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LPG-SI
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M. Campbell

1400 Cm3 4 LPG C3H8 n-C4H10 i-C4H10
(RONO5) 4 MBT
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2.1
2.1.1
2.1 2.1
1997 cm® 4 MPI
LPG LPG
LPG
LPG 1.6 MPa
LPG
ECU ECU
ECU PC
A/F
ECU
ECU PC
EGR EGR
EGR
(TCV)
(VTC) ECU
LPG
( FAMS-8000) (
FEB-DNR)
(HORIBA MEXA-9400ED) ( FZ-2100)
(Kistler 6052C31) (Kistler 2085A131)
( PP-933) 100
400
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(IMEP

Coefficient of Variation)

Gasoline )

Indicated Mean Effective Pressure)

LPG (

Comb.
Analyzer
AD

RO

(cov

Sub ECU Main ECU

Conv. 4 ....................... \
[ Crank Angle

Sensor Amp

Charge Amp

Coriolis Mass

Flow Meter

TCV
:|'|'| 1.6MPa
<
Pressure Engine y, ( A
Sensor Ll vV J A —
| eer
[ | LPG N2
I | I
Exhaust Gas -« WIT, OIT
Analyzer Controller ol ) O,
2.1
2.1
Model MR20DE
Type In-line 4 cylinder water cooled
Intake system NA
Fuel supply system MPI
Displacement cm? 1997
Compression ratio 10.0
Bore > Stroke mm 84.0=<90.1
IVO deg.BTDC -8~ 17
IVC deg.ABDC 52 ~ 27
EVO deg.BBDC 25
EVC deg.ATDC 7
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2.1.2
2.2
100 (Knock
Intensity KI) Kl 2.3
FFT IFFT
[rpm]><3.75 Hz
Kl > 30 kPa
a) 2%
b) ( ) 2% 5%
c) 5% 15%
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Oy Gy t
s 100 Hea
& 50 :
2 O L L L L
2 100 | Medium
2 50
p_.; e
£ 0 ‘ ‘ ‘ 1
x 100} Trace
e 50} 6 W
X L
“6 0 I f I L |
x 100% Non-knock
e 50:
0 [Nt P WV tintutunisnd ool opw)
0 20 40 60 80 100
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2.2 KI
6 &
52
4 9o
3 2=
[T
© 2 20
Q 1=
= 60 00O
i 40
2} 28
]
£ -20
%-40
o _60 I I I I I
S 60 -40 -20 O 20 40 60

Crank angle deg.ATDC
2.3 Ki
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2.1.3

2 LPG ( Gasoline)
2.2 2 LPG 1 CsHg 20 LPG(
LPG20P) 1 CsHg 100 LPG( LPG100P)
LPG20P C3Hg 25.0 mol% n-C4H1g 51.7 mol% i-C4H1 22.6 mol%
LPG
CsHg n-C4Hyo i-C4Hiy RON 112 94 102 LPG20P
RON 100 LPG100P  97.4mol% CsHg RON 112
RON LPG
LPG
LPG
LPG20P LPG100P 2.3
Gasoline Gasoline  RON 90 LPG
Gasoline LPG20P
LPG100P Gasoline

(BSEC Brake Specific Energy Consumption) [MJ/kWh]

(ISEC Indicated Specific Energy Consumption) [MJ/kWh] Tt [%0]
i [%0]
2.2 LPG
Fuel LPG20P LPG100P
Density g/cm® 0.562 0.507
Vapor pressure MPa 0.57 1.31
Lower heat value kJ/kg 45830 46370
Research octane number (RON) 100 112
Composition mol%
C2He, CoHy 0.2 1.3
CsHg 25.0 97.4
n-C4Hyg 51.7 0.3
i-C4Hyqo 22.6 1.0
Cs & Heav. 0.5 0.0
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2.3 Gasoline
Density at 15 deg.C g/cm® 0.7481
Vapor pressure kPa 59.5
Lower heat value kJ/kg 42340
Research octane number (RON) 90
Carbon mass% 87.0

Property of distillation

214 0

T10 deg.C 52.5

T50 deg.C 92.0

T90 deg.C 141.5

3 NOx 4 Sl
7
0
(
)
Xp(0) dxp/d o ( (R.H.R. Rate of Heat
Release)) (2.1) (2.2) Wiebe @ x,(0) dxp/do( R.HR.)
Tcyl (0)
0 _ 05 m+1
x,(0)=1—expi-a 2.1)
Hb
m m+1
di:i(m+1 -0, exps—a -0, 2.2)
e 6, o, o,
6, [deg.ATDC] & [deg.CA] a m
a=69 @9
(2.3) Woschni @)y
a=12.3. D044 '(Cm ) Pcyl )0.786 'Tcyl ~0.525 2.3)
D [m] Cn [m/sec] Pey [kPa]
Tcyl (0) F)cyl (0)

NOXx
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2.4 2 (1) )
CStart the 0-D engine cycle simulation>
/ Input engine spec., fuel properties and initial condition /
|
0 <180 deg.ATDC No
Calculate x, and R.H.R. by Wiebe function For each element {
0=0+do | Calculate T, and NO
'y by segmentation element method
Calculate Cy: Cys and « from thermal data |
/// Print the results ///
Calculate T, by Runge-Kutta method
End
Calculate P, by ideal gas equation :
Calculate T, Ty, V,, V,, and g, by two-zone model
Calculate A, and S, by flame surface model
24 0
(D) NOXx
LPG-SI NOx
0 @) 25
NOXx
LPG Gasoline
Gasoline Gasoline
(H/C) (i-Cngg) (C7H8) 6:4
l:)cyl
F)cyl
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1 (N, O,
CO, HXO CO H, H NO O OH N)
NOXx (2.4) ~ (2.6) Zel’dovich @n.28) (2.7)
NO
O+N,=NO+N (2.4)
N+0O,=NO +0 (2.5)
N+OH =NO+H (2.6)
2
d[No] _ 2R~ ([NOJ[NOL, )’ | -
dt  1+(NOJ[NOL )R, /(R, +R;)
Ri Rz Rs (2.4) (2.5) (2.6) [mol/(cm® sec)] [NOJ.
NO [mol/cm?]
NO NO @9
16
14 |
5 12 4/
D10
é 8 El t 3 |‘\\\ z/)
) emen Eement\a
© 6f <§ \\:f56
T
@ 4r 2
2,
; O
60 40 20 0 20 40 60

Crank angle ¢ deg.ATDC
25

@ 2
S| 2

C3Hg(LPG100P) Gasoline
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Sp [m/sec] (2.8)

dm, /dt
S, = —2—
PuA
dmy/dt [kg/sec]  pu [kg/m®] A,
dmp/dt R.H.R. Wiebe
Pu Ay
2
PyVs = RT, DNy, (k=1 11)

k

I:)cyIVu = RTuznuk (k =1 11)
k

V=V, +V,

h.n, dx, —Zhukdnuk = d(ankubkj+ P,dV, +dQ,
k k

= Ny, Cyp ATy + D Uy, ANy, + RTbandeb/\/b +dQ,
k k k

Zhukdnuk = d(Znukuukj+ P,,dV, +dQ,
k k

:Enukcvudeu +§uwdnuk + RTqu:nUKdVu /\/u +dQ,

b u f cyl
O, CO, H,O CO H, H NO O OH N) Nk
TV Q he Uy k
Cpk  Cuk k
oy (2.12) (2.13) T Ty
A, 2.6
Vb
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[m’]

dx,/d&

(30)

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)

150 deg.



Center of the spherical flame A, =1(0.Vy)
6 Crank angle

2.6

2.2
2.2.1
2.7 80 mm 18 ~30 mm
(NAC MEMRECAM GX-1)
(N2+05) 10
8
2
180 sec 9
2.8
11 4
(Kistler 6053Bsp 6053Csp)
(Kistler 5011B 5007)
LPG CsHs n-C4Hqg i-C4H10 Gasoline CsHg
n-C4H1o i-C4H1o
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Fuel Inlet

Thermo Couple

’: ﬂ | Adapter
Spark Plug -

e ||HHHHHH|\I|

Heater \oo
(Wall temp Max 520K) /
Thermo Couple

2.7
299
8 bit
X
=05
or 1.0 msec) ) Wb
S. (2-14)
S, A= A ‘S_ |
B o L_p W, (2.14)
Pu P

Ty ( |

8.



Time = t+ At

Flame front
2.8
2.2.3 1
1)
CHEMKIN-II  PREMIX =D 1
PREMIX
1 2.9
CsHg n-C4Hqg i-C4H10 n-CsHs»
Ireland Combustion Chemistry Center H. J.
Curran @2 132 821) Gasoline
Chalmers V. Golovitchev Gasoline surrogate
(33) ( 109 591) i-CgHyg
n-C;Hgs C/Hsg RON 90

66:14:20

-29-



Fuel = C;Hg, Ty =

420K, P, =0.21MPa, ¢=1.00

0.20 «—C.H. x4 Temperature—> 2400
3Mlg «—H,0 ] 2100 v
50151 11800 @
=) >
é 0.10 1 Preheat zone Reaction zone «—co, 11500 g
o emt s —————-————{1200 &
=) S -//’/ e ~-—-=000 S
= 0.05 | L /// “— OHx<10 | ld_.)
> A <& 1600
0 R - w | ‘ 300
0 02 04 06 08 10 12 14 16
Distance x mm
2.9 PREMIX
(2
) 1
(2.15) i Qi
Vi K v
G =k, TIDXG ™ =k TIIX ™ (2.15)
ki ke i [Xd k
[mol/lem®] vii V' i k K
2) i k @ [mol/icm® sec]
O = (V"ki Vi )qi (2.16)
i k i aXi k i
N
i
2.10
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Start PREMIX

CStart reaction path analysis)

Input kth chemical species
produced or consumed

N|

rl

/

For production, read () of +
For consumption, read a)ki(xj) of -

Output X;, dxj,
T(x), V%), X,(X)

qi(xj) = kfii{ [xk] Ve - krig [Xk] Ve

@i(X) = Vi o

Total production(+) or consumption(-)

of kth chemical species in flame

_ J | (x) deZ
dQ= X 2 Al )

/ Output ,(x) /;

End PREMIX

2.10 PREMIX

No

For each reaction

dsz

J_Z::l o,i(%) Vi)

>|0.01><dQ,|

fwo] [

The i th reaction is
important reaction

-31-

C End reaction analysis )
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3 LPG-SI

EGR

2.1.4

3.1
LPG-SI

A
throttle)

LPG-SI

Sl
CO, H,0
EGR
/ (S/V)
LPG
1997 cm® 4 MPI
LPG-SI
Gasoline
Ne = 1200 rpm 2000 rpm
b

-33-

EGR
Sl
2.1
NOx
3.1
SI
Condition

(WOT Wide open



Condition B Ne = 1200 rpm Te=
20 Nm ( BMEP = 126 kPa) By
Condition A Condition B
EGR 0% (1
=1.0) Condition A Gasoline
Te (1=0.8)
3.1
Condition A B
LPG20P, LPG100P, | LPG20P, LPG100P,
Fuel Gasoline Gasoline
Engine speed N rpm 1200, 2000 1200
Torque T Nm (BMEP kPa) WOT 20 (126)
-12 ~ (@1200 rpm),
Ignition timing &4 deg.BTDC 10 ~ (5) ~ 50
-4 ~ (@2000 rpm)
EGR ratio % 0 0
1.0
Excess air ratio A ) 1.0
0.8 (Gasoline)
3.2
Condition A LPG Gasoline 3.1
Te Ththi Ththb
Ne = 1200 rpm Gasoline A=1.0 G4 = -7 deg.BTDC
1=08 6q = -2 deg.BTDC 6y MBT LPG20P
Gq¢=9deg.BTDC A=0.8 Gasoline Gq: 11deg.CA
Te I5Nm A=1.0 Gasoline Tlthb Ththi 6 point
LPG100P G4 =28 deg.BTDC MBT = 16 deg.BTDC
12 deg.CA (64t MBT ) 1=0.8
Gasoline Gq: 30deg.CA MBT Te 16 Nm  7np T
A=1.0 Gasoline 7 point
N, = 2000 rpm LPG20P MBT LPG100P Gq =32
deg.BTDC
2.13 Gasoline LPG20P LPG100P RON 90 100
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3 LPG-SI

112

Knock level

Torque T, Nm
(=Y
N
o

Gasoline

0 1200 rpm, WOT

Medium

Trace
Non-

LPG100P

LPG20P

MBT

—O— LPG100P 4=1.00
—— LPG20P 4=1.00
Gasoline 1=1.00
Ga‘soline‘ /1:9.80

45

- o

20

| | | |
15 -10 -5 0 5 10 15 20 25
Ignition timing 6, deg.BTDC

0 2000 rpm, WOT

30

—O— LPG100P 2=1.00
—— LPG20P 4=1.00

120 iz ( Gasoline 1=1.00

Torque T, Nm
(=
B
o
T

(Fasoliqe 2:9.80

45

Thermal efficiency 7, 7, %

O\O

S

Thipi 140 i

135 &

o ks

Tt 130 2

125 ©

© ©

& Medium - 20 £

~ Trace | 2

O ~

8 Non- {1 [\1 C\ | | |
x 5 0 5 10 15 20 25 30 35
Ignition timing Gy deg.BTDC
3.1 (Condition A)

-35-



3.3

Condition B LPG Gasoline
3.2 6y = 30 deg.BTDC Peyi R.H.R.
Xp dxp/d @
LPG100P LPG20P Gasoline 3.3
10% 50% 80% Mb10 Mb50 Mb80 10 ~ 80%
610-80 LPG20P Gasoline Mb10 2 deg.CA
LPG100P 4 deg.CA Mb50 Mb80
LPG Gasoline 610-80
LPG100P 3 LPG20P
Gasoline LPG
Gasoline
MBT 34
BSEC ISFC 7o 7thi
BSEC Gy MBT Gasoline 33
deg.BTDC LPG20P 31 deg.BTDC LPG100P 29 deg.BTDC
MBT
Gasoline LPG20P LPG100P MBT 3.3

1200 rpm, 20 Nm, 4 =1.00
Gq=30deqg.BTDC, EGR ratio = 0%

16
— LPG100P 175 3
— LPG20P 116 8¢
Gasoline 0:8 E—E
0.6 3,3
04 £
02 &
< 20 0
O
S 15
o
= 10
o i
I: 5
@ O S c
0.05 1.0 %
0.04 | 7 —> {08 ¢
S 003 | « 106 8 .
X002 104 g7
0.01 F 102 g
O ! | | - 0 g
60 -40 20 O 200 40 60
Crank angle ¢ deg.ATDC
3.2 (Condition B)
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3 LPG-SI

3.3

3.4

1200 rpm, 20 Nm, A =1.00, EGR ratio = 0%

35
—O— LPG100P 130
—i— LPG20P
Gasoline 125
420
o 50 15
o
< 40 Mb80
@ 30
©
2 20
=
S 10
3
S 0
g -10
Q0
= 20
10 15 20 25 30 35 40 45 50
Ignition timing Gy deg.BTDC
10% 50% 80%
Mb10 Mb50 Mb80 10 ~ 80% 610-80
1200 rpm, 20 Nm, A =1.00, EGR ratio = 0%
— 28
427
—O— LPG100P 126
. —=— LPG20P 125
e Gasoline 124
Q0 20 ‘ ‘ ‘ ‘ 23
O
% . 19 o
C_EG o\g 18
= 16 :
3 15 | | | | | | | | | 23
© . {} MBT of LPG100P
0 g 122
{ MBT of LPG20P
MBT of Gasoline —421
-1 20
16 : 19
e
§ 15 '
D 13 S
!) | | | | | | | |

12

|
10 15 20 25 30 35 40 45 50
Ignition timing 6, deg.BTDC
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610-80 deg.CA

Indicated thermal efficiency

BSEC MJ/kWh

(Condition B)

Mo %0

(Condition B)



34
Condition B

Cco
Gasoline
THC
LPG100P
LPG100P
LPG20P

LPG100P

LPG Gasoline
35 CO THC NOx
A LPG100P LPG20P
Gasoline
LPG20P Gasoline
Gasoline 1/2
Gasoline 30 ~ 40%
NOXx Gy LPG20P
Gasoline NOx
NOXx
342
1200 rpm, 20 Nm, 4 =1.00, EGR ratio = 0%
2.0
—O— LPG100P
s 151 —=— LPG20P
o i )
3 1.0 Gasoline
05 p—pA=—m—n—A8 00"
O | | | | | | | | | 2500
12000 ¢
11500 &
| O
1000 I
1500
4000 0
£ 3000
g
< 2000 |
@)
Z 1000 ,
| | | | | | |
10 15 20 25 30 35 40 45 50
Ignition timing by deg.BTDC
35 (Condition B)
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3 LPG-SI

341 THC
LPG20P LPG100P
THC
G LPG
LPG
Gasoline
THC
THC
LPG100P
THC
THC
MPI
THC LPG
THC
B
(
(Compression ratio CR) 10.0 11.3
THC
THC
LPG

Gasoline
THC
LPG
LPG
LPG
LPG20P LPG100P
THC
LPG20P Gasoline
3.6 Condition
Gasoline
LPG20P
Gasoline THC
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1200 rpm, 20 Nm, 4 =1.00, EGR ratio = 0%, CR11.3

4000

6a =5 deg.BTDC

—— LPG20P
Gasoline

30 40 50 60 70 80
Engine coolant outlet temperature deg.C

Oq =25 deqg.BTDC

90

0 | | | | | |

3.6

3.4.2 NOx

@)
34
LPG100P

Mb10

NOx

NOx

30 40 50 60 70 80

Engine coolant outlet temperature deg.C

THC

NOx
Gy NOXx

Gasoline

Condition B
35
3.3

NOXx
MBT Mb10
Mb10
LPG

MBT 30%

-40 -

90

(Condition B)

LPG20P
NOx
SI

Mb10

3.7 Mb10

Gasoline

LPG20P



3 LPG-SI

LPG100P

LPG

Mb10 NOx
LPG

NOx 30%
NOx

1200 rpm, 20 Nm, A =1.00, EGR ratio = 0%

3500
3000 —O— LPG100P
€ 2500 | —m— LPG20P
2 2000 Gasoline
6 1500
= 1000 _
500 MBT point
% | | |
-15 -10 -5 0 5 10 15 20
Mb10 deg.BTDC
3.7 10% Mb10
NOXx (Condition B)
(2) LPG NOx
LPG NOx
LPG20P  Gasoline 3.8 Pgy
Tey LPG20P Teyi Gasoline
30K NOx
1200 rpm, 20 Nm, 4 =1.00, EGR ratio = 0%
X 2400
|_3 2300 —— LPG20P
‘5 3 Gasoline
g 2200
g
Z 2100
8
a 2000 | | | | | |
-15 -10 -5 0 5 10 15 20
Mb10 deg.BTDC
3.8 10% Mb10
(Condition B)
NOx
214 (2 0
NO
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Gasoline

LPG



NO

3.2 LPG20P 3.1 Condition B &4 =30 deg.BTDC
Py R.H.R.
Gasoline LPG
LPG R.H.R.
3.2
Fuel LPG20P Gasoline
Amount of fuel supply mg 7.5 8.1
Engine speed rpm 1200
Initial crank angle (= IVC) deg.ATDC -125
Initial cylinder pressure kPa 35.3
Start of combustion deg.ATDC -22
Combustion duration deg.CA 53
Wiebe function m 3.0
Excess air ratio 4 1.0
Mole fraction of residual gas 0.19
Initial gas composition mol/cyl
CsHs 3.438><10" -
n-C4H1o 7.288><107 -
i-C4Hio 3.025>107 -
C7Hg - 3.086><10"
i-CgH1g - 4.629><107
N, 3.912x10° 3.906><10°
0, 8.423><10™ 8.410><10"
CO;, 1.210><10™ 1.375><10™
H,0 1.532><10™ 1.194><10™
3.9 LPG20P Gasoline
50 K Zel’dovich NO
50 K LPG20P NO
NO
LPG20P Gasoline (2.7)
NO (2.4) ~ (2.6)
NO
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3 LPG-SI

NO

Calculation result

(]
1.5 ;
—— LPG20P .
—— Gasoline 05
053
=
<2 ‘ 0 3
o O 151
i _g',’ 10}
5 90
0
o 2800 2000
o 2600 6000
o
g 2% 3000
£ 20000 ~12000
g 800y 1000
1600 0
o 2800 2000
g 2600 6000
e
g 2000 | 3000
o 1800y 1000
1600 0
o 2800 7000
o 2600 Element Il  Temp. 16000
£ 2400 X F-'\\\\ 5000
= 2200 I X 4000
© I NO X {3000
£ 20001 | => . [2000
T 1800 ' ~=11000
1600 e 5
2800 2000
o 2600 Element IV Temp. 16000
T
= 2200} I e
o % 13000
@ 2000 | e
g | NO X 2000
o eoor | = 41000
W 1600 ‘ | w L — ‘ 0
60 40 20 0 20 40 60 80

Crank angle 6 deg.ATDC

NO

Py MPa

NO ppm NO ppm NO ppm

NO ppm

NO



R.H.R.

1.3 MPa 920 K
3.2
3.10 LPG20P  Gasoline H/C
H,O Gasoline CO, Gasoline
H,0 CO,
LPG Gasoline
Pressure = 1.3 MPa, Initial temperature = 920 K
—
o ppp—
£ 2 ool SRl s
OwT =25 -k
£ 5 a0 e B
S & 1900| 83 6of *\\\\\\\\§ Nz B
< = 1800 | ;igigﬂ 187 95‘3;
LPG20P  Gasoline © LPG20P  Gasoline
3.10
NO NO
3.11 Xp
NO NO 3.12 3.11
NO NOx
LPG100P LPG100P Gasoline
LPG20P Mb10 3.6
(35) NO
NO
3.12 LPG NOx
NOx
(1) NOXx 30%
H/C 10K
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3 LPG-SI

Calculation result

— LPG20P
g_ —— Gasoline
o
O
pd
O | | | | o
0 0.2 0.4 0.6 0.8 1.0
Burned mass fraction x,
3.11 NO
1200 rpm, 20 Nm
2000
Cal. Exp.
1500 |-
e Exp.
2 Cal. D e 1579
< 1000 |-
@) 1034 1191
< 500 |
O -
LP100P LP20P Gasoline
3.12 NOx
35
1997 cm® 4 MPI
LPG-SI
(1) LPG Gasoline RON
Gasoline MBT
MBT By
LPG20P Gasoline
MBT LPG
Te Tlthb TTthi
(2) LPG Gasoline
3 LPG100P
LPG20P Gasoline
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LPG100P

b

Gasoline

LPG100P



(3) LPG
LPG

(4) MBT

4 deg.CA LPG20P

Gasoline

30 ~ 40%

LPG

2 deg.CA

THC

LPG20P

Gasoline

LPG

10K

- 46 -

Gasoline MBT
LPG100P Gasoline
Gasoline
NOXx 30%
/ (H/C) Gasoline

H,O



4 LPG

3.3 Sl
Sl

Gasoline

LPG
3) 2

4.1
411

Gasoline

0.2 MPa

LPG

LPG Gasoline
Sl
3.3
2.2
2.2.3
0
LPG-SI
LPG Gasoline
LPG CsHg n-C4Hypo
4.1
430 K
Condition C C3H8 n'C4H10 i'C4H10

-47 -

LPG

Gasoline
214

i-C4H1o

410 K

Gasoline



Condition D
CsHg n-C4Hyo i-C4H1o
LPG20P
4.2
CsHg n-C4Hy i-C4H1o
41
Condition C D
Flel C3Hg, n-C4H1g, i-C4H1g Single Blend
Gasoline Single —
Initial wall temperature Tyq 430 K
Initial gas temperature To 410 K
Initial pressure Pq 0.2 MPa
Equivalence ratio ¢ 0.71 ~ 1.67 1.0
(Excess air ratio 1) (1.4 ~0.6) (1.0)
4.2 Condition D CsHg n-C4Hyo i-C4H1o
No. Mole fraction Mass fraction
CsHg n-C4H1o i-C4H1o CsHg n-C4H1o i-C4H1o
1 1.00 0.00 0.00 1.00 0.00 0.00
2 0.75 0.25 0.00 0.69 0.31 0.00
3 0.50 0.50 0.00 0.43 0.57 0.00
4 0.25 0.75 0.00 0.20 0.80 0.00
5 0.00 1.00 0.00 0.00 1.00 0.00
6 0.00 0.75 0.25 0.00 0.75 0.25
7 0.00 0.50 0.50 0.00 0.50 0.50
8 0.00 0.25 0.75 0.00 0.25 0.75
9 0.00 0.00 1.00 0.00 0.00 1.00
10 0.25 0.00 0.75 0.20 0.00 0.80
11 0.50 0.00 0.50 0.43 0.00 0.57
12 0.75 0.00 0.25 0.69 0.00 0.31
13 0.50 0.25 0.25 0.43 0.28 0.28
14 0.25 0.50 0.25 0.20 0.53 0.27
15 0.25 0.25 0.50 0.20 0.27 0.53
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4 LPG

412 CsHg n-CsHig i-Cs4Hyo Gasoline
41 CsHg n-C4Hig i-C4Hqp Gasoline Condition C
R.H.R.
@ ¢=1.67 Gasoline C3Hg n-C4Hi i-CsHyo
$=1.25 CsHg n-C4Hio Gasoline i-C4H1g $=0.83 n-C4Hio Gasoline
CsHs i-C4H1g ¢

a1 = 430K, Po=0.2 MPa

0.8F ¢=1.67 Gasoline C3Hg
n-CaH1o__ j-C4H10

Pressure MPa
o
ol

0 10 20 30 40 50 60 70 80 90 100
Time after S.I. msec

| $=0.83
F (1=1.2)

Pressure MPa
o¥o¥oNofoRoNoNoYo)

oMW Ao N D©

1.0
0.5

R.H.R. J/msec g
=
al

1

0O 10 20 30 O 10 20 30 40 50 60
Time after S.I. msec

4.1 (Condition C)
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4.2 222 Wy

2000 fps 18 mm
(x=0) x=15mm Wh
X=15~17 mm Wp W
Whp
Whp
¢
Tyan = 430K, Po=0.2 MPa
6.0 )
50l gaajglme é:_l(fg)
4.0¢ n-CaHio .
3.0t i-CaHao
207}
§ 1.0
E = .
=50/ $=125
5 a0} (1=0.8)
(O]
2 3.0
() L
o 2.0
S 1.0}
T 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘
(&}
S 50} . " ¢=0.83
Maximum wb position (1=1.2)
4.0¢ (x=15~17 mm)
3.0t
20+
1.0r
% 10 20 30 40 50 60 70 80
Flame front position x mm
4.2 (Condition C)
R.H.R. Wh
4.3 ¢= 1.67 Gasoline  LPG
¢= 1.25 0.83 CsHsg n-C4Hqo LPG
Gasoline Wy ¢
i-C4H1o Wh
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4 LPG

9 6.0
o [ )
S 5.0}
o D
E g 4.0
= __Gasoline
g g 3.0 C3Hs
g = 20 ~ n-C4H1o0
'% T i-CaH1o
= 10 ' ' '
0.83 1.25 1.67
Equivalence ratio ¢
4.3 (Condition C)
Wp (2.14) S, ¢
SL W Xx=15~17 mm
W X=15~17 mm
44 ¢$=071~167 wp S,
Whp
$=125 S,
St Wp ¢
S, S,
¢= 1.25 CsHg n-C4Hqg Gasoline i-C4H10 SL
¢=125 Gasoline S. LPG
¢=1.67 Gasoline $=1.25 n-C4H1o
C3H8 Gasoline i'C4H10
LPG Gasoline S
¢=1.67 CsHg n-C4H1g LPG Gasoline
i-C4H1o
45 Sl ¢=1.00
St
CsHg n-CsH1g LPG Gasoline

i-C4Hig  Gasoline
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i-C4H10

T,a1= 430 K, Po=0.2 MPa

CsHs
Gasoline

o B B
© o N
T

n-CsHio

o o
N D
T T

i-CaH10

Laminar burning velocity
S, m/sec
o
(o]

0

Equivalence ratio ¢

06 070809 10111213 141516 1.7

44 (Condition C)
>
S Toan = 430 K, Po=0.2 MPa, ¢=1.00
S 0.85
S 0.80 |-
og
=9 075 T
s S o0l |& 1 I T
20 1
_g 0.65 [~
g 0.60 : |
S C3H8 n'C4H10 I_C4Hlo Gasoline
45 (Condition C)
SL 4.6 C3H8 n-C4H10
Gasoline a S
a 4.2) (36),37)
~1dA 2dr 2

o= == b
Adt rdt r

Markstein
(36).37) C3H8 n'C4H10 i'C4H10 Gasoline

4.2

-52.-
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4 LPG

Tywan =430 K, Po=0.2 MPa, ¢=1.67

wall —

2 0.7 Gasoline
S @
2 06 CsHs e
;, 9 n-CaHzo v <
£ 0 051 _ \ L
= £ I-CaH10
3 - 04
20
s
= 0.3}
©
— 02 | | | | |
0.2 0.4 0.6 0.8 1.0 1.2
Flame stretch rate a 1/msec
4.6 (Condition C)
413 CsHg n-CsHqg i'C4H102 3
LPG C3H8 n-C4H10 i-C4H10
2 3 LPG LPG
Condition D
Su
1000 fps 30 mm 4.7 2 LPG ( )
St
S|_ S|_ i-C4H10 LPG
CsHg n-C4H1g SL 4.8 3 LPG
SL 4.7 SL 3
St
3
LPG S_ 2 LPG SL
3 LPG
i-C4H10 LPG i-C4H10 LPG SL

-53-



4.7

4.8

Laminar burning velocity

Laminar burning velocity Laminar burning velocity Laminar burning velocity

S, m/sec

S, m/sec

S, m/sec

m/sec

—

S

0.75

T, = 430K, Po=0.2 MPa

0.70 -

0.65 ¢— —- *

0.60 +
0.55

0.50
0

20

40 60

80 100

C,H; 4— Mass fraction of n-C,H,, —%»n-C,H,,

0.75

0.70

0.65 Q\*\.\_‘\‘
0.60

0.55

0.50
0

20

|
40 60

80 100

C,H; 4— Mass fraction of i-C,H,, —%i-C,H,,

0.75
0.70
0.65
0.60
0.55

0.50
0

20

| |
40 60

80 100

n-C,H,,4— Mass fraction of i-C,H,, =¥ i-C,H,

( )

T

wall

=430 K, Po=0.2 MPa

[ ] Experimental result

[ZZ] Prediction from mass fraction
and result of single component

0.75
0.70 -
0.65
0.60
0.55
0.50

43:28:28
Mass fraction C;H,: n-C,H,, 1 i-C,H,,

20:53:27
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(Condition D)

(Condition D)



4 LPG

4.2 1
42.1
1
410 K
0.2 MPa Condition C
49
42.1 W Xx=15~17mm
420 K 0.21 MPa
Twai = 430K, Po=0.2 MPa, ¢=1.67 (4 =0.6)
i 560 0.8 —
_— 3r8
e 540 6_5 0.7 n-CsH1o
o 520 S 0.6 .
= . I-C4H10
o) 500 o 05 )
= Y —— Gasoline
o 480 5 0.4
S 460 @ o
€ 440 © 03
3 420| ___ O 02—
S 400 0.1 : : :
> 0 20 40 60 80 0 20 40 60 80
Flame front position mm Flame front position mm
4.9 (Condition C)
4.10 ¢ SL
SL CsHg n-C4Hqo i-C4H10 ¢=1OO Gasoline
=111 4.4
St
1) C3Hg
n-C4H1o LPG Gasoline SL i-C4H10
SL 2) Gasoline LPG SL
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4.2.2
@)

LPG

To=420 K, Po=0.21 MPa
> 1.2
8 10}
= 081+ CsHs
=2
g % 06| A A/:fm\ \ Gasoline
; 7 0.4 *xu/‘"‘/“ /
é 0.2 F - n-CaHao
3 0 | | | | ‘i-C4|“|10 | | | |
06 0708 0910111213 141516 1.7
Equivalence ratio ¢
410 1
LPG Gasoline
LPG $=1.00
411
H+0,=0+0H
CO+0OH =CO, +H
42 H 0
(4.3) CO
4.12
Gasoline SL $=1.00 413
St ¢=143
@] OH ¢= 1.00 Gasoline
(4.2)
4 Su
¢= 143 Gasoline
¢= 143 Gasoline
S
$<1.25 LPG Gasoline
H O OH
¢> 1.25 Gasoline
LPG SL
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4.2)
(4.3)
OH
LPG
Gasoline
H
St



4 LPG

C;Hg, Distance = 0.0647 mm

n-C4H,,, Distance = 0.0675 mm

Relative Sensitivity

i-C4H,,, Distance = 0.0675 mm

H+02=0+0H | H+02=0+0H|
CQ+OH=CO2+H | CO+OH=CO2+H]|
[ JHCO+M=H+CO+M HCO+M=H+CO+M
[ ] CH3+OH=CH2(s)+H20 ] CH3+OH=CH2(s)+H20
] CH2+02=CO2+H+H ] CH2+02=CO2+H+H
[] CH2(s)+02=CO+OH+H ] [CaHs(+M)=C2Ha+H(EM) |
[] O+H2=H+OH [] CHz(s)+02=CO+OH+H
] HO2+H=OH+OH [] O+H2=H+OH
[] [C2H3+02=CH2CHO+0] ] HO2+H=OH+OH
] [C2H3(+M)=C2H2+H(+M) | ]  CHz+HO2=CHz0O+OH
[ HOCHO=HCO+OH [ HOCHO=HCO+OH
[ C2He(+M)=CHsz+CHs(+M) [ C3Hs=C3aHs-A+H
O HO2+OH=H20+02 [ HO2+OH=H20+02
O C2Hs+H=CHs+CHs O C2Hs(+M)=CHs+CHs(+M)
O HCO+H=CO+H> 0 HCO+H=CO+H2
O HCO+OH=CO+H20 [l HCO+OH=CO+H20
O C3He=CsHs-A+H ] C2Hs5+H=CHs+CHs
] H+02(+M)=HO2(+M) ] H+O2(+M)=HOz2(+M)
(I CHs+H(+M)=CHa(+M) 1 CHs+H(+M)=CHa(+M)
( H+OH+M=H20+M H+OH+M=H20+M
01 0 01 02 03 04 05 06-01 0 01 02 03 04

Relative Sensitivity

Gasoline, Distance = 0.0589 mm

0.5
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H+O2=0+OH H+02=0+0H]
CO+OH=CO2+H| CO+OH=CO2+H
HCO+M=H+CO+M HCO+M=H+CO+M
[ ] CHs+OH=CHz2(s)+H20 [ ] OH+H2=H+H20
[] CH2+02=CO2+H+H [] C2Hs+02=0+CH2CHO
[] CH2(s)+02=CO+OH+H [] CHs+CHs=C2Hs
[] O+H2=H+OH ] C2H3+02=CH20+HCO
[ iCaH7=CsH4-A+CHs [] CsHs+O=C2Hs+HCO
0 [CzHs(+*M)=CzHa+H(EM) ] [] CHs+OH=CH2+H20
0 HO2+H=OH+OH ] CsHs+O=CH20+CzH
[l  coHs+H=CHs+CHs [l CrHs+H=C7H7+H:
[  iCaHi0+H=tCaHo+H2 0 nCsHr=H+CzHs
[0  iCaHs+H=iCaH7+H2 [  CHs+H(+M)=CHa(+M)
[0  CsHe=CsHs-A+H [0 iCaHo=CsHs+CHs3
O HCO+H=CO+Hz2 0 H+O2+M=HO2+M
O HCO+OH=CO+H20 [0 CrHs=C7H7+H
] H+O2(+M)=HO2(+M) ]  CsHe=CzH3+CHs
] iCaHs=iCaH7+H [l HCO+OH=CO+H20
]  CHa+H(+M)=CHa(+M) [l HCO+H=CO+H2
H+OH+M=H20+M H+OH+M=H20+M
0.1 0 01 02 03 04 05-010-0.05 0 0.05 0.10 0.15 0.20 0.25
Relative Sensitivity Relative Sensitivity
411 (¢=1.00)



2500
2000
1500
1000
500
0

Temperature K

<103

o ©
o o

H mole fraction
N
o

n
o o

><102
1.0
0.8
0.6
0.4
0.2

OH mole fraction

4.12

¢=1.00
B CsHs
n-CaHz1o
i —— i-C4Ha10
— Gasoline <102
| ‘ 50 5
14.0 ‘g
Gasoline(i-CsHz1s) 13:0 ©
Gasoline(C7Hs) 12.0 S
Gasoline(n-C7Hue) 11.0 5
X | | 0 Lf

$=1.00

1.0
Distance mm

0.5

H O OH
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2.0

O mole fraction



4 LPG
9=1.43
v 2500
o 2000
% 1500 CsHs
o n-CaH1o
8_ 1000 —— i-C4H10
g 500 b————= Gasoline <102
) ‘ ‘ 6.0 &
15.0 ‘g
. 14.0 &
Gasoline 130 o
(i-CsHi1s) \ 120 ¢
<103 11.0 5
- 3.0 \\\ — 0 Lf
S 25 ,\ Gasoline(C7Hs)
g 5 0 | Gasoline(n-C7Hzs) -
o 1571
© 10
€ 05} / ===><10-
I O | | 2-5 g
12.0 5
115 &
11.0 %
>=<10-3 />\ 105 E
S 1.2 I — 0 O
5 10
g 0.8 |
o 0.6 |
o
e 0.4 1 k
T 02} /
O O | _ | |
0 0.5 1.0 1.5 2.0
Distance mm
413 ¢=1.43 H O OH
(2 H O OH
CsHg n-CiHqp Gasoline H O OH
CsHs n-C4H1o Gasoline
43 CsHg n-C4Hqg Gasoline H O OH
(R1) ~
(R2) H O OH
C3H8 n-C4H10
Gasoline (R1) ~ (R2)
4.14 (R1)
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(R2)

CsHs n-C4sHyy  Gasoline H OH
CsHs n-C4H1g Gasoline (R3) OH
3 CsHg n-C4Hio OH
Gasoline (R2)
Gasoline
43 H O OH
Rate of contribution %
CsHg n-C4H1o Gasoline
H
OH + CO H+ CO, 52.1 53.8 55.7
H, + O H+ OH ...(R2) 18.2 18.1 9.8
H, + OH H + H,0 14.3 141 14.7
0
H+O, O+OH ...(R1) 98.9 99.1 96.7
O, + C,H; O + CH,CHO 0.6 0.4 1.9
0O,+CH 0O+ HCO 04 04 0.2
OH
H+ O, O+ OH ...(R1) 38.4 39.0 39.0
H, + O H+ OH ...(R2) 16.2 16.0 8.6
H,O + O OH+OH ...(R3) 31.6 317 385
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4 LPG

Gasoline
(R3)

=1.00
—— 2500
{2000
- CiHs 11500 §
n-CsHio ]
! Gasoline 1000 |q—')
>x<108 | == 1500
5« Y70, o+0 (Rf) ><10° ¢
530 w ' 4., 85
52 = =>—"80 £3
> £ 201 — — a e
XS ‘o {40 &
52 Lof  EOQ
© 0 I '/ \\IE\""""" 0 O
X H,+O H+OH (R2) o
= 2 140 © £
% o 1.07 - - ’7 3.0 -oa—'l) %
5 E -« fV\ —=" o 5E
i E — — 20 ()
X= 05[ - £35
g5 } /"\ 110 EO
° 0 ! L ‘\/7\_/7‘::::7:;0 -
o H,O+O OH+OH (R3) o
< 5 15} 180 3 £
S —> - — 760 5=
T E 10| <« \[p -~ 52
°gosf [P —— j20 £5
A :
0 | / | | O
0 0.5 1.0 1.5 2.0
Distance x mm
414
4.15 (R2)
CsHg n-CsHyo
(R2) (RY)
02 HZO
0 H,
(R2) Ho
H;
_ ><102¢=1.00
g 2.0
(&)
Sg 15/ M.*O H+OH (R
SE 10/ CsH
5 g n-CaHio \
@ g 05 Gasoline \\
g 0 | ‘ LN
500 1000 1500 2000 2500

Temperature K
4.15 (R2)

-61-



@) H

4.16 H» H»
1%
CsHg n-CsHg Gasoline
Ho
¢=1.00
— ——2500
12000 ©
———rr 11500 2
n-CsaHio 411000 b}
= Gasoline i g‘
<102 [—— 500 &
c 3.0 o "
S
g 2.0 \
<@ \
g 1.0
IN o / | | |
0 0.5 1.0 1.5 2.0
Distance x mm
4.16 Ho
4.4 CsHg n-CiHqp Gasoline
H, ( ) H;
4.4 1cm? H,
( )
C3H8 C3H8 H
n-C4Hyo n-C4Hio H Gasoline
i-Cngg H H2
H H,
H, ( Total of H, production)
CsHg n-C4H1g H, Gasoline H,
Gasoline i-CgHis H H
H,O OH
H2 i-CngSZ n'C7H16 .
C7H8 =66:14:20 i-Cngg 66%
i-CgH1g CsHg  n-C4Hyo
i-Cngg C3H8 n'C4H10
4.16 CsHg n-CsHip H:
Gasoline
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4 LPG
44  H,
H, production Rate of contribution
in preheat zone mol/cm? %
CsHg
CsHg+H  i-CgHz+H, 1.81><10™" 46.5
CsHg+H  n-CsH7+ Hy 1.49><10™" 38.4
CHO+H  HCO+H, 1.26><10™ 3.2
etc.
Total of H, production 3.86<10™ 100
n-C4H1o
n-CiHw+H  sCiHg +H, 2.20><10™" 66.7
n-C4Hio+H  pCyHg +H, 7.06><10"? 21.4
CH,O+H HCO + H; 1.14><10™"2 3.5
etc.
Total of H, production 3.27=<10" 100
Gasoline
i-CgHig+H  bCgHy7 + Hy 1.48><10™" 435
i-CgHig+H  aCgHiz + Hy 3.87=<10™" 11.4
i-CgHig + H dCgHy7 + Hy 2.56>10"2 7.5
etc.
Total of H, production 3.39<10*? 100
i-CgH1g with its four distinct sites 8 %
for H-atom abstraction I b 1 d
aC— CI:— C— ((.:‘,— C
5
2 3 CsHs n-C4H1o Gasoline H,
(R2)
H,+0 = H +OH (R2)
4,12 CsHs n-C4Hyo H OH
O
$=1.0 CsHs n-C4Hiy  Gasoline
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423 C3H8 n'C4H10 i'C4H10
1)
412 413 i-C4H10 CgHg n'C4H10
Su
LPG 3
C,
C,H;+0, =CH,CHO+O0
C,H,(+M)=C,H, +H(+M)
N-CsH1o i-C4H1o
C,H,(+M)=C,H, +H(+M)
4.17
CHs CyHs CoHs CoH,
n-C4H1o C,
C2H4 C2H3 n-C4H10 C2H5 C2H4 CgHg
i-C4H1o CsHs Nn-CsHyo C,
C
LPG i-C4H1o
n-C4H1o Su C,
C3H8 n-C4H10
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H O OH
Gasoline SL
H O OH
411
CsHs

(4.9)

(4.5)

(4.6)

CsHs
CsHs

CsHs
i-C4H1o



v 2500
o 2000
£ 1500 CsHs
5 n-CaHio
2_1000 i-CaH10
S 500 ><10-4C
= 0 20 ©
3]
11.5 g
11.0 8
los E
A ° s
S 80 . 0 g
g 6.0
QL 40+
o
§ 20} <104
5 0b— —— 10 &
10.8 &
10.6 "G'J
i ©
0.4 =
=103 10.2 o
€ 25 0 X
g 20| ©
<= 15}
[
© 10}
E o5l
IN 0 — L L
@) 0 0.5 1.0 1.5 2.0
Distance mm
4.17 C3H8 n-C4H10 i-C4H10 C2H5 C2H4 CZHS C2H2
2 C
i-C4H1o CsHs n-C4Hyo C,
i'C4H10 C3H8 n-C4H10
4.18
CsHg n-C4Hqg i'C4H10
100
CgHg C2 C2H4
n-CsH; CsHs CaHs4
n-C4H1g pPCsHy CsHg CsHs
C2H4 CgHg C2H2 2
CzH4 C2H4
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i-C4H1o CoH.
CsHe CoHq CsHg n-C4H1o
Cz
Gasoline

; \%’f
/
\

n-C,H pC,H
33
2 38 30
nC,H, > C,H 9 p C,H, ——p C,H, —> C,H,

N L2

SC,H, wmp C,H, =——>» C;H; —» C,H, —» C;H; —» C;H,
65 19 9 7 9

i-C,H 11
0 eH, —>|CH 18, ic,H s CH,

4
41 \4 v
|CH0—>|C49 /‘ CH\
9 17

p : primary
s : secondary
t: tertiary
4.18 C3H8 n-C4H10 i-C4H10
4.3 SI
SI
(38)
Damkaéhler
S, =S, +U' (4.7)
St S. u’
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4 LPG

4.7) u’ SL St
0
S, Sp
S, Sl Sp
C3Hg(LPG100P) Gasoline N = 1200 rpm
Te =20 Nm (BMEP = 126 kPa) (Condition B) 6y = 30 deg.BTDC
214  (3)
v
4.19 Peyi R.H.R. T, Sy 2
R.H.R. Peyi
SI C3Hg(LPG100P)  Gasoline 3.3
2 Sp
6= -7 deg.ATDC 0.5 m/sec
A, Sb
6=-7~-5deg.ATDC Sh
4.19 Sb St
6=-20 -10 0deg.ATDC Sh 0 Pey Tu
PREMIX SL Sp 4.20 Sp
SL Py Ty
1.4~ 2.1 m/sec S, SU
Sl
C3Hg(LPG100P)  Gasoline
SL 0.3 ~0.5 m/sec Sp
4.19 C3Hg(LPG100P) Gasoline Sh SL
S. Sl
SL C3Hg(LPG100P) Gasoline
Gasoline LPG S
6 LPG Gasoline EGR
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1200 rpm, 20 Nm, A =1.00
6, = 30 deg.BTDC, EGR ratio = 0%
— C;Hg (Cal.) Gasoline (Cal.)

—— C,Hq (Exp.) Gasoline (Exp.) g
1.8 3
15 9 ©
1.3 o
09 &2
06 & 3
< 0320
2 °5
o @)
2
I S
x of £
T 0 ‘ 1000 2
nd 900 &
800 O X
700 B+
600 £
6.0 500 3
© 50 c
8 40 D
= 3.0
E 20
" 10
0 l | | | L
-60 -40 -20 0 20 40 60
Crank angle 8 deg.ATDC
419 2 S
1200 rpm, 20 Nm, 4 =1.00
6, =30 deg.BTDC, EGR ratio = 0%
— S, of C;Hq S, of Gasoline
6.0 —a— S, of C;H, S, of Gasoline
S 5.0
é 4.0 |-
-, 30
D20l
fo}
» 10
0
-30 20 -10 0 10 20 30
Crank angle 6 deg.ATDC
420 2 S, PREMIX

St
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4 LPG

44

M)
)
®)

(4)

®)

(6)

()

LPG CsHg n-C4Hqp i-C4H1g Gasoline
1 LPG-SI
Gasoline
¢ =125 CsHs n-C4H1g LPG S, Gasoline
SL i-CHHy S 4
Gasoline S, LPG SL
2 3 LPG S St
i-C4H1p LPG i-C4Hyo

LPG Su

¢= 1.25 LPG H O OH
Gasoline SL
$=1.25 Gasoline LPG
S
CsHs n-C4H1o Gasoline H,
H+O H+OH H OH
0
i-C4H1o C2 CaH,4
CsHg C,
CsHs n-C4H1o

Sl

Sl S. LPG
Gasoline
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5 LPG-SI

LPG-SI

(40)

51

T

51

Gasoline

)
(39)
CO THC
LPG-SI 3.2
CO THC
(
By AJF (
BSEC) Texh
Condition E
A Te Tlthb BSEC

-71-

(145~ 14.7)
125

LPG

A) Te
LPG

Ne = 1200 rpm 2000 rpm
Texh



Condition E Condition F
LPG20P
5.1
Condition E F G
Flel LPG20P, LPG20P, LPG20P,
ue
Gasoline Gasoline Gasoline
Engine speed N rpm 1200, 2000 800 ~ (400) ~ 6000 | 800 ~ (400) ~ 6000
Torque Te Nm
WOT WOT 0~ (20) ~WOT
(BMEP kPa)
Ignition timing &g -12 ~ (@1200 rpm),
Trace* or MBT Trace* or MBT
deg.BTDC -4 ~ (@2000 rpm)
EGR ratio % 0 0 0~30
0.88 ~0.94
] ] (@LPG20P)
Excess air ratio 4 0.80 ~ (0.05) ~ 1.00 0.80 ~ 1.00
0.80 ~0.86
(@Gasoline)

* Trace knock ignition timing = Knock limit ignition timing

5.2
Condition E SI By
A A=
1.0 By Te nw BSEC Texh
51 5.2 3.1
Ne = 1200 rpm LPG20P Gasoline
Gq¢ 16 deg.CA Texh 120 K
Ne = 2000 rpm LPG20P Gasoline Gy 17
deg.CA Texn 110 K By
Texn LPG20P
Gasoline By 1 Texh
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5 LPG-SI

5.1

Knock level

1200 rpm, WOT, 2=1.00

e 160
< 140
|_
o 120 —— LPG20P
= )
S 1005 Gasoline >
[ C
36 9
O
132 ©
{28 &
124 £
(O]
- 20 <
E 16 m
s
= 14
O
w 12 -
7))
@ 10 1100
41050
41000
4950
4900
) ‘ 850
Medium |
Trace
Non-f—&—m—&—m
-12 -8 -4 0 4 8 12

Ignition timing 6, deg.BTDC

(1200 rpm) (Condition E)
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M %0

Exhaust gas temp. T, K



5.2

2000 rpm, WOT, A=1.00
180

Nm

160 +

(0]

140 |- —— LPG20P
120 - ( Gasoline

100

Torque T

BSEC MJ/kWh

Medium |
Trace

Non-f—G—m—%—8—®8

Knock level

Ignition timing 6, deg.BTDC

36
32
28
24
20

Brake thermal efficiency

1200
1150
1100
1050
1000
950

-4 0 4 8 12 16 20 24

M %0

Exhaust gas temp. T, K

(2000 rpm) (Condition E)

Ne = 1200 rpm @4 =-8 deg.BTDC N, =2000 rpm @y =4deg.BTDC

A1=0.80

10~20K

5.3 LPG20P
Texn
Texh 80K
02
Cco
Gy A LPG20P Gasoline
3 Gasoline
LPG20P

-74 -

Gasoline
, A=1.00
A<1.0

Sl

Texh
LPG20P



5 LPG-SI

K

Texh

Texh

Exhaust gas temp. T, K

Exhaust gas temp. T, K

A

A elg_t Te Texh

~ 0.95

UM

B 1
Te

1040
1020
1000
980
960
940
920

1100
1080
1060
1040
1020
1000

980

53

1~5deg.CA

A4=0.80~0.85

A=1.00

Texn 9|g A 10
1200 rpm, WOT, éiq = -8 deg.BTDC
B —i— LPG20P
B Gasoline /.
| | | | | | |
0.80 0.90 1.00
Excess air ratio 4
2000 rpm, WOT, 6iq =4 deg.BTDC
0.80 0.90 1.00
Excess air ratio 4
(Condition E)
Texn LPG20P Gasoline
LPG20P
5.4 5.5 Condition E A Gyt Te
Gasoline A Byt v
Texn A=0.80~0.85 A=1.00
v 0.5~2.0 point Te 11~16Nm
Texh
A1=1.00 A Og_t
90 ~ 100 K LPG20P
A Gt n A=0.90
1.0 point v
A=0.90 ~ 0.95 Te
ng_t Texh
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A=0.90~0.95 Gasoline A1=0.80~0.85

Gasoline A (A/F)
um Te
LPG  Gasoline
A (AIF) Gasoline Big._t
LPG20P A=0.90~0.95
7y A (AIF)
LPG v

1200 rpom, WOT LPGZQP
Gasoline
g = Knock limit ignition timing
160
e
=B - g 1150 =
1140 +
1130 S
-1120 g
>
8 83 | | | | | | | | | | | 110 |_
(0]
=
X 81}
o >
% < 80 «
g 79 B §
2 78 1050
= {1000 g
4950 9
1900 &
(@] (@)]
£ ./'/H 1850
g 15 | | | | | | | | | | | 800 g
= g
sk 100 .\./I—./' w
em 5
22
=5 B
E o5}
% < -10 l l l l l l \
e 0.80 0.90 1.00
X Excess air ratio A
54 (1200 rpm) (Condition E)
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5 LPG-SI

Volumetric efficiency

Knock limit ignition timing

5.5

53

Gasoline
1200 K
MBT

2000 rpm, WOT —— LPG20P
Gasoline
Gq = Knock limit ignition timing
180 c
1170 =
B ———— >
—a 5
1150 S
O
4140 E
88 130
87 -
S 86
< 85| 9
84 [ §
83 1150 +
11100 g
-41050 @
{1000 &
(@)]
- 950 =
O 25 ! l l l l l l l l l 900 E
Q 20} ./I-/‘. P
= = = L
m 15|
oy
L 10t
3 5f
< O | | | | | | |
0.80 0.90 1.00
Excess air ratio 4
(2000 rpm) (Condition E)
LPG20P Te
Gasoline 05~1.0
LPG20P 6y Gasoline
Te A A (AIF) LPG20P
(Condition F) Texn
A(A/F) Texh 9|g
MBT
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B 1

Ne Gasoline Te

Pe

Te 15~20 Nm
170 Nm (4000 rpm) 86 kW (6000 rpm)

(3600 rpm) 88 kW (5200 rpm)
Te
v Bg t
b
10 deg.CA

A (AJF)

LPG20P
Ne A (AIF)
5.7
4 (AJF)
Cco 4

B 1

NOXx
LPG20P

Y alg
SI

Gasoline
Og.t
Gasoline

THC
3~4

NOx

Si
NOx

A (AIF)
THC

CO

-78 -

5.6 LPG20P
Ne =800 ~ 2400 rpm
Gasoline Te P
LPG20P 175 Nm

LPG20P Te

Ne = 800 ~ 2400 rpm
LPG20P
Gg_t
g t

B 1

Gasoline
LPG20P
A (A/F)
Texn

A (AJF)

0.6
LPG20P
Ne
341
NOXx
(A1=1.0)

LPG20P A NOx

Gasoline

A (AF)

Te

BSEC



5 LPG-SI

5.6

5.7

WOT, 8ig = Knock limit ignition timing or MBT

180

=
o~
oo

Torque T, Nm
PP
N
o

120

> 1300
1200
1100
1000
900
800

Exhaust gas temp. T, K

1.0
0.9
0.8
0.7

Excess air ratio 4

CO%
oN B O ®

2000
S 1500
o

s 1000
O 500

©
o

—l— LPG20P
Gasoline

I I I
~N 0O 0
o o1 O O

\‘
Power P, kW

P

100 -

ciency

1 95
1 90
1 85
1 80
175

n, %

[0

70

Volumetric effi

30

Ignition timing
6, deg. BTDC

-10

8 12 16 20 24 28 32

36 40 44 48 52 56 60 ><102

Engine speed N, rpm

(Condition F)

2500
12000 €
1500 &
1000 LI)
1500 &

8 12 16 20 24 28 32

Engine speed N, rpm

36 40 44 48 52 56 60
<102

(Condition F)
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54
5.2 LPG20P

b

MBT

Texh

5.8 LPG20P

MBT

Gasoline 80 Nm

5.9

A (AIF)

LPG20P
O 2

By A (A/F)

LPG20P Gasoline

2 (AJF)

6y MBT
(A/F)
A=10
Texh 1200 K
Gasoline
(
MBT
LPG20P 80 Nm
5.2
A Gasoline
5.2 5.3
LPG20P A
Texh
Gasoline
BSEC
BSEC
Gy MBT

-80 -

Gasoline
Condition G
MBT
Byt A (AIF)
5.3
5.3 A (A/IF)
MBT
)
LPG20P
MBT
Gasoline
by
Texh
5.10 LPG20P
5.11
LPGZOP 9|g Texh
Texh
5.12



5 LPG-SI

LPG20P

180
160
140
120
©100

T.Nm

80

Torque

60
40
20

0
8 12 16 20 24 28 32 36 40 44 48 52 56 60

Trace knock & MBT area

Trace knock area

MBT area

L L I L L I L I I I I I

Engine speed N_ rpm ~ ><10?

5.8

LPG20P

180
160
140

=
)
o

Torque T, Nm

a0 |

20
0

60 |

Ignition timing 6, deg.BTDC

><10?

Engine speed N, rpm
59

LPG20P

180
160
140
120
©100
80
60

T.Nm

Torque

40
20

O i L i i i i i i i i i i
8 12 16 20 24 28 32 36 40 44 48 52 56 60

Excess air ratio 4

Engine speed N_ rpm ~ ><10

5.10

Gasoline

180
160
140
120
©100

T.Nm

80
60

Torque

40
20
0

Gasoline

180
160
140
120
©100

T.Nm

80

Torque

60
40
20

0

Trace knock & MBT area

Trace knock area

MBT area

8 12 16 20 24 28 32 36 40 44 48 52 56 60
Engine speed N_ rpm ~ ><10

MBT (Condition G)

Ignition timing 6, deg.BTDC

"]

40

A5 N

8 12 16 20 24 28 32 36 40 44 48 52 56 60
Engine speed N_ rpm ~ ><10?

(Condition G)

Gasoline

180
160
140

Torque T, Nm

[
N A OO O O
o O o o o

o
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N
o

Excess air ratio 4

8 12 16 20 24 28 32 36 40 44 48 52 56 60
Engine speed N_ rpm ~ ><10?
(Condition G)



Torque T, Nm

Torque T, Nm

LPG20P

180
160
140

=
o N
S o

Exhaust gas temp. T, K

exh

1150
1100
1050

1000
i \

»
Al

8 12 16 20 24 28 32 36 40 44 48 52 56 60
Engine speed N_ rpm ~ ><10

511

LPG20P

180
160
140

[
A O ® O N
o © © o o

N
o

0
8 12 16 20 24 28 32 36 40 44 48 52 56 60

BSEC MJ/KWh

™,

Engine speed N_ rpm <10

5.12

Torque T, Nm

Torque T, Nm
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Gasoline

180
160
140

[
A O ©® O N
o © o & o

N
o

0

Exhaust gas temp. T, K

\ 950
;\ 900

. . 850 ™
\ 800
L\ 1750

WA

AN

8 12 16 20 24 28 32 36 40 44 48 52 56 60
Engine speed N_ rpm <10

(Condition G)

Gasoline

180

160 |
140 |

e
N DA O O N
o o O © o o

0
8 12 16 20 24 28 32 36 40 44 48 52 56 60

BSEC MJ/kWh

Engine speed N_ rpm ~ ><10

(Condition G)



5 LPG-SI

55
LPG-SI LPG20P
( ) Gasoline CcoO
THC
( )
(1) LPG20P RON Gasoline
By MBT
3.2 Te Texn
(2) LPG20P By A Gasoline
Ten 10~20K
(©)] Gasoline A=0.80~0.85
LPG20 A=0.90 ~0.95
Gasoline
A Gasoline
LPG20P A
(4) Gasoline Te Pe 170 Nm (4000 rpm) 86 kW (6000
rpm) LPG20P 175 Nm (3600 rpm) 88 kW (5200 rpm)
LPG20P Gasoline
(5) LPG20P A
Oy Texh Gasoline
A
CO 4
LPG20P THC 3~4
NOx NOx
(6) LPG20P
By MBT yl
Gasoline BSEC

-83-



-84 -



6 LPG-SI EGR NOx
NOX
NOx
|
EGR EGR (CO,
Hzo Ng) NOXx
EGR
EGR
EGR
EGR 3
LPG-SI 3.3 Gasoline
LPG CsHs n-C4Hiy  Gasoline
LPG Gasoline
EGR
EGR NOx
6.1
6.1 Ne Te
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Ne =700 rpm T, =15 Nm (BMEP = 94 kPa)

Ne =1200 rpm T, =20 Nm (BMEP = 126 kPa) Gq =
MBT A=1.0 EGR
LPG Gasoline EGR
BSEC NOx
5 LPG LPG20P
6.1
Condition H
Fuel LPG20P, Gasoline
Engine speed N rpm 700 1200
Torque T Nm (BMEP kPa) 15 (94) 20 (126)
Ignition timing &g deg.BTDC MBT MBT
EGR ratio % 0~36 0~38
Excess air ratio 4 1.00 1.00
6.2 EGR NOx
6.1 Condition H EGR BSEC NOXx
LPG20P Gasoline
EGR NOx 3.4.2
EGR 0% EGR EGR
25 ~30% EGR BSEC 5~ 6% NOx
Ne =700 rpm T, =15Nm Gasoline
EGR EGR 28% BSEC NOx
53 ppm LPG20P EGR 33% BSEC
NOXx 28 ppm Ne = 1200 rpm T, = 20 Nm Gasoline
EGR 25% LPG20P EGR 28% BSEC NOx
111 ppm 58 ppm
LPG20P Gasoline 3~ 5% EGR
EGR 5~6% BSEC NOx
3.4.2 LPG H/C Gasoline
EGR NOx
BSEC EGR BSEC Gasoline
LPG20P EGR
Gasoline
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6

LPG-SI

EGR

NOx

6.1 EGR

6.3 LPG

LPG20P

6.2

IMEP

n-C4H1o

700 rpm, 15 Nm, A =1.00

6ia = MBT

24
23
22
21
20

BSEC MJ/kWh

1200 rpm, 20 Nm, 4 =1.00

—— LPG20P
Gasoline

"

53 ppm

1000
£
g
100 2
°)
Pz
10

28 ppm = 1
| | |
5%,
. | | | | | | |
0 5 10 15 20 25 30 35 40

EGR ratio %

—— LPG20P
0g = MBT Gasoline
310000
O 111 ppm B S
5 21000 S
] S
] ;100 >
- mo E
= 22 ‘ 10
< 21 | 3%
law)
S 200, ./I’.
Q 19 }'\ r—p N9
(/) 18 | | | | | | |
m 0 5 10 15 20 25 30 35 40
EGR ratio %
NOXx (Condition H)
EGR
EGR EGR
Ne=1200rpm T,=20Nm EGR 30% 400
IMEP EGR Gasoline
LPG20P
1
LPG20P CsHs
Gasoline 4
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LPG20P

TDC

1200 rpm, 20 Nm, A =1.00, EGR ratio = 30%, 89 = MBT

300 [ [
of #leyl. -
300 ¢
e e
0 L #2 s:yl.
@ 300
o
= -
& of #3 f:yl.
S 300+ B
= ot i g a e e
O: #4 f;yl. B
300 F |
| s e PRIy gy i
Oj Average B
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