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MEMORANDIUW FOR Leon B, Ingle, Project Manager
Project Directorate 11.2
Division of Reactor Projects « 1/11

FROM; c. Y, CM»E. Chief
Materials nginocrin? Branch
Division of Engineering and Systems Technology

SUBJECT: NURTH ANNA UNITS 1 and 2 « CLOSEOM™ OF BULLETIN 88.02
I5SVES (TACs €7315 AND 67316)

The Materials Engineering Branch, Division of Engineering and Systems Technology,
has completed 1ts review uf actions taken by Yirginie [lectric Power Company

(the 1icensee) to resolve the Yssues 1n NRC Bulletin 88-02, “Rapfdly Propagating
Fatigue Cracks In Steam Generator Tubes". The licensee's actfons are documented
in 1ts letter dated Merch 24, 1988,

Dur Safety Evaluption fs enciosed. We find that the actfons taken by the
1{censee fully resolve the 1ssues fdentified 1n the bulletin and are acceptable,
This finding 1« subject to adoption of additional aoministrative controls by the
licensee as described in the conclusions of the enclosed SER,

Nith this memorandum, our action relative to TAC Nos, 67315 and 67216 13

e [$I

- C. Y. Cheng, Chief
Materials £n81aoor1n9 Brench
n

Diviston of Engineering and Systems
Technology
cc: F, Miraglia
L. Shao
J. Richardson
C. Berlinger
D. Neighbors
$. Varga TRIBUTION:
G. Lavnas entra es
H, Berkow EMTB RF
EMTE PF
CYCheng
CONTACT: E. Murphy, EMTB/DEST . KRWichman
X20945 EMurphy
*See Previous Concurrence
*DEST:EMTH *DEST:EMTR 06341 ]
EMurphy:tys KRWichman CYCh ng .
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MEMORANDUM FOR Leon B, Engle, Project Manager
Prozoct Directorate 1.2
Division of Reactor Projects « 11/111

FROM s Yo ChORZA Chief
Materials !1noor'n? Branch
Division of Engineering and Systems Technology

SUBJECT: NORTH ANNA UNITS 1 and 2 « CLOSEOUT OF BULLETIN 88.02
ISSUES (TACs 67315 AND 6/316)

The Materials Engineering Branch, Diviston of Engineering and Systems Technology,
has completed fts review of actions taken by Virginia Electric r Compaty

}thc 11censee) tu resolve the fssues 1n NRC Bulletin BE-02, *"Rapidly Propagating
stigue Crachs 1n Steam Genersztor Tubes®. The icensee's actions are ducumented
in 1ts letter dated March 24, 1988,

Our Safety Evalustion 1s enclosed. We find that the actions taken by the
1icensee fully resolve .ne 1ssues fdentified 1n the bulletin and are acceptable,
This finding 15 subject to adoption of additiona) adminfsirative controls by the
Ticensee as described 1n the conclusfons of the enclosed SER,

With this memorandur, cur action relative to TAL Nos, 67215 and 67316 s
complete.

- €. ¥, Chonz. Chief
Materials ng!nocring Branch
Divisfon ¢f Engineering and Systexs
Technology ,

cc: F, Miraglia
L. Shao
J. Richardson
C. Berlinger
D, Netghbors

S. Yargs 8;§Tnlsgt‘gg:
G. Lainas entra e

K., berkow fMTR RF
EMTE PF
CYCheng
CONTACY: E. Murphy, EMTB/DESY KRWichman
x2094% EMurphy
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Ey leiter cated December 11, 195/ (Reference 4), the staff {ssued fts Safety
Evaluation authorizing North Anna Unit 1 to return to 100% of licensed power,
The staff coacluded in the Safety Eva'ustion that the licensee had implemented
acceptable diagnostic end corrective actions to prevent a similar fatigu.e
failurs 1n the future. The Ifcensee's actions and the staff's December 11,
1987, Safety Evaluation pre-dated issuance of Bulletin BE-02 on February &,
1958,

Although the December 11, 1987 Safety [valuation endorsed the )icenses's enhanced
Teak rate monitoring program, 1t did nov address the licensee's proposal to in-
clude this enharced program as part of the Technica! Specifications. The staff
expecis to complete action on the recuestec change to the Technical Specifications
within the next few weeks,

As part of fts March 24, 19BE response to Bulletin 88-07, the licensee enclosec
kevision 2 of 1ts "Steam Generator Tube Rupture Report" {(Refsrence &), The
licensee concluces that the actions cocumenied in the Revisfon 2 report (Reference
5) anc KCAP-1160] (Reference 2) resolve the issues identified in Bulletin £8-07.

4.2 Evi'uation
The staf® has reviewed the above-mentioned Revision 2 report (Reference ©) ang

finds that the updated information contained 1r this report does not affect the
essentfal facts upon which the steff relied 1n 1ts December 11, 198/ Safety

Evaluation authorizing North Anna Unit 1 to return to 100% of licensed power

cperation,

P discussed earlier, the staff's conclusfons §n 1ts December 11, 1987 SER were
Lesed 1r part on informatio~ contatned 1n Westinghouse report- WCAF-11€01 and
WCAP-11600 (Reference 3). Information contained 1n more recent Westinghouse
reports fssued on behalf of other plants (u.g., Reference £) indicate that local
flow peaking effects associated with certain “as built" AVE insertion depth
configurations play a more important role 1n causing ni?h stability ratios than
was recognized in Reference 3, The staff's generic evaluation of the more recent
westingrouse studies of local flow peaking effects 1s documented in Reference 7.

However, the stefi's review of Reference 3 indicates that recfors of the most
significant flow pesking effects «ere included in the Yicensee's preventive
plugging program at North Anns Unit 1. Therefore, the staff finds that direct
consideration of the higher flow peaking effects now being estimated by
westinghouse would further fncrease the estimatec stabiléty ratio reductions
which have been achieved at North Anna Unit 1 through preventive plugging. Thus,
the more recent Infermation which has become available concerning flow peaking
gff?cta does nol impact the staff's conclusions in the December 11, 1987 Saficy
-valuation.

3, NORTH ANNA UNIT 2
3.1 Discussion
The program implemented at North Anna Unit 2 to minimize the likelyhood of

rapicdly prcpa%atvng fatfque cracks 1s gescribed in restinghouse report
SG-88-03-01€ (Reference L) whizh was enclosed with the 1icensee’s March 24,
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1568 submittel, This program is very similar to that implemented at Unit 1,

This included instaliation of downcomer flow resistance plates and preventive
piugging of all tubes beyond row 8 which are not effectively supported by AvEs,
These actions are estimated to reduce the stability ratics for the most limiting
tutes remaining in service (f.e., tubes 1n row 8) by 24% compared to the tube
which ruptured &t North Anna Unit 1. This reduction satisfies the 104 reduction
criteria developed by Westing. ouse for North Anna Unit 1 and which was reviewed
by the staff in 1ts December 11, 1987 Safety Evaluation., The estimated reduction
assunes flow peaking facters for tubes rematning in service equal to the 1.47
value exhibited by the tube which ruptured at North Anna Unit 1, Westinghouse
states that row £ tubes remaining in service have negligible potentia! for flow
peaking and thus can be expected to exhibit stability ratios significant)y small-
er than 70% of that associated with the tube rupture at Unit 1,

“he licensee's program for Unit 2 also included fnmplementation of the enhanced
primary-to-secondary leak rate monitoring program implemented at North Anna Unit
1. The licensee's request, dated December 4, 1587, to incorporate this enhanced
monitoring program &s part of the Technical Specifications anplies to Unit 2 as
well as Unit 1,

3.2 Evaluation

The licensee's program for Unft 2 is esseniially the same as that fmplemented for
North Anpa Unit 1 which was reviewed and approved in the staff's Safety
fvaluation cated December 11, 1667, The staff's review of the wWestinghouse
report for Unit 2, however, indicates that several tubes in row 8 may ir 7act
exnibit a~degree of flow peaking, contrary to the finding reached by Westinghouse,
Although Westinghouse did not specifically address the flow peaking factors for
Lhese tudbes, 1t 15 the staff's judgement, based on 1ts review of flow peaking
factor test data pubiished in more recent Westinghouse reports (e.g., Reference
€), that the flow peaking factors for these row & tubes would be wall within

the 1,64 upper bound obtainea from Westinghouse test data for the most "imiting
AYE configurations observed at any Ph? to date, Making the extremely
conservative assumption that certain row 8 tubes erhibit a flow peaking factor

of 1,64, the staff ertimates that the maximum stability ratios for row 8 tubes
would stil] be 157 smaller than the stability ratic for the tube which ruptured
at North Anna Unft 1. This stil) satisfies the 10% acceptance criteria developed
by Westinghouse. Thus, the staff finds that the licensee's program for North
Anna Unit 2 is acceptable.

4, CONCLUSIONS

Corrective actions &t North Anna Units ] and 2 in the form of installation of
aowncomer flow resistance plates and preventive plugeing effectively minimize
the likelyhood of rapialy propagating fatigue cracks of the type which led to
the SGTR event in July 1987, The enhanced primary-to-secondary leak rate
monitoring program {mplemented at both units provides adoed assurance that
rapicly increasing leaks will be detected ensuring timely plant shutdown before
rupture occurs. The stafft concludes that the Iicensee has satisfactorily
resolved the issues identified in Bulletin B8-02. Consistent with conclusiors
reached by the staff for other plants (sec Reference 7), these findings are
subject to the development of acministrative ccntrols by the licensee to ensure
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that updated stabil.ty ratio and fatigue usage calculations are performed in the
event of any significant changes to the steam generator operating parameters
(e.9., steam flow and pressure, circulation ratio) re’ative to the reference
parameter. assumed 1n References 7 ano 8 for unfts ) and 2, respectively,
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Analysis of the Thermal Hydraulics of Steam Generators
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Eady Current Test
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Flow Induced Vibrations

Modal Effective Void Fraction

Qutside Diameter

Root Mean Square

Stability Ratio

Tube Support Plate
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$.0 INTRODUCTION

This report documents the re-evaluation of steam generator tubing at North
Aana Unit 2 for susceptibility to fatigue-induced cracking of the type
experiencad at North Anna Unit 1 in July, 19687. Its purpose is to identify
susceptible tubes and thereby justify de-plugging tubes that were plugged in
1987 with sentinel plugs. The evaluation includes three<dimensional flow
anzlysis of the tube bundle, air-tests performes to support the vibration
anzlytiza) procedure, field measurements to establish AVB locations,
structural and vibration analysis of selected tubes, and fatigue usage
calculaticons to predict cumuletive usage for critical tubes. The evaluation
vtilizes operating conditions specific to North Amna Unit 2 in order to
account fur plant specific features of the tube loading and response.

Sectiun 2 of the raport provides a summary of the North Anna Unit 2 evaluation
results and overal) conciusions. Section 3 provides packground for the tube
rupture svent which occurres at North Anna Unit 1 including results of the
examiration of the ruptured tute and a discussion of the rupture mechanism,
The criteria for predicting the fatigue usage for tubes having &n enviroament
‘conducive to this type of rupture are discutsed in Section 4. Section 5
provides.a summary of test data which supports the aralytical vibration
eveluation of the cendidate tubes. A summary of fleld measurements used to
determine AVE locations and to identify unsupperted tubes is proviced in
Section 6. Section 7 provides the results of a thermal hydraulic analysis to
establish flow field characterisiics at the top support plate which are
subsequently used to zssist in identifying tubes which may be dynamically
unstable. Section 8 presents an update of the methodolegy originally used to
evaluate the tube rupture at North Anna Unit 1. The final secticn, Section 3,
presents results of the structura’ and vibration assessment. This section
describes stability ratio and tube stress distributions, and accumulated
fatigue usage, for the North Anna Unit 2 steam generator sma)) radius U-~tubes.

8213V 1€-D42785-13



2.0 SUMMARY AND CONCLUSIONS |

The North Anna Unit 2 steam generators have been evaluated for the
susceptibility of unsupported U-bend tubing with denting at the top tube
support plate to a fatigue rupture of the type experienced at Row 9 Column 51
(R9C51) of Steam Lenerator C at North Anna Unit 1, The evaluation uses Eddy
Current Test (ECT) data interpreted by Westinghouse,

2.1 Background

The initiation of the circumferentia) ¢rack in the tube at the top of the teo
tube support plate at North xnna 1 hes been attributed to limited
displacement, fluid elastic instebility. This condition is believed to have
prevailed in the R9C51 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 peeking as a result of non-uniform insertion depths of AVBs,
had reduced damping due to denting at the top suppert plate, and had reduced
fatigue properties due to the environment of the &1 volatile treatment (AVT)
chemistry of the sacondary water and the additional mean stress from the
denting.

2.2 Evaluation Criteria

The criteria establisheu to provide 2 fatigue usage less than 1.0 for a finite
period .f time (i.e., 40 years) is a 10X reduction in stability ratic that
provides 2t least a 58% reduction in stress amplitude (to < 4.0 ksi) for a

Row @ tube in the North Anna 1 steam generators (58s). Tnis reduction is
required to produce a fatigue u.age of < 0,021 per year for a Row § tube in
North Anna and therefore greater than 40 year fatigue life objective. This
same fatigue criteria is applied as the principal criteria in th‘ fatigue
evaluation reported herein,

8215 E~DA2TES-14



The fluidelastic stability ratic is the ratio of the effective velocity
divided by the eritica! velocity. A value greater than unity (1.0) indicates
instability. The stress ratio is the expected stress amplitude in a North
Anna tube divided by the stress amplitude for the North Anna 1, RSCS51 {ube.

Displacements are coaputed for the unsupported U-bend tubes in Rows 1i and
inward, (descending row number) using relative stahility ratios to RSCS51 of
North Anna 1 and an appropriate power law relatisnship based on instanility
displacement versus flow velccity, Different U-pend radius tubes will have
different stiffness and frequency and, therefore, different stress and faligue
usage per year i(han the Row 9 North Anna tube. These effects are accounted
for in a stress ratio technigue. Tha stress ratio is formuiated so that a
stress ratic of 1.0 or less produces acceptable stress amplitudes and fatigue
usage for the North Anna tubing for the reference fuel cycle analyzed.
Therefore, a stross ratio less than 1.0 pruvides the next level of acceptance
criteria for ursupported tubes for which the relative stability ratio,
inciuding flow peaking, exceed (.9,

The stability ratics for North Asna 2 tubing, the corresponding stress
amplitude, and the resulting cumulative fatigue usage must be evaluated
relative to the ruptured tube at Row 9 Column 51, North Aana 1, Steam
Generator C, for two reasons. The loca! effect on the flow field due to
various AVE insertion depths is not within the capebility of available
analysis technigues and is determined by test as a ratic between two AVE
configurations. In addition, an analysis and examination of the ruptured tube
at North Anna 1 provided & range of initiating stress amplitudes, but could
only bound the possible stability ratios that correspond to these stress
amplitudes, Therefore, to minimize the influence of uncertainties, the
evaluation of North Anna 2 tubing has been based on relative stability ratios,
relative flow peaking factors, and stress ratios.

The criteria for establishing that a tube has support from an AVE and
therefore eliminate it from further considerations is that it must have at
least one sided AVE support present at the tube centerline. The criteria is
based on test results which show that one sided AVE support is sufficient to

827 I 1E-0427R9-18
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without ovality and the surrounding AVBs of | ]"c inch. Including
average tube ovality for & Row 1] tube, the nominal total tube to AVB
clesraice is about [ 1%€ inches.

The uprer AVEs also have a rectangular cross section and extend into the tube
bundle approximately as far as Row 13, providing a nominal tube-to-AVE
clearance comparable to the inner AVBs., Since the purpose of this analysis is
to evaluste the potentially unsupported tubes at or near the point of maximum
AVB insertion, orly the dimensions anu EC data pertaining to the lower AVEs
are required.

The eddy curren: date for North Anna 2 were reviewed to identify the number of
tube/AVE intersections and th. location of these intersections relative to the
apex of a given tube. This information was used in calculations to determine
the ceepest penetration of a given AVE into the tube bundle. For the North
Anna ¢ steam generators, the AVE support can normally be verified if EC data
shows both legs of the lower AVE, one ¢n each side (hot 'eg - cold leg) of the

U-bend. This is the preferred method of establishing AVB support.

if only the apex of a North Anna 2 AVB assembly is near or touching the apex
of & tube U-bend, only one AVE signal may be seen. In this case, adequate
tube support cannot ba assumed without supplementa! input. Support can be
determined if projection calculations based on the AVE intercepts of higher
row number tubes in the same and adjacent columns verify insertion depth to a
point below the tube centerline. Maps of the AVB insertion depths for North
Anna ¢ are shown in Figures 6-2 through 6-4. These AVE maps )ist the results
of the projectior calculations from the smallest row tube for which suitable
data exist tc make a projection,

2.5 Flow Peaking Factors
AVB position evaluations were used in evaiuating the local flow peaking
tactors. Local flow peaking produces increased local velocities which cause

ar incresse in stabiiity ratic. A small percentage change in the stability
ralic can cause & significant change in stress amplitude. The test-based flow

8213M1E~042786-17
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Comparisons of 1-D re ative stability ratios calculated for each of these
conditions are made with the ratios determined for the torresponding
conditions in Unit #1. 1In all cases, the stability ratios for the Unit #2
conditions are within 1% of the ratios calculated for the corresponding
conditions in Unit #1, Based on this close agreement, the results of the
existing 3-D ATHOS flow fiela/stabilty ratio evalution for Unit #1 are applied
to Unit #2, with only small adjustment factors from the 1-0 stability ratic
evaluations,

Lists identifying the support conditions determined in the analysis, for use
with the AVE insertion maps, are provided in Tables 6-1 and 6-2. Relative
stability ratios and stress ratios of North Anna #2 Row 8 through 12 tubes
versus ROC5] of North Anna #1 are listed by steam genarator in Tables $-1 and
8-2. Both the relative stability ratios and the stress ratios include
reletive flow peaking tactors. The stress ratios are calculated assuming that
the tubes were dented immediately after initia) startup.

Table 9-3 contains & summary of fatigue usage factors for tubes that have
stress ratios near or greater than 1,00 (calculated using the more limiting
_?rcmcd conditions and assuming the tubes became dented since the first
cycle). As can be observed in the table, all tubes currently have fatigue
usage factors less than 1.00. Future usage factors have been determined for
cperation under current operating conditions and for conditions where Thot
reduction is implemented. Results are presented for both 40 years of total
operation and for 10 more years of operation., These results indicate that,
for a tota) of 40 years of operation, two tubes are at potential risk if
Thot reduction is implemented. These two tubes (SG:A R9C60 and SG:B ROC3S)
currently heve usage factors egqual to 0.49 but will have projected fatigue
usage factors greater than 1.00 after 40 years of total operation. Usage
factors calculated after 10 more years of operation (with Th;t implemented)
have beer determined to be 0.84.

2.7 Overel) Conclusion

The results of the fatigue evaluation indicate that currently no tubes in the
North Anna Unit 2 steam generators require preventative action to preclide a

§213M 1E-0428k5-18



North Anna Unit 1 R9(S51 type tube rupture and that any tubes currenrtly plugged
with sentinel plugs, to detect such & rupture, can be returned to service.
However, two tubes previously igentified, SG:A RICE0 and 5G:B RICIS, will
require preventive action in the future, to preclude such a rupture, after at
least 10 more years of service. Note that in the event of a future uprating
or incresse in general plugging leve! the potential for tube fatigue wou'd
need to be re-evaluated.

B213M 1E-042888-20



3.0 BACKGROUND

On July 15, 1887, a steam generator tube rupture occurred at the North Anna
Unit 1. The ruptured tube was determined toc be Row § Column 51 in steam
ponerator "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
orientaticn 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
determinec tc be a combination of a mean stress leve! in the tube and a
superimposed alternaling stress. The mean stress has been determined to have
been increased to a maximum leve! 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 irduced vibration. These loads are consistent with & 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 tc 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 antivibraticn bar (AVB) suppurt has been
concluded to be required for requisite vibration to occur. The presence of an
AVE support restricts tube motion and thus precludes the deflection amplitude
required for fatigue., Inspection data shows that zn AVB is not present for
the Row 9 Column 51 tube but that the actual AVB ~ ‘tallatiop depth exceeded
the minimum requirements in all cases with data for AVBs at many other Row 8
tubes. Also contributing significantly to the level of vibration, and thus
loading, it the local flow field associated with the detailed geometry of the
stesm generator, 1.e., AVE insertion depths. In addition, the fatigue
properties of the tube reflect the lower range of properties expected for an
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AVl environment. In summary, the prerequisite conditions derived from the
evaluations were concluded to be:

Fatigue Reguirements Frereguisite 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 to have initiated on the cold leg outside surface of Tube
RCS1 immediately above the top tube support plate. No indications of
significqnt accompanying intergranular corrosion was observed on the fraciure
face or on the immediately adjacent 0D 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 Seciien D-D. High cycle fatigue striation spacings approached 1
micro-inch near the origin sites, Figure 3-2. The early crack front is
believed to have broken through-wall from approximateiy 100° to 140°. From
this point on, crack growth is believed (as determined by striation spacing,
striation direction, and later ob.ervations of parabolic dinp1os_followcd by
equiaxed dimples) to have accelierated and to have changed directio: with the
resulting crack front running perpendicular to . circumfere~tial direction.
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3.3 Mechanism Assessmen*

To address a fatigue mechanism and to identify the cause of the loading, any
toading condition that would cause cyclic stress or steady meen stress had to
be considered. The analysis of Normal, Upset and Test conditions indicated a
relatively low total number of cycles involved and a corresponding low fatigue
usage, even when accounting for che dented tube condition at the plate. This
analysis also showed an axial tensile stress contribution at the tube 0D o
short distence above the plate from operating nressure and temperature, thus
providing a contribution to mean stress. Combining these effects with denting
deflection on the tube demonstrated & high mean stress at the failure
location. Vibration analysis for the tube developed the charesteristics of
first mode, cantilever response of the dented tube to flow induced vibration
for the uncracked tube and for the tube with an increasing crack anyle,
beginning at 90° to the plane of the tube and progressing around on bcth sides
to complete separation of the tube.

Crack propagation analysis matched cyclic deformation with the stress
intensities and striation spacings indicated by the fracture inspection and
“analysis. Leakage data and crack opening ana ysis provided the relationship
between lgak rate and circumferentia) crack length. Leakage versus time was
then predicted from the crack growth analysir and the leakaye analysis with

initial stress amplitudes of 5, 7, and § ksi  The comparison to the best
estimate of plant leakage (performed after ti. event) showed gooad agreement,
Figure 3-3.

Based on these results, it followed that the predominant loading mechanism
responsible is a flow-induced, tube vibratior loading mechanism. It was shown
that of the two possible flow-induced vibration mechanisms, turbulence and
fluidelastic instability, that fluidelastic instability was the most probable
cause. Due to the range of expected initiation stress amplitudes (4 to

10 ks1), the fluidelastic instability would be limited in displacement to 2
range uf approximately [ 1% This is less than the
distance between tubes at the apex, | 1%%. It was further

8213M1E-0425859-22
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confirmed that displacement prior 1o the rupture was limited since ne

indication of tube U<bend lapex region) damage was evident in the eddy-zurrent

signals for ardjecent tubes.

Given the 1ikelihcod of limited displacement, fluidelastic instability, o
means ©f establishing the change in displacement, and corresponding change in
stress amplitude, was developed for a given reduction in stability ratie
(SR), Since the rupturre wes & “atigue mechanism, the change in ttress
amplitude resulting from a reduction in stabiifty ratic was convyrted to @
fatigue usage denefit through the use of the faiigue curve developed. Meen
stress effects were includes due to the presence of denting and app)ied
Toadings. The results Indicated that & 10% reduction in stability ratio is
needed (considering the range of possible initiation stress amplitudes) to
reduce the fotigue usege per year to less than 0.U2 for & tube similar to Row
9 Columr 51 at North Anna Unit 1,

-
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WESTINGHOUSE PROPRIETARY CLASS 2
4.0 CRITERIA FOR FATIGUE ASSESSMENT

The evaluation method and acceptance rriteria are based on a relative
comparison with the Row 9 Column 51 tube of North Anna Unit 1 Steam Generator
C. This anproach 1s necessary because (1) methods for direct analytical
prediction of actua) stabilily retios incorporate greater uncertainties than a
relative ratic method, and (2) the stre:s amplitude (or displacement)
associated with a specific value of stability ratio can only be estimated by
the anglysis of RECEL. For these reasons, the North Anna Unit 2 tubing
evaluetion was done on & relative basis to Row 9 Column 8] and & 10% reduction
in stapility ratie ¢riteria was established to demonzirate that tubes left in
service «ould be expected to have sufficiently low vibration stress to
preciude future fatigue rupture events,

To accomplish the necessary relative assessment of North Anna Unit 2 tubing to
the North Anna Unit 1 Row 9 Column 51 several criteria are utilized. First,
stability retios are calculated based on flow fields predicted by 3-0 t'erma)
hydraulic models and raticed to the scability ratio for Row § Column 81,

These ratios of stability ratic (called relative stability ratios) Yor each
potentially unsupported U-bend in the North Anna Unit 2 steam generators
should be pauivalent to < 0.9 of (the pre-mocification) North Asna Unit )
RSC51 (meeting the 10% reduction in stabi ity ratic eriteria). This provides
the first leve) of screening of susceptible tubes incorporating all tube
geometry and flow field differences in the tube dynamic evaluatiorn. It has
the inherent assumption, however, that each tube has the same loca), high flow
condition preient at Row 9 Column 51, To account for these differences, flow
pesking factors can be incorporated in the relative stability ratios and the
relative stress ratios,

The naxt ster s to obtain strass ratios, the ratio of stress in the North
Anna 2 tube of interest to the stress in Novth Anng 1 Kow 8 Column 81 and
after incorporating the requirement that the relative stability ratio to Row 9
Column 81 (RSCS1) for the tube of interest is equivalent to < 0.9, require

the stress retio to be 1.0, The stress ratic incorperatas the tuba

geometry differences with R3CE! in relation to the stress calculation and alse
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incorporates the ratis of flow peaking factor fo- the tube of interest to the
flow peaking factor for ROCS1 (flow peaking factor is defined in Section
4.2). This should provide that al) tubes meeting this criteria have stress
amplitudes equivalent to < 4.0 ksi.

Finally, the cumulative fatigue usage for plant operation to date and for
continued vperition with the planned operating parameters 1s evaivated. A
fatigue usage of < 1.0 may not be satisfied by meeting the stress railio
croteria using the reference operating cycle evaluation since the reference
cytle does not necessarily represent the exact duty cycle to date. Therofore,
the time history of operation s evalusted on & normalized basis and used
together with the stress ratio to obtain & stress amplitude history. This
permits the calculation of current and future fatigue usage for comparisen to
1.0.

4,7 Stability Ratio Reduction Criteria

For fluddelastic evaluation, stability ratios are delermined for specific
configurations of a tube. These stability ratios represent a measure of the
potentia) for flow-induced tube vibration during service. Values greater than
unity (1.4) indicate instability (see Section 5.1).

Motions developec by a tube in the fluidelastically urstable mode ere quite
large in comparison to the other knuwn mechanisms., The maximum moda’
displacement (at the apex of the tube) is linearly related to the bending
stress in the tube just above the top tube suppor” plate. This relationship
applies to any vibration in that mode. Thus, it is possible for an unstable,
fired boundary condition tube to deflect an amount in the U-bend

which will produce fatigue inducing stresses. y
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The major features of the fluidelastic mechanism are i1lustrated in Figure
4-1. This figure shows tne displacument response (LOG [) of a tubo as @
function of stability ratio (LOG SR). A straight-line plot displayed on
log-1og coordinates fuplies a relation of the form y » A(x)", where A i35 &
constant, x is the independent variable, n is the exponent (or power ta which
x is raised), and y s the dependert variable. Taking logs of bot! sides of
this equation leads to the slope-intercept form of a straight-line enuatic~ in
log form, log vy * ¢ *+ n log x, vhere ¢ * log A and represents the intercent
anu n is the sicpe. In cJur casc the independent variable x 1§ the stability
ratio SR, and the depindent variable y is tube (fluidelastic instabiiity
induced) displacement response D, and the slope n i3 renamed s.

From experimental results, 1. is known that the turbulence response curve (on
log=log coordinates) has & slope of approximately | 198 Tast results

also show that the slope for the fluidelastic response depends somewhat on the
insiability displacement (risponse amplitude). 1t has been shown by tests
that a slope of | )a.b.c fs a range of values corresponding to
displacement ampiitudes in the range of | ) fah

12'% are conservative values.

The reduction in response obtained from ¢ stabilit, ratio reductiun can be
expressed by the following equation:

[ - a,c

.. J

wiere D1 and SR1 ere the krown values at the point corresponding to point

i of Figurs 4-1 and 02 and SRZ are vaives corresponding to any point lower

¢ this curve, Therefore, this equation can be used to determine the
reduction in displacoment response for any given reduction ir stability ratio,

This eguation shows that there is benefil derived from even a v‘ry tmall
perieniage change in the stability vatée. It is this reduction in
displacement for & quite small reduction in stalility ratio that formed the
basis for demonstrating *hat & 10% reduction 4n stability ratio would be
sufficient to pravent Row 3 Column 51 “rom rupturing by fatigue.

$21IMVE-042880-3C
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The tatigue curve developed for the North Anna Unit 1 tube at R9CSI 1s from
(

1€, Thus,

Ta,c

where, a"is the equivalrnt stress amplitude to o, that accounts

for a maximum stress of Oy, the viald strength. The -3 sigma curve with
mean striss effects 1s shown in Figure 4-2 and 1s compared to the ASME Code
Design Fatigue Cure for Inconel 600 with the maximum effect of mean stress.

. The curve utilizeo in this evaluation is clearly wel! below the ~ode curve

reflecting the effect of an AVT environment on fatigue and [

14€ for accounting for mean stress that applies to materials
in a corrosive environment .

Two other mear stresc models were investigated for the appropriateness of their
Lse n providing a reasonable agreement with the expected range of initiating

stress amplitudes. These were the | j8:€
shown in Figure 4-3. With a |
j‘.c’ th. [ .
l‘.c.
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The assussment of the benefit of & reduction in stabi'ity ratio begins with the
relationship between stability ratio and def'ection. For a specific tube
gecmetry, the displacement change s diractly proportional to change i1 stress
$0 that stress has the sawe relationship with stability ratio,

| ae
J

The slepe 1n this equation can range from [ 18 on a 1rg scale

gepending on the amplitude of displacement. Knowing the stress vesulting from
@ change in suehility ratio from SRI to Sily, the cycles to failure at the
stress amplitude was obtained from the fatigue curve. A fatique usage per year
was then determined assuming continuous cycling at the natural frequency of the
tube. The initial stress war determined to be in the range of 4.0 to 10.0 ks*
by the fractography unalysic.

It was further developed that the maximum fnitiating stress amplitude was not
more than 9.5 ksi. This was based on |

1%:€. The corresponding
stiass luvel 15 5.6 ks!,

The maximum strezs, 9.5 ksi, would be reduced to | 1€ with a 10%
reduction in stability ratio and would have a future fatigue usage of

{ 1€ per year at 75% availability, Figure 4-4. The minimum stress,

5.6 ksi, would be reduced to [ ]%C ksi with a 5% reduction in stability
ratio and would have future fatigue usage of | 12:€ per year, Figure

4-5. 1In addition, 1f a tube were alread, cracked, the crack could be a: Jarge
as | 1€ fnch in iength and thru-wall and would not propagate if the
stress amplitudes are reduced to < 4.0 ksi.
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Subsequent 1o the return to puwer e.aluation for North Anna Unit 1, the time
history of operation was evaluated on & normelized basis to the last cycle,
confirming the conservatism of 8.5 ksi, |

144, cumuiative fatigue usage nay then be

computed to get a magnitude of alternating stress for the last cycle that
results in a cumulative usage ¢f 1.0 for the nine-year duty cycie. The result
of the fterative analysis is that the probable stress associated with this
fatigue curve guring the last cycie of speration was approximately

( %€ for RSCS1, North Anna Unit 1, Steam Generator C, and that the
major porticn of the fatigue usage came in the second, third and fourth
cycles. The first cycle was conservativelv omitted, since denting 1t assumeq,
far purposes of this analysis, to have c.curred during that first -ycle.

Based on this evaluation, the tube fatiguo probably vecurred cver most of the
operating history of Narth Anna Unit 1.

A similar calculation can be performed for the time history of operatisn
assuming that !

-

)"c. On this basis, the effect of a 10% reductinn in stability ratic is

to reduce the stress amplitude to 4.0 kst and resulte in a future fatigue
usage of | e

Other combinations of alternating strass and mean streis were eva'uated with
=3 sigms and -2 sigma fatigue curves to demonstrate the conservatism of the
10% reduction in stability ratic. Table A-1 presents the results of the cases
analyzed clearly demonstraiing that the 10% reduction in stability ratio
combined with 2 -3 sigma fatigue curve and with maximum mean stress effects is
conservative. Any ligher fatigue curve whether through mean stress, mean
stress mode!, or probability, resuits in greater benefit for the same
reduction in stability ratic, Further, for any of these higher curves, a
sinaller reduction in stability ratio than 10% would result 4n the same
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The quantities with subscript NA refor to R9CS1, and the quantities withou;
supscripts refer ta the tube being evaluated.

Using the displacement versus stability ratio relationship defined
in Section 4.1,

a,c
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By s:ablishing their eguivalent effect on the stress amplitude that produced
the tube rupture at ROCE. severa) other effecis may be accounted for. These
include & Tower mean stress (such as for nan-dented tubes) and different
frequency tubes from the | ]o.c.o hertz frequency of RICS1, North Anna 1.

In the case of lower mern strase, the stress amplitude that would have caused
the feflure of RSCSL, Nocth 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 ROCS1 tube aue to the different frequency of cycling.
The usage accumu'ated is proporticas) to the fregquecy and, ‘herefore, the
allowable number of cycles to reach & usage of 1.0 is fnversely proportiona!
to frequency. The ecuivelent number of cycles to give the usage of 1.0 for «
different frequency tube [is used to obtain & stress amplitude different from
9.5 ksi that gives the equivalent result, The ratic of these strasses Lecomes

A factor times the abuve stress retio expression to account for a frequency

IR e A el e e gl B

offect)® €,

Knowing the magritude 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,

r ] 8,c
Having this maximum stress permits the evaluation of the maximum fatigue vsage
for North Anna Unit 2 tubes based on the time history expressed by norma)ized
stability ratios for the duty cycle (see Section 7.4).
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Table 4]

Fatigue Usage per Year Resulting
From Stability Ratio Reduction

SR, % STRESS
| REDUCTION pasistl)
S, 9 yrs to
fa.l [ LI
B, 9 yre to
fail | J4:€
5, y yrs to
feil | il
10. max. stre
amplitugeti’
[ jore
10, NE<. tress
lmplituget‘)
{ iulhe
1 Pl max. stre
| amplitudgti’
| { | Ll
| 10. max. strog
anp\itude(i)
BT v
10. max, stress
based on
duty ¢ clz(s) f
I {.'
(N

(2}
(3)
(4)

(5)

FATIGUE
curvr (2)

MEAN STRESS USAGE
MODEL PER YEAR
—

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

Sp 15 the maximum strecs applied with Sp * s,..n + 8,

(

]I.C.

Cycles to failure impiied by this combination of stress and fatigue

properties is notably less than implied by the operating history.

Consequently this combination is a conservative, bounding estimate,

crelge!

0 failure implied by the opurating histor
fatigue curve at the maximum stress of |[

requires |
y ulgté'

a,c



a,b,c

Figure 4-1 Vibration Displacement vs. Stadility Ratio



Figure &4-3 Fatigue Curve for Incone) 600 in AVT Mater
Comparison of mean Stress Correction Models

8,0
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Figure &-& Nodified Fatigue with 10% Reduction in Stadbility
Ratio Tor Maxtmum Stress Condition



Figure 4-5 Modified Fatigue with 8% Reduction in Stability
Ratio for Minfmum Stress Condition
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$.0 SUPPORTING TEST DATA

This section provides & mathematica) description of the fluidelastic
mechanism, which was determined to be the most likely causative mechanisn 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 Ratio Paraneters

Fluideleastic stability ratios ere cbtained by evalustions for specific
configurations, in terms of active tube supports, of a specific tube. These
stability ratios represent & measure of the potential for tube vibration due
to instability during service., Fluidelastis stability evaluations are
performed with a compuler program which provides for the generation of @
finite element mode) of the tube and tube suppurt systam. The finite element
mode’ provides the vehicle to define the mass and stiffness matrices for the
tube and ¥ts support system, This information is used to determine the mode)
frequencigs (eigenvalues) and mode shapes (eigenvectors) for the linearly
supported tube being considered.

The methodology is comprised of the evaluation of the following equations:
Fluidelastic stabiifty ratio = SR = Ugn/V's for mode n,

where Uc {eritical velocity) and U.n (effective velocity) are determined
by: '

U * 81,0 [(m 8,) 7 (e, 0%))3/% (1)
ang,
N
e, 2
/ : :
by * e ; """ . (2]

jil(mj/mo) i 23

B213M 1E-062780 44




D ¢+ tube outside diameter, inthes
bon = effective velocity for mude n, inches/sec
N «  number of nodal points of the finite element mode!

*  number of degrees of freeuom in the out-of-plane direction

”j’ UJ. b *  mass per unit length, crossflow velocity and fluid
dgensity at node j, respectively

bor Mo ¢« reference density and 2 reference mass per unit
length, respectively (any representative values)
¢ ¢« Jogarithmic decrement (damping)
*in * normalized displacenent at rode j in the nth mode of vibration
rzj « ® average of distances between node | to j-1, and j to j*1
b T an experimentally correlated stability constant

Substitution of Equations [1) and [2) inte the expression which define:

stapility ratio, and cancellation of like terms, leads to an expression in

fundemental lerms (without the arbitrary reference mass and density

parameters). From this rasulting expression, 1t 1s seen that the stakility
ratio is directly relatec to the flow field in terms of the secondary fluid
velotity times square-root-density distribution (over the tube mode shepe),
and inversely related tu the square rootl of the mass distribution, square root
of moda) damping, tube modal freguency, and the stebility constant (beta).

The uncertainty in each of these parameters is addressed in a conceptus)

manner in Figure 5-1. The remainder of this section (Section 5.0) provides a
discussion, and, whare appropriate, the experimenta) bases to quantitatively

establish the uncertainty associated with each of these parameters.
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Average Flov Field

Uncertainiies in the aversge flow field parameters, obtained from ATHOS
analyses, coupled with stability constant and frequency, are essentially the
same for units with dented or non-dented top support plates. If the errors
associated with these uncertainties were large, similar instabilities would be
expected in the non-dented units witn resulting wear at either the top support
plate or inner ,ow AVBs, Significant tube wear has not been observed in inner
row tubes in operating steam generators without denting. Thus, an uncertainty
estimate of about [ )€ tor the combined effects of average flow field,
stabilily constant and frequency appears to be reasonable. To further minimize
the impact of these uncertainties, the North Anna Unit 1 tubes are evaluated on
4 relative basis, so that constant error factors are essentially eliminated.
Thus, the uncertainties associated with the average velocity times
square-root-density (combined) parameter are not expected to be significant,

U:-Bend Local Flow Field

Non-uniform AVE nsertion depths have been shown to have effects on stability

-~ ratios. .Flow peaking, brought about by the "channeling" effects of non-uniform

AVBs, leads to a local perturbation in the vilocity times square-root-density
parameter at the apex of the tube where it will have the largest effect
(because the apex is where the largest vibration displacements occur).
Detailed local flow field data used in support of the stability ratio
evaluations addressed in this report are provided in Section 5.2, below.

Overall Uncertainties Assessment

Based on the above discussions, and the data provided in the following
sections, it is concluded that local flow peaking is likely to have contributed
significantly to the instability and associated increased vibration amplitude
for the failed North Anna tube. Ratios of stresses and stability ratios
relative to the North Anna tube, R9C51, are utilized in this report to minimize
uncertainties in the evaluations associated with instability constants, local
flow field effects and tube damping.
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§.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 (piuned vs clamped) affect the
damping ratio significantly. Further, it is affected by the flow conditions,
i.e., single-phase or two-phase flow. These effects are discussed below in
more detatl,

Reference (5-1) indicates that the damping ratio in two phase flow 15 & sum of
contributions from structural, viscous, flow-dependent, and two-phase damping.
The structural damping will be equal to the measured damping in air. However,
in two-phase flow, the damping ratio increases significantly and 1s 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 afr-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
steam-water flow conditions should be used. Fortunately, within the past few
years 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
is a large body of recent, as yet unpublished data from high pressure
steam-water tests conducted by Mitsubishi Meavy Industries (MHI). These Jata
were gathered under pinned tube support conditions. The second is comprised of
the results from tests sponsored by the Electric Power Research Institute
(EPR1) and reported in References (5-2) and (5-3).

The damping ratio resuits from the above tests are plotted in Figure 5-4 as a

function of void fraction. It is important to note that the veid fracticn is
determined on the basis of | J4:¢€

— PRI W B




(Reference (%-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 atds, 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
ratius under the pinned and the clamped support conditions, Damp ng 1§ much
iarger for pinned supports at all void fractions. Denting of the tubes at the
top support plate rffectively clamps the tubes at that location. Therefore,
the clamped tube s ort curve 15 used in the current evaluation to include the
effect of denting at the top tube support plate.

The Reference 5 2 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 has shown that the
mechanical damping 1s only | 1%+€ rather than the .5% reported in

~Reference (5-3). Therefore the lowe~ curve in Figure 5-4 is the Reference
(5-3) data with al) damping values reduced by | 18:€,
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As shown in Figure §-7, the tube vibration amp)itude below a critical velocity
is caused by |

]I.C.

Figure 5.7 shows the manner in which the zero-to-peak vibration amplitude,
expressed as » ratio normalized to | 19:€. varies when one gap remains
at | 1%+ for increasing
velocities, up to that corresponding to a stability ratio of |

1€, Figure 5-8 shows typical
vibration amplitude and tube/AVB impact force signals corresponding to those
obtained from the tests which provided the results shown in Figure 5-7. As
expected, impacting is only observed in the [ J8€,

It 1s concluded from the above test results that, |

]a.c.

5.4 Tests to Determine the Effects on Fluidelastic Instability of
Columnwise Variations in AVB Insertion Depths

This section summarizes a series of wind tunnel tests that were conducted to
investigate the effects of varfations in AVB cenfigurations o the initiation
of fluidelastic vibration, Each configuration 1s defined as a specific set of
insertion depths for the individual AVBs in ‘he vicinity of an unsupported
U-bend tube. :

The tests were conducted in the wind tunnel using a modified version of the
cantilever tube apparatus described in Section §.3. Figure 5-9 shows the
conceptual design of the apparatus. The straight cantilever tube,




li.C'

1%€. Figure 5-11 shows the
AVBs, when the side panel of the test section is removed. Also shown 15 the
top flow screen which s |

14C. The AVB
configurations tested are shown in Figure 5-12. Configuration !a corresponds
to tube ROCS]1, the failed tube at North Anna. Configuration 2a corresponds to
one of the cases 1= which the AVBs are inserted to a uniform depth and no loca)
velocity peaking effects are expected,



As shown in Figure 5.9, [

]l.c.

Ali the tubes except the instrumented tubed (corresponding to Row 10) are

[ 1€, As discussed in Section 5.3, prior
testing indicates that this situation provides a valid model. The instrumented
tule | 13+€ as shown in Figure 5.10,

Its { 1€ direction vibrational motion is measured using a non-conta-ting
transducer.

J4+€. The instrumented tube corresponds to a Row 10 tube as shown in
Figure 5-9. However, depending on the particular AVB configuration, it can
reasonably represent a tube in Rows 8 through 11. The AVB profile in the
straight tube model {s the average of Rows 8 and 11, The difference in profile
15 quite small for these bounding rows.
[ 1€ using a
hot-film anemometer located as shown in Figure 5-9,

Figure 5-13 shows the rms vibration amplitude, as determined from PSD (power
spectral densi* ) measurements made using an FFT spectrum analyzer, versus ¥low
velocity for Configuration la (which corresponds to tube R9CS] in North Anna).
Data for three repeat . .. are shown and the critical velocity is identified.
The typical rapid incriac . vibration amplitude when the critical velocity
for fluidelas<ic vibration is exceeded is evident.
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The muin conclusions from the tests are:

1. Tube vibration belor ‘he critical velocity is relatively small, typical of
turbulence- induced vibration, and increases ~apidly when the critical
velocity for the initiation of fluidelastic vibration is exceeded.

2. Configuration 1b (a preliminary version of R9C51 in North Anna) has the
Towest critical velocity of all *he configurations tested.

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

The initial test results obtained in support of the North Anna Unit 1
evaluation are summarized in Table §-2. The test data is presented as &
velocity peaking ratio; & ratio of critical velocity for North Anna tube R9CS]
configuration la, to that for each North Anna Unit 1 AVB configuration
evaluated.

5.5 References

a,c
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Figure 5-1

Fluidelastic Instability Uncertainty Assessment




U-Bend Test Data

1)  MB-3 Tests
B values of ! jasbic
2) MB-2 Tests
B of | ]l,b,C
3) Air Padel Tests
8 of [ 10D without AVBs
Tendency for B to increase in range of | 13:b,¢
witn inactive AVBs (gaps at AVEs)
Tendency for B to decrease toward a lower bound of
[ 1%0:€ with active AVBs
Yerification of Instability Conditions
1) Flow condivions at critical velocity from MB-3
2) Measured damping for the specific tube
3) Calculated velocities from ATHOS 3D analysis
4) _ p determined from calculated critical values

Good agreement with reported 8 values

§) ~ ATHOS veiocity data with 8 of [ ]1%P:C and known damping

should not significantly underestimate instability for regions of

uniform U-bend flow

Figure §-2 Instability Constant - 8



Figure 5-3 Instability Constants, 2, Obtzinad for Curved Tubes from
Mind Tunnel Tests on the 0.214 Scale -Band Kodel

A

8,b,¢



Figure 5-4 Damping vs. S11p Void Fraction

a,b,c
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Figure 5-5 QOverall View of Cantilever Tube Wind Tunnel Model
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Figure 5-6 Top View of the Cantilever Tube Wind Tunnel Mode!
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Figure 5-8

Typical Vibration Amplitude and Tube/AVE lmpact Force
Signals for Fluidelastic Vibration with Unegua)
Tube /AYS Gaps
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Figure 5-1C Overall View of Wind Tunnel Test Apparatus
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Figure 5-11 Side View of Wind Tunnei Apparatus with Cover Plates
Removed to Show Simulated AVBs for Fie'd Modified Units
and Top Flow Screen
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Figure 5-172 AVB Configurations Tested - North Anna Unit 2
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Figure 5-13 Typical Variation of KMS Vibration Amplitude with Flow
Velocity for Configuration la in Figure §-12




6.0 EDDY CURRENT DATA AND AVB POSITIONS

6.1 AVB Assembly Design

]"c" Upper AVBs which are inserted beyond the des’'g»

depth occas‘onally show on the EC traces for the Row 12 tubes. Since the
purpose of this analysis is %o evaluate petentially unsupported tubes at or
near the peint of maximum AVE insertion, only the dimensions and EC data
pertaining to the lowar AVBs is used.

6.2 Eddy Curren. Data for AVB Poxitions

The AVE insertion depths were determined on the basis of the interpretation of
the eddy current data. To locate the AVis, the eddy current data traces from
the August-Septembe~ 1527 inspection were searched for the characteristic
pesks seen in the signals which indicate the intersection of an AVB (or a wube
support olate) with the tube. A typical signal is shown in Figure 6-1, About
1,176 tubes from among ‘he three steam generators were examined for these
signais. The U-bend signals for North Anna #2 were relatively free of signral
disturbances usually attributed to copper deposited on the outsides of the

tubes. ‘
6.3 AVE Projeciion and Mapping
Since ambiguity can occur in the interpretation of the ECT data due to the

inability of ECT to differentiate on which side of a tube & "visible" AVBR is
located, other information was used to assist in establishing the locatioen of

' 9213V 1E~042689-70
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the AVBs, |
]‘.C
The projection technigue is useful in determining the AVB positions where

suspected nofsy or spurious ECT signals prevent direct observation of the
AVBs, and whare data are unavailable due to pl.jged tubes. [

a,c
]

For single AVE contacts, |

19 Table £-1 lists the “1-AVB" signals at locations near the
projected aper of the AVB which have buen evaluated as being supported.

"

The AVB position maps are shown in Figures 6+4 to 6-6. |

J"c Table €-2 1ists tubes in Rows 7 through 10 which are

evaluated in the analysis as beiny unsupported.

B2/3MIE-022785- T



The observation that [

]l.ﬁ

b.4 Tube Denting at the Top Tube Support Plate

As previously noted, tube de~ting was determined to be a prerequisite for the
North Anna #1-type tube fatigue mechranism, and therefore of interest *n the
North Anna #Z tube evaluation. Tube support plate crevice corrosion products
and tube dent sizes as small as 1-2 mils (0.001" to 0.002") are detectable by
eddy current testing. Although the difference between tube denting and the
presence of crevice corrosion products may be significant in terms of the tube
fatigue mechanism, it is conservative t2 consider a tube to be dented if
either tube denting with deformation or top tube support plate crevice

corrosion products were detected. A1l North Anna #2 tubes were assumed to be

dented with deformation, which produces the maximum effect of mean stresses
for fatige eveluvations due to yielding of the tube at the top tube support
plate.

Eddy current evaluations of North Anna #2 crevices from the August-September,
1987, inspection indicsted that most of the tubes had crevice corrosion
procuct buildups at the top tube support plate, but were not dented with
deformation. Of the 118 tuces which were sentine! plugged, 104 tubes were
evaluatec as having "corrosion with magnetite" at the top tube support nlate
intersection, 2 showed "denting with defurmation”, 6 showed "no detectable
denting” (or crevice corrosion product), ane € were “unresdable’. The
“corrosion with magnetite”, “derting with deformation”, and “unreadable"
conditions are considered as meeting the NRC Bulletin B8-02 definition of
"denting". As noted above, all tubes were considered dented in this analysis.

$213M 1E-042785-74
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TABLE 6-1

North Anna #2
1 AVB Signals Determinad to be Subported

North Anna #2 Steam Generator A

Row 12 None

Row 11 None

Row 10 hone

Row 9 Columns 10, 12-16, 61, 8%
Row 8 GColumns 31, 73, 7

Row 7 None

North Anna #2 Steam Generator B

kow 12 None

Row 11 Nong

Row 10 None

Row 8 Columns 15, 53, 60
Row 8 - Columns 17, 61
Row 7 ~ None

North Anna #2 Stear Generator (

Kow 12 None

Row 11 None

Row 10 Columns 4)-43, 45, 48, 51, 54, 55
Row § None

Row & Columns 37, 58, 58

Row 7 Nune

8213M 1E-0A2788-75
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TABLE 6-2

North Anna #2
Unsupported Tube Summary

North Anna #2 Steam Generator A

Row 12
Row 11
Row 10
Row 8
Row 8
Row 7

No unsupported tubes

Ko unsupported tubes

No unsupported tubes

Columns 11, 35, 40-55, 60, 79-84

Columns 2-16, 25, 32-35, 38-57, 60-54, 67-72, 77-43
Columns 2-18, 21-93

North Anna #2 Steam Generator &

Row 12
Row 11
Row 10

Row

~ 00 WO

Row

No unsupported tubes

No unsupported tubes

Ne unsupported tubes

Columns 34, 35, 40-%52, 92, 93

Columns 9-16, 23-28, 31-3%5, 38-56, 6C, 79-85, 91-93
Columns 2-57, 60-64, €7-72, 77-83

North Anna #2 Sieam Generator C

Row 12
Row 11
Row 10
Row 9
Row 8
Row 7

No unsupported tubes

No unsupported tubes

Columns 44, 45, 49, 50, 60

Columns 35, 40-58, 60, 61, 79-85 :
Columns 10-16, 32-35, 38-57, 60-64, 68-70, 77-87
Columns 2-18, 21-93

§213M TE-082886-78
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Figure €-1 AVE Insertion Depth Confirmation
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Figure €~3 AVE Froj=oction Uepth = 9,15
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7.0 THERMAL AND HYDRAULIC ANALYSIS

This sention presents the results of & therma) and hydraulic nalysis of the
flow field on the secondery side of the steam generator vsing the 3+D ATHOS
computer code, Reference (7<1), The major results of the analys s are the
water/oteam velocity components, density, void fraction, and the primary and
secondary fluld and tube wall temperstures. The distributions of the tube gap
velocity and density along & giver tube were obtained by reducing the ATHOS
results. In the following subsection, operating condition date for North Anna
¢ are presented. Data for three conditions are included: (1) operation in
Cycle 5 prior to the installation of downcomer resistance plates, (2) recent
operation in Cycle 6 with the new downcomer resistance plates insta)led, and
(3) operaticr with reduced primary fluid temperatures. A description of an
ATHOS mode! and some sample results previous)y completed for North Anna Unit 1
oparation with downcomer resistance plates installed are included in the nect
two sectizas, The final seciion describes an analysis of the operatirg
history data for North Anng 2. This enalysis defines & parameter termed the
rormalized stability ratic which provides a relative indiceatien of the effect
of past operation on the plant's fluidelastic stability ratic,

7.1 North Anna 2 Steam Generator Operating Conuitions

Rocent steam generator opersting condition data for North Anna Unit 2 were
provided by Virginis Power and are summarized below., The dets are
representative of cperation in Cycle § with the new downcomer resistance
plates installed in al) three generators,

Recent Full Load Operating Parameters for North Anna 2 (36 A)
&, Steam prassure - 894 psia
b. Steam Flowrate = 4.25 1 10% 1on/hr
¢. Feerwater Temperature - 434,8°F
Primary Inlet and Outlet Temperatures - Tﬁn « 617.9°F, 1 .
§52.5°F -

€. Therma! Load - 975.1 M , {100.7% of full power)

therma

$21IM T E-DaD789- 84
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damping associated with a lower steam pressure (B70 vs 890 psia). Foar recent
operation, the ratics are 0,887 and 0.B90, respectively, for Units 1 and 2.
Ratios calculated for proposed operations «ith reduted nrimary temperature are
higher compared to current operation, Again, however, the ratios for Units )
and 2 are neariy the same, 0.950 and 0.544, respectively.

The fact that the operating conditions and 10 relative stability ratios for
Units 1 and 2 are s0 close 1s important, in that it permits the application of
oxisting 30 stability ratios derived from ATHOS flow field calculations for
Unit 1, along with small stability ratic adjustment factors derived from the
10 method. In perticular, a reference set of Pre-Mod 3D stability ratios s
generated for Unit 2 by applying the 1.009 adjustment factor to the existing
3D stability ratios for Pre-Mod Unit 1, Simuleted 30 stability ratios for
other Unit 2 conditions can then *« senerated by spplyirg the appropriate
adjustment factors to this refe ence € 5" rvatios for Unit 2: a) for
recent cperation in Cvele 6, th sdju in 2. . 4« 0.890/1.009 « 0.882 and
b) for reduced temperature operat... '» - U, 96d/5,008 = 0,835,

The similarity of operating conditions & @ 10 velative stability ratios for
Units 1 and 2 also means that the ATHOS 3D flow field simulation described in
the next two sections based on Unit 1 recent operation is also applicable to
current operation in Unit 2,

Justification for use of & simp)ified, one~dimensional, relative stability
ratic adjustment factor is provided by making comparisons with the result.
obtained from more detailed three-dimensional flow field/tube vibration
calculations, The attached Figure 7-1 presents the comparison of the results
of the two calculation methods for tan other 51, 44, and 27 Series generators
which have been evaluated, to date. The three-dimensional results ere based
on use of bundle flow fields predicted with the ATHOS3 computer code
(Reference 7-1). Both cylindrical and Cartesian models have been used in the
ATHOS3 simulations, Note that the results plotted in Figure 7-1 do not
include the effects of anti~vibration bars.

Tha comparisons indicate that the 1D method provides a good or modestly
conservative predictivn of the 30 relative stability ratios for these similar

82 13M 1E~042788-87
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generator models. Note, in particular, thet the 10 method essentially bounds
the maximum 3D ratios observed for mach tube row, This s so for the smaller
radivs tubes which, based on past experience, are typically the tube rows of
interest 1n the tube vibration/fatigue evaluations., The variation in ratics
for the plants within each steam genvrator mode! reflects differences in the
basic therma'/nydraulic operating conditions (Weteam, Psteam, and circ
ratio), Further, this plant-to-plant variation is maintaired for each of the
tube rovs which are plotted. The fact that the plant-to-plant variatinn in
the JU ratios follows the 3D trends, indicates that the operating conditien
eeatribution to the relative stability ratio can he udequately accounted for
by the 1D approach.

Overall, the cumparison demonstrates thet the 10 calculation method can
provide meaningful relative stability ratics in support of tube fluidelastic
vibration/fatigue assessments, In particular, the one-dimensional techniaue
cen be used to adjust tube-specific stadblity ratios determined from detailed
three-dimensional calculations for the effects of differences in

therma) /hydraulic operating conditions, This 10D-to-3D sdjustuent is
Justifiable as long as 1ts applied within a group of steam jenerators which
share & common tube bundle configuration, as in the case of the 27, 44, anc 51
Series feedring generators. In these situations, the overal! tube tundle flow
fields will be similar and the individua) plant ratios will differ only as
result of the effects of variations in the basic thermal/hydraulic pe-ameter..

7.2 ATHOS Analysis Mode)

The caleulation of reoletive stability ratios involves comparing the stability
ratic calculated for one or more tubes to the ratio calculated for the
ruptuced Row § Tolumn 51 tube in North Anna, It makes usv of ATHOS computed
flew profiles, Since the presence of AVEs in the U-bend region of a tube
bundle could influense the overal! flow field and/or the local flow parameters
for a particular tuhe of interest, some discussion of the treatment of AVBs is
necessary befcre presenting & description of the ATHOS mode).

The ATHOS code does not include the capability to mode! the presence of the
AVBs in the U-bend region. However, Westinghouse has modified the code to

S2VIMVE-0A2605-08

I ——— S TI———— e mhh . e B e e e B










— D e e —— e

necessary interpelations to deternine in-plane and ocut-of-plane valocity
distributions at specific intervals aloig the length of the tubes.

A selection of ATHDS results for Unit 1 operation in Cycle 7B with the
downcomer resistance plates instslled are presented in Figures 7-5 to 7-11,
As discussed in & provious section, these results are also applicable to
recent operation in Unit &. Figure 7-5 shows & vector plot of the flow
pattern on the vertical plane of symetry of the stuam generator (the vectors
are located at the center of the flow cells shown in Figure 7-3). It s seen
that in the U-bend region the miature turns radially out«ard, norma: to the
curvature of the bends toward the region of least flow ~esistance (i.e.,
outside the Come formed by the U-bends). Figure 7-6 shows the resultant
vectors of the racial and circurferentis) velocity components on the
horizonte) plane at 2 + 16, above the top tube support plate (sce Figure
7+3)s The radia) outward flow 1s more evident from this figure since it
fgnores the axisl component, Figure 7-7 shows the contour plot of the
vertical velocity component (Vz) on the same horizonta! plane (2:16), The
high velocity gradient around the flow s)ot openings in the top tube support
plate 18 clearly shown in the figure.

Figures 7-8, 7-8 and 7-10 show & sample of the fndividua) tube gap velocity,
dunsity and veid fraction distributions along three tubes at Row 9. In each
figure the rerameters aiong the length of the tube are plotted frum the hot
leg tubesheet end on the left of the figure to .he cold leg end on the right,
The gap velocity shown in these figures are the in-plane gap velocity acting
in the directiun normal to the lube. The gap velocity, density and +oid
fraction are the data needed for the tube structurs) celeulations, Figure
711 shows the plot of the average in-plane gap velocity normal to the tube
ang density profiles in the U-bend span of the tube as a fungction of the
column number along Row 9, The average values were taken as ihe numericy’
average of the parameter over the entire 180° span of & U-bend at a given
solumn location, The average velocity it seen to be relatively constant with
values ranging from 9.5 to 10.4 tt/sec. The average density is alsc quite
constan! with a value about 8.8 1b/ft3. The wavy shape in the curves is due
to the effect of the flow siots along the tubelane in tha tube support plate
on the distribution through the top tube support plate.

B21IM 1€-042788-9
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7.4 Relative Stability Retio Over Operating History

One aspect of the evaluation of the North Anna 2 stesm generators is to
exeming the operating history data and use it to determine the susceptibility
to fatigue from fluidelastic vibration resulting from the 9 yesrs of
operation. This sssessment has been completed through the use of a parameter
termed the normalized stabilitly ratio. The normalized stability ratio
rompares the fluidelastic stability ratio for each period of & plant's
operation (fuel cycle) to a reference stability ratio, tynicall, based on o
recent operating condition., A plot of this ratio against operating time,
therefore, provides a reiative indication of the effect of past operation on
the plant's fluidelestic stability ratic. This normalized time-dependent
ratio is subsequently combined with an absolute stability ratic for the
raference operating point deriver from detailed three-dimensiona!
thermal/hydraulic and tube vibration calculations. High values for the net
stability ratic, ir particular, over a significant periou of operation,
coupled with other prerequisite conditions (e.g., absence of AVE support and
denting at the top tube support plate), could indirate an increased
susceptibility to fluidelastic vibration instability and fatigue.

The fluidelastic stability ratio {s defined as the ratio of the effective
fluld velocity acting on a given tube to the critical velncity at which iarge
amplitude fluidelastic vibration initiates:

Fluidelastic Uoffrctivo
Stability Ratie, SR = (1)

Ucritical at onset of instahility

In this ratic, tne effective velocity cepends on the distribution of flow
velocity and fluid density, and on the mode shape of vibration. The critical
relocity 1s based nn experimental data and has been shown to be dependent upon
the tube natural freauency, damping, the geometry of the tube, the tube
pattern, and the fluid denzity, along with the apprupriate correlation
coefficients.
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Distribution of Days in
tach Power Interval

Cycle 95-100% 90-951

i 24 il
2 192 1
3 33y i3
& %3 22
oA 114 3
S 260 8
5 a0

2045 70

Table 7-2
North Zana 2 Operating History Dats
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Figure 7-1 Comparison of Relative Stability Ratios
Calculated From i and 3D Methods
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8.1.2 Descrip*ion of the Method

Tha basic method utilized was the projection technigue in which the AVE
position is determined based on measured AVB lacations in larger row tubes in
the same column. In this study, the projection technique was utilized in the
“blind" wode, (AVBs called strictly based on the data) as we)l as the reverse
mode (data examined on the basis of predicted AVB positions). The objective
of this application was, with the greatest confide-ce possible - ‘stablish
the positions of the AVBs in an 8 column range around the RICS. ‘- o 4n Nor*h
Anna 1, Steam Generator (

8.1.3 Data Interpretation

The ECT traces for the U-bends in Rows E-12 (in one case, 13) were examired
for Celumns 48-95, The original AVB visitle calls are shown in Figure 8-1,
The data were examined by an eddy current analyst experienced in reading these
traces, and by a gesign engineer knowledgeable in the geometry of the Mode! 51
U*bend region.

‘The intent of this review was to deternine if the presence or absence of AVBs
as vhown in Figure 8-1 could be confirmed using the AVB projection technigue.
Preliminary projecte. AVB positions were based on geometric data provided for
a few of the tubes near RSC31. The features which were sought were evidence
of dats "spikes" where AVBs were pradicted, offset indications {(multiple
spikes) where offset AVBs were predicted. single indications where single AV
intersections were predicted, etc., The data evaluation method used was a
critical examiration of the date, which was biasad toward the presance of AVBs
unless a confident call of “no AVB" could be made, and then checking the
consistency of the data among the tubes in a column and agaihst the
theoretical data Yor the predicted AVE positions. |
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8.3 Test Repeatability

During the peaking factor testing of AVB configuration, each test was
performed at least two times to confirm repeatability, 1t has been
demonstrated that the tests ire quite repeatable with the results often
faliing 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-Tiube

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

B14M:1E-022788-718
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conceptually similar, the more 1imiting (higher) value is used. For example,
a peaking factor of [ 18% 45 used for configurations 5a and 5b based on
their similarity to configuration Sc.

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

The overall conclusions from the peaking factor assessment are:

1. A&s 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 results as described
in Sections 8.2 to B.6. The largest single uncertainty of [ 1% is
attributable to uncertainties of up to [ 13+€ on
determination of AVB insertion depths from field eddy current data. This
relatively large uncertainty is appiicable 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 smal)
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,
variations of AVE 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. Including uncertainties directed toward conservativeiy decreasing the
peaking factor for the North Anna tube R9CE1, the final R9CH] peaking
factor is [ ] € relative to a no flow peaking condition such as
with uniform AVB insertion depths. ‘

8.8 Peaking Factors for Specific Tubes

The AVB positions on each insertion pattern of figure 8-7 should be carefully
noted. [
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8.8.1 Steam Generator A

The following table gives the peaking factors for Steam Generator A tubes with

unique configurations of AVE insertion depths.

Steam Type of AVB Peaking
Generator Row No Column No Insertion Depth Factor
A 3 Bé $.6

- 60

3%
A1l of the Remaining J
{
]l,c

8.8.2 Steam Cgnerator B

Ihe following are & 1ist of § tubes with unique AVB configurations.

Steam Type of AVB Peaking
Generator Row No Column No Insertion Cepth Factor
g 8 81 &%
60
31
< 44
35
A1l of the Remaining | )

For RBCE! and RBC3L, [

]C,C

B214M 1E-04L788-128
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Table B-2

Comparison of Air and Steam-water Peaking Factor Ratios

Air Air Steam Steam
Peaking Peak ng Peaking Peaking
Factor Ratio Factor Ratio

oL
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Table 8-3

Effect of Local variation of AVE Insertion

A to B AVB Peaking Peaking Ratio
Type A Type B Variation Factor A Facter B (B/A)
- R %,
5b Sa
4a 5¢
S¢ S5a
L }
r 1 a,¢
Sa 5b
Sc LF
Sa Sc
- .

TR IR IEEEN. IR el e e e e e L e e LS
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Table 8-6
Final Peaking Factor
Configuration Peaking Factor
. A
-
= -

S214M TE~042785-733



Table &-7
Stability Peaking Factors for Specific Tubes
North Anna 2

Steam Type of AVB Peaking
Generater Row No Column No Insertion Factor

6 ; | ) s
60

35
A1l of the Remaining

B 8 81
60
31
9 44
35
A1l of the Remaining

¢ § 83
60

88

40

35

10 60

A1l of the Remaining 3

O

8214M TE-042788-134
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Schematic of Staggered AVEs
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Figure 9-7 Final Faaking Factors for North Anne Unit 2
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6.0 STRUCTURAL AND TUBE VIBRATION ASSESSMENTS
§.1 Stability Ratio Distribution Besed Upon ATHOS

An assessment of the potential for tubes to sxperience fluidelastic instability
in the U-bend region has been performed for each of the tubes in rows eight
through twelve "5 < Jnalysis util‘zes FASTVIR, & Westinghouse proprietary
finite elemant | ' :omputer code, and PLOTVIE, & post processor Lo FASTVIE,
These codes pred®.t the individua! responses cf an ertire row of stean
generator tubing exposed to & location dependent fluid velocity and density
profile. The program calculates tube matural frequencies and mode shanes using
8 1inear finite element model of the tube. ihe fluidelastic stability ratio
U,/Uc (the ratic of tha effective velocity to the critica) velocity) and

the vibretion amplitudes caused by turbulence are calculated for & given
velocity/density/veid fraction profile and tube sunpert condition. ihw
velocity, density and void frection distributions are determined using the
ATHOS computer code as cescribed in Sectisn 7.7, The WELAN generated mass and
stiffress metrices used to represert the tube are also input to the code.
(WECAN 13 2150 a Westinghouse proprietary computer code.) Additiona) input to
FASTVIB/PLOTVIE consists of tube support conditions, fluidelestic stability
constart and turbulence constants.

This process was performad for the North Anna Unit 2 steam generator tubes
under consideration and also for tho premod North Anna Unit 1 Row § Column &1
tube (RICH1). Retiecs of the North Anna Unit 2 results to those for the premod
ROCE1 Unit 1 tube were generated to produce 8 quantity that could be used to
provide an initial assessment ¢f the North Anna Unit 2 tubes relative to the
ruptured RICH1 Unit 1 tube.

Note that three separate steam generator conditions are to be considered in
this evaluation:

1) Premod - The conditions that axisted in the steam generator before the
downcomer resistance plate was installed.

BLieM TE-Da27RO-142
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2) FPostmod without Thot Reduction = Conditiuns that exist after
installation of tne downcomer resistance plate (not including any
yhot reduction effects),

3) Postmod with Thot Reduction - Conditions that exist after
installaticn of the downcomer resistance plate (including the effects
of Yhot redvction),

Relative stability ratios (and stress ratios) have heen genersted for each of
the conditions 1isted above. Section 7 contains details of the calculations
used 1o define the flutd conditions used in the cvaluation, However, it can be
noted in this section that results for both the Postmod With Yhot reduction
cese and Fostmod Without Thot reduction case were obtained through the use of
rotios applied to the Premod results.

Figure 9-1, 9-2 and 93 contain values of relative stability ratio (including
flow peaking) for each of the 3 cases described above. The relative ratios
contained in the figures were obtained using the following conditions for the
Premod Unit 1 ROCE! tube and alse for the Unit 2 tubes unger consideration:
U

1) Tube 18 fised at the top tube support plate,

2) Void fraction dependent damping,

3) No AVB supperts are active,

4) Location dependent flow peaking factors,
It 18 to be noted that the stability ratios p'ottes in Figure 8-1, 9-2 and 9-3
are composites of &' steam generators using mirror image tubes. That is, any

peaking effect for 2 given tube located on the plot represents the maximum
value of the peaking factor in all steam generators at that location.

24M YE-DADTBE-N43
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A harizontal 'ine 18 drawn at the relative stability ratio value of 0.90. This

fdentifies the point where o ten percent reduction in stability retio exists

relative to the premod Unit ] ROCS] tube. (See Section 4.1 for & discunsion of
. the stabiiity ratio reducticn criteria,) A1) the tubes with ratios above tis
1ine would be considered to have stability ratios larger than ninety percent of
the premod RSCS1 value.

These figures indicate that severa) tubes in Row 9 have relative stability
ratiee Lhat lay above the 0.90 line. These tubes (SG:A ROCEO, SG:B ROC2S, SG:C
RIC3S and RICE0) are enveloped by & single value and appesr in the figure as a
single point. (Note that all tubes in Rews 11 end 12 are supported and
therefore can be removed from consideration. These tubes were included in the
figures for completeness and comparison purposes.)

Table 91 contains a summary of values of relative stability ratie, including
flow pesking, for the tubes with significant relative flow peaking or relative
stability ratio for the cases described above. As can be observes in the
table, all tubes that heve a relative stability ratio greater than 0,90 for the
Premod conditions have relative stability ratios less than 0,80 both the
Fostmod and Postmod with Tho; reduction cases. This indicates that

additional analysis is required to determine acceptability of these tuhes.

8.2 Stress Ratio Distribution with Peaking Factor

An evaluation was performed to determine the ratio of the North Anna Unit 2
tube stress over the premcd North Anna Unit 1 RSCS1 tube stress. This ratio is
determined using relative stability ratios discussed in the previcus section,
relative flow peaking factors (Table 8-7 factors aivided by [  )'") and
beanding moment factors. Sections 4.2 and 4.3 contain additignal information
ang gescribe the calculational procedure used to obtain the results presented
in this section. The results presented below are based upon the following
conditions:

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

2} Damping i¢ void fraction dependent,

8L AN TE-042700-144
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3) Tubes have no AVE support,
4) 10% :riteria with frequency effects,

§) Tubes are assumed to be dented (°nuu'°y)
A tubu can be considered acceptable f (he stress ratio 1s less than 1.0 when
caltulated using the procedure described in Sections 4.2 and 4.3 and including
the conditions 1isted above and subject to confirmation of fatigue usage
acceptability. Conformance to these requirements implies that "' stress
teting on & given tube is expected to be insufficient to produce a fatigue
event in & manner similar to the rupture thet occurred in the ROCS1 tube at
North Anns Unit 1.

Figures ©+4, 5-5 and 9-6 show the results of the stress ratio calculations for
each of the North Anng Unit 2 tubes in Rows 8 through 12 for the three cases
described earlier. These ratios are applicabie for tubes that ere dented
(tube deformation) at the top tube support plate. This case bounds the
clamped tube condition with no tube deformation, 1.e., the case corresponding

“to the NRC definition of denting with top tube support plate corrosion plus

magnetite in the crevice without tube daformation.

As can e observed in Figures 9-4, 9-5 and §5-6, severe] tubes have stress
retios that lay above the 1.0 acceptance 1ine for the pre-mod case. These
tubes (SG:A R9CE0, SG:B ROC3IS, SG:C RHCIS and ROCE0D) are enveloped by & single
value and appear in the figure as a single point., (Note that all tubes in
Rows 1) and 12 are supported and therefore can be removed from consideration,
These tutes were included in the figures for completeness and comparison
purposes.) As with the relative stability ratio Yigures, the stress ratio
figures are also composites of all three steam generators using mirrur image
tubas. Specifically, sny peaking effect for 2 given tubo location indicated
on the plot represents the maximum value of the peaking factor in al) steam
generators at tha' location,

Table §+2 contains & summary of velues of stress ratio for the tubes with
significant relative flov peaking or relative stahility ratio for the cases

B214M 1E-D42788- Va8
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described previous'y, As can be observed in the tsble, a)) the tubes that

have stress ratios greater than 1.00 for the Framod conditions have stress
b ratios les' than or equal to 1.00 for both the Postmod and Postmed with ’hot
0 reduction cases, Note that acceptance, based uuon 40 years of operation, 1s
determined in purt on tubes having strecs ratios less than or egual to 1.00.
The tubes having stress ratios greater than 1,00 for the Premod condition but
having stress ratios Tess then or ecua) to 1.00 for the two Postmod cases must
; be evaluated in detal) to determine the actual and projectec fatigue usage

associated with each tube. Fina) acceptance will be determined using this

method.

An evaluetion has also been performed to determine the required relative flow
peaking that will produce a stress ratio not greater than 1.0. [igure 9+7
containg the results of this process for a1l the tubes in Rows & through 12,
This figure was generated using the conditions described earlier for the
Premod case. The Premod case was selected to because 1t s the most limiting
ef a1 the conditions currently under consiceration. Note that this figure
reeds opposite of the pravious figures, 1.e., the top curve in the figure
corresponds to Row B and the tottom curve corresponds to Row 12, Maximum
Allowable Relative Flow Peaking is the reguired relative flow peaking (0,68
corresponds to no flow peaking) that, if used on the given tube, will produce
8 stress ratio not to exceed 1.0,

This curve can be usod to help identify the relative flow peaking required
before preventative action would be recommended and, when used in conjunction
with the sctua’l flow peaking essociated with each tube, to determine the
margin (if any) present. This has also been performed in Tavie 8-2. The
column with heading "Max Allow Flow Peak" identifies the relative flow peaking
| factor that would be permitted, on a tube by tube basis, before the stress
| ratio criteria would be exceeded. As can be cbserved in the tables and
figures, tra innur row tubes have larger values of allowable relative flow
peaking whan compared to the outer rows.
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The results of the fatigue evaluation indicate that currently no tubes in the
Korth Anna Unit 2 steam generators reguire preventative action to preclude a

| Neeth Anna Unit 1 ROCS1 type tube rupture and that any tubes currently plugged

i with sentine! plugs, to detect such a rupture, can be returned to service.
However, two tubes previously fdentified, S6:A RICED and SG:B RUCIH, will
requiro preventive action in the futura, to preclude such a rupture, after
approsimately 10 more years of service. Note that in the event of a future
uprating or ircreare in gereral plugging leve) the potential for tube fatigue
would need to be re-evaluateo.
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Table 9-)
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North Anna #2 Tubes with Significant Flow Peaking or Relative Stability Ratio

RELATIVE STABILITY RATIO * RELATIVE FLOW PEAKING
(Assumes al1) tubes are dented with deformation)

Relative Stabi’ity Ratie * Re) Flow Peak

SOG- RO"!

Column

10

*Tubes which are curiently sentine! plu

64

é4
4y
4y
£A

£

sentinel plugged.

§214M 1E-D42785- 148
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Fremod

0.810

0.648
0.851
0.687
0.961
0.0%4

0.608
0.817
0.583

0.680
0.860
0.687
0.637
0.462

2.930
0.687
0.930
0.68(
0.654

0.797
0.798
0.798
0.798
0.798

Postmod
w/o Th:ﬁ

- emmmmeve—

0.720

0.577
0,757
0.611
0.854
0.561

Fostmod
With Thot

0.7%5

0.607
0.796
0.643
0.899
0.612

0.568
0.764
0,546

0.636
0.899
0.643
0.596
0.433

0.870
0.642
0.870
0.636
C.612

0.746
0.7‘7
0‘7‘7
0.747
0.747

gsed which are recommended to remain
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Table 9-2
North Anng #2 Tubes with Significant Flow Peaking or Relative Stability Ratie
STRESS RATIO
. (Assumes all tubes are dented with deformation)
. Rel. Stress Katio
Flow Max Allow Postimod Fostmod
$.G Row Coluan Peaking Tow Peak Premod K0 Thct With Thot
T T T e 0.68 0.36 0.47
B 11 0.16 0.09 13
35 0.73 0.38 0.50
40-5% 0.22 0.12 0.18
60 1.6] 0.75 1.00
79-84 0.17 0.09 0.1
B ] 3 0.14 0.07 v, 10
60 0.72 0.37 0,49
él 0.11 0.06 0.08
g 34, 0.21 0.11 0.15
35 1.61 0.7% 1,00
40-52 0.22 0.12 0.186
. 82 0.1% 0.08 0,10
93 0.03 0.01 0.02
¢ - 35 1.21 0.63 0.83
40-56 0.22 0,12 0.16
60 1,21 0.63 0.83
6! 0.21 0,11 018
79-85% 0.17 009 0.12
10 44 0.43 0.22 0.30
45 0.43 or 0.30
49 0.43 0.23 0.30
50 0.43 0.23 0.30
60 3 0.43 0.23 0.30
"¥bos :hich are currently sentinel plugged which are recommended to remain sentinel
»lugged,
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