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Abstract: Dimethyl ether (DME) is a promising alternative to diesel for compression-ignition (CI)
engines used in various industrial applications. However, the high nitrogen oxide (NOx) emissions
of DME combustion have restricted its use. The primary cause of high NOx emissions is a high
combustion temperature. In this study, a high exhaust gas recirculation (EGR) rate was used when
testing a common-rail direct injection CI engine suitable (with minor modifications) for a passenger
car. A modified fuel supply system created high injection pressure during evaluation of combustion
performance. The physical and chemical properties of DME were the principal determinants of
the ignition delay, combustion speed, and heat release rate. Although a high injection pressure
accelerated formation of the fuel-air mixture and the combustion speed, combustion performance
deteriorated with increased NOx emissions. An increased EGR rate affected combustion and the
NOx concentration. A high EGR rate effectively reduced NOx formation and emission under low-
temperature combustion conditions. Also, the good DME combustion characteristics were maintained
when the EGR rate was high, unlike for an ultra-low sulfur diesel engine.

Keywords: dimethyl ether; exhaust gas recirculation; nitrogen oxides; combustion process

1. Introduction

Clean energy has become a major issue, especially for of internal combustion (IC)
engines. Although alternatives to IC engines powered by fossil fuels include electric energy,
fuel cells, and engines that use renewable energy, many existing industrial IC engines will
continue to be used for some time. Stringent emission regulations and high efficiency re-
quirement are driving the development of IC engines via advanced combustion techniques,
aftertreatment systems and mechanical engine techniques [1,2]. Compression ignition
(CI) engines are widely for transportation, construction, and agriculture, and in marine
industries, due to their high combustion efficiency, and good fuel economy and output
power. The strict emissions regulations applicable to CI engines used for transportation will
soon apply to all such engines. Thus, an alternative combustion technology is necessary.

Dimethyl ether (DME), as an organic fuel (CH3OCH3), is a good alternative to diesel
fuel. DME can be produced from multiple sources via either direct or indirect synthesis.
DME can be obtained directly from natural gas, and synthesized indirectly from methanol.
DME exhibits useful thermal and chemical properties, and can be used as a substitute
for diesel in CI engines. Many studies on DME combustion and emissions have been
conducted to design engine system fueled by DME could substitute for diesel engines.

Various injection strategies [3–8], engine operation conditions [9–11] and fuel
blends [12–18] of DME-fueled engines have been investigated. Youn et al. [8] showed
that the use of DME was associated with a higher pressure and earlier increase in the
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heat release rate (HRR) compared to diesel, because the ignition delay was shorter, the
vaporization characteristics were more favorable, and the cetane number was higher. Jeon
et al. [7,11] studied DME combustion and fuel/air mixture formation process using experi-
mental and numerical methods. As no diffusion flames appeared during DME combustion,
the numerical results showed that the combustion temperature of DME was higher than
that of diesel. They used a pilot injection strategy that reduced the combustion temperature.
Mehra and Agarwal [6] reported reduced exhaust emissions from a DME engine, with
low-temperature combustion, using multiple injection strategies. This enabled reductions
in nitrogen oxide (NOx) and soot emissions when the combustion temperature is decreased
during the combustion process. As the physical properties of DME are similar to those
of liquefied petroleum gas (LPG), DME has been blended successfully with diesel [12],
LPG [13], biodiesel [16,17], gasoline [18] and other fuels [14,15].

DME would be a valuable alternative to diesel, but the high engine-out NOx emissions
remain problematic [19–21]. The high DME flame temperature elevates NOx concentrations.
Advanced combustion strategies and aftertreatment systems have been studied in an effort
to reduce NOx emissions. Multiple injection strategies and exhaust gas recirculation (EGR)
effectively reduced the combustion temperature. A lean NOx trap and selective catalyst
reduction (aftertreatment systems) have been used to decompose NOx emissions before
the tailpipe. However, this increases costs, and the complexity of control; moreover, the
backpressure compromises engine performance. An in-cylinder combustion regime with
low NOx production/emission would increase the applicability of DME.

This work aimed to reduce NOx emissions from the DME engine of a passenger car
using a high injection pressure and high EGR rate. Given the high compressibility and
low lubrication of DME, it was challenging to design an injection system that supplied
sufficient fuel at a stable injection pressure. Previous studies used mechanical injection
pumps or low injection pressures (< 50 MPa). In this work, a common-rail direct injection
diesel engine with an electronic control system was used for a passenger car after minor
modifications. In summary, the present investigated how DME can fuel high-performance
CI engines, with lower NOx and toxin emissions compared to a diesel engine.

2. Experimental
2.1. Fuel Properties

DME and ultra-low sulfur diesel (ULSD) were used to investigate the effects of in-
jection pressure and the EGR rate on the combustion and emission characteristics of a
CI engine. DME is a good alternative to diesel, exhibiting excellent auto-ignition and
evaporation properties. The low boiling temperature and vapor pressure of DME improve
fuel atomization and air mixing when forming a homogeneous fuel-air mixture. In terms of
its chemical properties, DME contains 34.7 wt% oxygen, which serves as an oxidizer during
combustion. Unlike ULSD, DME lacks carbon-to-carbon (C−C) bonds, which significantly
reduces soot formation. The physical and chemical properties of the fuels are listed in
Table 1. The fuel properties were collected from Refs [22–29].

Table 1. Physical and chemical properties of test fuels [22–29].

Properties ULSD DME

Chemical formula C8 to C25 CH3OCH3
Cetane number [22,23] 40~55 55~60
Oxygen contents (wt%) - 34.7

Lower heating value (MJ/kg) [24] 42.50 28.43
Boiling temperature (◦C) [25] 150~380 −25

Liquid density (kg/m3 at 20 ◦C) 800~840 670
Liquid viscosity (kg/m·s at 25 ◦C) [26,27] 2~4 0.12~0.15

Vapor pressure (MPa at 25 ◦C) [28] <0.001 0.51
Latent heat of vaporization (kJ/kg) [29] 250 460
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2.2. Engine System

A four-cylinder compression-ignition (CI) engine designed for a passenger car was
used in all experiments. Table 2 shows the specifications of the 1.6 L, variable geometric
turbo engine with direct-injection solenoid injectors. A Bosch engine control unit (EDC16
ETK) and ETAS INCA software (ver. 5.4) were used for controlling all engine parameters.
The engine was coupled to a Froude eddy current dynamometer (AG150) that controlled
engine speed and torque. High-speed engine pressure data were collected and averaged
using a Kistler pressure sensor (6057ASP) and a National Instruments data acquisition sys-
tem. LabVIEW real-time software sampled high-speed data over 100 cycles, and estimated
the main combustion parameters (HRR, indicated mean effective pressure [IMEP], and
brake mean effective pressure [BMEP]).

Table 2. Test engine geometry and specifications.

Description Specification

Engine type 4-stroke VGT DI diesel engine
Number of cylinders 4
Bore × Stroke (mm) 77.2 × 84.5

Displacement (L) 1.582
Compression ratio 17.3:1

Intake valve open/close BTDC 6◦/ABDC 34◦

Exhaust valve open/close BBDC 46◦/ATDC 4◦

Max Rail Pressure (MPa) 160

Figure 1 shows a schematic of the engine and exhaust sampling system. Gaseous
emissions were measured using a portable emissions analyzer (MEXA-554JKNOx; Horiba
(Anyang, Korea)) with a non-dispersive infrared (NDIR) sensor and an electrochemical
skin conductance (ESC) sensor. Particulate matter (PM) emissions were measured using an
AVL smoke meter (415S). The emissions under each engine condition were averaged over a
3-min period after a 10-min stabilization period.
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Figure 1. Engine and sampling system schematic showing instruments used in the experimental study.

2.3. Experimental Procedure

The engine was operated at a constant speed and torque (1500 rpm and 50 N·m). The
injection pressure and EGR rate were varied. The injection pressure was increased from 30
to 70 MPa in increments of 10 MPa. The EGR rate was controlled by an EGR valve from
10 to 50% (in 10% increments). A higher EGR rate increased the ignition delay, which was
compensated for using single pilot injection. The injection timing and pilot quantity were
before top dead center (BTDC) 30◦ and 1.6 mg per cycle, respectively, under EGR conditions.
In each test, the injection pressure and EGR rate that best maintained the engine speed and
torque were defined. However, the main injection timing was fixed at the top dead center
(TDC). Given the low liquid viscosity of DME, the injection system can be easily damaged
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during fuel supply and return. Thus, a lubrication additive (539M; Lubrizol (Wickliffe, OH,
USA)) was blended with DME at 1% v/v.

3. Results and Discussion

The combustion performance and emission characteristics of DME and ULSD fuels
in different injection pressure and EGR rate conditions were investigated by experimental
approach. The experimental results show the combustion features of DME fuel in terms
of in-cylinder pressure, ignition delay, combustion duration and thermal efficiency as
compared with ULSD fuel. In addition, the gaseous and solid emissions were analyzed
under various injection pressure and EGR rate conditions.

3.1. Injection Pressure

Figure 2 compares the combustion characteristics of DME and ULSD with single
injections (30 MPa injection pressure) at TDC. The HRR curves were calculated based
on the measured in-cylinder pressure. The ignition delay is defined as the difference
between the time at which a 10% HRR was achieved and the start of the first injection.
Given its higher cetane number, DME combustion initiated earlier than that of ULSD. In
addition, DME formed a combustible fuel/air mixture within a short time because of its
high evaporation rate and low boiling temperature. Thus, the ignition delay was short
and premixed combustion was strong, as reflected in the HRR curves. DME combustion
exhibited the conventional HRR profile of a CI engine, i.e., included both premixed and
diffusion combustion phases. Although the ignition timing was as short as 13.5 CAD,
the total combustion duration was longer than that of ULSD due to the long diffusion
combustion time. Under the same engine conditions, diesel exhibited a long premixed
combustion phase, longer ignition delay prior to the formation of a homogeneous fuel/air
mixture, and shorter total combustion time. The higher heating value of ULSD provided
higher power (to meet the engine load), and the maximum pressure occurred during the
late expansion stroke.
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Figure 2. Combustion characteristics of in−cylinder pressure, heat release rate (up) and ignition
delay, combustion duration (down) for DME and ULSD fuels.

Figure 3 shows the in-cylinder pressure and HRR of DME at three injection pressures.
The ignition delay is known to be shorten at higher injection pressures. The injection
pressure determines the spray breakup and mixture characteristics in the combustion
chamber; higher pressure yields smaller fuel droplets, which evaporate quickly. The effect
of injection pressure on ignition delay was largest at 40 MPa. The difference in ignition
delay between 30 and 40 MPa was the largest among all differences evaluated, perhaps
reflecting effects on spray atomization. Similar trends have been reported in other spray
tests. Yu and Bae showed that the DME spray penetration length varied by injection
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pressure [30]. The penetration length increased markedly up to an injection pressure of
40 MPa, but increased much more gradually thereafter.
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Figure 3. In−cylinder pressure and heat release rate traces for DME fuel under three injection
pressure conditions.

The reduction in fuel drop diameter as the injection pressure increased resulted in
a higher combustion pressure and HRR. The fuel drops mixed rapidly with air, forming
combustible mixtures; they also burned quickly, resulting in a marked pressure rise. The
HRR curves indicate strong premixed combustion with reductions in secondary peaks; this
increased NOx emissions, as described below. Although various injection pressures were
associated with different spray and combustion characteristics, fuel consumption remained
similar at the same engine load (Figure 4).
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Figure 4 shows the indicated thermal efficiency (ITE) and indicated specific fuel
consumption (ISFC) for each test fuel at five injection pressures. The ITE was calculated as
the ratio of burnt fuel energy to input fuel energy on a lower heating value (LHV) basis.
The short ignition delay and fast combustion of DME increased the fuel conversion rate
during combustion compared to that of ULSD, and reduced heat loss under the relatively
higher ambient pressure/temperature conditions present at the start of combustion. Given
the lower LHV of DME, 48% more DME than ULSD was required to produce the same
energy in the combustion chamber [31]. In this study, 26–36% more DME fuel mass was
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consumed compared to ULSD. As mentioned previously, the effect of injection pressure on
fuel consumption was negligible, perhaps because the injection timing was late and the
engine load high. However, this hypothesis requires validation.

The injection pressure affected the concentrations of gaseous and solid emissions
at the same engine load. Figure 5 shows the NOx, soot, carbon monoxide (CO), and
hydrocarbon (HC) levels on an indicated power basis for DME and ULSD. The short
ignition duration of DME-air mixtures is known to produce higher NOx emissions at high
combustion temperatures [21]. An increased injection pressure reduced the time required
to form a combustible mixture, resulting in higher combustion temperatures and NOx
concentrations for both fuels. In contrast, the soot concentration was decreased as the
injection pressure increased, and the mixture became less fuel-rich. ULSD exhibited the
lowest soot concentration at an injection pressure of 70 MPa. As DME lacks carbon-to-
carbon bonds and had an oxygen content of 35%, DME soot concentrations were near-zero
regardless of the injection pressure. The HC and CO emissions of the DME-fueled engine
were consistently lower than those of the ULSD-fueled engine. DME has high combustion
efficiency, good spraying physics, and good chemical combustion (incomplete combustion
is suppressed) [31,32]. The high CO and HC emissions of ULSD at high injection pressures
may be caused by incomplete combustion on the cylinder wall. The longer spray tip
penetration at high injection pressure might lead to fuel film formation on the wall; this
may explain the high CO and HC emissions.
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3.2. Exhaust Gas Recirculation (EGR)

In this study, the EGR rate was varied from 10% to a high rate of 50%, in increments
of 10%, to explore combustion and emission characteristics. Combustion of each fuel was
compared based on the in-cylinder average pressure and HRR at the high EGR (50%),
with pilot injection (Figure 6). Rapid formation of a DME fuel-air mixture enabled earlier
combustion than that of ULSD. The ignition ULSD was greatly delayed by EGR, which
decreased the ambient temperature, but the effect of EGR on DME ignition was small. The
HRR curve shows that the combustion phase clearly differed between the two fuels. The
relatively homogeneous charge and short ignition delay of the DME mixture generated high



Energies 2022, 15, 1912 7 of 11

heat energy within a short period of combustion, indicating high combustion efficiency.
Heat loss was reduced compared to that during ULSD combustion.
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Figure 7 compares the accumulated HRR curves for DME and ULSD at an EGR rate
of 50%. The cumulative HRR varied by the combustion characteristics in the ignition and
combustion phases. The short ignition delay of DME was associated with early energy
release and fast burning; these factors led to a sharp increase in the slope. As mentioned
above, the homogeneous mixture induced strongly premixed combustion that produced a
large amount of energy over a short period of time [33]. DME combustion was associated
with a higher rate of energy release than USLD combustion, attributable to fast evaporation
and the high oxygen content of DME. These factors affected the ITE results, as shown
in Figure 8.
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EGR is known to reduce the temperature of burnt gas in the cylinder because the
specific heat is high. Thus, EGR is used to suppress NOx formation/emission during
combustion. It has been suggested that DME engines produce more NOx than diesel
engines. Figure 8 compares the ITE and ISFC between the two fuels as the EGR rate varied.
A higher EGR rate reduced thermal efficiency and fuel consumption. A low combustion
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temperature slows fuel droplet evaporation and flame propagation. The USLD combustion
performance decreased as the EGR rate increased, but DME combustion was barely affected
(2% reduction of thermal efficiency and 4% increase in fuel consumption between the EGR
rates of 0 and 50%). This is attributable to the high evaporation rate and oxygen content of
DME, which together induce fast and relatively complete combustion at high EGR rates.
Thus, DME engines with a high EGR rate show lower NOx emissions with no loss of
combustion performance.
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Figure 9 shows the engine-out gaseous and soot emissions as a function of the EGR
rate for DME and ULSD. The low combustion temperature during EGR suppressed NOx
formation; it is known that NOx concentrations are strongly affected by combustion temper-
ature. The highest EGR rate (50%) dramatically reduced NOx emissions, by 73% and 80%
for DME and ULSD, respectively. An increased EGR rate induced incomplete combustion
of ULSD, associated with lower NOx concentrations at all EGR rates compared to those
of DME. The CO and unburnt HC levels increased at higher EGR rates because combus-
tion was less complete. We also observed the typical NOx-soot trade-off relationship for
ULSD. As mentioned above, DME combustion is associated with near-zero soot emissions;
there are no carbon-to-carbon bonds and the oxygen content is high. Note that a high
EGR during DME combustion effectively suppresses the formation of NOx, because the
combustion temperature falls, while soot emissions remain near zero and good combustion
performance is maintained.
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4. Conclusions

We varied the injection pressure and EGR rate when studying the combustion and
emission characteristics of engines burning DME and ULSD. We aimed to greatly reduce
NOx emissions in the combustion chamber using a high injection pressure and high EGR
rate. The results showed that DME engines may meet stringent emissions regulations, and
could replace ULSD engines. Our principal findings are as follows:

(1) The physical and chemical properties of DME (high cetane number, oxygen content,
and evaporation rate) are the principal determinants of the combustion characteristics.
The short ignition delay and fast combustion speed of DME ensure combustion
efficiency regardless of the operation conditions, injection pressure, or EGR rate. At
a high EGR rate, DME combustion efficiency is reduced slightly to 2%, and a high
injection pressure does not improve DME combustion.

(2) Increased injection pressure induces higher combustion temperature and lower combus-
tion efficiency of DME and ULSD. Thus, NOx emissions are increased up to 91% at high
injection pressures for DME fuel. However, for DME engines, a high injection pressure
is not necessary to achieve high combustion efficiency or reduce emissions. A lower
injection pressure provides both high performance and low engine-out emissions.

(3) A high EGR rate when using DME ensures low levels of combustion-produced NOx
emissions with a reduction of 73% in the combustion chamber, with no loss of com-
bustion efficiency. The soot emissions are extremely low regardless of the injection
pressure [4,20] or EGR rate. At a high EGR rate could greatly facilitate the use of
eco-friendly DME-fueled CI engines.
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Abbreviations

ABDC after bottom-dead-center
BBDC before bottom-dead-center
ATDC after top-dead-center
BTDC before top-dead-center
CAD crank angle degree
DME dimethyl ether
EGR exhaust gas recirculation
HRR heat release rate
ISFC indicated specific fuel consumption
ITE indicated thermal efficiency
Pinj injection pressure
TDC top-dead center
τinj injection timing
ULSD ultra-low-sulfur diesel
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