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TIA + NORTH ANNA UNIT 1 STEAM GENERATOR TUBE FAILURE EVENT

The purpose of this memorandum i§ 10 present our Snterface agreement relative
te the recent North Anna Unit 1 steam generator tyube failure event

The following actions and responsibilities are designated in consideration o1

the enclosed memorangum,

"Dircks to Regiona) Administrators, dated April 13,

1882," Steam Generator Prot’em

i R11 to restrict restart of unit and fssve CAL, (R1] complets)

- R11 to form and dispatch an AlT team to the site with NRR technica’
and PM assistance. (R1] complete)
cONCUr rence.

3. AlY Report to be reviewed by RII and NRR prier to issuvance.
(RI1/NER)

&, AMdequacy of SC repairs for North Anng Yor restart. (NRR/DEST)

§ = Generic impiications of event. (NRR/DEST)

The rontact for the above actions wil) be L. Eng'e. who can be reached on

F1$ 49-29795.
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1.0 INTRODUCTION/SUMMARY
1.1 Introduction

The purpose of this report is to docunment the evaluations of the Nortn
Anna Unit I Stean Generator "C" Row 9 Column 51 tube rupture event and
the stean generator modifications which will be made to minimize the
requisite conditions for future occurrence of a sinmilar event.

The evaluations include those from nondestructive testing of the tube
before removal from the steam genevator, those fror the laboratory
destructive and nondestructive tests conducted un 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 losding which could lead to a similar occurrence
during continued operation of the North Anna Unit 1 steam generators.
Final the report documents the modifications which will be performed
to minimize those conditions which are “'1iged necessary for future
occurrences and evaluates the eftectiveness of these modifications.

1.2 Summary

On July 15, 1987, a stean generator tube rupture event occurred at
the North Anrs Unit 1 plant. .The ruptured tube wvas 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 tibe and was circumferential in orientation with & 360 degree

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
necassary for the mechanism and the modifications appropriate to
minimizee prerequisite conditions for future occurrence. As a
supplenental element, leak-before-break conuitions 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
:.:Il. The overall conclusions of the evaluation are sumrarized as
cllovs,

The cause >f the tube rupture has been determined to be high cycle
fatigue. The source of the loades associated with the fatigue mecha-
nism has been determined to be a combination of a mean stress level ¢
in the tube and s superinposed alternating stress. The mean stress has
been datermined to be the result of denting of the tube at the

top tube suppert vlate and the alternating stress due to out-of-
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plane deflection of the tube above the tnp 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 chenmistry
environment., The vibration mechanism has been determined to be
fluidelastic, based on the magnitude of the alternating stress.

The most significant contriputer to the sccurrence of excessive
vibraticn is the reduction in damping at the tube to tube support nlate
interface caused by the danting. The absence of antivibration bar
(AVB) su,port ) 18 bean concluded to be regquired for requisite
vibration to occur, together with the reducticn in danmpirg. The
presence of AVE support will restrict tube motion and thus preclude the
deflection amplitude required for fatigue. Row 11 tubes are the minimunm
requirement for antivibration bar (AVB) support in the original design
configuration. Inspection data shows that an AVE is not present for
the Row § Column 51 tube but that the actual AVE inctallation depth
exceeded the minimum requirements in all cases with data for AVB's at
many other Row 9 tubes. Also contributing

to the level of vibraticn, 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 leoading conditions and fatigue properties.

The prerequisite conditions derived from the evaluaticns were
concluded to be:

Fatigue Regquirerments Brexeguisite Conditions
Mean stress Denting
Alternating stress Tube vibration

= Dented support
= Flow excitation
= Absence of AVB

Material fatigue properties AVT environment
= lower range of properties

The modifications to the stean gererator have buen defined to address
the prereguisite conditions. Criteria have been established to
effectively elinminate the cause or to establish sufficiently
conservative limits that a high contidence level is achieved that the
combined actions reduce the potential for tube fatigue in the future
to a very small level. For those prersquisite conditions associated
with the inherent tube condition, werst case assumptions have been ¢
made. All tubes are assumed to be dented sufficiently to provide me*n
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 cendition. The
material fatigue properties have beer assumed to be the lower bound for



AVT wvater chemistry conditions. The location of AVEB's has been
conservatively defined from inspection dats ‘or each of the tubes in
the three steanm generators. The goal for level of improvenment

of the flow ernitation regquired to aveid significant future fatigue
accumulation nas been conservatively selected based upon the range of
possible initiating alterrate stress for the worst case tube

during centinued operation,

To achieve the flow excitation reduction, a modification to

reduce the circviation through the stesn generator and thus reduce the
hydredynanic loads acting on the tubes will be installed. This
modification is called a downcomer flow resistance plate (DFRF) end !as
been previously used in many steam generators. The adjustmant to the
circulation will be to a level where significant operating experience
exists in other steam generators. This modificaticn alene is
sufficient to account for vibration associated with a very low tube
danping level. To account fo. the combined effect of both reduced
danping and high flow conditions, tubes in high flow aress will be
conservatively removed from service. A tuoe plug vhich allows a
controlled leval of leakage will be utilized wo that leakage in the
tube wall can be readily detected.

As & result of the modifications, it is expected that tha potential for
large leakage occurrences will be eliminated bused on multiple

criteria of which each significantly reduces the probability of
occurrence of tube fatigue. Supplemental to the ¢ ean generator
modifications, the practicality of leak-befcore~break was established
based on_a correlation of plant leakage data not normally used to
zoniter primary to secondary leakage and the tube rupture analysis.
These results show that leakage was present befcre the tube rupture and
that leak-before~break was present.
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Figure 1.2-1 Logic Diagram «




2.0 FAILED TUBE EVALUATION

Tube ROCS1 In steen generator C of North Anna Unit 1 was observed, by
in-plant Endoscope sxaminaction to have separated circumferentially
imnediately above the seventh cold leg support plate. A tube pull
removed the cold leg segment of the tube from the tubesheet bottom to
the fracture face at the top edge of the seventh support plate. The
rexoved tube was examined in the laboratory by a variety of technigues
and it was deternined that the tube degradation occurred as a result
of fatigue. The presence of fatigue striations confirmed the fatigue
mechanism. Measurement of tie 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 indica*tion of significant wall penetration occurring by other
mechanisne 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
eccurring during the tube pull. The elongation was observed to be
confined to above the third support plate and to increase with
increasing elevaticn. Between the sixth and seventh support plates,
0.8% elongation occurred resulting in a reduction of the average tiube
OD from 0.871-0.872 to approximately 0.867 inches. The pull forces
required to remove the tube were as follows® 103.6 ksi to break the
tube free; 62~65 ksi after 4 feet of remova.; 41.4 ksi after 8 feet;
6.9 ksi after 2. feet; and less than 0.8 ksi thereafter. These data
S\ ;- “t-that support plate dunting in the upper cold leg support plate

r:e® s ed the tube during the tube pull., (Field eddy current

* al. . .etry also showed significant denting at these locations as
mar o Figure 3.1-7.) Table 2.1-] and Figure 2.1~1 summarize
wtaaui s ~ents made on the pulled tube.

Or: oY he more prominent features un the fracture face of the pulled
tube .» the region subsequently labeled as the "tzb"™, The small local
protrusion on the fracture was clearly visible during the in-piant
endoscope examinations. The intrador region of the Usbend could also
be determined by noting the positicn of the endoscope support cable
during the photography. This informatir, coupled with viewing the
location cof seventh tube support plate flov holes, permitted
orientation of the fracture face with respect to the plane of the
U~bend. The plane 5f the U~hbend was accordingly positioned at
approximately 45° ¢o the general tab position.

& ' <



2.2 Examination of the Pulled Tube

The fellowing section summarizes the findings of the failure analysis.
In general the results established that the tube had the intended
pechanical propeities and otherwise displayed the expected
characteristics of ..loy 600 in the mill annealed condition. Sonme
specific details folloew.

2.2.1 Physical and Metallurgical Properties

From & region of the tubing where no tube pulling elongation occurred,
two room temperature tensile specimens were obtained and pulled.
Fesults from . hese tasts agreed closely with 1871 tubing certification
data for Heat 4483 which is the heat in location RSC51 (Table 2.2-1).
These mechanical property values are considered typical of tubing in
North Anna Unit 1. Chenistry data for Heat 44BJ 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
& metallographic cross section cobtained on the cold leg tube segment.
The niciostructuro appears typical of mill snnealed Alloy 600 in Nerth
Anna Unit 1.

2.2.2 NDE Examination of the Seventh Support Plate Regicn

Radiography, consisting of double wall radiographs taken at 4

rotations $0° apart and of a single wall radiograph using a rotisserie
technique, revealed no indications in the seventh support plate region
other thin the fracture at the top edge of the support plate location.

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

2.2.3 Visua. and Macroscopic Ixaminations of Seventh Support
Plate Region

Figures 2.2-2, =3, and -4 provide macrophotographs of the seventh
support plate region and the fracture face. With the orientation
systen chosen, the plane of the U~bend is located at 45°, Minimal OD
surface deposits were cbserved although demarcation of the support
plate edges was clearly observed on the OD surface of the tubing. As
vill be demonstrated later, nultlglo site fracture initiation occurred
between approximately 90° and 180°. The tubing between 50° and 180°
is determined to have 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 regien



closest in elevation to the tcp edge of the support plate. The
highest alevation of the fracture is located at 315° and is
approximately 0.17 inches :Love the top edge of the support plate. On
the fracture face a dark deposit was noted from approximately 90° to
150°. 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 i .2~4 shows a sketch cf the deposit boundary. An analysis of
these depcsits showed that they had a composition similar to adjacent
VD) deposits und that they contain elements which would be expected
trom secondary side water-born deposits (Tables 2.2-3 and =4). Later
it will be shown that fatigue cracks initiated in this location. The
significance of these deposi*s i{s that they show the shape of the
early macro-crack befcre faster crack growth rates cccurred. From the
chape of the deposit, it is believed that the mac+vo-crack initially
broke thrcugh-wall over an approximately 40° crack front that
extended from approximately 100° to 140°. Fatiguc striation
orientation data, presented later, slso support this hypothesis.

Visual examinations and macroscopic examinztions of the fracture
surface and the UD surfz2ce adjacent to the fracture surface wvere
conducted to deteruine the surface condition and to determine crack
origine and paths of crack propagation. The selient features cbserved
during these examinations are summarized in Figure 2.2-5 and consist
of the feliowing:

1. Tab-shaped area noar’rogiun marked ¢° has a rough fracture
texture and corientaticn consistent with final overload
fracture.

2. Region from about $0° to 155° is generally flat
(erientztion: normal to wall) throughout most of wall except
for small portiouns that have shear orientations (45° to
wall) adjacent to the OD and ID surfaces.

3., Most of the remainder of the fracture is ~riented at about
45° to the wall surface except for a flat area surrounding
& minor crack ¢rigin at about the 190° locatien.

4. The fracture occuired by multiple initiation - all on the OD
surface. A number of "origins" were identified from fracture
surface markings (tear ridges) &nd contour on CL surface with
‘our principal initiation sites found at approximately 110°,
1209, 135° and 140°, Figure 2.2-6 shows a photograph
of these locations after the deposit had been partially
removed by cathodic descaling.

5. Fracture Texture:
a. Within flat region: ¢fine texture.

b. Counterclockwise from 90°: fine texture.



¢. Clockwise from 180°: 4nitially fine. Texture
becones rcougher with herringbone pattern evident near
270° region indicating an accelerating rate of crack
propagation.

d. Within the region from about 280° through 360° to 159
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 surface confirmed the
conclusions of the opticalemacroscopic examinations that the crack
origins were located on the OD surface. At lowv to intermediate
magnifications, as illustrated in Figure 2.2-7, the fracture (in the
30° to 210° portion of the fracture) has a transgranular, feathery,
cleavage~-like faceted appearance. The feathery appearance results
from microscopic tear ridges (which, like macroscopic tear ridges, run
in the direction of local crack propagat.icn) and srmall 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
about 310 through 360° to the 15° portion of the fractura). At higher
magnifications (also illustrated in Figure 2.2-7 freguent varations in
the direction of local crack propagation of nearly +45° (both
vertically and horizontally), could be noted as indicated by changes
in the crientation and direction of the plateaus. Crack growth
occurred simultanecusly along facets at different levels o that tear
ridges and undercutting of one facet by ancther was a common
occurrence. Such phencmena are common to fatigue crack propagation.

One definit./e feature of fatigue cracks that is often cbserved is the
presence of numerous, usually evenly spaced, striations that run
perpendicular to the direction of local crack propagation. The
striations develop as a conseguence of repeated blunting and
resharpening of the crack tip during the cyclic applice“ions of lcad;
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 adeguate to determine if the spacing is uniform or random or
to deternmine the striation spacing.

The appearance ©f the crack crigin at approximately 110° is shown in
Figure 2.2-8. 1In the top photograph the fracture surface is showr as
viewed from above. Note the crack propagaticn line fanning out from
the origin reginon. 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 ¢re still visible



on the tube. The presence of some surface disturbance on the tube in
this region is alsc visible. These digturbed areas are gquite shallow
and of unknown mechanical or corrosive origin. The lower vhotograph
of the OD of the tube again shows the polishing marks and alsc some
scrape marks that likely cccurred during the tube pulling operation.

No intergranular cracking wus found at any position i~ the fracture.
This total absence of intergranular cracking, eliminates the
pessibility that cracking initiated as or propagated by intergranular
stress corrosion cracking.

2.2.5 TEM Fractographic Examination

TEM fractographic examinations were performed to provide the extra
resclution to definitively determine if the striation-like markings
observed during SEM fractography were indeed fatigue striations and to
provide quantitative data pertaining to the spacing of the
striations. Two-stage carbon replicas were utilized for this
examination. The first stage consists of » cellulose acetate replica
of the entire fracture surface. The seccnd stage consists of making
sxmall carbon replicas (usually referred tc 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 Endox cleaning (cathodic descaling of oxide
deposits) of the fracture surface.

The salient features observed during the TEM fractographic examinaticn
are schematically shown in Figure 2.2-9 and sumnmarized below:

1.7 Oxidation and/or fretting, observed on most of the fracture
surface, is most severe at about the 175° position, heavy
throughout the region containing mest of the crack origins
and of diminishing severity at locations proceeding in the
clockwise direction from about 170° and counter clockwise
from about 70°. This suggests that the oldest portion of
the crack occurred at about the 135° positien.

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 OD surface to nearly 2.0 micro-in.
near the ID surface.

3. Fine to coarse fatigue striations occur at locatisns from
about 190° to 250° and from about 30° to 70° as
shown in Table 2.2-5. The fatigue striation upacing
increased (indicating higher propagation rates) as the

- crack propagated around the circumference of 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 cor a component of
torsional loading.



4. Parabolic dimples with internal necking between dimples
were the predominant fractographic features at about the
270° 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 pertion 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 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 29%50% position, bhut some amount of
surface peening occurred throughout the fracture surface.

2.2.6 Metallographv of Seventh Support Plate Regione

A series of longitudinal metallographic sections was made from below
the hottom edge of the seventh support plate through the crevice
region up to the fracture face. In the key fatigue initiation zone
from approximately 90 to 180°, the region from 130° to 165,

which included two major initiation sites and at least one minor
initiation site, was cut by five eguispaced longitudinal sections.
Minor OD intergranular penetrations, as well as minor ID intergranular
penetrations, vere found in isclated, small zones within the support
plate crevice region. The penetraticns were typically 0.3 mils deep
and approached a maximum depth of 1.0 mil, See Figure 2.2-10. The
closest distance to the fracture face, in which an intergranular
penetration approached the fracture face, wvas 4 mils. See Figure
2.2=11. It is judged most liikely that intergranular penetrations,
based primarily on the extersive SEM examination performed on the
fracture face, were not present at the exact fatigue initiation
locations. There still remains the possibility that this could have
occurred; however, that possibility would not change the cobse.ved data
which support fatigue initiation and preopagation.

*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
pelishing steps and reduces edge rounding of the tubing
segments.



2.2.7 Summary of Pulled Tube Examination

Fatigue was found to have initiated on the OD surface of Tube RSCS51 CL
immediately above the 7th celd leg support plate. No indications of
significant accompanying intergranular ccrrosion was observed on tne
fracture face or on the immediately acjacent OD surfaces. Multiple
fatigue initiation sites vere found with major sites located at 110°,
1209, 135° and 150°, The plane of the U-bend is located at 45° with
the orientation system used or approximately 85° from the geometric
center of the initiation 2one. High cycle fatigue striation spacings
approached 1 micro-inch near the origin sites. The early crack front
is believed to have broken through-wall from approximately 100° to
140°, From this time on, crack growth is believed (as determined by
striation spacing, striation direction, and later observations of
parabeolic dimples followed by eguiaxed dimples) to have accelerated
and to have changed directicn with the resulting crack front running
perpendicular to the circumferential direction.

L3



TABLE 2.2-3

DEPOSIT ANALYSIS

N. ANNA 1 TUBE R9-C51 CL
AS-RECEIVED FRACTURE SURFACE
SENIQUANTITATIVE SEN-EDS ANALYSES (w/o)
Z >10 (Na), 75 MILS? NID-WALL AREA SCANS

&

ELEMENT 0® 90° 150° 180° 270°
Mg 8.7, 16.3 .ee 16.3 10.7
Al - - - os
8 8.7 14.3 9.1 9.9 11.2
S _ 0.6 1.0 cve prors
Cs .- 0.2 .- .- 0.2
T ee - .ee 0.2
cr 16.% $.0 12.8 11.8 $.9
M 5.6 .- 2.5 . 0.5
Fe 42.2 1i.8 11.8 8.4 - 10.4
M 17.8 37.2 4.3 45.4 38.6
Cu 8.6 (R 7.9 5.8 7.6
n 6.3 3.5 2.3 1.5 7.6
Mo - - e - 2.9

'h - - aee oee 001

".I



TABLE 2.2-4

DEPOSIT ANALYSIS

N. ANNA 1 TUBF R§-RS1 CL
AS-RECEIVED OD SURFACES IN NIDDLE OF 7TH T$?
SEMIQUANTITATIVE SEN-EDS ANALYSES (w/o)

2 »10 (Na), 75 WILS? AREA SCANS

EL.EMENT 0° $0° 180° 270°
Mg o .- - -
A 1.8 0.9 3.1 1.3
s 4.4 3.8 6.5 8.2

s oo oe -ee 1.4
Ca | 0.3 ' ous 0.7
T 0.4 0.4 e 0.2
Cr 16.8 15.8 12.3 15.0
#"n — . svw ewe
Fa 13.2 11.8 21.1 17.3
i §1.3 §6.9 36.8 39.8
Cu 6.0 e 7.8 8.6
In 4.4 2.9 9.4 7.4

M ic’ aee !.z ---
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TMLE 2&2-5

SUMMARY 0f ST:..ATION SPACING MEASUREMENTS

DISTANCE FROM AVERAGE SPACING

GRID  0.D. SURFACE, IN. p-IN.
A 6.24
H 2.5
c 0.014 1.00
0.038 1.88
0.048 1.85
E 0.024 1.80
0.031 1.53
¥ 20.7

¥



Figure 2.1-1
DIMENSIONS OF PULLED TUBE RS-CSICL FROM N. ANNA 1 S/G C

Evoncation peTween SP AvErace 0D (incwes)

l;;;u - phbtaen  375.2 0.887
0.83
Bottom = 324.3
$Pé
0.6x 0.865
Bottom - 73.%
$Ps .
0.43 0.873
Bottom = 22.%
P4
0.43%
Bottom = 172.1
$P3
lere
.Ott“ - 121.7 0'.71
52
lero 0.571
Bottom = 71.3
sPl
"
levo 0.872
/8 Top+ 21.0
4]
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Figure 2.2-2 cp Edge

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

Views of circusferential separation at 7th TSP (cold leg) of Tube
RO-C51, North Anna Unit !
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FIGURE 2.2-5 Approximate Mapping of Fracture Surface
of Tube RSCSI, $/6 *C* Cold Leg.



FIGURE 2.2-6
photograph indicating sultiple origins of cracks on the 0D

Light
on Pisce OB2 after cathodic cieaning.
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2.3 Fallure Anslysis Results

The tube exsminatio:n resuits, as presented in the previous section,
show that fatigue crecks initiated at multiple sites on the 0D of the
tube at a location slightly above the tube support plate. These
cracks joined together, progressed through the tube wall and then grew
around the circunference of tube. This section begins a more
Guantizative analysis of the tube fatigue fracture.

One definitive feature of fatigue cracks that is often cvbserved {s the
presence of numerous, usually evenly spaced, striations that run
perpendicular to the direction of local crack propagetion, The
striations develop as a consequence of repeated blunting and
resharpening of the crack tip during the cyclic epplications of load,
#0 each strietion marks the position of the crack tip at the time it
vas formed. The striation spacing provides & rough estimate of tle
crack growth ratn per cyvcle. More importantly, in Lhe context of the
present discussion, there {: a deuonstrated correlation between the
sriation spacing and the cyclic stress intensil; factor range,
(delta)X. 1f one makes the ressonable assumprion that the overali
vibrational loading of the tube is not significantly changed by the
development and esrly giowth of small fatigue cracks then (LK) levels
indicated from striation spacings can be used to determine the cyclic
KLress range that began the fatigue process.

Replicas of the fracture surface vere cxamined in 2 transwmission
electron microscope(TEM). -These TEM fractographic examinations were
performed to provide the resolution naeded to cCefi{n.tively determine
if the strietion-like markings observed during SEM fractography were
indeed fatigue striations und to provide quantitarive cdata pertaining
t® the spacing of the striations. Two-stage carbon replicuas were made
for these examinations, The first stage consists of a cellulose
acetate replica of the ontire fracture surface. The second staye
consists of making small curbon replicas, ususally referred to as
grids, from selected areas of the collucse acetate replica. Three
sets of replicas were made, two before Endox cleanirg of the fracture
surface and the third after Endox cleaning of the frasture surface.
The locations of the grids relative to the fracture surface are
{llustrated in figure 2.3-1. Grids 3-E,3-D and 3-C are in the area of
the wultiple crack initfation sites. OCrids 3B ,3-A and 3-F are 1n the
regions of circumferential growth of the wacroscepic fatigue crack.

A sunnary of striation spacing weasurements 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 wal’
striation spacings are listed for seversl distances from the tube OD.
Indicated (delta)¥ levels from the Bates-Clark corelation are also
listed,

L

Estimates of cyclic stress levels can be made from indicated (delta)X
levels as the crack grows through the wall and at relatively short
through vall crack langths. For the case of growth through the tube
wall it must be recognized that the tube was dented {rom corrosion
preducts in the tube support plate crevice. As shown in another
section, the denting was of sufficient megnitude .o cause plastic



3.1 LEAKING TUBE ANALYSIS

This secticn 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 crac«, the crack propagution 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 locading, any loading condition that would
cause cyclic stress or steady mean stress must be considered. The
snalysis of Normal, Upset and Test conditions described below indicates
a relatively low totel number of cycles invelved and a corresponding
low fatiguo usage, even with accounting for the dented tube conditien
at the plate. This analysis does show an axial stress contributien at
the tube OD a short distance above the plate from pressure and
texperature, thua providing a contributicn to mean stress. In
addition, combining the effectes of denting deflection on the tube
dencnstrates a high mean stresc at the failure location. The vibration
analysis for the tube develcps the characteristics of first mode,
cantilever response of the dented tube to flow induced vibration for
the uncracked tube and for che tube with an increasing crack angle,
beginning at $0° to the plane of the tube and progressing around on
both sides to 130° opposite.

The crack propagation analysis utilizes the results of the analyses
just describad to match cyclic deformation with the stress intensities
and striaticn 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 ranye of 4.0 ksi 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 § ksi. The comparison to the best estimate of plant
leakage (performed after the event) shows a very good agreement. This
confirme that rflow-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
: Column 51 tube at the top of the seventh support plate at the cold
eq.



3.1.1 Tube Fatigue Analvsis

The purpose of this analysis is to determine the fatigue usage for the
outside surface of the R5CS51 tube at the top support plate resulting
from Normal, Upset and Test conditions. The tube is assumed be to
round with no gsp 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 thrrmal gradient in the tube. The
analysis considers all transient conditions defined in the Series %1
Design Specification for North Anna. A summary of the conditions
congidered is provided in Table 3.1-1. The number of transient cycles
is presented for both % and 40 years of operation.

The tomperatures and pressures for the transient conditions are based
on the curves provided in the design epecification. The primary-side
water temperature at the top support plate is taken to be the average
©f the Thoe and Teoyg values., Secondary side pressures are determined
from stean tables a% the saturation temperatures shown Iin the design
specification curves. The tube support-plate temperature is taken to
be at the secondary side steanm temperature. Summaries of the transient
pressures and temperatures are previded in Tables 2.1-2 and 3.1~3.

A summary of the primary-to-secondary pressure drop, the tube/support
plata relative radial interferenca, and the thru-wall 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 shdwn in Figure 3.1-1. Symmetry about the support-plate
centerliine 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 end 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 gradiant are
calculated using conventional analysis techniques. Boundary conditions
for the finite element model at the tube/support plate interface assume
the tube to be unable to rove radially inside the support plate. An
axial 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 an? radial interferern~e cases are
provided in Figures 3.1-2 to 3.1-4. These stresses correspend to a
pressure drop across the tube wall of 1000 psi and @& tube/suprort plate
interference of 1.0 mil. ' >

“ar each of the transient conditions, the stress components from the
-srae loading mechanisms are scaled and combined. These stresses are
converted to principal stresses and then to stress differences for
performing the fatigue analysis. A summary of the resulting stress



differences for the tube ocutside 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
©f the subsequent fatigue analysis for the tube cutside surface is
provided in Table 3.1-7. These results show the fatigue usage for

an operating period of 40 years to be 0.03%6. On a pro-rated basis,
the usage for 9 years of cperation is 0.009. These results show the
fatigue usage from operating conditions to be insignificant with regard
to the tube failure.



TABLE 3.1~-1
DUTY CYCLE SUMMARY

TRANSIENT
PLANT HEAT UP / COOLDOWN

PLANT LOADING / UNLOADING
SMALL STEP LOAD INCREASE
SMALL STEP LOAD DECREASE
LARGE STEP LOAD DECREASE
HOT STANDBY OPERATION
10SS OF LOAD

10SS OF POWER

10SS OF FLOW

REACTOR TRIP

FEEDWATER CYCLING
PRIMARY SIDE HYDRO
SECONDARY SIDE HYDRO
STEAM LINE BREAK

LOSS OF COOLANT ACCIDENT
FEED LINE BREAK

¢ NOT CONSIDERED IN THE FATIGUE ANALYSIS

Cycles
40 . yeazrs

200
18,300
2,000
2,000
200
18,300

Cycles

45
4118
450
450
45
41186
18

ik
$0
4118



TABLE J.1+2
TRANSIENT PRESSVRES

PRIMARY SECONRDAF PRESSURE
TRANSIENT TIM PRESSURE PRESS|'RE GRADIENT
BEHAENEEEEESBEERREFEFR RN REREERERS RS EERERERRERERE AR AR RN RE RN .-

+ PLANT HEAT CP 0.0 0 O 0
300.0 2250 1020 123

PIANT COOLDOWN g.0 2250 1020 423

av

J00.0 0 0

PLANT LOADIRG 0.0 2290
1200.0 4250

URLOADING 0.0 2250
1200.0C 1250

ETEP LOAD INCREASE 0.
45.9
150.

ETEP LOAD DECREASE

POWER

FLOW

13 REACTOR TRIY

12 FEEDWATER CYCLING

13 FRIMARY HYDROTEST

14 BECONDARY HYDROTESS




TABLE 3.1-)

TRANSIENT TEMPERATURES

HOT LFG  CLD LXG
PLATE TUBE TUBE
TRANSIENT TIME TEMP TEMP TEMP

T R R T
1 PLANT HEAT UP 0.0 70 70 70
#00.0 547 547 547
2 PLANT COOLDOIN 0.0 547 547 547
300,0 70 70 70
3 PLANT LOADING 0.0 547 847 547
1200.0 528 568 548
« PLANT UNLOADING 0.0 525 568 si8
1200.0 547 547 547
% GMALL STEP LOAD 1 REASE 0.0 88 568 548
28.0 540 $7% 560
150.0 530 570 549
6 SMALL STEP LOAD DECREASE 0.0 528 468 540
80.0 510 558 516
180.0 518 567 544
7 LARGE STEP LOAD DECREASE 0.0 528 568 540
60,0 565 890 $72
¥ 540.0 547 556 548
1400.0 558 543 540
8 1085 OF LOAD 0.0 528 568 548
10,0 $70 53 574
100.0 570 560 555
§ LOSS OF POWER 0.0 525 568 548
10,0 571 578 545
16 LOSS OF YLOW 0.0 n2 568 548
45,0 850 522 523
11 REACTOR TRIP .0 $28 568 548
100.0 587 544 542
12 FEEDWATER CYCLING 0.0 547 547 547
: $40.0 . 820 534 534
13 PRIMARY MYDROTEST .- 70 70 70
14 SECONDAKY HYDROTEST - 70 70 70

TEMPERATURES ARE IN DECREES FAHRENMEIT

TIME HAS UNITS OF SECONDS



TABLE 3.1+~4
SUMMARY OF TRANSIENYT LOAD PARAMETERS

INTER~
FERENCE

THRU~
WALL DT

b

PRESSURE
TRANSIENT TIME GRADIENT

T L O

4 PLANT HEAT U¥ 0.0 0

300.0 1230

2 PLANT COOLDOWN 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 LOAD INCREASE 0.0 1420

25.0 1388

150.0 1239

€ SMALL STE. LOAD DECREASE 0.0 1400

25.0 1444

180.0 1512

7 LARGE STEP LOAD DECREASE 0.0 1400

60.0 1170

840.0 869

N 1200.0 1111

8 LOSS OF LOAD 0.0 1400

10.0 1372

100.0 402

§ LOSS OF POWER 0.0 1400

10.0 82

10 1088 OF Frlow 0.0 1400

45.0 828

11 REACTOR TRIP 0.0 1400

100.0 764

12 FEEDWATER CYCLINWNG 0.0 1230

840.0 1439

13 PRIMARY HYDROTEST wan 3106

14 SECONDARY HYDROTEST one -1356

. L 3
THRU=WALL DT (FPRIMARY ~ SECONDARY) HAS UNITS OF DEGREES FAMRENHEIT
PRESSURES HAVE NUNITS OF BSI

INTERFERENCE HAS UNITS O¥ MILS




TABLE 3.1-5
SUMMARY OF STRISS DIFFERENCES
TUBE OUTSIDE SURFACE

CASE
NO  TRANSIENT TINE £1G 1-2  8I1G 2-3  B6I1G 31
L e N T T Tl Lo
1 PLANT HEAT UP 0 p
2 300
3 PLANT COOL DOWN 0
‘ 300
§  PLANT LCADING 0
. 1200
7 PLANT UNLOADING 0
v 1200
10 SMALL STEP LOAD INCREASE 0
11 28
12 180
:3 EMALL STEP LOAD DECREASE )
4 5
15 180
16 LARGE STEP LOAD DECREASE 0
17 0
18 540
19 ~ 1200
20 108§ OF LOAD o
21 10
22 100
23 LOSS OF POWER 0
24 10
25 108§ GF FLOW 0
26 10
27  REACTOR TRIP o
28 10
29 FEEDWATER CYCLING 0
30 \ 540
31  PRIMARY HYDRO .
32 BECONDARY KYDRO — 1

STRESSES HAVE UNITS OF PSI
TIME HAS UNITS OF SEC




TABLE 3.1~6

SUMMARY OF UMBRELLA EVENTS
TUBE OUTSIDE SURFACK

81CG 2+3

681G 3-1

Fo  rransienr CYCLES 616G 1-2
1 O O O
1 PLANT KEAT UP a0 [
2 NANT 10ADTNG 18300
8  PLANT UNLOADING 18300
10 SNALL STEP LOAD INGRIASE 2000
15 SMALL STEP LOAD DECREASE 2000
19 LARGE STEP LAOD DECREASE 200
22 10SS OF 1OAD €0
24 1085 OF POWER 40
26 1088 OF FLOW 80
28 REACTOR TRIP 400
30 PEEOATER cYCLINo 18300
31 PRIMARY UYDRO s L

ETRESSES HAVE UNITS OF PSI

T4.cC




?A.u 3.1+7
SUMMARY OF FATIGUE CALCULATIONS
TUBE OUTSIDE SURFACE

LOAD COND
d - ib
i
18 - 22
15 = 24
15 - 29
15 = 26
15 - 19
a2
i5 - §
5§ ~6+~-8
2% - 30
i0 = 12

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

= 0.00%

'\

JSAGE FOR 9 YEARS » «~e (0.0196)
40

L



FIGURE 3.1-1

AXISYMMETRIC FINITE ELEMENT TUBE MODEL
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DENTED TUBE STRESS DISTRIBUTIONS
PRESSURE LOAD ON TUBE
PRESSURE = 1000 PSI
OUTSIDE SURFACE

FIGURE 3.1-3

DENTED TUBE STRESS DISTRIBUTIONS
PRESSURE LOAD ON TUBE
OUTSIDE SURFACE
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DENTED TUBE STHESS DISTRIBUTIONS
INTERFERENCE LOAD ON TUBE
1 MIL RADIAL INTCRFERENCE
OUTSIDE SURFACE b
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FIGURE 3.1-5 DENTED TUBE STRESS DISTRIBUTIONS
INTERFERENCE LOAD ON TUBE
OUTSIDE SURFACE




3.1.2 Tube Axisymmetric Denting Analysis

This section describes the analysis used to obtain the stresses in
the tube produced by an axisymmetric dent at the top tube support
plate. Included are a discussion of the basis for the dent profile,
a description of GAPL~), the computer program used to calculate the
stresses, the finite element uodel and boundary conditions, and the
results of the analyeis,

Profilometyy dats was obtained for the severed tube. However, the
look=ahead feature of the instrumentation was overloaded by the

Break in the tube smd 22 ghoum ir Pleurs 3.1-6, gAVe wDuUrious results
for the tube profile in the upper half of the TSP, Conseguently,
profilometry data fcr an adjacent tube was used as the basis for the
dent profile, scaled to match the depth of the dent cbserved in the
severed tube in the bottom half of TSP 7. Figure 3.1-7 shows the dent
profiles for the severed tube &nd an gdjacent tube. The analysis
described in this section uses the dent profile of the acdjacent tube,
but with a maximum radial Aeflection 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 between the TSP and tube. The
inelastic stress analysis of the dented tube was performed using the
computer program GAPL-3. This progran performs an elestic-plastic,
large daflection analysis of thin plates or axisymmetric shells with
pressure lcading and deflection restraints, It is particularly
appropriate when nonlinear material or geometric effects are inmportant.
Anong 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 riyid deflection restraint may take any shape and
orientation

6. GAPL-) has been confirmed by axperiment to provide accurate
solutions for plastic strains up to 10-185%,

GAPL~3 uses a two-layered system of finite elements. A body is first
divided into elements along its length rvalled strain regions, where o«
interpclating 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 elenent.



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 elenents
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,
This was obtained b{ adjustinz the stress-strain cur)r’ for SB~163 at
550°F to give a 0.2% offset yield stress ott 42 €

Boundary conditions consist of symmetry conditions at the center of
the TSP (left end) and zero rotation plus an end cap force at the
right end. An internal pressure of 1400 poi is also applied to
represent the difference between the prinar¥ 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 resuits of this analysis. The
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 !{s the initial position of the tube, and the solid lins is the
final deflected position of the tube. The next two figur~s give the
axial and hcop stresses along the inside and cutside surfaces of the
tube. The axial stress contours withir tne tube are given in

Figure 3.1~12.

The maxinum axial stress at the outside surface is 46.4 ksi. This
includes “the effects of the dent, differential thermal expansion
bot::on the TSP and tube, and the tube through wall temperatire
gradient,
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FIGURE 3.1-7 Comparison of Dent Profiles for
Severed and Adjacent Tubes



FIGURE 3.1-8. DENTED TUBE SURFACE MOOP STRESSES



FIGURE 3.1-9

GAPL«3 Finite Element Mode! (Not to Scale)
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FIGURE 3.1-10

Deflection of Dented Tube Mid-Surface

q.b‘ &




e,bc

FIGURE 3.1-11, CENTED TUBE SURFACE AXIAL STRESSES




FIGURE 3.1-12

Nented Tube Axial Stress Contours
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FIGURE 3.1-13 ENGINEERING STRELS ~ STRAIN CURVE FOR Sy = K&l




3.1.,3 Tube Vibration Analysis

This section contains the results and procedures used to describe the
effect on the tube of a crazi developing and growing in stean
generator C at North Anna 1. Thn region of interest is located a*t the
top tube support plate in rov v column 51 with the crack occurring on
the cold leg side, The analysis is performed using FLCVIB, &
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 analysis
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 becime
fluldelasticlly unstable would result. Increased tube stress and tube
displacenent would also occur.

The “ube was modeled using FLOVIB, a Westinghouse proprietary finite
elanent based computer code. This code vas written to predict the
response of steam generator tubing exposed to i given fluid velocity
and density profile. The progran calculates the tube natural
fraquencies and mode shapes vsing a linear finite element model of the
tube. The fluidelastic stability ratio Ug/U. (the ratioc of the
effective velocity to the critical velocity), the vibration amplitudes
caused by turpulence, and the resulting dynami. forces and moments
generated at the tube support locations are calculated for a given
velocity/density fi.id and tube support condition. The velocity and
density distributions for a given row and column are determined using
the ATHOS computer code. Alsc input to the code are: node locations,
elenent 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 regquired to obtain a solution using FLOVIB.

Figure 3,1,3~1 contains a plot of the FLOVIE model used to deternine
the response of the tube with variocus size cracks included in the
model. Note that the model represents the full tube with both straight
leg and U-bends included. Hcowever because the tubes are

].mt



The hot leg is the left most portion and the ccid leg is the right
most portion of the model as indigpted in the figure. The crack has
been modeled on the cold leg side

- . - -

®''he results of this process
are contained in a subseguent subsect{®n.

The crack was incorporated into the FLOVIB mudel by[

]l,c
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Figure 3.1.3-3 contains a plot of I, 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 vhere the sdditional 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 obsarved in the figure, the moment of
inertia (and alsco rotational stiffness) does not drop off nearly as
fast as when the crack cpening is specifically included. <Comparing
these twr ‘ots indicates that[.

a;fh«rotoro all of the analysis performed with cracks present
in the tube have vsed the information contained in Figure 3.1.3-3 in
the modeling process. -



The met!
describe
Cracks
propers (at : :
Jided=) Or half crack ang !
degrees. NOote !
with danping and
respectively

he i"

8§ presented
netant at 1.¢€

A measure of the ¢ 1sity
fluidelastic exc

ve. GAMMA. rigu b ¢
velocity has beer zed with cr:tA:al "elra"y
degrees. AS can véd in the figure d woul
locl - ases wit! 'ea%vi u&%%h."
red tube to be exc

crac) Figure 1.

GAMMA . shi

¢f the tube tc¢
$ tOo look
s ntal

experience mo:
&t the normalized cCr
ns this piot

where the
wi
\a

1ticC
th GAMMA
be exXpac
is indicates
ited \uidelast
ains a g
alsc
O A& decCrea
ASe in natu
led with th
on. Critic
the ¢

parameters do n¢ ks pta . £l : roflle i der

set
ted

Y
'

re'e”af*
prefile.

LOVIB alec
set of hoan
displacement vs.
displacenent at
observed the
Note that the ag
value en the half c
displacement abe
the crack angle in
& grenter rate t!

calcy
dary ontains
displacenment

in this plot. As
cements ICrease with increasi
and maximum displacement have
is small (indicating mmety

d can
ng G
the sanme
ica

that as
reases at
hat the
This tre
num

N the

the crac)

e
ANMA .

in he dlisj
G‘CV acenent
racx ang.ie
the apex) An additio: pservation
reases the maximum displ I e inc
ien the apex displacement va naicating t
tube displacener i8 becoming more and mol ymmetrical.
can be observed Figure 2.1.3-8 where aticr of maxi
5;,a cenent is plotted agal vst GAMMA., As be observed |
! Ju!'e the locatior maxinmum displacement ves closer tc
increased ~rack angle.

mlA

is

of
with

The dynamic bendl

calculated
ponpent
the bendin
substantia
change,
along
TESUl

in

v

’

-

ng and torsior

poments at the ¢

crack

FLO
and torsic
RONEn

rtie

VIB. Figure 3.1
n values ve.
t and tors
>f the ran

enstant

gT1

”~

es8s wit

3«3
GAMMA .
ion values are fairly
ge of
values 0° tc
sectio )

-

|\ L@

»

centains a plot
This figure

cc
GAMMA before ¢t
rsion and

rack

:ni‘
nstant
ne values hbegin

L o .

can also
of bending
Ates that

OVer a

bendir
[ 2]
B 4

g mC
rack
jle

ment




S — T — R R R O R R R R R R RO RO R RO R RO R R R R R R R R R R R R R RRRRRRRRREREREEEESBZZZD =

Specific values of stress and turbulent amplitude were calculated for
use in subseguent analysis. It w ; deternmined that the RMS modal
vibration l:glitudo 1lt &r an uncracked (GAMMA = 0 row §
column 51 tube. The resulting bending stress amplitude { %0 psi for
this RMS displacement. Allowing for peak amplitudes and *ertainties
in turbulence input would still result in a stress as» ¢ of less
than 1000 psi. It was also determined (for fluideles... excitation)
that the bending stress amplitude for the first mode of vibration is

r J a0

As cracking progresses arcund the tube circumference, the vibration
arplitude of the tube will 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 of the freguency change.

The crack growth analysis develop  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 obtairad at a crack
half angle of 50 degrees t ’E gives a K = 50 ksi~root inch. That
displacenment 1|§ 3 The relation between the initiation
displacement and the displacement at $0 degrees is specified as an nth
order function of frequency, i.e., critical vel ~ity.

The relation is :

[ 4,b¢

a8 ¢
wvhere n -[ - For an {nitial displacement of
] and the resulting plot of displa~ement versus

crack half angle is shown in Figure 3.1.5-10,

4,6



FIGURE 3.1.3-):

FLOVIB MODEL OF STEAM GENERATOR TUBE

a, b;"

v




FQIBUI{ 3.1.3-2: CRACK MODEL PARAMETER DESCRIPTION
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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
cbservations.

The fatigue crack initiation analysis begins with the selection of the
appropriate §-N curve. Ideally, data on high carbon, mill annealed Alloy
60C tubing in a secondary water environment is desired. Information of
this nature is availablo 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 carbon content and yield strength of the test
material 0.049%% C and} 1 e close matches to the fractured tube.

The fatigue strength is expressed as the cyclic stress ampiitude for
fully reversed loading. The calculated lower three sigma fatigue
strength is plotted, that ie, the calculated average fatigue strength
minus three standard deviaticns. Since the nat 1 fregquency of
vibration of uncracked row 9 U-bends 1-[ “the total number of
cycles experienced by the ruptured tube is 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 as 20 ksi. Since the fractured
tube was dented, & mean stress effect must be considered. The previous
section has shown that denting, of the magnitude experienced by the
fraccured tube, is sufficient to cau-e plastic ylelding of the tube wall
in the vicinity of the tubc support plate. Axial! stresses vt essentially
yield point levels are produced. These stresses vary rapidly in the
vicinitf 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 maximunm
stress at the yleld point level on the OD of tre tube. The yield stress
of the fractured tube at temperature is judged to be 7€ The data
presented by Jacko indicates that the cyclic an! monotenic

strengths of the ruptured tube should be about agual.

A number of approaches describing mean stress eifects on fatigue strength
are available.

' “The egquation simply states that the product of
cyclic stress amplitude and maximum stress in the cycle is a constant. On
this basis, cyclic stress amplitude versus maximum stress is plotted in
figure 3.2.2 for & cycliic life of 3.%5E+9 cycles for Alloy 600 in 600 F
AVT water. Entering the maxiwmum stress as fk‘tho yYield 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 agreenent with estimates of cyclic stress amplitudes in the
range of 4 to 10 ksi from striation spaciny measurenents. Fatigue
loading at these amplitudes in the presence of a mean tensile stress
produced by donting is judgea to be a reasonable reguirement to produce
fatigue crack initiation in the presrence of nominal bulk AVT water
chemistry for cyclic lives in the vicuinity of 3.5E+9 cycles.

Figure 3.2.2A shows the successful application of the fmith-Watson-
Toprer 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
appreach rates related to macroscopic cracks describable in terms of
fracture mechanics paranmeters. As will be seen shortly, the fatigue life
of the ruptured tube was overvhelmingly devoted to the process of crack
initiation. 1In 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 rov 9 "-bend vibration is available, the
analysis of the propagation of a through wall fatigue c¢rack around the
circumference of the tube is relatively straightforward.

:Eflncc leak rates versus time are cof much
greater practical interest, crack growth calculations are expressed in
this fashion. The relationship of leak rates to crack opening areas was
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 cpening areas was determined. This
constant used to compute leak rates through circumferential cracks.



Comparison of limited recent measurements of leak rates through
circunferential fatigue cracks with calculated values wvas excellent.
This constant was adjusted to the slightly higher differential pressure
of 1400 psi by the ratioc of the square root of the pressure differential.

Since the natural freguency of the U~bend vibration depends on the crack
angle, this relationship was includel 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. 1Initial
U-bend apex displacements were selected to produce theiue 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 ksi
in*.5 at a total crack arc of 180 degrees. This i{s 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 thi cyclic
plastic zone size is egqual to the tube wall thickness. Calculations were
begun when the initial through wall total crack arc was 20 degrees. This
is about the minimunm arc expected for a single initiation site. The leak
rate .xpnctcdator al’

F* A reasonable match of[l

€ ™is value plac:s the crack growth rates
at the .ower edge of the scatfer 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 tu lessen
vibrational amplitudes, additional tube fatigue events becoms very
gnlixoly'\nd the expected time to respond to this unlikely event

ncreases.



FIGURE 3.3.1
Sketches of TEM grid Tocations on fracture surface and striation

specine measurements,
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FIGRE 3.2.3

Culculated and os:v‘d Teak rates versus time,
Observed vaiues ba on gasecus species condenser
air ejector a,b,(.j
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4.0 CAUSATIVE MECHANISM AND CORRECTIVE ACTION
4.1 MECHANISMS DISCUSSION
4.1.1 Summary

The failure surface of RSC51 at the top of che seventh tube support
glato has been analyzed and concluded to be a fatigue failure from
nitiatien through propagation (Section 2.3). _It is further concluded
that the number of cycles involved excesded 105 cycles. The
propagation and leakage evaluation of Section 3.0 further demonstrate d.C
that a first mode vibration at the tube's natural freguency j :
is consistent with leakage rates calculated after the event.” In orde
for initiation to have occurred at the stress amplitudes predicted, a
significant steady-state mean stress is also reguired. The range of
stress amplitude needed for initiation is concluded to be 4.0 ksi to 10
ksi. This range of stress amplitude could occur from normal, upset and
test conditions, but it has been shown in Section 3.1 that the
cunulative fatigue usage from those conditions is insignificant.

Based on these results, it follows that the predominant leading
zechanisn 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 smplitude (4.0 ksi to
10.0 ksi), the fluidelastic instability would be limited in
displacement to a range of approximately 0.032 inch to 0.080 inch. 4.6
This is less than the distance betveen tubes at the npcx,}% b
It is further confirmed that displacement prior to the failure was
linited since no indication of tube U~-bend damage was evident in

the eddy current signals for adjacent tubes.

Given the probable cause of limited displacement, fluidelastic
instability, a means of .stnblilhing 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 sigma lower bound fatigue curves (with maximum effect of mean stress)
are used to establish the ~hange in SR required to reduce the fatigue
usage per year to an ac-eptarle 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 § -
tube similar to Column 51. This same change would reduce fatigue usage
per vear to less than 0.00° for a Row € tube with similar flow
conditions.



TABLE 4-1

FATIGUE USAGE PER YEAR RESULTING FROM
STABILITY RATIO REDUCTION

SR, A FATIGUE BTRES?
TUBE REDUCTION PER YEAR CURVE BAS1s (1)
RSCS1 -5, 0.0207 3 eigna 9 yrs to
fail
10. 0.0168 3 sigma l yr to
fail
8. 0.0107 2 sigma 9 yrs to
tail
10. 0.0053 2 signa Max stress
‘ smplitude
RBCS1 S. 0.0054 3 sigma Max stress
anplitude

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



4.1.2 Flow Induced Vibration

Fluid flowing over heat exchanger tubes has been shown, by tests as
wvell as field experiences, to be a source of potential mechanical
degradation. Tubes can be excited by numercus flow related vibration
mechaniums. The list of mechanisms 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,
vhere the flow is highiy two-phase (liquid and gas), this brings

into concern a potential "slug-flow" mechanism. This mechanism could
excite a tube at low freguencies and higher amplitudes than those
associsted with "normal" two-phase cross flow turbulence.

A review of the information which is available and related to each
mechanism is presented to evaluate the poteniial for the above
mechanisms to have caused the tube to fail. This infuormation 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
twvo-phase (steam-water) flow tests at the relevant pressures and
tenperatures and for tubes of approximately the same size as the f.iled
tube.

The prototypical tests just described, eas well as tests by other
investigators, have shovn that

-

Jaﬁf

Additional}y. these }ltog;.tglts show that[
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Westinghouse has performed an extensive evaluation of the turbulence
response of U-bends using nonlinear, finite element, dynamic
(time-history) methods. 1In addition, an extensive consideration

of possible support conditions at the anti-vibration bars was
incorporated by way of Monte Carle technigues.

L <



For these U-bend analyses the driving (turbulence) force representation
was qualified against several series of tests and verified. 1Included
in the gualificatinn wvas 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 Jesponse was measured in
prototypical two-phase tests.

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

]om

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

For cross~-flow turbulence induced excitaticn the modal vibration
axplitude is given by:

(1)

Y



]‘J

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

Evaluations for both the fluidelastic and linear turbulence mechanisms
can be done with the same compu*er program which provides for the
generation of a finite element model of the tube and tube support
system. The finite element model provides the vehicle to describe the
mass and stiffness matrices for the tube. This information is used to
deternine the modes (eigenvalues) and mode shapes (eigenvectors) for
the linearly suppnrted tube bginz considered. One program used at
Westinghouse for these purposes is called FLOVIB.

For the fluidelastic evaluations, stability ratios are determined for
specific_configurations of the tube. These stability ratios represent a
measure of the potential for tuba vibration due to instability during
service. Values greater than unity (1) are to be avoided.

The methodelogy is comprised of the evaluation of the following
eguations:

Fluidelastic stability ratio = Ug,,/U. for mode n,

where U, (critical velocity) and Ug, (effective velocity)
are determined by:

; T1ec
(2]




]‘hc

As can be seen from che above equations, the important input peraweters
are the stability constant (beta), the damping values and /5 * U.

The beta values ised for these analyses are based on an extensive data
bese comprised of both Westinghouse and other experimental results. In
addition, previout field axperiences are considered.

notioﬁs develor 1 by a tube in the fluidelastically unstable v
mode are ¢itc large in comparison to the other known



mechunisms. The maximum modal displacement (at the apex

©f the tube) is linearly related to the bending stress in

the tube just above the cold leg top tube support plate. This
relationship applies to any vibration (turbulence or fluidelastic) in
that mode. Thus, it is possible for an unstable, fixed bourdary
condition tube to move an saount which will produce fatigue inducing
lt:‘ssff"ncn the Lending stress t¢ d.uplacement relation is

. it is for tne undegraded Row 9 Column 51 (failed) tube
with denting.

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 ROCS51.

Further, turbulence induced vibration amplitudes for RSC5]1 are
predicted to be on the ordsr of le § ' !

% <he tube apex. This order of
amplitude would cause maxisum stresses (at the top of the uppermost

tube support plate) for peak to peak anmplitudes (with urcertaintie=) of
less than 1000 psi.

Because ol the potentially large response displacements (and stresses)
inkerent in an unstable tube condition, and because the above
discussions e.iminate or limit the stresses associated with all other
known mechinisms, it is judgsd that the fal'ed tube it most likely a
result of its having been fluidelastically unstable.

The major features of the fluidelastic mechanism ave illustrated on
Figure 4.1.~1. This Figure shows, in a conceptual manner, the
logarithu of the displacement response (LOG D) of a tube as the
logarithm of velocity (LOG V) increases.

Log=ilog plots are used by cxporinontnrl[

3¢
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The above described method was applied to the R9CS51 tube case. However,
rather than use an arbitrary reference velocity, all veloci ties wvere’
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/Vcr, which, as described
previously, is the fluidelastic stability ratio, SR.



The results from this application of the method are illustrated on
Figure 4.1-2. Note that the point in this Figure corresponding to
point 3 in Figure 4.1~1 has a LOG (V/Ver) value of zero indicating
that it is at the instability condition where V = Vcr and V/Ver = SR =
1.0 (1OG (1) = 0.90).

Figure 4.1-2 can be used to infer the stability rati:o of the failed
tube assuning a slope of 10, This inferred stability ratio is the
anti-log of the LOG (V/Ver) [or 1LOG (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 R5CS51 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.

The reduction in response obtaine. from a stability ratio reduction is
of great concern when addressing o .uer tubes. The fluidelastic curve
vf Figure 4.1-2 can be expressed by the following egquation:

[ 5

where D, and SR; are the known values at the point corresponding to
point 2 of Figure 4.1~1 and Dy and SR; are values corresponding to any
point lower on this curva. Técrotorc, this eguation can be used to
determine the reduction in displacement response for any given
reduction in stability ratio.

A study.of this equation shows that there is a tremendous benefit
derived from even a very small percentage change in the stability
ratio. It is this very significant reduction in displacement for a
guite 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 fatigus curve recomranded in Section 3,2 1-[?

&ornus,

46

wvhere o, is the equivalent stress amplitude to ¢, that accounts for a
maximunm stress of Sy, the yield strength. The 3 migma curve with
mean stress effects is shown in Figure 4.1-3 and is compared to the
ASME Code Design Fatigue Curve for Inconel 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 testing and
the Smith-Watson-Tupper technigue that applies to materials in a
corrosive environment. 2

The assessnment of a reduction in stability ratioc begins with vne
relaticnship between stability ratioc and deflection develcped in
Saction 4.1.2. The displacerent change is directly proportional to
change in stress so that stress has the same relationship with
stabllity ratio,

a,c

The slope in this equation can rangc from 6 to 20 on a log scale, as
discussed {n Section 4.1.2, dependiny on the amplitude of
displacement. Knowving the stress|

‘

?”‘A fatigue usage
per year is then determined nssg; ng continuous cyc ﬁ g at the natural
frequency of tha tube, r Row 9 and[ b for Row B8, The
initial stress must be considered to be in the range of 4.9 to 10.0.
ksi, consistent with the conclusion of Section 3.2. <






Therefore, for a tube sinmilar to the failed tube at Row 9 Column 51, a
108 reduction 4in SR results in a fatigue usage per year of less "han
0.017 using the highest ({nitial stress amplitude assumptions.

Also, the 2 sigma curve resu.:s in greater benefits from the sanme SR
change than does the 3 sigma curve,

For a neighboring tube such as Row € Column 51, the benefit of a
cinmilar reduction can be estimated knowing the LR comparison between
the two tuktas. The Row 8 SR is 0.86 times the SR of Row §., Thus, the
BAX stress for Row ! Column 51 would be

[ J"

« 9.5 (0.405) = 3.85 ksi

A 5% reducticn in BR for Powv 8, Column 51 vouid yield a nev stress
anplitude of 2.83 ksl and a fatigue usage per year of 0.0054 using the
3 sigma curve. See Figure 4.1-8.
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4.2 Stean Generator Modifications
4.2.1 Introduction

This section describes the downcomer flow resistance plate
modification bting inplemented in the North Anna Unit 1 steanm
enerators., The inmprovement criteria for the modification as
eveloped in Bection 4.1 is & 10V decrease in the stability ratio for
tubes without AVB's in Rows § and 10. Tubes in lower rows are
expected to meel the 10% criteria without thn modification but will
also benefit from it. Tubes in Row 11 have AVE's. The improvenment
evaluated from the modification is in the range of §-22%, with an
expected level of 13~15%, The range of improvement evaluated results
fron sensitivity analysis of pertinent vibration parameters. The
expected level of improvement results from the reflection of field
obaervations in the choice of vibration parameters likely. Since it
is possible to identify conditions in which the improvement criteris
vould not be met, tubes which could be affected will be removed from
pervice as a conservative measure. Sectic: <.2.2 2iecusses the
modification requirements and the modifications being junlemented
including installation of Downcomer Flow Resistance Plates and
preventative tube plugging. Results of fluidelastic instability
analiool for both the pre-modification and post-modification
conditions are given in Section 4.2.3, Data on AVE inserticn depths
are provided in Section 4.2.4 and tube plugging considerations for
local flow varistions are given in Section 4.2.5. In Section 4.2.6,
it is shown that stability ratlos decrease with reduced load and
there aye no part load conditions that need to be avoided during
plant cperation.

4.2.2 Modification Regquirements and Summary Implementation

The results from the RSCS1 failure analyses (Seccion 2.2 and the
causative mechanism evaluations (Section 4.1) developed the required
conditions for tube cracking initiation at the top support plate.
These reguired conditions are summarized in Table 4.2.2-1. These
necessary conditions include tube denting at the top support plate, no
AVE support, stability ratiocs close (within 10% or higher) to that of
the failed RSCS51 tube and off-nominal conditions of local flow peaking
and/or low tube damping.

The North Anna 1 molification to elininate tybe cracking at the top
support plate addresses the elimination of some of the regquired
conditions as summarized in Table 4.2.2-2. The required ~onditions
for tube crack initiation are directly addressed in the following &
panner by the modifications including installation of a Downcomer Flow
Resistance Plate (described .in Section 4.5) and selective preventative
tube plugging:



CONDITION FOR TUBE CRACK INITIATION MODIFICATION

No AVE suppeort Preveritative tube plugging
of tubes without AVB support
in regions of local high
flow velocity.

Identification of tubes
without AVB support through
evaluation of eddy current
inspection data.

Stability ratios within 10% of DFRP results in 15-22%

Tube RSCS51 or higher stability ratio reductions
for tubes with very low
damping.

DFRP results in -~ 8%
reductions for tubes vwith
nominal damping.

Off-nouminal, local high velocity Preventative tube plugging

regions used to augment lower bound
6% DFRP improvement.

Ott-noni%nl low tube danmping DFRP modification

High Mean Stress from tube Denting progression

centing conditions demonstratedu to be stoppud.

The overall objective for the modification is to exceaed the
requirement dcvologod in Section 4.1 for the 10V reduction in
stability ratios which provides for a steam gerarator 40 year design
life. As noted above, this objective is satisfied by the combined DFRP
modification and preventative tube plugging. The overall stability
ratio improvements for the DFRP are developed in Sec.ion 4.2.3.6. The
eddy current results to identify tubss withcut AVB supports are
described in Section 4.2.4 and tube plugging considerations for local
flow variations are described in

Section 4.2.5.

\

L



4.2.3.1 BStability Constant, § , for Stability Analyses

The stability constant, £ , for calculation of critical velocities (See
Section 4.1) has been measured for full length, U~bend tubes in

rototypic stean/water environments. In addition, measurements in
g-bond air models have been made with both no AVB and variable AVE
supports. These data are summarized in Fi ye 4.2.3.1-1. The lowvest
measured £ for tubes without AVB's was “Crhis value has been used
in all stability ratio analyses in this report.

Te help minimize the uncertainties in ATHOS flow predicticns on
utubilit; analyses, the Model Boilur (MB~)) tests performed at
Mitsubishi Heavy Industries (MHI) in Japan vere analyzed using ATHOS
velocity data to calculate ¢ from the flow conditions at the ‘ftnur-d
ceritical valocity., These analyses support the ( value ot[ f

Figure 4.2.3.1~-1A is a plot of instability constant, f , as a function of
fregquency obtained for severed tubes from wind tunnel tests.

4.,2.3.2 Tube Danmping Values

To identify the potential minimum dnnpin? for tubes typical of a Row §
U~bend, measurements vere made of mechanical danmping in air using a
U~bend shaker test facility. The tube tested was a 7/8 inch diameter,
Allor 600 tube prototypic of North Anna tubing. The U~bend shaker test
facility is illustrated in Figures 4.2.3.2-1A, B and €., The results of
these tests are shown in Figure 4.2.3.2-1. Additional test results are
shown in Figures 4.2.3.2-1D through 4.2.3.2~1F. rortr

- : th a tendency to increase
slightly with vibration amplitude. his value is used as a lover bound
value of damping for the present report and to adjust other data for
mechanicel damping as noted below. It can be noted from the Figure
4.2.3,2+-]1 data that the mechanical damping increases substantially as
the clamped~clampad support cond.tions are progressively relared to
prelcaded pinned-pinned support cornditions. The latter valu  of 1.1%
can be considered to bhe typical of U-bend steam generator co. Jitions
without denting for which the tubes have a high likelihood of prelcaded,
pinned supports at the top support plate.

Tube damping values under steam/water flow conditions were measured by

[

1?% the measured J#échanical damping noted above for the Row
9, U~behd tube measurements.” This process is equivalent to using the.
tvo phase fluid damping of ?]lﬁd the ?ostinqhoulo measured
mechanical damping for a Row 9 tube. The!

JTﬁ"thil report.
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TABLE 4.2.3.3+2
STABILITY RATIO RAVGE FOR K9CS1 INCLUDING UNCERTAINTIES

STABILITY RATIO

/e
Nominal Stability Ratio [ ]

© Calculated flow conditions without
local velocity neaks

¢ Lowver range of stability constant
from U«band tests

© Average value of damping for clamped
supports
Including Uncertainties from g, f n and
Average Flow =~ 15% 0.74
© This uncertainty would not significantly
influence A ratio (SR;/S8R;) of stability
ratics as used to evaluate modification
inprovement factors
Including Local Velocity Peaking Factors = 10 to 20% 0.81 to 0.89

© Preliminary estimate on effects of
non=-uniform AVE insertion depths

Including Damping Uncertainties for Dented Tubes

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

= 41% Increase in stability ratics

© Lower bound on aﬁfinq as mechanical
danmping of[ e

‘= Would yield a factor of 2 increase
in stability ratios






TM ‘0203"2
SUMMARY OF REQUIRED CORRECTION ACTIONS

Tube Locations Requiring No Corrective Action
© Tubes in Rov 8 or love:

= Stabllity Ratios are 14% lowver than Tube RSCS1 and
Meet 10% lowver Reguirenment

© Tubes with AVE Support
= AVB's Linit Vibration Amplitudes
= Depths of AVE penetration into Tube Bundke are
Obtained from Eddy Current Inspection Map
Corrective Actions Required
© Tubes with Low Tube Damping
= The DFRP Modification Reduces Stability Ratiocs by
15-22% Under the Low Tube Danping Assumption (Low Void
Fraction Dependence) and meets 10% lLower Regquirement
© Tubes with Local High Velocities
= Th~ DFRP Modification Reduces Stability Ratios by =~ 8%
with Nominal Tube Damping (Significant Vveid
Fraction Dependence)

« Preventative Tube Plugging at Tube locations with
Potentially High lLocal Flow Velocities

© Required Only for Tubes in Row 9 or Higher without
AVB Support

. = The Combined DFRP Modification and Preventative Tube
Plugging Reduce Stability Ratios of Operational Tubes
by More than 10%






4.2.3.4 Br-Nility Ratio Uncertainty (onsiderations

Figure 4.2.3.4~]1 sunnarizes an assessnent of potential uncertainties
influencing the predicted stability ratios. It is concluded thet the
most significant factors influencing *he stability ratios are the
local flov field and the tube danmping uncertainties. The basis for
these conclusions are discussed below:

Average Flow Fleld, Stability Constant and Frequency Uncertalnties

Reviews of eddy current data for Model 51 steam gererators available
at Westinghouse, exclusive of North Anna, indicate that tube wear at
the top support plate is negligible in the Row 8«10 data which were
revieved 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 sinilar to the ¢l c;;d support conditions., For example,
RECS) ?lbiuty ratios are j h clamped or dented supports and
]@ th pinned supports.

Uncertainties in the average flow field, stability constant and
frequencies are essentially the sanme for units with dented or
non~dented top lugport plates. If these errors vere large, similar
instabiliti.s would be expected in the non-dented units with resulting
vear at either the top support plate or inner row AVB's, Since such
tube wear has not been identified in Rows 8 to 10 in operating stean
enerators without denting, it can be expected that the factors
eading-to RHCS]1 are unique to dented units. Thus an uncertainty
estimate of about 15% for the combined effects of average flow 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 ratic improvement so that constant error
factors are climinated.

local Flow Field Uncertaintiss

In Section 4.2.5, & prelinminary estimate of a 15% velocity peaking
factor has been obtained for RSCS51 in steam generator C based on
non~uniform AVB insertion depths for this tube. Eddy current data
indicate tube wall thinning in a few Row 8 to 10 tubes in the Nortkr
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
slthough this effect at a 15% magnitude could have had a major
influence on the R9CS1 {alilure. Pending further evaluation of the
effects of non-uniform AVE's, a 10-20% uncertainty factor for local
flow effects appears to be reasonable.

w



Tube Damping Uncertainties

Very little data is available to define the tub Jamping for clamped
tube supports in steam/water conditions., Proto.ypic U~bend testing has
een pofﬁ?rnod under conditions leading to pinned supports. The data of
n Figure 4.2.3.3-2 provides the principal data for clanped
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 AVE's betwveen Korth
Anra 1 and other Model 5) steanm generators, the conditions for
instability are unigue 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 S50% on tube damping for dented conditions
appears tec be & reasconable estimate.

Qverall Assessment

It is concluded that low tube danping below the average of test data for
clamped tube supports is the principal contributor to the instability
conditions for R9OCS1. Local flow peaking likely contributed further to
the instability and associated increased vibration amplitude,

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

As part of the inspection of the stean 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 .able 4.2.3,5-1., Wall thinning
indications, which may be indicative of tube wear due to tube vibration,
were found in Row B8 and higher. The indication depths are generally
snrall and include efforts to identify potential indications of less
than 208 depth.

A possible causative mechanism for these indications is wear due to
fluidelastic induced vibration with displacement )imited by the AVB's,
Based on AVE insertion Jdepths described in Section 4.2.4, most of these
indications occcur at locations for which AVB insertion depths are not
significantly staggered between adjacent columns. In this case, local
flowv peaking would not be expected to “e a major contributor to
fiuldelastic instability. Based on tiie 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. Ly



4.2.3.6 Post Modification Stability Ratio Improvements

Installation of the Downcomer Flow Resistance Plate (DFRP)
podification reduces the circulation ratio from 4.3 to 2.9 with the
ebjective 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

r

‘, C.C

ATHOS analyses were performed for the modified conditions and lowver
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 DFRP installed. These results are given under the Post-Mod
column of Table 4.2.3.3~1., These results show the following stability
ratic reductions based on the DCFR modification and associated
danping dependence on veoid fraction. The stapility ratic improvements
are summarized in Table 4.2.3.6-1,

It can be noted that the results show that the reguirements lor a
stability ratio 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
dnnpinz concitions would have to be coupled with local flow variations
to achieve instability at R9CS51., For this case, the DFRP is coupled
with preventative tube plL;ginq at tubes potentially subject to local
velocity peaks. The DFRP with supplemental tube plugging reduces the
stability ratios for the remaining active tubes by more than 10% under
the nominal danmping conditicon assumption. ’



As ncted in Sections 4.2.2.4 and 4.2.3.5, the low damping conditions
era estimated to be the principal contributor to fluidelastic
instability. Under these conditions, the stability ratio reductions
are 15-22% and significantly exceed tne 10% reguirement.

TABLE 4.2.3.6~)

REDUCTIONS IN STABILITY RATIOS FROM
THE DFRP MODIFICATION

STABILITY
TUBE DAMPING ASSUMPTION RATIO REDUCTION
Low tube da.ping independent of
veid fraction 22%
Low tube damping with associated linear
dependence on void fraction 13~-185%

Nominal tube damping with test based
dependence on void fraction By






¢.2.6 Dependence of Stability Ratio on Load

The influence of thermal load on fluidelastic stablility ratio in the
U=bend is discussed below. A discussion of the general trend is
folloved by that for & partial load range of 30-50% power.

4.2.6.1 General Trend

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

S§ince most of the vapor generation occurs in the straight leg portion
of the tube bundle, when the secondary flovw passes through the U-bend
the total vapor fiow is nearly egqual to the steanm flow from the stean
generator. he vapor velecity in the U-bend is thus propertional to
the stezn flow rate. As stean flow rate increases with load, the
circulation retio decreases. The total mass flow rate (liquid plus
vapor) through the tube bundle is nearly constant and is indenandernt
o 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
rate increases with increase in load. Thus the velocity in the U-bend
increases and the density of the two phease mixture decreases with
increase in lcad,

The fluidelastic stability ratio is proportional to % 5.

The net offect on the stability ratio from the flow conditions alere is
?_AgprQAln with load. Figure ¢.2.6«1 ghovs the effect of load on the
p V" component of tle stablility ratic. fThis figure provides post
modification reduction factors relativs to full load operating
conditions prior to the installation of the downcomer flow restrictor
A% a function of thermal load. Note that this figure is based on
aggregate flow rates and circulation ratios., Although it does not
account for detalled distributions of velocity and density along the
tubes;, it is a good weans of comparing the influence of load since the
detalled distributions will have only a secondary effect,

A decrease in load is accompanied by a decrease in void fraction.

Thus & decrease in load would incre.se tube damping and further reduce
rtability ratics. For tube with low damping, this contribution would

be small. However, the reductions in stability ratio with reductions

in load would be egual to or greater than the factors shown in

Figure 4.2.6~1.



4.2.6-2 Stability Ratio at 30-50% Power

At 508 of full load, the effects on stability ratios from

velocity and density alone are to reduce the stability retio by

a factor of two relative to full load prior to the modification,
Further, this will he accompanied by a reduction in veid fraction of
over 10‘. The reduction in void fraction, if considered, would further
reduce the stakility ratio. At 30% o 11 load, the stability ratio
:a lufthor reduced due to the lowver vp level and reduced void
raction,
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Instability Constant - 3

U-Bend Test Data

MB-3 Tests
B values ofL
MB-2 Tests
) B 0'[ } a bt
Air Mode! Tests
« pof }::t{héut AVBs }
~a,é,t

Tendency for B to increase in range ofz \with ‘nactive
AVEBs (gaps at AVBs) ¥

/b

Twith
J

Tendency for f to deciease toward a lower bound of}'
active AVBs '

Verification of Instabllity Conditions
* Flow conditions at critical velocity from MB-3
Measured damping for the specific tube
Calculated velocities from ATHOS 3D analysis
P determinad from calculated critical velocities
-  Good agreement with reported ® vaiues
ATHOS velocity data with B of| :!;detknown damping should not

significantly underestimate inslabllity for regions of uniform
U-bend flow
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Fracke o z.2,2-) D =Rus straln gage output (proportional to vibration
ampiRude, &1 pg =1 Inch) for out-of-plane vibration of
R1ICZ with AVBS removed
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STABILITY RATIO RANGE FOR R9CS51 INCLUDING UNCERTAINTIES 4.2.3.4

STABILITY RATIO

Nominal Stability Ratio

© Calculated flow conditions without
lccal velocity peaks

© lLower renge of stability constant
from U~bend

© Average value of damping for clanmped
supports
Including Uncertainties from , n and
Average Flow = 15%
© This uncertainty would not significantly
influence a ratic (SR,/SR;) of stability
ratics as used to evaluate modification
igprcvenent factors
Including Local Velocity Peaking Factors = 10 to 20%

© Effects of non-unifcrm AVE insertion
depths

© Additicnal analyses in process to
establish enhanced confidence on
this effect
Including Damping Uncertainties for Dented Tubes

© 50% uncertainty reducing damping from
0.82 to 0.41

= 41% increase in stability ratios

© Lower bound on damping as mechanical
damping of 0.2%

= Would yield altactcr nf Z increase
in stability ratios

l

:'l.b

0.74

0.8) to 0.89

1.15 to 1.26

.
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Fhves & 2.9 8-1A
REIATIVE FIUIDEIASTIC STABILITY RATIO COMPARISON

METHOD OF COMPARING RELATIVE SUSCEPTIBILITY TO FLUIDELASTIC
INSTABILITY

PLANT=TO«PLANT BUSCEPTIBILITY REFERENCED TO STABILITY RATIO (SR)
FOR NORTH ANFA 1 (VRA)

ER = FLUIDELASTIC STABILITY RATIO

_ VErFEcTIVE

UCRITICAL AT ONSET OF INSTABILITY

() (€0 ) (cons ) L0 )
.\ Shopa /T \OVOM A, ('plm:)l npun (‘vlmt’ zA

WHERE:

@, v = AVERAGE U~BEND DENSITY AND RADIAL GAP VELOCITY
= F (TUBE BUNDLE GEOMETRY, Ps, Ws, CIRC RATIO)
n = TUBE INCREMENTAL MASS

- + M + Mgrcon ) /LENGTH 1IN
A"ggg; Exumv SECONDARY
f5, = TUBE NATURAL FREQUENCY CALCULATED FOR CLAMPED CONDITION

é = DAMPING PARAMETER
= 27{ WHERE { = DAMPING RATIO
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RELATIVE FLUIDELASTIC STABILITY RATIOS

STEAM CENERATOR MODEL

@ - Cented Top TSP, g - Nondented
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Figure 4.2.3.4-1: Fluidelastic Instability Uncertainty Assesessment




Figure 4235 - 1

N. Anna - 1
EC Indications for Tube Wall Thinning at AVEBs
for Rows 8 Through 12

$G T Row TCoumnT AVE ™ TOep™n (%)
A ¥ 87 1 «20
3] 13 24 & <20
2 & 28 4 21
2] 11 s 2 23
& 12 3% 5 31
B 12 48 A 24
B 10 50 1 25
B & 61 1 29
B & 65 1 22
B ] 65 4 <20
B 8 66 & «20
& & 68 1 «20
B e 70 1 <20
B W 70 . 21
B 12 71 | 24
B 12 71 & 26
B 12 72 4 <20
B 12 74 <20
B 11 758 1 21
8 11 75 B 22
R 1% 77 & <20
e 11 80 1 20
C V2 11 2 20
C 12 11 | 25
C 12 S8 3 17
C g 70 o 12
* AVE Number : 1 = Lower AVE, Mot Leg;

2= Upper AVE, Mot Leg: 3 « Upper AVE, Cold
Leg: 4 = Lower AVE, Cold Lag
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Figure 4.2.3.6-1 North Anna 1, with DVRP Modification,
Tube RICS5] Tube Gap Velocities and

famr $ 85 Nletribdinne




Frswma o 2.4 A4 LOCAL VELOCITY PEAKING FACTOR IN U-BERD OF MORTE ANNA 1 STLAX
GINERATORS (TYPL 1 AND II AVE INSERTION)
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Figure 424 - 2

Interpretation
of Tube Support Conditions
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Figure 424 - 3

N. Anna : S/IG - C
Tube Support Conditions
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Note 1. Normalized Relative to 100% Load Conditions Prior
to the Downcomer Flow Resistance Plate (DFRP)
Hodification.
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4.3 Por. Modificetion Leskage consideration,

The wodit!carion to be performed at North Anna Unic 1 1s

expecte’ to substantially lessen the vibiational amplitudes of all tubes
in the bund\e. In addition, tubes with any eppertunity for high eyelic
stress amplitudes will be removed from service. Following these
mwodification' the development of & fatigue crack in & tube is considered
unlikely. Should & crack develop, the stress amplitude is expected to be
relatively smill. The estimated worst case leak rate versur time
relationship r'ould cherefors be sinilar to the history of the past
svent. Rasponding te the present administrative leak rate limit of 100
gpd would result “a an orderly shutdown to gero power in spjroximately ¢
hours. This would previde o factor of safety of four relative to time
period ocbserved JGuring the past tube rupture. For convenience, the
estimated leak rate veraus time relationship in the unexpected
civeunstance of a tube fotigue event followi.g plant wodification Ls
fllustrated in figure &£.3.1.
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As & resuit of the stean generator Cubs rupture event, SCtions vere taken Al

North & 8 Unit 1 te resove the cold leg L) pertion of the rov ¥, colum

RSCE be in steus generator C. The tube pull was performed to obtalin one ol ‘

the tw tube fracture surfaces for fuvesti, fon of the cavse of the rupture

ere The location uof the tube separation was at the top surface of toe

seventh tube support plate (TSP 7) elevation on the CL side of the 5C. This
.‘ location vas subseguently measured to be approximately 374.735 inches above the

tube end A vibration sssessment of the remalr g (U-bend) portion of the &
P ROCS1 tube indicated that it would be expected te¢ be fluidelastically unstabile ' l
a in the stesn generstor flov field during plant operating conditions

4

flizer systen Ve

3 in viav of the above, s coubination spear and cseblie stal
designe for the remnant tube with the objective of prevanting the Tube remna

from interacting with adiacent tubes

T
& G.6.) SIARLICZATION QRJELIINES
A The objective for the design of the stabilizer systenm was that the installed
condiguration would bhe comparable to a plugped tube subjected to the sane
perational conditions. Thus, the vibretion response characteristics of the
dosign vere to be equivalent or superlor to those of a plugged tube, and the
structural evaluation vas in sccordance vith the requirenents of the ASME Code
»* 'A‘:" ‘\'.7)
1
Y in «ddition, an installation obiective vas that the spear w d not yYesult 1
' the R9CO1 U-bend being in contact with ite nelghboring tubes
: &.4.7 RESAGH DESCRIFILM
a ’l
The cold leg portion of the tube remrant stabilizer systen 1o & "segmented
4 spear® des’'n. The design 15 segregated into three categoriss or types of
il sepgnents. The uppermost segpent i a{ 1 .
y ”.‘d The t.;{ J " this soguent has been mrchined te *Z ;,'
3 insertion in the free cod of the U-bend remnunt, The central section of the !
¢ tpear consists of six segmnents (.f[ | LA ]
Y tubing. The bottom sestion ls[ ]’7
! The sperr was {nserted from the cold Jeg side by cliding the sections ovel M
S guide cable which was left in place follovwing the tube pull., The eight
§ individual sections of the spear are thread connected to form a continuous
Prothed asoembly. The thresded joints ware asscabled {n the 0 channelhead during
1 installation. A locking feature precludes disassembly during subsequent plant

4
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is spproximately four inches, which {s longer that the the thickness of the
15FP's. The post-expansion clearance \fi“'“ the OD of the spear and the 1D of
the TSP hole is spproximately ~ Rt the seventh TSP the length 7 f the
expanded zone 18 spproximately “his vas intended to result in contact with
the TSP without the expansion extending beyond the edges of the plate. Finally,
& hydraulic expansion joint connects the apear to the free-end of the tube
remnant .

Eddy curvent fnspectlion was uded Jolluwing the installation of the spear to
verify the location of the expansions at each tube support plate. Following the

ECT inspection, the bottom section of the stabilizer assembly to‘toll
expanded into the tubesheet over a length of cpproxt.&toly[ ] “The {inal
pressure boundary closure on the cold leg vwas accomplished using & standard
weld plug.

Considering that some degree of fatigue damage may have occuryed to the tube at
the seventh TEP elevation on the hot leg (HL) side, & carle type stabilizer 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 veduce the potential for intersction with neighboring
tubes {f circumferentisl separation of either end weve to occur.

The hot leg stabllizer consists of a series of[

]o.c

Finally, “"sentinel” type, mechanical plugs vere installed in each of the sight
neighboring tubes to RICS51. *Tell tale” plugs are of the same desigr as
standard mechanicla plugs excopt that # small hole, approximately 0.012* in
diaseter, has been drilled into the top end. Should the tube wall become
perforated during operation the plug will leak at » pre-determined rate of
spproximately 200 GPD. The purpose of the “tell tale* plugs is to allow
monitoring of the integrity of the tube.

4.4.2.1 YexdAfication Testing
€.6.2.1.1 Speax to V-dend Joint

The bending moment imposed on the spesr to u-bend (uppei) foint by flow-induced
vibration forces vas caleulated to be on the order 2f 10.20 (n.-1bs. for
combined turbulence and fluidelastic mechanisms. The bending moment carability
of the upper joint was determined by test and analysis invelving axial torque
tests and transverse bending tests.

Torque tests were performed on joints made {n u-bend and straight length tubes
The rationale for testing u-bend sections, which involve more fabrication, was
to determine {f the tube bending process resulted in a vork hardend zone which
could affuct the expansion and strength of the tube to u-bend joint. The 54,
tubing uaed for the joints was Inconel 600 MA with a yield strength of| ]ﬂst.’
The field tube yield strength vas detormined to be approximately| Jks! basea
revieving the mill certification test resutlts (before fabrication) and tensile
tusts performec on material from the pulled tube. The spesr simulant wvas
Inconel 690 TT from the same heat as used to fabricate the field spears. Since
¢ minor heat treatment wvas specified for the 4pear tude-to-end blank weld, test
sections included both the heat trested and non-heat treated condition

The joincts invelved the four possible combinations of scale deposit on both the

%
4
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X ¢
I's & the tubss The scaled purface the spears L ted 1 Lhe
Eh the Tleld spear tips have 1 BCHLE belause the TIips vere B ¢
r | ¢ field ber e I8N BLale & f i 5§ LaCE
ficant scale vas » e from the 1 ' ¢ e Al : 5 A ¢
ENT SCALE VAL Prese i1 the § . tube BPe be s deve ' b
- PRI AL
The axia L jue & ! h 1 at fire ' Tenge froa ¢ :
lbs. The effect f wvork harde g related t forming the ve a1
o~ tesult in any perceptible affect in the reg vhere the upper ) Vas
v 4 ¢ s aipght . be tube spe TI T ! ¥ wparable torques e
v ppe ] t radial ¢ SCE BETeSs, acting ver the nterfacial conta Sres
" ass ated with the snallest ¢ torgue, LS ¢ Serva &Ly
SSURINE & efficiet of 11 t f . VAR L& sted t be ! ps 4 §
these resulcs s rres; nd g Cransverse & he £ Boner DAl Al
¢ the nt wWas Ca iiated ¢ be 24 it bs. Therefore the ‘ ate Lransverst
- strength of the joint is in excess of ) y times the highes! el ate
; dynan transverse bending msoment
\
i The torque testing vas performed in the 1 b temperature ¢ tiot Due 1 !
| slightl gregtpr coef fent ! NEAT GXPANS ! the| "&,"th' Versus |
of the| Jtube, the interfacial radial ntact stress s! increase at
- ! the operation temperature, and rove the resistance to be £ BODe
iransverse static dending woment tests were also performed on » Lae Ippe
: joints of the sane configuration as for the ! jue tests. Tn all caces the
’ limit Der g moment of the speal wvas less than the bending moment te¢ huse
o rotation of the joint, {.4 the spear bent before the joint rotate
p Exanination of the load-displacenent 1 rds t the bending tests showved
. effect of joint (bending) rotation, {.e 1 insarity in the bending
{ e-deflection relationship, at lov monments and up to and includis & berding
Y moment sufficient to yield the spear. The maximun ber ng mopent before speal
’ be: g ¥ield vas approximately 9 ir lbs By contrast the structural
analysis indicated that the saximun bending msomunt imposed on the foint bt
flow-1{ iced forces is on the order of 10 ¢t ‘ ir lbs ., for combined
turbulence and fluidelastic loads. Based on the stat test results, and
considering that her modes of vibration such as "ring® modes will rot be
excited, it vas concluded that the dynan losds will not loosen the joint
Two axial-separation, pull tests vere performed on simulated upper joint
e Lens The Dt “ forces for w! h n Linesnr behavior vas first bserve
' Wi ar 1 lbs . respectively, Because the fluid drag loads scting ¢ tr
J-bend al niy of several! pounds in magnitude, & large margin betveen actus
i strengtt appiied load exists. It is noted that he maximun losd To cause
separation f the jfoint in each test wask in axcess of 1bs
)
6.64.2.1.2 Spear Thresded Joint
The resistance to axlal separation of the spear threaded joints (STJ)'s) was
' Geternined by a destructive uniaxial tensile test of a prototypical, properl
t ied joint it vas aiso deternined by a cyclic, axial-loading
tension-release) test “ he 3 8T in vhich the largest load, during a
. ; { the transients 13¢€ bs VAR Ap] ed for the re ed pber of time
is tya ent was heatus idown @ the temair g nunber of ap; i [ {
s trea £t is ap ximate) 1S The destry tive tenslle est » wed tha!
3 L was elast to & & £ & apl X ate 3.0 times the
\BTEBLET axia load ¢ b L0 applica { the b }
¢
“"w
d LS & ¥ - - - ‘ v
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abilized tube after expansion hae been assessed, Spect cally he
114 esr corrosion cracking (¢ At ths trans ion zone of the
{lizer expansion tegions Las been investigated at both the TSP clevations

the expansion joint in the free end of the resaining portion of tube

Both nowinal and off-naainal expansions (enveloping process paraneters
beeri gyualuated BaseG on previous laborstory testl
siltples exposed to 750 F stean vwith ecuivalent strain to the

reglions geometric comparisons, and the absence of heat flux
oncentrating environment, the sxpansion process ioplenented

ng (Reverse U-Bend

a4t the TEP's and the insertion point in the remnant tube RY
the sperr material margin to vesist the occurrence of SCC

Dased or ' nghuuse testing, the \ hoop strain of up to

approximat oA‘w{ 3 t 1s judged to be ace owing to the relative
operating cemperaturs (525 degrees F) and (n tl absence of heat-flux

Cable Stabilizer

tallation of cable stabllizers (CS's) Iin degraded 5C tuber {s cesigned
tain bundle structural integrity The specific purpose of the C5 (s t«
the ampiitude of (bending) vibration vhich can cause or

{c] continue the
Grgradation process
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containing tubes of two other sizes. Two of the three C5 sizes are in use in
Westinghouse SC's' the third size vas developed specifically for & competitor
S$G's one of the twe sizes In use in Westinghouse SG's 15 also ir use in anothe
compatitor's $G's. All three sizes involve the same design features, 1.e¢., the
sleeves, with relatively small clesrances to the tube ID, contact the tube 1D
and thereby cause the cable to undergo bending vibration similar to that
experiencsd by the tube. Although the C§ decreases the vibrating systes
frequency, # detrimental effect, it produces a more-than-offsetting-effect of
increasing syscen damping, & desirable effect,

A C5 in the HL and extending inte & portion of the u-bend of tube RPC51 serves
the ssme two purposes as it does in the straight portions of tubes vir., te
reduce vibration saplitude and, in a zontingency moede, to reduce the effect on
bundle integrity of & tube severance. Although the pertion of the CS above the
tube straight section-to-curved section tangent peint contains no sleeves, {t
was concluded that the stiff cable vill maintain adequate contact wvith the
u-bend portior ) perform an asplitude-reduction function. This conclusion was
based on trial insertion of the cable in & Row 9 u-bend

For the contingency mode, it was postulated that severance would occur at the
sane location on che HL as it did on the CL, {.0., at the top of TSF 7. For
this reason, the top of the uppermost C5 sleeve vas designed to he located
approximately 0.5 in. belov the KL tangent joint. This positions the
sechanizal plug bottom at the proper location, flush, at ths tube end. The
.15 In.-long slesve would tharefore span the most likely severance : int, the
top of TSP 7. If the severed-on-the HL u-bend ruse spproximately 0.5 . _s the
CL end did, based upon both visual and ECT {nspections, the HL u-bend straight
length engagemert after severance would still be spproximsteiy 2.3 in. The
u-bend to sleeve engagement, along vith the CL spear attachment, would limit
the ouc-of -plene movenment of the u-bend.

4.4.3 TUBE STAMILIZER STRUCTURAL ANALYSLS
6.4 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 svaluation
comparison was chosen as a plugged tube. There are about 600 plugged tubes
presently in operating Series 51 stean generators, in comparable rows, which
have exhibited acceptable service to date, These tubes were removed frow
service for reasons unrelated to denting and would be expected to have boundary
conditions similar to the stabilized tube. It {s i{mportant to nota, however,
the stabilizer to TSP gaps are wuch smaller than for a tube, thus the
stabilizer would be expected to be vibrationally supported at more locations
than a plugged tube.

’“’,:fi° vibration resconses and {wopliec stress and wear lavels were determined
using|-

J .t
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Regults from the above described analyses indicate that the wear time for the
stacilizer gt the plate with the highest work rate {s J48% longer than the wear
time for & plugged tube to reach a similar wear condition,

4.4.3.7 Ssructuxal Analvala

The anslysis 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 spesr / tube
reunant (nterface., losding mwechanisms which are evaluated include fatigue of
the expansion and / or threaded joints, possible ratcheting of the threaded
Joints (slip - stick) under eyclic axial loads, and slippage and subsequent
wear of the spear / tube remnant expansion zone. This analysis does not
include wibrational loading mechanisms, which are treated above. The segment:d
spear i{s not part of the system pressure boundary and, therefore, {s not
subject to the eriteria of the ASME Code. Where applicable, the criteria of
Section 111, Subsection NG, of the ASME Code 1s used as & guide in evaluating
the design.

6.4.3.2.1 Leading Conditiona

The spear {5 evaluated for a full duty cycle of events, as specified in the
Model 51 Design Specification. A surmary of the applicable duty cycle is
provided in Table & . 4-1. Corresponding pressures and temperatures for each of
the transients are susmarized in Tables i 4.2 and 4.4-3, The tube temperatures
sunmarized in Table & 5.3 represent the tubs temperature in the first pass of
the hot leg and the seventh pass of the cold leg. These temperatures are
considered to bs applicable to the straight leg portion of the tuba in the hot
and cold legs respectively, The tube temperature is based on the average of
the primary and secondsry side water temperatures. The plete temperatures
correspond to the secondary side water temperatures. The transient times
selected correspond to maximum and winimun values for the various temperatures
and pressures being considered.

¥
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4.64.3.2.2 Speax Expansion Zones

Twe axpansion conditions for the spear are anslyzed. The first condition
corresponds to, gxpansions in the first six support plates vhere the expansion
is] ] ng, and 1is noninally centered within the support plate. For
this expansion, the tube support plate hole i{s assumed to correspond to the
maximum value witiin the tolerance range, 0 .906 corresponds t¢ a hole having a
diameter squal to the tube outside diameter due to the dented condition at this
plate, 0.87% inches.

Te Eyalunto loeding conditions vhere the beanm response of the tube {s invelved,
the

- :JO.&

Analysis of the sxpanded zones to account for the local geometry of the
expansions is performed using the finit. 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 modal shown in Figur: 4.4-6 corresponds to the
expansion at the top support plate.
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Analysis resul 2

ts shov that the only significant loadirng experience
spear is due to differential axial growth betwvesn the stabilized tube and the
inding active tubes The differentisl radial grovwth betwveen the spear a
late I;Jrr t sufficient to close the gap after expansiorn
retiial a8 o result, interference loads do not
Vibration loa at the top support plate are gquite small for a

i <

.

geometry and epgll ¢ Btresses result Stresses in the
ting from the resaining interacticas with the tube support

tubeshest G0 not produce any LEnificant stresses

Using ruferd o stresses for an axial load of 1f , Tube stresses are
developed f exch of the transient conditiouns (

<& &

j? mnaries of the
unbrella stresses are provided in Table 4. 4.7 for the inside surface and ir
Table 4 . 48 for the outside surface Fatigue calculations for both surfaces
are provided in Table 4 .49 during the expansion process and local
concentrations in the expansion transition regions, a concentiation factor of
‘ is aprlied to the resulting alternating stresscs

) k| L'y A o
. v u;"‘h .

op and axial stresses for ths thresded
onventional analysis technioues. [

J‘Tﬂt resulting fatigue usages sre
sumrarized in Table 1)

The pull-out capabil of the threaded joint {s demonstrated using a unfaxial

ity
tension test The results of the test in the form of a load-deflection curve
are provided in Figure 4 These results shov the joint to behave Iin a linear
(elantic) manner for a load up to 4500 any of the transient conditions is 13¢

1b Thu a factor of 3.3 exists between the applied load and the load
capability of the joint

Aube Reumant
tact pressure at the spear / tube remnant interface feollo g expansi
reined using both analysis and test Assuming the respor of the tu!l
AT to be elastic perfectl the contact pressurs calculat
psi for ar expansion of ¢calibrated wrench the
the spear and t
e¢. The frictior

' B Y
necessal
ing the t




force or contact preassure, For expansions vanging 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 44 230 « 470 in.-1b.,

The bending moment imposed on the spear / tube rem~ant joint by flow induced
forces is on the crder of 10 « 20 in.-1b., for combined turvy'ence and
fluid-elastic forces assuming that overall systen modifications reduce bundle
vibration to design basis levels, This {s well below the required moment to
initiete slippage. Dynazic aspects of the this losding condition are being
saddressed by testing of this interface, Discussions regarding those tests are
addressed in the section of the report dealing with the dynanic response of the
spear and tube resnant.

6.6.3.2.5 Results & Conclusions

Based on the analysis results discussed above, the following conclusions can be
dravn concerning the st.uctural adequacy of the segmented speur stabilizer.

Fatigue usage of the spear expansion zones and the threaded joints 1is
sinimal.

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

3. The contact pressure at the spear / tube remnant interface {s sufficient
to prevent slippage and vear in the joint on & static basis.

Overall, i) segmented spear stabilizer is concluded to be structurally
adequate for its intended mode of op.ration assuning that overall systeas
wodifications reduce bundle vibration to design basis levels.

4.6.6 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 cumputer controlled hydraulic exvension process used {n the
installation of the spear has been qualified fo. the as-manufactured expected
spear-to-TSP diametral clearance range. The personnel {nstalling the segmented
spear stabilizer have been qualified using prototypical mock-ups which simulate
the steam generator.

4.4 4.1 Spear

7

].l&



J ac

4.4.4.2 Cable Stabilizer

The basic ste, s of the process involve:

[

]4h¢

4.4.5 CONCLUSION

Analyses and/or testing of the tube remnant stabilization system have s..wn
that the steam generator repair {s structurally sound {.e., the spea) remnant
Joint, the spear segment-to-segment joints and the spear-to-tubeshset {oint can
resist loadings due to: fluid drug, tube vibration mechanisms, tube
differential thermsl expansion and tnstal)gﬁton. Also, as the spear material
is made of thermally treated ‘the spear should be resistant to
stress corrosion cracking dufing the redaining design objective 1ife of the
stean genevators. Briefly, the performance integrity of the ¢ sbilized tube

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

It may be possible that some fatigue 1amage has also occurred in the hot leg of
the failed tube. Therefore, to provide further sssurance of maintenance of tube



bundle integrity during subsequent plant operstion by precluding the potential
for interaction with adjacent active tubes, the hot leg of the tube remnant
will be cable stacilized,

Finally, a1l meighboring 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 intersction with the neighboring tubes

-
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TABLE 4.4-]
DUTY CYCLE SUMMAE

TRANS LENT

PLANT MEAT UP / COOLDOWN
PLANT LOADING / UNLOADING
SMALL STEP LOAD INCREASE
SMALL STEP LOAD DcCREASE
LARGE STEP LOAD DECREASE
HOT STANDBY OPERATION
LOSS OF LOAD

0SS OF POWER

LOSS OF FLOW

REACTOR TRIP

FEEDWATER CYCLING
PRIMARY SIDE MYDRO
SECONDARY SIDE HYDRO
STEAM LINE BREAK

LOSS OF COOLANT ACCIDENT
FEED LINE BREAX

* NCT CONSIDERED IN THE FATIGUE ANALYSIS




IMARY SECONDARY PRESSURE

TRANS 1 ENT TIME PRESSURE  PRESSURE  GRADIENT

LA A A A L L A L A LA A A A R 2l R IR R R R R R T R R A LR

1 PLANT HEAY UP 0.0
C‘CO . .":\i
PLANT COOLDOWN
PLANT LOADING

PLANT UNLOADING

SMALL STEP LOAD INCREASE

STEP LOAD DECREASE

E STEP LOAD DECREASE

LOSS OF

LOSS OF POWER
FLOW
TRIP
FEEDWATER CYCLING

PRIMARY HYDROTESTY

SECONDARY HYDROTEST

PRESSURES HMAVE UNITS OF PSI
TIME HAS UNITS OF SECONDS




TABLE 4.4.3
TRANSTENT TEMPERATURLES

HOT LEG
PLATE TUBE VEl
TRANSITENT TIME TEMS TEMP TEME

LA A A A A A A A A A L A A AR AR R R R R R R R P R R R R L R R L L L

1 PLANT HEAT UP 0.0 70 70 10
300.0 £4) 547 547

PLANT COOLDOWN 0. 547 547 547
) 70 70 70

PLANT LOADING , 547 547
) 568 548

¢ PLANT UNLOADING ¢ 568 548
; 547 547

STEP LOAD INCREASE 0. 975 $ S48
560

549
STEP LOAD DECREASE , S48

$3¢€

544

£ STEP LOAD DECREASE S48
872
$48
540

548
5§74
855

548
545

548
§23

REACTOR TRIP 548

542
FEEDWATER CYCLING 547
534
PRIMARY WYDROTESTY 10
SECONDARY HYDROTEST 70
TEMPERATURES ARE IN DEGREES FAMRENWEITY

»
TIME KHAS UNITS OF SECONDS




TABLE 4.4-4
DIFFERINTIAL AXIAL EXPANSIONS

DL DUE
DL DUE TO 10 TOTAL
TRANSTENT TIME PRESSURE TEMP DL
1 PLANT HEAT UP 0.0 | 14,6t
390.0
2 PLANT COOLDOWN 0.0
300.0
3 PLANT LOADING 0.0
1200.0
4 PLANT UNLOADING 0.0
1200.0
§ SMALL STEP LOAD INCREASE zg.g
150.0
6 SMALL STEP LOAD DECREASE 0.0
50.0
180.0
7 LARGE STEP LOAD DECREASE 0.0
' 0.0
540.0
1200.0
8 LOSS OF LOAD 0.0
10.0
100.0
$ LOSS OF POWER 0.0
lo.o
10 LOSS OF FLOW 0.0
45.0
11 REACTOR TRIP 0.0
100.0
12 FEEDWATER CYCLING 0.0
540.0

13 PRIMARY HYDROTESY
14 SECONDARY NYDROTEST

INTERFERENCES ARE IN MILS 2
TIME HAS UNITS OF SECONDS

’
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TABLE 4.4.5%
DIFFERENTIAL RADIAL EXPANSIONS

DIFFERNTIAL DIFFERNT A
EXPANSION LXPANS ION
TRANSIENT TIME 1SP ) 15P 146

LA R L L R L L L R

l "“\'V" H[‘\w U‘f‘ (; \ f ]
300
!

PLANT COOLDOWN 0
300
PLANT LOADING

PLANT UNLOADING

SMALL STEP LOAL

DECREASE

LOSS OF LOAD

LOSS OF POWER

LOSS OF FLOW

REACTOR TRIP

FEEDWATER CYCLING

PRIMARY HYDROTEST

SECONDARY MYDROTESY

EYPANSIONS MAVE UNITS OF NILS
TIME HAS UNITS OF SECONDS




TABLE 4.4
SUMMARY OF UMBRILLA CONDITIONS
INSIDE SURFACE

CASE
NO  TRANSIENT CYCLES  S1G 1.2 516G 2.3 S16 3}
: PLANT WEAT UP 200
: PLANT LOADING 12300
8 PLANT UNLDADING 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
26 REACTOR TRIP 400
g: FEEDWATER CYCLING 18300
31 PRIMARY HYDRO ]

STRESSES WAVE UNITS OF PSI
TIME HAS UNITS OF SECONDS

b



CASE

KO TRANSIENT
-ioo--;:;i;.;ix;.;;.............-.-........
: PLANT LOADING

8 PLANT UNLOADING

12 SMALL STEP LOAD INCREASE
15 SMALL STEP LOAD DECREASE
19 LARGE STEP LOAD DECREASE
22 LOSS OF LOAD

24 LOSS OF POWER

26 LOSS OF FLOW

28 REACTOR TRIP

;g FEEDWATER CYCLING

31 PRIMARY HYDRO

TABLE 4. 4.8

SUMMARY OF UMBRELLA STRESSES
OUTSIDE SURFACE

STRESSES MAVE UNITS OF PSI

YIME HAS UNITS OF SECONDS

CYCLES

200

18300

18300
2000
2000

200
30
40
80

400

18300

$ié 1-2 SI1G 23 §IG 3

;.........................‘. &

‘L



TABLE 4.4-9
SUMMARY OF FATJGUE USAGES
SPEAR EXPANSION ZONLS

INSIDE SURFACE
LOAD COND Sr S Kx 5 n n n/N

‘.“ "‘a&
15 « 28
15 - 26
15 « 22
15 « 24
15 « 19

OUTSIDE SURFACE
LOAD COND Sr b Y K x 52 " 3 n/N

1. " 4 L -.oo: 0L
15 - 28
15 - 26
15 - 22
15 - 2
15 - 19

3
15- 8
5§-6-8
29 - 30
10 - 12

3

YOUNG'S MONULUS RATIO = 26.0 / 29.0 » 0,897
CONCENTRATION FACTOR TO ACCOUNT FOR LOCAL EFFECIS = 2.0

COMBINED FACTOR "K* « 0.897 x 2.0 « ] 764
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EXTERNAL

CASE
KO TRANSIEN] CYCLES 16 12 16 2-3 516 3-]

-
LA A R R R AR I R R R e e T T R s s I RN T TSI R

| PLANT REAY UP -

[

PERENEREY Bewee

e

PLANT LOADING 18300

]
6
L

PLANT UNLOADING 18200

12 SMALL STEP LOAD INCREASE

15 SMALL STEP LOAD DECREASE
19 LARGE STEP LOAD DECREASE

¥ LOSS OF LOAD

'y LOSS OF POWER
rd LOSS OF FLOW
REACTOR TRIP

FEEOWATER CYCLING

PRIMARY HYDKY

STRESSES HAVE




TASLE 4.4-1)
FATIGUE CALCULATION SUMMARY
SPEAR THREADLD JOINTS

LOAD COND Sr L1 kxS n " n/ N

........-.}'............'.Il.....".'I.H..'.......l..ll.....'.-..’..:

YOUNG'S MODULUS RATIO » 26,0 / 20.0 » 0.897
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FIGURE 4.4~1

NORTH ANNA Nod STEAM GEMCRATOR ‘C* TURE RSCY|
U=BEND TUBE REMNANT SPEAR STASILIZER
HYDRAULIC DXPARSION UPPER JOINT/ROLL EXPANDED LOVER JOINT



FIGURE 4.4-2

NORTH ANNA Nold STEAM GENCRAYOR °C* TURE RSCY)
V-BEND TUBE REMNANT SPCAR STABILIZER

THREADED JOINT BETVEEN SCOMENTS
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FIGURE 4.4-3

NORTH ANNA Nod STEAMGENERATOR ¢

LN

TUBL R9CSL HOY LEGC CABLE STARILIZESR




FIGURE &.4-4 SEGMINTED SPEAR / TUBE REMNANT BEAM MODEL

a b 7




FIGURE 4.4-5 SPEAR EXPANSION Z0NE MODEL
MAXIMUM TUBE SUPPURT PLATE WOLE

a,b
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FIGURE 4.4-6 SPIAR EXPANSION JONE MOD(
TOP TUBE SUPPORT PLATE MOL.
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FIGURE 4 4-7 THREADED J0INT PULL

~CUT FORCE TEST RESULTS

ab.c




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,
a5 shown on Figur  4.5-1, Its function {s to provide a hydraulic imp~dance to
the recirculating coolant flow in the steam generator, thereby providing one of
the hydraulic parameters used to establish the circu’ation ratio (CR). The
purpose of this section of this report 1s to describe the design and analysis
of the DFRP; the evaluation of the infiuence of the CR, and hence fluid
velocities, on tube vibration s described elsewhere in this report.

4.5.1 DESIGN DESCRIPTION

The DFRP consists of a series of perforated p\atﬁbassemb11es. as shown on
Figut’ef.s-z. The assembly includes o ]perforated plate with tws |

Jgusset plates welded thereto. The assembly comprises a nominal[ ]4&
sector of the annulus, hnnco[ ]$1ates are to be installed 1n each generator.
The size of the plate assemblies 1s compatible with installation through a 16
fnch manway. The location of *he OFRP {a the steam generator, shown on Figure
4.5-3, 1s above the conical section of the wrapper and below the primary
separator barre).

The DFRP assembl{es 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 & 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 wanagement.

0020M/091287:49-)
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DOWNCOMER YLOW RESISTARCE PLATE

FICURE &.5-2







4.5.2 PERFORMANCE ANALYSIS

The objective of installing the downcomer flow resfstance plate (DFRP) is to
reduce the circulation ratta and thereby reduce the total secondary flow
through the tube bundle. ihis in turn results in lowering the secondary sice
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
downcomer) remains unchanged, the circulatior ratio is reduced.

4.5.2.1 Basis for Sizing

The sizing of the DFRF s based on first determining a target circulation ratio
from tube vibrition and other corsiderations and then calculating the plate
geometry that will provide the flow resistance required te yleld the
circulation ratio.

In order to reduce the fluidelastic stability ratic significantly, 1t was
decided that the circulation ratio should be reduced to below 3. The 5] Series
stean genertors in other operating plants curvently have circulation ratios of
2.9. It was decided not to reduce circulation ratio too far below this value
$0 as to stay within the operating experience of similar steam generators with
respect to tube bundle void fracticn, flow regime, etc. This yfelded a target
circulation »atio value of 2.9.

Having defined a target circulation ratio, it was relatively straight forward
to determine the plate geometry reeded 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 s the key geometric parameter that
controls 1ts flow resistance. The Westinghouse proprietary computer code GENF
was utcd in the analysis to predict the circulation ratiec. 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



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 .or the gusset / wrapper weld s less than the
ASME Code guideline.

2. The maximum stresses for the gusset / wrapper weld gre less thar
the ASME Code guidelines.

3. The cooling cavability of the steam generator is not fmpaired
following a steamline break accident,

4, The wrapper support blocks meet appropriate 1imits for the
gteanm)line break accident.

Overall, the Jdowncomer resistance ring 1s structurally acceptable for
its intended mode of operation




4.5.3 DFRP STRUCTURAL ANALYSIS
4.5.3.1 Introduction

The purpose of this analysis 1s 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 ana'ysis. Pressure loads during norma® operation are not
significant. The transients considered during the fatigue enalysis
include the Feedwater Cycling Trantient and a De-Pressurization
Transient which umbrellas those conditions which involve injection of
cold auxiliary flow. A prior analysis of the shcll girth weld has
established that other normal, upset, and test conditions do not result
in any significant fluctuations in the adjacent downcome~ fluid or in
the saturation temperature. The pressure drop across the resistance
plate rezulting from the steam line break loading 1s 60 psi.

The downcomer ring assenbly and wrapper are non-pressure boundary
compenents and are not subject to the criteria of the ASME Code. Where
appropriate, however, Section III, Subsection NG, of the ASME Code has
bc!p used as a guide in establishing fatigue and stress limits,

£.5.3.2 Anilysis Procedure

The analysis is performed using a combination of aralysis tools. In
considering the therma! transient analysis, the predominant loading
mecharism 1s the relative temperature response of the varfous component
parts, rather than a thermal shock concern which occurs for thicker
members. Therefore, 1t is sufficiant to determine the general average
temperature response of the varicus component parts, the wrapper,
gusset, and resistance plate. To establish the average temperature
‘response of each component part, a one-dimensional heat transfer /
thermal stress program is used.

0020M/091287:49-5
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FEEDWATER CYCLING FLUID TEMPERATURES
FIGURE &4.5.3-2
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FEEDWATER CYCLING TRANSIENT RESPONSK
COMPARATIVE TEMPERATURE RESPONSE

PIGURE 4.5.3-4




DE-PRESSURIZATION TRANSIENT RESPONSE
COMPARATIVE TEMPERATURE RESPONSE

ICURE 4.5.335




4.5.4 DOWNCOMER FLOW RESISTANCE PLATES SAFETY EVALUAT.ON

4.5.4.] Introduction

This evaluation 4s written to address the safety effects of the
installation of flow resistance plate assesblies into the North Anna Unit
] steam generators. The flow resistance plate assembly consists of
segments of perforated plate positioned in tha downcomer annulus between
the tube bundle wra~per and the steam generator shell. The plate segments
are supporied by brackets welded to the wrapper. The resistance place
assembly adds a resistance in the flow path of the water fiowing down the
downcomer, The added resistance wil! reduce the circulation ratic and
herefore the mass flow through the tube bundle.

The reduction 1in mass flow through the tube bundle is intended to reduce
the potential for fluid elastic instability of the tubes {5 the U-bend
portion of the tube bundle

4.5.4.2 Evaluarvion

The original design of the Series 5] steam generators used at North Anna
Unit ' dncluded a downcomer flow resistance plate This plate was
subsequently removed to d{ncrease the flow through the tube bundie 3
increased tube bundle flow increases the crossflow intc the burci= 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 sludge deposition.

Sludge accumulatfon currently does not have the lovel of concern as was

the case at the time of the removal o¢f the original downcomer flow

resistance plates. The change in water chemistry from phosphate chemistry
@
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tile treatment (AVT) has generally resulted in a siudge form
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This evaluation has been written to consider the safety effects of

installation of a downcomer flow resistance plate assembly into the steam

. %
icatior

generators of North Anna Unit 1. The installation of this modl

{s expected to improve the fluid elastic stability of tubes not supportec
by AVE's. This modification will reduce the circulation ratio which will
result 1n a slightly larger low velocity ares on the tubesheet with the
potential for sludge deposition, howsver this 1s not expected to inCrease
the potential for tube degradation. A stress evaluation has determined
that stress levels will not exceed appropriate limits for normal and
postulated accident conditions. The downcomer flow resistance plate
assembly and the wrapper are Non-Nuclear Safety class components. Failure
of either the resistance place assembly or the wrapper at the attachment
welds would not degrade the steam generator heat transfer capabilfity below
that required to safely cooldown the plant. 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 instrumentationr The design of the
modification inclucdes provisions to minimize the potential for locte parts

radiation exposure.

Therefore, the 1nstallation of the downcomer flow resistance plate
not result in a previously unanalyzed accident or increase
the probability of a previously analyzed accident. The margin of safety
which, 4n part, 1{s provided by the safety factors included in the ASME
Code ifs not reduced. Based on the {information outlined above,
installation of downcomer flow resistance plate assembliies in the steam
generators at North Anna Unit 1 will not result in an unreviewed safety

$a
question as definec in the rriteria of 10CFR $0.59







NONPROPRIETARY SAFETY EVALUATION

BY THE OFFICE OF NUCLEAR REACTOR REGULATION

NORTH ANNA POWER STATION, ULNIT 1

DOCKET NO. 50-338
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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 eiperienced
a tube rupture in steam generator C, of tube RS-C51 at the top of the seventh
support plate in the ~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 made without
further damage to the plant or any significant radiation release to the
environment,

By letters dated September 1%, 1987 and Seotember 25, 1987 (References 1 and 3),
Virginia_Electric and Power Compe y (the licensee) provided the document ,

“North Anna Unit 1 July 15, 1987 Steam Generator Tube Rugture Event Report"
(Reference 2) describing its plan of action for returning the plant to ful)
power operation. Also provided for our review was the Westinghouse Electric
Corp. Report, "North Anna 1 5/G Tube Rupture and Remedial Actions Technical
Evaluation" (Reference 4).

This Safety Evaluation (SE) presents the staff's evaluation of the adequacy of
the Ticensee'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 Nationa! 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.
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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, suome 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 inspecied around
the U-bend to at Teast the seventh support plate on the cold leg side; 16X of
the tubes in SG C were inspected over their ful) length. This inspection
program exceeded minimum plant Technical Specification requirements.

Tube R9-CS1 in $/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
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 wil) be
explained later in this report, the failure mechanism associated with the Yup=
ture involves rapid crack propagation (i.e., no me' : than a few days) from the
point of initiation to rupture. It is not clear that even if the uppar 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.
Numerous other tubes were plugged as 3 result of SCC indications at the expan-
sion transition location of the tubes aear 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



drained primary side. This was foilowed 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 faiiure was
observed to involve a complete (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 Methodslogy

The eddy current test (ECT) inspection program consisted o' three major elements.
First, all portions of tubes not inspectea during the Spring 1987 outage were
inspected with a bobbin coil probe (with coils coaxial to the tube), which is
“the industry standard. (As noted earlier, the fracture loc:tion on tube R9-C51
had not been inspected during the Spring 1987 outage). Second, all tubes were
inspectad 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 smal)
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 £ddy Current Data
Analysis System (IEDA) was used as an aid in flagging suspect bobbin coil
indications, which were then dispos.:ioned by data anaiysts, The data from
each tube was independently reviewed by two different analysts. One analyst
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used the Westinghcuse IEDA system and the other analyst used the Zetec Digital
Data Analysis System. A1) data analysts were certified at least Leve)l Il 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 technigues employed were reviewed as part of the NRC
Augmented Inspection Team (AIT), which was dispatched to the Morth Anna site
shortly after the event, The team included staff members from the NRC Office
of Nuclear Reactor Regulation and an erpert consultant on ECT from Qak Ridge
Natioral Laboratory. Oetailed findings of the AI) 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‘z analysis techniques were acceptable.

In addition to the AIT effort, NRC Inspectors from Region II vigited the plant
-on August- 10, 1987 and again on Augus® 31, 1987 to evaluate the licensee's ECT
inspectigg 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 3 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.

3.2 ECT Inspection Results

The North Anna plugging Timit, as specified in the plant Technica) 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.
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force for initiating and propagating the fatigue crack. Section 4.5 discusses
various factors which are belfeved 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-(51.

4.1 Lahoratory Examination of Failed Tube Specimen

4.1.1 Destructive ard Non-destructive Testing

The strafght section of tne failed tube (R9+C51) between the fracture surface
and the cold leg end was ramoved from $G C without causing significant
elongation cr distortion.

The results of mechanical testing and chemical analysis established that thé

tubs had mechanical properties that met all applicable requirements (e.g., ASME
Code) and utherw! - 11+ aysd the expected characteristics of Allay 600 in the
mill-annealed condition. Radiography, consisting of double-wall radiographs
taken at four rotativns 90° apart and of a single-wall radiograph using

Yrocisserie" technique, revealed no indications in the seventh support plate

region other than the fracture at tie top edge of the support plate iocatien.

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 Visua) and Macroscopic Examinations

With reference to Figure 1 (taken from Reference 4), which summarizes the
fractographic observations schematically, the 45° location corresponds to the
plane of the U-bend. Multiple fracture initiation “uriging" occurred hetwsen
approximately 90° and 180°. The tubing betwean 30° and 180° is determined to
have protruded approximately 0.07 inches above the top edge of the supgort plate.
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,
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On the fracture face, a dark deposit was noted from approximately 90° to 150°.
Typically, the deposit extends from the 0D to 3/4 through=wall. An analysis of
these deposits showed that they had a composition similar to adjacent 00 deposits
and that they contained elements which would be exnected from secondary-side
water-borne deposits. Fatigue cracks infciated in this location. The signi-
fivcance 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 thre shape of the deposit,
it is believed that the macro-crack iritialiy broke through-wall over a 40°
crack front that extended from 100° to 140° Fatigue striation orientation
data also support this hypothesis.

Oxidation and/or fretting was observed on most of the fracture surface but was
most severe at about the 135° position. It was heavy :hroughout the region
containing most of the crack origins and of diminishing severity at locations
proceading in the clockwise direction from about 170° and counter-clockwise
trom about 70°, This suggests that the oldest portion of the crack occurred at
about the 135° position.

4.1.3 Sgy and TEM Fracture Face Examinatien

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 Tevels that can be made from the striation spacing as described below.
Replicas or "grids" - the fracture surface were examined in a transmission
electron microscope (TEM). These TEM fractographic examinations were performed
to provide the resolution needed to definitively determine if the striation=1ike
markings 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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Table 2 North Anna tube fracture-summary of striation
spacing measurements and AK calculations

Distance from Average spacing Calculated*

Grid 0.D. surface, in. u=in. AK, kst dr,
A . "1 29.2
B 3.3 21.%
¢ 0.014 1.00 11.7
0.036 1.58 4.7
0.046 1.85 15.9
£ 0.24 1.60 14.8
0.31 1.53 14.5
F 20.7 $3.2

*The 4K-values were calculated from striation spacins(7)
measurements using: 5 = 6 (AK/E)?. (Bates and ()ar
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=
1nq that the overall vibrational loading of the tube is not significantly changed
by tie oevelopment and early growth of sma)l fatigue cracks, then AK levels in-
dicated from striation spacings can be used to estimate the cyclic stress range
that jed to fatigue crack initiation.

Scanning electron microscope (SEM) and transmission electro. microscope (TEM)
fractographic examinations ¢ the fracture surface confirmed the conclusions of
the optical-microscopic examinations that the crack erigins 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
inftiation sites found at approximately 110%, 120°, 135° and 150°. Fine fatigue
striations were observed near the crack origing, Striatien spacing increaser
from about 1.0 micro=1n. near the 00 surface to nearly 2.0 micro=in. near the
inner diameter (ID) surface.

The region from about 90° to 155° is generally flat (orientation: =ormal to

wall) throughout except for smal) portions tnat have shear orientations (45° to
wall) adjacent to the 0D and 10 surfaces, with a fine fracture texture, Most
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of the remainder of the fracture is orfented at about 4%° to the wall surface

except for a flat area surrounding a minor crack origin at about the 190° loca-

tion, Clockwise from 180°, an initially fine texture becomes rougher with a

“herringbone" pattern evident near the 270° region, indicating an accelerating '
rate of crack propagation,

Fine-to-coarse fatigue striations occur at locations from about 190° to 250° _
and from about 30° to 70°, The fatigue striation spacing increased (indicating |
higher propagation rates) as the crack propageted around the ¢ircumference of
the tube in a clockwise direction from about the 190° position and counters
clockwise from about the 70° position. Higher propagation rates in the 190° *o
300° positions than in the 70° to 15° regions indicates eccentric loading or a
component of torsional loading.

Parabolic dimples with internal necking between dimyles were the predominant
fractograpnic 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 the region from about 280° clockwise 360° to 15°, there is & rough texture
(fractographic examination revealed dimpled rupture in this region) indicative

of overloau fracture. Equiaxed dimples indicative of the overload portion oi

the fracture were observed at about the 310° position. These fractographic
features coupled with the macroscupic 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 finai overload fracture.

4.1.4 Metallography of Seventh Support Plate Region

A series of longitudinal meta)lographic secticns were made at the fracture loca-
tion. Minor OD 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 1.0 mil. The closest distance to the fracture face, in wnich
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maximum possible value of alternating stress consistent with the Ak = §3 ksi
V. estimate shown in Table 2 (assumed to be located 90° relative to the point
of crack initiation) without resulting in a piysically impossible stress history
during crack propagation (Reference 10).

4.3 Fatigue Strength

"S/N curves" are curves relating the magnitude of aiternating 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 ( ].
This data is based on fully reversed loading. As wil) be discussed in addi~
tional detail later in this report, a flow-induced, tube vibration mechanism

s believed to be the driving mechanism for both fatigue crack initiation and
crack propagation. The natural “rr uency 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 lvading cycles leacing

to fatigue failure (assuming a plant availability factor of 75%) was between

1.4 x 10% cycles and 1.3 x 10'° 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 westirghouse to
have caused fatigue crack initiation (see Section 4.2), but do not include an
adjustment for mean siress at the fracture location induced by denting of the
tube at the seventh support plate,

The mean stress at tie fracture location was evaluated by Westinghouse with an
elastic-plastic finite element anaiysis utilizing an axisymmetric model. The
assumed denting deflection profile from the bottom of the seventh support plate
to the top was based ¢n 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 therma) loadings were also
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included in the mode’. The resul., of the analysis revealed a tensile mean
stress level at the tube 0D at the yield strength level.

The [ ] was used to wake the mean stress
adjustment to the S/N curves derived from the EPR] data. (

Table 3 ;-ovides 2 summary of alteriating stress levels 2ssociated with assuned
fatigue crack init’ation over a 1 year and 9 year period, respectively, for a
best fit, 20, and 30 §/N curve incorporating the mean stress adjustment,

Table 3 Alternating Stress Levels Leading to Fatigue
Crack Initiation

- 1.4x10% cycles 1.3x10'° 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
30 S/N Curve 8.7 Ksi 5.6 Ksi

*These estimates were made by the NRC staff.

The tabulated stresses aisociated with fatigue crack initiation over a 9 year
period are congistent with the Westinghouse-estimated range of 4 to 10 ksi
required for crick initiation. The tabulated stresses associated with crack
fnitiation over a 1 year period exceed this range if best fit or 2¢ S/N
properties are assumed. Thus, if best fit or 20 S/N properties are assumed,
then the cyclic loadings leading to crack initiation must have occurred during
a period exceeding 1 year.
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4.4 Porential in hanisms Leading to Fatigue Crack Initiation an
Failure

It is evident from the observed striations on the R9-C51 fracture surface that
at least 10% load cycles were (. quired 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
over just a4 few days. Potential loading mechanisms for crack initiatien and/or
propagation considered by Westinghouse are described below,

4.4.1 Duty Cycles Associated With Normal, Upset, and Test Conditions

Applicable duty cycles for rormal, 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 1ine breaks, and plant hydrostatic tests. The various duty cycles
included ~ ~*ributions from differential pressure loadings across the tube
walls, interference loads from differential radia) expansion between the tube
and support plate, and through-wall thermal gradients in the tube.

Thece duty cycles were analyzed using an axisymmetric finite element mode) 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 (1.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 Westinghouss ine)uded
vortex shedding, cross=flow turbulence, and fluid-elastic instability.

17
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The Westinghouse analysie of linear turbulence and fluidelastic excitation of
the tubing was conducted with a computer program called FLOVIB. FLOVIB incor=
porates a finite element mode! 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 ana fluidelastic regimes.

The above-mentioned model for evaluating tut~ response from the turbulence
mechanism has reportedly been qualified against several series of tests, in-
cluding prototypical two-phase tests. Turbulence-induced vibration amplitudes
for tube Pt-CH1 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 uppernost
support plate (where the rupture occurred) with peak-to-peak amplitudes of
less than 1000 psi. Based on these low stress levels, Westinghouse helieves
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 mechanism will have a significant effect on the tube response
in cases where the fluidelastic stability ratio (SR) equals or exceeds 1.0.
The stability ratio is detined as

Voert
V—

€

SR =

where v.,, is the effective crossflow velocity and v i3 the critical velocity
beyond which the displacement response increases rapidly

The estimated stability ratio [ J utilizing nominal estimates
of parameters such as damping ratio, stability constant, and natura) frequency
fs [ ] indicating no fluidelastic instability. As wi)) be discussed later,
these parameters are subject to significant uncertainties (particularly for
damping ratic) 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
urstable mode are quitc large in comparison to the other known mechanisms. For
this reason, and because none of the other mechanisms discussed above appear to
be a plauzible mechanism for crack initiation, Westinghouse has concluded that
the failed tube is most ifkely a result of its being fluidelastically unstable,

Given fluidelastic instabi'ity 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. (
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Table 4 Alternating stress and fatigue usage sensitivity to
stability ratio reductions (assuming 1.4x10% cycles
to failure for R9-C51)

S/N Curve Assumptions

Best
Fit 20 30 |
Pre-mod alt. .tress 13.3 ksi* 10.5 ksi 8.7 ksi
Post~ ,d alt. stress NE 4.2 ksi 1.8 ksi
(10% reduction in SR)
Additional accumulated usage NE 0.20 0.52
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
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Table 5 Alternating strecs and fatigue usage sensitivity *o

stability catio reductions

to failure for R9-C51)

assuming 1.3x1070 cycles

S/N Curve Assumptions

Best
Fit 20 3o
Pre-mod alt, stress 9.2 ksi* 7 ksi 5.6 ksi
Post=mod alt. stress 3.8 kei® 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 o7 ksi® 2.3 ksi* 2.0 ksi*
(15% reductiun in SR)
Additional accumulated usage Negligible* Negligible® Negligible*

factor over remaining
31 years of plant life

*NRC staff estimates.
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these tubes. Westinghouse has provided a preliminary estimate of a 15%
velocity peaking factor for tube R9-CS1 (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 fluide
elastic excitation. Some of these tubes were located in regions of
relatively uniform AVB penetrations. Thus, wWestinghouse concludes in
Reference 3 that non-uniform AVBs and local flow effects are not the
dominar . factor for instability, although this effect at & 15% magnitude
could have had a major contributing influence on the R9-C51 failure.

Tube Damping Uncertainties

westinghouse concluded in Reference 3 that tuhe damping ratio uncertainties
were the dominant factor affecting the stability ratio of the row 9 U-bends.
Measurements ¢f 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 preloadea, pinned-pinned supports typical of U-bend
$G conditions without denting,

fhe above air tests do not consider the additional damping in a two-phase
water/steam environment, Data cited by Westinghouse shows [

] Huwever,
westinghouse concluded in Reference 4 that the effects of denting on tube




damping appear to be the major uncertainty factor leading to tube insta-
bilities. Westinghouse estimates a 50% uncertainty factor associated with
the assumed 0.82% damping ratio, which would contrivute annroximately 41%
uncertainty .o the nominal stability ratio estimate. Westinghouse further
notes that an assumed lower bound damping ratio estimate of [

] would double the nominal stability ratio
estimate,

4.6 Reguired Conditions for Fatigue Cracking "nitiatioen
Aegqul 19k 3.

Westinghouse has reached the following conclusions regarding the conditions
necessary for fatigue crack inftiation,

(1) Dentiig at the top support plate is needed to (a) produce a high mean
stress effect with an associated reduction in fatigue strength, (b) maxi=
mize bending stress at the upper support plate, and (c) minimize tube
damping.

{2) An absence of adjacent AVB supports is needed in order that tube displace-

ments and, thus, alternating stress levels may be large enough to initiate
a fatigue crack.

(3) Stability ratios within 10% of that for tube R9-C51 (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 efther 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 COMPENSATORY MEACURES

The licensee has taken a two-fold approach to preclude future fatigue crack
initiation; namely (1) installatisn of an 5G downcomer f ~w resistance
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Based on the above, potentially susceptible tubes were considered by we.ting-
house to ba located in rows 9, 10, snd 11. The detection of an AVB signal is
considered by Westinghouse to be & firm indication of an AVE support on at
least one side. Test data was presented demonstrating that the vibration
ampiitude for a given tube is controlled by the AVB exhibiting the minimum
radial gap with respect to that tube. Thus, Westinghouse maintains that an
AVE support on one side only will constitute a fully effective AVE support,

It 15 possible for eddy currer’ testing to miss the presence of an effective
AVB support due to background noise conditions such as from upper surface
deposits. In some cases, however, the act..! presence of an AVB support can

be inferrec from ar AVB support detected for an adjacent tube. For example,

1t can reasonably be inferred from an AVB indication for a row 8 tube that the
adjacent row 9 tube (in the same column) also has an AV support, regardless of
whether that tube exhibited a detectable AVE indication,

The pluggiig of all susceptible tubes in rows 9, 10, and 11 would have the
effect of leaving tubes in row & as the tubes with the most Timiting stability
ratio. Therefore, this action by itsel!f is <stimated by Westinghouse to
result in a 14% reduction in stability ratfo relative to R9-051. In addition,
Vostinqhabso has estimated on the basis of a preliminary analysis of the loca!
high flow velocity regions as affected by nonuniform AVE insertiion that
velocity peaking factors are lower for row 8 tubes than for the most limiting
susceptible row 9 tubes. This effect is estimated by Westingh .se 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's preventive pluaging program identified

two tubes in row 9 of SG A considered by the staff to be in the category of
“susceptible tubes" (i.e., tubes R9-C38 an. 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,Bs. In addition, the absence of AVE
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
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(gpd), but well under the 500 gpa Technical Specification 1imit. This plug

is fniended to serve as an sarly warning detection method of & circumferential
break of the plugged tube prior to its potential interaction with adjacent
tubes.

6.3 Stabilization of Severed Tube, R9-C51

After removing the cold leg section of tubing from the SG (see Section 4), enly
the hot leg remnant of the tube inciuding the U-bend portion remzined in the SG.
Therm-1-hydraulic analysis of the flow conditions surrounding tuvhe R9-151
indicated that the severed tube Usbend would de fluid elastically unstable
during power operation. Once unstable, the remnant section could then 'mpact
neighiboring tubes and over time cause wear on the neighburing tubes. 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 Teg tubesheet and support plate
hole, The assembly featured the following: (1) eight threaded sections, each
assembled and inserted into the hare hole, (2) a locking feature to preclude

separation of the threaged sections, (3) hydraulic expansions at each tube

suppert p'ate and into the free end of remnant tube R9-CS1, and (4) a roll
expansion atrachment of the spear to the tubesheet.

The design of the lointed 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 Lo remnant
joint. Analysas were performed to quantify the tube/spear vibrational charace
teristics. These analyses demonstrated that the critical camponents (threaded
Joiuts and spear to remnant joint) would withstand the dJesign hases operationl
and transient-induced forces. Additionally, due to the sma)l gap hetween 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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~length and extended 'rem about 3 inches inside the tube remnant to about 9 inches

Ko specific verification analyses were pe-formed for the hot leg stabilizer to
be used at North Anna Unit 1, since this type of design has been previously
tested, ouvalified, and used by Westinghouse at other facilities.

After completing the inscallation process described above, the spear was then
eddy-current tested to confirm the existence and proper positioning of the
expansions.

The wethod of stabilization was modified from the atove description Lo accounti
for difficulties encountered during installation.

When the spear described above was expanded into the seventh tube cupbo -t plate
on the cold leg side, the expanding tool was slightly out of position and rup*
tured the spear wall over a lergth uf about 1/2 inch. The crack was axial in
nature and occurred 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 tube support plate. This sleeve was approximately 13 inches in

below the seventh tube support plite. The bare hole in the tube sheet (cold leg)
was sealed with a welded plug.

During installation of the cable stabilizer on the hot leg side, one of the c.bie

sections was damaged when the stabilizer jammed on the base plate of the inser- :
tion tool. The damaged stabilizer was removed, the base plate was modified, and

a seco~1 stabilizer, fdentical to the first, was the: successfully installed.

The cable ~tabilizer extends from the hot leg tube sheet to approximately 30°

past the tangent point at the hot leg U-~bend. The hot leg tube end wa: then

sealed with a mechanica) plug.

Finally, 12 adjacent tubes around tube R9-C51 were preventively plugged with
sentine)l plugs on the cold leg side. On the hot leg tide, tube R9-C51 was
plugged with a solid mechanical plug.




5.4 Leak-Before-Break Considerations

Prior Lo the failure of tube RO-CH1 on July 15, 1987, the control room opera*
tors had o indfcation on the instrumentation normally used to detect primary-
to-secondary leakage. However, a post-event analysis of air ejector radiation
monitor count rate deta and a‘~ ejector grab sample data did revea)l indications
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 )icensee has
noted (in the context of digcussi~ af the air ejector radiation monitor data)
that the data should not "o us uantify a specific leak rate at a given
point in time. Mowever, thete da.. give a positive indication that leakage wa,
present for at Teast 48 hours prior to the event and that it was trending
upward.

The licensee has taker & ' umber of actions to ensure that similar precurtor
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
ineclude:

(1) primary-to-secondary leakage will be estimated every 4 hours using the
air.ijoctor radiation menitor, S/G blowdown monitor, and N-16 monitor;
every 8 hours using the air ejector exhaust isotopic activity; and every
24 hours based on secondary coolant isotopic activity. TIhe alarm setpoint
for the air ejector monitor will bs adjusted to respond if leakage in-
Creases and <tays 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-seccnuary lrakage. 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 (S1) will be set consistent with the air ejector radiation
monitor alarm above. The second alarm (S2) will be set at &0 gpd in order
to detect the inftial crack propagation associated with a fatigue failure.
The third alarm (SE) will be set at the administratively imposed shutdown
Timit of 100 gpdg.
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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 1imits on
primary-to-secondary )eakage.

a) 100 gpd per $G, 300 gpd tota) for al) SGs. (This is substantially
more conservative than the 500 gpd 1imit per $G end the 1 gallon per
minute (gpm) (about 1430 gpd) imit for tota) primary~to-yecondary
leakage (i.e., for all SGs) in the Technical Specifications).

b) 60 gpd increase during any 4 hour survei)lance period (applies to
leakage from each 56 and tota) leakage from all $G¢).

€) An increasing trend based on the latest surveillance indicating that
Teakage will exceed 100 gpa within 90 minutes.

If any of the above 1imits 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 1t 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 curvet 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 etress.

From the leak rate versus time curves, the licensee estimates that a 333 gpd
Timit would provide the approximately 30 minute period needed to fdentify ex-
cessive leakage and to reduce power to 50%, assuming an alternating stress leve)
of 7 ksi, prior to rupture of the tube. Post-modification alternating stiess
levels, even assuming only a 10% reduction in stability ratio, are predicted to
be less than 7 ksf. The 333 gpd limit would also allow for a £50% error band
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associated with the N-16 monitor reading, wheress the iicensee sstimates the
actual error band to bw between t10% and 308, Thus, the licensee concludes
the 100 gpd adminfstrative 1imit to be conservalive.

Detailed procedures have been written for logging and trending data in accordance
with the time schedules indicatad above and for respending to the various alarms
(81, 82, an¢ . Activation of the S1, §2, or SE alarms wil) cause the opera-
tor 10 be vererred to the administrative 1imits in Standing Order 156. The

staff notes that (in the event of an S1 or 52 alarm) this would include a new
trending snalysis to ensure that the 100 gpd administrative Yimits would not

be exceeded over the next 90-minute period.

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 data from the air ejector and SG radiation monitors and calculation of
corresponding leakage rates, and checking the setpoints of the various alarms.
Trtnd!nq rlots were generated by computer, Based on fits review, the staff con-
Cludes the leak rate surveiliance schedules and procedures will be effective

for purpgves of early detection of iow leve! 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 wil) be shut down in a timely
fashion before a leaking through-wali crack can propagata to faiiure.

5.5 56 DFRP Installation and Resulting Increase in SGTR Accident Dose Rate

Ey letter dated September 25, 1987, the licensee provided an S to assess the
impact of the DFRP modifications on the North Anna Unit 1 and Unit 2 (NA-142)
Update* 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 fn the NA-182 UFSAR
and were within the guidelines of 10 CFR Part 100.

35

e e e e SRR i

A T L ) N S R P N R R R R R R R RO T B R R R R






A — A e B e s e M L o
e I R—— -

In addition to those assumptions governed by 5G initial conditions, the fo!-
lowing additional mijor assumptions were made in performing the dose calcula-
tions: (1) the guidance of MUREG-0800 (Section 15.6.3) is used, (2) There is

ne failed fuel due to the tube rupture, (3) The radicactive releases from the
three 5Gs are relcased 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 appearanc: rates and duration are assumed which are bonding
tor the NA-142 uprated core conditions

Models were used which separately track the release to the environment from
each source of radioactive material. This includes. the initia) RCS coolant
activity transferred to the ‘aulted SG by way of the break and to the unfaulted
SGs by way of primary-to-secondary leakage, the initial 5G 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 calcalated from these sources for the Exclusi~s Area Bound-
ary (EAB) and the Low Population Zone (LPZ), The results of the licensee's

calcuiations are summarized in Tables 6 and 7.

Table 6. North Anna steam generator tube rupture (based on DFRP
modifications) comparison of calculated dose to )imits

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 390
Case 1 - SGTR with 1% failed '

fuel/ro iodine spike 1.77 Not Addressed 300
Case 2 - SGTR with pre-accident

iodine spike (most

timiting) 26.7 300 300
Case 3 - SGTR with concurrent

iodine spike 1.52 30 300

37



e e e e I T e

Table 7 Integrated whole body dose at EAB (REM)

Calculated SRP Section 15.6.3 10 ¢« 100

Result Acceptance Guideline Limit

UFSAR Case 0.36 Not Addressed 25
Case 1 -~ SGTR with 1% failea

fuel/nn iodine spike 0.297 Not Addressed 25
Case 2 - SGTR with pre-accident

iodine spike (most

limiting) 0.119 2% =95
Case 3 - SGTR with concurrent

iodine spike 0.081 2.5 25

The staff has analyzed the 3GTR event with NFRP modifications in accordance
with Standard Review Plan Section 15.6.3, The pre-accident iodine spike case
is most limiting; but even in this case the thyroid dose at the EAB is less
than 30 rems, which is well below thn acceptance criterion of 300 rems. In
addition, the whole-budy dose and the LP2 doses are less than 1 rem. The staff
_concludes that the acceptance criteria of NUREG-0800 and the requirements of
10 CFR Part 100 ar2 =et. T ~efore, the S5G 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 technigues 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 additiona) training given to
data evaluators (focusing on the North Anna circumstances) and th.
independent data analyses by different data evaiuators using different
data anaiysis equipment provide added assurance that the inspection pro-
gram identified al! tubes with potentially significant indications.
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Tne presence of clearly identifiable fatigue striations as well as other
features assocfated with fatigue leaves no doubt that the failure of
R9-C51 was caused by fatigue.

The possibility that intergranular attack (1GA) may have contributed to
fatigue crack initiation cannot be entirely discounted in view of small

(1 or 2 grains) IGA penetratiuns observed as close as 4 mils from the
fracture surface. Qualicatively, 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 s 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.

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) i1 a
thin-walled tube containing a thumbnail crack initiating from the 0D
(Reference 10). The solution for K does not include the effects of tending,
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 JTn.,
this model predicts a "far field" stress of ' 1, which is very close to
“he 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.

The 4 to 10 Ksi alternating stress estimate by Westinghouse fur tube
R9-CS51 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
pr<sent. (This is based on the fact that denting was first obsarved at
North Anna Unit 1 in 1979 and reportedly has been arrested since at least
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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 cther tubes with cirsumferential cracks at the seventh support
plate is not surprising.

Fluidelastic instability has reasonabhly been established as the only
crediple 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, scability constant,
and natural freguency cited by Westinghouse.

Given the complexity of the problem (e.y., two phase flow, U-tubes, dent-
ing) and the associated uncertainties, the Westinghouse analyces conducted
with ATHOS AXD FLOVIB provide only "ballpark estimates” of the resporise
amplitudes and instability thresholds. Absolute values of predicted
critical velocities and displacement *wpiitudes in the instability region
Incorporate significant uncertainty. However, the results of these
analyses are cppropriate for the use that wWestinghouse has made of them;
namely to examine trends, to develop relationships between changes in
staBility ratio and resulting changes in aisplacement and alternating
stress response, and to evaluate relative improvements assnrciated with
installation of the downcomer flow resistance plate.

The predicted 8% to 22% reduction in stability ratio associated with the
DFRP is judged to be reasonable since, again, it is the relative change

in stability ratic that is of interest. Pertinent parameters, such as
density and effective flow velocities, are calculated by the sawe 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 to os reasonable since they are
based on conservative values of the fluidelastic response curve slopes.
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Because the pre-modification stability ratio of tube R9-CS1 is very

uncerta ~, 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 12 may or may not be
sufticient to reduce the maximum stability ratio to less than 1.0. Even

if the stability ratio excecds 1.0, however, the expected reductions in
displacement, alternatirg stress, and rate of fatigue usaye accumulation
are considered by the statf to be sufficient to preclude another fatigue
failure in Lhe future.

Apart from tube R9-CS51 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. Aithough installation of the DFRP is expected ‘o 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 nlug 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, ana 11 have
becg.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 ror the most lim‘ting row 3 tubes have nct exceeded
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,

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 rcle 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 weuld be expected to significantly reduce flo. peaking.
The staff concludes that tie overall stability ratio reductions e. imated
by Westinghouse in Reference 4, based on the corrective actions implemented
by the licensee, are conservative,

Actions taken by the licensee to augment its preventive piugging 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 effective AVB supports in rows 9, 1. and 11 have been removed irom
service.

The use of the sentinel plug for "susceptible tubes” precludes a recurrence
0f the Ginna syndrome (NUREG-916); namely, fracture of a tube subsequent
to its “»~ing 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 sentine) plus: includes the
tubes in the bundi: wost 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 a'so
serve as 1 long-term indication of the effectiveness of DFRP minimizing
large amplitude vibrations and alternating stress levels.

Stabilization 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 stee! cable design has previously been tested,
qualified, and used at other facilitias, Fina ly, for the cold leg side,
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tubes adjacent to tube R3-C51 have been plugged with sentinel tubes to
mitigate the impact of unlikeiy 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.

The staff has evaluated licensee capabilities and procedures for mon tor=
ing primary-to-secondary leakage, and participated in an onsitc walk=through
of a 4 hour surveillance cycle and trending analysis. The staff finds that
the licensee has substantially improved its capabilities t¢ Jjetect 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 §90 gpd

and which provides added assurance that the plant will be shut down in a
timely fashion before a leaking through-wail crack can propagate to failure,

The SG DFRP design and installation have been performed in such a manner
that there is no increase in the probability of accidents. The effects
of this modification upon existing accident analyses have been investi-
gatiﬁ. Each accident continues to meet its applicable acceptance criteria.
A reanalysis of the SGTR accident analysis has rasulted in a calculated
offsite dose greater than currently reported ir the NA-l&f'UFSAR for core
power greater thar 39% of rated thermal power. This increase is not sig-
nificant because the revised dose remains a sma]] fraction of the 10 CFR
Part 100 1imits and meets the guidelines of NUREG-0800 (Section 15.6.3).
No new accident types or equipment malfunccion scenarios will be intro-
duced as a result of the DFRP modification. The original design of the
plant irciuded such plates in the 5Gs. Therefore, operation with this
modification does not create the possibility of an accident of a differ-
ent type from any evaluated previously in the NA-182 UFSAR. There is no
significant reduction in the margin of safety. An evaluation of NA-142
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-142 TS 3/4.4.8) has also been maintained, since the revised dose re-
mains a small fraction of the appropr..te 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 leveis.

7 CONCLUSIONS

Based on the above evauation, the staff finds that the )icensee has (1) ade-
quately demonstrated the primary failure mechanism leading to the July 185,

1987 SGTR event to be fatigue caused by flow-induced vibration, (2) adequately
identified the major causa: 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 5Gs have been restored to an
acceptable conditiun 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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