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Primary Water Stress Corrosion Crack Growth Analysis ID flaw;
Developed by Central Engineering Programs, Entergy Operations Inc.

Developed by: J. S. Brihmadesam Verified by: B. C. Gray

References :
1) "Stress Intensity factors for Part-through Surface Cracks"; NASA TM-11707; July 1992.
2) Crack Growth of Alloy 600 Base Metal in PWR Environments; EPRI MRP Report MRP 55 Rev. 1, 2002

Waterford Steam Electric Station Unit 3

Component : Reactor Vessel CEDM -"49.7" Degree Nozzle, "90" Degree Azimuth,
1.544" above Nozzle Bottom

Calculation Basis: MRP 75 th Percentile and Flaw Face Pressurized

Mean Radius -to- Thickness Ratio:- "let“ -- between 1.0 and 300.0

Note : Used the Metric form of the equation from EPRI MRP 55-Rev. 1.
The correction is applied in the determination of the crack extension to ID S u rface Flaw
obtain the value in inch/hr .

Developed by: Verified by:
J. S. Brihmadesam B. C. Gray
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od id t .
RO == Rld == t:=R,— Rid Rm = Rxd + 3 Tlmopr = Years-365-24
Tim Ii; R
. 5 . opr . Iim . L m
CFinhr = 1.417-10 Cblk = —_I] Pmtblk = —50 CO = —2- Rt = _t
im

—Q 1 1 \
1.103-10~3 | T+459.67 Tref*'459'67
CO] =€ 104

Oc Temperature Correction for Coefficient Alpha

Developed by: Verified by:
J. S. Brihmadesam B. C. Gray
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Co =Cpq 75 1 percentile MRP-55 Revision 1

AllData :=

\ 19.02 9.58 3.37 -2.08 -7.96
e 1.35 4.88 -0.01 -3.32 -6.54 9.39
29 2.43 4.12 -0.78 -2.08 2.21 2.99
3 329 11.59 9.74 9.09 5.5 1.99
4’ 3.99 15.7 11.01 1.9 12.48 1055
N 4.54 1 3.69 8.87 18.84 26.6
6 4.99 19.25 -7.47 461 28 35.85
F2 5.16 -28.8 -16.47 1.4 28.03 40.15
8} 533 -31.34 -20.97 0.5 2853 38.49
‘9 55 -32.98 2294 -2.56 28.32 38
10 5.68 -34.3 2331 -2.31 2593 4138

AXLen := AllDatal® ID 4y = AllDatal? OD 51 = AllDatal

Developed by: Verified by:
J. S. Brihmadesam B. C. Gray
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( 0 19.022 9579 3372 -—-2.08 -796 \
1.348 4884 —0.011 -—3.322 —6.536 -—9.387
2427 4116 —0.784 -—2.075 —2213 —2.987
3292 11.593 9.74 9.093 5.504 1.989

Data :=
3985 15.695 11.005 11.902 12.478 10.549
4.54 0.999 3.689 8.873 18.835 26.599
4985 —19.249 —7.467 4.613 28.003 35.847
\5.158 —28.802 —16.466 1395 28.031 40.149)
Axl = Data<0) MD := Data<3) ID = Data<l> TQ = Data(4) QT = Data<2) OD = Data<5>
Ryp = regress(Axl, 1D, 3) RQT = regress(Axl,QT,3)

Rop := regress(Ax1,0D,3)

Rmp = regress(Ax1,MD, 3) RTQ = regress(Ax1, TQ,3)

Developed by: Verified by:
J. 8. Brihmadesam B. C. Gray
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FLCntr = RefPoint - ¢y if Val =1 Flaw center Location above Nozzle Bottom
RefPoint if Val= 2

RefPoint +¢g otherwise

UL sot — U
Strs.Dist Tip
Urip = Flcper + €0 Incgtrs avg = 20

NojUserdhputiisirequiredjbeyondithisiRoint!

Sat Aug 09 10:59:39 AM 2003

Developed by: Verified by:
J. 8. Brnhmadesam B. C. Gray
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1ot

 Flaw Growth-Depth- {inch} -

S, 2 28 b s
- Operating Time {years} = =i~ ©

> }F‘]a\.v‘Growth -ﬂ::hgth-__

Developed by:
J. S. Brihmadesam

S0 oS

T3 a3
" .:Operating Time ‘{years} "~ =

Verified by:
B. C. Gray
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Developed by: Verified by:
J. S. Brihmadesam B. C. Gray

CA
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CGRsambi(k’ %) = CGRsambi(k’ 6 = CGRsambi(k’ 5 =
0.403 2.554 -0.232
0.403 2.554 -0.232
0.403 2.554 -0.232
0.403 2.554 -0.232
0.403 2.554 -0.232
0.403 2.554 -0.232
0.403 2.554 -0.232
0.403 2.554 -0.232
0.403 2.554 -0.232
0.403 2.554 -0.232
0.403 2.554 -0.232
0.403 2.554 -0.232
0.403 2.554 -0.232
0.403 2.554 -0.232
0.403 2.554 -0.232
0.403 2.554 -0.232
Developed by: Verified by:

J. 8. Brihmadesam B. C. Gray



Entergy Operations Inc. Appendix C; Attachment 32 Engineering Report
Central Engineering Programs Page 10 of 11 M-EP-2003-004-00
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Developed by: Verified by:

J. 8. Brihmadesam B. C. Gray
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Developed by: Verified by:
J. S. Brihmadesam B. C. Gray
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Comparison for Through-wall Cracks
Developed by Central Engineering Programs, Entergy Operations Inc
Developed by: J. S. Brihmadesam Verified by: B. C. Gray

References :
1) "Stress Intensity Factors Handbook - Volume 1"; Y Murakami, Editor-in-Chief; Pergamon Press; Section 1.3;
2) Crack Growth of Alloy 600 Base Metal in PWR Environments; EPRI MRP Report MRP 55 Rev. 1, 2002

Waterford Steam Electric Station Unit 3

Component : Reactor Vessel CEDM -"49.7"degree Nozzle, 90" Degree Azimuth 1.0 inch above Nozzle Bottom

Calculation Reference: MRP 75 th Percentile and Flaw Pressurized

Note : Used the Metric form of the equation from EPRI MRP 55-Rev. 1. Th !'OU g h Wall
The correction is applied in the determination of the crack extension to Axial Edge Crack
obtain the value in inch/hr .

The first Input is to locate the Reference Line (eg. top of the Blind Zone). The through-wall flaw "Upper
Tip" is located at the Reference Line.

Enter the elevation of the Reference Line (eqg.Blind Zone) above the nozzle bottom in inches.

BZ:= .75 Location of Blind Zone above nozzle bottom (inch)

The Second Input is the Upper Limit for the evaluation, which is the bottom of the fillet weld leg. This is
shown on the Excel spread sheet as weld bottom. Enter this dimension (measured from nozzle bottom) below.

ULSrs Dist := 4.985 Upper axial Extent for Stress Distribution to be used in the analysis (Axial distance
above nozzle bottom)
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Input Data :-
L:=0.75 Initial Flaw Length TW axial
OD := 4.05 Tube OD
ID :=2.728 Tube ID
Pt = 2.235 Design Operating Pressure (internal)
Years := 40 Number of Operating Years
Ljim == 16000 lteration limit for Crack Growth loop
T:= 604 Estimate of Operating Temperature
v := 0.307 Poissons ratio @ 600 F
tge = 2.67-107 12 Constant in MRP PWSCC Model for 1600 Wrought @ 617 deg. F
Q=310 Thermal! activation Energy for Crack Growth {MRP)
Tref = 617

Reference Temperature for normalizing Data deg. F

- Qg 1 1 \
1.103- 10_3 T+459.67 Trer‘?'45967} )

Copi=¢ o Timgpr := Years-365-24
OD
Ro=—"
ID
Rj:= — t:= Ry~ R; Ry := R+ -;4_ CFjnpy:= 1417-10°
Tim, i L
Chik = = Pty := [—— l:=— Li:=BZ
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Stress Distribution in the tube. The outside surface is the reference surface for all analysis in accordance with the reference.

Stress Input Data

Import the Required data from applicable Excel spread Sheet. The column designations are as follows:
Column "0" = Axial distance from Minimum to Maximum recorded on the data sheet (inches)
Column "1" = ID Stress data at each Elevation (ksi)

Column "5" = OD Stress data at each Elevation (ksi)

‘0 0 19.02 9.58 3.37 -2.08 -7.96
i 1.35 4.88 -0.01 -3.32 -6.54 -9.39
2, 243 412 -0.78 -2.08 2.21 -2.99
& 3.29 11.59 9.74 9.09 55 1.99
4, 3.99 15.7 11.01 11.9 12.48 10.55
5 4.54 1 3.69 8.87 18.84 266
6 4.99 -19.25 -7.47 461 28 35.85
A 5.16 -28.8 -16.47 14 28.03 40.15
8- 5.33 -31.34 -20.97 -0.5 28.53 38.49
19’ 5.5 -32.98 -22.94 -2.56 28.32 38
AllAxl := DataAn(O) AllID := DataA"< v AllOD := DataA"( 9
60
43.33 ™ b

2667 ..,..""f:.“ : b —

4 T~ e

ﬁ IR o .. .......

~6.67 R A A\-
2 \//
-40 ! :
0 1 2 3 4 5 6 7 8
Axial Distance above Bottom [inch]
— ID Distribution

e Oy distribution
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Observing the stress distribution select the region in the table above labeled Data,;, that represents the
region of interest. This needs to be done especially for distributions that have a large compressive
stress at the nozzle bottom and high tensile stresses at the J-weld location. Copy the selection in the
above table, click on the "Data” statement below and delete it from the edit menu. Type "Data and the
Mathcad "equal” sign (Shift-Colon) then insert the same to the right of the Mathcad Equals sign below

(paste symbol).

(0 19022 9579 3372 -2.08 -7.96)
1348  4.884 -0.011 -3.322 —6.536 —9.387
2427 4116 -0.784 -2.075 -2.213 -2.987
3292 11593 974  9.093 5504 1.989
3.985 15.695 11.005 11.902 12.478 10.549
454 0999 3.689 8.873 18.835 26.599
4985 ~19.249 -7.467 4.613 28.003 35.847
\5.158 —28.802 —16.466 1395 28.031 40.149 )

Data :=

Axl:= Data® ID = Data? OD := Data®
Rip := regress(Axl, 1D, 3) Rop := regress(Axl, 0D, 3)
FLcptr:= BZ — | Flaw Center above Nozzle Bottom

ULgtrs.Dist — BZ

Incgirs.avg = 20

ULgtrs Dist — BZ

Inc =
TEdg 20

RIDA” = regress(Allel,AlllD,3) RODA[] = regress(Allel ANOD 3)

No User Input required beyond this Point
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Calculation to develop Stress Profiles for Analysis

Hoop Stress Profile in the axial direction of the tube for ID and OD locations

N:= 20 Number of locations for stress profiles

Loco :=FLcptr— L

i=1.N+3

o L ..
Incr.:= {1 ifi<4 Incredgi = 3 ifi<4

Inc otherwise
Strs.avg Incrggg otherwise

Locli:= 0ifi=1

Loci = Loci_
LOCIi—I + Incredgi otherwise

) + lncri

2 3 2 3
SID;:= Ryp_ + Rip,-Loc; + R,DS-(Loci) + RIDG-(Loci) SOD, := Rop, + Rop, Loc; + RODS-(Loci) + ROD6-(Loci)

2 3
SIDAL, := RIDAJL, + RID -Locl; + RlDA“S-(Locli) + RIDA"6~(Loc1i)

2 3
SODA]II. = RODAH3 + RODA1|4-Locli + RODAIIS‘(LOCIi) + RODA"6-(L0c1i)
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Development of Elevation-Averaged stresses at 20 elevations along the tube for use in Fracture Mechanics Model

j=1.N
SIDJ. + SID~i+l + SIDJ.+2 o SODJ. + SODj+1 + SODj+2 .
Sid. = if j=1 Sod. = if j=1
j 3 i 3
Sid,_;(4+ 1D +SID,, . Sod,_,(i+ 1) +S0D;,, '
otherwise - otherwise
j+2 jt+2

SID + SID + SID SOD + SOD + SOD
Allj A"j+1 A"j+2 Allj Alle Allj+2

S; = if j=1 S = if j=1
ld.allj 3 J od.allj 3 J
Sidall. -(J+ 1)+ SIDaJ. Sodall. -(j + 1)+ SODajy.
j-1 +2 . j-1 +2 .
otherwise - otherwise
j+2 j+2
Sod. + Sid. Sodj - Sidj Sod.allj + Sid.all.
Om =————— + P Cp=—77F— Omall,’=———————+ P
J 2 ) 2 J 2
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Membrane
Stress

Stress Distributions for use in Fracture Mechanics Analysis

Bending
Stress

OD Stress

PropLength := ULstrs.Dist — (FLcntr + 1)

D Stress

Membrane
stress
(Edge Crack)

Om.all =|.

i el el el Gl Bt e S B S
o
2
3
o]

Propp ength = 4.235
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Recursive Loop For Edge Crack Model

T\VCEDGP\VSCC = [ i «— 0
L L

1, L]
NCBO «— Cplk
[[while i < Ijjm

Sm.appld <

Small,
Om.all,
Cmuall,
Small,
Gm.a]ls
Om.all

6

°m.all7

Gm.allg

0'm.allg

0'm.alI] 0
om.allI (
5m.a1112
Gm.alll 3
Gm.all( P
cm.alll 5
Gm.alll p
0'm.al]]7
0'm.alll e

(4]
m.all19

c m.all20

b ¢« ULgys Dist

if L]i < Llo

if L]O < L]i < Llo + Incrgqg

if Llo + Incrpgg < L1i < L|i + 2-Incrgqdg

if Llo + 2-Incrggg < L]i < Llo + 3-Incrggg

if L]O + 3-Incrggg < Lli < L]O + 4-Incrpgdg

if L10 + 4-Incrggg < L]i < Llo + 5-Incrggg

if Llo + 5-Incrggg < L]i < L]O + 6-Incrpqg

if L]o + 6:Incrggg < L]i < L]O + 7-Incrggg

if L10 + 7-Incrggg < L|i < L]o + 8Incrqgg
if L]O + 8-Incrggg < Lli < L]o + 9-Incregg
if Llo + 9-Incrggg < Lli < Llo + 10-Incrggg
if L]o + 10-Incrggg < L]i < Llo + 11-Incrggg
if Llo + 11-Incrggg < L]i < L]o + 12-Incrgqg
if Llo + 12-Incrggg < L]i < L]O + 13-Incrggg
if L10 + 13-Incrggg < Lli < L|0 + 14-Incrgg
if L.10 + 14-Incrggg < Lli < L|O + 15-Incrggg
if L]o + 15-Incrggg < Lli < LIO + 16-Incrgqg
if L]o + 16-Incrgqg < Lll_ < Llo + 17-Incrggg
if Llo + 17-Incrggg < L1i < L10 + 18-Incrggg

otherwise




Entergy Operations Inc. Appendix C; Attachment 33 Engineering Report
Central Engineering Programs Page 9 of 13 M-EP-2003-004-00

L.
Z.« lo99 if —>10
i b

Ly,
— otherwise
b

Fa_bi «—1.12- 0.231-(2) + 10.55-(zi)2 - 21.72-(zi)3 + 30.39-(z )4

i i

Kedg.Crki < | Sm.appld’ ’“'Lli if (Um.appld' ’n'Lli) <0

0.5 )
Om.appld:{T-L1) -Fap otherwise
i i

KAi «— Kedg.Crki' 1.099
Kg. < 9.0 if Ko 9.0
i i

KA. otherwise
1

Dien, ¢ Cor(Ko, - 9.0)1'16

Dlengrthi «— Dleni'CFinhr‘Cblk if Kai <80.0

410 w'CFinhr‘Cblk otherwise

output(i’o) —1

NCB,
output, . &~ —
PRG1) © 36524

output

(i,2)
output(i’ 3 € Dlengrthi

«~—L;i-L
1, 1y

output(i,4) «— Kedg.Crki

output

(i,5)
fe—i+1

« Fap,
1

Ly «L;, +D
1 L, Iengrthl._]

NCBi — NCBi—l + Cpix

L.L J

| ] output

j=1.1lim
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Flaw Growth -Axial {inch}

Propp ength = 4.235

Flaw Length vs. Time

15

20
Operating Time {years}

25 30 35 40
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Stress Intensity Factor {ksi sqrt inch}

250

200 |

150

100

50

5 10 15 20
Operating Time {Years}

25

30

35

40
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Axum Plot for the ID and OD Stress distribution along nozzle length used in the comparison

2 ‘ ,
istance from Nozzle Bottom {inch} .,

Crack length
Weld Bottom Validity Limit

f oo

FS
1

Crack Growth {inch})
w

~
Il

\

One Operating Cycle

4] T T T T
[} 10 20 30 40
Operating Time {years}
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- Operating Time {years}




Appendix D

Contains Mathcad worksheets for;
1) Evaluations of Curve Fitting method.
2) Demonstration of the validity of the Moving Average method.
3) Comparison of SICF for the Edge Crack Formulation and Current model.
4) Comparison of Conventional and Current model for OD Surface Crack.
5) Comparison of Current model with Conventional model and Edge Crack

model for Through-wall Crack.

6) Curve Fitting for 49.7° nozzle at the mid-plane location at nozzle bottom.

This Appendix has six (6) Attachments.
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In this worksheet the effect of data set selection for curve fitting, using a third order polynomial is evaluated. The data table
below is form a data set used in the CEDM analyses. This data set is imported directly from the Excel spreadsheet provided
by Dominion Engineering for the CEDM. The evaluation considers the full data set and a limited data set spanning the region

of interest.

The purpose of this evaluation is to demonstrate the need for the proper selection of a subset of nodal stress data (in the region

of interest) to ensure the accuracy of the analysis.

Data set imported from Excel spreadsheet.

AllData := :

0; .

A 0.69 -5.96 -6.67 76 85 9.17
2, 1.24 597 1.89 .41 364 4.89
3 1.68 27.3 20.8 14.76 9.07 2.76
4. 2.04 38.32 34.26 28.39 21.56 14.2
5. 2.32 46.03 38.24 33.08 32.77 40.16
6. 2.55 4434 40.22 38.94 48.67 60.18
7 2.73 35.38 36.51 40.84 54.4 68.18
h 2.92 26.51 3253 4133 56.35 69.72
9} 31 21.36 296 406 53.91 66.27
10 3.29 22.66 28.00 39.31 52.05 65.07
11 347 29.36 305 38.36 47.56 57.08
12 365 37.59 36.02 38.91 45.89 49.47
13 384 4393 4089 43.16 46.29 4527
14 2.02 489 44.81 47.03 52.1 45.31
15

16

17

18

AxlLen = AllData0 IDAIl = AllData" MidWall := AlData> ODAIl:= AllDats>
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(124 5968 1.891 -1.405 -3.639 —4.887)
1.681 27297 208 14.757 9.074 2.762
2.035 38318 34.255 28.387 21.562 14.198
Data:= | 2.319 46.033 38.236 33.079 32.77 40.164
2.546 44342 40.223 38.935 48.672 60.179
2.731 35382 36.514 40.837 54397 68.177
\2.916 26.506 32.532 4133 56353 69.718 )

Selected subset from the data table above

Alen = Data( 0 IDlim = Data(l) Mwlim = Data(3> OD“m = Data( 5

Regression for the full data set

Regression for selected data set

RIDpp = regress(AxILen, IDAIL, 3) RIDdata = regress(ALen,ID“m,3)

RMW 4|1 == regress(AxILen, MidWall, 3)

ROD All = regress(AxlLen, ODAIL, 3)

Bottom := 0 Top := 4.02

Dist ;= Top — Bottom Incr == ——

RMWdata = regreSS(ALen,M\V“m,3)

RODdata = regress(ALen,OD“m,3)

WB = 2.91

D
D := WB - Bottom Incrl := —
20
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L0 = 0 — Incr Leno = 0 - Incrl

i=1.20

Li =0L.  +Incr

i-1 Leni = Leni_ + Incrl

1

Determination of Stresses at three locations across wall thickness, using the full data set

2 3
ID,y = RID4y_ + RIDyy L. + RID4y (L) + RID gy (L.
all, = RIDa)j, + RIDAy -L; + RIDAy (L) Al (L)

_ 2 3
MWa“i := RMW All, RMWA"4~Li + RMWAHS»(Li) + RMW A“6-(Li)

2 3
OD_;; ;== ROD + ROD -L. + ROD -{L.}" + ROD (L.
all, All Al L; all (1) all (L)

Determination of Stresses at three locations across wall thickness, using the selected data set
i

2 3
ID := RID + RID -Len. + RID -{Len.}” + RID, -{L
data, data, data, en, datag ( enl) data ( en)

2 3
MW gata, = RMWayy, + RMWgpqq Len; + RMWdataS-(Leni) + (RMWdataG)-(Leni)

2 3
ODgata, = RODgata, + RODyyqy Len; + RODdatas-(Len) + RODdata6-(Len)

i i
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Graphical Display of Results

Distribution Full Nodal Stress Data
80 T ) ) T

6 0 |— .:.__.-' : '._... -

Nodal stress data plotted for the ID and the OD
distribution. This plot is based on the full data
set.

Hoop Stress {ksi}

1 ] | ]

=20
0 1 2 3 4 5
Axial Length {inch}
—— ID Distribution
== QD distribution
Full Data: @ ID Location
60 T T T T

ID Stress Distribution:-

Comparison of regression fit versus the full data
set. The third-order polynomial does not provide
an accurate fit. The trend in the data is captured.

Hoop Stress {ksi}

| ] | I
0 i 2 3 4 5
Axial Eleveation from Bottom {inch}

—— ID Regression using All Data
=== 1D All Nodal Data
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OD - Regression vs Nodal Data

100 T ] I |
Z 5o . o
hd OD Stress Distribution:-
8 Comparison of regression fit versus the full data
& set. The third-order polynomial does not provide
§ 0 _ an accurate fit. The trend in the data is captured.
-50 | | 1 ]
0 1 2 3 4 5
Axial Elevation from Bottom {inch}
— OD Regression Using All data
"""""" - OD All Nodal Data
MidWall - Regression vs Nodal Data
60 T T I |
40 -

Mid-Wall Stress Distribution:-

Comparison of regression fit versus the full data
set. The third-order polynomial does not provide
an accurate fit. The trend in the data is captured.

Hoop Stress {ksi}
N
(=]

1 | | |
0 1 2 3 4 5
Axial elevation from Bottom {ksi}

— Mid-Wall Regression using All data
"""""" Mid-Wall All Nodal Data
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ID - Selected Data Set
60 T T T I I

ID Stress Distribution (Selected Data Set):-

— Comparison of regression fit versus the selected
data set. The third-order polynomial provides an
accurate fit.

40

Hoop Stress {ksi}
N
(=}

=20

0 0.5 1 1.5 2 25 3
Axial Elevation from Bottom {inch}
— 1D Regression using Selected Data
= 1D Selected Nodal Data
Mid-Wall - Selected Data Set
60 I | T T T
Mid-Wall Stress Distribution (Selected Data Set):-
40 Comparison of regression fit versus the selected

data set. The third-order polynomial provides an
accurate fit.

~ 20
£
g o
o
[=9)
=]
S
=20
~40
-60 l | ! ] |

0 0.5 1 15 2 2.5 3
Elevation from Bottom {inch} ’

— Mid-Wall Regression Selected Data Set

""""""" Mid-Wall Selected Data Set
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OD - Selected Data Set

400 I T
300 T OD Stress Distribution (Selected Data Set):-
Comparison of regression fit versus the selected
— data set. The third-order polynomial provides an
2 200 = accurate fit.
g
[%2]
o
§ 100 —
0 —
-100 ' .

0 1 2 3
Elevation from Bottom {inch}

OD Regression using selected data Set
=== 0D Selected Data Set

Conclusion :- By selecting the data judiciously, in the region of interest, facilitates an accurate regression fit of the data.
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Example Worksheet
Developed by Central Engineering Programs, Entergy Operations Inc.

Developed by: J. S. Brihmadesam Verified by: B. C. Gray

Example to Evaluate Moving Stress Averaging Technique

Basis :- In this worksheet the moving average method is exercised to demonstrate that no numerical errors exist. In this
example a linear through-wall stress distribution that remains constant over the length of the nozzle is used. Thus the
moving average method, if working properly should provide the same linear through-wall distribution at all segments

considered.

This worksheet is developed using the stress distribution analysis portion from the working worksheets used in the
analyses. The data table in the worksheet was modified with the entry of a linear throughwall stress distribution at all
axial height locations. The result of the moving average technique was output as a table.

The first Reguired input is a location for a point on the tube elevation to define the point of interest (e.g.

The top of the Blind Zone, or bottom of fillet weld etc.). This reference point is necessary to evaluate the
stress distribution on the flaw both for the initial flaw and for a growing flaw. This is defined as the
reference point. Enter a number (inch) that represents the reference point elevation measured upward from the

nozzle end.

Refpoim = 1.544

To place the flaw with respect to the reference point, the flaw tips and center can be located as follows:
1) The Upper “c- 1ip" located at the reference point (Enter 1)
2) The Center of the flaw at the reference point (Enter 2)
3) The lower "c- tip " Jocated at the reference point (Enter 3).

Val :=1

The Input Below is the Upper Limit for the evaluation, which is the bottom of the fillet weld leg. This is
shown on the Excel spread sheet as weld bottom. Enter this dimension (measured from nozzle bottom) below.

Upper axial Extent for Stress Distribution to be used in the Analysis (Axial distance above

UL sy 1= 275
Strs.Dist nozzle bottom).

Verified by:

Developed by:
B. C. Gray

J. S. Brihmadesam
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Only input data pertinent to this worksheet are provided. The internal pressure and the information for the PWSCC crack
growth, which are not essential to the example problem, have been removed.

Input Data :-

L := 35 Initial Flaw Length

ag = 0.035 Initial Flaw Depth

od := 4.05 Tube OD

id := 2.728 Tube ID

od id t .
R, = - Riq = > t:= RO -Ryg Ry = Rig+ 3 T1mopr = Years-365-24
c R, = Rm
0773 t
Developed by: Verified by:

J. 8. Bnihmadesam B. C. Gray
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The stress input table that is used to import the nodal stress data was modified. The stress input was manually entered as a
linear through-wall distribution at all axial height locations. The table entries below shows the entries used.

Stress Input Data

Input all available Nodal stress data in the table below. The column designations are as follows:
Column "0" = Axial distance from minimum to maximum recorded on data sheet (inches)
Column "1" = ID Stress data at each Elevation (ksi)

Column "2" = Quarter Thickness Stress data at each Elevation (ksi)
Column "3" = Mid Thickness Stress data at each Elevation (ksi)

Column "4" = Three quarter Thickness Stress data at each Elevation (ksi)
Column "5" = OD Stress data at each Elevation (ksi)

AllData := _
0 0 8 10 12 14 16
E 0.35 8 10 12 14 16
20 0.63 8 10 12 14 16
3. 0.85 8 10 12 14 16
A4 1.03 8 10 12 14 16
5: 1.18 8 10 12 14 16
6; 1.29 8 10 12 14 16
7 1.44 8 10 12 14 16
8 1.59 8 10 12 14 16
9/ 1.74 8 10 12 14 16
10 1.89 8 10 12 14 16
1 2.04 8 10 12 14 16
AXLen := AllDa’[a(0> Dy = AllDatam ODp 1 = AIlData(5>
Developed by: Verified by:

J. 8. Brihmadesam B. C. Gray
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The graph below is a plot of the table data in the previous page. Note the horizontal lines for the ID and OD stress
distribution along the nozzle length. Therefore, the input data shows that there is a constant distribution along the
nozzle length

Stress Distribution

20 T T T | T T
g 15 _
wy
4
=
» 10 -
5 ! ! I 1 ! ]
0 0.5 1 1.5 2 25 3 35
Axial Elevation above Bottom [inch]
— 1D Distribution
"""" OD Distribution
(0 810121416\
035 8 10 12 14 16
063 8 10 12 14 16
0854 8 10 12 14 16
1.034 8 10 12 14 16
1.178 8 10 12 14 16 The data matrix to the left is the selection of data from
the data table used to input the data. All entries have
1293 8 10 12 14 16 been selected. The matrix is exactly the same as the
1442 8 10 12 14 16 input data table
Data:=|[ 1591 8 10 12 14 16
1.74 8 10 12 14 16
1.889 8 10 12 14 16
2038 8 10 12 14 16
2.187 8 10 12 14 16
2336 8 10 12 14 16
2485 8 10 12 14 16
2634 8 10 12 14 16
(2783 8 10 12 14 16)
Developed by: Verified by:

J. 8. Bnhmadesam B. C. Gray
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The statements below are the assignment statements defining the column arrays for the axial height followed by the five
locations across the tube wall thickness.

Axl = Data<0> MD = Data<3> ID = Data<l> TQ = Data<4> QT = Data<2> OD = Data<5>

Rip := regress(Axl, 1D, 3) Rt = regress(Axl, QT, 3)
ID QT
Rop = regress(Axl,0D,3)

Rpmp = regress(Axl,MD,3) RTQ = regress(Ax|, TQ,3)

The statement below defines the flaw location to be used in the analysis, based on the entry for the variable "Val"
entered on the first page.

FLCntr = RefPoint —Cp if Val=1 Flaw center Location above Nozzle Bottom
RefPoint if Val= 2
RefPoint +¢p otherwise

The two statements below are as follows:
1) The statement on the left defines the upper crack tip based on the flaw location determined above.
2) The statement on the right computes the segment height for the segments above the upper crack tip based
on twenty equal segments.

. ) ULgtrs.Dist ~ UTip
UTip = FLCntr + 0 Incgirs avg = 20

Developed by: Veerified by:
J. 8. Brihmadesam B. C. Gray



Entergy Operations Inc. Apendix D; Attachment 2 Engineering Report
Central Engineering Programs Page 6 of 8 M-EP-2003-004-00

The statements below develops the through-wall stress profiles at the twenty-three segments (three segments for the
initial flaw length and twenty segments above the upper tip of the flaw.

Calculation to develop Stress Profiles for Analysis

N:=20 Number of locations for stress profiles

Loco :== FLopyy— b

i=1.N+3 Incrj := |cg if i< 4
IncStrs.avg otherwise
Loc; := Locj—; + Incr;j
SID; := Ryp_+Ryp -Loci + Ryp -(Loci)” + Ryp -(Loc;)’
3 4 5 6

SQT; = Rqr, +Rq ‘Loci + Roy (Locj)* + RoT (Loc;)’

3 4 Q 5 6

2 3
SMDj = Ryqp_+ Rppp -Loci+ Ryqp -(Loci)” + Ryp -(Loci)
3 4 5 6

STQj = Ryq_+ Ryq Loci + Ry (Loci) +Ryq -(Loci)’

y TR, Qs Qg

2 3

SOD; = ROD + ROD -Loci + ROD (LOCI) + ROD (LOCI)

3 4 5 6

Developed by: Verified by:

J. 8. Brihmadesam B. C. Gray
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The statements below perform the moving average stress profile calculations. The first profile, at location 1, is the average
profile for the initial crack. The remaining profiles are the average profiles for the twenty segments above the upper tip of the

crack.
j=1.N

SID; + SIDj4 + SID; SQT; + SQT;41 + SQT;

Sid - ] )+l J+2 ifj=1 S (= Q J Q JH Q J+2 if j=1
i 3 a4 3
Sid._l'(j + 1) + SIDjy) Sqt( __1)-(j +1) + SQTj42
J - otherwise ] - otherwise
j+2 j+2

SMDj + SMDj 41 + SMDj STQj; + STQj41 + STQ;

Smd - J J+l1 J+2 if j=1 St — Q_] QJ+I QJ+2 if j=1
3 3 9; 3

Smdj_l-(j +1) + SMDj42 Stq._,'(j + 1)+ STQj+2

- otherwise J - otherwise
j+2 Jt2
SODj + SOD;4 + SOD;
Sod. = ! AL 2 =1
g 3
SOd-_l.(j + 1)+ SODj+2
J - otherwise
Jj+2
Developed by: Verified by:

J. 8. Brihmadesam B. C. Gray
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Presented below is the output at each location defined for the moving average stress profile. The first element in each array is for
the average stress profile for the initial crack. The subsequent elements in each column array are for the equal segments above
the upper tip of the flaw. Each column array represents one of the five locations across the wall thickness (marked).

ID Quarter Mid-Wall Three -Quarter oD
Thickness Thickness Wall Thickness

Sid ; Sqtj Smd ; Stq ; Sod :
8 10 12 14 16
8 10 12 14 16
8 10 12 14 16
8 10 12 14 16
8 10 12 14 16
8 10 12 [14] 16
8 10 12 14 16
8 10 12 14 16
8 10 12 14 16
8 10 12 14 ] 16
8 10 12 14 16
8 10 12 14 16
8 10 12 14 16
8 10 12 14 16
8 10 12 14 16
8 10 12 14 16

The output of the moving average evaluation is the same as the input data. This ensures that the moving average technique is
functioning properly.

Developed by: Verified by:
J. 8. Brihmadesam B. C. Gray
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Comparison of Edge Crack Model With Through-wall Model {SICF}

Developed by Central Engineering Programs, Entergy Operations Inc
Developed by: J. S. Brihmadesam Verified by: B. C. Gray

References :
1) Murakami; "Stress Intensity factors handbook"; 1.3 Single Edge Cracked Plate: page 771.

Waterford Steam Electric

Component : Reactor Vessel CEDM -"0"degree Nozzle, All Azimuth 1.544 inch above Nozzle Bottom

In this worksheet a comparison between the SICF for an Edge Crack and the axial through-wall crack of the current model are

compared. For the edge crack the SICF is dependent on the ratio of crack length to plate height. For the application to the
CEDM nozzle the plate height can be assumed at three locations, these are:

1) The nozzle length upto the bottom to the J-weld (the bottom point of fixity for the nozzle)

2) The nozzle length upto the top of the J-weld (the upper point of fixity for the nozzle)
3) The nozzle length assuming no fixity.

For the current model only the SICF for the membrane loading is used for comparison because the SICF for these two
conditions are separate and are applied to the SIF for equivalent plate geometry. Hence three is no single SIF that represents
a composite SICF. However a comparison using the membrane SICF should facilitate a rational assessment.

The first Input is to locate the Reference Line (eg. top of the Blind Zone). The through-wall flaw "Upper
Tip" is located at the Reference Line.

Enter the elevation of the Reference Line (eg.Blind Zone) above the nozzle bottom in inches.

BZ := 1.544 Location of Blind Zone above nozzle bottom (inch)

The Second Input is the Upper Limit for the evaluation, which is the bottom of the fillet weld leg. This is
shown on the Excel spread sheet as weld bottom. Enter this dimension (measured from nozzle bottom) below.

ULSrs Dist := 1.796 Upper axial Extent for Stress Distribution to be used in the analysis (Axial distance
above nozzle bottom)

Edge Crack- Entergy-Comparison-000.mcd

=
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The input data below are only for those variables essential to this assessment.

Input Data :-
L:=.794 Initial Flaw Length TW axial
od := 4.05 Tube OD
id:= 2.728 Tube ID
Pint = 2.235 Design Operating Pressure (internal)
v := 0307 Poissons ratio at 600 deg. F
"~ od id t
R0:=—2— Ri:=-2— t:= Ry — Rj Rm:=Ri+E

The plate height are set to three elevations as follows:
1) Bottom of the J-weld.
2) Top of the J-weld.
3) Full length of Nozzle.

b:= ULgyspist  Bottom of J-weld
by == 2.886 Top of J-Weld

by == 20 Top of Nozzle Inc :=

zlo

N:= 500

It is important to note that the SICF for the Edge Crack model are limited to the a/b ratio (Crack length/height) of 0.6.

Therefore, for the crack length when the a/b ratio is violated are as shown below.

Case 1: Plate height equal to nozzle length to bottom of weld:- b-0.6 = 1.078
Case 2: Plate height equal to top of J-weld:- b1-0.6 = 1.732
Case 3: Plate height equal to Nozzle Length :- by-0.6 = 12

Edge Crack- Entergy-Comparison-000.mcd
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Calculations :

a0:=0
j=1.N-1

a a. aJ.
a.:=a. , +Inc X, = =3 x1_=—J Xy ==
it J7 b it b it b

Brown and Srawley Model For edge Crack in a Plate

Fps = 1.12 — 0,231.,(j + 10'55'(Xj)2 - 21.72-(xj)3 + 30.39-(xj)4 Plate height as length below Fillet weld to tube bottom
i

Fps1 = 1.12 - 0.231:x;_ + 10.55-(x1 .)2 - 2l.72-(x1 _)3 + 30.39-(x1 .)4 Plate height as length below Top of J-weld to tube bottom
j j i i j

Fszj =1.12 - 0'23]')(2,- + 10.55~(x2j)2 - 21.72~(x2j)3 + 30.39~(x2j)4 Plate height as Full length of Nozzle

Through-wall Axial crack in a Thick Cylinder (Entergy Model)

AeM; = 1.009 + 036213 + 0.0565-(7»1-)2 ~ 0.0082-(xj)3 + 0.0004-(xj)4 - 832610~ 6-(xj)5
AeB; = 0.0029 + 0.0707-(7»1-)l - 0.0197-(» j)2 +0.0034-(1 j)3 ~ 0.0003-(A j)4 +8.8052-10 6-(7Lj)5
AbM; = ~0.0063 + 0.919-4 - 0.168-(lj)2 - ().0052-(7”-)3 + 0.0008-(A J-)4 ~2.9701-107 (& J-)5
AbB;:= 0.9961 — 0.3806-1.j + 0.1239-(%;)° - 0.021 1-(xj)3 + 0.0017-(7kj)4 - 4993910~ 5-(7Lj)5

AM. = AeM. + AbM. A = AeB. + AbB,
i J ] j J J

Edge Crack- Entergy-Comparison-000.mcd
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Magnification Factor {dimensionless}

Comparison of Magnification Factors

794 1.544

0.803592 0.12 024 036 048 06 072 084 096 1.08 1.2 132, 143 155
Flaw length {inch}
— Edge Crack Panel Height upto Bottom of fillet weld
"""""" Edge Crack Panel Height upto Top of J-weld
N Edge Crack Panel Height equal Full Nozzle Length {20 inches}
— Entergy Model Membrane

1.67

1.79

Edge Crack- Entergy-Comparison-000.mcd
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Axum Plot showing SICF for Edge Crack for different Panel Heights

18
16 -
14
12

10

—— Plate Height = Nozzle bottom to Weld Bottom | | / .
——— Plate Height = Nozzle Botto to Weld Top
—— Plate Height = Nozzle Length

- BindZene
Top

__Validity Limit
Weld Top

Validity Limit
Weld Bottom

///

| ’ I ! T I g I I g |
0.05 0.30 0.55 0.80 1.05 1.30 1.55 1.80
vals.1

Edge Crack- Entergy-Comparison-000.mcd
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Axum Plot showing SICF Comparison between Edge Crack SICF and Current Model SICF

Panel Height = Top of Weld

Panle Height = Bottom of Weld
Current Analysis "Membrane" only

Top of Blind Zone

@
7]
= S
-§ Validity Limit Validity Lilmit/,»"/
qc, Panel Height = Weld Bottom Panel Height = Top oW eld
= 1101
é
w
O
w

5

_ i
0o —
T T T I . | ]
0.05 0.30 0.55 0.80 MU 1.30 1.558 1.80

Length of Crack {inch}

Edge Crack- Entergy-Comparison-000.mcd
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Comparison of Surface Crack Models : Conventional Model with the Current Model

Developed by Central Engineering Programs, Entergy Operations Inc
Developed by: J. S. Brihmadesam Verified by: B. C. Gray

References :
1) "Stress Intensity factors for Part-through Surface cracks"; NASA TM-11707; July 1992.
2) Crack Growth of Alloy 600 Base Metal in PWR Environments; EPRI MRP Report MRP 55 Rev. 1, 2002

Purpose :- This worksheet is used to compare the crack growth and SIF results between the conventional model (using a
fixed R/t ratio and a fixed flaw aspect ratio- a/c) and the current model. The current model uses the R/t ratio appropriate to
the CEDM nozzle tube geometry and the flaw aspect ratio is not fixed. The flaw aspect ratio is determined at each crack
growth interval based on the seperate growth for both the depth direction (a-tip) and the length direction (c-tip). Therefore, the
current model permits the evaluation of crack growth through the wall thickness and along the nozzle surface simultaneously.
The evaluation, using the same residual stresses distribution, compares the results form both models. The worksheet is
essentially the same as that used in the analyses. The only difference is that a separate loop. The graphical presentations
towards the end of the worksheet present the comparative results.

Waterford Steam Electric

Component : Reactor Vessel CEDM -"8.8" Degree Nozzle, "0" Degree Azimuth,
1.544" above Nozzle Bottom

Calculation Basis: MRP 75 th Percentile and Flaw Face Pressurized

Note : Used the Metric form of the equation from EPRI MRP 55-Rev. 1. OD Surface Flaw
The correction is applied in the determination of the crack extension to
obtain the value in inch/hr .

Verified by:
B. C. Gray

C194

Developed by:
J. S. Brihmadesam
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The first Reguired input is a Jocation for a point on the tube elevation to define the point of interest (e.g.

The top of the Blind Zone, or bottom of fillet weld etc.). This reference point is necessary to evaluate the
stress distribution on the flaw both for the initial flaw and for a growing flaw. This is defined as the
reference point. Enter a number (inch) that represents the reference point elevation measured upward from the
nozzle end.

RefPoint = 1.544

To place the flaw with respect to the reference point, the flaw tips and center can be located as follows:
1) The Upper "c- 1ip" located at the reference point (Enter 1)
2) The Center of the flaw at the reference point (Enter 2)
3) The lower "c- tip " Jocated at the reference point (Enter 3).

Val :=2
Input Data :-
L := 0.3966 Initial Flaw Length
a() = 0.0661 Initial Flaw Depth
od := 4.05 Tube OD
id :=2.728 Tube ID
le 1= 2235 Design Operating Pressure (internal)
Years := 4 Number of Operating Years
Ilim = 1500 lteration limit for Crack Growth loop
T = 604 Estimate of Operating Temperature

0 = 2.67-107 12 Constant in MRP PWSCC Model for 1-600 Wrought @ 617 deg. F

Qg =310 Thermal activation Energy for Crack Growth {MRP)

Tref = 617 Reference Temperature for normalizing Data deg. F

Developed by: Verified by:
J. 8. Brihmadesam B. C. Gray
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od id t .
RO = —2— Rld = —2' t:= RO - Rld Rm = Rld + -5 Tlmopr = Years-365-24
Tim Ij: R
. 5 . opr _{'lim _ L _m
CFinhr = 1.417-10 Cblk =— Pmtb]k = =0 ¢y = 3 Rt = —_—
lim t
T
1.103-10 3 | T+459.67 T .r+459.67
COl = ref ™" ) “0ge Temperature Correction for Coefficient Alpha

CO = CO] 75 th percentile MRP-55 Revision 1

Stress Input Data

Input all available Nodal stress data in the table below. The column designations are as follows:
Column "0" = Axial distance from minimum to maximum recorded on data sheet{inches)
Column "1" = ID Stress data at each Elevation (ksi)

Column "2" = Quarter Thickness Stress data at each Elevation (ksi)
Column "3" = Mid Thickness Stress data at each Elevation (ksi)

Column "4" = Three Quarter Thickness Stress data at each Elevation (ksi)
Column "5" = OD Stress data at each Elevation (ksi)

AllData = _
0 0 27.4 -24.36 -22.21 20.41 -18.98
A 0.48 0.63 -1.49 36 4.44 -5.27
2: 0.87 17.66 16.42 14.61 12.41 9.38
31 1.18 29.8 26.05 22.72 18.95 14.2
4 1.43 33.62 27.79 24.8 24.32 26.99
5! 1.63 32.36 28.47 27.59 34.28 45.1
8 1.79 27.39 28.92 31.39 43.88 63.72
7 1.92 215 25.56 33.55 48.09 66.36
8! 2.05 16.94 23.79 34.06 49.47 67.67
9] 2.18 14.83 22.26 34.78 49.05 63.38
Developed by: Verified by:

J. S. Brihmadesam B. C. Gray
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AXLen := AllData"” ID 5 := AllData’” OD | = AllData’”

Stress Distribution
100 T T | T |

Stress [ksi]

=50
0

0.5 1 1.5 2 2.5 3

AXLen
Axial Elevation above Bottom [inch]

Observing the stress distribution select the region in the table above labeled Data,, that represents the
region of interest. This needs to be done especially for distributions that have a large compressive
stress at the nozzle bottom and high tensile stresses at the J-weld location. Copy the selection in the
above table, click on the "Data” statement below and delete it from the edit menu. Type "Data and the
Mathcad "equal” sign (Shift-Colon) then insert the same to the right of the Mathcad Equals sign below
{paste symbol).

(0 —27.404 —24.356 —22.209 —20.407 —18.978\

0483 0.633 —1.486 —3.599 —444 —5268
0.87 17.665 16422 14.61 12.415 9.376
1.18  29.798 26.049 22.723 18.95 14.201
Data := | 1.428 33.623 27.792 24.8 24321  26.989
1.627 32364 28469 27.591 34284 45.104
1.786 27394 28918 31.388 43882 63.718
1.919 21498 25.556 33.55 48.089  66.365

kZ.OSl 16944  23.793  34.064 49472 67.672)

Axl = Data«)> MD = Data<3> ID = Data<l> TQ = Data(4) QT = Data<2) OD = Data<5>
Developed by: Verified by:

J. S. Brihmadesam . B. C. Gray
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R|p = regress(AxI,1D,3) RQT := regress(Ax1,QT,3)
Rop = regress(Axl, 0D, 3)

Rpmp = regress(Ax1,MD, 3) RTQ = regress(Ax1, TQ,3)

ULS trs.Dist = 1.786 Upper Axial Extent for Stress Distribution to be used in the Analysis (Axial distance above
) nozzle bottom)

FLCntr = RefPoint - if Val=1 Flaw center Location Location above Nozzle Bottom
RefPoint if Val=2

RefPoint +¢g otherwise

UL ot — Urps
Strs.Dist Tip
Urip = FLcner ¢ Incgirs.avg = 20

No User Input is required beyond this Point

Calculation to Develop Hoop Stress Profiles in the Axial Direction for Fracture Mechanics Analysis

N:=20 Number of locations for stress profiles

Locy :== FLop — L

i=1.N+3 Incri = |cg if i<4

IncStrs.avg otherwise

Loc;j := Locj_; + Incr;
SID; == Rjp_+ Ryp -Loc; + Ryp -(Loci)* + Ryp -(Loci)?
3 4 5 6

Developed by: Verified by:
J. 8. Brihmadesam B. C. Gray
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& — . - 2 - 3
SQTi = Rqr, +Rqr, Loci+ RQTS-( Locj)” + RQT6-(Loc,)

. 2 3
SMD; := Rypp, +Ryvpp,Loci + RMDS-(Loci) 4 [ RMDG-(Loc;) }

2 3
STQi = Rq, + Ry, Loci + RTQS-(Loci) + RTQ6-(Loci)

2 3
SOD; := Rgp, +Rop),Loci + RODS-( Loc;)” + RODé.(Loci)

Engineering Report
M-EP-2003-004-00

Development of Elevation-Averaged stresses at 20 elevations along the tube for use in Fracture Mechanics Model

j=1.N
SID; + SIDj4 + SID;
Sig, = |[——— = if =1
J
Sld_]—l('] +1)+ S]Dj+2
- otherwise
J+2
SMDj + SMDj4; + SMDj
Smd. — J 3:|+l J+2 ifj=1
J
Smd._l'(j +1) + SMDj4,
] - otherwise
Jt2
Developed by:

J. S. Brihmadesam

qtj )

St
tqj

SQT;j + SQT541+8QTj42 ... _
if j=1
3
«(j+1) + SQT;
qt(j—l) g+1) Q j+2 .
- otherwise
J+2
STQj+ STQj+1 +STQj42 ...
if j=1
3
Stg,_, U+ 1) +STQje2
J - otherwise
Jj+2
Verified by:
B. C. Gray
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SOd- = 3

Sodj_l-(j +1) + SODj42

ifj=1

otherwise

j+2

Elevation-Averaged Hoop Stress Distribution for OD Flaws (i.e. OD to ID Stress distribution)

UO = 0.000 ul = 0.25 Uz = 0.50 U3 =075 uy = 1.00

Y = StaCk(Uo,Ul ,UZ,U3 ,U4)

SIG; = stack(Sodl ,Stq,»Smd, »Sqt, sidl)

SIG; = stack(Sod3,Stq3,Smd3,Sqt3,Sid3)

SIGg := stack(SodS,Stqj,SmdS,Sth,SidS)

SIG~ = stack{S.4 ,S;, ,S S . LS
7 (od7 tq,”“md._ > °qt, 1d7)

SIGg := stack(Sodg,Stqg,Smdg,Sqtg,Sidg)

SIG; ¢ = stack(S S, LS S LS
1 (Odn tq,,>"md,;>7qt, ‘dll)

Developed by:
J. 8. Brihmadesam

SIG, := stack(Sodz,StqZ,Smdz,Sqtz,Sidz)

SIG, = stack(Sod4,Stq4,Smd4,Sqt4,Sid4)

SIGg = stack(Sod6,Stq6,Smd6,Sqt6,Sid6)
SIGg = stack(Sodg,Stqg,Smds,Sqts,Sids)

SIGq := stack(S 9. LS S ¢ LS
10 (OdIO tg,o>"md, > >aty, lle)

SiGq4 = stack{S 2 Sie LS .S LS
12 (od12 tq,, md12 qt,, 1d12)

Verified by:
B. C. Gray
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SIG 4 := stack(S ,S .S ,S , S SIG, = stack(S ) .S .S , S
13 ( od;377tq;37 " md, 3> qt, 'dls) 14 ( od),""tq;,>°md,,*"qt,, ld14)
SIG ¢ := stack(S S, LS S+ LS SIG 4 = stack(S Sy LS S .. LS
15 ( od;5>7tq;57 " md, gt 'dls) 16 ( od,>"tq,5> "md, o qt, ¢ ldl6)
SIG~ := stack{S S LS S LS SIG ¢ := stack({S S, LS S . LS
17 ( od,;*tq;,"“md ;> >qt,, ‘d17) 18 ( od;g*7tq,g* "md, g qt g 'dls)
SIG g := stack(S ,S. L8 ,S LS SIGHq = stack(S S, LS St ,S;
19 ( od,y*"tq;9’ "md,4* qt, 'd19) 20 ( 0d,y*™ta,y* “md, "2 qty, ldzo)

Regression of Through-wall Stress distribution to obtain Stress Coefficients through-wall using a Third Order
polynomial

ODRG; := regress(Y,SIGl ,3) ODRG, := regress(Y,SIGz,s)
ODRGj := regress(Y,SIG3,3) ODRGy := regress(Y,SIG4,3)
ODRGy := regress(Y,SIG7,3) ODRGg := regress(Y,SIGg,3)
ODR69 = regress(Y,SIGg,3) ODRGlO = regress(Y,SIGlO,3)
ODRG] | := regress(Y,SIG ,3) ODRG | := regress(Y,SIG}5,3)
ODRG13 = regress(Y,SIG13,3) ODRG14 = regress(Y,SIGl4,3)
ODRGj 5 := regress(Y,SIG5,3) ODRG/ ¢ := regress(Y,SIG ,3)
ODRG17 = regress(Y,SlG17,3) ODRGIS = regress(Y,SIG18,3)
ODRG g = regress(Y,SlG19,3) ODRG, = regress(Y,SIG20,3)

Developed by: Verified by:
J. 8. Brihmadesam o B. C. Gray
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Stress Distribution in the tube. Stress influence coefficients obtained from third
order polynomial curve fit to the throughway stress distribution

Propp ength = ULstrs Dist — Flcntr = 0

Appendix D; Attachment 4
Page 9 of 31

PmpLength = 0.044

Engineering Report
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Data Files for Flaw Shape Factors from NASA (NASA-TM-111707-SC04 Model)

Mettu Raju Newman Sivakumar Forman Solution of ID Part through-wall Flaw in

{NO INPUT Required}

Cylinder
Jsb = _
0! 1.000 0.200 0.000
Al 1.000 0.200 0.200
2 1.000 0.200 0.500
3 1.000 0.200 0.800
4 1.000 0.200 1.000
5 1.000 0.400 0.000
6! 1.000 0.400 0.200
i 1.000 0.400 0.500
8. 1.000 0.400 0.800
‘9’ 1.000 0.400 1.000
10 1.000 1.000 0.000
11 1.000 1.000 0.200
12 1.000 1.000 0.500
13 1.000 1.000 0.800
14 1.000 1.000 1.000
15 2.000 0.200 0.000
16 2.000 0.200 0.200
17. 2.000 0.200 0.500
18 2.000 0.200 0.800
19 2.000 0.200 1.000
20 2.000 0.400 0.000
21 2.000 0.400 0.200
22 2.000 0.400 0.500
23 2.000 0.400 0.800
Developed by:

J. 8. Brihmadesam

Verified by:
B. C. Gray
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24 2.000 0.400 1.000
25 2.000 1.000 0.000
26 2.000 1.000 0.200
27 2.000 1.000 0.500
128 2.000 1.000 0.800
29 2.000 1.000 1.000
30 4.000 0.200 0.000
31 4.000 0.200 0.200
32 4.000 0.200 0.500
a3 4.000 0.200 0.800
34 4.000 0.200 1.000
35 4.000 0.400 0.000
36 4,000 0.400 0.200
37 4.000 0.400 0.500
38 4.000 0.400 0.800
39 4.000 0.400 1.000
40 4.000 1.000 0.000
41 4.000 1.000 0.200
42 4.000 1.000 0.500
43 4.000 1.000 0.800
44 4.000 1.000 1.000
45 10.000 0.200 0.000
46 10.000 0.200 0.200
47 10.000 0.200 0.500
48 10.000 0.200 0.800
49 10.000 0.200 1.000
50 10.000 0.400 0.000
51 10.000 0.400 0.200
52 10.000 0.400 0.500
53 10.000 0.400 0.800
54 10.000 0.400 1.000
55 10.000 1.000 0.000
56 10.000 1.000 0.200
57 10.000 1.000 0.500
58 10.000 1.000 0.800
59 10.000 1.000 1.000
60 300.000 0.200 0.000
61 300.000 0.200 0.200
62 300.000 0.200 0.500
63 300.000 0.200 0.800
64 300.000 0.200 1.000
65 300.000 0.400 0.000
66 300.000 0.400 0.200
Developed by:

J. 8. Brihmadesam
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Verified by:
B. C. Gray
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67 300.000 0.400 0.500
68 300.000 0.400 0.800
69 300.000 0.400 1.000
70 300.000 1.000 0.000
71 300.000 1.000 0.200
72 300.000 1.000 0.500
73 300.000 1.000 0.800
74 300.000 1.000 1.000

Page 11 of 31

Engineering Report
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Sambi := -
1.244 0.754 0.564 0.454 0.755 0.153 0.06 0.032
1.237 0.719 0.536 0.435 0.594 0.076 0.021 0.009
i2: 1.641 0.867 0.615 0.486 0.648 0.089 0.026 0.011
3 2.965 1.336 0.858 0.635 1.293 0.271 0.109 0.058
4 4.498 1.839 1.107 0.783 2.129 0.481 0.202 0.11
i5; 1.146 0.716 0.546 0.448 0.889 0.17 0.064 0.032
6 1.175 0.709 0.539 0.444 0.809 0.132 0.046 0.023
g 1.452 0.806 0.589 0.474 0.934 017 0.064 0.033
2.119 1.046 0.714 0.55 1.492 0.329 0.136 0.073
'9° 2.8 1.279 0.833 0.621 2.143 0.497 0.21 0.114
10 1.03 0.715 0.577 0.49 1.148 0.202 0.076 0.039
1 1.054 0.725 0.586 0.499 1.202 0.214 0.081 0.042
12 1.146 0.76 0.606 0.513 1.354 0.256 0.1 0.053
13 1.305 0.817 0.634 0.527 1.594 0.327 0.133 0.071
14 1412 0.866 0.657 0.537 1.796 0.387 0.161 0.087
15 1111 0.688 0.522 0.426 0.72 0.121 0.041 0.02
16 1.193 0.7 0.524 0.427 0.611 0.079 0.022 0.01
17, 1.655 0.868 0.614 0.484 0.693 0.105 0.035 0.017
18 2732 1.255 0.817 0.609 1.207 0.245 0.097 0.051
19 3.842 1.634 1.009 0.726 1.826 0.395 0.162 0.086
20 1.077 0.685 0.528 0.436 0.817 0.14 0.049 0.023
21 1.136 0.692 0.528 0.436 0.796 0.13 0.046 0.022
22 1.403 0.785 0.576 0.465 0.959 0.182 0.071 0.037
23 1.942 0.984 0.682 0.53 1.425 0.315 0.131 0.071
24 2.454 1.168 0.78 0.591 1.915 0.443 0.188 0.102
25 1.02 0.72 0.585 0.498 1.152 0.196 0.072 0.036
26 1.044 0.722 0.584 0.498 1.185 0.209 0.079 0.041
27 1117 0.746 0.597 0.505 1.318 0.25 0.098 0.052
Developed by: Verified by:

J. 8. Brihmadesam

B. C. Gray
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28 1.236 0.797 0.625 0.523 1.56 0.315 0.127 0.068
29 1.335 0.844 0.652 0.538 1.775 0.37 0.151 0.08
30 1.009 0.65 0.507 0.427 0.589 0.073 0.018 0.006
31 1.162 0.691 0.524 0.434 0.612 0.08 0.023 0.01
32 1.64 0.861 0613 0.488 0.786 0.134 0.049 0.025
33 2.51 1.178 0.782 0.596 1.16 0.242 0.097 0.051
34 3.313 1.464 0.932 0.693 1.617 0.339 0.139 0.073
35 1 0.655 0.518 0.44 0.754 0.118 0.036 0.017
36 1.109 0.685 0.53 0.445 0.793 0.13 0.045 0.022
37 1.36 0.773 0.575 0.472 0.994 0.195 0.078 0.041
38 1.727 0914 0.653 0.523 1.4 0.318 0.134 0.073
39 2.025 1.032 0.72 0.568 1.781 0.427 0.181 0.1
40 0.986 0.711 0.589 0.513 1.127 0.189 0.068 0.034
41 1.03 0.72 0.591 0.513 1.163 0.204 0.077 0.04
42 1.094 0.743 0.603 0.52 1.286 0.243 0.096 0.051
43 1.156 0.777 0.625 0.536 1.498 0.302 0.122 0.064
44 1.194 0.804 0.644 0.551 1.681 0.35 0.142 0.073
45 0.981 0.636 0.501 0.422 0.598 0.078 0.02 0.007
46 1.147 0.685 0.521 0.432 0.612 0.08 0.023 0.01
47 1.584 0.839 0.6 0.48 0.806 0.142 0.053 0.028
48 2.298 1.099 0.739 0.568 1.262 0.277 0.114 0.062
' 49 2.921 1.323 0.859 0.645 1.715 0.402 0.169 0.092
50 0.975 0.645 0.516 0.439 0.75 0.114 0.036 0.017
51 1.096 0.68 0.528 0.444 0.788 0.128 0.045 0.022
52 1.31 0.755 0.565 0.466 0.984 0.192 0.076 0.04
53 1.565 0.858 0.625 0.505 1.378 0.309 0.129 0.07
54 1.749 0.938 0.675 0.539 1.747 0.411 0.174 0.095
55 0.982 0.709 0.588 0.515 1.123 0.188 0.068 0.034
56 1.025 0.718 0.59 0.513 1.156 0.202 0.076 0.039
57 1.078 0.738 0.6 0.518 1.266 0.236 0.092 0.048
58 1.118 0.765 0.619 0.533 1.453 0.286 0.113 0.059
59 1.137 0.786 0.636 0.548 1.613 0.326 0.129 0.067
60 0.936 0.62 0.486 0.405 0.582 0.068 0.015 0.005
61 1.145 0.681 0.514 0.42 0.613 0.081 0.024 0.011
62 1.459 0.79 0.569 0.454 0.79 0.138 0.051 0.026
63 1.774 0.917 0.641 0.501 1.148 0.239 0.096 0.051
64 1.974 1.008 0.696 0.537 1.482 0.328 0.134 0.07
65 0.982 0.651 0.512 0.427 0.721 0.103 0.031 0.013
66 1.095 0.677 0.52 0.431 0.782 0.127 0.045 0.022
67 1.244 0.727 0.546 0.446 0.946 0.18 0.071 0.037
68 1.37 0.791 0.585 0473 1.201 0.253 0.102 0.054
69 1.438 0.838 0.618 0.496 1.413 0.31 0.126 0.066
Developed by: Verified by:

J. S. Brihmadesam

B. C. Gray
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W= Jsb<0> X = Jsb<]> Y = Jsb<2)
agj = Sambi<0> a = Sambi<I> aQ = Sambi<2) ac
cy = Sambi<4) cp, = Sambi<5> cQ = Sambi<6) cC
2 otherwise
"a-Tip" Uniform Term
M,y = augment(W,X,Y) Vau =2y Ry = regress(MaU,VaU,n)
A
£,u(W,X,Y) := interp| Ry, Mary» Vaus| X |
Y)
f,y4,4,.8) = 1.741 Check Calculation
Linear Term
M,y = augment(W,X,Y) Vil =3, Ry = regress(MaL,VaL,n)
W)

£,L.(W,X,Y) := interp| Ry ;M ,Var,| X |

Y)

Developed by:
J. 8. Brihmadesam
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(3)

:= Sambi

(7

:= Sambi

Verified by:
B. C. Gray
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fa1.(4,4,.8) = 0919 Check Calculation

Quadratic Term
MaQ = augment(W, X,Y) VaQ =ag
W)

faQ(W,X,Y) := interp RaQ’MaQ’VaQ’ X |

Y)

faQ (4,.4,.8) = 0.656 Check Calculation
Cubic Term
M, ¢ = augment(W,X,Y) Vac =ac
LA

f,c(W,X,Y) = interp| Ryc,Myc, Ve | X |

Y)

f,c(4,4,.8) = 0524 Check Calculation

Developed by:
J. 8. Brihmadesam
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RaQ = regress(MaQ , VaQ R n)

RaC = regress( MaC , VaC , n)

Verified by:
B. C. Gray
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"C" Tip Coefficients
Uniform Term
McU := augment(W,X,Y) VcU =cy Ry = regress(McU,VcU,n)
W)
f.u(W,X,Y) = interp| Re1,Mcy» Veus| X |
Y)
foy(4,.4,.8) = 1371 Check Calculation
Linear Term
McL := augment(W,X,Y) VcL =cp RcL = regress(MCL,VcL,n)
W)
f. (W,X,Y) := interp| Ry ,Mgp»Vp»| X |
Y)
f.1 (2,4,.8) = 0319 Check Calculation
Developed by: Verified by:

J. 8. Brihmadesam B. C. Gray



Entergy Operations Inc Appendix D; Attachment 4 Engineering Report

Central Engineering Programs Page 16 of 31 M-EP-2003-004-00
Quadratic Term
McQ = augment(W,X,Y) VcQ =cQ RcQ = regress(McQ,VcQ,n)
WY
fo(W,X,Y) := interp| Req»Mcq» Ve X |
Y)
fCQ(4,_4,,8) = 0.126 Check Calculation
Cubic Term
McC = augment(W,X,Y) Voo =c¢c R.c = regress(McC,VcC,n)
A
f.o(W,X,Y) := interp| R.c.Mcc, Vees| X |
Y )
ch(4,.4,.8) = 0.068 Check Calculation
Developed by: Verified by:

J. 8. Brihmadesam B. C. Gray
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Calculations : Recursive calculations to estimate flaw growth.

Recursive Loop for Calculation of PWSCC Crack Growth Entergy Model

CGRgympi = [J< 0

ag ¢ ag

co ¢ <

NCBg ¢ Cyje

while j < Ij;,

Op ¢ ODRG13 if ¢j < ¢

ODRG23 if ¢p<cj<co+ IncStrs.avg

ODRG?,3 if ¢+ IncStrs.avg <cjScot 2'IncStrs.avg

0DRG43 if €o+2Incgyrs ayg < €j < Co + 3 InCgyg ayg

IN

ODRG53 if co+ 3'm°Strs.avg <cjScot 4'IncStrs.avg
ODRG63 if co+ “ncStrs.avg <cjSco+ 5'I"CStrs.avg
ODRG73 if co+ 5'In°Strs.avg <cj<co+ 6'In°Strs.avg
ODRGg3 if co+ 6'1"°Strs.avg <cj<co+ 7'In°Strs.avg
ODRG93 if co+ 7'I“°Strs.avg <cjscot 8'I"cStrs.avg
ODRG103 if co+ 8'IncStrs.avg <cjSco+ 9'1“CStrs.avg
ODRG; 1 if co+ 9'I“°Strs.avg <cj<co+ IO’I”CStrs.avg

ODRGy if cg+ 10-Incgy avg < €j < ¢p+ 1l-Incgyo avg
3 . .

ODRGq3 if co+ 11-Incgys avg < Cj < ¢p+ 12-Incgy ave
3 . .

Developed by: Verified by:
J. 8. Brihmadesam B. C. Gray
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ODRG143 if co+ 12'InCStrs.avg <cj<co+ 13'IncStrs.avg
ODRG153 if co+ 13'InCStrs.avg <cj<co+ ]4'In°Strs.avg
ODRG163 if co+ 14'I“°Strs.avg <¢jScot IS'InCStrs.avg
ODRG173 if co+ 15'In°Strs.avg <cj<cpt 16'In°Strs.avg
ODRG]83 if co+ IG'I“cStrs.avg <cj<co+ 17'I"°Strs.avg
ODRG193 if g+ 17'In°Strs.avg <cj<co+ 18'In°Strs.avg
ODRG203 otherwise

R ODRG14 if ¢j < ¢

ODRG24 if cp<cj<co+ IncStrs.avg

ODRG3 if co+ IncStrs.avg <cjs ¢ +2'In°Strs.avg

4

ODRG44 if co+2:InCgyrg ayg < j < Co+3-InCgyg ayo

ODRGj5 if co+ 3'In°Strs.avg <cjSco+ 4'I“cStrs.avg

4

ODRG64 if co+ 4'InCStrs.avg <cj<cot 5'I“CStrs.avg
ODRG74 if co+ 5'In°Strs.avg <cjsco+ 6'In°Strs.avg
ODRG84 if co+ 6'I“CStrs.avg <cj<co+ 7'In°Strs.avg
ODRG94 if cp+ 7'I"°Strs.avg <cj<cp+ 8'InCStrs.avg
ODRGIO4 if co+ 8'I“°Strs.avg <cj<cg +9'lncStrs.avg
ODRG; 1, if co+ 9'IncStrs.avg <cjscot IO'IHCStrs.avg
ODRG124 if co+ lO'I“CStrs.avg <cj<cpt ”'InCStrs.avg

ODRG 3 if cg+ 11-Incgyq avg < € < o+ 12-Incgys avg
4 . .

ODRG14 if Co+ ]2'IDCStrS avg < Cj <cpt+ 13-IncStrS avg
4 . .

ODRGqg5 if cg+ 13'I"CStrs.avg <cj<cot 14'1“cStrs.avg

Developed by: Verified by:
J. 8. Brihmadesam B C. Gray
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-

ODRG]64 if co+ 14'InCStrs.avg <cj<scpt 15'I"CStrs.avg
ODRGI74 if co+ ‘S'InCStrs.avg <cjsco+ 16'I“°Strs.avg
ODRG184 if co+ 16'IncStrs.avg <cjscpt 17'InCStrs.avg
ODRG194 if co+ 17'I“°Strs.avg <cj<cpt lS-IncStrS_avg
ODRG204 otherwise

ODRG15 if ¢j < ¢

ODRG25 if cg<cjsco+ IncStrs.avg

ODRG?’5 if co+ IncStrs.avg <cjScp+ Z'IHCStrs.avg
ODRG45 if co+ Z'IHCStrs.avg <¢cjscot 3'InCStrs.avg
ODRG55 if co+ 3'In°Strs.avg <cj<co+ 4'In°Strs.avg
ODRG65 if co+ 4'I"°Strs.avg <¢cjScot 5'I“CStrs.avg
ODRG75 if ¢+ S'I"CStrs.avg <cjSco+ 6'I"CStrs.avg
ODRG85 if co+ 6'InCStrs.avg <cj<cot 7'1nCStrs.avg
ODRG95 if co+ 7'InCStrs.avg <¢cj<co+ 8'I"°Strs.avg
ODRG105 if co+ 8'IncStrs.avg <cj<cot 9'IncStrs.avg
ODRG“5 if co+ 9'In°Strs.avg <¢cjSco+ lO'InCStrs.avg
ODRG125 if co+ IO'InCStrs.avg <cjsco+ ll'InCStrs.avg
ODRG135 if co+ “'InCStrs.avg <cj<co+ 12'In°Strs.avg
ODRGM{5 if co+ 12'1n°Strs.avg <cj<co+ 13'InCStrs.avg
ODRG155 if co+ 13""°Strs.avg <¢cjsc+ ‘4'I“°Strs.avg

ODRGg if cp+ 14-Incgy, avg < €j < ¢+ 15-InCgypg avg
5 . .

FalaSaWal L ad R § R - - e ¥

Engineering Report
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Verified by:
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UUKU175 IT Cg+ 15:1NCG4rs ayg < € < Co+ 16:INCg4rg oo
ODRGlg5 if co+ IG'InCStrs.avg <cj<co+ 17'InCStrs.avg
ODRGlgg if co+ 17'ln°Strs.avg <cj<co+ ]8'InCStrs.avg
ODR6205 otherwise

03¢ ODRG16 if ¢cj < ¢

ODRGZ6 if ¢p<cj< °0+I“cStrs.avg

ODRG36 if ¢co+ I"CStrs.avg <cj< e +2'IncStrs.avg
ODRGy if co+ Z'IHCStrs.avg <cj<cot 3'InCStrs.avg

6

ODRG56 if co+ 3'IncStrs.avg <cjScot 4'IncStrs.avg

ODRG66 if co+ 4'In°Strs.avg <cj<cot S'I“CStrs.avg
ODRG76 if ¢o+ 5'IncStrs.avg <cjSco+ 6'I“CStrs.avg
ODRG86 if ¢o+ 6'In°Strs.avg <cjsSco+ 7'I"°Strs.avg
ODRG96 if co+ 7'IncStrs.avg <cjSco+ 8'IncStrs.avg
ODRGIO6 if co+ S'I“CStrs.avg <cj<cop+ 9'I“°Strs.avg
ODRG; 1 if ¢+ 9'InCStrs.avg <cj<Sco+ IO'I“CStrs.avg
ODRG126 if co+ IO’InCStrs.avg <cj<co+ ”'I“CStrs.avg
ODRG136 if cg+ ll'ImStrs.avg <cj<cot 12'InCStrs.avg
ODRG146 if co+ 12'IncStrs.avg <cj<co+ 13'IncStrs.avg
ODR6156 if co+ 13'In°Strs.avg <cjSco+ 14'InCStrs.avg
ODRG166 if co+ ]4'IncStrs.avg <cjScot 15'In°Strs.avg

ODRG 7 if cp+ 15 Incgy avg < Ci < cg+ 16:Incgyg avg
p . .

ODRG18 if ¢co+ lﬁ'll’lCStrs avg < Cj <cp+ lTIncStrS avg
6 . .
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ODRG196 if ¢o+ 17'In°Strs.avg <cj<cpt ls'lncStrs.avg

ODRGZO6 otherwise

&0(— 00

&16—004'01‘

(025-a)) . Gz.(o.zs-aj\z . 03(0.25-aj\3
t ) t ) t )
(o.s-aj\_HS . o.s-aj\2+0 ' 053’
Lt ) AU ) U )
f0.75-aj\+o . 0.75-aj\2+0 ' 0.75-a;)’
¢ ) 200 ) Pl )

2 3
‘ Loa) 1.0-a) | _ 1.0-a) )
§4<—00+01( . }+02(_t )+o3 . )

az(— 0'0+(5]'

§3(—0'0+01'

Xp € 0.0

X1 025

Xy 05

X3¢ 0.75

Xq €& 10

X« stack(xo,xl ,x2,x3,x4)
ST« stack(€,&1,E7,E3,E4)

RG « regress(X,ST,3)
000 «— RG3 + PInt

0'10 — RG4
020(— RG5

G30¢ RGg

3
ARj ¢ —
€j

3
ATj¢ —=

Engineering Report
M-EP-2003-004-00

Verified by:
B. C. Gray



Entergy Operations Inc

Central Engineering Programs

Developed by:
J. S. Brihmadesam

Appendix D; Attachment 4
Page 22 of 31

L
Gay, < fau(Rp> AR}, AT))
.l
Galj «— faL(Rt,ARj,ATj)
G, ag; < fa f,0(Re> AR}, AT;)
G, ac, < fa fac(Rp- AR}, AT))
Gey, ¢ Tou(Re- AR, AT))
J
Gcl_e— foL(Ry> AR}, ATj)
G, cq; < Te foo(Rp> AR}, AT))

Gccj « fcc( Rt,ARj,ATj)

1.65
%)
Qj ¢ |1+ 1464 ‘ if ¢j 2 g
cj)

\1 .65

_1 .

1 + 1.464- otherwise
aj )

J

)

0.5
T-aj
K, «|— (oq0G,, +010°G, +06-0G,, +039'G
a. (Qj) (OO auy 10 alj 20 aq; 30" Mac

0.5
T-Cj
K, «|—2 -(0 -G.,, +610°Go; +0650G.y +0O -G)
; (Qj} 00 ey, 10 clj 20 cq; 30. cc;

Ky, < K, -1.09
J J
Ky_<— K -1.099
J J
Kozj « |90 if Kmj <90

K otherwise

o.
J

<
KYJ<— 90 if KY <90
KYj otherwise

1.16
Dai<—~ CO-(KOci - 9.0)
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DagJ «— DaJCtherlk if Ka‘_' < 80.0
4-107 IO'CFinhr'Cblk otherwise

D, « CO'(Ky. - 9.0) 116

J J

chj «— DCJCFlnherlk if KY_] < 80.0

4-10~ IO’CFinhr'Cblk otherwise

output(j, o) < J
output(j, 1) < aj
output(j 2) <= Cj—Cp
output(j 3) ¢ Dag.
J
output(j, 4) < ch_
J
output(j,s) < Ky,
J
output(j,e) < K.
J

NCB j
365-24

output(j, 7) <
output(j, g) ¢ Gauj
output(j o) ¢ Galj
output(;j, 10) < Gaqj
output(j 11) < Gacj
output(;j 12) < chj
output(j, 13) < Gclj
output(j, 14) < ch_

J
output(j, 15) ¢ Gccj

je g+

Engineering Report
M-EP-2003-004-00
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aj¢—aj1 + Uag._]
Cj& Cj—1 + ch'—l
aj¢ |t if aj =t
aj otherwise
NCBJ «— NCBj_l + Cblk
output
Developed by: Verified by:
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Recursive Loop for Industry Model
{R/t = 4.0 and a/c=0.33 The R/t lower Limit for Original Raju-Newman model and aspect ratio was fixed at 1:6})

CGRBam.Bam = [i< 0

ag ¢ ag

Co € €

NCBg ¢ Cyyc
while j < 1},
O ODRGl3
G ODRGI4
Oqp ¢ ODRGl5

(73 «— ODRGI6

&0(— 00

§1<—00+01-

(0.25-a)) +oy 0.25-a;)’ +oy 0.25-a;)>
t ) t ) t )

2 3

(O.S-aj\ N oz.(o.s-aj\ . 03-(0.5-aj\

—0on+0p| —= _
Er¢0p+0] =)

Lt ) t )
(0.75-a;) (0.75-aj\2 (0.75-aﬂ3
+0y| —= | +05
Ct ) AU ) )

1.0-3; ) 10-ai ) 1027
&4(-—00'*'01'( t'l)-*-()'z'( ] ( )

§3(—-00+(51'

—_— + G .
t ) 3t )
XO «— 0.0
Xq «— 0.25
X2 «— 0.5
X3 «— 0.75
X4 «— 1.0
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X« stack(xo,xl »X9,X3 ,X4)

ST « stack(§0,§1 ,&2,§3,§4)
RG « regress(X,ST,3)
oo < RG3

C10¢ RGy

070 RG;s

G3p¢ RGg

aj

ARj «— —
c:

)

aj
ATj “— —=
t

G,,. < fu(4,3,AT;))
J

G, « f,1 (4,3,ATj)
J

Gaqj «— faQ(4,.3,ATj)

Go & fac(4,.3,ATj)
j
aj)

1.65
Qj ¢ |1+ 1464 —= if ¢j 2 a;
cj)

o 1.65
1+ 1464 e otherwise
aj )

0.5
T-aj
Ka. € ( y '(GOO’Gau- + 0'lO'Galj + 020'Gaqj + c’30'Gac.)

i Q j j
Ko« K, -1.099

J J
Kg. ¢ [90 if Ky <90

J J

K. otherwise
J
1.16

D, « CO‘(Ka. - 9.0)

J ]
— 1 —~—— —~ PP
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Dagj «— Daj'(,‘l*‘inhr-cblk it Kaj < 80.0
410~ lO'CFinhr.Cblk otherwise
D., «D,, 3
cg; ag;

output(j, o) < J
output(j 1) ¢ aj
output(j, 2) <= ¢j —Cp
output(j 3) ¢ Dy,
(4,3 ag;
output(j, 4) ¢~ D¢g.
3.4 cg;
output(j sy ¢ K,
J
NCB;

output(; 7y ¢— ——=
PUN}, 7 < F65.24

output(j, g) < Gauj
output(j, g) ¢ Ga]j

output(j, 10) < Gaqj
output(j 11) < Gacj

jej+1
aj — aj_l + Dagj_1

Cj¢ Cj—1 + ch.

aj |t if aj 2t
aj otherwise

NCBJ &— NCBj_.l + Cblk

output

k:=o0.. Illm
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Flaw Growth in Depth Direction

o
=~

Flaw Growth -Depth- {inch}
o
N

% 1 2 3 4
Operating Time {years}
— Entergy-CEP Model
"""""" Conventional Model
Flaw Growth in Length Direction
T T T 7
2 3.6
T osp e -
£ ' '
—— ] |
£ ' ¢ !
T 06 1 4 v/
5 : £ 1
= ' !
< : |
= 04 P L
g P 1242
S IO i S
T 02 el : LT
e : E
o 1 [ | f
% 1 2 3 4
Operating Time {years}
— Entergy-CEP Model
- Conventional Model
Developed by:

J. S. Brihmadesam

Engineering Report
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The Current model, in the
time period of interest
provides a higher growth.

The flaw growth in the length direction for
the conventional model is controlled by
the flaw aspect ratio. Hence the
observed higher growth rate for the
conventional model doe not signify a truly
higher growth rate.

Verified by:
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Stress Intensity Factors

Stress Intensity Factor {ksi sqrt.inch}

| 1 ] ] ] | 1
0 0.5 1 1.5 2 2.5 3 3.5 4

Operating Time {years}
— Depth Point Entergy-CEP Model
R Surface Point Entergy-CEP model
— Conventional Model Depth Point

The SIF comparison shows that the current model has higher SIF for the period of interest (one
operating cycle). The conventional model SIF rises above the current model SIF for the depth point
(a-tip) but remains below that for the surface point (c-tip).
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Axum plot showing the ID and the OD stress distribution for the CEDM

—o—— |D' D istribution
60 O D Distribution /
Top ofBI Zone
40
»
8 20 -
7]
a
o
o
T
g -
Bottom of Weld
-20
-40 T T T T T T T
0.0 0.5 1.0 1S 2.0 2.5 3.0

Distance from Nozzle Bottom ({inches}

Axum plot showing the comparison for Crack growth between Conventional and Current Model

055 o Entergy Model
—— Industry Model

o o o
) © S
| | |

Crak Growth - Depth Direction {inch}

o
|

0.0 T T T T T
0 1 2 3 4
Operating Time {years}
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Axum plot showing the SIF comparison between the Conventional and Current Models

! — Current odel Enteg)
| —— Conventional Model (Industry) |
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