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Table.4

4.5
Fig.19 20 3.5
Table5 6

Table. 5 Safety margin A for Piston with 5,10,15 year inspection

T 3 5 15 75
1 66 66 6.6 66 66
2 46 46 46 46 46
3 38 38 38 38 38
4 33 33 33 33 33
5 3.7 3.7 3.7 3.7 3.7
6 38 37 31 28 24
7 41 4 33 3 25
8 43 42 34 32 27
9 45 4.4 36 33 28
10 47 46 37 35 29
11 47 38 37 26 22
12 4.9 3.9 38 2.7 2.3
13 5 4 3.9 2.7 23
14 5.1 4.1 4 2.8 2.4
15 5.2 4.1 4 2.8 24
16 42 41 34 25 2.2
17 4.2 4.2 34 25 2.2
18 43 4.2 35 2.6 2.2
19 43 4.2 35 2.6 23
20 4.3 4.3 35 2.6 2.3
o 1.24
B 125
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Table. 6 Safety margin A of Camshaft Bearing with 5,10,15 year inspection

5 10 15

Table5 6

135 15
1 20 20
2 11.9 119
3 838 8.8
4 7.1 7.1
5 6 6
6 52 52
7 4.6 46
8 472 41
9 38 38
10 35 35
11 3.3 3.3
12 31 31
13 33 33
14 35 35
15 3.7 3.7
16 39 3
17 4.1 3.2
18 4.3 3.3
19 4.5 3.5
20 4.7 36

o 1.75

B 250
3.5
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Table. 7 Safety margin A of Piston (with Fig.19)

1 3 5 15 25
1 25.2 25.2 25.2 25.2 25.2
2 34.3 34.3 34.3 34.3 34.3
3 38.8 38.8 38.8 38.8 38.8
4 40.1 40.1 40.1 40.1 40.1
5 39.2 39.2 39.2 39.2 39.2
6 16.2 8.9 8.6 42 3.8
7 16.6 9.3 9.1 4.4 41
8 16.7 9.6 9.4 4.6 4.3
9 16.6 9.9 9.7 48 45
10 16.3 10 9.9 49 47
11 10.1 6.9 6.7 3.8 3
12 10.1 7 6.8 3.9 3.1
13 101 7.1 6.9 4 3.2
14 10 7.1 7 4.1 3.2
15 9.9 7.1 7 4.1 3.3
16 9.7 7.1 5.4 3.4 2.8
17 9.6 7.1 54 35 2.8
18 9.4 7 5.4 3.5 2.9
19 9.2 7 5.4 3.5 2.9
20 9 6.9 54 3.6 2.9
Table. 8 Table.7 Table.5
1 3 5 15 25

1 3.8 3.8 3.8 3.8 3.8
2 75 75 75 7.5 75
3 10.2 10.2 10.2 10.2 10.2
4 12.2 12.2 12.2 12.2 12.2
5 10.6 10.6 10.6 10.6 10.6
6 4.3 2.4 2.8 15 1.6
7 4 2.3 2.8 15 1.6
8 3.9 2.3 2.8 1.4 1.6
9 3.7 2.3 2.7 15 16
10 3.5 2.2 2.7 1.4 1.6
11 2.1 1.8 1.8 15 1.4
12 2.1 1.8 1.8 1.4 1.3
13 2 1.8 1.8 15 14
14 2 1.7 1.8 15 1.3
15 1.9 1.7 1.8 15 1.4
16 2.3 17 16 14 1.3
17 2.3 1.7 1.6 14 1.3
18 2.2 17 15 1.3 1.3
19 2.1 17 15 1.3 1.3
20 2.1 1.6 15 14 1.3
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Table. 9 Safety margin A of Camshaft Bearing (with Fig.15)

1 3 5 15
1 50.9 50.9 50.9 50.9
2 27.2 27.2 27.2 27.2
3 18.9 18.9 18.9 18.9
4 16.3 16.3 16.3 16.3
5 20.6 20.6 20.6 20.6
6 18.9 18.9 18.9 7.6
7 22.8 22.8 22.8 8.6
8 26.7 26.7 26.7 10
9 30.4 30.4 30.4 114
10 34 34 34 12.7
11 324 12.2 12.2 6.5
12 35.5 13.5 13.5 7.1
13 38.2 14.7 14.7 7.7
14 40.7 15.8 15.8 8.3
15 428 16.9 16.9 8.9
16 22.1 22.1 215 111
17 23.1 23.1 22.5 11.7
18 23.9 23.9 23.4 12.2
19 24.7 247 24.3 12.7
20 25.5 255 25 13.2

Table. 10 Table.9 Table.6

1 3 5 15
1 2.5 2.5 2.5 2.5
2 2.3 2.3 2.3 2.3
3 2.2 2.2 2.2 2.2
4 2.3 2.3 2.3 2.3
5 3.4 3.4 3.4 3.4
6 4.7 47 4.7 19
7 6.2 6.2 6.2 24
8 7.8 7.8 7.8 3
9 9.5 9.5 9.5 3.6
10 11.3 11.3 11.3 4.3
11 13.1 5 5 2.7
12 15 5.7 5.7 3.1
13 15 5.8 5.8 3
14 14.7 5.7 5.7 3
15 14.4 5.7 5.7 3
16 5.6 5.6 5.5 3.7
17 5.6 5.6 5.4 3.7
18 55 5.5 5.4 3.7
19 54 5.4 5.3 3.7
20 5.4 5.4 5.3 3.7
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Table. 11 Safety margin A of Piston (Weighted factor 1 10)
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Table. 12 Safety margin A of Camshaft Bearing (Weighted factor 10 100)
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Table 11 10

10
2 3 A
Table 12 10
15
80
2
10
Fig.15 10
0.18 Fig.16
15 0.03
1
2 3
(
( ) ( ) 5
2
10,15
( )
( )
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Table. 13 Necessary Weighted factor

A) (B)] A<B |
10 1.84E-01 6 1.1
15 3.37E-01 4 135
10 1.18E-02 790 9.35
15 251E-02 80 201
10 3.06E-02 45 137
15 6.57E-02 20 131
10 8.84E-02 17 15
15 1.81E-01 8 1.45
10 2 13E-02 305 6.49
15 4.41E-02 60 2.65

Table.13

(A=<B) 1 10
2 3
1
Table.3,4
2
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5.4

5.4.1
API581
3
Table.14 Table.14  Table.5 6
Table.11 12
Table. 14 Safety margin A of usual estimation
1
3
20
Table.14
Table.5,6
(4.4.3 )
54.2
API581 1.1
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Table.15

Table. 15 Safety margin A of no Bayes

2 3
Table.15
Fig.11
Table.3
3,8,13,18 Table.16

Table. 16 Safety margin A of Piston with 3,8,13,18 year inspection

1 3 5 15 25
1 6.6 6.6 6.6 6.6 6.6
2 4.6 4.6 4.6 4.6 4.6
3 3.8 3.8 3.8 3.8 3.8
4 3.3 3.2 3.2 2.9 2.8
) 3.7 35 3.5 2.9 2.8
6 3.9 3.8 3.8 3.1 3
7 4.2 41 4.1 3.3 3.2
8 4.4 4.3 4.3 3.4 3.3
9 4.5 3.6 35 2.8 2.4
10 4.7 3.7 3.6 2.9 2.5
11 4.8 3.8 3.7 3 2.5
12 4.9 3.9 3.8 3.1 2.6
13 5.1 4 3.9 3.2 2.7
14 4.1 4 3.3 2.7 2.3
15 41 41 34 2.8 2.4
16 4.2 41 34 2.8 2.4
17 4.2 4.2 35 2.9 2.5
18 4.3 4.2 3.5 2.9 2.5
19 4.3 4.2 3.5 2.6 2.2
20 4.3 4.2 3.5 2.6 2.3
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Table.5 Table.16

5.5

Table.5

Table.14,15

5,10,15

3.4.4

(Table.8,10)

Table.3,4

Table.1,2
3.1

3.4.3

11

95%

(Table.6)
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Table.5

Table.5,16



(Table.11,12
)
(Table.5,16 )

95% (2.5
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(4.4.3 )
(5.4.1

(3.4.4 )
3.1 (o { B

5.4.2
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A

Table.13 (
( ) ( )
Table.17,18,19 3.4
Fig.22,23,24
95%
Fig.25,26,27
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Table. 17

Damage of Cylinder Cover valve hole corner and around

2 3 4 5 6 7 8
14 22 20 42 63 91 92
24294 23368 22457 21561 20681 19816 18967
9 10 11 12 13 14 15]
95 88 46 104 72 31 70
18133 17314 16511 15723 14951 14194 13452
16 17 18 19 20
45 77 52 52 19
12726 12015 11320 10640 9976
Table. 18 Damage of Cylinder Liner bore wall
1 2 3 4 5 6 7
10 81 111 108 270 168 131
25236 24294 23368 22457 21561 20681 19816
8 9 10 11 12 13 14
141 160 249 194 204 187 231
18967 18133 17314 16511 15723 14951 14194
15 16 17 18 19 20
198 171 176 226 192 171
13452 12726 12015 11320 10640 9976
Table. 19 Damage of Connecting Rod lower end
1 2 3 5 7 8
2 3 4 3 4 5
3808 3665 3525 3252 2988 2859
10 11 13 14 15
4 6 15 4 28
2609 2488 2251 2137 2024
16 17 18 19 20
20 26 20 7 13
1914 1807 1701 1598 1498
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3 0.0025-0.003 18
W 0.002-0.0025 172
00.0015-0.002 164
0 0.001-0.0015
M 0.0005-0.001 156
0 0-0.0005 148

14 &
132
124
1.16
108
EE s
EEEHIEIE s I

Fig. 22 Posterior distribution of Cylinder Cover valve hole corner and

around
HHHEHHH mEEEEEEEEEEEEE 1.84
ma H M 0.003-0.0035 1.78
HH @ 0.0025-0.003 1.72
, W 0.002-0.0025 1.66
] AN [0 0.0015-0.002 16
0 0.001-0.0015 154
B 0.0005-0.001 148
0 0-0.0005 142
136 o
13
1.24
n 1.18
] 1.12
' 1.06
ik
"ggg
2 8 8 8 8 QL 88 8 & ¥ 88 88 v ~
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B

Fig. 23 Posterior distribution of Cylinder Liner bore wall
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288

2.76

264

252

24

228  |H0.003-0.0035
216  |B00025-0003
M 0.002-0.0025
00.0015-0.002
00.001-0.0015
I 0.0005-0.001
0 .0-0.0005

Fig. 24 Posterior distribution of Connecting Rod lower end
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Fig. 25 Failure Probability of Cylinder Cover valve hole corner and around
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Fig. 26 Failure Probability of Cylinder Liner bore wall
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Fig. 27 Failure Probability of Connecting Rod lower end
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API581
WinPraise

(GFF)
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GFF

API581[3] 1.1
(Generic Failure Frequency) Table.20
Table. 20 GFF
Data
Source
[Equipment Type (References) Leak Frequency (per year for four hole sizes)
T lm 4m Ruphure
Centrifiigal Pump, single seal 1 6x10-2 Sx10-4 1x10-4
Centrifiyzal Pump, double seal 1 6x1073 Sxlo# 1x10#
Colunm 2 8x10° x10* 2x10°% 6x10°9
Compressor, Centrifugal 1 1x10-3 1x10+4
Compressor, Reciprocating 6 6x10°3 6x10+4
Falter 1 ox10# 1x10# 3x10°% 1x10°%
Fm/Fan Coolers 3 2x103 Ixl0 3x108 2x108
Heat Exchanger, Shell 1 4x105 1104 1x10°5 6x10°
Heat Exchanger, Tube Side 1 4x10°5 Llo# 1x10°% Gx108
Piping, 0.75 in. diameter, per ft 3 1x10-5 3x10-7
Piping, 1 in diameter, per ft 3 3x10°8 Sx107
Piping, 2 in. diameter, per ft 3 3x104 6x107
Piping, 4 in. diameter, per ft 3 9x10-7 6107 Tx10-8
Piping, 6 in_ diameter, per ft 3 e 107 407 Sxl08
Piping. 8 in. diameter, per ft 3 Ix107 3107 8x10% 2x108
Piping, 10 in diameter, per ft 3 2x10-7 3Ix107 8x108 2x108
Piping, 12 In. diameter, per ft 3 1x10°7 3107 Ix10%8 2x108
Piping, 16 in diameter, per ft 3 1x10°7 %107 %108 %108
Piping, > 16 in. diameter, per & 3 6x10-8 2107 2104 1x10°8
Pressure Vessels 2 4x10°% Ikl 1x10°% 6x10°9
Reactor 2 110+ Ix10# 3x10°5 21075
Reciprocating Pumps 7 0.7 01 001 001
Atmospheric Storage Tank 5 4x10°7 Ll0# 1x10° %1077
1/4in 1lin 4in
AP1581
AP1581 GFF
WinPraise GFF(Rupture)
WinPraise Fig.28
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Fig. 28 Estimation form of WinPraise
GFF Rupture Table.18
GFF
WinPraise
WinPraise
WinPraise
WinPraise
1/4 1 4
Rupture
Table.21
Table. 21 Diameter and Thickness of Piping
d(in) SCHI0 [SCH20 [SCH30 |SCHA0 |SCH60 [SCH80 [SCH100 |SCH120 |SCH140 |SCH160
0.75 1.05 0113 0.154 0218
1 1315 0133 0179 025
2| 2375 0.154 0218 0343
4 45 0237 0337 0437 0531
6| 6625 028 0432 0562 0718
8 8625 025 0277 0322 0406 05 0593 0718[ 0812]  0.906
10 1075 025 0307] 0365 05 0593[ 0718[ 0843 i 1125
2 1275 025 033[  0406] 0562] 0687 0843 1 1125 1312
16 16 025 0312 0375 05 0656 0842[ 1031 1218 1437] 1593
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6 SCH40
SCH10

inpraise
Simonen [10]

304
Median Crack Depth a,(in)
Shape Factor

carbon
Median Crack Depth a,(in)
Shape Factor

Median b/a 1.336
Shape Factor 0.538

8 12 SCH20 16
Log Normal Khaleel
()

0.112 0.02299 0.0001481 *
0.09733 0.3425 0.07268 *

0.0519h"(-0.4572+0.043261In(h))
0.5102+0.22941In(h)

02 —  Median
- Crack

07
shape factor

\ Depth(in)

——304 06
—s— carbon| | 05

04 / /o/',
03 ——304 [
M —=— carbon| |

02
—— //
01 4

0.08
0.06 .

wall thickness h (in)

wall thickness(in)

0

0 05 1

15 0 05 1 15

Fig. 29 Median crack depth and Shape factor of Initiated Cracks

Fig.29

inpraise

/
Table.22

Low Medium High
(ksi)
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Table. 22 Stress

EHIST, ksi
B P /4
W DAFEFNE . 458

2 bEE, ksi
BEE, HU/CD & &
WS DARFEFNE, 4381

BACE(S > 7)EIE | 100°F/hr i 10°Ffsec
ZAER(AT v 7 20°F 300°F
BEFEE, HU/CD & & 1 5 10

4 iy} 0D f KA TR 1))
Y]

WinPraise 2
304
(Table.23)

(Fig.29)

Table. 23 Factor of Flow stress

304
(Ksi) 52 44.9
2.2 1.9

304
Low Medium High
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Fig. 30 Failure Probability of Piping (Stress: ,Material:304,Stress
level:Low)
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Fig. 31 Failure Probability of Piping (Stress: ,Material:304,Stress

level:Medium)
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- O
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Fig. 32 Failure Probability of Piping (Stress: ,Material:304,Stress
level:High)
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Fig. 33 Failure Probability of Piping (Stress:
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Fig. 34 Failure Probability of Piping (Stress:
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,Material:Carbon,Stress

level:Medium)
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Fig. 35 Failure Probability of Piping (Stress:

level:High)
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Fig. 36 Failure Probability of Piping (Stress:
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Fig. 37 Failure Probability of Piping (Stress:
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Fig. 38 Failure Probability of Piping (Stress:

level:High)
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Fig. 39 Failure Probability of Piping (Stress: ,Material:Carbon,Stress
level:Low)
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Fig. 40 Failure Probability of Piping (Stress: ,Material:Carbon,Stress

level:Medium)
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Fig. 41 Failure Probability of Piping (Stress: ,Material:Carbon,Stress
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level:High)

Fig.30 41

Low Medium High

4 8
4 8
GFF Rupture
(SCC)
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WinPraise 10

GFF
API581 (GFF) Rupture
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