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Abstract 
Homogeneous Charge Compression Ignition (HCCI) combustion is a pioneer method of combustion in which     

pre-mixed fuel and oxidizer (typically air) are compressed to the point of auto-ignition. HCCI engines can operate 
with most alternative fuels, especially, dimethyl ether (DME) which has been tested as a possible diesel fuel due to 
its simultaneously low NOx and PM emissions. In this paper a single zone detailed chemistry combustion model for 
determining the time evolution of the homogenous reacting gas mixture in the combustion chamber and performance 
characteristics of the engine has been developed. The aim of this paper is to analyse the effect of intake temperature 
and EGR on the characteristics of auto-ignition and operating window of the HCCI combustion considering knock 
and misfire boundaries.

Keywords: HCCI, DME, Emissions, 
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1. Introduction
 

   The Homogeneous Charge Compression Ignition (HCCI) 
engine has been vigorously studied in the last decade because 
of its high thermal efficiency (potentially 15-20% higher than 
conventional gasoline engines) and ultra low NOx and PM 
emissions compared with SI (gasoline Spark Ignition) and CI 
(diesel Compression Ignition) engines [1]. The basic idea is 
to employ a premixed air-fuel mixture that is sufficiently lean 
or dilute to keep flame temperatures below about 1900 °K to 
help keep NOx and particulate production low. Consequently, 

the HCCI engine with lean burn characteristics is a very good 
candidate for future clean and economical passenger vehicle 
applications. In spite of these great benefits, it has been very 
difficult to apply HCCI technology to real production engines. 

There are major challenges that must be overcome to make 
the HCCI engine practical. First, the ignition timing and com-
bustion phasing in the HCCI engine cannot be directly con-
trolled because there is no direct trigger, such as spark timing 
in SI engines or injection timing in CI engines; second, it has 
low power density because of its lean combustion nature [3]; 
and finally, the HCCI engine has limited operating range be-
tween knock and misfire boundaries. Many studies on dimeth-
yl ether as an alternative fuel or fuel additive have shown that 
the use of ether may help the simultaneous reduction of both 
NOx and particulate matters in premixed charge compression 
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ignition engines [2]. This is considered to attribute to its high 
oxygen content and absence of carbon-carbon bonds. Because 
of its low emission characteristics and little toxicity the works 
on dimethyl ether as a fuel for HCCI engine is very active 
recently. Dimethyl ether shows very strong low temperature 
oxidation, which is common for the most of diesel like fuels. 
Therefore, the HCCI study of dimethyl ether may also give 
useful information on the general role of cool flame in HCCI 
operation of other diesel like fuels [3 and 4]. 

In this paper a single zone detailed chemistry combustion 
model has been implemented into the 4-stroke engine fueled 
with DME. The model utilizes the library of CHEMKINIII 
code for determining chemical production rates. The system of 
equations solved in the single zone HCCI combustion model, 
is based on a fixed mass, variable volume reactor. With con-
sidering extended Zeldovich mechanism, the overall mecha-
nism involves 354 chemical reactions and 81 species. As a 
result, the effect of intake temperature and EGR on the charac-
teristics of auto-ignition, rate of heat release, and performance 
characteristics of the HCCI engine have been investigated.

2. Modeling technique and kinetic mechanism

A zero dimensional model is selected to study engine Per-
formance and auto ignition characteristics of DME oxidation; 
because of its simplicity and its ability to predict performance 
characteristics of HCCI engine [4 and 5]. This model has been 
developed for the closed cycle with full chemical kinetic con-
siderations both in compression and expansion processes. The 
following assumptions are considered for this single-zone 
model:

1. All chemical species are considered to behave as ideal gas.
2. The mixture is considered to be homogenous and there is 

no spatial-gradient throughout the combustion chamber.
3. The homogenous mixture of fuel and air is formed just 

before IVC.
For this system the conservation law of energy in differen-

tial form is:

                                                                 (1)

The internal energy of a system consisting of the mixture of 
ideal gases is:

                                                                        
(2)

With differentiating the above equation, we have:

                                                
(3)

The specific internal energy of each species with the ideal 
gas assumption is:

                                                                      (4)

Considering the work, heat transfer and mass fraction of 
each species, the time differential equation form of 1st law of 
thermodynamics is:

                              
(5)

From conservation law of chemical species:

                                                  
(6)

The pressure is found from the ideal gas law:

                                                           
(7)

The Eq. (5) can be rewritten to present variation of mixture 
temperature:

                 

(8)

Combination of the above equation results in a system of 
ordinary differential equations (ODEs). The initial concentra-
tion and temperature are specified in the input file which is red 
by the pre-processor program written in visual FORTRAN. 
This program also reads a symbolic description of a reaction 
mechanism and then extracts the needed thermodynamic data 
for each species involved from the Thermodynamic Database. 
The unknowns in Eq. (8) are the volume and derivative of 
volume and the heat transfer. The overall volume change of 
the charge in the engine cylinder is a function of crank angle 
based on the so-called slider-crank formula in which  ,  , R 
and θ show respectively the clearance volume, compression 
ratio, lever ratio and instantaneous crank angle.

        
(9)

The rate of change of volume is obtained by analytically 
differentiating Eq.9:

                  
(10)

3. Chemical kinetics model

The production rate of each species is calculated according to:

                                              
(11)
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The rate of progress variable for the k th reaction is given by 
the difference of the forward and reverse rates:

                    
(12)

For elementary reactions and for third-body reactions we 
have:

(13)

The rate constants for the reactions are generally assumed to 
have the following Arrhenius temperature dependence:

                                            
(14)

All the above equations related to chemical kinetics and 
rate expressions Eqs. (11-14) are derived from CHEMKIN 
3.0 instruction manual [6]. The Arrhenius constants for both 
forward and reverse reaction and thermodynamic properties 
of each species are derived from a file downloaded from reac-
tion mechanism developer’s website. In this study the LLNL 
mechanism [7] is used to predict DME oxidization process. 
Extended Zeldovich mechanism has been used to predict NOx 
emissions production. 

  The detailed mechanism of DME oxidation consisting of 
354 reactions and 82 species, have been used to predict oxi-
dation process of this fuels. A source program for a variable 
volume reactor was written to drive the CHEMKIN libraries 
and calculation of performance characteristics of HCCI en-
gine. The model utilizes CHEMKIN (III) library to determine 
chemical production rates and Variable-coefficient Ordinary 
Differential Equation code (dvode) to solve the problem for 
resulting stiff system of first order ODEs. 

4. Heat transfer model

The dominant heat transfer mechanism in the HCCI engine 
is forced convection from the bulk gas to combustion chamber 
walls. The radiation effect is very small because of low-soot, 
low temperature combustion of the premixed lean mixture 
in a typical HCCI engine. Among the existing heat transfer 
models suggested for IC engines, the Woschni model is used 
in this analysis because of its simplicity and wide acceptance 
[8]. The empirical constants of Woschni equation in this study 
have been derived from reference 8.

             (15)

                                
(16)

The motored pressure is derived from the following differ-
ential equation:

                  
(17)

Finally, the cylinder pressure derived from ideal gas law.

                                                 (18)

5. NOX formation model

The most widely accepted mechanism for modeling of NOx 
formation is suggested by Zeldovich (Heywood 1988). The 
principal source of NO formation is the oxidation of the ni-
trogen present in atmospheric air. The nitric oxide formation 
chain reactions are initiated by atomic oxygen, which forms 
from the dissociation of oxygen molecules at the high tem-
peratures reached during the combustion process [3]. In order 
to model NOx formation for the HCCI combustion extended 
Zeldovich mechanism has been used. Extended Zeldovich 
Mechanism is as follows:

N + O2 ↔ NO + O 
NO + N ↔ O + N2

OH + N ↔ NO + H

6. Validation of the model

Figure shows the comparison of zero dimensional thermo-
kinetic model with experimental results conducted on the sin-
gle-cylinder four-stroke engine by Yao and Zheng for mixture 
temperature of 348 K and mixture equivalence ratio of 0.215 
at IVC [3].

The predicted pressure values by single zone HCCI model 
are rather larger than the actual measurements and the maxi-
mum pressure occurs earlier. The difference is related to the 
zero dimensional model which can not capture in cylinder 
temperature and mixture variations that caused all chemical 
species in the cylinder to reacts instantaneously. However the 
calculated ignition timing agrees well with the measured re-
sult as shown in Fig. 1. 

TABLE 1.  Specification of the considered diesel engine

Bore 215 mm

Stroke 275 mm

Compression ratio 13.5:1

Intake valve close 40 ºABDC

Exhaust valve open 55 ºBBDC

Speed (rpm) 1000

Maximum dp/dtheta 20 bar/CA
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Fig. 1.  Comparison of pressure profiles of experiment with single zone model
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Fig. 2.  Effect of initial temperature of the mixture on pressure trajectory 
where PHI = 0.25
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Fig. 3.  Effect of initial temperature of the mixture on rate of heat release 
where PHI = 0.25

It is also worthwhile to mention that the first inflection in the 
calculated pressure (the first step pressure rise) is due to strong 
low temperature kinetics reaction in the DME HCCI combus-
tion which has been reported in a similar analysis by Yao and 
Zheng by the use of zero-dimensional thermodynamic model 
coupled with SENKIN detailed chemical kinetic code [3]. 

The specification of the RK215 industrial diesel engine 
which is considered for calculating the results of the single 
zone HCCI model is summarized in table 1 For considering 
knock phenomenon, maximum permissible rate of pressure 
rise per crank angle (tp/dt) has been assumed up to 20 bar per 
crank angle [9]. 

7. Results and discussion

Figs. 2 and 3 show the effect of initial temperature of the 
mixture on cylinder pressure and rate of heat release (ROHR) 
for initial pressure of 100 kPa and equivalence ratio of 0.25. 
In all cases temperature and the amount of EGR in intake 
valve close condition has been considered as the initial condi-
tion. It can be clearly seen that increasing initial temperature 
significantly advances the beginning of HR by LTR and con-
sequently advances the start of auto ignition which enhances 
maximum pressure of the cylinder and ROHR. Also three 
stage heat release (HR) is the results of higher initial tempera-
ture which corresponds to hot flame combustion [4]. Further-
more, some researchers have shown that in HCCI combustion 
of gasoline and its surrogate fuels, a three-stage auto ignition is 
achieved [10]. 

Heat release curve of DME-air oxidation is a result of two 
stage auto ignition: low temperature reaction (LTR) and high 
temperature reaction (HTR). LTR appears in the range 750-
800 K and HTR above 1000 K. In LTR region the, concentra-
tion of CH2O, CO, and H2O2 is increased so DME is called to 
have strong LTR reaction. It has been shown that temperature 
is dominant for the LTR reactions. Between LTR and HTR re-
gimes CO, CH2O, and H2O2 increase gradually, and the DME 
oxidation rate decreases. This region (850-1000 K) is called 
negative–temperature coefficient region (NTCR). 

When the temperature increases above 1000 K, HTR is 
dominant .In this region DME, CH2O and H2O2 concentration 
decreases and CO mole fraction increase at the same time [3]. 
Table 2 shows the effect of four different initial temperature of 
the mixture on performance characteristics of HCCI engine. 

It can be concluded that increasing initial temperature sig-
nificantly increases the rate of heat release and maximum tem-
perature of the cylinder. In higher initial temperature lower 
IMEP and power density are achievable since the start of igni-
tion by LTR reactions takes place earlier in compression stroke. 

Although, increasing the initial temperature from 300 to 325 
K, the rate of pressure rise is increased significantly and NOx 
emission production correspondingly promoted greatly [9]. 
When the initial temperature is lower than 300 K, the maxi-
mum in cylinder temperature is less than 1200 K and complete 
oxidation of CO to CO2 can’t be performed which results in 
incomplete combustion [3].
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Figs. 4 and 5 show the cylinder pressure and heat release 
rate with different equivalence ratio for initial temperature of 
300 °K and initial pressure of 100 kPa.  It can be seen that in-
creasing equivalence ratio has no significant effect on ignition 
timing, but the ROHR becomes too high and the HR duration 
decreases which can cause serious engine mechanical stresses. 
Results show that, at equivalence ratios more than 0.3, where 
Tin = 300 K, engine tends to knock. 

Table 3 shows the effects of various equivalence ratios on 
performance characteristics of HCCI engine where initial 
temperature is 300K for all cases. In higher equivalence ratios, 
maximum pressure of the cylinder, maximum available work, 
IMEP and maximum dp/dtheta are increased. Also the maxi-
mum temperature is enhanced which individually increases 
the NOx emission production effectively. 

In higher equivalence ratios (e.g. 0.38) in the same initial 
temperature of 300 K, the rate of pressure rise would reach as 
high as 30 bar per crank angle which is an indication of knock 
phenomenon in this situation. Consequently, this point can not 
be considered as an operating point for the engine. 

Also in equivalence ratios less than 0.25 ,the rate of pressure 
rise would be less than 5 bar per crank angle and the maximum 
in cylinder temperature wouldn’t be enough for CO oxidation 
and incomplete combustion occurs and consequently thermal 
efficiency would be decreased [11].

IpowerNOxIsfcImepStart of
LTRT maxTheta

Pmax
Max

dp/dthetaP maxT0

kWppmg/kWhbarATDCKATDCbar/CAbarK

50.30.022256.04-31660115.364.1300

49.10.112235.9-7173046.970.8310

47.40.52245.69-10176011571.2320

46.50.92255.58-17178001870325

TABLE 2.  Effect of initial temperature on performance characteristics

Fig. 5.  Effect of different equivalence ratios on the rate of heat release 
where Tin = 300 K
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Figs. 6 and 7 show the effect of various initial equivalence 
ratios and initial temperature of the mixture on Imep and Isfc 
respectively. It can be concluded that higher Imep is achiev-
able at higher equivalence ratios and lower temperature of the 
mixture and the operating regime between knock and misfire 
at higher load situation would be narrower which shows the 
instability of combustion in those regions.

In low loads, the fuel consumption will suffer due to the 
poor combustion efficiency and improper combustion phas-
ing. It can be concluded that in full load operation of DME 
HCCI engine, with considering knock and incomplete com-
bustion boundaries, maximum indicated power of 55-60 KW 
can be achieved which is virtually 30 percent of the very 
power which is attainable in diesel mode operation. But the 
emissions level specially those of NOx , Soot and particulated 
matter in this operation mode is remarkably lower than those 
of Diesel mode operation.

Another parameter that can affect the combustion phasing 
is amount of EGR. In addition to the thermal effect, the inert 
gases contained in the EGR can be used to control the ROHR 
due to their impact on chemical reaction rate, which can re-
duce the ROHR, and thus lower peak cylinder pressure [12]. 
It has been well confirmed that hot EGR enhances combustion 
in four-stroke HCCI mainly due to high temperature of the 
resulting intake mixture, rather than the existence of “active 
radicals” [13]. 

Figs. 8 and 9 show the variation of cylinder pressure and 
heat release rate with three EGR amounts. These figures show 
that increasing amount of EGR leads to extension of heat re-
lease rate duration and therefore operating window in which 
more initial temperature can be used, for a constant equiva-
lence ratio, to achieve controlled auto-ignition [14 and 15]. 

Increasing the EGR amount causes the decrease of oxygen 
in the mixture that can lower the ROHR. The rate of low tem-
perature chain branching reaction then becomes lower due to 
decrease in oxygen amount [16]. It can be concluded that the 
amount of EGR does not have any significant effect on first 
stage of HR by LTR, but the maximum ROHR is decreased 
nearly 60% in this case. Also the start of HTR is retarded 
showing the effect of EGR on extension of heat release du-
ration, which proportionally reduces the mechanical stresses 
in the combustion chamber. Table 4 shows the effect of EGR 
amount on performance Characteristics of the engine for 
PHI = 0.33 and Tin = 300 °K. 

At lower equivalence ratios, e.g. 0.25 and low intake tem-
peratures, the exothermic oxidation reaction of OH and CO 
can’t be completed and lower indicated power and IMEP are 
achieved. So, equivalence ratio of 0.33 has been chosen for 
investigation of the effect of EGR amount on performance and 
auto ignition characteristics at an initial temperature of 315 K.
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IpowerNOxIsfcImepStart of LTRT maxTheta P maxMax
dp/dthetaP maxPHI

kWppmg/kWhbarATDCKATDCbar/CAbar
0.275

46.24e-32455.55-2155013655.2

510.022256.04-21660101264.10.3

55.10.12266.61-21760817.871.60.33

58.31.222672-182073075.40.35

TABLE 3.  Effects of various equivalence ratios on performance characteristics of HCCI engine, Tin = 300 °K
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8. Conclusions

The result is summarized as follows:      
- The first step pressure rise in the DME HCCI combustion 

is due to strong low temperature kinetics reaction which can 
also be finding in HCCI operation of other diesel surrogate 
fuels. 

- Higher initial temperature advances the beginning of the 
first stage of heat release significantly by low temperature re-
actions and consequently advances the start of auto ignition 
which proportionally increases the rate of pressure rise within 
the cylinder.  

- At high equivalence ratios, higher IMEP can be achieved 
with lower mixture temperature at IVC. In the middle range of 
IMEP, wide range of intake mixture temperature, considering 
knock and misfire boundaries, can be applied.

- Results show that increasing equivalence ratio has less ef-
fect on the onset of the first peak in the ROHR and the timing 
of the LTR occurs almost at the same crank angle at differ-
ent DME concentrations, while the time interval between the 
stages of HR is substantially decreased and the heat release 
rates can become too high causing serious engine mechanical 
stresses.

- While EGR can’t delay the initiation of cool flame by LTR 
(the first stage of auto ignition), it significantly delays the bulk 
combustion by high temperature reactions.

- Increasing the amount of EGR can increase the operating 
regime between knock and misfire in middle load range (less 
than 0.35) remarkably.
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Abbreviations

ABDC      : After Bottom Dead Center,

BBDC      : Before Bottom Dead Center

HCCI      : Homogenous Charge Compression Ignition

DME      : Di-Methyl Ether

EGR      : Exhaust Gas Recirculation

ROHR      : Rate of Heat Release

HTR      : High Temperature Reaction

LTR      : Low Temperature Reaction

Imep      : Indicated Mean Effective Pressure

Nomenclature

A      : Arrhenius coefficient

A      : Third-body coefficient

Cv      : Specific heat in constant volume

E      : Activation energy

f      : forward

K      : Rate constant

Ns      : Total umber of chemical species

ni      : Number of moles of each species

Q      : Heat transferred via system boundaries

T      : Time, unspecific internal energy

X      : Mole fraction

Β      : Arrhenius coefficient

      : Specific heats ratio

       : Forward stoichiometric coefficient

      : Reverse stoichiometric coefficient
 

      : Production rate,
 
f      : Forward

i      : Species index

K      : Reaction index

mot      : Motoring

R      : Reverse 

TABLE 4.  Effect of EGR amount on performance characteristics where Tin = 300 °k and PHI = 0.33

IpowerNOxIsfcImep Start of
HTRStart of LTRT maxTheta PamxMax

dp/dthetaPmaxPHI = 0.33

kWppmg/kWhBarATDCATDCKATDCbar/CAbar% EGR

50.10.352266.24-2176582471.60

43.20.042285.55-216851014.56510%

38.77e-42324.87-2146514105220%
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