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PURPOSE AND SUMMARY OF RESULTS:

PURPOSE:

The purpose of this analysis is to determine the suitability of Palisades Alloy 600 components for safe operation. Postulaied
internal axial and circumferential flaws are evaluated in accordance with the fracture toughness requirements set by the
ASME Boiler and Pressure Vessel Code, Section X1, IWB-3612, considering the potential for crack growth and failure by net
section collapse (limit load). The objective is to develop a set of ~:rves from which the allowable time for continued service
can be determined for a given flaw size. This is done by evaluat g both fatigue crack growth due to design cyclic loading
and stress corrosion crack growth due to steady state stresses for cach of the Palisades’ Alloy 600 components.

SUMMARY OF RESULTS:

Table 6 shows the estimated remaining service life of the Palisades Alloy 600 components, assuming a constant through-wall
stress equal to about 125% of the operating yield strength of the material. These results are graphically depicted in Figures 7
through 34. The pressurizer spray nozzle safe end has an estimated service life of 2.64 years assuming a worst case
temperature of 640°F. The pressurizer temperature elemeni  “7zles can be expected to remain in service for about 7.5 years.
All other components can remain in service for 40 years.

An alternate approach, based on the nonlinear distribution for residual axial stress in NUREG-0313, was used for the
pressurizer surge and spray nozzle safe ends. These results are shown in Table A-3 and Figures A-4 through A-6. The
limiting service life was increased from 2.64 to 5.36 years for the pressurizer spray nozzle safe end at 640°F.
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1.0 Introduction

The purpose of this analysis is to determine the suitability of Palisades Alloy 600 components for safe operation.
Postulated internal axial and circumferential flaws are evaluated in accordance with the fracture toughness
requirements set by the ASME Boiler and Pressure Vessel Code, Section, X1, IWB-3612, considering the
potential for crack growth and failure by net section collapse (limit load). The objective is to develop a set of
curves from which the allowable time for continued service can be determined for a given flaw size. This is
donebyevaluuingbothfaiguecndtmwthdutoduipcycliclocdinsmdmmiona:ckgmwthdue
to steady state stresses for each of the Palisades’ Alloy 600 components.

2.0 Nozzle/Flaw Geometry
2.1 Postulated Flaw Geometries

In this analysis, a postulated semi-elliptical internal surface flaw is evaluated with a longitudinal orientation and
with a circumferential orientation. As will be seen in Section 4.3, the postulated axial flaw will be evaluated
using a third order curve fit of the circumferential stress, while the circumferential flaw will be evaluated using a
third order curve fit of the axial stress. Figures 1 and 2 graphically depict the information required to evaluate
the postulated flaws.

Prepared by: _D.E. Killian Date: 4/19/95
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Figure 1. Semi-Elliptical Internal Axial Flaw
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Figure 2. Semi-Elliptical Internal Circumferential Flaw
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2.2 Geometry of Alloy 600 Components

The pertinent geometric dimensions are given below in Table 1.

Table | Summary of Geometric Dimensions for Palisades’ Alloy 600 Components (Ref. 1)

| TE-0101 and Pressurizer I each 1315 0815 Partial
TE-0102
Spray Nozzle Safe Pressurizer 1 4.500 3.692 Full
Surge Nozzle Safe Pressurizer 1 12.750 10.740 Full
Surge Nozzle Safe Hot Leg Piping 1 13.000 10.741 Full
Shut Down Cooling | Hot Leg Piping I 12.750 10.741 Full
Outlet Nozzle Safe
End
Loop Drain Nozzle | Hot Leg Piping 1 2.375 1.6¢€9 Full
Shut Down Cooling | Cold Leg Piping B 13.000 10.741 Full
Inlet Nozzle Safe
End
Pressure & Hot Leg Piping 10 1.250 0.625 Full
Sampiing Nozzle
RTD J-Weld Nozzle | Hot Leg Piping 10 1.250 0.377 Partial
Spray Line Outlet Cold Leg Piping 2 3.500 2.693 Full
Nozzle
Charging Nozzle Cold Leg Piping 2 2375 1.689 Full
Loop Drain Nozzle | Cold Leg Piping 4 2.375 1.689 Full
Pressure # Cold Leg Piping 8 1.250 0.625 Full
Sampling Nozzle
RTD J-Weld Nozzle | Cold Leg Piping 12 1.250 0.377 Partial

Prepared by: _ D.E.Killian Date: 4/19/95

Reviewed by: KK, Yoon
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3.0 Stresses
3.1 Applied Stresses

The actual stress distribution for each of the components studied is unknown. However, certain conservative
assumptions can be made to ensure that stresses used in predicting the remaining service life of the Palisades
Alloy 600 components bound the actual stresses.

The effects of primary stresses, operating stress and geometrical anomalies (i.e. the distortion of TE-0102 during
the weld repair process), along with the weld residual stress could produce extremely high stresses. The welding
process without a post weld treatment may leave a large residual stress. Since no evaluation was performed to
estimate the magnitude of the residual stress, it is postulated that the residual stress is equal to the material yield
strength. The material yield strength at room temperature will be used to develop residual stresses at operating
temperatures. Based on tabulated yield strengths from Section 11! of ASME Code, room temperature yield
strengths are about 125% of yield strengths at operating temperatures above S00F. It is therefore appropriate and
conservative to use room temperature yield strength as the postulated total stress. In the present analysis, this
stress will be applied as a constant through-wall stress in both the axial and circumferential directions.

The degree of conservatism associated with the above approach varies from nozzle to nozzle, but can best be
characterized by categorizing the nozzles into two main groups according to the type of attachment weld, J-
groove partial penetration or full penetration. Nozzles attached to PCS components by J-groove type welds
{Pressurizer TE nozzles and PCS Loop RTD nozzles) are not connected to any type of external piping. This in
turn virtually eliminates the potential for circumferential PWSCC, since there is no axial stress to either initiate
or drive a crack. On the other hand, circumferential PWSCC may very well be the primary mode of f~*lure for
‘ull penetration type nozzles with girth butt welded safe ends. For this category, hieh residual axial stresses may
be present at the location of the girth butt weld, and additional operational loads are produced by the attached
piping. At the same time, compressive circumferential stress at the root of the weld, typical of butt welded
piping components, would tend to decrease the likelihood of axial PWSCC. Recognizing that the potential for
PWSCC varies for these two types of welded nozzles (partial and full penetration), it is nevertheless both
conservative and convenient to evaluate all nozzles for both axial and circumferential failure modes.

Based on research conducted on large diameter BWR stainless steel piping, it may be particularly conservative to
assume a constant value of through-wall axial stress for evaluating girth butt welded safe ends. NUREG-0313
(Ref. 10) presents a nondimensional, nonlinear through-wall stress distribution for axial residual stresses in 12"
diameter piping joined by girth butt welds. Although this form of residual stress distribution may not be exactly
applicable to weld between small diameter piping and nozzle safe ends, it could be somewhat representative of
the actual stress distribution, and as such, is used as an alternate method of analysis in Appendix A.

3.2 Spectrum History

The Palisades plant has 500 heatup and cooldown design cycles (Ref. 1). In calculating fatigue crack growth, the
maximum stress (i.e. yield strength) is combined with the minimum stress (i.e. zero at shutdown) to determine a
cyclic stress range. It should be noted that the amount of fatigue crack growth was found to contribute only
about 1% of the total crack growth as compared to PWSCC. For this reason, and based on experience, it was
determined that accounting for smaller transients in the fatigue crack growth analysis for these components was
not needed. For stress corrosion crack growth at a given location, the maximum stress state (i.e. room
temperature yi*ld strength) is used to evaluate the corrosion crack growth within a given time span.

Predictions of yearly crack growth are based on 12.5 heatup/cooldown cycles per year (500 cycles over a 40
year design life).

Prepared by: _D.E_Killian Date: 4/19/95
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4.0 Fracture Mechanics Analysis

A linear elastic fracture mechanics analysis is performed to determine the maximum allowable flaw size that
meets IWB-3612 fracture toughness margins and that the assumed semi-elliptical internal surface crack does not
grow to through wall. As previously noted, a semi-elliptical internal surface flaw with 2 longitudinal orientation
and with a circumferential orientation will be used as the postulated defects. The following sections outline the
fracture mechanics methodology used in this analysis.

4.1 ASME B&PV Code, Section X1, Acceptance Criteria

A flaw is acceptable if the applied stress intensity factor satisfies the following IWB-3612 criterion (Ref. 4) for
normal and upset conditions:

Kia)<

Kla
V10

where:

K(a) = the maximum applied stress intensity factor for normal and upset conditions based on
final crack depth.

K, = crack arrest fracture toughness for the corresponding crack tip temperature.

Since the highest possible stress is being employed in this analysis, the normal/upset and emergency/faulted
conditions would use the same stress value for determination of the applied stress intensity factor. Also, as will
be demonstrated in Section 5.0, the crack arrest fracture toughness, K,,, and the crack initiation fracture
toughness, K, are the same for this application. Hence, the only difference in the N/U and E/F conditions is in
the fracture toughness margins required in IWB-3612. Since the fracture toughness margin is higher in the N/U
condition (/10) than in the E/F condition (V2), the N/U condition is the bounding criteria

for satisfying IWB-3612.
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42 Stress Intensity Factor Solutions
AXIAL FLAW

Maxi Depth Point:
The Mode 1 stress intensity factor for the deepest point on the semi-elliptical flaw is (Ref. 3):
3
K="} 0G)
1=0
where o, are the coefficients of the stress polynomial describing the hoop stress (o) variation through the cylinder
wall and are defined below.
o=0,+ 0, (Z) +0, (1) + o, (1)’
2 is the distance measured from the inner surface of the cylinder wall and t is the cylinder wall thickness. The
G, are the shape factors associated with the coefficients of the stress polynomial and may be expressed by the
following general form:
G, = A, + (A + An’+ A’ + Aa'+ Ag’)/ [0.102(R/) - 0.02)""
a, = (at)(a/c)"
The values of A, through A, and m are given in Table 2a. The R, is cylinder inner radius. The 2c and a are the
flaw length and flaw depth at the deepest point of the flaw respectively.

Table 2a. Axial Flaw Shape Factors Associated with the Deepest Point on the Flaw (Ref. 3)

A, A, A, A, A, A, m

G, 0.0 1.7767 25975 27520 13237 02363 0.58

G, 0.0 0.1045 04189  0.000 0.0 0.0 0.22

G, 0.0 002038  -00397 042126 00 0.0 0.10

G, 0.0 007283  -36006 066883 00 0.0 0.05
Prepared by: _D.E. Killian Date: __4/19/95
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AXIAL FLAW
Point Near Surface:
The Mode 1 stress intensity factor for the point near the surface on the semi-elliptical flaw is (Ref. 3):

3
K=(n)*[} 6G,)
i=0

where
G, =G, * [A, + Afa)] ()
The G,, are the shape factors associated with the point near the surface of the flaw. The G, are the shape factors

associated with the deepest point on the flaw, defined on the previous page. The A, A, and r are defined in
Table 2b.

Table 2b. Axial Flaw Shape Factors Arsociated with the Point Near the Surface (Ref. 3)

A, A, r
G, 1.06 0.28 041
G, 0.25 020 0.26
G, 0.07 0.16 0.06
G,, 0.085 0.02 0.0
Prepared by: _D.E._Killian Date: 4/19/95

Reviewed by: KK Yoon _ Date: ____4/20/95 Page 13
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CIRCUMFERENTIAL FLAW
The Mode 1 stress intensity factor for the deepest point on the semi-elliptical fiaw is (Ref, 3):
3
K,=(mt)**[Y 0(ait)G))
i~
where o, are the coefficients of the stress polynomial describing the axial stress (o) variation through the cylinder
wall and are defined below.
o=0,+ 0, (1) +0, (1) + o, (2t)’
z is the distance measured from the inner surface of the cylinder wall and t is the cylinder wall thickness. The
G, are the shape factors associated with the coefficients of the stress polynomial and may be expressed by the
following general form:
G =An +An’+Aa’ +Aa'+Aa’+Aa (R1-5)
a, = (at)(a/c)"

The values of A, through A, and m are given in Table 3. The R is the mean radius of the cylinder. The 2¢ and
a are the flaw length measured at the cylinder inner surface and flaw depth at the deepest point of the flaw,

respectively.

Table 3. Circumferential Flaw Shape Factors Associated with the Deepest Point on the Flaw (Ref. 3)

A, A, A, A, A, A, m

G, 1.8143 19881 14382 04680 0056696  0.0067 0.50
G, 1.0959 09874 05399 -0.09303 00 0.0 0.38
G, 1.1836 23347 29756 17652 039483 00 0.30
G, 1.0029 20160 25627 14951 02759 00 025

Note: A, is set equal to zero for R/t < 5.

Prepared by: _D.E_Killian Date: 4/19/95
Reviewed by: K.K. Yoon Date: 4/20/95 Page 14
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4.3 Irwin Plasticity Correction

Linear elastic stress analysis of sharp crack-like defects predicts infinite stresses at the crack tip. However, in
real materials, stresses at the crack tip are finite because the crack tip radius is finite. To account for crack tip
plasticity, a simple estimation of the elastic-plastic boundary is made using the elastic stress analysis. This
approach is called the Irwin plasticity correction and is applicable up to the point where moderate crack tip
yielding occurs.

When yielding occurs, stresses must redistribute in order to satisfy equilibrium. The shaded region in Figure 3
bounded by the yield stress and the elastic stress field curve represents forces that would be present in an elastic
material but cannot be carried in the elastic-plastic material because the stress cannot exceed yield. The plastic
zone must increase in size to accommodate these forces. Note that the redistributed stress in the elastic region is
higher than elastic only stress, implying a higher effective stress intensity factor. Irwin accounted for this
increase in K by defining an effective crack length that is slightly longer than the actual crack size. He found
that a good approximation of K, can be obtained by placing the tip of the effective crack in the center of the
plestic zone. Thus, the eftective crack length is defined as the sum of the actual crack size and a plastic zone
correction:

+
a¢=a ry

Under plane strain conditions, this effective increase in crack length is defined by (Rzf. 9):

r = l ‘L(n-l){xf(a))Z
Y 1+(PIP) 6n (n+]) oy

where:
P = Applied load
P, = Limit load
n = strain hardening coefficient
Kia) = stress intensity factor based on actual crack length
Cys - yield stress

The effective stress intensity factor is then obtained by inserting aq into the K expression for the geometry of
interest.

Prepared by: _D.E. Killian Date: __4/19/9%
Reviewed by: KK Yoon Date: ___4/20/95 Page 15
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Figure 3. The Irwin Plastic Zone Correction
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44 Limit Load Solutions

In addition to failure by brittle fracture, a net section collapse failure needs to be assessed. The safest approach
in a fracture mechanics assessment is to adopt an analysis that spans the entire range from linear elastic to fully
plastic behavior. Such an analysis accounts for the two extremes of brittle fracture and plastic collapse.
AXIAL FLAW - [Internal, Semi-Elliptical Longitudinal Flaw

The limit load pressure, p,, for an internal, semi-elliptical iongitudinal flaw is calculated by (Ref. 3):

¢ 1-x
=0 i
Po = pow R, - X
M
a
X —
!
2
e 1.61c
Rt
9] +0
o yield wlt
O = 5 -
R,+R,
R =
2
where a = the crack depth,
¢ = half the crack length
and t = the cylinder wall thickness.

The design pressure, p,, for all the Palisades’ Alloy 600 components examined is 2500 psi. (Ref. 1) Since no
margin of safety is applied to the limit load condition, the component will not fail by plastic collapse if

pﬂ<p0

Prepared by: _D.E Killian Date. ___4/19/95
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CIRCUMFERENTIAL FLAW

Two limit load solutions are used for the circumferential flaws. The solution for a internal, semi-elliptical

circumferential flaw is used for nozzles with R /t 2 5. A more conservative solution for a internal, 360°
circumferential flaw is used for R /t < 5, where the semi-elliptical flaw solution is not valid.

Since external piping loads are not generally available for these nozzles, the limit load solutions for

circumferential flaws will be conservatively compared to an applied axial load that is equivalent to a constant

through-wall axial stress equal to the material yield strength at operating temperature, that is,

rsr

' 4 o

2 _ p2
re GM‘R(R, ~R/)

Internal, Semi-E!liptical Cirenmferential Flaw Limit Load Solution

The limit load solution for an internal, semi-elliptical circumferential flaw is (Ref. 3).

P, = ZRRIUA,"IZG/R -(x0/m) (2 -2L+x8)/(2-0)]

where
a = arc cos( A, sind)
4 = X101 -0Q-26+30 + (1 -§+30)']
' 2[1+2-0(1-9]
x=2
t
9= T¢
4R,
t
SR,
Prepared by: _D.E. Killian Date: 4/19/95
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Internal, 360° Circumferential Flaw Limit Load Solution

The limit load solution for an intemal, 360° circumferential flaw is (Ref. 3):

P, = 2% o, (R - R, + @)

V3
The particular limit load solution used for each nozzle is listed below, based on the R/t ratio.
Nozzle Rxa Limit Load Solution
Pz TE-0101 and TE-0102 263 360° uniform depth
Pzr Spray SE 5.57 semi-elliptical flaw
Pzr Surge SE 6.34 semi-elliptical flaw
HL Surge SE 5.75 semi-elliptical flaw
HL Shut Down SE 6.35 semi-elliptical flaw
HL Loop Drain 3.46 360° uniform depth
CL Shut Down SE 5.75 semi-elliptical flaw
HL Pressure & Sampling 2.00 360° uniform depth
HL RTD 143 360° uniform depth
CL Spray 4.34 360° uniform depth
CL Charging 346 360° uniform depth
CL Loop Drain 346 360° uniform depth
CL Pressure & Sampling 2.00 360° uniform depth
CL KTD 143 360° uniform depth

4.5 Initial Flaw Depth

The leading industry thoughts on the initiation crack size is that machining or fabrication process leaves a thin
layer of high residual stress at the surface. Some quantitative measurements have been made using the X-ray
diffraction technique followed by hardness tests. Boursier (Ref. 2) has shown the existence of a residual stress
field up to a depth of 0.003 inch. Measurements taken from the mockups of Alloy 600 nozzles indicate that the
highest residual stress occurs at 0.002 inch; however, it covld reach 50 ksi at about the 0.010 inches, depending
on the surface finish. An initial crack size of 0.010 inch will be used for the crack growth analysis.

Prepared by: _D.E. Killian Date: 4/19/95
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4.6 Fatigue Crack Growth

The fatigue crack growth due to design cyclic loading was calculated using the Paris Law, similar to that given
in Article A-4000 of Section X1 of the ASME Boiler and Pressure Vessel Code (Ref. 4),

da

— = C(AK)"

dN
wthmdnmdepmdmtonﬂnmmnmdmvimnmmulcmditiom,mdAKismcdiﬁmcehaweanl(

due to the maximum primary stress and K due to the minimum primary stress. The minimum primary stress is 0
psi at shutdown, hence, AK is the K due to maximum primary stress.

The fatigue crack growth rate data (da/dN) for Alloy 600 in a PWR environment can be seen in Figure 4. The
coefficients for the Paris crack growth law are derived in Table 4.

Table 4. Derivation of Paris Law Coefficients Using Data from Figure 4 for a PWR Environment

da _ .
y = C(AK)

log(%) = logC + n(log(AK))

da/dN AK dw/dN AK
(mm/cycle) (MPav/m) (in/cycle) (ksiv/in)
6.706E-4 30 2.640E-5 27.30
1.724E-4 20 6 800E-6 18.20

Setting up two equations for two unknowns:

-4.5785= log C + 1436 n
-5.4048= log C + 1.266 n

The required coefficients are:

C = 4.09E-10
n = 3349 for use with units of inches and ksiv/in.

Prepared by: _D.E_Killian Date: 4/19/95
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Figure 4. Inconel - Wrought Material - Effect of Temperature and PWR Environment on Fatigue Crack
Growth Rates (from Reference 5)
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4.7 Stress Corrosion Crack Growth

Theoonmionawkpmﬂhwuulmlﬁeduing&oﬂ's(mG)modclwithmwtivuion“gyofn
Kcal/mole. mhawkpommmodelwudovelopdbmdwhdumdulfadwmmmmm
of Alloy 600 steam generator (SG) tubing. This model is considered the most conservative model available for
Alloy 600 PWSCC on SG tubing. Anwopﬁmmmmionininwpouudwmtforme
diminwm;mumnmmdudiﬁmtmwwowmmmbu.

Scott’s crack growth rate equation for 330°C (626°F) is:

m
R
where
n = .16
Ky = 9 MPavV'm is assumed
K, = applied stress intensity factor, in units of MP&v'm
C,(330°C) = 28e12

This equation includes a factor of five to account for the effect of cold work on crack growth rate.

It should be noted that an explicit threshold stress intensity factor is required before crack propagation occurs in
this correlation. In order to permit investigation of shallow flaws, a correlation based on the original Scott
model was developed withov* the ¢ . it threshold. It is the following relation that will be utilized in this
analysis:

da . p289E-13 K"y M
dt sec

where K, = applied stress intensity factor, in units of MPav'm, and

1.0 € x = 1.3539(K) "

and D, is the temperature correction parameter.

The Alloy 600 components operate at a temperature of S40°F in the cold leg piping, 590°F in the hot leg piping
and 640°F in the pressurizer (Ref. 1). Since it is well known that crack growth rate is strongly affected b
temperature, a temperature adjustment for analysis of the Alloy 600 components is necessary. A temperature
correction was obtained from laboratory and field data for SCC growth rates for Alloy 600 in primary water
environments. An activation energy of 33 Kcal/mole for crack growth was used to adjust crack growth rate for
the different operating temperatures, as shown below.
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da/dt (Operating Temperature) = da/dt (Test Temperature - 330°C) * D,

e(.i,‘?:)
D, =
()
e ]
where

Q = 33 Kcal/mole = 138.072 Kjoules/mole
R = 8.3143 joules/K-mole
= Test Temperature
T, = QOperating Temperature of the Alloy 600 Component

The temperature adjusted crack growth rates utilized in this analysis for Alloy 600 components are:

da _ | 41973 (2.89E-13 Ky L @ 640°F
dt sec

da . 038902 (2.89E-13 K"y L @ 590°F
sec

"

& &

0.09365 (2.89E-13 K,y L @ 540°F
secC

Figure § illustrates the temperature dependance of these PWSCC crack growth equations, along with P. Scott’s
original curve. In English units, these equations are:

da . 55895 (3.386E-13 K"y 1 @ 640°F

dt sec

da _ 1678, in

44 . 15316 (3.386E-13 K"y L. @ 590°F
sec

da 167 in

22 - 3687 (3.386E-13 K,y — @ S40°F

dt sec

where K, = applied stress intensity factor. in units of ksiV/in, and x is defined as above.
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Comparison of Crack Growth Rate Models

for Alloy 600 at Various Temperatures
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P Scott
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1E-13
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@590 F
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@540 F
1E15 1S
1E16 b=

Figure 5. Comparison of Crack Growth Pstes as a Function of Temperature
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5.0 Material Properties
!l components examined are made of Alloy 600 (Ref. 1).

The code flaw evaluation procedure, IWB 3612, is based on linear elastic fracture mechanics. in this application
fwAlbyMuawnpudmaboveSOO’F,thismiﬂisva'yductilelndnocluvmfnamannccw In
this evaluation, equivalent K, and K,, values are derived J, value from a J-resistance curve. 1, is defined as the
initiation point of ductile tearing, J being at J_ level. The J, is converted to K, by the following equation in a
LEFM frame of definition: K, = (JE/1-v")]'?. In addition, observing that ductile tearing can not be sustained
without increasing crack driving force, K, value obtained from this relationship can be considered as a crack
arrest toughness in the absence of additional crack driving force. Therefore, K, =K, = K,

The fracture toughness, J_, for Alloy 600 was from Table 3 of Ref. 7. For unirradiated specimens tested at
427°C (800°F), J,_ was 575 kJ/m’, and at 24°C (75°F) J, was 382 kJ/m®. Using linear interpolation and the plane
strain correlation, the fracture toughness is evaluated at S40°F (hot leg piping), 590°F (cold leg piping), and
640°F(pressurizer). The fracture toughness utilized in each component is shown below in Tuble 5.

The following table summarizes the Alloy 600 material properties required for the fracture mechanics
assessment.

Table 5. Material Properties Required for Fracture Mechanics Assessment of Palisades’ Alloy 600 Components

Yield Ultimate Operating K,
ID Companent Stress Stress Temp
(ksi) (ksi) ('F) (ksiv/in)
[Ref. 1] [Ref. 1] [Ref. 1] [Ref. 7]
1 Pzr TE-0101} 46.2 98.2 640 31018
1 Pzr TE-0102 462 98.2 640 310.18
2 Pzr Surge SE 512 100.3 640 310.18
3 Pzr Spray SE (Note 1) 71.5 114.0 540 302.33
B 640 31018
5 1 Sorge SF 512 100.3 590 306.28
6 HL Shu Zown SE 512 100.3 590 306.28
7 Hl. Le s Drain 371 932 590 306.28
8 F .. s & Sampling 398 94.7 590 306.28
9 vl D 480 99.0 590 306.28
g . Fu Down SE 51.2 100.3 540 302.33
i 20 agvas 37.1 932 540 30233
il (M i e, 371 932 540 302.33
2 CL Lo+ rain 37.1 93.2 540 30233
‘e LL ¥ vas & Sampling 398 947 540 302.33
14 «iL RTD 48.0 99.0 540 302.33
Note 1: The correct value of normal spray flow is critical to the PWSCC assessment. For flows of 50
to 70 gpm it is can be assumed that the safe end temperature is equal to the cold leg
temperature (540°F). If the flow is only 1.5 gpm, the flow is 100 low to cool the safe end and
an assumed temperature equal to the pressurizer temperature (640°F) is required (Ref. 1). To
perform a bounding assessment, an analysis will be completed at both temperatures for the
pressurizer spray nozzle safe end.
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6.0 Procedure for Assessme: of Alloy 600 Components

Based on information depicted in the previous sections, two FORTRAN programs, AXF and CIRCF, were
created 1o evaluate the remaining service life of each of the Palisades’ Alloy 600 components assuming both an
axial flaw and a circumferential flaw. Figure 6 presents a logic diagram for these programs.

The BWNT administrative procedure for preparing engineering calculations (Ref. 11) permits the use of
cmnpu&mommiﬂmfmexewﬁmmp«mdmﬂmmidedﬂnmmmdowmm&dmd
verified. The program listings for AX.F and CIRC.F can be found in Appendices B and C, respectively, of
Reference 15, the proprietary version of the present fracture mechanics assessment. Both programs are verified
in Appendix B of this document.

The input files used with programs AX.F and CIRCF are listed in Appendix C of this document. The output
files are contained in Reference 15 in the form of computer output microfice. These files are listed in Appendix
D of this document.
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input Initial Depth
a_l=0010" and
Fiaw Aspect Ratio (2/1,4/1,6/1)

Input Thvough-Wall Suress Distribution
and Operating Temp of Component

Kmax_fog(a) Used for FCG
Kmax_soo(a) Used for SCC

dac=D(E"Kmax_soc(a)"F)"G*1/12.5yr.

Compute i
a=a+daf + dac
¢~ Aspect Ratiof2 * &

Last Fatigue Cycle

Figure 6. Procedure Used to Evaluate the Remaining Service Life of Each of the Palisades’ Alloy 600
Components
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7.0 Results and Conclusions

Table 6 shows the estimated remaining service life of the Palisades’ Alloy 600 components. These results are
graphically depicted in Figures 7 through 34.

General Observations

o The amount of fatigue crack growth as compared to stress corrosion cracking is extremely small.
(Fatigue crack growth accounts for approximately 1% of total crack growth)

o Figures 7 through 20 (Axial) and 21 through 34 (Circumferential) demonstrate the allowable flaw size
for each of the components for both axial and circumferential flaws. This is primarily intended to serve
as an acceptance criteria in the event that a flaw is found in one of the components during an inspection.
If the flaw is below the time-to-failure curve for the required length-to-depth ratio, the flaw is
acceptable for the next fuel cycle. Table 7 contains the allowable flaw depths that can be justified for
one fuel cycle (18 months) of continued operation.

o Nozzles attached to PCS components by J-groove type welds (Pressurizer TE nozzles and PCS Loop
RTD nozzles) are not connected to any type of external piping. This in turn virtually eliminates the
potential for circumferential PWSCC, since there is no axial stress to either initiate or drive a crack. On
the other hand, circumfereatial PWSCC may very well be the primary mode of failure for full
penetration type nozzles with girth butt welded safe ends. For this category, high residual axial stresses
may be present at the location of the girth butt weld, and additional operational loads are produced by
the attached piping. At the same time, compressive circumferential stress at the root of the weld, typical
of butt welded piping components, would tend to decrease the likelihood of axial PWSCC.

. Speific OF :

o  The wall thickness of the pressurizer temperature element nozzles is only 0.25". Hence, if any flaw
exists that is exposed to the primary water, PWSCC may be a significant concern. Still, for the
conservative length-to-depth ratio of 6, it would take about 7.5 years for an axial flaw and 13 years for
a circumferential flaw to grow to a critical size.

o Of all the components examined in this study, only the pressurizer surge nozzle has undergone post-weld
heat treatment (Ref. 1). To be conservative, the yield stress was still utilized for the stress distribution
for this component. Even still, the remaining service life of this component exceeds the design life of
the plant.

o As previously reported, the assumed temperature of the pressurizer spray nozzle safe end is extremely
important for a PWSCC assessment. (The SCC growth rate differs by a factor of 15 between 540°F
(Cold Leg) and 640°F (Pressurizer).) If the temperature is assumed to be that of the cold leg, the
component should be able to remain in-service without failure for about 35 years. However, if the
pressurizer temperature is used, the component could only be expected to last less than 3 years.

o  All other components can be expected to remain in service for 40 years without failure.
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Table 6. Summary of Time to Failure for an Initial Flaw Depth of 0.010"

Note:  Total through-wall stress distribution set equal to room temperature yield strength.

Axial Flaw Circumferential Flaw

D Component Thick. Time to Failure (years) Time to Failure (years)
(in.) lVa=2 la=4 Vla=6 Va=2 Va=4 Va=6

1 Pzr TE-0101 025 4000 20.16 7.68 4000 3248 13.04

1 Pzr TE-0102 025 4000 20.16 7.68 4000 3248 1304

2 Pzr Surge SE 1.005 4000 40.00 4000 4000 4000 40.00

3 Pzr Spray SE @S40°F  0.404 4000 4000 3512 4000 4000 40.00

4 @640°F 0404 3712 632 264 3864 B00 360
5 HL Surge SE 1.1295 4000 40.00 40.00 40.00 4000 40.00

6 HL Shut Down SE 1.0045 4000 4000 40.00 40.00 4000 40.00
7 HL Loop Drain 0.343 40.00 4000 40.00 40.00 4000 40.00

8 HL Press & Sampling 03125 40.00 40.00 40.00 40.00 4000 40.00

9 HL RTD 0.4365 4000 4000 40.00 4000 4000 40.00
10 CL Shut Down SE 1.1295 4000 4000 40.00 4000 40.00 40.00
11 CL Spray 0.4035 40.00 4000 40.00 4000 4000 40.00
12 CL Charging 0.343 4000 40.00 40.00 40.00 4000 40.00
12 CL Loop Drain 0.343 4000 40.00 40.00 4000 4000 40.00
13 CL Press & Sampling 03125 40.00 4000 40.00 4000 4000 40.00
14 CL RTD 04365 40.00 4000 40.00 4000 4000 40.00

Table 7. Summary of Allowable Flaw Depths for One Fuel Cycle (18 months)

Notes: 1. Total through-wall stress distribution set equal to room temperature yield strength.
2. Flaw depths are in inches.

Axial Flaw Circumferential Flaw
ID Component Thick. Allowable Flaw Depth Allowable Flaw Depth
(in.) Va2 Va=4 Va=6 Va=2 Va=4 Va=6
1 Pzr TE-0101 0.25 0065 0035 0020 0050 0030 0025
1 Pzr TE-0102 0.25 0.065 0035 0020 0.050 0030 0025
2 Pi Surge SE 1.005 0270 0.135 0.075 0270 0.145 0085
3 Pzr Spray SE @540°F  0.404 0285 0215 0.155 0320 0270 0205
4 F640°F 0404 0.035 0.015 0010 0035 0020 0015
5 HL Surge SE 1.1295 0645 0470 0320 0775 0550 039
6 HL Shut Down SE 1.0045 0605 0435 0300 0680 0510 0.365
7 HL Loop Drain 0.343 0255 0200 0.165 0.170 0.155 0.140
¥ HL Press & Sampling 03125 0215 0.165 0.135 0.155 0.135 0.125
9 HL RTD 0.4365 0265 0.185 0130 0200 0.170 0.150
10 CL Shut Down SE 1.1295 0.835 0695 0520 1.015 0810 0630
11 CL Spray 04035 0360 0330 0305 0235 0230 0225
12 CL Charging 0.343 0305 0280 0260 0205 0200 0.195
12 CL Loop Drain 0.343 0305 0280 0260 0205 0200 0.195
13 CL Press & Sampling  0.3125 0275 025 0230 0.19¢ 0.185 0.180
14 CL RTD 0.4365 0375 0325 0255 0260 0250 0240
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Figure 8. Time to Failure for Pressurizer Surge Nozzle Safe End:
Axial Semi-Elliptical Inside Surface Flaws with
Constant Through-Wall Yield Stress
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Figure 9. Time to Failure for Pressurizer Spray Nozzle Safe End at 540F:
Axial Semi-Elliptical Inside Surface Flaws with

Constant Through-Wall Yield Stress
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Time to Failure vs. Initial Flaw Size
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Figure 10. Time to Feiure for Pressurizer Spray Nozzle Safe End et 640F:
Axial Serni-Elliptical Inside Surface Flaws with
Constant Through-Wall Yield Stress

Page 33



32-1238965-00

Time to Failure vs. Initial Flaw Size
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Time to Failure vs. Initial Flaw Size
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Figure 14. Time tc Failure for Hot Leg Pressure & Sampling Nozzle:
Axial Semi-Elliptical Inside Surface Flaws with
Constant Through-Wall Yield Stress
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Figure 16. Time to Failure for Cold Leg Shut Down Nozzle Safe End:
Axial Semi-Elliptical Inside Surface Flaws with
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Figure 17. Time to Failure for Cold Leg Spray Nozzle:

Axial Semi-Elliptical Inside Surface Flaws with
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Figure 18. Time to Failure for Cold Leg Charging and Loop Drain Nozzles:
Axial Semi-Elliptical Inside Surface Flaws with
Constant Through-Wall Yield Stress
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Figure 21. Time to Failure for Pressurizer TE Nozzles:
Circumferential Semi-Elliptical Inside Surface Flaws with
Constant Through-Wall Yield Stress
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Time to Failure vs. Initial Flaw Size
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Figure 22. Time to Failure for Pressurizer Surge Nozzle Safe End:

Circumferential Semi-Elliptical Inside Surface Flaws with
Constant Through-Wall Yield Stress
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Figure 23. Time to Failure for Pressurizer Spray Nozzle Safe End at 540F:
Circumferential Semi-Elliptical Inside Surface Flaws with
Constant Through-Wall Yield Stress
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Time to Failure vs. Initial Flaw Size
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Figure 24. Time to Failure for Pressurizer Spray Nozzie Safe End at 640F:
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