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Abstract - While the hydrogen refueling station is rapidly expanded and installed, the safety inspection of
the hydrogen pressure vessel in the station should be very important. Of these, according to ASME, hydrogen
embrittlement tests must be performed for hydrogen vessel that store hydrogen above a certain pressure. The
main test method for hydrogen embrittlement inspection is to carry out fracture tests and fatigue fracture tests
in a high pressure hydrogen atmosphere, which allows the durability limit of the pressure vessel to be measured
and the endurable limit to be determined in the hydrogen atmosphere. In detail, the critical crack depth can be
calculated by the stress intensity factor(K), and the service life can be determined by da/dN (fatigue growth
rate). API579-1/ ASME FFS-1 part 9 exemplifies the calculation method according to the mode of crack-like
flaws, but for various shapes such as plates and cylinders, there are about 55 modes according to the shape and
location of the crack. Due to the fairly complex formula, it is not easily accessible. In this study, we will show
you how to calculate fracture mechanics numerically via Excel and VBA. In addition, this was applied to ana-
lyze the effects of the thickness and inner diameter of the pressure vessel on the service life.
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Table 1. List of solutions for stress intensity

factor™

Category

Component

(DPlate, @Plate with a hole,

@GXylinder,

@Sphere, ®Elbow and pipe bend, ©Nozzle or
piping tee, DRing-stiffened cylinder, @Sleeve

KSSCCLI (9B62) KSSCCL2 (9B63)
KSSCCEL (9B65) KSSCCE2 (9B66)
KSECCL (9B68)  KSECCE (9B69)

G
cometry reinforced cylinder, (@Round bar or bolt,
(0Cracks at fillet welds, (DCracks in clad
Crack (DThrough-wall crack, GSurface crack,
Geometry (3Embedded crack
(DInfinite length, &Semi-elliptical shape,
Crack Shape (BElliptical shape, @single edge crack,
(Bdouble edge crack
Crack (DCircumferential direction, @ongitudinal
direction direction
(DMembrane and bending stress @Fourth order
Crack polynomial stress distribution, 3Arbitrary stress
Loading distribution, @Pressure with a net section axial
force, Glnternal pressure
V' Combination
KPIC 9B31)  KPSCLI (9B32)  KPSCL2 (9B33)
KPSCEl 9B34) KPSCE2 (9B35)  KPSCE3 (9B36)
KPECL 9B37)  KPECEl (9B38) KPECE2 (9B39)
KPHICI (9B4.1)  KPHIC2 (9B42)  KPHSCI (9B43)
KPHSC2 (9B44) | KCICL 9BS.l)  KCICCI (9B52)
KCIOC2 9B53) KCSCLLI (9B54) KCSCLL2 (9BS.S5)
KCSCLL3 (9B56) KCSOCLL (9BS.7) KCSCCL2 (9BSS)
Stress KCSCCL3 (9B59) KCSCLEI (9B5.10) KCSCLE2 (9BS.11)
Intensity | KCSCLE3 (OB5.12) KCSCCEI (9B5.13) KCSCCE2 (9B514)
Factor  |KCSOCE3 (9BS.15) KCECLL (9B5.16) KCEOCL (9BS.17)
Solution

KCECLE (9B5.18) KCECCE (9B5.19) | KSIC (9B6.1)

KSSCCL3 (9B64)
KSSCCE3 (9B6.7)
©B7)

KNCCI 9B8.1)  KNOC2 (9B82)

(9B83)

KRCSCCLI (9B9.1) KRCSOCL2 (939.2)\

(9B.10)

KBSCL OBIL1)  KBSCS 9B.112)

KBSCC (9B.113)

KBSC (9B114) |KFWSCEl (9B.12. 1)\

(9B122) | OB.13)
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Table 2. Influence Coefficients For A Longitudinal Semi-Elliptical Surface Crack In A Cylinder - inside

t/R afc
aft 0.03125 0.0625 0.125 0.25 0.5 1 2
0 0.1965046 0.2695332 0.4065238 0.6152816 0.8776607 1.1977992 0.8150546
A0 0.2 0.208076 0.2845892 0.4242116 0.6385889 0.9003948 1.2263282 0.8463715
04 0.235794 0.326148 0.491777 0.739042 1.005806 1.298948 0.8570045
0.6 0.290224 0.416633 0.659182 0.946121 1.182601 1.397118 0.8839861
0.8 0.516355 0.654014 0.980933 1.245211 1.383338 1.511701 0.9033134
0.03125 0.0625 0.125 0.25 0.5 1 2
0 2.9373464 2.1626001 0.7772483 -0.334869 -0.672972 -0.524487 -0.562383
Al 0.2 3.0112422 2.2264055 1.0089302 -0.309513 -0.885049 -1.160847 -1.001102
0.4 3.08224 2.520087 1.659232 0.054816 -0.73226 -0.9978 -1.018309
0.6 3.689205 3.156647 1.875914 -0.18588 -1.10725 -1.13484 -1.076527
0.8 2.531083 3.423192 1.884632 -0.69219 -1.39003 -1.32448 -0.961976
0.03125 0.0625 0.125 0.25 0.5 1 2
0 -5.258282 -1.655157 3.8861644 6.295562 3.7721411 0.1498299 1.4465771
A2 0.2 -5.10487 -1.454619 3.2973815 6.5329787 5.2743239 4.4744783 4.0052312
0.4 -3.57921 -1.8847 -0.10804 4.084262 2.995194 1.947954 3.9957306
0.6 -4.57391 -2.62489 1.02126 5.586746 3.962364 1.791874 4.0774087
0.8 14.7129 3.815805 4.802078 8.326062 4.375578 1.756835 2.85015
0.03125 0.0625 0.125 0.25 0.5 1 2
0 7.4889153 -1.297021 -12.57394 -15.59062 -6.520906 2.3284866 -4.677813
A3 0 0.2 7.6348715 -1.576072 -12.15973 -16.62288 -11.26752 -11.58423 -11.93718
0.4 3.947689 2.179874 0.179324 -7.58831 -1.94592 -1.30027 -11.88688
0.6 11.70989 7.732591 -1.7698 -9.86349 -2.77813 -0.42026 -11.97617
0.8 -43.6218 -4.15869 -8.05802 -14.948 -3.73726 -0.13379 -7.63669
0.03125 0.0625 0.125 0.25 0.5 1 2
0 -6.928267 4.5604304 16.760207 19.299508 6.3377934 -5.10585 8.4192164
Ad 0.2 -6.834755 5.1131083 17.873386 21.056641 13.890755 17.811241 19.189548
0.4 1913159 -1.45971 -2.70761 5.404753 -3.26135 -1.49401 19.152747
0.6 -6.375 -9.69278 -0.56536 5.959687 -4.30973 -2.86793 19.173189
0.8 101.0657 3.471533 0.444785 8.693691 -2.54032 -2.86293 11.596116
0.03125 0.0625 0.125 0.25 0.5 1 2
0 3.3673349 -4.316388 -11.01459 -12.48811 -3.702804 4.3469049 -7.902593
AS 0.2 2.7940766 -4.948544 -12.86867 -13.85012 -9.637358 -14.40825 -16.0393
0.4 -6.88722 -0.18865 3.368062 -1.01461 5.142457 2.830623 -16.04748
0.6 -5.88941 3.64287 1.247996 0.129644 7277275 3.768548 -15.99621
0.8 -116.081 -10.3104 3.477266 0.475579 5.3036 3.295327 -9.482863
0.03125 0.0625 0.125 0.25 0.5 1 2
0 -0.667797 1.4010655 2.8706957 3.3010035 0.9872447 -1.348798 2.9866351
A6 0.2 -0.388269 1.6207574 3.6281712 3.6988146 2.8183906 4.6998279 5.4674371
0.4 3.18968 0.23934 -1.34897 -0.34834 -2.03062 -1.2126 5.4801806
0.6 4.24524 -0.0892 -0.43766 -1.00261 -2.96482 -1.4405 5.4501217
0.8 46.1909 6.628 -1.05675 -1.39266 -2.09324 -1.14124 3.2550163
0 0.03125 0.0625 0.125 0.25 0.5 1 2
0.2 0.1965046 0.2695332 0.4065238 0.6152816 0.8776607 1.1977992 0.8150546
A0 001 04 0.2149558 0.3011924 0.4140502 0.6241551 0.901549 1.2108906 0.8108427
0.6 0.23711 0.332163 0.492723 0.735315 0.999566 1.291544 0.8250898
0.8 0.292163 0.417431 0.645797 0.932415 1.170513 1.387921 0.8505718
0.524376 0.660989 0.933198 1.221949 1.356536 1.495553 0.9038677

* * * (continued)
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Table 3. Crack growth rate factors of SA372 and
SA723 steels
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Fig. 3. Flow chart of critical crack depth calcula-
tion from stress intensity factor.
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Table 4. Example of A-value search from Table2

i output
input
GO Gl
t/R 015 Aw 0.717418 Ao 0.092994
aft 002 Ajp -0.73526 Ay 0.323796
ajc 033 Ay 6.964944 Ay 1.140809
t/R1 0.1 | Az -16.6911 Az -0.3739
t/R2 02 | Ay 21.03431 Ay -1.16175
ROW1 | 370 | As -14.0474 Asy 0.805984
ROW2 | 412 | Aw 3.842577 As1 -0.14193
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Fig. 6. Calculation of allowed cycle from criti-
cal cycle and crack depth.
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3.7.1 29 - FAAE-3] 5 73}

HEE 2 9], GzeroHH G47HA] Tt 42 9=
A ERdE 2T AT T8 W= T35t
Al AH&-E. Y10_KCSCLE1_InP(j, CO + 2 * (j - a0), in-
putAngle, W, Ri) Function®. 2 ¥ = -4 5}o] AL-8-5}
ATt

Public Function aC_KCSCLE1(KiH , a0, c0, W, Ri, in-
putAngle , PressureT) * As Double

DimbetaB, Q, Qp, Gzero, G1,G2,G3, G4, Azero0, A10
,A20,A30,A40,A50,A60, Azero1,A11,A21,A31, Ad1
,A51, A61,aC1st,aC2nd, cC1st, cC2nd, M1, M2, M3
,N1,N2,N3,Ma1,Ma2,Ma3,Mad, Z,delLtaD, omeGa
,eTa‘ As Double

Dim Yx, Yxp, Fx, Fxp, iTe, tRratio , atRatio , aRratio ,
acRatio, Rout * As Double

Dim wb As Workbook, ws As Worksheet

Set wb = ThisWorkbook
Set ws = wb.Worksheets("Table_Cylinder")

aC2nd=0.25*W
iTe=1

Do

aC1st =aC2nd
cC1st=c0+2* (aC1st - a0)

Rout=Ri+W
atRatio =aC1st/ W

If aC1st <= cC1st Then
acRatio = aC1st / cC1st

If acRatio < 0.03125 Then
acRatio = 0.03125
End If

Else
acRatio = cC1st/ aC1st

If acRatio < 0.5 Then
acRatio =0.5
End If

End If

-6l - iy ateis

28719 o 1

At FA <k U7 ]

NEETLER

tRratio=W/Ri

If inputAngle < 90 And inputAngle >= 0 Then
betaB = 2 * Application.WorksheetFunction.Radians(in-
putAngle) / Pi

Elself inputAngle <= 180 And inputAngle > 90 Then
betaB = 2 * Application.WorksheetFunction.Radians(180 -
inputAngle) / Pi

Else
MsgBox ("001A{ 180T AtO|EH 2124 7Hs")
End If

‘Efl0|E0]

20| Fo{zl
7hEHE A

ZHollA LA 2) 3t7| atRatio®} acRatio
A S0f 7

115 HHPZ | [H201 2ol MZ MEE

With ws

.Range("b708").Value = tRratio
.Range("c708").Value = atRatio
.Range("d708").Value = acRatio

AzeroQ = .Cells(710, 2).Value
A1 = Cells(710, 3).Value

A2 = Cells(710, 4).Value
A3 = .Cells(710, 5).Value
A4 = Cells(710, 6).Value
A5 = Cells(710, 7).Value
A6 = .Cells(710, 8).Value

Azero1 = .Cells(710, 14).Value
A11 = Cells(710, 15).Value
A21 = .Cells(710, 16).Value
A31 = .Cells(710, 17).Value
A41 = Cells(710, 18).Value
A51 = Cells(710, 19).Value
A61 = .Cells(710, 20).Value

End With

Gzero = Azero0 + A10* betaB + A20 * betaB * 2 + A30 * betaB* 3
+A40 ™ betaB 4 + AS0 * betaB ~ 5 + AGO * betaB » 6

G1=Azero1 + A11* betaB + A21 * betaB* 2 + A31 * betaB " 3 +
A41*betaB 4 +A51* betaB* 5+ A61 * betaB * 6

If aC1st < cC1st Then
Q=1+ 1.464 * (acRatio) * 1.65

‘NRY ALE3st7| 9/t agfof CHE 0|2

Qp = 1.464 * 1.65 * (acRatio) » 0.65 * (1 / cC1st - 2 * aC1st
[ cC1st " 2)

Else

Q=1+1.464 * (acRatio) * 1.65

Qp=1464*165"
aC1st* 2)

(acRatio) * 0.65 * (2 / aC1st - cC1st /

312 #2548 A6z 2021 122



End If

M1 =2* 3141502/ (2* Q) * 05* (3* G1 - Gzero) - 24/5
M2 =3
MB=6*3.141502/ (2* Q) * 05* (Gzero- 2* G1) +8/5

N1=3*3141502/(Q) " 0.5* (2 * Gzero- 5* G1) - 8
N2 = 15 * 3.141592 / (Q) # 0.5 * (3 * G1 - Gzero) + 15
N3 =3*3.141592/ (Q) A 0.5 * (3* Gzero- 10* G1) - 8

Z=Sin(Application.WorksheetFunction.Radians(inputAngle))
deLtaD=(1+2)"*0.5
omeGa=(1-2)"0.5

IfZ<>0TheneTa=(1/Z-1)"0.5
If Z=0 Then GoTo JumpOut2ndRound

Mat = (1050 * 3.141592 * G1 + 105 * 3.141592 * Gzero * (3
+7%2)-4*(Q"05*(35-70*Z+35*Z 72+ 189 *
deltaD*ZA 0.5 +61*deltaD* Z* 1.5))/ (Q " 0.5 * (168 +
152 *7)* 2~ 0.5 * deLtaD)

Ma3=2*(-105*3.141592 * G1 + 45 * 3.141592 * Gzero * Z
+(Q)A0.5*(28+24*Z-52*Z A2 +44* deltaD * Z A 1.5))
[(QM05*(-21+2*Z+19*Z12)* Ta)

JumpOut2ndRound:
If inputAngle = 90 Then

G2=(2*Q)"0.5/3.141592* (16/15+M1/3+16/105*
M2 +M3/12)
G3=(2*Q)"0.5/3.141592*(32/35+M1/4+32/315*
M2 + M3/ 20)

G4=(2*Q)"0.5/3.141592 * (256 / 315+ M1/5 + 256 /
3465 * M2 + M3 / 30)

Elself inputAngle = 0 Then

G2=(Q)"05/3.141592* (4/5+2/3*N1 +4/7*N2 +
N3 /2)

G3=(Q)"0.5/3.141592* (4/7+N1/2+4/9*N2+2/5
*N3

)
G4=(Q)"0.5/3.141592* (4/9+2/5*N1+4/11*N2+
N3 /3)

Else

G2=(Q)"0.5/945/3.141592* (108 + 180 * Z + 576 * Z »
2-864*Z"3+ (1056 + 128 * Ma1) * deL.taD*Z* 2.5 + Ma3
*(@45*eTa+54*eTa*Z+72*eTa*Z"2-315* omeGa
*ZN25+144*eTa*Z"3))

G3=(Q)"0.5/13860/3.141592 * (880 + 1232 * Z + 2112
*ZMN2+7040*Z73-11264*Z "4 + (13056 + 1280 * Ma1)
*deLtaD*Z"3.5+Ma3*(385*eTa+440*eTa*Z+528
*eTa*Z"2+704*eTa*Z"3-3465*omeGa*Z" 3.5+
1408 * eTa* Z " 4))

G4=(Q)"0.5/45045/3.141592 * (1820 + 2340 * Z + 3328
*ZN2+5824*Z"3+19968*Z"4-33280*Z 5+ (37376

KIGAS Vol. 25, No. 6, December, 2021
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+3072*Ma1) *delLtaD*Z" 4.5+ Ma3 * (819 *eTa + 909 *
eTa*Z+1040*eTa*Z"2+1248*eTa*Z" 3 + 1664 *
eTa*Z"4-9009 *omeGa*Z"4.5+3328*eTa*Z"5))
End If

Yx = (PressureT * Rout * 2) / (Rout * 2-Ri*2) * (2* Gzero- 2 *
G1*(aClst/Ri) +3*G2* (aC1st/Ri) *2-4* G3* (aClst / Ri)
A3+5*CG4*(aClst/Ri) 7 4)

‘NRY Ar&3t7| 9/t agfol CHE OIF

Yxp = (PressureT * Rout*2) / (Rout*2-Ri*2)* (-2*G1/
Ri+3*2*G2*aC1st/Ri*2-4*3*G3*aClst*2/Ri*
3+5*4*G4*aC1st*3/Ri*4)

Fx =Yx*(3.141592 * aC1st/ Q) » 0.5

‘NRY ALE35t7| 9/8H agfofl CHE! OI2

Fxp = Yxp * (3.141592 * aC1st / Q) A 0.5 + Yx * 0.5 *
(3.141592 /aC1st/ Q) 0.5- Yx * 0.5 * (3.141592 * aC1st)
r0.5/QM.5*Qp

‘NRE X&
aC2nd = aC1st - (Fx - KiH) / Fxp

IfaC2nd > 0.8 * W Then
aC2nd =0.8*W* (1 -iTe/ 10000)
Elself aC2nd <=0 Then
aC2nd =iTe /10000 *W* 0.8
End If
iTe=iTe+1

Loop Until (Abs(aC1st - aC2nd) < 0.0000001) Or iTe =
10000

With wb.Worksheets("2/AIN")
.Cells(1, 1).Value = aC2nd
.Cells(2, 1).Value = aC1st
.Cells(3, 1).Value = iTe

End With

aC_KCSCLE1 = aC2nd

End Function

3.7.2 29 - 3 &AL 5 T3]
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Public Function Ncycle KCSCLE1(a0 , CO , Ri , W, in-
E\utgnglgl, aC, SA372 As Boolean, ¢, m, tPmAx, tPmin) " Ao A 9] Zra g9 41 Aoz
s Double - N - N
RO 2717 Pl FAFLA0) ()} 5 EAHE

Dimi, aStart, aEnd "As Long

Dim dNim , Nsum , KimaXm , KiMinm , deltAiK , Rki ,
deltaPk , RkP, j, Yt As Double

Nsum =0

aStart = CLng(1000000 * 20)
aEnd = CLng(1000000 * aC)

If aC >= W Then aEnd = CLng(1000000 * W)
For i = aStart To aEnd Step 1
j = CDbil(i / 1000000 + 0.5/ 1000000)

Yt = Y10_KCSCLE1_InP(j, CO + 2 * (; - 0), inputAngle, W,
Ri)

KimaXm = Yt * tPmAx
KiMinm = Yt * tPmin
deltAiK = KimaXm - KiMinm
Rki = KiMinm / KimaXm
If SA372 = True Then
If deltAIK < 8.475 + 4.062 * (Rki) - 1.696 * (Rki) * 2 Then

dNim=1/3.5* (10) A 14/ (1 + 0.43 * (Rki)) * (1 - (Rki))
/ (deltAK) A 6.5

Else

B T (Nattowed) S T3+ T
ool ofHgT| x|, Zdel 37
o2 shAZddolel S BALESFT2 Xlo]

H -4 50 MPa, H A& Y4 E 35 MPaz 15
MPa 20| 2 A =& =€ 87E WA FAEE
casel ¥ case67}A| AXFeI( T A8 £/ 2
e 8rEE J29) 22 HUSEFEX A g
S AF8-3} 2¢p= 25mm, ap= B FA2] 3% 2 5HS
3, A9 el IH19] P o2 s S
o EOE FEZ T 104 Zoljdo] F3NE 1/3
02 3P, 7L 4] 2¢E 1.6mmE AT

Case75-H casel07}A| = & 112749 90 MPa, =
A-EAYHE 70 MPaE 20 MPa 2}o| £ 24 5= oy
4718 WA FAEE ALSAY. #489 T/
3} 22}

HAAH o2 FFo| FHn7F 1320 FEZLo|7 2
& o] Zol weko g 71 FE R} A FA 0]
7} 23, 1o whet & SAMS- 3 = AT BE Alo] 2~
oA FHRIT F75 5 &AL Lot 1
gL, g o)y B FA 9] 2ol whel wishe] oF2 2}
o7k A= Ao E B} FAY WA Z7]9 wheh
A1 4004 ©)’F2] Zfol 7 AUE A& & = STt 0]
£ I Y3t b5 Aol A FEe 2718 1A
stal, FAU W8-S & st FEAd S gRlstath

41,

L
L

Table 5. Results of calculation in various cases

dNim=1/15*(10) A 11/ (1 +2* (Rki)) * (1 - (Rki)) / ~ Tradios] Wall
(deltAiK) * 3.66 Operation in | thickness| % 2¢0 | aen Nallo\ivcd
postre | = |y || ) | () | eyele)
End If
Case 1 L14| 25 |10139| 8057
Else 203 | 377
Case 2 027 1.6 | 8343 | 410,886
dNim =1/¢/ (KimaXm - KiMinm) * m Case 3 | 50-35 0.68| 25 | 4564 | 770
2445| 226
End If Case 4 | MPa 027] 1.6 | 2623 | 9760
. Case 5 057| 25 | 4186 | 673
Nsum = Nsum + dNim * 0.000001 267 | 226
_ Case 6 027| 1.6 | 2251 | 595
Nexti Case 7 0.84| 25 [300| 309
i 229 | 28
OutFlow: Case 8 | 9070 027] 16 | 1333 | 4912
Ncycle_KCSCLE1 = Nsum /2 Case 9 | MPa 167| 25 [3130| 169
406.4| 55.6
End Function Case 10 027| 1.6 | 1588 | 9,040
- 63 - g7k~ 818 4] Al257 Al 2021 12€
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Table 6. Input values except for wall thickness

Cycle

AT - frtE
wall thickness(mm) vs critical depth(mm) & allowed cycle
30 35 40 45 50 55 60 65
1,600 3
1,400
y =0.0543x - 0.8456 25
1,200 o=
2 £
1,000 Y
s
o
800 153
3
600 B
y =2.6514x2 - 203.46x + 4016.4 1 £
400 =
05
200
0 0

30 40 45 50

Wall thickness(W, mm)

55 60 65

Fig. 8. Plots of data of critical crack depth and
allowed cycle according to variable thick-
ness.

Table 8. Input values except for inner radius

value
Stress intensity factor(Kp) 40 MPay m
Initial crack depth(ap) 1 mm
Half of initial crack length(co) 3 mm
Wall thickness(w), mm 50 mm
Cylinder inner radius(r;) variables
Crack propagation angle 90°
Design pressure 90 MPa
Maximum operation pressure(Ppx) 90 MPa
Minimum operation pressure(Ppin) 70 MPa

value
Stress intensity factor(Kix) 40 MPay/ m
Initial crack depth(ao) 1 mm
Half of initial crack length(co) 3 mm
Wall thickness(w), mm variables
Cylinder inner radius(ri) 350 mm
Crack propagation angle 900
Design pressure 90 MPa
Maximum operation pressure(Pmax) 90 MPa
Minimum operation pressure(Pmin) 70 MPa

Table 9. Results of calculation according to varia-
ble inner radius

Table 7. Results of calculation according to varia- variable radius(mm) acy(mm) Naitowea(cycle)

ble thickness 200 4246 0782
variable thickness(mm) acH(mm) Nallowed(cycle) 250 3.069 3,178

40 1.342 112 300 2.338 1,171

45 1.592 246 350 1.858 472

50 1.858 472 400 1.525 205

55 2.137 830 450 1.284 88

60 2428 1,362 500 1.104 26
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Inner radius(mm) vs critical depth(mm) & allowed cycle
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Fig. 9. Plots of data of critical crack depth and
allowed cycle according to variable inner

radius.
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