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| 1.0 PURPOSE

In March 1982, ANO-2 was shut down as a result of a tube leak
: in the "A" steam generator (one of two steam generators: 2E24
5 A & B). Inspections were performed to determine the extent of
degradation assoclated with the leaker. These inspections
revealed significant degcadation in the expansion transition
, region of the tubing, just above the tubesheet, on the hot leg
| side, primarily in the "A"™ generator, but also in the “B"
i generator. This degradation was essentially circumferential
- in nature, with axial extent limited to less than 0.25 inch,
; based on eddy current testing. This is also consistant with
' the limited axial extent of the expansion transition where the
residual stresses imposed on the tube by the expansion
contribute to the stress corrosion cracking which caused the
defects, based on tubes pulled from the generators for
examination. Due to the large size of the defects (both
circumferential and thru-wall extent), an evaluation of the
allowable tube wall degradation was performed. The purpose of
this report is to document the evaluation done to Jetermine
i the maximum allowable tube wall degradation in accordance with
l (draft) Reg Guide 1.121. This allowable degradaticn is used

to support the tube plugging criteria and related safety
margins for ANO-2 steam generators.

2.0 SUMMARY OF APPROACH

A structural evaluation of maximum allowable degradation was
performed by Combustion Engineering {(C-E) in accordance with
the Reg Guide reguirements, as interpreted by C-f£. The report
of this work is contained in Attachment A. This report was
then independently reviewed by MPR Associates, Inc. Their
! review, along with their interpretations of the requirements

of the Reg Guide, were factored into their report, Attachment
_ B. In addition, since axial cracking in the egg crate support
5 region is also an emerging issue for ANO-2, MPR was tasked to
| expand their results to include additional information to
| support criteria specifically for axial cracks.

2.1 C-E Approach

E C-E evaluated the structural integrity of the flawed
tubing for normal operating conditions including flow
induced vibration, and accident loads coincident with
Safe Shutdown Earthguake (SSE) loads. These loads were

| considered for three cases:

1) Unlimited axial and circumferential extent,
2) A limited axial extent of 0.25 inch maximum and
unlimited circumferential extent, and
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3) A limited axial extent of 0.25 inch maximum, and
the maximum allowable 100% thru-wall defect was
determined.

The analysis considered both Code reguired mimimum
material strength, and a conservative estimate of actual
material strengta expected in ANO-2 based on yield
strengths of typical tubing supplied to C-E in accordance
with their tubing specifications. In addition, the
analysis also considered degradation initiating on both
the inside and outside of the tubing.

MPR Approach

MPR provides a point by point discussion of the Reg Guide
requirements, compares the C-E analysis to them, and
provides additional evaluations where necessary, based on
their interpretation of the Reg Guide. Significant items
from the report are:

1) MPR agrees with the results of the first case for
unlimited axial and circumferential extent.

2) The C-E evaluaticn uses the tube burst data
directly to estimate the allowable degradation for
the second case defect. The MPR evaluations also
utilize the burst test data, but account for
differences in tubing and defect parameters between
the burst test tubing and the ANO-2 tubing.

3) The results for C-E's third case of limited axial
extent and 100% thru-wall are misleading, as they
actually apply to slot type defects rather than a
detfect which is 0.25 inch wide. However, based on
burst tests for other tubing with defects similar
to ANO-2, it is expected that ANO-2 tubing will
behave such that average remaining wall thickness
is the appropriate criteria. See Attachment B,
pages 3-6 and 3-7, for additional information.

SUMMARY OF RESULTS

The overall results are summarized in Table 1, below.
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TABLE 1

_ , 1 2 2
Types of Degradation C-E Results MPR Results
Unlimited axial and 65.8% 66%
circumferential extent
0.25 inch maxoaxial 77% 79%
length at 360 circ
extent
axial slot type NA See Attach.

B, Fig. 1

1asymmetrical defects at the tubesheet or tube support
elevations, or symmetrical defects at any location

’ conservative best estimate tubing properties

Based on a detailed review of Attachments A and B, Design
Engineering considers a 1limit of 79 % through wall to be
appropriate for the pertinent defects of current interest (0.25
inch maximum axial length, 360 degree circumferential extent).
Notably, this 79% value is based on calculations/tests for planar
defects and is, therefore, conservative with regard to actual ANO-2
defects which have ligament strength between microcracks.
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1.0 INTRODUCTION

The analysis presented herein is performed to establish the maximum allowable tube
wall degradation for the Arkansas Nuciear One - Unit 2 steam generator tubes per the
requirement of NRC Reguiatory Guide ! 121. The resuits of this analvtical study wall
_ be used in comuncuon with prior pressure lesung results 1o assess the steam generator
: tube integnty when subjected to either inner diameter or outer diameter circumferential
cracking at the tube expansion transition region.

This report addresses the structural aspects of NRC Reguiatory Guide |.12] regarding
the Tmnimum wall thickness of steam generator tubing. The report does not address the
primary 1o secondary leakage rate data used in meeting Regulatory Position C.3.(d)(3).
The structural integrity of the flawed tubing is evaluated based on normai operaung
conditions and possible accident conditions such as Loss of Coolant Accidents (LOCA)
pius Safe Shutdown Earthquake (SSE) loads and Main Steam Line Break (MSLB) plus

' SSE loads. Since the tubes containing flaws may be located near the outer periphery of

the tube bundle the tubes will also be evaluated for flow induced vibration due 1o the |
recirculaung fluid.

The report also considers two tube cases with localized defects. The first case has an
axial defect of 0.25 in. maximum and an unlimited circumferential extent. The second

case also has an axial defect of 0.25 in. maximum. but the aliowable circumterential -
exten! for 100% thru-wail defect 1s determined.
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SUMMARY OF RESULTS

This analysis evaluates the loading of a flawed tube due to normal operation, Loss of
Coolant Accident (LOCA), Main Steam Line Break (MSLB), and Safe Shutdown
Earthquake (SSE). The allowabdle tube wall degradation 1s establish2d to be 61.5% for
the case of unlimited axial and circumferential extent of defect in accordance with the
stress allowed by the ASME Code Section 111 and the structural integrity margins
reguired by NRC Regulatory Guide 1.121. When the probable tube materiai propertes
are used in place of the ASME Code allowables, the allowable tube wail degradatuon
can be increased to 65 8% for the case of unlimited axial and circumferential extent of
defect and sull meet the structural integrity margins required by NRC Regulatory Guide

1.121.

he maximum stress intensity due to a €1.5% degraded tube was found to be 26.75 ksi
and 30.24 ksi for 2 65.8% degraded tube. which is less than the allowable of 56 ksi for
the steam generator tube matenal, Inconel SB-163,

For the two tube cases with specific defects, the maximum allowable tube defect per
NRC Regulatory Guide 1.121 tube burst requirements is 77% tube wall degradation for
an axial extent of 0.25 in. maximum and unlimited circumferential extent. With 100%
thru-wall defect. the maximum allowable circumferential extent is 274° . with 86° of the
total circumference having no tube wall degradation.
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GEOMETRY DESCRIPTION OF S$/G TUBE BUNDLE

The Arkansas steam generator tube bundie is comprised of 0.75 inch diameter tubes
with 0.04% inch wall thickness which are supported by grid type “egg-crate") tube
suppors in the axial flow region. In the cross flow region the tube bundie is supported
hy three different types of supports. Two of these, drilled piates and "egg-crates”,
support the vernical portion of the tubes and "batwing" configurations support the
nonzontal section.  This report is concerned only with the stresses occurring in the tube

expansion region of the bundle and is therefore only considering forces acting on the
vertical portion ot the tube bundie.

The egg-crate and dnlled support plates are spaced incrementally up the tube bundle as
shown 1n Figure S.2-1. The first support is located at 28.125 inches above the tube
sneet, The remaiming full and partial supports are located vertically in the following
nerements (all i anchesy. 30, 33, 35 30, 33, 35. 25.5. 26.5. 22. The last theee
‘ncrements correspond 1o locatons of partial supports. (Reference 3.11)

Tube Row .10 1s modeled in ANSYS to be evaluated throughout this report. This tube
Tow 15 chosen as a bounding condition and corresponds to the location evaluated in the

Palisades stieam generator report (Reference 3.2). Resulting time history displacements
from thus Palisades report will be applied to the ANO2 steam generator and it is

necessary that the identical location i the ANO2 generator be modeled to produce
compatible resuits.
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5.0  STRUCTURAL ANALYSIS

5.1 LOADINGS TO BE CONSIDERED

2.

]

2

LOCA Rarefaction Wave

A Loss-ot-Coolant Accident (LOCA) produces a rarefaction wave which
propagates al the speed of sound away from the break locaton. As the
rarefacion wave passes through the tubes in the bend region of the steam
generator, it imparts a lateral pressure loading on the tube bundle. The pressure
loading on a particular tube is proportional to the pressure difference acting

- between the midpoints of the bends. Fluid fricion and the centrifugal forces

zenerated as the flud negouates the bends also contributes to the lateral loading
on the tube bundle. The net force on a parncular hornizontal section of the tube
is the algebraic sum of the pressure, friction, and centnfugal forces.

Pipe B/eak Impulse Response

A LOCA acciudent produces an externally applied impulse 10 the steam generator
caused by the fluid escaping from its respective loop. A detailed system LOCA
analysis has been done for the Paiisades steam generator, Reference 3.2. The
results of this analysis were time history displacements at the steam generator
uppermost full eggcrate tube support. These displacements were used in a
dynamic ANSYS finite element analysis on a model of the Maine Yankee steam
generator 10 calculate the tube stresses near the secondary face of the tubesheet
and at the uppermost eggcrate support. The following discussion will show that
these results can be conservativelv applied to the ANO2 steam generator tubes.

Palisades analyzed the stress at the uppermost eggcrate while Maine Yankee
(MY) caiculated this stress as weil as the stress at the secondary tubesheet face.
The stress calculated for both plants at the uppermost eggcrate was the same.
The steam generators tor these two plants are compared with ANO2 on the bases
of volume and geometry. The volume of the Maine Yankee generator is smaller
than Palisades and ANOZ (the volume of ANO?2 is similar to Palisades), but the
geometry of MY 1s more unstable than Palisades. Since the resuiting stress
calcuiated at the uppermost eggerate for both plants was the same and the
zeometry of ANO2 is more stable than that for Palisades and MY, it 1s assumed

that the results obtained by MY for the stresses at the tubesheet are conservative
tor ANO2.
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secondary pressure remaiming approximately constant dunng the LOCA event at
900 psia. a differennal pressure stress is determined based on this pressure and
the pnimary pressure at the ime of maximum LOCA stresses. Since the pressure
in the prnimary side will not exceed 2500 psia, the maximum AP caused by
LOCA will be less than that caused by MSLB. Therefore, the stress caused by
the AF due 10 the MSLB wiil be evaluated in this report and will envelope that
caused by the LOCA. The analvsis concludes that tube buckling 1s not a

concern, with the higher AP being outside the tube, due to the circum?zrenual
nature of the defects.

5.1.6 . Sate Shutdown Earthquake (SSE)

The project specification for the ANO2 unit states that the steam generator shall
be capadle o1 withstanding a maximum seismic loading equivalent to a 1.5G
ateral and | 4G verucal simultaneously applied static loading (Reference 3.12).

ASSUMPTIONS APPLICABLE TO STRUCTURAL LOADINGS

5.2.1 The stresses in the tube at the tubesheet expansion location caused by LOCA
Iimpuise response as calculated by Maine Yankee in Reference 3.4 are
conservatively assumed to apply to the ANO2 steam generator tubes

.= The veloaity flow in the tubesheet region due to recirculating fluid is constant
over the vertical span of 0-15 inches above the tubesheet and zero from there 1o
the 10p of the tube,

ol

I'he maximum amount of degradation tor the unhmited axial and circumferental
exient of defect 15 calculated for hoth the ASME Code allowables and the
‘probable” tube matenal properties

3.2.4 The stress caused by AP due 10 a main sieam line break envelopes that caused by
a LOCA even.

2.5 Where exact data and equanions are not applicable, the stress caused by the
degradation of the tude will be esimated from the stress resuiting on the healthy
lube, using a tacior based on the percent of degradation.

NRC REQUIRED STRUCTURAL INTEGRITY MARGINS

in Secuon 3.1, vanous loadings inciuding postulated pipe break accident. earthquake,
low induced vibration. and operational differential pressure were wdentified as
CSE-92-164
RS - T " i
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conditions which in combinauon must satisfy appropriate ASME Code, Section 111
allowable stresses. In addition 1o those requirements, the NRC Regulatory Guide 1.121

requires that certaun structural integrity margins be satisfied for flawed tubes which have
not been removed from service:

These cnitena inciude:

Tubes with detected acceptable defects will not be stressed during the full range
of normal reacier operation beyond the elastic range of tube material.

The factor of safety against failure by bursting under normal operatng conditions
is not less than three at any tube locztuon where defects have been detected.

hese critena represent margins of safety which are inherent in the design rules of
Secuon [II of the ASME Code. It 15 possibie for flawed tubes to meet these

requirements because steam generator tubes are designed with margins much larger than
the mimmum ASME Code reguirements.

The following sections venfy that a 61.5% degradation for uniimited axial and
arcumferential extent of defect irrespective of O.D. or 1.D. initiation when using the
ASME Code allowables for S, and S,. The minimum required thickness 1s based on
pressures, lemperature and material properties at normal operating conditions.

Dimensions of a healthy tube are R = 0.327, R, = 0.3750. and t = 0.048 inches

5.3.1 Tube Degraded from the Inside
New dimensions: R, = 0.3565, R, = 0.3750, and t = 0.018S inches
|. Flawed tube not stressed bevond elastic limit
I'be code equation for required minimum tubewail thickness (1) in
cvlindnical shells 15 used with the most conservative combination of

pressure loadings. S, 15 used 10 evaluate the required thickness with
respect to the elastic limit of the matenal.

(2.25 - 0.900){.3565)
2 =~ 0D.5(2.25 + 0.9500)

fguation 1

CSE~92-164
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-. Flawed tube maintains a satety factor of 3

The cooe equaton tfor required mmimum tubewall thickness in cylindrical shells is

|
i used with the most conservative combination of pressure loadings. S, is used to
i show tnat the factor of 3 is maintamed with regard to the ultimate strength of the
' matenal.
3P, - BR, 3(2.25-0.900) (.3565) : :
£, = - S < = =0,0184 in. E tien 2
F8,-0.5(P, » F.) 80 - 0.5(2,25 - 0.900) o

" 5.3.2 Tube Degraded from the Outside

New dimensions: R, = 0.327 R, = 0.3455, and t = 0.0185 inches

i. Flawed tube not stressed bevond elastic limit

: The code equation for required minimum tubewall thickness (1) 1

: cylindnical shells 1s used with the most conservative combination of
pret -« loadings. S, is used to evaluate the required thickness with
respec: O the elastic imit of the material.

Using Equation |, t, = (.0168 in

2. Flawed tube maintains a safety factor of 3

e——

The coge equation for required mimmum tubewail thickness in cylindrical
shells 1s used with the most conservative combination of pressure
loadings. S, is used to show that the factor of 3 is mamntained with
regard 1o the ultimate strength of the matenal.

Using Equation 2, , = 0.0169 in

e e e
——

5.4  STRESS EVALUATION OF TUBE WITH UNLIMITED AXIAL AND
CIRCUMFERENTIAL DEFECTS

i The following analyses will be discussed based on three states of the tube: heaithy,

, degraded on the inside. and degraded on the outside. The individual loading conditions
' may have been evaluated for one, (wo or three of these cases. Where only the healthy
| tube was analvzed. a factor based on the percent degradation wiil be applied to estimate
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the stress in the degraded cases. Where the degraded cases were analyzed the actual
resuiting stress is known. However, this factor of degradation will be also appiied to
the heaithy case and the largest of the actual and estimated stress will be used.

Factor of Degradation:
maximum allowable percent degradation = 61.5%
factor = 1/(1-.615) = 2.60

5.4.1 LOCA RAREFACTION WAVE

The LOCA rarefaction wave can cause severe lateral loading at the top of the
tube bundle. as described in Section 5.1.1. However. the tube flaws being
evaluated in this study occur exclusively 1n the tube expansion region.

Therefore, the rarefaction wave produces no stress at the location of interest in
this analysis.

wh
4
L]

PIPE BREAK IMPULSE RESPONSE

The postulated LOCA event causes a shock loading to the steam generator which
causes the steam generator shell to deflect as a rigid body about the bottom of
the sliding base (Figure 5.4-2). The time history displacements of the steam
generator shell at the uppermost full eggerate support locations are calculated in
Reference 3.2 and shown in Figure 5.4-3. These displacements were applied to
an ANSYS finite element model of the vertical portion of a Maine Yankee steam
generator tube in a dvnamic analysis of the tube (Reference 3 4). The resuits
showed that the maximum stress at the tubesheet was 0.5 ksi. Figure 5.4-4_ and
the maximum stress, occurning at the uppermost eggcrate was 2.0 ksi. This
stress at the uppermost eggerate 1s consistent with the resuits of the Palisades
steam generator report. (Note: the input data for the MY analysis was taken
from the Palisades report) The volume of ANO2 is similar to that of Palisades
and the geometry of ANO2 is more stable. with the tube supports being closer
together. Therefore, the results of the MY analysis showing the maximum stress

at the tubesheet to be 0.5 ksi can be conservatively apphed to the ANO2 sieam
generator tubes.

The previously mentioned analysis was done for a heaithy tube. As discussed
above a factor based on the percent degradation will be apphed to this value to
estimate the stress which would occur on a degraded tube. This stress will be

applicable to degradation on the inside or outside of the tube. Stress on degraded
tube = 05 x 260 = 1.3 ksi.
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MSLB SECONDARY SIDE BLOWDOWN

The tubes in the cross-flow region are subjected to an external flow induced
loading during the MSLB event. The loading imposed on the horizontal span of
cach tube 1s based on the assumption that the force acting is proportional to the
ratuo of an individual tube’s projected area to the total cross-flow tube area of the
bundle. Since the tube flaws peing evaluated in this study occur exclusively in
the expansion region just above the tubesheet. the flow forces described above
produce no sigmficant primary loading at this location,

FLOW INDUCED VIBRATION

An ANSYS model ot the straight portion of a Row [10 ANO2 steam generator
fube was created. [t consists of 109 STIF16, 3-D pipe elements with supports at
'U locauons above the tube sneet, Figure 5.4-5. The boundary conditions are:
(1) the model Js fixed at Node . the tubesheet face. and (2) the tube 1s simply
supported at each tube support location. This model was used 10 generate an
Eigenvalue analvsis 1o give frequencies and mode shapes which are required to
evaluate the flow induced vibrations loading.

The resulting Eigenvalues are listed in Table 5.4-1 for a healthy tube and for a
tube degraded on the outside. Mode 9 is the critical mode for both cases, since
the maximum dispiacement in this mode occurs in the first span. The mode
shape plot 15 similar for both cases and is shown in Figure 5.4-6 for Mode 9.
Table 5 4-2 and 5.3-5 give the expanded Eigenvector for Mode 9 for the healthy
lube and tube degraded outside. respectively.

The erfective mass 15 required for this analysis and is calculated as foilows:

b = LHARMPA, = oA, + C o,A) Equation 3 (Reference 3.15)
Where

2 = Acceleranon due to gravity (in/sec’)

A, = Area of tube wall per inch of tube (in")

= Densuty of tube (Ib/in’)

A = Area of displaced flow based on inside radius per mnch of tube
{in*)

. = Density of pnmary fluid (Ib/in')

A = Area of displaced flow based on outside radius per inch of tube
(in*)

D = Density of secondary tluid (Ib/in’)

C, = Vinual mass coefficient
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When tubes 1n a heat exchanger are subjected 10 a fluid cross flow. there is a
thresnold velocity where the onset of fluid-elastic unstable vibrations occur. This
is gefined as the criucal veiocity and is given by the equation:

M 8, \
Ver = fn Kd [——=1" Eguation 4

(Reference 3.7)

Where:

1 ! fa = Natural frequency of nth mode of vibrauon (Hz)
Threshold of instabilitv constant

Tube O.D. tin)

= Reterence mass of tube per umt length (lb/in)
Loganthmic decrement = 2x¢

Damping ratio of tube in fluid

= Reference fluid density (Ib/in)

g e x
A | | R 1}

&
|

The above parameters are obtained from the tube geometry and from test and
operaung plant data.

A comprehensive flow test program was conducted by Combustion Engineering
to evaluate the vibration hehavior of vanous tube bundle arrangements when
subjected 10 ligi cross flow (References 3.7 and 3.10). The tnangular pattern

:f with .75 O.D tubes used in the CE generators was one of those evaiuated. The
tubes were driven to instability and critical velocities were determined for various

flow onentations. The K value for the subject tube geometrv was determined to
be 3.2 (Reference 3.10).

If the cross flow velocity 1s not constant over the entire tube span. an effective

velocity must be determined. Reference 3. 10 presents a method for calculating
i V. The equation is:

i plx /p v $4lx) dx

| Carp ® . : : Equation 5

‘[ (M(x) /M) ®*(x) ax

| Where

| » = Densnty of secondary fluid

| M = Effecuve mass of tube

| ® = Modal displacement (in)

1 v = Cross flow gap velocity (in/s) ,

: %
CSE~92~164
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Where:

191 Hz

3.2

0.75 in
0.0797 Ib/in
Jxé = 0.126
0.02

0.0282 Ib/in’

CE R R

-

Ha

W W N i H

Effective Velocity:

Using the equaton previously defined with the effective mass of
ihe tube and the density of the secondary fluid constant over the
‘ube span. a veiocity of 11.44 ft/s from (-15 inches above the
‘ubesheel. and modal displacements from Table 5.4-2. the
etfective velocity 1s calculated to be 83.8 in/s.

Stability Ratio:

SR. = 83.8/364.7 = 0.23

Tube Loading:
Fo=C,d V., 2g) = 0.0770 blin Equauon 6
Where:
3 = 1).4 (Reference 3.7
d =0.75 in
P = ().0282 ib/in’
Vg = B3.8 in/s _
g = 386 n/sec

This loading of .077 Ib/in 15 inputted as static load to the
previously described ANSYS model. Figure 5.4-5. The maximum
stress 15 calculated 1o be less than 2 .| ks at the tubesheet face.

5.4.4.2 Flow Induced Vibration for Tube Degraded Outside

Effecuve Mass:

Substituting the following values into Equation 3 gives.,

CSE-92~-164
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o = 0.003225 1b-sec/in’

Where:
2 = 386 in/sec
A, = ().0447 in°
o = 0.305 Ib/in’
A, = (.336 in*
Wl = 0.026 lb!iﬂ,
A, =0.3807 in
by = 00282 blin’
C = 3.1

Cnncal Velociry:

Substituting the tollowing values into Equation 4 gives,

V., = 292.5 /s

Where:
f, = 183.3 Hz
4 =32
d = (.696 in
M, = 0,05565 Ib/in
B, = 2wt = 0.126
& = (.02
Do = ).0282 Ib/in’

Effectuve Velo.aty:

Using the equation defined above with the etfective mass of the
‘ube and the density of the secondary fluid constant along the tube
span. a velocity of 11.44 fi/s from 0-15 inches above the
‘ubesheet, and modal displacements from Table 5.4-3. the
etfective velocity 1s calculated to be 83.8 in/s.

Stabiiity Rauo:
SR. =R3B/2925 =0.29

Tube Loading:

Substituung the tollowing values into Equation 6 gives,
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Healthy Tube:
Dimensions: R = 0.327, R, = 0.3750, and t = 0.048 inches
Substituting these dimensions into Equation 7 gives,
Py =8, = ng kSl

Degraded Outside:
Dimensions: R, = 0,327, R, = 0.3455, and t = 0.018S inches

Substituting these dimensions into Equation 7 gives,

o, -0, = 22,74 ksi

Degraded Inside:
Dimensions: R, = 0.3565, R, = 0.375, and t = 0.0185 inches

Subsututing these dimensions into Equation 7 gives.

o, - o, = 24.73 ksi

Since these stresses are calculated using code equations with actual pla.it specific
data, the actual stresses will be used. and the degradation factor will not be

applied to the case of the healthy 1ube to estimate the stress for the degraded
cases.

SAFE SHUTDOWN EARTHQUAKE (SSE)

The model as descrnibed in Section 5.4.4 is uulized to apply a |.5G lateral, 1.4G
verucal stauc seismic loading to the steam generator tube. This loading is
applied in ANSYS as an acceleration and produces the stress at each nodal
locanon. This loading was applied 1o ail three tube cases. with the maximum
stress at the tubesheet being 0.178 ksi and the overall maximum stress occurring
at the uppermost full eggerate and being 0.202 ksi. Both of these maximums are
from the case of degradation from the outside

The heaithy tube had a stress of 0.177 ksi at the tubesheet. Applving the

degradation factor to this value produces 0.460 ksi for the estimated stress of the
degraded cases.
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COMBINED STRESSES ON TUBE WITH ASME CODE ALLOWABLES

The resuiting stress acting on the tube at the tubesheet interface is compared to
the guidelines as specified in Appendix F of Section III. This Appendix F of the
ASME Code defines the allowable membrane stress allowable for the faulted
conditions considered in this report as S, = 0.7 S,,. The uitimate strength for
the SB-163 Inconel 1s S, = 80.0 ks ar the maximum operating temperature of

600°F. Therefore. the allowable membrane stress in the steam generator tube 1s:

Smems = 0.7 S, = 56.0 ksi

The resulting stress intensities from the loadings of the previous sections are
combined anthmeucally as follows:

Loading Healthy Degraded Degraded

Condition _Tube Quiside lnside
Pipe Break Impulse Response (ksi) = 0.5 1.30 1.30
Flow Induced Vibration (ksi) = (.1 0.260 0.260
Maximum AP During MSLB (ksi) = 9.18 22.74 24.73
Safe Shutdown Earthquake (ksi) =_0,177  _0.460 0.460

Total Stress Intensity = 996 24.76 26.75

Maximum S.I. = 26.75 < 56.0 ksi

Theretore, 61.5% degradation o1 the steam generator tubes is allowable and
fulfills both NRC and ASME reguirements.

COMBINED STRESSES ON TUBE WITH "PROBABLE" T1/BE MATERIAL
PROPERTIES

When the "probable” tube matenal properties for S, and S, are used i place of
the ASME Code allowables mentioned eariier. a 65 8% degradation can be
considered for unlimited axial and circumferential extent of defect irrespective of
O.D. or L.D. initiation. The Factor of Degradation = 1/(1-.658) = 2.92. The

mimmum required thickness 1s based on pressures and temperature at normai
operaung conditions.

A, Dimensions of a heaithy tube are R, = 0,327, R_ = ).3750, and t = 0.048
inches.
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f B. Tube Degradation From the Inside
! New dimensions: R, = 03586, R, = 0.3750, and t = 0.0164 inches

I, Flawed tube not stressed bevond elastic limit using Equation
Lwith §, = 35.2 ksi. , = 0.0144 in.

J

-.  Flawed tube maintains a safety factor of 3 using Equation
2with §, = 90.0 ks1, 1, = 0.0164 in.

T i Y W S —

C. Tube Degraded From the Outside
New dimensions: R, = 0.327. R, = 0.3434_ and t = 0.0164 inches

i, Flawed tube not stressed bevond elastic limit using Equation
I with §, = 35.2 ksi. t, = 0.0131 in.

. Flawed tube maintains a safety factor of 3 using Eguation
2 with §, = 90.0 ksi, t, = 0.0150 in.

5481 LOCA Rarefaction Wave
As menntioned earlier there is no stress at this location of interest.
5482 Pipe Break Impulse Response
Stress on degraded tube = 0.5 x 2.92 = |.46 ksi.
3.48.3 MSLB Secondary Side Blowdown
There 1s no significant primary loading at this location.
5484 Flow Induced Vibrauon

Stress on degraded tube = 0.10 x 2.92 = 0,292 ksi.

5.485 Differental Pressure

| A. Degraded Outside;

| 0, -0, = 25.56 ksi Using Equation 7

f CSE~92~164
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B. Degraded Inside:

o, -0, = 27.97 ksi Using Equation 7

5.4 8.6 Safe Shutdown Earthquake (SSE)
Stress on degraded tube = 0.177 x 2.92 = 0.517 ksi.
5.4 8.7 Summary of Stresses

The resulting stress intensities from the previous loading are combined
arithmetically as follows:

Loading Healthy Degraded Degraded '
Condition —Tube Dutside Inside |
Pipe Break Impuise Response (ksi) = 0.5 .46 .46 |
Flow Induced Vibrauon (ksi) = 0.1 0.292 0.292 |
Maximum AP Duning MSLB (ksi) = 9.18 25.56 27.97 |

Safe Shutdown Earthquake (ksi) = 0177 0.517 0.517

Total Stress Intensity = 9096 27.83 30.24

Maximum S.I. = 20.24 < 56.0 ksi

heretore. 65.8% degradation of the steam generator tubes is ailowable when the |
probable tube material properties are used. |
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Figure 5.4.1
Locauon of Support Plates
for ANO2 Steam Generator
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. Figure 5.4-5
ANSYS Model of ANO2 Steam Generator Tube
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Figure 5.4-6
Mode Shape 9 for ANO2 Steam Generator Tube
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. b | 6.4 b

ﬁ ! ' 154.1 | 7 147.8

| g | 186.3 | 8 178
9 191.0 |

.1 11 | 293.0 . 1 281.1

i 12 I 381.2 ' 12 366.0

| 3 301 9 13 376.3

4 | 504 7 | 14 1847

i 5 526.4 . 505.8
| . I 05

Table 5.4.-]
Eigenvector for Heaithy and Degraded
ANO2 Steam Generator Tube
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=esithy =udpe

mode mode node
noge Aispl. noae Alspr node digped.
; 2.0000 41 £.0110 31 2.3220
2 J.19¢88 42 3.478BE 82 2.4705
3 3.7188 43 2.1087 33 J.5080
F 1.8213 44 ).8378 24 2.4041
z 2.5717 45 3.0000 35 0.1758 !
8 2.8344 48 -1.1808 8 2.0000 |
' 5.2733 47 -0.3321 37 0.08B55 |
2 5.854€ 48 1.9417 28 2.2473 :
3 3.5441 49 £.0432 23 0.3297 |
‘0 10.3057 20 3.4260 30 0.2521 |
= 12.1086 21 11.5491 31 7.018% |
. 13.9242 22 - 3.3026 32 2.0000
13 15,7181 =2 1£.2720 33 1.2879 |
14 17.4581 z 15.4738 34 0.5782 |
8 19.1260 55 14.32683 35 2.7308 |
8 20.6881 =8 12,1852 38 0.8673 |
17 22.1271 57 3.2530 37 0.3516 ,
8 23.4223 58 5. 8548 EL 0.0000 |
19 24.5481 - 2.5713 39 -0.1653 ;
20 25.4952 80 0.0000 100 -0.1278
21 26.2523 81 -1.2420 101 0.0124 |
22 26.798B 22 2.40B7 102 0.1453 ,
8 27.138§ 33 5,3409 103 0.1664
2 27.2587 34 5 .5407 04 3.0000 |
°E 27. 1870 iE 2.8731 108 -3.2922 |
<3 28.8402 28 3.0000 -6 -).5873 |
o =B.32128& =7 ~1J. 2940 07 -J.7038
- 25,8727 - ).5384 108 -.6638
29 24.68382 39 1.3751 08 -1.2956 |
3 23.8218 70 L. TZER 110 2.0000 |
21 22.231 71 ). 7182 7.0000 |
22 20.7818 =4 Y000 |
3 19.2230 ~3 3.2177
2 17.58415 4 ).B183
‘5 15,7773 4. 1.2178
‘8 13.857¢ 78 1.0045
37 i2.1041 T7 J.4542
3 10.2822 bt 2.0000
2 8.4322 79 -0.0828
20 5.6734 30 0.1037

Table 5.4-2
Expanded Modal Displacements for Mode 9
on a Healthy Tube
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e-3315 4 1.4386
3.3450 15 0.0000
c.8854 3 ~1.8224
3.0870 47 -0.82186
10.5280 48 2.3738
13.12%54 49 T.T7445
15.8342 S 12.2483
18.6081 | 17.7527
24 o088 82 2l . 37156
<4.1528 g3 -3.4B83%
26.8334 5 23.79389
29.3886 =" 22.0914
31.8013 6 18.7542
34.0147 57 14.2280
36.0067 58
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41.2010C 8
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.0021

8528
0000
9167

. 70086
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2. 2000
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. =902
.03786
. 6567
. 2003
.000C
. <340
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OO
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1.8718
.E44E
.6588
.0000
.0833
.1578
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-1144
1.0178

['8]
m
6.00r [

100 -0.1
101 0.0176
102 0.2207
103 2.2538
104 0.0000
108 -3.4487
= 2.B8504

110 ).0000
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NRC REGULATORY GUIDE 1.121 EVALUATION OF TUBE WITH AXIAL
DEFECT OF 0.25 INCH MAX. AND UNLIMITED CIRCUMFERENTIAL DEFECT

Secthon 5.4 venfied that tubes with unlimited axial and circumierential extent of defects
up to 65.8% of the wall thickness sausiy the Reference 3.1 safety factor against tube
railure for operational and accident loadings.

This sectbon wall show that the Regulatory Guide 1.121 margin agains! burst is satisfied
tor a 77% umiormeiy degraded tube with a limited (1/4" max.) axial defect.

Figure 13 of Reference 3.18 presents burst pressure test data for various thinning
defects. These tests were performed on 0.875" diameter x 050" wail tubing.

I'he atorementioned Figure |2 indicates that a tube with a 0% long umtorm detect with
& wall thinming o1 75-20% can withstang a burst pressure up 10 3100 psi.

The rato of wall thickness/diameter for the test specimen 1s:

0.050

_ = 057
.87% :

By companson the ratio for the ANO-2 tubes is.
048

.750

= 064

It can be theretore ne concluded that a1 ANO-2 the burst pressure tor a 25 inch long
umiform cefect with & 75-80% wall thinming will exceed 5100 ps:.

The operational 4P for ANO-2 is 1350 ps1.

(330 = 3050 < S100 pm

The ANO-Z tubes are siructionaily adequate 10 meet the Reguiatory Guide |,12) safety

margin against burst with umiform (360°) defects that ar= .13 inches long and 77%
degradation,

S.5.1 Differential Pressure

The maximum pressure differential loading will occur dunmng a postulated
MSLB event. The membrane stress intensity associated with this pressure
differential 15 calculated below:
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9 > & . ;Pv_ . .':.:) ‘::4" \p: ’P;) Equatlon“?
¢ = 2 Emt 2
Where

P, = 2500 psia

Ri = 0327 n

Rm = 03328 in

t = (116 an

Therefore:

g. -9, = 37,8 ksa

5.5.2 LOCA Rarefaction Wave

The rarefaction wave produces no stress component at the secondary face of

the tube sheet. This joading condition produces no stress component
affecting tube burst.

5.5.3 Pipe Break Impuise Response
It was determined in section 5.4.2 that a pipe break shock loading would

ncur a maximum 0.5 ks at the tubesheet elevation. This siress was for a

nealthy (not degraded) tube and adjusting for a 77% degraded tube resuits in
2.2 ksi.

5.5.4 MSLB Secondary Side Blowdown
This loading condition will cause a drag load on the honzontal leg of the
tube bundle. The load produces an axial stress component only and hence
will have no influence on the tube burst.

5.55 Sate Shutdown Eanthquake (SSE)

The distance between the tubesheet and the first tube support is 28.125".

Caiculating the weight of the tube and the fluid inventory in this span
vields.
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W = 1,15 Ibs
Fse =5 x 1.15 = 1.71b.

The resuitant moment from this force 1s.

- y
M=1.7 :-8-_’:_5 = 23.9% in-lb

)
&

The stress produced at the tubesheet elevation from this moment 1s in

significant and hence can be neglected.

LN

5.6 Flow induced Vibration

of 40

The minute tlow forces will not produce significant stresses in the tubes at

the tubesheet elevation.

LA

5.7 Inside Flow inducement

This loading enly produces an axial stress component at the tubesheet

elevauon and therefore wiil have no influence on the tube burst.

L

5.8 Combined Stresses On Tube

The resulting stress intensities from the loadings of the previous sections are
combined anthmeticaily as follows:

LOADING CONDITION |

| Maximum AP During MSLB (ksi) : 37.8

LOCA Raretaction (ksi) 1 0

Pipe Break Impulse Response (ksi) | 2.2

MSLB Secondarv Side Blowdown (ksi) 1 0

Safe Shutdown Earthquake (ksi) 0

Flow Induced Vibration (ksi) 0
| Inside Flow Inducement (ksi) J 0

Total Stress Intensity ; 20.0 ks

Theretore. 77% tube wall thickness degradation will not be subject to burst
s P2-R-z025-0:
AT A |PAGE 37 © 41

and its maximum stress intensity 15 below 6.0 ksi.
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5.6 NRC REGULATORY GUIDE !.121 EVALUATION OF TUBE WITH AXIAL
DEFECT OF 0.25 INCH MAX. AND ALLOWABLE CIRCUMFERENTIAL 100%
THRU-WALL DEFECT

Figure 5.6-1 shows the type of defect that will be considered in this section. "F"
represents the total axial force pulling on the tube.

ﬂ s Y. Crlsvmponeinm Direer |
B\ i

R = 0750 - 0.048
«'( j 088" THitag s e 2= () 351 1n1.
77 750 ‘el <
1Fau' T AKiAL Lomming v = 0.048 in |
R, = 0327 in

| For $B-163 (600) Inconei Tubing at 650°F

3 . - |
b 22 (mas) S, = 23.3 ksi
|
/ (2 7y 2 # 2 2 p- o
“ ! w“:~m SH 80-0 kSl
S, =27.9ks
Figure 5.6-1

- 1

3.6.1 LOADINGS TO BE CONSIDERED FOR THE AXIAL FORCE
t.1.1 Differenual Pressure during MSLB

During a main steam line break. the differential pressure creates two

types of axial loads on the tube. The first one is a drag load and the

second, an internal piston load. The drag load will be discussed in

Paragraph 5.6.1.4 |

The internal piston load occurs when the maximum pressure difference
of 2500 psi is pushing on the 1.D. of the tube. This load is:

2500 psi x 7 (R)*
2500 psi x = (.327)°

II il

= 839.8 Ibs. T 92-R-2025-01 |
5.6.1.2 LOCA Rarefaction Wave " —A fms& A 4'1‘

As mentioned earlier. the rarefaction wave produces no stress at the
location of interest in this analysis. Thus, the axial loading 15 zero. |

mrep._.nN_ YL a
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5.6.1.3 Pipe Break Impuise Response

Since there is no Y - Displacement for the pipe break impulse response
(Reference 3.4), the axial load.ag is zero.

5.6.1.4 MSLB Secondary Side Blowdown

Rererence *.3 determined that this type of pressure differenual due to

secondary side blowdown resuited in a total drag load of 113, 290 Ibs.
across the cross flow region of the tube bundle. Since there are 8411

tubes in the steam generator, the drag load/tube is 113.290 lbs/8411

tubes or 13.5 ibs.
5.6.1.5 Safe Shutdown Earthquake (SSE)

Using the 1.4 G verucal appiied static loading (Reference 3.12) results in
the following equation for the SSE contnibution *o the total axial load.

Fo = 1.4 v W (Weight of tube)

Where: W = (Density of Primary Fluid) x (Volume of Fluid) +
(Density of Tube) x (Volume of Tube)

Substituting:

W = (0.0260 x =74 x 1.654* x 326.7) +
{0.305 x =14 x ((0.75) - (0.654Y) x 326.7)

If

2.85 + 10.55

13.4 Ibs.

H

Theretore. F. = 1.4 x 13.4 = |8.8 ibs.

5.6.1.6 Flow Induced Vibration

Since the flow forces do not produce a significant loading at the
tubesheet interface. the axial loading s zero.

5.6.1.7 Inside Flow Inducement

The axial loading due 1o inside flow inducement 1s dependent upon the
fluid velocity and the pressure drop through one third of the total tube

e i . Sy &

bend length. The equation for this type of loading Y o 92-R-
okl N0

2025 «
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17¢ N
Fo % e + AP X n(R1I)*
g

Where
F, = force due to inside flow nducement, lbf
» = Density of fluid = 44,928 Ib/ft
A = Cross flow area = 0 336 in
V = Fluid velocity, fUsec
= (Pnmary Flow Rate/Tube)/ pA
= (60.2 x 10° Ib/hr/ 8411 tubes)/ pA
g = gravity = 32.2 f/sec
AP = Pressure drop through one third of total tube bend length
= 36 psi/3 (Page A-1014 of Reference 3.13)
R=0327Tm
Substituting:
F, = pA 8411 1500336 + 12 x ®m(.327)°
32.2 .82 Wt
3 PA X 44 .928 x 144
=12+40
5.2 Ihs

Theretore, the total axial force 15 :
F=8398+04+0+ 135+ 18B8B+0+5.2
= 877.3 lbs

STRESS DUE AXIAL LOADING

The equation for calculating the stress due to the axial loading 1s:
a=F/2=zRt

Where:

o = Stress, psi
F = Total Axia! Load, 877.3 Ibs

g

B2-R-2025-01

|
\'
|

R = Mean Radius of heaithy tube, 0.351 in
= tube wall thickness, 0.048 in
CVPE 8 NO.
armaen A
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Substituting: i
o =-877.3/ 2= x 0.351 x 0.048

|
o = B287.4 psi < 1.0'S, or 23,300 psi, the allowable vaiue of the i
General Pnmary Membrane Stress Intensity (NB-3221.1 of reference |
3.5) for the average stress across the solid section excluding
discontinuities and concentrations.

5.6.3 ALLOWABLE CIRCUMFERENTIAL 100% THRU-WALL DEFECT

For a sohd secuon which considers disconunuities, the allowable value for the

local membrane stress intensity (NB-3221.2 of Reference 3.5)is 1.5 S, or

34,950 psi. The NRC Regulatory Guide 1.121 (Reference 3.1) refers to

NB-3225 of Reference 3.5 for Level D Service Limits which also refers to |
Appendix F ot Reference 3.5. Paragraph F-1331.1(b) of Appendix F supports

the 1.5 §,, value for the localized membrane stress intensity of the case in Figure

5.6-1.

» |
Oouy = 1.5 85, = - |
SRRL | 260 - e ) |
:
Where: .
= Circumterental extent of thru-wall defect i
|
Substituting, |
o |
34,950 = Lad¥. |
n x .048 ‘l&_;——n-—' J
o 360 ]
1

L o= :74“

|
Therefore, the maximum circumferential extent of 100% thru-wall defect is ]
274°.

'_'::;:E'.;ﬁ_ - 792 ’.R- 202501
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Section ]

INTRODUCTION

BACKGROUND

NRC Regulatory Guide 1.121 (Reference 1) descnibes a method for determining
allowable limits for degradation of steam generator tubing. Tubes with degradation
beyond these limits are required to be removed from service by the installation of plugs
at each end of the tube (or modified to be acceptable for further service by the
installation of suitable sieeves which meet Regulatory Guide 1.121 requirements).

As part of the technical justification for continued safe operation, structural adequacy of
the wbing can be demonstrated by showing that tube degradation will not exceed
Regulatory Guide 1.121 allowables at any ume during plant operation. This report
calculates maximum allowable degradation. Suitable NDT (sensiuvity and frequency),
conservative plugging/sleeving criteria and operating experience of Arkansas Nuclear One
Unit 2 (ANO-2) and other similar plants can then be used 10 ensure tube degradation
will not exceed the allowable degradation determined herein.

To further ensure tubing structural adequacy during plant operating periods berween
NDT inspections, an administrative limit is imposed at ANO-2 requining shutdown for a
leak rate of 0.1 gpm per steam generator. For ANO-2, this leak rate limit is estimated 10
provide reasonable assurance of tubing structural adequacy as well as being practical,
e.g.. in terms of detectability. ANO-2 experience and other work supports this.

In Reference 2, ABB Combustion Engineering (ABB CE) performed an evaluation of
certain types of tube wall degradation recently found in the ANO-2 steam generators.
The ABB CE report considered three bounding configurations of possible degradation as
follows:

e  Unlimited axial and circumferential extent and partially through-wall.

e  Axial length of 0.25 in. maximum, unlimited circumferential extent and partially
through-wall.

*  Axal length of 0.25 in. maximum, essentiaily through-wall and limited
circumferential extent.

i Ain B [mcE 3 o
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These evaluations utiized what ABB CE considered to be the himiting requirements of
Degulatory Guide 1.121 which pertain to the structural integrity of the tubing for normal
operaung and accident conditions.

PURPOSE

The purpose of this report is to address all of the structural requirements in

Regulatory Guide 1.121. utilizing the ABB CE evaluations of Reference 2, as applicable,
and additional MPR structurai evaluations as needed based on our review of

Reference 2. These additional evaluations included consideration of axal, slot-type
defects (axial cracks). Consistent with NDT findings and expectations for ANO-2 this
report is imited (except as discussed herein) to tube degradation either within or close to
a *ube support or at the top of the tube sheet.

CaToaee
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Section 2

SUMMARY

The evaluations in this report address the structural requirements of NRC Regulatory
Guide 1.121 for certain types of degradation in the Arkansas Nuclear One Unit 2 steam
generator tubing. The evaluations are based on the structural analyses performed by
ABB Combustion Engineening and additional MPR structural evaluations and
calculations. The tubing degradation considered is either within or close to a tube
support or at the top of the tube sheet. Slightly reduced values would be caiculated for
allowable tube wall degradation for non-axisymmetric degradation configurations at other
locations due to tube bending stresses resulting from less lateral support of the tube,
e.g. In areas berween supports. For tubing degradation configurations which are
axasymmetric and therefore do not result in tube bending stresses, the degradation
allowables in this report are also applicable at areas away from tube supports (as well as
at supports).

The maximum allowable tube wall degradation determined herein is summanzed in
Tables 2-1 and 2-2. For the intended purpose of determining the maximum allowable
tube degradation per Reguiatory Guide 1.121, we consider use of the "probable tubing
material properues’, as appropniate, rather than ASME Code minimums. Further, if
desired, Entergy could possibly obtain as-built materials properties which we behieve
would allow even greater degradation than indicated herein for “probable” matenal
properties. Accordingly, we consider the maximum allowable degradation as shown 1.
Table 2-1 to be appropriate and conservative.

Notably, the values for maximum allowable degradation calculated herein are somewhat
different from the values calculated in Reference 2 by ABB CE. The main causes of
these differences are discussed later in this report. Other differences are in the details of
the calculations, also presented later in this report. For convenience, Table 2-3 shows a
comparison of the ABB CE and MPR calculated values for the case of a .25 in.
maximum axial, 360° circumferential, part through-wall tube degraded area. Also shown
is the value from public documents (Reference 3) for Millstone 2 (which has the same
tubing size as ANO-2).

As indicated, the values in Table 2-3 are similar as they should be. Notably a lower
value (59%) has been published for Maine Yankee (Reference 4); however, this is not
applicable since this (Jower) value was based on a defect of unlimited axial extent along
with some other minor differences in calculations. Accordingly, we conclude the value of
79% as computed herein is appropriate for ANO-2.

2-1
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Table 2-1

Allowable Steam Generator Tube Wall Degradation for
Various Degradation Types ‘
(For Probable Tubing Material Properties)’

Type of Degradation® Allowable Tube Wall Degradation ,

Unlimited axial and circumferential
extent

66% maximum

0.25 in. maximum axial length, 79% average around wie tube
360° circumferential circumference”

Axial slot-tvpe defect

Less than 0.25 in. Jong 1009

0.25 - 0.50 in. long 8495
- 050 - 1.5 1n. long 7353

Longer than 1.5 in. 66%

Mill test certificates with actual properties were not available for use at this hme,
otherwise, actual materials properties would have been used.

“ Any of the types of degradation indicated herein can be considered applicable to
either a support location or a location at the top of the tubesheet. If the
degradation is symmetric about the tubing axis, the specified degradation
allowable is also applicable at locations away from support locations.

As an example, this 79% average value equates to an accumulated total of 234° of |
100% deep defect penetration together with the remainder at 40% deep. As |
discussed later in this report, burst test data for actual defect configurations |
confirm that the accumulated average penetration is the controlling parameter for |
these defects at ANO-2,

Burst pressure data is available for tube wall degradation to 84%. Extrapolation
of this data indicates that the allewable siot depth would be 100% (i.e., essentially
through-wall).

These values actually apply for the maximum of the siot defect lengths indicated.
Other values can be obtained from Figure 1 if desired. ——
~ L 4 ND 92-R-2025
:a'Tk“n B PAGE 6 o 4




Table 2-2

Allowanle Steam Generator Tube Wall Degradation for

Various Degradation Types
(For ASME Code Minimum Tubing Material Properties)

Unlimited axial ane circumferential
extent

1@“
Tyvpe of Degradaton® | Allowable Tube Wall Degradation

i

62% maximum

0.25 in. maximum maal length,

76% average around the fube

- Longer than 1.5%n.

360° circumferential circumference
1
Axial slot-type defect
Less than 0.25 it.. long 100%*
0.25 - 0.50 in. lang T7%
- 0.50- 1.5 in. long 67%

Any of the types of degradation indicated herein can be considered applicable to
either a support location or 2 location at the top of the tubesheet. If the
degradation 1s symmetric about the tubing aas, the specified degradation
allowable is also applicable at locations away from support locations.

= Burst pressure data is available for tube wall degradation of 84%. Extrapolation
of this data indicates that the allowable siot depth would be 100% (i.e., essentially

through-wall).
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Table 2-3

Average Percent Through-Wall Defect Penetration
Allowable per Regulatory Guide 1.121 for
Degradation of Tube at Top of Tube sheet

For Millstone-2

o~

Per Reference 3
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stiowable Tube Wall Degradation
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MPR ASSCCIATES. INC

Section 3

DISCUSSION

NRC REGULATORY GUIDE 1.121 REQUIREMENTS

Regulatory Guide 1.121 provides requirements for evaluating the allowable wall
degradation of steam generator tubing, beyond which the defective tubing must be
removed from service. As stated, the Regulatory Guide requires the consideration of
three factors: (1) the wall thickness required to sustain the imposed loadings under
normal and accident conditions: (2) an allowance for further degradation during
operation unul the next inservice inspection; and (3) the crack size permitted to meet the
primary-to-secondary leakage limit allowed by the plant’s technical specifications.

Section C of Regulatory Guide 1.121 provides the specific structural requirements which
must be satisfied for degraded steam generator tubing for normal operation and accident
conditions. Most of these requirements can be bound by a reduced set of requirements

at the end of this section: and, others are shown to be not pertinent as follows:

For normal operation, the requirements from NRC Regulatory Guide 1.121 are:
From C.2., "Minimum Acceptable Wall Thickness,"

. “Tubes with detected pan through-wall cracks should not be stressed during
the full range of normal reactor operation beyond the elastic range of the
tube matenal” (C.2.a.(1)).

. "Tubes with part through-wall cracks, wastage, or combinations of these
should have a factor of safety against failure by bursting under normal
operating conditions of not less than three at any tube location” (C.2.a(2)).

. “The margin of safety against tube rupture under normal operating
conditions should be not less than three at any tube location where defects
have been detected” (C.2.a(4)).

. "Any increase in the primary-to-secondary leakage rate should be gradual
to provide time for corrective action to be taken” (C.2.a(5)).

f_""'?.'r.' e
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Experience at ANO-2 and at other similar plants has demonstrated this
requirement to be met; accordingly, this requirement is not included in the
reduced set of requirements at the end of this section.

"An additional thickness degradation allowance should be added to the
minimum acceptable tube wall thickness to establish the operational tube
thickness acceptable for continued service. An imperfection that reduces
the remaining tube wall thickness to less than the sum of the minimum
acceptable wall thickness plus the operational degradation allowance is
designated as an unacceptable defect. A tube containing this imperfection
has exceeded the tube wall thickness limit for continued service and should
be plugged before operation of the steam generator is resumed" (C.2.b).

This requirement is addressed by the current practice at ANO-2 of
sufficient NDT examinations and sleeving or plugging (and stabilizing) for
any actual indicated degradation (irrespective of tube wall penetration) for
tube locations where experience (at ANO-2 and others) indicates
sufficiently rapid degradation should be expected. Also, experience (at
ANO-2 and others) is used to ensure degradation between NDT
examinations will not exceed structural allowables.

From C.3, "Analytical and Loading Criteria Applicabie to Tubes with either Part Thru-
wall or Thru-wall Cracks and Wastage,"

"Loadings associated with normal plant conditions, including start up,
operation in power range, hot standby, and cooldown, as well as all
anticipated transients (e.g., loss of electrical load, loss of offsite power) that
are included in the design specifications for the plant, should not produce a
primary membrane stress in exc 2ss of the yield stress of the tube material
at operating temperature” (C.3.a.(1)).

"The margin between the maximum internal pressure to be contained by
the tubes during normal plant conditions and the pressure that would be
required to burst the tubes should remain consistent with the margin
incorporated in the design rules of Section 1II of the ASME Code"
(C.3.a(2)).

"The fatigue effects of cyclic loading forces should be considered in
determining the minimum tube wall thickness. The transients considered in
the original design of the steam generator tubes should be included in the
fatigue analysis of degraded tubes corresponding to the minimum tube wall
thickness established. The taagnitude and frequency of the temperature
and pressure transients shouid be based on the estimated number of cycles
anticipated during normal operation for the maximum service interval

3-2
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expected between tube inspection periods. Notch effects resulting from
tube thipning shouid be taken into account in the fatgue evaluation”
(C.3.b(2)).

This requirement is addressed by the current practice at ANO-2 of
sufficient NDT examinations and sleeving or plugging (and stabilizing) for
any actual indicated degradation (irrespective of tube wall penetration) for
tube Jocations where experience (at ANO-2 and others) indicates
sufficiently rapid degradation shouid be expected. Also, expenence (at
ANO-2 and others) 1s used to ensure degradation due to fatigue between
NDT examinations will not exceed structural allowables.

The maximum permissible length of the largest single crack should be such
that the internal pressure required to cause crack propagation and tube
rupture is at Jeast three times greater than the normal operating pressure.
The length and geometry of the largest permussible crack size should be
determimned analytically either by tests or by refined finite element or
fracture mechanics techmques. The matenal stress-strain charactenstics at
temperature, fracture toughness, stress intensity factors, and matenal flow
properties should be considered in making this determination” (C.3.d(1)).

“The primary-to-secondary leakage rate limit under normal operating
pressure is set forth in the plant technical specifications and should be less
than the leakage rate determined theoretically or experimentally from the
largest single permissible longitudinal crack. This would ensure orderly
plant shutdown and allow sufficient time for remedial action if the crack
size increases bevond the permissible limits during service” (C.3.d(3)).

This requirement is addressed by an administrative limit requiring shutdown
for a leak rate of 0.1 gpm per steam generator. For ANO-2, this leak rate
limit 1s estimated to provide reasonable assurance of tubing structural
adequacy as well as being practical, e.g., in terms of detectability. ANO-2
experience and other work supports this,

‘Conservative analytical models should be used to establish the minimum
acceptable tube wall thickness generally applicable to those areas of tube
length where tube degradation is most likely to occur in service due to
cracking, wastage, intergranular attack, and the mechanisms of fatigue,
vibration, and flow-induced loadings. The wall thickness should be such
that sufficient tube wall will remain to meet the design limits specified by
Section 111 of the ASME Boiler and Pressure Vessel Code for Class 1
components, as well as the following criteria and loading conditions”
(C.3.a.).

>t s
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This requirement is interpreted as being covered by other requirements in
Regulatory Guide 1.121 as discussed herein. The only conflict is per
requirement C.3.a(1) which limits to yield stress versus a lower limit per
Section 111 of the ASME Code. In this case we consider the stated
Regulatory Guide limit per C.3.a.(1) of yield stress to be appropriate and
note that others have done the same.

For accident conditions, the requirements from NRC Regulatory Guide 1.121 are:

From C.2, "Minimum Acceptable Wall Thickness,"

From C. 3,

‘If through-wall cracks with a specified leakage limit occur either on a tube
wall with normal thickness or in regions previously thinned by wastage, they
should not propagate and result in tube rupture under postulated accident
conditions” (C.2.a(3)).

“The margin of safety against tube failure under postulated accidents, such
as a LOCA, steam line break, or feedwater line break concurrent with the
SSE. should be consistent with the margin of safety determined by the
stress limits specified in NB-3225 of Section III of the ASME Boiler and
Pressure Vessel Code" (C.2.a(6)).

"Analvtical loading criteria applicable to tubes with either part through-wall

or through-wall cracks and wastage,”

“Loadings associated with a LOCA or a steam line break, either inside or
outside the containment and concurrent with the SSE, should be
accommodated with the margin determined by the stress limits specified in
NB-3225 of Section III of the ASME Code and by the ultimate tube burst
strength determined expenmentzlly at the operaung temperature”
(C3.a.(3)).

“The stress caiculations of the thinned tubes shouid consider all the stresses
and tube deformations imposed on the tube bundle during the most
sdverse loadings of the postulated accident conditions. The dynamic loads
should be obtained from the modal analysis of the steam generator and its
support structure. All major hydrodynamic and flow-induced forces should
be considered in this analysis” (C.3.b.(1)).
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. “The combination of loading conditions for the postulated accident
conditions should include. but not be limited to, the following sources:

Impulse loads due to rarefaction waves during blowdown,
- Loads due to fluid friction from mass fluid accelerations,

Loads due to the centnifugal force on U-bend and other bend
regions caused by high velocity fluid motion,

Seismic loads,
Transient pressure load differentials” (C.3.c).

. "Adequate margin should be provided between the loadings associated with
a large steam line break or a LOCA concurrent with an SSE and the
loading required to initiate propagation of the largest permissible
longitudinal crack resuiting in tube rupture. The loadings associated with
the postulated accident conditions should inciude the transient hydrauiic
and dynamic loads listed in C.3.c." (C.3.d.(2)). )

The pertinent NRC Regulatory Guide 1.121 tube structural requirements as stated above
can be reduced to the following set of requirements:

For Normal Operation:
. The tube stress intensity should be less than the tube matenal yield stress.

B The tube burst pressure should be greater than three times the pressure
difference across the tube wall.

For Accident Conditions:

. The tube stress intensity should be less than the lesser of 2.4 times the
design stress intensity (S,,) or 0.7 times the ultimate stress.

. The tube burst stress should be greater than the pressure difference across
the tube wall.

ABB COMBUSTION ENGINEERING EVALUATIONS

In Reference 2, ABB Combustion Engineering performed an evaluation of ANC Unit 2
steam generator tubing structural adequacy for degradation in the expansion transition

N
3.5
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region (at the 1op of the tube sheet). For each type of degradation the ABB CE
evaluations considered the requirements of NRC Regulatory Guide 1.121 and determined
the allowable tube wall degradation. Based on our review of this work, we have the
following comments:

. The tubing degradation in the expansion transition region is in close
proximity 1o the tube sheet. As a resuit of the constraint to tubing lateral
displacement due to the close clearance between the tubing outside
diameter and the tube sheet bore, and as a result of lateral support of the
tube from the adjacent tube support gnd, the axal load on the tube for
accident conditions does not result in primary bending stresses in the tubing
even for a non-uniform degradation profile around the tubing
circumference. As a result, the average cross-sectional area of the
degraded area of the tube determines its axial load capability. This is
based on the results of tube burst tests with typical degradation profiles
which are reported in References 4 and 6.

. The pressure difference calculations across the tube for the case of a steam
line break do not include stress amplification due to rapid depressurization
of the steam line. We consider this appropriate based on previous MPR
calculations which demonstrate that the pressure around the tubes inside
the steam generator does not fall rapidly (relative to the appropriate
natural frequency of the tubes) and no amplification of tube stress will
occur. In essence, even though the pressure will fall rapidly within the
steam line, it does not fall rapidly within the steam generator -- because the
resulting boiling of the water tends to hold the pressure up inside the steam
generator (as in a pressurizer).

. The ABB CE evaluations considered degradation which originated either
from the tubing outside diameter or inside diameter. In all cases, the
required tubing remaining wall thickness is greater for the degradation
which originates from the tubing inside diameter.

. The ABB CE evaluations considered both ASME Section Il mimimum
tubing properties (yield and ultimate stress) as well as “probable” matenal
properties. We consider this appropriate as discussed herein.

. The ABB CE evaluations for 0.25 in. axal-length, through-wall, parual-
circumference defects are not applicable if the defects are actually .25 in.
long for their full penetration (up to 100%) extent, since premature failure
would occur within the essentially 100% through-wall portion of the .25 in.
long defect due to circumferential stresses from internal pressure.
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However, this would not be the case for a circumferential siot-tvpe defect
(due to support of the defected portion of the tube from non-defected
adjacent areas). Accordingly, these evaluations are applicable to
circumferential siot-type defects (circumferential cracks) with essenually no
axial extent. This ABB CE analysis may be applicable for actual defect

areas .25 in. long in the steam generator (e.g., with ligaments berween
cracks): however, burst tests would be needed to demonstrate this.

Notably, the circumferential defects found thus far at ANO-2 are not of the
type which need to be covered by the ABB CE analysis mentioned above
(.25 n. long, 100% through-wall, parual circumference). Instead, all
circumferential defects found thus far at ANO-2 can be covered by the case
analyzed herein for .25 in. maximum axial length, 360° circumferential
extent with average penetration of 79% per Table 2-1. Accordingly, there
is no need to use the above mentionied part of the ABB CE analysis (which
otherwise requires either bmiting to a slot-tvpe defect or tube burst tests).

. For the case of interes for circumferential defects (.25 in. maximum axal
extent, 360°, parual through-wall, i.e., 79% average per Table 2-1), local
areas around the defected portion of the tube may be degraded grezter
than the 79% average value. This is acceptable based on burst tests from
tube pulls with similar defects at another plant (Reference 6). These tests
show that the average (and not maximum) penetration is the pertinent
parameter 10 establish structural adequacy; and, in any event, even in the
worst-case, only a tube leak would result if a local area of a defect goes
through wall. Accordingly, the 79% average defect case is considered the
controlliing case for circumferential defects at ANO-2.

MPR STRUCTURAL EVALUATIONS

MPR performed additional tubing stress analyses based on the tubing loads determined
by ABB CE in order to adjust certain ABB CE evaluation resuits based on our
interpretation of Regulatory Guide 1.121 requirements. (See Appendices A and B of this
report.) The following should be noted:

. The ABB CE evaiuations for 0.25 in. long 360° circumferential degradation
utilized burst test data to determine the allowable degradation. This burst
test data was obtained for simulated degradation originating from the tube
outside diameter. In addition, the measured burst pressure for the tested
77 percent defect was significantly greater than the required pressure of
4050 psi. The MPR evaluations in Appendix A estimate the permitted wall
degradation from the inside diameter which would provide a margin of
three to burst based on the tubing wall differential pressure dunng normal

. _92-R-2025-01]
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plant operation. The calculations consider code mimmum and probable
tubing matenal properties.

. Evaluations are provided in Appendix B for axial, slot-type defects of
lengths 0.25 in., 0.50 in. and 1.5 in. These evaluations used burst-test data
from Reference 5. The calculations consider code mimmum and probable
tubing matenal properties.

ALLOWABLE TUBE WALL DEGRADATION
Based on the ABB CE and MPR evaluations, the allowable tube wall degradation for
vanious tvpes of degradaton of the ANO Unit 2 steam generator tubing was determined.

The results of the evaluations in Table 3-1 and Table 3-2 show the permitted degradation
extent for the tvpes of degradation which were addressed.

3-8
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Table 3.1

Allowable Steam Generator Tube Wall Degradation
For Various Degradation Types )
(For Probable Material Properties)”

Limiting Regulatory Allowable Tube Wall
Guide 1.121 Structurai Degradation
Requirement
rotmre. pm B B

Unlimited axial and Burst pressure should be 66% maximum
circumferential extent greater than 3x(p, - Peec)
(0.25 in. aaal length, 360° Burst pressure saould be | 799% average around the tube
circumferential greater than 3x' p,..-Pe..) | circumference
Axizal slot-type defect Burst pressure <hicald be

greater than 3x(p,Peec)
« Less than 0.25 in. long 100%
- 0.25 - 050 in. long 849
- 0.50- 1.5 in. long 13%
- Longer than 1.5 in. 66%

Mill test certificates with actual properties were not available for use at this time,
otherwise, actual materials properties would have been used.

L&)

Any of the types of degradation indicated herein can be considered applicable t0
either a support location or a Jocation at the top of the tubesheer. If the
degradation is symmetric about the tubing axis, the specified degradation
allowable is also applicable at locations away from support locations.

Burst pressure data is available for tube wall degradation to 84%. Extrapolation
of this data indicates that allowable slot depth would be 100% (i.c., essentially
through-wall),

2-R-2025-01




Table 3-2
Aliowable Steam Generator Tube Wall Degradation

For Various Degradation Types
(For ASME Code Minimum Tubing Material Properties)

Type of Limiting Regulatory Allowable Tube Wall

| Guide 1.121 Structural Degradation

Degradaton® :
’ Requirement
Unlimited axial and Burst pressure shouid be 62% maxmum

circumferential extent greater than 3x(P,uPsec)

1.25 in. axaal length, 360° Burst pressure should be | 76% average around the tube
circumferential greater than 3x(p.-Peec) | Circumference

Axial slot-type defect Burst pressure should be
greater than 3x(p,4-Psec)

- Less than 0.25 in. long
- 0.25 - 0.50 in. long

- 0.50 - 1.5 inJong

- Longer than 1.5 in.
e

Any of the types of degradation indicated herein can be considered applicable to
either a support location or a location at the top of the tubesheet. If the
degradation 1s symmetnic about the tubing axis, the specified degradation
allowable 1s also applicable at Jocations away from support locations.

Burst pressure data is available for tube wall degradation 10 84%. E;mapolation
of this data indicates that the allowable slot depth would be 100% {i.c., essentially i
through-wail) sne . 92-R-2025-01
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MPR ASSOCIATES. INC

| APPENDIX A

MPR Calculation 62-81-HWM-1, "Acceptable Tube Wall Thinning for 0.25 in. Axal
Length, 360° Circumferential Degradation”
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APPENDIX B

VPR Calculation 62-81-HWM-3, "Allowable Tube Wall Degradation irr Axial, Slot-type
Defects
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ATTACHMENT 2

ANO-2 Predicted Tube Repair Curves
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