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Summary

In this report, information is supplied to the NRC in response to their review of a fluidelastic
instability analysis performed for the Westinghouse Model 27 steam generator, on behalf of
Northeast Utilities Service Company (NUSCO). Westinghouse Model 27 steam generators have
been operational since 1967 at the Connecticut Yankee nuclear power plant at Haddam Neck.

A fluidelastic instability analysis of the Westinghouse Model 27 was performed by JAYCOR,
San Diego, in 1989 as part of a program plan initiated by NUSCO in response to NRC Bulletin
No, 88-02, relevant to the North Anna 1 tube rupture incident (July 1987). In the present report,
follow-up information is presented in connection with six questions posed in the NRC ruview of
the JAYCOR paper "Fluidelastic Instability Analysis of the U-Bend region of a Westinghouse
Model 27 Steam Generator," J5439-89-001, June 1989,

The response to the NRC review includes a comparison of the maximum susceptibility ratios,
predicted for the Westinghouse Model 27 with those determined by the same method for the
Westinghouse Model 51 with operational parameters and geometric specifications characteristic
of those for North Anna 1 at the time of the tube rupture. Hence, the JAYCOR model for
evaluating fluidelastic instability is qualified with data applicable to a known tube failure. The
result of the benchmark comparison showed that for North Anna 1, the JAYCOR model did
indeed predict susceptibility ratios, S, exceeding 1 0, the conventionally accepted value above
which a fluidelastic instability can occur. The model predictions also indicated that values of S >
1.0 (e.g., as large as 1.464) occurred at locations within the spatial resolution applicable to the
thermal-hydraulic calculation {three tube pitches), of the failed North Anna tube, ROCS1.
Susceptibility ratios predicted for the Model 27 were typically smaller than 0.65, with a
maximum value of § = 0.88 near the bundle periphery, where flow peaking is not expected to
play a significant role.

In the subject evaluation, the net resultant velocity vector in cross-flow with tubes, consisting of
components in the plane of the U-tubes and normal to this plane, were employed for analyses of
the Westinghouse Model 27 at Haddam Neck, and the Model 51 at North Anna. Damping
coefficients which are input parameters to the fluidelastic instability analyses were deduced from
the same empirical damping curve for steam-water mixtures (Axisa, 1988), in a consistent
manner for both evaluations.

It is felt that the analysis for the Westinghouse Model 27 steam generators at Haddam Neck is
conservatively based, since the ATHOS3 thermal-hydraulic simulation corresponded to a
circulation ratio of CR = 4.54, and the actual circulation ratio could be as low as 3.8. A lower
circulation ratio would indicate that the flow rate through the wrapper region is reduced
proportionally, and consequently, the local velocities in the U-bend region would be smaller than
predicted. In light of this conservative approach. and due to the s~ .ller susceptibility ratios
predicted for the Model 27, corrective action (e g., downcomer flow restriction or tube plugging)
is not deemed necessary for the Haddam Neck plant.



Introduction

The objective of the present report is to provide the NRC with requested information and results
of additional fluidelastic instabilits analyses performed in connection with their review of an
earlier paper, "Fluidelastic Instabuity Analysis of the U-Bend region of a Westinghouse Model
27 Steam Generator,” JAYCO' Report J5439-89-001, June 1989. The JAYCOR paper was
presented to the NRC on beli2lf of Northeast Utilities Service Company, in response to NRC
Bulletin No. 88-02, "Rapidly Propagating Fatigue Cracks in Steam Generator Tubes," February
1988. The failure of a U-tube on the cold leg of a Westinghouse Model 51 steam generator at the
North Anna plant (Virginia Power Company) in July of 1987 brought about renewed interest in
the possibility of a tube rupture in similar Westinghouse designs. The more recent incident in
February of 1991 at Mihama-2 at the Kansai Electric nuclear power plant in Japan, presents itself
as another example of a similar type of failure.

The 1989 JAYCOR analysis which relates to Bulletin 88-02 found that no corrective action was
required for safe operation of the Westinghouse Model 27 steam generators at Haddam Neck.
This result was in keeping with a conventionally accepted upper bound of susceptibility ratio of
1.0, corresponding to the onset of fluidelasuc instability. At the request of the NRC, the
JAYCOR model has been qualified in the present study by means of a similar evaluation of
fluidelastic instability for the known failed tube, R9CS1, at North Anna 1.

In their review of the original JAYCOR analysis, the NRC posed six questions, which are
addressed in sequence in the present report, in Sections 1 through 6, respectively. Of special
importance is Section 1, which describes results of an evaluation of North Anna 1, thus
qualifying the JAYCOR model with a known failed tube, and establishing a quantitative measure
of the susceptibility ratio for the onset of instability. Also noteworthy is Section §, where
Justification is presented for the selection of the damping ratio employed in the JAYCOR
fluidelastic instability analyses of the Westinghouse Model 27 and 51 steam generators.

A general discussion is presented in Section 7, which includes responses to relevant comments
made by the NRC during a joint NRC/NUSCO/JAYCOR conference call which took place on
April 26, 1991.

o



1. Response to NRC Item 1:
North Anna Model Validation

In accordance with the NRC request to evaluate the fluidelastic instability of the failed tube
ROC51 of North Anna, a study was made in which all tube columns of five rows surrounding and
including R9CS1 were analyzed with methods identical to those described in Reference 1.

Since we were not provided with operational and geometric input data corresponding to North
Anna Unit 1 at the time of failure in July of 1987, we have assumed the task of ccmpiling data
we feel should reflect North Anna. The source of the data base we assembled is essentially
information we have received from EPRI and Westinghouse over the last decade, while engaged
in a number of EPRI funded projects relating to steam generator technology. JAYCOR has
served as consultants 1o Westinghouse on several occasions, and we have had a proprietary data
disclosure agreement with them. We are quite confident in the geometric data which we have
employed for the Model 51 steam generator at North Anna. The operational parameters (¢.g.,
dome pressure, feedwater mass flow rate, etc.) we have assumed are design values for the North
Anna plant at 100% load. The dome pressure value we employed reflects the actual secondary
fluid overpressure for North Anna 1 at the time of failure. We feel that any discrepancies
between our overall data set and actual North Anna conditions would be very minor, and would
not affect the outcome of our study. The operational data and geometric specifications assumed
for the Westinghouse Model 51 at North Anna | are provided in Tables 1-1 and 1-2, respectively.

The set of tubes evaluated for North Anna compnises rows 7 through 11, U-tubes with the large -.
bend radii which might be unsupported by antivibration bars (AVB's). The design criterion for
the Model 51 was to provide AVB support to all rows beyond row 10. Inspections have shown,
however, that this design objective was not met or was exceeded for many rows. Bend radii
which are larger relative to others result in lower natural frequencies and lower critical velocities,
which would be detrimental to fluidelastic instability. Thus, it is of most interest to consider
tubes with the largest bend radii which might be unsupported by AVB's. The failed tube, row 9
column 51 (R9CS51) of North Anna is a member of the group evaluated for instability, and is of
primary interest, serving as a benchmark for model validation.

The overall method for assessing fluidelastic instability for North Anna is identical to that
reported in Reference 1. It consists of three steps:

[1] Thermal-hydraulic simulation of two-phase three-dimensional flow using the
ATHOS3 steam generator code.

(2] Modal analyses of the U-tube section above the uppermost tube support plate by
means of the ADINA finite element code.

(3] Post-processing of data from the ATHOS3 solution and from modal analyses by
ADINA, to arrive at susceptibility ratios for the dominant modes of vibrarion.
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Table 1-2. Geometric Specification of Westinghouse Model 51

Steam Generator at North Anna |

1.

All heights are referenced to top of tube sheet

Shell and Wrapper

Internal diameter of lower part of shell
Internal diameter of upper pan of shell

Starting elevation of shell expansion
Ending elevation of shell expansion

Internal diameter of lower part of wrapper
Internal diameter of upper part of wrapper
Starting elevation of wrapper expansion
Ending elevation of wrapper expansion

Wrapper thickness
Starting elevation of wrapper wall

Tube Bundle

Outer diameter of tubes

Inner diameter of tubes

Tube pitch

Pitch type

Starting elevation of ! "-bend region

Ending elevation of U-uend region

Distance between centerline of first
row of tubes and tube lane axis

Number of tube rows

Number of tube columns

Total number of tubes

Largest U-bend radius

Smallest U-bend radius

Total heat transfer area of bundle

Tube material

Thickness of tube sheet

Tube Support Plates

Number of tube support plates
Elevations of tube suppori plates:
(to center of plate thickness)
Plate #1:
Plate #2.

129.38 in,
168.50 in.
353.13in,
431.36 in.
123.75 in.
135.12 in.
394.31 in.
417.02 in.

0.38 in.

14.00 in.

0.875 in.
0.775 in.
1.281 in.
square
356.45 in.
416.72 in.

2.190 in.
46

94

3388

59.83 in.
2.19in.
51,495 fi?
Inconel 600
21.44 1n.

50.125 in.
100.625 in.



Table 1-2. Cont'd.

3. Tube Support Plates (Cont'd)

Plate #3: 151.125 in.
Plate #4: 201.625 in.
Plate #5: 252.125 in.
Plate #6: 302.625 in.
Plate #7: 353.125 in.
Radial extent of tube support plates 61.875 in.
Tube support plate metal area density 0.33904

(ratio of plate metal area to nominal
geometric cross-sectiona! area)

flow through the wrapper interior (e.g., U-bend region). The three-dimensional distribution of
void fraction and secondary fluid velocity predicted by ATHOS3 was saved in a permanent file
for post-processing.

1.2 MODAL ANALYSES

The first four dominant modes of vibration were calculated by the ADINA structural analysis
code, for the sections of tube rows 7 through 11 above the uppermost support plate. This
includes a short straight section (about 3 inches) joined by an inverted semicircle of bend radius
varying frem 9.9 inches for row 7 to 15.0 inches for row 11. A total of 41 finite element nodes
were employed along each tube, as for the Model 27 analyses. (The nodal layout is shown in
Figure 5-1 of Reference 1). The boundary condition is assumed to be a fully clamped rigid
support, since denting is assumed at the topmost support plate. The natural frequencies of the
first four dominant modes for rows 7 through 11 are shown in Table 1-3 for the ADINA
calculations. The fundamental mode of each tube was again found to be an out-of-plane
symmetric flexure in which all nodes move in the same direction. The maximum deflection
occurs at the apex of each tube.

A comparison of natural frequencies in Table 1-3 with those of Table 5-3, Reference 1, indicates
that the dominant frequency of a Model 51 tube is about 30% higher than for a Model 27 tube of
an equivalent bend radius (e.g., 79 Hz for row 8 of Model 51 vs. 60 Hz for row 10 of Model 27).
This is attributable mostly to the increase in tube diameter for the Model 51 (0.875 in. vs. 0.750
in.), and to the decrease in the straight stub length as well. For a thin walled tube, the natural
frequency is roughly proportional to the tube diameter raised to the 3/2 power. The increase in
the dominant frequencies is favorable to the goal of avoiding a fluidelastic instability, since the
critical velocities will be higher. However, other fzztors must also be considered, as will become
evident later.



Table 1-3. Natural Frequencies of First Four Dominant Modes of
Vibration for Model 51 at North Anna 1.

R f, f5 fy fy

Row in, Hz Hz Hz Hz
7 9.876 96.59 2154 2719 506.2
5 11.1587 78.87 177.4 222.8 4135
9 12.438 65.61 1487 185.9 3442
10 13,719 5543 126.4 157.4 291.3
11 15.000 47 44 108.7 1340 249.3

1.3 POST-PROCESSING

A fluidelastic instability analysis was performed for the North Anna U-tubes of interest, utilizing
two-phase flow thermal-hydraulic data predicted by ATHOS3 and modal displacement and
natural frequency data from the ADINA code. Susceptibility ratios, defined as ratios of effective
velocity to the critical velocity, were evaluated for all columns of the five rows examined. The
critical velocity is defined by Conners' equation,

2n m_ ¢ 172
(1)
p D

vcrit . l<fx)o [
€

o N

where
K = Conners' coefficient, taken as 3.3
f = natural frequency of tube, Hz
D, = tube outer diameter
m, = effective mass per unit tube length
¢ = total damping ratio
Pe = cffective secondary fluid density.

The value of K = 3.3 was retained from the earlier study of the Model 27 [ 1], since it appears to
have wide acceptance in the literature (2, 3, 4, 5] as a conservative value for flow in steam



generators. Conners' coefficient may be a function of pitch-to-diameter ratio (“confinement”),
and higher value: of K have been reported, but generally there is a scarcity of available
experimental data for (we-phase flow, particularly steam-water,

The selection of a suitable value for the total damping ratio, g, is not so straightforward. For
further details, see the response to NRC ltem S presented in Section 5. Here, it should suffice to
mention that we have employed an empincal curve of total damping versus void fraction, shown
in Figure 1-1 (Figure 17 of Reference 2), taken from data measured by Axisa [6] for steam-water
two-phase flow at 210°C. In conjunction with Figure 1-1 we have used an average value of void
fraction applicable to the three-dimensional space occupied by the ensemble of tubes of interest
(rows 7-11 of the Model 51) in the U-bend region, taken from the ATHOS3 code prediction. For
the Model 51 calculation, the appropriate value of average void is ®yyg = 0.86. This average
void pertains to the group of tubes examined, and may differ from the average value for the
entire U-bend region. The associated value of total damping is obtained from Figure 1-1 as ¢ =
0.017, applicable to our North Anna evaluation.

The selection of a suitable effective cross-flow velocity 1s also not straightforward for curved
tubes in the U-bend region. It has not yet been shown that methods of estimating the effective
velocity for a straight tube are directly applicable to tubes with curvature. One complication is
that there are velocity components normal to the tubes which are both in the plane of the tube and
out-of-plane. In accordance with the preference of the NRC (see Section 6), we have calculated
the resultant of the in-plane and out-of-plane cross-flow velocity components for a given tube. A
tube gap velocity is deduced from the code velocity for the two-fluid mixture, in each coordinate
direction, and employed in the calculation of effective cross-flow velocity by integration of
interpolated values along the finite element nodes of a tube.

1.4 RESULTS OF FLUIDELASTIC INSTABILITY
ANALYSES FOR MODELS 27 AND 51

L4.1 Model 27

Our original evaluation (Ref. 1) of the Westinghouse Model 27 steam generators at Haddam
Neck employed the out-of-plane component of tube gap velocity in the determination of effective
velocity. We have since then repeated our analyses using the magnitude of the resultant of the
in-plane and out-of-plane tube gap velocity vectors, as described above. Simultaneously, we
have modified the value of total damping to be consistent with the practice we adopted for the
determination of ¢ for the Model 51, as described earlier. The average value of void fraction
predicted by ATHOS3 in the region occupying tube rows 12 through 16 of the Model 27 U-bend
region is @, . = 0.74. The corresponding value of total damping inferred from the steam-water
curve of Figure 1-1 is ¢ = 0.025, slightly lower than the value of ¢ = 0.030 employed in the
original study [1]. Conners’ coefficient (K = 3.3), and other parameters in Eq. | remain
unchanged from the original evaluation.

Resulting values of susceptibility ratio V/V ., for tube rows 10, 12 and 14 of the Model 27 are
shown in Tables 1-4, 1-5 and 1-6, respectively. It should be noted here that in Tables 1-4
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Tabie 1-4, Westinghouse Model 27 Steam Generator.

Fluidelastic Instability Analysis of Row 10, Bend Radius = 11.154 in.

Column vy Rho Velft Verit velff/verit
kg/m kg/mesd m/sec m/sac
[ 3 0.83987 168 .818 3.231 §.76¢ 8. 681
82 0. .83987 168.2333 3.107 E.76% e . 560
63 ©.83872 164 .343 3.071 §.792 o 63e
6e 0. .83b06 162.788 3.008 §.820 ®.617
113 ®. 83774 161.914 3.ele 5.836 e.517
1 @ 83765 161.387 3.818 6. 848 0.518
67 ©.83742 150.992 3. 009 §.862 e 514
1] 0.82748 150.99% 3.0es 6.862 e.616
L3 €.83780 151.368 3.028 6 B4t e.618
L ©.83816 162.638 2.9%4 6.823 € 614
81 @ 83881 164,198 2.986 5. .78 0.512
82 ©.83938 165.540 2. 900 6.772 0. 602
L¥] @ 8400 167.020 2.831 E.747 @ 493
o4 @ B4RaB 167.878 2.88% B.732 0. 490
s @ 84082 168.717 2.778 §.759 @ 485
(1] P Baj09 169.378 2.758 5§.708 ¢ 483
(1] @ 84128 189 . 048 2.729 6.697 e.47%
L1 0 BaPas 168.272 2.698 6.728 0.471
e ©.83935 166.921 2.688 §.768 0. 488
73 e.83818 149 482 2.708 £.878 @ 481
74 ©.83628 147,878 2.714 §.910 ® 469
8e €. 83790 162.236 2.885 £.830 e 481
81 ©.83867 163.567 2.687 6.887 6 483
82 ®. 83932 1F6.088 2.885% §.781 6. 484
83 @ . Bapie 167.1382 2.898 6.748 @ 489
84 ® . B414% 169.705 2.710 §.784 9. 478
8E ® B4278 162 .443 2.718 L 0 4b0
88 ®.84423 185 .849 2.722 6.611 0. 485
87 ® . B4673 168 .8E0 2.728 E.661 0. 491
68 @.84782 171.720 2.732 §.519 0. 498
89 6. 84780 173 390 2.728 6.498 9. 498
92 0. 85103 180.498 2.788 §.398 ¢ 582
93 ®.BEZEP 184 020 2.£99 £.349 2. .5085
b 0. 86447 188.273 2.783 £ .204 0.511
o5 8.86879 200.3%2 2.908 §.14% 0. .564
o8 6 .Bess2 21F €13 3.197 4.57% 0. 842
97 @ 87350 27 4.376 3.489 4,828 e.719
o8 2 B8040 247 .033 3.748 4. 891 e.798
o9 ©.88884 261.232 4.018 4.878 e.878

Statistics for row 18 with naturs! freguency 80.88 hz:

Aversge value of Vaff/vVerit = & 824 over all tube columns processed
Maximum value of Veff/Verit = €.878 occurs at tube column %

10
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Table 1-6. Westinghouse Mode! 27 Steam Generator.

Fluidelastic Instability Analysis of Row 14, Bend Radius = 15278 in.

Column = LI vealt Verit  vell/verit
kg/m kg/mend "/ nee L LD

™" O 83383 147 974 2.78) ’ 00 L

be 0 83383 144 .04} 2103 b.oes 0 Tee
L2 e 03070 142 246 8.7 )00 0.1
L3 ® S3EEE 140 B89 g.700 b be2 ®.7h6
e © B3EE2 149 402 i ey 8 6he 0798
e ® 82026 162 ate 7. 008 3802 e kel

Statistice Yor row 14 with neturs! freguency 38 1) h1:

Aversge value of Velf /Verit = 0.781 over 8/l tube columns processed
Marimum value of velf/Verit = @ B0Z occurs ot tube column B8

through 1-6, column numbers which correspond to U-tubes not falling into the category
described in NRC Bulletin 88.02 have been omitted for the sake of clarity. That is, entries
appear only for tubes that are not supported by AVB's and have ECT indications of tube denting
at the uppermost tube support plate. If these corditions are met for a tube position in any of the
four steam generators at Haddam Neck, a table entry is present for that tube column. In addition,
if such a tube is plugged (in all steam generators which qualify it for the specified category), it is
omitted from the tables. There are no data presented here foi tube rows 15 and 16 simply
because all tubes in these rows do not fall into the designated category . Recent ECT inspections
have shown that most of the tubes in rows 15 and 16 are supported by AVB's, and those few that
are not have no observable denting.

The data for susceptibility ratio presented in Tables 1-4, 1-5 and 1-6 show that the maximum
vaiz of Vg/V .y, for all tube rows of interest lies between 0.80 and 0.88, and occurs
consistently at the largest column number in each row, The location of the maximum value is
predicted to occur near the periphery of the bundle, where velocities tend to be the highest. The
latter effect is due to the reduced resistance of flow parallel to the tubes (as opposed 1o flow
normal to the tubes), the secondary flow tending to "skirt” around the tube bundle. Some of the
higher values of susceptibility ratio are also found at the Jowest column numbers (e.g., column
§1), near the vertical plane of symmetry.

An assessment of the likelihood of a fluidelastic instability for susceptibility ratios of magnitude
0.88 can be made by comparing with similar data predicted for North Anna in the vicinity of the
failed tube. Generally, experimental data implies that the onset of instability occurs when
VetV oy exceeds 1.0,

12



142 Model 51

A I delastic instability analysis was performed for tube rows 7 through 11 of the Model §1 of
North Anna, employing the resultant cross-flow tube gap velocity and & value of ¢ =0017 for
the total damping ratio. Since denting data, AVB support status. and plugging information was
lacking, we examined and reported results for each column of each row indicated.

The effective velocities, critical velocities and ratios VoV, for the North Anna analysis are |
presenied in Tables 1-7 through 1-11, corresponding to tube rows 7 through 11, respectively. Of |
particular interest, of course, is the value of susceptibility ratio in the immediate vicinity of the |
failed tube row 9 column 51 (R9CS1) of North Anna. Due to the finite spatial resolution of the

ATHOS3 calculation, and the inability of any existing thermal-hydraulic code to predict the

exact profiles of void and velocity in the U-bend region, we do not anticipate that the model will

be able to single out the exact location of the failed tube. Since our resolution is of the order of

three tube pitches even with 11,000 cells, interpolation (presently, linear in three dimensions)

must be employed to make evaluations for each distinct tube position in the bundle. With regard

to the accuracy of the code prediction at a given computational node, comparisons wih measured

data from the CLOTAIRE experinients have shown that while ATHOS 3 can capture the average

value of a radial profile of void or velocity, typically, it can reproduce only the general shape of

the profile (e.g., local differences may be of magnitude 5-10%). This also seems 1o be the case

for nther steam generator codes - THIRST, CAFCA, FIT and PORTHOS. Hence, it is important

to interpret the results in the proper perspective.

Indeed, Table 1-9 shows that the value of susceptibility ratio calculated for ROCS! is § = 0 882, a
value in the range of the maximum predicted for the Model 27. However, a higher value of § =
0.956 is found only three columns away, within the spatial resolution of the model, at the
innermost column of row 9, column 48, A predicted value of Vg/V ., as large as 1.210 prevails
at the outermost column of row 9, column 93, Of course, some of the tubes evaluated for the
Model 51 might not fall into the category of interest, e.g., they may be plugged, undented, or
supported by AVB's.

Table 1-10 shows that at column 51 of row 10, only a single pitch away from the failed North
Anna tube, the susceptibility ratio is 0.99%, essentially, the conventionally accepted value for the
onset of instability, 1.0. Larger values of S are also found for the innermost and outermost tube
columns of row 10, e.g., columns 48 through S0 and 90 through 93. The maximum value of
susceptibility ratio for row 10 is § = 1.464, which occurs at outermost tube column 93, The
average value of S for all columns of row 10 is close to 1.0, at § = 0,946, Several tubes of row
10 of the Model 51 at North Anna appear to be close to instability if they are indeed unsupported
by AVB's and are also dented at the uppermost support plate.

As the bend radius increases, the natural frequency decreases and the critical velocity is reduced.
Table 1-11, applicable to row 11, shows higher susceptibility ratios, with the average and

maximum values of § being 1.098 and 1.756, respectively. The value of S at column §1is 1.163,
higher than that for rows 9 and 10. It may be true, of course, that the majonty of tube columns of
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Tuble 1-10.  Westinghouse Model 51 Steam Generator (Thermal-Hydraulic
Analysis With No AVB's Present)

Fluidelastic Instability Analysis of Row 10, Bend Radius = 13,719 in.
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Table 111, Westinghouse Model 51 Steam Generator (Thermal-H vdraulic
Analysis With No AVB's Present)

Fluidelastic Instability Analysis of Row 11, Bend Radius = 15.000 in.
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row 11 are supported by AVB's, which is a design criterion for the Mode! §1.

A comparison of critical velocities for the Mode! 27 and Model 51 for a tube of the same bend
radius (compare Table 1-4 with Table 1-8) shows thai the values of V_,, for the Model §1 are
generally higher. This is due primarily to the larger tube diameter for the Model §1 (0.875 in. vs.
0.750 in.), as noted earlier. The susceptibility ratios for a Model $1 tube of equivalent bend
radius are higher, despite the larger values of V .. since the effective velocities appear to be
higher than in the Model 27. In the case of rows 7 and 8 of the Model §1, the critical velocities
are generally large enough to rule out an instability, as Tables 1-7 and 1-8 indicate.

L5 SUMMARY

The U-tubes of inner rows of the Wesunghouse Model 27 and Model 51 steam generators have
been evaluated for fluidelastic instability. The objective was to provide an assessment of
stability for the Model 27 at Haddam Neck. in light of qualifying the JAYCOR model with a
known failed tube at North Anna 1. The focus of the study was on U-tubes which are
unsupported by AVB's and have observed denting at the uppermost tube support plate. While
the Model 27 thermal-hydraulic simulation accounted for the presence of AVB's of nonuniform
elevations, the Mode! 51 calculation assumed no flow blockages due to anti vibration bars.
Hence, the Model 27 analysis at least partially accounted for flow peaking effects due to anti-
vibration bars (only partially, due to practical limits of spatial resolution). The fluidelastic
instability analyses made use of empirical damping coefficients obtained from recent two-phase
flow steam-water experiments [6). The influence of void fraction on total damping was taken
into account in the analyses of the Model 27 and Model §1. The resultant of the in-plane and
out-of-plane cross-flow tube gap velocity components were employed in both analyses. Values
of susceptibility ratios of inner rows of each steam generator are reported and compared.

1.6 CONCLUSIONS

An analysis of the Model 27 steam generator at Haddam Neck reveals that the maximun. values
of Vegg/Veriy for rows 10, 11 and 12 are 0.878, 0.872 and 0.802, iespectively, for all tubes which
are not supported by AVB's, are dented at the uppermost suppurt plate, and are not plugged.
Hence, the largest susceptibility ratio, § = 0.878, is below the critical limit of 1.0 for all tubes of
interest relative to NRC Bulletin 88-02. Maximum values of V/V ., are predicted near the
wrapper wall, where the secondary flow tends to skirt around the tube bundle, seeking the lowest
path of resistance.

A measure of the likelihood of a fluidelastic instability at Haddam Neck has been ascertained by
comparing the results for the Model 27 with similar data predicted by the same method, for a
known failed tube of the Model §1 steam generator at North Anna 1. Our analysis has shown
that relative to the spatial resolution and practical accuracy of the thermal-hydraulic ATHOS 3
calculation, instability is predicted in the immediate vicinity of the failed tube R9CS1. The
spatial resolution of the ATHOS3 finite-difference grid is about three tube pitches in the U-bend
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Response to NRC Item 2:
ATHOS Slip Model




3. Response to NRC Item 3:
K-Loss Factors

The design analysis sheets for calculation of K-loss factors are attached as Appendix A.

4. Response to NRC Item 4:
Tronslational and Rotational Stiffnesses

The translational and rotational stiffnesses identified in the 1986 study by Schoof (7] have been
deduced from experimental results for a scale model steam generator. The experiment was part
of the Degraded Tube Support Evaluation Program, of which ANL was a participant. Please
refer to Section 2.5 of Reference 7.

5. Response to NRC Item 5:
Selection of Total Damping Ratio

We have attached a copy of the paper,

M. J. Pettigrew, L. N. Carlucci, C. E. Taylor and N. J. Fisher, "Flow-
Induced Vibration and Related Technologies in Nuclear
Components," ASME PVP Conference, April 1989,

which is Reference 7 of the JAYCOR report [1).

The value of total damping ratio of 0.03 was inferred from Figure 14 of the Pettigrew, et al.
paper, which we present here as Figure 5-1. The experimental data for a normal square pitch
(square symbols) were used in conjunction with an average void fraction for the entire U-bend
region of 0.88. Figure 5-1 applies to damping measurements in air-water mixtures with
confinement ratios of P/D=1.47,

We have reviewed the reference mentioned in NRC Item §,
Axisa, et. 2l., "Vibration of Tube Bundles Subjected to Air-Water and
Steam-Water Crossflow: Preliminary Results on Fluidelastic

instability,” Symposium on Flow-Induced Vibration, Vol. 2, pgs.
269-284, 1984,
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Damping for tube bundles of P/d = 1.47 in air-water mixtures. Solid curve is
average damping for the three bundle configurations, Dashed curve is an
approximation of damping without the effect of intermittent two-phase flow
Reprinted from Reference 3, Pettigrew, Carlucci, Taylor and Fisher.
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6. Response to NRC Item 6:
Velocity Components in U-Bend

The selection of a suitable effective velocity in the U-bend region is not very stra:ghtforward.
With regard to the effective velocity, it is not really clear that the same general ruies which apply
to the straight tube section also apply to the curved tubes in the U-bend. For example, is
weighting the square of the velocity with the square of the displacement also valid for the U-bend
region? A further complication is that there are separate phasic velocities in the axial direction
available from the thermal-hydraulic calculation (with the algebraic slip option in force). The
standard practice is to employ a mixture velocity, which we have done here. Of course, the fluid
velocity obtained from the code (actually, an “approach” velocity into a cell) must be converted
into a tube gap velocity. Finally, the velocity at a node along the tube must be determined from
values at cell edges, by means of interpolatio three-dimensional space.

What we can be assured of in the present study is that the method used for the determination of
effective velocity for the Model 27 at Haddam Neck is the same as it 1s for the Mode! 51 at North
Anna.

In accordance with the recommendation of the NRC, we have taken into account both the in-
piane and out-of-plane cross-flow velocities in our recent evaluations for the Model 27 and
Model 51, Specifically, we have employed the magnitude of the resultant vector formed by
component velocity vectors in the plane of the tube, and norma: to the plane of the tube. The
component vectors are each normal to the U-tube, and each give rise 1o a cross-flow condition
Hence, velocity components Ug,o. Voo, and W, in al) coordinate directions, 6, r, and 2,
respectively, are included in the determination of effective velocity.
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to local increases in effective velocities (V ), although the increase might not be as large as
anticipated because of the practice of weighting along the length of a U-tube (see Equation 6-] of
Ref. 1) in the determination of V¢ In any case, as pointed out in Section 1.6, accounting for
flow peaking effects in the North Anna 1 analysis would tend to widen the differences between
the susceptibility ratios calculated for Haddam Neck and North Anna, thus yielding a wider
safety margin with respect to the likelihood of a fluidelastic instability occurring at Haddam
Neck.

7.3 MARGIN BETWEEN SUSCEPTIBILITY RATIOS
FOR HADDAM NECK AND NORTH ANNA

A concern of the NRC is whether the margin between the maximum susceptibility ratios for
Haddam Neck and North Anna is large enough. The maximum predicted value of S for the
Westinghouse Model 27 steam generators at Haddam Neck is § = 0.88, compared with § = 0998
for a tube a single pitch away from the failed tube at North Anna 1. Maximum calculated values
of § for all columns of rows at and near R9CS1 of North Anna are as large as 1.756, however. It
should be emphasized that the present state-of-the-art is such that it is not possible to predict the
exact location of a potentially troublesome tube, and the best one can hope to do is to reveal the
approximate location in the tube bundle (e g.. identification of a potentially unsafe row, or
prediction of the location of a suspect tube to within several tube pitches). There is also, of
course, a fair degree of uncertainty in experiments designed to obtain sensible values of
susceptibility ratios, due to similarity assumptions and other factors.

It should be pointed out that the Westinghouse Model 27 analysis for Haddam Neck can be said
to be conservatively-based. One reason why we feel that this is an acceptable statement, is that
we have selected to employ a circulation ratio (CR) which is at the high end of the design range
The design value of CR is usually determined by the vendor using a 1-D model, based on
measured or estimated K-losses for devices such as the steam separator, tube support plates, and
downcomer. Our data base on the Westinghouse Mode! 27 includes design values of circulation
ratio in the range 3.8 < CR < 4.8. We have chosen to accept the value of CR = 4. 54 predicted
by ATHOS3 (employing nominal estimates for K- loss coefficients), although the circulation
ratio might have a value as low as 3.8 in practice. It seems likely that due to the accumulation of
deposits in the secondary flow passages through tube support plate gaps and flow holes over 24
years of operation at Haddam Neck, the circulation ratio might indeed be at the low end of the
design range. A lower value of circulation ratio would result in lower axial velocities throughout
the wrapper region, hence, lower effective velocities would be employed in the evaluation of
fluidelastic instability.

74 NATURAL FREQUENCY OF NORTH ANNA TUBE R9C51

The NRC apparently feels that the natural frequency predicted by ADINA for the failed North
Anna tube RO9CS51 is somewhat high at 65.6 Hz compared 10 a Westinghouse value of about 60
Hz. This implies that the value assumed for the length of the U-tube straight stub might not be



representative of the actual North Anna geometry. However, it should be pointed out that the
effect of an overprediction of natural frequency would be an increase in the calculated value for
critical velocity and a decrease in suscepuibility ratios predicted for North Anna. If the value of
natural frequency is lowered relative to our prediction of 65.6 Hz, this would widen the
differences in susceptibility ratios between Haddam Neck and North Anna 1. For example, if we
accept the value of natural frequency of 60 Hz for ROCS 1, all susceptibility ratios predicted for
row 9 of North Anna | would be increased by 9 3%
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Attachment No, 2
Haddam Neck Plant
Steam Generator Ten Tube Support Plate Denting

August 1991




1.E. Bulletin 88-02 A Iendum
Connecticut Yankee Steam Generator
Top Tube Support Plate Denting

Tube support plate denting for the top tube support plate (tube support plate
#4) on both the hot legs and cold legs of each steam generator vere measured
for each tube in rovs 10 to 15 using SG eddy current test (ECT) data from the
1987 CY SG ECT inspection.

To allov some means of equating eddy current dent voltage response to dent
gize (a nominal 1 mil dent produces a 20 volt signal response), an in-line

:cnt standard, used during the 1987 SG ECT inspection, vas used during the ECT
ata reviev.

In general, most tube support plate lissajous signals in SG1 ard SGI vere
rotated. This indicates that general uniform tube support plate corrosion
exists for the top tube support plates for S5G1 and SG2. SG3 and 5G4 have
essentially no denting and no support plate signal rotations indicating that
essentially no tube support plate corrosion exists for SG3 and 5G4.  Any
signal which vas rotated vas classified as dented and .n most cases shownd
some degree of denting. These tubes which had clear dent signals and//1
rotated tube support plate signals vere plotted on SG maps.

In addition te the 1987 ECT data reviev, a 100 percent dent reanalysis for all
tube support elevations and intersections vas performed on the 1987 and 1989
data to determine if changes had occurred since the 1987 SG ECT inspection.
This reviev shoved no changes and confirmed the initial 1987 ECT data reviev.
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Attachment No. 3
Haddam Neck Plant
Plant Procedures:
SUR §.1-2
AOP 3.2-31
ANN 4.20-9

AOP 3.2-2
SUR §.4-44

August 1991



