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MENNANDUM FOR; Albert Gibson, Director DRPR R/F

Division of Reactor Safety Glainas
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FROM: Gus C. Lainas ensW
i Assistant Director for Regien 11 Reactors

Division of Reactor Projects 1/11 LEngle /
Office of Nuclear Reactor Regulatter. SVarga

SRPR R/F

SUBJECT: TI A - NORTH ANNA UNIT 1 STE AM GENERATOR TUBE F AILURE EVENT

The purpose of this memorandum 16 to present our interface agree-ent relative
to the recent North Anna Unit 1 steam generator tube failure event.

The following ac',f ons and responsibilities are designated in consideration of
the enclosed memorandum, "Dircks to Regional Administrators, dated April 13,
1982 " Steam Generator Problem.

1. Ril to restrict restart of unit and issue CAL. (Rll completr)

2. R!l to form and dispatch an All team to the site with NRR technical
and PM assistance. (Rll complete)
concurrence.

3. AIT Report to be reviewed by Ril and NRR prior to issuance.
(R11/NPR)

4 Adequacy of SG repairs for North Anna for restart. (NRR/ DEST)

5. ' Generic implications of event. (NRR/ DEST)

The contact for the above actions will be L. Eng'e, who can be reached on
FTS 49 29795. h

Gus C. Lainas .

Assistant Director for Region 11 Reactors
Division cf Reactor Projects 1/11
Office of Nuclear Reactor Regulation

Enclosure:
As stated

cc: T. Murley
J. N. Grace
L. Reyes
J. Sniezek
F. Miraglia
R. Starestecki
J. Richardson
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HEMDPA:iDr. FOR: Regional Administrators ,3 *,8 d hg
F RO'i: milliam J. Dircks

[secutive Director for Operations

SUBJECT; STEA'l GC EF,ATOR FROELEMS

As have been discussed in the weekly conference calls, there are an in-
creasing nwer of problems with Pi R steam generators. Our responses
are compounded Dy the side diversity of causes of stean generator tute
degradation (foreign objects, denting, cracking, wastage, etc.) and the
resulting variety of appropriate remedial actions (plu;ging, sleeving,
mater cht.:.istry cnonges, leak specifications, astage limits, inspection
intervals,etc.). It is essential that the ';RC response to these prod 1ces
be technically correct, regionally consistent, and integrated with ongoin;
studies and research.

e need a central point for dealing with these technical issues. Accord-
irigl , as ! understand you have discussed, for any future steam generatorf
p ro ' . l e r.4 that you judge requires substantive NRC technical revien, I would.

like you to transfer responsibility for NRC action to fiRR.
"This transfer should be acco...plist.ed by tenorandum to the Director of

Licensing, hER. The menorandum should transmit as much infomation about
the problem as you initially have available.

Yau will, of course, retain cognizance over any potential enforcecent
actions that my be related to a stean generator problem (e.g., failure
to report, manegetent control weaknesses, violation of tech specs, etc.).

gttg$3m OM
';1111 e.r.. J. Di rc ks.

(secutive Director for Ope.ations
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. 1.0 INTRODUCTION / SUMMARY

1.1 Introduction
'

.

The purpose of this report is to document the evaluations of the North
Anna Unit 1 Steam Generator "C" Row 9 Column 51 tube rupture event and
the steam generator modifications which will be made to minimize the
requisite conditions for future occurrence of a similar event.

The evaluations include those from nondestructive testing of the tube
before removal from the steam generator, those from the , laboratory
destructive and nondestructive tests conducted on the removed tube and
those associated with the necessary loading conditions acting on the
tube leading to the rupture of the tube. Also included here are
evaluations of the extent of those conditions in the steam generator
which may provide the loading which could lead to a similar occurrence
during continued operation of the North Anna Unit 1 steam generators.
Finally the report documents the modifications which will be performed
to minimize those conditions which are f Mged necessary for future
occurrences and evaluates the effectiveness of these modifications.
1.2 Summary

On July 15, 1987, a steam generator tube rupture event occurred at.

the North Anns Unit 1 plant. .The ruptured tube was determined to be
Row 9 Column 51 in steam generator "C". The location of the opening
was found to be at the top tube support plate on the cold leg side of

,-

the tube and was circumferential in orientation with a 360 degree
extent. -

,

In order to confirm steam generator tube integrity at North Anna 1,
evaluation of the conditions in the steam generator have been assessed
leading to a definition of the cause of the tube rupture, the details
of the mechanism leading to the rupture, the prerequisite conditions

-

necessary for the mechanism and the modifications appropriate to
minimiten prerequisite conditions for future occurrence. As a
supplemental element, leak-before-break conditions have been
established. Detailed studies of these elements form the majority of
this report and are in many cases interdependent. A logic diagram
connecting fundamental results from the studies is shown as Figure
1.2-1. The overall concibslons of the evaluation are summarized as
follows.

| The cause of the tube rupture has been determined to be high cycle
fatigue. The source of the loads asso.ciated with the fatigue mecha-
nism has been determined to be a combination of a mean stress level 6".

in the tube and a superimposed alternating stress. . The mean stress has
been determined to be the result of denting of the tube at the
top tube support olate and the alternating stress due to out-of--

.

$

i
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plane deflection of the tube above the top tube support caused by flow.

induced vibration. These loads are consistent with a lower bound
fatigue curve for the tube material in an AVT water chemistry
environment. The vibration meenanism has been determined to be-

fluidelactic, based on the magnitude of the alternating stress.

The most significant contr1' uter to the occurrence of excessivep
vibration is the reduction in damping at the tube to tube support plate
interface caused by the denting. The absence of antivibration bar
(AVB) support las bann concluded to be required for requisite

*
vibration to occur, together with the reduction in damping. The
presence of AVB support will restrict tube motion and thus preclude the
deflection amplitude required for fatigue. Row 11 tubes are the minimum
requirement for antivibration bar (AVB) support in the original design
configuration. Inspection data shows that an AVB is not present for
the Row 9 Column 51 tube but that the actual AVB installation deptb
exceeded the minimum requirements in all cases with data for AVB's at
many other Row 9 tubes. Also contributing
to the level of vibration, and thus loading, is the local flow field
associated with the detailed geometry of the steam generator.
The tube which ruptured is considered to have a worst case combination
of loading conditions and fatigue properties.

The prerequisite conditions derived from the evaluations were
concluded to bet -

*
- Etticue Reauirerents Prerenuis(te Condjtions

Haan strens Denting

Alternating stress Tube vibration
Dented support-

Flov excitation-

Absence of AVB-

Material fatigue properties AVT environment
Lower range of properties-

The modifications to the steam generator have been defined to address
the prerequisite conditions. Criteria have been established to
effectively eliminate the cause or to establish sufficiently
conservative limits that a high confidence level is achieved that the
combined actions reduce the potential for tube fatigue in the future
to a very small level. For those prerequisite conditions associated
with the inherent tube condition, worst case assumptions have been 'l

made. All tubes are assumed to be dented sufficiently to provide morn
stress levels associated with tube yielding at the tube support. All
tubes are assumed to have reduced damping associated with denting at
the top tube support sufficient to result in a clamped condition. The

~

material fatigue properties have been assumed to be the lower bound for

, _ . - _ _ - _ _ _ _ _ . _ _ _ _ _ _ _ _ - _ . - _ _ _ _ _ _ _ _ _ _ _ - _-
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AVT water chemistry conditions. The location of AVB's has been
.

conservatively defined trou inspection dat6 for each of the tubes in
. the three steam generators. The goal for level of improvement

of the flow excitation required to avoid significant future fatigue
accumulation nas been conservatively selected based upon the range of
possible initiating alternate atress for the worst case tubo
during centinued operation.

To achieve the flow excitation reduction, a modification to
reduce the cireviation through the steam generator and thun reduce the
hydrodynamic loads acting on the tubes will be installed. This
modification is called a downcomer flow resistance plato (DFRP) and has
been previously used in many steam generators. The adjustment to the
circulation will be to a level where significant operating experience
exists in other steam generators. This modification alone is
sufficient to account for vibration associated with a very low tubo '

damping level. To account for the combined effect of both reduced
damping and high flow conditions, tubes in high flow areas will be
conservatively removed from service. A tuco plug which allows a
controlled leval of leakage will be utilized so that leakage in the
tube wall can be readily detected.

As a result of the modifications, it is expected that the potential for.

large leakage occurrences will be eliminated based on multiple
criteria of which each significantly reduces the probability of
occurrence of tube fatigue. Supplemental to the c? cam generator.

modifications, the practicality of leak-before-break was established *

based on_a correlation of plant leakage data not normally used to
monitor primary to secondary leakage and the tube rupture analysis.
These results show that leakage was present before the tube rupture and
that leak-before-break'was present.
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2.0 FAILED TUBE EVALUATION

Tube R9C51 in st9tm generator C of North Anna Unit I was observed, by
in-plant Endoscope 9xamination to have separated circumferential1y
immediately above the seventh cold leg support plate. A tube pull
removed the cold leg segment of the ttibe from the tubesheet bottom to
the fracture face at the top edge of the seventh support plate. The
removed tube was examined in the laboratory by a variety of techniques
and it was determined that the tube degradation occurred as a result
of fatigue. The presence of fatigue striations confirmed the fatigue
mechanism. Measurement of the striation spacing and observation of
the general topographic features permitted determination of the stress
intensity present at various stages of crack propagation. There was
no indication of significant wall penetration occurring by other
mechanisme such as stress corrosion cracking or intergranular attack.
Details of these efforts appear in the following report sections
2.1 - 2.3.

2.1 Tube Pull

The cold leg tube segment was removed with 0.9 inches of elongation
occurring during the tube pull. The elongation was observed to be
confined to above the third support plate and to increase with
increasing elevation. Between the sixth and seventh support plates,
0.8% elongation occurred resulting in a reduction of the average tube-

CD from 0.871-0.872.to approximately 0.867 inches. The pull forces
required to remove the tube were as followst 103.6 ksi to break the
tube free; 62-65 kai after 4 feet of remov&A; 41.4 kai after 8 feet!*

6.9 ksi after 21 feet; and less than 0.0 Xsi thereafter. These data
stggert-that support plate danting in the upper cold leg support plate
rzetena.1ed the tube during the tube pull. (Field eddy current
r ot :caetry also showed significant denting at these locations as
chavn i Figure 3.1-7.) Table 2.1-1 and Figure 2.1-1 summarize
crumru ments made on the pulled tube.

01.c of Jbe more prominent features on the fracture face of the pulled
tube is the region subsequently labeled as the " tab". The small local
protrusion on the fracture was clearly visible during the in-plant
endoscope examinations. The intradon region of the U-bend could also
be determined by noting'the positicn of the endoscope support cable
during the photography. This infornatice, coupled with viewing the
location of seventh tube support platu flov holes,' permitted
orientation of the fracture face with respect to the plane of the
U-bend. The plane of the U-bend was accordingly positioned at
approximately 450 to the general tab position.,

'

m c'.
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2.2 Examination of the Pulled Tube
.

The following section summarizes the findings of the failure analysis.
In general the results established that the tube had the intended
mechanical properties and otherwise displayed the expected-

characteristics of Alloy 600 in the mill annealed condition. Some
specific details follow.

2.2.1 Physical and Metallurgical Properties

From a region of the tubing where no tube pulling elongation occurred,
two room temperature tensile specimens were obtained and pulled.
Results from these tasts agreed closely with 1971 tubing certification
data for Heat 4433 which is the heat in location R9C51 (Table 2.2-1).
These mechanical property values are considered typical of tubing in
North Anna Unit 1. Chemistry data for Heat 44B3 are shown in Table
2.2-2. These values are also considered typical of North Anna Unit 1
tubing although it should be noted that the carbon concentration of
0.05 weight percent is on the high side of normal. Figure 2.2-1 shows
a metallographic cross section obtained on the cold leg tube segment.
The microstructure appears typical of mill annealed Alloy 600 in North
Anna Unit 1.

- 2.2.2 NDE Examination of the Seventh Support Plate Region

Radiography,0 consisting of double wall radiographs taken at 4
rotations 90 apart and of a single wall radiograph using a rotisserie

*

technique, revealed no indications in the seventh support plate region
other th'an the fracture at the top edge of the support plate location.

Eddy current examinations were also conducted on the seventh support
plate region using bobbin, 8 x 1, RPC, and OD pencil probes. No
indications were observed below the fracture face in the support plate
region.

2.2.3 Visual and Macroscopic Ixaminations of Seventh Support
Plate Region,

Figures 2.2-2, -3, and -4 provide macrophotographs of the seventh
oupport plate region and the fracture face. With the orientation
system chosen, the plane of the U-band is located at 450 Minimal CD

! surface deposits were observed although demarcation of the support
| plate edges was clearly observed on the CD surface of the tubing. As
! villbedemonstratedlater,multiglesitefractureinitiationoccurredbetween approximately 900 and 180 The tubing between 900 and 1800.

|- is determined to havn protruded approximately 0.07 inches above the #.

| top edge of the support plate (0.82 inches above the bottom edge of
| the support plate demarcation). This location is the fracture region
L' .

\ -

!

.
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elosest in elevation to the tcp edge of the support plate. The
0 and ishighest olevation of the fracture is located at 315

approximately 0.17 inches ebove the top edge of the support plate, on
0the fracture face a dark deposit was noted from approximately 90 to

1500 Typically the deposit extends from the oD to 3/4 through-wall,
,

although it may have touched the ID locally. Figure 2.2-2 shows a
photograph of the fracture face in which the deposit is observed, and
Figure 3,2-4 shows a sketch of the deposit boundary. An analysis of
these deposits showed that they had a composition similar to adjacent
OD deposits and that they contain elements which would be expected
from secondary side water-born deposits (Tables 2.2-3 and -4). Later
it vill be shown that fatigue cracks initiated in this location. The
significance of these deposits is that they show the shape of the
early macro-crack before faster crack growth rates occurred. From the
shape of the deposit, it is believed that the macro-crack initially

0 crack front thatbroke thrcugh-wall over an approximatelf.400 to 140 Fatigue striationextended from approximately 100 ,

orientation data, presented later, also support this hypothesis.

Visual examinations and macroscopic examinations of the fracture
surface and the OD surf ce adjacent to the fracture surface were
conducted to determine the surface condition and to determine crack
origins and paths of crack propagation. The sellent f eatures observed
during these examinations are summarized in Figure 2.2-5 and consist
of the following:

1. Tab-shaped area near' region marked 6 0 has a rough fracture
texture and orientation consistent with final overload
fracture.

2.' Region from about 900 to 1550 is generally flat
(orientation: normal to wall) throughout most of wall except
for small portions that have shear orientations (45 to
wall) adjacent to the oD and ID surfaces.

3. Most of the remainder of the fracture is oriented at about
450 to the wall surface except for a flat area surrounding
a minor crack crigin at about the 1900 location.

4. The fracture occurred by multiple initiation - all on the OD
surface. A number of " origins" were identified from fracture
surface markings (tear ridges) and contour on CD surface with
four principal initiation sites found at approximately 1100,
1200, 1350 and 1100 Figure 2.2-6 shows a photograph
of these locations after the deposit had been partially
removed by cathodic descaling,

Y
*

.

5. Fracture Texture:

, a. Within flat region: fine texture.
.

b. Counterclockwise from 900: fine texture,
,

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



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

. s

0c. Clockwise from 180 1 initially fine. Texture
becomes rougher with herringbone pattern evident near

'

2700 region indicating an accelerating rate of crack
propagation.

'

0 0 0d. Within the region from about 200 through 360 to 15 :
rough texture (fractographic examination revealed dimpled
rupture in this region) indicative of overload fracture.

2.2.4 SEM Fracture Face Examination

SEM fractographic examinations of the fracture surf ace confirmed the
conclusions of the optical-macroscopic examinations that the crack
origins were located on the OD surface. At low to intermediate
magnifications, as illustrated in Figure 2.2-7, the fracture (in the
306 to 2100 portion of the fracture) has a transgranular, feathery,
cleavage-like faceted appearance. The feathery
from microscopic tear ridges (which, like macros, appearance resultscopic tear ridges, run
in the direction of local crack propagation) and small regions of
ductile fracture (produced by ductile cutting) which interconnect
multi-level, finger-like plateaus and sub-regions on those plateaus.
Dimpled rupture (the predominant mechanism of ductile, overload
fracture) was found only in the final portion of the fracture (from

0 to the 150about 310 through 360 portion of the fractura). At higher
magnifications (also illustrated in Figure 2.2-7 frequent varations in
the direction of local crack propagation of nearly i450 (both
vertically and horizontally), could be noted as indicated by changes
in the orientation and direction of the plateaus. Crack growth
occurred simultaneously along facets at different levels so that tear
ridges and undercutting of one facet by another was a common
occurrence. Such phenomena are common to fatigue crack propagation.

One definit 17e feature of fatigue cracks that is often observed is the
presence of numerous, usually evenly spaced, striations that run
perpendicular to the direction of local crack propagation. The
striations develop as a consequence of repeated blunting and
resharpening of the crack tip during the cyclic applications of load;
each striation, therefore, marks the position of the crack tip at the
time it was formed.

Striation-like markings could be seen at very high magnifications
during the SEM fractography. The striations appear like those that
occur in fatigue fractures inasmuch as they run perpendicular to the
directirn of local crack propagation; however, the resolution by SEM
was not adequatie to determine if the spacing is uniform or random or
to determine the striation spacing.

,

- f~

The appearance of the crack crigin at approximately 110 0 is shown in
Figure 2.2-8. In the top photograph the fracture surface is shown as

. viewed from above. Note the crack propagation line fanning out from
the origin region. In the middle photograph the specimen has been -

tilted to show both the fracture surface the OD surface of the -

tubing. The presence of the shallow polishing marks are still visible

_-__ - -- __ __ - ____ ___ - _ _________
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on the tuba. The presence of some surface disturbance on the tube in
this region is also visible. These disturbed areas are quite shallow
and of unknown mechanical or corrosive origin. The lower photograph
of the OD of the tube again shows the polishing marks and also some
scrape marks that likely eccurred during the tube pulling operation.

No_intergranular cracking was found at any position in the fracture.
This total absence of intergranular cracking, eliminates the
possibility that cracking initiated as er propagated by intergranular
stress corrosion cracking.

2.2.5 TEM Fractographic Examination '

TEM fractographic examinations were performed to provide the extra -

resolution to definitively determine if the striation-like markings
observed during SEM fractography were indeed fatigue striations and to
provide quantitativo data pertaining to the spacing of the
striations. Two-stage carbon replicas were utilized for this
examination. The first stage consists of a cellulose acetate replica
of the entire fracture surface. The secend stage consists of making
small carbon replicas (usually referred to as grids, since small
metallic grids are used to support the fragile carbon replica) from
selected areas of the cellulose acetate replica. Replicas were made
both before and after Endex cleaning (cathodic descaling of oxide
deposits) of the fracture surface.

The salient features observed during the TEM fractographic examination
' 'are schematically shown in Figure 2.2-9 and summarized below:

1.9 Oxidation and/or fretting, observed on most of the fracture
surface, is most severe at about the 1350 position, heavy
throughout the region containing most of the crack origins
and of diminishing severity at locations proceeding in the
clockwise direction from about 1700 and counter clockwise
from about 700 This suggests that the oldest portion of
the crack occurred at about the 1350 position.

2. Fine fatigue striations are observed near the crack origins.
Striation spacing (see Table 2.2-5) increased from about
1.0 micro-in. near the CD surface to nearly 2.0 micro-in,
near the ID surface.

,

3. Fine to coarse fatigue striations occur at locations from
about 1900 to 2500 and from about 300 to 700 ns
shown in Table 2.2-5. The fatigue striation spacing
increased (indicating higher propagation rates) as the
crack propagated around the circumference of the tube in a C- %

clockwise direction from about the 1900 position and counter
clockwise from about the 700 position. Higher propagation

- rates in the 190 to 3000 positions than in the 70 to 150
regions indicates eccentric loading or a component of *

torsional loading. '

.- ._.
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4. Parabolic dimples with internal necking between dimples
were the predominant fractographic features at about the
2700 position. These features are indicative of very
high fatigue propagation rates. This position is within
the regions of herringbone pattern and coarse texture
observed during visual examinations.

5. Equiaxed dimples indicative of the overload portion of the
fracture were observed at about the 3100 position. These
fractographic features, coupled with the macroscopic
features, indicate that the overload fracture occurred

0 0throughout the region from about 300 through 360
to 15 .

6. Damage to the fracture, most probably imposed by peening
and fretting, was fairly common. The most severe peening
was observed at the 2900 position, but some amount of
surface peening occurred throughout the fracture surface.

2.2.6 Metallography of Seventh Support Plate Region *

A series of longitudinal metallographic sections was made from below
the bottom edge of the seventh support plate through the crevice
region up to the fracture face. In the key fatigue initi'ation zone

0 to 1800, the region from 1300 to 1650,from approximately 90
'

which included two major initiation sites and at least one minor
~

initiation site, wa4 cut by five equispaced longitudinal sections.
Minor CD intergranular penetrations, as well as minor ID intergranular
penetrations, were found in isolated, small zones within the support
plate crevice region. The penetrations were typically 0.3 mils deep
and approached a maximum depth of 1.n mil. See Figure 2.2-10. The

'

clcsest distance to the fracture face, in which an intergranular
i penetration approached the fracture face, was 4 mils. See Figure
! 2.2-11. It is judged most likely that intergranular penetrations,

based primarily on the extensive SEM examination performed on the
fracture face, were not present at the exact fatigue initiation
locatior.s. There still remains the possibility that this could have
occurred; however, that possibility would not change the observed data
which support fatigue initiation and propagation.

.

.

'

* Note": prior to metallographic mounting the sample section @
containing the fracture face was plated with nickel. This
provides an extended surface area for the grinding and
polishing steps and reduces edge rounding of the tubingi

| segments. -

|
'

.
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2.2.7 Summary of Pulled Tube Examination

Fatigue was found to have initiated on the OD surface of Tube R9C51 CL
immediately above the 7th cold leg support p3ete. No indications of
significant accompanying intergranular cerrosion was observed on the
fracture face or on the immediately adjacent CD surfaces. Multiple
fatigue initiation sites were found with major sites located at 1100,

0120 , 1350 and 1500 The plane of the U-bend is located at 450 with
the orientation system used or approximately 850 from the geometric
center of the initiation zone. High cycle fatigue striation spacings
approached 1 micro-inch near the origin sites. The early crack front
is believed to have broken through-vall from approximately 1000 to
1400 From this time on, crack growth is believed (as determined by
striation spacing, striation direction, and later observations of
parabolic dimples followed by equiaxed dimples) to have accelerated
and to have changed directier. With the resulting crack front running
perpendicular to the circumferential direction.

.
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TABLE 2.2-3

DEPOSIT ANALYSI5' -

" M. #5A 1 TUBE R9-C51 CL
,

-AS RECE!V D FRACTURE SURFACE

- SEN!QUANTITATIVESEM-EDSANALYSES(w/o)

IZ>10(Na),75 MILS MID-WALL AREA SCANS
.

zone of heavy,,

deposit
;

8 0 8
ELEMENT = 0" 90 150 1800 270

16.3 10.7Mg 8.7 , 16.3 ---

A1 - - - - --- --- --- ---

.

L5i 8.7 ,14.3 0.1 9.9 11.2, - -

5_- 0.6 1.0 --- --- ---

Ca 0.20.2--- --- ---

'Ti 0.2---- --
-

--- ---

Cr- 16.8- 9.0 12.5 11.8 9.9

Mn 1.6 2.5 0.5--- ---

Fe 42.2 11.8 11.5 8.4 10.4
,

Ni 17.5- 37.2 54.3 46.4 38.6

Cu- 8.6 6.0 7.7 5.8- 7.61

2n _: 6.3 3.5 2.3 1.5 7.6
' '

--- --- --- ,--. 3,g 9-

No

Pb 0.1--- --- --- ---
.

_

e

4

4

g -w -g n y-w c4 r ,..w s - - - -- - - - - , .r-
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-TABLE 2.2-4

DEP051T MALY315 -

4

N. ANNA 1 TUBE R9-R51 CL '

..

AS RECEIVED 00 $URFACES IN MIDDLE OF 7TH T5P

SEM!QUANTITATIVESEM-ED5 ANALYSES (w/c)

I AREA SCANSZ >10 (Na), 75 MIL 5

,

..

0 00 180 2700 90E!.EMENT 0

Mg --- --- --- ---

AlL 1.5 0.9 3.1 1.3

Si 4.4 3.8 6.5 8.2
-

,

1.43 --- ------ s.

'

' 0.7.~

Ca O.3 --- ---

0.2Ti' O.4 0.4 ---

Cr 16.8 15.5 12.3 15.0
,

Mn --- --- --- ---

Fe. 13.2 11.8 21.1 17.3

N1 51.3 56.9 38.8 39.8

Cu 8.0 8.0 7.5 8.6

Zn ' 4.4 2.9 9.4' 7.4.

1.2Mo 1.7 ------

'

~
, . . .,

|*
! -

. *.

.
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TABLE 2.2-5

SWMARY DI StidTION SPACING MEASURDENTS

.

DISTANCE FROM AVEEAGE SPACING

CRID 0.D. SURFACE. IN. s-IN.

A 6.24
,

B 3.39

C- 0.014 1.00

0.036 1.58 '

02046 1.85
_

E 0.024 1.60~

0.031 1.53-

.

F 20.7
1

u
'

.

| -'
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l

I

!

'

t .

\;-
*

% . . .,.

.

W

h
t

'

,

' E-13
-

1

= - - - - - - _ . . - . ._ .. _ _ _ _ _ . _ . _ _ _ __.



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

. ,

-. ,

|

_ figure 2.1-1-

,
,

DIMENSIONS OF PULLED TUBE R9-051CL FROM N. ANNA 1 S/G C
-

El.ONGATION BETWEEN SP AvtRAct OD (INCHES)--

_

8gos -
-

375.2 0.867.

0.8s

totton - -324.3
SP6

.

0.61 0.869
.

Sottom 273.5-

SPS.

0.45 0.873

.

~
iSotton-~ 222.8-

$P4
,

. ~~

0.41

-

Bottom - -172.1
SP3 ,

Zero

.

121.7 0.871Sottom -

SP2
4

Zero 0.371.

*

Botton 71.3-

. $P1
'

( .: ** - c-
!

Zero 0.872,

-,,

~

T/5 Top- 21.0 .

!

0

. ,. . .- - . , , . - - . . . . - . . -. .--._. - . . - _ .. . . . - -
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Figure 2.2-1

CL

TRANSVERSE METALLOGRAPHY -5 INCHES BELOW FRACTURE FOR TUBE R9-C34
.

. .
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End and side views of circumferential separation at 7th TSP (cold leg)
Tube R9 C51, North Anna Unit 1.
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Figure 2.2-3

Views of circumf erential separation at 7th TSP (cold leg) of Tube
R9-C51, North Anna Unit I.
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2.3 pailure Analysis Results

The tube examination results, as presented in the previous section,
show that fatigue crccks initiated at multiple sites on the OD of the
tube at a location slightly above the tube support plate. 1hese
cracks joined together, progressed through the tube wall and then grew
around the circumference of tube. This section begins a more
gaanti:stive analysis of the tube fatigue fracture.

Dna definitiva feature of fatigue cracks that is often observed is the
presence of numerous, usually evenly spaced, striations that run
perpendicular to the direction of local crack propagation. The
striations develop as a consequence of repeated blunting and
resharpening of the crack tip during the cyclic applications of load,
so each striation marks the position of the crack tip at the time it
was formed, The striation spacing provides a rough , estimate of the
crack growth rato per cycle. More importantly, in the context of the
present discussion, there is a demonstrated correlation between the
ar.riation spacing and the cyclic stress intensit'/ factor range,
(delta)K, If one makes the reasonable essumption that the overall
vibrational loading of the tube is not significantly changed by the
development and early stovth of small fatigue cracks then MK) levels
indicated from striation spacings can be used to determins the cyclic
stress range that began the fatigue process.

Replicas of the fracture surface were examined in a transmission
electron microscope (TEM), wThese TEM fractographic examinations were

~
performed to provide the resolution nseded to definitively determine
if the striction like markings observed during SEM fracto5raphy were
indeed fatigua striations and to provide quantitative data pertaining
CD the spacing of the striations. Two-stage carbon replicas were made
for these examinations. The first stage consists of a cellulose
acetate replica of the entire fracture surface. The second stage
consiets of making small carbon replicas, ususally referred to se
grids, from selected areas of the culluose acetate replica. Three
sets of replicas vers made, two before Endox cleanfrg of the fracture
surface and the third after Endox cleaning of the fracture surface.
The locations of the grids relative to the fracture surface are
illustrated in figure 2.3-1. Crids 3-E,3-D and 3-C are in the area of
the uultiple crack initiation sites. Crids 3 B 3-A and 3-F are in the

'regions of circumferential growth of the macroscopic fatigue crack.

A summary of striation spacing measurements is presented in Table
2.3 1. Avnrage spacings are listed for various grids end thus
locations around the fracture surface. In grids C and E, where the
fatigue crack growth direction is essentially through the tube walf,
striation spacings are listed for several distances from the tube OD.

* Indicated (delta)E levels from the Bates Clark corelation are also ~~' '

listed.
.

Estimates of cyclic stress levels can be made from indicated (delta)K
levels as the crack grows through the wall and at relatively short

'

through wall crack lengths. For the case of growth through the tube
wall it must be recognized that the tube was dented from corrosion
products in the tube support plate crevice. As shown in another
section, the denting was of sufficient magnitude :o cause plastic
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3.1 LEAKING TUBE ANALYSIS

This section provides the stress analysis basis for Row 9 Column 51 at
the top of the seventh tube support plate, the effect of denting on
mean stress in that region, the tube dynamic characteristics with a
propagating crack, the crack propacation analysis matching the fracture
surface striations, and the resulting leakage versus time for-

correlation with the best estimate of actual plant, measured leakage
progression.

The fracture surface evaluation of section 2.0 has shown the failure
mechanism to be high cycle fatigue. To address a fatigue mechanism and
identify the cause of the loading, any loading condition that would
cause cyclic stress or steady mean stress must be considered. The
analysis of Normal, Upset and Test conditions described below indicates
a relatively low total number of cycles involved and a corresponding
low fatiguo usage, even with accounting for the dented tube condition
at the plate. This analysis does show an axial stress contribution at
the tube CD a short distance above the plate from pressurn and
temperature, thus providing a contribution to mean stress. In
addition, combining the effects of denting deflection on the tube
demonstrates a high mean stress at the failure location. The vibration
analysis for the tube develops the characteristics of first mode,
cantilever response of the dented tube to flow induced vibration for
the uncracked tube and for the tube with an increasing crack angle,
beginning at 900 to the plane.of the tube and progressing around on
both sides to 1300 opposite.

The crack propagation analysis utilizes the results of the analyses
just dercribed to match cyclic deformation with the stress intensities
and~ striation spacings indicated by the fracture inspection'and
analysis. A review of applicable fatigue data with consideration of
mean stress provides the basis for probable initial stress amplitudes
in the range of 4.0 kai to 10.0 ksi. Leakage data and crack opening
analysis provide the relationship between leak rate and circumferential
crack length. Leakage. versus time is then predicted from the crack
growth analysis and the leakage analysis with initial stress amplitude
of 5, 7, and 9 ksi. The comparison to the best estimate of plant
leakage (performed after the event) shows a very good agreement. This
confirme that flow-induced vibration of the tube with dented supports
(providing fixity and mean stress) was the cause for the crack
initiation and the subsequent crack propagation and failure of the Row
9 Column 51 tube at the top of the seventh support plate at the cold
leg.

-a c-
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3.1.1 Tube Faticue Analysis-

The purpose of this analysis is to determine the fatigue usage for the
outside surface of the R9C51 tube at the top support plate resulting-

from Normal, Upset and Test conditions. The tube is assumed be to
round with no gap between the tube and support plate hole. The loading
conditions considered include internal pressure, interference loads
resulting from differential radial expansion between the tube and
support plate, and thru-wall thermal gradient in the tube. The
analysis considers all transient conditions defined in the Series 51
Design Specification for North Anna, A summary of the conditions
considered is providad in Table 3.1-1. The number of transient cycles
is presented for both 9 and 40 years of operation.
The temperatures and pressures for the transient conditions are based
on the curves provided in the design specification. The primary-side
water temperature at the top support plate is taken to be the average
of the Thot and Tcold values. Secondary side pressures are determined
from steam tables at the saturation temperatures shown in the design
specification curven. The tube support-plate temperature is taken to
be at the secondary side steam temperature, summaries of the transient
pressures and temperatures are provided in Tables 3.1-2 and 3.1-3.
A summary of the primary-to-secondary pressure drop, the tube / support
plata relative radial interferenco, and the thru-vall temperature
gradient for each of the transient conditions is provided in
Table 3.1-4.

The tube stresses are calculated using the axisymmetric finite element
model shbwn in Figure 3.1-1. Symmetry about the support-plate
centerline is utilized to reduce the size of the finite element model.Outside of the support plate, a sufficient length of the tube is
modeled to eliminate any and effects from the calculated stresses.
Reference pressure and interference load cases are applied to the
model, and the results are then scaled based on the actual transient
conditions. Stresses for the thru-wall temperature
calculated using conventional analysis techniques. gradiant areBoundary conditions
for the finite element model at the tubs / support plate interface assume
the tube to be unable to rove radially inside the support plate. Anaxial load'is also applied to the tube for the pressure case to account
for pressure end-cap loads.

,

plots showing the axial stress distribution for the tube inside and
outside surfaces for the pressure and radial interference cases are
provided in Figures 3.1-2 to 3.1-4. These stresses correspond to a
pressure drop across the tube wall of 1000 psi and a tube / support plageinterference of 1.0 mil. *

"or each of the transient conditions, the stress components from the
c.aree loading mechanisms are scaled and combined. These stresses areconverted to principal stresses and then to stress differences for -

performing the fatigue analysis. A sum =ary of the resulting stress
,
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differences for the tubo outside surface are presented in Table 3.1-5.
Prior to performing the fatigue analysis, these stresses are reduced to
the set of umbrella conditions summarized in Table 3.1-6. The results
of the subsequent f atigue analysis for the tube outside surf ace is
provided in Table 3.1-7. These results show the fatigue usage for
an operating period of 40 years to be 0.0396. On a pro-rated basis,
the usage for 9 years of operation is 0.009. These results show the
fatigue usage from operating conditions to be insignificant with regard-

to the tube failure.
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TABLE 3.1-1
DUTY CYCLE SUMMARY

--
,

9
Cycles Cycles-

TPAHSIINT 19 m arg 9 yaarm

-PIANT HEAT'UP / COOLDOWN 200- 45

- PIANT ICADING / UNLOADINO .18,300 4118

SMALL STEP IDAD INCREASE 2,000 450

-SMALL STEP ICAD DECREASE 2,000 450

IARGE STEP LOAD DECREASE 200 45

HOT STANDBY OPERATION 18,300 4118

ICSS OF ICAD 80 18

1455 OF POWER 40 9

-IDSS OF FIDW 80 is-

REACTOR TRIP '- 400 90
,

FEEDWATER CYCLING 18,300 4118

PRIMARY SIDE HYDRO 5 1
'

SECONDARY SIDE HYDRO ~ 5 1
3

' STEAM LINE BREAK 1*

: LOSS OF.COOIANT' ACCIDENT 1*

FEED I NE BREAK 1*

,

6 NOT: CONSIDERED IN THE FATIGUE ANALYSIS-

\. .{;.
..

- - ..

!
,

|
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k ;
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TABLE 3.1-2
TRANSIENT PRESSURES

^

PRIMARY SECONDARY PRESSURE
TRANSIENT TIMI PRISSURE PRESSITRT GRADIENT

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

1 PIMIT HEAT UP 0.0 0 0 0
300.0 2250 1020 1230

2 PIMIT C00LDOWN 0.0 2250 1020 1230
300.0 0 0 0

3 PLANT LOADING 0.0 2250 1020 1230
1200.0 2250 850 1400

4 PLANT UNLOADING 0.0 2250 850 1400
1200.0 3250 1020 1230

5 SMALL STEP MAD INCREASE 0.0 2250 880 1400
25.0 2320 962 1358

150.0 2125 886 1239

6 SMALL STEP M AD DECREASE 0.0 2250 850 1400
25.0 2190 746 1444

180.0 2310 798 1512

7 IARGE STEP 10AD DECR1.ASE 0.0 1:250 850 1400
50.0 2350 1180 1170

540.0 1915 1106 869-

1200.0 2200. 1089 1111
~

8 LOSS OF LOAD 0.0 2250 650 1400
10.0 2600 1228 1372

100.0 1630 1220 402,

9 LOSS OF POWER 0.0 2250 850 1400
10.0 2070 1238 832

<

l 10 LCSS OF FLOW 0.0 2250 850 1400
140.0 1875 104Y 328

11 REACTOR TRIP 0.0 2250 85u 1400
100.0 1870 1106 764

12 FEEDWATER CYCLING 0.0 2250 1020 1230
540.0 2250 811 1439

*
13 PRIMARY HYDROTEST 3106 0 3106 C---

14 SECONDARY HYDROTEST 0 1366 -1356---

.

.

PRISSURES HAVE UNITS OF PSI '

TIME HAS UNITS OF SECONDS

I

_ ____ _ . _ _ _ _ _ _ _ _ _ _ _
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TABLE 3.1-3
TRANSIENT TEMPERATURES i

f

i :.

HOT LTG CLD LIG i

.

PLATE TUBE TUBE "-

TRANSIENT TIME TEMP TEMP TEMP.

..................................................n................ |

1 PLANT HEAT UP 0.0 70 70 70
a00.0 547 547 547

2 PIANT COOLD0ifN 0.0 547 547 547 ,

300.0 70 70 70 ,

t

3 PLANT ICADING 0.0 547 547 547
1200.0 525 568 548

4 PLANT UNLOADING 0.0 525 568 548
!1200.0 547 547 547

5 SMALL STEP ICAD 1,WREASE 0.0 525 568 548
25.0 540 579 560

150.0 530 570 549
'

6 SMALL STEP ICAD DECREASE 0.0 525 668 548 ;

50.0 510 558 536
,

180.0 518 567 544 :o.
,

'

' 7 1ARGE STEP LOAD DECREASE 0.0 525 568 548,,

60.0 565 590 572
540.0 547 5b6 548'

1200.0 555 543 540

$ 14S5 0F LOAD 0.0 525 568 548
10.0 570 593 574 '

100.0 570 560 555
,

9 LOSS OF POWER 0.0 525 568 548
10.0 571 578 545

i

10 Ihss CF FLOW 0.0 525 568 548 r

'

45.0 550 523 523

11 REACTOR TRIP ' C.0 525 h568 548
100.0 557 544 542 i

12 FEEDWATER CYCLING 0.0 547 547 547<

$40.0 , 520 534 534g 9 ,
,

13 PRIMARY HYDROTEST '70 70 70---
-

''
14 SECONDARY HYDROTEST 70 70 70---

-
>

,

TEMPERATURES ARE IN DECREES FAHRENNEIT
TIME HAS UNITS OF SECONDS

;

!

e e, ,-.n,,m,.-.,,---,-, ,,nn,, .,m-,--,,,-..n,-,-e--a,,,,,...,,,-,,..,,-,,,,,,--,. ._,---,,,,,,-,,_.,.-,m+~~--, . , , . . . , . , - - . --
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TABLE 3.1-4
SUMMARY OF TRWSIENT LCAD PARAMETERS

'

PRESSURE INTER- THRU-
TRANSIENT TIME GRADIENT FERENCE WALL DT

.......................u...o...........................................bC~ ~
1 PLANT MEAT UP 0.0 0 #t

300.0 1230

2 PIANT C00LDOWN 0.0 1230
300.0 0,

3 PLANT LOADING 0.0 1230 '

1200.0 1400

4 PLANT UNLOADING 0.0 1400
1200.0 1230

5 SMALL STEP 14AD INCREASE 0.0 1430
25.0 1358

150.0 1239

6 SMALL STE. IAAD DECREASE 0.0 1400
25.0 1444

180.0 1512

7 LARGE STEP LOAD DECREASE 0.0 1400
60.0 1170

* ~~

540.0 869
1200.0 1111

8 14SS OF LOAD 0.0 1400
10.0 1372

100.0 402

9 IDSS OF POWER 0.0 1400
10.0 892

10 LOSS OF FIcW 0.0 1400
45.0 828

11 REACTOR TRIP 0.0 1400 ,

100.0 764

12 FEEDWATER CYCLING 0.0 1230
540.0 1439

'3106 T- 13 PRIMARY HYDROTEST ---

.

14 SECONDARY HYDROTEST ~1356---
,

,

~

THRU-WALL DT (PRIMARY - SECONDARY) HAS UNITS OF DEGREES FAMRENHEIT - -
,

PRISSURES HAVE ThiITS OF PSI
INTERFIRENCE MAS UNITS OV MILS

,

,.w- ,, _
,.-c-- ,_ ,.+3 - .---..-q - m.-.. . --e , - -



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

.
, . .

-

1
,

I
'

TABLE 3.1-5
i

SUMHARY OF STRESS DIFFERINCES '

TUBE OUTSIDE SURTACE

l
CASE
NO TRANSIDiT TIME FIG 1-2 SIG 2-3 SIG 3-1-

......................................................S................

1 PIANT HEAT UP 0 ~M*

2 300

3 PIANT COOL DOWN 0
4 300

l

! 5 PLANT I4ADING 0 |
6 1200j

7 PIANT UNLOADING 0
0 12003

10 SHALL STEP IAAD INCRT.ASE O
11 25
12 150

'

13 SMALL STEP I4AD DECREASE O
14 5
15 180-

*

16 1ARGE STEP LOAD DECREASE 0
' 17' 60

18 540
19 1200'

-

20 LOSS OF ICAD 0
21 10
22 100

23 14S5 OF POWER 0
24 10

25 14SS OF FIDW 0
26 10

'
27 REACTOR TRIP 0
28 10

29 FEEDWATER CYCLING 0
30 540

,, , .
- s ;

31 PRIMARY HYDRO ---

-

32 SECONDARY HYDRO ---

'

STRESSES HAVE UNITS OF PSI
TIME HAS UNITS OF SEC

-- __ _. _ . . _ _ , . , _ . . . . . _ _ - _ _ _ _ . _ _ _ _ . _ , _
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TABLE 3.1-5
SU)OdARY OF UMBRELLA EVENTS

TUBE OUTSIDE SURFACE
P

. -

CASE .

NO TRANSIENT CYCLES SIG 1-2 SIG 2-3 SIG 3-1 .

...................... ...............................................
#" *

1 PIANT HEAT UP 200 8

5 PLANT IAADING 18300
6

8 PLANT UNICADING 18300

10 SMALL STEP ICAD INCREASE 2000
12

.

15 SMALL STEP I4AD DECREASE 2000

19 IARGE STEP IAOD DECREASE 200

22 LOSS OF IAAD 80

24 LOSS OF POWER 40
'

26 LOSS OF FIDW 80
..

2 8.. REACTOR TRIP 400,

29 FEEDWATER CYCLING 18300_

30

31 PAIMARY HYDRO 5
4. ->

STRESSES HAVE UNITS OF PSI

,

4

(?,

.

S

S

$

%
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TABLE 3.1-7 '

SUMMARY OF FATIGUE CALCULATIONS !
TUBE OUTSIDE SURFACE j

.

4

3

e

~

14AD COND Sr sa K x Sa n N n/N .

.. .......... ................................... ...............
y 4. ,

1 - 15 *"

31
15 - 22 ,

15 - 24
15 - 28 i

15 - 26
15 - 19

32
15 - 5 !

5-6-8
,

29 - 30
10 - 12

.

. .

9

3 SAGE FOR 9 YEARS = --- (0.0396)
*

'-

40 ',

'
:

' ~ = 0.009
,

e .,

,

YOUNG'S MODULUS RATIO = 26.0 / 29.0 = 0.897
X = 0.897

'
.

.

4

% ++

_.

8

e

*

e

f

I
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' DENTED TUBE STRESS DISTRIBUTIONS
PRESSURE LOAD ON TUDE n%,e

PRESSURE = 1000 PSI -

* INSIDE SURFACE. .

.

.

~

*
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FIGURE 3.1-2 DENTED TUBE STRESS DISTRIBUTIONS -

'PRESSURE LOAD ON TUDE*

INSIDE SURFACE
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DENTED TUBE STRESS DISTRIBUTIONS
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I FIGURE 3.1-3 DENTED TUBE STRESS DISTRIBUTIONS -

'

PRESSURE MAD ON TUBE
OUTSIDE SURFACE
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DENTED TUBE STRESS DISTRl0UTIONS
INTERFERENCE LOAD ON TUBE
1 Mll RADIAL INTERFERENCE

INSIDE SURFACE % b, C-

.
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FIGURE 3.1 4 DENTED TUBE STRESS DISTRIBUTIONS -

'INTERFERENCE 14AD ON TUBE
INSIDE SURFACE

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



- - . .. . =- .. - . -- - ._ . - - _- -- -. - - - - .. . -.- - -.--- - - _ --

. '
, .

|

'

DENTED TUBE STHESS DISTRIBLITIONS
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FIGURE 3.1-5 DENTED TUBE STRESS DISTRIBUTIONS -
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INTERTERENCE LOAD ON TUBE
OUTSIDE SURFACE
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3.1.2 Tube Axisymmetric Denting Analysis.,

This section describes the analysis usod to obtain the stresses in
the tube produced by an axisymmetric dent at the top tube support j

plate. Included are a discussion of the basis for the dent profile, ,

a description of GAPL-3, the computer program used to calculate the I
stresses, the finite element nodel and boundary conditions, and the |
results of the analyria. '

Profilometry data was obtained for the severed tube. However, the
look= ahead feature of the instrumentation was overloaded by the
breck in the t"be and, chevn in Figure 3.1-6, gave Lpurious results
for the tube profile in the upper half of the TSP. consequently,
profilometry data ter an adjacent tube was used as the basis for the
dent profile, scaled to match the depth of the dent observed in the
severed tube in the bottom half of TSP 7. Figuru 3.1-7 shows the dent
profiles for the severed tube and an adjacent tube. The analysis'

described in this section uses the dont profile of the adjacent tube,
but with a maximum radial deflection of 2.67 mila. This figure includes
the 2.5 mils indicated by data for the severed tube plus 0.17 mils due
to differential thermal expansion betver.n the TSP and tube. The
inelastic stress analysis of the dented tube was performed using the
computar program GAPL-3. This program performs an elestic-plastic,
large daflection analysis of thin plates or axisymmetric shells with
pressure leading and deflection restraints. It is particularly-

appropriate when nonlinear material or geometric effects e.re important.
Among its distinguishing features are:

1. Large deflection theory based on the current, updated
geometry is used

2. Either the deformation or incremental theory of plasticity
may be specified

3. Elastic-plastic material properties are used

4. A wide range of boundary conditions may be considered

5. The rigid deflection restraint may take any shape and
orientation

,

6. GAPL-3 has been confirmed by experiment to provide accurate
solutions for plastic strains up to 10-15%.

GAPL-3 uses a two-layered system of finite elements. A body is first
divided into elements along its length called strain regions, where w';

interpolating polynomials-are used to expres deflections within
these regions in terms of deflection parameters at the ends. Each
strain region is then sub-divided into stress elements, in which
stresses are found as functions of the strains in the element. -

,

_, _ _-._ _ _ _ -_ _ _._ - _ _ _. _ __ _ _ _ _ _ . _ _ . . - _ __
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For this analysis, a section of the tube from the middle of the tcp
TSP to 0.875 inches above the top TSP is considered. This section of '

- tube is divided into 30 strain regions with up to 15 stress elements :

through the thickness as shown in Figure 3.1-9. |

The stress-strain curve used for the tube is shown in Figure 3.1-13.

Thiswasobtainedbyadjustingthestress-straincug'y'forSB-163at'

550 F to give a 0.2% offset yield stress of .' e0
. .

Boundary conditions consist of symmetry conditions at the center of
the TSP (lef t end) and zero rotation plus an and cap force at the

'

right end. An internal pressure of 1400 poi is also applied to
represent the difference between the primary and secondary side
pressures. The rigid deflection. restraint is used to impose the
denting profile on the tube within the TSP. This is done in several
steps to insure that solution convergence is maintained.

|
Figures 3.1-8 through 3.1-12 show the results of this analysis. The

i
deflection of the tube mid-surface is shown in Figure 3.1-10. - On this :

figure the cross-hatched area is the deflection restraint, the dashed
.

line is the initial position'of the tube, and the solid line is the
final deflected position of the tube. The next two figuras give the
axial and hoop stresses along the inside and outside surfaces of the
tube. The axial stress contours within tne tube are given in<

.
;

Figure 3.1-12. -

(

The maximum axial stress at the outside surface is 46.4 ksi. -This
includes-the effects of the dent, differential thermal expansion
between the TSP and tube, and the tube through wall temperature
gradient.
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3.1.3 Tube Vibration Analysis
i ,

This section contains the results and procedures used to describe the
'

: effect on the tube of a crack developing and growing in staan
generator C at North Anna 1. Thn region of interest is located at the
top tube support plate in rov V column 51 with the crack occurring on
the cold lag side. The analysis is performed using FLOVIB, a
Westinghouse proprietary computer code coupled with closed form
techniques. The methodology is described in further detail along with

; the results of the analysis in the following paragraphs. The analysia
forms the basis to describe the events leading to the tube rupture
once the through well crack had developed.

The results presented in this section indicate that with increased
crack size, an increase in the propensity of the tube to beceme
fluidelastielly unstable would result. Increased tube stress and tube
dispiacement would also occur.

'

The tube was modeled using FLOVIB, a Westinghouse proprietary finite
element based computer code. This code was written to predict the
response of steam generator tubing exposed to o given fluid velocity
and density profile. The program calculates the tube natural
fre'quencies and mode shapes using a linear finite element model of the
tube. The fluidelastic stability ratic U /Uc (the ratio of thee
effectivo velocity to the critical velocity), the vibration amplitudes
caused by turbulence; and the resulting dynamic forces and moments-

generated at the tube support locations are calculated for a given
velocity 7 density field and tube support condition. The velocity and
density distributions for a given row and column are determined using
the ATHOS computer code. Also input to the code aret node locations,
element conductivity, material and section properties. Additional
input to the code consists of boundary conditions, fluid elastic
stability constants, turbulence constants and damping. All of these
quantities are required to obtain a solution using FLOVIB.

Figure 3.1.3-1 contains a plot of the FLOVIB model used to determine
the response of the tube with various size cracks included in the
model. Note that the model represents the full tube with )oth straight
leg and U-bends included. However because the tubes arel
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The hot lag is the Iwft most portion and the ccid leg is the right
most portion of the model as indi ted in the figure. The crack has f
been modeled on the cold leg side ' i.
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<- . . . . - , . . .''The results of this process'
,

are contained in a subsequent subsectfbn.
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Figure 3.1.3-3 contains a plot.of I2 vs. half crack angle (GAMMA). As

'

can be observed in-the= figure, the moment of inertia rapidly drops off
with increased crack size indicating that even small cracks can effect
the rotational stiffness of the tube. This plot can be compared to a-
case where the additional rotation due to the crack has been not been
included. Figure 3.1.3-4 contains a plot of the moment of inertia
without the crack. As can be observed in the figure, the moment of
inertia (and also rotational stiffness) does not drop off nearly as-
fast as when the crack opening is specifically included. comparing
thesetwe;'otsindicatesthatL

]. % srefore all of the analysis performed with cracks present
in the tGbe have used the information contained in Figure 3.1.3-3 in ,.
the modeling process, r

,

.

'._

,

.

,

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



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

. .

.

The mothe1 ology discussed above was used on a parametric basis to
describe .he effect on the rov 9 column 51 tube with various sized
cracks. This was performed by running FLOVID with the section,

propertius (at the crack elevation) modified according to Figure
3.1.3-3 for half crack anglow (GAMMA): 0, 30, 65, 90, 110, 145 and 175
degrees. Note that the renults presented in this section are relative
with damping and beta held constant at 1.0 percent and 5.2
respectively.

A measure of the propensity of the tube to experience more
fluidelastic excitation is to look at the normalized critical velocity
vs. GAMMA. Figure 3.1.3-5 contains this plot where the critical
velocity has been normalized with critical velocity with GAMMA set to o
degrees. As can be observed in the figure (and would be expected) the
critical veloci*a decreases with increased GAMMA. This indicates that
the fluid veloc.ty required for the tube to be excited fluidelastice.11y
decreases with increased crack angle. Figure 3.1.3-6 contains a plot
of first mode natural f requency vs. GAMMA. This figure also
correlates with the expected response of the tube due to a decrease in
tube stiffness, i.e., with decreased stiffness a decrease in natural
f requency would occur. The reduction in frequency coupled with the
reduction in critical velocity is an expected correlation. Critical
velocity must change with a frequency change because all of the other

- relevant parameters do not, i.e. Beta, Zeta, fluid profile and density
profile. -

FLcVIB also calculates tube displacement due to turbulence for a given
set of haundary conditions. Figure 3.1.3-7 contains a plot of tube
displacement vs. GAMMA. Both the maximum displacement and
displacement at the Ubend apex are included in this plot. As can be
observed in the plot the displacements increase with increasing GAMMA.
Note that the apex displacement and maximum displacement have the same
value when the half crack angle is small (indicating symmetrical
displacement about the apex). An additional observation is that as
the crack angle increases the maximum displacement value increases at
a greater rate then the apex displacement value indicating that the
tube displacement is becoming more and more unsymmetrical. This trend
can be observed in Figure 3.1.3-8 where the location of maximum
displacement is plotted against GAMMA. As can be observed in the
figut;e the location of maximum displacement moves closer to the crack
with increased crack angle.

The dynamic banding and torsion moments at the crack can also
calculated in FLOVIB. Figure 3.1.3-3 contains a plot of bending
moment and torsion values vs. GAMMA. This figure indicates that both .

4the bending moment and torsion values are fairly constant over a
substantial portion of the range of GAMMA before the values begin to
change. These fairly constant values o,t torsion and bending moment
along with the decrease in section modulus (due to the crack) vill

.result in an increase in stress with increased crack angle. ,

o ____ _
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Specific values of stress and turbulent amplitude were calculated for !
,

'
use in subsequent anal" sis. It vapgdetermined that the RMS modal

The re~sulting be]nding stress amplitude i-
vibration amplitude is Tor an uncracked (GAMMA = 0) row 9 '

column 51 tube. 50 psi for
this RMS displacement. A11oving for peak amplitudes an( tertainties !

in turbulence input would still result in a stress aan ;tu.e of less
than 1000 psi. It was also determined (for fluidela3..a axcitation)
that the bending stress amplitude for the first mode of vibration is
f

] 6 #,8
'

As cracking progresses around the tube circumference, the vibration
amplitude of the tube vill increase since the tube stiffness is
decreasing and the critical velocity is decreasing. For this analysis,
BETA and damping have been held constant and therefore the drop in
critical velocity is the result o* the frequency change.

The crack growth analysis develorn growth that is consistent with the
K stress intensity implied by the striation spacing. A tube stress
and the implied displacement is required for the uncracked tube for
initiation and the correct displacement must be obtainad at a crack
halfangleof90degreesthg'pgivesaK=50kai-rootinch.That :displacementis[ j The relation between the initiation '

displacement and the displacement at 90 degrees is specified as an nth
order function of frequency, 'i.e. , critical ve) mity.

The relation is

~AfC~

t

'

I

~ ~

bC
where n =[ s,For an initial displacement oft.

| [ crack half angle is sho]wn in Figure 3.1.3-10.
'

and the resulting plot of displacement versus #' '
'
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3.2 cyclic Life Analysis

A cyclic life analysis of the severed tube is presented in the following
,

paragraphs. Fatigue initiation is considered first, then crack growth
across the wall thickness and finally circumferential growth of the
through wall crack leading to tube rupture. Leak rates through the

. growing circumferential crack are calculated and compared to field
observations.

The fatigue crack initiation analysis begins with the selection of the
appropriate S-N curve. Ideally, data on high carbon, mill annealed Alloy
600 tubing in a secondary water environment is desired. Information of
this nature is available from the work of Jacko. Figure 3.2.1 is a plot
of fatigue strength versus cyclic life for mill annealed Alloy 600 tubing
in AVT water at 600 F., The cgpbon content and yield strength of the test
The fatigue strength Cs expr]essed as the cyclic stress amplitude for
material 0.049% C and dre close matches to the fractured tube.

fully reversed loading. The calculated lower three sigma fatigue
strength is plotted, that is, the calculated average fatigue strength
minus three standard deviations. Since he nat 1 frequency of
vibration of uncracked row 9 U-bends is he total number of'

cycles experienced by the ruptured tube a estimated as about 3.5E+9
cycles. From figure 3.2.1, the fatigue strength for fully reversed
loading at this cyclic life is estimated au 20 kai. Since the fractured
tube was dented, a mean stress effect must be considered. The previous
section has shown that denting, of-the magnitude experienced by the
fractured tubs, is sufficient to cauce plastic yielding of the tube wall,

in the vicinity of the tube support plate. Axial stresses ct essentially
yield point levels are produced. These stresses vary rapidly in the

- vicinity of the top of the tube support plate changing from compression
to tension as distence increases from the top of the plate. The fatigue
crack initiation sites are considered to be located at the position of
high tensile stress. Cyclic bending of the tube and shakedown to elastic
action thus leads to tension-tension cyclic stresses with a maximum
stress at the yield point level on the OD of the tube. The yield stresh

presentedbyJackoindicatesthatthecyclicandmono{ tonic}.46of the fractured tube at temperature is judged to be The data

strengths of the ruptured tube should be about oqual.

A number of app [ roaches describing mean stress effects on fatigue strengthare available.

.

~

*'The equation simply states that the product ofcyclic stress amplitude]and maximum stress in the cycle is a constant. On
o

'

this basis, cyclic stress amplitude versus maximum stress is plotted in '

figure 3.2.2 for a cyclic life of 3.5E+9 crcles (or Alloy 600 in 600 F
AVT water. Entering the maximum stress as[ jf%he yield point of the*

ruptured tube at temperature, leads to a cyclic stress amplitude required,
,

for failure on the order of 7 ksi. This cyclic stress amplitude is in

__



. .

reasonable agreement with estimates of cyclic stress amplitudos in the
range of 4 to 10 kai from striation spacing measurements. Fatigue
loading at these amplitudes in the presence of a mean tonsile stress
produced by denting is judgeo to be a reasonable requirement to produce.
fatigue crack initiation in the presence of nominal bulk AVT water
chemistry for cyclic lives in the vicinity of 3.5E+9 cycles.
Figure 3.2.2A shows the successful application of the Smith-Watson-
Topper correlation to empirical data which includes the influence of
environmental effects on fatigue behavior.

At some point in the crack initiation procese, crack growth begins to
approach rates related to macroscopic cracks describable in terms of
fracture mechanics parameters. As will be seen shortly, the fatigue life
of the ruptured tube was overwhelmingly devoted to the process of crack
initiation. In the vicinity of several mils to 10 mils in crack depth,
after a relatively lengthy period of development, fatigue crack growth
rates approached measured striation spacings on the order of one
micro-inch per cycle. Since the tube wall thickness is 50,000
micro-inches, a rough estimate of the cycles required for penetration of
the tube wall is 50,000 cycles. At 60 hertz this would be rapidly
accomplished.

Once the dynamic analysis of row 9 U-bend vibration is available, the
analysis of the propagation of a through wall fatigue crack around the
circumference of the tube,is relatively straightforward. [

, , ,, ,

.

.

.

~

'
.

,

]*dince leak rates versu's time are of much'
greater practical interest, crack growth calculations are expressed in
thin fashion. The relationship of leak rates to crack opening areas van
established empirically Measurements of leak rates through axial fatigue
cracks in Alloy 600 tubing have been performed at Westinghouse for over
15 years. A constant was relating leak rates at 550 F at a differential.

pressure of 1250 psi to crack opening areas was determined. This
constant used to compute leak rates through circumferential cracks. '

,
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, .

Comparison of limited recent measurements of leak rates through
circumferential fatiguu cracks with calculated values was excellent.
This constant was adjusted to the slightly higher differential pressure
of-1400 psi by the ratio of the square root of the pressure differential.

Since the natural frequency of the U-bend vibration depends on the crack
angle, this relationship was included to convert the cycle count to a
time count.

Leak rate versus time calculations are illustrated in figure 3.2.2.
Three cyclic stress amplitudes are included 5, 7 and 9 ksi. Initial
U-band apex displacements were selected to produce thete outer fiber
stresses in an uncracked tube. As the crack grew, the displacement was
increased to produce a cyclic stress stress intensity range of 50 kai
in^.5 at a total crack arc of 180 degrees. This is in agreement with
striation spacing measurements and a transition in the macroscopic
fracture appearance from flat to slant fracture. The macroscopic
fracture mode transition in fatigue occurs approximately when ths cyclic
plastic zone size is equal to the tube wall thickness. Calculations were
begun when the initial through wall total crack arc was 20 dogrees. This
is about the minimum arc expected for a single initiation site. The leak
rateexpectedgora[

]L# A reasonable match offi
.

_

}#4 This value placas the crack growth rates
at the lower edge of the scatrer band of measured values. The predicted
leak rate versus time curves of figure 3.2.3 provide a reasonable bound
to expected leak rates from possible tube fatigue events without any
action to reduce vibration amplitudes. As actions are taken to lessen
vibrational amplitudes, additional tube fatigue events become very
unlikely 2nd the expected time to respond to this unlikely event
increases.

,
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FIGURE 3.3.1*
,

Sketches of TEM grid locations on fracture surface and striation
spacin; reasureamnts.
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Calculated and observed leak rates versus time.
f' Observed va*ses based on gaseous speciescondenser a,b,C. ~ ~
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4.0 CAUSATIVE HECHANISM AND CORRECTIVE ACTION
~

4.1 MECHANISMS DISCUSSION

4.1.1 Summary

The failure surface of R9c51 at the top of the seventh tube support
plate has been analyzed and concluded to be a fatipo failure from
initiation through propagation (Section 2.3). It is further concluded
that the number of cycles involved exceeded 105 cycles. The
propagation and leakage evaluation of Section 3.0 further demonstrated

a'e
that a first mode vibration at the tube's natural frequency { In ordetis consistent with leakage rates calculated after the event.
for initiation to have occurred at the stress amplituden predicted, a
significant steady-state mean stress is also required. The range of
stress amplitude needed for initiation is concluded to be 4.0 kai to 10
kai. This range of stress amplitude could occur from normal, upset and
test conditions, but it has been shown in Section 3.1 that the
cumulative fatigue usage from those conditions is insignificant.

Based on these results, it follows that the predominant loading
mechanism that would be responsible is a flow-induced, tube vibration
loading mechanism. It is shown in this section that of the two
possible flow-induced vibration machanisms, turbulence and fluidelastic
instability, that fluidelastic instability is the most probable cause.
Due to the range of expected. initiation stress amplitude (4.0 ksi to
10.0 koi), the fluidelastic instability would be limited in
displacement to a range of approximately 0.032 inch to 0.080 inch.
This is less than the distance between tubes at the apex, [ }j'g
It is farther confirmed that displacement prior to the failure was
limited since no indication of tube U-bend damage was evident in
the addy current signals for adjacent tubes.

Given the probable cause of limited displacement, fluidelastic
instability, a means of establishing the change in displacement, and
corresponding, change in stress amplitude, is developed for a given
reduction in stability ratio (SR). Since the failure is a fatigue
mechanism, the change in stress amplitude resulting from a reduction
in stability ratio is converted to a fatigue usage benefit through the
use of the fatigue curve recommended in Section 3.2. Mean stress
effects are included due to the presence of denting. Both 2 sigma and
3 signa lower bound fatigue curves (with maximum effect of mean stress)
are used to establish the change in SR required to reduce the fatigue
usage per year to an acoeptarle level. Table 4.1-1 shows the results of
the evaluation. The results indicate that a 10% reduction in SR is
needed (considering the range of possible initiation stress amplitudes)
to reduce the fatigue usage per year to less than 0.02 for a Row 9 j
tube similar to Column 51. This same change would reduce fatigue usage

, per year to less than 0.005 for a Row 8 tube with similar flow
|. conditions.
l
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TABLI 4-1

FATIGUE USAGE PER YEAR RESULTING FROM
,

STABILITY RATIO REDUCTION

SR, 4 FATIGUE
STRESS )BASIS (1TUBE REDUCTION PER YEAR CURVE

R9C51 -5. 0.0207 3 sigma 9 yrs to
fail

10. 0.0168 3 signa 1 yr to
fail

5. 0.0107 2 signa 9 yrs to
fail

'

10. 0.005J 2 sigma Max stress'

-

amplitude
,

-.

RBC51 5. 0.0054 3 sigma Max stress~

amplitude

.

(1) This gives the basis for selection of the initial alternating
stress.

.

0

.

. =

W

0



._ . . _ . __ . . _ _ _ ___ ~_ _ .. _ __ ._ ._ . . .

|
'

..
..

4.1.2 Flow Induced Vibration
-

Fluid flowing over heat exchanger tubes has been shown, by tests as
well as field experiences, to be a source of potential mechanical

*

degradation. Tubes can be excited by numerous flow related vibration
mechanibus. The list of nachanisms which have, or may have, caused
field tube degradation includes cross-flow turbulence, vortex shedding
and fluid-elastic instability.

It is noted that since the failure occurred in the U-bend region,
where the flow is highly two-phase (liquid and gas), this brings
into concern a potential " slug-flow" mechanism. This mechanism could
excite a tube-at low frequencies and higher amplitudes than those
- associated with " normal" two-phase creas flow turbulence.

A review of the information which is available and related to each
mechanism is presented to evaluate the potential for the above
mechanisms to have caused the tube to fail. This information base
includes results from field experiences, tests and analyses. It is
important to recognize that much of the test date described below is
particularly relevant because it was obtained from highly prototypical
two-phase (steam-water) flow tests at the relevant pressures and
temperatures and for tubes of approximately the same size as the failed
tube.

- .

The prototypical tests just described, as well as tests by other
investigators, have shown that[4

,

_

*

} n,c

Additionall.y,th.eselatestte.stasho.wthat[........ . . . . . . .. ...

4,C- -- _
<

,

.

Westinghouse has performed an extensive evaluation of the turbulence
- response of U-bends using nonlinear, finite element, dynamic
(time-history) methods. In addition, an extensive consideration

# -of possible support conditions at the anti-vibration bars was+-

incorporated by way of Monte Carlo techniques.
.

e
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Tor these U-bend analyses the driving (turbulence) force representation-

was qualified against several series ,of tests and verified. Included
in the qualification was a direct computation of the response of a

'

; model of tested tubes and conditions. The test and analysis predicted
responses compared quite favorably. The test 2esponse was measured in
prototypical two-phase tests.

Wear predictions based on the results of this extensive set of analyses
showed that[

,

~ ~'s,c
.

For clarity and later reference, the methodology associated with
turbulence analysis for tubes with linear boundary conditions is
summarized below.

For cross-flow turbulence induced excitation the modal vibration
amplitude is given by:

4,C#
-

,
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Based on the above test and analysis results, it is judged highly
improbable that the turbulence mechanism is primarily responsible for
the North Anna failed tube.

Evaluations for both the fluidelastic and linear turbulence mechanisms
can be done with the same computer program which provides for the
generation of a finite element model of the tube and tube support
system. The finite element model providos the vehicle to describe the
mass and stiffness matrices for the tube. This information is used to
determine the modes (eigenvalues) and mode shapes (eigenvectors) for

' '

the linearly supported tube being considered. One program used at
Westinghouse for these purposes is called FLOVIB.

[or the fluidelastic evaluations, stability ratios are determined for~

specific _ configurations of the tube. These stability ration represent a
measure of the potential for tube vibration due to instability during
service. Values greater than unity (1) are to be avoided.

The methodology is comprised of the evaluation of the following
equations:

|

| Fluidelastic stability ratio = U n/Uc for mode n,e

where Uc (critical velocity) and Uen (effective velocity)
are determined by:

| ~

| 2: Ge

[2]
|

d- *~.,
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As can be seen from the abova equations, the important input perameters
are the etability constant (beta), the damping values and di~* U.
The beta values 2 sed for these analyses are based on an extensive data
base comprised of both Westinghouse and other experimental results. In
addition, previout field experiences are considered.

'

- Motions develori.d by a tube in the fluidelastically unstable ';
mode are gnitc large in comparison to the other known

*

.
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mechanisms. The mar.imum modal displacement (at the apex
of the tube) is linearly related to the bending stresa in
the tube just above the cold leg top tube support plata. This
relationship applies to any vibration (turbulence or fluidelastic) in
that mode. Thus, it is possible for an unstable, fixed boundary
condition tube to move an enount which will produce fatigue &nducing
strassev'dnen tuo bending stress te diuplacement relation is ,-

ab it is for the undegraded Row 9 Column 51 (failed) tube,ith de;nting.w

From the above discussions it is judged highly unlikely that vortex
shedding or slug-flow played an important role in the failure of the
North Anna tube RDC51.

Further, turbulence induced vjbration amplitudes for R9C51 are
1[ ]predicted to be on the order of le,r.kt

**

J che Tube apex. This order of {amplitude would cause maximum stresses (at the top of the uppermost
tube support plate) for peak to peak amplitudes (with uncertainties) of
less than 1000 psi.

Because of the potentially large response displacements (and stresses)
inherent in an unstable tube condition, and because the above-

discussions eliminate or limit the stresses associated with all other
known mechtnisms, it is judgad that the failed tube in most likely a

'

result of its having been fluidelastically unstable.!

The majsr features of the fluidelastic mechanism are illustrated on
Figure 4.1. 1. This Figure shows, in a conceptual manner, the
logarithm of the displacement response (LOG D) of a tubo as the
logarithm of velocity (LOG V) increases.

Log-logplotsareusedbyexperimentors(
, ,, ,

,

,

y e
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b The above described method was applied to the R9C51 tube case. Howeve2f,
~

W rathe'r than use an arbitrary reference velocity, all veloci ties were'
'

normalized to the reference instability velocity. This normalization
':-is done on a linear basis,'that is, not on log coordinates. Thus,.
-

' the new independent variable becomes V/Ver, which, as described '
previously, is the fluidelastic stability ratio, SR. ,

.
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The results from this application of the method are illustrated-on
Tigure 4.1-2. Note that the point in this Figure corresponding to
point 3 in Figure 4.1-1 has a LOG (V/Vcr) value of zero indicating.

that it-is at-the instability condition where V = Ver and V/Vcr = SR =
1.0 (LOG (1) = 0.0).
Figure 4.1-2 can be used to infer the stability ratio of the failed
tube assuming a slope of 10. This' inferred stability ratio is the
anti-log of the' LOG (V/Vcr) (or LOG (SR)) associated with the point
on the Figure corresponding to point 2 of Figure 4.1-1. .This
suggests that the stability ratio associated with operating
conditions of the R9C51 tube, before initiation of the failure, was
in the range of 1.22 (slope of 20) .to 1.56 (slope of 10), with an
-initial displacement of 0.057 inch.

Th6 reduction in response obtained from a stability ratio reduction is
of great concern when addressing other tubes. The fluidelastic curve
of Figure 4,.1-2 can be expressed by the following equation:

Asc
--

,

. .
' where D2 and SR2 are the known values at the point corresponding to

, point 2 of Figure 4.1-1 and Di and SR1 are values corresponding to any
point lower on this curva. Therefore, this equation can be used to
determine--the reduction in di'splacement response for any given

; -reduction in stability ratio.,

A study-of this equation shows that there is a tremendous benefit
derived from even a vary small percentage change in the stability
ratio. It is this very significant reduction in displacement for a
quite small-reduction in stability ratio that forms the basis for the
fatigue life benefit evaluated in the next section.
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. 4.1.3 Fatigue Evaluation
,

The fatigue curve recommanded in Gection 3.2 is ,
.

% hus,
,

* *
A p&

~ .

where of is the equivalent stress amplitude to ca that accounts for amaximum stress of Sy, the yield strength. The 3 sigma curve with
mean stress effects is shown in Figure 4.1-3 and is compared to the
ASME Code Design Fatigue Curve for Inconal 600 with the maximum effect
of mean ctress. The curve utilized in this evaluation is clearly well
below the code curve reflecting the effect of AVT water tenting and
the Smith-Watson-Tupper technique that applies to materials in a.

corrosive environment. :
,

The assessment of a reduction in stability ratio begins with tne-

relaticnship between stability ratio and deflection developed in
Section -4.1. 2. The displacement change is directly proportional to
change in stress so that stress has the same relationship with
stability ratio,

* d, Ce

.. ..

,

-
.

The slope in this equation can range from 6 to 20 on a log scale, as
discussed in Section 4.1.2, dependin

Knowing the stress [ g on the amplitude of; displacement.
t

''1 fatigue usage
per year is then determined assup4ng continuoup cy gg at the naturalfrequency of tha tube,[

mustle consi]dered to be in [the range of 4.0 to 10.0
T6r Row 9 and r for Row 8. The

initial stress,

kai, c'onsistent with the conclusion of Section 3.2. C.
.

|

.

O

|
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Using the 3 sigma fatigue e m;ve with mean stress effects, initial
stress amplitudes in this tr. ige are obtained by making r.n assumption

in1.419x10gha75% availability:ndatColumn 51. Wi

[1.277 d(to failure of Rev ?nefearwouldreau.?
pf tipe

cycles and nine years in
x 19 cycles. A 40 year continuous cycling would result in

5.68 x 10A0 cycles. Haking an assumption of failure in 1 year yields
a corresponding stress amplitude of 8.7 kni, Figure 4.1-4. Similarly,
an assumption of failure in 9 years yields a stress ampli'.ude of 5.6
kai, Figure 4.3-5.

For the 0.7 kai, 1 year case, the corresponding displacement is 0.069
inch. Above 0.040 inch, a slope of 10.0 is used to assess the effect
of a change in BR, whereas below 0.040 inch, a slope of 6.0 is used.
A reduction of 5.3% reduces the displacument to 0.040 with the slope
of 10. Another 4.7%, totally 10%, reduces the displacement to 0.030
inch and a corresponding stress amplitude of 3.78 kai. The cycles to
failure associated yith this stress amplitudo is 8.43 x 1040 cyci,3,
Based on the [ 3 frequency, the fatigue usage per year would be
reduced to 0.0168. See Figure 4.1-4.

In a similar fashion, the 9 year, 5.6 kai care is found to provide a
usage per year of 0.0207 for a 5% reduction in SR. See Figure 4.1-5.

- On a 2 signa basis, the one year assumption provides a stress
amplitude that exceeds 10 kai', outside the predicted range. The upper
bound case for the 2 signa basis is therefore based on the maximum*

'

stress back-calculated from the fracture analysis which gave an 0.098
inch diqplacement to cause 50 kai - root inch at a crack half angle of

090 . Using a conservative linear relationship with frequency between
initiatier displacement and propagation displacement, the maximum
initiatic implacement is , 4,6

* .

The corresponding maximum stress is 9.5 kai. In the sano way then, g
the fatigue usage per year is obtained to be 0.0053 for a 10%
reduction in SR. See Figura 4.1-6.

'

The 9 year failure assumption yields a stress of 7.0 ksi on the 2 .

signa curve. A 5% change in SR drops this to 4.5 kai yiolding a usage,
per year of 0.0107. See Figure 4.1-7.

1
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Therefore, for a tube similar to the failed tube at Row 9 Column 51, a
104 reduction in SR results in a fatigue usage per year of less than
0.017 using the highest initini stress applitude assumptions.

.

Also, the 2 sigma curve results in greater benefits from the same SR
change ttan does the 3 signa curve.

For a neighboring tube such as Row C Column 51, the benefit of a
similar reduction can be estimated knowing the 4R comparison between
the two tubas. The Row 8 SR is 0.86 times the SR of Row 9. Thus, the
anx stress for now ti Column 51 would be

- -- e,C

~.

=9.5(0.405)=3.85ksi

A 5% reduction in SR for P'.w 8, Column 51 vould yield a new stress
amplitude of 2.83 kai and a fatigue usage per year of 0.0054 using the
3 sigra curve. See Figure 4.1-8.
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FIGURE 4.1-8 INCREASE IN FATIGUE LIFE FROM THE MAIIMUM ESTtMATED STRESS
AMPLITUDE FOR ROW 2 C0ttPM 51. DUE TO A 51 CROP IN STABILITf
RATIO (2 SIGMA LOWER BOUND),
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4.2 Steam Generator Modifications*

4.2.1 Introduction

This section describes the downcomer flow resistance plate
modification being implemented in the Horth Anna Unit 1 steam
generators. The improvement criteria for the modification an
developed in Section 4.1 is a lot decrease in the stability ratio for
tubes without AVD's in Rows 9 and 10. Tubes in lower rows are
expected to meet the 10% criteria without the modification but will
also benefit from it. Tubes in Row 11 have AVB's. The improvement
evaluated from the modification is in the range of 8-22%, with an
expected level of 13-15%. The range of improvement evaluated results
from sensitivity analysis of pertinent vibration parameters. The
expected level of improvement results from the reflection of field
observations in the choice of vibration parameters likely. Since it
is possible to identify conditions in which the improvement criteria
would not be met, tubes which could be affected will be removed from
nervice as a conservative measure. Sectier. 4.2.2 discusses the
modification requirements and the modifications being awplemented
including installation of Downcomer Flow Resistance Plates and
preventative tube plugging. Results of fluidelastic instability
analyses for both the pre-modification and post-modification
conditions are given in Section 4.2.3. Data on AVB insertion depths

*
<

are provided in Section 4.2.4 and tube plugging considerations for
local flow variations are given in Section 4.2.5. In Section 4.2.6,,

it is shown that stability rat'os decrease with reduckd load and
there at.e no part load conditions that need to be avoided during <

plant operation.

4.2.2 Modification Requirements and summary Implementation

The results from the R9C51 failure analyses (Soction 2.2) and the
causative mechanism evaluations (Section 4.1) developed the required
conditions for tube cracking initiation at the top support plate.
These required conditions are summarized in Table 4.2.2-1. These
necessary conditions include tube denting at the top support plate, no
AVB support, stability ratios close (within 10% or higher) to that of
the failed R9C51 tube and off-nominal conditions of local flow peaking
and/or low tube damping. i

The North Anna 1 modification to eliminate ty.be cracking at the top
support plate addresses the elimination of some of the required
conditions as summarized in Table 4.2.2-2. The required conditions
for tube crack initiation are directly addressed in the following g
manner by the modifications including installation of a Downcomer Flow
Resistance Plate (described in Section 4.5) and selective preventative
tube plugging:

,

.

O
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CONDITION FOR TUBE CRACK INITIATION HODITICATICH

No AVB support Preventative tube plugging
of tubes without AVB support
in regions of local high
flow velocity.

Identification of tubos
without AVB support through
evaluation of addy current
inspection data.

Stability ration within 10% of DTRP results in 15-22%
Tube R9C51 or higher stability ratio reductions

for tubes with very low
damping.

DTRP results in - 8%
reductions for tubes with
nominal damping.

off-nominal, local high velocity Preventative tube plugging
regions used to augment lower bouna

6% DTRP improvement.

off-nominal lov tube damping DTRP modification

High Mean Stress from tube Denting progression
denting conditions demonstratou to be stopped.

The overall objective for the modification is to exceed the
requirement developed in Section 4.1 for the 10% reduction in
stability ratios which provides for a steam gerarator 40 year design
life. As noted above, this objective is satisfied by the combined DTRP
modification and preventative tube plugging. The overall stability
ratio improvements for the DTRP are developed in Section 4.2.3.6. The
eddy current results to identify tubes witheut AVB supports are
described in section 4.2.4 and tube plugging considerations for local
flow variations are described in
Section 4.2.5.

\ d'*
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4.2.3.1 Stability Constant, B , for Stability Analyses
.

The stability constant,6 , for calculation of critical velocities (Soc
Section 4.1) has been measured for full length, U-bend tubes in
prototypic steam / water environments. In addition, measurements in-

U-bend air models have been made with both no AVB and variable AVB
These data are summarized in Fi y This value has been usede 4.2.3.1-1. The lowestsupports.

in all stability ratio analyses in this[ re) ort.8 for tubes without AVB's wasmeasured

To help minimize the uncertainties in ATHOS flow predictions on
stability analyses, the Model Boilur (MB-3) tests performed at '

Hitsubishi Heavy Industries (}0!I) in Japan were analyzed using ATHOS

velocity data to calculate 8 from the flow conditions at the togsured
critical valocity. These analyses support the 8 value of [~ [f'
Figure 4.2.3.1-1A is a plot of instability constant,B , as a function of
frequency obtained for severed tubes from vind tunnel tests.

4.2.3.2 Tube Damping Values

To identify the potential minimum damping for tubes typical of a Row 9
U-bend, measurements were made of mechanical damping in air using a
U-band shaker test facility. The tube tested was a 7/8 inch diameter,
Alloy 600 tube prototypic of North Anna tubing. The U-band shaker test.

facility is illustrated in Figures 4.2.3.2-1A, B and C. The results of
these tests are shown in Figure 4.2.3.2-1. AdditionO test results are
shown in Figures 4.2.3.2-1D through 4.2.3.2-1F. For

,

-

,

~ 7dithatendencytoincrease
slightly with vibration amplitude. This value is uued as a lower bound
value of damping for the present report and to adjust other data for
mechanicci damping au noted below. It can be noted from the Figure
4.2.3.2-1 data that the mechanical damping increases substantially as

.

' the clamped-clampsd support conditions are progressively relayed to
preloaded pinned-pinned support conditions. The latter valut of 1.1%
can be considered to be typical of U-band steam generator cogditions
without denting for which the tubes have a high likelihood of preloaded,

; pinned supports at the top support plate.
;

| Tube qqpping values under steam / water flow conditions were measured by
|
\

is th's measured
9,- U-be d tube measureme[nts.]Mehanical damping noted above for the RowT pg' process is equivalent to using the7,

two phase fluid damping of[,. dnd the Westinghouse measured
| mechanical damping for a Row 9 be. Thef

}I/irthisreport.
'

'

. -- - . .-
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Tube damping values.
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TABLE 4.2.3.3-2

STABILITY RATIO RA?lGE FOR R9C51 INCLUDI!1G UNCERTAINTIES

STABILITY RATIO
i

~
noC

'~

Nominal Stability Ratio;
,

o calculated flow conditions without
local velocity peaks

o Lower range of stability constant
from U-band tests

.

o Average value of damping for clamped
supports

Including Uncertaintiaa from g, f n and
Average Flow - 15% 0.74

o This uncertainty would not significantly
influence a ratio (SR /SR ) of stability- "

2 1ratios as used to evaluate modification
inprovement factors

Including Local Velocity Peaking Factors - 10 to 20% 0.81 to 0.89

o Preliminary estimate on effects of
non-uniform AVB insertion depths

Including Damping Uncertainties for Dented Tubes

o 50% uncertainty which reduces damping from
0.82 to 0.41 1.15 to 1.26

,

41% increase in stability ratios-
.

o Lower bound on damping as mechanical '

damping of '

' ]AGN - -
,.

Would yield a factor of 2 increase
'

-

in stability ratios

.
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TABLI 4.2.2-1
.

REQUIRED CONDITIONS FOR TUBE CRACKING INITIATION

Tube Denting at Top Support Plate

o Leadt4 to High Hean Stress and Associated Reduction in
Fatigue Properties

o Necessary for Maximum E4ndjng Stress to occur at the
Top Support Plats

o Results in Reduced Tube Damping

No AVB Support

o Tubes without AVB support are a required condition for the
high vibration amplitudes needed to achieve the stress

-
- range necessary for fatigue crack initiation

o Based on inspection data, the presence of AVB's has been
established to lower Row numbers than tha original design
minimum (Row 11)

Stability Ratios Within 10% of Ruptured Tube R9C51 or Higher

Lower stability ratios would result in vibration amplitudeso
too small to initiate fatigue cracking - see Section 4.1
for development

.

Off-Nominal Conditions "or Fluidelastic Excitation,
Nominal Stability Ratio Calculations Lead to the Expectationo

that Tubes in Row 10 or Lower Would be Stable
.(Section 4.2.3.3)

. osEither or Both of the Following conditions are Necessary for Q
Fatigue Cracking in Addition to the Above Conditions

Local High Flow Velocity Regions-.

~

Tube Damping Below Test Heasurements, Approaching-

Hechanical Damping only
,

I

_ _ . . .
. . . _



- - - - .. .. - ~ - - - . -- - - -- -- . - . - .. - - - _--- -- - . -

|
o ,

).-

1

i.

i

1
.

].
TABLI 4.2.2-2

, .

SUMMARY OF RIQUIRED CORRECTION ACTIONS

a

Tube Locations Requiring No Corrective Action

o Tubes in Row 8 or Lower

Stability Ratios are 144 Lower than Tube R9C51 and-

Heat 10% Lower Requirement

o Tubes with AVB Support

AVB's Limit Vibration Amplitudes-

Depths of AVB penetration into Tube Bundka are-

obtained from Eddy Current Inspection Map
.

'

Corrective Actions Required -

o Tubes with Low Tube Damping

The DTRP Hodification Reduces Stability Ration by-
,

15-22% Under the Low Tube Damping Assumption (Low Void
Traction Dependence) and meets 10% Lower Requirement

o Tubes with Local High Velocities

The DTRP Modification Reduces Stability Ration by - 8%-

with Nominal Tube Damping (Significant Void
Traction Dependence)

Preventative Tube Plugging at Tube Locations with-

Potentially High Local Flow Velocities '

Required only for Tubes in Row 9 or Higher withouto
AVB Support

g The Combined DTRP Modification and Preventative Tube p.-

Plugging Reduce Stability Ration of Operational Tubes
by More than 10%

'
.

e
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4.2.3.3 Pre-Modification Stability Ration

The ATHOS3 computer code is used in the evaluation of the detailed
thermal and hydraulic performance of pWR steam generators. The code
was developed for the Electric Power Research Institute (EPRI) by Cham
of North America, Inc. Independently, ATHOS has been verified against
both field steam generator instrumentation data and to test data.
Since its introduction in 1981, it has been used extensively by both
steam generator vendors and the electric utilities in the design and
analysis of new steam generators and in the resolution of field
problems. Figures 4.2.3.3A, 4.2.3.3B and 4.2.3.3C represents
p)-n and elevation views of the ATHOS calculational model.

Figure 4.2.3.3-1 provides velocity and density distributions for the
Row 9 Column 51 tube in the North Anna 1 steam generator C. The distri-
butions cover both the straight leg regions of the hot and cold legs for
this tube (as a function of axial length along the tube) and the U-bend
(as a function on argular location). Beth the velocity normal to the
tube and the secondary coolant mixture density are shown in the figure.

The distributions of Figure 4.2.3.3-1 are used together with the
stability constant and damping data to calculate stability ratios
utilizing the stability ratio expression given in Section 4.1.2.

The pre-modification stability analyses represent the North Anna 1
operating conditions at the time of the R9C51 tube failure. The
calculated stability ratios eye gAyp,n in Table 4.2.3.3-1. The expected
stability ratio for R9C51 is. Yhsed on the nominal or test based

. damping values for clamped tube n'upports. Thus the tube would be
considered to be stable with a significant margin. The following
section addresses potential uncertainties relative to the low stability
prediction for R9C51. A summary of the uncertainty estimates and their
associated increase in the R9C51 stability ratio are given in Table
4.2.3.3-2. The principal uncertainty is that associated with tube
damping values for dented tube conditions. Changes in damping values
within realistic uncertainties have the dominant influence for higher
stability ratios. Local flow peaking at R9C51 due to non-uniform
insertion depths could have added to the instability and, together with
low damping, led to the vibration amplitudes for the tube failure.

Results for a low damping assumption are included in the table. This
low damping assumption of 0.34% for R9C51 is based on the damping value
that would increase the stability ratio from 0.64 to 1.0. The low
damping value stability ratios are provided to assess modifications
based on the judgment that low tube damping is the primary contributor
to the instability for tube R9C51. For assessing void fraction effects
which are small for this low damping value, a linerr approximation for
thedampingismadewith0.34%at86%voidfractionand{ ]d4 ,

(mechanical damping only) at 95% void fraction. V

Figures 4.2.3.3-1A, B and C provide a comparison of the stability ratio
with/without void dependent damping between North Anna Unit 1 ar.m other
operating steam generators. This shows that the North Anna 1 steam
generators before modifications have the highest fluidelastic stability
ratio of the units evaluated.

i
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4.2.3.4 St Sility Ratio Uncertainty Considerations

,
Tigure 4.2.3.4-1 summarizes an assessment of potential uncertainties
influencing the predicted stability ration. It is concluded thtt the
most significant factors influencing the stability ratios are the
local flow field and the tubo damping uncertainties. The basis for
these conclusions are discussed below:

Averace Flow Field. Stability Conttant and Frecugncy Uncertainties-

Reviews of addy current data for Model 51 steam generators available
at Westinghouse, exclusive of North Anna, indicate that tube waar at
the top support plate is negligible in the Row 8-10 data which were
reviewed and that tube wear at AVB's is typically detected in Rows 14
or larger. The predicted stability ratio for a tube with pinned
supports using the best estimate damping (Figure 4.2.3.2-2) for pinned
conditions is similar to the clamped support conditions. For example,
R9C51itabilityratiosare[ ]4tthclampedordentedsupportsand
[ ]6ithpinnedsupports.
Uncertainties in the avarage flow field, stability constant and
frequencies are essentially the same for units with dented or
non-dented top support plates. If these errors were large, similar
instabiliti.s would be expected in the non-dented units with resulting
wear at either the top support plate or inner row AVB's. Since such
tube wear has not been identified in Rows a to 10 in operating steam.

,

generators without denting, it can be expected that the factors
leading-to R9C51 are unique to dented units. Thus an. uncertainty
estimate of about 15% for the combined effects of average riow field,
stability constant and frequency appears to be reasonable. To further
minimize the impact of these uncertainties, the modification is
evaluated as a percentage or ratio improvement so that constant error
factors are climinated.

Local Flow Field Uncertainties

In Section 4.2.5, a preliminary estimate of a 15% velocity peaking
factor has been obtained for R9C51 in steam generator C based on
non-uniform AVB insertion depths for thin tube. Eddy current data
indicate tube wall thinning in a few Row 8 to 10 tubes in the North
Anna 1 units. These indications could result from tube wear due to
fluidelastic induced vibration. For some of these tubes, the adjacent
AVB insertion depths are uniform compared to R9C51. Thus it appears
that non-uniform AVB's are not the dominant factor for instability
c1though this effect at a 154 magnitude could have had a major 47influence on the R9C51 failure. Pending further avaluation of the
effects of non-uniform AVB's, a 10-20% uncertainty factor for local
flow effects appears to be reasonable.

,

I

. -
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Tube Daroina Uncertainting

very little data is available to define the tub. Jamping for clamped
tube supports in steam / water conditions. Protowfpic U-bend testing has

Jean per(qrmed under conditions leading to pinned supports. The data of
j'in Figure 4.2.3.3-2 provides the principal data for clamped

[ tube conditions in steam / water and was performed for cross flow across
straight tubes. Uncertainties are not defined for these test data. In
general, tests show large variability in measured tube damping values.

Based on the apparent differences in tube wear at AVD's between North
Anna 1 and other Model 51 steam generators, the conditions for
instability are unique to dented tube conditions. The effects of
denting on tube damping would thus appear to be the major uncertainty
factor leading to the tube instabilities in the dented condition.
Uncertainties of the order of 50% on tube damping for dented conditions
appears to be a reasonable estimate.

Overall Assestagnt

It is concluded that low tube damping below the average of test data for
clamped tube supports is the principal contributor to the instability
conditions for R9C51. Local flow peaking likely contributed further to
the instability and associated increase'd vibration amplitude.

4.2.3.5 Eddy Current Wall Thinning Indications at AVB's
in Rows 8 to 12

As part'of the inspection of the steam generators, tubes in Rows 8 to 12
in each steam generator were eddy current inspected for wall thinning
indications at AVB's. The results of this inspection for tubes with
indications at AVB's are given in iable 4.2.3.5-1. Wall thinning
indications, which may be indicative of tube wear due to tube vibration,
were found in Row 8 and higher. The indication depths are generally
small and include efforts to identify potential indications of less
than 20% depth.

A possible causative mechanism for these indications is waar due to
fluidelastic induced vibration with displacement limited by the AVB's.
Based on AVB insertion depths described in Section 4.2.4, most of these
indications occur at locations for which AVB insertion depths are not
significantly staggered between adjacent columns. In this case, local
flow peaking would not be expected to be a major contributor to
fluidelast!c instability. Based on the assessment of Section 4.2.3.4,
it appears that low tube damping would be the principal contributor to
fluidelastic instability for the tubes with wear at AVB's. @

- - . . . - . _ _ - . - .- -, - _ - . - - .. -._- - -. - -_ . - -
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4.2.3.6 Post Hodification Stability Ratio Improvements

Installation of the Downcomer Flow Resistance Plate (DTRP)'

modification reduces the circulation ratio from 4.3 to 2.9 with the
objective of significantly reducing the velocities and the stability
ratios for all tubes. The reduction in the circulation ratio results
in an increase in the void fraction which can lead to a decrease in !
tube damping. The net change is stability ratio is given by

~* 0 l,C
1

,

*
,

,

s

)dHOSanalyseswereperformedforthemodifiedconditionsandlower'

circulation ratio. The ATHOS results are shown in Figure 4.2.3.6-1.

Stability ratios were recalculated for the post-modification condition
with the DTRP installed. These results are given under the Post-Mod
column of Table 4.2.3.3-1. These results show the following stability
ratio reductions based on the DCFR nodification and associated
damping dependence on void fraction. The stability ratio improvements
are summarized in Table 4.2.3.6-1.

It can be noted that the results show that the requirements l'or a
stability rr.tio reduction of 10% are met for the low tube darping
conditions and are close to being satisfied under the nominal tube
damping conditions. As noted in Table 4.2.2-2, the nominal tube
damping conditions would have to be coupled with local flow variations
to achieve instability at R9C51. For this case, the DFRP is coupled
with preventative tube pitgging at tubes potentially subject to local
velocity peaks. The DTRP with supplemental tube plugging reduces the
stability ratios for the remaining active tubes by more than 10% under
the nominal damping condition assumption. ~~

. _ . - . . - _ _ _ - - - - -.
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As noted in Sections 4.2.3.4 and 4.2.3.5, the low damping conditions
i era estimated to be the principal contributor to fluidelastic

instability. Under these conditions, the stability ratio reductions.

are 15-22% and significantly exceed the 10% requirement.
,

i

| TABLE 4.2.3.6-1

i REDUCTIONS IN STABILITY RATIOS FROM ?
I THE DFRP MODITICATION

i

STABILITY
TUBE DAMPING ASSUMPTION RATIO REDUCTION,

:
i
! Low tube dag,ing independent of

void fraction 22%

Low tube damping with associated linear
dependence on void fraction 13-15%.

Nominal tube danping with test based '-

dependence on void fraction 8%
,
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4.2.4 AVB Insertion Depths

The presence of an AVB adjacent to a tube can be detected by eddy
current inspections using the standard aobbin coil. This method can
be used to detect the depth of insertion for the lower AVB based on
the lowest row number in each tube column that the presence of an AVB
can be detected. Each unplugged tube in Rows 8 to 12 were inspected
for the presence of AVB's. The results of these inspections are shown
in Figure 4.2.4-1.

It is possible for the eddy current inspection to miss the presence of
an AVB due to contaminants such as copper or other high noise level
conditions. However, detection of an AVB in considered to be a firm
indication of the AVB on at least one side of the inspected tube.
Tigure 4.2.4-2 identifies logic used where interpretation of the data
is necessary. Laboratory and mockup tnsts using a bobbin cell probe
show that the tube to AVB gaps are over estimated but that the distance
for detectability of an Ava under limiting conditions exceeds maximum
potential tube to AVB gaps. Consequently, the data is used to simply
establish the presence of an AVB.

Figure 4.2.4-3 provides the AVB positions developed from the eddy
current data in the vicinity of tube R9C51 in steam generator C. It
can be noted that AVB insertion depths are more variable between tube
columns near R9C51 than for most other tube locations. The AVB
pattern near R9C51 appears to be sufficiently staggered to potentially
lead to locally higher flow velocities at R9C51. Thus it is possible
tnat flow peaking conditions contributed to the R9C51 fluidelastic
instability.

4.2.5 Local Flow variations Due to Non-Uniform AVB Insertion Depths

A preliminary aasessment of a velocity peaking factor for tube R9C51
has been made based on the non-uniform path of flow resistance due to
the presence of an AVB. The non-uniform resistance yields a local
velocity perturbation. Based on Figure 4.2.4 for AVB depths near
R9C51, the lower AVB insertion depths and associated increased flow
resistance at adjacent tube columns (between columns 49-50, 52-53, and
53-54) tend to divert flow toward the tube gaps adjacent to R9C5)
Based on small perturbation considerations, a preliminary estimate
indicates the magnitude of a 15% increase in tube gap velocities for
R9C51. Based on these results, tubes with a velocity peaking geometry
would be candidates for preventative tube plugging,

h 9

|
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4.2.6 Dependence of Stability Ratio on Load
'

,

I

The influence of thermal load on fluideiastic stability ratio in the
~

U-bend is discussed below. A discussion of the general trend is
)followed by that for a partial load range of 30-50% power.

4.2.6.1 General Trend

The steam flow rete from the steam generator is strongly dependent on
thermal load. As the load increases the steam flow rate increases.
The maximum steam flow rate occurs at full load.

Since most of the vapor generation occurs in the straight leg portion
of the tube bundle, when the secondary flow passes through the U-band
the total vapor flow is nearly equal to the steam flow from the steam
generator. The vapor velocity in the U-band is thus proportional to
the steam flow rate. As steam flow rate increases with load, the
circulation ratio decreases. The total mass flow ratevapor) through the tube bundle is nearly constant and is(liquid plusindependent
of load above 60% load. However, since the specific volume of vapor
is 20 to 30 times higher than that of the liquid, the volumetric flow
rato increases with increase in load. Thus the velocity in the U-bend
increases and the density of the two phase mixture decreases with
increase in lead.

*

.

The fluidelastic stability ratio is proportional to /pV ,2,

The net effect on the stability ratio from the flow conditions alone is
reste with load. Tigure 4.2.6-1 shows the effect of load on the

pV- component of the stability ratio. This figure provides post
modification reduction factors relativa to full load operating
conditions prior to the installation of the downcomer flow restrictor
as a function of thermal load. Note that this figure is based on
aggregate flow rates and circulation ratios. Although it does not
account for detailed distributions of velocity and density along the
tubes, it is a good means of comparing the , influence of load since the
detailed distributions will have only a secondary effect.

-

A decrease in load is accompanied by a decrease in void fraction.
Thus a decrease in load would incramse tube damping and further reduce
etability ration. For tube with low damping, this contribution would
be small. However, the reductions in stability ratio with reductions
in Ican would be equal to or greater than the factors shown in
Figure 4.2.6-1.
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4.2.6-2 Stability Ratio at 30-50% Power*

At 50% of fu?,1 load, the effects on stability ratios from
~

velocity and density alone are to reduce the stability rt.tio by
a factor of two relative to full load prior to the modification.

,

Further, this will be accompanied by a reduction in void fraction of,

over 10%. The reduction in void fraction, if considered, would further
reduce the stability ratio. At30%eqfy11 load, the stability ratiois further reduced due to the lower /p V level and reduced void
fraction.
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FIGURE 4.2.3.1-1.
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STABILITY RATIO RANGE FOR R9C51 INCLUDING UNCERTAINTIES 4.2.3.4
.

7

STABILITY RATIO

Nominal Stability Ratio
. . .

o calculated flow conditions without
local velocity' peaks

o Lower range of stability constant
from U-bend

o Average value of damping for clamped
supports-

Including Uncertainties from n and,

Average Flow - 15% 0.74.

.

o LThis uncertainty would'por significantly
influence a ratio (SR /SR ) of stability2 1,

r-

ratios as used to evaluate modification.

improvement factors-
-

Including Local-Velocity Peaking Factors - 10 to 20% 0.81 to 0.89

o Effects of non-uniform AVB insertion
-depth-

o Additional analyses in process to
establish enhanced confidence on
this effect

'

i

Including Damping Uncertainties for Danted Tubes-

o- 50% uncertainty reducing damping from
0.82:to 0.41 1.15 to 1.26

- \- 41% increase in stability ratios $[

o Lower bound on damping as; mechanical '

damping of 0.2%-

'

Would yield a factor of 2 increase-

in stability ratios,

.
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f" M 9.Z,r.5-IA
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RELATIVE TLUIDELASTIC STABILITY RATIO COMPARISON

.

.

e METHOD OF COMPARING REIATIVE SUSCEPTIBILITY TO FLUIDELASTIC
INSTABILITY

e PLANT-TO-PIANT SUSCEPTIBILITY REFERENCED To STABILITY RATIO (SR)
FOR NORTH ANFA 1 (VRA)

e SR = FLUIDEIASTIC STABILITY RATIO

UEFFECTIVE
=

UCRITICAL AT ONSET OF INSTABILITY

. ... . .* *

'

'[ SRplant\ f(IY ) lant (STA) IIe NMn VRA_ VP

VRA / k(IY )W VRAh.((" plan / f'\ SR n plant) ((f lantp
_

.

_ . _

WH5tE:e .

.

AVERAGE U-BEND DENSITY AND RADIAL GAP VEI4 CITYe,v =

F (TUBE BUNDLE GEOMETRY, Ps, Ws, CIRC RATIO)=

in = TUBE INCREMENTAL MASS

(MTUBE + MPRIMARY + MSECONDARY)/ LENGTH IN"

A UNIT CELL

fn = TUBE NATURAL FREQUENCY CALCULATID FOR CLAMPED CONDITION

6 DAMPING PARAMETER=

2t( WHERE C = DAMPING RATIO=

. \ 4'
'

.

b

4
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Fgure 4.2.3.5 - 1

N. Anna 1

EC Indications for Tube Wall Thinnin0 at AVBs
for Rows 8 Through 12

S/G Rcw Column AVB* Dep'h (%)

A 9 87 1 <20

B 9 24 4 <20,

B 8 28 4 21
B 11 35 2 23
B 12 39 2 31
B 12 46 4 24
B 10 50 1 25
B 8 61 1 26
B 8 65 1 22
8 8 65 4 <20
8 8 66 4 <20
B 8 68 1 <20
B 9 70 1 <20 -

B 9 70 4 21
B 12 71 1 24

4

- B 12 71 4 26
B 12 72 4 <20

'
. B 12 74 1 <20-

B 11 75 1 21
B 11 75 4 22
8 12 77 4 <20 -

B 11 90 1 20-

C 12 11 2 20
C 12 11 3 25
C 12 58 3 17
C 9 70 2 12

* AVB Number : 1 = Lower AVB, Hot Leg;
2 = Upper AVB, Hot Leg; 3 = Upper AVB, cow
Leg; 4 - Lower AVB, Cold Leg

.
1 F

.

.
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Figure 4.2,4 2
.

Interpretation
of Tube Support Conditions

C(n)

l<m: Indicated Unsupported
R(m) O

..

Tubes must be Supportee,

Because AVB is Seen at ae~

Lower Row Number.'

O Exampie: slo - A. coiumn a.-

S/G -C, Column 40, etc.
R(i) g

.

At least One or the Indicated
Unsupported AVBs Must be

R(0) SOOOO S "PP ''** "* **" $ * th * ^v"
which Supports the Center Tube

1 Must Also Suoport the Adjacont
Tube.

i
Example: S/G - C; Row 10,

C(i). .. ....C(m) Columns 24 - 32.

s c-,

.

.

O
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Figure 4.2A - 3 -

, N. Anna : S/G - C'

Tube Suppogt Conditions :
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i 4.3 Fora Modification 14akage consideration. ,

The modi 12 cation to be performed at North Anna Unit 1 is
expects to substantially lessen the vibrational amplitudes of all tubes.

,
'

in the bundle. In addition, tubes with any opportunity for high cyclic,

stress amplitudes will be removed from service. Following those
nodificatio M the development of a fatigue crack in a tube is considered*

unlikely. Should a crack develop, the stress amplitude is expected to be ,

relatively san 11. The estimated worst case leak rate versue time |i

relationship (Muld t.herefora be similar to the history of the past
event. Responding to the present administrative leak rate limit of 100 ;

,

spd would result ,tn an orderly shutdown to zero power in approximately 6 -

hours. 'this would provide a factor of safety of four relative to time
period observed during the pa*t tube rupture. For convenience, thei .

estimated leak rate ver.us time relationsh'ip in the unexpectedL

; circumstance of a tube fatigue event followitig plant modification is
illustrated in figure 6.3.1.

,
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4.L STAMLIZATION 0LR0'J 9. cottHN S1
.

As a result of the steam generatur tube rupturo ownt, actions were taken et
North Anna Unit 1 to remove the cold leg (C1.) portion of the rov 9, coluen 51
(R9CSI) tube in steam generator C. The tube pull was performed to obtain ene of-

the two tube fracture surfaces for investic tion of the cause of the rupture
e~ent. The location of the tube separation was at the top surface of the
seventh tube support plate (TSP 7) elevation on the CL side of the 50. This
location was subsequently measured to be approximately 374.75 inches above the
tube end. A vibration assessment of the remaining (U. bend) portion of the
R9051 tube indicated that it would be expected to be fluidelastically unstable
in the steam generator flow field during plant operating conditions.

In viev of the above, a combination spear and cable stabilizer system va5
designed for the remnant tube with the objective of prevanting the tube remnant
from interacting with adjacent tubes.

4.4.1 $TMILIZATION OMECTIVf5

The objective for the design of the stabiliter system was the the installed
configuration would be comparable to a plugged tube subjects.4 to the same
vperational conditions. Thus, the vibration response characteristics of the
design vere to be equivalent or superior to those of a plugged tube, and the
structural evaluation was in accordance with the requirenants of the ASME Code..

Svetion NC. -

~1n eddition, an installation objective was that the spear would not result in
the R9C51 U. bend being in contact with its neighboring tubes.

4.4.2 DIil91LDISCRIPTlM

The colo 1*6 portion of the tube remnant stabilizer system is a ' segmented
spear" des!*n. The design is segregated into three catogories or types of
segments. The 'pper:noat se entisa[.

['o r.
g

he free end of the U. bend remnant. The central section of th]e
The top [ ]o this seguent has been machined to a[

insertion in
spear consists of six segments of[

W]Mtubing. The bottom section is[
The sper.r was inserted from the cold le'g side by sliding the sections over a
guida cable which was left in place following the tube pull, The eight
individual sections of the spear are thread connected to form a contirmous
assembly. The threaded joints ware assembled in the SG channelhead during
installation. A locking feature precludes disassembly during subsequent plant
operation.

Sines the threadod ends of the spear sections b
.

.

. *

}4, C ~
*

,

Following assembly and insertion, the spear was hydraulically expanded at each
support plate elevation. At TSP's 1 through 6 the length of the expansion zone

_ _
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is approximately four inches, which is longer that the the thickness of the'

TSP's. The post. expansion clearance sp een the OD of the spaar and the ID of '

the TSP hole is approximately[
7 is was intended to result in contact with

At the seventh TSP the length cf thej

expanded zone is approximately[ tending beyond the edges of the plate. Finally.the TSP without the expansion ex '

a hydraulic expansion joint connects the spear to the free end of the tube
rumnant.

'
Eddy current inspection was u4ed following the installation of the spear to
verify the location of the expansions at each tube support plate. To11owing the ,

'ECT inspection, the botton section of the stabiliser assembly - is roll
expanded into the tubesheet over a length of approximately jd''The final j
pressure boundary closure on the cold les usa accomplished [using a stand.ord
weld plug.

Considering that some degree of fatigue damage may have occurred to the tube at
,

the seventh TSP elevation on the hot leg (H1.) side, a cable type stabiliser was -

designed and installed, extending from the tubesheet through the seventh TSP
and approximately 30 degrees over the u bend. Stabilization of both sides of ;

the u. bend is expected to reduce the potential for interaction with neighboring
tubes if circumferentisi separation of either end were to occur.

!-

The hot leg stabilizer consists of a series of
,,

ped
Finally, " sentinel" type, mechanical plugs were installed in each of the eight
neighboring tubes to R9C51._"Tell tale" plugs are of the sans design as
atandard mechanicia plugs excapt that a small hole, approximately 0.012* in.

1 . ,

diameter, has been drilled into the top end. Should the tube wall become'
4

perforated during operation the plug will leak at s. pre determined rate of
approximTtely 200 CPD. The purpose of the 'tell tale" plugs is to allow
monitoring of the integrity of the tube.

'4.4.2.1 Verification Testine -

4.4.2.1.1 Seear to U-bend .l.cing

The bending moment imposed- on the spear to u bend (upper) joint by flow induced
vibration forces was -calculated to be on the order of 10 20 in. lbs. for
combined turbulence and fluidelaatic mechanisms. The bending moment capability
of the upper joint was determined by test and analysis involving axial torque
tests and transverse bending tests. ,

Torque tests were performed on joints made in u. bend and straight length tubes.
The rationale for testing u. bend sections, vbich involve more fabrication, was
to determine if the tube bending process resulted in a work hardend zone which
could affect the expansion and strength of the tube to u band joint. The y,,

. - tubing"usedfor_thejointswasInconal600MAwithayieldstrengthof[_3ksi.,8g
5', ,

The field tube yield strength was determined to be approximatelyj, 3ksibased .

reviewing the mill certification test resutits (before fabrication) and tensile
custs performed on material from the pulled tube. The spear simulant was,

Inconel 690 TT from the same heat as used to fabricate the field spears. Since
a minor heat treatment was specified for the apear tube to end blank weld, test .

sections included both the heat treated ard non. heat treated condition.

The joints involved the four possible combinations of scale deposit on both the

.

+
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spears and the tubes. The scaled surface on the spears resulted from the HT.
Although the field spear tips have no scale, because the tips were machined
af ter HT, the field u band may light scale adhering to its surface (no
significant scale was evident from the fiber optic examinations and only very
Itght scale was present in the pulled tube specinens), developed during
operation.

The axial torque at shich rotation first occurred ranged from 230 to over 600
'

in. lbs. The effect of work hardening related to forming the u. bend did not
result in any perceptible affect in the region where the upper joint was
foracd; straight and u bend tube specimens exhibited comparable torques. The
upper joint radial contset stress, acting over the interfacial contact area,
and associated with the smallest found torque, 230 in.lbs., conservatively
assuming a coefficient of friction of 0.5, van calculated to be 533 psi. Using
these results, a corresponding transverse static bending moment capability of
the joint was calculated to be 227 in. lbs. 'Iherefore the calulated transverse>

strength of the joint is in excess of 11 (227/20) times the highest celulated
dynamic transverse bending moment.

on. Due to the
The torque testing was performed in the room temperature [condig| fear versus thatslightly gregtAr coefficient of linear expansion, of the )s
of the[ J tWe , the interfacial radial contact stress should increase at k
525F, the operation temperature, and improve the resistance to bending moment.

m
t Transverse static bending soment tests vers also performed on simultaed upper D

joints of the same configuration as for the torque tests. ?n all cases the
limit bending moment of the spent was less than the berding moment to cause
rotation of the joint, 1.6., the spear bent before the joint rotated.
Examination of the load displaceme.nt records for the bending tests showed no
effect of joint (bending) rotation, i.e. , nonlinearity in the bendinga

-force deflection relationship, at low moments and up to and including a ber. ding
moment sufficient to yield the spear. The maximum bending moment before spear
bending yloid was approximately 900 in. lbs. By contrast, the structural
analysis indicated that the maximum bending moment imposed on the joint by
flow induced forces is on the order of 10 to 20 in. lbs. for combined
turbulence and fluidelastic loads. Based on the static test results, and
considering that other modes of vibration such as " ring" modes will not be
excited, it was concluded that the dynamic loads will not loosen the joint.

Two axial separation, pull tests were performed on simulated upper joint
spe6 mens. The applied forces for which non linest behavior was first observed
were 300 and 2100 lbs, respectively. Because the fluid drag loads acting on the
u band are only of several pounds in magnitude, a large margin between actual'

strength and applied load exists. It is noted that the maximum load to cause
separation of the joint in each test voc in excess of 7000 lbs.

.

4.4.2.1.2 intar Threm!.t.d Joint

The resistance to axial separation of the spear threaded joints (STJ's) uns j
determined by a destructive untaxial tensile test of a prototypical, properly'

torqued joint. It van also determined by a cyclic, axial loading
(tension release) test, on = second STJ, in which the largest load, during any

' of the transients, 1360 lbs., was applied for the required number of timac.
This transient was heatup/cooldown and the remaining number of applications of
this transient is approximately 150. The destructive tensile test showed that
the STJ was elastic to a load of 4,500 lbs.. approximately 3.3 times the
largest axial load, 1,360 lbs. The cyclic application of the 1,360 lbs. 150

,
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times had no apparent detrimental effect on the other prototypical STJ Ps:cd
on these most. stringent loading test results, the STJ's should perforn
reliably.

4.4.2.1.3 Inear To.Iubn heet Joint.

. /,6

The spear to.tubesheet joint (STSJ) is a[ f use in the shef1 and tube heat. Such joints have
been voll characterized over many decades o
uxchanter industry. The[

into the]#'hast tests have shown that,for 1600 7/8' diameter tubing, expar.ded
proper sis.ed tubenheet hole [ The[Ovould natisfy the requirene y to tenist a pullout load of 1,360 lbs.

~in.,therebyprovidingan]adequatedesignmargin.Thetubeandtubesheettivide a total ax!al length of approximately[th+ehI h h.
surfaces will be adequately clean prior to expansion. 'Ihe tube acquired
essentially no scale during heat treat and the tubesheet hole vill be brushed
prior to spear insertion to remove hard achte.

4.4.2.2 Materials Evaluation

Sper;

Tha mechanical configuration for the mattrial in the metallurgical condition of
the stabilized tube after expansion has been assessed. Specifically, the-

possibility of strest corrosion cracking (SCC) at the transition zone of the
stabilizer expansion regions has been investigated at both the TSP clavations
'and at the expansion joint in the free end of the remaining portion of tube-

R9C51. Both nominal and off.ncainal expansions (enveloping process parameters)
havebeen'gvgluated. Based on previous laboratory testing (Reverse U. Bend,

RUB,( ion]skaples exposed to 750 F steam with equivalent strain to theexpans regions), geometric comparisons, and the absence of heat flux /
corrosion concentrating environment, the expansion process implemented on the
stabilizer at the TSP's and the insertion point in the remnant tube R9 C51 does
not reduce the spear statorial margin to resist the occurrence of SCC.

Tube Remnant

Based on past WestJnt uuse testing, the I 600 tube hoop strain of up toh
approximately[ ][Weent is judged to be acceptabic, owing to the relatively lov' operating temperature (525 degrees F) and in the absence of heat. flux.

Cable Stabilizer

The installation of cable stabilizers (CS's) in degraded SG tuber is designed
to maintain bundle structural integrity. The specific purpose of the CS is to .

reduce the amplitude of (banding) vibration which can cause or continue the Y
.

tube Grgradation process.

In a contingency mode, the CS is designed, by strategic placement of the sleeve. ,

axial midpoints at the most likely severance locations, to prevent a severed
tv.be from contacting adjacent tubes.

The design of the HL CS is based on analyses for installation in another
location in a Model 51 SC and on extensive tests and analyses of C5's for SG's+

i
_
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containing tubes of two other stres. Two of the three CS sizes are in use in
Westinghouse SG's' the third size was developed specifically for a competitor
SG's one of the two stres in use in Vestinghouse SG's is also in use in another
competitor's SG's. All three sfres involve the same design features, i.e., the

* sleeves, with relatively small clearances to the tube ID, contact the tube ID
and thereby cause the cable to undergo bending vibration sinilar to that
experiencad by the tube. Although the CS decreases the vibrating system.

frequency, a detrimental effect, it produces a more than. offsetting effect of
increasing systers damping, a desirable effect.

A CS in the NL and extending into a portion of the u bend of tube R9C51 serves
the esse two purposes as it does in the straight portions of tubes viz. , to
reduce vibration amplitude and, in a contingency mode, to rottuce the effect on
bundle integrity of a tube severance. Although the portion of the CS above the
tube straight section to. curved section tangent point contains no sleeves, it
was concluded that the stiff cable will maintain adequate contact with the
u bend portio > ) perform an amplitude reduction function.> This conclusion was:

based on trial insertion of the cable in a Row 9 u bend.

Ftir the contingency mode, it was postulated that severance would occur at the
same location on the NL as it did on the CL, i.e. , at the top of tsp 7. For
this reason, the top of the uppermost CS sleeve was designed to be located
approximately 0.5 in. below the KL tangent joint. This positione the,

mechanical plug bottom at the proper location, flush, at ths tube end. The
8.15 in..long sleeve would therefore span the most likely severance ;. int, the
top of TSP 7. If the severed.on the+HL u. bend rose approximately 0.5 . s the

'
CL end did, based upon both visual and ECT inspections, the HL u. bend straight
length engagenert after severance.would still be approximately 2.3 in. The
u bend to sleeve engagement, along with the CL spear attachment, would limit

-t.he cuc.of. plane movement of the u. bend.*
,

4.4.3 NBEST4hlLlZERSTRUCTURALANALYS11

4.4.3.1 Vibration Analysis .

In order to establish the acceptability of the spear. stabilized tube
,

configuration, conservative non linear single. tube finite element models were
developed to compute the tube vibration response and wear potential under
operating conditions. The reference (or base) configuration for evaluation
comparison was chosen as a plugged tube. There are about 600 plugged tubes
presently in operating Series 51 steam generators, in comparable rows, which
have exhibited acceptable service to date. These tubes were removed from
service for reasons unrelated to denting and would be sxpected to have boundary
conditions similar to the stabilized tube. It is irsportant to not.3, however,
the stabiliser to TSP gaps are much smaller than for a tube, thus the
stabilizer would be expected to be vibrationally supported at more locations
than a plugged tube,

q p
' ''!he tube vibration responses and two11e6 stress and wear levels were determined

using,.
.

t A, fr-

d
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Reruits from the above described analyses indicate that the wear time for the
etaultter et the plate with the highest work rate is 146 longer than the wear
time f6r a plugged tube to reach a similar wear condition. ,

,

4.4.3.2 Structural Analysis

The analysis of the segmented spear stabilizer demonstrates structural
acceptability for an operating period of 40 years. The analysis examines the
expanded tones of the spear, the threaded spear joints, and the spear / tube
remnant interface. Leading mechanisms whfeh are evaluated include fatigue of
the expansion and / or threaded joints, possible ratcheting of the threaded*

rjoints (slip stick) under cyclic axial loads, and slippage and subsequent,

wear of the spear / tube remnant expansion zone. This analysis does not
include vibrational loading mechanisms, which are treated above. The segmented
spear is not part of the system pressure boundary and, therefore, is not
subject to the criteria of the ASME Code. Where applicable, the criteria of
Section Ill, Subsection NG, of the ASME Code is used as a guide in evaluating
the design.

4.4.3.2.1 Loadina Conditions

The spear is evaluated for a full duty cycle of events, as specified in the
Model 51 Design Specification. A summary of the applicable duty cycle is
provided in Tabla 4.41. Corresponding pressures and temperatures for each of
the transients are summarized in Tables 4.4 2 and 4.4 3. The tube temperatures
summarized in Table 4.6 3 represent the tube temperature in the first pass of,

( the hot leg and the se'venth pass of the cold leg. These temperatures are
considered to be applicable to the straight les portion of the tube in the hot
and cold legs respectively. The tube temperature is b5 sed on the average of g.,

the primary and secondary side water temperatures. The plate temperatures c-!

| ' correspond to the secondary side water temperatures. The transient times
i selected correspond to maximum and minimum values for the various temperatures

,
and pressures being considered.

[
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4.4.3.2.2 Seear Exeansion Zonen

Two expansion conditions for the spear are analyzed. The first condition
corresponds to4xpansions in the first six support plates where the expension
is[ ] Tong,andisnominallycenteredwithinthesupportpiste. For

,

this expansion, the tube support plate hole is assumed to correspond to the 1

maximen value wit!.in the toleranew range, 0.906 corresponds te a hole having a
diameter equal to the tube outside diameter due to the dented condition at this

- plate 0.875 inches.

To evaluate leading conditions where the beam response of the tube is involved,
the(~.

;

M, te*

w .J e,- -

.
.. . .

.

Analysis of the expanded zones to account for the local geometry of the .

expansions is performed using the finits element models shown in Figures 4.4 5
and 6.. 'The model in Figure 4.4 5 corresponds to the expansion zones for tube-

'

support plates 1 6. and the model shown in Figure 4.4 6 corresponds to the
expansion at the top support plate.

.
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Analysis results show that the only significant loadir.g experienced by the .
spear is due to differential axial growth between the stabilized tube and the
surrounding active tubes. The differential radial Srowth between the spear and

approximately
'

qot sufficient to close the gap after expansion,tube support 91ste i
g#81al, and as a result, interference loads do not'

develop. Vibration ioa0 at the top support plate are quite small for a
nondegraded geometry and negligible stresses result. Stresses in the spear

resulting from the remaining interaccio.ss with the tube support plates and.

tubesheet do not produce any significant stresses.

Usins r9fert 'ostressesforanaxialloadof10p0lb.,tubestressesare
developed f each of the transient conditions. L

,

-

3 % aries of theumbrella stresses are provided in Table 4.4 7 for the inside surface and in
Table 4.4 8 for the outside surface. Fatigue calculations for both surfaces
are provided in Table 4.4 9 during the expansion process and local --

concentrations in the expansion transition regions, a concentration factor of
2.0 is applied to the resulting alternating stres us.

| 4.4.3.2.3 Igear Thread d Jointsi

Hoop and axial stresses for the threaded joints are developed using
conventionalanalysistechniaues.[

.

~

.,

~

['fhe resulting fatigue usages are,

summarized in Table 11.

The pull.out capability of the threaded joint is demonstrated using a uniaxial
tension test. The results of the test in the form of a load deflection curve
are provided in Figure 4 These results show the joint to behave in a if near
(elastic) manner for a load up to 4500 any of the transient conditions is 1360
lb., Thus, a factor of 3.3 exists between the applied load and the load
capability of the joint.

$ ?/
'

4.4.3.2.4 Eggg/ Tube Remnant Joint

The contact pressure at the spear / tulie remnant interface following expansion
is determined using both analysis and test. Assuming the response of the tube ,'.
and spear to be elastic perfectly plastic, the contact pressure is calculated '

to be 1500 psi for an expansion of 45 a calibrated vrench the torque necessary
to separate the spear and tube remnant, and then converting the torque to a
friction force. The friction force is then converted to a corresponding normal

_. . . . . .
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force or contact pressure, for expansions ranging from 9 to 50 mils the
contact pressure is found to range from 500 1000 psi for a coefficient of
friction ranging from 0.5 to 1.0. The static bending noment required to
overcome contact pressures of 500 1000 psi is 230 470 in..lb.,

.

The bending moment imposed on the spear / tube rea., ant joint by flow induced
forces is on the erder of 10 - 20 in..lb. for combined turou?ence and
fluid. elastic forces assuming that overall system modifications reduce bundle-

vibration to design basis levels. This is well below the required moment to
inittete slippage. Dynamic aspects of the this loading condition are being
addressed by testing of this interface. Discussions regarding those tests are
addressed in the section of the report dealing with the dynamic response of the
spear and tube remnant.

4.4.3.2.5 Results & Conclusions

Based on the analysis r6sults discussed above, the following conclusions can be
drawn concerning the st.uctural adequacy of the segmented spear stabilizer.

1 Tatigue usage of the spear expansion zones and the threaded joints is
minimal.

2. The axial strength of the threaded joints is sufficient to preclude
pull.out of a spear segment under a slip . stick ratchoting mechanism.

- 3. The contact pressure at the spear / tube remnant interface is sufficient
to prevent slippage and wear'in the joint on a static basis.

- 'Overall, it a segmented spear stabilizer is concluded to be structurally
adequate for its intended mode of operation assuming that overall system
modifications reduce bundle vibration to design basis levels.

4.4.4 INSTALLATION
,

,

Functional requirements were determined prior to the qualification program for
installation of the stabilizer; these requirements were then used during
qualification to demonstrate the adequacy of the installation process and
procedure. The computer controlled hydraulic eFD#nsion process used in the
installation of the spear has been qualified fo. the as manufactured expected -
spear-to TSP diametral clearance range. The personnel installing the segmented
spear stabilizer have been qualified using prototypical mock ups which simulate
the staan generator.

,

4.4.4.1 Spear
.
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4.4.4.2 Cable Stabilizer *

.,

The basic steps of the process involve:
! -

,

_

,

.

- 4,6
.

4.4.5 CONCLUSION ,

Analyses and/or testing of the tube remnant stabilization system have s..svn
that the steam generator repair is structurally sound i.e., the spear remnant
joint, the spear segment.co segment joints and the spear to.tubestset , joint can
resisti loadinge due to fluid drug, tube vibration mechanisms, tube

.

differentialthermalexpansionandinsta1J(Ehespearshouldberesistantto
tion. Also, as the spear material '8' T,

is made of thermally treated ' '
'

,

stress corrosion cracking dufing the rettnining-design objective life of the
steam generators. Briefly, the performance integrity of-the atabilized tubei<

remnant is expected to be, at a minimum, equivalent to the integrity of a
plugged tube,

i It may be possible that some fatigue damage has also occurred in the hot leg of
the failed tube. Therefore, to provide further assurance of maintenance of tube

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

bundle integrity during subsequent plant operation by precluding the potential
for interaction with adjacent active tubes, the hot leg of the tube remnant
will be cable sta'ilized.o

. Finally, all m ighboring tubes will be plugged with ' sentinel" (controlled
leakage) plugs. This will prevent uncontrolled leakage in the event of spear
failure of a type which would result in interaction with the neighboring tubes.
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TABLE 4.4-1.
DUTY CYCLE SUMMARY

4

TRANs[[!{I Ly, tin

PLANT HEAT UP / C00LD0VN 200

PLANT LOADING / UNLOADING 18,300

SMLL STEP LOAD INCREASE 2.000

SMLL STEP LOAD DECREASE 2,000

LARGE STEP L0AD DECREASE 200

HOT STANDBY OPERATION 18,300

LOSS OF LOAD 80

LOSS OF POWER 40

LOSS OF FLOW 80.

REACTOR TRIP 400
^

FEEDWATER CYCLING 18,300
. . .

PRIMARY SIDE HYDRO 5

SECONDARY SIDE HYDRO S

STEAM LINE BREAK 1*.

LOSS OF COOLANT ACCIDENT 1*

FEED LINE BREAX 1*

* NOT CONSIDERED IN THE FATIGUE ANALYSIS

# 9
,

.

e

a
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TABLE 4.4 2
TRANSIENT PRESSURES

PRIMARY SECONDARY PRESSURE
'

TRANSIENT T1HE PRESSURE PRESSURE GRADIENT
. ............................................................=......==..

1 PLANT HEAT UP 0.0 0 0 0
300.0 2250 1020 1230

.

2 PLANT COOLDOWN 0.0 2250 1020 1230
300.0 0 0 0

3 PLANT LOADING 0.0 2250 1020 1230
1200.0 2250 850 1400

4 PLANT UNLOADING 0.0 2250 850 1400
1200.0 2250 1020 1230

5 SMALL STEP LOAD INCREASE 0.0 2250 850 1400
25.0 2320 962 1358

150.0 2125 886 1239

6 SMALL STEP LOAD DECREASE 0.0 2250 850 1400
25.0 2190 746 1444

180.0 2310 798 1512

7 LARGE STEP LOAD DECREASE 0.0 2250 850 1400
60.0 2350 1180 1370

540.0 1975 1106 869
^1200.0 2200 1089 1111

8 LOSS OF LOAD 0.0 2250 850 1400
10.0 2600 1228 1372-

100.0 1630 1228 402

9 LOSS OF POWER 4.0 2250 850 1400
10.0 2070 1238 832

10 LOSS OF FLOW 0.0 2250 850 1400*

140.0 1875 1047 828

11 REACTOR TRIP 0.0 2250 850 1400
100.0 1870 1106 764

12 FEEDWATER CYCL 1HG 0.0 2250 1020 1230
540.0 2250 811 1439

13 PRIMARY HYDROTEST 3106 0 3106---

14 SECONDARY HYDROTEST 0 1356 -1356 9---

.

PRESSURES HAVE UNITS OF PSI
TIME HAS UNITS OF SECONDS

-

.

x . - . A - - - - -
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TABLE 4.4 3
TRANSIENT TfMPERATURES

HOT LEG CLD LEG
PLATE TUBE TUBE

-

TRANSIENT TIME TEMP TEMP TEMP
.....................................................................

'

1 PLANT HEAT UP 0.0 70 70 70
300.0 547 547 547

2 PLANT COOLDOWN 0.0 547 547 547
300.0 70 70 70

3 PLANT LOADING 0.0 547 547 547
1200.0 525 568 548

4 PLANT UNLOADING 0.0 525 568 548
1200.0 547 547 547

5 SHALL STEP LOAD INCREASE 0.0 5t5 568 548
25.0 540 579 560

150.0 530 570 549

6 SMALL STEP LOAD DECREASE 0.0 525 568 548
50.0 510 558 536

180.0 518 567 544

-

7 LARGE STEP LOAD DECREASE 0.0 525 568 548
60.0 565 590 572

-

. i
- 540.0 547 556 548

1200.0 555 543 540
.

8 LOSS OF LOAD 0.0 525 568 548
10.0 570 593 574

100.0 570 560 555

9 LOSS OF POWER 0.0 $25 560 548
10.0 571 578 545

10 LOSS OF FLOW 0.0 525 560 548
45.0 550 523 523

11 REACTOR TRIP 0.0 525 568 548
100.0 557 544 542

12 FEEDWATER CYCLING 0.0 547 547 547
540.0 520 534 534

13 PRIMARY HYDROTEST 70 70 70 zr
---

,

14 SECONDARY HYDROTEST 70 70 70---

.
~

TEMPERATURES ARE IN DEGREES FAHRENHEIT
TIME HAS UNITS OF SECONDS

_



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

1. ..

..

TABLE 4.4 4
DIFFERENTIAL AXIAL EXPANSIONS

l
DL DUE

'

DL DUE TO TO TOTAL,

TRANSIENT TIME PRESSURE TEMP DL
.....g..g............................................................ ,

300.0

2 PLANT C00LDOWN 0.0
300.0

3 PLANT LOADING 0.0
1200.0

4 PLANT UNLOADING 0.0
1200.0

5 SMALL STEP LOAD INCREASE 0.0-
25,0

150.0

6 SMALL STEP LOAD DECREASE 0.0
50.0

180.0

7 LARGE STEP LOAD DECREASE 0.0
' 60.0
540.0.

1200.0
-

8 LOSS OF LOAD 0.0
10.0

100.0

9 LOSS OF POWER 0.0
10.0

10 LOSS OF FLOW 0.0
45.0

11 REACTOR TRIP 0.0
100.0

12 FEEDWATER CYCLING 0.0
540.0

13 PRIMARY HYDROTEST c----
,

'

14 SECONDARY HYDROTEST
-

--- -
,

INTERFERENCES ARE IN HILS
~

TIME MAS UNITS OF SECONDS

%

, . - - _ - - - _ - , . . . ., . . , , .,. ,
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TABLE 4.4 5
DIFFERENTIAL RADIAL EXPANSIONS

DIFFERNTIAL DIFFERNTIAL
EXPANSION EXPANSION

TRANSIENT TlHE TSP 7 TSP 16'

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , , ,

300.0

2 PLANT C00LDOWN 0.0
300.0

3 PLANT LOADING 0.0
3200.0

4 PLANT UNLOADING 0.0
1200.0

5 SHALL STEP LOAD INCREASE 0.0
25.0 ;

150.0

6 SHALL STEP LOAD DECREASE 0.0
50.0

180.0

' 7 LARGE STEP LOAD DECREASE 0.0 *

60.0
'

540.0
1200.0

8 LOSS OF LOAD 0.0
10.0

100.0

9 LOSS OF POWER 0.0
10.0

-10 LOSS OF FLOW 0.0
45.0

11 REACTOR TRIP 0.0
100.0

12 FEEDWATER CYCLING 0.0
540.0

13 PRIKARY HYDROTEST --
-~. g-

14 SECONDARY HYDROTEST ---
,

. ..

EXPANSIONS HAVE UNITS OF HILS.

TlHE HAS UNITS OF SECONDS
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TABLE 4.4 7
SUMMARY Of UMBRELLA CONDITIONS

INSIDE SURFACE

'
.

~

CASE
NO TRANS!ENT CYCLES SIG 1 2 SIG 2 3 SIG 31

......................................................................~

A*l PLANT HEAT UP 200 t
'

t

5 PLANT LOADING 18300
6

8 PLANT UNLOADING 18300

12 SMALL STEP LOAD INCREASE 2000

15 SHALL STEP LOAD DECREASE 2000

19 LARGE STEP LOAD DECREASE 200

22 LOSS OF LOAD 80

24 LOSS OF POWER 40.

26 LOSS OF FLOW 80
'

26 REACTOR TRIP 400..

~

29 FEEDWATER CYCLING 18300-

3 0 ,.

31 PRIMARY HYDRO $
.. .

.,

STRESSES HAVE UNITS OF PSI
TIME HAS UNITS OF SECONDS '

,

W

l

|-

,

|

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



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

. .
-

.

TABLE 4.4 8
SUMMARY OF UMBRELLA STRESSES

OUTSIDE SURFACE

.

CASE
NO TRANS!ENT CYCLES SIG 1 2 SIG 2 3 S!G 3 1.

.......................................................................
. ,'y

1 PLANT HEAT UP 200
2

5 PLANT LOADING 18300
6

8 PLANT UNLOADING 18300

12 SMALL STEP LOAD INCREASE 2000

15 SMALL STEP LOAD DECREASE 2000

19 LARGE STEP LOAD DECREASE 200

22 LOSS OF LOAD 00

24 LOSS OF POWER 40

26 LOSS OF TLOW 80-

s

_
28 REACTOR TR!P 400

.

29 FEE 0 WATER CYCLING 18300
30 '

31 PRIMARY HYORO 5 .
,

STRESSES HAVE UNITS OF PSI'

TIME HAS UNITS OF SECONDS

. .

%% (*
e

e

4
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TABLE 4.4 9
SUPMRY OF FAljGUE USAGES*

$ PEAR EXPANSION 2ONES

|
|

IN510E SURFACE
i

LOAD COND Sr Sa K x Sa n N n/N :,

................................,...,,................................,g |1 15
15 28
15 26
15 - 22
15 24
15 19

31 i

15 - 8 |
,

568 1.

29 - 30 |

10 12
|.

,. .,

i

OUTSIDE SURFACE

LOAD COND Sr Sa K x Sa n N n/N
. .....................................n..............................,,5s...

3 , 35
. - -

-

15 - 28
- 15 - 26.

15 - 22
15 - 24
15 19

31
15 - 8 .

5-6-8
29 - 30

-10 12
. .

i.
.,

YOUNG'S MONLUS RATIO = 26.0 / 29.0 = 0.897
CONCENTRATION FACTOR TO ACCOUNT FOR LOCAL EFFEC 15 - 2.0

COMBINED FACTOR 'K" = 0.897 x 2.0 = 1.,794

.;;- .

,

!

l

.

|

.
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TABLE 4.4 10
SUMMARY Of UtiBRELLA CONDITIONS

THREADED JOINTS
EXTERNAL THREADS

' CASE
NO TRANS!ENT CYCLES SIG l 2 51G 2-3 SIG 3 1

. .................................................................<.....

1 PLANT HEAT UP 200 'd4'

2

5 PLANT LOADING 18300
6

8 PLANT UNLOADING 18300

12 SMALL STEP LOAD INCREASE 2000

15 SMALL STEP LOAD DECREASE 2000

19 LARGE STEP LOAD DECREASE 200

22 LOSS OF LOAD 80

24 LOSS OF POWER 40

26 LOSS OF FLOW 80
-

.

28 REACTOR 1 RIP 400
'

__

29 FEE 0 VATER CYCLING 18300
30 _

31 PRIMARY HYDAS 5
. -,

,

STRESSES IIAVE UNITS OF PSI
,

..

'% ,,

!

0

. - - _ _ - .. - . -- _ _ . .. .. .
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TABLE 4.4 11
FAT!GUE CALCULATION SUMMARY

SPEAR THREADED J0!NTS

l
.

LOAD COND Sr 5: X x $4 n N n/H
-

...........;......................,......,.............................
1 15 d4

15 28
15 26
15 22
15 24
15 19

31
15 - 8
568

29 30
10 12

.

~

YOUNG'S H0DULUS RATIO - 26.0 / 29.0 0.897

.

.

*9

4

a

%

e

@'

I

,

% Ci

.

*

9

-- , e,-, .--_, - . - - - . - . . . , -,-,v- ,--w .f,--. , - - --



. ._. _ . _....-__. . _ . . . . _ . _. _ . ~ . _ _ _ _ _ _ _ _ . _ - _ - .._.___.._.__.._._.m._. _ _ _ . . ,
,

t- . . :
'

P

3
'

.t

|!..

-
-

*e 4

A.b A- .
.

,

,

:-
,

4 ,
. :

!

I
I

t

h

*
.
?

i
.
e ,

,

t
.

P

i

->
.

$

a

4

+4

_

.
!

.- ,

4

* *
. . ,

FIGURE 4.4-1 -
,

f(RTH #NA No.1 STCAN GDOAttR 'C' TURE R9C51!

U4DlD TUBC RDWANT SPCAR STABILIZER
HYMAULIC EXPAN3!DN UPPER JOINT /RDLL EXPANDO L.CMER JINT i

. .

$

i
$

e

4''k O

.9

^

0 - _

2 -
__,

4

'
4

t

e

h

a

4

- - + ' , . . - ..w-... es., r.w.y 5,,,--- - -,www---,.-- wwwe , . . - . ..v......rww-,--i-,,--wn,--c e m-v. . . - ..r,%. r s.w,.,-,mrr-w m ,,ser--r--,.--.w-. -m- m w ,- . v,. - ,w w , w w y -



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

. . ,

*
,

|.i.

4

-

.

,

, ;

.

,

- ,

4

E,k4.

.

. . , - .

.

'

"
.

O.

t.~ .

.

.

I

.'

FIGURE 4,4-2 -
.

MTH #eeA No.1 STEAN CDCtAYtyt *C* TUE RSCS!
>

U-END TUBC RDWANT SPCAR *tA33,tztg '
'*,

NDED KHNT KTVED4 SEGMENTS --

% , v. .

. -

.

e

e

i

i

|

s

_ - . - - - . . , , - . . - , . , -. .- -- . . . . ~ . . _,.,..,--.._,m. .-n.., . - - . . _ - - . . - . , , .-



_ _ _ _ _ _

. +
j

l
'

I.

a,b c -
,

.

.

.

t

.

.

~.

.

,

N +,
. .

FIGURE 4,4-3
' "

tGTK M4M Nsl STEAM 3ENEPATm 'C',

TWC R9C51 HDT LEG CABLE STABILIZER

--

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



a. n _ _w + . a n ussa ,aa as- .mo nu m - gg v-> m. .e+u m a s .--m mu n e.se. ns.1,n ,s m m a anem-ss - . Ju nn e-e s_w.m .au sa - a ,;- -, 4 u.s a m s - s as- s m u n us- s-n .n,.

O

.t. .. .

O

e

e
g q

.
.

O

1
1
,

E

P

f

,

I

i

t

O $

f +.
t

b

e

4 4

' D'

.

$

i

4

N
I i

% ,

% g,
'

% ej
4-' *

. .

nount 4,4 4 stcMtwito SPEAR / TU8E AIMNAM SEAM MODEL

.

0

9

i

'

,

!

I
l -. .

*;-

. . . . . , . . - - - ._..-#.-.. .__. _._'L..,...__.._......L....__;_,._,,#,m,.. , , . _ . ' _ , , . _ , ,,...,,w., . , , , . , . . , m . - . . . . ,v...,,,....



. . _ _ _ _ . _ ..

. .

0

-

.
.

c,b,c-

*
.

.

,

{

;

!

'

.

_
,

4

.
.

i

i

l

!
.

.-
,

!
t

!

M GURE 4.4 5 SPEAR EXPANSION ZONE MODEL J.

MAXIMUM TUBE SUPPORT PLATE HOLE
.g C'

.

|

1 .

'
,

.



4_.N4_ _&a-*.4 *+4 ja.b..4 44 t*u.W 4- M- COc '-.Wc 4 d *sa *4-- -AMJmA 8 1 DL 6*4.e- +* s.-4J *-AM.- 3----44 * a-*eOM 4' -J&AM 4d M-+ MAO EeJ E aj dCA # .M &hM .AMMh I e 4 AA M am4.be 4-rs

'

f
'

a

p ,

. . ,,_
, . i

4

g ,,

'
q una

.

( 'it

1i
t

& ~

y

4
1 i

.

*

,

d

4

I k

)
,

d

I

!

s

a

4

4

'j - -

e e

4,
*

*

4 .
1 T* ';

4 *

SEW

4

+
.

j. -.
,

.

1

i
4

4
a e

y e

J ue 'WI
J

*- $
'

FIGURE 4.4 6 $ PEAR EIPAN510N 20NE M OL
TOP TUBE SUPPORT PLATE HOL

.

** g ..

, ,

eg-'g

'j
t'

; -e
a ,

4

=

-

1-
. .

4

t

S

,

- r e r e e- --,w>.oe _r-*,c--- m .a --*A- - - a+ m - r www-p y- y e y- r i sme'--+ w- - * - r Myv.W6-4 'yV=



e

. . .
.

.

b

\

.

O4 g em

.

m

M

M

*

I@

'

W

e

O

FIGURE 4,4-7 THREADED JOINT PULL-CUT FORCE TEST RES1ATS
.

s

s g# ,'
a

B

e

O

9

4



~ =_. --_ _ . _ _ . - - - .

. *

.

4.5 DOWNCOMER FLOW RESISTANCE PLATE (DFRP)

-

The DFRP assemblies comprise an annular, perforated plate located near the top
of the downcomer

.nnulus, between the wrapper and shell of the steam generator,'

as shown on Figare 4.5-1.
Its function is to provide a hydraulle impedance to

the recirculating coolant flow in the steam generator, thereby providing one of
the hydraulic parameters used to establish the circulation ratto (CR). ,

The

purpose of this section of this report is to describe the design and analysis
of the DFRP; the evaluation of the influence of the CR, and hence fluid
velocities, on tube vibration is described elsewhere in this report.

4.5.1 DESIGN DESCRIPTION

The DFRP consists of a series of perforated plate assemblies, as shown on
Figureg.5-2. The assembly includes a[ ]krforated plate with two {,Jhusset plates welded thereto.

The assembly comprises a nominal [, ]^6 '

sectoroftheannulus,hence[]hktesaretobeinstalledineachgenerator.
The size of the plate assemblies.,is compatible with installation through a 16
inch manway.

The location of the DFRP in the steam generator, shown on Figure
4.5-3, is above the conical section of the wrapper and below the primary

-

separaf6r barrel.

The DFRP assemblies installation will position the plates snug against the
wrapper (and its adjacent plate) while assuring a gap at the shell ID through
the use of a removable gage. Installation will be performed by a crew of
trained and qualified specialists. The major considerations during
installation are fit-up of the assemblies to design requirements and loose
parts taanagement.

4

y :j.

.

0020M/091287:49-1

_ __



. . . .. . - ~ .- _ - - - - .._ .. - . - .. - . .. . . - . - . . - - . - - -.

l
, .

3.62 |
4 6 '

i I'
- i 63.25 .|h*

-

n

3.62

.-,}
_ - 168.50 1.D. "

_ r _-
:k

.

-

#.

g p 113.49
|('

- - ''
.

I

O
. . t,

3
' '

A^A n

6/ M 113,49'
^

- \..... .
-

I- li ' '_3 ._.=... ._.Qa... ..
|

DFRP ,) i u

u L

I |3.68 : :
76.94

' , a 1

!"g | | h
,

< a

-
c n-

i -

| 812.00
*

.

| |*

138.002.82
4i=---129.38 1.0, I d

a
'

!
-

,

123.50 f.D.*|1,|| 1
.38 : :|--

d o
| | n |

|
-

n _ - -, ,
i i

M

i 1 2,

! y 138.00
-

'

i -

! : 3
I

!. I ,'
i

|
"

i | ; i s
-

, .
' "

! - 3.25 : "e-. i 76' * n
!

i u i

76.00,

c : 14.00 3 "l | p
-

-

| N i f*l #8;75, j :;

\

L__ t i(," Y V T.

[ f 'f 27.00
- ' "

-,

#
| - 82.81 R. 16.00 -w 'L & -

3

$
' '

66 00

C ~ h .,I i31.20 -
M t y

FIGURE 4.5-1
.

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



*.

|

.

3 -
.

she. .

] .

.

"
.

.

I
~

v

4

.

. i

DOWCDMDL FIBJ RESIST.ANCE PLATE ;s

s' ,f
.

TICURE 4.5 2
.

W

k

N

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



___ _ -,. _ _ _ _ _ , , _ - - - - , - - - - - _ - , - - _ - - . . - - - - - -

e 0

.

l.

.

O

4%

4

I

I

$

4

%

-

G

h

>

k

O
W

I

Oe>

( a
*

. *

O

O

1B g

1P

1

*

1
\

e



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

.- o

4.5.2 PERFORMANCE ANALYSIS

The objective of installing the downcomer flow resistance plate (DFRP) is to
reduce the circulation ratia and thereby reduce the total secondary flow
through the tube bundle, ibis in turn results in lowering the secondary si6
velocity in the U bend region. The DFRP provides additional flow resistance in
the circulation path. Since the driving force (gravity of water in the
downtomer) remains unchanged, the circulation ratio is reduced.

.
4.5.2.1 Basis for Sizing

The sizing of the DFRP is based on first determining a target circulation ratio
frcm tube vibration and other considerations and then calculating the plate
geometry that will provide the flow resistance required to yield the
circulation ratio.

In order to reduce the fluidelastic stability ratio si5nificantly, it was
decided that the circulation ratio should be reduced to below 3. The 51 Series

stean. genertors in other operating plant, currently have circulation ratios of

_2.9. It was decided not to reduce circulation ratio too far below this value
so as to stay within the operating experience of similar steam generators with
respect To tube bundle void fraction, flow regime, etc. This yielded a target
circulation ratio value of 2.9.

Having defined a target circulttien ratio, it was relatively straight forward
to determine the plate geometry needed to provide the flow resistance that will
result in this circulation ratio. Given the location of the DFRP in the
downcomer, flow area through the plate is the key geometric parameter that
controls its flow resistance. The Westinghouse proprietary computer code GENT
was urcd in the analysis to predict the circulation ratic. 'This verified code
calculates the circulation ratio, steam pressure, fluid mass and other steady
state operating characteristics of a feedring type steam generator. The effects
of a DFRP on circulation ratio has been verified in field instrumented steam ....

generators. This data has been used to confirm the calculational code.

0020M/091287:49-2
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4.5.3.5 Conclusions

Based on the results of this analysis the following conclusions can be
drawn concerning the structural capability of the downcomer resistance-

plate assembly.
.

1. The fatigue usage ior the gusset / wrapper weld is less than the
ASME Code guideline.

2. The maximum stresses for the gusset / wrapper weld are less than
the ASME Code guidelines.

3. The cooling caoability of the steam generator is not impaired
following a steamline break accident.

,

4. The wrapper support blocks meet appropriate limits for the
steamline break accident.

- Overall, the downcomer resistance ring is structurally acceptable for
itsintendedmodeofoperation.

m
,

-

,

.
_

.

I

c'<s
_

.
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4.5.3 DFRP STRUCTURAL ANALYSIS,

4.5.3.1 Introduction
,

The purpose of this analysis is.to verify the structural adequacy of.

the downcomer ring assembly. The analysis considers fatigue loadings
due to operating transients and pressure loadings from the steamline
break analysis. Pressure loads during normal operation are not

'

significant. The transients considered during the fatigue analysis
include the Feedwater Cycling Transient and a De-Pressurization
Transient which umbrellas those conditions which involve injection of
cold auxiliary flow. A prior analysis of the shc11 girth weld has
established that other normal, upset, and test conditions do not result
in any significant fluctuations in the adjacent downcomer fluid or in J

the saturation temperature. The pressure drop across the resistance
plate resulting_ from the steam line break loading is 60 psi.

The downcomer ring assenibly and wrapper are non-pressure boundary
'

components .and are not subject to the criteria of the ASME Code. Where
- appropriate, however, Section III, Subsection NG, of the ASME Code has

.

been used as a guide in establishing fatigue and stress limits.

-4.5.3.2 Anslysis Procedure

The analysis is performed using a combination of aralysis tools. In
considering the thermal transient analysis, the predominant loading
mechanism is the relative temperature response of the various component
parts, rather than a thermal shock concern which occurs for thicker
members. Therefore, it is sufficient to determine the general average-
temperature response of the various component parts, the wrapper,
gusset, and resistance plate. To_ establish the average temperature

' response of each component part, a one-dimensional heat transfer / u
,

thermal stress program is used.
.

0020M/091287:49-5
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4.5.4 DOWNCOMER FLOW RESISTANCE PLATES SAFETY EVALUATION
*

4.5.4.1 Introduction

This evaluation is written to address the safety effects of the

installation of flow resistance plate assemblies into the North Anna Unit
I steam generators. The flow resistance plate assembly consists of
segments of perforated plate positioned in the downcomer annulus between
the tube bundle wrapper and the steam generator shell. The plate segments
are supported by brackets welded to the wrapper. The resistance plate
assembly adds a resistance in the flow path of the water flowing down the
downcomer. The added resistance will reduce the circulation ratiu and
therefore the mass flow through the tube bundle.

The reduction in mass flow thr.ough the tube bundle is intended to reduce
_the potential for fluid elastic instability of the tubes in the U bend

'

portion of the tube bundle.

4.5.4.2 Evaluation
.

The original design of the Series 51 steam generators used at North Anna
Unit 1 included a downcomer flow resistance pl ate. This plate was

subsequently removed to increase the flow through the tube bundle, it i
increased tube bundle flow increases the crossflow into the bund \e at the
bottom of the wrapper and acrocs the tubesheet. This increased crossflow
was considered desirable to reduce the area of the tubesheet exposed to
low velocity with the potential for sludSe deposition.

Sludge accumulation currently does not have the lavel of concern as was .;
~

' the case at the time of the removal of the original downcomer flow
.

resistance pl ates. The change in water chemistry from phosphate chemistry
,

to all volatile treatment (AVT) has generally resulted in a sludge form

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _________________________r______ _ _ _ __ __
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more mobile and less likely to become cemented together and has resulted
in a smaller volume of sludge. Improved tubesheet cleaning methods, more

,

frequent tubesheet cleaning, and increased attention to generation of
corrosion product in the secondary system have typically resulted in
operation of steam generators with a smaller inventory of sludge.

! The potentially detrimental effect of sludge accumulation is the increased
potential for corrosion of the tubes due to local superheat on the tube
surface, chemical hideout, and concentration of chemical species in the
sludge pile. This effect is not as likely in AVT type sludge as compared
to phosphate type sludge.

Siudge deposition is an operational issue not a safety issue. The

corrosion form typically associated with concentration of chemical species
in the sludge does not.rtsult in a condition which changes the leak before
break characteristics of the tube. That is, typical corrosion of the tube'

- that could result in through wall degradation would result in leakage in
~

excess of technict1 specification limits before the corrosion would reduce
the structural integrity of the tube to less than what is required to
resist postulated steamline break loads. The plant Technical

Specifications require that the unit be shut down and leaking steam
generator tubes be plugged hofore the leakage limit is exceeded. Existing
analyses bound tube degradation up to a postulated tube rupture. Also,
the normal eddy current inspection of the tubes would be expected to
detect an unexpected increase in the corrosion rate due to increased
sludge deposition.

A stress evaluation of the design of the resi tance plate modification
shows that stress levels in the plate segments, brackets, wrapper, and
wrapper supports will not exceed appropriate limits for normal, and z.
postulated accident conditions, for the most severe faulted load
(steamline break) the resistance plate assembly and the wrapper near the

,

weld of the bracket to the wrapper would be permanently deformed; but the

s
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functional integrity of the wrapper and the attachment welds would be
maintained. The downcomer flow resistance plate assembly is a

.

non pressure boundary component and is not subject to the criteria of tim
ASME Boiler and Pressure Vessel Code. Where appropriate the ASME Code,
Section III, Subsection NG was used as a guide in establishing stress
limits. The load on the plate is due to hydraulic forces resulting from
the flow of water or steam through the resistance plate. The installation
of the downcomer flow resistance plate assembly will not increase the _

;
loads on any other portion of the steam generator for normal and y;

postulated accident condition loadings in excess' of the original design

loadings. The original design loadings included the effect of a similar 4
downtomer flow resistance pl ate. The presence of the resistance plate Q
alters slightly the structural load split among steam generator internals Y

due to hydraulic forces in the steam line break analysis. This is bounded
by previous analyses. A fatigue evaluation for the most critical location
in the assembly results in a fatigue usage of less than 1. Therefore, the

_

*

- design is acceptable for design basis transients.

The purpose of the modification is to reduce the potential tube vibration
due to fluid-elastic excitation. An evaluation of the fluid glastic

stability of the tubes not supported by the anti-vibration bars (AVB'S)
has shown that the reduction in finw will result in improved stability of
the tubes to fluid slastic excitation in the U-bend region of the tube

bundle. An evaluation of the steam generator hydraulics has shown that
the installation of the resistance plate assembly will result in a

significant reduction in the circulation ratio and mass flow through the
tube bundle.

The relationship between the reduced flow area at the downcomer flow
resistance plate and the circulation ratio was determined by a ;g

,

thermal-hydraulic analysis. The flow area includes the holes in the plate
segments, the gap between the plate and the shell, the gap between

,

subassemblies, and the gap between the plate and the wrapper. The

-

-

_.

s
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4.5.4.3 Conclusion

This evaluation has been written to consider the safety effects of
installation of a downcomer flow resistance plate assembly into the steam
generators of North Anna Unit 1. The installation of this modification

g is expected to improve the fluid elastic stability'of tubes not supported
by AVB's. This modification will reduce the circulation ratio which will
result in a slightly larger low selocity area on the tubesheet with the

,

1 potential for sludge deposition, howaver this is not expected to increasej

the potential for tube degradation. A stress evaluation has detennined

$ } that stress levels will not exceed appropriate limits for normal and

y' ~ ' postulated accident conditions. The downcomer flow resistance plate

assembly and the wrapper are Non-Nuclear Safety class components. Failure

of either the resistance plate assembly or the wrapper at the attachment
'

welds would not degrade the steam generator heat transfer capability below
that required to safely cooldown the pl ant. The effect of the

_ modification on the circulation ratio and the water inventory is not
expected to change setpoints determined by previous analyses or to alter
the response of the measurement instrumentation. The design of the
modification includes provisions to minimize the potential for loc 3e parts
and occupational radiation exposure. e .

Therefore, the installation of the downcomer flow resistance pl ate

assembly will not result in a previously unanalyzed accident or increase
the probability of a previously analyzed accident. The margin of safety
which, in part, is provided by the safety factors included in the ASME
Code is not reduced. Based on the information outlined above,

installation of downcomer flow resistance plate assemblies in the steam
generators at North Anna Unit I will not result in an unreviewed safety
question as definec in the criteria of 10CFR 50.59. ,g, .

l
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_ SAFETY EVALUATION BY THE OFFICE OF NUCLEAR REACTOR REGULATION

FACILITY OPERATING LICENSE NO. NPF-4

VIRGINIA ELECTRIC AND POWER COMPANY

OLD DOMINION ELECTRIC COOPERATIVE

NORTH ANNA POWER STATION, UNIT NO. 1

DOCKET NO. 50 338

1 INTRODUCTION

On Wednesday, July 15, 1987, Unit 1 of the North Anna Power Station experienced
a tube rupture in steam generator C, of tube R9-C51 at the top of the seventh
support plate in tha old leg. This incident occurred after the reactor had
returned to 100% power following the Spring 1987 refueling outage. The opera-
tors at the plant were able to bring the reactor to a cold shutdown mode without
further damage to the plant or any significant radiation release to the
environment.

'By letters dated September 15, 1987 and September 25, 1987 (References 1 and 3),
Virginia Electric and Power Compt .y (the licensee) provided the document,
" North Anna Unit 1 July 15, 1987 Steam Generator Tube Rupture Event Report"
(Reference 2) describing its plan of action for returning the plant to full

. power' operation. Also provided for our review was the Westinghouse Electric
Corp Report, " North Anna 1 S/G Tube Rupture and Remedial Actions Technical

Evaluation" (Reference 4).

This Safety Evaluation (SE) presents the staff's evaluation of the adequacy of
the licensee's identification of the major causal factors leading to this
event and the adequacy of diagnostic and corrective measures implemented by the
licensee to prevent a similar failure in the future. The staff's review was
assisted by expert consultants from Oak Ridge National Laboratory in the field
of eddy current testing; from Argonne National Laboratory in the field of flow-
induced vibration; and from the Massachusetts Institute of Technology in the
field of fatigue and fracture.

1
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Section 2 of this SE provides a brief background of steam generator experience
at North Anna prior to the rupture of tube R9-C51. The extensive steam generator
(SG) inspection program conducted subsequent to the rupture event is discussed
in Section 3. Section 4 details the comprehensive investigations and analyses
conducted to establish the root causes of the rupture. Corrective actions
implemented by the licensee to prevent a recurrence of the failure mechanism
are discussed in Section 5. Staff finoings and conclusions pertaining to the
adequacy o/ the licensee's program to identify causes of the rupture event and
of the diagnostic and corrective measures taken to prevent a recurrence of the
event are presented in Sections 6 and 7, respectively. ,-

,

2 SG EXPERIENCE PR:0R TO THE TUBE RUPTURE

( The North Anna SGs are Westinghouse Model 51. These generators have 3388 tubes,

each with an outside diameter of 0.875 inch and a wall thickness of 0.050 inch.
The tubing material is Inconel 600 in the mill annealed condition. The tube y

support plates are carbon steel with drilled tube holes.
L

Since initial plant startup in 1978, North Anr.a Unit 1 has utilized an All
Volatile Jreatment (AVT) control of the secondary water chemistry. The unit
experienced an inadverter.t intrusion of powdex resin into the SGs during the

,

first operating cycle. During the intrusion event, the resin decom osed to :e

form sulfuric acid, resulting in reduced pH and increased cation activity.

A corrosion phenomenon known as " denting" was first observed at North Anna Unit 1
during the first refueling outage in 1979. " Denting" refers to the squeezing
of tubes at tube-to-support plate intersections caused by a buildup of an iron
oxide corrosion product (called magnetite) in the annulus between the tube and
support plate as a result of corrosion of the carbon steel support plates.

A boric acid treatment was commenced in 1980 with the intertion of arresting
the progression of denting. From the time it was first observed in 1979, dent-
ing at North Anna 1 has been considered to be relatively minor in terms of the
amount of diameter reduction induced at the tube to support plate intersections

2

I
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(compal-ed to what has been observed at other plants). In addition, eddy cur-
rent inspections indicate that the progression of denting has been arrested
since at least 1984.

Tube deformation accompanying denting leads to high tensile stresses at the sur-
face of the tube. The most usual consequence of these high tensile streses is
stress corrosion cracking (SCC). These cracks generaily have an axial orienta-
tion. Although the progression of denting has been arrested since at least
1984, the potential for SCC has continued to exist, since the high ter.sile
stresses 3ssociated with denting continue to be present. Since 1985, hundreds
of tubes have been plugged as a result of eddy current indications ar.d/or leaks
resulting from SCC at dented locations.

Apart from SCC, there are other potential consequences of denting which are now
believed (after extensive failure analyses) to have created the conditions neces-
sary for the rupture of tube R9-CSI. This is discussed in detail in Section 4.

In addition to denting and SCC associated with denting, North Anna has also
experienc~ed non-denting-related SCC in the small radius, inner row U-bends and
in the tube expansion transition region at the top of the tubesheet. Like the
denting related SCC flaws, the non-denting related SCC flaws have been observed
at numerous other plants besides North Anna Unit 1. The U-bend SCC cracks are
attributable to high residual stresses in the U-bends caused by the original
tube bending process during fabrication. The cracks in the expansion transitjon
region near the top of the tubesheet are the result of the high residual
stresses associated with the abrupt change in tube diameter formed when the
tubes were explosively expanded against the tubesheet during SG fabrication.

.

North Anna Unit 1 has also recently begun to experience wear degradation as a
result of the tubes interacting against the antivibration bar (AVB) supports in
the U-bend region of the tube bundle. To date, the wear degradation, as indi-
cated by eddy current test results, has been well within the Technical Specifi-
cation plugging limits.

3
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Prior to the rupture event on July 15, 1987, the North Anna Unit 1 Gs had
most recently been inspected during the Spring 1987 refueling outage. The plant
did not restart from this outage until June 29, 1987, and did not reach 100%
power until July 14, 1987, the day before the event.

The Spring 1987 inspection had included a 100% inspection of the population of
unplugged tubes in each SG, As a minimum, all tubes were inspected from the
hot leg tube end to the seventh (i.e., uppermost) support plate on the hot leg
side. Huwever, some tubes were inspected around the U-bends, including some
tubes which were inspected over their full length. In SG C (which contained
the tube which subsequently ruptured), 24% of the tubes were inspected around
the U-bend to at least the seventh support plate on the cold leg side; 16% of
the tubes in SG C were inspected over their full length. This inspection
program exceeded minimum plant Technical Specification requirements.

I
'

Tube R9-C51 in S/G C, which subsequently ruptured, had been inspected from the

hot leg end to the seventh support plate on the hot leg side during the Spring
e

1987 cutage, but had not been inspected at the seventh support on the cold leg
-side where the rupture occurred. Indeed, a review of past records indicates
that this_,particular location had not been inspected since 1980. As will be
explained later in this report, the failure mechanism associated with the rup-
ture involves rapid crack propagation (i.e. , no mot than a few days) from the
point of initiation to rupture. It is not clear that even if the upper support
plate location on the cold leg side had been inspected during the Spring 1987
outage, that a detectable indication would have been present.

A total of 263 tubes were plugged during the Spring 1987 outage. Most of
these were the result of SCC indications at dented support plate indications.
Numarous other tubes were plugged as a result of SCC indications at the expan-
sich transition location of the tubes near the top of the tubesheet.

3 POST-EVENT INSPECTION PROGRAM

Subsequent to the rupture event, the identity of the ruptured tube (i.e., R9-C51)
was determined by observing leakage from the filled secondary side into the

4
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drained primary side. This was followed by an eddy current examination of the
tube to identify the failure location. A fiber optic-video device was then
inserted to permit visual examination of the failure location. The failure was

'

observed to involve a corglete (360*) circumferential fracture of the tube at
the upper edge of the seventh (uppermost) support plate on the cold leg side.

A portion of the ruptured tube on the cold leg side up to and including the
fracture surface was removed from the SG for detailed examination. The results
of these examinations and the determination of the tube failure mechanism are
described in Section 4 of this report. In parallel with the assessment of the
failure mechanism, the licensee commenced a comprehensive eddy current inspection
program of all three SGs as described in Section 3.1 below.

3.1 Eddy Current Inspection Scope and Methodology

The_ eddy current test (ECT) inspection program consisted of three major elements.
First, all portions of tubes not inspectea during the SprinC 1987 outage were
inspected with a bobbin coil probe (with coils coaxial to the tube), which is

'the indus~try standard. (As noted earller, the fracture lotstion on tube R9-C51
had not bqen inspected during the Spring 1987 outage). Second, all tubes were
inspected to the seventh (uppermost) support plate on both the hot leg and cold
leg sides using a " pancake array" (8 x 1) probe. This probe consists of an
overlapping array of 8 independent pancake coils spring-loaded against the inner
surface of the tube. This probe is more sensitive to circumferential flaws
(such as_those associated with the rupture) than the standard bobbin probe.
Third, a rotating pancake coil (RPC) probe was used to confirm signals from the
bobbin and 8 x 1 inspections. The RPC probe gives better resolution to small
defects, but is more time-consuming to employ. *

The FCT inspection program was conducted utilizing state of-the-art multifre-
quency eddy current test technology, including the use of digital data acquisi-
tion and analysis techniques. A Westinghouse Intelligent Eddy Current Data
Analysis System (IEDA) was used as an aid in flagging suspect bobbin coil;

indications, which were then dispos.tioned by data analysts. The data from,

each tube was independently reviewed by two different analysts. One analyst

,

5
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used the Westinghouse IEDA system and the other analyst used the Zetec Digital
Data Analysis System. All data analysts were certified at least Level !! in
accordance with American Society of Nondestructive Testing (ASNT) requirements.
The analysts were given additional training by Westinghouse and required to
pass a test that covers the specific data analysis used for the North Anna eddy -

current tests. !

.The ECT inspection program, including the scope of inspections, and the pro-
cedures, equipment, and techniques employed were reviewed as part of the NRC
Augmented Inspection Team (AIT), which was dispatched to the North Anna site
shortly after the event. The team included staff members from the NRC Office
of Nuclear Reactor Regulation and an expert consultant on ECT from Oak Ridge
Natforal Laboratory. Detailed findings of the All investigation are documented
in Reference 5. In summary, the AIT report concluded that the overall test
program, the extent of the examinations, the execution of the program, and the
da's analysis techniques were acceptable.

In addition to the AIT effort, NRC Inspectors from Region II visited the plant
ton August- 10, 1987 and again on August, 31, 1987 to evaluate the licensce's ECT
inspection and training procedures. Their findings were also favorable and

,~

are contained in Inspection Reports 50-338/87-28 (Reference 6) and 87-31 (Refer-
ence 7). On September 10, 1987, an NRR staff member and the staff's ECT con-

sultant visited North Anna to conduct an audit of the data analysis performed
on a selected set _of-tubes at the seventh support plate location. Based on the
limited sample, the licensee's data analysis results for the upper support plate
were confirmed to be adequate.

f

f

3.2 'ECT Inspection Results
,

The North Anna plugging limit, as specified in the plant Technical Specifications.,
is 40% of the tube wall thickness. However, consistent with past experience,
the presence of. competing signals from dents and from tube expansion transitions
generally precluded making accurate depth estimates for indications located at
the-support plates and near the top of the tubesheet. The licensee therefore
plugged all tubes containing such non quantifiable indications.

6
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Table 1 summarizes the number of tubes plugged by indication type. All indica- i

tions identified were either present in the April 1987 refueling outage with no
discernible change present, or were located in previously uninspected portions

f of each SG. Additionally, a review of the data from the last outage using the
current analysis rules revealed several tubes that now had a pluggable call
placed on them. This apparent, though not actual, change in the SG condition
was due to the change in the analysis rules and increased awareness by the
analysts of North Anna specific ECT signals. A review and comparison of SG C

hot leg da+a demonstrated that there was essentially no change in tube condition
from the April 1907 refueling outage to July 1987 (when the event occurred). ~

Finally, there were no indications of a circumferential nature found at any
tube support plate locations, including the seventh tube support plates.

In addition to tubes found to contain eddy current indications, other tubes
were plugged for preventive reasons as indicated in Table 1. This " preventive
plugging" activity is discussed in Sections 5.2 and 5.3.

4 FAILURE ANALYSIS
-

A detailed failure analysis program was conducted by Westinghouse to identify
the causal factors leading to the tube rupture event and to provide a basis for
determining the corrective actions necessary to prevent a recurrence of this
event. As part of this program, a portion of the failed tube extending from
the fracture surface to the tube end on the cold leg side was removed from the
SG for detailed laboratory examination. Section 4.1 below provides a
description of these exam...ations which indicate that the frscture cccurred
as a result of fatigue. The alternating stress level leading to fatigue
crack initiation was determined on the basis of observed fatigue striation
spacings on the fracture surface and is discussed in Section 4.2. Section 4.3
discusses the fatigue strength properties of Inconel 600 tubes in an AVT water
environment. Section 4.4 provides an assessment of the potential loading
mechanisms which could have led to fatigue crack initiation and propagation.
As discussed in Section 4.4, a flow-indui.ed vibration mechanism involving'

a fluidelastic instability is believed to have provided the driving
|

7 l
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Table 1 Steam generator tubes plugged as' result of SGTR event (by indication type)
1

Tube 3 Total
4 5Cleart Distorted 2 sheet 8x1 possible Preventively tubes

S/G indications indication; indicatiods indications plugged Other' plugged

A 0 6 5 11 80 2 105

B 0 3 5 12 12 1 33

C 2 2 20 11 58 19 112
_

2 Clear Indications (defective) - bobbin indications of greater than 40 percent "thru-wall" depth.
2 Distorted Indications - bobbin indications of undetermined "thru-wall" depth at the tube support plates.
3Tubesheet Indications - bobbin indications of undetermined "thru-wall" depth at t& sheet.
48x1 Possible Indications - indications identified by 8x1 probe.
STubes plugged as a preventative measure (see Sections 5.2 and 5.3). |
6 Tubes with broken probes or which would not pass 8x1 probe - includes failed tube.

_

__._____
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force for initiating and propagating the fatigue crack. Section 4.5 discusses
various factort which are believed to ha"e contributed to the flow instability.
Based on the above, Section 4.6 provides an overall summary of the necessary
conditions for causing a fatigue failure such as occurred for tube R9 C51.

4.1 Laboratory Examination of Failed Tube Specimen

4.1.1 Destructive and Non-destructive Testing

The straight sectiori of tne f ailed tube (R9-C51) between the fracture surface
and the cold leg end was removed from SG C without causing significant
elongation or distortion.

The results of mechanical testing and chemical analysis established that the
tube had mechanical prnperties that met all applicable requirements (e.g., ASME
Code) and otherwb div :ayed the expected characteristics of Alloy 600 in the
mill-annealed condition. Radiography, consisting of double-wall radiographs

etaken at four rotatiens 90' apart and of a siagle-wall radiograph using a
*"rocisserie" technique, revealed no indications in the seventh support plate
region ot_her than the fracture at the top edge of the support plate location.
Eddy current examinations were also conducted on the seventh support plate
reg.on using bobbin, 8 x 1, RPC, and outer diameter (OD) pencil probes. No

indications were observed below the fracture face in the support plate region. ;

4.1.2 Visual and Macroscopic Examinations

With reference to Figure 1 (taken from Reference A), which summarizes the

fractographic observations schematically, the 45 location corresponds to the
I plane of the U-bend. Multiple fracture initiation " origins" occurred betwFen
L approximately 90* and 180*. The tubing between 90 and 180" is determined to

have protruded approximately 0.07 inches above the top edge of the support plate.
I

| This location is the fracture region closest in elevation to the top edge of
the support plate. -The highest elevation of the fracture is located at 315*
and is approximately 0.17 inches above the top edge of-the support plate.

9
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q On the fracture face, a dark deposit was noted from approximately 90" to 150*.
] Typically, the deposit extends from the 00 to 3/4 through-wall. An analysis of

{ these deposits showed that they had a composition similar to adjacent OD deposits
and that they contained elements which would be exoected from secondary-side

[ water-borne deposits. Fatigue cracks initiated in this location. The signi-
j ficance of these deposits is that they may show the shape of the early macro-

] crack before faster crack growth rates occurred which did not leave sufficient
| time for' disposition of water-borne material. From the shape of the deposit,

it is believed that the macro-crack iritially broke through-wall over a 40
a

crack front that extended from 100* to 140*. Fatigue striation orientation
; data also support this hypothesis.

i
4

t

j 0xidation and/or fretting was observed on most of the fracture surface but was
most severe at about the 135 position. It was heavy throughout the region
containing most of the crack origins and of diminishing severity at locations;

i proceading in the clockwise direction from about 170* and counter-clockwise
j from about 70'. This suggests that the oldest portion of the crack occurred at
j about the 135* position,

'

i ;

; _ <

4.1.3 SEM 6,nd TEM Fracture Face Examination'

,

A summary of fractographic features and striation spacing measurements is pre-
sented in Table 2 and in Figure 1, which also gives the estimates of cyclic
stress levels that can be made from the striation spacing as described below.

'

Replicas or " grids" the fracture surface were examined in a transmission i

electron microscope (TEM). These TEM fractographic examinations were performed
! to provide the resolution needed to definitively determine if the striation-like

mark.ings observed during scanning electron microscope (SEM)..fractography were
indeed fatigue striations and to provide quantitative data pertaining to their
spacing. The striations run perpendicular to the direction of local crack
propagation. The striations develop as a consequence of repeated blunting and '

resharpening of the crack tip during the cyclic applications of load, so each
,

striation marks the position of the crack tip at the-time it was formed. The

striation spacing provides a rough estimate of the crack growth rate per cycle.

.

[ ..

,
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i
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! Table 2 North Anna tube fracture-summary of striation -

spacing measurements and AK calculations ;

. >

; Distance from Average spacing Calculated *
Grid 0.0. surface, in, u-in. aK, ksi it.. ;

A 6. ?1 29.2

B 3.39 21.5 !

: C 0.014 1.00 11.7 1

0.036 1.58 14.7 i0.046 1.85 15.9 !

E 0.24 1.60 14.8
i 0.31 1.53 14.5

F 20.7 53.2

*The 6K-values were calculated from striation spacing (7)measurements using: $ = 6 (AK/E)2 (Bates and Clark '

Correlation).

Bates and Clark (Reference 8), among others, have shown a correlation between

the striation spacing and the cyclic stress intensity factor range (AK). Assum-

-ing that the overall vibrational loading of the tube is not significantly changed
by tiie deyelopment and early growth of small fatigue cracks, then AK levels in-
dicated from striation spacings can be used to estimate the cyclic stress range
that led to fatigue crack initiation.

.

Scanning electron microscope (SEM) and transmission electro., microscope (TEM) '

fractographic examinations c7 the fracture surface confirmed the conclusions of
,

the optical-microscopic examinations that the crack origins were located on the
outside surface. A number of " origins" were identified from fracture surface
markings (tear ridges) and contours on the outside surface, with four principal

<

.

initiction sites found at approximately 1106, 120*, 135* and 150*. Fine fatigue
>

striations were observed near the crack origins. Striation spacing increased
from about 1.0 micro-in. near the 0D surface to nearly 2.0 micro-in, near the '

,

inner diameter (ID): surface.
,

i 1

The-region from about 90* to 155* is generally flat (orientation: normal to
wall) throughout except for small portions tnat have shear orientations (45* to;

wall) adjacent to tne 00 and 10 surfaces, with a fine fracture texture. Most
i i

|

11
,

'

:
,
'
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S = striatior; spacing 5 1.5/1.6 v in.

::L indicates origin s v 21 9 in.N
/,
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Figure 1 - Approximate mapping of fracture
surface of tube R9-C51, s/G c-
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of the remainder of the fracture is oriented at about 45" to the wall surface '

except for a flit area surrounding a minor crack origin at about the 190* loca- I
tion. Clockwise from 180', an initially fine texture becomes rougher with a
" herringbone" pattern evident near the 270' region, indicating an acceleratingi i

rate of crack propagation.
,

1

Fine-to-coarse f atigue striations occur at locations f rom about 190* to 250' '

and from about 30' to 70'. The fatigue striation spacing increased (indicating
ihigher propagation rates) as the crack propagated around the circumference of
'.

n

the tube in a clockwise direction from about the 190* position and counter- !
clockwise from about the 70' position. Higher propagation rates in the 190' to '

300* positions than in the 70' to 15 regions indicates eccentric loading or a
component of torsional loading.

Parabolic dimples with internal neckin0 between dimples were the predominant
-fractographic features at about the 270* position. These features are indica-
tive of very high fatigue propagation rates. This position is within the regions
of herringbone pattern and coarse texture observed during visual examinations.

- -

Within ttg region from about 280' clockwise 360' to 15', there is a rough texturet

(fractographic examination revealed dimpled rupture in this region) indicative
of overloau fracture. Equiaxed dimples indicative of the overload portion of
the fracture were observed at about the 310' position. These fractographic
features, coupled with the macroscopic features, indicate that the overload,

fracture occurred throughout the region defined above.

The tab-shaped area near region marked 0* has a rough fracture texture and

orientation consistent with a final overload fracture. '

4.1.4 Metallography of Seventh Support Plate Region

[ A series of longitudinal metallographic sections were made at the fracture loca-
tion. Minor 00 intergranular penetrations, as well as minor ID intergranulari

i penetrations, were found in isolated, small zones within the support plate '

|
crevice region. The penetrations were typically 0.3 mils deep and approached a

i maximum depth of 1.0 mil. The closest distance to the fracture face, in wnich
L

|

13
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an intergrarular penetration approached the fracture face, was 4 mils. Although
there was no direct evidence that intergranular penetrations were present at the
exact fatigue initiation sites, Westinghouse notes that there remains the pos-
sibility that this could have occurred. However, Westinghouse concludes that

this possibility does not change the observed data which slipports fatigue as the
1

mechanism for crack initiation and propagation.

! 4.2 fatigue Crack Initiation Stress

Westinghouse estimates that an alternating stress amplitude of 4 to 10 ksi was
-

necessary for crack initiation. Among the evidence cited by Westinghouse in '

support of this estimate was the following:

(1) Use of a sir.gle-edge crack model irdicate'. an alternating stress of a

6.3 ksi for a crack penetrating 50% through-wall and assuming a aK of
13 ksi Jin. (see Table 2) and an R ratio (i.e., Kmin/Kmax) of 0.5 )

(Reference 4).
e

- (2) -A cyclic fatigue test of a tube specimen was conducted at a known
'

, stress amplitude. Based on a comparison of the striation spacings
_ between the test specimen and the fracture surface of tube R9-C51,

an alternating stress of 8 ksi was estimated for R9-C51 (Reference 9).
-

(3) Based on the observed striation spacings and use of the stress
intensity expression taken from Section 33.2 of the Tada, Paris,
Irwin handbook, the alternating stress level is estimated to have
been about 5 to 7 ksi at the time the crack penetrated entirely
through wall and had begun to propagate around the tube circumference
(Reference 4).

With respect to item 1 above, a Westinghouse representative indicated iluring a
i

phone conversation with an NRC staff consultant that 4 ksi was judged to be a
reasonable lower bound alternating stress to account for potential uncertainties
in the use of the single-edge crack model and the assumed R ratio. With respect
to item 3 above, the Westinghouse representative stated that 10 ksi was the

r
14

_

, _ . - - --' "-



,

| =

) maximum possible value of alternating stress consistent with the Ak = 53 ksi
! din, estimate shown in Table 2 (assumed to be located 90' relative to the point

of crack initiation) without resulting in a physically impossible stress history
| during crack propagation (Reference 10).

4.3 Fatigue Strength4

,

l "5/N curves" are curves relating the magnitude of alternating stress to the
number of alternating stress cycles necessary to initiate a fatigue crack. The

$/N curves used by Westinghouse to evaluate conditions for crack initiation

were taken from data in [ ).
I This data is based on fully reversed loading. As will be discussed in addi-

tional detail later in this report, a flow-induced, tube vibration mechanism
is believed to be the driving mechanism for both fatigue crack initiation and

4

crack propagation.' The natural frequency of the row 9 tube U-bends is about
[ ]. Assuming that
the fatigue crack initiated over a period ranging between 1 year and the
9 year lifetime of the_ plant to date, then the number of loading cycles leading

rto fatigue | failure (assuming a plant availability factor of 75%) was between
1.4.x1091cyclesand13x1010 cycles. The corresponding fatigue strengths
are estimated by the staff to be 27 ksi and 22 ksi, utilizing a best fit S/N
curve from the data-in Reference 10 and 21 ksi and 16 ksi, respectively, when a
3 standard deviation (30)-lower bound S/N curve is used. These fatigue strength
estimates exceed the 4 to 10 ksi alternating stress believed by Westir,ghouse toi

have caused fatigue crack initiation (see Section 4.2), but do not include an

| adjustment.for mean stress at the fracture location induced by denting of the
| tube at.the seventh support plate.

.

The mean stress at ti.e fracture location was evaluated by Westinghouse with an
elastic plastic finite element analysis utilizing an axisymmetric model. The

assumed denting deflection profile from the bottom of the seventh support plate-
to the top was based en profilometry measurements conducted on the fractured
tube and other adjacent-tubes. The fractured tube had a maximum radial dis-
placement of.2.5-mils. Steady-state pressure and thermal loadings were also

I

I
15
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included in the mode 1 The resulu. of the analysis revealed a tensile mean I,

stress level at the tube OD at the yield strength level.
1

The [ ] was used to iaake the mean stress
adjustment to the S/N curves derived from the EPRI data. ( |

.

t

F

] I

Table 3 p ovides a summary of alterr.ating stress levels associated with assuaed
fatigue crack initiation over a 1 year and 9 year period, respectively, for a
best fit, 20, and 30 S/N curve incorporating the mean stress adjustment.

Table 3 Alternating Stress Levels leading to Fatigue
Crack Initiation

, .

1.4x109 cycles 1.3x1010 cycles~.
(1 year) (9 years)

Best fit S/N Curve 13.3 Ksi* 9.2 Ksi*
20 S/N Curve 10.5 Ksi 7 Ksi

-3a S/N Curve 8.7 Ksi 5.6 Ksi

*These estimates were made by the NRC staff.

The tabulated stresses associated with. fatigue crack initiat, ion over a 9 year
period are consistent with the Westinghouse-estimated range of 4 to 10 ksi
required for cr ick initiation. The tabulated stresses associated with crackL

' initiation over a 1 year period exceed this range if best fit or 20 S/N
properties are assumed. Thus, if best fit or 20 5/N properties are assumed,

s

then the cyclic loadings leading to crack initiation must have occurred during
a period exceeding 1 year.

'

.
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-4.4 Potential Loeding Mechanisms Leading to Fatigue Crack Initiation and
Failure*

,

it is evident from the observed striations on the R9 051 fracture surface that
at least 105 load cycles were itquired to propagate the crack to failure
subsequent to crack initiation. Based on primary-to-secondary leak rates prior

;

to the rupture event, it appears that the crack propagated rapidly to failure i
over just a few days. Potential loading mechanisms for crack initiation and/or !

,

propagation considered by Westinghouse are described below. I

I

4.4.1 Duty Cycles Associated With Normal, Upset, and Test Conditions
B

Applicable duty cycles for normal, upset, and plant test conditions considered
by Westinghouse were taken from the North Anna SG design specifications.
Examples of the types of duty cycles considered include plant heatups and
cooldowns, various plant loading transients, feedwater transients, reactor,

trips, steam line breaks, and plant hydrostatic tests. The various duty cycles
included etn'ributions from differential pressure loadings across the tube
walls, interference loads from differential radial expansion between the tube
and support plate, and through wall thermal gradients in the tube.

These duty cycles were analyzed using an axisymmetric finite element model of
the tube. Alternating stress levels ranged from [

] The total number of stress cycles, however, is estimated to be less
than.40,000 cycles for the entire 40 year lifetime of the plant. Thus, the
plant duty cycles were found to contribute very little to fatigue usage (i.e.,

'

usage factor = 0.04 over 40 year plant lifetime), and are not believed to have
played a significant role in initiating or propagating the crack.

4.4.2 Flow-Induced Vibration

Potential flow induced vibration mechanisms considered by Westinghousa included
.

i

vortex shedding, cross-flow turbulence, and fluid-elastic instability.

|

|

!
1
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The Westinghouse analysis of linear turbulence and fluidelastic excitation of
-the tubing was conducted with a computer program called FLOVIB. FLOVIB incor-
porates a finite element model of the tube and tube support system and
evaluates the dynamic response of the tube based on models for modal vibration
amplitude in the turbulent and fluidelastic regimes.

r[ .

,

.

3

The above mentioned model for evaluating tube response from the turbulence :

mechanism has reportedly been qualified against several series of tests, in-
cluding prototypical two phase tests. Turbulence-induced vibration amplitudes t

for tube 05-C51 are predicted to be on the order of less than [
] at the tube apex. This

order of amplitude would cause maximum stresses in the top of_the uppermost
support plate (where the rupture occurred) with peak-to peak amplitudes of
less than_1000 psi. Based on these low stress-levels, Westinghouse believes
it-to be highly improbable that the turbulence mechanism is primarily responsi-
ble for the North Anna tube rupture.

18
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The fluidelastic muhanism will have a significant ef fect on the tube response
in cases where the fluidelastic stability ratio (SR) equals or exceeds 1.0.
The stability ratio is defined as ,

'IfSR =

where V,ff is the effective crossflow velocity and V 13 the critical velocityc
beyond which the displacement response increases rapidly.

The estimated stability ratio [ ] utilizing nominal estimates
of parameters such as damping ratio, stability constant, and natural frequency
is [ ] indicating no fluidelastic instability. As will be discussed later,
these parameters are subject to significant uncertainties (particularly for
dampin;; ratio) such that depending on the actual values of the parameters, the
stability ratio may substantially exceed 1.0.

Motions and corresponding stresses developed by a tube in the fluidelastically '
'

_ unstable gnode are quite large in comparisoa to the other known mechanisms. For
this reason, and because none of the other mechanisms discussed above appear to
be a plaulible mechanism for crack initiation, Westinghouse has concluded that
the failed tube is most likely a result of its being fluidelastically unstable.

Given fluidelastic instability as the mechanism for fatigue crack initiation,
the stability ratios for the failed tube can be inferred from [

,

)

To estimate the critical velocity and, hence, the stability ratios of the tube
which failed, its is helpful to consider Figure 2. [

19
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From experimental results, Westinghouse states that [

3

As can be seen from Figure 2, definition of points 1 and 2 and the slopes of
the turbulence and fluidelastic response curves are sufficient to solve for

Ve and thus for stability ratio (i.e., Vgp,p/Vc). On this basis, tube R9-C51
is estimated to have been operating (prior to crack initiation) at a stability
ratio in the range of 1.22 (slope of 20) to 1.56 (slope of 10), cssuming the

-tube to be vibrating with a disp 1 , -int amplitude of 0.057 inches and a cor-
responding alternating stress level of 7 ksi.

It follows from figure 2 that for a given reduction in stability retis from
SRg to SR , the corresponding reduction in displacement (i.e., from D3 2 to D )1

response and alternating stress can be expressed as follows:

C 3

It can be seen from this equation that a small percentage reduction in stability
ratio will lead to a much larger percentage reduction in displacement response
and alternating stress. With a known reduction in alternating stress, the
corresponding reduced value of fatigue usage factor can be estimated from the
appropriate S/N curve,

It is useful f or ourposes of la+er discussion to tabulate reductions in alter-
nating stress level and fatigue usage accumulatinn as a functio.1 of percentage

20

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



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

h

9

N

0
-- 6.

3

.Of
..

1

|

9

L

. . . . . _



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

4

h >

.

reduction in stability ratio. Tables 4 and 5 summarize these reductions for
different S/N curve assumptions based on an assumed time to it'tiate a fatigue

> crack in R9-C51 of 1 year and 9 years, respectively. These reductions have
been conservatively estimated assuming a slope of 10 for the fluidelastic
response curve when the displacement response exceeds 40 mils, and a slope of 6
when the displacement response is less than 40 mils.

4.5 fautes of_ High_ Stability Ratios
.

As discus;ed in Section 4.4.2, the estimated stability ratio for tube R9-C51 is
[ ] using cominal estimates of parameters such as stability constant, natural
frequency, and damping ratio. Thus, the tube would have been expected to be
stable with considerable margin. The following summarizes Westinghouse's

assessment (Reference 4) of factors which may have caused the actual stability
ratio to significantly exceed 1.

Averaje Fl_ow Field, stability Constant, and Natural Frequency Uncertainties

Westinghouse estimates that uncertainties in the average flow field, sta-r

bility constant, and ,iatural frequencies are essentially the same for units
with dentet or non-dented support plates. If these errors were large,
Westinghouse believes that similar instabilitics would be expected in the
non-dented units with resulting wear at either the top support plate or
inner row AVBs. Since such wear has not been observed in rows 8 to 10 in
non-dented units, Westinghoust believes the potential uncertainties to be
relatively small (about 15%) and, therefore, not a major contributor to
the failure of R9-C51.

.

Local Flow Velocities

Tht. eddy current test results revealed that the AVB supports generally
extendec: as f ar as row 10, with most extending at least L f ar as row 9 and
many as far as row 8. These non* uniform AVB penetrations are believed by
Westinghouse to have channeled some of the flow to row 8 and row 9 tubes !

without adjacent AVB supports causing a " velocity peaking" effect for

22
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T4ble 4 Alternating stress and fatigue usage sensitivity to
stability ratio reductions (assuming 1.4x108 cycles
to failure for R9-C51) - -

,

S/N Curve Assumptions !

Best
Fit 2a 30 |.

Pre-mod alt, utress 13.3 ksi" 10.5 ksi 8.7 ksi

-Post e d alt. stress NE 4.2 ksi 3.8 ksi
(10% reduction in SR)

Additional accumulated usage NE 0.20 0.52 I

factor over remaining
31 years of plant life

Post-mod alt, stress NE 3.0 ksi" 2.6 ksi*
(15% reduction in SR)

Additional accumulated usage NE Negligible * 0.10*
factor over remaining
31 years of plant life

-.

,

*NRC staff estimates
" NE * Not estimated

.

!

4

a

)

b

|

|
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Table 5 Alternating strets and fatigue usage sensitivity to
stability ratio reductions (assuming 1.3x1010 cycles
to failure for R9-C51)

_

S/N Curve Assumptions

Best
Fit 20 3a

Pre-mod alt. stress 9.2 ksi' 7 ksi 5.6 ksi

Post-mod alt. stress 3.3 isi' 3.2 ksi 2.8 ksi
(10% reduction in SR)

.

Additiona' accumulated usage Negligible * 0.06 0.10
factor over remaining
31 years of plant life

Post-mod alt. stress 2.7 ksia 2.3 ksi* 2.0 ksia
(15% reduction in SR)

Additional acc.umulated usage Negligible * Negligible * Negligible *
factor over remaining
31 years of plant life

*NRC staff estimates. *
_

M

=
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these tubes. Westinghouse has provided a preliminary estimate of a 15%
velo-ity peaking factor for tube R9-C51 (Reference 4). However, a few

row 8 to row 10 tubes were found to contain wall thinning indications
(possibly wear from AVBs), which may have occurred as a result of fluid-
elastic excitation. Some of these tubes were located in regions of
relatively uniform AVB penetrations. Thus, Westinghouse concludes in

Reference 3 that non-uniform AVBs and local flow effects are not the
domtnart factor for instability, although this effect at a 15% magnitude
could have had a major contributing influence on the R9-C51 failure.

Tube Damping Uncertainties

Westinghouse concluded in Reference 3 that tube damping ratio uncertainties i

were the dominant factor affecting the stability ratio of the row 9 U-bends.
4

Measurements of mechanical damping in air were performed using a U-bend
shaker test facility. For[

] The measured mechanical damping was observed to increase

substantially as the support conditions were gradually relaxed, reaching, ,.

a value of 1.1% for preloaded, pinned pinned supports typical of U-bend
SG c'onditions without denting,

The above air' tests do not consider the additional damping in a two phase,

water / steam environment. Data cited by Westinghouse shows (

i

1

t

|

) Huwever,| -

Westinghouse concluded in Reference 4 that the effects of denting on tube

,
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I

j damping appear to be the major uncertainty factor leading to tube insta-
; bilities. Westinghouse estimates a 50% uncertainty factor associated with
j the assumed 0.82% damping ratio, which would contrioute anproximately 41%
! uncertainty .o the nominal stability ratio estimate. Westinghobse further

notes that an assumed lower bound damping ratio estimate of (
j ] would double the nominal stability ratio
j estimate.
:

i

' 4. 6 Required Conditions for Fatigue Cracking *nitiation;

; Westinghouse has reached the following conclusions regarding the conditions
j necessary for fatigue crack initiation.
!
J

j (1) Denting at the top support plate is needed to (a) produce a high mean
i. stress effect with an associated reduction in fatigue strength, (b) maxi-
1

| mize bending stress at the upper support plate, and (c) minimize tube
.

i damping.

! .

'

'(2) An absence of adjacent AVB supports is needed in order that tube displace-
! mentj and, thus, alternating stress levels may be large enough to initiate
j a fatigue crack.

.

i

(3) Stability ratios within 10% of that for tube R9-051 (i.e., stability ratios
| > 90% of that for tube R9-C51) are needed since lower values are too small.

to initiate fatigue cracking.

(4) Off-nominal conditions for fluid elastic vibrations are necessary includ--

ing either or both of the following: (a) tube damping below test measure-
ments [ ] approaching mechanical damping only [ ]
and (b) locally high flow velocity regions. !

!.
! 5 CORRECTIVE ACTIONS AND COMPENSA10RY MEACURES *

3

The licensee.has taken a two-fold approach to preclude future fatigue crack
| initiation; namely (1). Installati>n of an SG downcomer flew resistance

.

2C
,

'
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plate as discussed in Section 5.1, and (2) implementation of preventive plugging I

of tubes with potentially high stability ratios as discussed in Section 5.2.
Section 5.3 discusses actions taken to stabilize the remnant portion of tube
R9-C51 (i.e. , the ruptured tube) to ensure that it does not cause subsequent
damage to adjacent tubes. Section 5.4 discusses the licensee's enhanced
primary-to-secondary leak rate monitoring program which is intended to provide
added assurance of SG tube integrity.

5.1 Downcomer Flow Resistance Plate (0FRP)

The OFRP is an annular, perforated plate located near the top of the downcomer d

annulus between the wrapper and shell of thc SG. Installation of the DFRP will
reduce the SG circulation ratio from 4.3 to 2.9 with an accompanying reduction
in crossflow velocities and stability ratios for all tubes. As discussed in
Section 4.6, low damping conditions are concluded by Westinghouse to be the
primary contributor to fluid elastic instabilities. For tubes witn low damping
ratios, installation of the OFRP is calculated to produce between a 12% and 22%

reduction in stability ratio, exceeding the 10% reduction objective set by
.

_ Westinghouse. For tubts with nominal damping, an 8% reduction in stability
ratio is estimated.

5.2 Preventive Plugging
.

Although installation of the DFRP is believed by Westinghouse to be a suffi-
cient measure to preclude fatigue crack initiation in the future, preventive
plugging of " susceptible" tubes in rows 9, 10, and 11 has been performed. A

susceptible tube is one which is not supported by AVBs and is in a region of
locally high flow velocities. All tubes above row 11 have AVB support. As

discussed previously, many tubes down to row 8 are known from eddy current
testing to be supported by AVBs. Tubes in row 8 and below, even if not
supported by AVBs, have stability ratios at least 14% less than that of tube
R9-C51 by virtue of their shorter span lengths (between supports) and associated
higher natural frequency. Thus, tubes in rows 8 and below meet Westinghouse's
10% criterion (see Section 4.6), even without consideration of the additional
reduction in stability ratio associated with the DFRP modification.

27
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L.
Based on the above, potentially susceptible tubes were considered by Weating-

j house to be located in rows 9, 10, ano 11. The detection of an AVB signal is
| considereo by Westinghouse to be a firm indication of an AVB support on at

least one side. Test data was presented demonstrating that the vibration
amplitude for a given tube is controlled by the AVB exhibiting the minimum

j radial gap with respect to that tube. Thus, Westinghouse maintains that an

| AVB support on one side only will constitute a fully effective AVB support.
i

I. |

| It is possible for eddy curreri testing to miss the presence of an effective
j AVB support due to background noise conditions such as from upper surface

j deposits. In some cases, however, the actwl presence of an AVB support can
j be inferreo from ar AVB support detected for an adjacent tube. For example,
! it can reasonably be inferred from an AVB indication for a row 8 tube that the

adjacent row 9 tube (in the same columa) also has an AVB support, regardless of,

[ whether that tube exhibited a detectable AVB indication.
i

The pluggmg of all susceptible tubes in rows 9,10, and 11 would have the
! effect of leaving tubes in row 8 as the tubes with the most limitirig stability

,

| __ra t i o . Therefore, this action by itself is <stimated by Westinghouse to
result in a 14% reduction in stability ratio relative to R9-051. In addition,j .

Westingho'use has estimated on the basis of a preliminary analysis of the local
'

high flow velocity regions as affected by nonuniform AVB insertion that i

velocity peaking factors are lower for row 8 tubes than for the most limiting
susceptible row 9 tubes. This effect is estimated by Westingh ae to produce-

,

an additional 6% reduction in stability ratio associated with the plugging of
susceptible tubes in rows 9, 10, and 11.

The staff's review of the licensee'e, preventive plunging program identified
two tubes in row 9 of SG A considered by the staff to be in the category of

l " susceptible tubes" (1,e., tubes R9-C38 and R9-C54), but which had not been pre-
ventively plugged. Neither of these tubes could be confirmed on the basis of,

| -the eddy current data to be supported by A'iBs. In addition, the absence of AVB
supports for these tubes could, in the staff's opinion, subject these tubes to '

,

{ locally high flow velocities due to channeling cffects caused by nonuniform
4

i
)
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AVB penetrations. At the staff's request, the licensee agreed to include these
tubes in its preventive plugging program (Reference 7).

L

The staff also identified a concern to the licensee (during telephone conver-
sations) that no criteria existed to ensure that an AVB signal represented an

-

effective AVB support. The nominal radial clearance between the AVBs and ad-
jacent tubes is about 10 mils. However, unless the AVB extends all the way7

down to at least the centerline of the tube, the tube will have additional
freedom to disolace laterally depending on exactly how far the AVB actuallyt

1
'

penetrates. Thus, a concern existed that AVBs may be sufficiently close to
the tube to produce a detectable eddy current signal, but not be effective in
limiting tube displacements to less than the estimated 0.032 to 0.080 inch
range associated with fatigue crack initiation and failure of tube R9-CSI.

!

In response to the staff's concern, the licensee reviewed the eddy current tapes
for all row 9 tubes for which the adjacent row 8 tubes exhibited no c'etectable
AVB indication. (In cases where row 8 tubes exhibitea an AVB signal, it can
be reasonably inferred that at least ane AVB penetrates below the centerline #

of the adjacent row 9 tube, thus ensuring a fully effective AVB support). The

presence of two discrete AVB signals (on the hot and cold leg side of the apex)
was interpreted by the licensee to be ir.dicative of at least one AVB inter-

a

setting the tube U-bend below the tube centerline at the apex, thus ensuring a
fully effective (i.e., fully penetrated) AVB support. However, the review of
the eddy current tapes for the subject tube revealed 41 tubes not exhibiting
the two discrete AVB signals. In the absence of criteria for evaluating the
acceptability of AVB indications for these tubes, the licensee conservatively

- elected to expand the preventive plugging program to include these 41 tubes.
-

i

_ Preventive plugging of sus e ptible tubes has been accomplished using a " sentinel
plug" on the cold leg side and a standard mechanical plug on the hot leg side.
The sentinel plug contains a hole to permit internal pressurization of the
tube and low level primary-to secondary leakage in the event *, hat a through-
wall crack develops in the tube. The hole is sized to permit detectable leak-
age in excess of the administrative 1y imposed limit of 100 gallons per dayE

f
_

-
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(gpd), but well under the 500 gpd Technical Specification limit. This plug ;

is intended to serve as an early warning detection method of a circumferential
break of the plugged tube prjor to its potential interaction with adjacent

.

,

tubes. i

5.3 Stabilization of Severed Tube, R9-CSI

After removing the cold leg section of tubing from the SG (see Section 4), only
the hot leg remnant of the tube including the U-bend portion remained In the SG.

j

Therm'l-hydraulic analysis of the flow conditions surrounding tube .R9-C51 |
'

indicated that the severed tube U-bend would be fluid elastically unsteble
during power operation. Once unstable, the remnant section could then impact i

neighboring tebes and over time cause wear on the neighburing tubec. Therefore,
a stabilization technique was developed to secure the tube remnant from-the

'

cold leg side. Specifically, a threaded assembly (jointed spear) was designed
and manufactured for insertion into the cold leg tubesheet and support plate
hole. The assembly featured the following: (1) eight threaded sections, each
assembled and inserted into the bare hole, (2) a locking feature to preclude

,separ,stion of the threaded sections, (3) hydraulic expansions at each tube '

support plate and into the free end of remnant tube R9-C51, and (4) a roll '

expanrion'~ attachment of the spear to the tubesheet.

The design of the jointed spear components was verified by a combination of
physical tests and computer analysis. These tests included torque and bending
tests on the spear to remnant tube joint and axial separation (pull) tests and *

cyclic loading tests on both the threaded joint and on the spear to remnant
joint. Analyses were performed to quantify the tube / spear vibrational charac-

r

teristics. These analyses demonstrated that the critical copponents (threaded
. joints and spear to remnant joint) would withstand the design bases operational
and transient-induced forces. Additionally, due to the small gap between the "

,

seventh support plate and the spear, damping would be higher and therefore re- '

duce the loadings and susceptibility of the spear to a fatigue failure.

;
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A full-scale mockup of tube R9 C51 was made at Westinghouse to ensure that the
installation of t'1e jointed spear on the cold leg side could be performed
successfully.

Insta11atior, of the jointed upear was to be accomplished ts follows:

(

!

t

+..

.

..

_

| 3
,

r

As a preventive measura, it was detertained to stabilize the hot leg portion cf
the remnant tube. Stabil'?ation of the hot leg was to be pe,rformed by using a
flexible [ ] cable with (

] The stabilizer is then inserted
into the remnant tube and es.+: ds over three inches above the top of the hot
leg seventh support plate and slightly inte the U-bend. [,

]

!
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No specific verificatien analyses were performed for the hot leg stabilizer to,

be used at North Anna Unit 1, since this type of design has been previously
tested, oyalified, and used by '/estinghouse at other facilities,;

j After completing the inscallation process described above, the spear was then
eddy-current tested to confirm the existence ind proper positioning of the

[ expansions.

The method of stabilization was modified from the above description to account
for difficulties encountered during installation.

When the spear described above was expanded into the seventh tube suppoat plate
,

on the cold leg side, the expanding tool was slightly out of position and rup-
tured the spear wall ove_r a length of about 1/2 inch. The crack was axial in
nature and occurrnd near the top of the seventh tube support plate. Fracture

,

and thermal-hydraulic analyses were conducted and it was then determined to in- !

stall a sleeve inside the spear spanning the distance from the tube remnant to
the seventh tubt support plate. This sleeve was apprcximately 13 inches in '

length and extended from about 3 inches inside the tube remnant to about 9 inches4

below the seventh tube support plc.te, lhe bare hole in the tube sheet (cold leg)
,,

was sealed with a welded plug.c

~0uring installation of the cable stabilizer on the hot leg side, one of the c d le |

sections was damaged when the stabilizer jammed on the base plate of the inser-r.
,

tion tool. The damaged stabilizer was removed, the base plate was modified, and
a seco M stabilizer, identical to the first, was then successfully installed.
The cable :tsbilizer extends from the hot leg tubs sheet to approximately 30'
past the tangent point at the hot leg U-bend. The hot leg tube end wa; then

~

sealed with a mechanical plug.

Finally, 12 adjacent tubes around tube R9-C51 were preventively plugged with "

sentinel plugs on the cold. leg side. On the hot leg tide, tube R9-CS1 was
'

pluggef with a solid mechanical plug.
. +

, .

.

I
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5.4 t,eak-Before-Break _ Considerations
,

!
1

Prior to the failure of tube R9-C51 on July 15, 1987, the control room opera-
tors had no indication on the instrumentation normally used to detect primary-

'

to-secondary leakage. However, a post event analysis of air ejector radiation j
monitor count rate data and ai* ejector greb $smple data did reveal indications

1 of leakage prior to the event (Reference 4). These data were subject to some
error because of the manner in which they were obtained, and the licensee has.

noted (in the context of discussi~ of the air ejector radiation monitor data)
that the data should not to us( uantify a specific leak rate at a given
point in time. However, these ca . give a positive indication that leakage was
present for at least 48 hours prior to the event and that it was trending
upward. !

The licensee has taken a tumber of actions to ensure that similar precursor I
'

leakage in the future will be detected and monitored such that the plant will
be shut down before a gross rupture of the tube can occur. These actions

'

- include:
,

.

_

'(1) primary-to-secondary leakage will be estimated every 4 hours using the
air' ejector radiation monitor, S/G blowdown monitor, and N-16 monitor; e

every 8 hours using the air ejector exhaust isotopic activity; and every -

24 hours based on secondary coolant isotopic activity, fhe alarm setpoint
for the air ejector monitor will ba adjusted to respond if leakage in- .

creases and stays 10 to 20 gpd above the most recent leakage measurement.

(2) N-16 monitors are being installed to provide a diverse indi;ator of
primary-to-seccnoary leakage. The N-16 monitor will have a continuous
readout (in gallons per day) in the control room and three pre-set alarms.

-The first alarm (51) will be set consistent-with the air ejector radiation
monitor alarm above. The second alarm (52) will be set at 60 gpd in order
to detect the initial crack propagation associated with a fatigue failure.

'

The third alarm (SE) will be set at the administrative 1y imposed shutdown
limit of 100 gpd.

d
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As part of North Anna Power Station Standing Order #155 (Revision 1), dated
October 9, 1987, the licensee has set the following administrative limits on

i

primary-to-secondary leakage.
. i

J I
a) 100 gpd per SG, 300 gpd total for all SGs, (This is substantially

more conservative than the 500 gpd limit per SG and the 1 gallon per
minute (gpm) (about 1430 gpd) limit for total primary-to-secondary
leakage (i.e., for all SGs) in the Technical Specifications),

b) 60 gpd increase during any 4 hour surveillance period (applies to
leakage from each SG and total leakage from all SGs),

c) An increasing trend based on the latest surveillance indicating that
leakage will exceed 100 gpd within 90 minutes,

if any of the above limits are exceeded, then power will be reduced to less than
50% within 90 minutes. Analysis by the licensee indicates that this should be
sufficient to cause further crack propagation to cease. In addition, the plant *

'

_must be brought to a hot shutdown condition within 6 hours if the limits in
items b) or c) above have been exceeded.

~

Analyses have been conducted by Westinghouse and the licensee to demonstrate
that the 100 gpd administrative limit provides adequate assurance that crack
propagation will be terminated and that the plant will be shut down before
rupture occurs. Leakage rate versus time curves have been calculated on the

basis of predicted crack growth rates and Westinghouse test data concerning
leak rates as a function of crack arc-length. These curves vary as a function
of alternating stress.

.

From the leak rate versus time curves, the licensee estimates that a 333 gpd
limit would provide the approximately 90 minute period needed to identify ex-
cessive leakage and to reduce power to 50%, assuming an alternating stress level
of 7 ksi, prior to rupture of the tube. Post-modification alternating sttess
levels, even assuming only a 10% reduction in stability ratio, are predicted to
be less than 7 ksi. The 333 gpd limit would also allow for a 150% error band

34
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associated with the N-16 monitor reading, wherecs the licensee estimates the
actual error band to be between $10% and 130L Thus, the licensee concludes
the 100 gpd administrative limit to be conservative. ' '

Detailed procedures nave been written for logging and trending data in accordance
with the time schedules indicated above and for responding in the various alarms,

(51, 52, and '. Activation of the $1, 52, or SE alarms will cause the opera-
tor to be referred to the administrative limits in Standing Order 155. The ,

staff notes that (in the event of an 51 or 52 alarm) this would include a new
'

I trending analysis to ensure that the 100 gpd administrative limits would not
be exceeded over the next 90-minute period. i

NRR staff representatives reviewed these procedures and witnessed (from the con- '

trol room) implementation of the leak rate surveillance procedures for a typical
4-hour surveillance interval. This included the logging of the leak rate data
provided directly and continuously by the N 16 monitor, the logging of count.

rate d&ta from the air ejector and SG radiation monitors and calculation of
. corresponding leakage rates, and checking the setpoints of the various alarms.

Trending plots were generated by computer. Based on its review, the staff con-
iludestheleakratesurveillanceschedulesandprocedureswillbeeffective
for purpwes of early detection of low level primary-to-secondary leakage which
could-be a precursor to an impending fatigue failure, The administrative leak
rate limits provide added assurance that the plant will be shut down in a timely

'

fashion before a leaking through wall crack can propagata to failure.
,

5. 5 SG OFRP Installation and Resulting Increase _in SGTR Accident Oose Rate

By letter dated September 25, 1987, the licensee provided an SE to assess the
impact of'the OFRP modifications on the North Anna Unit 1 and Unit 2 (NA-1&2)
Updated Finel Safety- Analysis Report (UFSAR) Chapter 15 accident analyses.
With the exception of the SGTR ovent, all accidents or events were not impacted
because the limiting conditions or assumptions used in the analyses were un-
changed by the modifications or the conclusions as stated in the NA-1&2 UFSAR '

and were within the guidelines of 10 CFR Part 100.
,

.
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The one accident reanalyzed with a resulting increase in the consequences from
{

those presented in the UFSAR was the SGTR accident for power levels in excess
of 59 percent of rated thermal power. While the SG modifications are expected .

to h".e an insignificant impact on the overall thermal / hydraulic response of
'N

'1 plant, the of fsite dose calculations ware reperformed. This was done for
a reasons: (1) calculations had demonstrated that, with the revised SG

p inventory, the secondary side water level could drop below the top of the
tubas for the first few minutes following a reactor trip for power levels in .

'
cs of about 59% of rated thermal power, and (2) the 1 rensee's experience

July 1987 NA-1 SGTR evant had shown that the tube break location can4
,

,
d sqh as the seventh support plate in the tube bundle.

M
VS

. plication of the post-trip tube uncovery for the SGTR is that the assumed
s r - e iodine partition factor (PF) could increase above the value used ir
'he b 4R analysis for power levels in excess of 59%. The present NA-1&2 UFSAR.

(" analysis uses a PF of 0.01 thrnughout the entire 30 minute interval of assumed
releases from the f4 lted SG. This effectively assumes that the tubes remain
covered with fluid. The licensee performed a conservative calculation to

_ uantify.the duration of post-trip tube uncovery associated with the reducedq

initial mass in the modified SGs and concluded that this period could last up
to 9 minutes. The offcite dose reanclysis assumed that the tubes were un-
covered for t e =ett 10 minutes of the event, with an asscciated PF of 1.0.

_

Thereaf ter, the Labes were assumeu + be covered with a resulting PF of 0.01. -

Three cases were analyzed by the licensee: Case 1 included the reviseo assump-
tions concerning SG tube uncovery, initial mass and Reactor Coolant System

g (RCS) break flow, but assumed RCS activity equivalent to 1% failed fuel. This
is the same as the existing NA-1&2 UFSAR analysis, with the addition of
including the SG DFRP modifications. Case 2 (the most limiting casa) assumed
that RCS and SG secondary-side activities equal the values set forth in the
NA-l&2 Technical Specifications (TS), and includes the effects of a pre-
accident iodine spike. Case 3 is the same as Case 2, excopt with an iodine
spike concurrent with he accident.

36
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In addition to those assumptions governed by SG initial conditions, the fo!-
'

lowing ~ additional mcior assumptions were made in performing the dose calcula- )

tions: (1) the guidance of bOREG-0800 (Section 15.6.3) is used, (2) There is
,' -no failed fuel due to the tube rupture, (3) The radioactive releases from the
) three SGs are released directly to the environment and the faulted SG is iso- "

. lated 30 minutes after initiation of the accident, (4) steam sump to the main
condenser is not available, i.e., offsite power is unavailable, and (5) con-
current iodine spike appearanca rates and duration are assumed which are bonding
for the NA-1&2 uprated core conditions

Models were used which separately track the release to the environment from-

each source of radioactive material, This includes. the initial RCS coolant
activity transferred to the faulted SG by way of the break and to the unfaulted
SGs by way of primary-to-secondary- leakage, the initial SG secondary coolant,

activity (liquid and vapcr) and the iodine spike activity. Each source was;.

followed along its path leading to ultimate release. Separate thyroid, gamma
.

and beta doses were calculated from these sources for the Exclusi n Area Bound-
ary (EAB) and the Low Population Zone (LPZ). The results of the licensee's

_ calculations are summarized in Tables 6 and 7. .

.

Table 6. North Anna steam generator tube rupture (based on DFRP
modifications) comparison of calculated dose to limits *

Integrated thyroid dose at EAB (REM)
,

Calculated SRP Section 15.6.3 10 CFR 100
Result Acceptance Guideline Limit

UFSAR Case 0.38 Not Addressed 300

'
Case 1 - SGTR with 1% failed *

, .

fuel /no iodine spike 1.77 Not Addressed -300
i

Case 2 - SGTR with pre-accident,

iodine spike (most
limiting)- 26.7 300 300

Case 3 - SGTR with concurrent
iodine spike 1.52 30- 300

37
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Table 7 Integrated whole body dose at EAB (REM)

Calculated SRP Section 15.6.3 10 (19 100
Result Acceptance Guideline Limit

UFSAR Case 0.36 Not Addressed 25 ,

Case-1 - SGTR with 1% failed
fuel /no iodine spike 0.297 Not Addressed 25

Case 2 - SGTR with pre-accident
iodine spike (most
limiting) 0.119 25 L5

Case 3 - SGTR with concurrent
iodine spike 0.081 2.5 25

The staff has analyzed the SGTR event with 0FRP modifications in accordance
with Standard Review Plan Section 15.6.3. The pre-accident iodine spike case
is most lir,iting; but even in this case the thyroid dose at the EAB is less
than 33 rems, which is well below the acceptance criterion of 300 rems. In
addition, the whole body dose and the LPZ doses are less than 1 rem. The staff
concludes that the acceptance criteria of NUREG-0800 and the requirements of,

,

10 CFR Part 100 are eet. T >cefore, the SG OFRP design changes are acceptable
for operation at all power levels.

6 STAFF FINDINGS

1. The eddy current test program encompassed all unplugged' tubes in the SGs
in both the hot and cold leg sides. The test equipment and probes and
data analysis techniques were fully state-of-the-art and appropriate
for the intended application; namely, the detection of, cracks at the tube
support plates and tubesheet and in particular, circumferential-fatigue
cracks-at the seventh support plate. The additional training given to
data evaluators (focusing on the North Anna circumstances) and th..'

independent data analyses by different data evaluators using different
data analysis equipment provide added assurance that the inspection pro-,

gram . identified all tubes with potentially significant indications.

38
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2. Tne presence of clearly identifiable fatigue striations as well as other
features associated with fatigue leaves no doubt that the failure of
R9-C51 was caused by fatigue.

3. The possibility that intergranular attack (lGA) may have contributed to
fatigue crack initiation cannot be entirely discounted in view of small
(1 or 2 grains) IGA penetrations observed as close as 4 mils from the
fracture surface. Qualitatively, any such influence would be in the
direction of reducing the alternating stress needed to initiate a fatigue
crack over a given period time, but there is no data available to quantify
this effect. Even if an IGA influence is assumed, however, it in no way
detracts from the effectiveness of the corrective actions being taken to
reduce alternating stress levels and the corresponding potential for
fatigue, and thus does not affect the conclusions of this SE.

4. An independent calculation by one of the NRC staff consultants was con-
sistent with Westinghouse's conclusion regarding the presence of a mean
stress of approximately yield stress at the location of crack initiation. *

_. This calculation utilized a model for stress intensity factor (K) il a
thin-walled tube containing a thumbnail crach initiating from the OD
(Reference 10). The solution for K does not include the effects of bending,
but is judged to be applicable to the conditions under consideration for
very shallow crack depths where the axial stress gradient is small. Based

on an assumed crack depth of 0.0025 inch and a K max equal to 4 Ksi /In!,
this model predicts a "far field" stress of [ ], which is very close to
the yield strength of the tube R9-C51 material. The K max assumption is
consistent with the fractographic evidence observed by the consultant on
the failed tube near the crack origin. ,

'

5. The 4 to 10 Ksi alternating stress estimate by Westinghouse for tube
R9-C51 appears reasonable. The fatigue crack is estimated by the staff
to have initiated over a period of between 3 and 9 years based on the
length of tima the requisite denting at the seventh support plate was
present. (This is based on the fact that denting was first obsorved at
North Anna Unit 1 in 1979 and reportedly has been arrested since at least

t

!

,
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-1984). Upon initiation, the crack propagated very rapidly (over a period
,

of-just a few days) to failure. Thus, the fact that eddy current' testing
revealed no other tubes with circumferential cracks at the seventh support

'

plate is not surprising.

6. Fluidelastic instability has reasonably been established as the only
credible mechanism for producing displacements of sufficiant magnitude to
cause a_ fatigue _ failure. Further, it has reasonably been demonstrated
that such an instability is possible within the uncertainties of key
parameters such as damping,_ velocity peaking factors, stability constant,
and natural frequency cited by Westinghouse. '

7. Given the complexity of the problem (e.g., two phase flow, U-tubes, dent-
ing) and the associated uncertainties, the Westinghouse analyses conducted
with ATHOS AND FLOVIB provide only "ballpark estimates" of the response
amplitudes and instability thresholds. Absolute values of predicted,,

critical velocities and displacement npiitudes in the instability region
incorporate significant uncertainty. However, the results of these

_ analyses are eppropriate for the use that Westinghouse has made of them;
namely to examine trends, to develop relationships between changes in.

staFility ratio and resulting changes in displacement and alternating
stress response, and to evaluate relative improvements associated with .

installation of the.downcocer flow resistance plate.
.

8. lhe predicted-8%-to 22% reduction in stability ratio associated with the
.0FRP is judged to be reasonabla since, again, it is the relative change
in stability ratio that is of interest. Pertinent parameters, such as
density and effective flow velocities, are calculated by the sa6e method:

-for both.the pre modification and post-modification conditions, thus mini-
mizing_the' impact of any uncertainties regarding the values of these

_ parameters. Predictions regarding the percent reduction in displacement
and alternating stress are considered te cc reasonable since they are
based on conservative values of the fluidelastic response curve slopes.
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9. Because the pre-modification stability ratio of tube R9-C51 is very
uncertain, the 8% to 22% reduction in stability ratio associated with the
DFRP and the additional 14% to 20% reduction associated with the preventive
plugging of " susceptible tubes" in rows 9, 10, and 11 may or may not be
sufficient to reduce the maximum stability ratio to less than 1.0. Even

if the stability ratio exceeds 1.0, however, the expected reductions in
displacement, alternating stress, and rate of fatigue usage accumulation,

are considered by the statf to be sufficient to preclude another fatigue
failure in the future.

,

10. Apart from tube R9-C51 which failed, it is entirely possible that other
tubes in row 9, 10, or 11 which may not have been effectively supported
by AVBs and which may have been subject to locally high flow velocities

: may have developed significant fatigue usage factors at the time of the
R9-C51 failure. Although installation of the OFRP is expected to sig-
nificantly reduce the rate of future fatigue usage accumulation, it does
nothing to mitigate fatigue usage which may have already have accumulated
to date. Thus, actions taken to preventively plug susceptible tubes may

_ be even more important than the DFRP in preventing future fatigue fail-
ures. Assuming that all susceptible tubes in rows 9, 10, and 11 have
been' plugged and considering that stability ratios for row 8 tubes are at
least 14% to 20% less than that for R9-C51, the staff estimates that the,

fatigue usage factor for the most lim ting row S tubes have not exceededi

0.03 to date, which is well within acceptable limits. Furthermore, assuming
.a stability ratio reduction of 8% as a result of the DFRP installation,
the staff estimates that fatigue usage for row 8 tubes will exhibit negli-
gible incremental -increase during the remaining 31 years of plant life.

i

11. During a meeting with the staff on November 4, 1987 (Reference 13), Westing-
house reported that recent test results indicate that the flow peaking
factor for tube R9-C51 may have exceeded 30%, compared to the 15% assumed
in Reference 4. This information suggests that flow peaking factors may
have played a more important role, and damping ratio uncertainties a less
important role in contributing to the tube rupture than was indicated in
Reference 4. This new information is currently being reviewed by the staff.
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However, assuming this information to be valid, stability ratio reductions
associated with preventive plugging would be expected by the staff to be
higher than the 14% to 20% estimated by Westinghouse in Reference 4, since

preventive plugging would be expected to significantly reduce flos peaking.
The staff concludes that the overall stability ratio reductinns e:,:.imated
by Westinghouse in-Reference 4, based on the corrective actions implemented
by the licensee, are conservative.

12. Actions taken by the licensee to augment its preventive plugging program
to address. staff concerns, as discussed in Section 5.2, are considered
acceptable by the staff and provide added assurance that tubes without
fully ef fective AVB supports in rows 9 1J and 11 have been removed from
service.

. 13. The use of the sentinel plag for " susceptible tubes" precludes a recurrence
of the Ginna syndrome (NUREG-916); namely, fracture of a tube subsequent

'

to its t'9ing plugged, leading to damage and pernaps rupture of adjacent
unplugged tubes without prior indication of primary-to-secondary leakage.

_ . Because the population of. tubes with-the sentinel plugs includes the
tubes in the bundh oost susceptible to large amplitude vibration, any
future fatigue cracks would likely affect tubes in this population pro-
ducing detectable but small, controlled leakage before affecting non-
plugged tubes. _Thus, the-tubes with sentinel plugs installed will also
serve as a long-term indication'of the effectiveness of 0FRP minimizing
.large amplitude vibrations.and alternating stress levels.

e

14. Sthbilization of tube R9-C51 on the cold leg side has been determined to
be acceptable based on physical tests and computer analyses. The analyses
have determined that the jointed spear which was inserted in the R9-C51

cold leg remnant above the seventh support plate level meets design bases
operational and transient-induced forces. In addition, damping will be
higher and thus reduce the loadings and susceptibility of the spear stabil-

.ization mechanism to any fatigue failure. For the hot leg side, the design
and use of the flexible steel cable design has previously been tested,
qualified, and used at other facilities. Fina'ly, for the cold leg side,
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tubes adjacent to tube R9-C51 have been piugged with sentinel tubes to
'

mitigate the impact of unlikely wear on neighboring tubes. Based on the
above, the staff finds that the stabilization-analyses and techniques used

,

are acceptable to stabilize the R9-C51 tube remnant on both the cold and
hot leg side.

15. The staf f has evaluated licensee capabilities and procedures for mon. tor-

ing primary-to-secondary leakage, and participated in an onsitt. walk-through
of a 4 hour surveillance cycle and trending analysis. The staff finds that
the licensee has substantially improved its capabilities to Jetect and
monitor ' low level primary-to-secondary leakage, which could potentially be
a precursor to a similar tube-rupture in the future. The licensee has
adopted an administrative limit of 100 gpd, which is significantly more,

restrictive than the standard Technical Specification limit of 500 gpd
and which provides added assurance that the plant will be shut down in a
timely fashion before a leaking through-wall crack can propagate to failure.

16. The SG OFRP design and installation have been performed in such a manner
'

that there is no increase in the probability of accidents. The effectsm

of this modification upon existing accident analyses have been investi-
gated. Each accident continues to meet its applicable acceptance criteria.

A reanalysis of the SGTR accident analysis-has resulted in,a calculated
offsite dose greater than currently reported in the NA-1&2 UFSAR for core
power greater than 59% of rated thermal power. This increase is not sig-
nificant because the revised dose remains a small fraction of the 10 CFR
Part-100 limits and meets .the guidelines of N'JREG-0800 (Section 15.6.3).
No new accident types or_ equipment malfunction scenarios will be intro-
duced as a result'of the DFRP modification. The origiqa1 design of the
plant Ir.cluded such plates in the SGs. Therefore, operation with this,

modification does not create the possibility cf an accident of a differ-
ent type from any evaluated previously in the NA-1&2 UFSAR. There is no
significant reduction-in the margin of safety. An evaluation of NA-1&2
UFSAR accidents has concluded that the existing analyses continue to meet
their acceptance. criteria for operation wit the SG modification. The

!
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present margin of safety for the SGTR (as defined in the basis for the
NA-1&2 TS 3/4.4.8) has also been maintained, since the revised dose re-
mains a small fraction of the appropriete 10 CFR Part 100 limits. There-
fore, based on all of the above, the staff finds the NA-1 SG DFRP modifi-
cations to be acceptable for operation at all power levels.

7 CONCLUSIONS

Based on the above evaiuation, the staff finds that the licensee has (1) ade-
quately demonstrated the primary failure mechanism leading to the July 15,
1987 SGTR event to be fatigue caused by flow-induced vibration, (2) adequately
identified the major causa's factors leading to this event, and (3) implemented
acceptable diagnostic and corrective measures to prevent a similar fatigue
failure in future. The staff concludes that the SGs have been restored to an
acceptable condition from an 33 tube integrity standpoint and that the plant
can be operated at 100% power without undue risk to the public health and safety.
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