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8 o ZA:{E AMR3IY L.P.G/O;, E37A9 Funltgol H#f L.P.G. ¥% 3~45 ¥3] %
A9l AH zABGt, BAR2AS A 9 HRFERA S LP.G. T 3.4%, 4§
2L 40.0% 2 3389t L.P.G. F=7t $7Mghe] o2t FusiGe e FUMsg oy 33
o224 (¢=1, L.P.G ¥ 17.2%)e14 434 & vehiiger] Adees FPuuc 1572 3
=2 (¢p=1.57)o1 A 2.65km/sec & PRI A Fa3te HFFE vk, Fake Z3 oA

o] vetg A L.P.G. FErt g nc 4.2 243 gadu|nct & 2754 S
A 2ol BEde) Sshe Aen Yol =d 347k WA Agdled LP.G./O, 24
g o] wE AFAN &5 A} FustE J4AL F e AFHILEE 24
A 42+3°K 9 AARE '—’rE}‘z‘I""ﬂ el 2 Fu sloldd wigt FA3 %‘-7}31-- 73%}-“- e
ek,

ABSTRACT. Detonation reaction in L.P.G. /O; mixture gas has been investigated over the L.P.
G. concentration range of 3~45 volume %. The variation of detonation velocity with mixture ratio
is very interesting as it shows an inflection point near at the stoichiometric ratio. This might be
ascribed to the fact that the detonation reactions at fuel-rich condition and fuel-lean condition
proceed via different mechanisms. The maximum detonation velocity of 2.65km/sec occurs not at
stoichiometric ratio(¢=1) but at fuel-rich condition (¢=1.57). Assuming that a stable detonation
wave must propagates with the constant velocity, The upper and lower limit of detonation were
determined and found to be 40.0 and 3.40 L.P.G. volume % respectively. The shock-heating
technique was also utilized for the measurement of self-ignition temperature onsetting a stable
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detonation wave at various mixture ratios, The self-ignition temperature at stoichiometric ratio is

7421 3°K and the self-ignition temperature increases as the mixture ratio deviates from the stoichio

metric condition.
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FARE AHEFE shabe ] gEukg T L.
P.G.8} 22 g3} ,agd g 434 (44 =¥
FTNE TAsE 94 TNz S 24
e Zts) (detonation wave)d] B4 o) A
B2 47 oFoA $ieh o Zuksle ¥
A3 5k} A A (wave stability), A5}y 2
Fbste] =¥ & (damage mechanism) |
T oA E NP S TP Aste
X% (self-ignition temp erature), Zulu}a}&ldtA)
(detonation upper and lower limit), ZW<Ex
(detonat velocity) @ ZFugtd 2 A3
Aol AFAoz gaFdvl, AQYddelF g
49 Futdz, 4{3d3de Dde whE
AR FAREES TdAng Qg 2AL
ol Fx ot ) FE(safety criteria) & A A 3)7)
¢ AR FHol o] o Fel WAH o]
S 2 S E B34 4 JlA(L.P.G) g
AR A7t= (L.N.G) 87t F53) ot
FAA QoA Fatz) A2 EASE B4 9
Atk o] Fokof A AT FAA2YALE AF
g AAo) e}, ERrIAAg] Fatsl 4R
S A& A2 &9 £o4A G v
S o3 AP ¢ A, F Q) otHe 2
FAAGA A FAAFE FUA L] 59} o

< Azt o3l 43 Fd}(deflagra-
tion wave)7t 44 F &G4 E S8
G2 Aols] = “deflagration to detonation tran-
sition mechanism”¢l] 23k w43} () Eeko|
v AARAR 2L 2o Y E e A3
el 243 s34 alol A4 Zusir) §4
¥+ “direct detonation mechanism” k3 o &
AYH = Aolct, HAY A$E “underdri-
ven” 27184 FAL] 7 L-E “overdriven” Z
Al A Zstst YAk 2. “defla-

gration to detonation transition mechanism”-&
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S 712 4Rt ASFH S L2 S E3] wl
& A7 228 5 A= FEFAA 0 A
T HEE Aoz G4 Sten, FAG AY
o A gt o] duiA dAE Pl A sheof
% g g AR A 388 AR
¥ e 30 F3 g2 A Ad 43¢
A EQAGoA EFE HelA Fustg 4
22 4 9l 71 A Abell F4)k(gas phase detona-
tion) A4 Vet BAF9 sl Ashyd
Aol FA5A At Fisot 45 FrE o
A& 4% (Chapman-Jonguet $%, ®= C-J %
=25 32 dsAddA AR Hel
b, wEkaA] B AYdAde 49 £528 F
ARez Z7AA 74 L.P.G./O, 7lA &
R Zur s A A 7 o Zubeie] A SErt
L.P.G./O; 71418 &4l o194 G2%&
gzt shete] zAbeigieh, m{ ol { Fut
5 AYAD e Az E AgFez
AR 44 o5 L.P.G./O, £Z71A ]
zAu 940 FAE gt A dErt

2.4

FAA 8 Wy & 5233 (shock tube) & o] £-3}
o RdEAdAE AN ¥ YAEESE e
o] FAHE L.P.G./O, EFVIAT U= A&
F7) (test section) 2 FoAA ¢H oz (1076
2 99 o) 7kdd L.P.G./O, E3/A
9 F4g fedte WA, &4 2= (shock
strength, o7t ABF78] ¢HPu))E A
Aoz TN AR ARTFIHH
4 L.P.G./0O; 27137} Chapman—Jouget &
HohE JPA e FAFEE FA5 o3
& A7Ases, Tignzd ARA7E o A
P ob 3 AP B dd AY A5
Wotol e ¢ 2= lev Jedez
o $ st&=3le] 714 A (interferometer) ¥ Schlie-

ren 33 ZF& wrte] Bl Yo A i A
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A A=k,

£ Aq AH$" 3439 WAL 37.5mmo)
o, FE7A (driver gas)7t e 2T
CclF7e 8 P2 3APH} Az A7)
e AT 779 Y& P oz B
A oz FHE o] F F7 Aol AT
o] #-55x] % F thin mylar & A}&3le 2
3tE et TETRHA AgTRe Aole A
100cm S} 400cm ol 7}, 375t % Fgshe) o}
G A2l 40.0cm 1A o2 A= A9
piezotype pressure transducer(PCM 102M 24)
& A&t £43t9 el Transducer o] 93] &
A5 AzgdS ZEZA A (Sunstrand model 504 E
FE7] A&} electronic counter((-999 ¥ $])ef
A48}, A 1 transducer = trigger source &
A 223t A 2, A 3 transducer 9l A T 33}
YA BAHRE. AFAQ oscillogram &
Fig. 2¢] veplide, 3% 4 S0 S5
= Al transducer 7} A5 A AA @A ¢
952 £AARR FH ARHA.

TENAEA LES Aa(T= 9% oD E,
28z Aate 24 Lockwood A1) thin mylar)
£ Asc, od 4GP A2 Yo E F
& FAF A4A"R &Y AolA (Aiproduct #
E-19-D-425D-10) & 143l &3 3 A
F7k8] gk 2 RFA 0|4 (Matheson #63-5601)
& Mgt 3434k ARZAFY 2 A
T P 2AL 1/49A Z945% E tygon
Fuz 4749 A %W =2} Dewar trap & 283}
o AR,

AallAle ARA i 2447 olhqd EFR
A7l F AT AT F93t3 29 L.P.
G. /0 &3 1A 24v & 7 7149 E2¢A =
e A Adge] AR L.P.G.& A
ZF Foisle ALgIgen = 2P gaschro-
matography & AH&3t] ZAA St T4 A
Table1 o] iepch,

2 A9 A g7 AALFH) A48 A
gto] stHA =7 W Py (e )
s = & A ete] FAE A8 9
A4E & FAS Fohge] vt A AYAe

2 el Ade ol 4% 4% 244
Fg A% ¥ 944z YEF A4 FF
A2 Agste FARE UYAA F5E
APE 2] S$28 ZHP3o o] &4} v =3
o}, (Table 3 Z2)

AeE FEAAE AL & A5 E =3t
T 1.800| A =27 A AFA e} o)EXA FA
3 ATde Ag B A4

uhat 3.5 ol3te] FAske] A% uAlg e
34 ste) & & Aol g iy AR
oha Bdstdel, webA ehEte 2.0~3.5 Ape]
g FA9E FAAA7] HAAE AxE 1%
AA &, 2 o] }9 =3, E 947 SHAE ®
g TE7A2 ALt 83

FASE FETEAE HoA) A5 A
PR gL Az (2748048 A5 &
)8 &£x¥lE o|AVAE M4, F gA
Rankine-Hugoniot A} 2.2 28 o9} o]
A2 R MR

PR Lt
AT R

Sy

HWA 7& A5 dul (G/C), A1 2 %
ASE Z9eA gL 2 2¥2 A2 5
At AQT 489 FdE A7 Jepad,

A7 M2 A5 kg el 34
58 gl ME APd ez 3%z A8
271259 A8S #e 4d 4 (Dez 2y

Table 1. The composition of commertial L. P. G.

Fi Mole | Molecular |*Cp/ Hea]taof'
or- ole olecular [*Cp/ jcombu-
Substance mular| % Weight Cvt tion
Kl/gr
Methane |CH, 0.23 16. 04 131 50.19
Ethane CHs 1312 30.07 1.21 47.49
Propane |[CzHp £5.48 44. 09 1.13 46.36
Iso-Butane [C4Hy 0.85 58.12 1.096 45.74
n-Butane |CHp 0.32 58.12 1.09% 45.74
L.P.G 160. 00 42.35° 1.142% 46.51

*sCalculated value from the composition of L.P.G.
4 Lange’s Handbook of Chemistry,
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Table 2. A comparison of observed and caleulated
shock wave velocities in mach number

Table 3. Detonation velocities of L.P.G. /O, mix-
tures

Mach No. %
/Py Devia- Remarks
Exp. | Cale, tion

5.35 1.36 1.45 6.2 Driver gas: N,
5.56 1.38 1.48 6.8
6.31 1.39 1.49 6.7
6.44 1.38 1.49 6.8
7.12 1.41 1.50 6.0
4.9 1.63 1.73 58
18.8 1.79 1.81 1.1
28.7 1.87 1.94 3.6
32.2 1.93 1.99 390
38.0 2,01 2.05 2.0
45.2 2.05 2.11 1.9

Driven gas: air

1.2 1.89 2.1 10.4
13.9 2.06 2.24 8.0
23.3 2.33 2.61 10.7
27.9 2.39 2.72 12.1
86.5 3.38 3.58 5.8
167.9 4.00 4.12 2.9
170.5 4.02 4.13 2.7
220.6 4.21 4.4 2.7
497.2 4.84 5.01 3.4
510.2 4.88 5.03 3.0
1197 5.42 5.71 5.1

Deiver gas: He
Driven gas: air

FA3E 4B ABoAY A5LE T3
A% 4 Ak, wekd & QFeq ER3w
w3l E AR H o2 FIAAA Fo2A AR 7
A W A E F7MA7 A FuislE fu
A7 A ke A mishest FaalE: A2
T AT HavpEted A4z A4 343
o A7 EEE Tign & AASYH 22
old. §45- Eutsde] AL L E=F 235G
tt.

3. NI U 29|

L.P.G./O; Z87|H2| =M g ZWss
(detonation velocity) o} B8} 2731104 v}
Qh-3-57 9 (nonreactive shock)7} L.P.G./0, &
AL A E ABTReE NPT A&
+ 2dHez sld=nA Evl(detonation
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Aver-
L.P. N
G.] Shock strength | Detonation velocity Dage

mole Pi/Py D(km/sec) (km/
% sec)
3. 4192, 100, 107 1.31,1.76,1.71 1.76

1.79,1.79, .78, 1.79 179
1.92,1.92,1.92,1.92, 1.92

3. 891, 100, 102, 102
6. 285, 92, 95, 96, 97

1.92
7.0[106, 124, 137,151, 1.98,1.98,1.98,1.98, 1.97
173 1.97
9.0i77,83,88,99,104, 2.11,2.09,2.09,2.08, 2.10
121 2.11
11. 0|87, 101 2.11,2.12 2.12
2.20,2.16,2.20 2.19

15. 097, 97, 100, 114 2.23,2.23,2.22,2.22 2.23
17.263.1,63.6,64.6, 2.31,2.31,2.31,2.31, 2.31
89. 4, 149. 2 2.31
19.0/69.4,77,0.85.7, 2.41,2.42,2.42,2.41, 2.41
5. 7, 107, 107, 124 2.41,2.41
21.0(85. 3,87.9, 107, 1282. 45, 2. 45,2.45,2.43  2.45
23. 0:199, 204, 240 2.56,2.58,2.58 2.57
25.0/199, 215,236,262 2.65,2.65,2.65,2.67 2.65
26.0| 138,142, 146,151 2.65,2.63,2.65,2.65 2.65
*30. 0{*Detonation was 2.52,2.52,2.52,2.52 2.52

13. 0‘97, 99, 100
6

32. Gjinduced by Hz/O; 2.45,2.45,2. 45 2.45
35. O/detonation wave. 2.33,2.35 2.4
37.0 2.27,2.30,2.30,2.29 2.29
40.0 2,052.12,2.07,2.08 2.08

wave) E£3= 4237 3} (reactive shock wave) &
fitdte}, Fig, 2 veldl oscillogram & Sk
ste] 3} wgagepo] Azle] wal Wt
REE 2o Er,

Az Fdrl AYS g
A%2zAL L.P.G. 39 %= 40%Q.2e0 35
ZH 2 3.4% Rtk o] AL Wolvle =Ad
AE A7 A Bak ol ASwe
AbgStrEte bR E Fuwdsl §A4sA oo
o,

Chapman-Jouquet (C-]) 27 3}ojj4 Zuis}i=
YAE == AP~ A9 B o)
C-J 4% H32 & Bdgue] O Az, &
TF R A nES H&3n Zgsiy ¢
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Tabie 4. Shock wave to detonation wave transition
of a L.P.G. /O; mixture (17.2 mole % L.P.G.).

Shock Shock Detonation
Ne. strength velocity velocity
(PyfPy) (km/sec) (km/sec)
1 42.6 0. 816
2 49.1 0. 850
3 50.1 0.864
4 51.2 0.868
5 56.9 0.910
6 62.6 0.939
7 63.1 2.31
8 64.6 2.31
9 63.6 2.31
10 89.4 2.31
11 149. 2 2.31
—Transcucer
Driver Sectin Driver. Section t4-0m) —Wircow Piofographic
23 as0sdf /1 ;
e
\—vD-ophram Clamp LSlgo’\‘J:ce\.k\iﬂ {
Amplifier —Durp Tark
[ Trrigger System
Recorder
oscillkscope

Fig. 1. Block diagram of the detonation/or shock tube.

psi

10 m sec’

unit

arbitary

10m sec

time plot for a typical
detonation wave. This oscillogram is for 21% L.P.
G./79% Oz mixture; (b) Light emission vs, time
profile for the same experiment. Photocell position
was 40.0cm apart from the transducer used to obtain
the oscillogram (a).

Fig.2. (a) Pressure vs.

4Pl Ml 2AHPIE FAL F ek
A B9t 45 9 gL vhgst gol Fo
%lt+'14

D*=Q(2r*-1) )
Py=D? (r+1) 3

G714 @ wsd, D= C-JEUa5e g v
Be] okl A 1S e 2796, o)
A4 2% ZUwg A€ 40E 27 g
et

Fig. 4 £ L.P.G/O; £%E4 &=A #& %
dotde o] Malg vyEn, Fig. 1o)Ast 2
o] L.P.G. 557} 273t wi} Tutdbp 2
btk LLP.G. ok a8 Fafu) ¢ 1.579 5]
T 2A($=1.57 24 2.65km/sec)o] 4}
WA & el % et A4S deie.
Tk bl A FlAEe]l cldHez HEStm
Chapman-Jouguet 7}4 & ©H A7 & B¢ ¢
H55 D Q2 ZAHY o7 ugd
QE ENA 94 AFF F¥d (heat of ex-
plosion) o 3 F-g o},

Q3T Fk3ol st Abiateld o]
L A 8k& (bimolecular reaction)2] e 27 33
2rtn AP g=194 Hdlghg 2z oot
A st s AU g Ao s ARy
Rot A 234 Frh

¢7F 12k & 2A4 A (fuel-rich mixture),
Rxsh w2 BlEaEe] A B2
A4 23] ¥)-3- (unimolecular  decomposition reac-
tion) & Y272 o] HAA A4 A FE
o} chain mechanism & F4& 4 & 4% o
mechanism o 2]3} 4 &7] o (thermal contribu-
tion) 7+ F7LE A F Aol s $>12A4
A Y Dgs Vel Aoz dSsv £ 4
AN zE FAE 5 Asich

A L.P.G./O; £3714 Zdmbgej A4 <l
vA e g 2 F 7 o]} EAEY ol &
g AR E <13 ¢>19 =AsAA =
e Rez FAI F#8 ¢=1(L.P.G,
17.6mole%) TAH A H-IFA (inflection point)
o] vehd AL o] AdE R (Fig. 3 3
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Z).

AAs LP.G.9o FH¢d =239 439
g2 vl 2 A2 E JYEe AT
3] (self dissociation) R o2 W6 FgdAReg A
A e Az e Fo4HA 3
ukg-o] Aoty 1200°K o] 4] Lxz 764
T o1& #@zEol A7 Selt Qs
FE& FANl 2ET v Adge B
ZHe] et 8

ToR S (RN CH,+C,H; 4
CeHgereoee-CoHy+H (5)

w3t 2293 Abad] A3t o3 473
s oA ZERiAE Aol ukg3E] of
Aol 43l dEHEEE doddq oHE
A 53 g R L.P.G. 327t & “fuel
rich mlxture” 24 (G>14 =zA Yehvie

Aoz delA Ik z2us QEd W
W FAAC AN BE FHE skl B

<A77} ol FAA HorV Gardiner et. al.
S 4R A S AA Zegd d¥
8l AR A ddelFh] Fel YYActs Fast
git+.18

P<137d A A¥Aer 33 FEEz
AL D*& L.P.G. /O, ER7NA9] @4 AF
o A44 Q(heat of combustion) Zkel] 3] plo_t
g A ARF BAS dejF e 2 7)es
Z22H A" r 3 1.100.24 By

2800 I

2500+

2000

DETONATION VELOCITY {misec)
-

" 1500

o 16 70 30 07
CONCENTRATION (Mole*s)
Fig.3. The plot of detonation velocities vs. L.

P.G. mole %.

e e

@ .

2.5

FM——-@ o——,—@
[

g T e | -
|
l
|

VELOCITY

S0CK

o 50 100 150 200
SHOCK STRENGTH (Py R )}

Fig 4. “Shock wave to detonation wave” transition
at different mixing condition; (1) 11% L.P.G. /8%
OPmixture. (2) 17.2% L.P.G. /82.8% O mixture,
(8) 21% L.P.G./79% O mixture. (4) 26% L.P.G.
{74% Oz mixture.

Table 5. Self-ignition temperatures of L.P.G. /O, mixture gas at various mixing conditions (calculation was

based on thedata in Table 5-12)

No. LS MS(L/H) e T: °K Tign. °K
1 7.0% 3.22/3.16 1. 040/1. 020 851/830 840+10.0
2 9.0% 2.99/2.96 0. 964/0. 955 772{762 767+5.0
3 11.0% 2.88/2.75 0. 920/0. 880 725/685 705+20.0
4 13.0% 2.95/2.96 0.940/0. 927 747/734 741+:16.
5 17.2% 2.98/2.96 0.942/0. 936 745/739 74243
6 19.0% 3.05/2.96 0.958/0.927 755/727 742315
7 21.0% 3.10/3.10 0.971/0. 969 7714771 771+0
8 26.0% 3.60/3.37 1. 110/1. 040 908/830 869:+:37

oThese MS(L/H) values represent the highest mach number which can not ignite gas mixture and the lowest

mach number which can ignite it.

Vol. 30, No. 4, 1986
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whS- A B AN g g 1.15~1.32 2
t} Hol} 9 o] L.P.G./O; 219 =Y
A o] FAZ whge] W AxFel
g AR AL Fed 7)dse Aoz 9
oA},

zA¥) o] ute} SistEer)t wEsie A2y
Q e ols] nzEe P Y 2w}
A2EFEY 239 FAtd o P ol 1A
B g ukged] glof Fistgsst JAETE
o) 29 Ak WAFL.P.G.9 A4F 46.51
KJ/gr, =& 2 = 2%9] 3% 46.36K)/gr. Table
132)7% r %(L.P.G. 4% 1.14, 28z 22
o) A$ 1.13. Tablel Zz)dl 93] Fz A
A7 w2 Aoz wlojAr}, Tabled o L.
P.G./0; A0 =& 4729 FF5E3E
eigicl, EUEEPS FAS AXd AA
9] transducer o] 23] st F 4L 23
Fed 288 A7t g € 8 ATAE R
Bt

2 AY2AANA Furbew 9 (FLsds
= 2 ERAFFE)E 3.4% 40.0%2 FF
2339k, o] FEEANAA Y499 Fud
ol F #AFTRE T AT 429 0]
A X st wkEle 3.4% vl R 40.0% 2ot
L FEZANGAE It Ay FYHA
SV 62 BT foy kol YA Gt

Zuty}l AL 94 A4 (Gguition source) £
ALgd A9 FARE, PP Y 9%S ¢
o7l 93 YA=Hu Y L.P.G./O, 2FEAR
A& PP ke geEsted ARAR e S
2 DE 9% ¥ Gk (Table3d 2z2). &
Ad ZuEE te 2R A (5L A3t A
A% Zutske] Hzgd P 3w 4=19
A% 134psi(y % 1.25% 3oy o gk &
Wshe] oscillogram 2 2 58 A A gkt TAHA
o2 YA I,

L.P.G./0, Z&7I7el T4 wtR X712}
259 H3 2 AYd = “onderdriven” =
Aol A, A5 £2& ANAL2 FHA
#A Jleid A ENSEEE 2 ZuE
FALF Qe Ha2FARE L PANEEE F

A8 3t Table6 9} Fig. 6] AY A}
£ so%stgct, wepy] ER01AY A% 2473
E(PyYP)E 42.69A4 62.671R A A3 Z74A4
Fg9 L.P.G./O; EZAA WA Fd9 =
e $dug Pyol ol FolAA gakeh. Elec-
tronic counter & o] £33 233% &L sy
of 243 2448 FrzA FAZFE 37.59
A 0.769km/sec, A A E 62.60)4] 0.939km/
sec & vElE A ShalEA Fo1e el el
Y 2ARE g 62.622 BE 63.12 1 F
TR & AgTF o sl gAsg
A &7} s LdE4Ad Fob FAHd
e (Fig. 5 Z3),

23v FARZES 63.12 55 149.274R) Z7}
AATH R E o] #<5XE WMaEA] gk},
A9 53 2.31km/sec +-& FFve} L.P.G. /0,
E£371419 Chapman-Jouquet Z4-<4 % o)) 3] 33}
v Fulale] FALS FARE 62.6% 63.1 AHo)
oA Ao & # AT FAZE 62.62
271904 &A% FA9}e) S£EE 0.936km/sec
B3, 3 L.P.G./0, £F71AY AHld
¥l 7t 1.36(Table1 8| A8 22X A4, 5 3
316km/sec, w}dt M, (Str=s&/&E=
0.936km/sec/O. 316km/sec) & Ag3he] A g
T, &2 739°Kelglrh, 28 2L 27 ex
25°C ol A QA AR T 3e 4P=
A% L.P.G./O; EFZ7| AN} ZHutstE
BARANA Fohe HAdere HE F Qo
st HAYE AR/ A7) AseE, Tign e
789°K mr} £ £xolojof gk, Tt &
AZE 63.1 o] 4t 2ANA TR, FH
ZE 63.18 A¥zAst) 4 FiotE YA

& He $AREE Aok Sl 2

A G AP2A (P/P1=42.6—62.6 AF9])
A dAF) Pe/Pr 7} whstrd] vla S 24
43t Q& wh3t 2.98 ke ARk A4}
T T3 745°Kolgicr, st HA4E A3
AANAELE T Wehd 739°K 9 745°K
Ael9] g Zre Aol B Ty, 5 742
+3°K & #44, £ A8 e ¢93ed 319
AR v $AZEY 2y A
Journal of the Korean Chemical Society
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Fig.5. The plot of fuel-oxidizer concentrations
versus selfignition temperatures.
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