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ENGIN
- Background )
DME HCCI Combustion
W.in Dual Fuel Engine (DME&LPG)
& HCCI Combustion
in Dual Fuel Engine (DME&LPG&Gasoline)

LPG HCCI + SCCI Combustion
¥.in Dual Fuel Engine
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d Advantages and disadvantages of HCCI engine

Advantages Disadvantages

» Usage of the different type of
fuels

» Excessive combustion rate

 Ultra low NOx & PM emissions * Engine noise

* Improved fuel economy  HC and CO emissions

Active control method i1s ne®&
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1 Research fields of HCCI engine

|
Fuel characteristics

EGR and internal EGR Gasoline
Direct injection LPG
Compression ratio DME

Intake charge Hydrogen
temperature Methanol and Ethanol




Fuels for Engines
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Biodiesel , Ethanol Methanol .
(B20) DME Diesel (E85) CNG LPG (M85) Gasoline
Methyl
Chemical esters of CH5OCH C,H CH;CH,0OH CH CsH CH;0OH C.H
Structure C16 to C18 3 3 nf11.8n 3 2 4 318 3 nf11.87
fatty acids
Cetane
46~60 55~60 40~50 N/A N/A N/A N/A N/A
Number
Octane 25 N/A N/A 100 120+ 104 100 80-90
Number
3.94to 1 or
. 11to1l
0,
E‘;fnrggrggtig or 90% 1.47t0 1 0.96 1.42t01 @ 300(235/'; 1.36t0 1 1.75t0 1 1
par (relative or 68% ' or 70% P or 74% or 57%
Gasoline to diesel) 30to1l
@ 3600 psi
Physical State Liquid Liquid Liquid Liquid C°mp5%5§§ Liquid Liquid Liquid
ice* 2.12
Average Price 2.91 - - 2.41 2.56 ; -
($ per Gallon) (per GGE)

*Clean Cities Alternative Fuel Price, September 2005
U.S Department of Energy
Energy Efficiency and Renewable Energy
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DME HCCI Combustion
In Dual Fuel Engine

- DME and LPG
- Injection location and Direct injection timing
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Pressure regulator LPG Su pply System

Supply pressure 5 MPa
Programmable ECU
roge
P

able ECU

Motec M4

Combustion
Pressure Transducer

Programm
Pressure regulator

|7 Lambda meter (LA4)

Exhaust Pressure gauge

Supply pressure 5 MPa I im' L O

Knock
sensor Exhaust Gas Emission
Analysers
Motec M4 | & 7 (MEXA1500D)
Programm 2 U Encoder
able ECU system
-
DME supply system AC Dynamometer
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xperimental apparatus
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0 Engine Specification

Type Descriptions
Number of Cylinder 1
Displacement, cc 494
Bore, mm 82
Stroke, mm 93.5
Compression ratio 13
Intake duration 228
Exhaust duration 228

Retard | Advance
valve | 1VO, ATDC 11 -29
Timing | jvc, ABDC | 59 19




Xperimental conaltions

ENGINE LAE

Engine speed (rpm) 1000 @ |

h —

3
DME injection quantity 13 a r
(mg/stroke) g i
LPG injection quantity o r
(mg/stroke) 1.08~7.9 2 L
Injection location Port/ % i Direct injection timing

. 1 |
In-cylinder £ J l ] l l
Direct Injection timing 5
160 ~ 350 v
(CAD) C ¥ P R S R
- 0 120 180 240 300 360 420

injection timing/Crank angle degree (CAD)




, Injection location & DI timing

- DME direct injection : LPG quantity 1 =» late and long combustion 1
- LPG direct injection : LPG quantity 1 = LTHR|, late HTHR & HTHR|

DME Direct Injection LPG Direct Injection

Engine speed : 1000 rf.

O timing : AT | IDME Direct Injection is more

DVE Injection Timing : DC 100

IVE Inection Quanti effective way to control 3T 340

LPG Injection Timing : . 13 mg/cycle
combustion phase

Only DME
——VLPG 3.6 mg/cycle
——LPG 5.1 mg/cycle
—— LPG 6.4 mg/cycle
——LPG 7.9 mg/cycle

Only DME |
——LPG 1.08 mg/cycle
——LPG 1.95 mg/cycle
——— LPG 2.89 mg/cycle
——LPG 4.33 mg/cycle

Heat release rate (J/CAD)
Heat release rate (J/CAD)

3;30 l atlio I 3;0 I 3&150 ' ' ) 3;30 ) 3tlio ' 37['0
Crank angle degree (CAD) Crank angle degree (CAD)

OLTHR : low temperature heat release rate, HTHR : high temperature heat release




- DME direct injection : LPG quantityt=>» IMEPf, Optimal DME DI timing
- LPG direct injection : LPG quantity 1=» IMEP?

DME Direct Injection LPG Direct Injection

Engine speed : 1000 . . . .
el [ \IE Direct Injection is more ef
DME Injection Quanti 5 .

: fective way to improve IMEP

LPG Injection Timing

LPG
=81 02 mg/fcycle
“# 1,95 mg/eycle
2,89 mg/cycle
=433 mg/cycle

&
=

LPG
+=0Only DME
—#= 36 mg/cycle
THETE1 mgfeycle
6.4 mg/cycle
7.9 mg/eycle

]
=]
=]

S
(=]
IMEP_gross (kPa)

IMEP_gross (kPa)

=
o
=]

L=

200 260 200 225 3230 235 240

LPG injection timing (CAD)

150 200 240 260 200 220 220 240 350

DME injection timing (CAD)




- DME direct injection : DME DI timing after 260 CAD =» NOx{
- LPG direct injection : late LPG DI timing & quantity = NOXx!

NOX (ppm)

DME Direct Injection

Engine speed : . . . . .
™ [ )\IE Direct Injection is more effective
DME Injection Q

LPG Injection Ti Way tO fe duce NOX

160 200 240 260 300 320 330 240 350
DME injection timing (CAD)

LPG
~#+=0Only DME
~8=3 6 mg/cycle
51 mg/cycle
6.4 mg/cycle
7.9 myg/cycle

NOx (ppm)

2]

LPG Direct Injection

200 260 300 325 330 335 340
LPG injection timing (CAD)

~#=1.08 mg/cycle
1,95 mg/feycle
=289 my/eycle
4,33 mg/fcycle




- DME direct injection : early and late DME DI & LPG quantityt=» HCt
- LPG direct injection : late LPG DI timing = HC|

DME Direct Injection LPG Direct Injection
dama | PG Direct Injection is more effecti

IVO timing : ATDC

DME Injection Qua ve Way tO redllCe NOX

LPG Injection Tim

LPG 1500 | LPG
—8-1.08 mg/cycle

THC (ppm)

—+—0nly DME
195 m cle
36 mg/eycle 1000 oy

51 mg/cycle
6.4 mgfoycle
—#=7 9 mg/cycle

289 mg/feycle
500 | ‘ 433 mgfeycle

200 260 200 325 230 2335 240

160 200 240 260 200 320 330 340 350
LPG injection timing (CAD)

DME injection timing (CAD)




— DME HCCI combustion in Dual Fuel Engine ENGINE LAE

1. DME direct injection is effective way to improve

Combustion phase

IMEP
NOX emission

2. LPG direct injection is effective way to improve

HC emission

14




HCCI Combustion
In Dual Fuel Engine

B
- Gasoline + DME HCCI
- LPG + DME HCCI
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xperimental apparatus e

Pressure regulator

- DME supplying system

Supply pressure 5MPa /

DME direct injection system

1 Programmable ECU
rogel I .
Gasoline
Gasoline|poxt fuel injectioh system
“ Gasoline tan \ Combustion
I Pressure Transducer
Fuel rail
L~
— Lambda meter (LA4)
Exhaust Pressure gauge
Supply pressure 1.5MPa :ﬁ@t-
> (@)
Knock
I K ) sensor Exhaust Gas Emission
ntake Analysers
Motec M4 | charge y . (MEXA1500D)
P Programm heater Y Encoder
able ECU system

LPG port fuelinjection system 16
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Cylinder pressure [MPa]

vl

IRl

D

IVO timings \

AT/

EVC timing

1 | | PR I '

Crank angle degree [CAD]

O Experimental conditions

Engine speed,
rpm

1000

IVO [ATDC]

-29, -19, -9, 1,11

DME injection
timing [ATDC]

110

2.12,2.41, 2.57,

MroTaL 2.77,2.91
MoME 3.7
Intake air 30
temperature, °C
Coolant/0il 80 / 80

temperature, °C

17
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IMEP in Gasoline HCCI [bar]

Lambda total

-20 -10
IVO timing

23

10

2.90
2.85
2.80
2.75
2.70
2.65
2.60
2.55
2.50
2.45
2.40
2.35
2.30
2.25
2.20

IMEP in LPG HCCI [bar]

29F

N
~
\\I\\

N
(<]
LN B

Lambda total
N
[6)]
T

-20 -10 0
IVO timing

IMEP

Gasoline

< IMEP, ,; = latent heat and octane number]

IMEP was decreased due to negative Work]

Maximum IMEP region

Heavy knock region

10
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; Ringing intensity

Ringing intensity in Gasoline HCCI [MW/m2]

2.9

2.8

2.7

N
o

Lambda total
N
[6)]

N
>
T 1

15.00
14.00
13.00
12.00
11.00
10.00
9.00
8.00
7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00

IVO timing

Lambda total

Ringing intensity in LPG HCCI [MW/m2]

2.9

2.8

2.7

N
o

N
3

N
N
T

1.60
1.50
1.40
1.30
1.20
1.10
1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

L -lo L
IVO timing

Ringing intensity represents knocking characteristics

Ringing intensity
1 ' yR

RI=

2.y P

From Eng. (2002)

713005 y
v 20050 )




KAIST

Summary - HCCl combustion in Dual Fuel Engine

Combustion characteristics v Combustion characteristics

1. The operating range of LPG-DME HCCI engine was wider than that of
gasoline-DME HCCI engine due to higher latent heat of vaporization and
octane number.

2.Ringing intensity represents knocking characteristics

3. On the basis of IMEP drop, the high load operating range of the test
engine was limited to under 0.5 MW/m2.
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LPG HCCI + SCCI Combustion
In Dual Fuel Engine

I
- LPG direct injection + DME port injection

21
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Pressure regulator LPG Su pply System

LPG

Supply pressure 5 MPa
roge
P

Programmable ECU

Motec M4
Programm
able ECU

Pressure regulator

DME

Combustion
Pressure Transducer

|7 Lambda meter (LA4)

Supply pressure 5 MPa

Motec M4
Programm
able ECU

DME supply system

Exhaust Pressure gauge

Knock
Sensor Exhaust Gas Emission
Analysers
& (MEXA1500D)
v // Encoder
system

AC Dynamometer
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Xperimental conaltions

ENGINE LAE
6 535 O Experimental conditions
— O [0.15} IVO timings N Engine Speed
g _ ‘ \ l g (rpm) 1000
o [ 1°w Intake Val
£ itaxe valve 29, -19, -9, 1,
@ | o005 l Open timing 11
qg_ EVC tlmlng (CAD)
- 000ttt
§ 2L -35-30-25-20-15-10 -5 0 5 10 15 o . O’ 100, 200,
E, . _ LPG injection timingsl t%rlj]?nlnje(éi%n) 300, 320, 325,
E 1 J 335, 340, 350
)
0—50 0 . 5.0 . 1(I)O EO . 200 . 250 . 300 . 350 . 400 . 450 . 500 )\'TOTAL 1667
Crank angle degree [CAD] )\‘DME 3.7
Intake charge 30
temperature (°C)
Coolant / Oil
temperature (°C) 80 /80




, Exhaust gas

NOx emission [ppm]

600

500

400

300

200

100

1VO timing
» —u—_29 CAD
—e—-19 CAD
—A—-9CAD
B —v—1 CAD
11 CAD
b . —
PR S N T IS TR Nl N N N
30 60 90 120 150 180 210 240 270 300 330 360

Injection timing [CAD]

HCCI region

* No soot and NOx emissions

0 ~ 300 CAD of SOI

Soot emission [FSN]

4.0

3.5

3.0

2.5

2.0

15

1.0

0.5

0.0

HC emission [ppm]

[ IVO timing
- —m=— .29 CAD 7
r —®—-19 CAD |
- —4--9CAD
' —v—1CAD L
o 11 CAD
L \.
- °
- A
| S N S, P S T P e S Aoy
30 60 90 120 150 180 210 240 270 300 330 360
Injection timing [CAD]
2200 1.3
12 o timing
2000 » 1.1+ —m—-29CAD -
F 1.0 —® -19CAD
S, —4—-9 CAD
1800 L
'\? 09 v 1caD
2,08 11 CAD
1608 corf
o
. ‘% 06
1400 IVO timing o f
| —m=—-29CAD £ 05 /vM
—e—-19 CAD 0.4
1200, gcap 3 0sf oy
—v—1CAD L /,/
1000 11 CAD ey ———————— &
0.1 p= 2
800 TP T R SR SR R S SR | 0.0 T ——
30 60 90 120 150 180 210 240 270 300 330 360 0O 30 60 90 120 150 180 210 240 270 300 330 360

Injection timing [CAD]

Injection timing [CAD]
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, Exhaust gas

ENGINE LAE

3.2
—_
—
]
o]
e
[a
UEJ IVO timing
= 24 —m—_29CAD
—e—-19 CAD
—A—_9CAD
22 —v— 1 CAD
11 CAD
20 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
0 30 60 90 120 150 180 210 240 270 300 330 360

Injection timing [CAD]

Decreased IMEP
Early start and

end of combustion

|

Increased negative work

Start of combustion [CAD]

End of combustion [CAD]

356

354 -

352

350

348

346

344

342

374
372
370
368
366
364
362
360

358

356
354
352
350

1VO timing
—m—-29 CAD
B —e—-19 CAD
F —4A—-9CAD
L —v— 1 CAD
11 CAD

0 30 60
Injection timing [CAD]

4

r 1VOtiming
—m—-29 CAD
—e—-19 CAD
—4—-9CAD
- —v—1CAD
11 CAD

e

—— |
[§:><'///.iA /Y

0 30 60 90 120 150 180 210 240 270 300 330 360
Injection timing [CAD]

S

Burn duration [CAD]

32
30
28
26

22
20
18
16
14
12
10

oN MO

90 120 150 180 210 240 270 300 330 360

E 1VO timing
I —=—-29CAD
I —®—-19CAD
[ —4--9CAD
[ —v—1cAD
C 11 CAD .
1 1 1 1 1 1 1 1 1 1 1
0 30 60 90 120 150 180 210 240 270 300 330 360

Injection timing [CAD]




; Ignition timing ENGINE LAB

Start of combustion [CAD]

356

w
al
N

w
a1
N

w
a1
o

w
I
®

w
2
o

w
~
=

342

1VO timing
—m—-29 CAD
—e—-19 CAD
—4A—-9CAD
—v— 1 CAD
11 CAD
........................

0 30 60 90 120 150 180 210 240 270 300 330 360
Injection timing [CAD]

Homogeneous DME

LPG spray First: DME auto-ignition
at LPG lean region

Second: LPG auto-ignition

at LPG rich region by the

heat and pressure of DME
auto-ignition 6




, Effect of LPG on ignition delay ENGINE LAE

DME auto-ignition

DME low temperature oxidation

CH,OCH; + OH - CH,OCH,, + H,0
by heat and pressure

Homogeneous DME

LPG spray

First: DME auto-ignition at LPG
lean region

v
Second: LPG auto-ignition at LPG
rich region by the heat and

High temperature Low temperature region pressure of DME auto-ignition

region due to vaporization of LPG
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, Effect of LPG on ignition delay ENGINE LAE

Temperature of mixture just before auto-ignition

7
LPG + DME premixed  LPG stratified+ DME premixed T sl I—dmcko ,/: \\
(0 CAD injection of LPG) (325 CAD injection of LPG) = ;Il ‘\\
% N \
§ 3- ,/5 \
5 | / \\
L 2 /
2 | N
= 1 ,/ e’
o T I
%00.310.320.330.3 .350.360.370.380.390.400
Cranfangle [CAD]
4.0
—_ L —TO0CAD /
g 35|~ 7°325CAD I //
% 3-0- _ -7 /
676K @ 344 CAD 731K @ 339 656K § | Rty
S 25 o /
CAD ; | . P
E 2.0 = ’,/
5 L=
Isentropic compression “336 s 340 a2 344 M6 348 350

Crank angle [CAD]




, Effect of LPG on ignition delay ENGINE LAE

Cetane number of mixture just before auto-ignition

LPG + DME premixed  LPG stratified+ DME premixed T sl I—dmcko ,/: \\
(0 CAD injection of LPG) (325 CAD injection of LPG) 2 sl :Il \\
% 4 \
§ 3- ,/5 \
; 5 ,/ \\
2 N
3 1_/,/"‘/ T

0 L L L L L L L L L
300 310 320 330 340§ 350 360 370 380 390 400

e ——

Crank gngle [CAD]
4.0
—_ Lo == 0.CAD /
$ ;5L ~—1°3250¢AD Y /
EI | //
S 30 ,»7/
Moderate cetane High cetane Low cetane & 2s SRl
- = 7
number region number number g R
region region 3 L=
15

336 338 340 342 344 346 348 350
Crank angle [CAD]
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— LPG HCCI + SCCI combustion in Dual Fuel Engine ENGINE LAE

The exhaust combustion characteristics of LPG HCCI and SCCI combustion with
VVT and DME were investigated. Following conclusions were drawn from
experiments.

1. The combustion and exhaust emission characteristics were significantly
different according to the injection timing of LPG.

2. The HC emission was reduced by LPG stratified charge combustion. However,
the CO emission was increased at local rich region.

3. The NOx and soot emissions were increased at local rich region when the
LPG was stratified.

30
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: IMEP increase . -
Single fuel Hccl & H9hcetane < Exhaust gas recirculation

Fuel (DME) - Late burn

(Dilution, Heat capacity)

Ignitiogtiming =» Combustion phase control

= Increased IMEP

High Octane 1
Fuel (LPG, Gasoline) Limited by knocking

Dual fuel
B_DC TD_C

Late

t injection timing

HCCI PCCI i Conventional CI
Local rich region and temperature drop

31
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The effect of mixture conditions on HCCI engine combustion fuelled with
gasoline, LPG and DME was investigated.

1.The HCCI engine with high octane numbered fuel like a LPG and gasoline was needed
to promote the auto-ignition.

= DME

2. Because of simultaneous effect of the ignition suppressor with high octane numbered
fuel and ignition enhancer with high cetane numbered fuel, operating range of HCCI
engine could be increased.

=» IMEP was limited by knocking resulting from higher increase rate of in-cylinder
pressure owing to the multi-point ignition.

3. Direct injection timing changed the combustion feature from HCCI to conventional CI.

=>» in-cylinder local rich region and temperature drop

32
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