i T P e 78 R s O R R B O B 5 213

XEHS:1006-9941(2025)03-0213-12

BEANFRZSZEEFERRGANAR
B HAT AR LT R

(. FREIASZARSETRESE, TH B 210094; 2. R B T A¥IMIEEE, TH E5% 210094)

W OE: CAIRICREIE 9 AR K U I A AR FUAE 5 R SR Ls-dyna 0 Hh 14 B A S0 I8 RR 8 90 (CE/SE) 1 1 37 B 38 p
ot 25 A PR o JE AR RY 38 2ok a0 5000 56 T AR ) M o 8 B T LR AR T 9.5 % ViR B IR MR D A% 1 F O (R 67 1 SR Y
SYBT TR AN IR () A% 4% T AL KA BRI T O [R] i B FR e 28 S 2 R KR S T N AV SR T R P R A RO . 5 R I R TR
T3 A BB T il ) T 43S R R R SR RE TR LR TED 0 R D R AT 4 A B B, R A Ak S G R R T | R S e e R R AL A 3 Ry
A 5 76 B& 1B A% ) 2 B0 Ay i B TAT A0 00 1 B S A7 9 5 PR e 1) Y AR S T Ul o O B 07 1) T A R A R T Tl i 2 B R pl R AR O )
Wk 3 H A X R A2 4 VIR 2 0 {1 T P o D O 5 A5 1) O R Ay T oK T VS e AT B B ] AR AL T TR S R T — BOF 8 AL
23 TR AR N A B 0 A RONE L 5.0% B2 19 FEY Joe SR AR SRBE Y B A R AR R 13,51 m, U BB E ML IE S 13.51~23.51 m, R E
TR 23.51~160 m;6.5% e & 1Y B BE SRR B L S0 B M PEAR VR 16.46 m, P B EJLHE N 16.46~45.36 m, 1 i E 1 [l 45.36~
160 m59.5% ¥ B 1 H e 8 48 B8 38 [ FE R R 20.58 m, ™ FE 1 Vi [H1 24 20.58~160 m,

SCEEIA : BRI ; PR OBe AR S R R A A 5 IR EE AL SRR AT R O RN

FESZES: T)5;T)089;X932 Xt RERG: A DOI:10.11943/CJEM2024155

0 5§

Tl Al A B E A AU ST R E AR AR
A A A T R O s e B 4 A L i R
T B T N B8 MR S I AT R AR XTI BE 2 X BE TE A
B 5 R R g e N RN B2 A DL R 0 B R g
KRB o TR, T 52 B T8 P9 AT R AR i T ) K 0% (1)
R I TG X 49K gk e o 0 A R G N R A5 R R AT L A
i A L 8 0 R0 B8 F S, F AT AR B4 B F (L A

[ N oh 2 B By K8 T A O 23 (8] A 4
FRIE A B2 R AR R TR R 2R =S (0] Y,
IR B G N Y 6t 28 R B R R AR BE B A A T A

i EHI: 2024-06-17; f&E HHI: 2024-06-21

™ 4& tH kit B 83 : 2024-08-20

BEEWB: BKE LS LT & (2021YFC3002000) ; [H % H 5K Bl 2
3 4:(42002266)

EE R Wk (1987-) , &, Bl 4 82, FENF A + 30 % Ji
T S5 Bl I 9 O A T AR B 5 0F S o e-mail : linlin gu@nijust.edu.cn
BREBERAN: ERO1987-), 5 B Bz, 422 R 454 5ok T b7 4
TR % . e-mail: wangzhen_2012@njust.edu.cn

B Y o 28 1 8 K B R T B ML A, TR Bk S AR
FE T Wt /2 AR A UM AR /IR B PR A I P9 A9 R B
FBYERRAE B3R T A [ A5 K RE X A [R] o B2 H ot <A T
IR RISE N o Yang 5517 HI S A AN S50k T A F2 F o
A B R G, BT IE 1T A TR BE A TL I R T IE N Y
SR AERENE , 20 Hr 1 i o B TR 20 A1 R AR ORI B X
FE R RZ M o F ot A g K A LA ) R O R b i
P Bt 5 55 20 A4 Al o SRR B G AR AR R e 2 R s A
KE UL BE 73 A KU, Zha 288 3 BOE RS 0 T A
] 8T i A T A B e /s R ) ) e R T
AR RL A, AT LA M 000 /) 2R A8 S MK R B v i
JE LA e A7 B i 4 04 A8 R b B S B 55 1 B 5 Zhang
S5O o R AL RIE T T B T RE T B 3T e /s IR
B MR O B L E 3 A, A B T RE T2 BRI AR 4 PR R
F1% R ol AT 0T 9 RE A 4 R o R K A Y il i T
23 0T DX P AN [ R 9 2 A BN A e il e A 24
RS (] P9 A RO TSI RT A T E R
AR D0 32 P Y 1 BT 1 P g K 23 403 80
FELRER T I BER BE | FRe A4 25 X300 1 R A 400 40 7
SEMA s Ma S B RRADL T AR AT Tl A (LPG ) R it s

S| R AR BB, SRR AT R B AR L BRI A I e AR R A R R SR O OB BF S D). A RE A ORE, 2025,33(3):213-224.

GU Lin-lin, XU Yong-hang, ZHU Huang-hao,et al. Research on Combustion Characteristics and Injury Effects of Methane Vapor Clouds in Tunnels[]]. Chinese

Journal of Energetic Materials( Hanneng Cailiao),2025,33(3):213-224.

CHINESE JOURNAL OF ENERGETIC MATERIALS

N XK 2025 % $ 334K H 348 (213-224)



214

BRI, 5K AT, R B, B AR

PR A A L AR T R R R S B T R R B S o
At o3BT T WA AT I ORR KR S R 54053 L

TE T R SRS MR T T, 1 2 BB R A K e
B0y 58 AR SR B R b R X i e 2 BT sk,
TNO-MultiEnergy 7" | Baker-Strehlow 377" 1)
e S5 R TNT 2 a5 110700 78 4 38 7 BR 30 3R Ak 2% ) ft
I, 5 20 1 TF A0 0 Al o7 S AILBE, X LV A 480 75 R A

B = SR L & . 1 Ls-dyna H CE/SE(the meth-

od of space-time conservation element and solution
element) 75 1 B oK i 2 48 b 9 IR AR 30 ) 2 O R 42
Hpr B, e B g — b BRI [R] 5 2 ) ) f, EF SF
(EXERVASRIEDIVE | B S v [ R E Y (S WS R 2R RN <
TRIEY R L B R~FAEHE . Wu S 04G SOk 5
I 7 2 90 R I T B Ak 2 R i L S, T T A )
FE 2455000 A2 A T R R S R, O BT T XK AR R A
HhORL - 2 R OGS AR S I U A 5 R R Y R, i B
T Y CE/SE J5 i 01 45 & S B 45 R TR 1 A iE 2
i@ 2 % 55 DR S BIL P A B VR T A R T R ) 49 S
P£ . Hamid Rokhy %8> % H CE/SE-IBM 4 B # 3 1k
27 SN AR B = AE U A A O R L TEAR T A AR S
Ja Y A A A AR A R S A A B
— 2k

AT, >R F CE/SE 35 #1 %0 % 18 4 28 2 1 HF e Ak
B BIF 58 R 1 2D, JE T 25 6 2% 1 b el i 5 i L A9 R
R SR A o B o e, AR5 SR T CE/SE 5 YA A
LT BRI A 28 o MR A AR 15 SRR U 1 4% 1
Kt B 7 ) AL MU B 5T T MR TR S PR O T R
TE AR A A RO, LA O B8 GE 2 4 B B R B SRR T
VESRHERL A A
1 BERRZSZHREBETERR
1.1 FEETRNERN =4 CESERHE

SRR I SR AT A 2 SN R 5 T DB O Bl ) T (e
PELADL PR A 2 ZEORAR 5 o ASBIF 8 R I CE/SE 7 ik 2 —
o B <y AR P D7 R A% X, AR TR O R B I S BT E
S %, A I ) s 8] b A7 BE 08 1R 4 b O 30k 49 3
PR A 1200 2R B RO RS E , O LV 1] b B AT
TRSR I 7 Ao O 1 HEAT B e/ IR R BT 5
E =2 CE/SE Jy ik i SE 6 b A8 A B T A2 S A5
B s SRR AL TR B TR G 1L B L SR A TC AN S5 1R i AT
BT . 4R RN, 5 AT SO0 1 Euler J5
B

Chinese Journal of Energetic Materials, Vol.33, No.3, 2025 (213-224)

oU JoE oF 9G
— t —+ — + — =

R (1)
at ax dy 0z
pY, pY,u pYv
pY. pYu pYyV

U=|pY,.|,E=|PYUu ||F=|pY,V

pu pu’+p puv

pv pvu pvi+p
pw pwu pwv

E (E+ plu (E+ p)v
'pY1W o,

pYw o,

G=|rY.W |R=|y (2)

puw 0

pvw 0

pw’ +p 0

(E+ plv 0

A, x oy z 439 2 A5 ] FS ] A L ELFL G A3 5l 2
Xy z i LR, URSFIEIR &, u.vowir 3l
Xy zr B S, mesT s Y o, 03 R
21 43 B JBT 43 BORN BT i AR R %0 sp R TR A SR EVE
S kg-m_3;p%}£§§ ,Pa;E:ph-p-f'p( PHV+w?) /2 B
PARFUEEE ) -m ™ s ns iRl A 4 B s RZ TR, 1 T 1A
oAk 2 i N R 3 T B0 1 B ]
FETT N AR AR () 0T g 2k B T LR R R

Svix, o S, (3)
o, i=1,2,,ns;k=1,2,,nr,nr FFEE dh H o0
MBS v R v R TS A kB RO IE W) 3
] 52 L B Ak 2 h i R X R R ALy

B A 0 T A RO

w; = WIZ(VI:,I ~ ViIRP, (4)
k=1

K, WS T 5 i EE R, g-mol T RPN kA
AL LT R B AT R mesT AT R IR R

RP, = TB(K,, (Cx))" = K, ] [(Cx)™) (5)

i=1 i=1

K, Comp/ W IR S 14170 Y BE IR, TB R4 =R 5L
IVELE 4 O % L s I S8 VS BU D r B VA 8
WGV RK, AT R Ry IE BN R B K AR T

Sttt

www.energetic-materials.org.cn



i T P e 78 R s O R R B O B 5

215

YA E R LA, T I SN H LK AT B Arrhenius 2
AR
Ea,

K, .= AT"exp (- ROT) (6)
A, A ER kAN TT RN J5 B AR i H T, Ea ol 5 k
AN BETT RN 5 TR B IS AR BE LK) mol ™ Ry A Ml AR H
#0,8.31451 Jemol™ K5 n, K55 kA3 50 2 N 5 2 Y
TR B, AR FE R R 0.

oAb A SN A AL R ) — AR 91 3 0 BN o A
A2 S e, v SR A v T A R AR B v
A Ak p X R B A B FE T RN A A LS AR
RN I AR B S5 R B HER . AR BE
FEAH T 14 35k 70 1 2 N AR TR I 4R G 0 S0 4R HE 1
/N I 2 HILE, FR 18 ol sy 1 4 S5 R 22 Fob s g 2 A
AL 35 F o /480 SRR HE v B T B T, A Y B R AL
BRANFE 1 FTR .
1.2 HWEFEIRBAEZH

TR J N7 R ) SRS | o A ] AT Ay L 4 [
HIE RIS E 8.0 m FEE 14.2 m AT WIEE 1.5 m B
K 200.0 m, S5 A E 1 TR . FAR O Ak
HETH A HEF B HE C AR DAY EAR 15 B 5 A A, LA
3 AT FE e AR R U0 A AR ) ) A 9 R e R
B, TR E O B WA AL LO LT (L2-- L1160, I £
() B A 1, D OO0 A AR 5 0 B Tl 1) BRI AR 1.5 m
o BEE P R R I R s iR A D R R A R

WF 5k T e PR 1 7 O =X, 20 HoAR e 0 A IS
P BE 3 )2, AR AR Y o it U A 2 S I 28 R DR IR AR
FEOT, VTl 1) O A A B ) PR A B ST, e R T &
BER 3 m, i RELR K 40 m, BT SR UL

R Mpe /S A S AL

Table 1 Chemical reaction mechanism of methane/oxygen
ID reaction chemistry equations A, [

1 CH,+OH=CH,+H,0 4.13E+13 6460
2 CH,+0,=CH,+HO, 1.04E+13 56940
3 CH,+M=CH,+H+M 3.00E+16 85800
4 CH,+OH=CH,+H,0 7.00E+12 0

5 CH,+0,=CH,0+OH 6.38E+11 13500
6 CH,+M=CH,+H+M 2.24E+15 82700
7 CH,0+HO,=HCO+H,0, 6.42E+12 18010
8 CH,0+0,=HCO+HO, 7.07E+16 46720
9 CH,+0,=HCO+OH 8.06E+12 1500
10 HCO+0,=CO+HO, 3.70E+13 3110
11 HCO+M=H+CO+M 1.05E+14 13000
12 CO+OH=H+CO, 9.72E+11 2630
13 CO+0,=C0O,+0 2.53E+13 47800
14 H,O,(+M)=OH+OH(+M)  2.21E+15 50230
15 H,+HO,=H,0,+H 3.01E+13 26080
16 H,+OH=H+H,0 4.38E+13 6990
17 H,+0,=HO,+H 1.76E+14 57820
18 H,+O=H+OH 6.83E+13 10380
19 H,*M=H+H+M 3.33E+14 102070
20 HO,+H=0H+OH 7.08E+13 1500
21 O,+H=0+0OH 1.04E+14 15600
22 O,+H(+M)=HO,(+M) 1.14E+14 0
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Fig.1 Tunnel model in different axis and measuring point layout
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Fig.9 Peak overpressure cloud maps at different monitoring points in a methane vapor cloud combustion
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Table 2 Injury hierarchy of combustion overpressure
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damage effect o
strength/kPa of injury
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Table 3 Injury hierarchy of thermal radiation intensity"**’

thermal intensity / kW -m™ damage effect

degree of injury

37.5 1% death within 10 s; 100% death within 1 min fatal
25.0 more than second-degree severe burns within 10 s; 50% death within Tmin severe
12.5 first-degree burns within 10 seconds; 1% death within 1 minute moderate
4.0 exposure for more than 20 seconds can cause pain sight
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Table 4 Injury scope of overpressure and thermal radiation
intensity
degree  volume explosion thermal combined
of injury fraction overpressure /m radiation / m effect / m
9.5% 0-17.84 0-20.58 0-20.58
fatal 6.5% 0-12.14 0-16.46 0-16.46
5.0% / 0-13.51 0-13.51
9.5% 17.84-160 20.58-23.87 20.58-160
severe 6.5% 12.14-45.36 16.46-19.32 16.46-45.36
5.0% 0-23.51 13.51-15.92 13.51-23.51
9.5% / 23.97-29.42 /
moderate 6.5% 45.36-160 19.32-24.39 45.36-160
5.0% 23.51-160 15.92-20.63 23.51-160
9.5% / 29.42-43.58 /
sight 6.5% / 24.39-40.06 /
5.0% / 20.63-37.8 /
9.5% / 43.58-160 /
safe 6.5% / 40.06-160 /
5.0% / 37.8-160 /
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Research on Combustion Characteristics and Injury Effects of Methane Vapor Clouds in Tunnels

GU Lin-lin', XU Yong-hang', ZHU Huang-hao', WANG Zhen’
(1. School of Safety Science and Engineering ; Nanjing University of Science and Technology, Nanjing 210094 ; 2. School of Mechanical Engineering , Nanjing
210094)

Abstract: In order to explore the propagation patterns and characteristics of methane vapor cloud combustion waves in tunnels,
the CE/SE (space-time conservation element and solution element) method in LS-DYNA software was employed to establish a
pre-mixed explosion model of methane and air in the tunnel, which was validated through experimental data. In this paper, typi-
cal combustion waveforms of methane vapor cloud with a concentration 9.5% in different test positions were demonstrated by
numerical simulation. The propagation and evolution law of overpressure and temperature was analyzed. The injury effects of
overpressure and thermal radiation on human in tunnel were investigated. It was revealed that the combustion pressure wave
along the tunnel can be divided into four stages: free expansion, reflection dissipation, wall acceleration, and Mach propaga-
tion. The pressure variation presented three characteristics: wall impact rise, reflective decay, and stable propagation. The pres-
sure wave presented a sort of periodical reflection propagation mode radially, while the intensity was declining according to the
consumption of methane. The temperature field evolved symmetrically from the ignition point to the tunnel entrance and the
peak temperature decayed rapidly along the path. The temperature field radiated from the ignition point to the bottom of the tun-
nel, leading to a gradual convergence of in a certain section and decreased slowly over time. For the injury effects caused by a
combination of combustion overpressure and thermal radiation, the fatal distance was 13.51m, the severe injury distance was
13.51-23.51 m, the moderate injury distance was 23.51-160 m while the concentration of methane vapor cloud was 5%. For
the methane vapor cloud with a concentration 6.5%, those distances were 16.46 m, 16.46-45.36 m and 45.36—160 m respec-
tively. As for a concentration 9.5%, the fetal distance was 20.58m and the severe injury distance was 20.58—-160 m.

Key words: tunnel;methane combustion;combustion overpressure ;temperature evolution;thermal radiation;injury effects
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