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ABSTRACT

Article history:
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Based on four types of CNG cylinders, the features, causes of failure, risks,
different pressure vessel inspection systems, and safety management techniques

Revised 18  September 2018 were analyzed and organized. Expected fatigue lifetime and burst pressure
Accepted 1 October 2018 through external defect test were measured and finite element analysis was

conducted for manufacturing process and inspection standard. External defect
Keywords:

tests were conducted for three levels of artificial defects on the outer walls of
cylinders, and all tests exceeded the pressure-proof test pressures. For the test
with the most severe defects, the burst pressure was 431 bar, which was below the
pressure test limit, and service life was shortened using finite element analysis.
Thus, if internal pressure removal test is introduced to identify defects from the
outside of cylinders through precision tests, and heat treatment defects that are the
major cause of blowout accidents are found, the safety and security of CNG
pressure vessels can be ensured.

Compressed natural gas (CNG)
Finite element analysis
Safety evaluation

Pressure vessel

.MEB = STk

2002 €= NHE A 7138 TS BA OS2 ONG
A7 EQEA 0 LH?J%ﬂ‘UdOﬂ gk Hxe AAETt
o] 20021 d5-E 2010%
Aoy,

HZ AR ZAE sjAst] fds BRe SHtidos
CNG HZ S5 S wel CNG AFsake A&H o=

$YuE} FEHATIACNG) A HFuE =
H27h A9 diE-S AAetaL, 7Rt e #ﬁﬂoﬂ A5
o] L= glo] A hHde]st F-drk 53], CNG 75
e AA7EEE 20.0 MPa(th71948 9] 2004) ooz 455t
of ARE ARShE W og wEAkLs HER A8 Fd o9

spist 871 E 59 9R8S WEsm glom, 87199 A SUF B 202 s, A7 ALY L5k ONG
E AFA B G A W2o] At B BOEE FBE A B AR o)

Je BE Fud g 999 g
ok

AEAl BT Qi AR SolA7A SaEslr BEssa @ A% 4 ok

* Corresponding author. Tel.: +82-31-219-2526
Fax: +82-31-219-1611

E-mail address: mshong@ajou.ac.kr (Min Sung Hong).

430


https://crossmark.crossref.org/dialog/?doi=10.7735/ksmte.2018.27.5.430&domain=http://journal.ksmte.kr/&uri_scheme=http:&cm_version=v1.5

Journal of the Korean Society of Manufacturing Technology Engineers 27:5 (2018) 430~438

Selei 94 8719 td AAE AAF FAEE A
£ %9 27]dl SR BT AHSALENE Baele] A

oy MM 4719 B
e 7L S

i Qlck
£ A7 512 201195 AlSE uiehe7] AL Azfet
Tuo] U3He7] shEAlar A91S BAfear sk AlxeA A
AZIET AL 712 9N 471 whE QI9IARI o As
*F"F% et S ol Wke7] AHA Alze] W v
F& AAEAL, CNG AFsAte] b/ aPdol Tgo] 7] $1&o]

gz dAje olgeoke ALl

A} B 7HA) TS At 241}

.
2. 0|2 HjH

2.1 CNC A=At Y287 712
2.1.1 CNG L8719 &F
CNG £719] £5F+= Type 1, Type 2, Type 3, Type 4 Y| 7}4]
TREE, RS 259 589 AR 2 HlE 50
?Lv‘i‘—ff&ﬁli"z].

Type 1 871% Steel T2 AIFE 02 A& HH E347)7}F AR
B4 et web FAPE 743 7HEo] A-sit) Type 2 €7
T Steel= 749 goue] FEi-Eel EAAE Fobx Theolrl
. 8719 Wk ARERE HlE-E F5-8717F 75~90% E3A7)
25~10% A=o|™, Type 1 &719) vla] FA7} 7Ptk Type 3

E71E AlRFECE 744 golye] ARl EIAE IAA T
011]131 £719] s ARk HIE-S E3A7E 75~90% F40]
25~10%0]t}. Type 4 €71 Zef~gog FAE 2ol A4

o B3NS 7R whso] AH 8719 ke B3HA7E 100%

AR g,

Type 1, 287]& 9} olrjol@ol| A F2 A8 239
sl A se 97t B A 223 ol 9%
24 9 o] EAEH A9 =2 e 2 GHNHEH)O

JS wo| wh=th, S ALH A MFE o3t YT At

Type 3, 48715 F2E FHANA AHsHH, 53] zgfro) =
Lol M o] AR-ght}. ok oAM= B2 Type 3, 48
7lehs ARERITE FE A o] AX|Eo] E249] o]EHd)
o3k o] AR, A2 o) sl Hk B AP0l Eo FA
7P} 7HE 0] I, Steeldl] Bl Sl oF3le}. pA|k <]
SHoME feldH, B4 A FATE 10% S5 ARl 6%
7Rl Aos U4¥A ot dE Bo] WA ¥ THo| o
12,000 kgo]z, B0l A& Type 2 87] A4 2] FAZS < 600
kgolgkal & uj, o]& Type 3, 4= HASPA F 300 kg FAZ

431

2.1.2 CNG &7| D&l 3 HEx &4

2009A7HA] A AlAA AT CNG 87] Alaiate o] dig
SAE B, ARl T &718%0] 37%E 7P B s
AA G}, aela $¥RAFGo] 16%, PRD (Pressure Relief
Device) 23¢] 15%5 At 871487 PRDATS AlxsE

FoR, 2% AT 21 FH, A, IREY 5 A4S
A 5ol 28%2 AXAT. $4 % M=o 9% AT 16%
oJcH,

2.1.3 ONG uigi8lel 28 4
8719 23 AL Typeol e} thrh, 48719 2% 3
% giaze x **H“ 92 32 59 o4

2]

Vg BEg Wb By Y
A T 2 871 T
=]

=1 01—03] “L}"‘O]

e

2.134 74

L7177} 9F -0 o5l F4
2 3ol A J‘lﬂt ‘—‘%011 *éfd
28]

Fﬂ



Kwang Su Jang, Min Sung Hong

9] W (meshy= A2l 1 cm x 1 cm®] & ¢l 2~3 mm x 2~3
mm "W 3 25 vjREke FRE 7Rk i,

2.1.3.5 t}&

2he) A Alole] gehg5o] 91 A, wlzelelt 2ol
o8l swle] W S B0, A% A5l oJs) §7] Hehs)
§7) Bel Alole] vhu} F2 WGk ¥R §7) Eas

u

L

B2 Aolol Tg FHBAANE Slelof s, 228 HeS
A8% ¢ kol o3 A3 Bigo] AH3 YolAlE Aoe
2RI,

2.1.3.6 A4
Bl ksg Ape)d Bl oJal] B3Ale] dsprt iAishe, WAl w

8}, At 59 Fol W Type 2, 3, 4 $71) B3l
S Agole], wsl el JAHYS 1) F4T Ui 3
2o B},

2.13.7 92

AR WasFo] A4 AR hl 471
£2 A ok 312 Slste] AmE A AT, oH
shajsle @eltk CNG 871 34 A 7, 9 4% 4] 2t
o) W% WA E w27} wyPnk ooy ARE 92 B
7 EASA ek S0 T2 sz dsj) 23419 o)
£ HUT 5 317) ARl Type 3, 487190 o) UiEAE
AN T,

82

seo] &%

L

rl

2.2 =34-2] CNG AtsXte] 2 &g & Ale)
2.2.1 22l Heter| el Aef 9 A=

22.1.1 Q&g

skl AMEEE gE871dE 44870, ol sie €71,
5387] 3714 TF7F ek A7k AFEE ONG €71 2.1.1

At o] 471 F5) 8717k ARSI 9108 FfelAls Type
19] Hl3) 7H Type 3, 49] Hls) AR Type 2 4717} 713
ge) AHE 9

22.12 CNG
CNG £71¢] xﬂ
2k CNG 4712 %4
of 3t} CNG £7] r‘ﬂ AA
WS Aok gtk 8719
SI=E Hojglnbl
871 Az Al AEAE Hx A

L
T

A

L

o
ARG 871 AzALAA

A QulEa], 72 A

L

L

Al

=
T

];(.“z o }\47;”

432

AN P72 sAblA AAslaL glom Agake e
7] QFRell B3 8 EE 10l wEt AR

CNG 719 S 5 22 Az A%} o) v} 367hdrhch
AAFES Ho] Ik e} ABAE UE71E ABAU

W AR ASTZ4NEEY B 2 FAAD1Ee
S $8AEA B30l 49, 1 ¥e] AR Aol 39

S AR 712 e Ho gl

2.2.1.3 CNG &7] ¥&59 #= |3

ECE R110°]:= CNG £7] 3430 fﬂfi AlER o] HA =
Atk o] ATFWHE Hx A Al FAJFE 95k Aol

CNG §7] #4552 dx% _iCNG% a9 = =
Tl AT PO R Yo F= o al%’uﬂlom 4 @
Foee] Tz 7 &1 oo FAH JHEL }_J,].U]— AL prs

9R2 wZahe #st HAMH((PRY), H7)F ATE o]83ld]
CNG 98 32< ztels 21 £gol= WH 9 CNG 03_

i

e FAEL 7P 94 AL AAEk] RaZo
74]5] Uigtell Btes A2 EA] ERlstiof st} o] % gp]ﬂ__ui_g
NEe BE AR tis] AAlslL, W-FEAEE 49 2
A 29 B AAEldo} 3}, &% Alo|Z, W, AE A
2o t3te] E A E T PRELA TS
ol gleA| gelght

& Zo

1=2ha
AR}

22.1.4 39 CNG g 8719] #e] Ae) 3 A=
ojgglohk= eyt et 43 Wg7]o it
AT 7] STk Az EAet
‘3}9\9\2”4 8719 Fdo] s e
A7} et wet AAH ez A TS
= =g B W-E719] Type
oM 3, 42 WAHWEA 03\ o]FHE = @7 ALHAE
317 aL AL BAHALE gt gler, oldejok= *07
TH 3d 3712 A 27 FhaAE 43 712 Al
I Sieh

U &

1
Al

2.2.2 CNG U879 o 7
FEHA7IAE 194090
ol Hom, 279 194
Aol =
1970t $871A] 2t Z7Feoxe A8 7187 71es A
A7kAbFe] B710l A8tk 1y AlTte] AuA| el whet
olgldt A8 7IFES ¢ S AlFY] HA &5 AT
A} 710 ohdSleol sk 1 v 7P TRl o

=
=

b o] 30 A dRE AHE

&71e AA 71l wet Alzs



Journal of the Korean Society of Manufacturing Technology Engineers 27:5 (2018) 430~438

2 749 7150 tigk =& olgelo} 7IEo] A7NE UL, ©]
MNEE 7IE0] wf¢- 32 o]t Abdo] FHEHSIT o] 3= o] 7]
o we P9 HA7REAL S §71E0] AAIF R B8
A =3}k

R Gell A= 19801 dthel] thofie] xjgo] HA7paabge.
2 37 A1Z8leie) 198236l E &Fu)E 2oyl f] A
T AR AxE TR IR B7150] HATREA | AL
EH7] AREH A FoE 8715 Axdhe AFAFEC] 19850
ojfgt FAIE HolEo 7HH R 87 AAE o, e 5%
sz 73l 715 Aakskch

A A AAH R S BEstaa st =g et 3
A4 AFsaks 2011900 oF 13 39RE B & dol A&

A

F7FskaL Slet. olef g A7k Apake] bt AE&A Wisk
4718 FHa}7] et - < VIES 2t Alo] FR3)
Al H30 =4 FF A DA 2 4 Tkl M ATk 2
ZFo UIeHe7] HAL FA BRSS9 4 B ofe) vt
] Wt-d718 A%k AA 3 AA 24500 g #ES A
etk

AA7I2R71e 7HE TS 7HA0k o9, be 49 871
o] A&5e A 71ES frAldtedof dot HATRE A &

7] AA B8 712& ISO 11439, ECE R110, NGV2 2002
2t}

3. 87| ®PAL 2

24

3.1 ONG AFEA} LJQFRY| KIZIAF ZTteA
3.1.1 RS 252 HY 24

20161 = & 1,9640], 53 8,792, & 41812 F
11,174t)] CNG As27F U871 ABARE ©9rem, 1,179
9] A5t £94E W) 10.6%9] EFAES 715 Stk
ATREA Al AFsa g 1704 o] BekA whaio] T 9l
ovg 294 di B £84 7157 9 gt

3.1.2 A
B4 2] 4

L7830 2857107 15.1%= i}ﬂ‘é}ﬁii 7

2 392%% AR om W87

0] 8657°F 45.7%5 AT E} 7] &%

Boka d—_i TG/, gl ol 7k TEe B4

Ao 2 FE3ke A7 7P Bokal e AN

2 Yehth

agas

Felahn, A7) B2 189170 %

2SS 74140

it

433

4. CNC L3712 "ot & =4

4.1 A A A
4.1.1 MEER|
CNG 871 87 WA 29 84 4
HE A8 st ok 193t 22 vt
o] g3t} AIFE AAIFIGY. 878 ekl 1l
Rt g AsaiH, ¢ dEdolE e e
ol& T3l &9 EZ o] 2RFEh 75t
FANZ ZYHE S, doly d2vE o)%
STk WEIAES & e e gl et
= Wng} e Seleo)= WHE Aojsto] slgkat Pt
S5 33tk CNG WH87] A3 A< Fig. 19 WE

FEes

a4

>

ol

=
= 0

op
ot
o OH
N

—

Y
rul-> Lo — (Ko

k)
S

Y2 o
EEZ_IEE

oll

& oo rlo do rfr = o

] 71" %kO] SHEA| RS
Sate] mletol 013%%

A A8 FEAE Ze
S Autodesk Simulation Mechanical 2012E4, Linear static

%

E

U 50]

analysis &3 Nonlinear 34 %E<! Mechanical Event

Simulationg AFE3}ITh

s8] R B BYAE AL ek A3 Bl U

1492 sk o] shae) st PR BT eI 4 9
Slou, B 4 Azl B 03} WS

AR 2aF FAE ) dslr] st EFAE E2(truss)
QS ol gl mdES 3t

oluf ERANE T ool S3o] EAIT Bl jMdS 53
of &8 A Role) gl S l%%}%iv} ol
A Ade A4 AY 29E F BAlshs 202 Yeikith

Pressure
Sensor

Return
Solenoid
Valve

Air
compressor

[ Controller ]

)

J

Return
Manual
Valve

Pressure
Indicator

)

Pressure
Regulator
High Air
Pressure Solenoid
Pump Valve

Air Outlet Water Tank I

Water Level Sensor

Air
Manual
Valve

Data
Recorder

Electric
Line

Air
Line

Return

Pressure
Line

Line

Fig. 1 Apparatus of CNG pressure vessel™



Kwang Su Jang, Min Sung Hong

4.12.1 f3teasiy i 24

Frata A gt Rde Ff NAF AlECE CNG 028222
W £7] FF= ONG Tpye 20|79, %] 958 B S} o
4.8 mmEA gk, ZRA] F-2o] FAZL Al 7.5 mmE FA]
A FEHE 7HAA Adth

B 314 iAol CNG Type 29] 471 F4etolde] 9xlg
378 o E3AE IRe 3780] FRHL, o] 38 o]Fd o
40 MPaZ Auto-frettages T3k 34S 53t EFAd=
o] A, goldell= sh52tR-ggo] WAsHA dr. o2gt
SHEY a3E veisled, 8719 Foid 1789 **EH I
J+°‘o}04°lt dﬂ} ) *‘Zﬂi olelg 3

2 A

L

o w}aw
7Hgsted 2l

.Q.
o=

g owu}

4,122 AMA9 EA

& el ASE AEL B4Rl FE2 34CrModEA
DIN 17220 B+ AISI41352 HHEE Cr-MoZo|th & &jjA0
Me EAE ol Ade VAH FAs dstolof sfuz,
MATWEB?®IX A¥3sl= @4 2)(qenching/tempering)©]$-2] |
2 545 sttt siAel AR AE e 542 Table 13

2}, AaAoM e edAlee} ZolHlE ARSSIG AL, v
34l 4= kinematic hardening modelS AFE-3}53t)

£7] A2 Fol| Auto-frettage 3745 5314 40.0 MPa2- ¢17}
3Fo 2 2AMES MIA7) 22 Kinematic hardening 9]0l
oJate] Adwdel] weE A5 JEES] wsyl it ol E

T AL AA FERAT gke E FRATHT 2o S
718 Aoz darEd e 1 ghe FEEloluE a9l
Bazjo} 37 weislojof sl E sjilol e 2k WalE 1w

i AT

B o) AMeH B3R ol ZA] R)(epoxy resin)oll 2] A
S92 Akl BekE A iw Jm 14 %7} 1,034 MPa©)
o} a2 23k 7 £50} 2o wet e Al

o} =) [e]
%L BAE

O

Table 1 Material characteristics of metal liner

Bar austenitized at 1575 °F, water
quenched, and tempered at 800 °F
for 1 hour

Material Description

Mass Density 7.82 ¢-009 N-s’/mm/mm’

Modulus of Elasticity 206,842.72 N/mm’

Poisson's Ratio 0.3

Yield Stress 1,172.11 N/mm?

Strain Hardening Modulus 1,064.37 N/mm’

434

T, (low) brittle fracture

T, ductile fracture

T, necking and cold-drawing /

T, (high) rubber-like

Load(N)

Extension(mm)

Fig. 2 Extension curve of composite material
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Fig. 3 Photograph of test vessel (CNG type 2)

Fig. 4 Photograph of test result (after repeated pressure)
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Table 2 Size of defect in external defect test

Diameter (mm) Vessel thickness (mm)

Test 1 1.5 3
Test 2 1.5 1
Test 3 9 0.5
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Fig. 7 Result of test 1
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Fig. 8 Photograph of external defect (test 2)
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Fig. 9 Result of test 2

Table 3 Conditions of FEM analysis (test 2)

Event duration 30 s
Capture rate 10 /s
Analysis type Fully manual
Output reaction forces Calculated
Number of time steps 300
Initial time step size 0.1s
Max. number of iterations 15
Convergence criteria Displacement
Displacement tolerance 1E-4
Convergence tolerance 1E-6
Max. number of iterations 1000
Number of processors 1
Run static analysis No

Type of solver

Nonlinear iterative solution method
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Table 4 Test results of external defects

Test 1 Test 2 Test 3
Manufacturing standard Pass Pass Fail
pressure (465 bar) (638 bar) | (597 bar) | (431 bar)
Manufacturer design Pass Pass Fail
pressure (530 bar) (638 bar) | (597 bar) | (431 bar)
Pressure proof testing Pass Pass Pass
pressure (310 bar) (638 bar) | (597 bar) | (431 bar)
Table S FEM result
Test 1 Test 2 Test 3
Max. Von-mises - 1230 MPa | 1230 MPa
stress at 600 bar
Fatigue life - 9,800 (13 yr) | 2,500 (3.4 yr)
Breakag;:;smblhty - Defect area Defect area
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