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ABSTRACT

In this study, experimental and computational investigation
of a homogeneous charge compression ignition (HCCI)
combustion engine were carried out using gasoline-ethanol
blends and two stage direct injection (TSDI) strategy. First
injection was fixed in intake stroke while second injection was
varied close to the compression top dead center (TDC). For this
reason, a diesel engine was modified to work as an
electronically controlled DI-HCCI engine. The test fuels were
prepared as pure gasoline and two different gasoline—ethanol
blends with 10% (E10) and 20% (E20) of ethanol by mass.
CFD simulations were performed using AVL’s Fire code and
CFD results were compared against the experimental results of
the DI-HCCI engine. The effects of various second injection
timings on HCCI combustion were investigated at constant
engine speed and same energy input conditions for high
equivalence ratio conditions. Combustion temperature and NOx
emissions were investigated visually using CFD model results.
Both experimental and CFD studies showed that retarding
second fuel injection timing reduces the peak in-cylinder
pressure and rate of heat release. Combustion phases and NO
emissions were able to be controlled by changing second
injection timing.

INTRODUCTION

HCCI combustion which is consistently being improved
and many researchers recently concentrate on its evolution is a
candidate of being amongst the future’s new engine
technologies due to its low NOx emissions and high thermal
efficiency compared to conventional gasoline and diesel
engines.

HCCI operation has similarities to both SI and CI
combustion modes. The air-fuel mixture is prepared before the
compression stroke as in SI engine and the pre-mixed mixture
is compressed until the auto-ignition point. In SI engines,
premixed charge is ignited by means of a spark plug and

combustion takes place as turbulent flame propagation. In CI
engines, highly pressurized fuel is injected on compressed air,
auto-ignites and combustion proceeds as diffusion flame within
the cylinder. In HCCI engines, pre-mixed mixture is prepared
as in an SI engine and the whole mixture is ignited by
compression as in a CI engine. Hence, HCCI combustion is an
auto-ignition combustion and reactions leading to ignition and
combustion depends on chemical kinetics of air-fuel mixture
[1]. This auto-ignition process is governed by the chemical
kinetics of air-fuel mixture. Therefore, there is not a control
mechanism to precisely change the ignition timing of HCCI
combustion.

HCCI combustion is challenging in terms of controlling
auto-ignition timing and combustion phase. Two main
parameters concerning the control of both auto-ignition timing
and combustion phase are time-temperature history of the
cylinder charge and mixture reactivity. The methods that
control time-temperature history include intake temperature,
intake pressure, variable compression ratio, variable valve
timing to implement residual-affected HCCI with rebreathing,
re-induction and retention (also known as negative valve
overlap-NVO) methods [2], external and cooled EGR and
direct injection timing. After the closing of intake valve, time-
temperature history and fuel concentration can only be
controlled with timing, rate and number of injections. Mixture
reactivity can be altered by blending two or more fuels,
changing air-fuel ratio, using fuel additives and fuel pre-
conditioning.

Combustion phasing can be controlled and emissions can
be reduced properly by changing number of injections (single
or double) and ratio of the injected fuel amount in different
injections. Two stage direct injection (TSDI) strategy allows us
to achieve desired fuel/air mixture concentration in the cylinder
owing to flexible controlling of fuel injection timing and ratio
in DI-HCCI engines. Canakci and Reitz [3] investigated effects
of double injection technique on a gasoline DI-HCCI engine
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using high intake air temperature and compression ratio (16.1).
They concluded that double injection technique was able to
control the start of combustion (SOC). In addition, they
observed significant reduction in NOx emissions, as well as
high thermal efficiency was obtained by using optimal injection
timings and ratios. Das et al. [4] investigated the effects of
double injection technique in a single-cylinder diesel DI-HCCI
engine by applying pilot injection in intake stroke and main
injection close to TDC. They observed that retarding main
injection towards compression reduces maximum pressure and
retards combustion phase. They also found that NOx emissions
are lower compared to baseline emissions and decreased
simultaneously by retarding main injection timing. Marriott and
Reitz [5] investigated the effects of injection timing on a
gasoline direct injection (GDI) engine with high compression
ratio and high intake air temperature without spark assist. They
were able to control combustion phasing by changing injection
timing from early intake stroke to late compression stroke.
Mixture reactivity in HCCI combustion can be changed by
using various fuel mixtures and additives. Alcohols such as
methanol and ethanol can be used in engines with high
compression ratio and provide higher thermal efficiency since
they have higher octane rating than gasoline. Alcohols have
great lean burn properties and promise great potential for
reducing exhaust gas emissions. They are renewable fuels and
can be produced from variety of sources. Therefore, they can
stop dependence on fossil fuels. Earl [6] investigated usability
of ethanol and methanol in internal combustion engines. He
observed that mixtures of ethanol and methanol with gasoline
resist more to auto-ignition than pure alcohol and can be used
in higher compression ratios. He stated that effect of alcohols
on reducing combustion end temperatures causes reduction in
NOx emissions and their higher oxygen content helps to reduce
unburned HC (UHC) and CO emissions. Chen et al. [7]
investigated the combustion of different blended of ethanol-
gasoline mixtures in a high-temperature constant volume vessel
using single hole injector and spark plug. They discovered that
it gets harder to start combustion and flame propagation
becomes more dependent on spark energy as ethanol fraction
increases in mixture since ethanol has less lower heating value
(LHV) than gasoline. They also revealed that higher latent heat
of vaporization of ethanol leaded to decrease combustion
temperature and shorten ignition delay time. Zhang et al. [8]
investigated the effect of intake air temperature on HCCI
combustion characteristics and emissions using ethanol,
methanol and gasoline as fuels. They observed that NOy
emissions were almost zero for ethanol and methanol while
they increased for gasoline as intake air temperature increases.
HCCI combustion and other combustion phenomena can
be examined more in detail by using CFD simulations thanks to
its advanced level calculations and giving opportunity to
investigate visually. Wang et al. [9] conducted a 3D- CFD study
of a gasoline HCCI engine with a detailed chemistry model to
investigate two-stage injection strategy. They compared single
injection with two-stage (split) injection and observed that late
injection advances ignition timing and builds a stratified charge

in the cylinder which allows controlling ignition timing and
combustion rate. Syed et al. [10] analyzed the effect of
pressure, temperature, dilution and equivalence ratio on auto-
ignition timings of gasoline-ethanol mixtures by using semi-
detailed chemical mechanism. They found that auto-ignition
timing retarded at low temperatures and advanced at high
temperatures as ethanol fraction in the mixture increased.
Increase in pressure and equivalence ratio advanced ignition
while dilution of mixture retarded ignition. They also observed
that ethanol’s charge cooling effect influenced auto-ignition
timing more dominantly compared to chemical kinetic effects
in gasoline-ethanol mixtures. Ghorbanpour and Rasekhi [11]
experimentally and computationally investigated the effects of
injection timing, air-fuel equivalence ratio, injection rate shape
and EGR on HCCI combustion as well as using poor and rich
fuel mixture in a diesel engine. They discovered that it is
possible to get lower emissions and better performance, and to
optimize HCCI combustion by changing all these parameters.

It is seen in the literature that TSDI technique is an
effective parameter to control HCCI combustion and alcohol-
gasoline fuel blends can be utilized to get better combustion
characteristics and lower emissions. However, there are not
enough CFD studies about using TSDI technique and ethanol-
gasoline mixtures in DI-HCCI engines. In this study, we
investigated the effects of second injection timing and gasoline-
ethanol blends on DI-HCCI combustion using CFD technique.

EXPERIMENTAL STUDY

In this study, a naturally aspirated, water cooled, single
cylinder DI diesel engine was converted to a DI-HCCI engine
fueled with 97 octane gasoline and its blends with ethanol. Fuel
properties of gasoline and ethanol were evaluated in Alternative
Fuels R&D Center at Kocaeli University and can be found in
previous study [12]. Test engine specifications are shown in
Table 1. Schematic diagram of the test system is shown in Fig.
1. The engine is coupled to a DC electrical dynamometer. K
type thermocouples were used during the experiments for
measuring intake air, fuel, oil, exhaust gas and cooling water
inlet-outlet temperatures. Intake charge temperature was
controlled in closed-loop at 100 + 2 °C to provide steady
engine operating conditions. Engine coolant temperature was
held at 75 + 2 °C in order not to exceed maximum pressure rise
rate. Air consumption was measured using an orifice-meter and
a differential pressure manometer, and an intake surge tank was
installed to eliminate cyclic fluctuations.

A water-cooled transducer (Kistler, model 6061B) was
installed on cylinder head to measure the cylinder gas pressure.
A swirl type, single-hole gasoline direct injector was installed
on the cylinder head to inject the fuel. Injection pressure was
fixed at 10 MPa by using a low pressure common rail system.
First and second injection timings and quantity of fuel per cycle
(Qcye) were controlled by means of a designed electronic
control unit, which was synchronized with crank angle sensor.

Exhaust emissions were acquired by two exhaust gas
analyzers (Bosch, model BEA 350 for CO and UHC; Bosch,
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FIG. 1. SCHEMATIC DIAGRAM OF THE EXPERIMENTAL SETUP

model RTM 430 for smoke emissions; Capalec, model Cap
3200 for NOx emissions). Each of the analyzers were calibrated
before starting experiments.

Two different common rail fuel systems for gasoline and
diesel fuel were mounted on the test engine. But, only one
gasoline direct injector was used for both fuels. Firstly, diesel
fuel was used to warm the oil temperature to 60 £ 2 °C. Then
the fuel was switched to gasoline with the use of TSDI strategy.
Before each experimental case, intake air, coolant and fuel
temperatures were fixed to eliminate their effects on
combustion. Experiments were carried out for the same energy
input (different amounts of fuels were selected to provide 710 J
constant energy input per cycle) and engine speed was limited
at 1100 + 20 rpm to avoid knocking. Different second injection
timings were used in the experiments. Crank angle positions are
shown according to compression TDC (360 °CA) in the graphs.

TABLE 1. ENGINE SPECIFICATIONS

Engine Super Star 7716 Model Diesel Engine
DI, natural aspirated,

Type 4 stroke, water
cooled

Cylinder number 1

Volume (cm?) 770

Compression ratio 17:1

Intake valve open (bTDC) 22
Intake valve close (aBDC) 60
Exhaust valve open (bBDC) 66
Exhaust valve close (aTDC) 16

CFD MODELLING
HCCI combustion and emission characteristics were
calculated using 3D CFD simulation program AVL Fire.

Combustion, spray, turbulence, species, emissions etc.
calculations were performed using this CFD tool.

Extended Coherent Flame Model-Three Zone (ECFM-32)
was used for modelling the combustion. Fig. 2 shows detailed
scheme of the model [13]. The model comprises flame surface
density transport equation and a mixing model that describes
non-uniform turbulent premixed as well as diffusion
combustion process. Processes are achieved within three
mixing zones namely the unmixed fuel zone, the mixed air/fuel
zone, and unmixed air (+ EGR) zone. Turbulent mixing occurs
between unmixed air and unmixed fuel zones, and auto-ignition
happens in the mixed zone as shown in the figure.

Flame propagation
-t Homogeneous
u = unburned gases

b = burned gases reactors

A = unmixed air
(+ EGR)
Turbulent
mixing

M = mixed air& fuel|

F = unmixed fuel

Diffusion flame
(oxidation + pollutant formation)

Premixed flame
(oxidation)

FIG. 2. ZONES IN ECFM-3Z MODEL

Auto-ignition

The k-¢ model was used for modelling turbulence and
transient flows were modelled using PI1SO algorithm. Extended
Zeldovich mechanism [14] was used for modelling NOy
emissions. The fuel spray breakup was modeled using the wave
breakup model with the value of model constants C1 and C2 set
as 0.61 and 18 respectively. Temperature and velocity of the
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fuel at the injector nozzle were set to 330 K and 150 m/s
respectively. A single hole injector with cone angle 30° was
used in the experiment and entered into the simulation
parameters.

1/8 sector mesh with 15 subdivisions in angular direction
was selected to reduce computational time. Simulation was
performed with a time step size of 0.25 °CA from intake valve
closing to exhaust valve open, i.e. “closed cycle”. It is assumed
that fuel-air mixture formed homogeneously in the cylinder at
the start of simulation which is 120 °CA after first injection.
Boundary conditions are selected as wall type for piston, liner

and cylinder head, symmetry type for axis, and periodic type
for segment. Grid density sensitivity analysis for HCCI
combustion was done by Kong and Reitz [15]. They discovered
that a denser mesh provides more accurate results. Because of
that, mesh structure of the computational domain (Fig. 3) was
created with average cell sizes of 0.6 mm between -30 and 30
°CA to precisely investigate spray and combustion and 0.8 mm
for the remaining crank angles. Computational grid around
spray region was intensified in order to accurately calculate fuel
injection as shown in Fig 3. 3D mesh has 48105 and 170625
cells at TDC and BDC, respectively.

L

FIG. 3. COMBUSTION CHAMBER COMPUTATIONAL MESH WITH 45° SECTOR GRID AT TDC

RESULTS AND DISCUSSION

Effects of second injection timing on combustion
characteristics and emissions of gasoline, E10 and E20 were
investigated using CFD simulations and validated against
experimental results. First injection timing was kept constant at
120 °CA aTDC for all cases to form the homogeneous charge.
Second injection timings were changed between 330 and 345
°CA with 5 °CA intervals. 80% of fuel was injected during the
first injection while the 20% of fuel was injected during the
second injection (Injection ratio (IR), which is the proportion of
first injection mass (l1) to second injection mass (l1) is 4) to
control ignition timing. 16.5 °CA total injection duration was
measured from injection signal and adapted to simulation cases.
Rate of heat release (ROHR), in-cylinder gas pressure, NO and
CO mass fractions were analyzed numerically while in-cylinder
temperature distribution and NO mass fraction were analyzed
visually.

Effects Of Second Fuel Injection Timings on HCCI
Combustion

Effects of various second injection timings on the cylinder
gas pressure and rate of heat release (ROHR) as shown in Fig.
4 and 5, respectively. And also experimental results were
compared with the computational results. Different amount of
fuels are injected for the different mixtures to ensure constant
energy input. It can be seen that experimental and modeling
results showed similar trend. Retarding second injection timing
retarded combustion phase and caused to decrease maximum
cylinder gas pressure (Pmax) and maximum rate of heat release
(MRHR). As can be seen from the experimental and
computational results, second injection timing can be used in
the control of combustion phasing. Partial rich mixture is
formed and combustion phase can be controlled by performing
second injection close to compression TDC. In addition, NO
emissions could be reduced as a result of reduced cylinder gas
pressure and temperature.
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FIG. 4. COMPARISON OF CYLINDER GAS PRESSURE FOR CFD AND EXPERIMENTAL STUDIES

As can be observed in Figs. 4 and 5, ROHR and cylinder
gas pressure values decreased and combustion phase moved
towards expansion stroke as second injection timing retarded. It
is because as second injection timing gets close to compression
TDC, its charge cooling effect increases and there will be
insufficient time for vaporization.

Maximum ROHR values decreased and combustion phase
retarded with the increase in ethanol fraction in the blends. This
is because ethanol has less LHV and higher latent heat of
vaporization than gasoline as can be seen from Table 2. Ethanol
also has higher laminar flame speed than gasoline [16]. For this
reason, start of combustion occurred earlier compared with
gasoline fuel as can be seen from the breaking points of the
ROHR and pressure curves. Compared to E10 blend, higher
amount of injected fuel in E20 increased latent heat of
vaporization further and higher amount of heat was absorbed

from surroundings. Therefore, higher latent heat of vaporization
leads to reduction in cylinder charge temperature near TDC and
restrains development of laminar flame speed.

CO and NOy emissions were given in Fig. 6 and compared
for experimental and CFD simulation results. NOx emissions
from combustion are primarily and mostly in the form of NO
[17]. Therefore, NO emissions calculated from CFD
simulations are assumed as total NOy emissions. By retarding
second injection, cooling effect increased and leaded to
reduction in cylinder temperature. As a result of this, fuel could
not find time to evaporate, reactions worsened and CO
emissions increased due to incomplete combustion. Higher
latent heat of vaporization of ethanol-gasoline blends prevented
sufficient evaporation more for complete combustion and
increased CO emissions further. CO emissions were acquired in
a 0,03-0,25% difference from experimental results.
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FIG. 5. COMPARISON OF ROHR FOR CFD AND EXPERIMENTAL STUDIES

The effects of second injection timing on NOy emissions
and were compared numerically for experimental and
simulation results in Fig. 6. NOx emissions decreased with
retarded second injection timing as shown in the figure. As well
known, NOy emissions are formed by oxidation of N gas in the
presence of oxygen. But also for NOx formation reactions to
accelerate, higher combustion temperatures more than 1800 K
are critical [18]. NOx emissions reduced significantly as second
injection timing retarded since cooling effect of fuel increased
and maximum cylinder gas temperature reduced. CFD
simulation results for NOx emissions exhibited the same
descending trend with nearly 200 ppm overprediction.

Even though gasoline-alcohol mixtures contain more
oxygen due to the presence of oxygen within ethanol’s
chemical bonds, it seems that in-cylinder pressure and
temperature affect NOy emissions more. When E10 blend was
used, oxygen content and higher laminar flame speed enhanced

air-fuel reactions, advanced combustion phase and increased
cylinder pressure and temperature values. This caused
maximum values of NOy emissions for E10 blend. When E20
blend was used, minimum NO, emissions were obtained from
experiments. Higher ethanol ratio and amount in the blend
decreased volatility and increased cooling effect. Much higher
Qcyc for E20 blend caused more heat absorption from
surroundings and reduction in maximum ROHR values. As a
result, NOx emissions decreased due to lower cylinder
temperatures.

Mass fraction of gasoline at different piston positions
inside combustion chamber was given according to various
second injection timings visually in Fig. 7. The other images
for gasoline-ethanol mixtures were almost the same, so only
one image for gasoline mass fraction is considered in this work.
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For early second injection times, injected fuel was partly 340 and 345 °CA injections, ended just before the beginning of
accumulated on the surface of piston bowl as observed from combustion and fuel could not find enough time to evaporate
Fig. 7. Since these regions are rich in terms of fuel, they cause and accumulate on the bowl. As a result, high temperature
inhomogeneous fuel-air mixture. NOy emission formation is combustion and NOy formation were avoided. On the other
triggered by high temperature combustion of this side, CO emissions increased due to partly non-premixed and
inhomogeneous mixture. Latter second injections, especially incomplete combustion.
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In-cylinder temperature distribution and NO mass fractions
were given visually at changing CA positions and various
second injection timings, respectively for gasoline, E10 and
E20 in Figs. 8-13. It can be seen from the images that the
second injection timing has distinctive effect on temperature
distributions and NOy emissions. Cylinder charge cooling effect
can be observed better from the temperature distribution images
of -20 and -10 °CA aTDC piston positions. The areas around
injected fuel show more blue color than others which
demonstrates cooling effect. At earlier injection times, red and
green color distribution becomes wider which indicates a
higher average temperature. It can be seen from 0-4 °CA aTDC
temperature distribution images that combustion started at fuel-
rich regions and formed high temperatures inside combustion
chamber. Further reduction of combustion temperature is
observed for later injection times since cooling effect of fuel
increased and evaporation process worsened.

The second fuel injection timing has a dominant effect on
NOx emissions. From the NO mass fraction images, it can be
seen that NOx emissions formed with stratified charge which is
obtained by late second fuel injection [19]. Formed between
initially homogeneous mixture and injected fuel, the stratified
charge results in higher local temperatures which triggers the
production of NOyx emissions. Stratified appearance of NOy
emissions can be conveniently seen from the images at 50 and
70 °CA aTDC. As the second injection timing is retarded,
higher cooling effect and decreased temperature caused to
decrease NOx emissions. Since combustion started later and
maximum temperature values was reached at latter crank angles
for gasoline fuel, NOx emissions were seen more at piston
crown region due to proceeding of injected fuel inside
combustion chamber. Earlier start of combustion for E10
caused maximum temperature values to occur earlier and NOx
emissions were seen mostly at piston bowl region. More latent
heat of vaporization of E20 blend retarded combustion phase
and NOy emissions were seen closer to piston crown region
compared to E10 blend. It can be concluded from cylinder
temperature distribution and NO mass fraction images that NOx
emissions are formed in the presence of high temperature inside
the cylinder.

CONCLUSIONS

In this study, the effects of second injection timing on
HCCI combustion and emissions were investigated using
gasoline-ethanol blends. HCCI combustion was simulated by
3D-CFD modeling of test engine and simulation results were
compared against experimental results. Both experimental and
modeling results showed that second injection timing is
significant effective in controlling HCCI combustion and
emissions. The conclusions can be summarized as follows:

(1) HCCI combustion and emission characteristics can be
controlled by means of various second injection
timings.

(2) Retarding second fuel injection timing delayed the
combustion phase, decreased Pmax, MRHR and NOy
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emissions while it increased CO emissions. CO
emissions were affected slightly, while NOx emissions
were affected significantly by retarding second
injection timing.

Pmax, MRHR and NOy emissions decreased and start of
combustion retarded by increasing the ethanol content
in the blends.

CFD model was able to predict HCCI combustion and
emission process under high equivalence ratio
conditions. Visual results show how injection,
combustion and NOy formation occur in HCCI
combustion with TSDI strategy.

Calculated pressure curves and Pmax values agree well
with the experimental results. MRHR values were
obtained for all cases with approximately 10-20 J/°CA
difference from experimental results, except for E10
blend which has lower MRHR values.

In-cylinder images of temperature distribution
demonstrate that combustion begins in the fuel rich
zone between injected fuel and initially homogeneous
mixture. It can be observed from NO mass fraction
and temperature distribution images that NOy
emissions formed in the areas where high temperature
combustion occurred.

®3)

(4)

()

(6)
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NOMENCLATURE
aBDC = After bottom dead center
aTDC = After top dead center
bBDC = Before bottom dead center
bTDC = Before top dead center
BDC = Bottom dead center
Cl = Compression ignition
CFD = Computational fluid dynamics
DI = Direct injection
GDI = Gasoline direct injection
EGR = Exhaust gas recirculation
LHV = Lower heating value
HCCI = Homogeneous charge compression ignition
IR = Injection ratio
MRHR = Maximum rate of heat release
NVO = Negative valve overlap
Prmax = Maximum cylinder gas pressure
Qcye = Fuel quantity per cycle
ROHR = Rate of heat release

Sl = Spark ignition
TDC = Top dead center
TSDI = Two stage direct injection



Conference Paper

REFERENCES

1.

10.

11.

12.

13.

14.

15.

Bendu H., Murugan S., Homogeneous charge compression
ignition (HCCI) combustion: Mixture preparation and
control strategies in diesel engines, Renewable and
Sustainable Energy Reviews, 2014, 38, 732-746.

Song H. H. (2008), Low-Load extension of residual-
effected homogeneous charge compression ignition using
eecompression eeaction, PhD Thesis, Stanford University,
2008.

Canakci M., Reitz R. D., Experimental optimization of a
DI-HCCI gasoline engine using split injections with fully
automated microgenetic algorithms”, Int. J. Engine Res.,
2003, 4, 47-60.

Das P., Subbarao P. M. V., Subrahmanyam J. P., Effect of
main injection timing for controlling the combustion
phasing of a homogeneous charge compression ignition
engine using a new dual injection strategy, Energ. Convers.
Manage., 2015, 95, 248-258.

Marriott C. D., Reitz R. D., Experimental Investigation of
Direct Injection-Gasoline for Premixed Compression
Ignited Combustion Phasing Control, SAE Technical
Paper, 2002-01-0418.

Earl W. B., Alcohol use in engines, Energ. Agriculture,
1984, 3, 351-362.

Chen R., Okazumi R. Nishida K., Ogata Y., Effect of
Ethanol Ratio on Ignition and Combustion of Ethanol-
Gasoline Blend Spray in DISI Engine-Like Condition,
SAE Technical Paper, 2015-01-0774.

Zhang C., Pan J. R., Tong J. J., Li J., Effects of Intake
Temperature and Excessive Air Coefficient on Combustion
Characteristics and Emissions of HCCI Combustion,
Procedia Environ Sci., 2011, 11, 1119-1127.

Wang Z., Shuai S., Wang J., Tian G., A Computational
Study of Direct Injection Gasoline HCCI Engine with
Secondary Injection, Fuel, 2006, 85, 1831-1841.

Syed I. Z.,, Mukherjee A., Naber J. D., Numerical
Simulation of Autoignition of Gasoline-Ethanol/Air
Mixtures under Different Conditions of Pressure,
Temperature, Dilution, and Equivalence Ratio, SAE
Technical Paper, 2011-01-0341.

Ghorbanpour M., Rasekhi R., A parametric investigation
of HCCI combustion to reduce emissions and improve
efficiency using a CFD model approach, Fuel, 2013, 106,
157-165.

Turkcan A., Ozsezen A. N., Canakci M., Experimental
investigation of the effects of different injection parameters
on a direct injection HCCI engine fueled with alcohol
gasoline fuel blends, Fuel Process. Technol., 2014, 126,
487-496.

AVL FIRE Combustion Manual, Edition 02/2013, AVL
LIST GmbH, section 3.2.4.4.

AVL FIRE Emission Manual, Edition 11/2012, AVL LIST
GmbH, section 3.2.2&3.3.6.

Kong S. C., Reitz R. D., Numerical study of premixed
HCCI engine combustion and its sensitivity to

12

16.

17.

18.

19.

computational mesh and model uncertainties, Combustion
Theory and Modelling, 2003, 7, 417-433.

Veloo P. S., Wang Y. L., Egolfopoulos F. N., Westbrook
C.K.., A comparative experimental and computational
study of methanol, ethanol, and n-butanol flames.
Combust. Flame, 2010, 157, 1989-2004.

Nitrogen Oxides (NOx), Why and How They Are
Controlled, Clean Air Technology Center (MD-12) - U.S.
Environmental Protection Agency, EPA 456/F-99-006R,
1999, 2-5.

Wang Z., Srinivasan K. K., Krishnan S. R., Som S., A
computational investigation of diesel and biodiesel
combustion and NOy formation in a light-duty compression
ignition engine, Spring Technical Meeting of the Central
States Section of the Combustion Institute, Dayton, April
22-24, 2012,

Wang Z., Wang J. X., Shuai S., Ma Q. J., New Gasoline
Homogeneous Charge Compression Ignition Combustion
System Using Two-state Direct Injection and Assisted
Spark Ignition, Proceedings of the Institution of
Mechanical Engineers, Part D: Journal of Automobile
Engineering, 2006, 220, 367-378.



	ABSTRACT
	INTRODUCTION
	EXPERIMENTAL STUDY
	CFD MODELLING
	RESULTS AND DISCUSSION
	Effects Of Second Fuel Injection Timings on HCCI Combustion

	CONCLUSIONS
	ACKNOWLEDGMENTS
	NOMENCLATURE
	REFERENCES

