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ABSTRACT

This study describes the spray, combustion and exhaust
emission characteristics of dimethyl-ether (DME) fuel at
various exhaust gas recirculation rate (EGR). Especially, the
high EGR rate was applied to reduce the nitrogen oxides (NO,)
in the low temperature combustion conditions. Spray
characteristics such as spray tip penetration, spray cone angle,
and tip velocity were investigated using the DME spray images
analysis which obtained from the spray visualization system
including high speed camera and constant volume chamber.
Combustion and exhaust emissions characteristics acquired
from the DME fueled single cylinder diesel engine and
emission gas analyzer, respectively.

It was revealed that DME spray had higher tip velocity than
ULSD at the same injection condition; however, the reduction
rate of tip velocity of DME was fast due to the evaporation.
DME fuel had short ignition delay when comparing ULSD,
however, the application of EGR make the ignition delay of
DME extended. In addition, EGR reduced the oxygen
concentration in the engine cylinder. With higher EGR, the
peak combustion pressure and the rate of heat release rate
slightly increased, and combustion phasing was retarded and
slower heat release was observed. DME combustion exhausted
lower soot and NO, emissions than ULSD, and it showed
similar or slightly lower HC and CO emissions. The application
of EGR significantly reduced NO, emission, however, the soot
emission showed negligible increment. In addition, HC and CO
emissions were increased slightly by EGR due to the reduction
of oxygen concentration and low cylinder temperature.

INTRODUCTION

Recently, the environmental conservation and energy saving
are an important issue in the industrial society. Especially, the
air pollution by the exhaust gases from an internal combustion
engine is essential environmental problem to solve. The major
nations tighten up the regulation for the exhaust emissions from
the ground vehicles. At the same time, they invest human
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resources and capital to develop the new combustion
technology [1-3], and to research the alternative fuels [4, 5] for
the simultaneous solving of environmental conservation and
energy saving.

The compression ignition diesel engine has superior thermal
efficiency and lower emission of carbon dioxides which is a
major reason of the global warming, compared to the spark
ignition gasoline engine. However, diesel engines exhaust a
large amount of particulate matter (PM) and nitrogen oxides
(NO,) due to the nature of its combustion characteristics. These
characteristics of diesel engine is difficult to satisfy the
strengthen regulation of exhaust emissions. Hence, many
researchers are attempting to reduce the diesel emissions using
new combustion technology (homogeneous charge compression
ignition, low temperature combustion etc.) and alternative fuels
(biodiesel, dimethyl-ether, liquefied petroleum gas, hydrogen
etc.). Among them, the representative alternative fuel to replace
the conventional diesel fuel is dimethyl-ether (DME). DME is
produced from the de-hydrogenation reaction of methanol.
Before this reaction, a methanol is derived from the synthetic
gas which consists of carbon monoxide and hydrogen as a main

NOMENCLATURE

Pamb [MPa] Ambient pressure

Piyi [MPa] Injection pressure

Mpwme [mg] Injection quantity of DME fuel
MyLsp [mg] Injection quantity of ULSD
tasoe [ms] Time after the start of energizing
SOE [degree] Start of energizing

EGR [%] Exhaust gas recirculation
I’i’lair [g/s] mass flow rate of total inlet air
m EGR [g/s] mass flow rate of total inlet air
. [g/s] mass flow rate of total inlet air
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component. DME is the simplest ether compound (CH;0CHj3)
that has the combination of one oxygen molecular and two
methane group, and have many advantages compared to diesel
fuel as follows: DME fuel is possible the diesel cycle operation
due to the high cetane number, and it can obtain the same
thermal efficiency and carbon dioxides of diesel fueled engine.
The formation and emissions of PM is very low due to the
oxygen content (34.8 wt %) [6, 7] and the absence of direct
connection between carbons. The absence of sulfur content in
DME caused no sulfur compound. Through the application of
exhaust gas recirculation (EGR) [8], it can be achieved low
NO, and low PM emissions. Many researches for the
application of DME fuel to diesel engine are actively
progressing as follows.

Suh et al. [9] studied the atomization characteristics of
DME fuel. They reported that the droplet size of DME is
smaller than that of conventional diesel fuel due to the low
surface tension and fast evaporation characteristics. Sidu et al.
[10] and Yu et al. [11] investigated DME spray characteristics.
They revealed that DME spray has a shorter penetration and
wider spray cone angle than diesel spray due to its excellent
atomization and evaporation characteristics at high ambient
pressure. Park [12] performed a numerical study on the optimal
operating conditions of homogeneous charge compression
ignition (HCCI) engines fueled with DME and n-heptane. He
analyzed the emission characteristics (e.g. CO, HC, NOy) and
combustion performance of DME fuel with the equivalence
ratio-peak cycle temperature map using KIVA-3V code and
reported that soot, HC, and NOy emissions decrease but CO
emissions increase when using DME instead of n-heptane in
HCCI engines. In addition, he found that the DME HCCI
engine has a wider optimal operating range than the n-heptane
HCCI engine.

Emission of NOj is one of the main concerns when DME is
fueled to diesel engine, because the oxygen content in DME
fuel induced an active combustion reaction and high
combustion temperature. Consequently, the high temperature in
a cylinder caused NO, formation due to the temperature
dependent characteristics of NO, formation by Zeldovich
mechanism (thermal NO,) Therefore, the purpose of this work
is to investigate the DME combustion characteristics and to
reduce the NOy emission by the high EGR rate and variation of
the injection timing. In addition, the spray behavior in the
combustion cylinder was estimated through the analysis of
spray tip penetration, tip velocity, and spray cone angle at
various ambient pressures. Ultimately, this work shows the low
NO, and low soot emission characteristics in a single cylinder
DME fueled diesel engine

EXTERNAL SETUP AND PROCEDURE
Spray visualization system

In order to visualize the DME spray, a spray visualization
system was installed as illustrated in Figure 1. The spray
visualization system consisted of three parts: the fuel supply
part, spray visualization part, and data acquisition-processing
part. In the fuel supply system, a gaseous DME fuel was
supplied to the high pressure pump (HSF-300, Haskel) after
pressurizing to 0.6 MPa to supply the liquefied DME fuel. The
liquefied DME fuel was passed through a fuel filter to remove
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impurities before entering the high pressure pump. For a stable,
high-pressure fuel, the two high pressure pumps were linked in
parallel. The high pressure DME fuel was supplied to the test
injector using a common-rail system. The fuel return part of the
diesel injector with six holes (each hole size: 0.126 mm) was
reprocessed to circulate the liquefied fuel between the DME
fuel tank and injector. The DME injector was controlled by the
solenoid signal of the injector driver (TEMS, TDA 3200H).
The spray was visualized using a high speed camera
(FASTCAM APX-RS, Photron) with two metal halide lamps.
The high speed camera was controlled by a digital delay/pulse
generator (Model 555, Berkeley Nucleounics Corp.) and the
computer was equipped with an image analysis program. The
spray images were processed in the computer with the image
grabber. To perform an accurate spray visualization experiment,
the test DME injector and high speed camera were
synchronized by the digital delay/pulse generator. The ambient
pressure and density in the high pressure chamber were
changed by nitrogen gas. For an accurate experiment, the
residual gas and injected DME fuel were discharged through
the exhaust line and suction pump after performing one
injection.
Common rail
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Figure 1 Schematic of the DME fuel visualization system

DME fuelled diesel engine system

All experiments were conducted on a single cylinder direct
injection diesel engine equipped with a common-rail fuel
injection system as illustrated in Figure 2(a). The variation of
injection timing was performed through the use of a common-
rail fuel injection system. Engine speed was controlled by a DC
dynamometer system with a maximum brake power of 55 kW.

Fuel injection parameters, such as injection timing, and the
injection quantity of each injection, were controlled by a
combination of a timing pulse generator and a universal
injection driver (TDA-3200, TEMS). An angular encoder
allowed for the synchronization of the injection timing with a
resolution of 0.1 crank angle (CA) degrees. Exhaust emissions
measurements were conducted by a NO,, HC, and CO analyzer.
The in-cylinder pressure was measured via a piezo-electric
sensor (6057A80, Kistler), coupled with a charge amplifier
(5018A, Kistler). A PC-based data acquisition system was used
to acquire combustion pressure in the cylinder. The combustion
pressure data were analyzed to calculate the rate of heat release
using the first law of thermodynamics. The soot content in the
exhaust gas of particulate emission was measured by a smoke
meter (415S, AVL) using a filter paper method. Experiments
were conducted for DME by obtaining engine performance and
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exhaust emission characteristics. Experimental results of DME
were compared to conventional diesel fuel under the same
equivalence ratio condition.
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Figure 2 Schematic of DME fuelled single cylinder diesel
engine with exhaust emissions analyzer and EGR system

Exhaust gas recirculation (EGR) control system

The high EGR rate was applied to this work for the
reduction of NO, emissions. As shown in Figure 2(b), the EGR
system, which consists of two valves and EGR cooler, was
placed between the intake and exhaust surge tanks. The EGR
flow was driven by the pressure difference between the exhaust
and intake surge tanks, and was varied by controlling the flow
rate of intake air. The EGR rate was defined as the percentage
of the total intake mixture reduced by the inducted exhaust gas,
and was calculated as

EGR (%)== 100 = Z£62 100
m.

i i

where, ri'll. is mass flow rate of total inlet air, 71 . is the mass

air
flow rate of air, and 1 rgris the mass flow rate of EGR when

an exhaust gas recirculation is induced. In order to reduce the
fluctuation of exhaust pressure and maintain a constant exhaust
pressure, a settling chamber with a volume of 0.0093m’ was
used as the exhaust surge chamber. EGR was attained by a
direct link between the exhaust surge chamber and the intake
pipe. The re-inducted exhaust gas was cooled with a water-
cooled EGR cooler, and the subsequent intake air temperature
rise occasioned by the operation of the EGR was kept lower
than 5°C.

RESULTS AND DISCUSSIONS
DME spray behaviour characteristics

Figure 3 shows the spray development process of ULSD
and DME fuels. In order to compare to combustion results, the
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injection quantities of ULSD and DME are fixed to 6.1mg and
9.9mg, respectively. As shown in Figure 3, the ULSD spray
shows slightly faster and narrower development compared to
the DME spray at the same injection conditions. It is believed
that the high density and kinematic viscosity of ULSD. In DME
sprays, it is observed that the low ambient pressure condition
caused a fast evaporation of DME droplets. Because a vapour
pressure of DME is about 0.6MPa, it is believed that DME
droplets easily evaporated at ambient conditions.

Puj=50MPa ULSD DME
MpyE=9.9mg
mysp=6.1mg | Pams=1.0MPa Pyap=1.0MPa Pyay=0.5MPa Pomy=2.0MPa

ty0e=0.8ms

togoc=1.5ms

Figure 3 Comparison of the spray development process
between ULSD and DME, and the DME spray development
according to ambient pressure (P;,;=50MPa)
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Figure 4 Spray tip penetration and tip velocity
characteristics of DME fuel

The quantitative analysis on the spray images of Figure 3
shows in Figure 4 and 5. Figure 4 shows the spray tip
penetration and tip velocity characteristics of DME fuel. It is
well known that DME fuel has a shorter penetration and wider
cone angle because the DME droplets evaporated more quickly



and has low kinematic viscosity [10, 11, 13]. In the present
work, DME spray characteristic also shows similar to
experimental results of previous investigations that the low
ambient pressure caused a long spray tip penetration and fast
spray development. Based on these results, the tip velocity at
low ambient pressure shows the highest value and sudden
reduction as shown in Figure 4(b). In comparison of tip
velocity between ULSD and DME, DME tip velocity is lower
than ULSD due to the fast evaporation and fast momentum loss
characteristics.

Figure 5 illustrates the spray cone angle characteristics. The
spray cone angle of DME is wider than that of ULSD because
lower surface tension and kinematic viscosity of DME
promotes droplet breakup and atomization. Thus, small droplets
casily spread to outer direction by entrained air. In addition, the
high ambient pressure induced the wide spray cone angle by the
restrained of the axial direction progress. In Figure 4 and 5, the
spray behaviour at 1.0MPa and 2.0MPa of ambient pressure is
regarded as that at about BTDC 25" and TDC [14]. In addition,
these results can be used to analyze the combustion and exhaust
emissions characteristics.
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Figure 5 Spray cone angle characteristics of DME fuel at
various ambient pressure conditions (P,=50MPa, mg,=9.9mg)

Combustion and exhaust emission characteristics of DME
fuel

The combustion pressure profile and the rate of heat release
history of ULSD and DME fuels at BTDC 15" and BTDC 30°
of the energizing timing are represented in Figure 6. Figure 6
also shows the effect of the EGR rate on the combustion and
emissions characteristics. The heat release rates are acquired
from the simple thermodynamic analysis which assumes the
conservation of energy with the measured in-cylinder pressures.
The simple thermodynamic method does not consider the heat
loss to cylinder wall and mass loss (blow-by) to crevice volume.
As shown in Figure 6, DME combustion showed a fast ignition
due to the high cetane number, and its peak combustion
pressure is lower than ULSD due to the low lower heating
value (LHV). Considering the end of the fuel spray (about
7~8degree after energizing), the combustion as the fuel injected
at BTDC 15° start before the end of spray due to the short
ignition delay. However, in case of BTDC 30, the ignition
began after the end of spray. It is believed that these
characteristics have an influence on the emission characteristics,
especially HC emission [15]. The rise rate and peak of
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combustion pressure at BTDC 30 is more smooth than those
of BTDC 15". On the other hand, as EGR rate increased,
combustion phasing is retarded and more gradual heat release is
observed. Therefore, the ignition delay is extended due to the
low oxygen concentration in the combustion cylinder by high
EGR. Due to the extended ignition delay and high cooled EGR
rate, more premixed in-cylinder condition and lower
combustion temperature were achieved, which enable to reduce
NOy and soot emissions at the same time [16].
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Figure 6 Effect of the increase of the EGR rate on the
combustion pressure and rate of heat release characteristics of
DME fuel at BTDC 15" and BTDC 30°

Figure 7 shows the soot and NO, emissions characteristics
of DME under the various EGR rate conditions. As shown in
Figure 7(a), the soot emission of DME is lower than that of
ULSD in overall injection timings. It is well known that soot is
formed in fuel-rich regions under high temperature conditions,
and the soot precursors are unsaturated hydrocarbons such as
acetylene (C,H,), ethylene (C,Hy4), and propargyl (C;H;) in
combustion products [7]. As previous investigations, the
increase of the oxygen content in fuel induced the decrease of
the proportion of fuel carbon [7], the number of C-C bond [17],
and soot precursors [18]. Therefore, DME with about 34.8 wt%
oxygen content have naturally low soot emission. In addition,
the slight increase of soot emission by the increase of EGR rate
is due to the reduction of in-cylinder temperature and oxygen
concentration. However, the increment of DME soot emission
by the EGR is negligible. On the other hand, NO, emission as
illustrated in Figure 7(b), showed low level for DME fuel
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compared to ULSD. This can be explained by a short ignition
delay, small amount of fuel injected during the ignition delay,
and small amount of fuel burned during the premixed burning
phase of DME [19]. These characteristics caused that the initial
enthalpy change was lower, resulting in a reduction of the peak
combustion temperature. In addition, the effect of oxygen
content in DME fuel is insignificant on NO; formation [20].
The higher gaseous specific heat capacity and lower adiabatic
flame temperature of DME fuel compared to ULSD is also
reasons of the low NO, emission of DME fuel [21]. On the
other hand, the application of high EGR rate showed
considerable reduction of NO, emission because the application
of EGR reduces a burned gas temperature in a burned gas
region. In addition, from Figure 8, it is observed that a low
NOx emission can be achieved by high EGR rate without the
deterioration of soot emission, because the fuel droplets in
DME spray quickly evaporate as well as high cetane number
[22, 23].
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Figure 7 Effect of the EGR rate and injection timing on the
soot and NOy emissions (mysp=6.1mg, mpy=9.9mg)

Figure 8 shows the HC and CO emissions characteristics of
DME fuel according to EGR rate. As shown in Figure 8(a), the
HC emission of DME fuel is almost similar or lower than that
of ULSD except an early injection case [21, 24]. HC emissions
mainly generated from the combustion region where
combustion take place under fuel-rich conditions due to
incomplete air-fuel mixing, and it consist of partially or
completely unburned fuel. DME fuel has a small over-rich or
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over-lean regions which formed in ignition delay due to short
ignition delay. In addition, about 34.8wt% of oxygen content of
DME fuel and good mixing characteristics reduce the HC
emissions [20].
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Figure 8 HC and CO emission characteristics for the EGR rate
and injection timings (mysp=6.1mg, mpye=9.9mg)

In Figure 8(a), HC emission shows the minimal value at
BTDC 15" of energizing timing. This is the reason why the
combustion started before the end of the spray due to short
ignition delay [15]. On the other hand, the good mixing
characteristics of DME fuel induce the reduction of the fuel-
rich regions in the combustion period and result in lower CO
emission [20]. Figure 8(b) also shows a low CO emission
compared to ULSD. In HC and CO emissions characteristics,
the application of EGR make worse when comparing to no
EGR condition because the oxygen concentration in engine
cylinder decreased by the exhaust gas recirculation.

CONCLUSION

In the present work, the spray, combustion, and exhaust
emission characteristics of DME were investigated and
compared to results of ULSD at the same injection and
combustion conditions. In addition, the high EGR rate was
applied to achieve the low NO, emission with low soot
emission. From results, the conclusions are summarized as
follows.



DME spray has higher tip velocity than ULSD at the same
injection condition; however, the reduction rate of tip velocity
of DME is fast due to the evaporation. Then, both tip velocity
showed similar value at the latter stage of spray. In addition, the
lowered ambient pressure caused high tip velocity, however it
also showed fast decrease.

DME fuel has short ignition delay when comparing ULSD,
however, the application of EGR make the ignition delay of
DME extended. In addition EGR reduced the oxygen
concentration in the engine cylinder. By EGR application, the
peak combustion pressure and the rate of heat release
maintained or slightly increased, and combustion phasing is
retarded and more gradual heat release is observed.

DME combustion exhausted lower soot and NO, emissions
than ULSD, and it showed similar or slightly low HC and CO
emissions. The application of EGR significantly reduced NOy
emission, however, the soot emission showed negligible
increment. In addition, HC and CO emissions little increased by
EGR due to the reduction of oxygen concentration and low
cylinder temperature.

Synthesizing the above results, DME fuelled diesel engine
can be realized nearly low emission engine by the application
of EGR and the operating of the fuel injection from BTDC 20
to BTDC 10°.
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