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ABSTRACT
In this paper, the performance of a natural gas HCCI engine is studied through a thermodynamic model
including detailed chemical kinetics. It is shown that as hydroxyl radical has important effects on natural
gas combustion, it is possible to quantify SOC with hydroxyl concentration variations. Meanwhile the influence of using formaldehyde as an additive on the engine characteristics has been investigated. Results
show that it is possible to change the engine working limits using this additive. Lower autoignition temperature of formaldehyde causes advanced combustion in natural gas HCCI engine. In TIVC = 410 K case,
adding 5% formaldehyde would lead to more than 10 CA advance in SOC. Furthermore, there is an optimum additive content for each operating condition, which leads to higher output work and power. It is
also shown that the air/fuel mixture will ignite earlier using this additive so it is conceivable to reduce
inlet mixture temperature resulting in better performance due to higher volumetric efficiency.
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1. Introduction
Onishi et al. [1] introduced the concept of
Homogenous Charge Compression Ignition
(HCCI) for two-stroke internal combustion engines. They showed that compressing a homogenous mixture of air and fuel up to auto-ignition
margin would effectively reduce fuel consumption and engine emissions. Noguchi et al. [2] developed this idea and emphasized the benefits at
part load conditions. Najt et al [3] used this concept in four-stroke engines and finally Thring [4]
named it as HCCI in 1989.
In HCCI engines, a homogenous premixed
fuel/air mixture is sent into cylinder. The equivalence ratio of the mixture can change from 0.2 to
0.5 [5]. The mixture is compressed via piston
*
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displacement up to autoignition point. The autoignition starts a rapid combustion phase that
releases all the fuel heat in 5-15 CA. Heat release
rate is controlled with highly diluted mixture using air or EGR. The HCCI concept affords the use
of elevated compression ratios (approximately
17-20:1), unlike in spark ignition engines, which
are susceptible to knock. The combination of lean
burning and high compression ratios contributes
to high thermal efficiencies that can approach
45% [6]. HCCI engines have demonstrated very
low NOx emissions and PM, as well as high thermal efficiency at part loads. However, there are
some difficulties in applying HCCI combustion to
internal combustion engines. Ignition timing con-
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trol and homogenous mixture preparation are the
main difficulties of HCCI engines [7].
Engine simulation studies have been used to
explore the HCCI concept. Simulation can be held
under several methods. These methods include
single and multi-zone thermodynamic models
and CFD codes. Ref [8] represents a brief description and comparisons for these methods.
Natural gas is well suited to the HCCI combustion concept because of minimal mixture
preparation requirements and chemical stability.
Natural gas exhibits a relatively simple molecular
structure, which reacts to yield far less intermediate compounds as well as a low carbon to hydrogen ratio (1:3.87) that results in reduced
harmful exhaust gas emissions. Its high ignition
resistance when coupled with lean fuel/air mixtures affords the use of elevated compression ratios without pre-ignition of the charge [6].
Many compounds such as propane, butane,
hydrogen peroxide, and formaldehyde are used as
an additive in natural gas fueled engines. Formaldehyde is one the most common additives
which has been utilized in many researches [914].
Kentaro et al. [9] showed that formaldehyde
strongly affects production/consumption rate of
hydroxyl radicals and therefore it can be used to
control the combustion of an HCCI engine. Numerical results of Morsy et al. [10, 11] have indicated the effects of using formaldehyde on advanced autoignition in natural gas fueled HCCI
engines. Chen et al. [12] figured out formaldehyde would reduce the exothermicity of low temperature combustion reaction of dimethyl ether
and therefore leads to advanced combustion.
This paper utilized a single zone zero dimensional model to investigate the effects of using
formaldehyde as an additive on performance of a
single cylinder Caterpillar 3500 engine running
under HCCI mode.
High computational speed, appropriate precision for calculating parameters such as SOC and
in cylinder temperature/pressure trends are the
main reasons of using this model. The effects of
formaldehyde on temperature and pressure trend
of incylinder mixture, start of combustion and
engine performance characteristics is described in
detail. The studies have been done for different
initial temperatures of inlet air/fuel mixture.

2. Formaldehyde
Formaldehyde is the simplest aldehyde in organic compounds category with chemical formula CH2O. It is one of the intermediate species of
natural gas combustion mechanism. It can increase the combustion reaction rates when used
as an additive.
Table 1 shows the physical properties of formaldehyde in comparison to major gases in natural gas composition. Formaldehyde is categorized
as a hazardous material and it should be used under tight legislations. According to EPA regulations [15], the allowed quantity of formaldehyde
in air is 16ppb.
3. Thermodynamic modeling of HCCI engine
3.1. Model assumptions
0B

A zero dimensional single zone model including detailed chemical kinetics has been developed for thermodynamic modeling of an HCCI
engine. The main assumptions of the model can
be expresses as:
• The HCCI engine is single-cylinder fourstroke.
• Only the closed cycle from IVC to EVO has
been considered in the model.
• The whole cylinder is assumed as a single
zone with uniform temperature and pressure.
• The incylinder mixture is treated as ideal gas.
• Blow-by is neglected.
• The mixture at IVC is thoroughly homogenous.
• Modified Woschni model in used to evaluate
the heat transfer to cylinder wall.
3.2. Natural gas combustion mechanism
1B

GRI Mech. 3.0 [17] detailed chemical kinetics

including 325 primary reactions with 53 chemical
species is used for appropriate study on the combustion characteristics of the engine. The GRI
Mech. 3.0 mechanism includes extended Zeldovich mechanism and is suitable for prediction
NOx emissions.
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Table 1. Formaldehyde properties in
comparison to major gases in natural gas composition [16]
Properties
Chemical
Structure
Molar
Weight
(g/mole)
Autoignition Tem.
(K)
Explosive
Limits (%)

This equation describes that the in-cylinder
temperature variations, originate from two
sources:

Formaldehyde

Methane

Ethane

Propane

CH2O

CH4

C2H6

C3H8

30

16

30

44

• Energy transfer through control volume border

430

595

515

470

• Variation in chemical composition of the system

7-73

5-15

3-12.5

2-9.5

The mass conservation in chemical reacting
systems is defined as the conservation of chemical elements. The rate of mole fraction variation
of chemical species can be computed as,

3.3. Programming

The model has been developed in MATLAB®
programming environment using CANTERA®
module for combustion modeling.
The model is stand-alone and has the ability
to use CHEMKIN® mechanism library. It can be
easily joined to other codes and the results can be
used as the input of control systems.

dyi M iωi
=
dt
ρ

Equation (5) should be written for every
chemical component and this set of equations
must be solved simultaneously with equation (4).
A detailed chemical kinetics mechanism is
needed to determine the production/consumption
rate of each chemical component ( ωi ).
Now, there is a need for another differential
equation to enclose the differential equations system. This equation defines the rate of variations
in combustion chamber [18] via a slider-crank
formula,

3.4. Implementation of Energy and Mass Conservation Equations

In the developed zero-dimensional model, the
whole combustion chamber is considered as a
control volume. Energy and mass conservation
equations should be solved simultaneously for
this system.
The energy conservation equation for this
control volume can be described as,
δ Q − δW =
dU

(

)

 r −1

=
V Vc 1 + c
R + 1 − cos θ − R 2 − sin 2 θ 
2



(1)

(6)

3.5. Chemical kinetics

Equation (1) can be rewritten for the mixture
of several chemical species as,

The Mass Action rule [19] explains the reaction rate for each direction of an equilibrium
reaction depends on reactants' concentration and
their stoichiometric coefficients. Therefore, the
reaction rate is,

Ns

δ Q − PdV = mdu + m∑ ui dyi

(5)

(2)

i =1

As Q is only due to heat transfer to cylinder
a
b
c
(7)
=
RR k f [ A] [ B ] − kb [C ]
wall and the mixture is a perfect gas,
The rate constant k is determined by ArrheN
dyi
dq
dV
dT
(3)
− P = mCv
+ m∑ ui
nius relation in equation (8).
s

dt

dt

dt

i =1

dt

 −E 
k = AAr T β exp  a 
 Ru T 

By separating the temperature terms, the first
differential equation of the model can be obtained,
dyi
dV 
1  dq
−P
 − ρ ∑ ui
dT V  dt
dt 
dt
i =1
=
ρ Cv
dt

(8)

Each chemical reaction mechanism consists
some primary reactions which are either simple
or with a third body. A simple primary reaction
can be assumed as,

Ns

(4)
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Ns

Ns

∑υ '

S 

∑υ "

j ,i i
=j 1 =j 1

i = 1, 2,..., N R

Si

j ,i

3.7. Model validation

(9)

The developed model has been validated with
experimental data for two types of engines in different operating conditions. The procedure has
been presented in authors' previous works [2224]. Comparisons show the appropriate accuracy
of the model to predict the operational conditions
of an HCCI engine. Similar to all zero dimensional models, the peak cylinder pressure/temperature
is higher than the experimental results, and occur
earlier. This is because of:

For each simple primary reaction, the reaction
rate equation turns to,
Ns

υ ' j ,i

RRi k f ,i ∏  S j 
=

Ns

υ " j ,i

−kb ,i ∏  S j 

(10)

=j 1 =j 1

Some primary reactions need a third body to
be done.
As the concentration of the third body affects
the reaction rate, it differs from equation (10) and
should be written as,
Ns

∑υ '

Ns

∑υ "

j , i Si + TB 

j 1 =j 1

j ,i

Si + TB

• The homogeneity of combustion chamber is
the main assumption of single zone models.
But in real cases, there are some inhomogeneities in fuel/air mixture at IVC and
also during the engine strokes, the near-wall
areas has lower temperature because of heat
transfer to cylinder wall.

(11)

The third body concentration includes the
concentrations of all species due to their enhance
factor. Therefore, the reaction rate for these types
of primary reactions is,
Ns
Ns
 Ns
 
υ ' j ,i
υ " j ,i 
RRi = ∑ a j ,i TB j   ×  k f ,i ∏  S j  −kb ,i ∏  S j  
=
j 1 =j 1
 j =1
 


• Single zone models, neglect blow-by, and the
unburnt amount of fuel in crevices so the
pressure is over predicted in the simulation.

(12)

Although single zone models are widely used
because of their low computational requirements,
accurate prediction of SOC and NOx [6, 8, 10],
but they are not able to predict carbon monoxide,
UHC and PM emissions due to neglecting the crevices and cold regions near cylinder wall.

The coefficients can be obtained from different sources like NASA polynomials [20] . So the
production/consumption rate of each chemical
component can be calculated as,

=
ωi

NR

∑ RR (υ '
j =1

j

i, j

− υ "i , j )

(13)

4. Defining start of combustion
Start of Combustion (SOC) is a leading factor
affecting on HCCI engine performance. Several
methods are suggested for defining SOC in HCCI
engines. The most common methods can be categorized as,

3.6. Heat transfer model

For defining dq / dt , it is common to use
Woschni heat transfer model for traditional internal combustion engines, but due to the rapid
combustion period of HCCI engines, a modified
relation [21] has been used in this paper.

• Defining a temperature threshold
• Calculation the third derivation of pressure
trace due to crank angle

This modified model describes,
dq
= hA(T − Tw )
dt

• Knock Integral Method

(14)

• Chemical kinetics models

where the convection heat transfer coefficient

Defining a temperature threshold for SOC [25]
includes a lot of uncertainties. The threshold
temperature of combustion depends on numerous
parameters, which make it difficult to use. In the
second method [26], the numerical value of

is,
h 129.8 L−0.2 P 0.8T −0.73 (2.28S p + f ( P))0.8
f ( P) =
3.34 × 10−4

Vd Tr
( P − Pmot )
PV
r r

(15)
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d 3 P / dθ 3 at each crank angle is calculated during
compression stroke and SOC would be defined as

[31]. In this method, the valence of carbon, hydrogen, oxygen, and nitrogen atoms are +4, +1, 2 and 0. The real equivalence ratio is the ratio
between total positive and negative valences.

this parameter reaches a specified value.
d 3P
dθ 3

= 0.25

(16)

SOC

In Knock Integral Method (KIM) [27], an
integral function of temperature, pressure, equivalence ratio, is defined. This function is calculated during compression stroke and the crank
angle that the integral reaches the value of 1, is
defined as SOC. Constants of this function depend on engine geometry and fuel type. There is
no need to chemical kinetics for these methods.
In chemical kinetics methods, the variations in
the concentration of specified species is studied
and SOC is defined due to the mole fraction of a
specified radical depending on the fuel type.
Some of these models utilize reduced chemical
kinetics like Shell [28] and Hu and Ceck [29];
others use detailed chemical kinetics [6]. These
methods are fully dependent on fuel type and the
intermediate radicals produced in combustion
mechanism. As this study uses natural gas as
fuel, the maximum derivation of hydroxyl radical
production rate due to crank angle is considered
as SOC. This method is thoroughly described in
the results and discussion section for natural gas
fuel.

nC × 4 + nH
nO × 2

−

(18)

6. Results and discussions
The developed code has been run several
times to investigate the influence of different parameters on operational characteristics of single
cylinder Caterpillar 3500 engine running in HCCI
mode. The engine specifications are shown in
table 2.
First, the influence of inlet air/fuel
temperature without adding formaldehyde has
been studied. Figures 1 and 2 show the pressure
and temperature trends for three different
temperatures at IVC. As seen in the figures, there
is no combustion in the TIVC = 390 K case because
the mixture pressure and temperature do not
reach the autoignition limit. In such a case, it is
usually noted that the engine is out of its
operating range. In TIVC = 410 K case, the
combustion occurs slightly after TDC. By
increasing the inlet temperature to TIVC = 430 K ,
the combustion occurs before TDC and the
maximum value of pressure and temperature
rises. It can be seen that the combustion
phenomena is highly concerned to initial
temperature and it can be used as a control
parameter. Inlet air preheating and using hot EGR
are some available ways to set the initial
temperature of the mixture. In other hands, it
should be mentioned that increasing inlet mixture

5. Defining the equivalence ratio
The equivalence ratio of a fuel/air mixture is
concerned to the fuel composition. In this paper,
the composition of natural gas is considered as
the major composition used in Iran including
89% methane, 4.5% ethane, 1.5% propane,
4.75% nitrogen, and 0.25% carbon dioxide (volume fraction) [30]. The amount of adding formaldehyde is also described as volume fraction
of total fuel. If x f stands for volume fraction of
formaldehyde, the stoichiometric air/fuel ratio
can be shown as,
( A / F=
) st 9.58 − 4.82 x f

V
∑
=
∑V
+

φ
=

Table 2. Caterpillar 3500 engine Specifications

(17)

It should be mentioned that using formaldehyde as an additive causes the fuel be categorized
as oxygenated fuel so the atom valence method
should be used to evaluate the equivalence ratio
83

Properties

Value

Bore (mm)

170

Stroke (mm)

190

Rod length (mm)

350

Compression ratio

17

IVC (ABDC)

20

EVO (BBDC)

40

Speed (rpm)

1500

Cylinder wall temperature (K)

400
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temperature would lead to lower engine volumetric efficiency and amount of fuel interring the
cylinder.
Methane is the main compound in the natural
gas composition. The low temperature oxidation
of methane starts via these primary reactions,

Hydroperoxy and hydrogen radicals quickly
attend the propagating reactions and advance the
chain reactions by producing hydroxyl radical
( OH ) and hydrogen peroxide ( H 2 O2 ).
H + O2 → OH + O

(20)

CH 4 + O2 → CH 3 + HO2
 
CH 4 + M → H + CH 3 + M

HO2 + CH 4 → H 2 O2 + CH 3

(21)

(19)

The hydrogen peroxide also decomposes to
hydroxyl radicals.

The variation in the concentrations of hydroperoxy ( HO2 ) and hydrogen ( H ) radicals are
shown in fig.3 for combustion ( TIVC = 410 K ) and
no combustion ( TIVC = 390 K ) cases.
In combustion case, the concentrations of
these radicals rapidly rise but in no combustion
case, this increase is extremely slight and because
of temperature raise due to incylinder volume
changes.

H 2 O2 + M → 2OH + M

(22)

This reaction produces high amounts of hydroxyl radicals. The reaction between hydroxyl
radical and fuel molecule is highly exothermic.
The radical concentration variation near combustion point is illustrated in fig.4.
CH 4 + OH → CH 3 + H 2 O

(23)

Fig. 1: Incylinder pressure variation for three different inlet temperatures at IVC

Fig. 3: Variations in hydroperoxy and hydrogen radicals for
combustion and no combustion cases

Fig. 2: Incylinder temperature variation for three different inlet
temperatures at IVC

Fig. 4: Concentrations of important radicals near TDC
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Fig. 6 shows the variations in these parameters
for TIVC = 390 K case.
Increasing formaldehyde from 1% to 5%
causes SOC changes from 363.9 CA to 357.4 CA.
On the other hand, NOx emission will be doubled
because of higher incylinder maximum temperature and extended high temperature duration in
the combustion stroke. This is usually called
thermal NOx.

Considering this issue, SOC can be defined as
the crank angle in which hydroxyl radical concentration shows a rapid raise. This could be
quantified by the maximum value of hydroxyl
radical trend slope. A comparison between this
detailed chemical kinetics model and the third
derivation of pressure trace method for defining
SOC is presented in table 3. The results show a
good agreement between these two common methods.
Formaldehyde has a lower autoignition temperature in comparison to other natural gas components, therefore it is logical that using formaldehyde as an additive would advance the HCCI
combustion. Fig. 5 shows the effects of adding
2%, 5%, and 10% formaldehyde on the no combustion case ( TIVC = 390 K ).
Results show that even adding 1% formaldehyde to natural gas at TIVC = 390 K will lead to
combustion whereas the natural gas would not
individually ignite in this condition. With 1%
additive, the combustion starts at 363.9 CA,
which does not seem appropriate but adding more
formaldehyde would end in more advanced combustion. As seen in the figure, SOC will occur at
355.5 CA by adding 10% formaldehyde which is
8.4 CA earlier in comparison to 1% additive
usage.
Increasing inlet mixture temperature is a
common path to achieve autoignition in HCCI
engines but increasing inlet temperature would
lead to lower volumetric efficiency and less
amount of entering fuel. In the presented case,
natural gas HCCI engine would not go under operation condition at TIVC = 390 K and should have
higher inlet temperature to ignite but adding formaldehyde has changed this operation limit and
the engine would be run with a lower inlet temperature. Lowering inlet mixture temperature
would significantly lead to lower NOx emissions.
For a detailed study on the effects of using
formaldehyde as an additive on the performance
of an HCCI engine, the engine major parameters
such as gross values of indicated work and power, mean effective pressure, specific fuel consumption, SOC and NOx emissions have been
considered.
The amount of additive was held in 1-5%
range according to previous experiments [10, 11].

Table 3. Comparison between
SOC predicted by two different methods

Case

Predicted SOC
(CA, ATDC)

Absolute
Difference

Method 1

Method 2

TIVC = 410 K

364.2

364.1

0.1

TIVC = 430 K

357.7

375.5

0.2

Method 1 : Hydroxyl Concentration Variations
Method 2 : 3rd Derivation of Pressure Trace

Fig. 5: The effects of using formaldehyde on temperature trend

Fig. 6: The effects of using formaldehyde on engine performance
(TIVC=390K)
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Comparing engine power and output work in
different cases shows that these parameters rise
slowly by increasing additive amount up to a
maximum value then a reverse trend is observable.
The maximum value obtained with 2% formaldehyde. Although specific fuel consumption
linearly increases by adding more formaldehyde
but it should be mentioned that natural gas with
no additive would not ignite at this condition and
adding formaldehyde causes the engine to work
at lower temperature that extremely decreases
NOx amount and increases engine volumetric
efficiency in comparison to TIVC = 410 K case.
The same study has been repeated for
TIVC = 410 K case. Results are shown in fig.7. The
same trends are seen here. The optimum performance at this condition would be obtained by 1%
formaldehyde addition.
In TIVC = 410 K case with no additive, the output power is about 43.6 kW with 0.058 ppm NOx
emission but using 1% additive in TIVC = 390 K
case would lead to 46.1 kW power with 0.039
ppm NOx emission.
Adding 2% formaldehyde in this case would
increase the output power to 46.3 kW with 0.054
ppm NOx (almost the same as TIVC = 410 K case
with no additive). It is obvious that the effect of
using additive in lowering the initial temperature
would lead to better engine operating condition
considering output power and NOx emission.
A comparison between the optimum conditions in figures 6 and 7 studies is shown in table
4. In this table, case I represents the 2% formaldehyde addition at TIVC = 390 K condition and case
II is 1 % formaldehyde addition at TIVC = 410 K
condition. The last column shows relative value
of case I in respect of case II.
Although there is a retarded combustion in
case I, but gross indicated power and work is
about 6% higher in comparison to case II whereas fuel consumption is just 1% more.
Lower temperature of inlet mixture in case I,
leads in higher volumetric efficiency and higher
amount of inlet fuel, which directly affects engine power. Adding 2% formaldehyde changes
the lower operating limit of the engine and it can
be run at TIVC = 390 K condition. on the other

Fig. 7: The effects of using formaldehyde on engine performance
(TIVC=410K)
Table 4. Operational characteristics of HCCI
engine in two optimum cases of using additive
Properties

Case I

Case II

ratio

SOC (CA, ATDC)

361.0

357.3

+ 3.7 CA

Gross Indicated Work (kJ)

3.70

3.50

+ 5.71%

Gross Indicated Power
(kW)

46.30

43.71

+ 5.93%

mep (bar)

8.59

8.11

+ 5.92%

sfc (J/kW.h)

419.62

416.20

+ 0.82%

NOx (ppm)

0.054

0.137

- 60.58%

hand, decreasing incylinder temperature extremely decreases NOx emissions.
The table shows that amount of NOx emissions in
case I, is about 60% lower than that in case II.
It should be noted that almost the total amount
of formaldehyde added to the fuel would burn
during combustion stroke. In TIVC = 390 K case
with 5% additive, the mass fraction of formaldehyde at EVO is in the order of 10-14 and in
TIVC = 410 K case with the same percent; the value
turns to 10-17.
These mass fractions are lower that permitted
amount (1.6x10-5). The same results were previously presented in different studies [12-14].
Indeed, there should be a special consideration
about the technologies used for formaldehyde
addition and control strategies to avoid additive
leakage.
7. Summary and conclusions
The results of this study can be summarized as
below:
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• The developed single zone zero dimensional
model can predict SOC in HCCI engine with
appropriate uncertainty and it is suitable for
comparative on studies.

i,k
kb
kf
L

• The temperature of inlet mixture strongly affects the combustion of HCCI engine. Decreasing initial temperature would cause the
engine to go out of operating range and increasing initial temperature would result in
more advanced combustion.

Mi
m
NR
NS
P
Pm
Pr
Q
q
R
Ru
rc
RRb
RRf
RRi
Si
Sp
T
Tr
Tw
TB
U
u
ui

• Hydroxyl radical has important effects on natural gas combustion and it is possible to quantify SOC with hydroxyl concentration variations.
• Lower autoignition temperature of formaldehyde causes advance combustion in natural
gas HCCI engine. In TIVC = 410 K case, adding
5% formaldehyde would lead to more than 10
CA advance in SOC.
• It is possible to change HCCI operating range
by adding formaldehyde. In the specified
HCCI engine, the mixture would not ignite at
TIVC = 390 K but even adding 1% formaldehyde
would result in mixture combustion.
• There is an optimum value of additive for
each operating condition, which results in
higher engine power. This optimum value is
2% for TIVC = 390 K case and 1% for
TIVC = 410 K case.
• As the main source of NOx in HCCI engine is
concerned to thermal NOx, adding formaldehyde to natural gas would increase engine
NOx emissions because the maximum cylinder
temperature and high temperature duration
would increase by adding formaldehyde.

V
Vc
Vd
Vr
w
yi

8. Nomenclature
A
a
AAr
Cv
Ea
h

Area
Enhance factor of third body
Arrhenius coefficient
Specific heat in constant volume
Activation energy
Convection heat transfer coefficient

Counter
Backward reaction rate constant
Forward reaction rate constant
Instantaneous height of combustion
chamber
Molar weight of component i
Mass
Number of reactions
Number of species
Pressure
Motoring pressure
Reference pressure at IVC
Heat
Heat transfer to cylinder wall
Rod length/ cranks radius ratio
Universal gas constant
Compression ratio
Backward reaction rate
Forward reaction rate
Rate of reaction i
Component i
Average piston speed
Temperature
Reference temperature at IVC
Cylinder wall temperature
Third body
Internal energy
Specific internal energy
Specific internal energy of component
i
Volume
Clearance volume
Displacement volume
Reference volume at IVC
Work
Mole fraction of component i

Greek Symbol

υ'i,k, υ”i,k
β
87

Stoichiometric coefficient of component i in forward/backward direction
of reaction k
Arrhenius coefficient

A numerical investigation on the effects …, O. Jahanian and S. A. Jazayeri

φ
θ
ρ
ωi

Equivalence ratio
Crank angle
Density
Production/consumption rate of component i

[8]

[9]

Abbreviations

ATDC
CA
CFD
EGR
EVO
HCCI
IVC
NOx
PM
SOC
UHC

After Top Dead Center
Crank angle
Computational Fluid Dynamics
Exhaust Gas Residual
Exhaust Valve Opening
Homogenous Charge Compression
Ignition
Inlet Valve Closing
Oxides of Nitrogen
Particulate Matter
Start of Combustion
Unburned Hydrocarbons

[10]

[11]

[12]

[13]
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