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MAR 2 8 1984

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
following additional information is needed to complete our review:

1. We were notified in the meeting that the thermal liners of the surge
Tines 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 1ife 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
"snubb.rs" (nominally keyways) at the top of the CEA shroud are the
first-of-a-kind des1gn being used initially in the CE system 80
reactor internals. Oue to the lack of service experience, additional
information is needed to demonstrate that, with the reduced clearances
present in these "snubbers" over other designs now in service,these
devices can operate reliably for the service 1ife of the internals.
Further, to eliminate confusion, we recommend tne use of the term
"Keyways" in 1ieu of "snubbers",

Mmk. Chief

Mechanical Engineering Branch
Division of Engineering

: See Page 2.
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PALO VERDE UNIT 1
SAFETY INJECTION NOZZLE THERMAL LINER

1.0 Introduction

Palo Verde Unit 1 system is a 3800 Mt class, pressurized water System 80
nuclear power plant, Figure 1 is a layout arrangement of the primary
components. The hot-leg piping 1s 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 2B and, hereinafter, the cold-leg
pipe attached to a particular pump will carry the same designation.

There is one safety injectiom nozzle in each of the four cold-leg pipes.
The nozzle 1s a 14 inch, schedule 160, full penetration weided 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 coo'down, loss of secondary pressure

and loss of coolant accident conditions.

The pumps wore operated for cold hydrostatic testing during July -
September, 1982 (Figure 3), and for pre-core hot functional testing
during May - July, 1983 (Figure 4).
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Curing the post core WFT inspectiom on July 19, 1983, the reactor coolant

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

thermowells which failed during the NFT. It was noticed that the thermal

liner in the safety injection nozzle for the 1B pipe was protruding into

the pipe about one-half iach, Also, it was observed that the thermal

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

there were gouges in the clad on safety injection nouﬁ 1A near the i
nozzle-to-pipe juncture where the positioning pads were located. The
missing liner was found in the reactor vessel below the inlet nozzle
through which it had passed and wedgad between the reactor vessel and the |
outside of the flow skirt. AlY other nozzles with thermal liners in the
RCS piping were examined and the liners were found to be in place. As a

result of the findings an intensive effort was inftiated to understand

the fatlyre 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

problem,

The safety implications of the failure have been eveluated. The tran-
sfents and the number of cycles originally spacified 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 nozzle under

the liner was performed and the results are Tisted below:

a. NWith the liner in place the !imiting utage factor s 9.4% of the

allowable,
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Nith the liner missing and the support groove in the "as is
condition® the limiting usage factor is 60% of the allowable in the

raised portion of the explansicn groove (see Figure 7 thermal sleeve

explansion groove and Figure §).

With the evolansion groove blended, the limiting usage factor is J4%
of the allowble.

Therefore, with the explansion lands blended, the 1imiting usage factor
under the liner has Increased to J4% of the allowable without the Tiner
as compared to 9.4% with the liner,

If the !iner had become dislodged in service, the usage factor would have
increased to 60% of the allowable, however, even at this value the nozzle

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

e safety injection nozzle 1s located down stream of the pusp (see
Figure 1) and upstream of the reactor vessel. The potential for core
flow blockage has been examined and t has been concluded that the dis-
lodged iner would not lead to flow blockage. The liner would be
prevented from entering the core region by tle reactor flow skirt and
would remain trapped between the flow baffle and the reactor vessel

shell as found 1n Palo Verde I.

It has been a "ombustion Engineering Jesign practice to nstall a thermal
liner in noizles which could expericnce rapid temperature changes (ther-

mal shock) during the 1ife of the plant. In some instances, this was
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done without regard to the necessity for a lTiner, but as an additions!
sesurance of adequate “protection” for the nozzle. Therefure, the
original calculations which justified the fatigue 11fe of the satety
injection nozzles included the nozzie 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 wil) be discussed in more detal! in this report, subsequent fatique
evaluation of the safety injection nozzle without the liner indicates the
fatigue 1ife 1s well in excess of the specified requirements,

Other nuclear steam supply systems designed by Combustion Engineering
have & safety injection rozzle and liner desfgn similar to that described
above. There are significant differences in primary coolant pusp design
and in flyld flow rates. Generally, the pusp impeller blade passing
frequencies and fluid flow rates for the other plants are Tess than for
the System 80 plants. The significance of this will be discussed in
another section of this report,

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 determing the effect on the tafety injection nozzle, and
(3) to determine if & similar condition existed in other safety injection

nozzles. Inftial inspection of the explansion groove in the nozzle clad



suggested either improper groove desigm or fmproper fabrication. Later,
the 1iner was found in the reactor vesse! against the flow skirt below
the 1A inlet nozzle. The recovered thermal liner 1A wes sent to C-E
Chattancoga Metallurgy Laboratory Tor further examination which revealed
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
7). From this evidence 1t was concluded that the nczzle groove had teen
correctly machined, the liner had been explanded properly into place, and
that the liner had vibrated and worn the nozzle cled so os to become

loose and eventually exit the nozzle,

To prevent loosening of the safety injection nozzle 1 'ners at other
locations, the liners were removed. Any damage done to the nozzle
cladd ng was repaired and operstional suitadility verified by ron-
destructive examination. The explansion ridge in the clad was also

removed ind the surfece examined, Mo base metal wis exposed,

Tre above solution to the problem has been verified by inalysfs, The
max ‘mum cumulgtive usage factor in the part of the ~ozzle that |3
protected by the liner when it fs in place s calculated to be 0N,
T™he usage factor at this location without the liner is .34, The . M
usa tor would allow three times the number of transients that are
11sted in the RC piping specification, The specific ozzle transients

are listed in Figure 17. Another location, namely the explansion grocve,
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fs calculated to have a cumulative usage factor of .60 in its “as 1s*

configuration in which a stress concemi. ation factor is used. If this
surface is machined smooth so that a stress concentration factor would
not be present, the usage factor at this Tocation would b2 .16, Thus,
the largest usage factor in the area that was behind the liner will be

M wren the liner 15 not present,

™e usage factor in the safe end portion of the rozzle, which s not

protected by the thermal liner, fs 0.0(”. Therefore, the absence of the

liner will not change the operating capability of the nozile,

Inspection and Examinations

™e inftial examination of the clad surface in nozzle [A revealed that
the explansion groove was non-existent for about 1/3 of the circumference
and greatly reduced for the remgining portion. Dfameters on appropriate
surfaces were measured at severa! circumferentia) locations and compared
to drawing requirements as shown on Figure §. This indicated that either
the groove had been machined incorrectly or that it had been worn
significantly, Pad height measurements taken st the tame time (d'mension
“0* on Figure 5) did not completely agree with the dismeter measurements

even though some reduction of gioove Teng®h was again indicated,

This was previously reported to the staff incorrectly as .12,
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To further verify the explansior groove dimensions in safety injection
nozzle 1A, & set of molds were made in areas where a groove could be
seen. Examination of these molds showed & severe reduction in groove

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-
tatfons that the liner had vibrated at its original Tocation while
turning slowly, At some time, the liner slipped out of the nozzle about
1* and Yodged there while vibrating and rotating slowly again (Figure 6).
Finally, the liner slipped out of the nozzle completely and was eventy-
ally found in the reactor vessel under the 1A pipe inlet Tocation,

An inspection of the three (?) remaining safety injection nozzles at the
site showed that the liners vere still In place, but the 2A liner was

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

liner as wel)l as the others were removed exposing indentations in the
nozzle clad very similar to those found under liner 1A with definite, but
reduced, evidence of rotatfon (Figures 9 and 10). A1l {ndentations were
acid-etched to check for exocosed base metal, “ut none was found, Repairs
were nade by blending the worn areas and machining out the explansion
groove area flush with surrounding surfaces, A liquid penetrant
inspection was done on finfshed surfaces to fdentify any indications that
might have been uncovered during the rework, No weld repair was

required,
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4.0 Probles Definition

One end of the cylinder 13 cut on a2 30 degree angle to conform to
the nozzle-to-pipe juncture, The liner s held in place in the nozzle
by explansion into a specially prepared groove in the cled on the nozz'le
fnside diameter. The groove fs appreximately 0.1 inch deep. Also, three
equally spaced tabs on the liner near the nozzle-to-pipe juncture tend
to 1fmit lateral sovement of the liner. Figures 11 and 12 show the liner
detatls and the liner installed in the mozzle. E

b

T™he cantilever Tength significantly (nfluences the na‘ural frequency and

the "Teverige® that forces can exert upon the liner,

By reviewing the operating history and the design of the liner, & fallure
mechanite can be developed to explain tha post Core Mot Functiona!

Testing findings. The following conditions were found:




-10-

The liner ‘n the safety injection nozzle in the 1A pipe was
missing.

The liner in the safety injection nozzle in the 2A pipe protruded
into the main pipe between 1/2 inch anc | inch, (This was found to
result from rotation of the liner.)

™e liners ta the safety Injection nozzles in the 13 and 28 pipes
were apparently in the proper position,

By observing the operating history provided on Figure 4, & pattern s
evident which suggests a reason for the liner problem. The following
teble containg data from Figure 4,

- SR uEr J
‘A 113 528 Missing
2A 1041 137 Rotated
2 86 8l Acceptable
9 686 1”7 Acceptable

T™he data suggests some correlation between !iner condftion and total rue

time and & fairly strong correlation between |iner condition and the time

at 2 high flow rate,

o The maximm flow rate in & cold leg (>117%) occurs when only one of

two pumps n 8 steam gemerator loop fs operating. See Figure ! for
RCS loop comfiguration,
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The fatlure mechanism is further substantiated by the indentations
observed in the nozzle clad at the liner tadb locations. Figure 6 shows
photographs of the clad surface in nozzle 1A, Apparently, the liner
vibrated against the nozzle wall and then dropped a short distance where
both vibration and rotatfon within the explansion groove occurred. As
the liner rotated, more of the liner end protruded into the fluid flowing
in the main pipe. Ever increasing flow induced forces impacted the liner
and was magnified by the cantilevered design. Eventually, the
cosbination of vibration and flow load caused the liner to “lose fts

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

Figure 8 *hows photogriaphs of the liner in nozzle 2A which has
experienced some rotation, This is evidenced by the fact that the liner
does not conform to the pipe surface, but protrudes into the pipe.

There were other factors which may contridbute significantly to the mode
of fatluyre. The fundamental pump rotations! frequency fs about 20 cycles
per second. Since the pumps have six blades, the blade passing frequency
would be about 120 cps. If the natural freouency of the nozile 'iner s
sufficiently close to efther of these frequencies or other harmonirg, 3
resonant or near resorant condition could result which could cause liner

fatlure., A finite element analysis was made to determine the natura!

R

frequency of the liner, I
—————— h

A




5.0 Destgn Verification

Two analyses vere performed to domonstrate the accaptability of operating
the srimary piping and safety injection systems without 4 therme! lfiner
and explansion groowy in the safety Injection nozzle. Since the purpose
of the Tiner i3 to protect the nozile from laige therma)l gradients
(stresses), the analyses performed are (1) ¢ thermg! gralysis to eveluate
the new therma! gradiest conditioms fn the nozzle and (2) a structyurs!
stress analysis to ‘ncorporate the results of the therma! snalysiy inte
the primary plus secondary stress and Tat'jue stress evaluations, These
twO analyses are “Tharmal Aca'yiis of Safety Injection Nozzle without
Therma!l Liner® and “Fatigue Analys 'y of the Safety Injection Mozzle With-
out & Thermal Lingr®, [t wat not mecessary to Include ¢ re-evaluation of

the nozzle safe end In these analyses Decause the thermal liner did not

offer protection 1m that ares of the nozzle.
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Using arslytical criteria of the ASE Boiler § Pressure Vesse! Code
Section [1] Article MEJ000 and the assumed transients in Figure 17, the
results are susmarized below,

“13-

Filgure 1) shows the different places in the nozile where s'resses were

. calculated, Figuve 14 shows the resulting range of stress and Figure 1S
shows the corresponding fatigue wiage uctnr(" at sach Tocation, Note
tha "+ highest fatigue usage factor 13 at Tocation D 1 the clad and 1
0.3, T™is 13 only about ong-third of the ASME Code, Sectiom 11!
alToweble fatigue wsage factor of 1.0 and 13 less than the 0.6 vsage
factor in the safe end, Therefore, removing the thermal liners will not
sdversely affect the operating capability of the safety fnjection nozzles
or the primary coolant systes,

- e

(1) ™e usage factor 13 & cumulative measuresent of fatligue demage to the

notzle ressliting from specified transients (ratio of anticipated nurber
of cycles ¢ allowsble number of cycles, with o linit of one),
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FIGURE 13

SAFETY I'JECTIOR WOIZLE
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FIGURE 14
SAFETY INJECTION NOZZLES




FIGURE 15
SAFETY INJECTION NOZZLE
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FIGURE 17
SAFETY INJECTION NOZZLE
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LEGAL NOTICE

THIS REPORT WAS PREPARED AS AN ACCOUNT OF WORK SPONSORED
BY COMBUSTION ENGINEERING, INC. NEITHER COMBUSTION ENGINEERING
NOR ANY PERSON ACTING ON ITS BEMALF:

A. MAKES ANY WARRANTY OR REPRESENTATION, EXPRESS OR
IMPLIED INCLUDING THE WARRANTIES OF FITNESS FOR A PARTICULAR
PURPOSE OR MERCHANTABILITY, WITH RESPECT TO THE ACCURACY,
COMPLETENESS, OR USEFULNESS OF THE INFORMATION CONTAINED IN THIS
REPORT, OR THAT THE USE OF ANY INFORMATION, APPARATUS, METHOD,
OR PROCESS DISCLOSED IN THIS REPORT MAY NOT INFRINGE PRIVATELY
OWNED RIGHTS; OR

B ASSUMES ANY LIABILITIES WITH RESPECT TO THE USE OF, OR FOR
DAMAGES . _SULTING FROM THE USE OF, ANY INFORMATION, APPARATUS,
METHOD OR PROCESS DISCLOSED (N THIS REPORT.
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INTRODUCTION

DESCRIPTION OF THERMOWELL DAMAGE AND CISCOVERY AT SITE

Pre-Core Hot Functional Testing (PCHFT) of C-E's first System 20
Nuclear Steam Supply System (Arizona Nuclear Power Project (ANPP)
Palo Verde Nuclear Generating Station (PVNGS), Unit 1) was initiated
in early May 1983. The first indication of Resistance Temperature
Detector (RTD) and related equipment problems developed at the site
when the first of five RTD's failed in the electrically open posi-
tion on May 31, 1983. The RTD/thermowell installation of the
original design is shown on Figure 1.1-1. Hot functional testing
(HFT) was about three quarters complete on June 17 when a leak was
detected in the thermowell corresponding to the first RTD that
failed electrically. Several deys later, June 21, a leak developed
in the thermowell associated with the second RTD that failed.
Arizona Public Service Company and Combustion Engineering site
personnel analyzed the pattern that had been established with the
failure of the RTD's and thermowells and proceeded to plug the
associated thermowell for each of the failed RTD's.

When the loop 2A reactor coolant (RC) pump was disassembled for its
planned inspection following hot functional testing (HFT) an attempt
was made to visually inspect the cold leg thermowells in loop 2A
through the reactor coolant pump casing with the pump diffuser in
place. No thermowell failure was detected. Further testing of ANPP
Unit-1 (PVNGS) was performed. Structural vibration data for the
thermowells was obtained during this time by placing an accelero-
meter in one of the thermowells. Inspection of the thermowells from
the inside of the RC piping during the week of July 18, 1983 showed
damage to several cold leg thermowells. Some cold leg thermowelis
were broken flush with the inside of the RC pipe; one was bent but
intact; and one was broken beth at the intersection between the
large section at the top of the thermowell and at the lower end
adjacent to the inside wall of the pipe. Another thermowell was




broken at the top and had fallen into the flow stream of the RC pipe
cold leg. Other thermowells showed no visible damage. A total of 5
of the cold leg thermoweils were found to have failed. [Initial
inspection of the hot leg thermowells did not show any visible
damage, except about half of them were slightly bent in the direc-
tion of the reactor vessel (against the flcw).
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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 ccre 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
End Fitting (LEF) of the fuel assembly.

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

The broken tip of the thermowell most 1ikely 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 against the LEF and cause partial flow blockage
of up to five of the diameter flow holes. Under this condi-
tion no impact on heat transfer of the fuel would occur,




SUMMARY

GENERAL DESCRIPTION AND RESULTS OF INSPECTION, TESTING, AND ANALYSIS
OF THE ORIGINAL DESIGN

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-
enced in the cold legs, which can have higher than normal, four pump
operation, flow. The high flow conditions were experienced in
various cold legs during Hot Functional Testing; when only one of
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
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 1ine 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.

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 fracture surfaces exhibited relatively large areas of




fatigue cracks. The cracks indicate high cycie (low stress) fatigue

as the failure mechanism., Possible crack initiation points were
identified on the outside of the thermowell tubular sections at

approximately 20 degrees to the flow direction. Portions of the
fracture surface were smeared due to relative motion of the two

surfaces.

A visual examination of the wear surfaces on the downstream side of
the thermowells classified the wear as adhesive wear. This wear is
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
vortex shedding. The higher than normal operating flow rates also
appear to have aggravated the situation.

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
other failure mechanisms are being considered. It does appear that
vortex shedding is the most significant cause of thermowell excita-
tion.

Calculations have shown, that for normal operating flow rates, the
vortex shedding frequencies for the cold legs would be arproximately

cps. When compared to a predicted natural frequency of cps
there appears to be adequate separation between the flow excitation
frequency and the predicted natural frequency. For the higher flow
conditions, that existed during some portion of the hot functional
testing (MFT), 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.




GENERAL DESCRIPTION OF THERMOWELL AND NOZZLE REDESIGN

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

The redesigned thermowell 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 0D) 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 thermo-
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 thermowell 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 thermowell and mating female thread on the nozzle
provide a means of pre-loading the thermowell 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
thermowell and the top of the nozzle provides the pressure boundary.
Pressure loads on the thermowell are taken up in the 1 1/2 inch
threads and are not transmitted to the seal weld.

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

2 1/2 inches, which was reduced to 2 1/8 inches for the revised
design.
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GLMERAL DESCRIPTION OF ANALYTICAL AND TEST RESULTS WHICH JUSTIFY THE
DES1GN MODIFICATIONS

The redesign of the thermowell, as described in the previous sec-
tion, is based on maintaining the original interfaces, design
parameters and thermal 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 thermowell to keep it

from being close to potential vortex shedding frequencies.

Eliminate the clearance at the support area between thermowell
and the nozzle and thus eliminate any relative motion that
could cause wear.

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 performed for pressure, thermal, 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 Pressure Vessel Code Section III for Clasg 1 compon-
ents. Flow tests were conducted in C-E's hot flow test facility
(TF-2) and in the reactor coolant pump test ioop in Newington to
verify mechanical load input assumptions to the structural analysis,
A1l of this test data has not yet been analyzed. However, prelim-
inary results show that the redesigned thermowell is not responding
to vortex shedding frequencies well above those experienced during
the Palo Verde stari-up test.
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Therefore the thermowe!l 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 diameter 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 Mampshire.
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,




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.




INSPECTIONS AND EXAMINATIONS (Original Design)

DESCRIPTION AND RESULTS OF SITE INSPECTIONS

Figure 3.1-1 is a schematic showing the location of the thermowells
in the Reactor Coolant System (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 f1lustrate
their respective locations within the RCS. As can be seen, all
three thermowells (112CC, 111Y and 112CA) in Cold Leg 1A fractured
at the lower end, at the reactor coolant piping surface. One
thermowell (112CD) in Cold Leg 1B was fractured at the upper end
near the head. One thermowell (122CA) in Cold Leg 2A was fractured
at both ends. A second thermowell (125CC) in Cold Leg 2A was bent
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 1ikely a piece of reactor coolant pump
impeller, had bent the thermowell. All remaining thermowells were
intact.

Liquid penetrant examination of Thermowells No. 112CC, 111Y and
112CA, performed at the site, showed no indications of cracks at the
upper end at the junction with the head,

A1l the hot leg thermowells were inspected at the site. Examination
results are also given in Table 3.1-1. A1l hot leg thermowells were
intact. Some were slightly bent (1/16" - 9/32") against the flow
(towards the reactor vessel).




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 difference 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%) occurred on thermowells located at the 12 o'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
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 transverse flow direction).

Table 3.1-3 gives the res.'ts 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.




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 thermowell, 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 Unit-1 cold leg thermowell nozzles.
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Figure 3.2-9 62406
Close-up of Wear and
Fractured Surfaces of
Thermowell No. 112CA.
The wear area is as
indicated; the fractured
end is on the right

hand side.

. R AR R R R dts e .
1 8ourdS e 2 .84 3 Ny 4 e fpdet 3
R T L e R T e L A e L R R e A A I B B

5 62413

Figure 3.2-10
Higher Magnification
of Fractured End in
Figure 3.2-9



et s L e & -
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Close-up of Wear and
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Etchant: Nital .,
Figure *. Microstructure of Thermowell 111Y,
3.2-19 Transverse Cross Section
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Figure 3.2-28 62571
Higher Magnification
of Figure 3.2-27
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Striations in Area 2
of Thermowell No. 111Y
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Table 3.1.1

Summary of Results of Site
Ins,ection of Thermowells

Location ID Position(8) Condition Location of Failure
* w-aft 112¢A(%) 2 o'clock  Broken Pipe
11v(8) 12 o'clock  Broken Pipe
: 112ccv(6) 10 o'clock Broken Pipe
18-CL 112C8 2 o'clock  Intact n/al®)
15(5) 12 o'clock  Intact N/A
112¢0(5) 10 o'clock  Broken Head
2A-CL 1222 2 o'clock  Intact N/A
25CC 12 o'clock  Bent 45°(3) N/A
122¢A52(6) 10 o'clock  Broken Head (¥
28-CL 122¢0(5) 2 o'clock  Intact N/A
121y 12 o'clock  Intact N/A
122CB 10 o'clock Intact N/A
-2 q1oma 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 (1716)(7) N/A
4 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



Table 3.1.1
Summary of Results of Site
Inspection of Thermowells

(Cont'd.)
Location 1D Position(8) Condition Location of Failure
2-HL 122HA 4 o'clock Intact (9/32) N/A
g 122HB 10 o'clock Intact N/A
122He 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
Yare Piece and Thermowell droppea down ~2".
(5) Returned to Windsor for examination.
< - (6) Originally reported leaking.
(7) Value in parenthesis indicate amount thermowell was bent towards the RV.
A (8) Location of thermowells are shown on Figure 3.1-1.
(9) Not applicable (Thermowell not broken)



Thermowell No.

Cold Leg Thermowell Wear Measurements

Table 3.1-2

Wall Reduction'3)

Position Status(l) Location(z) 0D, in. Inches Percenf(‘)

122CD

112CA

115

111Y

122CA

112CD

*  Notes:
(2)
(3)
(4)
(5)
(6)

2 o'clock

2 o'clock

12 o'clock

12 o'clock

10 o'clock

10 o'clock

I

B/P

B/P

B/H

B/H

BN e - WM e LR R

BWMN - BWN - WM -

12354

WACS)

.376(6)

Location: E

»

Wall Reduction = 001 - 0D
Based on nominal .0625" wall

Not obtainable, tip is damaged.

.375
.375
.375
.373

.375
.372
.371
. 366

.377
.370
.369
. 365

.375
. 366
.366
. 362

.375
N/A

.340
.344
.321

.000
.000
.000
.002
.000
.003

.004
.009

.m
.w7
.008
.012

.000
.009
.009
.013

.000
.050
N/A
N/A

.000
.035
.031
.054

(1) I = Intact; B = Broken; H = at head; P = at Pipe

SOON0O wWwOooo

11
13
19

14
14
21

N/A
N/A

56
86

In this case, location 1 (unworn reference diameter) is to the

right side of location 4 due to damage in the original location

1 area.
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Table 3.1-3

Hot Leg Thermowell Wear Measurements

Wall Reduction(a)

Thermowell No. OD,(I)(Z)in Inches Percent(‘:
112 HB .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
reactor coolant piping.

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

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

(4) Based on nominal .0625" wall.
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TABLE 3.1-4
Cold Leg Thermowell
Nozzle Wear Measurements

Thermowell No. Location(l) ID (in.) Notes

112CC . 1. Location

2. Hole edge appeared sharp all
around.

3. Downstream edge has 1/32 radius.
Remainder of hole is round
for entire length of support.

4, Depression in end of nozzle
(wear or erosion)

)

34, R ‘ 2R




3.2 DESCRIPTION AND RESULTS OF EXAMINATION FOR THE ORIGINAL DESIGN

3.2.1 Metallurgical Evaluation

Laboratory examination consisted of visual examination, wear meas-
urements, material evaluation, ste.eomicroscopy, and optical and
scanning electron fractography. The visual examination and wear
measurements were performed initially at site inspection of the
thermowells. A more detailed visual examination of the thermowells
was performed 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 (112CD) and one was fractured both at the RCS pipe
surface and at the junction with the head (122CA). Subsequently, a
missing fractured piece from 112CD was retrieved by site personnel
and returned to C-E Windsor.

A1l 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.

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 Thermowell No. 115.
Figures 3.2-5 and 3.2-6 show an extensive amount of wear on No.
112CD. 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.
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3.2.3

The thermowells which rractured at the RCS pipe surface failed at
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 blastic

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
end (Figure 3.2-13 and Figure 3.2-14) shows a ductile type break
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 Thermowel1l
No. 112CD.

Material Examination

The thermowell material was specified as Inconel 500 per ASME
SB-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.
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An Energy Dispersive Spectroscopy (EDS) spectrum taken on a piece
from Thermowell No. 111Y confirmed that the material is Inconel 600.

Figure 3.2-18 is the EDS spectrum.

Transverse and longitudinal cross sections were taken from 111Y for
microstructural evaluation. Figures 3.2-19 and 3.2-20 present the
transverse and longitudinal microstructures, respectively. The
microstructure is normal for annealed Inconel 600 rod.

Optical and Scanning Electron Fractography

The fracture surfaces cf the 4 broken thermowells (112CD, 111Y,
112CA and 122CA) were examined using a stereomicroscope and scanning
electron microscope (SEM) and photographs wr ‘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. 112C0. 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
hrea 3. Figure 3.2-24 is an SEM photograph of Area 3. This entire
area rapresents 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
3.2-29 shows striations in location B. The average striation
spacing measured in Area 3 is approximately 4.3 x 10" inches/cycle.
This, together with the relatively large area of the fatigue crack,
indicates low stress, high cycle fatigue as the failure mechanism.
This type of loading is associated with vibration. Because the
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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. Figure
3.2-30 shows Areas 4 and 5. Figure 3.2-31 is a higher magnification
' 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.

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 l1ikely due to the
flow of water pe t the fracture surface. Again, the close spacing
of *he 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 undergone some erosion or smearing.
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3.2.5

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 thermowell failure.

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
thermowell located in loop 2B, 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 1B). The results shown on Figure 3.2-47 identify
the blade passing frequencies associated with the operating pumps.
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AND ANALY robl finiti

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
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
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 ihown 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
third mode! assumed additional support at a point 4 5/8 inches from
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).



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.
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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) can approach unity. 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 thermowell.

The Palo Verde Unit-1 thermowells were analyzed for wear and the
type damage incurred was characterized for comparison with pump
operating time in associated loops for various high and Tow 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 thermowell 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 1B and 2B 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.)
while cold leg thermowells in loop 2A saw 110.5 to 119.1 hours of
service at runout flow. The times 1isted 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 varies from 358.8 to 594.8 hours for cold leg
loop 1A thermowells to 1010.9 hours for loop 2B thermowells. 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
wi*h part loop operation. Loop 2 thermowells were exposed to 1010.9
and 200.3 hours of normal and lower flow service time, respectively.



It can also be observed, from the results in Table 4.1-3, that the
10 o'clock position thermowells, which broke at the top (Cold Legs
1B and 2A), have the most wear (35 to 54 mills) and saw the least
(80.1 hrs.), to relatively low (110.5 hrs.) service time at runout
flow conditions and relatively low service time at normal flow
conditions (358.8-594.8 hrs.). A review of the pump damage which
resulted during (PCHFT) of Palo Verde Unit-1 shows that the pump
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 pump 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. Thermowell 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. A1l the thermowells 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 1ittle 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-secticns of the System 80 RC pump (see Figure 4.1-3) and the
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,
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TABLE 4.1-3
THERMOWELL WEAR CHARACTERISTICS

(COLD LEG) A B
| |
FLOW DURATION (HRS)
A-DIM B-DIM THERMOWELL
LOOP LOCATION TAG # INCH. INCH, WEAR MILLS RUNOUT FLOW (4) NORMAL FLOW (5) REMARKS FAILURE
1A 10 112¢C (1) (1) (1) 317.2-615.9 358.8-594.8 mkmmll to
Lea
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 -9 317.2-615.9 358.8-594.8 Not Known Exactly Yes
: When Fractured
18 10 112CD  .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 Thermowell 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
2 122¢0 .3750 .3730 0 -2.0 81.2 1010.9 No

' 53; No obtainable tip damaged.
2) Original thermowell dia. 1 mill O.H.L.
(1) No wear measurements taken.
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TABLE 4.1-4
THERMOWELL WEAR CHARACTERISTICS

HOT LEG L
‘! d! !

T ¥
FLOW DURATION (HRS)
LOCATION
LOOP WRT CLOCK (1 TAG # A-DIM B-DIN WEAR MILLS  NORMAL FLOW (2 LOW FLOW (3
1 2 112H8 .374 .375 0-1 624.3 696.1
2 10 121H8 .374 .375 0-1 1010.9 200.3
2 2 121HD .373 373 2 1010.9 200.3
2 3 122HD 373 372 2-3 1010.9 200.3
2 8 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.




SHAKER TABLE TESTS OF THE ORIGINAL DESIGN AND RESULTS OF THERMOWELL
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; 1.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
tip of RTD).




4.3

4.3.1

DESCRIPTION AND RESULTS OF FLOW LOOP TESTS AT C-E (NUCLEAR LABS) AND

C-E KSB (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.

TF-2 Tests

The C-E (Nuclear Labs) test was conducted in Test Facility No. 2

(TF-2). The postulated cause of failure of the System 80 design was
flow induced vibration due to vortex shedding. The primary purpose
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
RTD probe (internal accelerometer) was used to monitor movement of
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 s not possible over 250°F, the external accelerometer can
monitor for impacts. The thermowell could impact against the nozzle
if the initially specified 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.

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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4.3.2

A real time analyzer was used to
fdentify 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 demunstrate adequacy of the stress analysis
for the redesigned thermowell.

CE/KSB Pump Loop Tests

To more closely simulate actual cold leg conditions, a second test
was conducted at the C-E KSB (Pump Test Loop) 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-
ment downstream of the Reactor Coolant Pumps, where the thermowells
are installed on System 80 plants,

The exact thermowell locations could not be duplicated due to
differences in configuration between the pump test Toop and System
80 reactor coolant loops. The thermowells were located four (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 thermowells on System 80 plants.
Thermowells, modified with pitot probe instrumentation, were in-
stalled in the nozzles. A typical pitot probe is shown on Figures



4.3-1 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 fnstrumentation
was installed to monitor pressure pulsations as a result of vortex
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 thermowell,
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PITOT TUBE INSTALLATION FOR THE
PRECISION TAPERED NOZZLE

FIGURE 4.3 - 1
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PITOT TUBE PROBE PORT DESIGNATIONS
(TYPICAL ALL PROBE)

FIGURE 4.3 - 2
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DESCRIPTION OF THE REDESIGNED THERMOWELL AND A DETAILED DISCUSSION

OF FIELD INSTALLATION

The original thermowell and nozzle assembly is shown on Figure
5.0-1. A small radial gap (.001 to .00C") existed for the last
2.13" at the lower end of the nozzle. Relative motion between the
thermowell and thn nozzle as a result of flow induced vibration and
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 thermowell also caused the
thermowell 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 thermowell 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 thermowell and nozzle.

3) Reduce stress levels.

4) Decrease the effects of vortex shedding.

The stiffness of the thermowell and therefore the natural frequency
was increased by increasing the basic diameter of the thermowell
from .375 to .700 inch. It was possibie 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 thermowell 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.
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In order to eliminate the clearance at the support jetween the
thermowell and nozzle, the thermowell was designed to be ‘ocked 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’val thermowells were shown to fatigue at the point
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

The insertion length

.of the thermowell into the reactor coolant flow stream has been

decreased 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 concen-
tration effects. :

The transition taper, on the part of the thermowell which is insert-
ed into the flow stream, has been shown to reduce the effects of
vortex shedding. The tapered sectiun prevents organized vortex
shedding from occurring due to the changing diameter along the
length of the thermowell. Ideally, the thermowel! would have been
tapered all the way to the tip. This was not feasible because of
the cdverse 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.

A1l of the original thermowell and nozzles on Palo Verde Units 1, 2
and 3 are being replaced with the modified design.
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6.0

6.1

6.1.1

TEST ANALY N VERIFICATION

DESCRIPTION OF ANALYSIS AND TESTS WHICH VERIFY DESIGN ACCEPTABILITY
AND RESULTS

Structural Analysis

The structural analysis performed 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. A1l 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
established the cumulative damage ratios (fatigue factors) of the
attaching weld. The finite element method of structural amalysis,
implemented in the ANSYS program, was used to model the upper
section of the redesigned thermowel!l nozzle. Table 6.1-1 Tists the
maximum stresses for the RTD nozzle and attaching weld for various
loading conditions. Allowable stresses for each Toading condition
are also listed,

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, thermal loading, flow
induced loading, seismic loading, preload and external mechanical
loading which exist under design operating conditions of the RCS

piping.
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The analysis demonstrates the thermowell meets the requirements of
Section 111 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 fode Requirements and
found acceptable. Th> 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
jdentified 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.

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 1ift
force. This 1ift force oscillates at the vortex shedding frequency



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
axfal 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-
ibriun 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
to 108 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,



Flow Loop Tests (TF-2)

The redesigned thermowell was tested in a flow test Toop 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 rozzle 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 8TD 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.

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 rezl-time anal-
yzer or an oscilloscope was used to supplement tape recorded data.




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
simultaneously with the retesting of the reactor coolant pumps. The
redesigned thermowe!l 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 cxhibit 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.



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 enclosure 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 thevmowell and the internal part of the tip of the
thermowell via a modified RTD probe (acceierometer mounted in tip of
RTD).
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TABLE 6.1-1

STRESS LEVELS AND ALLOWABLES
FOR REDESIGNED RTD NOZILE




TABLE 6.1-2

y STRESS LEVELS AND ALLOWABLES
FOR REDESIGNED THERMOWELL
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DESCRIPTION OF TEST PERFORMED DURING RESTART TESTING AND RESULTS

Restart testing of Palo Verde Unit-1 has nrot 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
thermowells will be equipped with internal accelerometers,and three
triaxial accelerometers will be used to determine R C pipe motion at
the location where the RTD's are installed to verify the design
input to the analysis.
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ABSTRACT

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, 1983, A combination
of experimental and analytical results to date indicate that vibration caused the
fatigue cracks in localized regions with high stress concentration. A modified
design minimizes this stress concentration and limits the maximum possible ampli-
tude of the likely damaging mcde of vibration.

This is an interim report. It will De reissued with final results after the
completion of a demonstration test with the modified shroud in Palo Verde uUnit 1.
Extensive temporary instrumentation in the reactor test will nelp to confirm the
conclusion from the prior testing and analyses.
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1.0 TION

1.1  DESCRIPTION OF PROBLEM

Inspection of the Palo Verde Unit | reactor internals subsequent to
Pre-Core Hot Functional Testing (PCHFT) revealed damage to the Control
Element Assemdbly snroud (CEA shroud). The CEA shroud 1s part of the
Upper Guide Structure (UGS, assembly (see Figures l-1 and [-2). The

CEA shroud consists of an array of vertical round tudes 9 i1n 0.0. which
are arranged in a square grid pattern with 16 in pitch, The tubes are
Joined by welding vertical plates called webs bDetween adjacent tubes.
Tubes and webs are made from 3/16 in type 304 stainless steel. The
purpose of the CEA shroud is to provide separation of the CEA assembdlies.
The CEA shroud 1s 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 webds (see Figure 1-3). These
guides serve the purpose of aligning CEA extension shafts for entry

into the closure head nozzles during closure nead installation and into
the internals !ift rig during attachment. .

The damage, revealed Dy visual and dye penetrant examination consisted

of the following:

1. A total of 13 cracks 1n gleven 4-finger CEA snroud tudes. [r most
instances, tnese cracks start 1n the ~elas at the attachment of the
4-finger CEA guides to *he shroud tubes.

5 2. Two cracks invoiving the weids at the attachment 3f tne 12-finger
CEA extension shaft juites to the webs.

" 3. Three cracks 1nvolving *he welias detween d.finger TEA snroud tudes
and weds; two 4t the top of the shroud and one at the dottom,

4. Une crack 1n the base ~eta! of 3 webd.

5. Three wear marxs on the shroud at the 45° location,

6. One ductile nreax, one "alf 1nch long, lacated 'n a wed at the

bottom,

The 'ocations of the aoove described 1amage jre snown on Figure |.4,



1.2

SAFETY [MPLICATIONS

The CEA shroud is a feature first used in the C-E System 80 reactor. The
design 1s not used on other C-E NSSSs. In addition to Palo Verde

Unit 1, simtlar CEA shrouds are part of the UGS delivered to Palo Verde
Units 2 and 3, anc¢ 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, ana 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 _nroud region and, therefore, the
shroud 1s not subjected to significant operating lcads. On previous C-E
NSSS designs, the same function of providing separation of the CEAs 15
provided Dy heavier tubes, aiso called shrouds, which are designed as part
of the support structure of the UGS ana are exposed to the flow forces in
the upper plenum.

The extension shaft guides 'ocated at the top~of the shroud are proviced to
align CEA extension shafts for entry into the closure head nozzles during
closure head installation. They nave no function during reactor cperation.
Although not observed, a hypothetical, complete farlure 1n CEA snroud tubes or
weDs particulariy to the extent tnat extension snaft juirges loc en or decome
dgetached, woula have potential acverse safety implications 1a that the 1nse -
tion of CEAs could De 1mpeged or prevented by 'nterference «1tn the 205e
component:, The damage ~Ni1CN wds observec un tne 23lo Jerde _mit | srroud
w0uld not have prevented reactor trip Nagd 1t deen Jresent 1 an rerat'ng
redactor. “he repair gescrineg ‘n Sect'an 5.0 'ac!.ces re~oval 3* tne (Id

4k |

Jurges, theredy eliminating tne cotenttal for 'atertererce «1th 1Y 'nser.

tion.
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2.0
2.1
2.1.1

2.1.2

2.1.3

SUMMARY
DESCRIPTION OF INSPECTION, TESTING AND ANALYSIS RESULTS
Inspection Results

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 uUnit 1, which is
tne first System 80 NSSS. Ouring 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.
Semples 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., Dy 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
vidbration of the shroud and of the CEA guides.

Testing fo [dentify HMydraylic Forcing Functions

The investigation includes testing to identify hydraulic forcing functions. A
shroud tube with 4-finger CEIA Juides was subjected to a range of flow velocitres
which encompassed those calculated to exist in the snroud region of tne reactor
during the pre-core tests. The experiment (See Section 4,1.1) coula not 1dent1f,
direct hydraulic forces on the shroud which could make a significant contribution

to shroud failure,

{(1bration Testing

This phase of investigation consists of tnhree vibration %ests, .n tne first
test (Section 4,1.2), an exira CEA shroud assembly 1centical to %ne “3ln Verde
Jnit 1 shroud and lgcated 'n the manyfacturer's Shop ~as '"strumented with
accelerometers t0 1dentify nodes of vidration, Fxcitation dy '1mpacting 1dens
tified resonance freguencies for the CEA gurdes and for single snrouc tubes

In the assemdiy. These frequencies are generally nijner tnan those “ypically
ass0c1ated with internals vibration, dut are 1n the range of the reactor coolant
pump blade passing frequenc, and 1ts frrst harmoniCc and ire 1n “ne ~arje Jf

the resonant frequency of tre tudes of the upper plenum tude sneet | see Fijure
1-2). with appropriate forcing functions to tnduce 1t, /1Dration at these

frequencies 15 3 potentia!l _3use of tne *31lures,

¢-1



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 incluued
modal testing in both air and water. [t confirmed the eariier results for the
resonant frequencies of the CEA guides and the shroud tubes in air, and in
addition, identified modes of vibration of the overall shroud assemdbly. The
frequencias 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 observed 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-
nagnetic exciter placed at three different elevations provided a thorough
characterization of the modes of vibration of the CEA guides and shroud tube.
Also, known bounaary conditions for the tube and webd supports enable an analytical
mode! of a shroud tube to be experimentaliy correlated. This anaiytical model of
a single tube is then used to calculate stresses in tubes for normal operating
loading conditions.

This mechanical excitation test also provtaed’somc confirmation of the nature of
the structural failures by deliberately inducing fatlure in the test shroud tude.
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 adgjacent to the CEA guides
and excitation was continued until failure. A comparison of the measured stress
with the material fatigue stress at the observed numbder of cycles to fallure ylelds
an estimate of the stress concentration caused Dy tne weldea configuration of the
attacnment of the CEA guides to the snroud tube. The validity of this estimate 1§
1S supported by the fact that the crack produced experimentally s similar to ost
of the cracks 'n the reactor snroud tubes.

Th1s test was continyed after removal of the top three inches to sinulate the shroud
modification sunmarized i1n Section 2.2.. Resu!ts of the tests on tne modifred tube
will De presented in the final CEA shroud ~eport., Preliminary resuylts from <esting
to date show that the natural freguency associated with the CEA juidge 15 elimirateq,



2.1.4

Analytical ﬂodcl[gg

This portion of the investigation is the analyses of the shroud failure
(Section 4.2). Three stages of successively more detailed amalytica:
modeling are employed. In the first stage, the entire upper guide

structure assembly is sodeled (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
functioinal test. The result of this stage of anzlysis is the lateral
acceleration of the UGS support plate to «nich the CEA shroud is connected.

The second stage of analyses models the LE? 3h=~nud 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 weds. This detailed mode! 1s verified oy
the experiments described previously. Moments and displacements at the
web-to-tube junctions as cdbtained from the second stage are input to the
single tub2 modei. 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,

Resuits of this three stage analysis i1denti1fy a near coincidence of the beam
mode frequency of the UGS barrel and one of the assemdbly modes of the CEA shroud.
These frequencies are beluw the resorant freguencies of tne £ juices ana *.oes,
Calculated 31splacements >f the outermost snroud tubes are larjer than tre
Mnimum neasured clearance at cne corner petween the LGS darrel anc the CEA
shroud. This resylt 15 supported Dy the coserved 1mpact marks on the snroud
tube ang bDarrel at one location, The displacement ampiitude calculated witn
this moge 1s sufficient to cause local tute stresses larger than the “atigue
stress. These analyses are continuing, %o try to tgenti1fy acditional jlocal
or overall assembly modes which can 1nduce stresses sufficient for failyre,



2.2

The impacting of the CEA shroud against the UGS barrel at the flange
elevation was evident from wear marks on one tube. Mechanical excitation
tests show that impact can excite the resonant frequency of the CEA guides.
Hence, impacting might have been a contributor to failure.

The hydraulic test did not identify direct hydraulic forces within *he 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 b mechanically transaitted through the structure tu the CEA shroud.

The frequency content of these pulsations encompasses *he 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.

DESCRIPTION OF DESIGN MODIFICATION

Two design modifications eliminate potential causes of the failures which

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 has two effects.

It eliminates the potential resonance failure caused by vibration of the CEA
guides. It also eliminates the high stress concentration at the top of the
web-to-tube jJunctions and theredy reduces the local stresses 'nduced dy jlobal
shroud vibration. The function of the CEA guides 1s provided Dy a separate
tool which is utilized only during refueling operations. [t 1s removed iuring
reactor operation,

The second modification 15 the addition of snubbers «ni1ch 11mit the lateral
gisplacement of the CEA shroud in the global moges of «'bration, snudbers
are located on the shroud at the JGl flange elevation ard transmit “ne

10ading to the UuS flange.

Adaitionally, welds at the ~ed-to-tube junctions near tne top 3ng 4t “ne e
rod locations on the dottom of the snroud are upgraded %o *full _enetratiron
welds and are fully dye penetrant inspected. Thus, sotential (rac« 'ritrators
resulting after cytoff of the snrouc are minimiZed.



QESCRIPTION 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 mode! of a modified shroud tudbe. 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 Dy

the snubber. [t introduces a load path between the CEA shroud and the UGS
flange. Preliminary analytical results indicate that the load on the flange
is acceptable and that the overal) dynamic response of the UGS 's improved.
Complete analytical results will de included in tne final repart.

Results from the demonstration test on the reactor (Section 6.2) will pe
presented in the final report. This test compliements the component
testing and the analytical results for snhroud performance. It will de
used to confirm the acceptability of the UGS performance with the
mnodified CEA shroud, to verify the hydraulic loading on the UGS, to
determine the hydraulic loading directly on the CEA shroud and to verify
the structural integrity of the CEA shroud sssemdbly,

i=5



3.0 INSPECTIONS AND EXAMINATIONS

Visual inspection of the Palo Verde uUnit | shroud following the precore hot
functional tests revealed criacks at the tops of seven of the CEA shroud
tubes. A program of metallurgical examinations was immediately begun to
determine the nature and extent of the cracking. (his section descrides
that program and the results obtained.

3.1 Description of Cracks

Initial visuai 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 guides 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 additicnal 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 aiso located in the weld
bead, having initiated from the weld root. Figures 3-1, 3-2 ang 3-% are
representative,

J.1.¢ Cracks near l2-Finger CEA Guide 8rackets

The 12-Finger brackets are «eided to the weds w~nich join the tubes. The
cracks run vertically along the weld which ;0i1ng the Draceets to the webs.

Figure j-6 15 representative f the two such craces found,

3.1.3 Tube to web Cracks

These cracks were found near the welds which join the tubes and «eDs,
They occur on DOth the wed side and the tube s1de of welds, Frgyre J.J

is representative of these cracks,



3.1.4 Web Base Metal Cracks

Only one crack was found which was not associated with a weld., The crack
initiated at the corner of the rectangular cut-out of a wed. Figure 3-8
shows this crack.

3.1.5 Bottom Cracks
Two cracks were found at the bottom of the shroud. They run vertically
near the welds joining tubes & d webds.

3.2 Shroud Construc*ion and Material

3.2.1 Construction
The CEA shroud tubes were constructed of 5A240, Type 304 5.5, plate
material. The tubes were coid formed from 3/16" plate. The webts were
3/16° and 1/4" plate with the 1/4" plate existing at all wed locations
around the assembly 0D. The weds were welded Lo the snroud tubes Dy
1/4" fillets using one of the following processes, shieldea metal arc,
gas tungsten arc or gas metal arc (MIG). The 4 and 12-finger extension
shaft guides were 5A-351, Grade CF-3 material. The guides were welded
to inner and outer drackets made of Type 304 plate. The brackets were
then weided to the (D and 0D of the shroud tube with i-finger guides
and ta both sides of a web with [2-finger guides. All welds were 1/16"
fillets.

3.2.2 Material Examination

(hemical analyses and hardness tests were performed on samples of mate-
rial taken from the failed snroud. Results of tne chemical anaiyses
show that the elemental composition 15 within tne 2l iowadle tolerarces
for chemica! requirements per ASTM 2480, i(n Zhe zasic mater'al, ncthing

wds ‘ound wnich 1s considered 4s a contributing factor to tne fallures,

Hardness tests were conducted on the tube wail, dack ng plate arg CEA
guide. Tha dracket and shroud tube values are typical for J04 5,5, plate
natertal, The values for the d-finger CEA juirde were 35 expectea ‘or
castiry; matertal. In conclusion, the fairlures were not caused dy the

use of improper marerials,



3.2.3 Resfdual Stresses

Residual stresses are present in the structure prior to operation due

to the fabrication processes such as clamping, welding and cold working.
Alternating stress imposed on the structure during operation will attempt
to raise the maximum stress above the yield point. However, austenitic
materfal will not sustain a mean stress when the alternating stress exceeds
the vield strength because yielding occurs. After a few cycles of opera-
tion beyond the yield point, the mean residual stress will shake down,
\uihal stress below the yield point are taken into account by the ASME
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 Metallographic Examination

Upon receipt of samples cut from the shroud, visual and dye penetrant
examinations were performed. Fracture surfaces were visually examined to
provide evidence of possible initiition 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 showed all were at one ¢ 'me
associated with a weld, All cracks were transgranylar with ng

preferential attack or evidence 3f ductile tearing

™e major cracks associated =1th 4 or 12-finger juides were tge
cracks traveling in a longitudinal direction with respect to the
welds. Once past the guide assembly region, 1n most cases the

cracks branched off in other directions. 4eld ana dase 7etal
mcrostructure 1n the areas of trese cracks are typical of type
304 5.5. and indicate no material defects.




3.3.1.2

Crack initiation near 4-finger guide assemblies probably occured
on the 1D of the shroud tube because: (a) the cracks were closely
associated with the bracket to tube weld fusion line on the [D
(see Figure 3-9), and (D) the center lip between the !0 and 0D
crack fronts seen on tube 26 trails back to the 00 side (see
Figure 3-10).

Weld bead cracks were also fdentified in several welds and in many
cases adjacent to sajor cracks in both shroud tube 26 and 44 guide
assemblies. H'wn 3-1]1 shows a weld bead crack in a tube to dracket
weld. Note the close proximity with a major crack at the toe of the
same weld, Welds on shroud tube 44, 180° side assemdly were completely
cracked at both the [D bracket to tube weld and the finger-to-bracket
weld (see Figures 1-12 and 3-13).

Cross-sectional mounts of the 4-finger and 12-finger guide assemblies
were made to observe weld and base metal microstructure (see Figure
3-14). weld 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 bracket plate thickness 1: aimost half
the welds. The weld shapes produced severe stress concentrations at
the root of these fillet welds. Crackd tn several of the welias origi-
nated at the root of the weld (see Figure 3-15). OUne crack starting
from the root of the bracket to gquide weld propagated transversely
through a 4-finger guide casting The crack had reached a deptn of
approximately 20% of the wall thickness extending along the entire
guide to bracket weld area (see Figure 3-16).

Shroud Tube to Web #eld Samples

Two samples of tube to wed weld locatiors were removed, doth wsere
located near tube (0 web welds, however, the crack from tie.roc
tube 15 was located on the tube (see Figure J-7 or J-l7) smlie tne

other crack near shroud tube (4 existed on the wed see "igure
3“‘&).



The crack on tie-rod tude 15 was approximately 80% 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 wed-to-tube weld junction indicating a higher stress condi-
tion existed in the dase material than at the weld. Crack initiation
occured near the top of the wed to tube junction based on chevron mark
indications which were evident on the fracture surface of the crack
shown in Figures 3-7 and 3-17.

An additional 'monauou was 4150 made on tube 15 with regard to a
Iinear indication evident on the right hand side of the tie-rod shroud
tube wed 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 tudbe 15 was
examined cross-sectionally and no cracks were identified,

The wed crack fracture surface near shroud tube 14, as shown in Figure
3-19 provides evidence that the wed was experiencing reverse bending
loads. Two crack fronts at the crack tip can be seen which is indica-
tive of such a phenomena. Crack initfdtion location is clearly distine
guishable by characteristic bdeach marks (like the ripples in the sand
on & Deach) near the top of the wed along the toe of the weld.

J.dil.] Webd Base Metal Sample

The web dDase mnetal crack within cavity #l8 (see Figure J.4) was trans.
granular, propagating from a corner cut-out 'n 3 wen. “etallograpnic
examination of the fracture surface snowed the .rack propagatea 'n )
reverie dbending node w~ith the appedrance of two crack fronts as seen
previously 1n other samples. The sharp angle apparent at the corner

of the cut-out 1nduces a Nigh stress concentration .uon loading, contrie
buting to crack 'nitiation,



3.3.2 Bottom End of Shroud

Examination of two samples from the bottom end of the assembly was per-
formed. The 1/2" crack from shroud tube 4l-to-web weld showed ductile
tearing and not fatigue. wWhile impossible to distinguish whether the
crack octured prior to or during the pre-core testing, the mode of
failure would indicate it was probably an isolated, pre-test failure.

The 2 1/2" crack alung the wed to shroud tube 13 weld was again a trans-
grenular crack, Initiation, however, did not appear to have occured on
the bottom of the tude to wed weld but up 2“ (see Figure 3-20). In
addition, additional cracks were found runmning normal to vme 2 1/2* 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 1 replacement CEA shroud. Further
discussion of these cracks will follow in the final report.

3.4 Scanning Electron Microscopy (SEM)

Fracture surfaces from CEA guide assembly cracks, tube to web weld cracks,
(top and bottom), and cavity #18 web Dase met3! were examined., [n a!! cases,
the failure mode was identified as high cycle, low stress fatigue (with the
exception of the stress corrosion cracks identified previously). Figures 3-22
to 3-24 show fatigue striations found in the vicinity of crack fronts from
various fracture surfaces.

Distances between Striations were approximated to provide an estimate of the
Crack propagation rate. These measured values were ' on ysed to calculate
the number of cycles during crack propagation, By di1viding the distance the
crack traveled Dy the crack propajation rate (assumes crack starts at one of
1ts ends), 4 value for the number of cycles was derived. This estimate of
the number of cycles 1s only useful 1n classifying the type of fatigue as nign
cycle and providing a lower 1imit estimate, Actual cycles to farlure are
probably higher and potentially =mch nigher because: (a) the number of cycles
1S inversely proportional to the 1istarce detween striations which pecomes
greater as the crack propagates, and (b) the greater portion of high cycle
fatigue 1s spent 1n the inftiation stage versus the propagation stage. The
values for the crack propagation ~ate ranged from[:. -*J
inches/cycle,



3.5 Metallurgy Summary

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 high 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 numerous
and closer to tie rod shrowd tubdes.

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 »eld specification allowed acceptance based on
only visual inspection, which was adequate for the anticipated operating
congitions and shroud function, Weld quality appears to have been a factor
only with regard to weld bead cracks found on 4-finger guide welds. 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 incluaing joint configuration were of greater
significance to crack location than weld gquality.
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Figure 3-9: Fracture Surface of Crack
Near 4.Finger Guide (130°)
on Shrowd Tude 44
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Figure 3-11: weld Bead Crack on Shroud
Tube 26 4-Finger Guide
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Figure 3-14:

incomp lete penetration ==

Cross Section of 4-Finger
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Filgure 3-13: 4-Finger Guide to Bracket
wWeld Crack on Shroud Tude
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Figure 3-15: Cross ectional View of
we'!d Bead Crack Through
the Guioe to 00 Bracret
we!d on Shroud Tube 26
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Figure 1-16: Cross sectional view of
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Tube 44 from the [0 Sracket
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Figure J-18: Uye Penetrant Examination
Showing Crace at wad to
Shroud Tube (4 wela, As
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N the <eb.
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Pigure J-17: DOye Peretrant Exarination
Showing Crack at w=ed to
Shroud Tube 15 wela, As
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Figure J<21: Cross-sectiomal view of crack showing
aaditional stress corroston Cracks.
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Figure 1-2]. Fatige Striatrons Near
crace Tip om TLoe 1S
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A saries of hydraulic and sechanical tests wer2 performed to identify
potential forcing functions which might inducs shroud vibrations and
to characterize the modes of vibration of tne CEA shroud assembly and
of individual CEA shroud tubes before and after modification.

Hydraulic Test

The purpose of the test was to investigate the response of the CFA shroud
tube to excitation attridytadb’'2 to flow and/or acoustic phenomena, Of
primary concern were mechanisas which can induce fluctuating stress levels
nigh enough to cause fatigue fatiure,

A four-finger CEA shroud tube was instrumente” wite two plezoelectric 2ressure
transaucers and twelve strain gauges. The tube was installed in a flow test
facility which simulates the flow paths entering the bdottom of a tube and 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
shroud region. Without the core, the circulating flow into the CLA shroud
regior. is increased from | ] of the total flow. Analyses of the
gistridbution of this flow within the shroud yisld very low velocity over the

CEA guides at the tcn (Figure 4.1-2). Even without the core, the velocity is

100 low tg Induce vortex < * off the guides at high enouah fregquency to
cause resonant vibration ¢. t.e jes from a vortex phenomend. This test
examines the region of turbulent jets at the bdettom of the shroud tube as
shown in Figure 4,.1-2, Figure 4.1-3 shows tne test equipment schematic.
strain gages were gistributed at the top of the tube to monityr strain near
the observed crack locaticns and to provide the tude mode snhayes of the
eiDrations. Figure 4.1-4 shows the strain qage

> A

‘wh test sequences were performed. In the firs

v

(00iant veloci1ties were varved up to |

s range of velocities encompasses the velocities 1n t pre-core
reactor tests. In the secund test sequence, acoustic pressures, which
simylate, for example, per10gic pressure fiuctuations originating at the
re24tor coolant pumps, were 1nduced by 2lacing 3 tunadie underwater sound

- »

gererator (SONAR) a few 1nches adbove the top of the shroud tubde.

4.1




coherences and phase angles among the . ansducers 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 ohtained with the
pump running but no loop flow. Perfodic excitation frequencies due to
structural response were determined with comparisons with rap tests. Analysis
was carried out in the freguency range O - 500 Nz,

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 ~ell with the
mode shapes obtained in the mechanical excitation test (Section 4.1.4) in
air at about 192 Nz, and 275 Mz, respectively. The RMS magnitude of the
stress fluctuations is about + 100 psi.  These stress fluctuations by
themselves are too smalil to cause fatigue failure.

In the acoustically excited test, excitation was induced over the range of
100 to 300 Hz. At 130 4z excitation, the tube response frequency was 132 W2
with @ maximum RMS stress of + 11 pst. At 177 Hz excitation, the tube
response 1s at 180 Mz with 2 maximum RMS stress adbout + 25 psi. Mode shapes
agree w'th those obtained from the flow test, Figure 4,1-5 shows the
measyred strain distributions at 132 Kz for dotn tests and Figure 4.1-6
shows the strain distridbutions at 180 Hz.

The acoustic pressure induced by the SONAR was aboul 0.l psi. Maximum measured
periodic coo’ant pressure fluctuations 1n the CVAP were [ ] pst at 240 Wz under
the UGS plate which supports the CEA shroud assembly, Even 1f these fluctuatiung
propogated undiminished through ne flow noles 1n *h1s plate ard 1nto the shroud
region, the resyltirg 17duced stress 15 tco small to cause fatirgue fariure.

In conciusion, the Tydrauli¢ tests were ynable to 1denti1fy a drvrect Nydrayig
forcing function acting on the CEA shroud which Could cause fatigue fatlyres 0
the snroud during sre-core testing, UJn the bas's of this conclusian, 't was
decided that there iy no need to provide temporary devices to restrict tre flow
1ntq the shroud during Jre-core testing. Post-core nydraulic forcing funclions
are smaller because, when the core 1s 1n place, the %otal reactor “low 15 smai or
any ¢lse the fraction of the * tal which enters the snroud regiron '$ smaller,
Therefore, the same conclusion applies for the nydraulic forcing functions 2uring
normal reactor operation,

4.2
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4.1.2 Modal Vibration Tests by C-f
4.1.2.]1 Shroud Assembly Test by C-E
The purpose of the test was to fdentify 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, NH. A number of

g accelerometers were mounted on the guides, shroud tubes, and webs.
These sensors were moved about according to the particular component
. or phenomenon dDeing measured. Similar data snalyses and recording and

display equipment as mentioned in Section 4.]1.]1 were utilized, Excitation
was Dy manual impact hammer,

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 webd

and at apout 182 Hz parallel to the wed. Damping was very small; less
than 0.1% of critical for the quide vibration,

when the tube 1s impacted, rather than the guide direct!y, the resonant
peaks for the quides are seen along with many other resonant peaks. The
relative amplitude Of response at tre various resonant freguencies 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

's impacted. For example, impacting a tube at the top snowed the strongest
response peak at 196 Hz the frequency of the guiges. [apacting at tne
bottom still ercites a response at 196 Mz but other freg.encies have
stronjer response. Just Delow the gutdes near the %op, *ne Maximum
response occurs at 276 H2. At nigher elevations, more r=sgnance

frequencies occur with comparatie amplituge of response,

The peripneral web was impactec I1n the direction of the juter ~ow Of
tubes. Maximum response occurred at 196 Hz in the closest tube and at
240 H2 1n the other two tubes 'n the row, OJther response peass were

also oposerved from about 30 HZ and up.
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mode 15 a shell mode of the tube which is determined in part Dy the mass
of the guides and their zttachment. Second, there are many modes of

vibration for the tube shell away frum the guides, depencing on excita-
tion location.

Single Tube Test by C-E

To further characterize the vibration modes and to decermine the effect of
water on resonant frequercy, a single shroul tube with guicdes was suspended
in air and then in water, Accelerometers were mounted on the guides at the
tup and on the tube at the bottom. [wpacting 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 cumbination of variations
in the tubes, their test configurations, ana the instrumentation cause the
difference in frequency..

Impacting the tube at the top or bottom gave the same 204 Mz response of the
Quides and, in addition, gave other frequencies. [n water, the 204 Hz fregquency
dropped to approximately 130 Hz. Other groups of frequencies showed similar
decreases in water,

Summary of C-E Modal Tests

The overall result of these scoping vibration tests is that the CEA shroud
has several characteristic resonant frequencies corresponding to the CEA
juides and the tuvde shell modes. [t also has numerous other weaker resgcnant

frequencies. The cominant frequencies are associated with the four finger
guides and round tubes and are evident both in a single tube ind in tyubes
which are an integral part of the shroud assembly, In conclusion, the
investigation of the cause of the observed cracks should include resonant
vibration of the tubes and juides as a potential contributor,

Modal Vibration Test by SORC

This test was performed for (-t By Structura’ Dynemics Research arporation

who Ras the capadility for dynamic viZeo 31s5zlays of /1brati1ng structures,
The purpose of the test was to 'dent1fy local and gveral! assempl, of

-

vidration of the CEA shroud in air ang 1n water, ‘esting was performed
on the original Palo verde Jnit | CEA snroud after 1t was returned %0
the C-E manufacturing facility 'n Newington, Y, "ne snroud «as ‘astened

down with t1e rod assemplies wnich are amployed 1n %he reactor. .t was

located insi1de a darrel wnich was filled with water for some Of 2he testing,
4.4
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of sensors on the shroud and the geometry of the shroud were incorporated
into computer software which 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.

Hechanical Excitation Test

This test was initisted dy C-E after the previously described modal tests

by C-E identified the need fu: a thorough laboratory characterization of - ubde
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 sodified by cutting off the top three inches 1ncluding
the guides. Also, the test provides a means of producing a crack in the
shroud tude 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 n Figure 4,1-7,
Rigia mounting of the webds as shown provides a known bouncary 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 Dy an electromagnetic exciter., Excitation was applied at
one of three elevations: 8 inches up from the buttom, 2 inches down from the
top, or 42 inches down from the top which 15 the elevation of the LGS Darrel
flange. Tube response is monitored Dy 15 strain gages at the top and by 5 at
the bottom, as shown in Figure 4,1-8. [n adaition, an accelerometer was places
at various locaticons to map the axial and circumferential distridutions of
the acceleration, from which displacement 15 obtained.

esonant ‘requencies were identifreq from 4l 47 t0 120 =z, "ne et ve
amplituge of response Cepenced on the !ication 2f the exciter arg e

axtal elevation wnich 15 noniItorea. Lenerally, trere were *w0 somiant
frequencies. They are (42 HZ «NICh 1§ %he resgnant freguency 'n av~ Jf tne

gutdes and tube at the t0p, and a group of frequencres from apout (50 < to :CU 42

whicn are resonant frequencies 'n air of the srel!l modes of the snhraud *.De.




strain at this frequency is more than twice as great as the strain at

the top for any other frequency ang is more than three times greater
than the concurrent maximum strain at the bottom.

when the exciter 1S located at the dottom, 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 nigher frequency. The strain
at the guide resonant frequency of 192 Hz 1s less than one tenth of the value

it had when the exciter was at the top. The strain at the bottom when the exciter
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 freguency 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 disolacement amplitude was odtained from hand hela
accelerometers. Generally, the axial mode shapes at the guide frequency of
152 Hz indicate very large amplitude at the top, smaller amplitude at the
pottom, and much smaller along the intermediate lower length., At most higher
resonant freguencies, the bottom displacement, is larger than the top and the
axial distribution has two nodes. These aisplacement gistridbutions correspond
t0 the overall observations of location and relative ampliitude of the strains,

Measurements of strain amplitude as a function of the peak magnitude of

the sinusoigal exciting force were nade at tne various resonant fregquencies.
Using these data, & frequency and force were selected for a long term test at
constant frequency, or a dwell test, to 1nduce iarlure. The resonant fregquency
of the guildes was selected and the ‘orce adjusted to §'ve 4 maximum neasured
local strain equivalent to a stress which was below the fatigue stress at 10°
cycles. For top excitaticn it the suide resonant frequency, the Maximum measured
Strain occurs on the jage adjacent to the welded attacrment plates far the jurdes
(See Figure 4,1-8). BSecause of the finite si1ze 2f the strain jages, they
necessarily i1ndicate the strains in the tube wall ad)acent to "ne we'ds.

Taking account of the stress concentration caused Dy tre welds and the

local change in tude wall thickness at the juide attacrment, fairlure wil!

OCCur 4t measured values which are deluw tne fatigue imt for tne material,

Owell excitation at 132 Hz succeeded in cracking the tude at _cycles.
The crack was similar to those cracks visually observed at Palo Verde |,
4.9




The fact that a crack could be induced is not, in itself, significant since
any welded steel structure can De cracked by applying an appropriate force

at a resonant frequency. In this case, the force was applied at a point on
the tube circumference and such a force does not exist in the reactor. The
significant 1act here is that a different loading condition produced a crack
similar to the reactor cracks. It is postulated that bending of the tube

wall Dy moments and displacements transaitted through the attached webs near
the CEA guides, even if not at the resonant frequency, would alsc cause
similar cracks beczuse 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 number of cycles o failure to the measured
stress near the guide attachment, Calculated stresses in the tube wall for
various postulatec 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
mocdels used in this comparison (See Section 4.2) are confirmed using the
detailed modal shapes iand 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 1n Section 5.0. New strain
gages were installed at the top and characterization of the tube vidration
is underway. Complzte results will be given in Section 6.]1.1 of the final
shroud report. Preliminary data indicate that the guide resonant frequency
is eliminated.
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FIGURE 41-3
HYDRAULIC EXCITATION TEST
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FIGURE 4.14
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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 %0 demonstrate the structural integrity of

the CEA shroud under the usual cesign 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 1oadings. T™he shroud assembly as
originally designed was shown to be a strong structure which is acequate for
the large and relatively short auration loading of the non-normal conditions.
Further, during normal operation the original shroud was not subjected to
significant airect loads from flowing coolant. This fact was confirmed by
the testing descrived 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 loaas,
but from nigh 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 the .pper guide
Structure assembly is divided into three mdjor areas; the calculation of
the forcing function due to nydraulic loading, the develspment of struc-
tural mocels which characterize the «1Dratory modes, and the calculation
of the structural response. The purpose or this section is to descridbe
the analyses which were ysed to assess the failure mechanisms which
Jccurred during the pre-core hot functional testing. These results are
Jsed as the Dasis for demonstrating the structyral integrity of the modi-

-

fied structure. ne structural assessment of tne modified design 1s

115Cussed 1n Sectior

The forcing functions wnich were used to excite
modeis were obtained from the hot functional test
ths program, the tude sneet region of the Loper

assemDiy wads 1nstrumented with accel
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outlet nozzles where the flow (oadings are the most severe. Data were
obtained for different pump combinations and the results of four pump
uperation, which are indicative of normal operating conditions, were
used as the upper guide structure assembly i1nsut forcing function.
This loading was then used in a dynamic respunse 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 re described in the following sections.

langom Vibration Response Analysis

A ‘umped mass model of the upper guide structure (Figure 4.2-1) was
developed to cetermine the structural response of the CEA shroud
assembly, upper guide structure cylinder, tube sheet region, and fuel
alignment plate with measured random loading as the input forcing
function. The masses used in the mode! account for the weight of the
structure and the effects of doth 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 l0ading conditions which were obtained
from the hot functional test program:

1) Random pressure acting on the tube sheet region (Figure 4,2-2) for
four-pump operation at 565°F. This loading was among the highest
recorded and represents conditions most typical of normal operation,
These flow loadings are also conservative because the fuel was not
present during the pre-core testing,

2) Rangom upper gu'de structure flange acceleration Figure 4.2-3).
The data were obtarned from an externa! CEDM acce'erometer, “his
1oadi1ng 15 consideraqg representati.«e of 2he actual congit:ions at
tne UGS flange since the flange 15 Clamped Detween %ne reactor
vessel nead ledge and 2 holadown r'ng.

Response power spectril densities (PSD) were calculates at /arious
poInts 1n the mode! ang used as 'nput “or 0re ieta' eqd structural

mnodels of the shroud assemdbly, These node's, ~Mich «1i] De Jescridec

3.17



in subsequent sections of this report, were developed to calculate

the three-disensional responses of the upper Juide 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 de
secn, the agreement 1s very J00d and gives confidence in the resyits
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 assenmdly was developed (Figure 4.2-6).
A correction factor of (1-v2). where V 1s Poisson's ratio, was used

to modify the bDeam properties to more accurately represent the plate
bending behavior of the connecting webs. The purpose of this mode!
was to determine the cynamic responses of the 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 shrous assembly. An analysis was performed using forcing
functions determined from the calculated PSD of the upper quide struc-
ture support plate response and the resylts indicated tnat structyral

failures could occur.

CEA Shroua “s.emhly Dynamic Response

A three-dimensional fimite-element mo
jeveioped for the purpose of getermir
woae f the st tyre ang the
¢ ‘o
The nalf symmetry mode | #as constructed using 4
element for doth the tubes ang interconnecting
four snroud tubes were fixed t0 s1mylate the ¢
Jther shrguds were 3 Jwed T0 MQve dteéra

axial levels were used o define the nod




The modal analysis resulted in a first node frequency, in water, of
about [ ] Hz. The frequencies of the "irst 15 modes were under [ ]
Hz. In-water freJuencies were determined Dy using both contained and
displaced water,

Most of the res:iting mode shapes indicite lateral motion of the
shrouds with the peripheral rows exhidbiting the most motion in the
lower modes. Figures 4.2-7 and 4,2-8 show mode shapes for modes 1
and 3 which clearly indicate this beravior. In addition, the highest
participation factors which are a guide to determine which modes
contribute to the overall structyral response, were found in the
lower modes with in-water frequencies of less than [ ] Hz and in
several nigher modes with frequences near [ ] Kz,

The mode! was subjected to a base excitation frequency of [ ] Wz
which determined from the random vibration response analysis described
in Section 4.2.1.2. Even though other base excitation frequencies at
[ Jana [ ] Hz were also identified, these were not used in the
dynamic analysis because the magnitudes of the excitation are lower

it these higher frequencies and the response levels would also be less,
e [ ] Hz forcing frequency was faund to be close to an in-water
frequency of the ummodified upper guide structure assemdbly.

The mode! ~.i$ subjected to 4 base excitation freguency of | ] H2
wnich getermined from the random vibration response analysis described
In Section 4,2.:.2. Even though other base excitation freguencies at
L Jana [ ] Wz were also identified, t"ese were not used in the
Jjynamic analysis Decause the magr: tudes Of the excitation are lower

4t these nNigher frequencres and tne response levels wou

ne | ] n2 torcing freguency was found to De close

f e . - . 4 »
equency of ¢t J ' Jurde structure 3s5¢

T™he results of the dase excitation analyses gerformed for the ari1gingl
LA shroud assembly nave shown a3 potenti1al for farlyre 'f the forcing
frequency 15 close to an in.water natural frequency of

‘he resulting geflections, when applied to 4 detatled finite

mode! of a singie CEA shroud tube with weds (Secticn 4.2.1.4),

severe enough to cause fatigue farlures in the vicinity of the four

. - 4
inger guiades.




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 deing 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.

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 dvnamic 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 guices on the tube response &nd 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-dimersignal model

of the CEA shroua assembly (Section 4,2.1.3). These stresses were

obtained for the ymodifi1ed structure (failure analysis) and for the

modi1fied structure (prediction analiysis).

The models were construcied with a thin shell quadrilateral element of
arbitrary geometry formed from four compatible triangles., The element
accounts for bdoth membrane and bending deh:/10r 4nd has twenty four

jegrees of freedom, 1.e., six degrees of freedom per node 'n the

3! ¢

pordinate system,

The results of forceg v'3rat

ilescribed 1n Section 4,1.4, were uysea %o

nodel, This test determined the i1n-air frequenc
stress levels for various 'nput lodaaings anad poInts

Y

tion., dnalytical and test comparisons at doth 2ngs
Jetermined to e very Jood with regard %o freguency
and excellent with regara tc stratn and stress,

the stress/stratn correlation 15 shown 1n Figure 4,2+




The mode] 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.
By ratioing the stress levels, the amount of structural damping was obtained for
each loading condition, The resulting damping levels were approximately [ ]
percent of critical for the comparisons which were made and agree well with single

tube strass results.

In aadition, the four wed full length mode! was used to predict the number
of cycles to produce a structural fatlure 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
frequency of 190 Hz. with a force input of 12 pounds, the measured strain levels
near the welds were approximately [ ] in/in ]. These
findings agreed well with the analytica: predictions of loading ang stress. Also,
using a fatigue curve for SS304 which is based on raw data and an estimate of the
stress concentration factor, the predicted number of cycles to failure is of the
order | ] cycles and represents approximately three hours of test time,
The 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 shroud tube models were used o

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
analyses were performed using detailed finite element models of the CEA shroud
sssembly which account for the structural interactions between the various tubes
and connecting webs. Preliminary results of these 1nvestigations using the single
tube shroud models have i1ndicated that the D : jre most severe near
the four finger julge attachment plates where most o 2 ac liures occurred,
The stresses are jenerally mig
the response 15 attridbutadie to the M
are not used. Tne fingings from a failure
be summarized Dy the following:
1) The CEA shroud tube stress 'evels are well Delow the fatigue allowadDles
when the horizontal displacement i1n the first 1nt@riQrf row 's (. ™
At this displacement, 1mpacting occurred as evidenced Dy the marxs

observed on the outer most shroud tube at 45° (Figure 3-3),




2) At the maximum allowable horizontal displacement of [ ] mils in the 180 -
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 the
presence of snubbers on the structural responses.

addressed in Section 6.1.2.
presently being determined.

The effects of snubbers are
The effects of impacting on the dynamic response are
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CALCULATED POWER SPECTRAL DENSITY AT
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5.1

CORRECTIVE ACTIONS

The nroblem described in Section 1.1 was corrected by taking the actions
desc) 1bed below.

CEA GUIDE MODIF [CATION

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 ob.erved 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 removing 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 guides have no
function during normal operation, their function is provided dy & separate
tool which is not a permanent part of the vessel or the internals, The
tool is utilized only during refueling cperations.

Cutting a length of three inches from the top of the CEA shroud assures that
effects of the original welding of the guides is removed. This length 1§
cut of f everywhere except at the eight tie rod locations and two locations.
fur Reactor vessel Level Monitoring Systeam (RVL'S) probe:., Those shroud
tubes remain full length to eliminate the need fo™ changes to the tie rod
asseably and to the Heated Junction Thermocouple RVIMS. The ma imum allow-
able cutoff length is greater than three inches. [t is based on the require-
ment that the CEA spiders remain within the shroud when the CEAs are '1n the
fully withdrawn position. Figures S5-1 ana 5-2 show the modified CEA shroud.

After cutoff, 2 minimum of three inches of tre welds at the top detween

webDs anc¢ shroud tubes are g§round out and replaced with fyull penetravion
welds. An acgitional fillet weld 15 appiied over this £~ minimiZe tne
stress concentration at the junctions, The bDottom weids at the %ie rod

v
. - » : ” $ > .
L1Quid penetrart 1nspection accor-

locations are also similarly prepared.

ding to the ASME code requirements 's imposed for these weid repairs,




CEA SHROUD LATERAL SUPPORY MODIFICATIONS

The CEA shroud is held down to the Upper Guide Structure Support Plate
(UGSSP) by the e2ight tie rods. Stiffnes: of the shroud assemdly
provides the restraint against lateral ‘srces in the original design,
Analyses in Section 4.2 indicate that global modes of vibration of the
shroud may cause lateral aeflection of the outer tubes and weds and may
contridbute to high stresses. To limit 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 snudbber dDlock assembly fis

shop welded into the three outermost shroud tubes on each of four sices
of the shroud. A flange block assembly is field installed on the UGS
barrel flange by pins and boits. A harg shim is field fitted to the
snybber block to provide controlled clesarance with the sides of the slot

in tre flange Dlock, The completed snutber assembly allows radial and

arial differential motion Detween the CEA snroud and the UGS Darrel bdut
restricts lateral or tangential motion 0 the amount of clearance at the
shims (maximum [ ] mils), .
Vidbratory lateral displacements of the (EA shroud are limited Dy the
snubber. The lateral load 1s transmitted into the barrel flange which In
turn 15 clamped by the reactor vessel fl'anges. The hard snybber shims
and their hardened mating surfaces on tre flange dDlock provide wear

surfaces tc allow for normal radial and ixi1al gifferenti1al movement,




FIGURE 5-1
MODIFIED
UPPER GUIDE STRUCTURE

ASSEMBLY




FIGURE 5-2
MODIFIED UPPER GUIDE STRUCTURE ASSEMBLY
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FIGURE 5-3
MODIFIED UPPER GUIDE STRUCTURE ASSEMBLY

Snubber Block
Shop Welded to Shroud

Flange Block
Pinned and Bolted

Hard Shim
Field Fit
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6.0 Test and Analyses of Modification

6.1 Analyses and Component Test
The evaluation of the failure modes utilizing not functional test data, ana-

lyses and experimental measurements on components and on entire CEA shrouds
identified two potential failure mechanisas for the original shroud design.
Similar analyses and compone.t 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 tude 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 oa the response calculated for the CEA
shroud during normal operation, testing will be done in the Palo Verde Unit 1
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 compare 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 S.1 are completed.
The test arrangement was described oreviously in Section 4.1.4. This test
{s underway and results will De 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 assemdly. The structural
nodifications are the removal of the four finger CEA guides and the %op inree
inches of the tubes which contain these gquides, the removal of the twelive finger
CEA quides, and the addition of snubders ta prevent lateral motion of the jer)-
sheral shrouds. Preliminary results of Dase excrtatron

the snubbers help by limiting deflections. [n adal

juides eliminates regions with stress ncentrat

-alculated at selected locations throughout the

jetermine the structural integrity <€ the «arious snroud “udes.

size of the mode! and tne amount of dgeflecton data, the eva 8"

continuing in order to fully assess the response »f the nodified st

The results of this prediction analys!s wi pe compared %0

from the planned Demonstration Test.




6.2

Demonstration Test

A demonstration test is planned for Palo Verde Unit 1 to confim the
adequacy of the repairs to the upper guide siructure under operating
conditions which are similar to those during the pre-core hot functional
test. During the test, data will be taken for varfous reactor coolant
pump combinations at selected coolant svstem tempe-atures and pressures,
The maximum pressure for the test 1s 275C 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. [nstruments will de
located at the top and bottom of the shroud assemhly as shown in Figures
6.2-1 and 6.2-2. Table 6.2-1 defines the purpose for each of the instru-
ments. The vibratory motion of several shroud tudes will be determined
with dbi-directional accelerometers; strain gages wi! be used to determine
the stress levels in selected tubes and webs. Dynamic strain will De
correlated with dynamic pressures measured at the top and bottom of the
same tubes. The basis for selecting these instruments 15 to determine
the response and loading at key locations, especially where structural
fatlures occurred, in order to learn which contributing mechanisms led

to the fatlures. The seasurement results will*be compared to analytical
forcing functions and responses.




TABLE 6.2-1

UbS Instrumentation List

Transducer Purpose

Measyre motion of previous failed
tube and measure snubber impact
if occurring,

Measure CEA shioud axial motion
and measure snubber impact 1f
occurring.

Measure response of outermost
tube next to UGS barrel wall,

Measure response of center tube
for comparison with outes tude
motion,

Measure motion of Tube #6 where
high cross flow occurs.
(Designated A-7 in CVAP)

Measure motion of UGS plate.

Measure fuel alignment plate
motion.

Jbtain strain distributions.
Qbtain strain distributions.
Measure strain in previously
failed tube,

Record strains on previously
unfailed tube towara the interior
of the pacxage for comparison,

Measure strain on previously
farled tube and obtarn ;itrain

Jistridutans.,

Measure dending strain in




TABLE 6.2-1 (cont'd)

UGS Instrumentation List

Transduce[ Durgose

Se-14 Measure strain in high cross fiow

56-1% region (previously designated S5-9
& S-10 in CVAP)

S6-16 Measure strain on wab interior
to tie rods.

S6-17 Measure bending strain in webd
rear tie rod. .

Measure strain on web interior
to tie rods.

Measure forcing function 1n
previously failed tubes.

Measure forcing function in web area.
Measure forcing function in
previously failed tubes.

Measure pressure fluctuations on

UGS plate to be compared with Unmit |
CVAP resuyits. (Designated P-13

in CVAP).

Measure forcing function on hignly
Instrumented tube.

pulses
t show® 1In
6.2-2.)

Measure acoust!
exiting RCP. (N
Figures 6.2-]1 &

o]




INSTRUMENTATION LOCATIONS
(Only Top Locations Shown)
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180° A = Acceleration _9_
Total 34

FIGURE 6.21
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