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MBT (Maximum Break torque) : Hoj A5 B3

NOx (Nitrogen Oxide) : & A&4+3}&

PCV (Pressure Control Valve) : &8 Aol 8

PM (Particulate Matter) : 4= &2

PN (Particulate Number) : ¥Ad &2 74

SCR (Selective Catalytic Reduction) : A eHA 3+ Zuj

THC (Total Hydrocarbons) : &&ta<+4
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Fig. 1-2 DME molecular structure (CH3OCHa)
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Table 1 physical properties for DME and other fuels [11]

Fuel

DME

Diesel

Propane

Btan

CNG

Methanol

Ethanol

Gasoline

liquid
Density
(kg/m3)

667

831

500.3

578.8

795

789

750

Relative gas
density
(air=1)

1.59

1.52

2.07

0.56

Cetane
number

>55

40 ~ 55

40/50

Chemical
structure

(CH3)20

C3H8

C4H10

CH4+rest

CH3OH

C2H50H

Stoich. A/F
Ratio (kg/kg)

9.0

14.6

15.88

15.46

16.86

65

78

30/190

% wt.
Oxygen

34.8

50

35

LHV,
MJ/kg)

28.8

46.35

45.72

49

19.8

26.4

43.2

Ign, Limit,
A

0.34/

0.48/

0.42/2.0

0.36/1.84

0.7/2.1

0.34/2.0

0.3/2.1

0.4/1.4

Ign, Limit,
% Gas in
air

3.4/18.6

0.6/6.5

2.0/9.5

1.7/8.6

5.0/15

5.5/26

3.5/15

Vapour
Pre(293K),
(MPa)

0.53

0.83

0.037

0.021

Auto Ignition
Temperature
, C

235

250

470

365

650

450

420

Min. Ign.
Energy( A =1)
, mJ

0.29

0.305

0.38

0.32

0.215

0.65

Heat of
Vaporization,
kJ/kg)

460
(=20C)

250

372

358

510

1110

845

420

Liquid
specific
heat,
(kJ/kg - K)

2.2

2.5

24

0.63

2.6

2.5

2.4

Gas. specific
heat,
(kJ/kg - K)

2.99

1.7

1.67

1.68

2.2

1.72

1.7
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Fig. 2-1 Common rail type DME engine
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Table 2 Specifications of the experimental engine

Category Value
Engine model D4GA
Engine type 4 cycle, water cooled

Displacement (L)

3.9

Injection type

Direct injection

# of cylinder 4-in line
Aspiration Turbo-charger

Bore X stroke (mm) 104%x115

Compression ratio 16.5 : 1

Max. Power

150 PS @ 2,500 rpm

Max. Torque

59 kg +m @ 1,400~1,800 rpm

Emission standards

Euro 4

Table 3 Specifications of Dynamometer

Category Specification
Mode | DYTEK-230
Type Eddy—-Current
Max. Power (PS/KW) 310 / 230
Max. Torque (N« m/kg e« m) 833 / 85
Max. Engine Speed (rpm) 8,000
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Fig. 2-2+& A3 A& DME & 11
gz Ade FTAYT B T¢I 8HIE DME 54 183k
DME A&7} 718387 wh3lng agdagze 4 g8 2
5 AAE wASQen, DVMEE 94 A o wdao] 4§

FE4 2 B4 s ARYAETIID AYe v}
TgARHE BFdAe] fEBRL FANA JE DAngdszo
Efand of 176%% 271 A7 328 98 /32 Fugd

Fig. 2-3& 2 d7od Agd ngedmgze U7 e 9B
BoschAbe] <lebel mQPAEPLe] Adsolh DYARPLY AZE Fo|
A7 =ZBAZH APl A FHS AYwor], IYARHu
AZE Fo| HASA HW AZE F3 7 FAAE HEAL Q& A
5787 Btk ABol HASA Hr e me] uwlet nYgARPL
EAAB £4 €52 A Hul, oW FAAL Y% 5L ¥ 0
AT ool Qe A7 GEHY ANIYE ESHE Aol

Fig. 2-2 High pressure fuel pump for DME
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Table 4 The specification of DME high pressure fuel pump

Category Specification
Type plunger
supply Pressure (bar) 7~ 1
Max imum Pressure (bar) 680

Flow rate (kg/h)

133 @ 1000 rpm

Number of Plunger 4

Maximum Speed (rpm) 1,450
Temperature (K) ~ 353

Number of Discharge 4

Pipe

MV

From
feed pump

shaft

(Normal open type)

Inlet check
Outlet check

To common-rail

Hﬂ__ﬁ,Cylinder
l" i Bore
Plunger
spring
Stroke Cam #1
v »~ Cam#2

Fig. 2-3 Conceptual diagram of in-line pump operation
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AAg L4 DME AXeY wjE7tAES  BEAEr] el HORIBAALY]
MEXA-9100D< AH&3th & AuE T3t A wiErt»~ T/e CO,
THC, NOx& ZAstdor, &7t 4 Avle wE&7t2=9 T/ wet
=4 dEgyt @tk Figo 2-4& wiE7t=33% Adlola, Table 62
Hj &7t 2o g 54 WHS JERd ®oh

COE HE2 HYM EAHNDIR : Infrared analyze)S AF&3t]
4%t o] e 5 AdAYUAE 7HR F MY AYAHde shyb= Sample
Gas Celldl], t}& 3}l )= Reference Gas Cello] ERAAH F oA TF3l=
A oA} Aol 5 o] &3l FAHsE WA otk THCE €4 &%
o]23} HAZ=7IHHFID : Heated Flame Ionization Detector)& A}83}9 1L,
NOx= 3}8t# w3373 (Chemiluminescent) ©. 2 =2 &} th.

| HORIBA
| ¥ "

EETHEET"
rgp—
e

Fig. 2-4 Emissions measuring device
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Table 5 Emissions and measurement methods

Category Specification

Model MEXA-9100D
Measur ing

Co €02 THC 02 NOx
component
, Infrar Magneto- , ,

Measur ing Infrared Flame , Chemi lumines

o ed o , pneumatic
principle analyze ionization cent analyze

analyze analyze
Measur ing 0~ 0~ 10 ~
0~ 20% 0~2,000 ppm
range 3,000 ppm 20% 50,000 ppmC

=3 DME 859 ¢4 Al 9Ast= PN(Particle numben2 Z743}7]
23t GRIMM Aerosol Technik AFe] 8= <= A4 Zx](Condensation
particle Counter ©]&} CPCZ <¢FA3$HQl Model 5431& AF&3Fth. CPC
Model 54312 Euro 5 ¥ 6 7+ 83¢] tid GPRE YA &4 == (PMP,
Particle Measurement Program)< +4=3tH 25 nm °]4 =7]9] Y=o
N 552 24T 4 Aok A 50,000 p/em’e] &Y AA71A ZHH)
Fig. 2-b= &% YA Al & CPC Model 5431 &x] AFzlo]t},

ARE Lo dHe A3 f8l KistlerAke] 6052c 4HAAE o FE &
A2 A8V FaEHE #ldd AA 3. Fig.
2-62 AWHLY dES A3 fAs) AR

2 H EAAN e md AA
ARol AgteoldE Alolth Table 6 ¢+ AAY AYS Ve
AT
Fig. 2-72 % ®xz A@AH Y 7=g=o|ty. DME ds+ = HIE
AX™ 5 bar® ok =2 ¢go T AnFFAxHOZ FFHY I olF=
DME 59 o] Yol AddA 729 FH=E &A% shx|Rt
F2oA 5 bar ol ¢#EES TIsHA HOH 24 A HEE
FAHY Aojsl7 7 HYs Atk A5 FF Al2EHA 1YASHIZ DME
A7 FEEH, AgAEHEZIL AEste] AWE Yo DMEE EEdo=
F9Me FAsta, AR AlsE we QIAEHA A8Vl EAMECT. ASEA
T JAE Es AUEeA LTAstE 2" DME dEse 8 A2®ES




53t ¥Z®l F DME 98502 Eop/iAl Fd. AW folymng
st Hatel FAFE Aojstfon <A wir] 2klelA Maxa 91002
T3 ARH L4 DME dx1o] wiErt~E S4 Yo

Fig. 2-5 PN measuring device Condensation particle Counter
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Table 6 Specifications of common rail pressure sensor

. 2-6 common rail pressure sensor

Category Specification
Model 6052C
Measur ing range (bar) 0 ~ 250
Over load (bar) 300
Sensitivity(pC/bar) ~-20
Operating temperature range (° C) -20 ~ 350
Temperature min./max.(° C) -50 ~ 400
Sensitivity change
<+0.5
200 ° C £50 ° C (%)
Thermal shock error
(at 1 500 1/min, IMEP = 9 bar) <+0.5

Ap (short-term drift)(bar)

_’]8_



&)ooling System)> \
z il i:?
—- |
Chiller2 ‘ l_

Fuel Supply
System

Chiller1

Engine

MEXA 9100 Dilution Condensation
equipment  Particle
Dyno& Engine Counter
Controller Exhaust Gas Analyser
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Fig. 2-8 High Pressure Fuel Injection Pump Bench Test Experiment Equipment

Fuel Supply
System

Fig. 2-9 High Pressure Fuel Injection Pump Bench Setting Schematic Diagram
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Fig. 2-10 Injector driver and PCV valve driver

Fig. 2-11 AC/DC Current Clamp
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Table 7 Specifications of AC/DC Current Clamp

Category Specification
Mode | 80i-110s
DC 0.1 ~ 100
Current Range(A) AC 01~ 70
50mA to 10A +/- 3% of reading
100 mV/A
+ 50mA
. 50mA to 40A +/- 4% of reading
Basic Accuracy 10 mV/A
+ 50mA
40 A ~ 80 A +/- 12% of reading + 50mA
80 to 100A
. 10 A range 100
Output Signal(mV/A) 100 A range 10
Bandwidth(Hz) 1 ~ 20,000
Working Voltage(V, AC rms) 600
Fig. 2-12& TQARFZe] P2 BE AAH BALS A
9s A2 Bosch(1996)7F Atk Bosch Tube W& wel Alztdl HEARE
Aolt}y. Measuring tube’} 2173 0.25 7 o] WAL 0.18 7 o]w Zolr}
10.85 mel zH|¢lgl2~ FH7E A4 250 mme Y FHE A AT} Bosch
Tube HL A57} 715 3 Fo A8E BEAE o # YFHo 4y WHsE
SAste EAFE S Aldtste WHOE o FEdolH Fo] €2 30
barZ FA= deElolA BEAGT, HIXHZEAAL JAAH EAF Alos
WA 712 A RIS 2 7 JIAEH EEolHE ARSI
= I 2. FFE dsvr o

_23_



F, A uel el
= oy gty Wz

Fig. 2-12 Bosch tube injection rate meter

P, _, b +dp
(c-u) (c-u-du)
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Fig. 2-13 Control volume of inside pipe for measuring injection rate
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Fig. 2-15 Method for setting experimental conditions for high-pressure fuel injection pump
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Table 8 Injection pressure and injection rate test conditions

Case

RPM 420rpm, 600rpm, 780rpm
Injection pressure
[bar ] 200, 250
Injection duty
[ms] 2, 4, 6, 8, 10
Injection condition MEAL S=AH F2A
—— Injection Signal
—— Injection Pressure
—— Crank Signal
3.0 00014 350
2.5 AP Al A |—\ 300
A& S SO
Ve o=t xpo| [0
2.0 /
s EALE 2A o4 %
%].5 g
g 150%
100
0.5
50
ool
0y 0.000 0,005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 i
Time(s)

Fig. 2-16 Establishing criteria for analysis of injector injection rates
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Fig. 2-17 A condition in which the TDC arrival timing of the No. 2 plunger of the
high-pressure fuel injection pump and the TDC arrival timing of the No. 2 cylinder
of the engine are matched.
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0.28
0.35
1.9

INJ 1

Type
NO, of holes
Nozzle hole
diameter (mm)

Niddle Lift(mm)
0il hole diameter (mm)

Table 9 Injector design specifications
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600 rpm, Rail prssure 250 bar
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600 rpm, Rail pressure 250 bar
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600 rpm, Rail pressure 200 bar, Injection duty 10 ms
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Fig. 3-17 Rail pressure for each condition according to the load factor (1400 rpm)
(@) load 40% , b) load 90%, (c) load 100%
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Fig. 3-19 Rail pressure for each condition according to the load factor (1800 rpm)
(@) load 40% , b) load 90%, (c) load 100%
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Fig. 3-21 BSFC at each rpm under load condition of 90% of diesel engine power
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Fig. 3-22 BSFC at each rpm under load condition of 40% of diesel engine power
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Fig. 3-24 THC at each rpm under load conditions of 40% of diesel engine power
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Fig. 3-25 CO at each rpm under load conditions of 90% of diesel engine power

_56_



1000 - Load:40%
—@— T EA}
SEAM
800 - _m— =
—
€ 600 4
o
o
N
O 4004
(& ]
200 .\
[
.§ ,_<
f e
0

I I 1 I L] I I
1400 1500 1600 1700 1800 1900 2000
rpm

Fig. 3-26 CO at each rpm under load conditions of 40% of diesel engine power
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Fig. 3-27 NOy at each rpm under load conditions of 90% of diesel engine power
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Fig. 3-28 NO; at each rpm under load conditions of 40% of diesel engine power
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Fig. 3-30 PN(over 23 nm) at each rpm under load conditions of 90% of diesel engine
power
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Fig. 3-31 PN(over 23 nm) at each rpm under load conditions of 40% of diesel engine
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Fig. 3-32 Maximum power of each pump according to rpm
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Fig. 3-34 Power of each pump as a function of rpm at load condition of 40% of diesel
engine power
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Fig. 3-36 Rail pressure for each pump according to the load factor (1400 rpm)

(@) load 40%, b) load 90%, (c) load 100%
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Fig. 3-37 Rail pressure for each pump according to the load factor (1600 rpm)

(@) load 40%, b) load 90%, (c) load 100%
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Fig. 3-38 Rail pressure for each pump according to the load factor (1800 rpm)

(@) load 40%, b) load 90%, (c) load 100%
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Fig. 3-39 Rail pressure for each pump according to the load factor (2000 rpm)
(@) load 40% , b) load 90%, (c) load 100%
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Fig. 3-40 BSFC at each rpm under load condition of 90% of diesel engine power
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Fig. 3-41 BSFC at each rpm under load condition of 40% of diesel engine power
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Fig. 3-42 THC at each rpm under load conditions of 90% of diesel engine power
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Fig. 3-43 THC at each rpm under load conditions of 40% of diesel engine power
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Fig. 3-44 CO at each rpm under load conditions of 90% of diesel engine power
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Fig. 3-45 CO at each rpm under load conditions of 40% of diesel engine power
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Fig. 3-46 NO; at each rpm under load conditions of 90% of diesel engine power
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Fig. 3-47 NOy at each rpm under load conditions of 40% of diesel engine power
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Fig. 3-48 PN(over 23 nm) at each rpm under load conditions of 100% of diesel engine
power

1E15
Load: 90%, OVER 23 nm
—o— STD-PUMP —&— CPV-PUMP
1E14
=
= 1E13
=
¥
= 1E12
o
P ——
1E11
1E10 T T T r
1400 1600 1800 2000

rpm

Fig. 3-49 PN(over 23 nm) at each rpm under load conditions of 90% of diesel engine
power
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Fig. 3-50 PN(over 23 nm) at each rpm under load conditions of 40% of diesel engine
power
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Fig. 3-51 Maximum power according to injector nozzle conditions at each rpm
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Fig. 3-52 BSFC according to engine speed for each injector
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Fig. 3-53 PN according to injector type (5 nm or larger particles)
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Fig. 3-56 Maximum power according to the engine speed of the injector
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Abstract

A Study on Performance Characteristics of
Common Rail DME Engines According to
Optimization of Fuel Injection System

Graduate School, University of Ulsan
Dep. of Mechanical Engineering
ChangHyeon Bae

Recently, climate change and global warming are issues all over the world.
Efforts are being made in various fields to solve this problem. In the
transportation field, measures such as electric vehicles, hydrogen vehicles, and the
use of E-Fuel instead of existing fossil fuels were proposed for carbon neutrality.
Among them, E-Fuel refers to fuel produced through hydrogen obtained by
electrolysis of water and carbon dioxide in the atmosphere. Representative
examples include e-methanol, e-DME (Dimethyl Ether), e-gasoline, and e-diesel.

DME has been attracting attention as a fuel that can replace diesel due to its
high cetane number. When combusting with oxygenated fuel, PM, which is a
problem with diesel engines, does not occur, and NOx emissions are lower than
other fuels, and it has the advantage of being further reduced through EGR.

Although many studies on DME fuel have been conducted, common rail DME
engines have not been commercialized yet, and common rail DME engines are
considered to be in the stage of performance improvement and optimization. In
this study, we tried to improve and optimize the performance of the common rail
DME engine by conducting a study on the optimization of the high-pressure fuel
injection pump and injector among the fuel supply systems that have a great
influence on the performance improvement and optimization of the common rail
DME engine.

In the experiment, a 4-cylinder 3.9L, 16.5:1 diesel engine with a common rail
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fuel injection system was used, and the experiment was conducted using a
high-pressure fuel injection pump and injector manufactured by a domestic
company in consideration of the characteristics of DME. In addition, the ejection
rate according to the experimental conditions was confirmed using the Bosch tube
method ejection rate meter.

The experimental conditions are ’'pre-injection condition’ in which fuel is injected
before the high-pressure fuel injection pump reaches top dead center, ’same
injection condition’ in which fuel is injected when the high-pressure fuel injection
pump reaches top dead center, and It was named ’post-injection condition’ in
which fuel is injected after reaching top dead center.

Through the injection pressure and fuel injection amount measurement
experiment of the high-pressure fuel injection pump, as the in-line high-pressure
fuel injection pump is used, the pressure of the common rail fluctuates under the
influence of the plunger’s fuel discharge. Due to this effect, it was confirmed that
the injection pressure was changed when the plunger timing condition was
changed, and the injection amount was changed. As a result of comparing the
three conditions, the injection pressure was higher in the post-injection and
pre-injection conditions than in the same injection condition. Considering the
injection amount, the post-injection condition in which fuel is injected when the
plunger of the high-pressure fuel injection pump passes the top dead center was
judged to be the best condition. Although the fuel injection rate varies depending
on the injection pressure, the difference in injection amount occurs due to the
influence of the plunger, and it is judged that it can affect engine performance.

As a result of the comparison test of engine performance and exhaust gas
characteristics according to the plunger compression timing and injector fuel
injection timing of the high-pressure fuel injection pump, the same injection
condition showed the most similar output to the diesel engine. However, in terms
of BSFC (Brake specific fuel consumption), it is judged that the post-injection
condition in which fuel is injected after the plunger of the high-pressure fuel
injection pump passes the top center is suitable for a common rail type DME
engine.

The results of engine performance comparison experiments according to the
types of high-pressure fuel injection pumps show that the characteristics of the
CPV-PUMP are that it secures more flow in the low-speed section and is designed
to prevent secondary injection by damping. However, as a result of comparing
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output, BSFC, and exhaust gas, the CPV-PUMP had a smaller flow rate than the
STD-PUMP, resulting in lower output and common rail pressure. It was also
confirmed that more fuel was used when producing the same output. Overall,
STD-PUMP is judged to be a suitable condition for a common rail type DME
engine.

Finally, looking at the engine performance test results according to the design
parameters of the injector, the INJ 3 nozzle with 4 holes of 0.4 mm in diameter
satisfied about 98% of the output of the diesel engine. However, when considered
in terms of exhaust gas, it was confirmed that more than three times more
exhaust gas was emitted than the other two conditions, so it was judged to be an
unsuitable condition. Considering the aspects of output, exhaust gas, and BSFC, INJ
2 with 6 holes with a diameter of 0.25 mm was the most suitable condition. As a
result of examining the two conditions of 1.9 mm and 2.5 mm of oil feed hole
diameter, it is judged that 1.9 mm is a more suitable condition.

Through these experimental results, the optimization conditions of the common
rail type DME engine are as follows. The timing condition of the high-pressure
fuel injection pump plunger is set to the post-injection condition in which fuel is
injected after the plunger of the high-pressure fuel injection pump passes the top
dead center. As for the type of pump, BSFC uses STD-PUMP, which is better than
CPV-PUMP, because sufficient flow rate is secured. The injector nozzle is when
using an INJ 2 with 6 holes of 0.25 mm in diameter and an oil feed hole diameter
of 1.9 mm.
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