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and 23 of Reference 7. The maximum through-wall

temperature difference was determined to be less than

2°F for the normal startup cycle, 40°F for the small

temperature cycle and 329°F for the emergency transient,

The

maximum thermal stress for use in the fatigue crack

growth analysis was calculated as follows: (Reference 1)

Eaer Ea AT
s = J(1-v ' 71I-

Where:

E = 28,3 x 106 psi (Young's Modulus)

a = 9,11 x 1078 ep-1

(Coefficient of Thermal Expansion)

xrl = Equivalent Linear Temperature Difference

xrz = Peak Temperature Difference

The values of (ﬂ‘l, &I‘Z. and s are given in Table 5.1 for

all three thermal transients.

The results of a code stress analysis per Reference 1

are given in Table 5.2, The allowable stress values for
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Reference 1 are also given, The weld overlay repair

satisfies the Reference 1 requirements.

A conservative fatigue analysis per Reference 1 was
performed. In addition to the stress intensification
factors required per Reference 1, an additional fatigue
strength reduction factor of 5.0 was applied due to the
crack. The fatigue usage factor was then calculated
assuming 38 startups, 25 small temperature change cycles
and one emergency cycle every five years. The results

are summarized in Table 5.2.
S.l.2 Fracture Mechanics Evaiuation

Three types of fracture mechanics evaluations were
performed. The allowable crack depth was calculated
based on Reference 2. Crack growth due to both fatigue
and IGSCC was calculated using the NUTECH computer
program NUTCRAK (Reference 8) with material constants
and methodoleogy from References 9 and 10. Finally, the
ultimate margin to failure for a crack assumed to
propagate all the way through the original pipe material
to the weld overlay was calculated per References 11

and 12.

GPC=-04-104 17
Revision 1

nutech



5.1.2.1 Allowable Crack Depth

The allowable depth for a 1/2 inch long axial crack was
determined using Reference 2., The dimensions of the
repaired pipe were used. Thus, the ratio of applied
primary stress to Code allowable stress (S ) was

calculated in the follocwing manner:

Stress Ratio = 2%[5

m
P = 1325 psi (Design Pressure)
R = 11.20 inches (Outside Radius of Pipe)
t = 1.24 inches (Nominal Pipe Thickness)
Sm B 16,800 psi (Reference 1)

Substitution yields:

Stress Ratio = ,71

The nondimensional crack length (%) was calculated in

the following manner:

GPC=-04~-104 18
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lf = 1/2 inch
r = 1¢.58 inches (mean radius of pipe)
t = 1.24 inches

Substitution yields:
Nondimensional Length = .14

Thus per Table IWB-3642-1 of Reference 2, the allowable

crack depth is 75 percent of the wall thickness.

5.1.2.2 Crack Growth

The existing cracks could grow due to both fatigue and
stress corrosion. Fatigue crack growth due to the three
types of thermal transients defined in Section 4.2 was
calculated using the material properties from

Reference 9. The fatigue cycles considered are shown in
Figure 5.3. The fatigue crack growth for 5 years was

calculated to be less than 0.01 inch.
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IGSCC growth depends on the total steady state stress.,
The major contributor to the steady state stress is the
weld residual stress., The residual stress due to the
original butt weld was conservatively chosen to be a
worst case with through-wall bending stress of

30,000 psi with tension on the inside surface. The weld
residual stress due to the overlay was based on
preliminary results of a weld overlay optimization study
sponscred by the Electric Power Research Institute
(EPRI). The residual stress due tc a weld overlay
depends on the size of the overlay and on whether the
direction of interest is hoop or axial. Figure 5.4
shows the hcop direction (axial cracks) residual stress
for the worst case without an overlay and for a 1/4
thickness overlay plus the worst case original residual

stress.

The IGSCC crack growth rate as a function of applied
stress intensity factor is shown in Figure 5.5. The

upper bound crack growth law of Figure 5.5 was used for

all analyses:

da _ -12 _4.615
S = 4.116 x 1077 K

GPC=-04-104 20
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differential crack size
differential time

applied stress intensity factor

Crack growth as a function of time was calculated by

conservatively assuming an infinitely long crack and
using the NUTECH computer code NUTCRAK (Reference 8).
The results are shown in Figure 5.6 for an initial crack

o7 .
depth of 0.75 inch { a/t = ? 22 = 0,60 ). Figure 5.6

shows that a 0.75 inch deep crack will grow to a depth

of approximately 0.85 inch in five years when the

beneficial residual stress due to the weld overlay is

considered.

The length of axial cracks is limited by the width of
the original butt weld heat affected zone. The weld
overlay technique is designed to minimize additional
sensitization by using low weld heat input during the
first two layers of weld. Thus the potential for
additional crack growth in the axial direction is

minimized. The maximum axial growth of axial cracks

underneath a weld overlay was determined in Reference 13
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to be less than 0.01 inch in five years. This axial

growth is judged to be insignificant.

The worst case for an end cap overlay occurs for the end
caps that have a crack completely through the original
pipe. The# crack will not propagate into the overlay
weld material due to ICSCC but will grow approximacely
0.01 inch due to fatigue in 5 years. Thus, the worst
case axial crack depth is 1.01 inch which is 79 percent
of as-built total wall thickness. Although the crack
depth after 5 years exceeds the Reference Z allowable
depth by 4 percent of wall thickness, the weld overlay
design is judged to be acceptable for the following
reason. The allowable crack deptits in Reference 2 were
not allowed to excee’! 75% of the wall thickness even
though net section collapse analysis would permit much
larger cracks for very short crack lengthz. This
truncation is somewhat artificial and could be
eliminated for short, almost through-wall cracks, if
leaks are prevented by a weld overlay. Elirination of
the truncation results is an allowable depth in excess
of 79 percent. Thus, the overlay design is acceptable

for 5 years.
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5.1.2.3 Tearing Modulus

The largest size to which the existing crack could
reasonably be expected to grow was postulated to be a
one inch radius flaw. This assumes growth of the crack
in the radial direction completely through the original
pipe material to the overlay. After such propagation,
the assumed crack would be completely surrounded by
IGSCC resistant material: the weld between end cap and
manifold, the weld overlay, and the end cap and
manifold. A tearing modulus evaluation was then
performed for this postulated crack. The only applied

load was pressure.

The evaluation was performed using the methodology of

Reference 1l with material properties from Reference 12.

The postulated flaw and the results are shown in
Figure 5.7. The upper dotted line represents the
inherent material resistance to unstable fracture in
terms of J-integral and Tearing Modulus, T. The line
originating at the origin represents the applied
loading. Increasing pressure results in applied J-T

combination moving up this line, and unstable fracture

GPC=04-104 23
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is predicted at the intersection of this applied loading

line with the material resistance line.

Figure 5.7 shows that the predicted burst pressure is in
excess of 5500 psig. Thus, there is a safety factor on
design pressure of at least 4, which is well in excess
of the safety factor inherent in the ASME Code, even in

the presence of thig worst case assumed crack.

S Elbow Ev:luation

The largest measured ultrasonic indications in
elbow-to-pipe weld number 1E11-1RHR-20-BD-3 are an axial
crack of depth 94% of wall and length of 3/8 inch, and a
circumferential crack of lengtn 1-1/2 inches and depth

approximately 33% of wall.

$.2.1 Code Stress Analysis

A finite element model of the cracked and weld overlaid
region was developed using the ANSYS (Reference 6)
computer program. Figure 5.8 shows the model. This
figure also shows the material that was removed to

represent the cracks.
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Based on Reference 4, the applied moments on these welds

are:

Wweight + OBE Seismic = 743,100 inch=-pounds

Weight + Steady State Thermal = 636,100 inch-pounds
SSE loads are not limiting for the elbow.

The thermal analysis was performed in the same manner as
for the end cap (Section 5.1.1), with appropriate

dimensional changes.

The results of a code stress analysis per Reference 1
are given in Table 5.3. The allowable stress values for
Reference 1 are also given. The weld overlay repair

satisfies the Reference 1 requirements.

A conservative fatigue analysis per Reference 1 was
performed. A fatigue strength reduction factor of 5.0
was applied due to the crack. The fatigue usage factor
was ten calculated assuming 38 startups, 25 small
temperature change cycles and one emergency cycle every

five years. The results are summarized in Table 5.3.
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Dedsid Fractur2 Mechanics Evaluation

Three types of fracture mechanics evaluations were
performed. The allowable crack depth was calculated
based on Reference 2. Crack growth due to both fatigue
and IGSCC was calculated using the NUTECH computer
program NUTCRAK (Reference 8) with material constants
and methodology from References 9 and 10. Finally, the
ultimate margin to failure for a crack assumed to
propagate all the way through the original pipe material
to the weld overlay was calculated per References 11

and 12.

5.2.2.1 Allowable Crack Depth

The allowable depth for a 3/8 inch long axial crack was
determined using Reference 2. The dimensions of the
repaired elbow were used. Thus, the ratio of applied
primary stress to Code allowable stress (S ) was

calculated in the following manner:

Stress Ratio = ERLE

S
m
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P - 1325 psi
R = 10.50 inches (Outside Radius of Overlay)

t = 1.16 inches (Overlaid Pipe Thickness)
8 = 16,800 psi

Stress Ratio = .71

The nondimensional crack length (&) was calculated in

the following manner:

_ L
‘ (rt:)l/2
lf = .375 inch (Crack Length)
r = 9.87 inches (Mean Radius of Pipe)
t = 1.24 inches
T = .11

Thus, per Table IWB-3642-1 of Reference 2, the allowable
crack depth is 75 percent of the overlaid wall thickness
or a depth of 0.87 inch. Emergency and faulted

conditions are not limiting.
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The allowable depth of a 1-1/2 inch long circumferential
crack was also determined using Reference 2. From
Table 5.3, the primary stress at the crack location is

16,200 psi. Thus the stress ratio was calculated in the

following manner:

Pm + Pb 16,200

Stress Ratio = Sm = 16,800 = ,96

The nondimensional crack length was calculated in the

following manner:

- te 1,5

L= 23R ® 2%(10.5)

.02

Thus based on Table IWB-3641-1 of Reference 2, the

allowable crack depth is 75 percent of the wall

thickness. Emergency and faulted conditions are not

limiting.
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5.2.2.2 Crack Growth

Crack growth was calculated in a manner similar to
Section 5.1.2.2, except: 1) the residual stress due to
the weld overlay was changed to represent a cne-half
thickness overlay; 2) the axial residual stress was used

for the circumferential crack.

The axial crack which is essentially through-wall will
grow into the IGSCC resistant weld overlay only due to
fatigue. The fatigue crack growth for five years of the
thermal cycles shown in Figure 5.3 is less than 0.0l
inch. Thus, the axial crack depth after five years
would be 0.77 inch which is 66 percent of overlaid wall
thickness, which is less than the allowable of 75

percent,

Based on Reference 13, the axial growth of the axial

crack will be less than 0.01 inch in five years.

The circumferential crack will grow due to both fatigue
and IGSCC. The fatigue crack growth due to five years
of the cycles shown on Figure 5.3 is less than 0.0l
inch. The IGSCC crack growth was calculated using the

upper bound growth curve shown in Figure 5.5 and the
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residual stress curve shown in Figure 5.9. Crack depth
as a function of time is shown in Figure 5.10. Thus,
the circumferential crack depth after five years is
approximately 0.26 inch which is 23 percent of the
overlaid wall thickness which is less than the allowable
of 75 percent. Thus, both the worst case axial crack
and the worst case circumferential crack will not grow

to an unacceptable size within the next 5 years.
5.2.2.3 Tearing Modulus

The largest size to which the existing axial crack could
reasonably be expected to grow was postulated to be a
0.80 inch radius flaw. This assumes growth of the crack
in the radial direction completely through the original
pipe material to the overlay. After such propagation,
the assumed crack would be completely surrounded by
IGSCC resistant material: the weld between elbow and
pipe, the weld overlay, a.. the elbow and pipe. A
tearing modulus evaluation was then performed for this
postulated crack. The normal operating loads of

pressure, weight and thermal expansion were applied.

The evaluation was performed using the methodology of

Reference 11 with material properties from Reference 12.
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The postulated flaw and the results are shown in Figure
5.11. The upper dotted line represents the inherent
material resistance to unstable fracture in terms of
J-integral and Tearing Modulus, T. The line originating
at the origin represents the applied loading.

Increasing load results in applied J-T combinations
moving up this line, and unstable fracture is predicted
at the intersection of this applied loading line with

the material resistance l:ne.

Figure 5.11 shows that the predicted failure load is in
axcess of 3 times the normal operating loads. Thus,
there is a safety factor on normal operating loads of at
least 3, which is in excess of the safety factor
inherent in the ASME Code, even in the presence of this

worst case assumed crack.

5+3 Pipe-to=-Pipe Evaluation

The pipe-to-pipe weld number lEll1-1RHR-24-BR-13 was
determined by ultrasonic examination to have axial crack
indications. The largest axial crack is approximately
one-half inch long with a depth of approximately 47% of

the wall thickness.
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Code Stress Analysis

The weld overlaid regions were assumed to be axisym-
metric. That is, a 47% through-wall axial crack was
conservatively assumed to be 360 degrees around the pipe
and 1/2 inch long ceéntered on the weld. Thus, the
assumed crack geometry conservatively envelopes all
observed cracks in the pipe-to-pipe weld. In addition,
all analyses were conservatively performed using a weld
overlay thickness of 0,30 inch which is 25 percent
smaller than the actual thickness of 0.375 inch. A
finite element model of the cracked and weld overlaid
region was developed using the ANSYS (Reference 6)

computer program. Figure 5.12 shows the model.

Based on Reference 4, the applied thermal, weight and

seismic moments on this weld are:

Weight + OBE Seismic = 1,113,000 inch-pounds

Weight + Steady State Thermal = 1,626,000 inch-pounds

SSE is not limiting for this weld. The thermal analysis

was performed in the same manner as for the end cap
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(Section 5.1.1), with appropriate dimensional changes.
The results of a code stress analysis per Reference 1
are given in Table 5.4. The allowable stress values for
Reference 1 are also given. The weld overlay repair

csatisfies the Reference 1 requirements.

A conservative fatigue analysis per Reference 1 was
performed. An additional fatigue strength reduction
factor of 5.0 was applied due to the crack. The fatigue
usage factor was then calculated with the thermal
transients shown in Figure 5.3. The results are

summarized in Takle 5.4.
Nedid Fracture Mechanics Evaluation

Three types of fracture mechanics evaluations were
performed. The allowable crack depth was calculated
based on Reference 2. Crack growth due to both fatigue
and IGSCC was calculated using the NUTECH computer
program NUTCRAK (Reference 8) with material constants
and methodology from References 9 and 10. Finally, the
ultimate margin to failure for a crack assumed to
propagate all the way through the original pipe material
to the weld overlay was calculated per References il

and 12.

GPC=-04-104 33
Revision 1

nutech



5.3.2.1

Allowable Crack Depth

The allowable depth for a 1/2 inch long axial crack was
determined using Reference 2., The dimensions of the
repaired pipe were used. Thus, the ratio of applied
primary stress to Code allowable stress (Sm) was

calculatezd in the following manner:

: PR/t
Stress ratio = —L‘

Sm
P = 1325 psi (Design Pressure)
R = 12.30 inches (Nutside Radius of Overlay)
t = 1.44 inches (Overlaid Pipe Thickness)
Sm - 16,800 psi (Reference 1)

Substitution yields:

Stress ratio = .67

The nondimensional crack length (i) was calculated in

the follewing manner:
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T o s
1/2
(rt)
= / i
lf 1/2 inch
r = 11.58 inches (Mean Radius of Pipe)
t = 1.44 inches

Substitution yields:
Nondimensional Length = ,12

Thus per Table IWB-3642-1 of Reference 2, the allowable
crack depth is 75 percent of the wall thickness.

Emergency and faulted conditions are not limiting.
5.3.2.2 Crack Growth

Crack growth was calculated in a manner similar to
Section 5.1.2.2. The fatigue crack growth for five
years of the cycle shown in Figure 5.3 is less than 0.0l
inch., The IGSCC crack growth calculated with the upper
bound growth law and an infinite crack length is shown

in Figure 5.13. Thus, the axial cracks in the pipe-to-
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pipe weld will not grow to an unacceptable size ir. the

next 5 years.

Based on Reference 13, the axial growth _-{ the 2xijal

crack will be less than 0,01 inch in five years.
5.3.2.3 Tearing Modulus

The largest size to which the existing crack could
reasonably be expected to grow was postulated to be a
1.14 inch radius flaw. This assumes growth of the crack
in the radial direction completely through the original
pipe material to the overlay. After such propagation,
the assumed crack would be completely surrounded Dy
IGSCC resistant material: the pipe-to-pipe weld, the
weld overlay, and the annealed piping. A tearing
modulus evaluation was then performed for this
postulated crack. The applied loads were pressure,

seismic, steady state thermal and weight,

The evaluation was performed using the methodology of

Re ference 11 with material properties from Reference 12.

The postulated flaw and the results are shown in Figure

5.14. The upper dotted line represents the inherent
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material resistance to unstable fracture in terms of
J=-integral and Tearing Modulus, T. The line originating
at the origin represents the applied loading.

Increasing load results in applied J-T combinations
moving up this line, and unstable fracture is predicted
at the intersection of this applied loading line with

the material resistance line.

Figure 5.14 shows that the predicted failure load is in
excess of 4 times the normal loads. Thus, there is a
safety factor on normal operating loads of at least 4,
which is well in excess of the safety factor inherent in
the ASME Code, even in the presence of this worst case

assumed crack.

5.4 Sweepolet Evaluation

Seven small ultrasonic indications were found in the
weld between a sweepolet and the 22 inch manifold (weld
number 1B31-1RC-22AM-1BC-1). All the indications are
transverse to the weld. The largest indication is
approximately 1/2 inch long with a depth of
approximately 12% of the wall. Figure 5.15 shows the

approximate location of the indications.
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5.4.1 Code Stress Analysis

Due to the three dimensional geometry of the sweepolet
and the difficulty of performing a repair, a three-
dimensional finite element model was developed using
ANSYS (Reference 6). The geometry is symmetric about
two perpendicular axes. Thus the sweepolet was
represented with a 90° model as shown on Figures 5.16
and 5.17. The applied loads are not all symmetric about
both axes. However, the majority of the stress is due
to internal pressure which is symmetric about both
axes. The applied moments were analyzed by using
appropriate symmetric, anti-symmetric or free boundary
conditions to represent the full structure of the
sweepolet. The stress values presented herein are the

highest values at the crack locations.

Based on Reference 4, the applied moments are:

Weight + Seismic = 176,000 inch-pounds

Wweight + Steady State Thermal = 246,000 inch=-pounds
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5.4.2.1

GPC=-04-104
Revision 1

The maximum primary stress intensity in the sweepolet
16,600 psi which is significantly less than the

allowable of 25,200 psi.

Fracture Mechanics Evaluation

Three types of fracture mechanics evaluations were
performed., The allowable crack depth was calculated
based on Reference 2. Crack growth due to both fatigue
and IGSCC was calculated using the NUTECH computer
program NUTCRAK (Reference 8) with material constants
and methodology from References 9 and 10. Finally, the
ultimate margin to failure for a crack of the depth
equal to the upper bound predicted depth after an
eighteen month fuel cycle was calculated per References

11 and 12.

Allowable Crack Depth

Due to the three-dimensional state of stress that exists

at the sweepolet, the allowable depth was calculated in

the same manner as for a circumferential crack.



Pm + Pb

Stress Ratio

Pm + Pb 16,600 psi (Section 5.4.1)

Sy 16,800 psi

Stress Ratino = 0.99

The nondimensional crack length was calculated in the

following manner:

2
L = ——-1—7-2-f
(rt)
lf - +50 inch
r = 11.0 inches
t = «975 inch

Thus per Table IWB-3641-1 (Reference 2) the allowable

crack depth is 75 percent of the wall thickness.

5.4.2.2 Crack Growth

The existing cracks could grow due to both fatigue and
stress corrosion. Fatigue growth due to the three types

of thermal transients defined in Section 4.2 was
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calculated using the material properties from
Reference 9. The fatigue crack growth for five years of
the cycles shown in Figure 5.3 was calculated to be less

than 0.01 inch.

IGSCC crack growth was calculated using the upper bound
crack growth law shown in Figure 5.5. The residual
stress distribution normal to the crack is unknown., It
was judged that the sweepolet weld residual stress would
be equal or less than that due to a butt weld.
Therefore, the residual stress was conservatively
assumed to be 30 ksi through=-wall bending with tension
on the inside surface. The normal stress perpendicular
to the crack was determined from the finite element

model.

The crack growth analysis was performed per Appendix A
of Reference 5. All of the observed cracks are oriented
transverse to the sweepolet-to-manifold weld.

Therefore, the IGSCC crack length is limited to the
width of the heat-affected zone. A finite sized flaw of
constant length equal to 1/2 inch was assumed. The
predicted crack depth as a function of time is shown in
Figure 5.18. Maximum crack depth after 5 years is

predicted to be 0.38 inch (38 percent of wall
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thickness), which is well below the allowable of 75

percent of wall thickness.

Tearing Modulus

Trne largest size to whicn the existing sweepolet crack
could reasonably be expected to grow to within one fuel
cycle was postulated to be a 0.50 inch radius flaw.
This assumes growth of the crack at a faster rate than
the upper bound prediction in Section 5.4.2.<4. A
tearing modulus evaluation was then performed for this

postulated crack. The applied loads were pressure,

seismic, steady state thermal and weight.

The evaluation was performed using the methodology of

Reference 11 with material properties from Reference 12.

The postulated flaw and the results are shown in Figure
5.19., The upper dotted line represents the inherent
material resistance to unstable fracture in terms of
J-integral and Tearing Modulus, T. The line originating
at the origin represents the applied loading.

Increasing loaa results in applied J-T combinations

moving up this line, and unstable fracture is predicted
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at the intersection of this applied loading line with

the material resistance line.

Figure 5.19 shows that the predicted failure load is in
excess of 3.3 times the normal operating loads. Thus,
there is a safety factor on rormal operating loads of at
least 3.3, which is well in excess of the safety factor
inherent in the ASME Code, even in the presence of this

worst case assumed crack.

5+5 Effect on Recirculation and RHR Systems

Installation of the weld overlay repairs caused a small
amount of radial and axial shrinkage underneath the
overlay. Based on measurements of the weld overlays,
the maximum axial shrinkage was 1/4 inch

(elbow=to=-pipe).

The effects of the racdiil shrinkage are limited to the
reqjion adjacent to and underneath the overlay. Based on
Reference 13, the stresses due to the radial shrinkage
are less than yield stress at distances greater than 4
inches from the ends of the overlay. Weld residual

stresses are steady sta“e secundary stresses and thus

ire not limited by the ASME Code (Reference 1).
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The effect of the axial weld shrinkage on the

Recirculation and RHR Systems was evaluated with the
NUTECH computer program PISTAR (Reference 14) and the

piping model shown in Figure 5.20.

The four end cap weld overlays are adjacent to free ends
of the recirculation manifold. Thus, axial weld
shrinkage will not induce stress in any other section of
the piping. The measured axial shrinkage of the elbow
weld overlay (.25 inch) and of the pipe-to-pipe weld
overlay (..“ inch) were imposed as boundary conditions
on this model. Since the ASME Code does not limit weld

residual stress, all stress indices were set equal to

1.0.

The maximum calculated stress was less than 9 ksi. The
location of this stress is shown on Figure 5.20. Steady
state secondary stresses of 9 ksi are judged to have no

deleterious effect on the Recirculation or RHR Systems.
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| SMALL
;ﬁﬁgﬁﬁb TEMPERATURE | EMERGENCY
- CYCLE
(CYCLE 1) | (CYCLE 2) | (CYCLE 3)
EQUIVALENT 2°¢ 32°F 265°F
LINEAR
TEMPERATURE
aT,
PEAK ) 8% 64°F
TEMPERATURE
als
THROUGH 368 PSI 8,840 PSI | 72,370 PSI
WALL THERMAL
TRESS o
Table 5.1

THERMAL STRESS RESULTS
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EQUATION ACTURL | seeron 111
STRESS
CATEGORY | nuMBER o \B ALLOWABLE
THICKNESS
S N/A N/A S, = 16,800 PSI
PRIMARY | (9) 125??0 25.200 PSI
PRIMARY + 18,950
] W) o 50,400 PSI
PEAK
CYCLE 1 : (23,370)54
cvcke 2 | (Y1) |(16.950)5 N/A
CYCLE 3 (129,300)5
USAGE
FACTOR N/A 0.02 1.0
(5 YR)

* THE FACTOR OF 5 IS THE CONSERVATIVELY ASSUMED
FATIGUE STRENGTH REDUCTION FACTOR.

Table 5.2
END CAFP CODE STRESS RESULTS
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EQUATION rees | secTion 11
STRESS ! 11
CATEGORY | NuMBER |  oR NB ALLOWABLE
THICKNESS
S N/A N/A |, = 16,800 PSI
PRIMARY | (9) 1ﬁﬁ§f° 25,200 PSI
PRIMARY + 19,600
seconoary | (10) P31 50,400 PSI
Pgéé L % (16,200)5*
cvcts > | (11 |(8,800)5 N/A
(83,900)5
CYCLE 3
USAGE
FACTOR N/A 0.01 1.0
(5 YR)

* THE FACTOR OF 5 IS THE CONSERVATIVELY ASSUMED
FATIGUE STRENGTH REDUCTION FACTOR.

Table 5.3
ELBOW CODE STRESS RESULTS
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ACTUAL
EQUATION| STRESS SECTION I[II

CATEGORY | yyMBER 0R NB ALLOWABLE
THICKNESS
S N/A N/A - |S, = 16,800 PSI

PRIMARY (9) £2,30C PSI 25,200 PSI

PRIMARY +1 14y |16,000 PSI| 50,400 PSI

SECONDARY

PEAK
CYCLE 1 1 (19,500)5* N/A
CYCLE 2 (11) (12,950)5 /
CYCLE 3 (125,400)5

—
o

USAGE Y1\
FACTOR N/A
(5 YR)

* THE FACTOR OF 5 IS THE CONSERVATIVELY ASSUMED
FATIGUE STRENGTH REDUCTION FACTOR.

Table 5.4
PIPE-TO-PIPE CODE STRESS RESULTS
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Figure 5.5

TYPICAL IGSCC CRACK GROWTH DATA
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LEAK-BEFORE-BREAK

Net Section Collapse

The simplest way to determine the effect of IGSCC on the
structural integrity of piping is through the use of a
simple "strength of materials" approach to assess the
load carrying capacity of a piping section after the

cracked portion has been removed. Studies have shown

(References 10 and 12) that this approach gives a
conservative, lower-bound estimate of the loads which
would cause unstable fracture of the cracked section.
Typical results of such an analysis are indicated in
Figure 6.1 (Reference 10). This figure defines the
locus of limiting crack depths and lengths for
circumferential cracks which are predicted to cause
failure by the net section collapse method. Curves are

presented for both typical piping system stresses and

stress levels equal to ASME Code limits. Note that a
very large percentage of pipe wall can be cracked before
reaching these limits (40% to 60% of circumference for
through-wall cracks, and 65% to 85% of wall thickness

for 360° part-through cracks).
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Also shown in Figure 6.1 is a sampling of cracks which
have been detected in service, either -hrough UT
examination or leakage. In each case there has been a
comfortable margin between the size crack that was
observed and that which would be predicted to cawsfe
failure under service loading conditions. Also, as$
discussed below, there is still considerable margin
between these ne:t section coilapse limits and the actual

cracks which would cause insStability.

Tearing Modulus Analysis

Elastic-plastic fracture mechanics analyses are
presented in Reference 12 which give a more aciurate
representation of the crack tolerance capacity of
stainless steel piping than the net section collapse
approach described above. Figures 6.2 and 6.3
graphically depict the results of such an analysis
(Reference 12). Through-wall circumferential detects of
arc-length equal to 60° through 300° were assumed at
various cross sections of a typical BWR Recirculation
System. Loads were applied to these sections of
sufficient magnitude to produce net section limit load,
and the resulting values of tearing moduius were

compared to that required to cause unstable fracture
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(Figure 6.2). Note that in all cases there 1s

substantiai margin, indicating that the net section
collapse limits of the previous seccion are not really
failure limits. Figure 6.3 summarizes the results of
all such analyses performed for 60° through-wall cracks
in terms of margin on tearing modulus for stability.

The margi~ in all cases is substantial.

6.3 Leak Versus Break Flaw Configuration

of perhaps more significance to the leak=-before-break
argument is the flaw confliguration depicted in

Figuré 6.4. This configuration addresses the concerns
raised by the occurrence of part-through flaws growing,
with respect to the pipe ¢ircumference, before breaking
through the outside surface tc cause leakage. Figure
6.4 presents typical size limitations on such flaws
based on the conservative, net section collapse method
of Section 6.1. Note that very large crack sizes are
predicted. Also shown on this figure are typical
detectability limits for short through-wall flaws (which
are amenable to leak detection) and long part-through
flaws (which are amenable to <totection by UT). The
margins between the detectability limits, and the

conservative, net section collapse failure limits are
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Table 6.1
EFFECT OF PIPE SIZE ON THE RATIO OF THE CRACK LENGTH
FOR 5 GPM LEAK RATE AND THE CRITICAL CRACK LENGTH
(ASSUMED STRESS o = §.,/2)
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Figure 6.1

TYPICAL RESULT OF NET SECTIUN CO'.LAPSE ANABLYSIS OF
CRACKED STAINLESS STEEL PIPE
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Figure 6.4

TYPICAL PIPE CRACK FAILURE LOCUS FOR COMBINED
THROUGH WALL PLUS 360° PART THROUGH CRACK
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