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o AL Agsle] L.P.G/O; E7A S Fubgo] Hd] L.P.G. 5% 3~45 39 %
Aol AR zAEg T, BAFzAGNA FUb5E szl L.P.G. §5 3.4%, 4%
AL 40.0% 2 A=A, L.P.G. F57F F7Hel utet JuvtEs s FUMetE o Jak
(=1, L.P.G = 17.2%)olA HFAHE vHeblider S e G L5t & &
(¢=1.57) 1A 2.65km/sec & WEPAF ohA] ztadte A &g dehigleh kel 34
o] el A L.P.G. T/} Fauint A& 245 Fafung & 27 8fe] A Zukukg-
UZe] thE&do] 7elshe Aoz Holxleh =& FA7Md WA g Ag-3t L.P.G./0, 24
o0& AFAS} 255 2AA. FudE JAAZL F v AsHISLEe G A4
A 2+ PK e AARE vegor wauz BH sold wet 43 ZARE A3L
k. -
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

742+3°K and the self-ignition temperature increases as the mixture ratio deviates from the stoichio

metric condition.
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2 Ao A8 2439 3L 37.5mmo]
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AAN Me 24 whaisg on gt 27
e wiee ME A8don 245w Az
2729 A9 e ¥d A4 Wez By

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

F Mole | Molecular | *Cp/ Hea{)of"
or- ole olecular p/ |combu-
Substance mular| % Weight Cvt tion
Kl/er
Methane |CHy 0.23 16. 04 1.31 50.19
Ethane CHs 13.12 30. 07 1.21 47.49
Propane |CsHg 85.48 44.09 1.13 46.36
Iso-Butane {C4Hyp 0.85 58.12 1.096 45.74
n-Butane |CjHyo 0.32 58.12 1.096 45.74
L.P.G 100. 00 42. 35° 1.142% 46.51

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

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

Mach No. % L.P. AVir-e

Py/P; Devia- Remarks Shock strength | Detonation velocity D ag
Exp. | Calec. tion mole Py/P; D(km/sec) (lcm)/

% sec)

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
14.9 1.63 1.73 5.8
18.8 1.79 1.81 1.1
28.7 1.87 1.94 3.6
32.2 1.93 1.99 3.0
38.0 2.01 2.05 2.0
45.2 2.05 2.11 1.9

Driven gas: air

11.2 1.89 2.11 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 4.3 2.7
497.2 4.84 5.01 3.4
510.2 4.88 5.03 3.0
1197 5.42 5.7 5.1

Deiver gas: He
Driven gas: air

37442 AQse ABAAY A5LE TS
A5 F gk mebd & ATAH FARY
Watrg AAH e S Foud AR 7]
AL W HAE FAAY A Badsts o
AAA @ A shslesh Tty $u47
F gt Hautes 49402 2474 g9
o AANASHLE Tign ke AR, 29z
o, Y4 Fusky &g =@ qalg
o

3. M3En 5 59
E- T

L.P.G./Oz Eﬂ'7|i'“2| 2!5.@0“ II‘- ==
(detonation velocity) 2| i3}, 24304 1)
¥k-8-%7 o} (nonreactive shock) 7} L.P.G. /0, &
AN EAE AnTies AP Az
€ Tg24eg sgsgA Zol(detonation
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1.31,1.76,1.71 1.76
1.79,1.79,1.78,1.79 1.79
1.92,1.92,1.92,1.92, 1.92

3. 4/92, 100, 107
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
9.077, 83,88,99, 104, 2.11,2.09,2.09,2.08, 2.10
121 2.11
11. 087,101 2.11,2.12 2.12
13. 097, 99, 100 2.20,2.16,2.20 2.19

15. 097, 97, 100, 114 2.23,2.23,2.22,2.22 2.23

17.2/63.1,63.6,64.6, 2.31,2.31,2.31,2.31, 2.31

89. 4, 149. 2 2.31

19.069.4,77,0.85.7, 2.41,2.42,2.42,2.41, 2.41

95.7,107,107, 124 2.41,2.41
21.085.3,87.9,107,1282. 45,2.45,2.45,2.43  2.45
23. 01199, 204, 240 2. 56, 2. 58, 2. 58 2.57
25. 0199, 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

32. 0finduced by Hy/0, 2. 45, 2. 45, 2. 45 2.45
35. O/detonation wave. 2.33,2.35 2.34
37.0 2.27,2.30,2.30,2.29 2.29
40. 0, 2.05,2.12,2.07,2.08 2.08

wave) =5 W87 7} (reactive shock wave) &
L. Fig. 20] Ued oscillogram & Z
st 3} wEspape] Azl wal wislai=
2¥E R E

T AgzAstd A ZFussl 484 e
AdzAL L.P.G. 3 %= 0% o5
Z271& 3.4% A o] HAE Wolvt: zA
Ale AW ik olhel A whA W S
AHgstviEtE obdE Fwslsl §4HA 2ok

o

Chapman-Jouquet(C-]) Z=78}o) 4] Zuis}=
93 S AP dXYdd 554 3
C-Jote AFa & 2adadd o8 A=,

£2 3 AU 8T 489w Tusd q
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Table 4. Shock wave to detonation wave transition
of a L.P.G. /O, mixture (17.2 mole % L.P.G.).

Shock Shock Detonation
No. strength velocity velocity
(P4/Py) (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 Section Driver Section (4-Gm) —Wirow Plotographic

Tom

23 agcepdi /1 — ;
l:@;.x—ﬂh o /) 1———("/ 4“
L+ i : P T

\» Light N _|
Diaphram Clamp Source ‘
Amplifier] : \—Durvaomk
Trigger System
Recorder
Oscillescope

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

10 m sec

arbitary’

unit

10m sec

Fig.2. (a) Pressure vs. 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).

H Pyl va 27144 (P&

FAY 4 v

d EPstel £E % QHe e o) F
A e,
D*=Q(2r*—1) @
P,=D% (r+1) ®

714 Q@& ugd, D& C-JSsEe s 1}
By =) ofe) 731}1-3— 18%—4 Z71 34, ot
A 2€ FEwrd AAEY AHE A e
ik

Fig. 4+ L.P.G/O; EFE9 =4 vt & F
Wildwel WokE uzw Fig. 1649 2

°l] L.P.G.5x7} Z713t] ot Tudss &
7¥eht L.P.G. 8} Ak4-9] afu] ¢ 1.574 5]
= 27 (¢=1.57 ¥ A 2.65km/sec)o A &
WA E el F Zaste A4S JeEih
ok ubgol A J|AEo] ol FHoz FFIta
Chapman-Jouguet 7}4 & wt&A 7= A4
3455 DE A @2 ZAFY XA uked
QT ET¥VIA 49 A= Fid (heat of ex-
plosion) o]l 3 g =},

Q32 Fbgo] ersbFast Abaateld] o]
% A}uk-2 (bimolecular reaction)$] & €] 2} 23
Atz A8 g=104 HAHE ZHx vt
A gt s HAUghs P lez o Ads
ot s 234 sk

67t 180} E ZA4A (fuel-rich mixture),
A48} wjuk-gE EhslbraEol 4 3lE o] B
A28 ¥k (unimolecular decomposition reac-
tion) & do7|x o] HAo]A AAdd FHHLE
o] chain mechanism & FA T ¢ g AL o]
mechanism o] 2]} <& 8]« (thermal contribu-
tion) 7} F7t2 A Aolw o)W ¢>1F79)
A AN D& vl Aoz S 2 A
HAAGe g2 AT F ddt

@A L.P.G./O; EF71A Fukge A4
HAWE A 28 F A ofF EAetd ol &
g VA Ee <13 ¢>1 ZAFANA =ZA
s Aoz FAHAA gy ¢=1(L.P.G.
17.6mole%) <A |4 ¥4 (inflection point)
o] et A& o] AL HAwdlc} (Fig. 3 3
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Aol Aol didfukee dosn olHd
B &L 53 g ad L.P.G. 3571 & “fuel
rich mlxture” 27 (¢>DA =A Yevts
Aoz a#x gk Zado g3 ukgel
At FAAA A7 EE FFer] st ©
< d77 o]FoA $te¥ Gardiner et. al.
< w1 A & AAs Zaie dF
g FAANA A s Fol A"t FA4s
et 18

p<127 A A¥A oz A3 Fids
AF D*€ L.P.G. /O, 7149 29 A
} 449 Q(heat of combustion) Zkel] Th3l] plot
¢ @ A4 HAV Aozt 2 Je
25E AR 73S 110024 glgady

N Tl J - -
o

{4 o

2800 I
|

—~ I
& 2500}
4
E
¥
z
]
o
d |
o \
z ¥
Q
5 2000
P-4 .
e
w
) l
1500

0o 16 70 30 %5
CONCENTRATION (Mole*s)
Fig.3. The plot of ‘detonation velocities vs. L.

P.G. mole %.

Py @ .
n
Nl o208 ooy (3)
. [-(w }x: — — R ()
- 2
RS-
(IR H
- I i
5 ‘ |
I :
« 2 | f
Q ! |
° \‘ ‘ |
v B } |
|
cz l MM"“
NL o ’
@ 3
0" 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%
Ox9mixture. (2) 17.2% L.P.G./82.8% O, mixture.
(3) 21% L.P.G./79% O, mixture. (4) 26% L.P.G.
[/74% O, 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. Ir;x'o};é g; MS(L/H) velso}é?fjl;I (l:vr:}’fec) T; °K Tign. °K
1 7.0% 3.22/3.16 1.040/1. 020 851/830 8404-10.0
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 7414-16.
5 17.2% 2.98/2.96 0.942/0.936 745/739 742+3
6 19.0% 3.05/2.96 0.958/0. 927 755/727 742415
7 21.0% 3.10/3.10 0.971/0. 969 771771 771+0
8 26.0% 3.60/3.37 1.110/1. 040 908/830 869137

sThese 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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ub-g A Eo] HeiA @Al 1.16~1.32 15
t} Ao 2 o] L.P.G./O; £E¥7IA S =4
Ay Tago] Y dhgel W dade
g A A3 e Jddte Aoz 7
o]z,

zAu) e wet st rrl WElEle 2
o FeE oln] nuEe] e &5 Za2wH
AEEFEY 2AF FABIY . 2ol 1A%
g Za ukge] glol FusSErst JAESE
9 29 AgF HdFL.P.G.o 7§ 46.51
KJ/gr, 28] 3 = 25%9] 7§ 46.36K]/gr. Table
13=2)7 r t(L.P.G. A% 1.14, 283 =2
28] A% 1.13. Tablel Fz)o] 93 Fz A
A=) W Fe Aoz wolAet, Tabled o L.
P.G./0; Aol w& A7e T E5=gE
gigich EudEge A AXE A
9] transducer o] 98 Fwgst 7 ke 5
el 285 E Azt B 18] BTAE
3L -

E AgzANA Lot (EEsks
= 2 THARFE)E 3.4%9 40.0% 2 27
2Asgh o] FxdaddA A Fudd
o] F #AETHE T AT 19 130
4 X 3hv) ukste] 3.4% wigk € 40.0% Rk
2 FE2ATNCAE Fuvbrt A8 4=
BAY i B tas Fhol AR BA F e

Zursl JA-E 98 A3 (iguition source) 2
A" 2498 FARE, PP 8 9%& &
oyl S8 ¢AzAw 4 L.P.G./O; EFE
W& Py/ Py 3ks 2E et A3lAg ot ks
T Dv S A Ak (Table3 Fz). &
A FTu4s oy 4 (5)& AHgstd A
Ag Zursle] HughE P 33w =191
ZA$ 134psi(r 32 1.252 P or o F
ws}e] oscillogram © 228 A A3 17 ZAMA
oz QA3E

L.P.G./0; 7|2 =Mo0l| u}E X}7|&- 3}
2z9o| HEl E AFPJiE “underdriven” =
Ao, 249 €25 AAHor ZF7HA
A JMAA A FLSEE 2 TidsE §
WADF Qe HaFAAE R FAAEEE S

n

T Qe Az FAREE Astx

AstaA At Table6 S} Fig. 6] A¥ A5}
£ o.9%8giel. ] EU1AY A AR
Z(Py/P)E 42.6°1A4 62.67FA A A3 E714
A& L.P.G./O; EF71A HelA FAs; =
= Tiste] Aol ol FoA A %okeh. Elec-
tronic counter & o] £3le] &3} & 1y
o] AHg3 479 FxeA FAZE 37.59
A 0.769km/sec, 47} 62.69]4 0.939%km/
sec Zt-& ‘Jrﬁhﬁfdxi I P I < R i |
U 2435 7S 62.60.2 HH 63.12 7 &
7R &9 A iv“ﬂﬂl oA Fustrt P54
A gt 3 st5e] 2QE5Aq FUb R
o} (Fig. 5 3% %).

2y FAREE 63.125H 149.274A] Z7}
AAFE R o] st walstA ggkch
25 45X 2.81km/sec & F&Fu) L.P.G. /O,
E£§71419 Chapman-Jouquet <% o & 23}
o] Zokste] FA4L 2345 62.67 63.1 A}o)
oA deldg & ¢ AT FAR=E 62.62
27 A £33 T4 £ 0.936km/sec
F3, g L.P.G./O, 3749 *Fr*ﬂl%
¥ 2% 1.36(Table1 9] A5 25H A, &5 %
316km/sec, ®}3l M, 3k (Fletg=3tS / &&=
0. 936km/sec/0 316km/sec) & ;‘}.9_3}04 A At
T, 32 739°Kolgith, RE AL 2r7]ex
25°C°M AA s, Al Tz%k° A ﬁdz
28] A L.P.G./O; EF7]A o &
AAAFNA it Hdexzr FE 4— %1 o
Zsle] P L A% A AEexE, Tign&
739°K it & £xolojof gk, Ewtil: &
A7ZE 63.1 o] Al =74 HA3H . F4
ZE 63.1% AP zAd o)A ZurstE YA A2
Zdstrt by
B4 2 AFERA (Pof/P1=42.6—62.6 A0])
o A Ao}z PPyt whate] vl A 24
S Aete] AL wlalg 2.98 Zhe ARL3te] AL
3 T 32 745°Kelgich, a3t 48 9%
AZNASFLE Tigae wWebA 739°K &+ 745°K
Aol g e Aol EH I T #h-S 742
+3°K 2 F4585%, EAYE #P5ed 3l
TAAL e FAAEY 4otk A%

Journal of the Korean Chemical Seciety

l

P



AF4§ 7t (L.P.G% A& EHEY U5 R Atz #

T(K)

900+

850

800

750} o/

— O

700

A 1 oy
5‘.0 10.0 xé.o 200 25.0
L.P.G. mole %

Fig.5. The plot of fuel-oxidizer concentrations
versus selfignition temperatures.
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