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Lean Combustion Characteristics with Hydrogen Addition
in a LPG Fuelled Spark Ignition Engine
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Abstract : The basic effects of hydrogen addition for engine performance and emission were investigated in single
cylinder research engine. Seven commercial injectors were tested to choose a suitable injector for hydrogen injection
prior to its engine implementation. The hydrogen fuel leakage and flow rate were evaluated for each injector and
KN3-1(Keihin, CO.) showed the best performance for hydrogen fuel. At the higher excess air ratio(A=1.7, 2.0), the
better combustion stability was found with hydrogen addition even though its effect was small at lower excess air ratio
(A=1.0, 1.3). Stable operation of the engine was even guaranteed at A=2.0, if the amount of hydrogen gas was near 15%
of total energy. In the lean region, A>1.3, thermal efficiency was improved slightly while it was not clearly observed at
A=1.0, 1.3. It is considered that, in some cases, high temperature environment due to hydrogen combustion caused
further heat loss to surroundings. Except for A=1.0, with larger amount of hydrogen addition, CO was reduced
drastically but it was emitted more at the leaner region. Nitric oxides(NOx) was increased a little more with hydrogen
addition at A=1.0, 1.3. However, at A>1.3 its relative amount of emission was low. In addition, the amount of NOx was
continuously decreased with hydrogen addition, but, at A=2.0 the amount of NOx was lowered to 1/100 of that of A
=1.0. THC emission was significantly increased as air/fuel ratio was raised to leaner region due to misfire and partial
burn.

Key words : Hydrogen addition(5~4=% 71), Lean burn(3]1}<1 4r), LPG engine( 2} 8} f-7F2~ <l 7), Single cylinder
engine(F7]5 4130y, Nitric oxides(& 2413}1=)

Nomenclature Xmh : mass fraction of hydrogen of total fuel
BTDC - before top dead center Xen : energy fraction of hydrogen of total fuel
°CA - crank angle degree mr : tc_)tal mass of_LPG and hydrogen
COVime : coefficient of variation of imep A - alr excess ratio
imep : indicated mean effective pressure
. LME
MBT : minimum retard for best torque
FAARE BadtE TP eFowA B
A dwke] A3 AL o] o] 2 Bt

“Corresponding author. E-mail: mook@kimm.re.kr

114



LPGQZIONM =ApiE B

v

WAEA] o B R FE= giAouR P o Q)
A w3 glovt A F FFe] SHAA g8420
v o] salko] A E}e] o} R 7bA] 7| ddEe] ¥
© U3 9% Baha gl Aot E3] zHEA}
ArEAe A8 XVJ—’F%«] 34 1; olshe] sk
o] ARFTHOR |5 4 Ao} o}

o 7bs o}ﬂl :aoa + 289l ok 7]
3 9r}?

FRARE W7 Tl 2§35 7142 18004
W e ATl %}%tﬂ Gxe) BEG B
540z clste] AN o]g3tr] 917 wol
’F371kel A A OlTOW gk} 1970 ol =
Ag A=A e 7 HH‘ K] B39 7§27 (reformer) 2]
T A e ek WAV 85 9
3 A7} General Motors, California Institute of

Technology S-¢ll 4] 2121tk 2 ¢l &= BMW, Ford

SoA AA FANABES RS A 52E AR
olaL o} opH FAARS FH U Well To
Wheel E%% 121*}1:5 22 1|91 7] -2 BH A B &}

o 4 20%E H7Fsh HytaneTM(Hydrogen Consul-
tants Inc.) 57} @ol] LA )

A7) ol FAART AR TS T
A te] Fgto] Wil Edkel] 77k AanEAd o=
N3k AnAS, o] AL 5 AiAo] o]H LS
Zubebar Qo) whebs] W Aol AL ko
TaE S ENE 7HE F de ELA 2
A8 7HA AL 7)) 7)ol &8 7hEg H e vl
A Tt AHS ATE] 9% ATE LPG
Nzl A 4=y 3} T

EAlol 2|8t 3|gteia

LE4 ol

QUAE] o] 7ol x| ojof gt} 121} =4l
Zlof| AHgH QAEH = g7 AT DA A
AR RO R AlFoA a7t o el R 2
Aol M= 7] Al FEEL e JAHE
7}ate] AAsk A AE 2 ALEEATE A 9l
H & aste] Fad sl ois) 71dAde] =i, &
g 7hRl A9 ARGl WE YA o] sk,
o)) AaFAd o] Zolof dhrl B o Fol| A= A8
A A Az ik 71EA B frel
S So] 7714 9] JIAEE A st Hrst
™ ZA3}= Fig. 13} 2ok 2823} KeihinAk2]

-1 BA7) 9k AFSALS] Gs60 A1 7F 29l &
gt o) 7%4 = AHE BoFRoy A
Ao F A e sto] A5 fo] 714 A
s+ K 11'?:/\}7]%{@3}04 Aol AH&-sH3 T

1.,

3@ PR R e
o 1

A
w

N

o g 2
s
(AJ

I
140 |- * -
0 | <4
Inject time 15
120 L njector open time 15 ms ]
<« m- Keihin KN3-1
— 100 | @ Kefico EVE n
E 3 A Unisia Jecs
= 80 * ¥ Simense Deka Il -
@ L & CAPSP-010 |
® 60 | 4 ASF Gs60 .
H | » GDI Injector
L o4l .
O I | | '
20 v > .
v
L ¥ ]
L L " 1 i L " 1
oL sb®
0 10 20 30 40 50
Injection pressure (bar)
(a) Injector flow rate test
300 — T v T v T v T
200 E
i m - Keihin KN3-1
* ® - Kefico EVE
= 100 |- —4&— Unisia Jecs 7
= & ¥ Simense Deka Il
g 4 CAPSP-010
o 4 ASF Gs60
o 10~ > GDI Injector A
g >
@
« v
05 > B
- v
L . e
) 4 x . 1 s | "
0.0
0 10 20 30 40 50

Pressure (bar)
(b) Injector leak test
Fig. 1 Injector flow rate and leakage test with hydrogen fuel
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Stroke 140 mm
Bore size 130 mm
Compression ratio 9.3
Displacement volume 1858 cc
Intake open BTDC 18°CA
e Intake close ABDC 50°CA
Valve timing
Exhaust open BBDC 50°CA
Exhaust close ATDC 18°CA
Gas-air blow off vatve
Prossure regulator

Cooler

Fig. 2 Schematic apparatus for single cylinder engine test
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Lean Combustion Characteristics with Hydrogen Addition in a LPG Fuelled Spark Ignition Engine
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Fig. 3 COVimep Characteristics with hydrogen addition
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118 sizxiSAID eS| =27 M14F 235, 2006

FAFal =
36 ; T —T
L v v J
34 . -
g | v -
g 32 | -
c
g L v IMEP = 4 bar, MBT | |
£ - =10
3} ®..V e ® =13 -
g v e.g-® n=17
B " v-.=20 1
£ .| -
= 28 [ IS R | L] —
L . 4
26 | L | ' | ! | 1 | s
0 10 20 30 40 50
X, (%)

Fig. 5 Thermal efficiency characteristics with hydrogen

B

Qbggo] Wol A Ashgo] oA i Bi
ZrjHo] Fgo] F3 "WolAE Ro

Pt Fan]go] ol A
5o] A7t FA BT} F Ao

u

)

oot bR

o
o T
Moo b

:Oé
> e ol ooz R
N Y oox N B

o

so o oy

=)
s
o
H
v}
i
td
i

o o
o
=2

o o b
_O|L
9

=1

3| 2 (heat release analysis)S =33 2
Hcombustion duration)<] ¥ 3}+= Fig. 62}
toh Ase 7)o Tt w5E

5 Aa71ke HolH 1
=

2
b op d
0o L N
= T3 A
o -
o o
o o\[){J E?j
Ea
N lo,
Rl ot
2 e
b
o N
X =
N
B

Q fm
B
—o
I
Ay
E=)
SRR
-
°
i
=
rr

B B b

b e

Ly By 2o
of Mg rR oft 4y b T

w
%0
i
B
A
ra
B
N
5

o

=

o
o
=)
Y
N

N

re

b
N
N~
il

@

ol
oD
9

re KAy P
N
o

ol

mh g o [ Hot o jo dmomy B
]
rr
o
rE
9
)

2
2 Jo 1=
Ir
=
it
N
>
=3
El
il
4
QL
N
fo
=
2

e
2

2]
o

2~(C0O), A 24F8HE(NOx), B4
Astell A 4 o™ Fig. 7-9+

B 2
o
ro

5
T
\S)

rt
£

=

&
Y,
it
s
£
N
rir
4
o
o
o

-
= =

S8 Akl Fanl o] F71eA o 7t
=]



LPGQUZIONM AR HZE

45 P R .
Il IMEP = 4 bar, MBT | |
- N v . =10 1
s B[ v ® =13 g
i - ¥ r=17 g
3 30 |- v L=20 -
5 = .
g 251 ® ' v : -
a L ] . .

5 —_— ° . .
g 20 |- e a4 -
=2 L ] .
g 15 . -
10 [ TR SR S K

0 10 20 30 40 50

X, (%)

(a) 0-10%

45 T T T T T
<
S 401 .
-l : v
S 354 ¥ |
© ; v
= .,

: v
o 307 : ]
S ' :
Z _ v
3 %1 e . S i
8 - .
S 204 ® -
pa "ag
2 15 uom ® i
=

10 . . . —— .

0 10 20 30 40 50
Xe.n[%)

(b) 10-90%
Fig. 6 Burn duration characteristics with hydrogen addition

2000 — T : —
vy IMEP 4 bar, MBT
1500 [ A W=10 -
e L=13
L v w=17 -
_ voL=20
5 1000 | -
8 I i
® ® v
.
500 - m ° -
LI v
L L] i
0 [P NS N R R
0 10 20 30 40 50
X, (%)

Fig. 7 CO characteristics with hydrogen addition

2} s]ubgl A 9ol le AH] o] F7ksh CO
e \=13 o s Z}i—a‘}% Ao 2 Yehtal
AT WA A4 o] Hojur]E AR A

O

ZALO] 2Bt S|HtHAEY
3000
T T T T T
n
. - _
2000 |- L] -
- n

1000 |- ° _
= ° ==
E ] 7]

g - IMEP = 4 bar, MBT
= 200 - "5=10 T
o] i ® =13 i
2 150 |- r=17 B
L v N : i

=20
100 - v ~
50 v —
- v -
0 1 . 1 hd 1w,
0 10 20 30
X,.o(%)

Fig. 8 NOx characteristics with hydrogen addition

0°] WS+
Fig. 8-> A 2:2F8H=(NOx) o] A& HofF+= 2
kel & 44 Fo shubE e 9l

7
3ol A NOx TR e =4 7F= oz

o A~
e 4

rr

Az
¥9,

>

A] —57}3}2 B a}% qu Fr} o] 72 Bkl
A w7} Ak2=ake] NOx H2HAl

o] F7ksk= Ao AYzher) ek A=2.09] 5
B g St met x1€—@£i sk
g wolvl Aol 3k A3 1100015k Fh4
3 B =51 ek

2H8}2(THC) 2] A2 Fig. 9 LrERE 31
3} 2ol CO°| Z-5-9F FrAbatAl 8]Hked el 4] 23},

FiAde] oja WA ko] AA Frbshal vk &
3k A=1.7, 2.0 oM = FaH]&0] v 9
ABFR QI3 THC A o] F7hste] w7157
A9l 5895000 ppmC) el Aaf
o] 9tk Ao A= THCY ASdl=
H|&o] 4 & Frheteiof havt 7}%6& Zow
Yehar ok o] 45 Hrlete] Furda
o & AFAT AP Z EAVE A Z A
Zrgt) 28y THCY] A 9-& Akt u g5 o]
g3l T3] FARAZE F Jorng FHujgxe
A3 g 8-S welste] THC WA S Aojad & 9)
= ATE S8 dAe] s Ao R ddEn

Transactions of the Korean Society of Automotive Engineers, Vol. 14, No. 2, 2006 119



Seungmook Oh - Changup Kim - Kemyong Kang

i A —
0 IMEP = 4 bar, MBT
2000 (=5000 ppmC) =10
® =13
L =17
. v oi=20
O 3000 |-
E
a
= - 4
[&]
I 2000 ~ ® v -
L L
B L]
1000 - . ® -
L . ] * ]
| 1 | L | L
0 10 20 30
Xe_n{%)

Fig. 9 HC characteristics with hydrogen addition

5. 4 =2
LPG 955 AH8-sh= 714 shelxl ol =29
S5 Ao R Hrbete] da " ek 54
ol M)A Gl et A5 & A3, A o=
TaARS] ks AR =2 49017,
T APANE 2%

A o 2

1) $287k2 Qlete] F491%7) 7Fsete] MBT
78 §J‘/\] 7] = Xl @E] ‘219—”4 ﬁj\_?}@ A(S] (COVimep)
w4 ol

P
T AN

4)CO, THC o] A§- 4
=2 o

120 sizxiSAtD et =27 14 M235, 2006

5) NOx 2] A2 =23 7}

©3el Frkehe A A
o
7h5ste] 990l 72

b,

o

References

1) J. M. Norbeck, J. W. Heffel, T. D. Durbin, B.
Tabbara, J. M. Bowden and M. C. Montano,
Hydrogen Fuel for Surface Transportation,
SAE, 1996.

2) Y. Jamal and M. L. Wyszynski, “On-board
Generation of Hydrogen-rich Gaseous Fuels-A
Review,” International Journal of Hydrogen
Energy, Vol.19, No.7, pp.557-572, 1994,

3) J. S. MacDonald, “Evaluation of the Hydro-
gen-supplemented Fuel Concept with an Expe-
rimental Multicylinder Engine,” SAE 760101,
1976.

4) J. G. Finegold, “Hydrogen: Primary or Supple-
mentary Fuel for Automotive Engines,” SAE
760609, 1976.

5) Y. T.Kim, C. M. Chung, D. Y. Jeong and J. T.
Lee, “The Characteristics of Performance with
the Change of Compression Ratio in Medium
Duty Hydrogen-natural Gas Fueled Engine,”
Spring Conference Proceedings, Vol.l, KSAE,
pp.382-387, 2005.

6) S. O. Akansu, Z. Dulger, N. Kahraman and T.
N. Veziroglu, “Internal Combustion Engines
Fueled by Natural Gas-hydrogen Mixtures,”
International Journal of Hydrogen Energy,
Vol.29, pp.1527-1539, 2004.

7) R. Sierens, S. Verhelst, “A Hydrogen Fuelled
V-8 Engine for City-bus Application,” Int. J.
Automotive Technology, Vol.2, No.2, pp.39-
45, 2001.



