Ha1 % 4 ok Vol.41 No.4
2024 4E 12 A BLASTING Dec. 2024

doi;10.3963/j. issn. 1001 —487X.2024. 04. 025

HEEXSMRNETERR
— R MR BEFERCAG
58T RAE RAE L EER R K K4

(1. BCDUEL TR A7 I 43007052, g RUEE TR, B At 210097 5
3. Wb BB BT , I 430000 ;4. b EE R ReE B, LT 102200)

# OE. AERETBREERCAE AN, AR AL S B A 0 BRI B 5h it S RN R I S AT S
PERARFE, S FRAAE KR BIEER RIBIEE R T RNT R, s FARNG LI, &/ £
WA No. T EAAILRE BIL G A S &, Bsh, AR IE KR JRIE AS KB IRAR B Ak T 4L 7 & 30 & 4 A%
No.7 FAs A MM FHAA &, LN AE LR, T RPN FHA AR KAF L ib g e B H L
FAEREAITRY, 5% LRSS HRBIERRES R, EERATRT A ARE, BIEERESARBAIL
Ak E A IFE, FB A No. T EAKXARIE, M| A A LR ETIHEIE, HTHREFEZRGEFT-LE-
WA Z AR JRIE I IR JUA No. T ZH6 A b0, 61 w9 B 69 B3R 0L 2638 F iR, )G Bidh & F %
MK, #58) CFD £ #7 #4F FLUENT, 240 2 SR XE RA A, 12 h 87 8] MaB i A L@ by #10% , & T o4
R AR RS AR 7. 3% , T i AR e K A, BB YE )G TNT % & % 188 kg, RIEHRIEE FH
I3 & S AR AR JE RO TNT %8 55 203 kg, 54 FRA SN AT H /300 INT 52 B4
By — 50t iRt B o X A A 5 T AT

KW WRY G BESE; BN, RIFIHE

BmES%ES: TD235.3 SCERARIEAE: A XEHD: 1001 -487X(2024)04 —0197 - 08

Computational Research on Volatilization
and Explosion Mechanism of Paint

Example of a Shipyard Explosion

LI Yi'"? \WU Long-hai’ ,SHEN Li-yuan®* ,HUANG Chu-yuan' ,ZHAO Qi' ,CHEN Xian-feng'
(1. Wuhan University of Technology , Wuhan 430070, China ;2. Nanjing University of Science and
Technology , Nanjing 210097 , China ;3. Hubei Provincial Department of Emergency Management,

Wuhan 430000, China; 4. China Fire and Rescue Institute , Beijing 102200 , China)

Abstract: Taking the explosion of a shipyard as an example, the investigative techniques had been comprehen-

sively utilized ( such as on-site investigation, interview , numerical simulation, theoretical calculation, trace analysis,
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etc. ) to conduct in-depth research on the development of the accident,consequences and mechanism of the explo-
sion. An on-site survey of the involved hull revealed fresh welding slag remaining on the starboard main deck in the
area of the No. 7 empty cabin utility hole. In addition,the empty compartment No. 7 on the starboard side was identi-
fied as the explosions origin based on the ignition source traces,the extent of the hull damage,and the cracking di-
rection. The root of the explosion accident was restored according to results from a comprehensive on-site investiga-
tion. The paint and thinner would volatilize and produce massive organic combustibles during painting operations,
forming explosive mixtures when mixed with air and accumulating in the empty compartment$ limited space. The ex-
plosive gas mixture contacted spattered weld slag at the utility hole, causing an explosion in the empty compartment
No. 7 on the starboard side, which triggered explosions in the remaining compartments. As a result of the breeding-de-
velopment-dissipation of the shock wave,the explosion first intensified and then gradually reduced damage to the sur-
rounding of the NO. 7 empty cabin as the center. The simulation with the CFD analysis software FLUENT revealed
that the explosion mixture diffused 10% outward through the utility hole in 12 h. According to the diffusivity analysis
results , the gas mixture$ volumetric concentration was calculated to be 7.3% ,which is sufficient for a combustion ex-
plosion. The equivalent amount of TNT for the explosion was 188 kg, which was inverted to 203 kg depending on the
extent of damage to the buildings at the accident site after the explosion. It is in good agreement with the TNT equiva-

lent of the explosion obtained from calculations based on the physical parameters of the gas mixture ,which proves the
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practicability of the calculation.

Key words:

PR TRCAT R AR IR PG, B 520K
PRI itk SR A= AR T 3R DR IR B R B3 1S
Bi7 A it , Xof S A AR 7 i A0 4 £ A 2 G
T AR R A B A L B
N TR Ris AT B A RRE AR, © O B
BT 20 =K Az — o AN K TR
PETIAR , NI BT ORI B o R T B
PR AR , 0 o P rh R R PR 45 2 70 ]
AR RO GRS T IEA R L
REYI TR HCCEAAA 2 PTG 25 A, X T2 N 53 B 0 A B
U AR i 22 A A 72 i R o AR K
FURBEA ML = B 2 2 FHUR AT, U 2019 4F
UL A ] R 5 BH AT DR AR K AE 5 o e B i 7 44
Ko Pl AR B AE 3 41352021 4R T AL
T M A DRI 3 44 5 AR KA =k 2 fih,
5 P RTRR TR X, A AR R M, T 3 A
JETZ52005 4F 12 H, HA B 5 F kiR T U
T3 P KPR S AT R | K T B 2600 227 SET0 Y48
PN A RTHRE S a5 CUD @ISV SEE 1 SR A /N
etz gy NEHEARAE fil W 7 22 4 1 B 1 A ] Al 6 119
A58

MEFHO A R SRR, MERA A W S U
DI F AR I M, LS R BB X P 97 37 48 e % At
GARMFAAFR R A R SRS LU e 1 %F
Gl R (ST ETROE S = K0 N /| R = N
& AT E R IR AT E MU SRR Sk A%
PHERAE P I BB 2 Hr ik (FTA) 2 B3 AS al

paint proliferation; explosive equivalent; numerical simulation; inverse calculation

SIS PR SO A ) B i B X A B R AR
P LA R, 00 J0 i XL e JBE S I M 47 o
LA o XU SSHE AR AT T — Bl B 45 K v A
TR RS S TR R VS i VA B S 11 4 K
Yy oty AT R IR, L BB A Tk % v UKL B 23 B4 3
T KK e B 2 38 DR o LA RS Tk 4 4 A 1) DA T 5
IOE ) SN P E e NP B L iy R S G s R )
Dk i F R RS R U B e AT
By F gt AT AT PR T IR AT ST

RN FMCR A TS B 73 A U8 A X R A
HER N A2 J R 52 B 2 T 91 1] 22 S T 2L [) g ] gk B
TSR, R BT X PR Bl S R, b B 12 1R
LARRMN A ERMEA AR T . FET MM IhiE
M TR Al A B — R R K S, 2B A BRIE 23 Hr
SRR AR B X ik F A T IR AR ST, 1 ] A
KERLER, BT TAR R B AR S

1 FE&R

2023 4F- 4 AR MY R A S R M S, 1
BT ABETS 5 NZ i MU AR A R 14 24,
34 44 S# S#HIE G B A ANAE G, SR BUR N T 1
B, nE 1R,

W 2 FE7R A A A — A S A T 4 S o o
BRI, MK 99.8 m, BISE 16.2 m, BIYR 5.6 m, H
BB X A U  WLSE 454, A 2 A B (i
R No. 1 B8, JGHE R No. 2 1840 , 24 45 A
8 MM, S LAY, BN )2 X R 2 X



BALE A R Rl BANE, A R SRR LB R LU R Rl 5] 199

SR i X I 3k A\ FLAH I , 8 28 4 5 DA 1] R
WK No. 1 25y (72/47) ~ No. 8 =l (Z£/4) .
WAL TR T B, ARSI C 2, e &1
Hidh s 2B, T BB TR 4, BARIARA
it g A AL R 225, HRITAL T P 2R VRl A A

PP LR B

K4 No.l Gl M EMR
Fig. 4 Inner soleplate at back of No. 1 cargo hold

2 NERERRHE

SN G B A ek A A A R
Bz No. 7 2 fis NAL XIS (151 5) IE A 47 157 5 e A 2
AL W IRIEA L, B BLSR BE A B e AR i,

LA V6 T3 457 2 1 W 9 JC A B 8 R T 3
Fig 1 Shipyard fayout 1000°C., J2 LA 4R Y O BEKE IR 45 A

K2 AL

Fig. 2 Overview of the accident vessel

HRAE L7 A 1) ok A BHF DA 28 5%, 4
13 H ~ 14 HFR, Ay E SEFT A AR, 399 10] (5]
AR TARMAS O SOk A IR, 15 A &
20 m {5 P OS2 AR D, AR A LIRS R
SMEHT A, No. 7 25 it (f7) M BERZAK BEAL o No. 1 %3
fits (A7) Az L Jey R 2R, 3 e P BE i ™ B
AR, BRI T, P 3 4 s s No. 2 Z5 il
(47) ~No. 6 Z#s(47) M No. 8 25y (£7) ML S
B, IR = S5 e R, WK 2 TR

Bl5  No.7 zfis AR AL
Fig. 5 The utility hole on the main deck of No.7 empty cabin

6 HUAR bWk 0T A i
Fig. 6 Fresh weld slag spattered on the deck

5 AR B AR AR A AR
3 No. 1 A P B SRS ATy KT A TR 5t
Fig. 3 Starboard No. 1 empty cabin AR A L2 D 0 k2 B0 o



200 Ok

2024 4E 12 A

B AT R, FLAER 38 o AR A 7 64
JEAXFERL ., AU SO F A ANTE oh i AR,
WEIUUA WL No. 7 z5 e EJEAAL bl 1) 7Y J&]
R BRI, Bl bl AR R R AW AR
% No.8 J& No.2 ~ No. 6 fits fABE 1f 8 52 A= lii. w
o 5 1] U ) A% 4 Ao R R R 2R 0, PR UK No. 1~
No. 2 75 fitt BE I TR S , 1A 1R A 28 I B B 42
AR BE RN 2) o IR FHE 58 245 6 5 M 25
() P ks P A VR R . LA, A A% No. 7 25
RS B A B R, PR TR AR DL AR
0P/ 8

BT BRI B E AR USRS B S D -
FUF R e AR L B ¥l R A R Rk A K AT AL AT AR
S, 5B BUEEVER G UK, TES AR
23 (] PN SR A 18 HY i X e 11 R 20 P R ™ A
(RIETE K AL, AL No. 7 25 AR RV, 751 &
AR S SR IE
3 BHENSEELZ T BEDITE

2RI A B, 12 O S MR R BE R AR i v A
P B0 4 o R — WK VR e T, 5
ARG T BB KE IR G S, 76 & AT BR 23 )
PN KR & 5 | R R o ARt T4 A N B R,
XA R TR A — e 7 T 2 do B T4 M
AL (400 mm x 600 mm) [ FFBE, I EE A K Y)
AR AL RSB Y . A UER AR5 — K
BRURIAENG BRI M A AE 1 A AL ) 3 ER 23 ] Y
P, >k A CFD ) FLUENT B i3 5 F o
FEAUFT o
3.1 BHUETE

MR AT A2 S5 B RS, 286 BT Ak )5 18
SolidWorks Ht 7 —AESF [LABIAL, WA 7 B .

AFLo.6
fe—— /¥

Al P T 1]

72

K7 CHERAHERR (P m)

Fig. 7 2D wireframe model (unit;m)

Pl 8w, fifi i} ICEM CFD [ 4% 4] 73 T H Xt — 2
B PEAT DU WA S0 S, 7 =M i O 5 B 5K Y
AU B AT Jas v AR I8, LS A5 B o ofe
RS R AN N T e AN | R VA WA @S Z4H
PRY BT 10 o S HERR AR Bk X THEORS B 5 45 2R 1Y
SN, 1E SRLADL R 7 2R 4T PR JC O MR gk . i o Bl

AR RS, BB T = ORI S, B 70523
78695 F181798, Wollly # 12 h j5 AfLAb —H K"
HCH R, R TR WA R TR A SR 9 iR, R
FAASTRI S TR A e 12 h = F 2R A ik
Ui i N D o L G 5 =l NS =

KRB, PR B 78695 15 81798 H, — HH R UM i 1y
JE 0 A% & 70523 B Z HIORY HGHE B S5 HTAR
I S = N B R AP PSRy N P | N o
TEFH I AS 5 81798 HEAT I Sk iH43, A o i 4G 2
I 0. 75 , W RIS BB AT, Al i ek

10(m)

E3 i — Y Y
Fig. 8 2D grid diagram

20x107

X --- 170523
1.5x 107 F
1.0x 107 |

50x107f

VBOHE (kg - sT)

ok

-5.0x 10|

0 1x10° 2x10* 3x10° 4x10°
B [ /s
B9 RERASE ™ Y ok

Fig. 9 Diffusion velocity of xylene with different grid volume

AT K i SST ( shear-stress transport, 57 1] 71
iz ) k-e B8, RERG IRl N 25 5 AR koo BB 5 R
VBT k-e RERUTE MO0 AL, THE T AR v, I/ R T Ab
TANFE RN IR UE k- BEAY 5 350 1m] S 3
TR TR R ke AT EL A 32
AR N

3 9 3 w,\ ok
. - i = e - Y
PR+ o) = (e 2] e G-
(1)
d(pw)  Ipow;) o9 ©)\do
o o, av[ (”“ * UZ) a] "
G, -G, + D, (2)

PGy D PR B 5 R 1y B BE & 1147
AT G, O HEAEHER o (977 LE 50 Y Jodmii b k(Y
FEHCIL; Y, it o MIFERLI; D, AR A bo 1



Fa G Hal R, R, RE, 5

201

RIF k-g BB ()38 B0
PRIEPE SRR A A 5T & T A AR 5 A R
2N S 3 Fiz g, Ak EEAE L L E R )
JI2EFRAE IR & 41 53 fiy 12 £ 74 ( Species Transport
Model ) , 355 22 fiF 18 Kk <A 2% A7 o0 1010 A
A IS % T L 7 AR M AR ( W 2R 5 [J{EH&E
TE) 5 SMIREY, A% IEH 53 b2 SO
Uy ) il I SN - 9. 81 m/s® ., RS A
BB TTIH, bR A A T B A FLBE TR S —
B R o B A O ( Mass-flow-inlet ) , 41[& 10 fr
AR A2 ) BE TR R SR G R E R
107 kg/s, SHFBUR AR Y RTIESE, N5
B4 —UE o 1300 K, 1 atm, JR-EH02H il ( Species)
B RS 70 B 52% , 500l o E 14%
IETEE34% o DU A AL BB R T i E (Pres-
sure —outlet) , T55 HRE R X PR IR & U 4103
BN 0 R0 AL , ZR W IR I 2N BRI G H, e
BN FTE TR AR 3 R i I (8] 2P ( Time

Step) 10 s, MoK f#EHstE] 12 h,

0 20(m)

10 U BB (U i T S AU i
AR A 2L LSRR )
Fig. 10 Boundary conditions( note ; blue arrows represent

mass flow rate inlets;red arrows represent pressure outlets)

3.2 GRS

DL H S ), 150 A v o L A =
Bl GniE 11 pros, 780 1.5 b J5, M RE A 22 8 1]
M NIER , BEE T BUs 3l = RV B i b
ﬂi&,ﬁ%ﬁ}\a‘uﬁﬁ,:@%Eiﬁﬁﬁﬂjﬁ%%fﬁ*?f

B 12 h 5 W 12 s, A s 20 A4 Wt K )

B R R B e K, F T P s (] P R
JEBIN, = B e XA B B, 3t i 5 P e = B
i B DX AN BA 5, A B s A B AR A B o

T A TR AL A 15 5 O P A o
DA ST 12 h e AFLAR —HOR R & & il
13 iR, Z NFLEFSMB RS SE 0, — 2Ry
R0 o A T [ /N R R 3, 9 B A Y
M 107 kg/s, 12 h g AFLAR Y BLAY — FF 2% B
4.32 kg, % b F R S PR 44 & B R 43 200 s x
0.001 kg/s=43. 2 kg, 2 ALY B & 5
4.32 kg/43.2 kg = 10%,

Mass fraction of xylene

| —— ]
0 0.052 0.1 0.16 0.21 0.26 0.31 0.36 0.42 0.47 0.52

BT P LS b ZHEOR R B
Fig. 11 Distribution of xylene mass fraction

after diffusing for 1.5 h

I 0 10(m)
i [ e—

Mass fraction of xylene

0 0.040.080.120.160.20 0.24 0.28 0.32 0.36 0.40

0 20(m)

B 12 812 h j5 R R A5 Fh

Fig. 12 Distribution of xylene mass

fraction after 12 h diffusion

20x107 ¢

1.5x107 +
A
© 1.0x107 v
S =
= I
% 5.0x10™ g
o] N
i 0

-5.0x10™
-1

0 1x10* 2x10° 3x10' 4x10°
B 18] /s
F13 AALAR = F ™ B 2 e i B
Fig. 13  Diffusion rate and total amount

of xylene at utility holes

R UA L4377 TH AR I T RS H
AL MBS bR B B E 3] 9. 61 x 107 kg/s |
9.80 x 107 kg/s, ¥ i & & 4> 5 4 4. 15 kg,
4.23 kg, JE 40 A AR SRR 9 9. 6% 9. 8%,

RS G — W R R SR T R R T R
M 10%

4 BESEMESEITE
41 EEASRBIUE

R S I 3 B i A B D T
AR ST N 1 TR

R A 20% A (T4 29°C)
10% J5703H (2004, [N 41 33°C) o REHIT &5 50% —



202 b7

2024 4E 12 A

IR (TN 29°C) \30% 571l (1504, [N &5 62°C ) Fil
20% E T EECIN AR 29°C) o MR8 5 =5 AfLAL KR 1E
SR B S BT R R X iR AR R
I S IE T R B AR

(1) =W

— K (22 kg x27 #fi x20% +12 kg x7.2 #fi x

50% ) x90% =145.8 ke

TR 22 kg x21 Hfi x20% +12 kg x 5.4 i x
50% =124.8 kg

R E BT E :270. 6 kg

(2) R0

B—K (22 kg x27 i x 10% +12 kg x7.2 #f x
30% ) x90% =76.788 kg

B K22 kg x 21 Hfi x 10% +12 kg x5. 4 ff x
30% =65.64 kg

VS0 S T 1 142,428 kg

(3)IE TR

55K 12 ke x7.2 K x20% x90% =15.552 ke
K12 kg x5.4 4 x20% =12.96 kg
IE T B 128, 512 kg

*1 ERMEREETRE
Table 1 Alkyd resin and diluent dosage

Jite Tk ) PR A A P T R =
IERD S 22 ke/HF x27 i 12 ke/H x 7.2 #§
R 22 kg/Hfi x21 #F 12 kg/#fi x5.4 #f

4.2 BESKREAWIREITE

SRR S (3) X 48 K MR & MR B i AT
A

n=m/M=V/V, (3)

K n Y FE R, moly m A MR &, ke;
M R SR EE R B fE (W 2R 106 g/mol, 5 5 'J{FH
155 g/mol; IE Tl : 74 g/mol ) ; V Ry SARIEF, LV,
R SRR

ETLEARXESHITEFRHREER AR
PRI IMATR .V gy =55 183 L, Vi =15 391 L,
Vs = 8631 L, Vﬁ% =55 183 + 15 391 + 8631 =
79 205 LoARFEMHARZEA RS, A% L A ZS fits B
Z3F1 1085 m* (1 085 000 L) , Mg KF M IR A M Ak
F B R 79 205/1 085 000 =7.3%
4.3 SEREWRELTRITE

HRIEPEIR A AR & A SR B R E BT
BRI R Ly (ZHR) =1%, L, (ZHIK) =
7.0% ;L CERIM) =1. 1%, L (F510) =8.7%;
L (IETHEE) =1-4%,L.A(ET@%) =11.3% ., R

HAR SR P 5 72, IR A Sh =R AR 43 1
TR B R @ gy =66.19% , @y = 24. 14%,
Qprm =9-67% o T &AM E Z B KL
SR, B R LA R R (4) I RIR A UAM
I%k’ﬁLWEO
= 100/ (V,/L, + V,/L, + - + V,/L,) (4)
TEP oL, R RBIEM IR L, ~ L, W5y
SAASRKEWBR ; V) ~ V, AR RBUNM L 1T
RS HRIE R BR: 100/ (66. 19/1 +24. 14/1. 1 +
9.67/1.4) = 1. 05%, 4 ¥ I BR: 100/ (66. 19/7 +
24.14/8.7 +9.67/11.3) =7. 4% , WK1 % R 5 B
1.05% ~7.64% . FET PRI BRIEIR B SR
7.3% AL T AR ER BRI LAl SRR A S

5 BRIETNT HEHE

5.1 TNT HEHIE[EHEH

T UL R EEVEIR G AURH 3 b A
(5) BEATHENE TNT M3,

My = ! %T::f(()f (5)

o omp AHRKE TNT 5 kg3 A 48 RAL,
ABRZS [ N ATER SR EIL 4. 5% sm, AERIEMIR G
S & A g3 i (WK 270. 6 kg, ¥ 5
142.428 kg, IE T :28. 512 kg) 5 Q, 1 4% 20 73 ik #A
( —H .43 050 kJ/kg, 5513 : 43690 kJ/kg, 1F T
36 150 kJ/kg) ; Qpn i TNT FH B 4. 52 x 10° kJ/kg,
BT UL EAKXLZE AT mey, =188 kg, IR 4R
TR ST EARAFERE TNT 2455 188 kg,
5.2 B4 TNT H=RIEWIE

DL J& 4 BB A% O o I, BB MR TR A AU
TNT Y&, REBMBE S EECRIE 2
FrRt

®2 ARMERBEECENERYNBIRREE
Table 2 Destruction of buildings by different

shock wave overpressures

il ARV / kPa X RS R AR
5~6 BH ) B B R
6~10 YL RS 1168 IR 3l
15 ~20 E A IR
20 ~40 N R S
40 ~ 60 AR H IR R s
60 ~70 RN S AT B
70 ~ 100 it S5 15 1
100 ~200 PARTIREE L 0EIR, B4
200 ~ 300 KALAR B EE R IR




BALE A ORIy, WAL, S ISR SRR LT SR

DABEA T R M s 151 203

HRAE TNT i 1 S iR I3 (6) BB

AP = 10°al’
6
P (6)
A/ MpNy

K AP A pd P, Pasa b W REGL R
%&ﬁﬂﬁ%,m;d %EE%%%ELJP‘D H/‘JEE%,mimTNTj‘j%
BCTNT i kg AR SRR B X 1) R4 a b UL
*3,

K3 FARAENEBENNHNRI ab
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