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= 3 14 1 1 4 9 0 0 1 2
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S~ 0 0 2 27 0 0 1 1 0 0
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(°F 1 %), 71BHF 4 %)=A Z2W(Propane : CsHg)ol F/d=0l™, H44,
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A+ Mishra, S., et al., 2021). 28 HHIZ7toA LNG7}F &5 AY
Het-37] £3=0] 4= FL7Ms/d0] oIt Planas, E., et al., 2015).
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At O A = ARSI F o] obd E3t 9 #|7] Ao AE AbaLrt Hol
St Qlt. A=A R Rt ALY A¢E (E [-4>0 sttt
T 5 Bl QoA TrAAbIL Y] A AE BEY [OF 11-2]9F 2ol

A=EE Oi 42 AR e A2 HolA] &al Y.

Ol

(E O-3) =L 7128 720 OE 712 siELAlL 2ig

20214 | 20204 | 20194 | 20184 | 20174
—E— JIAH CLIN (I)_IIII CIJ_IIII CIJ_IIII IO_|l2l=|
TR e 2 | 2 N2 2
pg| PG [ 3513643 |51 | 59| 53|56 ] 61| 62|62
HEANT| | 17 15 22 17 18 19 32 28 19 28
ING| LNG |17 |10 [ 23 [ 11 [ 32 ] 133117 20 | 21
PN 11030118l s5]0] 3]0
oot [ 2 1 o lol 2410 1] 3]
a3 23l a 31127111
opgea [ 1 1 1l 2lololololf2]o0

S lou |1 lojolofolo]o]o]o]o0
o [etia | 1 o 1 o1 ol 1] 1] 0]o0
27 a4 ol ololololol2]o0o]lo]o
2 loema [ o [ oo ololol 1] 1]0]o0
setit | o o lo oo o1 ]lo0o]o0o]o0
mye o] o0o]ololololo]ol1]o
sspta |l 0ol ool ool o 2ol 11

et ool 2l 2]al 11 10]o0

Al 78 65 98 96 | 118 | 102 | 143 | 112 | 121 | 114
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(B [I-4) Sg7IA F20| 28t At A

il LPG LNG H'gh'gggssure
20174 81 29 11
20184 88 31 24
20194 77 32 9
20204 65 23 10
20214 52 17 9
o 100 I " I d I v I £ I

X
° —m— LPG (%)
8 —0— LNG (%)
o 80rf A Hi 0 .
c High-pressure gas (%)
()
S e .//./l/I
8 60r i
o
5
o 40+ =
@)
&
© 20 ‘\0//.\\\‘\0
© A A4
'd
0

2017 2018 2019 2020 2021
Year
(22 [-2] 7tA 70| o3t AU HIE
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( SUANAZL| =0 HASEY(0| 3t sPHEY fd A

A7k FHEof| g AT S(Casualties)?] B A4S (E I-5)°1 AA]
St [ 1I-313 & 1 ARAL 9 A7) 7 B2 LPGOIA 187t
71 @ol dojutal gtk LNG ¥ 1947k A(High-pressure gas)9] 7-%-oll=
[ 1I-2]91A4<+ Zo] LNG7F I47IAHETDE Ala 2 AL7) &3 o2
QA9 (¥ I1-3]3 Zo] 2019~2020¥ =Qto= Qg u sl €hA] H|L0]
AU7EEO ot ARALoA A YERGAL Sl o]2f%t ARl 2= (HE 11-3)°0A
o 4 S0l s, PO}, Abz, opEeo) oJgt APIAIe] o] 7Kl
Foz Ueptn gt S kA Ao FeE BA AnE (E 1-6)9
AASAE (18 T-4lol gk 2ol 7k B29] AT Pl Zdko] 748
o oA, 7= +2& UEHT ALEH oA B2 SpET 508
OojR|A] ok A | Adu] 59 Z|AIA ARLo|A|qE FH ol mt SAEE R
ojojd S 7ML Stk ot WA ThA AL FAEA el
TE o= 2ot (E I-7)3 Zo] 7k ALY AeAS Adrsid(E=

i

»

W gAZHEGE 2SR, 2 9 SEDo] RS 5t
olck. U 7ha AbLLe] WARUAS AWEH (E -8} Zol “HF

w97} 7 Egtes) 59 48101 oI A3 R 3 Fh
g o otk theo 2 A4 vul, AE R 208 JhA A1t

(B 11-5) 7tA PR0| o3t AIyma) ey 4

il LPG LNG WATA
20174 90 21 3
20184 89 17 6
20194 72 13 17
20204 68 [ 17
20214 51 10 4
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Ratio of casualties occurrences, %

b=
10
o
%z
A
=

. 28 7tA9| SPAHZZALIAL

1 00 I I I I I
80Fr w— — = o=
\F -
60 .
—&— LPG (%)
— @ LNG (%)
40 + —A— High-pressure gas (%) -

00 o, . A
—
4///|/ | L 1 L 1 L 1
2017 2018 2019 2020 2021

Year
[23 [-3] 927tA 20| oSt QAHOsH UM H|=

(B [I-6) =L S=7tA Ao YEE 24 At

EH 20174 20184 20194 20204 20214
29 35 29 18 16
64 39 34 30 17
33 33 30 26 22
9 10 8 6 4
24 1 0 0 2 1

15 26 17 16 18
121 143 118 98 78




40 -
e
30F o \\f\ . _

A
20

N
p
’

10

Number of accident occurrences
// / |
///‘

oO— 0~ \ A/Q\O
2017 2018 2019 2020 2021

Year
[O3 T-4] HETIA AlDO| HEHYE WAl ZHsk

(B II-7) =z AE7tA A9 ReEY 2R OE 3=

ol S| MY UBRHY

- (g, =& ¥ 2EY) (Es ¥ 42ZE)
20174 111 10
20184 133 10
20194 110 8
20204 90 8
20214 73 5

A 517 4




Agnzol B TAGHR &4, 1olAazt

ol OH“*QU%

gu) golomt AN AF=F(RHE Ak A2 59 B A
Q02 M9 9% aQlvh Hr|4 29lo] M&S HEl (E [-9)9 Zo| tha
W5 QAT M ¢S e gl
(B T-8) 2 7hA AL WAIROl 24 Zu}
gl el 20174 | 20184 20194 20204 20214
AEA Fg BF2 31 23 25 23 25
SaA g 239 3 6 1 2 3
Ef ZAHHIEE 24h 7 6 14 11 10
Al20H]| 29 34 29 27 14
HELS 3t 18 37 15 16 18
ESIVN Al 9 12 7 0 0
7|E} 24 25 27 19 8
A 121 143 118 98 78
X 7|Et 0 WEAD, MESIA, X|EtRleH &
(E 1-9) JIAMTY oI5 U Mu|x| Qolo] By Za}
1= 20174 | 20184 20194 20204 20214
QIX Q01 (%) 52 40 52 46 54
HHIH 01 (%) 48 60 48 54 46
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( SUANAZL| =0 HASEY(0| 3t sPHEY fd A

2) =9

o= Af, 7kA 9 Af51et 9] AHPEE AFok= FracTracker
Alliance(FracTracker Alliance, 2020)°] uw=2wW u©|=9] zTlojz=a}Q]
(Pipeline)ol| A "TAYRE BIPAAZIA(LNG) 59 SHAIETAIL= (& 11-10>7%
o] 20109 1¥5E 20199 129717 6,2987 02 RAME L 9lom, XL
1097t vl=9] o] ze}Rl(Pipeline)ollA 2] ALz skl oF 1.7719] vle=
ASHL it SRS TALLS] HAANI LS To|Zeielo] FEE FEoE HH
A AS = BA o) (Liquids lines), 7FA0lS 2 X AERI(Gas transmission
and gathering lines), 7FAE8(Gas distribution)?] £C & @o] W5}l
Utk BHHO| AR 9 A ZEARH, ZRAolE B ATl HA|o]E9]
«Oo = Wo| ISkl Utk 7hA Juf IO A Q] Al e Adides 7P
Ak Qs Ad8E 7HY =3t

H O 1

(E II-10) OIZ0iA Eyst ASPMATIA(LNG) S| OIS SHHELALL

T

FE | NI SN | BE A | B4 D | 2MeE)

T

AUK|O|S 3,978 | 130 | 15 10 26 2,482 | 2,812,391,218

/t2015 &

aé‘ﬂfo._' 1,226 | 133 | 57 25 108 | 12,984 | 1,315,162,976

7tA = 1,094 | 659 | 257 | 105 | 522 | 20,526 | 1,229,189,997

A 6,298 | 922 | 329 | 140 | 656 | 35,992 | 5,356,744,191

0]=2] HAo]E o]FuH(Pipeline)ol| A9 SFAZTALL WA S0l HH
(I 1I-5), 20109FE F439] S7I5kL U= A= & 5= St} HFHA7RAY]
AR 9 A oMY AREEF SUER LSl olSHiY] A7t soido

whe} et BaAE AL 89le] F7tetel] WEe s A
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1500

1200

900

600

300

¢
%5

7079 70 70 7070 7o 7o 70 o <p S,
76,79,79579579 79,7979, 79579, <0,0, “Ojs.
05 790 0 T N0 9% 0 iy,

7670 70.70.70 70 70 70. 70 7o <~ <
79,79, 79,795 79 79,7979, 79, 79, <0, <0
%P7 0. %0, 2505070, %0 %, % %0

[27 O-5] OI= AHO0|S oSl SYZFUAL 50|

ul=re] Aol oS uie(Pipeline) SHFEAILL(3,97871) ] Hle HH

Uom, FAlo] o5t o] 798710 & 20%°]oH, ThEoE FAAg 4

Other Incident Cause
108 Other Outside Force Damage,

e

Excavation Damage,
145

Natural Force Damage,
176

Material Failure of Pipe or Weld,
275

) Equipment Failure
Incorrect Operation, ¢ 1811

585

Corrosion Failure,
798

|
10
0

[ 1-6] Ol= AHO|E OS] SHHZUA}
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& JtAZE(0 oot sHHEY Py A

Z2to] 5857(15%) 2.2 et 11 gfe] Algtloze o
A =%, AAAHHA
o ¥, o
F2olE H

=
)l ot Ha), 227]0] 2
o olg 58] Sol Utk

9 Zetel olsujEol o] SRR dle Au] wAo] AR
WoITHd 11-7). theoz RAjo] olgt wx, F2v|o] o5t ¥, wolx

T= 84 A EF, AAZ(RHA B)ol gt W 59 o &
AR ¥R19] 9F 50 %=

rlr
o

ojm EX 87

3ff, ThE ARl

1o
r&"
L)

N

LHE o,
Ao Fol| A o] Fe-oF FARE 2HAS & 5 QAT

Incorrect Operation,

Other Incident Cause, 64
72

Other Outside Force Damage,
ST~

Natural Force Damage,
94 Equipment Failure,
390

Material Failure of Pipe or Weld,
140

Excavation Damage,
152

[23 1-7] o= 7tA01% %

)| 0
IH
L]
re
A=)
oF
=
H

1o

Zhaul ol Suldol Al T shREEAbALY] ARle HH (Y 11-8),
A7olgolt 7iols 2 FAzkel olsulolAels el oo o5t msirt
71 wokor] thgos 22| ot wsirl 1 theo Be Wws yehjw
ot} 7EAEH] o]&ufzol A o] Abx YRl Ao Aol TEa TtA

ol % HAT ol Hol WS e Hu] 2 9 RAlo] o3
AL @Qlo] Fdide w2 545 7HAL Ut
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. &8 7tAQ SMHELAITAR L ey 5}&}1

Equipment Failure,

49 Corrosion Failure,
Material Failure of Pipe or Weld, 5
75
Incorrect Operation, : )
77p Other Outside
‘ Force Damage,
‘ 355

Natural Force Damage,
81

Other Incident Cause,
102

[O27 1-8] Ol= 7tAZH] O|SHHRe| SHiZRAty 2l

< 109(2011~2019) &80l S04 2AysE LPG ¥ LPG/DME &%
7FA0] ZHAIVANE (E -1 YEFAS(Xinming Q., et al., 2021).

(£ I-11) 22 10922011~2019) 22| LPG7IARE AL

Al A A AL EA i) EHH($)
2011.11.14 LPG LEAIE AIREAl | AFY 10, B4 36 | 1,390,000
2012.11.23 LPG HALE TSA | M 14, B 47 | 2,260,000
2013.06.11 LPG N AXRAL | A 12, B4 8 | 1,960,000
2015.10.10 LPG A20lg R=2A A 17 2,160,000

2017.06.05 | LPG/DME | <ts4 O Al 10, B¢ 9 | 6,320,000

2019.07.19 | LPG/DME | H|O|& 2t M3 unknown

2019.12.03 | LPG/DME | HIOIH &2+ AMY 4, 2410 | 2,020,000
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2011954 vfd LPGoll 93t ZIAtarrt dAdste] Aokt 14, 4 w67}
Yol k. 20199 12¢ 3¢ Ho]olA LPG/DME o] dAsto] AR
479, BAF 107g0] BA¥sISIT). Wid LPG 871 S715tol| whe Ao wrdsy)
g ASHAIZIA] FoA AP 7HE o2 LPGE 543 =23te4
1 e 2olH2(DME)E LPGF Esto] ARgstal =], &3]
JEIZ(DME)= Fa94, =2 Ale7t 9 Ae 71402 LPGLHe
7 AR AHE 7R 1 Qlth LPG 59 7FAZEAL O] WA A

2 AyYoa @o] dojutl J=H|(Kundu, S.K., et al., 2018), 20164
SO AE 90979 ZRAZEIALILT} WSt ARG 1277, F4 1096780]
st om, o] FoA Aol LT TtAFEARIE= 517710]90H
201790 702749 7FPAZEMAL D7} wAdsto] AP 11009 o)A 9 Apgt
1260] ¥A¥t3 o o] FoflA] A 7IAZIARIE= 46570 F 66 %S kAl
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8elo] =i it

[2" [-91& 20194¢ 12€ 3Y A 24] 43870 Hlo]y <o+ 4AA9]
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AU R Fdo] yehon, H A9 E2F2E A2 mREE o] o]

S
wd o S
N

N AN o O
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e,

A @ AL Qe B ool Agw st 4 %
b9 FATHE QubkoR Fuo] A Astsog vt Has
5 1719 3} A4 WelgRre] ARt W) wpt

o @l Bl AL HE, solmeiel I B 5o Y
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displacement pointi
north

| ' The surface
decorative

. tiles in green
An-obvious . area suffered
¢ the most
serious
damage

=Y

Whe concrete roof
was blown
through
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e
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> d” MY ,";::54 I!‘%?A :

[O8 1-9] &= H|0|& AXHe] AES|AIS| LPG/DME 7tAZEYALYT D&

wet S2vh Askelo e At o)A B At v il w8 Gl
H

AFE3Y] BHET Eord = At

S|
a1

3) AIZAR EA 2 Qs

HI

U] 7kaAba A 9 FE £4S ot tREEY AU LPG ¥
LNGO| 98 doju= AL & 5= Ak LNGE= Hgho] F4E0 24 C/HH]
(Rt} £49] TaH|E&)7t Zot oJARFEA(CO,)Y HiE A 7IHE &
At g W AaIGolA LPGY CO,9) HiEHE 12 k= 490l 7=
1.16, A&k 1.5391d] B]3] LNG= 0.84=2 714 2t} E3F LPGE G329
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W23 ol Wwato] 7o) glo] e Ams Aol ZAehT Qo Tet
LPG % INGE %4] Eals] o] & Ao ko] Holx] gov] 13
b2t SpETe] dolit A9t Edueto] B At o] Hrhs)
wol] 27] A%t mdo] A %S EA7} Qtk. E3F o]t AL AR

H 28 Ao AEshT g

o AOEA AYF F A B X9}
20 24 TN ol Yol BROIE FRU 2 S} B
g % glom oo nE SHEN AL BeolA 2AE Akt e
=42 e 4 otk JenE Tk a0 G R 9uAS Baska
olof Tt THSWNS AT AN BRFUA Thad B EHS
eAHoR AT olo] that YRE wokd Bast gk

2. 7tA SE0] M2 sied W U SixjEL

|

LPG % ING 59 988 7IAE AR5t e g4 gojxeelS 59
0|5tz IFolA FFo] WS Aol Mol EAcHA HE +=
7t27) ZstElo] SH ks R ojo]d 4= 9t} 7RA o] HjHolu A%
BA0A 7FAA7EA FEol wWE TrASHAe 7EAZEO] WAYo] 7HEEE Akl
AU E [T1" T-101° Yekslld. 7k F20] dojif= &1t ¥ 3
shedol] o 25t doluA HH & 714 3719 T8V A9 FEA
grom Hujup 29| =& FHYolA BE3HE (EH4IsHA)o] WA SHHA 7hA
SHH=E o]ofXith. o]2gt 7EASH= 7HA FERoA AEAQ1 4Tt o] FolX|=
AASHA (k% ; Standing flame)°] GoJUA|gt 3}go] Hutst= FAMS
HAYSHA] gr=th BHHO 7tA & Fof Alzto] Ago| wet EvFY 7HA
X717t g o ® FAo] = ol 7tA 2t oA A= C’ﬂé
519 (Premixed flame)°] 7t EF71E o] AstHA 7tAZ
dojuA =t o]} o] 7kA FFo] dojupd 7tA E F7]9] 59 ”EHOH
wtal ZEASHY (S A) B 7RAZHHE SR AFaL FEZE SErA A
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auﬂ oX,
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( SUANAZL| =0 HASEY(0| 3t sPHEY fd A

omE JtA 3RO F W 7pA0] AASH, BubE g4 2IRe] S5
9 9%, J2l3 AX L Au|o] §57} ojo] |G}, ole} o] Az
o) B AL sl B4, e AS, ZEQ U o] Zuialy
APt FQ3it

3. 7IAFHAMS] =fFHHL EY

7hAZ O] wisf k2 ST o5 Lot
et JE7L S8R5ttt ZpAaEdo] dojuyd st A nto] 9
YEUHEE 31 A5 E40] 7tAaE T oE o & <
vk Yol A 9] 7RAZH A|9] AALGEo} SMHAuEE 0] HAE (178 [-11]9
e tiHirano, T., 1984 ; Glassman, 1., 1996). 7}A338H7| 7} kg of
HAsHs Slge el (Ignition point)EZHE FHoz LA
(Spherical shape)Z2 Aatsk=d], 8j3 WolA+= 4 FEfQ] dhgo] LA A|7E
|%ofl&= ¥ FEf(Hemispherical shape)Z Aufstct 7FASIE S oA
538} 7](Fresh gases)ol disto] StAH(Flame front)ol] £33 £&91
A 445 (Burning velocity, )& 7HH o3ttt A4vtA= WHslo] Hujrt

H

o
l~>

Burned Flame front Fresh gases
gases P
Iob \ IOU Vf = _u ¢ S
— Pb

e !
Pp

Ignition point \

Flame propagatlon S (Burning velocity)

[O T-11] 7JIAZEAMS SfSHHMET
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S7tet7] wEo] SFFAYS] nAALAERT = FoF YA|A LJF-o] stF [T}t
(Flame propagation) W3O 2 Wa|HA] o]&3t} I18ug AAE =L+
SFAATEE (= (2.1)43 Zo] Uehd & Qi

V,=8+u (2.1)
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P
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N
10
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18
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_>~|_4
rucl
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e,
>
%0,
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(2.34), A% NAAIEE(PE AAEE(99] DBFE(0)2] T7]0f vlejstnz
2.4)420% vyehd 4 9t

&) 2.2)

7" Py
u=38¢+ (c—1) (2.3)
VfZS- o (2.4)

g SH HEt-37] SRIPEEE EP7|OINY SRALSE(DE 037 m/s
APHL(0)L 6.90102 SFARTEE(IDE % 2.6 m/s7h el Z
4P g7bo] Agztol okl ol fulat ol Wl gztelAl 1o 5
QA7 YolLhs AholAE dartac] B wt Bl Yo w A5H]
mio] SdutEEs SE 4 ek olgh ol HAATEES} FAehe
829l
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( SUANAZL| =0 HASEY(0| 3t sPHEY fd A

s SES] B7h ojojAlnt
Sl AmS RO ST ZhaBar] Wa|ode BollA FaT 247} Hed),
slansrEe] 571 adlowt Jleld B30 7% B, A B9
55 o 2w $2UY, S $IYY 5L § 3 SlKDobashi, R
‘ 1ol EAsHe
o1l e

7|A EF0] HEJJF Z ]’/1‘3 0}04 "}-ﬁ-’é 7157t Ak
g 29 EUAY FFe darnt daker
HP = o] U7 3o = HolstiA SHTEEo o J‘% = 4 Uk 39
BP9 27| AHOIA 717 B ExEA0] Gl Aol EAcke d R
SEOEA, dAm FAR) Ak BAY] SHAF £9] Zfolof o5 Rk St
-d& B9 A(Diffusive-Thermal Instability), S+FgollA] 7]A|] W3] o5
FrHe FA9e4 E9M44 (Hydrodynamic Instability)e] ith ESH d
I= AAHY] gFgol A2 Txo] FAOA & x| FAE Fot=
stgdngFe s Hgol AEst= A9 H“‘“ﬂh ol EQHEA
(Rayleigh-Taylor Instability) 5-°] It a9 <& B AR 7tA
ZALLL Aof] ISiE SVl 810 EE AEStal it ZRAEEALL
Aol ShaATRet A AE WRe 4ol Aot AE FE 2o
L7} oFgt Fio] myj o] FjtRrE WAYSHA Hot o]#gk AR E AUe
AL7IA7F FASHA R E E=5h B3 AW S A RS &9
7HEEE AAolA 3t oY EQMgA0] yUBtiu WRAd ko] g
ot URA I AaKLE STV 7IAFRE g SHAIZIEE
7 ARLo] Ogt njsf| F7to QlolA BF o] EQHEAdS AEshA] ko H
A AAET & B715to] EFES AFAH HHOE o|ojABE TkA
oA e oY EEAY AN HAFTE B T8 Aol
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4. SE BRUNO B2 ZULHY

740 AAof| A WS St AA SR o edtstg o s R
Az o] He 7FA%} ﬁﬂﬂ](’ﬂﬂ Y A7 47 Ere g FgF o] vk
(Reaction zone)olA A4st= SAstdATt A59F AFSHA|7F v]e] &35tE o]
24719] ¥Hgdo] suEe dEdstd e g ERE. olFel AEATA>
stdo] S AR WA= FAStEY} sFgHol 7] YWRE o]Fshe
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( SUANAZL| =0 HASEY(0| 3t sPHEY fd A

st Anto] AZLS slAk ulo] ofy 1l
HRO FF ol FFS whe=tt FAEe] HAYo] o3 ZHelo]
FHu= ST THdste] 3ol R S5 o= Holehs QQlo=s g
Stal itk 8B E 7tAEE o]ee] Edkxo] gitkal 3

AL 7t Eddde] oo == AR & 5= Utk mAL7| Ao
s EddAdo] sk Bole 7HA7tAT] A2 FEtE SAFoE
Y U E717F EAstH dHstt W
A5o] H3le 4 Qti(Harayama, M. et al., 1980).

IR EdAA Bt 7IAEET B0 B2 9T = Aol disiA=
ZAPZE Eol o]fojA FANt AF7HA|Y] AFolAE FEE5Y =& A7
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Sk 71&717 Y42 AR Y=
to]& o]&sto 74
TAA
4274

EXIEN ]
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SHA "t} ol 7tAEYY] IS Bk 1A 9] Ao]Z QIsto] A FARO
(AU %)o] Xpo|7} WAste] U7t =0 Z7tofA e Z7to 2 o|=slo] HUn

HY L FAt LT 57t FAHHT] HE2olth AR gE FFY 7tA
239 ARol= 429 vlE 2 9 JFol wE SRR nAe sk
71€718 38T 7FsAd2 ok 13y o] 2|k Aol= FAS A= A7)
2ol Ed IS 7AEEY] Aol ARSI Brehe W2 Bl o=
T

Zhg7)o] Y49 7tA £3719] s Y Ao 7MY E EAYAEdS
Ue ™ AJ7to] wheh BEddAL AAasthEHeA 5, 2016). (18 11-2]19
Zo] JA ©R(0.05 x 0.05 m)= 7= 4°] 0.8 me| FH JH
8718 AHESte] 7task el F9o oE &7 F 87049 sk AolE

Gas outlet : A Gas outlet : B
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—

CHa4 > 0.05 m

Vacuum
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A H. F4E70 94 v=9 7tAE FYsHE &7 WR 5%—8—
Z710l= d=74 715 DA 1AL 3719 Sk tiEE A gt
olsf o]FojXith. [1¥ M-2]19 FEY &71°l 448 7FAs=(10 voln)E 5
Ysto] FH F EHY 5% AolE AA ARt Wt FtAFERE T 1
(GOl sf A3 272 [11 [M-3]° Yerdith. /FE e mgtrta S5t
71014 9] Hge] EdddS UEll= FE & 299 5k ¥t 7A=Y
A5of 7P =%k om Aol Ao wet 5= Zol7t Fashs AS & &
U AZHx)ol WHE HEe] sE=xpo|(Y)2] Hsto] dishA tat4] 39 2d
(Polynomial regression model)& Z-&35}al 3]HEASIe] HojA d|&24]

(B. DA 2o [I17] -3 A&5d= AAoE A A5t
Y'=1.2569 — 0.0559z + (6.2717 < 10~ *)z* (3.1)
2719 gt sER|(Y)Y AlS5AlolA AR A (R-square ; Coefficient

1.0 T T T T

@® Experimental
08t ---- Polynomial fitting|

06} |

Y
.
S
0.4 !
.
Y
.

Difference of CH4 concentration, vol%

0.2} + |
Tube length : 0.8 m| ; |
Q.4

00 . 1 . 1 . 1 .
0 10 20 30 40 50

Delay time after mixing, min
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=A UEEHT E4YA B7HE A% S84 AIE Ao gtk (3.1)4]

ALESto] HI'g7EAE FHO| F & A AAZ| e HE7EA £°L7]-4
#4294 F4 ATE (1" [-4]°] AASHAT. A& &9, We7ts 27
A|AAZE] 182 Aol = Aol= 1.20 volsz A=, 457 &
A A7t Foll= HE &el7t 0.011 vol%2A A2 4+d 28717 84
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]
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-
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o §

fo

10+t , Ly 2
Y'=1.2569—0.0559z + (6.2717 < 10" *)z"
08¢}
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0.2+

\Tube length : 0.8 m\

00 " 1 . 1 " 1 .
0 10 20 30 40 50

Delay time after mixing, min

[0 mM-4] X[AAZIO| D2 HETIA 287(9 239 £

Difference of CH4 concentration, vol%

MY

=449 7= BrPIE mEr £ el EEAARL 2 A=
(3.243} Zo] 7ka Eg719] BF LA (Non-uniform ;: Gw)& B 72

C;:_ C,t
! ] (3.2)
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S Gy Zol9] BlIE=A Aottt (18 -5 HE7tA-37] 719
A R Sof QlojA 9] Azt wE EHLA Z7|(Gvu ; Non- uniform)E
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H0| x4 FYUSHH S AIZH46= 014)0] T01| o &Y
TE R = /IF7F et dE7t EH Edsk X 7%
SJEfO =t =0 Aeteitt.
S0 = TS dHel 2H8/[0 571 & /i85 | =0 &Y
=TS Tgolil Y AlZE 20| E=fettt OlMl 7157 =M

J
4 oA 7|77t EAlots 2R @943}93\‘:]’- 7}i—1“€ E4 AdA9
TAAR EdIY 279 7E2 (& -4 2. EFY(Non-uniform)
ZAL tA-T7 T 39 R AA7HDelay time)& Z+2F 1, 10, 20 o0&
A7kl e, #U(Uniform) 279 Afoll= 7tA-57] 3 9] A AAZE

(Delay time)Z 4580 = 3}3ith o9} Zo] AY AL
BRARAY SRS JHAA SFAA} T WY AFL ¥ mgro 2 A

s E044Y STl distol AR,

(B I-4) 7IAZEEY AMANML S2Ld =A JIE

ltems Delay time (min) Non-uniform (Cnu)
1 0.98
Non-uniform
(B0 27) 10 0.76
20 0.39
Uniform 45 0.01
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LULRAYAY =Y TfASEY
AlS x| Ol H
AT

D 95§ 7129 A= 43
218 B4 (& M-5)°0 Yetict

2 QoA AM8BIE djg 9 mage] B
ol AFBEI Y ARE ThA FOIA SABWAL WA WS R
(B II-5) A= 7129 221X EY
= HIEHCH,) T2TH(CsHe)
N 16.0 44 1
HIS(-) 0.554 1.550
=2 (kcal/kg) 13,285 12,034
7|® YE(kg/cm®) at 1atm, 15.6C 0.6784 1.8954
7|14 HI&S(-) at T1atm, 15.6C 0.5547 1.5496
==8(C) -182.5 -188
==d(C) -164.0 -42.1
HAHA(kcal/g) 11.93 11.06
ZLHLR|(vol%) 5.0~15.0 2.1~95
O|2=gH|(vol%) 9.47 4.02
0|237|2(kg/kg) at 1atm, 15.6TC 9.56 24.29
L3t =(C) 632 504
Z|HAEE(m/s) 0.45 (at 10 vol%) | 0.52 (at 4.5 vol%)
E| A0 H K| (mJ) 0.33 0.30
A 7H2|(cm) 0.25 0.18
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SAFLALL Tofi= AGF o R WIS 7HsAdo] 7] wiEe] FUARL WAETo|
obd Y 9] msixzt AL hu|T "7t Qrt. B AFolA= LNGS}
LPGY F/8&Ql vleta ZE2xto] tfs| AR =ZAML Al TS 5= Q=
EdYAY EF7INAM Y FLELS AR HE2 LNGE| FAHE 2= A]
G&olu siA] AJstof] AHAA 02 EAsh=t| t7]FolAs 2AaNE YR
A 53, Fr9] 7tARA F7)= 37|ETE 7PE7) wizol fA &8} 7hsAdol
Ut ELF wgh 22 FMO| vg 3190 FHIE A4k 377t RE55HA
FEHo 2 JARIEA(CO)7E WS BHHo| T2 J(AZ o2 EA5HA|
gom ARA 34 Ee AA7IAA T FAEEA oA B H3
F=49 7FA4 7EAolth A Alo] FEe AR glom dAkeker4A(CO)
4 =4 SRS AT e ESAALVE dojusy], T2 o] A4k
7HER9] AaET AFSHATE HgtEt= ol AAVtATE AL Fge dedal

2 AFolA ARERE EdUA FT AR ANFE=E (19 [M-6]° e
with 2871 AH QYA HESTS30H)EA P8 13 ste] 30 bard
FUAE7A] AHTLE SIS AR E e 719 YR A4S ©HA(Cross
section)°] JAFAE(0.072%0.072 m)el™ Zo] 0.82 m2] I Fe|(Tubular
type)d] HHF F2= Eo] vt E3 7Y ¥ EFIZR9] w40l 91049
SlAA A5S A fiste] F8719] SHole & A9 gkl B
T U AehrE A9 #EF(Observation window)& AXSHATH
7PAET 79 Adts YZERAE ARES 1AY e A9 EENAS
ArEsta o olF Yo FE7|Y HS Edtol H3MH(Spark ignition)& A=
4 3 mm=E ST EAVEA S 39] Bt AE 2 NSRS
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ZAFSE7] flsto] [1” T-6]2 o] H4-87] Aol 44 1HFo= 474
AHA A (Pressure Transducer ; PT, 0~30 bar)E AA3l3th ¢SHAA=
WFH AEZ ARSI ARE Y Fol S A=A SHE fs)

WA 7|(DPI-611, GE Druck)E ARgoto] WALt EJF #2494 =
Ed 9 249 7A FEAe] I Sk vR= I DA
L AA(Thermocouple probe ; R-type)S [T1H MI-6]oA412} Zo]
P Z-87] HW(Back plate)?] st D ol ZH2F 17048(F 270)=
o

Digital

Thermocouple . .ieeeeennares { Amphtude oscilloscope

Spark Probe (Back

Data acquisition PC ]

R id ft be)
lgnItIOn siae o e Pressure Pressure transducer
1 anuge PT-3 PT-4
\1 £
......... 1 -\.......................................-----..................@ Q
Cross Flame  TP-1 TP-2 =
Secti
oM Ul 0iam | oi5m 0.24 m T 0i5m 0.14 m
' 082 m '
—P<G— Vacuum pump
—P<—— Gas (CH, or C3Hg)
Tubular vessel ]
—P<3— Air compressor
Cross Section . —P<— Air
of titbulaF Observation
I window for
vesse propagation Material of tubular vessel : STS304
flame Resisting pressure of vessel : 30 bar

THAZE MHFR|O| WY

3) 3l9AN&EE 9 ZdabolE o] =24 by

2 AqolA AHgE We 9 TR £ 99.95% oY Ik THAE
ARSI 7Y R B4R VEA SV A [:LE‘ M-6]o A2} 2ol
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Aol 478 Al s&ol sFote 7HAREHE e T2 £ (Partial
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Il. 20 7IA287(9 S fIed %17@

pressure) W40 wet ZH-87] Yol FAstal t7| AEivt s 3U1E
Y=t ool A8 AAATE o] He}H(Spark ignition)oll &5 AT
7171 AstEd stgo] MuksiA Ho), stddnt AL AR, EadAd]
£ X £X9 37] 5o 9 M=t ol FEEAS Wil o
AA d 2L AAE ARESHo] 2da) SFE 0] S4B AT 5= Sl
7PAES717F AstEE W H S FUE7] HE 7] SdolA 5o
stgo] AupstA =e=d [ M-019] A 7iefzo] #7]1H 48719
A Ao A" LHAA(PT-1, PT-2, PT-3, PT-4)E AR&3}9]
S5t A0 FE719 TS (Observation window)< &3 A
v g o7 er @ 2 3<E7MHZHOptronix CR3000, Germany) 5= &-&5}0]
stAAT ASS ot ol o] o mp 9 STt JAFe] AAE
HolHE 715, &4t AL EE S5l
2 ATl e R st 7tAE = ARl 3717 Aol £
7otk dedr 17t AlekEd Sfgo] Hufsh=t] AusgY +x2= AdH
RS2 TR dddie vda 7FAAZERT7 sl f-UEY] 29
FALEA ALNREZ oF2] UojupA] grow Z57|9] Lvto] 453ttt
= dankgo] dojuw Eddt g7 stA(H)o] YA s L Fo T
gt o ddiet HEHE Fet st FA= Austge] doju= 3119
3710 ®letH w¢- 7] wgo] 459 "dHoE 7hote] 2P H(Flame
fron) 22 eI S}, 3}H9] & 7hA 5ko] wislol] S W] wiE
ZHFL|A Y 7tAEEl] EwtdAl YeiAE 2= WHEPF UERE & Qi
7IA23719] A2 Hils 1Y S0 EUEALE UEE AR F9
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7hAZ o] ofgt AH ARl 1A 9 4 Hsf= Hodof ot Aoy o]
A2 FE A9 IFATEE B4 s FFE wHe=th 4Lz
(Cnu=0.0D)ll419] CHs9] 3949} BG5S 7IAse Halo wie) w53t 4y
(29 T-71°1 Heblth #9273 (Chu=0.01) (I IM-3)°14 <k 2ol CHs-
571 EF71Y BA 71F E #d FEFONA BRI H. CH4L o
(Flame front) wj712]L Ao 2 319 9] wehe #9o] At 31‘:}-

= r

fujru

7 vol%

8 vol%

9 vol%

10 vol%

11 vol%

12 vol%

13 vol%

[O3 m-7] #YSE(Chy=0.01)0IM2] CH,2| sFHIO &
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5% 7, 8 vol%2] A st

U= ol FH2Eo TE FE 03‘5 Oﬂ 71918k ek, 23U SFstFE
50| 7I7RE- 9 vol%ol A= sFgHol ¥
StAA & o] TR HA FE 9 03 =
10 vol% oMo 2 w=7t S71etd staRnEE=T} ash=d 72 dFor
St vl ARE et Aupeldl Qe AL & 4 St} v Evdsk
z27 FolA 715 }—XH 4 24U 50| 7P & F(Chvu=0.98)00 3101 A]
CH9] 3tdds} 252 [O9 M-8]13 2t 7, 8 vol%e] skolA= H+4x4
(Cxu=0.01)3 & awuu HZ o] T == Aol WAHIL gled, o=
H5514(Turbulent flame)olA &5l SAHAS SV |& 5 FEQ
StF X (Wrinkled flame)2t S-AFSFSITE.

7 vol%
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9 vol%
10 vol%

11 vol%

12 vol%

13 vol% No explosion
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9 vol% olA9] FrojAl stAo] Feof o5t gjFo] glo] LA FEE
7 Ausi=y] #Y2A(Chp=0.01)3} ¥ w5te] St AT&EL 7 S715197]
fZo g waEth E3F 5% 13 vol%olA49] v]ZE(No explosion) 53]9]
Y s AERANA Fido] Yojuhx] 9ttt ol EwU4(Cru=0.98)
2004 [19 [M-619] FE¢-E7] 2ok HA|(3 v St 2RE $208
0.036 m9] H)ol|A 9] 7tx FE7t FLAGHA ] THTFE SR EH0E
Zard e} gie st P47 Har =S CH& A s} SRR
AAE7] Q2o A A=A g Aeg FHE. [18 -9 CsHs-
371 £4719 ELAdl UE 4 dlﬂr A= oS oto] sEE SHEA
ATE Uehd Aolth 47 715 % #Y 540 iFEE C3Hy(Cau=0.01)
oxel sledint S4g Bl Asro] SfgEs 3~4 volkolAe] Husiele
CH,®| 7917 M-7)2k g sigivlo] 49 wjwte) sl2o] 24dsio] dntsla
Ae A & & Ao F M-52F &o] C3Hs HlFZ 1.5502 %4

C3H8(CNU:O‘O1)

3 vol%

C3 B(CNU_O 98) C3H8(CNU:O'76)

4 vol%

4.5 vol%

5 vol%

6 vol%

7 vol%

8 vol%

HIDUUUI

Propagation direction sy

[23 m-9] EFYY Hajo| ME CsHe2l SHTL 25
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Z7tol] w2 stiAst S1gAol Bo: ZoR FYHT BRIy A%
F2(Cn=0.76 2 0.39)3Hs B0l st ! 9
Selo] ZAsHe A B 4 9, ol dasrg AshaA Al 34e)

AN

oz olojd 4 it

o
i
o\ =l
20,
£
HH
ol
) %

—_

2
9]
i)
>~
N
al{f
ofth
£
-
N

=

o

2) ¥E BFAN I 9P
Wz

Ay et E

T,
o
o
rir
oM,
]
o
Il
o® o
rH
o)
o
3
@
@
o
)
Q&
9,
fr
i)
|
i

whe ehch Swol o)% At sdds GAeIA 33 ms Ao
AT olulAo] tfete] sHdAI2l(Image processing& Boto] AZshoct.
213} 7.0] 150 me7HAE E2 YAl Aol 271 SHAHY) oL F7ksHe
A% LRI QI o] 3 FAL Avta o Alo] RSk ] FAup}

49
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"'E 0 5 r ,/ ./ O/ n
o /A
o s el
T 0.4 /& o §
o /lﬁ‘ o
€ 03f /0 : |
&8 Ko —O— Uniform (C,=0.01) ]
5 02} // o —m— Non-uniform(Cy,=0.98)
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B oanl "
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Time after CH, ignition, ms

[28 IM-10] CH4(8 vol%) ZEoA2| stHHO| 015 54
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oI}, 3t A Fo] A ThE Eurg7lo] glojAl FA% Fejel

W Y Bk, B WskUs Fet 9K, fAK
Ao Edto] WA A9olE A9 FAF KoE AL
% rke 22 Uehin itk Ko Eeea st an4ro] sepierz
olRolA glov], FAUTRLE, HALE U HrpBUYLo] FolASE hA

EdYA0 e CHy ¥ C3Hg9 719149 K9 &= w& tﬂﬂ—%
[C1 M-25] 9 [1" I-26]1°0 AAISHAH. Koo a2 S35 «l
037} == “:L%*%%EEEP Ohh =2 XA YEsT. Eo}
d/go] S7Iete Bl tiFE2] sk W3l SlojA Ko7t 71t %0&01
e Qleh & AFtolA Aol EdYAol wE CHs % C3Hs9 Ko
Z¥7F 1.30~1.58 [MPa-m/sl, 2.07~2.41 [MPa-m/s]7} €o]&t. CHs 2
C3Hs9l Ko ZARL(NFPA 68, 2018)°l4+= 22t 5.5, 10.0 [MPa-m/s]7}
AAEIL ey, BAGL B A9 KX} oF 4~5817F 2 AL & & it
o|Z|gk Zfo]o] YRl E = Keo SHYH Zfolof 23t ZAow mHET
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© dpP 1
o _(4er .
= Ke (dt) v
. . max
€15} e g
o / P A et
X A g g
2 /A R
X / : NN
[0} 10 B // J/ / A \ A -
= m .
=] ‘ —0— Uniform (Cy,=0.01) o
©® 05F " o = Non-uniform(Cy,=0.98) .
= g; - — A Non-uniform(C,=0.76)
D @ Non-uniform(Cy,,=0.39)
O OO 1 1 N 1 s 1 1 . 1 1
7 8 9 10 11 12 13
Concentration of CH,, vol%
[13 M-25] EdUE0ll 02 CH.2l ZUZEX|:
® 25 T
®
o
= 20t .
=
G
X 151 ]
x
©)
©
E 10 - ’ .
c /
L, ® o Uniform (Cy,=0.01)
g 05k ~® - Non-uniform(Cy,=098) g ]
© —A— Non-uniform(C,,,=0.76) 9
© —4&— Non-uniform(Cy,,=0.39)
D 1 1 1 L 1 L 1 L 1 L 1 L
0.0
2 3 4 5 6 7 8 9

Concentration of C;Hg, vol%
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V. Z9 XEd oA ojg A4 Bt

1. F2 A=80]142] 7HL

2 AFoA ARESH= 3D EHA|EYC]H(VEXDAM)Y & 1sjgrt=
TNO multi-energy® @ ARE-olal QQom ZukQrg 9l & A|71e] AlAlo]
7Fsottt. S71% o] SlojAe] AAE(E)Y AL 2(4.1)e 2ol dH Y
&4 &, 2016).

E = ms - hc (41)

A(4.1)°1M me= A& FFolH, hee & d4Bolt. B met F71% A4
(Voo A= 2(4.2)%F Zo] Uehdr

Ve = (mf'Ro Teo) / (Poo" MW Cso) (4.2)
2](4.2)°14 Roe LRE 71A14

Oﬂi_’] —‘_X]_Eg: Cstl_ *“7_(_'9}9_'
& 4(4.3)% go] mEH

1= [ Pr@)dt (4.3)

ot= 409 SR 545 H] ol
L= Z|f J}?J‘(Peak static overpressure)
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ot} Z UMY} FAAEKITAHLZ ol 45, B o|Fd FAT, 181
FEnte] 3714 FHQ P ZdotH 2t 2 AR e 3 7L
Ut [18 NV-112 543 SollA o4 45 (Ideal shock wave)®] FHIE

MeFHoZ Yetd A0 ZA, (v FY A&AI7HPositive phase duration)=
omgttt. [I1d IV-11o14 & &= SI0| ol 49 Iyl Y&t 7=

Hyperbolic
asymptote

Hyperbolic
P shape

[23 V-1] O[4XQI SZm HEY

of Ayte] ol 2 HRHOR AFH, oY T V|28
o ol FAuet A(4.4)7F YFAt

1

2o

I=P, t,|s,+a’ (4.4)

71 & & o'= oV SHT AolH, e BEA] 7HES Dol At
O =AM HZH 2ol 4(4.5) ¥ 4(4.02% EFHEH.
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V. & AIZ2]0]40] e flelyd %WW

SOZQ(Z[—_—;ZQ@ aza/—soﬁ 4.5)
a =f(P) (4.6)

7129 W golete] WA= A7) 2o &, SV WA (R)S
71414 B S71% #°19 F=olH, 79 57129’ (Ro)= (4.7)0141<}
Zol AA(V,) "] gepolnt. S ZEIRY] Aa(4P)= v A (4.8)%
ol At

(4.7)
(4.8)

21(4.8)91 4 S= WS ¥ E(Shielding factor)o|™, S<F s H e mtaby et
(Shielding factor parameter, V*2}] IA= 21(4.9) ¥ (4.10)7 &t}

(1—p)» V'2<1 (4.9)
0 ?>1

o of\> [ofi\* [af\’
v —1—231{(893*) +(6y*) +(8z*)} (4.10)

=~ O = . =
A, WS F2E0 840 oigh AR EE Pt sk
Pr(EEgE)e 44103 2ol A= Pt Pr3ollAl 22 ghol dot

P’12 :min(P1vP2)
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( SUANAZL| =0 HASEY(0| 3t sPHEY fd A

BAY AH|oA 7FAGTIAE FEshe THFolA F=ol 2t Eido] dojd
o olzjgh o] o3t 9k Eﬂéﬂﬂ' 9K Overpressure) .2 YERATE.
2ol SAuo] F3¥ste] Aoj &Y (Dynamic pressure)< 7tALGEO
s =0 Ue= ?ﬁ"ﬂgi/ﬂ 29 Aldoly AA= FE 54
FoFotet. T3 dFA(Impulse)= ARl Wigh 4] AEozA 4
1 o=z #AHEY. o]t Fgo] ottt F2E9] 1= A=z wet
A=, 2IYE 59 Ame Adof FHoRet vhdof| weg, HAF H B
22 FEREL TGOl s Fart Bek 24 yerdh Fo] ofgt us|
£ 557 HsiAe HA AR 2 AH|Y 2 FHHZ olsfish=s Aol
85t olE Yo FIRdoA= AdH(P)-FZA(0) tholol 1S AHEsto
7hAEZH] ofgt R EO|Y AR HIE STt
B 7oA BREEZE VEXDAMS] P-T tholo] 1S Ab&ato] ZokA
7/ HSE YAt Thofst LR EC 52(24_7,-_)g_ oly =g /Ké(19_,__)_/]
= A8T 4 Aot VEXDAMOA Y 914 9 x50 Zn|sf <
FB7He FEAUY Q. Hdof g 4E 74]*} 2be a3}, 22 Z9F HA A
ESAZE 83}, &g-AFs(Damage-injury) % AWt 259 AlESE AR F2
AR = AAE st A4kett %‘ﬂa} Sff afl&of Eagt Fd AuE e
HE7oA 170 o)de) a3 viA] A7, ARt YA 449
AJGAAE) WR FE2HEFA)E 24t F292 339 X, Y, Z3RE
g S(Explosive yield)& A3t 7] Z9] o= A=
% 71:%(Subclouds)] £9} 944, 7| Aoy F7|-37]
SES Hu, 83 479 l'?—‘:' -2—7]-.—_,] EZm 2 oty Zuto
FEE ol Mofig7te] thido] Hi= AARKRIANS 1A & :rL’—'\‘:’a{/\V\q A9
IR E X, Y, Z FEe} o)} vuieke molsl L9 uj/HSy, JLRES LA
St= AE, 47], €% 59 Y8 ilﬂ ok g}t E3] X ch}(ow)q AL
X, Y, Z ##2] fJA|qto] opd ApA| AHEo] thgt Aol 755t ol& 9

Q.

|

74



V. & AIZ2]0]40] e flelyd %WW

2 7+ Zrjzto] whekat ookt ER(A QAL Yot 9= 5)E
AR 4= lom Zh AA Fejol|A9] Zxo] gt QA FHoMd HRE AR
2= Qlek. o]=gh ArdRel 12 ES] B/ gHo] |ulete] 13} ko ofgt 717t
T2ET ZYGAHRJAA) 7L W dEHS A4 £ glom ZdetE ] 37]9
FRE 9 AA 9 g FoRF AR weEt BE F2EY &7 AR
2} FES FA ole3 2Undy Axs &8ote JtAaZde] 93t
AR E AEES] Hof Gt 27]E Ao FRlokal 1Y Tt A|EES]
&4 Hastely] gt AN AYE sEokst] E8F &

2. L A=80]42] AL H ALt =

EN
lm._]ﬂla

o,

A E7Y 7HASY] 20X FEAES v, HESH| st
rinity Consultants, Inc.9|A A4d-&C2 7Rast 3D-ZHAl & o] A
9l VEXDAM(Vapor Explosion Damage Assessment Model)&
3}95\‘:} VEXDAMZ 32+ Zg7tof Al 7kl 7kA 9 A9 13}
T} 10 FHehs 23 R RE It o FRET A AAIA
e} wsiE Bristr] gt FUns] HrF HdEA AAEE ALk
=0 gt SE4 B 7hssith ol=Rt BUEE SISl 3R FHst
Wofl HIAIgE Adxte} F2E0] fIAIsh= Ao4 9] 5 U(Dynamic Pressure)z}
IR (Overpressure)?] A4S ARESHL Ut VEXDAMOA Y] Zdrdle
TNO Multi-energy Modeling& AREo5HIL Q1o 7FAA 71A 59 F=3,
7Hd E49 & dAg, 3719 ¥, ddE A, FLo|YA| Fofl digt
A E 1Estal S4uF 3400 ot B7F tiAETe] R Eet A
02 g5 SES AR
(B V-1)2 & Algdo]dol AHEE CH4Y AL 22 Yehd o]
Ao IE SFAdT L A E4of tisto] AFH o R FASIIL
: _

P =

rlr i)

_,d
Qb Mo oo [H

= N 1
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( SUANAZL| =0 HASEY(0| 3t sPHEY fd A

(B V-1) % AS 0140 AFEE CH.2| ALt =

712 AN
=39 CHa
712 (C) 20
71% (atm) 1
FE55% (vol%) 9.5(®=1)
22X (g/mol) 16.0
= A4 (J/kg) 5.0 x 107
Uz (kg/m®) 0.7168 (at 0°C, 1atm)
Setd2=E (vol%) 9.5

x oF ZHk A
FFP7HE BHAEHCIHS B3 ﬁio}oﬂﬁ‘r SD Z A =5
ZHALE ZH2 (O IV-2]9‘r Zo] [19 I-6]9] 7tAZHE ”?-E%WQ} 54
=1 J/]q}_{.l;HPC}):}-Eﬂ o g}oLoki T L
&2, %‘%ﬂﬁﬁ%ﬂé At FE5EE (E V-1)3 Zo] FH|(Equvalance
ration)7} 1°] E= 9.5 vol%=Z HFotAtt. 5% B0l IE A& 0]
W 9 S [0 V-39 2o Edd4lo] ZEgo] nA s o
Al4rst7] YA FEAEH ol AoA Y CHy % AP ¥d 2 E+f
27HA & FHEstglon, U1t 7HAER 7= o7 1Y S712(Vapor-
clouds)9] go g FA4g=o] Q= AL 7HEstitt. #284(Uniform) 27
o= 13719 e AE F7]°] 54 5=(Cl : 0=1)E 7H&= 7144
71E AAstHt. FHHo| Bt Yd(Non-uniform)olA+= 2714]19] &%
4+ ZAS AAsIT. EFLA(Non-uniform)?] Case-IA+= A=
02 55(C2 = 9.3 vol% 2 C3 = 9.7 vol®)9] 4B F7|30] A2 WA}s}o]
EA5t= ACR Aosiilon HHdskrt 0=1%1 7tAE37| et

[,Tr

m{n: (lol

~
(o))
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- =

Tubular explosion duct

) >

Flame

0.072m

0.82 m

Same scale as explosion test

0.82 m |

Closed tube (thickness=2mm, steel paneling)

2% 'wglo0

T Methane(®=1) v

\]
[28 Iv-2] 3D ELAEY01H¥S flst ZusZt 24

Structure(steel paneling) of explosion space

Setup of CH, gas mixtures

/g;g\vu

Ignition Uniform(g=1) : Same concentration of CH, vapor—clouds

4 P
5 CCCCOECOCOCE
J \\\_/ 4 s’

Non-uniform(Case-|, Il) : Different concentration of CH, vapor-clouds
e Case-| : C2=9.3 vol%, C3=9.7 vol%
e Case-ll : C2=9.0 vol%, C3=10.0 vol%

Sample grids for calculation L

[33 V-3] sk EFYY0 M2 AIZ 018 Hx}

|
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( SUANAZL| =0 HASEY(0| 3t sPHEY fd A

Est E4YANon-uniform)?] Case-Il+= AZ & HZ(C2 = 9.0 vol%
2 C3 = 10.0 vol%)2e] B F7]&0] A& wApsto] Qlgsto] EXct= 7tA
S |(HA=T 0=1)E A5}

3. AlEg0jd 21 A E4

D 24 7t& 71

FU4(Uniform) ZA0NH CHO 287] SE(0=1)9] HULE| At
23E (17 V-40] Yerge & ZRAEeolde] BAL Sk 2FU4
2 TOHEES] QJaFS WIESHE Aol7] tEe] AR FLUFe)A Lt
7%, 9, seidnt] He v wrvte] AR o)g Sdude] ¥y
57 2 9L neEwA ok Yk IHne AgolddAle] sgsto]
71908 shavkse 3ol 97 dedl &4 SRl He dadwo

3 At B ol ehgsich Wl ALY W dol A
Ante B 8} 27)0% shgo] wh2A| o3ttt 100 ms
T2 APste(aH 11-10), SAATREE] AAD WK
A 27] B2 100 mobke AUk} 3243 B0k
% 9ltt. olejet AL 27] W BEo) 4L 5 & 9UY] B
4154 120] B3} Yot S} A W el S0
%7 57 debe Ao 249t 14y ojed 9A4

Be 4001 Ao et G 1 SAIEA, (18 1110
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V. =& AZ20140] ofst Ay %WW

Flame propagation —

Grid Over Pressure - log10 (aftm)
-4.20 -2.86 : -1.53 -0.202 1.13

[22 V-4] CH4(@=1, Uniform)Q| ZtlujQt LIIO| HAt

2) E4Y 7t& &3]

E494 59 Case-1 7oA CHQ Z23(5% 0=1)9] TEZ] AAk
235 [O39 V-5]0] Yetdth. #QH(Grid Over Pressure)2 H=5H9] 9
oA =t Fte] 109HA M oz HAFI QUeh. i FA(10TA) A
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( SUAYYLO =T JASEY|0| ofet SMHFY fEY T

FHH@IA)S] SHAZAE EE AY HA7F -1.5~1.13 atml=2A 44
“d(Uniform) 27(1E V-4)°l4< JJr%T HA(-1.53~1.13 atm)Ect It
E27 F2 A0 AL Qltk. ol EdYY Y Case-l 279] #<fo]
#L4(Uniform) 2AHT thh A ExE 0] J3-S YepI 9t of=gh
EA4AAY 20 BE I Zol= FIAVME 59 dTFol &A=

Flame propagatlon —

< = = g 4 =3 = - |
3 ‘ Ve o o N |
Grid Over Pressure - log 10 (aim) L
-1.50 -0.183 1.13

k 1.129E+000

[O2! V-5] CH4(®@=1, Non-uniform Case-1)Q Zttajot 2Io| H|At
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V. 22 Alzd|0140]| 2fet Azlyd %‘ﬂ)

AdANET e A2 A 4 5 Aok EFYLAH Y Case-1I 7oA
CHo E71(5= 0=1)9] IIEx At Ait= [18 V-6]1 £t o] 3%
o= i FA10GA)NA FZFHE@DANS] STHA 7R e "7} -
1.44~1.13 atml2A ExU] 39 Case-1 2T V-5)HT tha FA
EEEo] Qltt. o= Ed¢Ad WE FEAAAGo] vt S F=
Ao wehEr

Flame propagation —

Grid Over Pressure - log10 (atm)
-1.44 -0.155 1.13

T e
3.324E-001

[O22 IV-6] CHis(®@=1, Non-uniform Case-I)Q Zdtajot 2Io| H|At




| munmmae 7Y ke o SiEY AR o

-

4. ZLMGEoIel & ot

g7t QoA s EFY/d(Non-uniform)> Z1 Z}Qtof wjA
stinh 9F2 T A2E YEHH FUAEF AN s EvdES
CHE7(=% 0=1)°] t5}] 0.4 vol% 2 1.0 vol%Q] 27l 749 E+4Y
= HAoA Brisioith 1 A3t FEkE £x7F #2440 viste] S5k
Fol et o322 5 EdY9A f5ol OE 7tAaF o SlojA +
= 9 ZAARQRIZDA A= W FYF B7HE AASHAT. FEde] &
T FF | 7|E2 <F V-2><F ZoH@EFA 5, 2016). AAREZ] Ao

T= A
A Al 2 2 2M0| QIS
(No Injury & damage) <Pl = mE merl Me
e OISt Aol 2 2402 QI &7| 2 i UM o5
gl o1 =
. 0] 5% O|2C=, =9 &40| IHR &Of ZHHS| 4
(Slight Injury & damage) 217} Thsat
HES XM~ HO HA QIR 7|9t Qi UM 2Z0| 5~25% O|TH0|O,
(Moderate Injury & UL AS0| 2 7|52 ofK| Zot 2|7t Q7=
damage Level 1) &
g2 JM~EE2 Y QA Y|t i UM =+F0| 25~50% O|TH0|H,
(Moderate Injury & 722 22501 A0 H[Eto| U0 2o 2 HIEO]
damage Level ) oot &4
E|-~O=IO X5}
(?efler lr;ur;j& QUM Z712k et Ll =E0| 50~75% 0|20,
229 U8 MHE0| WSt AHopet O
damage Level 1) TX2E9 Y& MHz0| E ChEt Ik
xSt~ K|St w7t _ =
(_S'_ef/er In'urECE& QA H712t 2l Ll =F0] 75% O|M0|H,
ary of MAXOl MHES Qo= S M
damage Level )

82



V. & AIZ2]0]40] e flelyd %WW

e ZAAte] A 9 L2 9] &40 WA 5] EEtAY (E V-2)9
A el o] A9 R JLEE o] LigofA X3 Wjo 2 ZAeE BAF dl
&4 4 Aol Sk

X #U9 CH«(@=1, Uniform) 2749 Fdo & wsf &2 A4t
ANE [1" V-7100 AT DHS7to| A1 Q] Fdof lojA A Fx9
Aol= 27| gATE FE s gE2 9F 50~70 %= YEAL Ut} E5] 4
(Z2ho] dofju= F1tollA 9] Extwjsl ghgo] &= Ul 9lom, stddurt
TRE s 99REE 255 Fdod] &Eo| A4EHL Ut §HHE 5
E9r4/d9] CH4«(@=1, Non-uniform Case-1)o|49] Zxtn|s| &2 [19H V-§]
¥} gt} Zhs) B8 9oF 50~90 %2 YERYI 9low, vk #Fdo 24
(I8 V-7)Ec A Yeual gl o= & Exd49] AHel7t 1.0 vol%Y]
Z0A HojE AMEA T = Zo7t Bt} F7ehe Afole U]
SREE 371 o Ark AA| FARL] lojA o=t Bk Evd/dS SHVS

59 9 WA BUY 5 U] BRo] BT e Bt FAT 5 AL

Block Damage/Injury (%)
0.000 25.0 50.0 75.0 100.

[23 IV-7] CH4@=1, Uniform)0jlAae Z=Ln|5y &=
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Abstract

A Study on the Fire and Explosion Characteristics
of Non-uniform Gas Mixtures in Hazardous

Area

Objectives : Fuel gases such as methane and propane are used in
explosion hazardous area of domestic plants and can form non-uniform
mixtures with the influence of process conditions due to leakage. Fire
and explosion accidents due to fuel gas leaks occur repeatedly every
year. In the case of evaluating the fire—explosion risk assessment using
literature data measured under uniform mixtures, damage prediction
can be obtained the different results from actual explosion accidents by
gas leaks. We investigated the explosion characteristics such as explosion
pressure and flame velocity of non—uniform gas mixtures with concentration

change similar to that of facility leak.

Method : We surveyed the fire and explosion accidents and risk of
fuel gases in korea and abroad. And experiments were conducted in a
closed 0.82 m long stainless steel duct and cross section of 0.072 x 0.072 m
with observation window installed the side of the duct. The flame were
recorded by color high—speed camera and piezo pressure sensor was
installed at the top side of duct to measure the explosion pressure.
Also we investigated the overpressure distribution and damage evaluation

under the same conditions as the experiment using 3D explosion simulation.
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Results : As a result of the investigation of major accidents in domestic
fuel gas explosion in the last 5 years(2017-2021), most of the accidents
occurred in the order of LPG(propane), hydrogen, and LNG(methane).
The proportion of casualties caused by fuel gas classification was highest
in the order of LPG, LNG, and high—pressure gas. In the analysis by
type of gas accident, accidents occur most frequently in the order of
explosion, fire, and leakage. Fire and explosion accidents of Fuel(LNG)
occurred in the order of liquid transfer, gas transfer and collection line,
and gas distribution. From a regression analysis model on the change
of concentration difference with time in explosion duct, we proposed the

guantification method of non—uniform mixtures. The area of flame surface
enlarged with increasing the concentration non-uniform in the flame
propagation of methane and propane and was similar to the wrinkled
flame structure existing in a turbulent flame. The flame propagation velocity
of methane and propane was maximized at a concentration(CHs was 10
vol%, CsHg was 5 vol%) higher than the stoichiometric concentration
(equivalent ratio of 1) and increased with the increase of the non—uniform.

The time to peak pressure of methane and propane decreased as the
non-uniform increased, and the explosion pressure increased with

increasing the non-uniform. The ranges of Kg(explosive index) of methane
and propane with the concentration non-uniform were 1.30 to 1.58
[MPa-m/s] and 2.07 to 2.41 [MPa-m/s], respectively. The increase rate
of K was 17.7% in methane and 14.1% in propane with changing from
uniform to non—uniform. In the simulation results for the explosion damage
probability of methane under conditions similar to those of the experiment,
the explosion damage under the conditions of uniform and non-uniform

was 50~70% and 50~90%, respectively.
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Abstract W

Conclusion : Explosion characteristics depend on the non-uniform of
the mixture concentration under non-uniform conditions. The non-uniform
concentration is difficult to achieve a uniform concentration as the
volume within the building increases. For the case of gas leakage in an
explosive location, it is necessary to investigate the explosion pressure
and overpressure distribution by determining the concentration non—uniform
in which the air flow exists. Therefore, it is possible to efficiently
investigate the injury—damage caused by gas explosion in hazardous area
by using the evaluation method in non—uniform gas explosion proposed

in this study.

Key words : Gas Explosion, Non-Uniform, Explosion Pressure, Flame

Propagation Velocity, Explosion Index
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