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An inservice inspection of Diablo Canyon Power Plant (DCPP) Unit 2 overlaid Pressurizer (PZR) Spray nozzle
revealed the existence of indications. The indications are described in the Diablo Canyon Power Plant Design
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remaining 38 years of plant operation. The indications are all embedded within the body of the nozzle and weld
overlay. Therefore, no primary water stress corrosion crack growth mechanism would occur. The only
mechanism by which indications could grow is fatigue crack growth.

This document provides a description of the indications, postulated flaws, applicable fatigue crack growth laws,
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1.0 INTRODUCTION

An inservice inspection of Diablo Canyon Power Plant (DCPP) Unit 2 overlaid Pressurizer (PZR) Spray
nozzle revealed the existence of indications. The indications are described in the Diablo Canyon
Power Plant Design Input Transmittal (DIT) documented in Reference [1]. All indications found in the
PZR Spray nozzle are laminar. Previous disposition of the as found laminar indications per the rules of
the acceptance standards in Table IWB-3514-3 of the ASME B&PV Code Section Xl [2] and Article NB-
3227.2 of ASME B&PV Code Section III [3] are documented in Reference [4]. Reference [4] did not
consider any potential flaw growth that may occur due to sustained and cyclic operating conditions.

The purpose of this document is to assess the flaw growth that could take place for the remaining 38
years of plant operation. Because the laminar indications are located between the overlay and the
original underlying materials, the surfaces of the indications do not come in contact with the reactor
coolant. Therefore, no primary water stress corrosion crack (PWSCC) growth mechanism would occur.
The only credible mechanism by which the indications could grow is fatigue crack growth.

This document provides a description of the indications, postulated flaws, applicable fatigue crack
growth laws, fatigue crack growth analysis, and finally the predicted final flaw sizes are evaluated in
accordance with the rules of ASME B&PV Code Section Xl [2] and Section III [3]. Reference [5]
Section 4.6, item 3 states that the applicable ASME code year is 2004 with addenda through 2005.
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2.0 ANALYTICAL METHODOLOGY

This document performs flaw evaluation for dispositioning the NDE found indication in the DCPP PZR
Spray nozzle. As described in Reference [1], all indications were laminar in nature. Thus, this
document postulates cylindrical flaws to analyze all laminar indication.

For each postulated flaw, the flaw evaluation methodology consists of performing fatigue flaw growth
for the specified service life. At the end of life, a flaw evaluation is performed to evaluate the end of life
flaw acceptability.

This analysis postulated cylindrical sub-surface flaws, which could propagate by fatigue crack growth
through the body of the Spray nozzle and full structural weld overlay (FSWOL). A linear elastic fracture
mechanics (LEFM) analysis was performed to determine the applied stress intensity factors (SIFs) for
the laminar flaw indications. The center-cracked panel (CCP) model was used with the radial and
shear stresses to compute stress intensity factors for the laminar flaw indications. Flaw growth in the
axial direction to estimate final flaw width was calculated using the SIF from the CCP model.
Circumferential crack growth for estimating the final flaw length was evaluated by extending the flaw
length in proportion to the ratio of final flaw width to the initial flaw width.

It should be noted that the planar flaw analysis for DCPP Unit 2 PZR nozzles [6] used 38 years of
remaining service life. The current analysis was performed using the 38 years of remaining service life
as well. The crack growth analysis considered the growth of embedded flaws due to cyclic loadings
under the presence of residual stress from the welding processes. The final flaw sizes were calculated
using the same operating transients considered in the original 2007 flaw growth analysis [7]. The
predicted final flaw sizes were evaluated in accordance with the rules of ASME B&PV Code Section Xl
Table IWB-3514-3 [2]. Using Section III article NB-3227.2 [3], the presence of the laminar flaws was
evaluated to assess the ability of the weld overlay to perform its intended function. Section III article
NB-3227.2 [3] was used to verify that the weld overlay length excluding the indications is sufficient to
transfer the load through shear back to the base metal considering a 100% through wall crack in the
PWSCC susceptible material.

The initial structural overlay analysis was performed in 2007 per ASME Section III Subsection NB Code
with 2001 and 2003 Addenda. During relief request of 2013, the shear stress check for the laminar flaw
analysis was performed per ASME Section III Subsection NB Code with 2004 and 2005 Addenda. Both
Code years were reviewed and it was determined that the criteria for pure shear stress evaluation per
NB-3227.2 are the same. Hence, it is concluded that both the Codes are applicable to the current
analyses and no additional reconciliation is required.

The remainder of this section describes the model used to calculate the stress intensity factor (SIF),
crack growth calculation procedure, flaw evaluation, FSWOL minimum length requirement evaluation,
and a list of the abbreviations and parameters used throughout the document.

2.1 Stress Intensity Factor Model

To calculate the stress intensity factor for the laminar flaw, the closed-form SIF solution from page 40 of
Reference [8] for CCP model was used. The Mode I and Mode II configurations are illustrated in Figure
2-1.
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-kh -J% -ft-

(Mode 1) (Mode I1

Figure 2-1: A Through-Wall Crack in the Center of a Plate

For Mode I configuration, the K, solution is listed below:

K, =a I

F [ab)I - 0. 02 5 (ab + 0.02(lbre

Where, a = uniform tensile stress

2a = crack length

2b = plate width

For Mode II configuration, the K1, solution is identical to the Mode I solution except using 'r (uniform
shear stress) instead of a (uniform tensile stress). It should be noted that some geometry idealization
was made to use the CCP model SIF solution to analyze the Spray nozzle laminar indications. More
discussion about the geometry idealization is provided in Section 4.1.

The functions F(a/b) is a geometry correction factor in which the b parameter accounts for the free
surface effects. For an a/b value of 0, F(0)=I and for an a/b value of 1, the geometry correction factor
F(a/b) asymptotically approaches a very large value. For an a/b value of 99.9%, F(0.999) = 26.1. The
selection of the b parameter should be based on the location of the closest free boundary to the
analyzed flaw. Considering the Spray nozzle geometry, the b parameter can be quite large. The b
parameter selection is further discussed in Section 4.1.
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2.2 Fatigue Crack Growth Calculation

The steps to perform fatigue crack growth calculation are presented below. Note that the analysis
assumed 3600 laminar flaw, which is very conservative. Since the full circumference was assumed
cracked; this section evaluated fatigue crack growth in the axial direction only.

1. For the first transient, Calculate the mode I maximum and minimum stress intensity factors
(Kimax and Klmin) based on the maximum radial stress Ox_max and minimum radial stress OYx_min in
the first transient, respectively. Crack width (2a) and plate width (2b) are also required to
calculate the SIF.

2. Calculate the stress intensity factor range due the radial stress (AKj = Kimax - Kimin).

3. Calculate the mode II maximum and minimum stress intensity factors (Kirmax and Kiimin) based on
the maximum shear stress tmax and minimum shear stress Tmin in the first transient, respectively.
Crack width (2a) and plate width (2b) are also required to calculate the SIF.

4. Calculate the stress intensity factor range due the shear stress (AKII = Kiimax - K1imin).

5. Combine the stress intensity factor ranges from steps 2 and 4 to calculate the effective stress
intensity factor range (AK) to be used in the crack growth analysis as AK = [(AK1 )2 + (AK11)2]0 .5

6. To account for mean stress effect, calculate an effective R ratio (R), which is evaluated as R = 1
- AK / Kmax using Kmax = [(KImax) 2 + (KiImax) 2 ]0 5 and AK = [(AK1 )2 + (AKII) 2]0 5 . The R ratio is used in
the crack growth equations to account for mean stress effect as described in Section 4.8.

7. Calculate crack growth increment (2Aa) based on AK, R, and number of cycles per year for the
specific transient. Metal temperature is also required to determine the parameters in the crack
growth rate equation.

8. Update crack length to find the crack length at the end of the transient (2 af = 2ai + 2Aa), where
2 af is the crack length at the end of the transient, 2ai is the crack length at the beginning of the
transient, and 2Aa is the crack growth increment during the transient as calculated in Step 7.

9. Repeat steps 1 through 8 for transients 2 through 17 with the crack length at the end of transient
1 is used as the starting crack length for transient 2, the crack length at the end of transient 2 is
used as the starting crack length for transient 3 and so on. The crack length at the end of the
last transient is also the crack length at the end of one year.

10. Repeat steps 1 through 9 to find crack length at the end of subsequent years with the crack
length at the end of the first year is used as the starting crack length for the second year, the
crack length at the end of the second year is used as the starting crack length for the third year
and so on. The process is repeated for the subsequent years for the 38 year design life.

2.3 Laminar Flaw Evaluation

Disposition of all reported laminar indications per the rules of the acceptance standards in Table IWB-
3514-3 of ASME B&PV Code Section Xl [2] are reported in Reference [4]. The same evaluation
procedure was used in this document with the final crack length now updated with calculated crack
growth for 38 years of plant operation. For indication area evaluation, the acceptance criterion is in
Table IWB-3514-3 [2], which requires that

A = 0.75(w x l) < 7.5 in2
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where A is the flaw area, w and I are flaw width and length.

2.4 Minimum Required Overlay Length Calculations

For overlay length evaluation, the length of the weld overlay is acceptable provided that the effective
overlay length (/eff) is greater than the required overlay length (/req). The required overlay length (Irq) is
the length of the weld overlay that is sufficient to transfer the load through shear back to the base
metal. Conservatively a 100% through wall crack is considered in the PWSCC (primary water stress
corrosion cracking) susceptible material. The formulation in this section provides the procedure used
for evaluating the minimum overlay length requirement.

The cross-sectional area (Anet) and section modulus (Znet) of the net section are calculated considering
a 100% through wall crack in the PWSCC susceptible material as

A,=e, -' ((D + 2t)2 -D2)
4

2XIne 2 2x -7 ((D+2t)4-D4)

(D + 2t) (D + 2t)

where D is the OD of the nozzle base metal, and t is the minimum weld overlay thickness.

The extreme fiber tensile stress is calculated based on the net section properties with faulted moment
(M) and axial load (F).

M F-= + -Zne , Att

Conservatively consider the maximum allowable shear stress for the faulted case to be 0.6Sm (see NB-
3227.2, Reference [5]) although the faulted allowable shear stress is higher. A force balance on the
FSWOL with the maximum shear stress at the interface gives

a,,e, x t = 0.6 S lrq

Solving for the required minimum overlay length, Ieq, gives

lrq = ane, X t
0.6S.

The effective length, /eff, of the weld overlay is

eff = l%0ol - fla
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where /o, is the length of the weld overlay based on the design drawings for minimum thickness
conditions and /7aw, is the axial dimension of the laminar flaw. Thus the length of the weld overlay is
acceptable provided that lef is greater than ',eq.

It is noted that the initial structural overlay analysis was performed in 2007 per ASME Section III
Subsection NB Code with 2001 and 2003 Addenda. During relief request of 2013, the shear stress
check for the laminar flaw analysis was performed per ASME Section III Subsection NB Code with 2004
and 2005 Addenda. Both Code years were reviewed and it was determined that the criteria for pure
shear stress evaluation per NB-3227.2 are the same. Hence, it is concluded that both Codes are
applicable to the current analyses and no additional reconciliation is required.

2.5 List of Abbreviations and Parameters

This section defines the various abbreviations and parameters used throughout the document.

Abbreviations
DCPP

PZR
DIT

PWSCC
NDE

FSWOL
LEFM
CCP

SIF
DE

DDE
OBE

Diablo Canyon Power Plant
Pressurizer
Design Input Transmittal
Primary Water Stress Corrosion Crack
Non Destructive Examination
Full Structural W/eld Overlay
Linear Elastic Fracture Mechanics
Center-Cracked Panel Model
Stress Intensity Factor
Design Earthquake
Double Design Earthquake
Operation Basis Earthquake

Parameters for crack growth analysis
2a Flaw width in the axial direction used in crack growth

calculations
2b Plate width parameter used in the CCP model SIF calculations
K, Mode I stress intensity factor

K,, Mode II stress intensity factor
Kimax Maximum Mode I stress intensity factor
Kimin Minimum Mode I stress intensity factor

Ki/max Maximum Mode II stress intensity factor
K/imin Minimum Mode II stress intensity factor

AK, = Kimax - Kimin Mode I stress intensity factor range
AK,, = Ki/max - Kitmrn Mode II stress intensity factor range

AK = [(AK,)' +(AK,) 2]f 5 Mixed mode stress intensity factor range
Kmax =[(K/max) 2 +(Kiimax)2 f] 5 Mixed mode maximum stress intensity factor

R = I - AK/Krmax Mixed mode R ratio
aop mmn Minimum operating radial stress

Cop max Maximum operating radial stress
ro, mj, Minimum operating shear stress

Zop max Maximum operating shear stress
a, max Maximum radial stress
0 x mn Minimum radial stress

(in)

(in)
(ksilin /IMPa'4m)
(ksi'/in / MPa•m)
(ksi•in / MPa'/m)
(ksi/in / MPa/m)
(ksi/in / MPa'/m)
(ksi/in / MPa/m)
(ksi'4in / MPa'/m)
(ksi•/in / MPa'lm)
(ksihin / MPa/m)
(ksi'lin / MPa/m)

(psi)
(psi)
(psi)
(psi)
(psi)
(psi)
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Of 3
I'M

amax

47min

ITmax

IVmin

2ai
2af

22Aa
AN

Residual radial stress
Residual shear stress
Maximum radial stress
Minimum radial stress
Maximum shear stress
Minimum shear stress
Initial flaw width
Final flaw width
Flaw growth increment
Number of cycles per year for a given transient in one direction

Parameters used in indication area evaluation
A Laminar indication area evaluation
w Flaw width used in the indication area evaluation
I Flaw length used in the indication area evaluation

Parameters for crack growth rate equations
da/dN Crack growth rate

n Crack growth equation exponent
T Temperature

CA6oo,C, Co, S, SR Coefficient in the crack growth equations
R R ratio

Parameters for required overlay length evaluation
Anet Cross-sectional area of the weld overlay
Znet Section modulus of the weld overlay

O',,ef Tensile stress is calculated based on the net section properties
with faulted moment

/req Required overlay length to transfer the load through shear back to
the base metal

/eff Effective length of the weld overlay
1,,i Length of the weld overlay based on the design drawing
/'faw Axial dimension of the laminar flaw used in required overlay

length assessment
OD Outer diameter

D Diameter (same as outer diameter)
t Thickness (weld overlay)

F Axial load
M Bending Moment

(psi)
(psi)
(psi)
(psi)
(psi)
(psi)
(in)
(in)
(in)
(cycle/year)

(in
2)

(in)
(in)

(in/cycle)

(°F or 'C)

(in2)
(in3)
(psi)

(in)

(in)
(in)
(in)

(in)
(in)
(in)
(lbf)
(in-lbf)
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3.0 ASSUMPTIONS

This section discusses the assumptions and modeling simplifications used in this document.

3.1 Unverified Assumptions

There are no assumptions that must be verified before the present analysis can be used to support the
disposition of the Diablo Canyon Unit 2 PZR Spray nozzle laminar indications.

3.2 Justified Assumptions

1. For the case where the R ratio < 0 (or similarly Kmin < 0), the R ratio is set equal to zero and the
full range of AK is used in the crack growth calculations. This is a conservative assumption
since crack closure due to compressive stress field is ignored.

2. The analysis assumed 3600 laminar flaw for axial fatigue crack growth calculations, which is a
conservative assumption since the full circumference was assumed cracked.

3. Final circumferential flaw length was estimated by extending the flaw length in proportion to the
ratio of the final flaw width to initial flaw width. This is a conservative assumption since flaw
growth in the circumferential (length) direction is expected to be less than the flaw growth in the
axial (width) direction.

3.3 Modeling Simplifications

1. Multiple laminar flaws in Reference [1] are combined into larger, bounding flaws and extended
to include a complete 3600 arc length for crack growth calculations. Conservatively, CCP model
is used to represent the 3600 laminar flaws.

2. The mode I and mode II were combined using the square root summation of squares (SRSS).
This results in a more conservative crack growth estimation than the linear summation of the
individual crack growth increments due mode I and mode II when the crack growth law
exponent is equal to or greater than 2 (i.e. for crack growth law proportional to AK", when n is
equal to or greater than 2, combining mode I and Mode II using the SRSS method results in a
conservative estimation of the crack growth increment).

3. The 2b parameter for analyzing indications 1 and 4 was defined as the distance between the
point where the overlay meets the nozzle and the butter. This is a conservative value for
estimating the SIF since it is much smaller than the distance between the indication and the free
surfaces of the nozzle and the overlay.

4. The 2b parameter for analyzing indications 2 and 3 was defined as twice the distance between
the center of the SS Weld and the point at which the design reflects the structural thickness at
(0.75[r t]112) from the toe of the weld where r is the outside radius and t is the nominal thickness.
This is a conservative value for estimating the SIF since it is much smaller than the distance
between the indication and the free surfaces of the nozzle and the overlay.

5. Contribution of the external loads to the fatigue crack growth of the laminar flaws analyzed in
the current document was assumed to be negligible. This is an engineering judgment since the
sustained external loads will have minimal contributions to the cyclical radial and shear stress
components.
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4.0 DESIGN INPUTS

4.1 Geometry

Figure 4-1 shows a schematic view of the PZR Spray nozzle with FSWOL (taken from Figure 5-1 of
Reference [13]). The different parts/subcomponents of the PZR Spray nozzle are labeled in Figure 4-1.

EIŽ~Z -

LIW NZ e

Soft Erx~pe Wdd

Thenmd Uuuwm

Figure 4-1: Schematic of the Spray Nozzle with FSWOL

Pertinent nozzle and overlay dimensions are estimated from references [9 and 10] and are shown in
Table 4-1.

Table 4-1: Spray Nozzle Dimensions

L ]
(•'lndications locations are shown in Figure 4-2 and Figure 4-3.

All PZR Spray nozzle indications are laminar with no planar content. The indications are located at the
interface of the FSWOL and the original nozzle materials (nozzle and safe end/pipe weld). The
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indications detected in the PZR Spray nozzle are shown on Figure 4-2
additional information provided in the Indication Data Sheet "WIB-345 OL
[1]). Detailed dimensions of the Spray nozzle are in Reference [9].

and Figure 4-3, and with
Spray Nozzle" (Reference

Figure 4-2: WIB-345 Overlay Rollout Spray Nozzle (Ref. [1])

Figure 4-3: Spray Nozzle WIB-345 Overlay Indication Plot (Ref. [1])
A
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For the conservative 2D axisymmetric analysis in this document, the circumferential content of the
laminar flaws were combined and extended to include a complete 360' arc length. The longitudinal
(axial) content of the laminar flaws were combined according to the proximity rules of Section XI of the
ASME Code.

Figure 4-4 shows idealization of the CCP Model to be used for the Spray nozzle indications. For the
four Spray nozzle indications, the flaw dimensions and the 2b dimensions required for the SIF
calculations are listed in Table 4-2.

Table 4-2: Dimensions for SIF Calculation
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Ir

I

ia: aib J

Notes:

Figure 4-4: Idealization of the CCP Model for the Spray Nozzle Indications
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4.2 Material

Reference [13] provides the material designations of various Spray nozzle components. The materials
related to the path line cases investigated in this document are listed in Table 4-3.

Table 4-3: Table of Materials

Location Material

]
4.3 External Loads

Reference [7] lists the external piping loads that were used for the PZR Spray nozzle weld overlay
original crack growth analysis. The crack growth loads applied at the safe end are presented in Table
4-4 and the crack growth loads at the nozzle are presented in Table 4-5. Note that these piping loads
are not applicable to the fatigue crack growth of the laminar flaw analyzed in the current document
because they have negligible contribution to the cyclical radial and shear stress components.

Reference [11] lists the external piping loads that were used for the PZR Spray nozzle weld overlay
sizing calculations. The crack overlay sizing loads applied at the safe end are presented in Table 4-6
and overlay sizing loads at the nozzle are presented in Table 4-7. These loads were used for the
minimum weld overlay length calculations performed in this document to evaluate the impact of the
laminar flaws on the ability of the weld overlay to transfer the load through shear back to the base metal
considering a 100% through wall crack in the PWSCC susceptible material.
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Table 4-4: PZR Spray Nozzle Sustained and Seismic Loading Conditions at Safe End
Applicable to Crack Growth Analysis

Load Case IForces (Ibf)

Note (1): The axial forces are aligned with the nozzle center line.

Moments (in-lbf) I

I
Table 4-5: PZR Spray Nozzle Sustained and Seismic Loading Conditions at Nozzle

Applicable to Crack Growth Analysis

Load Case Forces (Ibf) Moments (in-lbf)

I I
Note (1): The axial forces are aligned with the nozzle center line.

Table 4-6: PZR Spray Nozzle Sustained and Seismic Loading Conditions at Safe End
Applicable to Overlay Sizing

Forces (lbf) Moments (in-lbf)
Forces (lbf) Moments (in-lbf)4

] I I I cII I I[ I [ I
I ci ILI 4

Note (1): The axial forces are aligned with the nozzle center line.
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Table 4-7: PZR Spray Nozzle Sustained and Seismic Loading Conditions at Nozzle
Applicable to Overlay Sizing

Note (1): The axial forces are aligned with the nozzle center line.

4.4 Operating Transients

The final flaw sizes are calculated using the same operating transients considered in the original 2007
flaw growth analysis [7]. Per Reference [12], the number of RCS design transients is established for
60-year design life. The operating transients applicable to laminar flaw growth are listed in Table 4-8.

Table 4-8: Operating Transients for PZR Spray Nozzle [7]

J Transient DesignationN Number
Transient Name Design I

Cycles
m I B i
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Transient Designation Transient Name Design
Number Cycles

Notes:

(1) Seismic loading is part of the upset loading conditions. It is not expected to contribute to
the radial and shear stress components, which constitute the crack driving force for laminar
flaw. Thus, Seismic loading is not considered in fatigue crack growth of laminar flaws.

4.5 Operating Stresses

The cyclic operating stresses needed to calculate fatigue crack growth were obtained from a thermo
elastic three-dimensional finite element analysis [13]. These fatigue stresses were developed for each
of the transients at a number of time points to capture the maximum and minimum stresses due to
fluctuations in pressure and temperature. The stresses that are required for crack growth analysis for
the flaws are extracted in Appendix B of Reference [13]. Radial stresses contributing to Mode I crack
growth are from files "SX". Shear stresses contributing to Mode II crack growth are from files "Sh".
Since the SIF solutions in Section 2.1 are based on uniform stress, the stress data from Appendix B of
Reference [13] were sorted to obtain maximum and minimum stresses along the path. These
maximum and minimum stresses are conservatively used as the stress values for SIF calculation. In
addition, the stress data were further sorted based on time points in each transient. The maximum and
minimum stresses for all time points in each transient for the each path line case are tabulated in Table
4-9 through Table 4-10.

Reference [13] provided one set of results (stresses and temperatures) for analyzing indications #1 and
#4 along pathline FLine2, as shown in Figure 4-5. Similarly, Reference [13] provided another set of
results for analyzing indications #2 and #3 along pathline FLine4, as shown in Figure 4-5.

Since the indications in Figure 4-3 are located at the interfaces of different materials, it is not known
which material the crack will grow into. Therefore, two cases were investigated for each pathline based
on the two materials involved. Reference [13] defines two pathline cases, FL2_wol and FL2_noz for
FLine2; the stresses for FL2_wol were extracted by selecting FSWOL material only and the stresses for
FL2_noz were extracted by selecting nozzle material only. Similarly, for pathline FLine4 cases FL4_wol
and FL4_wld were defined by selecting FSWOL material and weld material, respectively. This
document calculates fatigue crack growths on these four cases.
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Safe End/Pipe
Weld

Safe End

DM Weld and

Butter

Y (Axial)

L X (Radial)

FLine4
(incl. FL4_wol
and FL4_wld)

SWOL

FLine2
(incl. FL2_wol
and FL2_noz)

Nozzle --- /

Notes:

* Only laminar indications are found along pathlines FLine2 (indications 1 and 4) and Fline 4 (indications 2 and 3).

" FLine2 is path line used to sample results for evaluating laminar indications 1 and 4

" FL2_wol used SWOL materialfor extracting stresses

" FL2_noz used nozzle materialfor extracting stresses

" FLine4 is path line used to sample results for evaluating laminar indications 2 and 3

" FL4_wol used SWOL materialfor extracting stresses

" FL4_wld used weld materialfor extracting stresses

Figure 4-5: PZR Spray Nozzle with Path Lines Superposed
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Table 4-9: Maximum and Minimum Stresses for Indications I and 4 (Pathline Fline2)

Path Case FL2_wol Path Case FL2_noz

Minimum Maximum Minimum Maximum Minimum Maximum Minimum Maximum
Transient Radial Stress Radial Stress Shear Stress Shear Stress Radial Stress Radial Stress Shear Stress Shear Stress

(Omin) (Omax) (Train) (tmax) (0min) (Omax) (Xmin) (Tmax)

(ksi) (ksi) (ksi) (ksi) (ksi) (ksi) (ksi) (ksi)
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Table 4-10: Maximum and Minimum Stresses for Indications 2 and 3 (Pathline Fline4)

Path Case FL4_wol Path Case FL4 wId

Minimum Maximum Minimum Maximum Minimum Maximum Minimum Maximum
Transient Radial Stress Radial Stress Shear Stress Shear Stress Radial Stress Radial Stress Shear Stress Shear Stress

(O'min) (O'max) (tmin) (rmax) (Omin) (Omax) (tmin) (tmax)

(ksi) (ksi) (ksi) (ksi) (ksi) (ksi) (ksi) (ksi)
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4.6 Operating Temperatures

Metal temperature is required for crack growth calculations. Metal temperatures along path lines were
extracted in Appendix B of Reference [13] with file names "TH". The maximum temperatures along
each pathline for all time points within each transient were determined to be used for crack growth
calculation. Using the maximum temperature for fatigue crack growth calculation is conservative
because higher temperatures result in higher crack growth rates based on the formulation given in
Section 4.8. The maximum temperatures at all path cases during transients are tabulated in Table
4-11.

Table 4-11: Maximum Temperatures for Path Line Cases (Units: *F)

I Indications 1 and 4 Indications 2 and 3

i (Pathline Fline2) (Pathline Fline4)

4.7 Residual Stresses

Residual stresses due to [ I are analyzed in Reference [14]. The residual stresses at
the flaws investigated are extracted in Appendix C of Reference [14]. The minimum and maximum

Page 27



Controlled Document

A
AREVA Document No. 32-9221082-000

Diablo Canyon Unit 2 Pressurizer Spray Nozzle Laminar Flaw Analysis - Non Proprietary

values from the bounding cases of radial and shear stresses are tabulated in Table 4-12. Residual
stresses will be combined with operating stresses (Table 4-9 and Table 4-10) for SIF calculations.

Table 4-12: Bounding Radial and Shear Weld Residual Stresses for Laminar Flaws

Location

Radial Stress
(ksi)

Shear Stress (ksi)

4.8 Fatigue Crack Growth Laws

Fatigue crack growth models for materials in Table 4-3 are described in the subsections below. Since
the flaws in Figure 4-2 and Figure 4-3 do not come in contact with the reactor coolant, crack growth
formulae that are applicable in the presence of air environment are used.

4.8.1 [ ] (FSWOL)

The fatigue crack growth model for [ ] is obtained from Reference [15], which uses
a multiplier of 2 upon those of Alloy 600. The crack growth rate (CGR) equation for Alloy 600 is given
in NUREG/CR-6721 [16]. The CGR equation for [ ] is expressed as,Cda 2 ( da

dN ) dN) A600

Substituting the Alloy 600 crack growth equation,

A 2 -CA6 00 SR (AK)'1

Where AK is the stress intensity factor range in terms of MPa'/m and da/dN is the crack growth rate in

the units of meter/cycle. The other parameters are defined as,

CA60 0 =4.835 x 10- 14 +1.622 x 10- 16 T - 1.490 x 10- 8 T 2 + 4.355 x 10-21 T3

AK = Kma, - K.in

R - K.min
K m&x

SR = (1 - 0.82R)-
22

n =4.1

T = metal temperature in °C
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For the combined mode loading due to the opening mode (mode I) and sliding mode (mode II) the
parameter AK was estimated as

AK = (AK1
2 + AK11

2)0°5

with AKI and AK,1 defined as.

AKI = Kimax - Kimin

AK,1 = Kiimax - KIImin

Where Kimax and Kimin are the maximum and minimum mode I stress intensity factors, and Kiimax and
Kiimin are the maximum and minimum mode II stress intensity factors.

a conservative estimation of the R ratio is given by

R = 1 - AK /Kmax

where Kmax is estimated as

Kmax = (Kimax 2 + Kiimax2) 0 .
5

For the case where the R ratio < 0 (or similarly Kmin < 0), the R ratio is set equal to zero and the full
range of AK is used in the crack growth calculations. This is a conservative assumption since crack
closure due to compressive stress field is ignored.

4.8.2 Stainless Steel ( [ I)
The fatigue crack growth model for stainless steel is obtained from Reference [2] Article C-8410. The
CGR equation for stainless steel is expressed as,

(da =Co(AK)n

dN SS-air

Where AK is the stress intensity factor range in terms of ksi•/in and da/dN is the crack growth rate in the
units of in/cycle. The other parameters are defined as,

AK = Kmx -- Kmin

R K rnin

max

n=3.3

CO =CxS

C = 10(-10.009 +8.12x10
4 T-1.13X10-6T 

2 +1.02X 10-9T 3)
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1,0 when R < 0

S = 1.0 + 1.8R when 0 < R• 0.79

- 43.35 + 57.97R when 0.79 < R < 1.0

T = metal temperature in OF

For the combined mode loading due to the opening mode (mode I) and sliding mode (mode II) the
parameter AK was estimated as

AK = (AK 1
2 + AK11

2)05

with AK, and AKI1 defined as

AKI = Kimax - Kimin

AKI1 = Kiimax - Kiimin

Where Kimax and Kimin are the maximum and minimum mode I stress intensity factors, and Kiimax and
Kiimin are the maximum and minimum mode II stress intensity factors.

a conservative estimation of the R ratio is given by

R = 1 - AKI/Kmax

where Kmax is estimated as

Kmax = (Kimax 2 + KiImax2) 0 "5

4.8.3 Low-Alloy Steel ([ ] )
The fatigue crack growth model for low-alloy steel is obtained from Reference [2] Article A-4300. The

CGR equation for low-alloy steel is expressed as,

dN )LAS=

Where AK is the stress intensity factor range in terms of ksi•in and da/dN is the crack growth rate in the
units of in/cycle. The other parameters are defined as,

R- K.in

K max

{ 5.0 for R < 0
5.0(1 - 0.8R) for 0•< R < 1.0

For 0 < R < 1, 1 S = 25.72(2.88 - R)-30 7

SAK = Km. - K.•
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For R < 0, AK = Km.. - Kmin

0= for AK < AKh
Co 1.99x!0-1OS forAK_>AKth

n = 3.07

Note that for the case where the R ratio < 0 (or similarly Kmin < 0), it is assumed that S = 1 and AK =
Kmax - Kmin. This is a conservative assumption since crack closure due to compressive stress field is
ignored.

For the combined mode loading due to the opening mode (mode I) and sliding mode (mode II) the

parameter AK was estimated as

AK = (AK12 + AK11
2)05

with AK, and AK,1 defined as.

AKi = Kimax - Kimin

AKii = Kiimax - KiImin

Where Kimax and Kimin are the maximum and minimum mode I stress intensity factors, and Kiimax and
Kiimin are the maximum and minimum mode II stress intensity factors.

a conservative estimation of the R ratio is given by

R = 1 - AK/Kmax

where Kmax is estimated as

Kmax = (Kimax 2 + Kiimax2) 0
.
5
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5.0 COMPUTER USAGE

5.1 Software and Hardware

Mathcad [17] and Excel spreadsheets are used in this calculation. The hardware platform (Service
Tag# 5VJV5S1) is Intel® CoreTM i7-2640M CPU 2.80 GHz, 8.00 GB RAM. The operating system is
Microsoft Windows 7 Enterprise, Copyright © 2009, Service Pack 1.

5.2 Computer Files

All computer files are listed in this section. All files are available in AREVA NP Inc. ColdStor storage
\\cold\General-Access\32\32-9000000\32-9213780-001 \official.

Table 5-1: Computer Files

File Name Date & Time Checksum File Description

Spray.xlsm Mar 05 2014 15:42:31 02092 Excel spreadsheets to verify crack growth
calculation and perform laminar flaw
qualification calculations

spray.xmcd Mar 05 2014 15:42:11 50252 Mathcad file to calculate fatigue crack growth
for all path lines
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6.0 CALCULATIONS

The fatigue crack growth analysis methods outlined in Section 2.2 were used to calculate the final crack
sizes for all cracks at the end of 38 years. A total of four cases (along two path lines) were analyzed in
this document. All calculations were performed using Mathcad and Excel spreadsheet, as listed in
Table 5-1. The remainder of this section contains sample calculations illustrating the fatigue crack
growth analysis for each of the three materials considered in the current document ( [ I I
Stainless Steel, and Low Alloy Steel). In each sample calculation, detailed calculations are shown to
illustrate fatigue crack growth increment for one transient. The manual calculations were repeated for
all transients (not shown in the document) to assure that the manual calculations confirms the results
for the first year as reported in Section 7.0.

6.1 ] (Weld Overlay)

Path line cases FL2_wol and FL4_wol are located at [
example, for transient #1 at the beginning of the first year,

] material. Using FL4_wol as an

Given:'

O'op min

Gop max -

Topmin =

topmax -

Ors -

t
rs -

Note t: conservatively using the largest magnitude of
direction of the stress.

[
[

] ksi

ksi

j ksi

ksi

(Table 4-10)

(Table 4-10)

(Table 4-10)

Table 4-10)

(Table 4-12)

(Table 4-12)

I ] ksi

] ksi
shear stress since the sign in shear only represents the

2a = II
2b =

T =
=

Number of Cycles 60 years =

AN =

(min = (op-min + Ors =

Gmax = (opmax + ((rs =

Tmin = Topmmin + trs =

Tmax = Topmax + Trs =

I
I

in

in

OF

(Table 4-2)

(Table 4-2)

(Table 4-11)

(Table 4-8)

j OC

] cycles

1 cycles/year

ksi
ksi
ksi

] ksi

C
C
C
C

MPaMPa

11 MPa
MPa

a/b

f(a/b) = (1-0.025(a/b) 2+0.06*(a/b) 4) [sec(nta/2b)]05

Kimin = amaxV(tca) f(a/b)

= C
=C
= C I ksi'in
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Kimax = GminV(ica) f(a/b)
Kiimin = Tmaxv(ira) f(a/b)

KIImax = tmin'J(ita) f(a/b)

AK= Kimax - Klmin

AK, = Kiimax - Kiimin

AK = (AK 1
2 + AK 1

2 )0 5

Kmax = (Kimax2 + Kiimax 2)0 5

R = 1 - AK/Kmax

SR = (1 - 0.82 R)-
2

.
2

CA600 = 4.835 X 10-14 + 1.622 x 10-16 x T
- 1.490 X 10-18 x T2 + 4.355 x 10-21 x T3

Aa = AN(2 CA600 SR AK4 1)

2a = 2a + 2 Aa

[
C
C
C
C
C
C
C
C
C
C
C

I ksi'in
ksi'in
ksi'~in

I ksi'in
I
I
I
I
I

ksi'in

ksi'in

ksi'in

m

in

SMPaVm

I

I
-- [ in

The calculated 2a = I ] is the initial 2a for the next transient crack growth calculation. After
going through all 17 transients in the first year, the crack grows from I ] to [ I I
which confirms the results reported in Table 7-3 for the first year. Then, this I ] is used as
the initial crack length for the second year calculation and so on. Thus by repeating the process the
final flaw size at the end of 38 years is obtained.

6.2 Stainless Steel (Pipe to Safe End Weld)

Path line case FL4_wld is located at stainless steel material. For transient #1 at the beginning of the
first year,

Given:

Oyopmin =

Cop max =

Top_min -" C
Top-max -

0 rs = I
Trs I

Note t: switching the signs of maximum negative and positive shear stresses since
represents the direction of the stress.

ksi (Table 4-10)

ksi (Table 4-10)

ksi (Table 4-10)

ksi (Table 4-10)

ksi (Table 4-12)

ksi (Table 4-12)

the sign in shear only
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2a =

2b =

T =

Number of Cycles 60 years =

AN =

O'min - Oopmin + Cyrs =

O'max = Oopmax + (rs = C
Tmin - Top_min + Trs

Tmax = topmax + Trs =

a/b =

f(a/b) = (1-0.025(a/b)2+0.06*(a/b) 4) [sec(na/2b)]0° = [
Klmin = Gmax/(ita) f(a/b) =

Kimax = ominlf(i/a) f(a/b) =

Kimin = Tmaxv(ia) f(a/b) =

Kiimax = Tminl(iTa) f(a/b) =

AKI = Kimax - Kimin =

AKii = KIimax - Kiimin =

AK = ( AK' 2 + AK11
2). 5  = [

Kmax = (Kimax
2 + Kiimax

2) 0°5  =

R = 1 - AK / Kmax =

S (Section 4.8.2) =

C 1 -10.009 + 8.12 X 10 -4 T -- 1.13 x 10 -6 T 2 +1.02 x 10 -9 T 3)

co = CS =

Aa = AN(co AK3 3) =

2a = 2a + 2 Aa =

in
in

oF

(Table 4-2)

(Table 4-2)

(Table 4-11)

(Table 4-8)]
J

]
I

cycles/year

ksi

ksi

ksi

ksi

Ii
ksi'in

ks~in
ksi1in:] ksi'~in
ksi~in

ksi~in

ksNin
ksNin

ksi'inI

I

I

I
I

in
in

The calculated 2a = I 1 is the initial 2a for the next transient crack growth calculation. After
going through all 17 transients in the first year, the crack grows from I ] to [ I I

which confirms the results reported in Table 7-4 for the first year. Then, this I ] is used as
the initial crack length for the second year calculation and so on. Thus by repeating the process the
final flaw size at the end of 38 years is obtained.
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6.3 Low-Alloy Steel ( [ SA 508 ] Nozzle Material)

Path line case FL2_noz is located at low-alloy steel material. For transient #1
first year,

at the beginning of the

Given:

Oop mi =n

Cop max =

"op_min =

Topmax -

Ors =

Trs =

magnitude of shear

]]
]]

stress,

ksi

ksi

ksi

ksi

ksi

ksi

which

(Table 4-9)

(Table 4-9)

(Table 4-9)

(Table 4-9)

(Table 4-12)

(Table 4-12)

is from the maximumNote t: conservatively using the largest
negative stress.

2a =

2b =

T =

Number of Cycles 60 years =

AN =

Omin = Gop-min + ars =

Omax = Oopmax + Crs =

tmin = Top-min + Trs =

Tmax Topmax + Trs [

in (Table 4-2)

in (Table 4-2)
' ] F (Table 4-11)

(Table 4-8)
cycles/year

] ksi

] ksi

] ksi

ksi

a/b

f(a/b) = (1-0.025(a/b)2+0.06*(a/b) 4) [sec(ia/2b)]05

Kimin = Gmax_/(ita) f(a/b)

Klmax = GminV(ita) f(a/b)

Kimin= tCmaxV(ta) f(a/b)

Kiimax = Tmin'(ita) f(a/b)

AKI = Kimax - Klmin

AKII Kiimax - Kiimin

AK = (AK 1
2 + AK11

2)0 5

Kmax = (Kimax
2 + KIImax

2 )0"5

R = 1 - AK / Kmax

AKth =

S (Section 4.8.3)

Co (Section 4.8.3)

Aa = AN(CoAK 3
.
0 7)

2a = 2a + 2 Aa

Iksi~in
ksi~in

Iksi'in
I ksrlin
Iksh~in
I ksi'in
I ksr~in

Iksi~in

I in
Iin
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The calculated 2a = [ ] is the initial 2a for the next transient crack growth calculation. After

going through all 17 transients in the first year, the crack grows from [ I to [ I
which confirms the results reported in Table 7-2 for the first year. Then, this to [ ] is used
as the initial crack length for the second year calculation and so on. Thus by repeating the process the
final flaw size at the end of 38 years is obtained.

7.0 RESULTS

7.1 Fatigue Crack Growth

The crack sizes during 38 years of plant operations due to fatigue crack growth are presented in Table
7-1 through Table 7-4. The final crack sizes for all cases are summarized in Table 7-5. For indications
1 and 4 (considering cases FL2_noz and FL2_wol), the larger crack growth was observed for case
FL2_noz. The final flaw size for indications 1 and 4 was estimated to be [ ] in. For
indications 2 and 3 (considering cases FL4_wld and FL4_wol), the larger crack growth was observed
for case FL4_wol. The final flaw size for indications 2 and 3 was estimated to be [ ] in.
These two bounding crack sizes are used for laminar flaw evaluations in Section 7.2.

Table 7-1: Fatigue Crack Growth for Indications 1 and 4 (Case FL2_wol)

Year Year Start Crack Size Crack Growth Year End Crack Size
(in.) (in.) (in.)

1

2

3

4

5

6

7

8

9

10

11

12

13
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Year Year Start Crack Size Crack Growth Year End Crack Size
(in.) (in.) (in.)

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38
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Table 7-2: Fatigue Crack Growth for Indications I and 4 (Case FL2_noz)

Yer Year Start Crack Size Crack Growth Year End Crack Size
(in.) (in.) (in.)

1

2

3.

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Page 39



A
AR EVA

Controlled Document

Document No. 32-9221082-000

Diablo Canyon Unit 2 Pressurizer Spray Nozzle Laminar Flaw Analysis - Non Proprietary
Year Start Crack Size Crack Growth Year End Crack Size

Yer Year Start Crack Size Crack Growth Year End Crack Size
(in.) (in.) (in.)

27

28

29

30

31

32

33

34

35

36

37

38
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Table 7-3: Fatigue Crack Growth for Indications 2 and 3 (Case FL4_wol)

Year Year Start Crack Size Crack Growth Year End Crack Size
(in.) (in.) (in.)

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26
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Year Start Crack Size Crack Growth Year End Crack Size

Yer Year Start Crack Size Crack Growth Year End Crack Size
(in.) (in.) (in.)

27

28

29

30

31

32

33

34

35

36

37

38
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Table 7-4: Fatigue Crack Growth for Indications 2 and 3 (FL4_wld)

Year Start Crack Size(in.)

1 •

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Crack Growth
(in.)

I Year End Crack Size
(in.) M
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Year Year Start Crack Size Crack Growth Year End Crack Size
(in.) (in.) (in.)

27

28

29

30

31

32

33

34

35

36

37

38
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Table 7-5: Summary of Fatigue Crack Growth

Indication Case Initial Crack Size Final Crack Size Growth (in.) Crack
(in.) (in.) Increase (%)

FL2_wol [ ] [ J [ J [ ]
I and 4

FL2_noz [ ] [ ] [ J [ ]
FL4_woI [ ] [ ] [ I [ I

2 and 3

FL4_wld [ ] [ I [ I C I

7.2 Laminar Flaw Evaluation

The flaw area calculations are presented in Table 7-6. Based on the areas calculated in Table 7-6, it is
concluded that the laminar flaws meet the laminar flaw acceptance criterion in article IWB-3514-3 of
Section Xl of the ASME Code [2] after 38 years of plant operation.

The minimum required overlay length evaluation is performed in Table 7-7. It is seen from Table 7-7
that the effective overlay length (lff), evaluated as the actual overlay length (I/,/) minus the flaw length
(Iflaw), is greater than the minimum required overlay length (Ireq), which is estimated based on Section III
of the ASME Code [3]. Thus, it is concluded that the laminar flaws will not impact the overlay integrity
after 38 years of plant operation.
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Table 7-6: Flaw Area Evaluation

Indications 1 Indications I Indications Reference/Comments
and 4 and 4 2 and 3

(1st Group) (2nd Group)

Initial flaw width Winitial (in.) [ ] [ ](2) [ Table 4-2

Final flaw width Wfinal (in.) [ [ ] [ ] Table 7-5

Initial flaw length 'initial (in.) [ ] [ ] [ ] Table 4-2

Final flaw length(1) Ifinal = (Wfinal

/ Wini, )lia, (in.)[ [ [ ]

Acal = O. 75(WnalX 'fInal) (inn2) [ I C I C I Section 2.3

Aiimit (in2 ) Table IWB-3514-3 of [2]

Check Acai < Aiimit OK OK OK

Notes
(1): Geometric similar flaw growth is assumed in the growth analysis. This assumption maintains a

constant aspect ratio as defined by the initial flaw, Winitiat/lnifia. The final flaw length, /final was
computed based on WMinal determined in the growth analysis. The assumption of geometric flaw
shape in the growth analysis is conservative since the cyclic stresses acting at the flaw plane are
taken as uniform stress over the flaw area. Under uniform stress conditions, the flaw aspect ratio
will decrease during growth making the Ifinal smaller than that computed by the constant aspect
ratio assumption.

(2): Actual flaw width for second group of indications 1 and 4 was listed in Table 4-2 to be[

[ ] was conservatively used in the area evaluation.
I.
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Table 7-7: Overlay Length Evaluation

Parameter Indications Indications Reference/Comments
1 and 4 2 and 3

t (in)

D (in)

Znet = 2/(D+2t) (7t/64) [(D+2t)4-D4] (in3)

Anet = (7/t4) [(D+2t)2-D2] (in2)

M (in-lbf)

M/Znet (psi)

F (Ibf)

F/Anet (psi)

Gnet = M/Znet + F/Anet (ksi)

Sm (ksi)

lreq = Gnet t / 0.6Sm (in)

Iwo, (in)

Iflaw (in)

le.ff = Iwol - Iflaw (in)

Check leff> Ireq OK OK

I
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