , W ..
.

?.y.a.

'6g
?% y$ ..*

: .;

p bie! ~ .;
.

<.m ..w.
-

t . :'
'

,'-A '

.

.I
'

*

I
,f,_'.'.. ( ~;

. ' . "
:, t .' .v

iA. '.% : .

. . , i t ' .,'''g.,'-
''

Y 1 .- j

'I ," ~

.c .
,..|'. '_ *xf. .

'- .' ,,
..

- .

, b. . t ',- .
*

.,
. ..: .

/ :. '
w#.-

-
.

, ' , ', , , .e

,s |, V, 4 &. ,..
.

-

i .j , . 1.
.

4 .

( . . ,

p%.: /,2N5- s b .

--, t ;3 %yg"pc.
. . , ., - .. . 't

..- r

<e . < 9. . T .,-
..

,, ,.r

fg
, K .?,r

.

g -y,n y .V,. .
.,

..,9 Y $.k"/I'r'h -
.. ..-

. . . ' p 4.' r

f
h-|

.? '. '

1-2 c.; p g

.. .
. ., . . _ e , 0v. _. .g. . n. .. w m.w.. , , . ,, , n ; ., , .; , n, , .c .. m. ,7



- - - - . - . . --.- .. - .- -- - . -

'

|

i RTI2/TW INSTALLATION ORIGINAi. DESIGN

FIGURE 1.1 - 1

.

-.

.' .

'

RTD OSURE
,

L'

.

O \/ -
.

I
RTD CABLE
CONNECTION.

:I-
-

m NIPPLE

.

~ " *

THERNIOWELL.:

T-
. . .

p=
|I
|| 'NPIPE N0ZZLE.

: i
! l .. _

! |I 'RTD SENSI G ''

'

| ELEMENT.

I'// '

.

r- - - -$ l 3
-- 7

i j i+-- HOT LEG PIPE WALL{- % i

| $ \ |-

,

! i
--

[ j j -COLD LEG PIPE WALLLOCATION.

|| /OF FAILURES y), n ,, s
.001. DOS / Ii / J a ,

OuwEwt sS &-

\ . . . .

CLEARANCE 7 I / |
2.13

? 9 ; q 8
-

-

.

r /;' ,.
. ..

|
< b

| -
.

1I
.375"- ---

ii

y o -

1-3
,

_ _ _ . . . . . . .



.c . _ _ - .
--

.__ ___. _ _ _ _ . - _ . ._

_ _ _ _ . _ _ . .

-
.

1

1.2 DISCUSSION OF SAFETY IMPLICATIONS

Failure of one or a few thermowells would not jeopardize the safe

operation of the plant. Thermowell failure causes a leakage of
primary coolant through the thermowell and around the RTD. RCS
leakage can be controlled, via make-up from the charging pumps, even
though several thermowells were to fail simultaneously.

'

,

The broken pieces of thermowell probably entered the cold leg flow*

stream and most likely settled at the reactor vessel flow skirt or
in the bottom of the reactor vessel. Because of its small size and
weight, flow velocities necessary to propel a broken piece of
thermowell through flow holes at the core inlet are generally
available. It is theoretically possible for the System 80 thermo-
well, which has a .375 outside diameter, to flow through the Lower'
EndFitting(LEF)ofthefuelassembly.

.

#

If this were to happen, no measurable impact
on heat transfer (fuel cooling) is expected due to blockage of one
flow channel.

. .

'

The broken tip of the thermowell most likely would be captured by
the flow in an attitude where the longer dimensions of the fragments

'

~

would be transverse to the flow direction. In this orientation it*
.

could become lodged aga* inst the LEF and cause partial flow blockage [g
of up to five of the diameter flow holes. Under this condi-.

ition no impact on heat transfer of the fuel would occur. fq

K
e-

1- 4 .
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2.0 SUMMARY _

2.1 GENERAL DESCRIPTION AND RESULTS OF INSPECTION, TESTING, AND ANALYSIS
-

0F THE ORIGINAL DESIGN h
;

. .

Both visual and metallurgical examinations were performed on the ,

'-
thermowells. The visual examination included wear measurements.

*

'

Wear measurements show that the most significant wear was experi-
ienced in the cold legs, which can have higher than normal, four pump-

4
operation, flow. The high flow conditions were experienced in
various cold legs during Hot Functional Testing; when only one of 1

;the two reactor coolant pumps inducing flow in a particular steam
generator was operated, and the other pump was secured. The major-
ity of the thermowells that failed (3 out of 5) were located in the
particular cold leg that had the highest number of hours in this +
high flow mode of operation. The detailed results of wear and ,

*

damage are presented in the tables of Section 4.1.

The wear measurement and damage correlation also showed that ther-
'

mowells at a particular location in the reactor coolant pipe cold -

legs were the most susceptible to both wear and damage. On each
cold leg, three thermowells are installed approximately 30 inches
from the pump. They are oriented at 10, 12 and 2 0' clock when i

viewed from the pump in the direction of flow. The 10 0' clock
position thermowells' received the worst damage in 3 out of 4 loops.

'

This. position is the one almost in a direct line with the flow axis !

of the reactor coolant pump diffuser vanes. Flow measurements were ,-

taken during the CE-KSB pump performance testing to determine if
'

there are significant flow variations at this particular thermowell.

radial location. This data is in the process of being evaluated. I

|
~

A metallurgical examination was performed on the five failed RTD

thermowells. The results indicated that the chemical and mechanical
-

properties and the microstructure were within the normal limits. -

There were no indications of pre-existing flaws on the fracture !

surfaces. The frccture surfaces exhibited relatively large areas of
.

2-1 ;
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fatigue cracks. The cracks indicate high cycle (low stress) fatigue
'-

as the failure mechanism. Possible crack initiation points were

identified on the outside of the thermowell tubular sections at ;
approximately 90 degrees to the flow direction. Portions of the E
fracture surface were smeared due to relative motion of the two
surfaces. p

,

A visual examination of the wear surfaces on the downstream side of $
e

the thermowells classified the wear as adhesive wear. This wear is ;6' ',

h'typical of that produced by oscillatory motion of loaded contact
surfaces. '|-

Based on the metallurgical results it is concluded that the most [
likely excitation mechanism to cause this type of failure would be i.

vortex shedding. The higher than normal operating flow rates also h
-

appear to have aggravated the situation." __

'

2
2

To determine if vortex shedding mechanism is responsible for thermo-
well damage, tests.have been run at a flow loop test facility (TF-2) _=-

at CE-Windsor. The results of these test are being evaluated and 5
other failure mechanisms are being considered. Itdoesappeaythat

-

,

vortex shedding is the most significant cause of thermowell excita- g
]tion.
_5

-

Calculations have shown, that for normal operating flow rates, the j
vor, tex shedding frequencies for the cold legs would be approximately j

cps. When compared to a predicted natural frequency of cps 4s.

there appears to be adequate separation between the flow excitation j
frequency and the predicted natural frequency. For the higher flow 4.

conditions, that existed during some portion of the hot functional M,

y
5testing (HFT), the vortex shedding frequency can be analytically

shown to be as high as cps and thus could have stimulated the _

thermowell at its natural frequency. j
_

$
'S

-
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2.2 GENERAL DESCRIPTION OF THERM 0WELL AND N0ZZLE REDESIGN

As a result of the damage and the postulated failure mechanism, C-E
undertook a program to redesign the themowell in order to increase
its strength and stiffness and raise the natural frequency. .

The redesigned themowell is shown on Figure 2.2-1. The assembly of'

,

the thermowell into the nozzle is shown on Figure 2.2-2. The

- ' outside surface of the thermowell has two tapered transition sec-
tions and a conical tip. The first tapered section forms a transi-
tion between the tip diameter (.375 inch - the original system 80

thermowell 0.D.) and a increased cross section (.5 inch OD) which
resists the maximum bending moment from flow induced loads. This
tapered section also serves to break down the formation of vortices.
The second. tapered section serves as a support to wedge the thernjo-
well into the mating tapered section of the nozzle ID. Above this
tapered section the thermowell has a 0.7 inch diameter. The in-
creased themowell shank diameter from .375 inch to .7 inch in
addition to the .125 inch fillet at the top increases the stiffness
of the thermowell and reduces the local stresses. The 1 1/2 inch
male thread on the themowell and mating female thread on the nozzle

provide a means of pre-loading the themowell into the nozzle. The
pre-load force ensures the thermowell is permanently supported by

_

the nozzle via the support taper on the thermowell and nozzle. A

.

fillet weld shown on the assembly sketch, Figure 2.2-2, between the
themowell and the top of the nozzle provides the pressure boundary.
Pressure loads on the themowell are taken up in the 11/2 inch-

threads and are not transmitted to the seal weld.
.

The redesigned themowell also reduces the inserted length in the
flow stream. The original thermowell had an inserted length of

-

21/2 inches, which was reduced to 21/8 inches for the revised
design.

r

23
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2.3 GEllERAL DESCRIPTION OF ANALYTICAL AND TEST RESULTS WHICH JUSTIFY THE

DESIGN MODIFICATIONS

The redesign of the thermowell, as described in the previous sec-
tion, is based on maintaining the original interfaces, design.
parameters and themal response times for the RTD instrument. In
addition to this, it was desired to provide as much margin as~

,

possible to flow induced excitation. Four major design objectives
were established:*

1) Increase the natural frequency of the themowell to keep it
from being close to potential vortex shedding frequencies.

2) Eliminate the clearance at the support area between thermowell
and the nozzle and thus eliminate any relative motion that '

could cause wear. .

3) Because the failure mode was high cycle fatigue, a significant
reduction in possible stress level was desired to eliminate the
possibility of high cycle fatigue.

4) Provide a flow profile that would minimize the capability of
large vortex induced loading.

A structural analysis was perfomed for pressure, themal, seismic
and mechanical loadings for both the original and the redesigned

,
thermowell. Both were found to be acceptable to the requirements of'

ASME Boiler and PressQre Yessel Code Section III for Clasg 1 compon-
ents. Flow tests were conducted in C-E's hot flow test facility-

(TF-2)andinthereactorcoolantpumptestloopinNewingtonto'
verify mechanical load input assumptions to the structural analysis.
All of this test data has not yet been analyzed. However, prelim-
inary results show that the redesigned themowell is not responding
to vortex shedding frequencies well above those experienced during
the Palo Verde start-up test.

,

4

26
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Therefore the thermowell natural frequency is well above
the maximum potential vortex shedding frequency. Due to the slight
taper on the thermowell tip, vortices will be shed in a range of
frequencies. This is due to the fact that the vortex frequency is

,

directly related to the local di,ameter of the flow path obstruction.
If the vortex shedding takes place at a range of frequencies, it

~

will reduce the total energy at each discreet frequency and thus
reduce the load that can be imposed along the thermowell span.

.

Because the original design was damaged by a high cycle fatigue
mechanism, a stress reduction as significant as'this would eliminate
any concern of high cycle fatigue that could be caused by vortex
shedding or any other high cycle phenomenon.

The redesigned thermowell was installed in the CE-KSB reactor-

coolant pump test loop at C-E Facility at Newington New Hampshire.
It was installed near the reactor coolant pump outlet, similar to..

its arrangement in the reactor coolant system at Palo Verde. The
thermowell was tested at various pump flow rates while the reactor
coolant pump modifications were being qualification tested. This
amounted to 180 hours of operation. Acceleration data was recorded
during this testing. This data will be used to demonstrate that the
design calculation assumptions were adequately conservative.

27
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Upon completion of the extensive testing program at both TF-2 and
Newington, the redesigned thermowells used in both tests were given
a complete visual inspection. No signs of wear or damage were

observed.
.
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3.0 INSPECTIONSANDEXAMINATIONS(OriginalDesign)

3.1 DESCRIPTION AND RESULTS OF SITE INSPECTIONS

Figure 3.1-1 is a schematic showing the location of the thermowells
intheReactorCoolantSystem(RCS). Table 3.1-1 summarizes the
results of the site inspection of the cold leg thermowells. Note'

,

that a total of 5 thermowells were broken, all in the cold' legs.
Also, one thermowell was bent approximately 45' with the flow in*

Cold Leg No. 2A and 8 thermowells were slightly bent. The thermo-
well that was not initially removed,122CB, did not appear to have
been damaged from observation inside the RCS piping. Two broken

pieces of thermowells were subsequently retrieved from the reactor
vessel and returned to C-E for examination.

-

,

Figure 3.1-2 shows the removed thermowells arranged to illustrate
their respective locations within the RCS. As can be seen, all
threethermowells(11200,111Yand112CA)inColdLeg1Afractured
at the lower end, at the reactor coolant piping surface. One
thermowell (11200) in Cold Leg IB was fractured at the upper end
near the head. One thennowell (122CA) in Cold leg 2A was fractured
at both ends. Asecondthermowell(125CC)inColdLeg2Awasbent
approximately 45' with the flow and had " chatter marks" on the
upstream side of the bent section. This indicates that impact by a
large piece of debris, most likely a piece of reactor coolant pump
impeller, had bent the thermowell. All remaining thermowells were
intact.-

.

Liquid penetrant examination of Thermowells No. 1120C, 111Y and-

112CA, performed at the site, showed no indications of cracks at the
upper end at the junction with the head.

All the hot leg thermowells were inspected at the site. Examination
results are also given in Table 3.1-1. All hot leg thermowells were
intact. Some were slightly bent (1/16" - 9/32") against the flow

(towardsthereactorvessel).

3-1
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Table 3.1-2 lists measured diameters adjacent to and at three axial

locations in the wear area of examined thermowells. The amount of
wall thinning was determined from the differerce in diameter between
a given location and an unaffected adjacent area.

.

As can be seen, severe wall thinning occurred on thermowells located
,

at the 10 o' clock position in the RC pipe as viewed from the reactor -

.

coolant pump (i.e., in excess of 80% wall reduction). Moderate

amounts (20%)occurredonthermowellslocatedatthe12o' clock
~

position. Only slight wear occurred at the 2 o' clock position. It
'

is important to note that the 10 o' clock position experiences the
most severe flow conditions because it is approximately on a tangent
line to the reactor coolant pump diffuser vanes which deflect the _

pump discharge directly at this thermowell. The geometry and pump 1
cross section is provided in Figure 3.1-3. It should also be noted
that the two thermowells with failures at the upper head junction
were the two 10 o' clock thermowells and had the greatest amount of

wear.

Examination of the wear surface indicates that the amount of wear
damage is greatest on the thermowell circumference on the downstream
and tapers off to no damage at 90' to the direction of flow. Also,
the wear pattern indicates relative motion between the thermowell
and the RTD nozzle in a direction transverse to the flow direction.
There is no indication of impact damage on the downstream side

indicating this damage was not caused by motion of the thermowell in
the direction of the flow stream (as opposed to wear resulting from'

motion in the transvers'e flow direction).
'

-

.

Table 3.1-3 gives the results of wear measurements on the hot leg
thermowells. The worst case thermowell, No.121HD, experienced a

wall reduction of .002" or 3.2% using an .0625" nominal wall thick-
ness.

3-2
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Site inspection showed that corresponding wear also occurred on the =

RTD nozzle. Some RTD nozzle inside diameters (ID)s were found to
appear to be elongated in the flow direction. This could be wall :;

thinning due to wear. Also, some of the nozzle edges were rounded
and some were square (could be manufacturing or installation relat-

ed).
.

At location 122CA (10 o' clock in 2A), a depression or gouge was
found in the nozzle end on the piping both upstream and downstream-

of the thennowell. The maximum dimensions of these gouges was 5/32"

long x .050" deep. Table 3.1-4 gives the results of wear measure-
"

ments taken on the ANPP 'Jnit-1 cold leg thermowell nozzles.
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, Figure 3.2 3
Close-up View of ), Wear Area on

|Thermowell No.ll5
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Figure 3.2-5
Wear Area on
Thermowell No.112CD
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I Figure 3.2-7
Close-up View of

' Wear Area on
'Thermowell No.122CD
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Figure 3.2-9 62406
Close-up of Wear and

/Fractured Surfaces of
Thermowell No.112CA.
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. Figure. 3.2-11 62405
Cicse-up of Wear and
Fractured Surfaces of
Th;rmowell No. li1Y.
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Figure 1 3.2-13
Close-up of/Ed C Failed End of
.Themowell No.122CA
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Figure 3.2-14 62411
Higher Magnification
of Failed End Shown
in Figure 3.2-13
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Figure- 3.2-15 62407 / , ,, j.' '' '' 'Close-up of Failure
at- Head Area of
Thermowell No.122CA
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Table 3.1.1
Sumary of Results of Site
Ins;,ection of Thermowells

Location ID Position (8) Condition Location of Failure

II) 112CA(5) 2 o' clock Broken Pipe*
1A-CI

111Y(5) 12 o' clock Broken Pipe
'

112CCY(6)*
10 o' clock Broken Pipe

II)
IB-CL 112CB -2 o' clock Intact N/A

115(5) 12 o' clock Intact N/A

112C0(5) 10 o' clock Broken Head

'

2A-CL 122CC 2 o' clock Intact N/A

125CC 12 o' clock Bent 45.(3) N/A
I4)122CA(5)(6) 10 o' clock Broken Head

.28-CL 122CD(5) 2 o' clock Intact N/A

121Y 12 o' clock Intact N/A

122CB 10.o' clock Intact N/A

1-HL(2) 112HA 8 o' clock Intact N/A

112HB 2 o' clock Intact N/A

112HC 10 o' clock Intact N/A

112HD 4 o' clock Intact (1/16)(7) N/A
'*

111HA 8 o' clock Intact N/A
'

111HB 2 o' clock Intact N/A

111HC 4 o' clock Intact (1/16) N/A*

111HD 10 o' clock Intact (1/16) N/A

111X 9 o' clock Intact (1/8) N/A
~

3- 7
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Table 3.1.1
Susmary of Results of Site
Inspection of Themowells

'

(Cont'd.)
.

Location 10 Position (8) Condition Location of Failure
'

.

.

'2-HL :122HA 4 o' clock. Intact (9/32) N/A-

'122H8 10 o' clock Intact N/A'

122HJ 2 o' clock Intact N/A

122HD 8 o' clock Intact (3/16) N/A

121HA 8 o' clock Intact N/A

121HB 2 o' clock Intact N/A

-121HC 4 o' clock' Intact (1/16) N/A
'

121HD 10 o' clock Intact N/A
'

'121X 3 o' clock Intact (1/16) N/A

NOTES:

-(1) CL'= cold Leg

(2) HL = Hot Leg
(3) Appears to have been bent by piece of RC Pump Impeller Vane.

-(4). Original failure at head; subsequently broken off at pipe by Impeller
,

Vane Piece and Thermowell droppea down 4".

(5) Returned to Windsor for examination.
~

- .-(6) Originally reported leaking.
.(7)'-ValueinparenthesisindiciteamountthermowellwasbenttowardstheRV.
._ 8) Location.of themowells are shown on Figure 3.1-1.(c

(9) Not' applicable (Themowell not broken)

3- 8
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Table 3.1-2

Cold Leg Thennowell Wear Measurements

Wall Reduction (3)
M)'II) location (2) OD, in. Inches Percent- Thermowell No. ~ Position . Status

'

~12200- 2 o' clock I 1 .375' .000 0.

2 .375 .000 0 ,

3 .375 .000 0
4 .373 .002 3

,

112CA 2 o' clock B/P 1 .375 .000 0
2 .372 .003 5
3 .371 .004 6
4 .366 .009 14

115'. 12 o' clock I 1 .377 .000 0
2 .370 .007 11
3 .369 .008 13 .

4 .365 .012 19

111Y 12 o' clock B/P 1 .375 .000 0.
2 .366 .009 14
3 .366 .009 14
4 .362 .013 21

122CA 10 o' clock B/H 1 .375 .000 0

N/A{g)
.050, 80.32
N/A N/A3

4 N/A N/A N/A

11200 10 o' clock B/H 1 .376(6) .000 0
2 .340- .035 56
3 .344 .031 50
4 .321 .054 86

INotes: . (1) I = Intact; B = Broken; H = at head; P = at Pipe7'

1234(2) Location:

;(3) Wall Reduction = ODg-@

(4) . Based on nominal .0625" wall. .

(5) Not obtainable, tip is damaged.
e

(6) In this case, location 1 (unworn reference diameter) is to the
right side of location 4 due to damage in the original location

i. I area.

3-9
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Table 3.1-3

Hot Leg Thermowell Wear Measurements

Wall Reduction (3)
W

Thernowell No. OD.(1)(2)in Inches Percent

112 H8 .374 .375 .000 .001 0 - 1.6.-

.

.

-121 HB .374 .375 .000 .001 0 - 1.6
.

121.HD .373 .002 3.2
-

.

(1) Measured at worst wear location, i.e., at " Step" produced at junction with
i reactor coolant piping.

(2) Reference diameter = .375" for all three thernowells, measured outside of
the wear area.

,

. (3) Wall Reduction = Reference diameter - OD measured.

- (4) Based on nominal .0625" wall.

.

D

-
.

.
.

.

d

1

4
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TABLE 3.1-4
Cold Leg Thermowell

Nozzle Wear Measurements

III' ID (in.) NotesThermowell No. . Location

.
-

:112CC 1- .500 1. Location
N 2 .410

'

3 .405

4 .403-

5 **** .I" TYP;

111Y 1 .400 l--I=, d @
2 .393

3 .390 .

'-4 .390

5 .378 -

112CA 1 -.387(2) 2. Hole edge appeared sharp all

2 .386 around.

3 .386

4 .383

5' .383 3. Downstream edge has 1/32 radius.

Remainder of hole is round

115 1 .420 for entire length of support.
2 .387

'

3 .387 4. Depression in end of nozzle
'

4 .384 (wearorerosion). . -

5 .377-

I3) I f
112CB .377

122CA (4) af, g
,3g,g ]. .

%0
!

3-11 1
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3.2. DESCRIPTION AND RESULTS OF EXAMINATION FOR THE ORIGINAL DESIGN
!

l

3.2.1 Metallurgical Evaluation

Laboratory examination consisted of visual examination, wear meas- !

urements, material evaluation, stereomicroscopy,'and optical and
~ '

scanning electron fractography. The visual examination and wear
,

measurements were perforined initially at site inspection of the
thermowells. A more detailed visual examination of the thermowells''

; was perforined on thermowells returned to the laboratory. The
thermowells examined are shown on Figure 3.2-1.-

3.2.2 Visual Examination

Of the'six cold leg thermowells returned to the laboratory, 2 were'
-intact (115, 122CD), two were fractured at the RCS pipe surface
(111Y,112CA), one was fractured at the upper end at the junction
with the head (11200) and one was fractured both at the RCS pipe
surface and at the junction with the head (122CA). Subsequently, a

,

~~ issing fractured piece from 112CD was retrieved by site personnelm

and returned to C-E Windsor.

- All of the examined thermowells exhibited a pattern of wear on the
downstream side in a 2" long section that corresponds to the reduced
diameter section of the RTD Nozzle (.377" nominal, Figure 3.2-2)..

In this section, clearance between the thermowell and nozzle is
~

' : .001" to .006" on the diameter.- -

-
.

a

. . Figures 3.2-3 to 3.2-8 illustrate this wear pattern. Figures 3.2-3
and 3.2-4 show a moderate amount of wear on Therinowell No.115.

*

Figures 3.2-5 and 3.2-6 show an extensive amount of wear on No.
11200. ~ Figures 3.2-7 and 3.2-8 show a slight amount of wear on No.'

122CD. Section 3.1 of this report has additional details on wear
measurements and damage.

3 12
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The thermowells which fractured at the RCS pipe surface failed at2

the wear transition' area seen in Figure 3.2-9 thru 3.2-12. The wear

and fracture surfaces can be seen on Figures 3.2-9 and 3.2-10 for
thermowell 112CA and on Figures.3.2-11-and 3.2-12 for thermowell
1116. In addition to the location of failure, these figures show

,

that the fractured end is relatively flat, with little or no ' plastic
deformation.'-

.

Figure- 3.2-13 and 3.2-14 show the failed portion of Thermowell No.-

122CA at the RCS pipe surface. Figure 3.2-13 shows two areas of
wear, the second (left side in the Figure) occurring after the
separation at the head, which allowed the thermowell tube to drop
down, approximately 2 inches, further into the RCS flow. The broken-

,

and (Figure 3.2-13 and Figure 3.2-14) shows a ductile type breaki

- which probably occurred as a result of impact by reactor coolant '-
pump parts.

.

Figures 3.2-15 and 3.2-16 show the failure of the Thermowell No.
122CA at the other end, i.e., at the junction with the thermowell

. head. Figure 3.2-15 shows the tube and Figure 3.2-16 shows the head

portions, respectively. As previously seen, the fracture surfaces -
are flat and have little or no plastic deformation.''

!

,

Figure 3.2-17 shows the fracture surface on the head of Thermowell

No. 11200.
_.

1 - 3.2.3 Material Examination
*

.

'' . The thermowell material was specified as Inconel 600 per ASME

58-166. Two heat lots of material were used to fabricate the
thermowells for Palo Verde Unit 1. The material certifications for
these heat lots were reviewed and found to meet the specification

requirements for chemical and mechanical properties. Ultrasonic
Testing inspection reports for the raw materials were reviewed. No
defects were found.,

3- 13

_ _ __ - . . . _ . _ . . _ _ . _ . _ . _ _ _ _ . . _ _ . _ . _ _ . _ _ _ . . . . _ . _ . . _ _ _ - _ _ , . _



- ~ ^ ^ ; ^

__L
~

::_. . . ..--

'

,,

1

AnEnergyDispersiveSpectroscopy(EDS)spectrumtakenona-piece j
from Thermowell-No. 111Y confirmed that the material is Inconel 600.
Figure:3.2-18 is the EDS spectrum. |

\

p -l

Transverse and longitudinal cross sections were taken from 111Y for
microstructural evaluation. Figures 3.2-19 and 3.2-20 presen't the

.. . transverse and longitudinal microstructures, respectively. The
'

microstructure is normal for annealed Inconel 600 rod.
-

.

3.2.4 Optical and Scanning Electron Fractography

The fracture surfaces of the 4 broken thermowells (112CD,111Y,
112CAand122CA)wereexaminedusingastereomicroscopeandscanning
electron microscope (SEM) and photographs we e taken with a macro-

- camera and the SEM. '

.

Figure 3.2-21 is an optical fractograph and 3.2-22 is a SEM fracto-
graph of the fracture surface of Thermowell No.11200. This thermo-
well broke at the upper head location. The fracture surface examin-

- ed is on the head portion. Figure 3.2-23 identifies the areas seen
in Figures 3.2-21 and 3.2-22.

The macroscopic. appearance of Area 1. suggests this is the area of-
final fracture. The surface features are smeared, making further
examination at higher magnification not meaningful.

, .
The remainder of the fracture surface is also smeared, except for

Area 3. Figure 3.2-24 is an SEM photograph of Area 3. This entire-

area represents a fatigue crack, as evidenced by striations through-
- out the area. Figures 3.2-25, 3.2-26, 3.2-27 and 3.2-28 show two
' areas of' striations in location A shown in Figure 3.2-24. Figure

4

- 3.2-29 shows striations in location B. The average striation
spacing measured in Area 3 is approximately 4.3 x 10-4 inches / cycle.

- This, together with the relatively large area of the fatigue crack,
indicates low stress, high cycle fatigue as the failure mechanism.

i This type of loading is associated with vibration. Because the
1

3 .14
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remainder of the fracture surface was smeared, the fracture origin
was not found and therefore, it cannot be determined whether Area 3

is near the origin or tip of the crack.

Areas 2, 4 and 5, as mentioned above, are also smeared. Figu,re

3.2-30 shows Areas 4 and 5.- Figure 3.2-31 is a higher magr.ification

view of Area 4. Area 6, the balance of the surface, is smooth and-'

.

featureless.
.

Figure 3.2-32 is an optical fractograph and Figure 3.2-33 is a SEM-
fractograph of the fracture surface of Thermowell No.111Y. This
thermowell fractured at the RCS pipe surface. The fracture surface
is on the remaining portion of.the thermowell. Figure 3.2-34 is a
sketch identifying the areas seen in Figures 3.2-32 and 3.2-33.

s.

Area 1 is the area of final fracture. It is essentially on the
'

downstream side and shows a ductile tearing fracture mechanism, see

Figures 3.2-35, 3.2-36 and 3.2-37. This indicates final failure was
due to separation caused by either flow pressure or by impact from

'

reactor coolant pump debris.

- Area 2 shows evidence of fatigue striations. Figures 3.2-38 and
3.2-39~show two different patches within this area. The surface,
including striations, is slightly eroded, most likely due to the
flow of water ph t the fracture surface. Again, the close spacing
of the striations and the relatively large size of the fatigue area
indicates low stress, high cycle fatigue.. .-

.

Areas 3, 5-and 6 are smeared and featureless. Area 4 could possibly
.

-be an origin point for the fatigue crack. See Figures 3.2-40
,

through 3.2-43. If so, the crack started on the outer surface,
approximately 90* to the flow. This is consistent with one possible
vibration source, i.e., vortex shedding. The quality of the surface
in Area 4, however, makes a definitive interpretation difficult.
This area has a substantial amount of oxide and deposits on it and

also has un'dergone some erosion or smearing.
,

3- 15
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Figure' 3.2-44 is an cptical. fractograph of the fracture surface of
-Thermowell No. 112CA. This. resembles No. 111Y on a macroscopic
scale. .However, the fracture surface was smeared and oxide coated
and yielded no information.

.

.

Figure 3.2-45 is an optical fractograph of the fracture surface of
Thermowell No. 112CA. This was completely-smooth, also yielding no
information.

.-

The metallurgical evaluation confirms that low stress, high cycle
fatigue was the cause of thennowell failure.

3.2.5 Vibration Response Frequency Tests

Vibration response tests were performed on installed thermowells in
Palo Verde Unit-1 to determine the response frequency of-the thermo-
well tip on the original system 80 thermowell.

'

The tests were performed by use of an accelerometer mounted in the
tip of a simulated RTD. Thermowell 122CB, a 10 o' clock position
thennowell located in loop 28, was used to perform the tests. The
first . test was performed without any reactor coolant pump operating.
A plot of these results is shown on Figure 3.2-46. The peak at 480

HZ corresponds to a LPSI pump which was operating at the time.

The next test was performed with-two pumps in opposite loops operat-
ing (pumps 1A and 18). The results shown on Figure 3.2-47 identify.

*

the blade passing frequencies associated with the operating pumps.

.

.
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'4.0 TEST AND ANALYSIS (Problem Definition)

[4.1 DESCRIPTION AND RESULTS OF ANALYSIS TO DETERMINE CAUSE
>

Because vortex shedding was suspected as the failure mechanism, it's
' effects were evaluated. Vortex shedding can be described as fol-[,

: lows: Flow across a tube produces a series of (Von Karmen) vortices
i~ in the downstream wake formed as the flow separates alternately from~

* the opposite sides of the tube. This alternating shedding of
,

. vortices produces alternating forces which occur more frequently as'

j the flow increases. For a single cylinder, the tube diameter, flow
velocity and frequency of vortex shedding can be described by the

- dimensionless Strouhal number.

!

The original System 80 thermowell was analyzed to determine the
,

effects of vortex shedding. First, this involved calculating the
natural frequency of the original thermowell and investigating

- various conditions of support. As may be seen on Figure 4.1-1, the
_

.' thermowell is supported from 2 1/2 inches to 4 5/8 inches from the
tip by a clearance hole through the nozzle. Various assumptions can
be made in evaluating this type of support. Three. cases were con-,.

sidered, as $hown in Table 4.1-1. The thermowell was first assumed
.

to be unsupported by the nozzle and was fixed at the top of the .

thermowell.- The second model considered the thermowell to be
additionally suppcrted at a point 2 1/2 inches from the tip of the
thermowell (the edge of the nozzle at the inside of the pipe).- The-

2 third model assumed additional. support at a point'4 5/8 inches frome

|- the tip of the thermowell (the inner end of the nozzle support
'

surface located 2 1/8 inches away from the inside of the pipe).4
,

.

B
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.. - - - . - . . - _ - -- - .- -.._ - .-.- _ -__- - _- _ - -



~

F - _ _ -_ _: . . _ _ . - - _ _ _ _ . - _ _ _-

..

The natural frequency can be seen to vary significantly based on the
type of support considered and may change with time as the nozzle
support surface and adjacent surface on thermowell. wear.

Flow velocities affecting the thermowells were evaluated. The
_

highest flow velocity is associated with part-loop operation. The-
highest flows occur in a cold leg whose pump is operating, with a
secured pump on the other side of the same steam generator (loop).

* ' This runout flow is. about 43% higher than normal operating design.

&

9

.

9
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It can be seen by comparing results shown in Tables 4.1-1 and 4.1-2 <

that the frequency ratio (vortex shedding frequency to natural
frequency)canapproachunity. A maximum frequency ratio value of
.8 is recommended for design purposes. The evaluations conducted
indicate that resonance could have developed in the original System
80 thermowells, based on the range of local flow velocities that may
have existed during start-up testing. During full power operation,*

,

with all four pumps running, flow velocities would not have been
-- :high enough to resonate the thennowell.

The Palo Verde Unit-1 thermowells were analyzed for wear and the

type damage incurred was characterized for comparison with pump
,

operating time 10 associated loops for various high and low flow
velocities. The pump operating time during cold plant hydro, which
. involves very few hours, was not included. The plant operating '
history was compared to thennowell wear and damage and is presented
in Table 4.1-3 for the cold. legs and 4.1-4 for the hot legs. Only
those hot leg thermowells showing measurable wear were presented in

Table 4.1-4.

An examination of the results listed in Table 4.1-3 shows cold leg
thermowells in loop 18 and 28 saw the least number of hours (s 80
hrs.) of service at runout flow condition. Cold leg thermowells in
loop 1A saw the most service time at runout flow (317.2-615.9 hrs.)

I while cold leg thennowells in loop 2A saw 110.5 to 119.1 hours of
I service at runout flow. The times listed represent hours of service

up to the time of failure (no longer possible for thermowell to-

;
.

wear) or hours to completion of test. Normal flow service durations
.are also listed and var es from 358.8 to 594.8 hours for cold legi.-

loop 1A thermowells to 1010.9 hours for loop 2B thernowells. A
review of the hot leg thermowell flow data shown in Table 4.1-4
shows loop 1 thermowells to have 624.3 hours of service time at

normal flow rates and 696.7 hours at lower flow rates associated
-

,

with part loop operation. Loop 2 thermowells were exposed to 1010.9
i and 200.3 hours of normal and lower flow service time, respectively.
!
.

'
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It can also be observed, from the results in Table 4.1-3, that the
10o'clockpositionthermowells,whichbrokeatthetop(ColdLegs
18 and 2A), have the most wear (35 to 54 mills) and saw the least
(80.1 hrs.),torelativelylow(110.5 hrs.)servicetimeatrunout
flow conditions and relatively low service time at normal flow
conditions (358.8-594.8 hrs.). A review of the pump damage which
resultedduring(PCHFT)ofPaloVerdeUnit-1showsthatthepump*

,

impeller vanes failed in loops 1B and 2A. An impeller vane was
found to have a missing segment on pump 18 and two adjacent vanes-

were found with missing segments on purip 2A.

There is no physical evidence that a broken impeller part impacted
any of the thermowells on loop 1B. On loop 2A, it appears thermo-
well No.125 was struck very early in the testing period because
little wear took place before jt was bent at about 45* as a result
of impact. Themowell No.122CA on the same loop (2A) was also
struck but only after a considerable amount of wear occurred and the
thermowell fractured at the top. All the themowells on loop 1A
fractured at the inside diameter of the pipe but do not appear to

' have been impacted. The failure of these thermowells is clearly
from high cycle, low stress fatigue because little wear occurred
while these thermowells were subjected to runout flow conditions for
the longest duration. None of the thermowells in loop 2B failed,
appeared to have been impacted, or incurred appreciable wear.
Cross-secticnsoftheSystem80RCpump(seeFigure4.1-3)andthe
layout of the associated RC piping show the 10 o' clock position
thermowell to be directly in-line with flow coming off the impeller-

and through the diffuser vanes.
.

None of the hot leg thermowells failed and they exhibited relatively
little wear.

4-4
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TABLE 4.1-3
.

THEIM0WELL WEAR CHARACTERISTICS-

(COLDLEG)g4, ,' '

t
- .

i
FLOW DURATION (HRS) {-A-DIM 8-DIM . THERM 0WELL

LOOP LOCATION TAG # INCH. INCH. WEAR MILLS RUNOUT FLOW (4) NORMAL FLOW (5) REMARKS FAILURE

,
IA 10 112CC (1) (1) (1) 317.2-615.9 358.8-594.8 2nd Thernowell to

Leak
Not Known Exactly Yes
When Fractured

12 111Y .3660 .3620 9 -13 317.2-615.9 358.8-594.8 Not Known Exactly Yes
When Fractured *

2 112CA .3720 .3660 3 -9 317.2-615.9
y ~

358.8-594.8 Not Known Exactly Yes
.'

When Fractured

18 10 11200 .3400 .3210 35 -54 80.1 358.'8-594.8 Broken at Top Yes
12 115 .3700(2) .3650(2) 7 -12 80.1 594.8 No
2 112C8 .3750 .3752 .8- 1 80.1 594.8 No

2A 10 122CA .3250 (3) 50 110.5 465.6 1st Thernowell to
Fail. Broke at Top.

Later Sheared by Yes
Pump Parts

12 125 .3760 .3760 0 110.5 465.6 Bent by Pump Parts No !

2 122CC .3760 .3745 0 - 1.5 119.1 1010.9
~

28 10 122C8 .3748 .3748 0.2 81.2 1010.9 No
12 121Y .3745 .3738 1.5- 2.2 81.2 1010.9 No ,

2 122CD .3750 .3730 0 - 2.0 81.2 1010.9 No |

~ (3) No obtainable tip damaged. ~

(2) Original thernowell dia. I mill 0.H.L.
(1) No wear measurements taken.

.
.
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TABLE 4.1-4
,;

.

THERM 0WELL WEAR CHARACTERISTICS
HOT LEG

B g -

_

t t-

FLOW DURATION (HRS)
LOCATION

LOOP WRT CLOCK (1) TAG # A-DIM 8-DIH WEAR MILLS NORMAL FLOW (2) LOW FLOW (3)

1 2 112HB .374 .375 0-1 624.3 696.1
2 10 121HB .374 .375 0-1 1010.9 200.3
2 2 121HD .373 .373 2 1010.9 200.3

|
-

2 4 122HD .373 .372 2-3 1010.9 200.3 -

2 4 121HA .375 .374 0-1 1010.9 200.3
? 2 9 121X .375 .374 0-1 1010.9 200.3* 2 ~8 122HA .373 .374 0-1 1010.9 200.3

|

.

(1) Looking toward generator.

.

ed

.

t
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4.2 SHAKER TABLE TESTS OF THE ORIGINAL DESIGN AND RESULTS OF THERM 0WELL

RESPONSE

A shaker table test of the original thermowell was performed. The
tested assembly included the original System 80 thermowell, nozzle,
RTD and associated RTD instrument head and hardware including actual

'
cable. The objective of the test was to determine the natural
frequency and damping properties of the thermowell assembly and to

define the accelerations at various locations on the thermowell*

assembly; i.e., the RTD head , the upper part of the thermowell
nozzle, the external tip of the thermowell and the internal tip of
the thermowell via a modified RTD probe (accelerometer mounted in -

,

tipofRTD).
.

**. e *. =
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4.3 DESCRIPTION AND RESULTS OF FLOW LOOP TESTS AT C-E (NUCLEAR LABS) AND

C-E KS8 (PUMP LOOP TESTS)
.

The objectives of the C-E (Nuclear Labs) test and C-E KSB (Pump Test

Loop) tests were to determine the cause of failure of the original
thermowell design and to verify the thermowell redesign. This

*
section of the report is devoted to the first part of the objective. ,

Design verification of the redesigned thermowell by these tests is
discussed in Section 6.1 of this report.*

4.3.1 TF-2 Tests

TheC-E(NuclearLabs)testwasconductedinTestFacilityNo.2
(TF-2). The postulated cause of failure of the System 80 design was
flow induced vibration due to vortex shedding. The primary purpdse

' of the TF-2 test was to characterize this phenomenon under control-

led conditions.

This testing subjected each thermowell to flow velocities exceeding
"

the range of field conditions. An accelerometer installed inside an
RTDprobe(internalaccelerometer)wasusedtomonitormovementof
the thermowell tip. This accelerometer is limited to test tempera-
tures below 250*F. A second (external) accelerometer was attached
to the thermowell socket and was able to transmit information over
all test temperatures. While direct measurement of thermowell tip
motion is not possible over 250*F. the external accelerometer can
monitor for impacts. The thermowell could impact against the nozzle*'

-

if the initially spec'ified thermowell preloading (or fit) in the
well was insufficient or if wear of the nozzle and/or thermowell*

developed due to flow induced vibration. Two pressure transducers
' were mounted in line with, and downstream from, the thermowell to

monitor local pressure fluctuations.
F

! The test setup required installing the RTD nozzles in a test flange.
Upstream and downstream flow tubes were bolted to a test flange and
the entire assembly mounted in Test facility No. 2.

,

.
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A real time analyzer was used to'

'*
identify significant changes in energy density of the accelerometer

,

and pressure transmitter signals. Once a point of interest was
identified, the' loop flow was held constant and data recorded. A'

high speed chart recorder and photographs from the real time anal-
yzer or an oscilloscope was used to supplement tape recorded data.

Result from the flow loop tests are still being evaluated. Test
results will be used to dear,nstrate adequacy of the stress analysis

'

for the redesigned thernowell.

4.3.2 CE/KS8 Pump Loop Tests<

.

To more closely simulate actual cold leg conditions, a second test
I wasconductedattheC-EK58(PumpTestLoop) facility. These tests

were conducted in the test loop used for testing the reactor coolant
,

; pumps. This test focused on the determination of the flow environ-

! 1 ment downstream of the Reactor Coolant Pumps, where the themowells

are installed on System 80 plants.
;.

!-
The exact thermowell locations could not be duplicated due to

'

; differences in configuration between the pump test loop and System'
.

80 reactor coolant loops. Thetherwowellswerelocatedfour(4)*

inches closer to the RC pump in the test loop because of a piping^

-

transition. Locating the instruments closer to the pumps is con '
sidered conservative.-

During the initial phase of testing, three thermowells were install-
ed to simulate the cold leg thernowells on System 80 plants.-

Thermowells, modified with pitot probe instrumentation, were in-
stalled in the nozzles. A typical pitot probe is shown on Figures

4 12
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4.3-l'and 4.3-2. The three pitot probes were calibrated individu-
ally for velocities and temperatures ranging from to ft/sec.
and. to F, respectively. During the second phase of testing,
the 10 o' clock and 12 o' clock pitot probe modified thermowells were
replaced with two redesigned thermowells and pressure transducers

were installed downstream of each thermowell. This instrumentation
was installed to monitor pressure pulsations as a result of vortexa

'

|shedding and fluid disturbances introduced by the reactor coolant

.
pumps. The redesigned thermowells which were installed were instru-
mented with internal and external accelerometers to detect the
response to structural vibration.

.Results from the pump loop tests are still being evaluated. Test
results will be used to demonstrate adequacy of the stress analysis
for the redesigned thennowell. '

.
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5.0 DESIGN MODIFICATIONS j

.

5.1 DESCRIPTION OF THE REDESIGNED THERM 0WELL AND A DETAILED DISCUSSION

OF FIELO INSTALLATION f
I

.

I The original thermowell and nozzle assembly is shown on Figure

i* 5.0-1. A small radial gap (.001 to .006") existed for the last

L 2.13" at the lower end of the nozzle. Relative motion between the .

thersowell and the nozzle as a result of flow induced vibration anda

the close proximity of the natural frequency of the thermowell to
the vortex shedding frequency caused wear on the nozzle and thermo-
well. The high cycle vibration of the thernowell also~ caused the
themowell to fail at the interface between the slender part of the
thermowell and the enlarged part at the top of the thermowell.

%.

The modified design of the thernowell and nozzle assembly is shown

on Figure 5.0-2. A comparison of the original and redesigned
thermowells is shown on Figure 5.0-3. The major objectives of the

redesign were to:

1) Increase the natural frequency of the thermowell to move it
away from the' potential vortex shedding frequency.

2) Eliminate the clearance and, thus, the motion at the support'

between the thernowell and nozzle.

3) Reduce stress levels.

4) Decrease the effects of vortex shedding.
\

-r.
The stiffness of the th'ermowell and therefore the natural frequency
was increased by increasing the basic diameter of the thermowell

.,

from .375 to .700 inch. It was possible to increase the thermowell
diameter to this value without increasing the outside diameter of
the nozzle. The diameter of the thermowell in the area adjacent to
the inside of the pipe wall where the original thermowells failed
was increased from .375 to .500 inch. The outside diameter of the
thermowell was tapered down to the original themowell diameter at-

the tip of the thermowell. The smaller diameter at the tip of the
'

thermowell is required to maintain the temperature response time of
the RTD instrument.

5-1
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In order to eliminate the clearance at the support >etween the
thennowell and nozzle, the thermowell was designed to be locked into .
the nozzle. An axial preload force is restrained by the taper on
the thermowell and the mating taper on the nozzle ID. This preload
is maintained by the thread at the top of the thermowell and mating

thread on the nozzle.
>

' Some of the orig'7al thermowells were shown to fatigue at the point
8- where they intersect with the inside wall of the RC pipe. The part

of the thermowell which is exposed to the reactor coolant flow
- performs like a cantilever beam, where the maximum bending is at the

,

.

|Theinsertionlength /'

.

'of the thermowell into the reactor coolant flow stream has been
~

- - . _ _ , .

decrease'd from 2.5 inches to 2.125 inches. This also helps to
reduce the bending load on the thermowell. Stresses at the inter-
section of the enlarged section at the top of the thermowell and the
shank were reduced by increasing the cross-sectional area by 5.5
times and, also, adding a large chamfer to reduce stress con.cen-
-tration effects.-

-

The transition taper, on the part of the the~rmowell which is insert-
ed into the flow stream, has b.een shown to reduce the effects of

, -
-

vortex shedding. The tapered section prevents organized vortex
shedding from occurring due to the changing diameter along the

e
length of the thermowell. Ideally, the thermowell would have been

. tapered all the way to the tip. This was not feasible because of
the. adverse effect of the thicker'section on the RTD instrument's

- capability to quickly sense changes in temperature.
-

.

#

$
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A seal weld is provided at the top of the thermowell and nozzle to
seal against reactor coolant pressure. Chromium plating on the
support taper and thread on the thermowell provide a hard surface
which serves to reduce friction of the thermowell during installa-

tion and prevents galling.

*- All of the original thermowell and nozzles on palo Verde Units 1, 2
and 3 are being replaced with the modified design.

g

g
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6.0 TESTS AND ANALYSIS (DESIGN VERIFICATION)

6.1 DESCRIPTION OF ANALYSIS AND TESTS WICH VERIFY DESIGN ACCEPTABILITY

AND RESULTS

.

6.1.1 Structural Analysis
.

*

The structural analysis perfonned to verify the new thermowell
design considered the redesigned RTD nozzle and associated weld in,

addition to the redesigned thermowell and the thermowell to nozzle
fillet weld. All stress results are satisfactory and meet the
requirements from Section III of the ASME Boiler and Pressure Vessel

Code.
.

The RTD nozzle is installed in the RC piping by means of a partial'
penetration (J-groove) weld. See Figure 6.1-1. The requirements

for reinforcement area of the RC piping due to penetration holes
were checked for the redesigned nozzle and found to be satisfactory.

-A computer program was utilized to determine the discontinuity
stresses in the nozzle, pipe and the attaching partial penetration
weld by means of an interaction analysis. The computer program also

,

establishedthecumulativedamageratios(fatiguefactors)ofthe
attaching weld. - The-finite element method of structural analysis,
implemented in the ANS'YS program, was used to model the upper

section of the redesigned thermowell nozzle. Table 6.1-1 lists the

, . maximum stresses for the RTD nozzle and attaching weld for various~

loading conditions. Al-lowable stresses for each loading condition
are also listed.

9

The thermowell and the thermowell-to-nozzle fillet weld were anal-
yzed for primary stress, primary-plus-secondary stresses, peak
stresses and for fatigue usage factors. The stresses considered
result from the external pressure loading, thennal loading, flow
induced loading, seismic loading, preload and external mechanical
loading which exist under design operating conditions of the RCS
piping.

,

6-1
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The analysis demonstrates the thermowell meets the requirements of

Section III of the ASME Code. The thermowell was found to be ;

capable of safely withstanding all transients specified for the ANPP
Unit-1 Reactor Coolant piping system.

The thermowell was analyzed for minimum thickness requirements for

externally pressurized cylinders per ASME Code Requirements and-

'ound acceptable. The minimum thickness required is inch while

-the actual thickness is inch. ..

.

A sketch of the thermowell and nozzle assembly shown on Figure 6.1-1

identified the cross-sections and locations where stresses were
calculated. The calculated stress levels and allowables for the
thermowell are listed in Table 6.1-2. -

\

.The thermowell natural frequency was calculated using ANSYS Finite

Element Program. The computer model used simulated the entire
thermowell assembly including, the thermowell, nozzle RTD and
associated hardware including the cable. The nozzle was assumed

fixed to the piping while the thermowell was assumed fixed to the
: nozzle at the top and pin connected to the nozzle at the support
taper. The natural frequency and seismic response spectra were used

to determine the seismic loads which act on the thermowell.

*

.

.

'e
.

The flow induced vibration (at vortex shedding frequency) stresses
.in the thermowell were calculated based on published papers on the

subject and standard structural analytical techniques. The flow -
: induced loads consist of a steady drag force and an oscillating lift

. force. This lift fdrce oscillates at the vortex shedding frequency

'

6-2

_ . _ . _ _ _ . . _ _ _ _ _ _ _ . _ _ _ . _ _ _ _ . _ . _ _ . _ _ . . _ _ _ _ _ _ _



i_ . ., . _. .- _ ... _ __.._-.

.

.,

>

which is less than 50 percent of the natural frequency. Because of
the contact fit at the support taper, all of the flow induced loads
are reacted into the RTD nozzle tip at Cut A. Thus Cut A was

,

analyzed for the full flow load.

Results from the Newington pump test loop will be used to
'

demonstrate that loadings used in the analytical evaluation were.

conservatively assumed. In addition, local flow velocities and flow
effects downstream of the RC pumps at the location of the cold leg

,

.thermowells are being observed as part of the Newington test.

The static pressure stresses in the hoop and radial directions are
found by use of the LAME equations for thick-walled cylinders. The

' axial pressure stress is found using simple statics.

~

The mechanical load stresses due to dead weight, preload, externally
applied loads and seismic forces are calculated using standard,

engineering formulas. The cold leg seismic forces are conserva-
tively used in the analysis.

The thermal stresses at cut A are calculated using an interaction
analysis. The thermal stresses at Cut B are found using the equil-.

ibrium of forces ard displacements in the " locked-in" condition
which exists between the nozzle and thermowell.

,

The fatigue evaluation is based on a design fatigue curve for
NI-CR-FE alloy 600 which provides stresses and cycles to failure up

* 8to 10 cycles. The ASME code endurance limit of 13.6 KSI is used in
the fatigue evaluation. The endurance limit is defined as the

'" stress value below which failure would not occur at any number of
cycles,

.
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6.1.2 Flow Loop Tests (TF-2)

The redesigned thermowell was tested in a flow test loop at the C-E
Nuclear Labs. This test facility is referred to as Test Facility
No. 2 (TF-2). The thermowell tested is shown on Figure 6.1-1.

The TF-2 test was conducted to observe the redesign under controlled*

flow conditions and determine the effects of vortex shedding.

Testing subjected the thermowell to a range of flow velocities'

exceeding those expected under field conditions. An accelerometer
installed inside an RTD probe (internal accelerometer) was used to
monitor movement of the thermowell tip. This accelerometer is

:

limited to test conditions up to 250 F. A second (external) accel-

erometer was affixed to the thermowell nozzle OD and transmitted
information over all test temperatures.. While no direct measurement
of thermowell tip motion .is possible over 250*F, the external
accelerometer can monitor sympathetic response. Two pressure
transducers were also mounted in line with, and downstream from, the

thermowell to monitor local pressure fluctuations. -

.

The test setup required installing the RTD nozzle in a test flange.
Upstream and downstream flow tubes were then bolted to the test
flange and the entire assembly mounted in Test Facility No. 2 of the
Engineering Development and Test Laboratory.

i

.

.

A real time analyzer was usea to

identify significant changes in energy density of the accelerometer
and pressure transmitter signals. Once a point of interest was
identified, the loop flow was held constant and data recorded. A
high speed chart recorder and photographs from the real-time anal-
yzer or an oscilloscope was used to supplement tape recorded data.

6-4

__ _



p- _ .. _ _ , _ . _ . _ _ _. - . _ , ._-

-. . . . .

. -
...

, - . -

The thermowell was removed after the six_(6) hour test was completed
and did not show any sign of wear.

.
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6.1.3 Pump Loop Tests

The redesigned thermowell was tested in the C-E KSB pump loop

simultaneo'usly with the retesting of the reactor coolant pumps. The
redesigned thermowell was installed during the second of two phases
of testing. The test duration' lasted over 180 hours. The purpose
for the test was to_ verify that design objectives were met. The*

,

objective of this test was to test the redesigned thermowell against
the influence of the flow from the reactor coolant pump.=

The redesigned thermowell was installed in a 10 0' clock position to
simulate the actual worst case field installation. Because of
differences between the test loop and the actual loop, the thermo-
well had to be located 4 inches closer to the pump which is consid-
ered conservative because the pump will have more of an influence' on

the approach flow to the thermowell. The thermowell was equipped
with an internal accelerometer, external accelerometer and pressure

transducer similar to the TF-2 test.

The thermowell was removed after completion of 180 hours of testing

and did not exhibit any signs of wear or other damage.
|

The test data for the tapered thermowell design tested in the
Newington flow loops.has not yet been reduced. This data will be
evaluated to verify adequacy of the stress analysis previously

discussed.-
., .

'
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6.1.4 Shaker Table Tests

A shaker table test of the redesigned thermowell was performed. The
configuration tested included the redesigned thermowell and nozzle
with a mounting block to resemble the pipe wall, the actual cable

.and the RTD encl'osure head. The objective of the' test was to
* ' determine vibration characteristics for the assembly. A worst case

installation orientation was considered. Accelerometers were used
on the RTD head, the upper part of the nozzle, the external part of*

the tip of the thennowell and the internal part of the tip of the
thermowell via a modified RTD probe (accelerometer mounted in tip of

RTD).
. t . .
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TABLE 6.1-1
.

STRESS LEVELS AND ALLOWABLES
FOR REDESIGNED RTD N0ZZLE

C
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TABLE 6.1-2

STRESS LEVELS AND ALLOWABLES*

FOR REDESIGNED THERM 0WELL

*o
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6.2 DESCRIPTION OF TEST PERFORMED DURING RESTART TESTING AND RESULTS

Restart testing of Palo Verde Unit-1 has not yet begun. The plan
for testing the redesigned thermowell during restart is limited to
establishing that the thermowell response is consistent with that
observed during other tests and by analysis. Inconsistencies,if

* - any, will be further evaluated. .During restart testing, various ,

thennowells will be equipped with internal accelerometers.and three .

triaxial accelerometers will be used to determine R C pipe moition at*

the location where the RTD's are installed to verify the design
input to the analysis.

,
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i'

An investigative program is described to evaluate the nature and extent of
cracks which were seen in the' control Element Assembly (CEA) shroud following the
pre-core hot functional tests on Palo Verde Unit 1 in July,1963. A combination

,

cf experimental and analytical results to date indicate that vibration caused the
fatigue cracks in localized regions with high stress concentration. A mod'ified

i

* '

design minimizes this stress concentration and limits the maximum possible ampli-
tude of the likely damaging mede of vibration.

This .is an interim report. It will be reissued with final results after the

completion of a demonstration test with the modified shroud in Palo Verde Unit 1.
Extensive temporary instrumentation in the reactor test will nelp to confirm the
ccnclusion from the prior testing and analyses.
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1- 0 INTR 000CTION

' 1.1 DESCRIPTION OF PROBLEM |

Inspection of the Palo Verde Unit I reactor internals subsequent to
Pre-Core Hot Functional Testing (PCHFT) revealed damage to the Control

Element Assembly shroud (CEA shroud). The CEA shroud is part of the

Upper Guide Structure (UGS) assembly (see Figures 1-1 and 1-2). The
CEA shroud consists of an array of vertical round tubes 9 in 0.0. which |z,

are arranged in a square grid pattern with 16 in pitch. The tubes are I
.

joined by welding vertical plates called webs between adjacent tubes.
*

Tubes and webs are made fra 3/16 in type 304 stainless steel. The
. purpose of the CEA shroud is to provide separation of the CEA assemblies.
The CEA shroud is mounted on eight pads on the UGS base plate and is held
in position by eight tie rods which are threaded into the UGS base
plate at their lower end. At their upper end, the pre-tensioned tie

rods are held by nuts which bear on eight plugs in the tops of eight
of the CEA shroud tubes. Guides for the 4-finger CEA extension shafts
are attached to the top of the tubes and guides for the 12-finger CEA
extension shafts are attached to the webs (see Figure 1-3). These

guides serve the purpose of aligning CEA extension shaf ts for entry
into the closure head nozzles during closure head installation and into
the internals lift rig during attacnment. *

The damage, revealed by visual and dye penetrant examination consisted

of the following:
1. A total of 13 cracks in eleven 4-finger CEA snroud tubes. In most

instances, tnese cracks start in the nelas at the attachment of tne

4-f tnger CEA guides to the shroud tubes.
2. Two cracks involving the welds at tne attachment of tne 12. finger*

CEA extenston snart gulies to tne webs.
3. Inree cracks involving **ie .elos Det een 4 finger CE A snrouc * aces.

and aeos; two it the top of tne shroud and one at tne cotton.

4 One crack in the base cetal of a web.
5. Three wear marts on tne snroua at the 45' location.
6. One ductile oreik , one 'ialf incn long, located in a neo at the

Dottom.

The locations of the aoove described oamage are snown on Figure 14

1-1
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1.2 SAFETY IWLICATIONS

The CEA shroud is a feature first used in the C-E System 80 reactor. The
design is not used on other C-E NSSSs. In addition to Palo Verde j

lunit 1, sintlar CEA shrouds are part of the UGS delivered to Palo Verde
Units 2 and 3, and other 580 plants under construction. The Palo Verde )

Unit 1 and all of the .other units are in the construction phase and,
,

therefore, the problem described herein does not affect any operating
*

reactor.
.

The CEA shroud is not a core support structure under the definition of
the ASME code Section NG, and does not in itself perform a safety function.

The assemblage of long tubes and webs serves to provide separation of the
CEAs. Flow is restricted within the CEA ;hroud region and, therefore, the
shroud is not subjected to significant operating loads. On previous C-E

NSSS designs, the same function of providing separation of the CEAs is
provided Dy heavier tubes, also called shrouds, which are designed as part
of the support structure of the UGS and are exposed to the flow forces in
the upper plenum.

The extension shaft guides located at the top of the shroud are provided to
align CEA extension shafts for entry into the closure head nozzles during
closure head installation. They nave no function during reactor operation.
Although not observed, a hypothetical, complete failure in CEA snroud tubes or
weds particularly to the extent that extension snaft guides 100.a9 or secome
detached, would have potential adverse safety implications in that the inse -
tion of CEAs could be impeded or prevented by interference witn the loose
componenti. The damage .nicn was caserfec :n tne 341o verde Unit 1 snroud-

woulo not nave prevented reactor trip 9ad it Deen present i, an nerating

reactor. 'he repair descrtoed 'n Secttan 5.] t oc!,ces re csal s' '.ne 'E A.,

guides, tnereoy eliminati g tne ;otential f or interte er.ce aitn EA ser-

tion.

'. - 2
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. 2.0 SupMARY

2.1 _ DESCRIPTION OF INSPECTION, TESTING AM ANALYSIS RESULTS |

2.1.1 Inspection Results I

~ Visual inspection of the shroud following the Pre-Core Hot Functional
Test (PCHFT) was conducted as part of the Comprehensive Vibration Assessment

Program (CVAP) required by Reg Guide 1.20 for Palo Verde Unit 1, which is

tne first Systen 80 NSSS. During the inspection, seven cracks were observed
' at the tops of CEA shroud tubes. Subsequent dye penetrant inspection over*~

,

the top and bottom of the shroud revealed a total of 19 indications. Of the
*

17 at the top 14 were in the weld heat affected zone adjacent to the*

location of attachment of the CEA extension shaft guides.'
.

A metallurgical program was established to identify the nature of the failures.~ l
i

!Samples of the shroud were removed and examined. Metallography and chemistry

confirmed that the shroud material was as specified. Fractography of the
fractured surfaces showed that the failures occurred by high cycle fatigue;
i.e. , by induced cyclic stresses of a magnitude at or near the endurance limit
of the material. This result led to the investigation of sources and modes of
vibration of the shroud and of the CEA guides.

2.1.2 Testing to Identify Hydraulic Forcing Functions

The investigation includes testing to identify hydraulic forcing functions. A
shroud tube with 4-finger CEA guides was subjected to a range of flow velocities
wnich encompassed those calculated to exist in tne snroud. region of tne reactor

during the pre-core tests. The experiment (See Section 4.1.1) could not identify
direct hydraulic forces on the shrcud which could make a significent contribution
to shroud failure.

2.1.3 Vibration Testing

This phase of investigation consists of tnree <ibration tests. *n tne first.

test (Section 4.1.2), an extra CEA snroud asse$ly icentical to : e Palo Verde
Unit I snroud and located n tne nanuf acturer's snap as instrreatec nitn

,

accelerometers to identify nodes of visration. Excitation oy incacting iden-
Lified resonance frequencies for the CEA guides and for single shrcuc tuDes

,

in the assembly. These f requencies are generally nigner tnan : nose t/picall/
associated with internals vibration Dut are in the range of the reactor coolant
pump Diace passing f requencj and its first nar-tonic and tre in tne aqe af
tne resonant f requency of tre tuDes of tne upper plenum tube sneet (See Figure

1-2). With appropriate forcing functions to induce it, storation at tnese
frequencies is a potential :ause of tne +it tures.

2-1
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The second vibration test was performed by a consultant (Section 4.1.3) on the
Palo Verde Unit 1 CEA shroud after its return to the shop. This test incluced
modal testing in both air and water. It confirmed the earlier results for the
resonant frequencies of the CEA guides and the sh'oud tubes in air, and inr
addition, _ identified modes of vibration of the overall shroud assembly. The

,

frequencies of the assembly modes were much lower than frequencies of the shell
modes of the tubes. If the assembly modes are excited, they are another potential,.
cause of the oaserved failures through bending deformations of the shroud assembly.

.

The third vibration test (Section 4.1.4) was performed on a single CEA shroud
tube with three attached webs. Resonant frequencies for the tube and CEA guides

were again identified and were approximately the same as from previous tests.
Extensive instrumentation combined with excitation by a controlled load electro-
magnetic exciter placed at three different elevations provided a thorough
characterization of the modes of vibration of the CEA guides and shroud tube.
Also, known boundary conditions for the tube and web supports enable an analytical
model of a shroud tube to be experimentally correlated. This analytical model of
a single tube is then used to calculate stresses in tubes for normal operating
loading conditions.

This mechanical excitation test also provide [some confirmation of tne nature ofI

the structural failures by deliberately inducing failure in the test shroud tube.
At the resonant frequency of the CEA guides, the exciter load was fixed to give
a specified measured strain or local stress in the tube adjacent to tne CEA gutdes

and excitation was continued until f ailure. A comparison of tne measured stress

with the material fatigue stress at the observed number of cycles to f ailure yields
an estimate of the stress concentration caused by tne weldec configuration of the

* attacnment of tne CEA guides to the snroud tube. The validity of this estimate is

is supported ej the fact that the crack croduced experimentally is stalilar to most
'

* - of tne cracks tn tne reactor snroud tuoes.

This test was continued after removal of the top three incnes to simulate the shroud*

nodtfication swnmarized in Section 2.2.. Results of the tests on tne modified tube
will be presented in the final CEA snroud report. Preliminary results from testing
to date show that the natural f recuency associated witn the CEA guide is eitmtrateo.

-2
.

>



'
-

|
..

2.1.4 Analytical Modeling

This portion of the investigation is the analyses of the shroud failure

(Section 4.2). Three stages of successively more detailed analytical
modeling are employed. In the first stage, the entire upper guide ;

structure assembly is modeled (Figure 1-2). The analytical model is |
,

subjected to the loading from random pressure acting on the tube bank. |
The pressures were obtained from the data taken during the pre-core hot |,

* *functicinal test. The result of this stage of an-lysh is the lateral
acceleration of the UGS support plate to i hich the CEA shroud is connected.

.

The second stage of analyses models the t.EA shrnud assembly. The resultant
calculated assembly modes of shroud response are partially verified by the
modal testing described in Section 4.1.3. Input loading to this global model
is the acceleration of the Upper Guide Structure Support Plate (UGSSP)obtained

from the first stage. Output includes the lateral displacement and moments
which are transmitted by the connecting webs to individual shroud tubes.

The third stage is a detailed finite element model of a single tube,
including the CEA guides and the webs. This detailed model is verified oy

| the experiments described previously. Moments,,and displacements at the
I web-to-tube junctions as obtained from the second stage are input to the

single tuba model. The result is stresses in the tube as a consequence of
deformation induced by the over all shroud global motion. Stiffening of the
shell locally by the CEA guide attachment increases the local stress in the
tube wall near the location of the observed failures.

Results of this tnree stage analysis identify a near coincidence of.tne beam

j mode f requency of the UGS barrel and one of the assemoly modes of ne CEA shroud.*

These frequencies are belaw tne resonant frecuencies of tne CEA Juices and taes.
Calculated displacements of the outer tost snroud tuces are larger tnan tre*

.

minimum measured clearance at cne corner Detween the UGS Darrel anc the CEA
l- Snroud. This result is supported by the CDserved impact marks on tne snroud

tube and barrel at one location. Tne displacement amplituda calculated witn

tnis 11 ode is sufficient to cause local tute stresses larger tnan the Stigue
stress. These analyses are continuing, to try to identify acditional glooal
or overall assemoly modes which can induce stresses suf ficient for f ailure.

2-3
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The impacting of the CEA shroud against the UGS barrel at the flange

elevation was evident from wear marts on one tube. Mechanical excitation
tests show that impact can excite the resonant frequency of the CEA guides. )
Hence, ispacting might have been a contributor to failure.

;

l
' The hydraulic test did not identify direct hydraulic forces within the CEA !

shroud as a cause of failure. However, the normal flow through the upper
> '' plenum does contain random and periodic dynamic pressure pulsations which

could be mechanically transmitted through the structure tu the CEA shroud.
* The frequency content of these pulsations encompasses t'ie resonant frequencies

of the CEA guides and shroud tubes. It is questionable, at present, whether
sufficient energy can be transmitted to the shroud at these frequencies to
cause the observed failures.

2.2 DESCRIPTION OF DESIGN M001FICAT10N

Two design modifications eliminate potential causes of the failures wnica
were identified by test and by analysis. First, the top three inches of the
CEA shroud is removed along with all the CEA guides. This nas two effects.
It eliminates the potential resonance failure caused by vibration of the CEA

| guides. It also eliminates the higi stress concentration at the top of the

web-to-tube junctions and therecy reduces the local stresses induced by global
shrouc vibration. The function of the CEA guides is provided by a separate
tool which is utilized only during refueling operations. It is removed during
reactor operation.

The second modification is tne addition of snubeers .nicn ti,it tne lateral

displacernent of tne CEA snrcud in t5e global maces of sieraticn. inuceers-

| are locatec on tre snroud at the UG5 flange elevation ard transmit tne
loading to the UGS flange.,

Adaitionally, welds at the neb-to-tube junctions near tne top ano at *.ne tie
roc locations on the bottom of the snroud are upgraced to full ;enetration
welds and are fully dye penetrant inspected. Thus, :otenttal crace tritiators

resulting af ter catoff of tne snrouc are minimizec.

!

| 21
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2.3 DESCRIPTION OF TEST, ANALYSES AND RESULTS OF MODIFICATION

Mechanical excitation tests of a modified CEA shroud tube will be,
,

-performed as an extension of the test with the CEA guides which was taken

to failure. . The test with the modification will confirm the detailed |.
,

analytical model of a modified shroud tube. Results of this test will
be presented in the final shroud report.,

The modifications do not substantially alter the overall shroud'
configuration. Consequently, the same analytical models used to describe
the failure modes are used to describe the shroud performance after the
modification (Section 5.1.2). The most significant effect is caused by
the snubber. It introduces a load path between the CEA shroud and the UGS

flange. Preliminary analytical results indicate that tha load on the flange
is acceptable and that the overall dynamic response of the UGS is improved.
Conglete analytical results will be included in tne final report.

Results from the demonstration test on the rea_ctor (Section 6.2) will be
presented in the final report. This test complements the component !

testing and the analytical results for shroud performance. It will be

used to confirm the acceptability of the UGS performance with the
modified CEA shroud, to verify the nyaraulic loading on the 'JGS to

' determine the hydraulic loading directly on the CEA shroud and to vertfy
tne structural integrity of tne CEA snroud assembly.

|
<
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3.0 Ilt$PECTI0les Als EXAMIllAT100 5 |

|
Visual . inspection of the Palo Verde Unit I shroud following the precore hot j

functional tests revealed cracks at the tops of seven of the CEA shroud {
'

tubes. A program of metallurgical examinations was inmediately begun to I

determine the nature and extent of the cracking. This section describes
that program and the results obtained.-

,

l
1

.- 3.1 Description of Cracks i

*

Initial visual inspection showed cracks at the tops of seven of the shroud*

tubes. The cracks were adjacent to the bracket plates to which the CEA
extension shaft guidas are welded. Figures 3-1 and 3-2 show two of these
cracks. Subsequently, dye penetrant inspection of the upper and lower
twelve inches of the shroud identified additional cracks in various loca-
tions. Figures 3-3 and 3-4 snow all the locations and the configurations
of the cracks. These are categorized and described in the following.

;

3.1.1 Cracks near 4-Finger CEA Guide Brackets

These cracks include the seven initially seen visually during post-test
inspection. They run vertically along the toe of the fillet weld joining
the bracket to the tube. Additional cracks were also located in the weld

'

bead, having initiated from the weld root. Figures 31, 3-2 and 3-5 are
representative.

3.1.2 Cracks near 12-Finger CEA r ide Bracketsa

The 12-Finger brackets are .eided to the wees unicn join tne tuces. The.

cracks run vertically along the eld wnich joins the brickets to tne aecis.'
,

Figure 3-6 is representative of the two suc's cracrs f ou d. !n
.,

3.1. 3 Tube to Weo Cracks
.

These cracks were found near tne welds wnicn jotn the tubes and neos.

They occar on both the neo si:e and the tube side of aelds. Figure 3-1
1 is representative of tnese cracks.

3-1
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i

3.1.4 lieb Sase Metal Cracks

Only one crack was found which was not associated with a weld. The crack I

-initiated at the corner of the rectangular cut-out of a web. Figure 3-8
shows this crack.

'

3.1.5 Botton-Cracks-

Two cracks were found at the bottom of the shroud. They run vertically
neer' the welds ,)oining tubes and webs.-

.

*

3.2 Shroud Construction and Material

3.2.1 Construction

: The CEA shroud tubes were constructed of SA240. Type 304 S.S. plate

material. The tubes were cold formed from 3/16" plate. The wees were
3/16* and 1/4" plate with the 1/4" plate existing at all web locations
around the assembly 00. The wens were welded to the snroud tubes by

1/4" fillets using one of the following processes; shielded metal arc,
gas tungsten arc or gas metal arc (MIG). The 4 and 12-finger entension
snaft guides were SA-351, Grade CF-8 material. The guides were welded

to inner and outer brackets made of Type 304 plate. The brackets were
then welded to the 10 and 00 of the shroud * tube with 4-finger guides

~

and to both sides of a web with 12-finger guides. All welds were 3/16"
fillets.

3.2.2 Material Examination

;

Chemical analyses and hardness tests were perfor ied on samples of sate- i

rial taken f rom the f ailed snroud. Results _of. tne chemical analyses*

snow tnat tne elemental composition is witnin :ne allowaole tolerarces |

for enemical requirements per ASTM A480. In the tasic material, nctning< -

was found wnich is considered as a contributing f actor to tne f ailt.res. !>

.

Hardness tests were conducted on the tune wall, Dack ng plate 3rd CEA

gu i de. The Dracket and shroud Cuba values are typtCal for 304 5.5. plate
'

ma teria l . The values for the 4-finger CEA guide were as expected for
casttr 3 material. In conclusion, the failures were not caused oy tne
use of improper materials.

3-2
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3.2.3 Residual Stresses

Residual stresses are present in the structure prior to operation due
l

to the fabrication processes such as clamping, welding and cold working. 1

Alternating stress imposed on the structure during operation will attempt ,

l
to raise the maximum stress above the yield point. However, austenttic j

'

material will not sustain a mean stress when the alternating stress exceeds
the yield strength because yielding occurs. After a few cycles of opera- ,,

tion beyond the yield point, the mean residual stress will shake down.
Residual stress below the yield point arir taken into account by the ASE

*

Code fatigue design curves which are usec to design the shroud. The con-
clusion is that residual stresses were not a significant factor in the
shroud vibration cracking.

3.3 Meta 11ographic Examination

Upon receipt of samples cut from the shr:ud, visual and dye penetrant
examinations were performed. Fracture surfaces were visually examined to
provide evidence of possible inittstion sites. Metallographic samples
were prepared to study weld and base metal microstructure. The significant
observations associated with the various groups of samples are provided
below. The tube numbers referred to below are*shown on Figure 1-4

3.3.1 Top End of the Shroud

3.3.1.1 Finger-Guide Assembly Samples

Visual examination of the cracks snowed all were at one time
associated with a weld. All cracks nere transgranular with no*-

preferential attack or evidenc(: sf ductile tearing
.

The major cracks associated witn 4 or 12-finger guides were toe
cracks traveling in a longitudinal direction with respect to tne
wel ds. Once past the guide assenely region, in most cases the

cracks branched off in other directions. Weld and case metal
mtcrostructure in tne areas of trese cracks are typical of type
304 S.S. and indicate no material defects.

3-3

- - _ - . . -__



._ _ .-. .. -- . .. .. .

N

,

Crack initiation near 4-finger guide assemblies probably occured
on the -10 of the shroud tube because: (a) the cracks.were closely

,

associated with the bracket to tube weld fusion line on the ID
(see Figure 3-9), and (b) the center lip between the 10 and 00

crack fronts seen on tube 26 trails back to the 00 side (see; ,

.
Figure 3-10).

' Weld bead cracts were also identified in several welds and in many
,

cases adjacent to major cracks in both shroud tube 26 and 44 guide-

assemblies. Ff"gure 311 shows a weld bead crack in a tube to bracket.

weld. Note the close proximity with a major crack at the toe of the
same meld. Welds on shroud tube 44,180* side assembly were completely

. - cracked at both the 10 bracket to tube weld and the finger-to-bracket
weld (see Figures 3-12 and 3-13).'

| ' Cross-sectional mounts of the 4-finger and 12-finger guide assemolies
e

were made to observe weld and base metal microstructure (see Figure
3-14). Wald microstructure indicates lack of penetration in several "

welds, undercutting in over half the welds and minimum throat dimen- *

sions of less than 2/3 of the bractet plate thickness ir almost half

[. the welds. The weld shapes produced severe stress concentrations at
'

the root of these fillet welds. Cracts in several of the welds origi-
nated at the root of the weld (see Figure 3-15). One crack starting
from the root of the bracket to guide weld propagated transversely
through_ a 4-finger guide casting. The crack had reached a depth of
approximately 205 of the wall thictness extending along the entire
guide to bracket weld area (see Figure 3-16).

i

.

3.3.1.2 Snroud Tube to Web deld Samples
.

;.- ;

Two suples of tube to web wetti locations were removed. Botn nere
located near tube to weD welds, however, the crack from tie. roc..,

tube 15 was located on tne tuce (see Figure 3-7 or 3-17) wnile tne
other crack near snroud tube 14 existed on the weD (see Figure

'

| 3-18).

34 ,
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The crack on tie-rod tube 15 was approximately 805 through the wall.

The uniform crack front indicates compressive stresses probably
prevented further propagation. The crack was transgranular with no
evidence of corrosion or ductile tearing. The crack propagated away
from the web-to-tube weld junction indicating a higher stress condi-
tion existed in the base material than at the weld. Crack initiation

~

occured near the top of the web to tube junction based on chevron mark

indications which were evident on the fracture surface of the crack,

* shown in Fipres 3-7 and 3-17.

~ An additional observation was also made on tube 15 with regard to a
linear indication evident on the right hand side of the tie-rod shroud
tube web weld following dye penetrant examination (see Figure 3-17).
During field dye penetrant examinations, these indications were' wide-

spread. However, the indications were not interpreted as cracks but
rather weld discontinuities. As proof, the indication on tube 15 was
examined cross-sectionally and no cracks were identified.

The web crack fracture surface near shroud tube 14 as shown in Figure
3-19 provides evidence that the web was experiencing reverse bending
loads. Two crack fronts at the crack tip can be seen which is indica-
tive of such a phenomena. Crack initfition location is clearly distin.

*

guishable by characteristic beach marks (Itke the ripples in the sand
on a beach) near the top of the web along the toe of the weld.

3.3.1.3 web Base Metal Sample

"

| The web Dase metal crack witnin cavity #18 (see Figure 3-d) was trans-

| granular, propagating f rom a corner cut-out in 3 neo. %tallograpnic
V- examination of tne f racture surf ace snowea tne cract propagatea in 3

reverse bending *tode with tne appearance of two crack fronts as seen

previously in otner samples. The sharp angle apparent at the corner,

of the cut-out induces a nign stress concentration upon loading, contri-
buting to crack initiation.

|
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.3.3.2 totton End of Shroud

Exmination of two samples from the bottom end of the assembly was per-

formed. The 1/2" crack from shroud tube 41-to-web weld showed ductile
tearing and not fatigue. While impossible to distinguish whether the
crack oc' cured prior to or during the pre-core testing, the mode of,

failure would indicate it was probably an isolated, pre-test failure.
,

The 21/2" crack along the web to shroud tube 13 weld was again a trans-' *

.

granular crack. Initiation, however, did not appear to have occured on
the bottom of the tube to web weld but up 2" (see Figure 3-20). In. ,

addition, additional cracks were found running normal to'i.ne 21/2" crack
as shown in the center of the fracture surface in Figure 3-20. A cross-

'

sectional' view of this area shows transgranular cracks with extensive

branching indicative of stress corrosion cracking (see Figure 3-21). An

| ongoing investigation has identified the causative species as a hydroxide
'

not present on the Palo Verde Unit I replacement CEA shroud. Further

discus', ton of these cracks will follow in the final report.
t

3.4 Scanning Electron Microscopy (SEM)j

Fracture surfaces from CEA guide assembly cracks, tube to web weld cracks,
(top and bottom), and cavity #18 web base metal were examined. In all cases,
the f ailure mode was identified as high cycle, low stress fatigue (with the
exception of the stress corrosion cracks identified previously). Figures 3-22

I to 3-24 show fatigue striations found in the vicinity of crack fronts from
'

various f racture surfaces.

, - Distances betneen striattons =ere approximated to provide an estimate of tne

crack propagation rate. fhese measured values were 19en used to calculatea

I the numoer of cycles during crack propagatton. By olviding the dtstance tne
Crack traveled by the crack propajation rate (assumes crack starts at one of-

| tts ends), a value for the number of cycles was derived. This estimate of
tne numDer of cycles is only usefJI in Classifying the type of fatigue as nign
cycle and providing a lower Itmit estimate. Actual cycles to failure are
probably higher and potentially Nch nigher because: (a) the number of cycles
is inversely proporttonal to the estarce between striations wntch oecomes

greater as the cract propagates, and (o) the greater portion of high cycle
fatigue is spent in the inittatici stage versus the propagation stage. fhe

values for the crack propagation cate ranged from
_ _

incnes/ cycle.

"
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3.5 feetallurgy Samary

The cracks identified and examined had similar crack morphologies, with the
exception of the stress corrosion cracks. The failure mechanism in all cases
was identified as hign cycle fatigue. Crack initiation was typcially at weld
toe locations. Chemical and metallurgical conditions of base material were

'

acceptable. Cracks near 4-finger guides were more precominant and generally
found on the outer shroud tubes. Shroud tube-to-web cracks were less ntserous.

and closer to tie rod shroud tubes.-

.

The welds showed undercutting, misalignment, incomplete penetration, voids,
'and rough and serrated weld toes upon visual and metallographic examination.

These conditions were acceptable based on a visual examination only. In the
original shroud design, the mid specification allowed acceptance based on
only visual inspection, which was adequate for the anticipated operating
conditions and shroud function. Weld quality appears to have been a factor
only with regard to weld bead cracks found on 4-finger guide walds. In fact,

cracks associated with CEA guides or tube to web weld areas in some cases

propagate away from welds indicating higher stresses exist at the base
material. Additionally, the existence of cracks along a variety of welds
suggests that other factors including joint configuration were of greater
significance to crack location than weld quality.

.

..

|
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4,1 TESTING
<

4

A series of hydraulic and achanical tests were performed to identify
"

potential forcing functions which might induce shroud vibrations and
to characterize the modes of vibration of the CEA shroud assembly and

of individual CEA shroud tubes before and after modification.-

|

4.1. ] Hydraulic Test.

The purpose of the test was to investigate the response of the CFA shroud
* tube to excitation attributab'e to flow and/or acoustic phenomena. Of

'

primary concern were mechanisms which can induce fluctuating stress levels

high enough to cause fatigue failure.-
;

I

A four-finger CEA shroud tube was instrumented witn two piezoelectri: pressure

transducers and twelve strain gauges. The tube was installed in a ficw test
,

facility which simulates the flow paths entering the bottom of a tube ard the
induced lateral cross flow under the tube. Figure 4.1-1 shows the various
reactor flow patns with the core in place, including the flow into the CEA

I shroud region. Without the core, the circulating flow into the CEA shroud
region is ir. creased from L j of the total flow. Analyses of the

, distribution of this flow within the snroud y'ield very low velocity over the
|

| CEA guides at the teo (Figure 4.1-2). Even without the core, the velocity is
too low to induce vortex s** ' " off the guides at high enough frequency to
cause resonant vibration c. t.e . des from a vortex phenomena. This test'

examines the region of turbulent jets at the bottom of the shroud tube as
shown in Figure 4.1-2. Figure 4.1-3 shows tne test equipment schematic.
Strain gages were cistributed at ne top of the tuce to monia.or strain near
tne observed crack locatiens and to provide the tube mode shapes of tne

vibrations. Figure 4.1-4 shows tne strain gage locations.
.-

_-

Iwo test sequences were perf or9ed. In the first, the axial and lateral

coolant velocities were varied up to (, j respectively.*'

!nis range of velocities enccrpasses the velocities in the pre-core
reactor tests, in the second test sequence. acoustic pressures, wnicn

simulate, for example, perlocic pressure fluctuations originating at the
reactor coolant pumps, were Induced by olacing a tunable underwater sound

ge.1erator (SONAR) a few inches above the top of the snroud tube.
;

I

a-1
|
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coherences and phase angics among ths ..ansduc2rs were calculated for selected

test conditions and then plotted, Periodic excitation frequencies due to flow
were determined from comparisons of test-run PSDs with PSDs otitained with the

,

pump running but no loop flow. Periodic excitation frequencies due to
structural " response were determined with comparisons with rap tests. Analysis

was carried out in the frequency range 0 - 500 ilz.
,

In the flow tests, two shell mode resonant frequencies were observed.
*

At 132 Hz, the lowest resonance frequency, the extension shaft guides move
~

out of phase with each cther. At 180 Hz, the next higher resonance.

frequency, the guides move in phase. The mode shapes agree dell with the
mode shapes obtained in the mechanical excitation test (Section 4.1.4) in,

air at about 192 Hz, and 275 Hz, respectively. The RMS magnitude of the
stress fluctuations is about + 100 psi. These stress fluctuations by

themselves are too small to cause fatigue failure.

In the acoustically excited test, excitation was induced over the range of
100 to 300 Hz. At 130 Hz excitation, the tube response frequency was 132 Hz
with a maximum RMS stress of + 11 psi. At 177 Hz excitation, the tube

response is at 180 Hz with a maximum RMS stress about 25 psi. Mode snapes

agree with those obtained from the flow test., figure 4.1-5 shows the
measured strain distributions at 132 Hz for both tests and Figure 4.16
shows the strain distributions at 180 Hz.

The acoustic pressure induced by the SONAR was about. 0.1 psi. Maximum neasured

periodic coolant pressure fluctuations in the CVAp were [ ] psi at 240 Hz under

; the UGS plate which supports tne CEA snroud assembly. Even if these fluctuations

propagated undiminished tnrough sne flow noles in t:iis plate ard into the shroud
i

| region, tne resultirg induced stress is tco small to cause f atigue failure.
I
i. .

In conclusion the 3ydraulic tests were unable to identify a direct nydraulic
forcing fanction ar, ting on tne CEA snroud whicn could cause f atigue f ailures in|- .

t

j the snroud during ;:re. core testing. On the basis of tnis conclusion. $t was

j decided that there is no need to provide temporary devices to restrict tre flow

| intq the shroud during are. core testing. Post-core nydraulic forcing furctions
are smaller because, when the core is in place the total reactor * low is smal:er

| and also the fraction of tne t 3tal whicn enters the seroud region is smaller.
Therefore, the sane conclusion applies for tne nycraulic forcing functions during

| normal reactor operation.
|
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4.1.2 Modal Vibration Tests by C-E

4.1.2.1 Shroud Assembly Test by C-E

The purpose of the test was to identify the modes and frequencies of

vibration for the four finger and twelve finger CEA guices as installed.

on the CEA shroud assembly and to determine the interaction behavior

among guides on the shroud. Testing was performed in air on a new CEA
,

shroud at the C-E manufacturing facility in Newington, fei. A number of
accelerometers were mounted on the guides, shroud tubes, and webs.*

These sensors were moved about according to the particular component

or phenomenon being measured. Similar data analyses and recording and.

display equipment as mentioned in Section 4.1.1 were utilized. Excitation
was by manual 1spact hammer.

;

l
| When impacted horizontally, the four finger guides had resonance peaks

in the range from 178 to 196 Hz in air. The twelve finger guides had
resonant peaks at about 57 Hz when impacted perpendicular to the web

and at about 182 HZ parallel to the web. Damping was very small; less
than 0.1% of critical for the guide vibration.

,

When the tube is impacted, rather than the guide directly, the resonant
! peaks for the guides are seen along with many other resonant peaks. The
|
' relative amplitude of response at tre various resonant frequencies depends

on the location of the impacting along the tube and on tne locations in
the snroud assembly of the tube which is observed and the tube which

! is impacted. For example, impacting a tube at the top snowed the strongest
| response peak at 196 Hz, the frequency of the guices. Impacting at tne

botton still escites a response at 196 Hz but other frec;encies nave

stronger respanse. Just oelow tne guides near the top. .re maximum,,
,

response occurs at 275 Hz. At nigner elevations, more rnonance
f requencies occur with corrcaracle amplituce of response.

-
.

The peripneral web was impactec in the direction of tne : uter row of
tuoes. Maximum response occurred at 196 Hz in the Closest tube and at

,

'

240 Hz in the otner two tuDes in the row. Other response peais aere

also aoserved from about 33 Hz and uD.

43
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mode is a shall mode of the tube thich is determined in part by the mass

of the guides and their attachment. Second, there are many modes of

vibration for the tube shell away frts the guides, depending on excita-
tion location.

4.1.2.2 Single Tube Test by C E
*

To further characterize the vibration modes and to determine the effect of
water on resonant frequency, a single shrou.1 tube with guides was suspended

in air and then in water. Accelerometers were mounted on the guides at the+

tcp and on the tube at the bottom. !*pacting the guides in air gave a domi-
,

nant frequency of the guides of 204 Hz for this particular tube and is equi-
valent to 196 Hz measued on the shroud assembly. A cambinaticn of variations

*
in the tubes, their test configurations, and the instrumentation cause the
difference in frequency..

Impacting the tube at the top or bottom gave the same 204 Hz response of the

guides and, in addition, gave other frequencies. In water, the 204 Hz frequency
dropped to approximately 130 Hz. Other groups of frequencies showed similar

decreases in water.

|

4.1.2.3 Summary of C-E Modal Tests

The overall result of these scoping vibration * tests is that the CEA snroud
has several characteristic resonant frequencies corresponding to the CEA
guides and the tebe shell modes. It also has numerous other weaker resonant

f requencies. The dominant frequencies are associated with the four finger
guides and round tubes and are evident both in a single tube 3nd in tubes

,

which are an integral part of the shroud assembly. In conclusion, the |
investigation of the cause of the observed cracks snould include resonant !
vibration of the tubes and guides as a potential centributor. l

s 4.1.3 Modal Vibration Test by 50RC

This test was performed for C-E of Structura' Dyneics Researcn corpora ion
wno nas Ine Capability for dynamic vi0eo jis;; lays of vibr3 ting structJres..

The purpose of the test was to identiff local and overall assemolf af
vibration of the CEA snroud in air and in water. 'esting was performed

on tne original Palo Verde Unit 1 CEA snroud af ter it was returned to

the C-E manufacturing facility in Newington, W. *ne snroud .as f astened

down with tie rod assemDlies wnicn are employed in tne reactor. ;t was

located inside a barrel wnich was filled witn water for some af tne testing.
4-4



cf sensors on the shroud and the geometry of the shroud were incorporated

into computer software unich enabled dynamic video output of the overall !

global mode shapes of the vibrating shroud. Testing has been completed |

and reduction and interpretation of the data are underway.

A summary of this test will be included in the final CEA shroud report.
. .

4.1.4 Hechanical Excitation Test f
*

This test was initiated by C-E after the previously described modal tests

|. by C-E identified the need fcr a thorough laboratory characterization of ube
vibrations. The purpose of this test is to determine the dynamic vibration
response characteristics in air of a single CEA shroud tube with CEA guides,

and of a single tube as modified by cutting off the top three inches including
the guides. Also, the test provides a means of producing a crack in the ;

shroud tube similar to the cracks observed in Palo Verde Unit 1.

A single shroud tube with guides and with three webs, simulating a peripheral

tube in the shroud assembly, was mounted in air as shown in Figure 4.1-7.
Rigid mounting of the webs as shown provides a known bounc'ary condition

which can be represented in an analytical structural model of the same tube for

correlation with the test (See Section 4.2).. The tube was excited at a point

on its circumference by en electromagnetic exciter. Excitation was applied at

one of three elevations: 8 inches up from the buttom, 8 inches down from the
top, or 42 inches down from the top wnich is tne elevation of the UGS barrel
flange. Tube response is monitored by 15 strain gages at the top and by 5 at

the botton, as shown in Figure 4.1-8. In addition, an accelerometer .vas placed

at various locations to map the axial and circumferential distributions of
tne acceleratton, from which displacement is obtained.

( Resonant 'requencies were identifiec f r>m 93 Hz to 120 dz. 'ne elst 7 ve
amplitude of response ce;encea on t?e 1] cation of the exciter 3rc 1e-

axial elevation anicn is nonitoreo. Generally, trere .ere t.o ;ominant !

*
. frequencies. They are 112 riz nicn i s :ne resonant frequencj in ai af :ne j

~ 'guices ano tuoe at tne top, and a group of f requencies f rom acout 60 d: to 2CJ Hz
wnicn are resonant frequencies in air of the snell modes of :ne snr:ud :2ce.

4-5
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strain at this frequency is more than t: ice as great as the strain at
,

the top for any other frequency anc is more than three times greater
than the concurrent anximum strain at the bottom.

When the ex' citer is located at the bottom, the maximum strains at top and

bottom occur at a shell mode resonant frequency near about 284 Hz in air.
'

The strain at the top is almost as large as for the guide resonant frequency
when the exciter is at the top, but occurs at the nigner frequency. The strain

* at the guide resonant frequency of 192 Hz is less than one tenth of the value
it had when the exciter was at the top. The strain at the bottom when the exciter I,

is at the bottom is less than the strain at the top.

.
' When the exciter is located at 42 inches down from the top, at the UGS flange

elevation, the maximum strain occurs at the top but at a higher frequency of about

418 Hz. Strains at 192 Hz and near 284 Hz are 70% or less of the strain at 418 Hz.

The axial distribution of displacement amplitude was cotained from hand hela
accelerometers. Generally, the axial mode shapes at the guide frequency of
192 Hz indicate very large amplitude at the top, smaller amplitude at the
bottom, and much smaller along the intermediate lower length. At most higher
resonant frequencies, the bottom displacement is larger than the top and the

axial distribution has two nodes. These displacement distributions correspond
to the overall observations of location and relative amplitude of the strains.

Measurements of strain amplitude as a function of the peak magnitude of

the sinusoidal exciting force were riade at tne various resonant frequencies.
Using these data, a frequency and force were selected for a long teri test at
constant frequency, or a dwell test, to induce failure. The resonant frequency

of the guides was selected and tne force adjusted to give a taximu:n measured
6local strain equivalent to a stress wnich was below tne f atigue stress at 10.

,

cycles. For top excitaticn at tne guide resonant frequency, the tarinun measured
strain occurs on the ; age adjacent to the welded attactent plates f ar tre guices ;

(See Figure 4.18). Because of tne finite size of the strain gages, they

necessarily indicate the strains in the tube wall adjacent to the welds.
Iaking account of the stress Concentration Caused by tre welds and t'te

local change in tuce wall tnickness at the guide attacreent, f ailure will

occur at measured values wnich are Delcw tne f atigue linit for, tne 4aterial.
Owell excitation at 192 Hz succeeded in cracking the tuce at

_
Jcycles.

The crack was similar to those cracks visually observed at Palo Verde 1.
4-6
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The fact that a crack could be induced is n:t, in itself, significant since
'

any welded steel structure can be cracked by applying an appropriate force

at a resonant frequency. In this case, the force was applied at a point on ,

j the tube circumference and such a force does not exist in the reactor. The
significant f act here is that a different loading condition produced a crack !

similar to the reactor cracks. It is postulated that bending of the tube
wall by moments and displacements transaitted through the attached webs near-

the CEA guides, even if not at the resonant frequency, would also cause
similar cracks bectuse of the restraint provided by the double welded plates

,

and the related local stress concentration. An approximation of the stress
> .

concentration factor is obtained from the test by determining the ratio of
the material fatigue stress at the neber of cycles to failure to the measured

* stress near the guide attachment. Calculated stresses in the tube wall for
various postulated exciting forces in the reactor are multiplied by the stress
factor and compared to fatigue limits to evaluate the potential for. those
postulated forces to have been the cause of the reactor failures. Analytical
models used in this comparison (See Section 4.2) are confirmed using the

detailed modal shapes and frequencies obtained from this test.
.

Following the test to failure, the top three inches of the tube along
with the guides was cut off and the cut surface was prepared in the same

manner as in the shroud modification discussed in Section 5.0. New strain

gages were installed at the top and characterization of the tube vibration
is underway. Complate results will be given in Section 6.1.1 of the final
shroud report. Preliminary data indicate that the guide resonant frequency
is eliminated.

,

s.

. .-

e
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FIGURE 4.14.
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FIGURE 4.14
SHROUD TUSE STRAIN 0887RIBUTION

AT 130 HZ IN HYDRAULIC TEST.
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FIGURE 4.14
WMOUD TUSE STRAIN DISTRIBUTION

AT 100 HZ IN HYDRAULIC TEST' *
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FIGURE 4.1-7

SINGLE TUBE MECHANICAL EXCITATION TEST
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4.2 Analyses

The purpose of the analyses is to demonstrate the structural integrity of
the CEA shroud under the usual design loading conditions. These conditions

include the normal operating loading including that which existed during the
pre-core testing and the Safe Shutdown Earthquake, Operating Basis Earthquake

'

and Loss of Coolant Accident blowdown loadings. The shroud assembly as

originally designed was shown to be a strong structure which is acequate for
the large and relatively short duration loading of the non-normal conditions.-

*

Further, during normal operation the original shroud was not subjected to
m

significant direct loads from flowing coolant. This fact was confirmed by
(- the testing described in Section 4.1.1. The conclusion reached, based on

results from the examinations in Section 3.0 and the various tests described
! in Section 4.1. is that the failures occurred not from large static loaos,

but from high cycle fatigue induced by vibration. Therefore, the primary
emphasis of the analyses is to identify the potential forcing functions and
consequent modes of vibration during normal operation.

4. 2.1 Structural Response of the Upper Guide Structure

The methcdology used to calculate the dynamic response of tne apper guide
structure assembly is divided into three adjor areas; the calculation of
the forcing function due to nydraulic loading. the developrient of struc-
tural mocels which characterize the vibratory modes, and the calculation
of the structural response. The purpose of this section is to describe
the analyses which were used to assess the failure mecnanisms which

y

occurred during the pre-core not functional testing. These results are
used as tne basis for demonstrating the structural integrity of tre modi- (
fled structure. The structural assessment of tne modified cesign is
discusseo in Section 6.1.2.,

_

.

4.2.1.1 Calculation of tre Forceg Function,

.

The forcing functions wnicn were used to excite tne <arious structural

models were obtained from tne not functional test program. Curing
this program, the tuDe sneet region of the apper guice str.cture
asse<=31y was instrumentec with accelecometers, press.re transc.cers.

I
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outlet nozzles whero the flow loadings are the most severe. Data were

obtained for different pump combinations and the results of four pump

operation, which are indicative of normal operating conditions, were
used as the upper guide structure assembly int.ut forcing function.
This loading was then used in a dynamic resptnse analysis and resulted

in a set of RMS acceleration levels 'and forcing frequencies of the
* upper guide structure support plate. The details of this and other

analyses ire described in the following sections.
.

*
4.2.1.2 , Random Vibration Response Analysis

A lumped mass model of the upper guide structure (Figure 4.2-1) was--

developed t'a determine the structural response of the CEA shroud

assembly, upper guide structure cylinder, tube sneet region, and fuel
alignment plate with measured random loading as the input forcing
function. The masses used in the model account for the weight of the
structure and the effects of both contained and displaced water. Beam
elements were used to represent the structural stiffness and shear

deformations were included in the development of the stiffness matrix.

Tne model was subjected to two loading conditions wnich were obtained
~

from the hot functional test program:

1) Random pressure acting on the tune sneet region (Figure 4.2-2) for

four-pump operation at 565'F. This loading was among the nignest
recorded and represents conditions most typical of normal operation.

These flow loadings are also conservative because the fuel was not
present during ne pre-core testing.

2) Random upper guide structure flange acceleration ; Figure 4.2-3).:,

The dataTre a:tained from an external CEOM acceteroceter. *hi s

loading is considered representati.e of tne actual conditions at
,

tne UGS flange since tne flange is clamoed netween :ne reactor
,

vessel nead ledge and a holdcown ring.

Response power spectril densities (PSD) aere calcalated at earious

points in the model anc used as incut for nore : etat:ed st%ctural

models of tne shroud assemoly. These models. ,enicn .111 se described

f 4-17
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.

in subsequent sections of this report, were developed to calculate

the three-disensional responses of the upper guide structure with and

without the proposed structural modifications. The calculated PSD for
the response of the upper guide structure support plate to measured

,

random pressure loading using the lumped mass model is shown in Figure
4.2-4, and was used as the loading for the detailed models. Anotner -

'

PSD was calculated for the center of the tube sheet and was compared

to a measured pSD at the same location (Figure 4.2-5). As can be

seen, the agreement is very good and gives confidence in the results-

'' of the model.

In order to more fully assess the effact of this random loading on-

the tangential response of the CEA shroud assembly, a more detailed

lumped mass beam model of the assently was developed (Figure 4.2-6).
2A correction factor of (1-V ), where V is Poisson's ratio, was used

'

to modify the beam properties to more accurately represent the plate

bending behavior of the connecting wet,s. The purpose of this model
was to determine the dynamic responses of tne outer rows of CEA

shroud tubes where most of the cracks cccurred. The tie rods were
assumed rigid since they are stiff relative to the connecting plates
in the shroud assembly. An analysis was performed using forcing

j functions determined from the calculatId PSD of the upper guide struc-
ture support plate response and the results indicated tnat structural

failures could occur.

4.2.1.3 CEA Shroud AsM0ly Dynamic Response Analysis
,

A three-dimensional finite-element model of the snroud asse90ly nas
developed for tne purpose of determining tne 94tural f requencies and,

.90ce snapes of tne structure and tne response af tne s'.ruct re *a a.

vibratory motion of tne spper guide structure support slate ;wi>'.
,

-

.

The nalf sym. metry model nas constructed using a :nin plate /snell

element for Dotn tne tutes and interconnecting neos. 'he cases af

four snroud taDes were fixed to simulate the tte rods. All of t9e
atner snrouds were allowed to move laterally inc sertically. Seven
axial levels were used to define the nodal coordinates.

4-18
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The modal analysis resulted in a first mode frequency, in water, of j=

about [ ]Hz. The frequencies of the t'irst 15 modes were under [ ]
.

Hz. In-water frequencies were determined by using both contained and g
= displaced water. -f-

j.

E'

Most of the resulting mode shapes indicate lateral motion of the y
shrouds with the peripheral rows exhibiting the most motion in the $

*

w
lower modes. Figures 4.2-7 and 4.2-8 show mode shapes for modes 1 y
and 3 which clearly indicate this behavior. In addition, the highest i*

,

participation factors which are a guide to determine which modes h
contribute to the overall structural response, were found in the p

*

lower modes with in-water frequencies of less than [ ] Hz and in '

several higher modes with frequences near [ ]Hz. I
?

The model was subjected to a base excitation frequency of [ ]Hz I
which determined from the random vibration response analysis described i

M

: in Section 4.2.1.2. Even though other Dase excitation frequencies at

[ ] and [ ] HZ were also identified, these were noc used in the
dynamic analysis because the magnitudes of the excitation are lower

;at these higher frequencies and the response levels would also be less.
IThe [ ] Hz forcing frequency was found to be close to an in-water

frequency of the unmodified upper guide structure assemoly.

The model 45 subjected to a base excitation frequency of [ ] Hz
wnich determined from the random vibration response analysis described [

in Section 4.2.1.2. Even tnough other base excitation frequencies at i
[ ] and [ ] HZ were also identified, t*ese were not used in tne
dynamic analysis because the magnitudes of tne exc1tation are lower 7

at tnese nigner frequencies and the response levels would also De less.
,

ine [ ] nz forcing f requency was found to De close to an ia- ater

frequency of the unmodified upper guide structure assemoly.
.

~ '

The results of the base excitation analyses performed for tne original

CEA snroud assembly nave snown a potential for f ailure if the forcing
frequency is close to an in-water natural frequency of tne structure. -

Ine resulting deflections, wnen applied to a detailed finite element
model of a single CEA shroud tube witn wees (Secticn 4.2.1.4), are f
severe enough to cause f atigue failures in the vicinity of the four E

finger guides. 5
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In addition, the results of the visual inspection of the upper guide

structure after the hot functional test revealed that one of the CEA
shroud tubes had impacted the UGS flange. Because of this finding,

analyses are being performed to determine the effect of this impact
on the dynamic responses and whether it was a contributor to the

observed cracks. The results of these analyses will be presented
,

in the final report.

! 4.2.1.4 CEA Shroud Tube Analyses,
.

Various single CEA shroud tube finite element models which included
,

the four finger guides and backing plates were developed and used for
modal, static, and dynamic response analyses. The models represented

shroud tubes with both three and four webs to account for the various
locations, loading conditions and response interactions. These models
were constructed with lengths of 10, 20, and 160 inches (full length).
The snorter models, such as the one shown in Figure 4.2-9 were used to

determine the effects of the CEA guides on the tube response and to -

quickly determine the sensitivity to various static and dynamic loading
conditions. The full length model was used to calculate mode shapes

and stresses using deflections obtained, from a three-dimensional model
of the CEA shroud assembly (Section 4.2.1.3). These stresses were

octained for the uimodified structure (failure analysis) and for tne
modified structure (predtetion analysis).

The models were constructed with a thin shell quadrilateral element of
arbitrary geometry formed f rom four compatible triangles. The element
accounts for botn memDrane and bending bena<ior and has twenty four

degrees of freedom, i.e., six degrees of freedom per node in the global
*

coordinate system.
.

*
The results of a full-scale forced storation tuce test, an1cn is

described in Section 4.1.4, were used to correlate the tull lengtn
model. This test determined tne in-air f requencies and resulting
stress levels for various input loaoings and points of load applica-
tion. Analytical and test comparisons at botn ends af :ne tace aere
determined to te very good witn regard to frecuency and -'tode sna;e

and excellent with regard tc strain and stress. A typtcal result of
the stress / strain correlation is snown in Figure 4.2-10.
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EThe model was also used as a means of estimating the damping levels in the
'

structure. This estimate was obtained by comparing the calculated stresses with

an assumed damping to those obtained from the test for various loading conditions. j
By ratioing the stress levels, the amount of structural damping was obtained for
each loading condition. The resulting damping levels were approximately [ ] *I

percent of critical for the comparisons which were made and agree well with single

tube stress results. - ;
-

;- i

In addition, the four web full length model was used to predict the number.

* of cycles to produce a structural failure in the tested shroud with the exciter
located near the top of the tube. Test results had indicated that the highest
stress levels were in the top of the tube near the four finger guides at a forcing g*

frequency of 190 Hz. With a force input of 12 pounds, the measured strain levels h
near the welds were approximately [ ] in/in [ ]. These 3

findings agreed well with the analyticu predictions of loading and stress. Al so, f;
using a fatigue curve for 55304 which is based on raw data and an estimate of the jE
stress concentration factor, the predicted number of cycles to failure is of tne _g
order [ ] cycles and represents approximately three hours of test time. H=

5The test results agreed well with this prediction and the estimates of required
loading giving confidence in the accuracy of the model. -

As mentioned previously, the single CEA shroudIube models were used to b

calculate stresses using deflections obtained from a random vibration analysis
~

(Section 4.2.1.2) and a base excitation analysis (Section 4.2.1.3). These latter i*
Ianalyses were performed using detailed finite element models of the CEA shroud

assembly which account for the structural interactions between the various tutes
,

2and connecting webs. Preliminary results of these Investigations using the single
tuDe shroud models have indicated that the bending stresses are most severe near

tne four finger guide attachment plates wnere most of the actual f at tures occurred.
* Ine stresses are generally nigner in the first interior row of tubes and most of

tne response is attrieutaole to the first mode wnicn is possible wnen snuceers

are not ased. Tne findings f rom a f ailure analysis af the original structure :an*

De summarized by tne following:-

1) The CEA snroud tube stress levels are well celow tne f atigue allowaeles
wnen the horizontal displacement in tne first interior row is L jmils.

At this displacement, impacting occurred as evidenced by tne marts -

ooserved on the outer most shroud tube at 45' (Figure 3-3).
_
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..

:

2) At the maximum allowable horizontal displacement of ( )milsinthe180-
270* quadrant, the maximum stresses in the outer row are close to the
allowables in some cases and fatigue damage defined by the usage factor

is about [ ]. The inner tube stresses are higher than the allowables

in some locations and failures will occur.
.

The above findings do not include the effects of single tube impacting or tne
presence of snubbers on the structural responses. The ef fects of snubbers are*

,

addressed in Section 6.1.2. The effects of impacting on the dynamic response are

presently being determined.
4

..

9

e

I
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5.0 CORRECTIVE ACTIONS

The orobles described in Section 1.1 was corrected by taking the actions

desciibed below.

5.1 CEA GU10E M00!FICATION-

The configuration of the attachment of the CEA guides to the top of the. .

shroud contributes to local stress concentrations. This is evident from
the observed crack locations (Section 3.0), from the experimental test
results (Section 4.1.4), and from the analytical results (Section 4.2).
The modification consists of renoving the top three inches of the CEA
shroud and all the 4-finger and 12 finger CEA guides. Thereby, the loca-
tions for crack initiation are eliminated. Since the gaid6s have no
function during normal operation, their function is provided by a separate
tool which is not a permanent part of the vessel or the internals. The
tool is utilized only during refueling operations.

Cutting a length of three inches from the top of the CEA shroud assures that
effects of the original velding of the guides is removed. This length is
cut off everywhere except at the eight tie ros locations and two locations,
fyr Reactor Vessel Level Monitoring Systo (RVLPS) probes. Those shroud

tubes remain full length to eliminate the need for changes to the tie rod
assembly and to the Heated Junction Thermocouple RVLMS. The ma;imum allow-

able cutoff length is greater than three inches. It is based on tne require-
ment that the CEA spiders remain within the shroud when the CEAs are in the

fully withdrawn position. Figures 5-1 ana 5-2 show the :odified CEA snroud.

'

_

Af ter cutof f, i minimum of three inches of tre nelds at the top Det-een_-

webs and shroud tubes are ground out and replaced with full penetration
> welds. An acattional fillet weld is applied over this te ninimize tne

stress concentration at the junctions. The bottom welds at the tie rod,

locations are also similarly prepared. Liquid penetrant inspection accor.
ding to the ASME code requirements is 1.mposed for these . eld repairs.

5-1
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5.2 CEA SHROUO l.ATERAL SUPPORT MODIFICATIONS

The CEA shrbud'is held down to the Upper Guide Structure Support Plate,

(UGSSP) by the eight tie rods.- Stiffnes: Of the shroud assembly
..

provides the restraint against lateral forces in the original design.
Analyses in Section 4.2 indicate that global modes of vibration of the

* shroud may cause lateral deflection of the outer tubes and webs and mayo

contribute to high stresses. To Ilmit such lateral deflection, four
snubbers are added to the CEA shroud as shown in Figures 5-1 and 5-3.

|-

| The snubber consists of three pieces. A snubber block assembly is
! shop welded into the three outermost shroud tubes on each of four sides

of the shroud. A flange block assembly is field installed on the UGS

barrel flange by pins and bolts. A hard shim is field fitted to the
snubber block to provide controlled clearance with the sides of the slot

in the flange block. The completed snutber assembly allows radial and

asial differential motion between the CEA snroud and tne UGS barrel but

restricts lateral or tangential motion to the amount of clearance at the

-Shims (maximum [ ] mils). ,

Vibratory lateral displacements of the CEA snroud are limited by tne

snubber. The lateral load is transmitted into tne barrel flange which in
turn is clamped by the reactor vessel flanges. The hard snubber shims

,

and their hardened mating surf aces on tre flange block provide wear

surfaces to allow for normal radial and 3xial dif ferential movement.

!

b.

1

I.-

,
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I 6.0 Test and Analyses of Modification
|

6.1 Analyses and Component Test
The evaluation of the failure sodes utilizing hot functional test data, ana-

lyses and experimental measurements on components and on entire CEA snrouds
identified two potential failure mechanisms for the original shroud design.
Similar analyses and compontat testing on the modified shroud should give*

confidence that the modified shroud will not fail. A description of mechanical

testing on a modified single shroud tube is given in Section 6.1.1. Analytical
.

models described previously .in Section 4.2 are applied in Section 6.1.2 to the

modified design. As a final check on the response calculated for the CEA
shroud during normal operation, testing will be done in the Palo Verde Unit i
reactor after all modifications are completed. Section 6.2 describes this
planned Demonstration Test. The final CEA shroud report will summarize the
results from the test and congare them to analytical predictions.

6.1.1 Mechanical Excitation Test
The purpose of this test is to characterize the vibration of a single CEA
shroud tube after the modifications described in Section 5.1 are completed.

The test arraagement was described previously in Section 4.1.4. This test

is underway and results will be presented in the final CEA shroud report.
,.

6.1.2 Analyses of Modified CEA Shroud Assembly

Structural analyses of the modified upper guide structure were performed using
models of a full length single tube and the CEA shroud assembly. The structural

modifications are the removal of the four finger CEA guides and tne top tnree
inches of the tubes which contain these guides, the removal of the twelve finger

CEA guides, arid the addition of snubbcrs to prevent lateral motion of tne peri-
pheral shrouds. Prel19tinary results of base excitation analyses indtcate tnat
the snubbers help by limiting deflections. In addition. tne removal of tne

Stresses are ce mguides eliminates regions witn stress concentrat'en f sctors.
11 :e ; sed tocalculated at selected locations tnroughout the structure and 4:

determine the structural integrity cf the <arious shroud tubes. Because of the
size of the model and tne amount of deflection data, the evaleat'ons ire still

,

continuing in order to fully assess tne response of tne modtfted structure.
The results of this prediction analysts will De compared to actual ,easarements

from the planned Demonstration Test.

l
|
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622 Demonstration Test

A demonstration test is planned for Palo Verde Unit 1 to confim the
adequacy of the repairs to the upper guide structure under operating
conditions which are similar to those during t5e pre-core hot functional
test. During the test, data will be taken for various reactor coolant

- pump combinations at selected coolant system temperatures and pressures.

The maximum pressure for the test is 2250 pst and the maximum temperature

is 550*F.,

.

The CEA shroud will be instrumented during the demonstration test to,

determine the loadings and structural responses. Instruments will be
located at the top and bottom of the shroud assembly as shown in Figures

6.2-1 and 6.2 2. Table 6.2-1 defines the purpose for each of tne instru-
ments. The vibratory notion of several shroud tubes will be determined

with bi-directional accelerometers; strain gages wil be used to determine
the stress levels in selected tubes and webs. Dynamic strain will be
correlated with dynamic pressures measured.3t the top and botton of the

same tubes. The basis for selecting tnese instruments is to determine
the response and loading at key locations, especially where structural
failures occurred, in order to learn which contributing mechanisms led
to the failures. The seasurement results will-be compared to analytical
forcing functions and responses.

<
.s

1.

.
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'-
TABLE 6.2-1

i: .

I ufns Instrimentation List

F . Transducer Purpose

A-1 Measure motion of previous failed
tube and seasure snubber impact
if occurring.

t

A-2 Measure CEA shroud axial motioni
-

'

A-3 and measure snubber impact if
| A-4 occurring.
h. .
; A-6 Measure response of outermost
I tube next to UGS barrel wall.

A-5 Measure response of center tube
for comparison with outer tube
motion.

A-7 Measure motion of Tube M where
hign cross flow occurs.
(Designated A-7 in CVAP)

A-8 Measure motion of UGS plate.

A-9 Measure fuel alignment plate
motion.

SG-1 Obtain strain distributions.
SG-2 Obtain strain distributions.

i

i SG-3 Measure -strain in previously
SG-4 failed tube.

!

SG-5 Record strains on previously
SG-6 unfalled tube toward the interior

of the package for comparison.

SG-7 Measure strain on previously
SG-8 failed tube and octain strain

distributions.

> SG-9 Measure tending strain in_
outer web.

k'' SG-10 Obtain strain distriowtions.
i SG-11 Jbtain strain distr 1Duttons.

''
SG-12 Determine strains in location of
SG-13 failed tube in the inner row,

i

6-3
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TABLE 6.2-1(cont'd)

UGS Instrumentation List

Transducer, Purpose

SG-14 Measure strain in high cross flow
SG-15 region (previously designated S-9

&S-10inCVAP)

SG-16 Measure strain on web interior*

to tie rods. 3

SG-17 Measure bending strain in web-

near tie rod. *

SG-18 Measure strain on web interior
to tie rods.

P-1 Measure forcing function in
P-2 previously failed tubes.
P-3 Measure forcing function in web area.
P-4 Measure forcing function in
P-5 previously failed tubes.

P-6 Measure pressure fluctuations on
UGS plate to be compared with Unit 1
CVAP results. (Designated P-13
in CVAP).

P-7 Measure forcing function on highly
instrumented tube.

P-8 Measure acoustic pulses
P-9 exiting RCP. (Not showe in

Figures 6.2-1 & 6.2-2.)

.

!

.m*

e

e
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