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Primary Water Stress Corrosion Crack Growth Analysis - OD SurfaceFlaw

Developed by Central Engineering Programs, Entergy Operations Inc
Developedby: J. S. Brihmadesam Verified by: B. C. 6ray

Refrences :
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

Arkansas Nuclear One Unit 2

Component : Reactor Vessel CEDM -"28" Degree Nozzle, Mid-Plane Azimuth,
1.5644" above Nozzle Bottom

Calculation Basis: MRP 75 th Percentile and Flaw Face Pressurized

Mean Radius -to- Thickness Ratio:- "R J/t" -- between 1.0 and 300.0

Note : Used the Metric form of the equation from EPRI MRP 55-Rev. 1. OD Surface Flaw
The correction is applied in the defermination of the crack extension to

obtain the value in inch/hr .

The first Required 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 efc.). This reference point is necessar 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 represnets the reference point elevation measured upward from the

nozzle end.

RefPoint = 1.544

To place the flaw with repsect to the reference point, the flaw tips and center can be located as follows:

1) The Upper "c- Hip" located at the reference point (Enter 1)
2) The Center of the flaw at the reference point (Enter 2)
3) The lower “c- 1ip" located at the reference point (Enter 3).

Val =2

Upper Limit to be selected for stress distribution (e.g. Weld bottom ). This is the elevation from Nozzle
Bottom. Enter this valve below

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

UL s o= 2.999
Strs.Dist nozzie bottom)

Verified by:

Developed by:
B. C. Gray

J. 8. Brihmadesam
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Input Data :-
L =032 Initial Flaw Length
ag = 0.661-0.12 Initial Flaw Depth
od := 4.05 Tube OD
id := 2.728 Tube ID
Plnt = 2235 Design Operating Pressure (internal)
Years ;= 4 Number of Operating Years
llim = 1500 lteration limit for Crack Growth loop
T := 604 Estimate of Operating Temperature

Qe = 2.67-107 2. 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

od id t )
RO = - Rid = > t:= RO— Rid Rm = Rid + 3 T'mopr = Years-365-24
Tim Iy R
. 5 . opr | 'lim L _ 'm
CFinhr =1417-10 Cblk = [— Pmtblk = —5— CO = ? Rt = 'T
lim
i ()
1.103-16~ 3 | T+45967 T 459.67
COl =€ ref* ) LN Temperature Correction for Coefficient Alpha
Co=Cq 75 th percentile MRP-55 Revision 1
Developed by: Veerified by:

J. 8. Brihmadesam B. C. Gray



Entergy Operations Inc
Central Engineering Programs

Stress Input Data

Engineering Report

Appendix "C"; Attachment 20
M-EP-2003-002-01

Page 30f 11

Input all available Nodal stress data in the table below. The column designations are as follows:
Column "0" = Axial distance from minumum 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 := _, o e —_— ,
0| 0 2.08 087 296 482 6.75
£ 0.81 0.09 237 427 6 -7.55
2 146 5.28 169 2079 249 347
I§ 198 16.88 1242 9.56 6.91 432
o 24 24.14 20.89 18.11 16.59 1451,
5 2.73 26.96 2267 2069 24.84 3352
fe 3 23.28 209 21.71 37.11 474
7 EXE 17.16 17.1 20.74 41.09 51.76
'8 3.23 172 14.42 21.34 4354 53.69
3 3.34 6 1111 2091 43.83 54.15
fio 3.46 144 8.09 20.38 43.02 57.02
H 357 217 5.89 19.93 42.41 56.41
}12 369 472 486 19.99 40.42 58.85
13 38 492 488 20.34 38.45 57.62

AXLen := AllData(O)

ID )y := AllData’” 0D, = AllData"™
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Developed by: Verified by:
J. 8. Bnihmadesam B. C. Gray
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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 2079 —0875 -296 —482 —6.75)
0.811 0091 —237 —4.267 —6.004 —7.552
146 5283 1686 —0.786 —249 —3.469
1.98 16.881 12419 9564 6907 4319
2397 24.144 20894 18.115 1659 14.513
2731 26962 22672 20.686 24.842 33.523
Data := | 2999 23279 20902 21.706 37.111 47.395
3.113 17.161 17.101 20.743 41.091 51.762
3228 11.722 14.424 2134 43543 53.688
3343 6.004 11.108 20912 43.833 54.154
3457 1439 8085 2038 43.021 57.025
3.572 —2.175 5.891 19.929 42405 56.415
\3.687 —4.725 43858 19.994 40425 5885 )

Axl = Data®  MD:=Dats®  ID:= Data" TQ:= Data® QT :=Dats®  OD := Data®

Rip = regress(Axl, ID, 3) RQT = regress(Axl1,QT, 3)
Rop = regress(Axl,0D,3)

Rpp = regress(Axl,MD, 3) RTQ := regress(Axl, TQ, 3)

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

RefPoint +¢p otherwise

UL cp — Urs
Strs.Dist — ~Tip
Urip = FLcntr t €0 Incgtrs aveg = n

Devefoped by: Verified by:
J. S. Brihmadesam B. C. Gray
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a

No User Input is required beyond this Point

{5} Sat Aug 09 10:21:18 AM 2003

Developed by: Verified by:
J. 8. Brihmadesam B. C. Gray
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PmpLength = 1.295
Flaw Growth in Depth Direction
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Developed by: Verified by:
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Stress Intensity Factors

! I I | |

| | ] | 1

035 1 ) 2 2.5
Operating Time {years}

— Depth Point Entergy-CEP Model

= 80
5)
=
e
g 60
7
=5
= 40 [~
S
Q
<
&
2 20—
‘n
=
o
= 0
72}
w
O
=
»nn 720
0
Developed by:

J. S. Brihmadesam

Surface Point Entergy-CEP model

Engineering Report
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Influence Coefficients - Flaw
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Developed by: Verified by:
J. S. Brihmadesam B. C. Gray
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CGRsambi(k , 8) = CGRsambi(k ’ 6) = CGRS&mbi(k ’ 5) =
0.827 -0.017 0.133
0.827 -0.017 0.133
0.827 -0.017 0.133
0.827 -0.017 0.133
0.827 -0.017 0.133
0.827 -0.017 0.133
0.827 -0.017 0.133
0.827 -0.017 0.133
0.827 -0.017 0.133
0.827 -0.017 0.133
0.827 -0.017 0.133
0.827 -0.017 0.133
0.827 -0.017 0.133
0.827 -0.017 0.133
0.827 -0.017 0.133
0.827 -0.017 0.133
Developed by: Verified by

J. 8. Brihmadesam B. C. Gray
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Developed by: Verified by:
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Stress Corrosion Crack Growth Analysis Throughwall flaw

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

Note : Only for use when R, ;,;,/7is between 2.0 and 5.0 (Thickwall Cylinder)

Refrences :
1) ASME PVP paper PVP-350, Page 143; 1997 {Fracture Mechanics Model}
2) Crack Growth of Alloy 600 Base Metal in PWR Environments; EPRI MRP Report MRP 55 Rev. 1, 2002

Arkansas Nuclear One Unit 2

Component : Reactor Vessel CEDM -"28"Degree Nozzle, Mid-Plane Azimuth,
1.544 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.
The correction is applied in the determination of the crack extension to Th l_'ough Wa"
obtain the value in inch/hr . Axial Flaw

The first Input is to Jocate the Reference Line (eg. top of the Blind Zone). The throughwall 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:= 1544 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 := 2-999 Upper axial Extent for Stress Distribution to be used in the analysis (Axial distance
above nozzle bottom)

Developed by: Verified by:
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Input Data :-

L:= 025 Initial Flaw Length TW axial (Based on 10 Ksi average stress)

od := 4.05 Tube OD

id:= 2.728 Tube ID

Pppt == 2.235 Design Operating Pressure (internal)

Years = 4 Number of Operating Years

Kim = 1500 Iteration limit for Crack Growth loop

T:= 604 Estimate of Operating Temperature

v = 0.307 Poissons ratio @ 600 F

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

Qg = 31.0 Thermal activation Energy for Crack Growth {MRP)

Tref := 617 Reference Temperature for normalizing Data deg. F

od
Ro= >
Timgp;
Chpik =
Liim

- Qg 1 1 \
Co= e 1.10310_3 T+459.67 Trerl'459.67}

Prtpjk =

Qo Timgp, := Years-365-24
id t 5
Ris= = t:=Ry—Rj Rm:=Ri+ > CFinhr:= 1.417-10
Zim A
50 T2

Developed by:

Verified by:
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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:
Cloumn "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)

Datapy) := S

0 1 2 3 5.
0 0 2.08 0.87 -2.96 4.82 6.75
1) 0.81 0.09 2.37 427 r -7.55
2] 1.46 5.28 1.69 0.79 249 -3.47
3 1.98 16.88 12.42 9.56 6.91 432
4 24 24.14 20.89 18.11 16.59 14.51
5 273 26.96 2267 20.69 24.84 33.52
B! 3 23.28 20.9 21.71 37.11 474
7 3.11 17.16 171 20.74 41.09 51.76
8 3.23 11.72 14.42 21.34 4354 53.69
9 3.34 6 1.1 20.91 4383 54.15
10} 3.46 1.44 8.09 20.38 43.02 57.02
11 357 2.7 5.89 19.93 42.41 56.41

AllAx] = Datag (% AIID = Datasy " AIOD := Data Y

Developed by:

Verified by:
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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 fto the right of the Mathcad Equals sign below
{paste symbol).

(0 2079 -0875 296 —482 —6.75)
0.811 0.091 -237 —4.267 —6.004 -7.552
146 5283 1.686 -0.786 -2.49 -3.469
198 16.881 12419 9564 6907 4319
2397 24.144 20.894 18.115 16.59 14.513
Data:= | 2.731 26.962 22.672 20.686 24.8342 33.523
2.999 23.279 20.902 21.706 37.111 47.395
3.113 17.161 17.101 20.743 41.091 51.762
3228 11.722 14.424 2134 43.543 53.688
3343 6.004 11.108 20912 43.833 54.154
\3.457 1439 8.085 2038 43.021 57.025)

Axl:= Data® ID := Data? OD := Data®
Rip := regress(Axl, 1D, 3) Rop := regress(Axl, 0D, 3)

Developed by: Verified by:
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FLCper:=BZ -1 Flaw Center above Nozzle Bottom
ULStrs.Dist — BZ
Incsirs avg = 2

No User Input required beyond this Point

Sat Aug 09 11:44:49 AM 2003

Developed by:

Verified by:
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Proppength = 1.455
Flaw Length vs. Time
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Developed by: Verified by:
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Developed by:

Verified by:
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TWCpwsec; ) = TWCpwsec; 4 = TWCpwsec,; g =
-1.027 5.625 2.389
-1.027 5.625 2.389
-1.027 5.625 2.389
-1.027 5.625 2.389
-1.027 5.625 2389
-1.027 5.625 2.389
-1.027 5.625 2.389
-1.027 5.625 2.389
-1.027 5.625 2.389
-1.027 5.625 2.389
-1.027 5.625 2.389
-1.027 5.625 2.389
-1.027 5.625 2.389
-1.027 5.625 2.389
-1.027 5.625 2.389
-1.027 5625 2.389

Developed by: Verified by:
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Growth In Length {inch}

0 1 2 3 4
: Operating Time ({years}

Developed by: Verified by:
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Central Engineering Programs

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

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

Refrences :
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

Arkansas Nuclear One Unit 2

Component : Reactor Vessel CEDM -"49" Degree Nozzle, Downhill 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 .

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 necessar 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 represnets the reference point elevation measured upward from the

nozzle end.

RefPoint = 1.544

To place the flaw with repsect 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 " located at the reference point (Enter 3).

Val :=2

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.

ULStrs Dist = 1889 Upper axial Extent for Stress Distribution to be used in the Analysis (Axial distance above
) nozzle bottom).

Verified by:

Developed by:
B C. Gray

J. 8. Brihmadesam
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Input Data :-
L :=032

ag = 0.661-0.07

od = 4.05

id := 2.728

Years := 4

I]lm = 1500

T := 604

— 10— 12
0ge = 2.67-10

Qg =310

Tref = 617

Timopr

ljim

CFpy = 1417 10° Cpik =

Appendix "C"; Attachment 22

CO] =

Co = Coy

Developed by:
J. 8. Brihmadesam

]

~% ( 1 1
1.103-10~ 3 | T+459.67 T, ..+459.67
ref” / “0l, Temperature Comection for Coefficient Alpha

Engineering Report

Page 2 of 11 M-EP-2003-002-01

Initial Flaw Length (Twice detectable length)

Initial Flaw Depth (Minimum Detecteble Depth was 5% TW)
Tube OD
Tube ID
Design Operating Pressure (intemal)
Number of Operating Years
lteration limit for Crack Growth loop
Estimate of Operating Temperature
Constant in MRP PWSCC Model for I-600 Wrought @ 617 deg. F
Thermal activation Energy for Crack Growth {MRP)
Reference Temperature for normalizing Data deg. F
t .
t:=R,-Ryy Ry =Rjg+ 3 Tim, := Years-365-24

m op

Iiim

50

Pmtblk =

75 t percentile MRP-55 Revision 1

Verified by:
B. C. Gray
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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)
Cloumn "2" = Quarter Thickness Stress data at each Elevation (ksi)

100
:_@ 50
2
g
» 0
=50
Developed by:

Cloumn "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 1 2 3 o Kk
0 ) 28.32 183 -12.16 6.2 0.02
1 0.35 -18.79 -12.49 661 137 3.65
2 0.63 -17.84 -10.52 441 0.48 2.08
31 0.85 -20.52 -12.97 59 -0.87 -1.54
4 1.03 -19.66 -11.83 -5.29 0.23 1.46
5 1.18 172 -10.59 -0.52 16.33 21.02
6 1.29 -8.02 22 10.46 32.66 37.29
7 1.44 478 9.56 249 38.18 54.09
8 1.59 1325 1857 35.28 52.81 66.52
9 1.74 16 2202 39.19 62.95 75
10] 1.89 15.86 23.14 4023 64.33 74.87

AXLen := AllDatal®

Stress Distribution

ID ) := AllData’”

OD All = AllData<5)

1

- -~

~.,
~
-,

-,

0.5

— ID Distribution

J. 8. Brihmadesam

OD Distribution

2

Axial Elevation above Bottom [inch]

35

M-EP-2003-002-01

Verified by:
B. C. Gray
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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. Higlight the region in the
above table representing the region to be selected (click on the first cell for selection and drag the
mouse whilst holding the left mosue button down. Once this is done click the right mouse button and
select "Copy Selection"”; this will copy the selected area on to the clipboard. Then click on the "Matrix"
below (to the right of the dtat statement) to highlight the entire matrix and delete it from the edit menu.
When the Mathcad input symbol appears, use the paste function in the tool bar to paste the selection.

(0
0.35
0.63

0.854
1.034

Data :=| 1.178

1.293

1.442

1.591
1.74

\ 1.889

—28.324
—18.794
—17.838
—20.517
—19.663
-17.203
—8.023
4.778
13.252
16.001
15.857

—18.299
—12.495
—10.518
—12.968
—11.831
—10.587
—2.205
9.557
18.569
22.017
23.14

Axl = Datd®  MD := Date®  ID := Data"

Ryp := regress(Axl,ID, 3)

RMD := regress(Axl,MD, 3)

Developed by:
J. 8. Brihmadesam

—12.16
—6.607
—4.407
—5.902
—5.288
-0.515
10.461

24.903

35.278
39.194
40.235

—6.201
—1.366
—0.477
—0.8374
0.227
16.326
32.658
38.177
52.808
62.945
64.335

-0.021 \
3.655
2.08
~1.536
1.46
21.019
37.289
54.089
66.517
75.001
74.874 )

TQ = Data(4> QT = Data<2) oD = Data(5>

RQT := regress(Axl1,QT,3)

RTO := regress(Axl1, TQ,3)

Rgp := regress(Axl,0D,3)

Verified by:
B. C. Gray
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~

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

RefPoint +¢p otherwise

ULgyrs Dist ~ UTi
- - : P
Utip = FLcnir + <0 Incgyrs.avg = 20

No User Input is required beyond this Point

Sat Aug 08 10:59:39 AM 2003

Developed by: Verified by:
J. 8. Brihmadesam 8. C. Gray
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PmpLength = 0.185

Flaw Growth in Depth Direction

T | T 1 T T T
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z
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0 1 ! 1 ] ] | !
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=
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£
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=
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i1
Q
=
=
z
G 0
3
=
=
-1 | | ! | 1 I 1
0 0.5 1 1.5 2 25 3 35 4
Operating Time {years}
Developed by: Verified by:

J. 8. Brihmadesam B. C. Gray
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Stress Intensity Factors
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Developed by: Verified by:
J. 8. Bnihmadesam B. C. Gray
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Influence Coefficients - Flaw

1.1
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Developed by: Verified by:
J. S. Brihmadesam B. C. Gray
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CGRsambi(k’ 8) = CGRsambi(k, 6 = CGRsambi( k.s) =
1.103 2778 2.34
1.103 2,778 2.34
1.103 2778 2.34
1.103 2778 234
1.103 2.778 234
1.103 2.778 2.34
1.103 2778 234
1.103 2.778 234
1.103 2.778 234
1.103 2.778 234
1.103 2778 234
1.103 2.778 234
1.103 2.778 234
1.103 2.778 2.34
1.103 2.778 2.34
1.103 2778 234
Developed by: Verified by:

J. 8. Brihmadesam 8 C. Gray
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80

e

ID Hoop Stress
—o—— OD Hoop Stress

60 —

4 0

2:0:-531

Hoop Stress {ksi}

/——o\é__;.//{
W eld Bottom

/

\ Top of Blind Zone

-40

0

T

5

T T

4520 1.5

2.0 2.5 3.0
Axial Distance From Nozzle Bottom {inch}

Crack Depth {inch}

Developed by:
J. S. Brihmadesam

T
2
Operating Time

{years}

Engineering Report
M-EP-2003-002-01

Verified by:
B. C. Gray
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Crack Growth in Length Direction {inch}

0 1 2 3 4
Operating Time ({years}

i — SIF Depth Point
i SIF Surface Point

Developed by: Verified by:
J. S. Brihmadesam B. C. Gray
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Central Engineering Programs

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

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

Refrences :
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

Arkansas Nuclear One Unit 2

Component : Reactor Vessel CEDM -"49" Degree Nozzle, Uphill 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 fo ID Surface Flaw
obtain the value in inch/hr .

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 necessar 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 represnets the reference point elevation measured upward from the

nozzle end.

RefPoint = 1.544

To place the flaw with repsect 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 " located at the reference point (Enter 3).

Val =2

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

ULstrs.Dist = 6628 nozzle bottom)

Verified by:

Developed by:
B. C. Gray

J. 8. Brihmadesam
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Input Data :-

L =032 Initial Flaw Length (Twice detectable length)

aq = 0.661-0.07 Initial Flaw Depth (Minimum Detecteble Depth was 5% TW)
od = 4.05 Tube OD

id ;= 2.728 Tube ID

le = 2235 Design Operating Pressure (internal)

Years := 4 Number of Operating Years

llim = 1500 Iteration limit for Crack Growth loop

T := 604 Estimate of Operating Temperature

Qg = 2.67-10” 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

od id t )
RO = T Rld = 7 t:= RO - Rld Rm = Rld + E Tlmopr := Years-365-24

Tim Iy: R
. 5 . opr lim _ L _'m
Cthr = 1.417-10 Cblk = —— Pmtblk = —50— CO = ; Rt = ——

llim t

10”3 | T+45967 T 459.67
COl = 1.103-10 ref* ) 0o Temperature Correction for Coefficient Alpha
Cop = Cp 75 t percentile MRP-55 Revision 1
Developed by: Verified by:

J. 8. Brihmadesam B. C. Gray
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Stress Input Data

Input all available Nodal stress data in the table below. The column designations are as follows:

100

Stress [ksi]

Developed by:

J. S. Brihmadesam

W
(=}

Column "0" = Axial distance from minimum to maximum recorded on data sheet (inches)
Column "1" = ID Stress data at each Elevation (ksi)

Cloumn "2" = Quarter Thickness Stress data at each Elevation (ksi)

Cloumn "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)

1.544

AllData := __ A ——— ‘
5 12 = 4 ) B
0 0 -20.18 1145 -5.94 -1.16 37
1 1.79 -3.02 -4.38 5.44 -5.51 -5.34
2 3.23 9.4 12.13 -0.26 -12.62 -20.23
3| 4.38 25.65 247 14.58 -153 -25.69
4 ] 5.3 36.18 33.79 26.29 -5.92 -24.31
.5 6.04 38.11 35.03 31.43 21.21 8.83
6 6.63 42.19 38.1 36.25 40.68 36.41
I7 6.76 45.07 4222 42.74 47.55 44.23
8 6.9 44.97 4361 46.01 49.99 48.8
9 7.03 447 44.12 47.02 51.04 54.11
AXLen := AllData"” ID 5y = AllData” 0D, := AllData"™
Stress Distribution
1 1 | I I : | 1
6.628

1 2 3 5 6 7 8
Axial Elevation above Bottom [inch]
— ID Distribution
=== OD Distribution

Engineering Report
M-EP-2003-002-01

Verified by:
B. C. Gray
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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. Higlight the region in the
above table representing the region to be selected (click on the first cell for selection and drag the
mouse whilst holding the left mosue button down. Once this is done click the right mouse button and
select "Copy Selection”; this will copy the selected area on to the clipboard. Then click on the "Matrix"
below (to the right of the dtat statement) to highlight the entire matrix and delete it from the edit menu.
When the Mathcad input symbol appears, use the paste function in the tool bar to paste the selection.

(0

1.792
3.228
4.378
Data := | 5.299
6.037
6.628
6.764
\ 6.899

—20.175 —11.45

-3.024
9.398
25.65

36.179

38.106

42.186

45.067

44.968

—4.378
12.134
2471
33.787
35.028
38.102
42.217

43.606

Axl = Data(o) MD = Data<3> ID = Data(l>

RlD := regress(Axl, ID, 3)

RMD = regress(Ax1,MD, 3)

Developed by:
J. 8. Brihmadesam

—=5.94
—5.443
—0.258

14.577
26.287

31.43
36.248
42.736
46.007

TQ:

~1.163 3704 )
—5511 —5341
—12.622 —20232
—15299 —25.689
—5.925 —24.306
21215 8834
40.684  36.405
47553 44.235
49995 48.803 )

= Datd® QT :=Dats®  OD := Data”

RQT := regress(Ax1,QT,3)

ROD = regress(Axl, 0D, 3)

RTO := regress(Ax1,TQ,3)

Veerified by:
B C. Gray



Entergy Operations Inc. Appendix "C"; Attachment 23 Engineering Report
Central Engineering Programs Page 5 of 11 M-EP-2003-002-01

-~

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

RefPoint +¢g otherwise

ULStrs.Dist ~ UTip
20

Urip = FLCntr + €0 Incgyrs avg =

No User Input is required beyond this Point

{5) sat Aug 09 10:59:39 AM 2003

Developed by: Verified by:
J. 8. Brihmadesam B. C. Gray
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Flaw Growth in Depth Direction

Engineering Report
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Developed by:

J. S. Bnhmadesam

1.5 2 25 3 35
Operating Time {years}

M-EP-2003-002-01
4
4
Verified by:

B.C. Gray
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Stress Intensity Factors
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Developed by: Venified by:
J. 8. Brihmadesam B. C. Gray
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Influence Coefficients - Flaw
1.1
1
0.9
73
[72]
L 08
o=t
.2
wn
5
g 07
-
& 06
<
&: o 1 e e o ]
g
o 05
Q
Q
=
2
= 04
=
0.3
0.2
0.1
0
0 0.5 1 1.5 2 25 3 3.5
Operating time {years}
— "a" - Tip -- Uniform
"a" - Tip -- Linear
"""" "a" - Tip -- Quadratic
N — l'a" = Tip i Cubic
— "¢" - Tip -- Uniform
"""""""" "c'- Tip -- Linear
"""" "¢" - Tip -- Quadratic
.......... "C” - Tip e Cubic

Developed by:

J. S. Brihmadesam

Engineering Report
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Verified by:
B. C. Gray
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CGRsambi(k’ 8) = CGRsambi(k’ 6 = CGRsambi(k, 5) =
1.103 -1.99 -1.612
1.103 -1.99 -1.612
1.103 -1.99 -1.612
1.103 -1.99 -1.612
1.103 -1.99 -1.612
1.103 -1.99 -1.612
1.103 -1.99 -1.612
1.103 -199 -1.612
1.103 -1.99 -1.612
1.103 -1.99 -1.612
1.103 -1.99 -1.612
1.103 -1.99 -1.612
1.103 -1.99 -1.612
1.103 -1.99 -1.612
1.103 -1.99 -1612
1.103 -1.99 -1.612
Developed by: Verified by:

J. 8. Brihmadesam B. C. Gray
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Hoop Stress {ksi}
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OD Hoo

h ID Hoop|Stress

Stress

Top of Blind Zong

\

/

Weld Bottom

T

3

Axial Distance From Nozzle Bottom

5

{inch}

Crack Depth {inch}

Developed by:
J. S. Brihmadesam

T T
1 2
Operating Time

{years}

Engineering Report
M-EP-2003-002-01

Verified by:
B. C. Gray
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Crack Growth in Length Direction {inch}

Operating Time {years}

Point
SIF Surface Point

Developed by: Verified by:
J. S. Brihmadesam B. C. Gray
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Entergy Operations Inc
Central Engineering Programs Page 10of 11

Primary Water Stress Corrosion Crack Growth Analysis - OD SurfaceFlaw

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

Refrences :
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

Arkansas Nuclear One Unit 2

Component : Reactor Vessel CEDM -"49" Degree Nozzle, Uphill Azimuth,
1.544" above Nozzle Bottom

Calculation Basis: MRP 75 th Percentile and Flaw Face Pressurized

Mean Radius -to- Thickness Ratio:- "R_/t" -- between 1.0 and 300.0

OD Surface Flaw

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

oblain the value in inch/hr .
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 necessar 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 represnets the reference point elevation measured upward from the
nozzle end.
Refpyint == 1.544

To place the flaw with repsect to the reference point, the flaw tips and center can be located as follows:

1) The Upper "c- 1{p" located at the reference point (Enter 1)
2) The Center of the flaw at the reference point (Enter 2)
3) The lower "c- 1(p" located at the reference point (Enter 3).

Val :=2

Upper Limit to be selected for stress distribution (e.g. Weld bottom ). This is the elevation from Nozzle
Bottom. Enter this value below
ULStrs Dist = 6-628 Upper Axial Extent for Stress Distribution to be used in the Analysis (Axial distance above
) nozzle bottom)
Verified by:

8.C. Gray

Developed by:
J. S. Britimadesam
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Input Data :-

Appendix "C"; Attachment 24 Engineering Report

Page 2 of 11 M-EP-2003-002-01
L:=032 Initial Flaw Length
ag = 0.661-0.12 Initial Flaw Depth
od := 4.05 Tube OD
id ;= 2.728 Tube ID
Pyt = 2.235 Design Operating Pressure (internal)
Years := 4 Number of Operating Years
Ljjm = 1500 lteration limit for Crack Growth loop
T := 604 Estimate of Operating Temperature

0g = 26710712 Constantin MRP PWSCC Model for 1600 Wrought @ 617 deg. F

Qg = 31.0 Thermal activation Energy for Crack Growth {MRP)

Tref = 617 Reference Temperature for normalizing Data deg. F

od t .
RO = Y Rid =— t:= RO - Rid Rm = Rid + 3 Tlnlopr := Years-365-24
Tim Iy; R
. 5 . opr lim _ L _ m
Cthr = 1.417-10 Cblk = . Pmtblk = -—50— €y = ? Rt = —t—
m
- Qg ' 1 1 \jl
10310~ 3 | T+459.67 T, (+459.67
COI = 1.103-10 ref* } 0o Temperature Correction for Coefficient Alpha
Co = Cpy 75 th percentile MRP-55 Revision 1
Developed by: Verified by:
J. 8. Brihmadesam B. C. Gray
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Stress Input Data

Appendix “C"; Attachment 24

Page 3 of 1

1

Engineering Report
M-EP-2003-002-01

Input all available Nodal stress data in the table below. The column designations are as follows:
Column "0 = Axial distance from minumum 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)

Developed by:

AllData =

0 1 2 3 4. 5
0 0 -20.18 -11.45 -5.94 -1.16 37
1 1.79 -3.02 4.38 -5.44 -5.51 -5.34
2 323 9.4 1213 -0.26 -12.62 -20.23
3] 438 25.65 24.71 14.58 -15.3 -25.69
4! 53 36.18 33.79 26.29 -5.92 -24.31
5) 6.04 38.11 35.03 31.43 21.21 8.83
8 6.63 42.19 38.1 38.25 4068 36.41
7! 6.76 45.07 4222 4274 47.55 4423
8! 6.9 44.97 43.61 46.01 49.99 48.8
9 7.03 44.7 44.12 47.02 51.04 54.11
10] 717 43.72 43.97 4764 50.17 54.17

AXLen := AliData®

Stress [ksi]

J. S. Brihmadesam

100

D 5 = AllData'”

Stress Distribution

0D, = AllData’”

it ST SN

—
-

&~
~

L I

AXLen

Axial Elevation above Bottom [inch]

Verified by:
B. C. Gray
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Engineering Report
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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).

Data :=

Axl = Data<0> MD = Data(3)
Rjp = regress(Axl, D, 3)

Rpmp = regress(Axl,MD,3)

FLCntr = RefPoint_ o if Val=

RefPoint if Val= 2

[ 0

1.792
3.228
4378
5.299
6.037
6.628
6.764
6.899
7.035

\ 7.17

ID =

—20.175 —-1145 -594 -1.163 3.704 \
—3.024 —4378 —5.443 5511 -5.341
9.398 12.134 —0.258 -—12.622 —20.232
25.65 2471 14.577 —15299 —25.689
36.179 33.787 26.287 -—5.925 —24.306
38.106 35028 3143 21215  8.834
42.186 38.102 36.248 40.684  36.405
45.067 42217 42.736 47553 44235
44968 43.606 46.007 49.995 43.803
44695 44.12 47.021 51.043 54.113
43.723 43973 47.639 50.172 54.17 )

Data” TQ = Data® QT :=Data®  OD := Data”

RQT := regress(Ax1,QT,3)

Rop = regress(Axl, 0D, 3)

RTQ := regress(Axi, TQ, 3)

1

RefPoint +¢p otherwise

Utip = FLCpe + €

Developed by:
J. S. Brihmadesam

Flaw center Location Location above Nozzle Bottom

__ ULsus.pist ~ Yip
IncStl‘S.::lVE = 20

Verified by:
B. C. Gray
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a -~ PRy

No User Input is required beyond this Point

&} Sat Aug 09 10:21:18 AM 2003

Developed by: Verified by:
J. S. Brihmadesam 8. C. Gray
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PmpLength = 4.924
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Flaw Growth in Depth Direction

Engineering Report
M-EP-2003-002-01
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Developed by:
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Stress Intensity Factors
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Developed by:

J. S. Brihmadesam

Engineering Report
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Veerified by:
B. C. Gray
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Influence Coefficients - Flaw
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= 03
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0
0 0.5 1 1.5 2 2.5 3 35 4
Operating time {years}
— "a" - Tip -- Uniform
............... "aH - Tip s Linear
"""" "a" - Tip -- Quadratic
.......... Ha" = Tip e Cubic
— "¢" - Tip -- Uniform
............... HCI s Tip - Linear
"""" "¢" - Tip -- Quadratic
""""" "¢" - Tip -- Cubic
Developed by: Verified by:
J. 8. Brihmadesam B. C. Gray

cC\JU U

&



Entergy Operations Inc Appendix "C"; Attachment 24 Engineering Report

Central Engineering Programs Page 9 of 11 M-EP-2003-002-01
CC'Rsambi(k’ 8) = CGRsambi(k, 6 = CGRsambi(k, 5) =
0.827 -0.776 -1.013
0.827 -0.776 -1.013
0.827 -0.776 -1.013
0.827 0.776 -1.013
0.827 -0.776 -1.013
0.827 0.776 -1.013
0.827 0.776 -1.013
0.827 -0.776 -1.013
0.827 -0.776 -1.013
0.827 -0.776 -1.013
0.827 -0.776 -1.013
0.827 -0.776 -1.013
0.827 -0.776 -1.013
0.827 -0.776 -1.013
0.827 -0.776 -1.013
0.827 -0.776 -1.013
Developed by: Verified by:

J. 8. Brihmadesam B. C. Gray
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6.0 =

—o—— ID Distribution

O D Distr
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Hoop Stress {ksi}
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Top of Blind Zone

\Bonom S cinald
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5

Distance from Nozzle Bottom {inches}

Crack Growth - Depth Direction {inch}

Developed by:
J. S. Brihmadesam

T T
1 2
O perating Time

{years}

Engineering Report
M-EP-2003-002-01

Verified by:
B. C. Gray
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Crack growth length Direction {inch}

.

=)

w
1

=055 T T T T T
0 1 2 3 4
Operating Time ({years}

Surface Point {"c"-tip}
Depth Point {"a"- tip}

Developed by: Verified by:
J. S. Brihmadesam B. C. Gray
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Stress Corrosion Crack 6rowth Analysis Throughwall flaw

Developed by Central Engineering Programs, Entergy Operations Inc
Developedby: J. S. Brihmadesam Verified by: B. C. 6ray

Note : Only for use when R, ;,.../? is between 2.0 and 5.0 (Thickwall Cylinder)

Refrences :
1) ASME PVP paper PVP-350, Page 143; 1997 {Fracture Mechanics Model}
2) Crack Growth of Alloy 600 Base Metal in PWR Environments; EPRI MRP Report MRP 55 Rev. 1, 2002

Arkansas Nuclear One Unit 2

Component : Reactor Vessel CEDM -"49"Degree Nozzle, Uphill Azimuth,
1.544 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.
The correction is applied in the determination of the crack extension to Th !'O u g h Wa “
obtain the value in inch/hr . Axial Flaw

The first Input is to locate the Reference Line (eg. top of the Blind Zone). The throughwall flaw “Upper Tip”
is lecated 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.

ULgrs.Dist := 6.628 Upper axial Extent for Stress Distribution to be used in the analysis (Axial distance
above nozzle bottom)

Developed by: Verified by:
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Input Data :-
L:=0.25 Initial Flaw Length TW axial (Based on 10 Ksi average stress)
od := 4.05 Tube OD
id:=2.728 Tube ID
Ppnt == 2.235 Design Operating Pressure (internal)
Years := 4 Number of Operating Years
Ifim == 1500 Iteration limit for Crack Growth loop
T:= 604 Estimate of Operating Temperature
v = 0.307 Poissons ratio @ 600 F
age = 267107 12 Constant in MRP PWSCC Model for I-600 Wrought @ 617 deg. F
Qg:=31.0 Thermal activation Energy for Crack Growth {MRP)
Tref := 617 Reference Temperature for normalizing Data deg. F
[ - Qg ( 1 1 \]
10”3 \ T+459.67 T +459.67 .
Co:= e 10310 i J g Timopr = Years:365-24
Ro = O_d Rj:= E t:= - Rj Rmn=Rj+ ! CFinhr = 1.4]7-]05
2 2 2
Timgpe lim L
Cplk = Pty == |— l:=—
liim 50 2

Developed by:

Verified by:
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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:
Cloumn "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)

Datapy; := - e .
o0 )1 2 s ) 3 4. 5 -
0 -20.18 -11.45 -5.94 116 3.7
179 3.02 438 5.44 551 534
323 9.4 12.13 0.26 1262 2023
4.38 2565 24.71 14.56 153 -25.69
53 36.18 33.79 26.29 5.92 24.31
6.04 38.11 35.03 3143 21.21 8.83
6.63 4219 38.1 36.25 40.68 36.41
6.76 4507 4222 42.74 47.55 4423
6.9 4497 4361 46.01 49.99 488
7.03 447 4412 47.02 51.04 54.11
10 747 4372 4397 4764 50.17 54.17
11 731 4293 4382 47.52 52.33 56.55
AllAX! := Datag 0 AlID := Dataa\” AlIOD := Datag >

Developed by: Verified by:
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100 ‘ T
1201544 |
/5 s B *)ﬂ I L"” T T
g
g 10
&
| | ‘ i
50 | |
0 1 2 3 4 5 6 7 8 9

Axial Distance above Bottom [inch]
— ID Distribution
""""""" OD distribution

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 -20.175 -11.45 -594 -1.163 3.704 \
1.792 -3.024 4378 5443 5511 -5341
3.228 9398 12.134 -0.258 -12.622 -20.232
4378 25.65 2471 14577 -15.299 -25.689
5.299 36.179 33.787 26.287 -5.925 -24.306
6.037 38.106 35.028 31.43 21.215 8.834
6.628 42.186 38.102 36.248 40.684 36.405
6.764 45067 42217 42736 47.553 44.235
6.899 44968 43.606 46.007 49.995 48.803
7.035 44.695 44.12 47.021 51.043 54.113
717 43.723 43973 47.639 50.172 54.17
7.305 42926 43.816 47.515 52325 56.546}

Axl:= Data<0> ID := Data<l> OD := Data<5>

Data =

R|p := regress(Axl, 1D, 3) Rop = regress(Axl, 0D, 3)

Developed by: Verified by:
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FLeopg == BZ -1 Flaw Center above Nozzle Bottom
ULstrs.Dist — BZ
Incgirs.avg = 20

No User Input required beyond this Point

Sat Aug 09 11:44:49 AM 2003

Developed by: Verified by:
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Flaw Length vs. Time
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— _ |
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Developed by: Verified by:
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300
=
2
5 200
g
2
z 100
5
g
& 0
0 0.5 1 IS 2 2.5 3:5
Operating Time {Years}
S OD SIF - Entergy Model
""""""" ID SIF - Entergy Model
— SIF Average
Developed by: Verified by:
cu>
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TWCpwsee; 4, TWCpwsce; 5, = TWCpuwsec ; ¢ =
-1.672 4119 -2.952
-1.672 4119 -2.952
-1.672 4.119 -2.952
-1.672 4.119 -2.952
-1.672 4.119 -2.952
-1.672 -4.119 -2.952
-1.672 4.119 -2.952
-1.672 4.119 -2.952
-1.672 -4.119 -2.952
-1.672 4119 -2.952
-1.672 4119 -2.952
-1.672 4119 -2.952
-1.672 4119 -2.952
-1.672 4119 -2.952
-1.672 4119 -2.952
-1.672 4.119 -2.952

Developed by: Verified by:
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: N ; 1 1 > !
& § —<e— ID Hoo ess :
] ] —— OD Hod ress [&8

Developed by: Verified by:

cul
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Growth In Length {inch)

-0.5 T T T T
0 1 2 3 4
Operating Time {years)

Developed by: Verified by:
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Central Engineering Programs

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

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

Refrences :
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

Arkansas Nuclear One Unit 2

Component : Reactor Vessel CEDM -"49" Degree Nozzle, Mid-Plane 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 Surface Flaw
obtain the value in inch/hr .

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 necessar tfo 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 represnets the reference point elevation measured upward from the

nozzle end.

RefPOint = 1.544

To place the flaw with repsect 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 "¢~ 1ip" located at the reference point (Enter 3).

Val ;=2

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 s s = 4.034
Strs.Dist nozzle bottom).

Verified by:

Developed by:
B. C. Gray

J. 8. Brihmadesarm
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Central Engineering Programs

Input Data :-

L :=032

ao = 0.661-0.07
od := 4.05

id ;= 2.728
Years .= 4
Ihm = 1500

T := 604

gy 12
Qg == 26710

Qg =310
Tref = 617
od id
Ro = Rig =~
Tim
Cthr = ].417‘]05 Cb]k = " .Opr
lim

_Qg

Appendix "C"; Attachment 26

Engineering Report

Page 2 of 11 M-EP-2003-002-01

Initial Flaw Length (Twice detectable length)

Initial Flaw Depth (Minimum Detecteble Depth was 5% TW)
Tube OD

Tube ID

Design Operating Pressure (internal)

Number of Operating Years

Iteration limit for Crack Growth loop

Estimate of Operating Temperature

Constant in MRP PWSCC Model for I-600 Wrought @ 617 deg. F
Thermal activation Energy for Crack Growth {MRP)

Reference Temperature for normalizing Data deg. F

2 op

\

CO] =

Co = Co1

Developed by:
J. 8. Brihmadesam

1 1
1.103-10"3 (T+459.67 Trerl-459.67

) :|—a0 c Temperature Correction for Coefficient Alpha

75 1 percentile MRP-55 Revision 1

Verified by:
B.C. Gray



Entergy Operations Inc. Appendix "C"; Attachment 26
Central Engineering Programs Page 3 of 11
Stress Input Data

Input all available Nodal stress data in the table below. The column designations are as follows:

Stress [ksi]

£
<

N
<

S

4
S

Developed by:

J. S. Brihmadesam

Column "0" = Axial distance from minimum to maximum recorded on data sheet (inches)
Column "1" = ID Stress data at each Elevation (ksi)

Cloumn "2" = Quarter Thickness Stress data at each Elevation (ksi)

Cloumn "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 := _ — e e :
T o6 [ 1 [ 2 [ 3 T 4 T 5
0 17.35 ~ 819 2.28 -3.06 864
1.09 6.89 147 222 5.44 72
1.96 5.78 2.36 075 0.95 323
2.66 10.29 7.15 5.32 3.43 049
4 3.23 12.24 7.03 6.83 7.24 595
5 367 6.58 4.66 5.87 12.45 16.38
6| 4.03 -5.62 13 4.18 17.86 24.28
7 4.18 12.25 6.01 274 2052 31.88
g 432 1564 9.13 22 215 3045
[} 4.46 1861 179 1.32 20.22 30.79
AXLen := AllData® ID ;= AllData’” 0Dy = AllData"™
Stress Distribution
I | n | t 1 1 I: 1 ] |
1.344 abgs TS
- _

0.5 1 1.5 2 25 3 35 4 45 5 55 6
Axial Elevation above Bottom [inch]
ID Distribution
I OD Distribution

Engineering Report
M-EP-2003-002-01

Verified by:
B. C. Gray
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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. Higlight the region in the
above table representing the region to be selected (click on the first cell for selection and drag the
mouse whilst holding the left mosue button down. Once this is done click the right mouse button and
select "Copy Selection”; this will copy the selected area on to the clipboard. Then click on the "Matrix"
below (to the right of the dtat statement) to highlight the entire matrix and delete it from the edit menu.
When the Mathcad input symbol appears, use the paste function in the tool bar to paste the selection.

(0

1.091
1.964
2.664
Data := | 3.225
3.674
4.034
4.176
\4.317

17.354  8.186
6.892 1.47
5781 2359
10.289 7.148
12243 7.028
6.579  4.659

-5.621 —1.296

—-12.251 —6.006
—15.641 —9.131

Axl := Datal® MD := Dats” D := Data"

R|p := regress(Axl, 1D, 3)

RMD := regress(Axl,MD, 3)

Developed by:
J. 8. Brihmadesam

RQT := regress(Ax|,QT,3)

RTO = regress(Axl1, TQ,3)

2284 -—3.064
—2.224 —5.444
0.754 —0.955
5324 3428
6829 7244
5.865 12.453
4.184 17.859
2.741 20517
22 21.496

—8.637\
~7.199
—3232
0.494
5.952
16.377
24.278
31.88
30.446 )

TQ = Data<4> QT = Data<2) OD = Data<5)

ROD = regress(Axl,0D, 3)

Verified by:
B. C. Gray
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-

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

RefPoint +¢p otherwise

U LStrs Dist — U Ti
— o - p
UTip =FLcpir + o IncStls.avg = 20

No User Input is required beyond this Point

Sat Aug 09 10:59:39 AM 2003

Developed by: Verified by:
J. 8. Brihmadesam B. C. Gray
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PmpLength =233

Flaw Growth in Depth Direction
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Developed by: Verified by:

J. 8. Brihmadesam B. C. Gray
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Stress Intensity Factors
8 T T T T T T T
£
3
g 6
-
2
S S 7
a8
£z
72}
g .
=
&
= 3 ~
72}
9 | ] ] I 1 l 1
0 0.5 1 1.5 2 25 3 35 4
Operating Time {years}
— Depth Point
— Surface Point
Developed by: Verified by:

J. 8. Brihmadesam B. C. Gray
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1.1
1
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=
0 0.8
=]
22
w
5
g 07
.;.:
5 06
=
=
e
o 05
()
Q
=
3
= 04
=
0.3
0.2
0.1
0
Developed by:

Influence Coefficients - Flaw

J. S. Brihmadesam

g
iy
g
o
e
"o

e
e

0.5 1 1:5 2 25 3 35 4

Operating time {years}
- Tip -- Uniform
- Tip -- Linear
- Tip -- Quadratic
- Tip -- Cubic
- Tip -- Uniform
- Tip -- Linear
- Tip -- Quadratic
- Tip -- Cubic

Engineering Report
M-EP-2003-002-01

Verified by:
B. C. Gray
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CGRgambi

1.103
1.103
1.103
1.103
1.103
1.103
1.103
1.103
1.103
1.103
1.103
1.103
1.103
1.103
1.103
1.103

8

Developed by:
J. 8. Bhhmadesam

Appendix "C"; Attachment 26
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CGRsambi

3.484
3.484
3.484
3.484
3.484
3.484
3.484
3.484
3.484
3.484
3.484
3.484
3484
3.484
3.484
3.484

®,6

CGRgambi

2.72

272

2.72

2.72

2.72

2.72

2.72

272

2.72

2.72

272

2.72

2.72

2.72

2.72

272

&5

Engineering Report
M-EP-2003-002-01

Verified by:
B. C. Gray
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e
——e—— O DR R oop Sitre
—a—— |ID Hoop Stres
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0o ]
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A0iEs =

Crack Depth {inch}

0.02 T T T T T
0 1 2 3 4
O perating Time ({years}

Developed by: . Verified by:
J. 8. Brihmadesam B. C. Gray
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Crack Growth in Length Direction {inch}

-0.5 T T T T T
0 1 2 3 4
Operating Time ({years}

SIF Depth Point
3 SIF Surface Point

Developed by: Verified by:
J. S. Brihmadesam B. C. Gray
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Central Engineering Programs
Primary Water Stress Corrosion Crack Growth Analysis - OD SurfaceFlaw

Developed by Central Engineering Programs, Entergy Operations Inc
Developedby: J. S. Brihmadesam Verified by: B. C. 6ray

Refrences :
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
Arkansas Nuclear One Unit 2

Component : Reactor Vessel CEDM -"49" Degree Nozzle, Mid-Plane Azimuth,
1.544" above Nozzle Bottom

Calculation Basis: MRP 75 th Percentile and Flaw Face Pressurized

Mean Radius -to- Thickness Ratio:- "R_/t" - between 1.0 and 300.0

OD Surface Flaw

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

obtain the value in inch/hr .

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 necessar 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 represnets the reference point elevation measured upward from the

nozzle end.

RefPoint = 1.544

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

Val :=2

Upper Limit to be selected for stress distribution (e.g. Weld bottom ). This is the elevation from Nozzle

Bottom. Enter this value below

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

UL . .= 4034
Strs.Dist nozzle bottom)

Verified by:

Developed by:
B. C. Gray

J. 8. Brihmadesam
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Input Data :-
L =032 Initial Flaw Length
aq = 0.661-0.12 Initial Flaw Depth
od := 4.05 Tube OD
id ;= 2.728 Tube ID
le = 2.235 Design Operating Pressure (internal)
Years := 4 Number of Operating Years
Ljjm = 1500 lteration limit for Crack Growth loop
T = 604 Estimate of Operating Temperature

Ogg == 2.67-10° 12 Constant in MRP PWSCC Model for I-600 Wrought @ 617 deg. F
Qg =310 Thermal activation Energy for Crack Growth {MRP)

Tref =617 Reference Temperature for normalizing Data deg. F

. ¢ .
R, :=— Rid = — t= RO - Rid Rm = Rid + E Tlmopr = Years-365-24

Tim Iy Rm
N 5 . opr | lim _L .
CFinhl’ = 1.417-10 Cblk = Pmtblk = ? Co = —2- R‘t = —
lim t
10”3 | TH45967 T, 459.67
Coy = 1.103-10 ref+439.67 ) ‘0t Temperature Correction for Coefficient Alpha
CO = COI 75 t percentile MRP-55 Revision 1
Developed by: Verified by:

J. 8. Brihmadesam B.C. Gray
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Input all available Nodal stress data in the table below. The column designations are as follows:
Column "0" = Axial distance from minumum 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)

Developed by:

AllData =

1 2 3 4 5 1)
0 0 17.35 8.19 2.28 -3.06 -8.64
1 1.09 6.89 1.47 -2.22 -5.44 7.2
2] 1.96 5.78 2.36 0.75 -0.95 -3.23
3 266 10.29 7.15 5.32 343 0.49
4 | 3.23 12.24 7.03 6.83 7.24 5.95
5] 3.67 6.58 4.66 5.87 12.45 16.38
8 4.03 -5.62 -1.3 4.18 17.86 24.28
7 4.18 -12.25 -6.01 2.74 20.52 31.88
§ 4.32 -15.64 -9.13 22 215 30.45
9 4.46 -18.61 -11.79 1.32 20.22 30.79
lgj 46 -21.26 -13.55 0.57 19.39 32.09
AXLen := AllData® D 5 = AliData” 0D, | = AllData™
Stress Distribution
40 T T T |
1.544 43X
20 g -
D
ODpjl 0 .
-10 ] l 1 1
2 3 4 5 6
AXLen
Axial Elevation above Bottom [inch]
Verified by:
B. C. Gray

J. 8. Brihmadesam
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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 17354 8186 2284 3064 —8.637)
1091 6892 147 —2224 —5.444 —7.199
1964 5781 2359 0754 —0.955 —3232
2664 10289 7.148 5324 3428 0.494
3225 12243 7028 6829 7244 5952
Data := | 3.674 6579 4659 5865 12453 16377
4034 —5621 —1296 4.184 17.859 24278
4176 —12251 —6.006 2741 20517 3188
4317 —15641 —9.131 22 2149 30.446
4459 —18614 —11.785 1319 20216 30.786
\4.601 —21.257 —13.548 0.574 19393 32.088 /

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

RID = regress(Axl,ID,3) RQT = regress(Axl,QT, 3)
ROD = regress(Ax1, 0D, 3)

Rpp = regress(Ax1,MD,3) RTQ := regress(Axl, TQ, 3)

FLCntr = RefPoint - <o if Val=1 Flaw center Location Location above Nozzle Bottom
RefPOil'lt if Val=2

RefPoint +¢ otherwise

ULStrs Dist — UTi
— — . P
Urip = FLCnire + € Incgyrs avg = o0

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




Ente Operations Inc Appendix "C"; Attachment 27 Engingering Report
Centrang!r,lginfering Programs Page 50f 11 M-EP-2003-002-01

a2 - N

No User Input is required beyond this Point

&} Sat Aug 09 10:21:18 AM 2003

Developed by: Verified by:
J. 8. Brihmadesam B. C. Gray
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PmpLength =233

Flaw Growth in Depth Direction

T T | T T T T
06§ -
=
Q
£
< R -
o 04
A
=
2
S " -
> 0.2
=
23
0 1 I 1 1 I ] 1
0 0.5 1 1.5 2 25 3 35 4
Operating Time {years}
— Entergy-CEP Model '
T | ] T T T T
1,5
= 08 | -
© I
E !
= |
B 06f I -
: ]
[} I
0 :
< |
z 04 ! } -
1 4 1
© I
£ ;
= 02} ' =
0 l ! i 1 ] ! 1 0
0 0.5 1 1.5 2 25 3 35 4
Operating Time {years}
— Entergy-CEP Model
Developed by: Verified by:

J. 8. Brihmadesam B. C. Gray
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Stress Intensity Factors

S 80 T [ | | [ I |
=
=
g 60 -
g7
=
:5 40 [~ =
5]
<
o
= 200 )
87
g
g of <
[72]
g
2 =3 | - ] | ] | | |
0.5 1 1.5 2 2.5 3 3¢5 4
Operating Time {years}
— Depth Point Entergy-CEP Model
"""""""" Surface Point Entergy-CEP model
Developed by: Veerified by:
J. 8. Brihmadesam B. C. Gray

cHP
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Influence Coefficients - Flaw

0.8
0.7
= 0.6
2
[72]
=
Q
£
= 05
=
L
g ................................ S e
5 04
o
@)
Q
Q
=
2
=
=
0.2
0.1
0 =
0 0.5 | 155 2 2.5 3 35 4
Operating time {years}
— "a" - Tip -- Uniform
............... HaH = Tip - Linear
"""" "a" - Tip -- Quadratic
.......... llall . Tip o, Cubic
— "c¢" - Tip -- Uniform
............... HC' = Tip . Linear
"""" "¢" - Tip -- Quadratic
.......... HC" & Tip e Cubic
Developed by: Verified by:
J. S. Brihmadesam B. C. Gray

cH-9
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CGRsambi(k, 8) = CGF"sambi(k, 6 GRsambi(k 5
0.827 -1.939 -1.233
0.827 -1.939 -1.233
0.827 -1.939 -1.233
0.827 -1.939 -1.233
0.827 -1.939 -1.233
0.827 -1.939 -1.233
0.827 -1.939 -1.233
0.827 -1.939 -1.233
0.827 -1.939 -1.233
0.827 -1.939 -1.233
0.827 -1.939 -1.233
0.827 -1.939 -1.233
0.827 -1.939 -1.233
0.827 -1.939 -1.233
0.827 -1.939 -1.233
0.827 -1.939 -1.233
Developed by: Verified by:

J. 8. Brihmadesam B. C. Gray
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| —=—— D Distribution TS
—=—— O D Distribution

Crack Growth - Depth Direction {inch}
°
| .

°
w
L

-0.5 T T T T T
0 1 2 3 4
Operating Time ({years}

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

c SV
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Crack growth length Direction {inch}
L

-0.5 T T T T T
0 1 2 3 4
Operating Time {years}

Surface Point {"c"-tip} |
Depth Point {"a"- tip}

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