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Simulation of Natural Gas Injected Dual-Fuel DI 2-Stroke Diesel Engine

ABSTRACT

The substitution of conventional fuel oil by alternative fuels is of immense interest due to liquid
o1l shortage and requirements of emission control standard. Among the alternative fuels, natural
gas may be the most rational fuel, because of 1ts widespread resource and cleanest burning. Mean-
while, engine simulation 1s of great importance in engine development. Hence a zero-dimensional
combustion model was developed for dual-fuel system. Natural gas was 1njected directly into the
cylinder and small amount of distillate was used to provide the 1gnition kernel for natural gas
burning. The intake air and exhaust gas flow was modeled by filling and emptying method.
Although the single zone approach has an inherent limitation, the model showed promise as a pre-
dictive tool for engine performance. Its simulation was also made to see how the engine perform-

ance was influenced by the fuel injection timings and amount of each fuel.

Z R 7|=89] ! Dual-fuel(o]®l9 82.), Pilot diesel( Ze]|sl 0.9), Natural gas injection(H A7}~ A},
illing and emptying method(8-AZAPH ), Zero-dimensional combustion model( &
UFq dixwd)
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Table 1 Engine specification

DDA 8VIZTA,
ARA8AK 2874 ol AR
87)%, V-H
A A7 2 g A 123X 127mm

i’-]'ﬁ‘?] ; H%i“?"ozl ¥
Z7\84}7], ulo|s WA

(] Control Valums {0 Fow Restriction [\ Stah

Fig.2 Block-diagram of engine system

136

120

ek
-
&n

Cylinder Pressure (bar)
o
o

15

0
-20-10 0 10 20 30 40 50 &80 70 &0

Crank—Angle (deg CA)

Fig.3 Comparison of cylinder pressure traces
in sole diesel operation
(1400rpm, 100% load, 100% diessl oil)
(~——— experimental, ------ calculate)

A4S ezt dAgE Bz9o(B)e} F7 ¥
N(@)E AX UF Advige] Fd H{AT
EF7IiyEco A ZF ARG FYTF+E FH &
JeEt. ol HEERSo M- Fef YHAVE &
AR} H&u = vlolgl AR ()7 A
AE5F7]9 47T -85 (eIt Has WA
A7}k FE dAH ThAas W 73RS A
7o AA8 ula} A AJIHE BlgZd =
Zzye] 7|t E=ER wiEEe 2718 s
712 357 "o Ri(T)& &A1

olE| ¥t BRE F8 FFZre| A= AlEH A
A Td o) A Ao FaEH, el FAM)
&, 945 2 o] A=, "WYY, A FH Tol| T
ARnE A4t 27|22 H Q8.

3.2 &rp|w

A4tz gte] B RE {8 TF7FAFAA 4
5 ANATX Vg ALl on, AXNAE)
A HATEAS FARE HE5E 49 A™EE 34
£33 YA AUnE 25 fo| ARk 7]
Zo] 4l gz BABIgen g, AggelHE
FH&E 4 HAGA AT o|dERHATT o F
o2 =& Blgct. Fig.3& tle]Afuhg 185°
BTDCHl A EAI&W AduiggdssE vl

135

-
o
-

Pk
-
on
)

Cylinder Pressure (bar)

[
n
I
J
i
i
|

o Y D
~20-10 0 10 20 30 40 50 60 70 B80

Crank—Angle (deg CA)

Fig.4 Comparison of cylinder pressure traces

i dual fuel operation

(1400rpm, 100% load, 100% diesel +
90% natural gas)

( experimental, «----- calculate)




14 3] o

3 2¥ola, Figd= 14.1° BTDCH A =g
el 14.8° DTDCo|A] AA7}A~E HALSE 7
2, 4748 ARIAEE 4 ANEEHSE 7T
oz FF JuAv= He|zled 10%9 M
7t2 90% |t} Fig.3oiA tiie] Zuzje]=
T2 g7l Hodle] AeId o §.87]8e]
AgZe 7]91§ A @i, Figdd A Al 43
7 AEARG g€ Fe] 2—-3° 2=z HF
=H 1 olf= AT A ¢s of AT
TR A B A7]e] YdH EEEA7] =Y
Aolth. I} deddddande] grdE o
HE o, Fig.33} 494 R v} o] o
B3 Hg o] B7IA|7F FEBIL ALRE O] o
YA d4 e Fo7 vLEe YIHAE S
Hotth oA ew olEgh A4S 9% FHFH
zz7dL2  FORTRANdolz® w50z,
IBM3090 i HFE A 0.5° F&=74e] A4t
Ao Z 20 AIEE At dAAE A9
o AAA|ZEL. QF CPU Time 300 Ax 4
Q| % T

4. Alzdlo|Md Zm I

OlHHEE AMRdle A F FHolHedS Fo)
Heo Aol AW AATF H 7IAERY
2slol] HAdt AFS Ao A} FTBoHH,
| HA7tEe EAES St we)
At 1322 AFstg [ A= wET}
P 24 Bdvlade] AdFo g Hol o
+ Z TAVE §le Ze=E %E%ﬁ‘jr 1
aysEE A Aeske NS EREY
Z A% 25T o4 —wﬂ]?} 2]

r2
il
l-'l.'.}

el
|

o MO B I rE M
4] dm
I oo
SRS
g

|
fli
.
o
H{m | 4
oy 1

CHl
o
)
T

"'I._l
L,
[:11_':_",
r'!:}

1
lo
N 1t
gt
U
i

1

ug:
%

O

re
N

Fo] gloog, 7]&9 Elﬂ]?ﬁlﬁﬂﬂ“” @3}&]&1

1400rpm, 100% H-3lallA] BEAA) AL 2] 5led
Alcbale]l Bt Figbes #AMAEES 29 g
2 A&, Fgbl tjo|dse] AaA A7
G g R=1 i Flg-’?% A F ety o] wEAF

S Y3 vk ArleA dE 2 AETe

a0

g
o
co

3™ ™
L B
W oo

(4
>
(4

Engine Power (kW)
i
R
-

208

258 M I Wu— L
-30 -26 -22 ~18 ~14 -10 -8 -2

Diesel Injection (deg CA)

Fig.s Pcwer changes in varying diesel injec-

tion timiNgs

12

11

10

9

Ignition Deley (deg CA)
o

4 I I I N
-30 28 -22 -—-18 —-14 -10 -8 -2

Diesel Injection (deg CA)

Fig.6 Diesel ignition delay changes in varying

injection timMings
140 —

130

Max. Pressure (bar)
- - -
0D - it 4
o o o -

o
o

-30 -26 -22 -18 -14 -10 -8 -2

Diesel Injection (deg CA)

Fig.7 Maximum cylinder pressure changes in

varying injection timings



AF7t2E Bdsledw oY FFele AP EAN 284 vold7)de AlEH A 15

ek Pk
o

Diesel Inj. Timing
LR
B L) 20

N
on

1855718 —168 ~14 =12 —10 -8

N.C. Injection Timing (deg CA)

Fig.8 Power(kW) changes in varying dua-fuel
injection timings(Horizontal axis-95%
natural gas, Vertica axis-5% diesel)

3l AL AEL vunyA 92 (Curve fitting)
§t Zlo|t}. Fig.bolAl HoF= ule} o] tjo]
AE 13~16° BTDCAAM EAAHE of o
Aedd 268W HAx=z FHfjolw, omf AHY
FHpetHE e 101~108bar AEE 7~8" ATDC
A vebdT). ey BAMA V|7 Adg w
2} Fig.6 9 73 #Zo] A3A|A7| o] FrobA|aL
AAHHDYAL oz}, o= FEAA]7|7F F
ArAE} w2A hEFr|e] %71 ol 23
A | 7|3ke] AejR|an, o E}FAAH|7E AXEA
JEHE &2 o] A7l FAFo| AR
=@3Elr] o] Ao AAaEY HAE AFEFE W
a5l o}bge] IUEF YHEAFeR ZIAISH
Flzlng &HHo] A3EH ZoeFE Rt PHlE
AR 7] 7} W F A dHH oj2AFe] dFeE
gl FRTIAREIZE FolAA AR H7|To]
AddFoz FolAn dERFFALFE FoFY
) A 00 B X ] o | I i g Qi B =
2] @A FAVE AojR]7] i FHighH
g 23 o] A A I AGE Bl Aoz A
®HT

thgo= dizle] H2AE to)Adf o5 A}
fAl2} FYEA dtn, F A5e BARAVIE &
7] %aﬁ}&l N eHsE AHBELT Fig8
2 FH7IAel Holgede] gHAlH|E 9515
2 6}9315 o 2583 E Jehla, Fgde &
A=A A HUEHHY HEE YEeEpAT
ol&z] HH7}29 JUXH]E 80%)A HAY
Huo| & ERE AdZ 95%71A] WA A& o

by 1=_ﬂ
D ot

Me E2HEe

~1955 18 -18 <14 —12 -10 -8 -6 —4
N.G. Injection Timing (deg CA)

Fig.9 Max. cylinder pressure (bar) changes
in varying dual-fuel injection timings
(Horizontal axis-95% natural gas, Ver-
tical axis-5% diesel)

T 29 9 Fugtee wstge fAbs, A
A7p28] oA H]| 7} Yol o} 2 §
agHE tha Assle FAE X4 A
oz oz ool FEAIMNFHY AAF HAT}
20] BAtA Aol ek AE uf AdciAALE 2
28& Aesidrt. oj= Adstavt U379
AlZte] Aoz Fojular wol
oo FHFA|A7|Zte] HojRrz o EH
a¥Fo] F718l7] WiEd RAolnh I3y A2 &
AZAG A AATFA ARRH]go] RolAW Hu
dE 2 Y= yolxEd], ol dFEY 93
SAZANA HA7t2e A4 dlolale] A
£eprl 22A dojun HE7tA FAVEA] 7}
HA g 28 Be o st FYURA A
g7lo) AAaHA] Z3%H7] WEe|th dFEEe®
AdE M BAIAAE AP E Afde
Fig.83 904 BodF= uje} Ho|] F H8E B
= 12° BTDC R 2diA EA1FE o, 729
2 Ayd zl“?%ﬁﬂl HAUE 4 4 Ut} ¢
o|AH 4] BAL BANE] R AR
o] wtold of &AFR|HL Zojxjn =z, tio]Af-
= SAANG o|lfds FFA ol e YL
A7 tha #3Fa A9vksel A9 FA6
BAN o 24 vtolgl e el A3 2 7] 3y
g Aol MH7txe] Qs VA REFE 3= A
o] ujghA &t PRt

ot A A HAE st BrEA A
Ae.2 ANz ¥lusidr} Fig.10-2 tjolAfate
16° BTDCo|A EAFSE Z-5-¢} A v &2 15




16 E:

Cylinder Pressure (bsr)

B N B N

0
—20-10 0 10 20 30 40 50 80 70 480
Crank—Angle (deg CA)

Fig.10 Comparison of cylinder pressure trac-
es(~— diesel 100% 16° BTDC, --- 85%
N.G. both 12° BTDC injection)

135

-
N O - R S . o S < N . v
th & o o ot O
o
--.,'II
r
-

Cylinder Pressure (bar)
L
-

15

0 1.
-20-10 0 10 20 30 40 50 80 70 80

Crank—Angle (deg CA)

Fig.12 Comparison of cylinder pressure trac-
e5(95% natural gas) (—— both 12°
BTDC, DIESEL 8+N.G. 20" injec-
tion)

% dtolgled 2 85% HAIAE 12° BTDC

oA FARANG 299 AUt AsS vm
# 2ol Figlle $dg =7oy Axz
o] e Aa9 dmake) Mg Uehdr). o

o tioldf HFLHAET |AHERE AME-F
35 HErFngo] @i §EPPA 4E&
=t 2 olfie oF 10% H=y A7
7F EEHOE A4EHA (3] o, 4=

<
o
1
1
\

=
co
8

Fue! Burnt Fraction
=
P

bt
&

0.0 '
~20-10 0 10 20 30 40 50 60 70 80

Crank—Angle (deg CA)

Fig.11 Comparison of fuel mass burnt frac-
tions( diesel 100% 16° BTDC,
------ 8659% N.G. both 12° BTDC injec-
10 )
1.0

o
o

c
>

Fuel Burnt Fraction
=
.

0.0
-20—~10 0 10 20 30 40 50 80 YO 8O

Crank—Angle (deg CA)

Fig.13 Comparisor of fuel mass burnt frac-
tions(95% natural gas)(—— both
12° BTDC, diesel 8+N.G. 20°
BTDC injection)

iiiiii

w2 Ak |y 9€ 7] 9471 &
WA Al&Eol g7 Holdl E A7 ¢

AAE Frkste] 457171 Bt
ﬂ?ﬂy_i F718 2Fle] 4S9y
FoEAl vERd o duEn.
Figlﬁcﬂﬂﬁﬂr o] 5%2] volsiedFt 95% 2

A7V AE ARRENY = H8E 12° BTDCYA
%ﬂl AR 799 golgled e 8 BTDC, H



VL7128 HYRL L o) QFF AL AWEAY 297 oAzl ge) A g4 17

1.0
5 0.8
03
o
(14
& 0.6
;
m 0.4
O
o
5 0.2

D'ﬂ—zc:—m 0 10 20 30 40 50 80 70 480
Crank-—-Angle (deg CA)

Fig.14 Comparison of pilot diesel burnt frac-

tions(95% natural gas)(—— both
12° BTDC, «----- diesel 8+N.G. 20°
BTDC injection)
1.0
0.8
8
i o
u o
5 0.6
e .
E 0.4 ,
M N
& /
0.2 !
0.0 S I

"_20-10 0 10 20 30 40 50 80 70 B0
Crank—Angle (deg CA)

Fig.15 Comparison of natural gas burnt frac-
tions(95% natural gas)(—— both
12° BTDC, ------ diesel 8+N.G. 20°
BTDC injection)

HA7tAe 20° BTDCAAM z17] BAEE 7249
Adu| ¢ HHEE v nshH, F21e] F9 AUy
ol ¢F= 2 tfo]AFhE AT ufj e} v]s=23}u,
o] 74§ Xt} F& ARETA AP F g™
o] HA|z[¢] 130barE W& 7}sAe] =23 7]
Hge] A" g vt ey} HETkAe] BAL
7] cjAolf ¥EAANY) tha HoAHAE b
olRe U FAet Ao FAld| o] T o, ¢k

Hag & @io] told e A vy
Al dojul= A8 & = AT Figlll 2 134
N Zy7] & o Ru] e} FARA A A H 4T
o] W3 E vk, toldf 9@EEHEAI= A
o] RE AR d47 35° ATDCeA nlF
g Fu}, o]YHE AlRA] dA%EV & B
opijg} w7 vy EY 7R = oF 10% 9 &
"7t d4EA g dHolth. BAMKZIE 2R
et Hgolglede] dias Yoldf T=E-&
AA R o7t gH dojvin AAAs}A9] <F
30% HE oHE FE&FHo =2 <dRZ:HY 7]
o 3}A] 283 e}, '

Fig.14 % 15 Fig.139] FHAEHE 00
5l oUW JH7LAL] A Bl 22t U
ol B TP &S], Holsedy ALHTFES
A T Ale) 7t U et R %o
o, TRt EARR AR AarF =A doljdd.
Zzv} mo]slede] oqA|n|z} 5% HA]
Ofotd ZHAZYH W= 2] ggko] mmE)
T} HE7LAe AL= A} 20° BTDC= ¢
Me A AR BHdA F43) a7t 7k
Ho}7l E6f2 $ntelA] dojuvia QU ol I
ol#l @Yo FHHAA7MESL 7|18 A8 F
e HAZIATE o EdE Y ¢tz AA4d
o|&d|, z]e] HMAZIATT A olotA= #
A Ao HHUIINEE FU|e} THAE 983 ¥
datA] Fote dAdE T 543 WEle Ao
AZdt, B2 A5 EA AR 7 FAH s ER] R
A¥dZe] dHg o] &l AlEHe]d TET
Hol e EHASNE] wEd, dHE7bxe
A4V E&F o2 JAYPHA Re Ao AL

< Zojth. A AA AR A HHE I}
Ho|fe U ARFAIZAE M2 23E oF
Y5 FHAHEEIH e, HAVle] BAZ B
Lde] BAIRT AAFs] dF o]Fojd wj= T
ol =2} 97}~ H(end-gas knock)s)
BHAS 712 waie] ol

-

0. 8 =

HA7I2E toldqzle] mgltorw AARA




18

dld AMRE ], B d7ZazA o2y o]
8 9FE = Ut
1) o|]HHE AMEA] Fo]gl e dL to|ARFE
HdEo2 AMRE mRTE BAIAFE vls
A QA 7]= Ae] 23 F2lait
2) AA7t2e TolBledT} AL FAH £
Algteol TlolAf @E HAA] Qdejue
dinzs G2, 5 4H3el 7HEdin
FAASE A A2 7 U
3) B} &&FQ HHA7Ixe] o]&8 A
— a2 e 7 due EAMIE]
S48 #osled 53], AdArixe A
g HASAHOE HAUT
A7~ el ez HHEALS]
= oldHBEAR e HF S 7|9 rjo|ANA T
H2E o, 7 Ad¥rte4de FEITn wud

Hsel Fol glold Bl
o dande WEA FS ANALE QT
B70] glovt ol gzle] A4y Fd A
S¢ ol MAGoZR AL o] 43}
= @7 Uoia AlsE. 2eoe dR
EAAE, dUdgdel me F14F i %
olAAE] AxPEe Brh AA A sherg
Sl AFH male] W s

& 1= 8l

1. Karim, G.A., “A review of combustion
process In the dual-fuel engine-The gas
diesel engine”, Prog.in Energy and Com-
bustion Sclence, Vol 6, p.277-285, 1980

2. Milton, B.E., “Improving the performance
of small dual-fueled engines’, Proc. of

Int. Conf. and Exhib., NGV'88, Paper No.
22, sydney, 1988.

3. Beck, N.J., Johnson, W.P., George, A.F.,
Peterson, P.W., van der Lee, B. and
Klopp, G., “Electronic fuel injection for

10.

11.

12.

13.

dual-fuel diesel methane”, SAE 891652,
19389.

. Thyagarajan, V. and Gajendra Badu, M.

K., “A combustion model for dual-fuel di-
rect injection diesel engine”’, Proc. of Int.
Symp. on Diagonostics and Modeling of
Combstion 1n Reciprocating Engine,

COMODIA 85, p607-614, Tokyo, 1985.

. Watson, N. and Janota, M.S., “Turbo-

charging the internal combustion engine”,
The Macmillan Press, 1982.

. Watson, N., Pillu, A.D. and Marzouk, M.,

“A combustion correlation for diesel en-
gine simulation”, SAE 800029, 1980.

. Woschni, G., “A universally applicable

equation for the instantaneous heat trans-

fer coefficient in the internal combustion
engine’ , SAE 670937, 1967.

. Chen, 3.K. and Flym, P., “Development of

a compression ignition research engine”,
SAE 650733, 1965.

. Hardenburg, H.O. and Hase, F.W., “An

empirical formula for computing pressure
rise delay of a fuel from 1ts cetane num-
ber and from the relevant parameters of
DI diesel engines”, SEA 790493, 1979.
Tusbol, T. and Wagner, H.GG., “Homogene-
ous thermal oxidation of methane 1n re-
flected shock waves”, 15th Symp. (Int.)
on Combustion, pp.883-890, The combus-
tion Institute, 1974.

Karim, G.A., Jones, W. and Raines, R.R.,
“An examination of the ignition delay
period 1n dual fuel engines”, SEA 892140,
1989.

Nielsen, O.B., Qvale, B. and Sorenson, 5.,
“Ienition delay in the dual-fuel engine”,
SAE 870589, 1987.

Lom, E.J. and Ly, K.H., “High pressure
injection of natural gas in a two-stroke
diesel engine”, SAE 902230, 1990.



