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P. O.. 14000, JUNO BEACH, FL 3340B-0420

+n~~'EPTEMBER

1 5 3987g

L7-38 I

U. S. Nuclear Regulatory Commission
Attn: Document Control Desk
Washington, D. C. 20555

Gentlemen:

Re: St. Lucie Unit 2
Docket No. 50-389
Steam Generator Tube Sam le Selection and Ins ection

By letter L-87-369, dated September 4, l987, Florida Power & Light Company
(FPL) proposed to revise the St. Lucie Unit 2 Technical Specification Surveillance
Requirement 4.4.5.2 by adding a new section related to inspecting tubes in the the
steam generator diagonal support strap (batwing) area. In a late July l987
telephone conference on this subject, the NRC Staff requested a detailed
description of the computer model developed to predict tube wear resulting from
batwing motion (Attachment I) and a report of the l986 batwing wear inspections
of St. Lucie Unit 2 steam generators (Attachment 2).

The l 986 inspection permitted the comparison of actual vs. predicted wear for 6I2
tube-to-support intersections. Of these 6 I 2 intersections, 570 displayed less wear
than predicted. Tubes exhibiting wear in excess of the predicted wear were
preventatively plugged. FPL has elected to monitor the wear progression (as
opposed to plugging completely the affected region) to provide wear growth rates
for model refinement and to effectively manage available tube surface area.
Results from each inspection are used to refine the model's predictions and to
identify tubes requiring plugging to prevent mid-cycle leakage.

The proposed Technical Specification change will continue to meet these
objectives while conservatively increasing surveillance of tubes in the affected
areas of the-steam generators.

lf further information is required on this topic, please contact us.

Very truly yours,

C. O. Woody
Group Vice President
Nuclear Energy

COW/EJW/gp

Attachments

an FPL Group company

cc: Dr. J. Nelson Grace, Regional Administrator, Region II, USNRC
Senior Resident Inspector, USNRC, St. Lucie Plant

87O9f70452 87O9O389
PDR ADQCN, 05OOPDR,

W3/039/I
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7.0 Near Progression Analysis

7.1 Introduction

The objective of the wear progression analysis is to determine the

condition of batwings and tubes at the end of 40 years of operation in
order to determine ( 1) the total nunber of tubes which may wear to a

depth requiring plugging, (2) the extent of wear on a tube, (3) the
extent of wear on a batwing, and (4) the wear. rate of tubes which are

outside the plugged region as the plant nears 40 years of operation.
The total nunber of plugged tubes is important because it affects the

margin to rated performance; the extent of wear on a tube is important
because it affects the structural integrity of the tube; the extent of
wear on a batwing is important because it affects the structural
integrity of the batwing; and the wear rate is important because it
affects the time at which an active tube should be plugged. The

results presented predict, average tube wear as a function of time.
They do not consider the effect of local preloads or fabrication
tolerances which may, affect the wear, of individual tubes, or line of
tubes, for which wear may be significantly smaller or larger than the
average during the first few cycles of operations.
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7.2 Wear Hechanism

7.2. 1 Flow Test Observations

Visual observations made during the single-phase flow tests,
and later confirmed by data recorded for both single-phase and

two-phase flow tests, led to the formulation of a theoretical
wear mechanism. It was observed that the flow traversing the
batwings statically deflected them laterally causing contact
between each batwing and its adjacent line of tubes. Further,
the batwings experience small dynamic oscillations about their
statically deflected position. This behavior can be

visualized to result from a "quasi-static" lateral load or
pressure applied to the batwing by the flow, which deflects it
into the tubes resulting in contact forces between the
two. While in contact with the batwirws, the tubes are also
excited by the flow and vibrate both in- and out-of-plane. The

in-plane vibrations result in a relative sliding movement

between the tube and the batwing at the points of contact.

7.2.2 Archard Equation

The batwing and tube behavior described above provide a

credible wear mechanism when considered in terms of Archard's
Equation. According to Archard, a semi-empirical relationship
for adhesive wear is

V -" (K'10 ) FLT

where V is the volune of material removed by wear over time
interval T, F is the contact force between the wearing surfaces
and L is the rate of relative sliding between the sut faces.
K is the wear coefficient; it depends on the material and

geometry of the wearing surfaces as well as on other factors
such as the condition of the surfaces and the environment in
which the wear occurs. In the ips system of units K has units.
of in /lb. The factor of 10 is introduced so that~ 2

the magnitude of K falls between 1. and 1000. in most

situations.



The interpretation of the. observed tube and batwing behavior in
the context of Archard's Equation is straightforward. The

deflection of the batwings by the quasi-static flow load

induces contact between the tubes and the batwing, resulting in
the required contact force F. The in-plane vibration of the
tubes while in contact with the batwings provides the relative
sliding distance L. Then, over a period of operation time T,
the observed tube wear occurs.

The following sections of this chapter are concerned with the

application of Archard's Equation to the specific mechanism of
tube and batwing wear. In particular, in Section 7.3 the
gecmetrical relationships which relate volune and depth of wear

are derived. The quasi-static load on the batwing is obtained
frcm the flow test data in Section 7.4. In Section 7.5 the
specific wear coefficient is calculated. Section 7.6 then

presents the methodology of the wear progression analysis.

7.3 Wear Scenario

7.3.1 Geometrical Relationships
E

ECT and UT examinations of the tube wear scars and RT

examination of the batwing wear scars have indicated that both
wear scars have a tapered shape with the wear deepest at the
batwing edge and decreasing away fran the edge. Similar shaped

wear scars are seen at the top and bottom edges of the batwing
and in the tube opposite the top and bottcm edges. Structural
analysis of the deformation of the batwing under the quasi-
static flow loading has shown that the batwing strip tends

to'wist

about an axis parallel to its own axis as it passes

between the tube close to the periphery of the central cavity.
This action causes contact between the batwing and the tubes

to occur at the edges of the batwing.
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Both the NDE examinations and the structural mechanics of this
system indicate that the most likely wear scenario is as shown

in Figure 7.1. The batwing, under the flow loading, twists
about the fixed rotational axis and contacts the tube with its
edge. Subsequently, as predicted by Archard's Equation, both
surfaces wear. As the cross-sectional view of the wear

volune shows, the parameters g and L are required to define the
shape of the cross-hatched, tapered wear scar. Figure 7.2

'shows an enlargement of the wear volune cross-section and

differentiates between the material worn fran the tube and that
worn from the batwing. If it is assumed that the ratio of
batwing wear depth to tube wear depth is a constant R, then
there are three independent, geometrical parameters which
define the wear scenario - namely, g, L and R.

For wear depths which are less than through-wall, the wear

angles n, at and Ob are small. (In Figures 7.1 and 7.2
these angles are exaggerated for clarity.) The classical small
angle approximation

sin 0 = tan 9 = 0 9«1.

can be used for the wear angles in this instance. With this
basis, Figure 7.2 shows the relationship which exists between
tube wear depth, Wt, and tube wear angle, at.

Wt = Lt - gx(1+R)

This relationship, which involves the three geometrical para-
meters will be used in the following section to determine g and

L from the ECT inspection data.

7.3.2 Evaluation of Gecmetrical Parameters

The batwing-to-tube wear ratio R is evaluated by a comparison
of the batwing wear depth, obtained free RT inspection at SONGS

3, and the adjacent wear depth in the tube, obtained from ECT
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and UT at the same outage. From the RT inspection program, the
only well-defined batwing wear scar was fourd in the bottom
edge of the batwing adjacent to line 82, row 40 on the hot side
of the generator. The recorded batwing depth is

Wb — .023 + 00

Both UT and ECT estimate the wear on the side of the tube
adjacent to this batwing as

~t 017"

Since

R = Wb/Wt = (.023 +- .003)/.017

it can be concluded that

1.2 < R < 1.5.

Conservatively, R = 1.5 will be used. A bounding case for tube
wear with R = 0 will also be considered.

With R known the remaining parameters, g and L, can be eval-
uated by considering the 99 ECT indications frcm 0he

original'nspections

at SONGS 2 and 3 which were categorized according
to length of wear as well as depth of wear. In CENC-1686 the
tube wear angle et was calculated for each of these 99
indications. A linear, least-squares regression analysis for
the wear angle (at) on the wear depth (Wt) was also

1

performed. The resulting straight-line, plotted in Figure 7.3,
is given by the equation

Wt 1.90~t " .0174

Where Wt is in inches and +t is in radians.
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From a comparison of the above equation with the relationship
derived in the previous section, it can be concluded that

L = 1.90"

g/(1+R) = .0174"

Thus, R = 1.5 implies

g = (2.5)(.0174) = .0435"

and, R = 0. implies

g "- (1)(.0174) = .0174"

Recognizing the approximate nature of these estimates, the
following values will be used

For R= 1,5

L = 2.0", versus 1.9" calculated;

g = .044", versus .0435" calculated.

For R = 0

L = 2.0"

g 0]74ll

7.3.3 Volume -'epth Relationship

Since Archard's Equation is expressed in terms of wear volume

instead of wear depth, it is necessary to have a volume-to-
depth relationship for the geometry of the wear scars. Figure
7.4 shows a typical wear soar contour and a longitudinal cross
section of the wear volume. In the case shown, the deepest

wear in the tube has gone through-wall. Figure 7.5 shows a

transverse cross-section of the wear volvne at a point with

7-6



less than through wall tube wear . Figure 7.6 shows a trans-
verse cross-section with tube wear greater than through wall.
For convenience, Figures 7.5 and 7.6 are drawn as circular,
instead of elliptical, cross-sections. Although, it has not
been shown here, a cross-section with through-wall and through-
batwing wear can also be considered.

Each of the two cross-sections shown has been defined by requir-
ing that

4+b = RW+t

where the superscript ~ is used to'esignate local depth of
wear. Note that the relationship

II

Wb = RWt

also holds in Figure 7.5, but not in Figure 7.6.

The total wear volume (V) associated with these wear scars can

be obtained by a combined analytical and numerical integration.
The above relationship for the local. wear depths can be used to
show that the wear volunes in the tube (Vt) and in the batwing

(Vb) are given by

Vt V 1+8

Vb = RUt = RV/(1+R)

For the. wear scenarios selected in this case, the resulting
volume-to-depth relationships are shown in Figure 7.7. The

total volume, the tube volune and the batwing volte are

plotted as a function of the total wear depth, W. The tube
wear volume curve will be employed in the wear progression
analysis; the other two curves are included for information
only.'-7



7.3.4 Stake kear

Wear between the batwing and the stake inserted in the

peripheral tubes at SONGS, St. Lucie 2 and Waterford has not
been considered in the developnent of the vol+ac-depth relation-
ship. It is, therefore, not considered in the wear pr ogression
analysis. Neglect of the stakes is clearly conservative with
regard to the maximun depth of wear in the peripheral tubes.
It is also conservative for the wear progression since
increased first row wear shifts more load deeper into the
bundle causing more wear.

Neglect of the batwing wear caused by the stake is justified
because the material which would be worn fran the batwing is
ineffective in carrying loads in the batwing. In the fatigue
evaluation of the worn batwing (Section 8.2), the material
which would be subject to wear from the stake is ignored in the
determination of the section properties of a worn batwing. Con-

sequently, neglect of stake wear does not effect the fatigue
evaluation of the batwing.

The degree of stake wear can be conservatively estimated from

the results of the wear progression analysis. The remaining
ligament (h) of a worn stake can be calculated as

h = d — (w> + w2) + 2Rt

where d is tube diameter, t is tube wall thickness and R is the
wear ratio. w„ and w2 are the total wear depths on

opposite sides of the staked tube. 'Ihe term 2Rt accounts for
material worn fran the batwings by the tubes. The UT

inspection at SONGS 3 supports the conclusion that

w2 — o 5w)

so that

h = d + 2Rt — 3/2 w
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where w is the predicted wear depth on the peripheral tube (A1)

frcm the wear progression analysis.
Stake wear is acceptable if the remaining ligament exceeds

.25". This assures the stake area exceeds 50$ of the original
area of the .5" diameter stake. Therefore,

Vi < 2/3 (d + 2Rt - .25)

is an acceptance criteria for stake wear which can be applied
to the predictions of the wear progression analysis.

7.4 Quasi-Static Load Determination

The effective quasi-static load acting on the batwing was determined

by a correlation of analytical predictions of the batwing response

with the quasi-static response of the batwing recorded during the two-

phase flow tests. The analytical predictions were made using the
finite element model of the batwing shown in Figure 7.8. Experimental

data fran the four strain gages and two eddy-current displacement

transducers at the locations superimposed on the model was obtain'ed.

The analytical model was supported by its interaction with the tubes

in rows 38 through 45 and by the T-bar. A nunber of variations of the

model loading and boundary conditions were tried to obtain correlation
with the flo'w test data. Primary emphasis was placed on the deter-
mination of the uniform lateral load and of the appropriate T-bar
restraint. The best correlation with the test results at the high,
two-phase flow (dynamic pressure = 46.5 psf) was found when a lateral
load of .06 psi was applied to the batwing and the T-bar was con-

sidered as a hinge about the vertical axis. This correlation is



shown in Figure 9. The longitudinal stress component in the elements

adjacent to the upper and lower edges of the batwing are plotted
against the horizontal coordinate X. The quasi-static strain gage

readings have been converted to stress and plotted on the same graph.
The strains have been corrected for gage thickness. Also shown on

Figure 7.9 are the EC displacement transducer readings and the corres-
ponding analytical predictions.

As seen in Figure 7.9, gages S1 and S2 are in good agreement with the

analytical model. The correlation at gages S3 and S4 is not as good,

however, the analytical model is conservative at these locations.
Although nunerous attempts were made to improve the correlation at
gages S3 and S4, no sensible loading and boundary condition could be

found.

If the quasi-static load is proportional to dynamic pressure, then the

appropriate value for the low, two-phase flow (dynamic pressure = 14,2

psf) should be .018 psi (= 14.2/46.5 X .06). A comparison of the

analytical model and the flow test results for this case is shown in
Figure 7.10.

This correlation appears to be comparable to that obtained at high
flow, justifying the conclusion that the quasi-static load (p) can be

considered to be proportional to dynamic pressure (q). That is,

p/q = .06/46.5 = ) p = .00129q

The appropriate values of quasi-static load to be used for the wear

progression analysis of each plant are calculated in Table 7.1. The

table provides the quasi-static load for each plant based on the

average dynamic pressures obtained frcm the flow distribution analysis
in CENC-1681, Rev. 1. Values of the quasi-static load are calculated
for average conditions on the hot side of the cavity, on the cold side
of the cavity and for the overall cavity. The hot side values are

used in the wear progression analysis.
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7.5 Calculation of the Specific Wear Coefficient

The specific wear coefficient, K, is used to normalize the wear

progression model to the previously observed wear in the operating
units. In each generator Archard's Equation applies to each ECT wear

indication, so that

Vi = (K 10 ) FiLiT

where the subscript i is used to designate a particular wear scar.

Fi is the initial value of the batwing/tube contact force. It is
calculated with the same finite element model used in the wear

progression analysis and described in Section 7.6. The values depend

on the location of the wear indication with respect to tube line and

row, generator side (hot or cold) and batwing edge (top or bottom).
The sliding rate Li is obtained from the tube motion analysis in
Chapter 6; it depends only on tube row of the wear indication. T is
dependent on the operating history of each plant, but is a constant
for all tubes in a given plant.

Archard's Equation can be applied to either the tube wear, the batwing

wear or the total wear. In this case it is convenient to use tube

wear volune in the equation. The tube wear volune must be calculated
fran the ECT estimate of the tube wear depth. The volune-to-depth
relationship shown in Figure 7.11 is used for this purpose. Also, in
calculating the tube wear volune Vi, the ECT depth estimates have

been adjusted to account for calibration error as shown in Figure 7. 12.

If K is assigned to be a constant for each unit,

Vi K "0 T FiLi

where the sumnations are over all indications in each unit. Solving
for K gives

K Vi/ 10 T FiLi
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'Ihe resulting K values are tabulated in Appendix 7.1. Values are

given for the hot and cold side of each generator and for the
generator as a whole. Values are also given for both SONGS 2

generators combined, both SONGS 3 generators combined, and all 4 SONGS

generators combined.

7.6 Methodology

7.6. 1 Introduction

The methodology employed in the wear progression analysis is
based on the following rationale. The initial contact force
distribution between a batwing and its adjacent tubes depends

on the ncminal geanetry of the tube bundle, including the
batwing-to-tube clearances, and the cpasi-static flow load on

the batwing. Tube and batwing wear occurs at points of contact
between the batwing and a tube over a period of time, altering
the batwing-to-tube clearances at these contact points. Of

course, the depth of wear at a particular contact plaint depends

on the magnitude of the contact, force, the relative sliding dis-
tance over the time interval, the specific wear coefficient and

the volte-depth relationship. The increased tube clearances
resulting from this wear cause a redistribution of the batwing-
to-tube contact forces influencing subsequent wear. Implicit
in the above is the assumption that the quasi-static flow load

on the batwing, the relative sliding rates between the batwing
and each tube, and the specific wear coefficient are constants
which do not change with prior wear. The validity of this
assumption was discussed in Section 4.

In Figure 7. 13 the procedure required to perform the wear pro-
gression analysis is shown in a flow chart. The basic struct-
ural analysis determining the t'ube-to-batwing contact forces is
performed with an ANSYS finite element model (FEB) as shown in
the large box in Figure 7.13. The determination of the wear

depths on the tubes and batwings is also accomplished within
the ANSYS FEH by means of an analogy between wear and creep.
Further details of the modeling techniques are provided in the
following two sections.
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'7.5.2 Finite Element Ncdel

The geometry modeled in the wear progression analysis is shown

in Figure 7.14. This gecmetry consists of one batwing and 12

tubes adjacent to the batwing on each side. The tubes are

designated as A- or B-tubes depending on the direction of the
lateral loading. Further, the tubes are numbered from 1 to 12

outward fran the periphery of the cavity. The unsupported

span of the batwing depends on the length selected for the A1

tube. For instance., if A1 is a tube row 38 tube gecmetry, then

the batwing will be unsupported from the T-bar to tube row 38.

It should be noted that the designation of A- and B-tubes

applies only to the model geometry. In fact, in the actual
generator, any tube can behave as either an A-tube or a B-tube,
or can periodically change from an A- to a B-tube, depending on

the static deflection of its adjacent batwing.

In order to efficiently perform the wear progression analysis,
the finite element model must treat the batwing and tubes as

independent substructures. The batwing substructure is shown

in Figure 7. 15 and the tube substructure for SONGS is shown in
Figure 7.16. 'Ee tube substructures used for St. Lucie and

Palo Verde differ only slightly free that shown in Figure 7.16
to account for geometr y and support details particular to each

plant. The interaction of the batwing and its adjacent tubes
is obtained by connecting the appropriate nodes on the two sub-

structures with a gap element and a spar having creep capab-

ility in series. The gap element models the contacting surface
and allows the batwing to move into the tube generating a

contact force, or away from the tube with no resulting force.
The creep properti'es of the spar element which are developed in
the following section are used to model the wear which occurs

on the tube and on the batwing at those points where contact
does occur. As wear occurs in the spar elements at points of
contact, the gecmetrical relationship between the batwing and

the tubes changes resulting in a re-distribution of contact
force between the tubes.
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FIGURE 7.2
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FIGURE 7.3
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FIGURE 7.5
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FIGURE 7.6
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FIGURE 7. 13

WEAR PROGRESSION ANALYSIS

NOMINAL

GEOMETRY

QUASI-STATIC

FLOW LOADS

RELATIVE

SLIDING RATE

BATWING/TUBE
l

CONTACT FORCES

l
I

TIME

INCREMENT

TUBE WEAR

VOLUME

TOTAL WEAR

DEPTH

WORN

GEOMETRY

I

I

I

I

I

I

l
ANSYS FEH

ARCHARD'S

E(UATION

LJEAR

COEFFICIENT

VOLUME-DEPTH

RELATIONSHIP



FI GURr 7 14

WEAR PROGRESSION MODEL

E LE VATION

~ 8-TUBE (TYP)

A-TUBE (TYP)

BATWING

T-BAR

A-TUBES

~G~G G GC C C ~
ii~ GGGGGGCC.C

B-TUBES

PLAN





SAN ON F /ST . LUCRE BATWING SUPE:REGLEMENT GENERATIO

FIGURE 7.15

BATWING SUBSTRUCTURE FOR WEAR PROGRESSION ANALYSIS



~ ~ ~ ~ ~ ~ ~

~ ~

~ ~

~ ~

~ ~ ~

~ ~ ~

~ ~ ~ I ~ i ~ ~ ~ I ~ I



FIGURE 7.17(A)
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Introduction

Eddy current examinations of tubes in the "batwing" regions were
performed in the St. Lucie 2 steam generators in April 1986; the unit
had operated for approximately 850 full flow days. The purpose of
the examination was to determine the progression of wear since the
inspection conducted in April 1985 and to compare the results to the
predictions obtained from the wear progression analysis. To this
end,,twenty nine tubes in steam generator A were deplugged and
examined.

1985 Examination

An examination of tubes adjacent to the central cavity was performed
following a tube leak caused by batwing wear. The results of the
examination and resultant plugging pattern are presented in Figures
3. 1A and 3.IB for Steam Generators A and 8 respectively.

1986 Examination

All tubes in both steam generators were examined using a standard
bobbin coil. In addition, twenty nine tubes, in steam generator A
were deplugged and examined using both a standard bobbin coil and a
segmented bobbin coil. The segmented bobbin coil provides wear data
at both sides of the tube in contact with the batwing. Figures 3.2A
and 3.28 present the results of the standard bobbin coil examination
and the resultant plugging pattern. Figure 3.3 presents the results
of the segmented bobbin coil examination.

Wear Prediction

Appendix 7.2 presented the results of a wear progression analysis for
St. Lucie 2. This analysis was benchmarked to the results of the
examination performed in 1985 and projects the wear into the bundle
as well as the wear of individual tubes. The results represent wear
of an average tube within a line; the effects of preloads between
batwings and tubes and the effect of manufacturing tolerances are
included only to the extent that these conditions affect the wear
exhibited during the period prior to the 1985 inspection. The
prediction of wear at individual tubes to the end of cycle 2 includes
the effect of preloads and manufacturing tolerances to the extent
that those conditions resulted in higher than predicted wear for the
period of operation prior to the 1985 inspection. Specifically, the
wear at each tube during the 1985 inspection was examined with
respect to its position in .the bundle and the wear prediction for the
period of operation. The effect of manufacturing tolerance is
usually evidenced by a tube exhibiting wear greater 'than the tube
immediately in front. This condition has been found in steam
generators at SONGS 2, SONGS 3, and St. Lucie 2 as well as in the
flow tests,and mechanical shaker tests and has been discussed during
owners group meetings. To account for this condition, the wear at
the tube is predicted by interchanging its position with that of its
neighbor and predicting the wear based on its wear position rather
than geometric position. The effect of preloads i0 evidenced by
higher than average wear at specific tubes; to account for the effect



of the additional wear resulting from these preloads, wear at the
affected tubes is extrapolated from previously observed wear using
the volume,:to depth relationship shown in Figure 7. 1.7 of CEN-328.

3.1.4.1 Bottom Wear

3.1.4.2

A comparison of the predicted and measured wear at the intersection
of the bottom of the batwing and the tube is shown on Figures 3.4A
and 3.4B. 'he predicted values were obtained from the wear
progression analyses and the extrapolations described above.

Top Wear

A comparison of the predicted and measured wear at the intersection
of the top of the batwing and the tube is presented on Figures 3.5A
and 3.5B. The wear projection analysis predicts that a batwing will
be in contact with as many as 10 tubes and that 8 are predicted to
wear at least 105 by the end of cycle 2. Nanufacturing tolerances
could cause top wear in a line to be concentrated at one or two
tubes. Thus a range of top wear can be expected for each tube in a
line. For the prediction of wear at the twenty nine deplugged tubes,
the upper end of the range was used for those tubes for which no top
wear was found deeper in the bundle and the lower end of the range
was used when tubes in the same line, exhibited wear deeper into the
bundle. For tubes outside the 1985 plugging pattern, the-values from
the wear projection analysis were used except where 1985 inspection
data indicated that a specific tube exhibited higher than average
wear.

3.1.5 Summary of Results

3. 1.5. 1 Oeplugged Tubes {Bobbin Oata)

The predicted wear at deplugged tubes compares very favorably with
the measured wear . The results clearly show that the rate of wear at
individual tubes decreases with time in accordance with the scenario
described in CEN-328. For the vast majority of tubes tested, the
increase in wear from the 1985 examination to the 1986 examination
was equal to or sma'lier that the calculated increase. There were a

very few locations where .the measured wear exceeds the predicted wear
by a small amount.

3. 1.5.2 Oeplugged Tubes (Segmented Bobbin Oata)

The results of the segmented bobbin data are in good agreement with
the bobbin data; in some cases the segmented bobbin data indicates
somewhat larger defects than the bobbin data. With few exceptions,
these are still within the predicted values. Several tubes exhibited
two sided wear of approximately equal magnitude; this is consistent
with two adjacent batwings converging on a tube and wearing it from
both sides. The absence of large wear on opposite sides of adjacent
tubes confirms the prediction that the batwing does not move from
tube to tube on a regular basis, but, rather, changes position
infrequently as a result of shutdown or power change.



Tubes Outside the 1985 Pluggino Pattern

Several tubes exhibited wear in excess of predictions. For those
that exhibited wear at the top intersection of the batwing and tube,it can be reasonably assumed that the magnitude of wear is due to the
fact that a single tube, or in one instance, two tubes, in a line
wore rather than several tubes as a result of manufacturing
tolerances and that wear will distribute itself more uniformly once
contact with adjacent tubes is established as a result of wear. A
few tubes exhibited wear at the bottom intersection of the batwing
deeper into the bundle than predicted; these are clearly isolated
instances. The wear in Steam Generator A appears somewhat more
aggressive than the wear in Steam Generator B.

Two tubes in Steam Generator A located outside the plugging pattern
presented in Appendix 7.2 exhibited wear; no tube in Steam Generator
B exhibited wear outside the plugging pattern. The wear progression
analysis was reviewed in detail to account for this discrepancy. The
analysis results indicate that the affected tubes (79-59 and 86-60)
would not be subjected to motion relative to the batwing because they
were supported by both a partial eggcrate and a second vertical
support in the immediate vicinity of the intersection of the tube and
the batwing. Thus no wear at these tubes would be expected. An
error in the calculation of tube motion in Section 6 of CEN-328 was
found in that the second vertical support is not effective at the
location designated. Note 7 on page 6-29 of CEN-328 shows that
credit is taken for a second vertical support beginning with tube row
59. The vertical strips of the support begin at tube row 59 but the
horizontal plates which actually provide the support do not begin
until tube row 65. This error caused a significant underprediction
of the motion of the tubes between tube rows 59 and 64 and an
underprediction of the wear at those tubes. Thus wear at tubes in
these rows in the central region of the pattern can be expected both
as a result of local preloads (wear in early cycles) and as a result
of the progression of wear into the bundle.

Conclusions

The results obtained from the inspection of the twenty nine deplugged
tubes confirm that the wear rate at individual tubes close to the
central cavity decreases with time as a function of the increased
volume of wear at individual tubes and as a result of redistribution
of wear to additional tubes within the bundle.

The results obtained from the inspection of tubes outside the 1985
plugging pattern indicates that wear is progressing into the bundle.
The results suggest that manufacturing tolerances are causing wear. at
individual tubes to be more severe than the analysis would predict
and that other tubes, closer to the plugging pattern, are not yet
wearing. This phenomenon had been observed from the results of the
1985 inspection. Results of the 1986 inspection indicate that the
wear is distributing itself to these previously unworn or lightly
worn tubes.





It is clear that wear in the steam generator does not follow the
uniform pattern suggested by the analysis. This is not surprising
since the analysis was performed for nominal geometries and
benchmarked to only those tubes that exhibited wear prior to the 1985
inspection. What is important is that the analysis does predict the
large wear observed at specific tube locations.

The results of the inspection corroborate the wear, progression
analysis and the results of the segmented bobbin coil inspection
confirm the batwing integrity analysis presented in Section 8.2 of
CEN-328.

Thus plugging of tubes in accordance with a plugging pattern
resulting from a wear progression analysis performed in accordance
with the methods presented in CEN-328, utilizing plant specific
parameters, is a viable remedy for the steam generator batwing
problem.
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