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ABSTRACT

On July 15, 1987, a steam generator tube rupture event occurred at the North
Anna Unit 1 plant. The cause of the tube rupture has been determined to be
high cycle fatigue. The source of the loads associated with the fatigue
mechanism is a combination of a mean stress level in the tube with a
superimposed alternating stress. The mean stress 1s the result of applied
louding, manufacturing-induced residual stress and denting of the tube at the
top tube support plate, while the alternating stress is due to out-of-plane
deflection of the tube U-bend attributed to flow induced vibration., For tubes
without AVB support, local flow peaking effects are a significant contributor
to tube vibration amplitudes.

This report documents the evaluation of steam generator tubing at V. C. Summer
for susceptibility to fatigue-induced cracking of the type experienced at
North Anna Unit 1. The evaluation utilizes operating conditions specific to
V. C. Summer to account for the plant specific nature of the tube loading and
response. The evaluation also includes reviews of eddy current data for

V. C. Summer to establish AVB locations. This report provides background of
the event which occurred at North Anna, a criteria for fatigue assessment, a
summary of test data which support the analytical approach, field measurement
results showing AVB positions, thermal hydraulic analysis results, and
calculations to determine tube mean stress, stability ratio, tube stress
ratio, and accumulated fatigue usage. This evaluation concludes that seven
tubes were potentially susceptible to fatigue, and required ameliorative
action.

Such action was completed a April, 1990, with the installation of a cable
damper, a hot leg solid plug, and a cold leg sentinel plug, in each of the
seven aforementioned tubes. No further ameliorative action is required, and
the tubes remaining in service in the V. C. Summer steam generators are not
expected to be susceptible to high-cycle fatigue rupture at the top tube
support plate in a manner similar to the rupture which occurred at North Anna
Unit #1 assuming operation of the plant through the end of the operating
license at a full power steam pressure above 905 psia.
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1.0 INTRODUCTION

This repnrt documents the evaluation of steam generator tubing at V. C. Summer
for susceptibility to fatigue-induced cracking of the type experienced at
North Anna Unit 1 in July, 1987. The evaluation includes three-cimensional
flow analysis of the tube bundle, air tests performed to support the vibration
analytical procedure, field measurements to establish AVB locations,
structural and vibration analysis of selected tubes, and fatigue usage
calculations to predict cumulative usage for critical tubes. The evaluation
utilizes operating conditions specific to V. C. Summer in order to account for
plant specific features of the tube loading and response.

Section 2 of the report provides a summary of the V. C. Summer evaluation
results and overall conclusions. Section 3 provides background of the tube
rupture event whic: occurred at North Anna Unit 1 including results of the
examination of the ruptured tube and a discussion of the rupture mechanism,
The criteria for predicting the fatigue usage for tubes having an environment
conducive to this type of rupture are discussed in Section 4. Section §
provides a summary of test data which supports the analytical vibration
evaluation of the candidate tubes. A summary of field measurements used to
determine AVB locations and to identify unsupported tubes is provided in
Section 6. Section 7 provides the results of a thermal/hydraulic analysis to
establish flow field characteristics at the top support plate which are
subsequently used to assist in identifying tubes which may be dynamically
unstable., Section 8 presents an update of the methodology originally used to
evaluate the tube rupture at North Anna Unit 1. The final section, Section 9,
presents results of the structural and vibration assessment. This section
describes tube mean stress, stability ratio and stress ratio distributions,
and accumulated fatigue usage for the V. C. Summer steam generator small
radius U-tubes.
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2.0 SUMMARY AND CONCLUSIONS

The V. C. Summer steam generators have been evaluated for the susceptibility
to a fatigue rupture of the type experierced at Row 9 Column 51 (R9CS1) of
Steam Generator C at North Anna Unit 1. The evaluation used Eddy Current Test
(ECT) data supplied by SCE&C and interpreted by Westinghouse.

2.1 Background

The initiation of the circumferential crack in the tube at the top of the top
tube support plate at North Anna 1 has been attributed to 1imited
displacement, fluidelastic instability. This condition is believed to have
prevailed in the R9CS1 tube since the tube experienced denting at the support
plate. A combination of conditions were present that led to the rupture. The
tube was not supported by an anti-vibration bar (AVB), had a higher flow field
due to local flow peaking as a result of non-uniform insertion depths of AVBs,
had reduced damping due to denting at the top support plate, and had reduced
fatigue properties due to the environment of the all volatile treatment (AVT)

chemistry of the secondary water and the additional mean stress from the
denting.

2.2 Evaluation Criteria

The criteria established to provige a fatigue usage less than 1.0 for a finite
period of time (1.e., 40 years) 1s « 10% reduction in stability ratio that
provides at least a 58% reduction in stress amplitude (to < 4.0 ksi) for a

Row 9 tube in the North Anra 1 steam generators (SG's). This reduction is
required to produce a fatigue usage of < 0.021 per year for a Row 9 tube in
North Anna and therefore greater than 40 year fatigue design basis. This same
fatigue criteria is applied as the principal criteria in the evaluation of V.
C. Summer tubing.

The fluidelastic stability ratio is the ratio of the effective velocity

divided by the critical velocity. A value greater than unity (1.0) indicates
instability. The stress ratio is the expected stress amplitude in a
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V. C. Summer tube divided by the stress ampiitude for the North Anna 1, R9CSI
tube

Displacements are computed for unsupported U-bend tubes in Rows 13 a-J3 inward,
(descending row number) using relative stability ratios to RICS)! of North
Anna 1 and an appropriate power law relationship based on instability
displacement versus flow velocity. Different U-bend radius tubes and tube
sizes have different stiffness and frequency and, therefore, different stress
and fatigue usage per year than the Row 9 North Anna tube. These effects are
accounted for in a stress ratio technigue. The stress ratio is formulated so
that a stress ratio of 1.0 or less produces acceptable stress amplitudes and
fatigue usage for the V. C. Summer tubing assuming that the tubing remains in
service for the balance of the plant operating license at the operating
conditions for the reference fuel cycle analyzed. Therefore, a stress ratic
less than 1.0 provides the next level of acceptance criteria for unsupported
tubes for which the relative stability ratio, including flow peaking, exceed
0.9.

The stability ratios for V. C. Summer tubing, the corresponding stress and
amplitude, and the resulting cumulative fatigue usage must be evaluated
relative to the ruptured tube at Row 9 Column 51, North Anna 1, Steam
Generator C, for two reasons. The local effect on the flow field due to AVB
insertion depths 1s not calculable with available analysis techniques and is
determined by test as a ratio be:ween two AVB configurations. In addition, an
analysis and examination of the ruptured tube at North Anna | provided a range
of initiating stress amnlitudes, but could only bound the possible stability
ratios that correspond to these stress amplitudes. Therefore, to minimize the
influence of uncertainties, the evaluation of V. C. Summer tubing has been
based on relative stability ratios, relative flow peaking factors, and
relative stress ratios.

The criteria for establishing that a tube has support from an AVB, is that it
must have at least one-sided AVB support present at the tube centerline. The
criteria 1s based on test results which show that one-sided AVB support is

sufficient to 1imit the vibration amplitude for fluidelastic excitation. AVE
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support 1s established by analysis of eddy current (EC) measurements and 1s a
key factor in determining the Tocal flow peaking factors. The local flow
peaking produces increased local velocities which cause an increase in
stability ratio. A small change in the stability ratio causes a significant
change in stress amplitude. The relative flow peaking factors of V. C. Summer
tubing without direct AVB support have been determined by test. These flow
peaking factors, normalized to the North Anna R9CS1 peaking, are applied to
relative stability ratios determined by 3-D tube bundle flow analysis, to
obtain the combined relative stability ratio used in the stress ratio
determination.

2.3 Denting Evaluation

The Eddy Current (EC) tapes were evaluated [

18C to determine the condition of the tube/top tube
support interface of the unsupported tubes having potential flow peaking.
Because of the significance of the top tube support plate crevice conditions
on the analysis and the potential for further corrosion at the top tube
support plate since the October 1988 EC inspection, the EC analysis assumed
that top tube support plate crevices were dented (1.e. having "torrosion with
magnetite" or "tube denting with deformation") unless they could conclusively
be demonstrated to be otherwise. Analyses of eddy current (EC) data for V. C.
Summer shows the presence of "corrosion with magnetite" in roughly half of the
tube/TSP crevices. Of the twenty-five (25) tube eddy current results from the
October, 1988, inspection that were evaluated for top tube support plate
corrosion, eleven (11) were found to be magnetite-packed at one or both top
tube support plate legs, none showed denting with deformation, and the
remaining fourteen (14) showed no detectable magnetite or corrosion. For
conservatism in the evaluation, all of the tubes evaluated are postulated to
be dented. The effect of denting on the fatigue usage of the tube has been
conservatively maximized by assuming the maximum effect of mean stress in the
tube fatigue usage :valuation and by incorporating reduced damping in the tube
vipration evaluation,
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2.4 AVB Insertion Dépths

The V. C. Summer SGs have two sets of Alloy 600 AVBs. The 'inner’ or lower
AVBs have a rectangular cross-section and extend into the tube bundle
approximately as far as Row 10. They provide a nominal total clearance
between a tube without ovality and the surrounding AVBs of [ ]a.c inch.

The outer (or upper) AVBs also have a rectangular cross section, and extend
into the tube bundle approximately as far as Row 21, providing a nominal
tube-to-AVB clearance comparable to the inner AVBs. Since the purpose of this
analysis is to evaluate the potentially unsupported tubes at or near the point
of maximum AVB insertion, only the dimensions and EC data pertaining to the
inner AVBs are required.

The eddy rurrent data were analyzed by Westinghouse to fdentify the number of
tube/AVB intersections and the location of these intersections relative to the
apex of a given tube. This information was used tn calculations to determine
the deepest penetration of a given AVB into the tube bundle. For the area of
interest in the V. C. Summer steam generators, the AVB support of the tube can
normally be verified if EC data shows both legs of the lower AVB, one on each
side (hot ley - cold leg) of the U-bend. This is the preferred method of
establiching tube support.

1f ¢aly the apex of a V. C. Summer AVB assembly is near or touching the apex
of a tube U-bend, only one AVB signal may be seen. In this case, adequate
tube support cannot be assumed without supplemental fnput. Support can be
determined 1f 'projection' calculations based on AVB intercepts of higher row
nurber tubes in the same and cdjacent columns verify insertion depth to a
point below the tube centerline. Maps of the AVB insertion depths for

V. C. Summer are shown in Figures 6-2 thru 6-4. The AVB maps 11st the results
of the 'projection' calculations from the smallest row tube for which suitable
data exist to make a projection.

At tube locations where flow peaking effects could be significant,

determination of only tube support conditions may not be sufficient to
adequately define flow peaking factors. Flow peaking factor can, in some
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cases, [

]B.C

2.5 Flow Peaking Factors

Tests were performed modeling V. C. Summer tube and AVB geometries to
determine the flow peaking factors for various AVB configurations relative to
the North Anna R9CS5! peaking factor. The test results were used to define an
upper bound of the ratio relative to the R9CS1 configuration.

2.6 Tube Vibration Evaluation

The calculation of relative stability ratios for V. C. Summer makes use of
detailed tube bundle flow field information computed by the ATHOS steam
generator thermal/hydraulic analysis code. Code output includes three-
dimensional distributions of secondary side velocity, density, and void
fraction, along with primary fluid a~d tube wall temperatures. Distributions
of these parameters have been generated for every tube of interest in the

V. C. Summer tube bundles based on recent full power operating conditions.
This information was factored into the tube vibration analysis leading t~ the
relative stability ratios.

Relative stability ratios of V. C. Summer (Row 8 through Row 12) *ubing versus
R9CS1 of North Anna 1 are plotted in Figure 9-5. These relative stability
ratios include relative flow peaking factors. The stress ratios for

V. C. Summer are given in Figure 9-6 for tubes in the dented condition. These
also include the relative flow peaking effect, and are calculated based on
clamped tube conditions with denting (with deformation) at the top tube
support plate.
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Fatigue usages were calculated for current operating conditions and for the
full power steam pressures calculated for plugging levels of 12% and 15%.

Four tubes, SG-A R9CB3, SG-B R9CS6, SG-C R12CS5 and SG-C R13CS, 1f previously
dented or 1f becoming dented at the beginning of an operating cycle with
current operating conditions, such that the tube becomes rigidly clamped
within the top tube support, could potentially have tube fatigue usage factors
exceeding 1.0 within the cycle, and therefore require ameliorative action.
With the exception of SG-B R9C56, which was evaluated as having magnetite
packing at one of the two top tube support plate intersections, all of these
four tubes were evaluated from the October 1988 outage insnection data as
“clean" at the top tube support plate intersections. Two additional tubes,
§G-C R9C29 (magnetite in one top TSP and clean in the other) and SG-C R10C23
(magnetite in both top TSP crevices), potentially have current accumulated
fatigue usages as high as 1.0, if it is conservatively assumed that denting
began at the start of the first fuel cycle, and also therefore require
ameliorative action. SG-C R9C106 was evaluated as having no denting at the
top tube support plate elevation in the October 1988 EC inspection, but may
have accumulated as much as 0.34 fatigue usage if 1t became dented or
magnetite-packed at the beginning of the subsequent cycle. If dented and
operating at Cycle 5 conditions, it could continue to accumulate fatigue usage
at the rate of 0.34 ¢ r year, and was recommended for preventive action.
Utilizing the past operating history and Cycle 5 operating conditions (941
psia steam pressure), the evaluation found that all other tubes are acceptable
for continued operation through the end of the plant operating license.

Te assist SCE&G in evaluating operational issues associated with cable damper
modification options, the lowest added damping ''.lue determined from available
tests was assumed to be provided by cable dampers in the seven tubes of
interest for V. C. Summer. With this assumed minimum added damping value of
( 1,%C a11 of the stress ratios in the seven tubes of interest are below
[ 1.2 with the highest being SG-C R13C5, having a stress ratio of

( 13:€. R12C5 would have a stress ratio of [ 13:€, and the

remaining five tubes under consideration would have stress ratios of

( 12C or less. With this assumption, tubes that had not initiated a
crack would be acceptable for continued operation with a cable damper
installed.
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Based upon a review of the operational, maintenance, and modification
insta1lation factors associated with the modification options, SCE&G decided
to install cable dampers into the seven tubes 1isted above. Since [

]a'c

A summary 1isting of the unsupported critical tubes and nertinent vibration
parameters (prior to installation of cable dampers) is givien '« “-wle 9.2,

An additional fatigue evaluation of the V. C. Summer tubing was .arformed to
examine the effect of reduced steam pressure and coastdown power ievels, with
the objective of demonstrating the acceptability of the tube remaining in
service with the nighest stress ratio that does not exceed the 1.0 stress
ratio criterion. Parametric analysis was performed to determine the relative
stability ratio (RSR) multipliers and stress ratios for full power steam
pressures below the reference steam pressure (941 psia) and 1t was determined
that the 1imiting tube, SG-A R9C55, does not exceed the 1.0 stress ratio
criterion for steam pressures above 905 psfa. Since SCE&G is considering
power coastdown opcration, the RSR multipliers were also evaluated assuming a
constant volumetric steam flow for pressures below 905 psia. (The 905 psia
steam pressure 1s « lower bound, full power steam pressure value; V. C. Summer
turbine tests indicate the "best estimate" value of the Valves Wide Open (VWO)
steam pressure to te 915 nsia). For the reduced power levels associated with
operation belos the acsumed 905 psia VWO 1imit, the RSR multipliers decrease,
and the fatigue results remain bounded. Therefore, assuming that the worst
case tube (SG-A ROCS5) .as been dented since the first cycle and the turbine
Valves Wide Open 1imit is not reduced below 905 psia, all tubes remaining in
service at V. C. Summer are acceptable for operation through the end of the
current operating license with power levels at or below 2785 MWt.
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3.0 BACKGROUND

On July 15, 1987, a steam generator tube rupture occurred at the North Anna
Unit 1. The ruptured tube was determined to be Row 9 Column 51 in steam
generator “C". The location of the opening was found to be at the top tube
support plate on the cold leg side of the tube and was circumferential in
orfentation with a 360 degree extent.

3.1 North Anna Unit 1 Tube Rupture Event

The cause of the tube rupture has been determined to be high cycle fatigue.
The source of the loads associated with the fatigue mechanism has been
determined to be a combination of a mean stress level in the tube and a
superimposed alternating stress. The mean stress has been determined to have
been increased to a maximum level as the result of denting of the tube at the
top tube support plate and the alternating stress has been determined to be
due to out-of-plane deflection of the tube U-bend above the top tube support
caused by flow induced vibration. These loads are consistent with a lower
bound fatigue curve for the tube material in an AVT water chemistry
environment. The vibration mechanism has been determined to be fluid elastic,
based on the magnitude of the alternating stress.

A significant contributor to the occurrence of excessive vibration is the
reduction in damping at the tube-to-tube support plate interface caused by the
denting. Also, the absence of antivibration bar (AVB) support has been
concluded to be required for vibration to occur. The presence of an AVB
support restricts tube motion 2nd thus precludes the deflection amplitude
required for fatigue. Inspection data show that an AVB is not present for the
Row 9 Column 5) tube but that the actual AVB installation depth exceeded the
minimum requirements in all cases with data for AVBs at many other Row 9
tubes. Also contributing significantly to the level of vibration, and thus
loading, is the local flow field associated with the detailed geometry of the
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steam generator, i.e., AVB insertion depths. In addition, the fatigue
properties of the tube reflect the lower range of properties expected for an
AVT environment. In summary, the prerequisite conditions derived from the
evaluations were concluded to be:

Fatigue Requirements Prerequisite Conditions
Alternating stress Tube vibration

- Dented support
- Flow excitation
-~ Absence of AVB

Mean stress Denting in addition
to applied stress

Material fatigue properties AVT environment
- Lower range of
properties

3.2 Tube Examination Results

Fatigue was found *o have initiated on the cold leg outside surface of tube
R9CS1 immediately above the top tube support plate. No indication of
significant accompanying intergranular corrosion was observed on the fracture
face or on the immediately adjacent OU surfaces. Multiple fatigue initiation
sites were found with major sites located at 110°*, 120*, 135° and 150°,
Figure 3-1. The plane of the U-bend is located at 45° with the orientation
system used, or approximately 90°* from the geometric center of the initiation
zone at Section D-D. High cycle fatigue striation spacings approached !
micro-inch near the origin sites, Figure 3-2. The early crack front is
believed to have broken through-wall from approximately 100* to 140°. From
this point on, crack growth is believed (as determined by striation spacing,
striation direction, and later cbservations of parabolic dimples followed by
equiaxed dimples) to have accelerated and to have changed direction with the
resulting crack front running perpendicular to the circumferential direction.
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tep 1s to obtain stress ratios, the ratio of stress in the
v Ssummer tube of interest to the stress in Row 9 Column 51, North Anna
;
nit 1, and after incorporating the requirement that the relative stability
rat to Row ¢ mn £ RYCE for the tube of interest 1s equivalent t
) reat re tr. etre rat + he The .0._ < v_’t - r v:,.b; O-r.
+ e 1€ "'..'v ’-t‘..' ¢ w . RQ 4 r re y # " + t-; "! :. CL ::o B {‘."
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+hi ¢ W Deak ’ Farbmy 1._,‘: f ':'_.‘..-‘6“_.-&,., T’:‘ ned ir Q¢ 4 ar
4.: This should provide that all tubes meeting this criteria have stres
mplitudes equivalent t¢ 4.0 k
Finally, the cumulative fatigue usage for plant operation to date and for
continued operation with the same operating parameters is evaluated A
fatigue usage ¢ | may not be satisfied by ing the stress ratio criteria
ng the reference operating cycle evaluation since the reference cycle doe
not sarily resent the exact duty cycle to date Therefore, the time
history of operation 1§ evaluated on a normalized basis and used together with
the stress ratio to ohtain a stress amplitude history This permits the
alculation of current and future fatig usage for comparison to 1.(
4.1 Stability 1o Reduction Criteria
For fluidelastic evaluation, stability ratios are determined for specific
configurations of a tube. These stability ratios represent a measure of the
o] tial for flow-induced tube vibration during service. Values greater thar
unity (1.0) indicate instability (see ction 5.1)
Motions developed by & tube in the fluideiast y unstable mode are quite
large in comparison to the other known The maximum modal
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relationship applies to any vibration in that mode. Thus, it is possible for
ar le, fixed boundary condition tube to deflect an amount in the U-bend
which will produce inducing stres
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The fatigue curve developed for the North Anna Unit 1 tube at R9CS! 1s from
(

a,c

where, oy 1s the equivalent stress amplitude to oy that accounts
for a maximum stress of cy. the yleld strength. The -3 sigma curve with
mean stress effects s shown in Figure 4-2 and 15 compared Lo the ASME Code
Design Fatigue Curve for Inconel 600 with the maximum effect of mean stress.
The curve utilized in this evaluation is clearly well below the code curve
reflecting the effect of an AVT environment on fatigue and [

12 for accounting for mean stress that applies tn
materials in a corrosive environment.

Twe other mean stress models were investigated for the appropriateness of
their use in providing a reasonable agreement with the expected range of
fnitiating stress amplitudes. These wer: the |
12:€ shown in Figure 4-3. With a [
13, tne [
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Subsequent to the return to power evaluation for North Anna Unit 1, the time
history of operatior was evaluated on a normalized basis to the last cycle.
(

]l.C

’

cumylative fatigue usage may then be computed to get a magnitude of
alternating stress for the last cycle that results in a cumulative usage of
1.0 for the nine-year duty cycle. .he result of the iterative analysis is
that the probable stress associated with this fatigue curve during the last
cycle of operation was approximately [ 13+C for R9CS1, North Anna Unit
1, Steam Generator C, and that the major portion of the fatigue usage came in
the second, third and fourth cycles. The first cycle was conservatively
omitted, since denting s assumed, for purposes of this analysis, to have
occurred during that first cycle. Based on this evaluation, the tube fatigue
probably occurred over most of the operating history of North Anna Unit 1.

A similar calculation can be performed for the time history of operation
assuming that [

12+, On this basis, the effect of a 10% reduction in stability rziio is

to reduce the stress amplitude to 4.0 ksi and results in a future fatigue
usage of [ ghet

Other combinatinis of alternating stress and mean stress were evaluated with
-3 s'gma and -2 sigma fatigue curves to demonstrate the conservatism of the
10% reduction in stability ratio. Table 4-1 presents the results of the cases
analyzed clearly demonstrating that the 10% reduction in stability ratio
combined with a -3 sigma fatigue curve and with maximum mean stress effects is
conservative. Any higher fatigue curve whether through mean stress, mean
stress model, or probability, results in greater benefit for the same
reduction in stability ratio. Further, for any of these higher curves, a
smaller reduction in stability ratio than 10% would result in the same
benefit. In addition, there is a large benefit in terms of fatigue usage for
relatively small changes in the fatigue curve.
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4.2 local Flow Peaking Considerations

Local flow peaking 1s a factor on stability ratio that incorporates the
effects of 'ocal flow velocity, density and void fraction due to non-uniform
AVB insertion depths. The flow peaking factor s applied directly to the
stability ratio obtained from thermal-hydravlic analysis that does not account
for these local geometry effects. Being a direct factor on stability ratio, a
small percentage increase can result in a significant change in the prediction
of tube response.

Since the evaluation of V. C. Summer tubing 1s relative to R9C5)1, North Anna
Unit 1, the flow peaking factors are also applied as relative ratios, 1.e., a
ratio of V. C. Summer tubing to R9CS1 at North Anna Unit 1. The flow peaking
relative instability 1s obtained by testing in the air test rig described in
Section 5.4, where the peaking factor is defined as the critical velocity for
R9C51 AVE pattern compared to critical velocity for a uniform AVB pattern. As
explained in Section 8.0, the minimum value of [ J"b'c fs appropriate

for R9C51 of North Anna !. The peaking factor for a tube in V. C. Summer
tubing is therefore divided by [ ]a.b.c and the resulting relative flow
peaking is multipiied times the relative stability ratio based on ATHOS

results. If the peaking factor is 1.0, the relative flow peaking is [
b,¢
]" ' .

As a further demonstration of the conservatism of [ ]a.b,c as the minimum

flow peaking factor for R9C51, the stress amplitude of 7.0 ksi obtained from
iterating on cumulative fatigue usage (and selected as the nominal value from
fractography analysis) was used to back calculate the apparent stability ratio
and then the apparent flow peaking factor. Allowing for a range of slopes of
the instability curve from 10 *- 30, the stability ratio is in the range of
1.1 to 1.4 and the flow peaki ctor 1s in the range of 1.8 to 2.2. This
range of flow peaking agrees with the range of 1low peaking factors measured
in the air tests and is considered to be the best estimate of the range of the
R9CS1 flow peaking factor.
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where the stability ratio (SR) includes the flow peaking effect.

By esu blishing their equivalent effect on the stress amplitude produced
the tube rupture at North Anna 1, several other effects may be accounted for.
These include a lower mear stress (such as for non-denicd tubes), different
frequency tubes from the [ 1%'“'® hertz frequency of RIC51, Korth Anna !

and shorter design basis service.
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In the case of lower mean stress, the stress amplitude that would have caused
the fa4lyre of R9C51, North Anna 1, would have been higher., [

]&.C.

A lower or higher frequency tube would not reach a usage of 1.0 in the same
length of time as the ROCS! tube due to the different frequency of cycling.
The usage accumlated is proportional to the frequency and, therefore, the
allowable number of cycles to reach a usage of 1.0 is inversely proportional
to frequency. The equivalent number of cycles to give the usage of 1.0 for a
different frequency tube [

JG,C.

For a different time basis for fatigue usage evaluation, [

]&.C.E.

Knowing the magnitude of the stress ratio allows 1) the determination of tubes
that do not meet a value of ¢ 1, and 2) the calculation of maximum stress in
the acceptable tubes,

[ ] a,c
Having this maximum stress permits the evaluation of the maximum fatigue usage

for V. C. Summer based on the time history expressed by normalized stability
ratios for the duty cycie (see Section 7.4),
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Tabis 4-)
Fatigue Usage per Year Resulting
From Stability Ratio Reduction

SR, % STRESS FATIGUE MEAN STRESS USAGE
REDUCTION Bass !’ curve‘? MODEL PER YEAR
8. § yrs to
fail [ 18.¢
5. 9 yrs to
fail [ 18,¢
5. 9 yrs to
fail [ 18,¢
10. max. stre
ampl1tude?3)
[ ja.¢
10. max. stre?a
amplitudel®)
{ 18,¢
10. max. stre
amplitudeii)
[ 18,¢
10. max. streza
amplitude
[ j1a,¢
10. max. stress
based on
duty cycle(S) L .
( 13,¢

(1)

(2)
(3)
(4)

(5)

This gives the basis for selection of the initiating stress amplitude and
its value in ksi.

Sm 1s the maximum stress applied with Sp = Spean + Sa

[ 18, ¢,

Cycles to failure implied by this comhination of stress and fatigue
properties is notably less than impli‘ed by the operating history.
Consequently this combination 1s a conservative, bounding estimate.

Cycles to failure implied by the operating history requires (
13,C fatigue curve at the maximum stress of [ 18.,€,

0629D:1D0/062690 4-11
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Figure 4-1 Vibration Displacement vs, Stability Ratio




Figure 4-2 Fatigue Strength of Incone! 600 in AVT Water at 600°F
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Figure 4-3 Fatigue Curve for Inconel 600 in AVT Water
Comparison of Mean Stress Correction Models
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Figure 4-4 Modified Fatigue with 1CX Reduction in Stability
Ratio for Maximum Stress Condition

4-15

a,c




a,c

Figure 4-5 Nodified Fatigue with 8% Reduction in Stability
Ratio for Minimum Stress Condition



5.0 SUPPORTING TEST DAIA

This section provides a mathematical description of the fluidelastic
mechanism, was determined to be the most likely causative mechanism for the
North Anna tube rupture, as discussed in Section 3.3, to highlight the
physical conditions and corresponding parameters directly related to the event
and associated preventative measures. The basis for establishing the
appropriate values and implications associated with these parameters are
provided. Where appropriate, test results are presented.

5.1 Stability Ratic Parameters

Fluidelastic stability ratios are obtained by evaluations for specific
configurations, in terms of active tube supports, of a specific tube. These
stability ratios represent a measure of the potentizl for tube vibration due
to instability during service. Fluidelastic stability evaluations are
performed with a computer program which provides for the generation of a
finite element mode! of the tube and tube support system. The finite element
mode] provides the vehicle to define the mass and stiffness matrices for the
tube and 1ts support system. This information is used to determine the modal
frequencies (eigenvalues) and mode shapes (eigenvectors) for the linearly
supported tube heing considered.

The methodonlogy is comrrised of the evaluation of the following equations:
Fluidelastic stability ratio = SR = Uen/Uc for mode n,
where uc {critical velocity) and Uen (effective velocity) are determined by:
2.,1/2
Uc - fn 0 [(m° §,) / (po 0™)] (1]
and;

;< lo ) Usles 2 2
ge1 147%0" T3 T

Ugp” = 2]

N 2
jE‘(mjlmo) ‘jn zj
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where,

D = tube outside diameter, inches
Uen « effective velocity for mode n, inches/sec
N = number of nodal points of the finite element mode)

m, . Uj. pj = mass per unit length, crossflow velocity and fluid
density at node j, respectively

Por M » refcrence density and a reference mass per unit
ength, respectively (any representative values)

§, « loga-ithmic decrement (damping)

®5 « normalized displacement at node j in the nth mode of vibration
zj = average of distances between node j to j-1, and j to Je!

i} = an experimentally correlated stability constant

Substitution of Equations [1] and [2] into the expression which aefines
stability ratio, and cancellation of 1ike terms, leads to an expression in
fundamental terms (without the arbitrary reference mass and density
parameters). From this resulting expression, it is seen that the stability
ratio is directly related to the flow field in terms of the secondary fluid
velocity times square-root-density distribution (over the tube mode shape),
and inversely related to the square root of the mass distribution, square root
of moda! damping, tube modal frequency, and the stability constant (beta).

«he uncertainty in each of these parameters is addressed in a conceptual
manner in Figure 5-1. The remainder of this section (Section 5.0) provides a
discussion, and, where appropriate, the experimental bases to quantitatively
establish the uncertainty associated with each of these parameters. In

04420:10/052190 5-2



addition, Section 5.3 provides the experimental basis to demonstrate that
tubes with [

12+ this
implies that those tubes [ 1%3+C would not have to be
modified because their instability response amplitude (and stress) would be
small. The very high degree of sensitivity of tube response (displacements
and stresses) to changes in the velocity times square-root-density
distribution 1s addressed in Section 4.0. This is important in determining
the degree of change that can be attained through modifications.

frequency

It has been demonstrated by investigators that anal!ytically determined
frequencies are quite close to their physical counterparts obtained from
measurements on real structures. Thus, the uncertainty in frequencies has
been shown to be quite small. This is particularly appropriate in the case of
dented (fixed boundary condition) tubes. Therefore, uncertainty levels
introduced by the frequency parameter are expected to be insignificant (see
also "Average Flow Field" subsection below).

Instability Constant (Beta)

The beta (stability constant) values used for stability ratio and critical
velocity evaluations (see above eguations) are based on an extensive data base
comprised of both Westinghouse and other experimental resuits. In addition,
previous field experiences are considered. Values have been measured for full
length U-bend tubes in prototypical steam/water environments. In addition,
measurements in U-bend air models have been made with both no AVB and variable
AVB supports (Figure 5-3).

To help establish the uncertainties assoctiated with ATHOS flow velocity and
density distribution predictions on stability analyses, the Model Boiler
(M8-3) tests performed at Mitsubishi Heavy Industries (MHI) in Japan were
modeled using ATHOS. A beta value consistent with the ATHOS predicted flow
conditions and the MB-3 measured critical velocity was determined. These
analyses supported a beta value of [ ]a,b.c'
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A summary of the test bases and qualifications of the beta values used for
these assessments 1s provided by Figure 5-2. The lowest measured beta for
tubes without AVBs was a value of [ ]a.b.c. This value 1s used for the

beta parameter in all stability ratio evaluations addressed in this Report
(see also “"Average Flow Field" subsection below).

Mass Distribution

The mass distrihution parameter is based on known information on the tube and
primary and secondary fluid physical properties. The total mass per unit
length is comprised of that due to the tube, the internal (primary) fluid, and
the external (secondary) fluid (hydrodynamic mass). Data in Reference 5-2
sugrests that at vperating void fractions (

Test data are available to define tube damping for clamped (fixed) tube
supports, appropriate to dented tube conditions, in steam/water flow
conditions. Prototypic U-bend testing has been performed under conditions
leading to pinned supports. The data of Axisa in Figure 5-4 provides the
principal data for clamped tube conditions in steam/water. This data was
obtained for cross flow over straight tubes. Uncertainties are not defined
for the data from these tests. Detailed tube damping data used in support of
the stability ratio evaluations addressed in this report are provided in
Section 5.2, below.

Flow Fleld - Velocity Times Square-Root-Density Distribytion

Average and U-bend-local flow field uncertainties are addressed independently
in the following.
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5.2 Tube Damping Data

The damping ratio depends on several aspects of the physical system. Two
primary determinants of damping are the support conditions and the flow

field. It has been shown that tube support conditions (pinned vs clamped)
affect the damping ratio significantly. Further, i1t is affected by the flow
conditions, 1.e., single-phase or two-phase flow. These effects are discussed
below in more detail.

Reference (5-1) indicates that the damping ratio in two phase flow ‘s a sum of
contributions from structural, viscous, flow-dependent, and two-phase damping.
The structural damping will be equa! to the measured damping in air. However,
in two-phase flow, the damping ratio increases significantly and is dependent
on the void fraction or quality. It can be shown that the damping
contribution from viscous effects are very small.

Damping ratios for tubes in air and in air-water flows have been measured and
reported by various authors. However, the results from alr-water flow are
poor representations of the actual conditions in a steam generator
(steam-water flow at high pressure). Therefore, where available, results from
prototypic str-m-water flow conditicns should be used. Fortunately, within
the past few y.ars test data on tube vibration under steam-water flow has been
developed for both pinned and clamped tube support conditions.

Two sources of data are particularly noteworthy and are used here. The first
fs a large body of recent, as yet unpublished data from high pressure
steam-water tests conducted by Mitsubishi Heavy Industries (MHI). These data
weére gathered under pinned tube support conditions. The second 1s comprised
of the results from tests sponsored by the Electric Power Research Institute
(EPRI) and reported in References (5-2) and (5-3).

The damping ratio results from the above tests are plotted in Figure 5-4 as a
function of void fraction. 1t is important to note that the void fraction is

determined on the basis of [ 13:¢
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(Reference (5-4)). The upper curve in the figure is for pinned support
conditions. This curve represents a fit to a large number of data points not
shown in the figure. The points on the curve are only plotting aids, rather
than specific test results.

The lower curve pertains to the clamped support condition, obtained from
Reference (5-3). Void fraction has been recalculated on the basis of slip
flow. It may be noted that there is a significant difference in the damping
ratios under the pinned and the clamped support conditions. Damping is much
larger for pinned supports at all void fractions. Denting of the tubes at the
top support plate effectively clamps the lubes at that location. Therefore,
the clamped tube support curve is used in the current evaluation to include
the effect of denting at the top tube support plate.

The Reference 5-3 data as reported show a damping value of .5% at 100% void
fraction. The 100% void fraction condition has no two phase damping and is
considered to be affected principally by mechanical or structural damping.
Westinghouse tests of clamped tube vibration in air have shown that the
mechanical damping is only [ ]a,c rather than the 0.5% reported in
Reference (5-3). Therefore the lower curve in Figure 5-4 is the Reference
(5-3) data with all damping values reduced by [ 1€,
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conceptual design of the apparatus. The straight cantflever tube, [

]apc.

12:€. Figure 5-11 shows the

AVBs, when the side panel of the test secticn is removed. Also shown is the
top flow screen which is [

1%:¢ The
AVB configurations tested are shown in Fig. 5-12. Configuration la
corresponds to tube R9CS1, the failed tube at North Anna. Configuration 2a
corresponds to one of the cases in which the AVBs are inserted tc a uniform
depth and no local velocity peaking effects are expected.

As shown in Figure 5-9, [
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A1l the tubes except the instrumented tube (corresponding to Row 10) are

[ 12 As Aiscussed in Section 5.3, prior
testing indicates that this situation provides a valid model. The
fnstrumented tube [ 13+€ as shown in
Figure 5.10. 1Its [ 1%:€ direction vibrational motion is measured using a
non-contacting transducer.

13:C The instrumented tube corresponds to a Row 10 tube as shown

in Figure 5-9. However, depending on the particuiar AVB configuration, it can
reasonably represent a tube in Rows 8 through 1i. The AVB profile in the
straight tube model is the average of Rows 8 and 11. The difference in
profile is quite small for these bounding rows.

( | b using a
hot-fiim anemometer located as shown in Figure 5-9.

Figure 5-13 shows the rms vibration amplitude, as determined from PSD (power
spectral density) measurements made using an FFT ipoactrum analyzer, versus
flow velocity for Configuration la. Configuration la corresponds to the
final, evaluated positions of AVBs near %.ic &s.z' in North Anna (See Figures
B-6 and 8-7). Data for three repeat tests 2re shown and the critical velocity
is identified. The typical rapid increase in vibration amplitude when the
critical velocity for fluidelastic vibration is exceeded is evident.

The main conclusions from the tests are:
1. Tube vibration below the critical velocity is relatively small,
typical of turbulence-induced vibration, and increases rapidly when

the critical velocity for the initiation of fluidelastic vibration
is exceeded.
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o4 Configuration 1b (which was initially thought to represent AVB
positions near R9C57 in North Anna until re-evaluation indicated
Configuration 1a) has the lowest critical velocity of all the
configurations tes*ted.

3. Configuration 1b 1s repeatable and the configuration was rerun
periodically to verify the consistency of the test apparatus.

The initial test results obtained in support of the V. C. Summer evaluation
are summarized in Table 5-2. The test data are presented as velocity peaking
ratios, the ratio of critical veln-ity for North Anna tube R9C51 configuration
la, to that for each V. C. Summer AVB configuration evaluated.

-

5.5 References
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Figure 5-1 Fluidelastic Instability Uncertainty Assessment




U-Bend Test Data

1)

¢)

3)

MB-3 Tests
B values of [ 18.by¢
MB-2 Tests
R e L
Air Model Tests
Bof [ 13:5:C without AVEs
Tendency for B to increase in range of [ 18:0,¢
with inactive AVBs (gaps at AVBs)
Tendency for B to decrease toward a lower bound of
[ 1%DP:C with active AVBs

VYerification of Instability Conditions

Fiow conditions at critical velocity from MB-3

Measured damping for the specific tube

Calculated velocities from ATHOS 3D analysis

B determined from calculated critical values

Good agreement with reported 8 values

ATHOS velocity data with 8 of [ 1%'P:C and known damping

should not significantly underestimate instability for regions of
uniform U-bend flow

Figure 5-2 Instability Constant - 3
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Figure 5-3

Instability Constants, B, Obteined for Curved Tubes from
Wind Tunnel Tests on the 0.214 Scale U-Bend kode'

e




Figure 5-4 Damping vs. S)ip Void Fraction
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Figure 5:5 Overall View of Cantilever Tube Wind Tunnel Model
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Figure 5-7 Fluidelastic Vibration Amplitude with Non-Uniform Gaps
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Figure 5-8 Typical Vibration Amplitude and Tube/AVE lmpact Force
Signals for Fluidelastic Yibration with Unaqual
Tube /AVE Gaps




Figure 5-9 Conceptual Design of the Apparatus for Determining the
Effects of Fluidelastic Instability of Columwise
Variations in AVE Insertion Depths
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Figure 5-11 Side View of Wind Tunnel Apparatus with Cover Plates
Removed to Show Simulated AVBs and Top Flow Screen
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Figure 5-12 AVB Configurations Tested for V. C. Summer
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6.0 EDDY CURRENT DATA AND AVB POSITIONS

From the eddy cur-ent tapes provided by SCERG for the October 1988 inspection
of the V. C. Summer steam generators, Westinghouse performed a review of eddy
current signals in the U-bend region. Approximately 1700 eddy current traces
in locations in Rows 7 through 16 were analyzed for the presence of signals
indicating AVBs. In addition, twenty-five (25) tubes with potential local
flow field effects were examined for the presence of denting.

6.1 V. C. Summer AVB Assembly Design

18:C+® peview of the EC data for V. C. Summer shows that
AVB insertion depth is fairly uniform in the regions between Columns 31 and 84
(corresponding to the “flat" contour of the tube bundle in this region) with
insertion depth in most cases to Row 9 or lower. AVB insertion depth in the
remainder of the columns 1s more variable, tending to a higher depth of
insertion.

6.2 Eddy Current Data for AVB Positions

The AVB insertion depths were determined on the basis of interpretation of the
eddy current data. To locate the AVBs, the ECT data traces were searched for
the characteristic peaks seen in the signals which indicate the intersection
of an AVB (or a tube support plate) with the tube (Figure 6-1). Since
ambiguity can occur in the interpretation of the ECT data, due to inability of
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ECT to differentiate on which side of a tube a "visible" AVB 1s located, other
information was used to assist in establishing the location of the AVBs.
[

]&.C

The number of these AVB intersections, including zero (meaning no AVB
present), was evaluated for each tube to indicate the presence or absence of
AVBs. Figures 6-2 through 6-4 show a representation of AVB insertion distance
based on evaluation of the EC data. A1l inspected tubes in these figures,
with the exception of those indicated with a "0" or a "1", have two or more
“visible" AVB signals. In cases where no AVBs were indicated, a "0" 1s shown,
and llkewise, a "1" 15 shown where "one AVB" {s indicated.

The direct observation data (the number of AVB intersections seen by the eddy
current probe) are the principal basis for determining the AVB positions.
Where the direct observations are ambiguous or there 1s a conflict between
observations and projections, the more conservative data are used to determine
the AVB positions. Since 'direct observation' gives a 'yes - no' type of
answer, the projection method 1s used to 'interpolate’ AVE insertion depths
between rows of tubes. GCreater conservatism is generally interpreted as the
AVB being less inserted although consideration must also be given to the
resulting flow peaking factors.

In the case where the AVB characteristic signals can not be confidently

determined due to a nofsy signal or pre-existing plugged tubes, location data
tor the AVBs 1s provided for [
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; ting at Top Tube Support Plate
!
bsequent ¢ jentifying the AVB signal the Eddy Current (F tapes were
’ eva ated I t
jetermine the condition of the tube/top tube support interface of the
nsupported tubes having potential flow peaking. Because of the significance
0¢ the top tube support plate crevice conditions on the analysis and the
potential for further corrosion at the top tube support plate since the
tober 1988 EC inspection, the EC analysis assumed the top tube support plate
revices to be dented (1.e. having "corrosion with magnetite" or "tube denting
with deformation") ut , they could conclusively be demonstrated to be
otherwise. Analyse eddy current (EC) data for V. C. Summer showed the
presence of “"corrosion with magnetite" in roughly half of the tube/TSP
- crevices Of the twenty-five (25) tube eddy current results from the October,

988, inspection that were evaluated for ilop tube support plate corrosion
eleven (11) were found to be magnetite packed at one or both top tube support
plate legs, none showed denting with deformation, and the remaining fourteen
& 4) showed no detectable magnetite or corrosion. For conservatism in the

evaluation, all of the tubes evaluated are postulated to be dented. The
effect of denting on the fatigue usage of the tube has been conservatively
maximized by assuming the maximum effect of mean stress ‘n the tube fati

usage evaluation and by incorporating reduced damping in the tube vibration




6.4 AVE Map Interpretations
6.4.1 Description by Steam Generator

To review the relationship of tube stability and tube row number, it is useful
to examine Figure 9-8, at the end of Section 9. This figure combines the
effects of the tube position (row and column), tube bundle flow-field
(velocities, densities, and damping), and tube geometry (bend radius, etc.) to
develo, an allowable flow peaking ratio for each tube. The allowable flow
peaking ratio is the highest flow peaking factor that a particular tube may
experience before exceeding a stress ratio of 1.0 as compared to the North
Anna R9CS51, previously established in Section 4.0. Changes in the flow field
account for some of the variation in the allowable peaking ratio, and the
peripheral tubes (Column 2) can accept higher peaking ratios, since their
allowables are determined from an approach velocity developed from a
square-root-sum-of-the-squares formulation of the gap velocity on one side of
the tube and the comparatively low bulk flow velocity on the periphery.
Ob.erving the variation in allowahle fiow peaking versus row number, a

( 13'€ decrease in the allowable flow peaking factor per row can be

seen, Since a flow peaking ratio of 1.0 indicates that the flow peaking
factor for the tube being examined is identical to that of North Anna R9CSI1,
it can be seen from Figure 9-8 that nearly all V. C. Summer Row 9 tubes would
require a peaking factor equivalent or greater than North Anna R9CS1 to exceed
the stability ratio criteria.

SG-A

The AVB map is given in Figure 6-2. A1l Row 12, Row 11 and Row 10 tubes are
supported. Thirty-eight (38) Row 9 tubes, ninety-four (94) Row 8 tubes, and
one hundred and nine (109) Row 7 tubes are unsupported. AVB insertion depths
vary slightly from Column 2 through Column 30, gradually from Column 31 to
Column 81, and to a greater extent between Columns 82 and 113.

R9C83 is the highest loaded tube in this steam generator, having a relative
stability ratio, including the effects of local flow peaking, of [

0633D:10/062990 6-4






Of the remaining tubes in SG-A, R9C55 s the highest loaded. This tube has a
flow peaking ratio of [ b
Flow peaking factor selections for &11 tubes having significant relative
stability ratics or stress ratios are discussed in Section 8.8.

SG-B

The AVB map is given in Figure 6-3. A1l Row 12, Row 11 and Row 10 tubes are
supported. Four (4) Row 9 tubes, sixty-three (63) Row 8 tubes, and
ninety-nine (99) Row 7 tubes are unsupported. AVB insertion depths vary
gradually from Column 3 to Column 31 and from Column 84 to Column 113.
Insertion depths generally vary slightly Column 32 to Column 83, except for a
depth variation between Columns 50-60.

R9C56 1s the highest loaded tube in this steam generator, having a relative
stability ratio, including the effects of local Ylow peaking, of [

13 Based upon a review of the October
1988 eddy current tapes, magnetite was evaluated as being present at the top
hot leg tube support plate crevice of this tube, and no appreciable magnetite
was evaluated as being present on the cold leg top tube support plate crevice.

The AVB positions near R9C56 [

]..C

Of the remaining tubes in SG-B, R9C110 is the highest loaded. This tube has a
flow peaking ratio of [

]a.c Flow peaking factor selections for other, lower row tubes are
reviewed in Section 8.8,

0633D:10/062990 6-6



56-C

The AVB map 1s given in Figure 6-4. No Row 14, one Row 13, and one Row 12
tubes are unsupported. Five (5) Row 11 tubes, twelve (12) Row 10 tubes,
twenty-eight (28) Row 9 tubes, forty-eight (48) Row 8 tubes, and one hundred
and five (105) Row 7 tubes are unsupported. AVB insertion depths vary
significantly from Column 2 to Column 31, slightly from Column 32 to Column
83, and gradually from Column 84 to 113.

R13C5 1s the highest loaded tube in this steam generator, having a relative
stability ratio including the effects of local flow peaking |
]n.c Other tubes having significant relative stabilily ratios are
R12C5 | 13¢5 Ri0c23 |
1:%€ RoC29 | 13€; and R9C106 [
1%€ A1 five of the above listed tubes underwent
ameliorative action |
1.9€ The flow peaking factor selected for R13C5 is [
1.2+ This is higher than
the 1.47 flow peaking factor determined for North Anna R9C51, and gives a
relative flow peaking ratio of [ ]."c Based upon a review of the
October 1988 eddy current tapes, no magnetite was evaluated as being present
at the top hot leg tube support plate crevice of R13C5, R12C5 and R9C106.
Magnetite signals were indicated at both tube support plate crevices of R10C23
and in the cold leg crevice of R9C29.

To account for [

]‘I.C

The AVB positions near Column 23 were |

06330:1D/062990 6-7
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je for these row and cclumn numbers,

L

are reviewed
» selec or other. lower row tubes are reviewed
low peaking cte 1ons
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an AVB inscrted to a depth even with the tube centerline are supported. The
tubes in Table 5-2, although unsupported, are less limiting than neighboring
tubes in which flow peaking is produced, and therefore are generally not
included among the “significant” tubes in Section 9, Table 9-2. Table 6-3,
which includes those tubes listed in Table 6-2, provides a summary listing of
all unsupported tubes. The AVB projections shown are in nearly all instances
the projected values from the tube in the next highest row in a particular
column, If the projection from a particular next highest row tube varies
significantly with those adjacent and higher row tubes, possibly due to a
signal from a deposit, all surrounding data are analyzed, and a revised
projection value determined.
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1 AVB Signal Indicating Support for Flow Peaking Analysis

V. C. Summer Steam Generator A
Row 12 None

Row 11 None

Row 10 None

Row 9 None

Row B None

Row 7 Column 87

v. C. Symmer Steam Generator B

kow 12 None

Row 11 None

Row 10 None

Row 9 None

Row 8 Columns 42
Row 7 None

V.. C. Summer Steam Generator C
Row 12 None

Row 1) Column 4
Row 10 None

Row 9 None

Row 8 None

Row 7 None

06330:10/062690
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TABLE 6-3

V. C. Summer Unsupported Tube Summary

V.. C. Summer Steam Generator A

Row 12 None

Row 11 None

Row 10 None

Row 9 Columns 2, 5, 6, 52-83, 111-113

Row 8 Columns 2-12, 15-23, 31-84, 91-100, 104-113
Row 7 Columns 2-27, 30-85, 87-113

Y. C. Summer Steam Generator B

Row 12 None

Row 11 None

Row 10 None

Row 9 Columns 56, 109-111

Row B Columns 2-8, 32-42, 44-50, 55-80, 96, 97, 104-113
Row 7 Columns 2-12, 15-24, 27, 31-84, 91-113

V. C. Summer Steam Generator (

Row 14 None

Row 13 folumn §

Row 12 Column §

Row 11 Columns 4-8

Row 10 Columns 2-8, 11, 12, 23, 106, 113

Row 9 Columns 2-8, 11-13, 16-20, 23, 27-29, 105-113
Row 8 Columns 2-20, 23, 24, 27-30, 52-55, 92-113
Row 7 Columns 2-20, 23, 24, 27-84, 88-113

0633D:1D0/062690 6-12
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The fluidelastic stability ratio is defin

m

d as the ratio of the effective

' ITL 1 A, . 4 : k3 - 1 e
fluid velocity acting on a given tube to the critical velocity at which large
Vi : _ .
amplitude fluidelastic vibratio tiates
.
i M 1 4
r ¥ & J/“_ ‘K" 4 e
~ ~ v
tat y Katicg K o= - -
yeritical at et of instability
Y i \ 2 ~ & s 1 Ap - -~ ~ 8t 1 L 1 A
In this ratio, the effective velocity depends on the distribution of flow
1 ] “ 4 - - -~ ~ & ] T prgpen
veiocity and fluid density, and or the mode shape ¢ bration. The c¢ritica

15’4‘:";‘1V

W

based on experimental data and has been shown to be dependent upr
the tube natural frequency, damping, the geometry of the tube, tne tube
pettern, and the fluid density, along with the appropriate correlation
yefficients
The detaiied calculation of this ratio using velocity and density
distributions, etc., requires three-dimensional thermal/hydraulic and tube
vibration calculations which are lengthy. Therefore, a simplified,
one-dimensional version of this ratio has been used to provide a relative
assessment technique for determining the effect of changes in operating

conditions on the stability ratio. The relative stability ratio is defined

o

tre following equation:

'n this equation “SUM" refers to V. C. Summer and "REF" to the Reference Mode!
operating condition. While this simplified approach cannot account for

three-dimenstional tube bundle effects, 1t does consider the major operational

paramaters affecting the stability ratio. Four compowehgs make up this

ratio: a loading term based on the dynamic pre:sure (pV‘). a tube

incremental mass (m) term, tne natural frequency of the tube (fn>‘ and a

1amping ratio (&) term. It should be noted that the ratio is relative, in
that each component is expressed as a ratio of the value for a given operating
condition to that of a reference operating point.

SN
Da
L |
C




]a.c‘
The particular damping correlation which 1s used for all normalized stability
ratio calculations is based on a dented condition at the top tube support

plate (a clamped condition, as discussed in Section 5.2). The clamped
condition is also assumed in calculating the tube natural frequency.

As shown at the bottom of Table 7-1, the effect of the difference in operating
conditions results in a [ 12:¢ decrease in relative stability ratio for

V. C. Summer compared to the Reference Model D3. The higher pressure for

.. C. Summer [ 12:€ 45 the primary factor leading to this
decrease. The stability ratios for the Reference Mode! D3 steam generator are
thus adjusted by a [ 1%'C multiplier to generate a set of 3D stability
ratios for V. C. Summer.

Justification for use of a one-dimensional relative stability ratio adjustmunt
factor is [

]a.C

06330:10/062990 7-4









O

1

o)

(=3

rn
=

-~

L&

™

-

'

L

.

v

pa

~

r
>

-,

at

d

=

[

o

o
t
R

.

W

-

s

"
»

Ly ¢

m

L&
o

w

IS

.

r

"
M

o 7]
O

¢

2

-

+

o

\

T

Lo

o

-

Y

a

o

o
'l

-

w0

.

<

<)

L J

(%

) ‘: A

Yy

m

-

&

+
9

~

wr
m

.
L

O
-~

-
“

-

w

w

O

L& ]

‘s

5

o

(& 3

v,




{s several times greater than that on the cold leg side. Figure 7-7 shows the
plot of the vold fraction contours on the vertical plane of symmetry of the
steam generator. In the preheater the void fraction is essentially zero. By
comparison, the hot leg side void fraction develops rapidly from the lower
bundle region. In the U-bend region the void fraction is above 0.95 on the
hot leg side, decreasing to about 0.70 at the bundle periphery on the cold leg
side.

Figures 7-8, 7-9 and 7-10 show a sample of the individual tube gap velocity
and density distributions along three tubes at Row 10. 1In each figure the gap
velocity and density aleng the length of the tube are plotted from the hot leg
tubesheet end on the left of the figure to the cold leg end on the right.

The mixture gap velocity and density distributions are required as part of the
input for tube vibration analysis to determine the tube stability ratios.
These data were generated by the ATHOS post-processor for each tube in the
mode! and stored in a data file. The data file was then utilized in the
subsequent stability ratio calculations. Figure 7-11 shows the plot of the
average in-plane gap velocity normal to the tube and density profiles as a
function of the column number along Row 10. The average values were taken as
the numerical average of the parameter over the entire 180° span of a U-bend
at a given column location. The average velocity values are between 10.0 and
11.0 ft/sec. The velocity variations seen in the figure between Columns 35
and 55 are related to the effects of the flow slots along the tubelane of the
top tube support plate.

7.4 Relative Stability Ratio Over Operating History

One aspect of the evaluation of the V. C. Summer steam generators is to
examine the operating history data and use it to determine the susceptibility
to fatigue from fluidelastic vibration resulting from the 7-1/2 years of
operation. This assessment has been completed through the use of the relative
stability ratio technique described previously in Section 7.1. In this
application a normalized stability ratio is defined which compares the
fluidelastic stability ratio for each period of a plant's operation (fuel
cycle) to a reference stability ratio based on a recent operating condition.

0633D:10/062990 7-8



A plot of this ratio against operating time, therefore, provides a relative
indication of the effect of past operation on the plant's fluidelastic
stability ratio. This normalized time-dependent ratio is subsequently
combined with an absolute stability ~atio for the reference operating point
derived from detailed three-dimensional thermal/hydraulic and tube vibration
calculations. [

]a.c

ps discussed previously in Section 7.1, the reference three-dimensiona!
stability ratio calculations for the V. C. Summer steam generctors were based
on Reference Model D3 ATHOS study results along with an adjustment to account
for the difference in operating conditions between V. C. Summer and the
reference plant. In addition to the reference stability ratios for the recent
operating conditions, a series of calculations were completed to generate a
normalized stability ratio for each of the five fuel cycles since V. C. Summer
became operational in October, 1982. Data for this evaluation are summarized
in Table 7-2. Included are typical values for full load steam pressure and
primary fluid average temperature in each cycle. The number of days that the
plant has operated within three power intervals (36-60%, 61-95%, and 96-100%)
are also listed. [

]a.c

The resulting normalized stability ratios are shown tn Figure 7-12. In this
figure, the normalized stability ratio is plotted against cumulative operating
time above 61% power. The reference value («1.00) is based on the recent
operating condition. The results indicate that, as a result of the general
decrease in steam pressure which has occurred, the relative stability ratio
has increased about [ ]a,c from Cycle 1 to the current cycle. Note that

the calculations for Cycle 5 were projected forward from 11/27/89 to 3/16/90.
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Although these calculations were based on specific levels of tube plugging,
(

rReferences:

7-1 L. W. Keeton, A. K. Singhal, et al. “ATHOS3: A Computer Program for
Thermal-Hydraulic Analysis of Steam Generators", Vols. 1, 2, and 3,
EPRI NP-4604-CCM, July, 1986.
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Table 7-

I

V. C. Summer Steam Generator Operating Conditions and Comparison with

Reference Madel D3 ATHOS Analysis

Therma!l Power (MWt)

steam Flow Rate (1bm/hr)

Feedwater Inlet Temperature (°F)

Steam Pressure (psia)

Water Level (% of span)

Primary Inlet/Outlet Temperatures
“*F)

Calculated Paramefers

Circulation Ratio

Bundle Flow Rate (lbm/hr)

1D Relative Stability Ratio
(Normalized to Reference Model D3)

04430:10/061990

7-12

V. C. Summer
(SG-C)

950
4.13 x 10°
432

941

63.6

618/556

Reference Mode!
03

a4,c



1 1."""

¥ summer Operating History Data

Distribution of Days in Full Load Values
Fach Power Interval Steam Frimary Feedwater alculated
Pressure™ Avg emp * emperature® team Flow* alculated
Cycle Beginning End 96-100% 36-60% (Pgia) (Deq F) (Deg F) b/t ir¢ Ratio*
{ a
) Oct-R2 'A-Sep-84 S 111} 101 3,4 587 43" {
|
18 -De¢ "4 05-Oct -85 21 32 = G6H0 SR7 4F H
14-Dec-BE 06-Mar-87 168 44 T 587 434
i
4 06-Jun-87 16-Sep-88 406 15 9 948 587 433 :
26 iR 16-Mar-90** 309 18 23 941 87 43:
1569 . 151 x
Notes
- Basis: most limiting generator, S6-4
') at . 3
== projected end of cycle 5, last data on 11/27/8% Al) projected operation assumed t be at full power
¢

14 ¢ 14




Figure 7-1
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Plan View of ATHOS Cartesian Mode! for Reference Model D3
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a,c

Figure 7-3 Plan View of ATHOS Cartesian Model for Reference Model D3
Indicating Tube Layout
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Figure 7-4 Flow Pattern on Vertical Plane of Symmetry
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ac

Figure 7-6 Lateral Flow Pattern on Horizontal Plane,
at the Entrance to the U-Bend Region (1Z«27)
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Figure 7-8 Tube Gap Velocity and Density Distributions
for Tube Row 10/Column 38
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Figure 7-9 Tube Gap Velocity and Density Distributions
for Tube Rouw 10/Column 45
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ac

Figure 7-11 Average Velocity and Density in the Plane of the
U-Bends Normal to Row 10
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Figure 7-12 V. C. Summer Normalized Stability Ratio Based
on High Power (>61%) Operation
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peaking factor is the air velocity. The afr velocity at test section inlet
was measured using a [ ]"C. Rased on considerable
experience with the use of such instruments, it i1s known that the magnitude
of uncertainty is very small. A | ]"c measurement uncertainty is use.

in this analysfs based on past experience.

8.3 Test Repeatability

During the peaking factor testing of AVB configuration, each test was
perrormed at least two times to ~~nfirm repeatability. It has been
demonstrated that the tests are quite repeatable with the results often
falling within 2 or 3% of one another for the repeat tests. An upper bound
value of 5% was used in the current uncertainty analysis,

8.4 Cantilever vs U-Tube

A first order estimate can be made of the validity of modeling a U-bend tube
by a cantilever .ube in tests to determine the effects of AVB insertion
depth on the initiation of fluidelastic vibration. The following

assumptions are used:
a,c
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a,c

5 d

For the purposes of this estimate, the geometry of the cantilever measuring
tube in the air test model is compared with the yecmetry of a prototypical
Row 10 %.oe. [

]l.C_

The comparison between a U-bend tube and the model tube involve the
consideration of an effective velocity associated with the flow perturbation
caused by the AVBs. [

]G,C
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| 2

The Lellouche~Zolotar correlation (algebraic slip model), as used in the
ATHOS code, is applied to determine void fraction. Subsequently, mixture
density, velocity and damping coefficients for the tube which is not
supported and subject to flow perturbation is evaluated. Therefore, similar
to the air velocity peaking factor, local scaling factors of mixture density
and velocity and damping coefficient can be readily determined. Finally, a
local stability peaking factor for fluidelastic vibration can be calculated
as follows:

] a,c

l

-
where Fs 1s the stability peaking factor, Fd the density ccaling factor,
F, the velocity scaling factor, and de the damping coefficient scaling
factor. If we use the air velocity peaking factor without translating to
steam/water conditions, then
a,c

As shown in Table 8-1 stability peaking factors for the steam/water mixture
are slightly higher than air velocity peaking factors. The difference
between the steam/water and air peaking factors increases as the air peaking
factor increases.

For application to tube fatigue evaluations, the ratio of the peaking factor
for a specific tube to that for North Anna R9CS51 is the quantity of
interest. Larger values for this ratio are conservative for the tube
fatigue assessment. The North Anna R9CS5) peaking factor is one of the
highest peaking factors. As discussed in Section 8.7, a peaking factor of
nearly [ 12:C 45 getermined for the RICS! tube. The differences between

(

18€, Typical values are shown in Table 8-2. These

04430:1D/062190 8-10



results show that the direct application of the air test data ylelds tiie
higher relative peaking factor compared to R9CS1. To obtain conservatism in

the peaking factor evaluation, [
j8.¢,

Comparing the values in the first and last columns of Table 8-1, 1t may be
noted that the stability peaking factor for steam water is [ i
higher than the air velocity peaking factor. On the average, the
uncertainty associatad with the conservative use of air velocity peaking
factor 1s [ %€,

The conclusion that peaking factor for steam/water flow would be higher due
to the dependency of damping ratio on void fraction was supported by an
alternate study. In this study, a section of steam generator tubes were
simulated using the ATHOS code under prototypic flow conditions. The
objective of this study was to examine the magnitude of the changes in void
fraction and thus stability ratio as a consequence of non-uniform AVB
insertion patterns. The current version of ATHOS has modeling 1imitations
that prevent accurat~ modeling of local geometry effects. In addition, it
is believed that an analysis using two-fluid modeling procedure s mandatory
to a calculation of the peaking factors for a steam generator to account for
the preferential steam flow along the low resistance path. Consequently,
the intent of this analysis is only to help bound the uncertainty on void
fraction effects from extrapolating the air tests to steam-water.

First the analysis was conducted with uniformly inserted AVBs in the ATHOS
model. The ATHOS results were processed by the FLOVIB code to determine
stability ratios for the specific tubes of interest. The calculation was
repeated using a non-uniform AVB insertion pattern in the modei. The
results show that the void fraction distribution changes as a result of flow
perturbation. Further, the impact on stability ratio resulting from the
changes in void fraction profiles was about { 13+, This alternate
calculation provides independent corroboration of the prior discussion
regarding the stability peaking factors under steam-water conditions

vs in air.
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8.6 AVB Insertion Depth Uncertainty

The most significant uncertainty for the low peaking configurations 1s not
in the test results, but in the determination of actual AVB insertion
patterns adjacent to specific tubes. The methodology used for obtaining the
AVB insertion patterns from eddy current data can ascertain the AVB location
only approximately. The effect on peaking factor resulting from this
uncertainty 1s addressed using test results of AVB configurations that
varied from one another by up to [

Besed on maps of AVB insertion Jepth of various plants, several
configurations have been tested for determining fluidelastic instability
flow rate by an air cantilever model. Stability peaking factors were then
determined from the ratio of critical flow rate for a uniform AVB insertion
configuration to a specific configuration. Figure 8-7 summarizes the AVB
configurations tesced.

Position of AVB insertion depth is determined from Eddy Current Test (ECT)
data. Positioning of AVB from ECT data reading is subject to uncertainty;
its accuracy is probably about [ 12, A change of an AVB
insertion depth in a given configuration leads to a different configuration,
and thus a different peaking factor. A review of the tested AVB type has
been made and results summarized in Table 8-3. As can be seen, a decrease
in depth of an appropriate AVB tends to decrease the peaking factor, for
instance, a [

]a.c' Such a trend can be explained; a decrease in a specific
AVB depth will open up more channels for incoming fluid to distribute and
thus less flow perturbation. However, this applies only to those changes
without inducing the reinforcement of flow perturbation from upstream to
downstream.

On the average, the uncertainty in Leaking factor resulting from small

variations in AVB insertion (of the order of 1/2 tube pitch) is found to be
a,c
R i
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8.7 Overall Peaking Factor with Uncertainty

As d' -ussed in the previous subsections, there are several aspects to be
considered in applying the laboratory test data to steam generator
conditions. These considerations were reviewed one at a time in those
subsections. This section will integrate the pieces into one set of
stability peaking factors.

Looking forward to how these peaking factors are used in the analysis
(Section 9), the relative stability ratio calculated for a given tube
without the consideration of flow peaking is corrected using the ratio of
the peaking factor of the specific tube to that of the North Anna R9CS1 tube
(Configuration la).

It 1s to be noted that the test results would be applied as ratios of a
specific tube peaking factor to the R9CSI peaking factor. This will reduce
the influence of some uncertainties since the systematic uncertainties would
affect both the numerator and the denominator in the ratio of peaking
factors. The major difference will be in those configurations whose peaking
factors are significantly lower than that of R9C51. The approach employed
here is intended to provide that conservative peaking factors are employed
for such apparently low peaking configurations.

The uniform AVB configuration (2a) is selected as a reference configuration,
and the peaking factors of all configurations tested are recomputed on the
basis of this reference. As discussed below, some of the test uncertainties
are applied to the reference case to account for its significantly low
peaking relative to the R9CS1 configuration.

The uncertainties in the test results and their extrapolation are those due
to test measurements, test repeatability, cantilever tubes in the test vs
U-tubes in the cteam generator, and air tests vs steam-wator mixture. These
were discussed in more detai) in the previous subsections. The magnitude of
these uncertainties are 1isted in Table 8-4.
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configurations that are conceptually similar, the more 1imiting (higher)
value is used. For example, a peaking factor of [ 13:€ 45 used for
configurations 5a and 5b based on their similarity to configuration 5c.

The final stability ratio peaking factors calculated on this basis (with
configuration 2a as the reference) are shown in Table 8-6.

The overall conclusions from the peaking factor assessment are:

1. As noted in Table 8-4, five elements have been included in the
uncertainty evaluation for the peaking factors. The uncertainty
estimates were developed from both test and analysis resuits as
described in Sections 8.2 to 8.6. The largest single uncertainty of
(  1%C 45 attributable to uncertainties of up to [

1%+€ on determination of AVB insertion depths from field eddy
current data. This relatively large uncertainty is applicable only to
low peaking conditions where the AVB uncertainties can contribute to
small peaking factors. The definition of "no flow peaking" was
increased to encompass the small peaking effects from AVB insertion
uncertainties. For the AVB patterns leading to significant peaking
factors, AVBs were positioned within uncertainties to maximize the
peaking factor. For these configurations, varfations of AVB insertion
within these uncertainties are expected to reduce the peaking factor
compared to the final values of Table 8-6 and Figure 8-7.

2. Iucluding uncertainties directed toward conservatively decreasing the
peaking factor for the North Anna tube R9C57, the final R9C51 peaking
factor is [ ]a.c relative to a no flow peaking condition such as
with uniform AVB inse:tion depths.

8.8 Peaking Factors for Specific Tubes
Peaking factors for V. C. Summer were determined using the methodology

described above. Table 8-7 summarizes the results of peaking factors. The
AVB positions on each insertion pattern of Figure 8-7 should be carefully
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Steam Type of AVB Peaking

Generator Row No Column No Insertion Depth Factor
- - a,c
A 8 22
11
9 83
71, 70
63
55 i |

For RBC22, type | %' was selected and a peaking factor of [  ]%'C

resulted. Tube R8C11 belonged to type [ ]'C and thus a peaking factor
of [ 1%'C was obtained. Type [ 1% was a good match for R9C83 and
it then had a peaking factor of [  ]¥C. Type [ 1*'° was considered
for tutes RIC71 and R9C70, and a peaking factor of [  ]%'C was
obtained. Both R9CE3 and RICS5 had a peaking factor of [ 1%'C for a
selection of type [ %€,

8.8.2 Steam Generator B

Tubes with unique AVB configurations are listed together with their peaking
factors.

Steam Type of AVE riaking
Generator Row No Column No Insertion Depth Factor
- o ik

B 7 11

8 74

66

9 110
56 ! y
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Type [ 1*'C was a conservative call for R7C11, RBC74, R8C66 and RIC110
and a peaking factor of [  1%'C resulted for all of them. R9CS56 tube
belonged to type [ ]%'C and a peaking factor of [ 1% was obtained.

8.8.3 Steam Generator

The following table presents results of peaking factors.

Steam Type of AVB Pezking
Generator Row No Column No Insertion Depth Faci. -
= a,c
¢ 7 88 )
8 98, 97
93
9 106
29
23
is: 11
10 106
23
12 5
13 5
- e
Type [ 1% was selected for R7(88 and a peaking factor of [ ]%'¢

]I.C

resulted. Both R8C98 and R8C97 belonged to type | and a peaking

factor of [ )¥'C was obtained.
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Type ( 18:€ was selected for RBCY3 and thus a conservative peaking factor
of [ 1% resulted. Type [ 1%'C was considered for R9CI06 and R9C29
and a peaking factor of [  1%'C was obtatned. Type [ 1%'C was
selected for tube R9C23 and a peaking factor of 18:C resulted. Type
( 1%:€ was considered for both R9C12 and RIC11 and a peaking factor of
(1% yas obtained. Type [ 1%'C was used for R10C106 and a peaking
factor of [ 13+C resulted. Tube R10C23 belonged to type [ e

which has a peaking factor of [ 1€, Type I 13 vas selected for
R12C5 and a peaking factor of 1%C resuited. As for K13C5, 1t could
be tdentified with type { 1% € and a veaking factor of {  1%:€
occurred.

Note that the bar between Culumns 25 and 26 [

]a.c The same discussion applies to the tests configuration for
R9C23, Cenfiguration 8q.

A1l of the remaining SG-C tubes have nc flow peaking, however, the fatigue
and vibration analyses included several of the larger radius unsupported

tubes without flow peaking, inclurfina R10C113, RI0CIT, R10CIZ, R10C2-8, and

R11C4-8. (See Table 9-2.)
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Table 8-5

Extrapolation of Test Results to Sieam Generator Conditions

Test
Configuration Data

Data with
Uncertainties

Peaking Factor
Referenced to
Configuration 2a

la
b
1k
Iw
1%
ly
2a
4a
4b
ac
4d
4o
4x
5a
5b
L]
6a
8p

8q i

8¢
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Figure 8-2

Schematic of Staggered AVBs
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Figure 8-3 AVB "Pair® in ECT Trace
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9.0 STRUCTURAL AND TUBT VIBRATION ASSESSMENTS

9.1 Tube Nean Stress

This section summarizes the analysis to determine stresses in a dented, but
undeformed, tube at 100% power. Loads imposed on the tube correspond to
steady-state pressure, differential thermal expansion between the tube and
the support plate, and a thru-wall thermal gradient. The analysis assumes
the tube to be [ 13:€ at
cold shutdown.

A summary of the temperature and pressure parameters used for mear stress
calculations at 100% power in the vicinity of t.2 top support plate is
provided in “4ble 9-1. The *tube temperature corresponds te the average of
the primary-side water temperature and the plate temperature. The resulting
tube/plate radial interference is [ 185,

S.resses due to differential pressure and interference loads are calculated
using finite element analysis with the model shown in Figure 9-1. The model
prescribes [

]‘,C

Two reference cases wore run using the finite element model, the first for a
primary-to-¢. ondary side pres ire gradient of 1000 psi, and the second for
a | 12'€ inch rauial interference between the tube and plate. The
pressure case incorporates the axial load on the tube by applying a pressure
loading alonc the top face of the model. Plots showing the stress
distributions on the tube outer surface are provided for the two reference
cases in Figures 9-2 ana 9-3. Thermal bending stresses due to the thru-wall
thermal gradient are calculated to be 8.0 ksi using conventional analysis
techniques. The combined stress distribution along the tube length, shown
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in Figure 9-4, was obtained by combining the thermal bending stresses and
the refercuce solutions with appropriate multipliers based on 100% power
operating parameters.

The maximum axial tensile stress is 20.3 ks and occurs approximately 0.133
inch above the top surface of the sunport plate. Adding, for conservatism,
the surface stress due to pressure, 0.94 ksi, gives an applied mean stress
of 21.24 ksi. 1In addition to the applied stress, residual stresses exist in
the tube as a result of the manufacturing process. For mi1l annealed tubes
with subsequent straightening and polishing, residual stresses are
compressive at the tube surface, but 5-10 mils below the :urface, the stress
levels change to 10-15 ksi tensile. Combining the applied and residual
stiesses results in a cumulative mean stress of approximately 36 ksi,
assuming tube denting without deformation.

If a tube is dented with deformation, the mean stress is limited by tube
yielding. For the case of dented tubes with deformation, the maximum
effect of mean stress was incorporated by using %nax * %y in determining
stability ratios and fatigue usage.

9.2 Stability Ratio Distribution Based Upon ATHOS

An assessment of the potential for tubes to experience fluidelastic
instability in the U-bend region has been performed for each of the tubes in
rows eight through thirteen. This analysis utilizes FASTVIB, a Westinghouse
proprietary finite element based computer code, and PLOTVIB, a post processor
to FASTVIB. These codes predict the individual responses of 2a entire row of
steam generator tubing exposed to a location dependent fluir velocity and
density profile. The program calculates tube natural frequencies anc mode
shapes using a linear finite element mode] of the tube. The Tluid elastic
stability ratio U /U (the ratio of the effective velocity to the critical
velocity) and the vibration amplitudes caused by turbulence are calculated for
a given velocity/density/void fraction profile and tube support condition.

The velocity, density and void fraction distributions are determined using the
ATHOS computer code as described in Section 7.3. The WECAN-generated mass and
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stiffness matrices used to represent the tube are also input to the code.
(WECAN 1s also a Westinghouse computer code.) Additional input to
FASTVIB/PLOTVIB consists of tube support conditions, fluidelastic stability
constant, turbulence constants, and location dependent flow peaking factors.

This process was performed for the steam generator tubes of a Reference Model
D3 and also for the North Anna Row 9 Column 51 tube (RSC5i), using similarly
appropriate ATHOS models. Ratios of the Reference results to those for North
Anna Unit 1 R9C51 provided a quantity that could be used for an initial
assessment of the V. C. Summer tubes relative to the ruptured tube at North

Anna Unit 1.

These initial relative stability ratios (RSR) were subsequently updated to
account for the differences in operating conditions between the Reference
Model D3 ATHOS mode)l used in the evaluation and the V. C. Summer conditions.
A 1D multiplier was developed and then applied to the RSR corresponding to
each tube. A discussion of the 10 ratio methodology has been discussed in
Section 7.0. The result of this process is a quantity that describes a
specific V. C. Summer tube relative to the ruptured tube at North Anna Unit 1.

Figure 9-5 shows the results of this process for Rows 8 through 12. The
relative ratios are obtained using the following conditions for V. C. Summer
and North Anna Unit 1:

1) Tube is fixed at the top tube support plate,

2) Void fraction-dependent damping,

3) No AVB supports are active,

4) Location-dependent flow peaking factors.
It is to be noted that the stability ratios plotted in Figure 9-5 are
composites of all steam generators using mirror image tubes. That is, any
peaking effect for a given tube location indicated on the plot represents

the maximum value of the peaking factor in all steam generators at that
Tocation.
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3) Tubes have no AVB support,
4) 10% criteria with frequency effects,
5) Location-dependent flow peaking effects

6) Tubes are assumed to be dented with deformation (labeled with
denting) or clamped at the top support plate due to crevice
corrosion (labeled without denting).

A tube can be considered acceptable if the stress ratio is less than 1.0
#hen calculated using the procedure described in Sections 4.2 and 4.3,
including the conditions 1isted above, and subject to confirmation of
fatigue usage acceptability. Conformance to these requirements implies
that the stress acting on a given tube is expected to be insufficient to
produce a fatigue event in a manner similar to the rupture that occurred
in the R9C5]1 tube at North Anna Urit 1.

Figure 9-6 shows the results of the stress ratio calculations for each of
the V. C. Summer tubes in Rows 7 through 12. Similar to the stability
ratios in Figure 9-5, the stress ratios in Figure 9-6 represent the
composite ratios for all V. C. Summer steam generators. (Refer to Table
9-2 for salient tubes in individual steam generators). These ratios are
applicable for tubes that are dented (tube deformation) at the top tube
support plate. This case bounds the clamped tube condition with no tube
deformation, i.e., the case corresponding to the NRC definition of denting
with top tube support plate corri .on plus magnetite in the crevice
without tube deformation. Figur -7 contains the results for the case
where tube deformation is not present. These figures demonstrate the
effects of varying the applied mean stress on the tube, Using the mean
stress present in the undented results produces stress ratio values that
are lower than stress ratios calcuiated for tubes in tie dented condition.
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As can be observed in Figures 9-6, Figure 9-7 and Table 9-2, several tubes
have stress ratios that are greater than 1.0. The following tubes have
been identified as having stress ratios (both with and without denting)
greater than 1.0:

SG A 3G B 36 C

R9C83 R9C56 R9C29
R9C106
R10C23
R12C%
R13CS

As noted in Section 9.5, it is recommended that all tubes with stress
ratios exceeding 1.0 and that have cumulative usage greater than 1.0 (such
as the tubes listed above) be removed from service.

To assist SCE&G in evaluating operational issues associated with the
installation of cable dampers, the lowest added damping value determined
from the available tests was assumed to be provided by cable dampers in
the seven tubes of interest for V. C. Summer. With this assumed mi. "‘um
added damping value of [ ]_a.c all of the stress ratios in the seven
tubes of interest are below |
].a‘C R12C5 would have a stress ratio of

1%'¢ or less. With this assumption, tubes that had not
initiated a crack would be predicted to be acceptable for continued
operation with a cable damper installed.

An evaluation has also been performed to determine the required relative
flow peaking that will produce a stress ratio not greater than 1.0.

Figure 9-8 contains the results of this process for all tubes in Rows 7
through 12. The fiocure was generated using the conditions outlined
previously with the additional constraint that the tubes are dented. Note
that this figure reads opposite of the previous figures, i.e., the top
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curve in the figure corresponds to Row 7 and the bottom curve corresponds
to Row 12. Maximum Allowable Relative Flow Peaking is the required
relative flow peaking (0.68 corresponds to no flow peaking) which, if used
on the given tube, will produce a stress ratio (with denting) not to
exceed 1.0, This curve can be used to identify the relative flow peaking
required before pre.antive action would be recommended and, when used in
conjunction with the actual flow peaking associated with each tube. to
determine the margin (if any) present. This has also been performed in
Table 9-2. The column with heading "Max Allow Rel FPEAK" identifies the
relative flow peaking factor that would be permitted, on a tube by tuoe
basis, hefore the stress ratio criteria would be exceeded. As can be
observed 11 *he table and figure, the inner row tubes have larger values
of allowable relative flow peaking when compared to the outer rows.

9.4 Cumulative Fatigue Usage

A1l unsupported tubes having stress ratios < 1.0 will have a maximum
stress amplitude that is < 4.0 ksi (from 9.5 ksi), since a 10% reduction
in the stability ratio for the North Anna Row & Column 51 tube was the
criteria basis. The stability ratios for the V. C. Summer tubing are
based on the Cycle 5 operating parameters and assume future operation with
the same parameters. The tubes are no' expected to rupture as a result of
fatigue if 1) they meet the stress ratio criteria of <1.0 and 2) their
current and future fatigue usage will total less than 1.0.

Based on the above analyses, most V. C. Summer tubes meet the relative
stress ratio criteria. Seven tubes do not meet the stress ratio

criteria. Table 9-2 provides a summary of the combined relative stability
ratios and the stress ratios for salient unsupported tubes in Rows 7
through 13.

Of the seven tubes mentioned above, SG-A R9CB3, SG-B R9C56, SG-C RI2C5 and
SG-C R13C5, if previously dented or if becoming dented at the beginning of
an operating cycle with current operating conditions, could potentially
have tube fatigue usage factors exceeding 1.0 within the cycle, and
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therefore require preventive actiorn. Note that with the exception of SG-B
ROC56, which was evaluated as having magnetite packing at one of the two
top tube support plate intersections, all of these four times were
evaluated from the October 1988 outage inspection data as "clean" at the
top tube support plate intersections. Two additional tubes, SG-C R9C29
(magnetite in one top TSP and clean in the other) and SG-C R10C23
(magnetite in both top TSP crevices), potentially have current accumulated
fatigue usages as high as 1.0, if it is conservatively assumed that
denting began at the start of the first fuel cycle, and also therefore
require preventive action. $G-C R9C106 was evaluated as having no denting
at the top tube support plate elevation based upon examination of the
October 1988 inspection data, but may have accumulated as much as 0.34
fatigue usage if it became dented or magnetite-packed at the beginning of
Cycle 5. If dented and operating at Cycle 5 conditions, it will continue
to accumulate fatigue usage at the rate of 0.34 per year, and is also
recommended for preventive action.

Acceptability of the V. C. Summer tubing for fatigue is accomplished by
demonstrating the acceptability of the tube remaining in service with the
highest stress ratio that does not exceed the 1.0 stress ratio criteria.
For V. C. Summer this tube i1s SG-A R9C55 and has a stress ratio of

[ ]a.c for Cycle 5 operating conditions. Assuming this worst case
tube (R9C55) has been dented since the first cycle and continues to
operate with steam pressures at or above 941 psia, the total usage
including the remaining term of the operating Iicense would be 0.36.

9.5 Effect of Steam Pressure on Potentially Susceptible Tubes

An additional fatigue evaluation of the V. C. Summer tubing was performed
to examine the effect of reduced steam pressure and coastdown power
levels, with the objective of demonstrating the acceptability of the tube
remaining in service with the highest stress ratio that does not exceed
the 1.0 stress ratio criterion. Parametric analysis was performed to
determine the relative stability ratio (RSR) multipliers and stress ratios
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for full power steam pressures below the reference steam pressure (941
psia) and 1t was determined that the 1imiting tube, SG-A R9CS55, does not
exceed the 1.0 stress ratio criterion for steam pressures above 905 psia.
Since SCERG 1s considering power coastdown operation, the RSR multipliers
were also evaluated assuming a constant volumetric steam flow for
pressures below 905 psia. (The 905 psia steam pressure is a lower bound,
full power steam pressure value; V. C. Summer turbine tests indicate the
"best estimate" value of the Valves Wide Open (VWD) steam pressure to be
915 psia). For the reduced power levels associated with operation below
the assumed 905 psia VWO Timit, the RSR multipliers decrease, and the
fatigue results remain bounded. Therefore, assuming that the worst case
tube (SG-A RIC55) has been dented since the first cycle and the turbine
Valves Wide Open 1imit is not reduced below 905 psia, all tubes remaining
in service at V. C. Summer are acceptable for operation through the end of
the current operating license with power levels at or below the 2785 MiWt.

9.6 Cunclusions

Seven tubes were recommended for preventive action: SG-A R9C83, SG-B
R9CS6, SG-C R12C5, SG-C R13CS5, SG-C R10C23, SG-C R9C29, and SG-C R9C106.
These tubes were remcved from service in April 1290 with the installation
of cable dampers, hot leg plugs, and cold leg sentinel plugs. The tubes
remaining in service in the V. C. Summer steam generators are not expected
to be susceptible to high-cycie fatigue rupture at the top tube support
plate in a manner similar to the rupture which occurred at North Anna #1,
assuming that the turbine Valves Wide Open 1imit 1s not reduced below 905
psia, through the end of the current operating license with power levels
at or below 2785 MWt.
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Reference:

9-1 Westinghouse Research & Development Report 77-102-TUCOR-R2,
"Residual Stresses in Inconel 600 Steam Generator Tubes - Part
II: Straight Tubes", Westinghouse Research Laboratories,
Proprietary Class 2, D. L. Harrod, October 21, 1977.

0643D:1D/062990 8-10



Table §-1

100% Power Operating Parameters
V. C. Summer
Bounding Values for Mean Stress Calculations

Primary Pressure = 2250 psia
Secondary Pressure = 941 psia
Pressure Gradient « 1309 psi

Primary Side Temperature * = 587°F
Secondary Side Temperature = 537°F
Tube Temperature = 562°F

* Average of Thot = 618°F and T = 556°F.

cold
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TABLE §-2
V. C. Summer Tubes With Significant RSRs or Stress Ratios

Steam Row Col. Flow Max Allow RSR* Stress Ratio
Gen. No. No. Peaking Rel. FPEAK  FPEAK W/Dent W/0O Dent
A 8 N r la:¢ 0,549 0.10 0.10

22 0.524 0.08 0.08

9 55 0.818 0.76 0.70
63 0.801 0.68 0.62

70 & 71 0.725 0.39 0.36

83 1.158 »>2.00 »2.00

8 7 1R 0.546 0.12 0.1
8 66 0.672 0.3 0.29
74 0.607 0.18 0.16

] 56 1.168 »2.00 »2.00
110 0.737 0.43 0.39

C 7 88 0.544 0.12 0.1
8 93 0.555 0.11 0.10
97 & 98 0.59% 0.16 0.14

o 11 & 12 c.710 0.35 0.32
23 0.636 0.19 0.17

29 0.946 1.78 1.63

106 0.937 1.63 1.49

10 2-8 0.740 0.37 0.34
11 & 12 0.738 0.36 0.33

23 0.968 1.88 1.73

106 0.738 0.36 0.33

113 0.545 0.07 0.06

1 4-8 0.856 0.70 0.64
12 5 1.403 >2.00 »2.00
13 5 3 1.751 »2.00 »2.00
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Figure 9-1 Axisymmeric Tube Finite Element Model
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Figure 9-2 Dented Tube Stress Distributions
Pressure Load on Tube

5-14

a,c




S IRAR BT W Y EY L sk s e B

04440:10/050190

Figure 9-3 Dented Tube Stress Distributions
Interference Load on Tube
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Figure 9«7
Stress Ratio vs. Column Number - Undented Condition - V. C. Summer
(Composite of All Steam Generaters with Umbrella Flow Peaking)

04440:10/050190 3-19







