
POLISH MARITIME RESEARCH, No 2/2020 85

POLISH MARITIME RESEARCH 2 (106) 2020 Vol. 27; pp. 85-95
10.2478/pomr-2020-0030

EFFECT OF ENGINE SPEEDS AND DIMETHYL ETHER 
ON METHYL DECANOATE HCCI COMBUSTION 

AND EMISSION CHARACTERISTICS BASED ON LOW-SPEED  
TWO-STROKE DIESEL ENGINE

Shiye Wang
Marine Engineering College, Dalian Maritime University, China
Li Yao
Merchant marine college, Shanghai Maritime University, China

ABSTRACT

The combustion and emission characteristics of homogeneous charge compression ignition (HCCI) fuelled by methyl 
decanoate (MD) with different engine speeds and dimethyl ether (DME) mixing ratios are investigated in this work. 
Engine data of a MAN B&W 6S70MC low-speed two-stroke marine diesel engine were used for the reactor. The 
results show that a decrease of engine speed has little effect on the in-cylinder temperature and pressure of the engine 
at  constant excess air coefficient of 1.5. Meanwhile, NOx emissions decrease with a decrease of engine speed in pure 
MD HCCI combustion. The results also indicate that NOx and CO2 emissions decrease significantly with an increase 
in the percentage of DME in MD and DME mixing combustion at a constant total mole fraction and engine speed 
of 85 revolutions per minute (r/min). 
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INTRODUCTION

Nomenclature
HCCI  homogeneous charge compression ignition
MD  methyl decanoate
DME  dimethyl ether
r/min  revolutions per minute 
MB  methyl butanoate
VPFR  variable pressure flow reactor
JSR  jet-stirred reactor
NTC  negative temperature coefficient
MH  methyl heptanoate
MO  methyl octanoate
DICI  direct-injection compression-ignition
SI  spark ignition
HTR  high-temperature reaction
CASRN  Chemical Abstracts Service Registry Number
Ar  argon
TS t ransition states
LTR low-temperature reaction

It is well known that energy has a significant impact on 
both the economy and civilization. In future years, energy 
demands are predicted to increase constantly, especially in 
developing countries. Conventional diesel, which is derived 
from fossil fuel, is limited. Due to rapid consumption of 
fossil fuels, which are the most used source of energy, strong 
interest in exploring renewable sources and alternative energy 
solutions to the increasing demand for energy are being 
vigorously explored.[5][28]

At the same time, the widespread use of fossil fuels as 
a major source of energy has led to negative societal issues, 
such as energy security and climate change. The more energy 
obtained mainly from combustion, the more greenhouse 
gas, NOx, and acid rain there are. NOx, CO, and CO2 are 
the important emissions in the engine combustion process. 
The formation of NOx is very complex. Harmful NOx 
mainly includes NO, NO2, and N2O.[3][10][15] To reduce 
greenhouse gases and NOx emissions, the emission standards 
for diesel engines are becoming increasingly stringent. Clean 
combustion is difficult to achieve in current conditions. Thus, 
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to reduce dependence on fossil fuels and decrease emissions, 
clean alternative fuels are becoming increasingly crucial.

Over the past few decades considerable attention have been 
given to biodiesels, which – although a potentially renewable 
class of fuels – have similar properties to diesel.[1][14][24] 
Biodiesels normally come from the transesterification of 
a lipid (e.g., algal oil, waste oil) with alcohol, resulting in 
a long-chain mono-alkyl ester.[5] Several excellent advantages 
of biodiesels for use in diesel engines have been proposed 
in research studies. On the one hand, these biodiesels have 
a big advantage over conventional diesel because they are 
biodegradable, carbon-neutral, non-toxic, and free from 
sulphur. Biodiesels have lower emissions of particulate matter, 
CO, CO2, and unburned hydrocarbons than petrodiesel.[2]
[11][12][18][20][25][30] On the other hand, in addition to 
being used as standalone fuels,[38] they can be mixed with 
petroleum diesel in any proportion. At the same time, they 
can be used in current diesel engines with small modifications 
of the engine. Biodiesel is considered as the important fuel 
of the future; the use of biodiesel will increase quickly. 
Some countries have drawn up plans to promote biodiesel 
fuel production and the European Parliament has adopted 
a series of measures. Emissions of greenhouse gas should have 
decreased by 25–40% by 2020. By 2050, greenhouse gas should 
decrease by more than 80%.[6] All European Union member 
states are actively exploring and vigorously developing the 
production and use of biodiesel. 

Many detailed chemical kinetic mechanisms have been 
studied to simulate the combustion processes of biodiesels. 
Methyl butanoate (MB, C5H10O2), one of the earliest kinetic 
models, was proposed by Fisher et al.[8] as a surrogate of 
biodiesel. However, the study found that in a variable 
pressure flow reactor (VPFR) and a jet-stirred reactor (JSR), 
very little negative temperature coefficient (NTC) behaviour 
was observed either experimentally or theoretically.[9] 
Therefore, MB is not suitable as a biodiesel surrogate at 
low temperatures. A detailed chemical kinetic model of the 
five major components of rapeseed and soy biodiesel was 
proposed by Westbrook et al.[41] The reaction mechanism 
consisted of 5,000 species and 20,000 reactions. However, 
the mechanism is unfeasibly time-consuming and may 
not be used for flame simulations. Currently, larger methyl 
esters, such as methyl heptanoate (MH, C8H16O2) and methyl 
octanoate (MO, C9H18O2) have been proposed as surrogates of 
biodiesels.[4][37] Recently, a chemical kinetic model of methyl 
decanoate (MD, C11H22O2) was proposed as a surrogate of 
biodiesels by Herbinet et al.[13] The reaction kinetic model 
of MD is extremely close to actual biodiesel, because both 
the combustion process and early formation of CO2 are very 
similar to conventional diesel. 

Dimethyl ether (DME) has a low boiling point and superior 
auto-ignition ability.[17][33][36][39] Because of its non-toxic 
and environmentally friendly performance, it does not cause 
harm to human health. As a new type of alternative fuel, it 
can be used as an additive to biodiesel with some engine 
modifications. A DME injector is installed near the inlet port 
of the cylinder head, as shown by Yao et al. The DME injector 

is controlled by an electromagnetic valve. An electronically 
controlled fuel injection system allows adjustment of the 
injected amount of each fuel according to engine operating 
conditions. A homogeneous mixture of DME and methanol 
with air was formed during the compression stroke.[42] Low 
NOx emissions and almost smoke-free combustion have been 
proven in the combustion process.[27] At the same time, 
quite a few research studies have proven that a conventional 
direct-injection compression-ignition (DICI) engine would 
obtain high thermal efficiency by using DME.[40]

The HCCI model of internal combustion engines is 
attracting a lot of attention due to its low NOx emissions 
and high efficiency.[19] HCCI combustion includes the strong 
points of both spark ignition (SI) engines and direct-injection 
compression-ignition engines. The lean homogeneous fuel/
air mixture is essentially inducted into the cylinder without 
throttling losses. The mixture is compressed to autoignition. 
These characteristics lead to low NOx and PM emissions.[22] 
For these reasons, HCCI has been developed as a low emission 
mode to replace the traditional diesel combustion system.[34] 
HCCI ignition largely depends on chemical kinetics. Lots of 
methods have been used to control ignition and combustion 
rate.[43] Alternative fuels and fuel mixture can be used to 
control ignition and the combustion rate, relying on the 
properties of the engine.[21] Different fuels can be mixed in 
different proportions to adjust the ignition point at various 
load–speed areas.[26] Ethers and biodiesel have been applied 
to HCCI engines.[16][35] Fuel mixture can offer a measure 
to control HCCI ignition in a wider range than neat fuels.
[21] The mixture of n-heptane and isooctane has been used 
in HCCI engines.[26]

Therefore, the purpose of this research is to decrease NOx 
emissions of biodiesel HCCI combustion by mixing with 
DME. Methods of decreasing NOx emissions in MD HCCI 
combustion by decreasing engine speed or mixing with 
DME in a low-speed two-stroke marine diesel engine are 
first proposed in this study. 

KINETIC MODELS AND METHODS

In this research, a low-speed, two-stroke, in-line, direct-
injection marine diesel engine, MAN B&W 6S70MC, was 
used as the reaction model; the specifications and main 
parameters of engine are shown in Table 1.[29] 
Tab. 1. Test engine specifications

Item Data

Effective power 13364 kW

Engine speed 85 r/min

Mean effective pressure 15.27 bar

Number of cylinders 6

Stroke 2674 mm

Cylinder diameter 700 mm

Connecting rod length 3066 mm

Scavenging ports opening 39.3° BBDC
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Item Data

Scavenging ports closing 39.3° ABDC

Exhaust valve opening 119° ATDC

Exhaust valve closing 249° ATDC

Simulations of MD, DME, and their mixtures were 
conducted in the closed internal combustion engine reactor 
in CHEMKIN-PRO. The chemical reaction mechanism for 
MD developed by Herbinet et al. at the Lawrence Livermore 
National Laboratory was used as the major reaction 
mechanism.[13] The mechanism involved 3012 species and 
8820 reactions. All the reactions were considered at both 
low and high temperature reaction stages and the high-
temperature reaction (HTR) part of the mechanism was 
studied as the main reaction process in this work. The DME 
reaction mechanism model was developed and validated by 
Fischer et al.[7] At the same time, the NOx reaction mechanism 
developed by Zeldovich was added as a sub-mechanism.[44] 
Detailed kinetic and thermodynamic data were included in 
the mechanism. The properties of MD and DME are given 
in Table 2.[31] 
Tab. 2. Properties of MD and DME

Property MD DME

Molecular formula
Density (g/cm3 20°C)

C11H22O2
0.873

CH3OCH3
0.667

Relative molecular weight (kg/kmol) 186 46

Lower heating value (MJ/kg) 34 27.6

Oxygen content (weight %) 17.2 34.8

Flash point (°C) 94 - 42

Boiling point (°C) 224 - 24.5

Cetane number 58.6 60

The MD data came from a search of the Chemical 
Abstracts Service Registry (CASRN 110-42-9). In order 
to verify the reliability of the combined mechanism, 
combustion characteristic curves of DME, DME-NOx, 
MD-DME-NOx mechanisms were compared under the same 
initial conditions. Fig. 1 shows the effect of three reaction 
mechanisms on in-cylinder temperature and pressure for 
HCCI combustion. The combined mechanism has little effect 
on the peak in-cylinder temperature and end temperature at 
the same initial conditions (Fig. 1(a)). It also has little effect 
on peak in-cylinder pressure and exhaust pressure (Fig. 1(b)). 
Therefore, the simulation result indicates that the combined 
mechanism maintains a high degree of consistency with the 
original mechanism. For the purpose of achieving complete 
combustion, the excess air coefficient generally used is 1.4 
or 1.5 under normal operating conditions of a two-stroke 
diesel engine during voyage. The excess air coefficient is set 
at 1.5 to be consistent with the actual coefficient in this study.

Fig. 1. (a) Effect of combined mechanism on in-cylinder temperature (b) Effect 
of combined mechanism on in-cylinder pressure

First, at a constant excess air coefficient of 1.5 and the 
same input fuel energy, combustion of pure MD was carried 
out in HCCI mode. The combustion and emission processes 
were simulated with different engine speeds at 85, 75, 65, 
55 r/min. Then, at the same engine load, the engine speed 
was fixed at 85 r/min and the excess air coefficient was fixed 
at 1.5. DME was mixed with MD in different proportions; 
the total mole fraction of the mixtures remained unchanged; 
the composition and cetane number of the same total mole 
fraction mixtures are given in Table 3. To ensure the total 
mole fraction remained unchanged, argon (Ar) was used as 
the shielding gas or filling gas which did not participate in 
the reaction in the combustion process. 
Tab. 3. Composition and cetane number of the same total mole fraction mixtures

Mole 
fraction of 

MD 

Mole 
fraction of 

DME

Mole 
fraction of

 O2 

Mole 
fraction of 

N2 

Mole 
fraction of 

Ar 

Cetane 
number

1.0 0 23.25 87.46 0 58.60
0.8 0.2 19.50 73.36 17.85 58.88
0.6 0.4 15.75 59.25 35.71 59.16
0.4 0.6 12.0 45.14 53.57 59.44
0.2 0.8 8.25 31.04 71.42 59.72

RESULTS AND DISCUSSION

The first section of this paper deals with the effects of 
decreasing engine speed on MD HCCI combustion. Then, 
this study shows the combustion and emission characteristics 
of mixtures with different mixing ratios of MD and DME.

EFFECT OF DECREASING ENGINE SPEED ON MD HCCI 
COMBUSTION AND EMISSION CHARACTERISTICS

In-Cylinder Temperature and Pressure at Different Speeds
In-cylinder temperature and pressure have important 

effects in the engine combustion process. Fig. 2 shows the 
effect of decreasing engine speed on in-cylinder temperature 
and pressure of MD HCCI combustion. A decrease of engine 
speed from 85 to 55 r/min has little effect on the peak 
in-cylinder temperature and end temperature at a constant 
MD mole fraction (Fig. 2(a)). It also has little effect on the 
peak in-cylinder pressure and exhaust pressure at a constant 
MD mole fraction (Fig. 2(b)). Therefore, the simulation result 
indicates that a decrease of engine speed has little effect on 
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in-cylinder temperature and pressure; that is to say, a decrease 
of engine speed does not affect the efficiency of the engine.

Fig. 2. (a) Effect of decreasing engine speed on in-cylinder temperature (b) 
Effect of decreasing engine speed on in-cylinder pressure

The experimental results of cylinder pressure change 
in a marine diesel engine are shown in Fig. 3. The trend of 
changing pressure in the theoretical calculation agreed with 
the actual data from the YU KUN ship. Combustion pressure 
data were derived from an operational ship’s main engine and 
recorded by its monitoring system. The compression medium 
of the HCCI cycle is homogeneous premixed gas. It is assumed 
that when the temperature reaches the ignition point, the 
fuel is burned completely. Because the combustion model 
is ideal, when the temperature reaches the ignition point, 
the combustion process is completed immediately and the 
in-cylinder pressure rises abruptly. Combustion in a diesel 
cycle is gradual and only when reaction conditions are formed 
in turn can the fuel be burned completely. The combustion 
process needs some time; thus, the combustion reaction rate 
accelerates gradually and the in-cylinder pressure increases 
gradually. When compared with Fig. 2(b), it can be seen 
that HCCI theoretical calculations of peak in-cylinder and 
exhaust pressure maintain a positive consistency with the 
diesel experimental data. Therefore, the reliability of this 
simulation calculation is guaranteed.

Fig. 3. Cylinder pressure of marine diesel engine

NOx Emissions at Different Speeds
Fig. 4 illustrates the relationship between NOx emissions 

and engine speed in MD HCCI combustion. The NOx 

emissions at different engine speeds are shown by different 
coloured lines. When the constant excess air coefficient is 1.5, 
NO emissions decrease with a decrease in engine speed 
from 85 to 55 r/min (Fig. 4(a)). This trend is similar to that 
of NO emissions. The amount of NO2 emissions in HCCI 
combustion becomes less with a decrease of engine speed 
from 85 to 55 r/min, as shown in Fig. 4(b). Fig. 4(c) shows 
that a decrease of engine speed from 85 to 55 r/min has little 
effect on N2O emissions. A decrease of engine speed causes 
the perturbation of gas in the cylinder to weaken and the 
flame propagation speed to slow down. Thermal NOx is the 
main type of NOx emission in the engine combustion process. 
Temperature, oxygen content, and reaction time are major 
factors of thermal NOx formation. At a constant excess air 
coefficient of 1.5 the amount of fuel remains the same, so the 
oxygen content is unchanged. A decrease of engine speed 
from 85 to 55 r/min has little effect on the peak in-cylinder 
temperature and end temperature. Reaction time is prolonged 
with a decrease in engine speed. There is more reaction time 
for the destruction of NOx in the combustion process at 
a lower engine speed which eventually results in lower NOx. 
It can be concluded that the amount of NOx emissions in MD 
HCCI combustion becomes less with a decrease in engine 
speed. That is to say, low NOx emissions could be obtained by 
decreasing engine speed appropriately. The simulation result 
indicates that the most NOx is produced during the HTR, and 
it is obvious that the main reaction process of NOx occurs at a 
crank rotation angle range of 355° to 400°, as shown in Fig. 4.

Fig. 4. (a) Effect of decreasing engine speed on NO emissions (b) Effect 
of decreasing engine speed on NO2 emissions (c) Effect of decreasing engine 

speed on N2O emissions

Fig. 5 shows that in the main reaction process (crank 
rotation angle range of 355° to 400°) of MD combustion, 
the reaction path diagram of the greatest NOx mole fraction 
is produced with an engine speed of 85 r/min. The width 
of the arrow provides an intuitionistic optical indication 
of reaction rates of the NOx reaction path. The absolute rate 
of the greatest NO, NO2, N2O mole fractions produced are 
shown in Fig. 5.
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Fig. 5. Reaction path of NOx emissions for MD HCCI combustion

 In an attempt to understand the reaction process of NOx 
intuitively, transition states (TS) for the main reaction 
of NOx are given. Important reactions of NOx are extracted 
to analyse the reaction path in the study. The anharmonic 
effect is added to the reactant and transition states for high 
accuracy calculation. Calculation of the reaction channel and 
transition state were completed by the research group.[45] 
The calculated results of the rate constants were compared 
with the experimental data to observe the effect of adding 
anharmonic effect to the rate constant. The anharmonic effect 
cannot be ignored when the differences between the calculated 
results and the experimental data are large; however, small 
differences indicate that the anharmonic effect can be ignored. 
It is obvious that the production of NO comes mainly from 
the reaction of NO2. Fig. 6(a) shows energy and geometries 
of reactant, transition state, and products for the reaction P1. 
The reaction P1 has one reaction channel and one transition 
state. The ball-and-stick models of Channel 1 show that the 
oxygen atom approaches NO gradually and combines with 
NO to eventually produce NO2. The energy and geometries 
of the reactant, transition state, and products for reaction 
P2 are shown in Fig. 6(b). The reaction P2 has three reaction 
channels and seven transition states. Channel 2 shows that the 
hydrogen atom approaches NO2 and combines with a nitrogen 

atom. Then, the hydrogen atom detaches from the nitrogen 
atom and combines with an oxygen atom detached from NO2 
to produce NO and OH. Channel 3 and Channel 4 show that 
the hydrogen atom approaches NO2 and combines with an 
oxygen atom detached from NO2 to produce NO and OH. 

Fig. 6. (a) The optimized energy and geometries of reactant, transition state, 
and products for reaction P1 (b) The optimized energy and geometries of 

reactant, transition state, and products for reaction P2

The major reactions are shown according to the following 
chemical equations:

Channel1: NO2 + M 
���

�� NO + O + M     

 

Channel2: NO2 + H 
�������������������

�������������������� NO + OH 

Channel3: NO2 + H 
�����������

����������� NO + OH 

Channel4: NO2 + H 
�����������

����������� NO + OH    

(P1)Channel1: NO2 + M 
���

�� NO + O + M     

 

Channel2: NO2 + H 
�������������������

�������������������� NO + OH 

Channel3: NO2 + H 
�����������

����������� NO + OH 

Channel4: NO2 + H 
�����������

����������� NO + OH    

(P2)

The production of NO2 comes mainly from the reaction 
of NO. Fig. 7(a) shows energy and geometries of reactant, 
transition state, and products for reaction P3. The reaction 
P3 has one reaction channel and one transition state. The 
ball-and-stick models show that the oxygen atom on HO2 
approaches NO gradually, becomes detached from HO2, and 
combines with NO to eventually produce NO2. The energy 
and geometries of reactant, transition state, and products 
for reaction P4 are shown in Fig. 7(b). The reaction P4 has 
one reaction channel and one transition state. It shows that 
O2 approaches NO gradually, and one oxygen atom becomes 
detached from O2 and combines with NO to produce NO2 
and O. 

Fig. 7. (a) The optimized energy and geometries of reactant, transition state, 
and products for reaction P3 (b) The optimized energy and geometries of 

reactant, transition state, and products for reaction P4

The major reactions are shown according to the following 
chemical equations:
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Channel5: NO + HO2 
���

�� NO2 + OH 

Channel6: NO + O2 
����

��� NO2 + O 

(P3)Channel5: NO + HO2 
���

�� NO2 + OH 

Channel6: NO + O2 
����

��� NO2 + O (P4)

The production of N2O comes mainly from the reaction 
of N2; Fig. 8(a) shows energy and geometries of reactant, 
transition state, and products for reaction P5. The reaction P5 
has one reaction channel and one transition state. It shows that 
one oxygen atom becomes detached from HO2 and combines 
with N2 to eventually produce N2O and OH. The energy and 
geometries of reactant, transition state, and products for 
reaction P6 are shown in Fig. 8(b). The reaction P6 has one 
reaction channel and one transition state. It shows that N2 
approaches O2 gradually, and one oxygen atom becomes 
detached from O2 and combines with N2 to eventually produce 
N2O and O.

Fig. 8. (a) The optimized energy and geometries of reactant, transition state, 
and products for reaction P5 (b) The optimized energy and geometries of 

reactant, transition state, and products for reaction P6

The major reactions are shown according to the following 
chemical equations:

Channel7: N2 + HO2 
����

��� N2O + OH 

Channel8: N2 + O2 
����

��� N2O + O 

(P5)Channel7: N2 + HO2 
����

��� N2O + OH 

Channel8: N2 + O2 
����

��� N2O + O (P6)

CO and CO2 Emissions at Different Speeds
CO and CO2 are major emissions of the combustion 

process. Fig. 9 shows the effect of decreasing engine speed 
on CO and CO2 emissions in MD HCCI combustion. Fig. 9(a) 
shows that at a constant excess air coefficient 1.5, a decrease 
of engine speed from 85 to 55 r/min has little effect on CO 
emissions. Production of CO2 emissions has changed only by 
a small amount with a decrease of engine speed at a constant 
fuel–air ratio, as shown in Fig. 9(b). HCCI combustion of 
MD is completed at an excess air coefficient of 1.5; that is to 
say, carbon will burn completely to become CO2. A decrease 
of engine speed from 85 to 55 r/min has little effect on peak 
in-cylinder temperature and end temperature in Fig. 2(a). 
Thus, speed reduction will not result in poor combustion. 
Carbon is burned completely to become CO and CO2; 
then, CO is burned completely and finally oxidized to CO2. 

Because the complete combustion of carbon is not affected 
by a decrease of speed, the emissions of CO and CO2 remain 
almost unchanged. Therefore, the simulation result indicates 
that a decrease in engine speed has little effect on CO and 
CO2 emissions.

Fig. 9. (a) Effect of decreasing engine speed on CO emissions. (b) Effect of 
decreasing engine speed on CO2 emissions.

COMBUSTION AND EMISSION CHARACTERISTICS 
OF THE SAME TOTAL MOLE FRACTION MIXTURES 
WITH DIFFERENT MD AND DME BLENDING RATIOS

Effect of MD and DME Mixing Ratio on In-Cylinder 
Temperature and Pressure 

Fig. 10 shows, at an engine speed of 85 r/min, the profiles 
of in-cylinder combustion temperature and pressure during 
the HCCI combustion process for mixtures with different 
mixing ratios of MD and DME. Fig. 10(a) shows that the 
end temperature and maximum combustion temperature 
in-cylinder decrease with an increase of DME percentage 
at a constant engine speed of 85 r/min, which is because 
the DME has the lower heating value than MD(Table 2). 
The relative molecular weight of MD is much larger than the 
DME. At a constant total mole fraction, the total heating value 
reduces with an increase of DME percentage. Therefore, the 
temperature can be regulated in a suitable range by adjusting 
the mixing ratios of MD and DME. A decrease in the peak 
combustion temperature in the cylinder has an inhibitory 
effect on the formation of NOx.[23][32] The cetane number of 
dimethyl ether is higher than that of methyl decanoate (Table 
2), so the self-ignition combustion temperature of DME is 
lower than that of MD. As the DME mixture ratio increases, 
the cetane number of the mixed fuel increases (Table 3), while 
the self-ignition combustion temperature of the mixed fuel 
is reduced. As a result, the ignition delay time is shortened, 
and combustion efficiency is improved. At the same time, 
a decrease of end temperature can effectively reduce vibration 
and extend engine part life. The effect of DME percentage on 
in-cylinder pressure is shown in Fig. 10(b). It can be observed 
that the peak in-cylinder pressure undergoes a small decrease 
with an increase in the DME blending ratio, and the decrease 
of peak in-cylinder pressure can reduce the frequency of 
knocking. Therefore, the simulation result indicates that 
the percentage of MD and DME is an important factor that 
influences HCCI combustion. For the purpose of optimizing 
the combustion process, it is indispensable to adjust an 
appropriate mixing ratio of MD and DME.
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Fig. 10. (a) Effect of DME percentage on in-cylinder temperature (b) Effect 
of DME percentage on in-cylinder pressure

Effect of MD and DME Mixing Ratio on NOx Emissions
Fig. 11 shows, at a constant total mole fraction, the effect 

of MD and DME mixing ratio on NOx emissions. The amount 
of NO emissions is reduced significantly with an increase 
of DME percentage at the different proportion of mixtures 
(Fig. 11(a)). The trend is similar to that of NO emissions: 
with a rise of DME mixing ratio, NO2 emissions decrease 
significantly at a constant total mole fraction, as shown in 
Fig. 11(b). Fig. 11(c) shows that the maximum production of 
N2O decreases with an increase of the DME mixing ratio. The 
formation of NOx is related to the combustion temperature: 
the peak combustion temperature decreases with an increase 
of DME percentage. Thus, NO emissions are reduced with 
decreases in combustion temperature.[23][32]

Fig. 11.  
(a) Effect of DME percentage on NO emissions at a constant mole fraction  
(b) Effect of DME percentage on NO2 emissions at a constant mole fraction  
(c) Effect of DME percentage on N2O emissions at a constant mole fraction

Effect of MD and DME Mixing Ratio on NOx Reaction Rate 
Fig. 12 shows the effect of MD and DME blending ratio 

on NO reaction rate in the main reaction process which is 
mentioned above. It clearly indicates that the combustion 
reaction rate of NO is reduced with a rise of DME percentage, 
and the reason for the reduction of the NO reaction rate is due 
to a decrease of combustion temperature. The low temperature 
weakens the perturbation of gas in-cylinder; thus, the reaction 
rate of NO reduces, which leads to a decrease in NO emissions. 

Fig. 12. Effect of MD and DME mixing ratio on NO reaction rate at a constant 
mole fraction

The effect of MD and DME mixing ratio on NO2 reaction 
rate in the main reaction process at a constant total mole 
fraction is shown in Fig. 13. With the rise of DME percentage, 
the reaction rate of NO2 decreases due to the decrease of 
combustion temperature, which leads to a decrease of NO2 
emissions.

Fig. 13. Effect of MD and DME mixing ration on NO2 reaction rate 
at a constant mole fraction.

The trend is similar to that of the NO and NO2 reaction rate: 
the reaction rate of N2O decreases with an increase of DME 
mixing ratio in the main reaction process (Fig. 14). A high 
DME percentage leads to a low combustion temperature; 
thus, the reaction rate of N2O decreases, which means low 
NO2 emissions.

Fig. 14. Effect of MD and DME mixing ratio on N2O reaction rate at a 
constant mole fraction

Therefore, it is clear that the reaction rate of NOx decreases 
significantly with an increase of DME mixing ratio at 
a constant total mole fraction. That is to say, NOx emissions 
can be decreased by increasing DME percentage in a suitable 
range.
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Effect of MD and DME Mixing Ratio on CO and CO2 
Emissions 

Fig. 15 shows the effect of MD and DME mixing ratio on 
CO and CO2 emissions at a constant total mole fraction. The 
maximum production of CO decreases with an increase of 
DME mixing ratio, as shown in Fig. 15(a). Fig. 15(b) shows 
that the amount of CO2 emissions decreases significantly 
with an increase of DME percentage. The reason for the 
reduction of CO2 emissions is that the DME has lower 
C/H ratio relative to MD; an increase of DME mixing ratio 
can decrease the C/H ratio of the mixture and reduce CO2 
emissions effectively. Therefore, it can be concluded that the 
amount of CO2 emissions in HCCI combustion becomes less 
with an increase of DME mixing ratio.

Fig. 15. (a) Effect of DME percentage on CO emissions at a constant 
mole fraction (b) Effect of DME percentage on CO2 emissions at a constant 

mole fraction

Effect of MD and DME Mixing Ratio on Heat Release Rates
At a constant total mole fraction and engine speed of 85 

r/min, the heat release rate curves of MD and DME mixed 
at different mixing ratios are given in Fig. 16. There are two 
peak values in the curve of each mixture. The higher peak 
value appears in HTR; the other appears in low-temperature 
reaction (LTR). The releasing heat of HTR takes up to above 
95% of the total combustion process. Because the relative 
molecular weight of MD is much larger than DME, at 
a constant total mole fraction, heat release rates decrease with 
an increase of DME percentage. At a constant total heating 
value, the peak values of the mixture heat release rate curve 
have small distinctions. However, the amount of NO and 
NO2 emissions changes very little, so there is no significance 
when comparing the heat release rate curves.

Fig. 16. Heat release rate of MD and DME mix with different mixing ratios

CONCLUSIONS

A skeletal mechanism was completed by combining an MD 
mechanism, DME mechanism, and NOx mechanism. Through 
sensitivity analysis, changes of combustion temperature, 
pressure, and NOx, CO, and CO2 emissions during the 
combustion of methyl decanoate HCCI were obtained for 
different engine speeds and different DME mixture ratios. 
The main chemical reaction paths and chemical reaction 
rates of NO, NO2, and N2O could be observed accurately by 
analysis of the reaction path.

NOx emissions of MD HCCI combustion decrease with 
a decrease of engine speed from 85 to 55 r/min on low-speed 
two-stroke marine diesel engines. Therefore, NOx emissions 
can be reduced by adjusting diesel engine speed in a suitable 
range. The decrease of engine speed from 85 to 55 r/min 
has little effect on CO and CO2 emissions of MD HCCI 
combustion. Therefore, a decrease of engine speed does not 
cause a rise of CO and CO2 emissions at the same input fuel 
energy.

Different MD and DME mixing ratios were used at the 
same total mole fraction and, with an increase of DME ratio, 
the exhaust temperature and in-cylinder peak temperature 
decreased, the cetane number of the mixed fuel increased, 
ignition delay time was shortened, and combustion efficiency 
improved. The amount of NOx emissions decreased 
significantly with an increase of DME mixing ratio. The 
absolute reaction rate of NOx decreased significantly with 
an increase of the DME mixing ratio in the main reaction 
process. NOx emissions decreased due to a decrease of reaction 
rate. Therefore, NOx emissions of MD HCCI combustion can 
be reduced by DME addition in low-speed two-stroke marine 
diesel engines. At the same time, CO2 emissions experience 
a certain decline with an increase in DME percentage. CO2 
emissions of MD HCCI combustion can be reduced by DME 
addition in low-speed two-stroke marine diesel engines. 
Therefore, the combustion and emission process of MD HCCI 
combustion can be optimized by increasing the percentage 
of DME at the same engine load.
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