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Transient Analysis of Heat Transfer and Pressure Variation for
LPG Tank with Metal Explosion Suppression Material
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ABSTRACT

As one of the explosion suppression methods of LPG tank exposed to hot environment by
an accident or fire, some material which has large heat capacity and thermal conductivity can
be installed inside the LPG tank in order to suppress the temperature increasement of tank wall.
In the present study, theoretical model for the horizontally locating cylindrical LPG tank
with and without the aluminum explosion suppression material has been developed to predict
the characteristics of system. As a parametric study, effects of two major parameters,
thickness of material filling and initial vapor volume fraction, on the time variation of wall
temperature, temperature and pressure in tank are numerically examined.

The results of present study show that the thickness of material filling does not give
big differences in the suppression characteristics when the thickness of filling is larger than
three inches. In case of material filling, there are marked suppression effects to the increase-
ment of wall temperature, average vapor temperature and pressure in tank compared with the
case of no filling.

282 4 8 P =y gE(R)

_ Patm 1T 71 (Pa)
<8 & A> R 71845 (/Kg KD
A EwE ES WA () roocuANE BF
c AR ¥AWKe K T 74 £=(K)
c: A4 LPG ¥lQ(J/Kg- KD T, :9A4 LPG €E(K)
ki i AAE A5 (J/mesec KD ¢t A ZH(sec)
L :LPG 2% zd(J/Ke) VoA B8 ()
| :Ea »ol(m) v, x4 LPG %3 (nt)

* A3, zelvty FHgE AAFEY
s LA GR FHAY AA 233}
ok L3 Tf R o) w



N
n:,,
JiN'

A

<aglo|a 2X>

a;, :F7] B A5t/ sec)
g AHEZ(°)

7 RIY W A%

6 :FEY A o=

6 :FA4 Qﬂxﬂ% LPG 2%
i 1 EA e dA= Alg

e 71A ‘%-IE(Kg/m?)
or A4 LPG Rx=(Kg/n)

LPGE AR =t ¢48tc 939 S
BLEVE (Boiling Liquid Expanding Vapour
Explosion)&te g0z AHose IF%(Th-
ermal Explosion)& Aot} ¥ o= LPG
37t Al shA FoE e B2 2k
o] 3¢ Toll =&HASW FHA=HEH B2
29 dAg= qlsld 5| g3e] IR 5
1A 4ol LPGoF He Waside] =7t &
A3 FaEy FEAE7t AstE o] wd <k
WH ZHEty ol E HaE ddES ¥
o7in] stmlEd, ol ¥EFEE LPGE F

R - ATTER % 16% 55 4 5% (1987)/ 407

Z7] g gstel FolA Heg F7hEed I
< 23e} (Superheat State)”} =¥ 4= 7te] 3
2] FUeE F9 F7| % %5_:?;2 %‘%?}Eh
o] 43} #& BLEVE &
Badye] 228 A FAANA &EGEe
AsE "olFolol P o] & sl Bl A
Ho] &g SARATE U BAgF-E
A A Fe By, BadiPed 2xAs) Al
28-g dx)shs Yo Uth ol EF AHA
e de Mg ¥ F4%gol & AsE
B I Fof| FAAAA JRZHE HALEH

S Z22A A 5 EE FAA

F3tal 42 dA 49 LPGY HEAHAH
LA AMAIAA BaHAY 2E4TE
As Wioldh, olde] sMdoez 4T
2 (AA-3003) o] SlotE W 273
Al#A tlololZ2E=g9] we FHES A

FHANRoZN dFo] g v&5F3UA
*E.-j Mestgl o o] EXPLOSAFE 2 3§
o), EXPLOSAFEY dxdg A% &
dAE Age Wk wet t2A JEh
Wk W IA% AlFEe] Table 16
et Qi

> mlr 1 olN mirJ o

Table 1. Thermal conductivity of EXPLOSAFE

Style
(w/m-k)
experiment 0. 45 0. 20 2. 25
theory 0. 409 | 0. 106 | 2. 414
of F&ZddAAe g 2 dFF A
ol g APELS Venart et. al. ‘© 7 App:

s sty ou, Appleyards”
King!® Szego et. al.”” ¥ National Gas

Tek® 5o LPG e dFdd F&FHEUA
NE 2F Fo]|ZFE 27U TUAIES
F8isle) BLEVEY AAazg d@de=
JEsAh ol AYAAERRE HH T

3 gef 2 3 FA Tol FAEe 4



408/ X

A}

o7 280 Ag= Yx, ol
el A

B AfoEe 483 os &8 EXPL-
OSAFES] d4g % FF45S o8 =
dg 53l g ok FloA AME
ol Bargg RUdE o I
o] A FAFA, LPG €¥=7} 4A7] =
229 Rz =&=HIY-S Al7bl wi
glof] mE &= ¥ ¢HWHI 5§ FAHo=
of &3},

2. O|E &y

£ sy ox e gutdl Bazee dojrt
HEg el Hls] A7) wEo (I/R~8~9) 34 &
golstAl 371 fiste] dol e AL
HA1% Fig. 13 22 2349 94539 932
g srdz At old g ®
3 5 dAFAZ A HA s FS5FEAAA
€ 832 Wyd 2% S35 lon o %
o] Aoz AAH LPGE FUsld 4%
of Z1A%E ol FH 2740 A SASI 3
th o714 B3 AR EAske JAe o
A Zh7be] ol Fel EAldtE ZIAET ¥}
2 2EE fASER xR % AAd

b

F}{‘J yd

o 3
o

[o]

o

——————
-
- -~

Fig.1 Schematics of the heat transfer model
for the tank lorry with EXPLOSAFE

Al
GA7A] s Aol

gF d4S FAE oy Axwor |
o] AgEE Aoz vt = Had of
A4 LPGY &&= gzl &g g %
gerz stgon Baiye ddwErt ¥
ZEo] Qlo] 34 ¢S xysd West d
2| A 7144 LPG7F &304 @t

2.1 J[HA SEE ghH Al

FEZRAAANE L] wel dAxA S
7} &2 &4 (Orthotrophic Material)o] L&
o] ma3ld Fig. 1o Uehd A3 o] 3
A FaE Alole] Fd AT, S
ARt FHH e vFE A —7|A 7
71 tZe] AAA LPGYE &4 8te s
o] FEHo HEHe Yukdd ¥FY F
2t A= g e g2
o _ x* 06
(7 37) 7 59 (44 39)
.............................. (1)

ol4g 7 T7ko] A ANY HE 7 A
oM B C, Ag, ¢ FEL AT 2 T
98U AL Go2 A% 923
doz¥E HgwsA A ANGI L A=
oz sqaEA TT Trhe] WEWA
¥Ee] AvzAL TSN RIE L84S
(Heat flux)el #8& °l& 4 sith

Awel TARE FRoN AH8E Fo W
sEe gew g,

8 HAZH

£ 440 &
AYelE Mgz A
Hol ga# 27 =
3 B,

>0, 7=1 ; 0=1(&dH)



=7 0=0,(H%8)
6=01; =0z 4=

Aol TAH ozt =02 Heol s}
o A= WAAE thEF go] Wi st 3
&g,

J— 2
pC 9 o2 2% 20,

Selmo={zmhy G+ o G2 5
a0

gaze| HRel M

1_@
2 97709

2.2

uo] 44 &

1A 4 LPGS &g 719
2iste chgt gl Foldch®

..............................

A7|M Te e 7]Ale] HHEe=els z& &
A Gt 7149 d=E ol At 24
149 714 Az M g 4 T4 1A 2
Foastyg aM, 71X ¥ VERE GaF
Zo} -,
p___ﬂ_'ff;"_dﬂi .............................. 7)
AA7|A AME 4:E% FTEel o8l F7Hd
14 A% M, A AEE Z8) F&5%E 7
| AF Mo 3] o]olTh

AM =M, —

........................

olm Ao} ¥l ol
X voola Fuk el
PG ¥uuE At
1},

Zwegre 4139 QA4 LPGE A
re 9ZosRE T+ th
+@

£ 71447 dx4e HEddn-
REA

e 4AN LPG

71 Qs
aface) S B3 digdFoln Qe
P fdR dded,

o

SRR WER TR % 16 % 55 4 % (1987)/ 409

AALE 5ol £95E AFolth o B
7tz ohg 3t 2o,

wdt op aT ng 0T
Qs =J, fo(krm“/’“gf,"‘kscﬂ,g 33 Ny,

S
o
<

g A dt ceeeeniieniiiinns (i)
tedt on QT
Qw:j‘t j‘p k"a_ r=ry rwdgpdt <+ (1)
At
) =j‘:+ PIVICITy dt  weeeerevevunens (13)

ki MBst ggev WHE FE 4E 7
A AFe Wzl YR Be 2
o] T,

i (Gt

9434 LPGe] =& Alzie] met wishe)
Folzl Aztelnel A% LPGE) e=e @
24 sy TaesE Haigen] oy
o) ute A4 LPGY SEAE FAls
Ak, B ATOME Zaud Be T837)
J-ZHesd 4840 g gD o] o
ooz WYl ASHATH

7Ty =369.8(0.6767165+ 0.694623 P —
0.6056656 P>+ 0.2357296 P* )

/2
] de---(14)

g Fuo] e AW wstE A 9

stel hesle A
Vs(¢’) = r;;mﬁ ........................... {15)
213—sm2;3=2,3°—s;,,2,3+.r§’_1‘g.jl ...... (16)

ol B FAHL Ave FHMLERH
de] Bl add Hae A} FAFPE As
A Atole] ZtmEa) dwziel gt FEr|E

o)A Aej el I HEL AU A= F
HE fEHdou Agt HgAls BF A
dg goz FAYE AMATL

2.3 &4 W

=8 HERFEH FANE 47 4
FAAAE B3 4 L 2SS AR

o] A

A=



410/ X

g AlAok sty WA dFE A1) F
3 AR Ao dis] A &3} Z}—u:’—‘l% aA
2 ojuf v deo] digiA = Fully-Implicit
Scheme & ARg-slATH MY Ta AF % A4
g, A~ diAe AtdelE FHEE
Ag Hgstgdoen A, &, dHZE A4t

+ Newton Raphson ¥ & AM&3t¢ith
o] AAEE EUZE AAE T oA
Wy o 2@ TDMA (Tridiagonal-Matrix Algo—
rithm) & A3sldod sfekdd Al 3o &4
= oS 2ol HA 27X 2 2 e 3 A
FEL NAstn A g dHgH, FEF,
AHslE A4gE 7A 2528 A4 59
AlZith, g3 7Ae H@exE AlAtsty
71Ae] dEE ALt o] gHozRE of
iﬂ Q—E‘—E— AAET, A Lxr 8 )7k
E] AP urE )*sg g}, 1:].___0. qj—

]/\Po]-_TJ_ o] 2E 34

G SAE dolrt AdE

3. 8o & ¥

LPGE 42 ddstoA 7iAde =z &A
s g4A dsie e gsleaE SAAh 2
Moz LPGe tEAEY Z=2dH9 4
e ZFS Aol AMgsidTh oWl 2xo e
2 AUEe BN APYEEPY ARgstn

24 L Wgle] nE2 Au g Was uyst
Aok Ed oFsld ex: 1123K (850°%C),
2719328 £5E 293K(20C0)2 3@z
FEERAA A 23 FAE FHE FAE®
st 0.0762m (3912, 0.1143m@45 <
2, 0.1524m(6<1x), HA=371(0.9525 m),
HZSA(00m) 58 ATk olvi %
71 LPG 714%3e] zAstn e FAE =
axse] 10%, 30%, 50% 2 10%= w3t
AAAM kAW By dBls A7, F g aue]
etelo] I 10ton B2 AA UG
1824102 Pa o) Eg3le A7kl Aarg
3 st ot

o

3.1 H3Y 2z =

[\

&)

g @
A
)

12 fr

Z7] LPG 714738 %371 10%,
AA FRAEACT. 0. E)7} 0.0762
24 Azt e 83 4249
T EXE EAG Zolg A4k
/\]Z_(nzrz/a )& 43935. 2 sec
EXE AIZe] Agdl wgf sz
HEZY JAd 22t A5Ee
Ak ol F&HZukiAAe 7))
% = THle Beddo]
7144 71 BEer) ok

TE .ol BAEA
FAE 5ol e F Ede] Mz Hst
A7) d Eoll Uelues Aolw AAA) ox
A g 2eFUiRch Bay ¢y
F7t2 A’ dA ] v Fex Adsanst 2
A 71412 Be Aoz sl 74 F4
Fo do] A= =H Alzle] ZPeozH H
o A Jeue Aoz Mg,

Fig.32 Fig 2 22 A9 tjalA =
3 geoire] Alzhe] o ¢g—wisF 2x B
o] ¥iztg EAIG Aoz Azto] 73}t
wel B3 HElse A4de g Aues
© 93 SAFFY g ¥uoA vehva,
Aol /7Y AFE 2 2527 T42FS B

all

LR 2@ Dopod 2

i

3
o
o

0,

)

¢

o > I

—_ 7~ i

X,ﬂ r—?—‘-" OE'-'
t Am

o o

&

By

o oo M
,
4 2
e

=

AL TR R A -

oEth E3 Az Al ol HE 2xe
deEe HugroA g ZA dEhdoh
™ =
‘g’ 10°%, Vapour 2
010l TOE= 00762m é% =]
=~ 008 Explosafe/
goos - Time(C1 / )
Bt //
LA {-—-—--16.1x10~ /
%00“ - [==1125x103 VA
. ° P
§ e /S
3., /o
5 PRS- ) Lo A

000 060 065 070 075 080
Dimensionless Radial Distance (n)

Fig.2 Time variations of the vapour temperature
distribution along centerline



o
P

o
e
~N

- 10 % Vapour ¥
| TOE = 00762 m é -

Termperature ( 8)
=4
o

3 aos S—
) Time(l)
g 004 —[10x10-3
5 | == 61x1073
g 002} ——1125x103
b H AL
000 10 20 30 40
b(°)
Fig.3 Time variations of anglewise wall

temperature

3.2 F3 FHo HE

Fig. 4¥& 7144 LPG 27| 297l Ha
oo 10%9d a5F A 57 54
E WA 1A Az whE Biau] 9 H
35 W] IYAZA Bla =AIEE Aol
tt, 28 A$ r=0002°]F =] ¢JRe}
Aol A¥Hog Frishe SIS S
7 0.0762m o] A Z xJo]E Ho
A gkovt HIEFZA(0.0m)= AHSIPHE
W FHs, ole fRanyE gy  del
FUE e A9 ANH e=4F F,
AHHd g Sl B8 %ol 2ozt F
A8l UE F¥E 52E A G EF
gl 71A exdeS JAAA 4Y A&
s st ziclete Aoz sigdct A
4 27009525 m)2 A$E 0. 0762 mut
0.1143me} ZSRTF 47k & U4 358
HolEH o]AL Fz o] Hojdol wat g
Fr YT Yl @R Yol #aE
N YEtde d4doz siqgEnh gy o

F74eHA L td wiHe AU

flo
0{

Ll Aoz wH My Al7ls g 2=t
48 vEFAA 7 wED 238 AHS
i o]BTh Fov &3 Foo] ulE o=
1E 34 %S48 ¢ F U

ZHA - BWTER 5 164 9 458 (1987)/ 41

19}
~18 10% VQDOUV /
P* =1 atm
-~ 17
L6t
3
215t
&
gu.-
813
g
an
5 — 100
210 100762
& ——] 01143
5 9 ——] 08525
8 . N

0 2 4 & 8 10 _12
Dimensionless Time (T )x103

Fig.4 Time variations of the pressure In tank for
the various thicknesses of EXPLOSAFE
2 40F
2 10% Vapour
@35
430+
£
25} -
220! e
’8:15 : //
f / TOE(m)
“10 ¢ p —1 00
E —=100762
5 5¢ ~— 1 0.1143
_§ ——[09525
0 2 4 6 10 12
Dimensionless Time (c) x 103
Fig.5 Time variations of the vapour average

tomperature for the various thicknesses
of EXPLOSAFE
Tig- 5+ Fig: 49 22 7 99} A7t
€ dad 7AYd JaeE WIE =A% A
oz Aziol Aol met NAY PEex
€ 3UMEE BoFE, 2% FTUlES EE
ol e A97t 71 2 FAEo sie A

f£ olBY 438 A3 FR Fr Wl
ThE Atole 3A 94 ole F&4ZIAAA)
o dFs % A Yol AGET TR

az] g vehve d4oz Mg, &
A FA & AstE AF 2w 00762
m @ 01143 mef AL A Z= (0. 9525m)



412/8/ X

Hop & A5&c] % w2H ole 01143
7} 0.0762 mEct d&4 ol an A
9 A% 455 T8 o2y dde ¥
o] FAH NA TN R dHge] e
oA Hot wWe HA JA] LEE ASAF
v 2l Aoz Mgk

Fig. 62 Fig- 59 2& 3¢9 AR

BANE 25 2XE 5Y €A Hla =
A Aoz 0.0762m o3 g A9ES]
2= BXE A9 AN F1 8] gl BY
€ gE 2AAAM e g2 28 TN
e 7o BEF 2 Ae BAEH. oe 31X
2ol gledl EAE A7t e JAAT Y
B 7H7kel EAjsi] Rz dAge 8ol
32 @n FHHQ 7hEw dojue A& 9

E A
FrH3 93 dAY LPGEoz AYH
o2y ZIAI7EE O ARREE ol AR
Az LEx W2 Aoz M=t

Fig. 72 ¥d s &F FT4S AU

020

018 F 10%. VOpOUT
— ¢ = O ——
Coi6fF T =61x1073
g
-g 014 F
b
go12t
gg
5 010 } TO.E(m)
g 1007

—1 00762

>008F TS
] ——] 09525
& 006 |
[
0
€ 004 |
£
S o002t

000 S

060 065 070 075 080
Dimensionless Radial Distance (n)

Fié.b Temperature distributions along the cen-
terline for the various thicknesses of
EXPLOSAFE

o] Ajztel wtg exwislE Ztzbe] FRAEA
of sl vlm EAIE ALE At Ao
wE LEE 7RIS Frhee 7agth
TE v FH ASe FX $Eo] n
o AfFer e 228 Yehjz gith =
3 FAE AN E 2EE 21
g Zol7t A gleg Bo Frh
Table 2= <A@ BE A7l & ol 9]
g9 HuEE 3 FA¢ g viad 3
o2 10% 7] 714349 FHE AL8A F
Aol g 2xzlelE zA e H|&) HjAL
SAE 3 ke 1S & Uth W

B A7 QA S E BIALSAZE 7P w

8
i

[ 10% Vapowr
n =085
¢ =0

I TOE{m)
[}

- 0752
1143

8

8

e
o

8

?

Dimensionless Wall Tempergture (©)
e

—

2 12

g

4 6 8 10
Dimensiorless Time (CT) x 103

Fig.7 Time variations of the maximum wall
temperature for the various thicknesses
of EXPLOSAFE

Table 2. Maximum wall temperature at the
valve opening time for the various
thicknesses of EXPLOSAFE and ini-
tial vapour volume fractions

VI | Valve Open-| Mamum
T.0.E(m) ing Time () opanng(At Vam’?‘ime)
0.0 10! 11.8%x107® 0. 2663
10 12.6x1073 0. 0923
30] 387x107® 0. 1943
0. 0762 50| 78.3x107% 0. 3009
70| 18.0x1073 0. 4172
0. 1143 10| 12.6x107° 0. 0914
0. 1524 10] 126x107° 0. 0913
0. 9525 10] 12.5X1073 0. 0908
(Full)
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