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Homogenous Charge Compression Ignition (HCCI) is a mode of combustion in IC engines in which
premixed fuel and air are ignited spontaneously. There is a belief that HCCI engines have a great potential
to improve fuel consumption and reduce NOx emissions.

In this study, a single zone, zero dimensional, thermo-kinetic model has been developed and a computer
program with MATLAB software is used to predict engine performance characteristics. This model has
been used to predict the principal parameters of controlling auto-ignition to acceptable level and this work
leads to achieving the working region with two limitations for knock and misfire. The cycle is simulated with
premixed blend of methane and DME with air. Also, NOx emissions are compared in a diesel engine work-
ing as a conventional diesel and at HCCI mode.
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Introduction

HCCI engines have a potential to reduce about 15 to 20
percent in fuel consumption and they can have a signifi-
cant reduction in NOx emissions compared with conven-
tional SI engines [1]. Despite the potential advantages of
this mode of combustion, there are some problems with
the HCCI combustion. The most important challenge of
these engines is having a limited operating region between
knock and misfire and also is significant amount of CO
and UHC emissions.

To overcome the challenges facing the HCCI engines,
some concepts should be developed to control combustion
phasing and heat release rate.

All these concepts are limited by choosing the base fuel.
For the gasoline fuel, the higher octane number needs more
preheating of mixture and it causes lower volumetric effi-
ciency and lower power density. The lower octane number
also leads the engine to knock; therefore, the working re-
gion becomes smaller.

For the diesel fuel, the situation is vice versa. Moreover,
low volatility of diesel fuel makes it difficult to form a
premixed homogeneous charge [2].

Some concepts are developed by many researchers to
overcome these problems. But natural gas is a significant
fuel in some applications, such as power generation be-
cause of its lower cost or availability of gas pipeline net-
work. The homogenous mixture formation is the most im-
portant feature of gas fuel and makes it the favorite fuel for
the HCCI engines.

Nevertheless, natural gas has a narrow operating region
and achieving appropriate combustion phasing is difficult
because the auto-ignition in a short time near TDC (to
have the best efficiency and low emissions) causes pres-
sure to exceed design limits [3]. This issue is more criti-
cal in power generation application in which high power
density and the boost pressure about 2.5 to 3 bar is needed
because this pressure makes the operating region narrower
than that for naturally aspirated engines.

To control combustion timing and to decrease the ini-
tial temperature of mixture, we can blend another fuel to
change the kinetic of methane/air mixture [4].

DME is already used as a blending agent to improve the
ignition delay of diesel fuels and there is an interest to re-
place the diesel fuels with DME in a diesel engine. The
cost of transportation, storage, and conditioning of DME
is almost twice as expensive as that of the diesel fuel. But

there is no need for NOx absorber or particulate trap for
DME fuel and the common rail injection system for DME
is cheaper than that for diesel fuel. Therefore, the overall
cost is nearly the same [5]. However, because of high vola-
tility and low lubricity of DME, this fuel is usually used
as a blend.

It was shown that blending DME and natural gas ex-
pands the working region of HCCI [6]; also, it improves
the manifold temperature needed to achieve auto-ignition.

In this study, the effect of adding DME to the homog-
enous mixture of the methane and air is investigated via a
zero dimensional thermo-kinetic model. Using this model,
the effects of significant parameters such as the initial tem-
perature, the initial pressure and the residual gas level on
auto-ignition and combustion are investigated. Then, an
appropriate region is selected for electrical power genera-
tion application.

The most important feature of stationary engines is
working on constant speed that is often held between 1000
r/min to1500 r/min in which the HCCI combustion is eas-
ily achieved.

The International Organization for Standardization
(ISO) has organized the operating cycles for electrical
power generation applications. In this study, two standard
operating cycles including continuous power (COP) and
prime power (PRP) are considered and the operation of a
stationary diesel engine in both cases of the conventional
diesel and the HCCI with CH4/DME fuel has been deter-
mined.

Modeling of hcci combustion

The modeling of HCCI engines has already been inves-
tigated in different ways:

» zero dimensional thermo-kinetic modeling [7]

* quasi dimensional thermo-kinetic modeling [8]

* sequential CFD based multi-zone modeling [9]

* experiment based multi-zone modeling [10]

» coupled kinetic- CFD modeling [11 and 12]

A zero dimensional model is selected to study the engine
performance in an electrical power generation application
because of the Simplicity of zero dimensional models and
their ability to predict the performance of HCCI engine
[13].

This model has been developed for the closed cycle
(from intake valve closing to exhaust valve opening) with
full chemical kinetic considerations both in compression
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and expansion strokes.

The following assumptions are considered for this single
zone model:

- all the chemical species are considered as ideal gas

- the mixture is considered to be homogenous and there
is no spatial gradient throughout the combustion chamber

- the homogenous mixture of fuel and air is formed just
before IVC

The thermodynamic system of the combustion chamber
for which the governing equation has been developed is
shown schematically in Figure 1.

For this system, the conservation law of energy in dif-
ferential form is:

80— W = dU (1)

Thermodynamic consideration of combustion chamber

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

Ns
i=1

With differentiating the above equation, we have:

Ns
i=1

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

du; =c,;dT 4
Considering the work, heat transfer and mass fraction of

each species, as well as the time differential equation form
of 1st law of thermodynamic is:
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dqp _ dV _ — dy
A _ = —mC, —+m i
dt P dr Z

©)

The equation (5) can be rewritten to present the variation
of the mixture temperature:

1 dqy, _
dr _V\ dt
dt pC,

S dy,
P J P2l ©)

From the conservation law of chemical species:

dyi _ Mo, (7)
dt P
And from the kinematics of crank and slider mecha-
nism:
r.—1
V= VC s 8
[ > (3

(R+1—cos€—\/R2 —sin20)]

Chemical kinetics model
The production rate of each species is:

Nr

. 4

w; = Z(Vi.k -
k=1

The rate of the progress variable or the k th reaction is giv-

vik) (RP); (€)

en by the difference of the forward and reverse rates are:

V!

(RP), —kaH[ 17

i=1

+1<,kH[ I (10)

for elementary reactions and

(RP), = (Zj: i [x]i]
[ TT0 -K 67

for third-body reactions.

(11)

The rate constants for the reactions are generally as-
sumed to have the following Arrhenius temperature de-
pendence:

K, =4, T exp(—iJ

R, T (12)
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All the above equations related to the chemical kinetics
and rate expressions (E&S.9 to 12) are derived from chem-
kin4.0 Theory manual [13].

The Arrhenius constants for both forward and reverse
reaction and thermodynamic properties of each species
are derived from a file which is downloaded from reaction
mechanism developer’s website.

In this study, the GRI mechanism [14] is used to pre-
dict methane oxidization and NOx emissions in addition,
and LLNL mechanism for DME oxidization [15] is used to
predict DME oxidization process.

In this paper, the Cantera [16] which is an open-source,
object-oriented software package for problems involving
chemically-reacting flows and has an interface to work
with MATLAB is used. This interface and free cost avail-
ability of Cantera makes it a suitable alternative option for
CHEMKIN.

The input files which are downloaded from the related
website are converted into the xml format that can be read
by Cantera.

Heat transfer model

Among the existing heat transfer models suggested for
IC engines, the Woschni model is used because of its sim-
plicity.

—-0. X -0. 0.8
h=129.8 B2 P** 1752285, + f(P)]

f(P)=3.34x10"* %(P -B,)

r r

(13)

The motored pressure is derived from the following dif-
ferential equation:

deot — (ymot _1) dqht,mot _ Pmot d_V (14)
dt 14 dt "ty dr
Finally, the cylinder pressure derived from the ideal gas
law:
P=pR, T (15)

Nox emission model

In order to model NOx formation for the HCCI combus-
tion, both the extended Zeldovich mechanism and the N,O
mechanism have been used.

Extended Zeldovich Mechanism is:
NO+N«e O+N,
N+0O,<-NO+O

OH+ N+ NO+H

N,O Mechanism is:
O+N,+M < NO+M
N,0 + H < NO +NH
N,O+0 < NO+NO

In GRI mechanism, some additional reactions are pro-
posed that present the role of NO in changing heat release
behavior. These equations are [3]:

NO + HO, <> NO, + OH

NO,+0 < NO +0,

NO,+H <> NO + OH

NO+O+M < NO,+M

NO, + CH3 < NO + CH,O

NO + CH,0, <> NO, + CH,0

HNO + OH «<» H20 + NO

HNO+M < NO+H+M

NO +OH +M < HNO, + M

N+CO, < NO +CO

Model validity

Figures 2 and 3 show the validity of this model compared
with the experimental results by Assanis and Fiveland for
CH4 fuel. Similar to all zero dimensional models, the pick
cylinder pressure is higher than the experimental results.
Also, maximum pressure occurs earlier. This is the main
disadvantage of zero dimensional models that is originated
from considered uniform temperature and uniform compo-
sition of charge throughout the cylinder.

18000
16000
14000
12000
10000
8000
6000
4000
2000
300 320 340 360 380 400 420 440
CAD,ATDCI

zero-dimensional

= B =experimental{ref16)

Pressure, kPa

Model validation with the experimental results [17]
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For the mixture of DME and CH4, the results are com-
pared with the experimental data [6]. The simulation pro-
gram has been run with a blend of natural gas (92% meth-
ane, 5% ethane, 1.5% n-butane, 0.4% CO2
percent.) and DME. The mixture is composed of 65.1%
natural gas and 34.9% DME.

Tables 1 and 2 show the specifications of the engines

in Volume

used in the above references.

- Specification of the engine used in Reference 16

Bore (mm) Stroke (mm) Speed (rpm) CR
170 190 1500 17

IVC (ATDCI) Equivalence ratio  Intake pressure (bar)  TO (°C)
200 0.3 2 118

The Comparison of zero dimensional model and experi-
mental results of ref 5 are shown in Figure 4. There is the
same disadvantage for zero dimensional model as the pre-
vious, but the differences are more. This increase of differ-
ences between model and experimental results is because
of the two-stage-pressure rise related to LTR and HTR.
Anyway, the model can be used for performance analysis
in order to find out combustion characteristics and evalu-
ate the feasibility of HCCI combustion with DME and
CH4 mixture.

- Specification of the engine used in reference 5

Bore (mm) Stroke (mm) Speed (r/min) CR
92 96 960 17.7
IVC (ATDCI) Equivalence  Intake pressure (bar)  TO (°C)
ratio
220 0.36 1 28
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Model comparison with Experimental results [5]

Simulation results

The developed computer code for simulating HCCI
combustion has been run with the engine specifications
that are presented in table 3. This engine is currently under
development in Iran heavy diesel engine Mfg (DESA) in
order to improve the efficiency and exhaust emission of
this engine.

It should be noted that in order to decrease the initial
temperature needed for auto-ignition of natural gas, the
compression ratio is assumed to be 14.5:1. In this work, the
effect of the temperature at IVC, Pressure at IVC, internal
EGR and equivalence ratio on auto-ignition of HCCI has
been investigated. Also, it was assumed that the fuel con-
sists 10% volumetric fraction of DME.

The effect of the initial temperature on the cylinder pres-
sure and heat release, for the case in whiche the initial
pressure is equal to 100 kPa is shown in figure 5 and figure
6. These figures show that the start of ignition will advance
with increasing temperature because the higher tempera-
ture at IVC leads to higher compression temperature and
it means that the auto-ignition temperature will achieve in
advanced time. The bulk HR shape is mainly the same be-
cause of the same level of mixture dilution. But the last
shape of heat release is a little different the because the
second stage of heat release period related to CO oxidation
has hardly occurred.

It should be noted that the reactions used for this study
do not model LTR reactions well when the volumetric
fraction of DME in fuel is increased more than 25%. this
is the reason for differences in Figure 4.

In this study, no distinguishable LTR heat release are
seen in figures due to small amount of DME in fuel.
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- specification of selected diesel engine

Bore (mm) Stroke (mm) Speed (r/min) CR
150 180 1500 13
IVC (ATDCI) EVO (ATDCI)  Power (kW/Cyl)
220 480 78

The equivalence ratio considered above is overall equiv-
alence ratio related to the blended fuel.
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Figures 7 and 8 show the cylinder pressure and heat re-
lease rate with different equivalence ratio for initial tem-
perature of 440 °K and initial pressure of 100 kPa. In-
creasing the equivalence ratio has no significant effect on
advancing ignition initiation but it advances bulk heat re-
lease that results in increasing the heat release and de-
creasing the duration. At equivalence ratios more than
0.25, the engine tends to knock.

Further decrease in equivalence ratio hampers combus-

tion temperature and this would increase CO and UHC
emissions. Therefore, we can define the operating region
for each initial condition with limitations for knock and
misfire. This issue is explained in detail later.

It should be noted that the start of ignition by definition
is when two percent of the fuel is burned.
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Another parameter that can affect the combustion phas-
ing is the amount of EGR. Increasing EGR causes the de-
crease of oxygen amount in the mixture that can lower the
rate of the heat release, since the rate of low temperature
chain branching reaction becomes lower due to the de-
crease in oxygen amount. Also, the mean specific heat of
the mixture with EGR is higher than no EGR mixture and
this has enhanced the above issue and these two factors
cause a delay bulk combustion. The main low temperature
chain branching for CH4 and DME includes these two sets
of chemical equations [15]:
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H+0,+M — HO,+M
CH, + HO, — CH, + H,0,
H,0,+M — OH+OH+M

CH, + HO, — CH,O + OH

HCO +0,— CO + HO,
CH,OCH, + O — CH30CH, + OH
CH30CH, — CH,O + CH,

CH,0 + CH, — HCO + CH,
CH,+H, — CH4 +H
CH,+HO,— CH,+ 0,

In homogeneous charge compression ignition (HCCI)
engines, H,0, forms at lower temperatures and remains
relatively inert until increasing temperature from com-
pression and exothermic reactions reaches a level where
it decomposes rapidly via reaction H,O, + M — OH +
OH + M. Due to the activation temperature for set 2 of
the above reactions (related to DME oxidization), the low
temperature reaction mechanism for DME is similar to set
1 equations.

Figures 9 and 10 show the cylinder pressure and heat
release rate with three percentage of EGR. The 20% EGR
means that 20 percent of exhaust gases taken as CO2 and
H2O are trapped in the cylinder after the intake valve clos-
ing event. The oxygen amount is considered in equivalence
ratio calculation.

6000
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5 4000
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cylinder pressure with different EGR amount
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The last parameter that affects the heat release is the ini-
tial pressure. Higher initial pressure results in higher com-
pression pressure; therefore, the ignition advances and the
main heat release occurs earlier. This results in higher heat
release at TDC. Figures 11 and 12 show the effect of the
initial pressure on the cylinder pressure and heat release
rate.

Extensive work has been carried out to find the working
region in which the engine never shall will knock or mis-
fire. In this study, the knock criterion was selected to be the
rate of the increasing pressure resulted from combustion.
The new revision of the base turbocharged diesel engine
has been designed with the stress limit of about 14 bar/
deg. But we consider this limit to be 20 bar/deg compared
with some new diesel engines [18]. The misfire limit has
been selected for the case in which no sensible pressure
rise resulted from combustion happens.
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Figures 13 and 14 show the effect of EGR the intake pres-
sure on knock and misfire limit. The left limit is the one
for misfire and the other limit, in the right side, is knock
limit .These figures show that increasing the amount of
EGR leads to extension of operating regime in which more
initial temperature can be used, for a constant equivalence
ratio, to achieve controlled auto-ignition. This is because
of the role of EGR in decreasing heat release rate. Also,
this is clear that increasing equivalence ratio makes the
engine go toward the uncontrolled auto-ignition. Uncon-
trolled auto-ignition refers to both knock and unstable
combustion or misfire.

Another parameter that can affect the operating regime
is the intake pressure. Increasing the intake pressure makes
the operating regime narrower, but it has an advantage that
it needs lower temperature.

Working on locations near misfire limit needs lower in-
take temperature but it leads to CO and UHC emissions.
Because in these cases the maximum temperature in the
cylinder is low, the combustion efficiency is low, too. On
the other hand, although working near the knock limit has
the best combustion efficiency, there is a risk of engine
knock; also, a higher intake temperature is needed.
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Operating regime of HCCI 0.9CH4 + 0.1DME (PO = 150 kPa
and different EGR rate)

Using the model described in Modeling Section, the in-
cylinder NOx emission also has been estimated. The re-
sults of the simulation are shown in figures 15- 17 for the
initial pressure of 100 kPa.

A
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Also, figures 18 and 19 represent dry NOx concentration
with different initial pressure and 10% EGR rate.
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These figures show that increasing the initial pressure
and EGR will decrease the amount of NOx while increas-
ing the initial temperature will increase the amount of NOx,
exponentially. Also, the low amount of NOx (in some cas-
es less than 1 ppm) compared with the NOx amount in the
current large diesel engines (about 1300 ppm) reveals the
importance of HCCI combustion.
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Standard operating cycle

In order to choose the engine working points for gen-
erating electrical power, some considerations should be
noted:

* The value of the engine power density should be the
maximum possible. The initial pressure is selected to max-
imum level so that maximum pressure does not exceed de-
sign limitations.

* The maximum cylinder temperature has a significant
effect on CO and UHC emission levels so that these levels
grow considerably when the maximum temperatures are
below 1600 K.

* The maximum pressure timing should be located some
degrees after TDC to gain the best efficiency.

Figure 20 shows the maximum temperature for 300 kPa
initial pressure and 10% EGR rate. Another curve that may
be used to find working points is the curve for timing of
maximum pressure over initial parameters.

Figure 21-23 shows the output power and maximum
pressure timing with different initial pressure and 10%
EGR.

2000 045
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1700 Phi 0.3
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-
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1400 , .
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1200 o
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Maximum cylinder temperature for EGR = 10% and 300 kPa
initial pressure

Considering all the above points, a set of working points
is selected for the engine to work in HCCI mode. Table 4
shows this set of working points and corresponding per-
formance and emission parameters.

The frictional mean effective pressure is selected be-
tween 1.4-1.6 bar, corresponding to related maximum
pressure and constant speed of the engine from experimen-
tal correlation of DESA.

The Diesel mode working point is also shown in table 5.
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the selected set of working points in HCCI mode

%Load TO0,K Equivalence EGR P0,bar
ratio
100.0 398 0.3 0.2 3
72.60 408 0.25 0.1 2.5
52.57 420 0.25 0.1 2
32.71 430 0.25 0.1 1.5
20.19 438 0.3 0.1 1
%Load bNOx (g/kWh) bPower (kWb) Tmax (K) Pmax (kPa)
100.0 5.0046 E-04 32 1654 14680
75.00 5.7393 E-04 23.8 1640 11950
50.00 1.0806 E-03 16 1670.5 9820
35.00 1.5775 E-03 11.2 1681 7132
20.00 7.0248 E-03 6.4 1793.5 4778
1 1) B8 Diesel mode specification (closed cycle only)
%Load Speed bPower Bmep Bsfc (g/ bNOx
(kWb) (bar) kWh) (g/kWh)
100.0 1500 75 19 200 7.12
75.00 1500 56.25 14.25 202 7.09
50.00 1500 37.5 9.5 218 7.25
20.00 1500 15 3.8 289 5.48
14 : 17.5
¢ phi0.3 ) — Power
12 phi0.3 Prmax 15
0 r')/_.__—__- phiozs Location 125
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Conclusion
The results could be summarized as follows:

* The results of zero dimensional model shows that this
model is suitable for performance analysis and it should be
extended to quasi dimensional model in which the emis-
sion level and heat release phasing are estimated more ac-
curately.

* By comparing the results of blended fuel of methane
and DME with the results for pure methane HCCI in litera-
ture [17], it is noted that DME will improve the operating
region and will decrease the initial temperature needed for
achieving auto-ignition.

* Increasing the amount of EGR leads to extending the
operating regime in which for a constant equivalence ratio,
more initial temperature can be used to achieve controlled
auto-ignition.

* Higher intake pressure is suitable for achieving accept-
able power density of the engine but it results in a nar-
rower operating regime and higher NOx level.

* DME is suggested to be introduced through DME in-
jection during intake or compression stroke to reduce the
complexity of fueling system and to increase volumetric
efficiency meanwhile aid to form a homogenous mixture.
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Nomencalture
A Arrhenius coefficient
a Third-body coefficient
ATDC  After top dead center
ATDCF  After top dead center (Firing)
ATDCI  After top dead center (Intake)
BDC Bottom Dead Center
CAD Crank angle degree
cop Continuous Power
C, Specific heat in constant volume
E Activation energy
EGR Exhaust Gas Recirculation
EVO Exhaust Valve Opening
HCCI Homogenous Charge Compression Ignition
Engine
HR Heat release
IvC Intake Valve Closing
DME Di-Methyl Ether
GRI Gas Research Institute
HTR High temperature reactions
K Rate constant
LLNL  Lawrence Livermore National Laboratory
LTR Low temperature reactions
m Mass
M Molecular weight
N, Total umber of chemical species
P Pressure
PRP Prime Power
Q Heat transferred via system boundaries
Rg Gas constant
R Ratio of crank radius to con-rod length
RP Rate of Progress
r, Compression ratio
R, Global gas constant
qy, Heat transfer
T Temperature
t Time
TDC Top Dead Center
U Internal energy of the working fluid
UHC Unburned Hydrocarbons
u Specific internal energy
A% Volume
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A% Clearance volume
Xml Extensible Markup Language

X Mole fraction

y Mass fraction

W The work done by the system
Greek letters

B Aarrhenius coefficient

Y Specific heats ratio

0 Crank angle

p Density

v’ Forward stoichometric coefficient
v” Reverse stoichometric coefficient
® Production rate

Subscripts

f forward

i species index

k reaction index

mot motoring

r reverse
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