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A multi-dimensional Computational Fluid Dynamics (CFD) model is adopted to investigate the Dimethyl
Ether (DME) Homogeneous Charge Compression Ignition (HCCI) combustion and emissions processes. A
reduced chemical mechanism is coupled with a CFD code in the multi-dimensional CFD model. The
pressure profiles predicted by the multi-dimensional CFD model are more accurate than the single-zone
model, because the wall heat transfer and in-cylinder turbulence flow are considered. During the
combustion process the in-cylinder temperature distribution undergoes a process from inhomogeneity
to homogeneity. Both low and high temperature reactions don’t occur simultaneously throughout the
cylinder. The low temperature reactions are initiated near the piston surface and squish region, and the
high temperature reactions are initiated in the combustion chamber core zone and squish region.
Emission analysis indicates that unburned fuel and CH2O account for the majority of unburned hydro-
carbon (HC). The unburned fuel, CH2O and CO emission mainly resides in the bottom, middle and upper
part of the piston-ring crevice region, respectively. With the decrease of DME equivalence ratio,
unburned fuel and CO increases. However, when the DME equivalence ratio is too small, CO emission
decreases.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

With ever growing concerns on environmental pollution,
energy security, and future oil supplies, the global community is
seeking nonpetroleum based alternative fuels, along with more
advanced combustion technology (e.g., Homogeneous Charge
Compression Ignition) to increase the efficiency of energy use [1].

Homogeneous Charge Compression Ignition (HCCI) is a prom-
ising combustion mode that can achieve high efficiency and low
emissions simultaneously, and it is also a key strategy to meet
future emission regulations. However, there are still challenges
associated with the attracting features of HCCI combustion. For
one thing, it’s hard to control the combustion phasing over a wide
range of operation conditions. For another thing, the unburned
hydrocarbon (HC) and carbon monoxide (CO) emissions are
comparatively higher than traditional diesel engine. Besides,
fundamental understanding of the HCCI combustion and emissions
processes is still limited [2,3].

Dimethyl ether (DME) has the potential to be a clean and
efficient alternative fuel for diesel [4]. This is not only because of its
x: þ86 21 34205553.
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high cetane number (above 55), low auto-ignition temperature
and low boiling point (�25 �C), but also because of its simple
chemical structure and high oxygen content which result in soot-
free combustion in engines. In addition, DME can be produced by
the conversion of various feedstocks such as natural gas, coal, oil
residues and bio-mass, and it reduces the dependence of petroleum
fuels which are depleting [5].

DME has been attracting much attention not only as an alternative
fuel but also as an ignition promoter when it’s implemented into HCCI
combustion system. Shudo et al. [6,7] proposed a HCCI combustion
system fueled with DME and methanol-reformed gas (MRG). In the
system, both DME and MRG were produced from methanol by onboard
reformers utilizing exhaust heat from the engine. The research showed
high thermal efficiency and the operable range was expanded with
the two kinds of fuel. Sato et al. [8] adjusted the DME proportion to
control the HCCI combustion process for DME/methane dual-fueled
HCCI engine. Yamada et al. [9] reported the reduction of the first stage
heat release with methanol addition and consequent retardation of
the second stage heat release in a DME HCCI engine. Flowers et al. [10]
used chemical kinetics code to analyze the natural gas HCCI combus-
tion process, and DME addition was adopted as a control strategy. Yao
et al. [11,12] applied DME as an ignition improver for both Compressed
Natural Gas (CNG) and Methanol HCCI combustion processes.
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With the rapid development of combustion modeling theory and
computational technology, engine combustion simulation has
become a useful tool in understanding in-cylinder details and engine
design guidance. Although HCCI combustion is controlled primarily
Table 1
The reduced chemical mechanism for DME.

Species

CH3OCH2 CH3OCH2O2 C
H CH3O C
H2O N2 C
HO2 H2O2 C
OCH2OCHO HO2CH2OCHO O
O

Reactions (k¼AT**b exp(�E/RT)) A
1 CH3OCH3þOH¼ CH3OCH2þH2O 1
2 CH3OCH2O2¼ CH3OCH2þO2 4

Reverse Arrhenius coefficients: 1
3 CH3OCH2O2¼ CH2OCH2O2H 7

Reverse Arrhenius coefficients: 3
4 O2CH2OCH2O2H¼ CH2OCH2O2HþO2 4

Reverse Arrhenius coefficients: 9
5 O2CH2OCH2O2H¼HO2CH2OCHOþOH 3
6 HO2CH2OCHO¼OCH2OCHOþOH 1
7 OCH2OCHO¼ CH2OþHCO2 5

Reverse Arrhenius coefficients: 1
8 OHþOH(þM)¼H2O2(þM) 1

Low pressure limit: 0
TROE centering: 0.47000Eþ 00 0
H2 Enhanced by 2.000Eþ 00
H2O Enhanced by 1.200Eþ 01
CO Enhanced by 1.900Eþ 00
CO2 Enhanced by 3.800Eþ 00

9 H2O2þO2¼HO2þHO2 2
Reverse Arrhenius coefficients: 4
Declared duplicate reaction.

10 H2O2þO2¼HO2þHO2 0
Reverse Arrhenius coefficients: 1
Declared duplicate reaction.

11 CH2OCH2O2H¼OHþ CH2Oþ CH2O 1
Reverse Arrhenius coefficients: 0

12 CH2OþOH¼HCOþH2O 3
Reverse Arrhenius coefficients: 2

13 HCOþO2¼ COþHO2 9
Reverse Arrhenius coefficients: 1

14 COþOH¼ CO2þH 9
Reverse Arrhenius coefficients: 1

15 CH3OCH3þO2¼ CH3OCH2þHO2 4
Reverse Arrhenius coefficients: 1

16 HO2þM¼HþO2þM 3
Reverse Arrhenius coefficients: 6

17 COþHO2¼ CO2þOH 1
Reverse Arrhenius coefficients: 3

18 CH3þHO2¼ CH3OþOH 1
Reverse Arrhenius coefficients: 6

19 CH3OCH2O2H¼ CH3OCH2OþOH 1
Reverse Arrhenius coefficients: 2

20 CH3OCH3þHO2¼ CH3OCH2þH2O2 1
Reverse Arrhenius coefficients: 6

21 CH3OCH2O¼ CH3Oþ CH2O 6
Reverse Arrhenius coefficients: 1

22 CH2OHþO2¼ CH2OþHO2 1
Reverse Arrhenius coefficients: 3

23 CH2OþO¼HCOþOH 4
Reverse Arrhenius coefficients: 1

24 CH2OþHO2¼HCOþH2O2 5
Reverse Arrhenius coefficients: 7

25 HCOþHO2¼ CH2OþO2 1
Reverse Arrhenius coefficients: 3

26 HCO2þM¼Hþ CO2þM 2
Reverse Arrhenius coefficients: 5

27 CH2OHþM¼ CH2OþHþM 1
Reverse Arrhenius coefficients: 1

28 H2OþM¼HþOHþM 1
Reverse Arrhenius coefficients: 2

NOTE: A units mole cm sec K, E units cal/mole.
by chemical kinetics, there is still mixture and temperature inho-
mogeneity due to wall heat transfer and turbulence interaction. Thus,
there are three categories of models for HCCI combustion simulation:
single-zone model, multi-zone model and multi-dimensional CFD
H2OCH2O2H CH3OCH2O2H CH3OCH3

H3 O2 OH
O HCO CO2

H2OH CH2O HCO2

2CH2OCH2O2H H2 CH3OCH2O

b E
.40Eþ 08 1.6 �35.0
.68Eþ 17 �1.2 38 240.0
.00Eþ 12 0.0 0.0
.42Eþ 11 0.0 18 500.0
.10Eþ 13 �0.8 9340.0
.99Eþ 17 �1.2 38 260.0
.00Eþ 11 0.0 0.0
.71Eþ 11 0.0 18 500.0
.01Eþ 20 �1.5 44 090.0
.05Eþ 16 �1.6 15 400.0
.25Eþ 11 0.0 7400.0
.24Eþ 14 �0.4 0.0
.30410Eþ 31 �0.46300Eþ 01 0.20490Eþ 04
.10000Eþ 03 0.20000Eþ 04 0.10000Eþ 16

.96Eþ 12 0.0 38 150.0

.20Eþ 14 0.0 11980.0

.00Eþ 00 0.0 38 150.0
.30Eþ 11 0.0 �1629.0

.25Eþ 13 0.0 18 160.0
.00Eþ 00 0.0 0.0
.43Eþ 09 1.2 �447.0
.35Eþ 08 1.4 26 120.0
.10Eþ 12 0.0 410.0
.69Eþ 14 �0.3 34 590.0
.42Eþ 03 2.3 �2351.0
.06Eþ 06 2.3 19 980.0
.10Eþ 13 0.0 44 910.0
.90Eþ 11 0.0 �4659.0
.57Eþ 24 �2.7 51620.0
.70Eþ 19 �1.4 0.0
.51Eþ 14 0.0 23 650.0
.23Eþ 16 �0.3 85 260.0
.50Eþ 13 0.0 0.0
.52Eþ 14 �0.3 24 550.0
.83Eþ 20 �1.5 47 160.0
.00Eþ 13 0.0 0.0
.00Eþ 13 0.0 17690.0
.54Eþ 13 �0.6 9290.0
.48Eþ 12 �0.1 14 870.0
.25Eþ 11 0.0 7400.0
.00Eþ 14 0.0 5000.0
.26Eþ 12 0.6 25 860.0
.16Eþ 11 0.6 2762.0
.46Eþ 10 0.6 15 340.0
.60Eþ 12 0.0 13 600.0
.79Eþ 11 0.0 10230.0
.00Eþ 14 0.0 3000.0
.66Eþ 15 0.0 46 040.0
.29Eþ 26 �3.0 35 070.0
.95Eþ 24 �2.6 37 850.0
.85Eþ 24 �2.5 34190.0
.06Eþ 23 �2.0 5901.0
.84Eþ 27 �3.0 122 600.0
.25Eþ 22 �2.0 0.0



Table 2
Engine specifications.

Bore 115 mm
Stroke 115 mm
Displacement 1200 cm3

Compression Ratio 17.0:1
Engine Speed 1400 r/min
Intake Valve Open 12�BTDC
Intake Valve Close 45�ABDC
Exhaust Valve Open 55�BBDC
Exhaust Valve Close 14�ATDC
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model. The feasibility of each model varies and the user needs to
compromise between computer time and model accuracy [13].

The single-zone model is the simplest HCCI simulation model.
This model is based on the assumption that the in-cylinder mixture
is perfectly homogeneous which leads to a rapid fuel consumption
and heat release [14]. Chemical mechanism is the center of a single-
zone model, and it’s also the fundamental and preliminary work for
the multi-zone and multi-dimensional CFD models. Various kinds
of chemical mechanisms describing DME HCCI combustion process
have been developed over recent years. Curran et al. [15,16]
proposed a detailed DME oxidation mechanism which included 79
species and 351 reactions. This comprehensive mechanism was
validated against a series of experimental results over a wide range
of conditions. However, the use of detailed chemical mechanism
with the multi-dimensional CFD code is too computationally
intensive for current computer. Thus, reduced chemical mecha-
nisms which are accurate in predicting fuel oxidation process under
engine operating conditions are paid much attention. Yamada et al.
[17] developed a reduced chemical mechanism of DME consisting
of 23 species and 23 reactions. Satisfactory agreement with detailed
mechanism was obtained, and the effects of formaldehyde and
Fig. 1. Computational mesh of combustion chamber at TDC.
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Fig. 2. Comparison of cylinder pressure profiles predicted by multi-dim
methanol as ignition suppressors were studied. Kim et al. [18] also
established a reduced chemical mechanism of DME including 28
species and 45 reactions. The key reactions of DME affecting the
ignition delay in Negative Temperature Coefficient (NTC) were
investigated. By analyzing the detailed DME oxidization pathway,
Yao et al. [19,20] proposed a reduced chemical mechanism
consisting of 28 reactions and 26 species.

The second type of HCCI combustion simulation model is the multi-
zone model, which is a little more complicated than the single-zone
model. The combustion chamber is divided into a certain number of
zones to account for the mixture and temperature inhomogeneity [14].
Thus, different levels of mixture and temperature stratifications
which exist in actual HCCI combustion process are considered. The
multi-zone model can predict a reasonable overall combustion rate but
it requires empirical adjustments in formulating zones [13]. Aceves
et al. [21,22] focused on developing and validating multi-zone models
for HCCI combustion to obtain some of the zonal resolution afforded by
CFD models. In their previous version of multi-zone model, the fluid
mechanics code KIVAwas run to evaluate the temperature distribution
inside the cylinder before combustion, and the information was then
fed into the chemical kinetic code. The results showed considerable
success in predicting maximum pressure, burn duration, indicated
efficiency and combustion efficiency, but HC and CO emissions were
not as good. An upgraded version of the above multi-zone model was
proposed by Babajimopoulos et al. [23] to study the Premixed Charge
Compression Ignition (PCCI) combustion process. In this model KIVA-3
V was fully integrated with the multi-zone model and chemical
kinetics. At each discrete time the cells were grouped into zones
according to the temperature and composition of the cells. Each zone
was treated as an adiabatic constant volume reactor, and was solved by
CHEMKIN during the time step. Then the new zone composition and
heat release were mapped back onto all the cells within the zones,
and KIVA-3 V code subsequently proceeded to determine convection
and diffusion processes over the same time step.

The last and the most comprehensive type of HCCI combustion
model is the multi-dimensional CFD model. This model can analyze
the effects of combustion chamber geometry, wall heat transfer and
turbulence influence on HCCI combustion process and it can also be
applied to other stratified mixture combustion simulations. A multi-
dimensional CFD model coupled with detailed chemical kinetics was
proposed by Kong et al. [3], and a formulation where the reaction rate
for each species incorporating the effects of both chemical kinetics
and turbulent mixing was included in the model. The model gave
better prediction in ignition timing and combustion phasing. The HC
emissions were well predicted, and the CO emissions were under
predicted. However, by modifying a key oxidation reaction rate
constant of CO reaction, the CO emission prediction was improved.
Kong [13] further studied the HCCI combustion characteristics of
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ensional CFD model, single-zone model and experimental results.



Fig. 3. The in-cylinder temperature distribution for DME HCCI combustion VDME¼ 0. 197.

Fig. 4. The intermediate species mass fraction distribution at the beginning of LTR VDME¼ 0.197.

Fig. 5. CO mass fraction distribution VDME¼ 0.197.
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natural gas and DME mixture with the multi-dimensional CFD model
coupled with detailed chemistry. Combustion and operation limits
were well predicted by the model. Although a coupled multi-dimen-
sional CFD and detailed chemistry model can give accurate prediction
of combustion characteristics, it requires substantial memory and CPU
time. Thus, a reduced chemistry coupled with multi-dimensional CFD
model is adopted to simulate the HCCI combustion process and
emissions more efficiently. Noel et al. [24] reported the coupling
between the reduced chemistry of n-heptane and CFD code to study
the HCCI combustion process. Yao et al. [25] proposed a multi-
dimensional CFD model coupled with reduced chemistry to study the
DME/methanol dual-fuel HCCI combustion process and emissions.

In this study a reduced chemical mechanism is coupled with
a multi-dimensional CFD code (STAR/Kinetics) to study the Dimethyl
Ether HCCI combustionprocess and emissions. The multi-dimensional
CFD model is more accurate in predicting the pressure profile than the
single-zone model, because the wall heat transfer and in-cylinder
turbulence flow are considered in the model. The HCCI combustion
and emissions formation processes are analyzed, which have signifi-
cant meanings to offer strategies to enable HCCI combustion.



Fig. 6. OH mass fraction distribution VDME¼ 0.197.
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2. Experiments

Experiments were conducted on a modified single-cylinder,
water-cooled, direct-injection diesel engine. The engine specifica-
tions are shown in Table 2, and the detailed schematic diagram
and operation condition is presented in the literature [12]. An
electronically controlled fuel injection system was used for fueling
DME. The DME injector was mounted near the inlet port of cylinder
head, and it was controlled by an electromagnetic valve. Before the
DME injector, there was a surge tube to stabilize the DME injection
pressure to 0.25 MPa. The DME flow rate was calculated by cali-
bration according to the injection pressure and duration. DME
injection timing was at 20� After Top Dead Center (ATDC) in the
intake stroke. A homogeneous mixture of DME with air was formed
during the compression stroke.

The DME equivalence ratio is defined as follows,

fDME ¼ ðGDME � AFDMEÞ=GAIR (1)

where GDMEis the mass flow rate of DME and GAIR is the mass flow
rate of air. AFDME represents the stoichiometric air/fuel ratio of DME.
3. Model formulation

3.1. Reduced chemical kinetics model for DME

A detailed chemistry coupled with CFD model is far beyond the
capacity of current computer, thus a reduced chemistry which is
specially developed for engine operation condition is preferable in
this research. This paper adopted a reduced chemical mechanism for
DME HCCI combustion process which was proposed by Yao et al. [17].
The reduced chemical mechanism has been derived from the detailed
chemical mechanism [15,16] by analyzing the reaction pathways
and sensitivity analysis. It consists of 26 species and 28 reactions, and
the mechanism is shown in Table 1.

The reduced chemical mechanism has been validated against
the detailed chemical mechanism at constant and variable volume
simulations. First, the ignition delay calculated by the reduced
Fig. 7. Initial locations for LTR
mechanism is compared with the detailed mechanism under
constant volume operation conditions. The initial temperature
range is 600–1000 K, the initial pressure varies from 10 atm to
40 atm, and the DME equivalence ratio is 0.215. Second, the
reduced chemical mechanism has been compared with the detailed
chemical mechanism at HCCI engine operating conditions. Cylinder
pressure, temperature and important intermediate species were
compared with the detailed mechanism. Detailed description about
the reduced mechanism is presented in this literature [17].

3.2. Multi-dimensional CFD model

The reduced chemical mechanism for DME has been imple-
mented into the STAR/Kinetics CFD code to simulate HCCI
combustion and emissions processes [26]. The STAR-CD code
provides CHEMKIN the species and thermodynamic information of
each computational cell, and the CHEMKIN code returns the new
species information and energy release after solving the chemistry.
The chemistry and flow solutions are then coupled. The turbulence
affects the combustion by property transport, heat flux and mixture
preparation [13].

The Renormalization Group (RNG) k–3 model was used for
turbulence modeling. The Pressure-Implicit with Splitting of
Operators (PISO) algorithm was used for the transient flow of the
engine. PISO performs at each time step, a predictor, followed by
a number of correctors, during which linear equation sets are
solved iteratively for each main dependent variable. The decisions
on the number of correctors and inner iterations are made inter-
nally on the basis of the splitting error and inner residual levels,
respectively, according to prescribed tolerances and upper limits.

3.3. Initial conditions

The multi-dimensional CFD simulations were started at the time
of intake valve close (IVC), and were ended at the time of exhaust
valve open (EVO) assuming a uniform distribution of mixture
properties. To reduce computational time, two simplifications were
made. Firstly, one layer grid was applied, shown in Fig. 1. Secondly,
and HTR VDME¼ 0.197.
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Fig. 8. History profiles of CH3OCH3 and CH2O VDME¼ 0.197.
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the coupling of turbulence flow and chemical kinetic model was
activated at 30�BTDC, because the combustion reaction always
takes place around top dead center (TDC). Engine speed was rated
at 1400 rpm, and the time-varying parameters were converted into
crank angle. There are 1658 cells at IVC, and the average cell size is
about 2 mm. A full cycle simulation took approximately 18 h in a PC
machine with Pentium IV 3.0 GHz CPU and 1 GB internal memory.
For all the cases studied, the temperature and pressure at IVC were
estimated as 375 K and 0.11 Mpa, respectively. The surface
temperatures of the piston, cylinder head and liner were estimated
as 500 K, 450 K and 420 K, respectively.

4. Results and discussions

4.1. Comparison of pressure profiles

Fig. 2 gives the comparison of cylinder pressure profiles pre-
dicted by the multi-dimensional CFD model, single-zone model and
experimental results. The cylinder pressure profiles predicted
by multi-dimensional CFD model are a little lower than those
predicted by the single-zone model. On one side, the mixture
inhomogeneity, wall heat transfer and in-cylinder turbulence flow
are considered in the multi-dimensional CFD model, which results
in lower pressure. On the other side, the turbulence reaction
interaction (TCI) model is not considered in this multi-dimensional
CFD model, and the turbulence has a small influence on the
Fig. 9. CH3OCH3 mass fraction
reaction rate. Thus, there is a slight difference in the pressure
profiles predicted by the single-zone model and multi-dimensional
CFD model. There are discrepancies in the pressure profiles
between the multi-dimensional CFD model and the experimental
data in Fig. 2. Two explanations might contribute to this result. On
one hand, the simulation is performed on the assumption that the
mixture is perfectly homogeneous at the beginning of calculation.
However, the mixture and temperature inhomogeneity always
exists in engine operating conditions. In other words, the fuel air
mixture can hardly be mixed down to the molecular level experi-
mentally. As a result, the heat release rate is slowed down and the
peak pressure is decreased. On the other hand, the effect of
turbulence on reaction rates are not considered in the sub-grid
scale in this multi-dimensional CFD model, and the turbulence only
affects the combustion by property transport and heat flux.

4.2. Analysis of combustion process

Theoretically, the mixture in HCCI combustion process is
perfectly homogeneous, i.e. the temperature distribution and
mixture concentration can be represented by spatially-averaged
values. However, in actual HCCI combustion process there are still
locations of temperature and mixture inhomogeneity due to
mixture preparation, wall heat transfer and turbulence interaction.

Fig. 3 presents the cylinder temperature distribution simulated
by the multi-dimensional CFD model. The DME equivalence ratio is
distribution VDME¼ 0.197.



Fig. 10. CH2O mass fraction distribution VDME¼ 0.197.
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0.197. Low Temperature Reaction (LTR) of DME occurs in the
temperature range 750–800 K. At the beginning of LTR, i.e. 25�

Before Top Dead Center (BTDC), the temperature adjacent to the
piston surface and squish region is slightly higher, which is 793 K.
This is due to the in-cylinder turbulence flow. The mass fraction
distributions of intermediate species during LTR are illustrated in
Fig. 4. The concentrations of CH3OCH2, CH3OCH2O2 and O2CH2O-
CH2O2H are comparatively higher at the place near the piston
surface and squish region, which means that the degenerate chain
branching pathway, i.e. H-atom abstraction reaction R1, the first O2

addition reaction R2 and the second O2 addition reaction R4,
proceeds more rapidly at those locations. The OH concentration at
the beginning of LTR, i.e. 25�BTDC, also confirms the early heat
release at those locations, shown in Fig. 6. Thus, it can be concluded
that the initial locations for the LTR reside in the place adjacent to
the piston surface and squish region, shown in Fig. 7. At the end of
LTR, i.e. 20�BTDC, the temperature in the cylinder is more evenly
distributed due to the low temperature heat release of DME, shown
in Fig. 3. However, there are still different levels of temperature
gradients near the cylinder wall and the piston-ring crevice region
as a result of wall heat transfer. The OH mass concentration at
22�BTDC near the cylinder head is much higher, shown in Fig. 6,
which indicates that the low temperature reactions move to the
cylinder head. Multi-dimensional CFD simulation indicates that LTR
for DME HCCI combustion process does not take place in the entire
combustion chamber simultaneously. It occurs primarily at the
place near the piston surface and the squish region, and subse-
quently moves to the place near cylinder head.

High Temperature Reaction (HTR) occurs when the cylinder
temperature exceeding 1000 K. At the beginning of HTR, i.e.
11�BTDC, the temperature in the core and squish region is much
higher, which are 1013 K, shown in Fig. 3. At the next crank angle,
i.e. 10�BTDC, more CO and OH reside in the combustion chamber
core zone and squish region, shown in Figs. 5 and 6. Thus, it can be
concluded that the initial locations for HTR reside in the combus-
tion chamber core zone and squish region, shown in Fig. 7. The
temperature near the piston surface and the cylinder head is rela-
tively lower, because much heat is lost through the cylinder head
and piston surface, and the temperature gradients in those regions
increase as the time elapses. At the end of HTR, i.e. 8�BTDC, the
temperature distribution in the cylinder is rather uniform, and this
is caused by the rapid heat release during the high temperature
reaction region. Moreover, during the entire combustion process,
the temperature in the piston-ring crevice region is much lower
than the combustion chamber core zone, because much heat is lost
from the piston-ring crevice region, where the emissions are most
likely to appear.

Fig. 8 shows the history profiles of dimethyl ether and formal-
dehyde predicted by single-zone model and multi-dimensional CFD
model, respectively. The consuming rate and producing rate pre-
dicted by multi-dimensional CFD model are a little slower than
those predicted by single-zone model. Moreover, the dimethyl
ether consuming timing predicted by the multi-dimensional CFD
model is later than that predicted by the single-zone model. The
reason is that in-cylinder turbulence flow and wall heat transfer are
considered in the multi-dimensional CFD model.

Fig. 9 shows the dimethyl ether mass fraction distribution
during the two-stage auto-ignition process. At the beginning of LTR,
i.e. 24�BTDC, smaller amount of DME is remained in combustion
chamber core and squish region, because these are the locations
where LTR first takes place, shown in Fig. 7. At the end of LTR, i.e.
20�BTDC, there is still much DME residing in the cylinder, and the
distribution is rather uniform. When HTR is dominate, i.e. 10�BTDC,
DME concentration in the core and squish region is lower, because
the temperature in those locations is higher than the rest of the
cylinder. At the next crank angle, i.e. 9�BTDC, more DME in the core
and squish region is consumed. However, the DME near the
thermal boundary layer dose not disappear because of the wall heat
transfer effect. At the end of HTR, i.e. 8�BTDC, the majority of DME is
oxidized, and there is only a very small amount of DME left in the
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Fig. 12. Composition of unburned hydrocarbon VDME¼ 0.138.
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piston-ring crevice region. Unburned fuel mainly comes from the
piston-ring crevice region.

Formaldehyde is an important intermediate species during LTR
and it’s also a major component of HC emission. At the beginning of
LTR, i.e. 24�BTDC, a small amount of CH2O is formed in the
combustion chamber core and squish region, shown in Fig. 10,
which results in a slight temperature rise in those locations, shown
in Fig. 3. Both single-zone model and multi-dimensional CFD model
indicate that much CH2O is formed at the end of LTR, i.e. 20�BTDC,
and the distribution is rather uniform. However, at 20�BTDC little
CH2O resides in the piston-ring crevice region, because the CH2O
formation reactions are prohibited by the low temperature there.
At the beginning of HTR, i.e. 10�BTDC, more CH2O is formed in the
combustion chamber core zone and squish region, because the
temperature at the location is higher than the rest of the place.
There are different levels of CH2O concentration gradients near the
cylinder head and the piston-ring crevice region because the
formation of CH2O is hindered by the heat transfer through those
surfaces. At 9�BTDC, CH2O almost fills the entire combustion
chamber. At the end of HTR, i.e. 8�BTDC, the majority of CH2O is
Fig. 13. The mass fraction distributions of major HC and CO emissions at EVO (the
enlarged piston-ring crevice region) VDME¼ 0.138.
consumed, and only a small portion of CH2O resides in the piston-
ring crevice region, where the CH2O is most likely to appear.

4.3. Analysis of emissions

The high level of unburned hydrocarbon and carbon monoxide
emissions is a challenge for HCCI combustion. The percentage of
fuel carbon into emissions is shown in Fig. 11 for VDME¼ 0.138. The
efficiency for DME HCCI combustion process is rather high, and
96.85% of carbon in DME is converted into CO2, and unburned
hydrocarbon shares greater part than CO. Emission analysis indi-
cates that unburned DME and CH2O account for the majority of
unburned hydrocarbon, and the unburned DME account for about
70% of HC, shown in Fig. 12.

The mass fraction distributions of major HC and CO emissions
are shown in Fig. 13. Multi-dimensional CFD model indicates that
the majority of HC is located in the piston-ring crevice region, and
this region is amplified to obtain a clear view of the emission
distributions.

During LTR only a small amount of DME is consumed in the
upper part of piston-ring crevice region, but at the end of HTR the
DME residing in the upper part almost disappears, leaving a large
amount of DME in the bottom part of piston-ring crevice region,
shown in Fig. 9. As piston moves downwards, some DME outflows
from the piston-ring crevice region, as shown in Fig. 13. Unburned
DME mainly resides in the bottom of piston-ring crevice region. The
temperature in that region is the lowest because of the intense wall
heat transfer, and LTR can hardly occur. A reduction of piston-ring
crevice volume is an efficient way to reduce unburned DME
emission.

During LTR only a small amount of CH2O appears in the upper
part of piston-ring crevice region, shown in Fig. 10. Until the end of
HTR a certain amount of CH2O is formed in the piston-ring crevice
region. The heat released from the combustion chamber core zone
heats the piston-ring crevice region. Thus, the reactions leading to
the formation of CH2O occur here. As piston moves downwards,
some CH2O outflows from the piston-ring crevice region, as shown
in Fig. 13. A smaller amount of CH2O is located in the upper part of
the piston-ring crevice region than in the middle part, because the
temperature is comparatively higher in the upper part of the
piston-ring crevice region. Thus, much CH2O is oxidized into CO in
the upper part. However, a large amount of CH2O resides in the
middle of the piston-ring crevice region, because the temperature
there is not high enough to initiate the oxidation of CH2O-to-CO.
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The CO-to-CO2 reactions contribute significantly to the energy
release during the HTR. The majority of CO resides in the upper part of
piston-ring crevice region. The reason is that the temperature in the
upper part is only sufficient to initiate oxidation of CH2O-to-CO, but
not high enough to initiate the CO-to-CO2 reactions. Thus, much CO is
left in the upper part of the piston-ring crevice region, shown in Fig.13.

The effect of DME equivalence ratio on the conversion ratio of fuel
carbon into emissions is shown in Fig. 14. As DME equivalence ratio
decreases, unburned DME and CH2O emissions increase, and CO
emission increases. Thus, less fuel is converted into CO2. When the
DME equivalence ratio is too small, i.e. VDME< 0.02, the CO emission
decreases rapidly, and the unburned DME and CH2O emissions
increase. The reason is that with the extremely lean fuel air mixture,
the temperature in the combustion chamber is too low to initiate the
low temperature reactions. The CO emission decreases, and much
unburned DME is left in the combustion chamber.

5. Conclusions

1. Throughout the DME HCCI combustion process, the in-cylinder
temperature distribution undergoes a process from inhomo-
geneity to homogeneity.

2. DME HCCI combustion process does not take place in the entire
combustion chamber simultaneously. The low temperature
reaction occurs primarily at the place near the piston surface
and the squish region, and subsequently moves to the place
near cylinder head. The high temperature reaction is initiated
in the combustion chamber core zone and squish region, and
then spreads to the rest of the combustion chamber.

3. Emission analysis indicates that unburned fuel and CH2O
account for the majority of HC emission. The unburned fuel,
CH2O and CO mainly resides in the bottom, middle and upper
part of the piston-ring crevice region, respectively.

4. As the decrease of DME equivalence ratio, unburned fuel and
CO increases. However, when the DME equivalence ratio is too
small, the CO emission decreases.
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