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E5: 170 AdAY AHEA OA 7S 0] 8354 1500rpm 3.9bar BMEP Z710| A A|7FA] A4 dEF
o W& w77t wlE 54 2 @3l h F ENS P53 AR dZEFS EGR & A].Og}x] ory1 o
g 7% TAFE o] &8t W (split injection), =4+ A E3 EGR A& %L Y ARFAF WHH(single-1)
ol MA= vkl EGR R dd 4 T & % 1£E1%41°ﬂi(sing1e 2)0]t}, lg e zAo g
B} split injection W3 single-1 W2 PMNOx Aut #AE WAL, single-2 W2 PM-NOx 337
o4 Blojub PM 2 NOx §A] A7ke] 7hFssldith ghshei & 4 A3, THC uﬂ% Ay} 23

=
B s o] #AGlo] split injection ©] 7} A wlES K SIL, single-1 12|31l single-2 o] AR ®o|
&3kl v, ofAe@l 2 CcO 9 THC o Wit v &2 FAn|7F 5338 ol wala] F7kskada o
FANTE 50 WE A Yo AA TR AR deert 715 7] wlEolt)

rr

Abstract: This study investigates the effect of diesel combustion strategies on exhaust emissions and hydrocarbon
species emissions for a 1.7 L common rail direct injection diesel engine at 1500 rpm and 3.9 bar BMEP. The first
strategy is a method to adopt no EGR with a split injection composed of pilot and main injection (split injection). The
second is to adopt a moderate EGR rate with main injection only (single-1). The third is to use a high level of EGR and
main injection with rail pressure increase, i.e. low-temperature diesel combustion (single-2). Split injection and single-1
showed a renowned phenomenon of a PM-NOx trade-off, whereas single-2 was observed of a PM-NOx trade-off to
reduce PM and NOx simultaneously. HC speciation results show that the split injection produced the least amount of
HC species, regardless of the carbon number bin, followed by single-1 and single-2. The ratios of methane, acetylene,
and CO to THC increased as a combustion A/F ratio is richer due to reduced oxygen content in the vicinity of the
combustion zone, thus enhancing pyrolysis.
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(low-temperature diesel combustion)®]]
2rs] AP 9l

ARTALSE AZEAA7]
(ignition delay) 7|7+S =
(premixedness) =& S7HA|
HA PM ¥ NOx WiE<

Z

A7}
. The] EGR ¥ 19t
Aol o] HohAa

Axof %7191 of| &3t

4 (hydrocarbon, HC)®} LdAbslebs
monoxide, CO)7} A& o2 A F7tstes )
717k~ AzE AA T sl AREE)
(oxidation catalyst)2] %]-8-o] Q-#c}©

T3k AW d(common rail) U7 AL 7]ES
Az o] 3 FAKsplit injection)E 715 8FAl ok
olggt Adx & FAF 7IHE ol&ste] w77k~
x171— =i} o ] 65 4 I;}Oh‘s} 04?rL7} Z\lz‘sg %o]
t}. 79 gho] 8l E-Al(pilot injection)S E3lo] o &gt
4~ 7]7H(premixed combustion phase)S = ©]
Ask d WA (heat release)= A5l
a7l do, PM 2 Z7teleE Ao=
o2y 2 AP GFERE o2l EGR Y,
A=A SFE, Folgdl FARSE F AK(main
mjectlon) Al 7]4 x}o], I3 2 (boost pressure) &

i, =
NO, A%t
ol—g;]x:] 01

MEE e Al ofste] A4 R ujy]vt
Mﬂ nAE GEFS BReAne HAs7F o
.

Ho=foA= o
bar BMEP 27 (A F3}

i 92 1500rpm 3.9
Hl oF 30% o] e

F-3h) Al AZEAL A Aol mhE w77k
= 54 9 "3k 8 vlal 2480 A
Az A goldl 2 F A4S 23T 22 &
A RIS R EGR & FHSHA |tk e T

%—s}ej\gtq, EGR —% 33% &3 oFTh
g A= S 1000bar
EGR < 45% saote] A2tA

AnE ol el AN A4 aste 5
st wi7l7ks B R BEeA F2 uw 24
sfel, TS Aol Wad AL Anw

AR et

#3F] General Motor A}2] 1.7L DOHC
14 FAF WS o] &53lth A4 47]F
PFH= 161 olP] QIAE =T = 6710l

72 150 =o|t}, FAEL H-&<l(bowl-in) 53”
oy, 7} 34} B R I3 7](variable geometry turbo-
charger)®} 7] -~ZF W H (intake throttle valve)E ©]

“8‘3}04 EGR & Alojsigint. Bl dAlgh
d-2 Fig. 1 ¥} Table 1 ] YERNSIT)
/‘}%8& Aie 2AFE 2999 bgAd dso)r

AE7E 52, 3 AW 12ppm o|th dH FAHLS

AA71E 95% A&7t E3F ©3f4 (saturated HC)

ol W B3l 3% Holth AAgE A

FA A= Table2 o YER AT

w7y E= & oA 2F 20cm

ol ] AVL AR 4158 FH]E o]

AR T

=

ozl 9%
&3te] wj <A (smoke)

& AU B =R AL o2/ Z4H v
A PM o= gHagith BEAF7]NA °F Im
45 ol SN WRAE & kel 1)
2~9] THC, CO, NO,, CO,, o2 b= R L P b =
=74 AnlE ol &ste] Ao A3 A=
5% oAtk w717k & -% H 3 mE A
Ql(sampling line)<= 190°C FrAete] ghsha A
Table 1 Engine specifications.

Number of cylinders 4

Displacement volume (L) 1.7

Bore (mm) 79

Stroke (mm) 86

Compression ratio 16:1

Piston geometry bowl-in piston

Valves/cylinders 4

Common rail direct

Injection system N
jection sy injection

Injector 6-hole, 150°

Injector location centrally mounted

a: Air Inlet f: EGR valve 1
b: Laminar Flow 2: EGR Cooler .
Element h: Turbine (T/C)  * T 12 @

¢: Compressor (T/C) 1: Exhaust *
J: Angle 13,14,15|4
Encoder

d: Intercooler
e: Intake throttle b

12

Exhaust Manifold

GM 4-Cylinder

: LFE Air Temperature Dicie] Fiigine

1
2: Air Humidity
=
4

e e & [ntake Manifold

456

3: LFEDP
: Intake Manifold Temperature (IMT)

5: Intake Manifold Pressure (IMP)

6: Intake CO2 Concentration

7: Cylinder Pressure

8: Coolant Temperature

9: Oil Gallery Pressure

10: EGR Temperature In to Cooler

11: EGR Temperature Out of Cooler

12: Turbine Pressure In (TPI)

13: Emissions sample point (CO, COs,
0,.NO,. HC)

Fig. 1 Experimental set-up for an engine and exhaust
emissions
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Table 2 Fuel specifications

A 761

M

Table 3 Engine operating parameters

Sulfur (ppm wt.) 12
Cetane number (-) 52
201
T10/T50/T90 (°C) 224
268
Molecul
C:?{?(gur:tri()s CiH1.96600.000
Fuel composition, 95.4
sat. / olefins / arom. 1.3
(% vol.) 33
%2 Eo $%& Ha3h stk EGR € §793
w7 gell A ZAHE Co, =] HZFEH A

M ETHE S| A
H =2} 9(Tedlar
bag)d} B2~ E(Tenax trap) o2 T AT HE

of B4 HE 8§ Hr} 22 sl
25 ARE F dden, HYyx EYE o] &3t

Ho & 832 E AT ¢ A
Atk &3k F AL T e s AE2RE
719 X (gas chromatograph, GC)¢} &2 o] 3} A=
7](flame ionization detector, FID)E A}-83}o] 2}7}
HEe W gl Hux EfloA Qe g@eris

X

-
2SR 4T Baea 3 2AY

flo u

AR 4 9L 1500rpm 3.9 bar
BMEP .2 7 -8 thi] °F 30% %9 F-2
sb otk o] 5 fldto] A7bA AA HEF =Y
Aol tiste] 2 A steqltt.
Table 3 oA} o] AR AA 7 =f(split injection)
& dgolgl B F BAME 2FE o EGR & ¥
TRl @dh =4 A4 7 =(single injection-1,
o] 3} single-1)& F FAMS o] &3k ™ EGR
33% 5 A &5t ol& Fslo dEAQd "A
A WA PM AzE olEnh A A A
2F(single injection-2, ©]3} single-2)+= T TAFIHS
Agatar, @ Dehe S 1000bar 7HA F7FAI7) AL, A
A4 fA A4 WA A e stE EGR BT
& 45% swete] HIAAde T
ato] dEFE FTHAITIAL AR AAE ol F = A
Aefolty, B Ag A3 =102

Split Single Single

Injection type injection |injection-1 |injection-2

Speed (rpm) 1500 1500 1500
BMEP (bar) 3.94 3.94 3.89
Inj. Timing | Pilot 11 n/a n/a
(°CABTDC]| main | 0.4 5.0 15.0
Fuel quantity
(mg/stroke) 0.8/10.0 11.2 11.3
Rail pressure 600 300 1000
(bar)
EGR (%) 0 33 45
Combustion
AJF ratio (<) 443 28.7 16.2
Intake manifold 113 1.05 0.93
pressure (bar)
Table 3 ol A 2]&}3itt.
3. 4d 21 3 oF

3.1 8i7|7tA EM H|W

1500 rpm 3.9 bar Z=zlol thsto] A|7pA] i A
gfol] W& w77t wilE 548 vlulskith Fig.
2 oA split injection ¥} single-1 ] PM % NOx &
A=z gRkE 23S dof Split injection ©] 7 §-
PM & AZE 3 NOx &= F7hekqlch. o] ¢ wlas}
o] single-2 = PM % NOx B5F FHA9 A= W
Stk =, 2 A3 oA split injection 2} single-
1 A& PM-NOx WA E 2k dE oA o
2 EAS KoY, single-2 FEFS o]o| A Hiojut
Aol PM 2 NOx #7H= 3lth

71 9] THC, CO Hl& 54 split injection
Hell A Ham wjE53laL, ©]o]A single-1 ]S
™ single-2 ol Hjo] wiES Bt A8 &
X % (brake specific fuel consumption, BSFC) g
THC, CO W& 54 5d3 A=, split injection
o] HAo du AKE single-1, single-2 7} Z+Z}
1 FHE oIATE AT AdALe o3k G ow
¥ THC, CO #lE 54do] single-2 47| H ol A
Yebstth thell A 22k Aavgel e ghst

T2 F E4E $3] THC 75& B ZAs
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g
-

Fig. 1 (a) EI-PM, (b) EI-NOx, (¢) EI-THC, (d) EI-CO,
and (e) BSFC for three combustion strategies at
1500rpm 3.9 bar BMEP

ALY 4y M E T3 4
H A% 7h2(bulk gas) ==W3E Fig. 3 o UE
o) ok 25 x]de AHFA A4S (mass fraction
burned) 10%<} 1 S -AFA] 7] (start of injection)2] 2k
olZ AR o™ Fig 4 JeERHATE ZEpx A
717+ split injection ©] 7} &2 ™ single-1,
single-2 2] =42 ZATh NOx vlEFo] 74 a1,
THC ¢} CO Hi=o] 7Hd w2 split injection o] 7
- Ay 729 2t M S AR o4
HRAARE et A e gkt o] gt
vl 71wl & 542 EGR, 8 EAMA]Y], AR EAISE
g g ATA B o] Aol odte] Ame}
719 EE 9 249 Ao], AspAA, Ax9

= =
wE 54 9 A9

80

60

40

Oylinder Pressure [bar]

0o
100

60

40

20

Rate of Heat Release [J/CA]

-20
1800

1200
1000
800

Bulk Tenmperature [K]

600
400

P
20 ="

80

0

1600 |
1400 |

Split Injection
(a) = = ===Single -1
N | e Single -2

-20 -10 o 10 20 30 40 50 60

Fig. 2

Ignition Delay [ms]

A7 @ Azl diste] B ME 5

Crank Angle [CA ATDC]
(a) Cylinder pressures, (b) rate of heat release,
and (c) bulk temperature for three combustion
strategies at 1500rpm 3.9 bar BMEP

Split Injection
Single-1
Bl Single-2

Comparison of the ignition delay for three
combustion strategies at 1500rpm 3.9 bar
BMEP
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25 #AIgle] THC W& 2y st
1i split injection ©] 7} HA #E% %L,
smgl 1 7} single-2 o] A2 @Wol wiE¥ At} o]
2A BAE gslriE AR Ao sl
o'E“"]' H]—‘T’-O}oq %ﬁﬂxl e %ﬁ}%\”i% 2 =
ol Al partially burned HC 2} ©]&3}3laL, 1 2|9
AZAE TdAHE ©3442E unburmed HC =
A sk
Fig. 6 «© THC ©| 3t ©]2| gt partially burned
HC ¢} unburmed HC ¢ JtiZ<l v]&S YeRd
o} A7FA] A4 dEF FolA THC 8|S split
injection ©| 7} %)12‘4— unburned HC ¢] H|&2
°F 80%= 71 =Skt =, split injection ol 2|3k
%ﬁr-/?ft/] Ot Aol Fofahr] @22 A8
AEAE & 4 Q) U2 single-1 3 single-2 2
749 THC W& Q—EX] 9k partially burned HC
¢} unburned HC 9] H]&2 A3 o3 WHE o
A ARSI T

H

& Zh7he]l A4 dEfe] mE kst
T T FEE A H]*’ stttk Fig. 72 ©F
M el @ (acetylene) 2 LAl(alkene) AL F2 ®F
3}4=4 & E(ethane, propene, 1-butene, 1,3-butadiene,

shelnt.

1-pentene)= H] 2l

250 I I I T

Split Injection
***** Single-1
— - - --Single-2 I

N
o
=]

o
=]
T

100[~

HC Concentration [ppmC1]

o
=]
T

Clt C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14+
Carbon Number [-]

Fig. 5 Comparison of engine-out HC distribution by the
carbon number bin

N
o
o

Split Injection
Single-1
Single-2

BN

60

40

20

Relative HC Concentration [%, C1 base]

Partially Burned HC Unburned HC

Fig. 6 Relative HC compositions grouped into partially
burned HC and unburned HC

Fig. 8 & %r&=:(aromatics) * Al
(benzene)} EF<l(toluene)S W] L3} T} Fig. 9 &

W EF(methane)® I 9o F8 = &A1 (n-
alkane) Al e ©slrad TS vlasglth 17l
A 4= 959l split injection o] H§- EE &3}

T Fo Fx7F 7P WkaL, single-1, single-2 2]
TA 2 SIS ol THC W& A3 ¢
gk A3t

Fig. 10 & "&3} CO 2] THC o tigt v E A
7F A Ad el siEsteE AP (air to fuel

ratio) wFekA UERIITE ANl HHe AR

=T =

100
80 2  Split
N Single-1
B  Single-2
60

40

20

HC Species Conc. [ppmC1]

acetylene ethene propene 1- 13 1-
butene butadiene pentene

Fig. 7 Comparison of acetylene and several alkenes

concentrations

50
g 40 A split N
€ r N Single-1 1
g L B Singe-2 | ]
¢ 30 N
2 L i
o
3 20 - ]
(5] = 4
[}
2 L
5] L
o 10 —
I L

0 L NANNNN ANNNNNNN

benzene toluene

Fig. 8 Comparison of benzene and toluene concentrations

1o F A Ssplit

E N Single-1
g 88 B  Single-2
£ £ -
I E |
K= £ ]
¢ 66 =
2 E E
Q r 3
o £ |
8 4 b =
(5] - |
2 £ E
Q. = |
5] E E
o 22 E
T r

methane n-decane n- n- n- n-
undecane dodecane tridecane tetradecane

Fig. 9 Comparison of methane and several n-alkanes
concentrations
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25 700
) ;\ =—&=methane/ THC o600
— 20 CO/THC =
2 \ 500 =
U 15 - 400 =
= \ g
i - 300 T
% 10 =
E ' 200 S
T oo~ - S
) S~ — 1007
0 T T T 0
10 20 30 40 50

Combustion A/F Ratio [-]
Fig. 10 Comparison of the ratios of methane to THC
and CO to THC w.r.t. a combustion A/F ratio

15
- =—#=acetylene/THC
= =~ ethene/ THC
2 12
g i alkenes ('3 to C5/THC
. /-\
I THC
g 9 -/ benzene THE:
[_‘ —=toliene/ THC
g o - ——
Z 3 >
g :_{._ : |
——
0 T T T
10 20 30 40 50

Combustion A/F Ratio [-]

Fig. 11 Comparison of the ratios of acetylene, ethane,

small alkenes, benzene and toluene to THC
w.r.t. a combustion A/F ratio

(=]

I oHlEe] ST g4 S o .
Fig. 11 & oS B3RS 22 A& (small
chain) €7l (propene, 1-butene, 1,3-butadiene, 1-
pentene ©] 3 E WFE Al WAy 519
THC © tist v]&S Fdnlel  diste] 1A
o adelA & ko] ohMEHE Fdnl g
5o webd LoHjEo] FIbeRlvh ey o
& AL vmAes wvslas FEE T ORY
(bell shape)e] X E
AES Holx =
Fig. 10 ¥} Fig. 11 258 i 7] A4
Hxl wgh, opAlddl B Cco = ]
el weps F7kshe B3-S =
A S7F v ol EAdnvE 5 el w
g dAd FAolA Arel Fofdts A w7t
ZolA dal g (pyrolysis) LA F7IE HEh oA
gddl, co ¢ ZE A 7] AAEEY HE0]
S7he Aog waEd

Hl)
4. 2 =
2 dA9E 170 AdEd ARHEA gA d3s
o]-&3}o] 1500rpm 3.9bar BMEP ZZ oA A]|7}A]
AL A mE w77t wlE 54 2 GC-FID
S o]l g5t BIlgeAh T BEAS et o]

25H b5 285 AUtk

- Split injection ¥} 5= FAFYHS ©] 83} EGR &
33% 333 single-l <& PM-NOx “JHb #AE B
Stk F BARS ARESRaL, L E S 1000bar
74A F7HA 715l EGR & 45% &date] ZshA <l
= Sdste] dE3E S7HAA Single-2 WS
olz]gk PM-NOx A¥##AIA Helvh pPM %
NOx &*| Azte] 7hsstdltt.

- '8l a T A A3, THC = 239 5
A3stA el BAgLel split injection ©] 7H
A &S H$la, single-1 18] 3L single-2 7} 7}
% wol w3l
- wg, oAl % Co ] THC o thgh H&&
An7t FFal Hel webd Frkedal ol &
H

=

&

A7t BTl wE da FoIA A FE}

Haz At Fe9Y) gEoE Buw,
Anes
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