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Abstract. In this study, a numerical model has been developed with AVL FIRE software
to perform an investigation into a direct natural gas injection into the cylinder of spark
ignition internal combustion engines. Two main parts have been taken into consideration,
aiming to convert an MPFI gasoline engine to a direct injection NG engine. In the �rst
part, multi-dimensional numerical simulation of the transient injection process, the mixing
and the 
ow �eld have been performed using di�erent validation cases in order to assure
the numerical model validity of results. In all cases, the present results were found to have
excellent agreement with experimental and numerical results from literature. In the second
part, the validated model has been applied to methane injection into the cylinder of a direct
injection engine. Five di�erent piston head shapes have been taken into consideration
and a centrally mounted inwardly-opening single-hole injector has been adapted to all
cases. The e�ects of injection and combustion chamber geometry have been studied on
the mixing of air-fuel inside the cylinder via quantitative and qualitative representation of
results. Furthermore, the e�ect of real engine cylinder head shape on gas injection has been
investigated. Based on the results, suitable geometrical con�guration for a NG DI engine
has been discussed.
© 2013 Sharif University of Technology. All rights reserved.

1. Introduction

In general, the 
ow �eld inside a cylinder is quite
complex. The direct injection of fuel makes it more
complex, and the situation turns even more compli-
cated with gaseous fuels. Due to its low density,
mixture formation with natural gas is more critical
in comparison to liquid fuel engines. The reason
is that even very high injection velocities produce
low fuel penetration and, consequently, poor mixture
formation. Thus, mixture formation in gas engines
depends more on in-cylinder charge motion than in
gasoline engines [1].
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To enhance NG fuel penetration in a cylinder,
very high fuel rail pressures of up to 200 bar are used.
Such an elevated pressure can also help increase the
turbulence level of the mixture and the overall fuel-air
mixing.

Very high pressure ratios between the fuel rail
and the in-cylinder cause the 
ow at the injector exit
to be typically under-expanded. This means that the

ow becomes sonic at the nozzle exit and undergoes a
complex pattern of shock-expansion waves downstream
from the nozzle exit.

Accurate capturing of such a pattern in the near
�eld has been shown to strongly a�ect the complete
jet shape and mixture formation downstream from the
nozzle [2]. Huang et al. [3-6] conducted a set of exper-
imental studies on the di�erent injection and combus-
tion characteristics of natural gas using a rapid com-
pression machine and also a natural gas fuelled engine.
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Numerical investigation of the 
ow in these en-
gines has been focused on di�erent challenges of mod-
eling. Multi-dimensional modeling, with the focus on
turbulence modeling, has been performed in [7-9], and
evolution of gas jet injection is studied in [7,10,11].

Li et al. [2] conducted a 2D numerical modeling,
as well as method of characteristics, to study under-
expanded gas injection into the cylinder of a large
bore engine. In the study, it was reported that the
main parameters determining the type of 
ow exiting
a sonic nozzle are the pressure expansion ratio and
the nozzle geometry. It has been mentioned that
accurate computation of the 
ow at the nozzle exit is
of main importance because it controls the jet mixing
downstream from the nozzle.

In the same study, and also in [11,12], grid density
at the nozzle exit has been discussed. It has been
reported that a minimum of about 10 cell layers is
necessary for accurate capturing of a 
ow �eld in the
near �eld.

Ouellette and Hill [11] studied turbulent transient
methane and air injection into a constant volume
chamber. A multi-dimensional numerical, as well as
experimental, investigation was performed on subsonic
and sonic jets emerging from a single nozzle into
the chamber. The numerical modeling tool used in
the study was the KIVA code, and jet shape and
penetration were presented in di�erent cases.

A virtual nozzle approach has been used to model
the injection instead of computing the detailed near
�eld 
ow in [10,13-15]. Such cases have their inlet
boundary condition set at the mach disc in the nozzle
exit, and, thus, the inside injector space is eliminated.
This method results in decreased grid density at the
nozzle exit but is limited to two dimensional slot and
hole injector geometries. It also requires accurate data
regarding mach disc size and location.

The idea of �ctive droplets of gas was introduced
into a numerical model using Quicksim software to
reduce the grid number requirements of the modeling
(see [1]). Also, in [16], a phenomenological model has
been implemented along with the KIVA code to predict
the quantities of the 
ow in the near �eld.

It could be concluded from the literature that the
most accurate approach is to include inside-injector
space into computations. Such an approach is followed
by [17,18]. In [17], a multi-dimensional modeling
approach was undertaken using STAR-CD software. A
centrally mounted outwardly-opening injector was im-
plemented in the model, and injection and mixing were
studied in di�erent poppet-valve chamber geometries.
The injection process has also been studied in a type
of single-cylinder research engine.

In the authors' previous publications [19,20], the
evolution of gas jet into the cylinder of a direct injection
engine was studied using AVL FIRE software. The

Table 1. Base engine characteristics.

Bore 83 mm

Stroke 81.4 mm
Displacement volume 440 cc/cyl
Connecting rod length 150.15 mm
Compression ratio 9.5

e�ects of injection, piston head geometry, injector type
and engine speed have been investigated in the studies.

2. Present study

It is intended to convert an existing 1800 cc MPFI
gasoline engine to a direct injection NG engine with
minimum modi�cations. In the �rst phase of the
project, multi-dimensional numerical simulation of the
transient injection process, the mixing and the 
ow
�eld has been performed. Table 1 illustrates the basic
characteristics of the engine. A view of the base engine
geometry is shown in Figure 1.

There are di�erent aspects of 
ow inside a cylinder
which should be studied. Two of the most important
parts of these aspects are combustion chamber geom-
etry and injection studies, which have been taken into
consideration in the present work. The objective is to
determine a suitable con�guration for the piston head
geometry, with regard to injector type and location.

To investigate the e�ects of injector and com-
bustion chamber geometry, a 3D numerical model has
been developed in AVL FIRE. The study is focused on
injector and combustion chamber mixing capabilities
in DI NG engines. To perform modeling, a centrally
mounted, inwardly-opening single-hole injector has
been chosen.

The mixture preparation for DI engines lies in two
main strategies. First, a homogenous charge mixture
preparation with early injection in the intake stroke,
and second, a strati�ed charge mixture preparation
with late injection in the compression stroke. The
latter is reportedly a more e�cient strategy in terms
of fuel economy [1,17], so, it is intended to use a
strati�ed charge mixture preparation strategy in the
modi�cations.

Figure 1. A view of base engine geometry and ports.
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The study has been conducted through two main
parts. Firstly, a numerical model has been developed
to evaluate the software capability in natural gas
direct injection modeling. To achieve this, validation
case studies have been undertaken to make sure the
numerical model can predict the injection and 
ow
physics adequately. The studies in this part mainly
include transient turbulent gas injection in a constant
volume chamber. In each case, the calculation results
have been compared with experimental data to validate
the numerical modeling.

Secondly, 
ow inside a real engine cylinder has
been studied, aiming to get a 
ammable strati�ed
mixture. In this part, di�erent combustion chamber
geometries have been considered, and injection and
mixture formations in each case have been studied.
To comply with real engine conditions, i.e. variable
volume and moving boundaries, in this part, a moving
grid technique should be adopted. In each case,
di�erent representations of the results have been made
and based on the results, discussion on the suitability
of each model has been conducted.

To determine the mixing performance of any
injector-geometry con�guration, as mentioned in [17],
the 
ammability of the mixture in any computational
�nite volume cell has been categorized in three di�erent
levels of: too lean, 
ammable and too rich. A

ammable mass fraction has been calculated for each
cell on this basis. The values of 0.8 and 1.4 for RAFR
have been chosen for 
ammability limits, as suggested
in the same study.

Finally, to determine the e�ects of real engine
cylinder head shape on the mixture preparation, a set
of investigations were performed.

3. Numerical model development

Although the most accurate way to model the 
ow
in the near �eld of injector nozzles is to take inside-
injector space into account, detailed numerical calcula-
tion of the inside nozzle 
ow requires signi�cant com-
putational e�ort. The reason lies within the di�erence
between the cylinder and nozzle length scales, which
could be in the order of 1000.

Generally, the natural gas injector holes have
very small diameters of, typically, less than 1 mm.
One of the most important variables a�ecting the
numerical models ability to predict the 
ow correctly
is the number of grid points across such a small nozzle
diameter. To investigate the e�ect of the number of
grid points across the nozzle diameter, the study by
Chiodi et al. [1] has been taken into consideration. In
this case, a couple of numerical models with di�erent
numbers of grid points across the nozzle diameter have
been generated. The modeling conditions are shown in
Table 2.

Table 2. Injection conditions [1].

Injected 
uid Methane
Chamber 
uid Air
Fuel rail pressure 8 bar
Chamber pressure 1 bar
Chamber temperature 300 k
Duration of injection 10 ms
Fuel mass 
ow 270 mg/s

Figure 2. Variations of axial and radial penetration using
di�erent number of grid points across the nozzle.

The results for the penetration of the jet into the
chamber for time 0.1 ms ASI have been plotted against
the number of grid points across the nozzle in Figure 2.
The reason to check penetration in the �rst time step
is realized regarding the e�ect of the number of grid
points across the nozzle diameter on 
ow in the near
�eld of the nozzle.

It can be seen from the �gure that penetration
increases with an increase in the number of grid points.
But, increasing the number of grid points across the
nozzle to more than 10 layers seems to have little
e�ect on penetration. This suggests that 10 cell layers
across the nozzle are appropriate for grid-independent
numerical simulation of CNG injection. This result
agrees with the results reported by [2]. This number
of grid points has been used for all cases of injection in
the present study.

In order to better investigate the e�ect of turbu-
lent mixing inside the cylinder, the velocity distribution
across the jet at periods of 0.2 ms and 0.8 ms ASI has
been depicted in Figure 3. It can be seen in the �gure
that increasing the cell layers to more than 10 layers
does not have a signi�cant e�ect on the prediction of

ow velocity on two consecutive planes at 2 mm and
5 mm, downstream of the nozzle exit. This veri�es
the fact that in order to achieve grid independency, a
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Figure 3. Velocity distribution across the jet for di�erent locations and timings.

maximum of 10 cell layers across the nozzle diameter
is su�cient.

The length scale di�erence between the nozzle and
cylinder could be to the order of 1000. In order to get a
reasonable number of grid cells, it is necessary to have
very �ne grids near the nozzle exit and coarser grids far
from the nozzle. So, it is very important to make the
variations of mesh size as smoothly as possible between
these two levels. It means there should not be any
jump in cell size or, at least, it should be controlled at
a reasonable level.

To avoid numerical instability, the so called \tran-
sition layer" should be located far from the nozzle exit.
In under-expanded nozzle 
ow the �rst transition layer
needs to be located at least 8 � 10 times the nozzle
diameter downstream from the nozzle. A graphical
representation of the grid in the near �eld and the
transition layer is shown in Figure 4.

While the �rst layer of \cell size change" should be
located far from the nozzle, other transition layers for
successive coarsening of the mesh have less in
uence
on numerical instability in comparison to the �rst
transition layer.

Figure 4. Location of transition layer and inlet boundary
with respect to nozzle exit.

On the other hand, the inlet boundary should be
located far upstream from the nozzle exit to avoid a
critical condition occurring at the inlet boundary. This
condition is more realized in under-expanded nozzles.

Challenges, like those mentioned above, are com-
mon in the solution process and necessitate detailed
validation of the numerical model in terms of grid
generation, grid independency and numerical insta-
bility prevention. The model should also be able to
predict the 
ow pattern inside the cylinder. To assure
the model accuracy and robustness in injection and

ow calculations, three cases of validation have been
performed based on available literature data. The �rst
case is transient methane injection into a chamber of
constant volume. The second case is air injection into
a chamber of constant volume with wall impingement.
Finally, a real engine-like time-dependent methane
injection into a chamber of constant volume has been
taken into consideration.

3.1. Validation; Case 1
A constant volume chamber with a centrally mounted
injector, similar to the case of Ouellette and Hill [11],
has been used to build up a numerical model and
evaluate its basic characteristics. A total number
of about 380000 hexahedral/hybrid grid cells have
been generated to predict the 
ow accurately. Three
transition layers have been used to coarsen the mesh
inside the chamber. The number of mesh re�nement
levels and their locations has been obtained based on
the settings in the grid independency check. The
injection conditions are listed in Table 3. The boundary
conditions are set, based on the data listed below.

The numerical model has been developed in AVL
FIRE software using given conditions, and the injection
modeling of methane gas into air has been undertaken.
As the model applies to both subsonic and sonic nozzle
exits, the results have been used to study injection
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Figure 5. Flow pattern in under-expanded 
ow: (a) A graphical representation [11]; and (b) calculated.

Table 3. The injection conditions for the �rst validation
case [11].

Chamber dimensions
Radius: 20 mm,

Length: 90 mm

Injection pressure

and temperature

P0;inj = 15 MPa,

T0;inj = 350 K

Chamber pressure

and temperature

P0;ch = 5 MPa,

T0;ch = 850 K

Wall temperature TW = 450 K

Nozzle diameter dN = 0:5 mm

Injected mass 3.5 mg

Turbulence level 1.5 m2/s2

in under-expanded 
ows, which is the case in high
pressure gas injection. A snapshot of the 
ow �eld near
the nozzle exit is shown in Figure 5(b). One can easily
see the complex pattern of 
ow with a mach number of
about 1.0 at the inlet boundary and a maximum mach
number of 3.24 at about one millimeter downstream of
the nozzle exit.

For convergent nozzles, there is a speci�c pressure
ratio at which the 
ow at the nozzle exit becomes sonic.
If the pressure ratio is increased even more, the 
ow
at the nozzle remains sonic, and expansion of the jet
continues downstream from the nozzle exit into the
cylinder until it �nally reaches the cylinder pressure.
This results in a very complex 
ow pattern in the
near �eld of the nozzle exit. The 
ow �eld captured
agrees with the graphical representation presented in
Ouellette and Hill [11], as shown in Figure 5(a).

It has been found that a minimum of eight times
the nozzle diameter, i.e. 4 mm in this case, is necessary
for the injector length to avoid critical conditions at the
inlet in under-expanded 
ow cases. The �rst transition
layer is also set to be located at least 10 times the nozzle

Figure 6. Comparison of jet penetration for �rst
validation case.

diameter downstream from the nozzle exit to prevent
numerical instability in the solution.

The results for jet tip penetration along the injec-
tion axis have been compared in these cases. Figure 6
shows such a comparison. As seen, there is very good
agreement between the results. This indicates proper
adjustment of numerical model parameters to predict
injection penetration and 
ow �eld inside the cylinder.
In the �rst time steps, there is a slight di�erence
between results, which could be described, regarding
the di�erence between numbers of grid points across
the nozzle diameter. In the present study, the number
of grid points across the nozzle diameter has been set
to at least 10 cell layers, which introduce less numerical
di�usion and, thus, more jet penetration estimation.

3.2. Validation; Case 2
As natural gas is injected at elevated pressures into
the cylinder through a very small diameter nozzle,
high velocities are experienced during the course of
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the injection. On the other side, to obtain a strati�ed
mixture, the SOI is retarded, i.e. at crank angles where
the piston is moving upwards and the distance between
the piston head and the nozzle exit becomes less and
less. In such a case, impingement of the jet to the
piston head is inevitable. The impingement of the jet
to the piston head a�ects the jet shape and jet induced

ow �eld inside the cylinder. It also makes a radial
motion of 
ow towards the cylinder walls. This can
make the 
ow quite di�erent in comparison to injection
of gaseous fuel into very large or open environments.
So, it would be necessary to study the e�ects of gas jet
impingement on the walls. Furthermore, the numerical
models ability to correctly predict jet penetration into
the impingement area should be studied. In this
regard, the numerical study of Andreassi et al. [16]
and the experimental study of Tomita et al. [21], with
air injection, have been considered. Nearly 450000
grid cells were generated. 10 grid cells in the nozzle
throat have been used and grids are coarsened in 3
stages downstream of the injector nozzle. The injection
conditions in this case are shown in Table 4.

Based on the given condition in Table 4, a
numerical model has been developed using AVL FIRE
software, and the injection and impingement of air
into a chamber �lled with air has been modeled. The
result of air jet penetration across the plate is shown
in Figure 7. As readily seen from the �gure, there is
excellent agreement between the results.

3.3. Validation; Case 3
The injection process under real conditions of a direct
injection CNG engine is a strongly transient process.
Regarding needle movements in injection shots, the
numerical model should be able to address highly
transient pressure waves inside the injector and cylin-
der. This is a slightly di�erent case of injection,
because, in the injection process, the needle might
bounce and, thus, a more complicated 
ow pattern
is formed in comparison to a simple case of transient
injection.

Table 4. The modeling conditions for the second
validation case [18].

Injector diameter 0.82 mm
Mean injection pressure Pinj 4.94 bar
Injection temperature 298 K
Environment temperature 295 K
Environment pressure 1 bar
Environment 
uid Air
Wall distance from nozzle 15.5 mm
Injected 
uid Air
Re 60000
Chamber dimensions 100*100*15.5 mm

In order to check the developed numerical model
in a real injection process, it was decided to perform
direct methane injection modeling based on the setup
in [1]. In that study, the injection had been done
into a pressure chamber with simple cubic geometry of
200 mm in the edge length. The chamber is �lled with
air. The modeling conditions are presented in Table 2.
A total of approximately 290000 computational cells
have been generated.

The case has been developed in AVL FIRE, and
methane jet penetration into the media has been mea-
sured. Figure 8 shows a comparison of jet penetration
downstream from the nozzle. It can be seen that there
is excellent agreement between the experimental and
numerical results.

Figure 7. Comparison of jet penetration for di�erent
cases in second validation case.

Figure 8. Comparison of jet penetration in axial and
radial directions for third validation case.
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4. Model application and results

The 3-D validated numerical model has been applied
to the simulation of methane direct injection into
di�erent engine combustion chambers with real-like
moving pistons. In this context, the e�ect of �ve
piston-cylinder head con�gurations has been studied
on the mixture homogeneity and distribution inside
the cylinder. An inwardly-opening single-hole injector
with a centrally mounted location has been adapted to
all cases. The objective was to determine a suitable
con�guration for the piston head geometry with regard
to injector location. Table 5 summarizes the investi-
gated combustion chamber geometries, and a view of
the geometries can be seen in Figure 9.

The base engine has a pent-roof cylinder head
con�guration, and each piston design should be
adapted with its suitable combustion chamber geom-
etry. However, to focus only on injection and piston
geometry, a 
at cylinder head has been used for all
cases in this step. Also, in this phase of study, the
compression ratio has been kept constant at 9.5, in all
cases, which is the same as in the base engine.

The grid generation process was performed result-
ing in approximately 200000 cells for di�erent cases.
This value is related to the maximum number of cells
in each case, i.e. the piston at BDC. In all cases, the
selection of the number of grid cells, and the strategies
for coarsening the mesh in the cylinder volume have
been performed based on the settings of validation
cases. In Figure 10, a view of the generated grid for
a narrow bowl piston head type is shown.

Table 5. Main characteristics of selected combustion
chambers.

Piston
con�guration

Bowl diam.
(mm)

Bowl depth
(mm)

Flat - -
Base 65 4
Narrow bowl 38 10
Large bowl 59 5
Large bowl modi�ed 59 (�llet) 5

Figure 9. A view of combustion chamber and cylinder
head geometries.

Figure 10. A view of computational grid for narrow bowl
geometry with single-hole injector: (a) A whole view; and
(b) injector area.

The total injected fuel has been set to form a
generally lean mixture of air and fuel inside the cylinder
after EOI. The injector and cylinder are co-axial, i.e.
the injection axis is the same as the cylinder axis.
Injection duration has been kept constant in all cases
to 90 degrees of crank angle. The e�ect of injector
needle movement has been accounted for by application
of variable fuel rates under inlet boundary conditions
with a maximum fuel rate of 2.1 grams per second at
2000 RPM. The Start Of Injection (SOI) timing for
all simulated cases is 120� BTDC�ring. The chamber
pressure at the start of the calculation is set for
standard air conditions. The engine speed is considered
to be 2000 RPM in all cases.

In Figure 11, the e�ect of di�erent piston head
shapes on mixture formation and jet development
inside the cylinder has been shown through some
snapshots of 
ow at 40� BTDC�ring. The equivalence
ratio has been chosen to represent distribution of the
air-fuel mixture in the cylinder.

As seen in the �gures, a 
at piston shape causes
the 
ow to be driven to the cylinder edges. But,
a narrow bowl combustion chamber causes the 
ow
to recirculate and generate a kind of tumble motion
inside the cylinder, resulting in a narrower jet shape
and more strati�cation. It has been found that even
small changes, such as rounding up the edge of the
combustion chamber, can have a major e�ect on fuel
jet shape inside the cylinder. Despite the di�erence
in 
ow �eld, the large bowl and large bowl-modi�ed
combustion chambers showed, generally, similar char-
acteristics to the base engine geometry. All these cases
have been realized to develop a wide and weak tumble
e�ect in the combustion chamber, resulting in lower
strati�cation of in-cylinder charge. In contrary to 
at
combustion chambers, these shapes tend to avoid the
jet from penetration towards the cylinder edges and,
thus, make a more compact jet shape.

Regarding the valve timing for the base engine,
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Figure 11. E�ect of combustion chamber geometry on jet shape inside cylinder on a planar section through injector axis;
all cases at 40� BTDC.

Figure 12. Temporal variations of mixture characteristics for di�erent combustion chamber geometries: (a) Flammable
mass fraction; and (b) rich mass fraction.

a SOI timing of 120� BTDC�ring gives the completely
strati�ed operation of the engine. For such conditions,
there is an optimum SOI timing. For more retarded
SOI timing, there is not enough time for mixing.
On the other hand, further advancing the SOI might
decrease volumetric e�ciency. These e�ects are to be
studied further.

One other reason to narrow the SOI timing gap
has been realized, regarding the mixing of air and fuel
after injection. The earlier SOI timing provides more
time for the fuel to mix with the air before ignition
timing. This might lead to the over-mixing of air-fuel,
resulting in a more-than-necessary lean mixture and
poor strati�cation. The mixture in such conditions
might be too lean to have combustion after ignition.

In order to get a better understanding of mixture
preparation inside the cylinder, a quantitative compar-
ison could be easily done based on 
ammable mixture
de�nition. As stated earlier, the 
ammability limits of
0.8 and 1.4 on RAFR have been considered for stable
combustion, based on the literature. A 
ammable mass
fraction inside the cylinder could be obtained based on
these limits. The 
ammable mass fraction is simply
the fraction of the 
ammable mass of the mixture to

the total mass of the mixture. Similarly, a rich mixture
mass fraction is de�ned as the ratio of the rich mixture
mass to the total mass of the mixture.

The temporal evolution of the 
ammable mass
fraction for di�erent combustion chamber geometries
is shown in Figure 12(a). To make comparisons easier,
three di�erent geometries have been considered: the
narrow bowl, the large bowl and the base geometry.
It can be seen that as more fuel is injected into the
cylinder, the 
ammable mass fraction shows an increase
in all cases. This value shows a maximum in the case of
large bowl and base geometries, and a decrease in the
level of 
ammable mass fraction is experienced after
that point. The reason for such a decrease could be
related to the motion of fuel towards the cylinder walls.
Such a motion can be observed in the fuel distribution
contours in Figure 11. After the EOI timing, the

ammable mixture in these two cases rapidly decreases
to near zero values, which shows over the mixing of fuel
and air. Unlike these two geometries, the 
ammable
mass fraction in the narrow bowl geometry shows a
constant increase. This trend is more realized near
the EOI timing at which a rapid increase in 
ammable
mass fraction occurs.
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Such an increase is easily seen in the rich mass
fraction in Figure 12(b) too. In this �gure, the
narrow bowl geometry case shows completely di�erent
characteristics in comparison to the other two cases.
Rapid increase of rich mass fraction near EOI timing for
the case of narrow bowl geometry is quite opposite to
the decrease in rich mass fraction in other cases. Again,
the two other cases are found to behave similar to
each other in rich mass fraction variations. The initial
increase in rich mass fraction in all cases is related to
the initial fuel injection phases. The mixing of fuel
with air in outer regions of the cylinder causes both

ammable and rich mass fractions to decrease to near
zero in large bowl and base geometry cases. But, as the
narrow bowl geometry tends to keep the whole mixture
in a \trapped" region for a while, both 
ammable and
rich mass fractions show a rapid increase in the case of
narrow bowl geometry. Finally, the mixing between the
trapped region and outside air causes the rich mixture
to decrease after EOI timing, in this case.

The di�erence in results can be explained regard-
ing the e�ect of combustion chamber geometry on the

ow. More trapped mixture inside the bowl of the
narrow bowl geometry is the primary reason for the
higher 
ammable and rich mass fractions compared to
other two cases.

To sum up, the presented results show that,
generally, narrower combustion chamber geometries
promise better characteristics for mixture strati�ca-
tion. However, the accurate matching of injection
timing, combustion chamber geometry and injector
location is necessary to get better combustion char-
acteristics for the engine. Such a matching requires
extensive detailed studies regarding optimized com-
bustion chamber geometry and combustion processes.
A further assessment of more complex combustion
chamber geometry and combustion studies will be
presented in future publications.

As may be inferred from the presented results,

at piston combustion chamber designs do not seem to
be appropriate for charge strati�cation. In this case,
the mixture is spread widely into the chamber. Such a
characteristic is more appropriate to the homogenous
charge combustion system with advanced SOI timing.
This is better realized regarding more time available for
the mixture preparation with advanced SOI timing.

When a bowl-in-piston combustion chamber is
used, the injected jet experiences a recirculation motion
towards the cylinder head and, thus, the injected gas
forms a compact jet shape. Generally, narrower bowls
result in more compact jet shapes. Of course, there
are other variables that a�ect the jet shape inside the
cylinder, namely, injector type, bend angle of injector
nozzle and jet targeting. Only by matching these
variables can one obtain a compact 
ammable mixture
inside the cylinder.

A qualitative as well as quantitative representa-
tion of the results shows that the narrow bowl piston
head shape has the best strati�cation characteristics
among all the studied piston head shapes. Using a cen-
trally mounted inwardly-opening single-hole injector
with such a piston head shape tends to create a narrow
jet near the cylinder axis. This position is important
regarding spark plug location. Such a con�guration
shows great potential for optimizing the 
ow �eld inside
the cylinder, too.

5. Cylinder head e�ect

In order to better understand the e�ects of both
cylinder head and piston head on an in-cylinder 
ow
�eld, a part of this study has been dedicated to the
cylinder head e�ect. In this regard, the pentroof
cylinder head shape of the base engine geometry has
been taken into consideration. In this part, a 
at piston
head shape has been adapted in order to determine
the e�ect of cylinder head on the in cylinder 
ow �eld.
Afterwards, the e�ect of a narrow bowl piston head is
also studied.

A maximum of about 200000 grid cells has been
generated in di�erent cases. As in the previous part,
RAFR has been considered the main variable to study
the distribution of the 
ammable fuel-air mixture
inside the cylinder.

The modeling conditions have been considered
exactly similar to previous cases. Injector locations
are set to be centrally mounted and the engine RPM
is 2000 rev/min in all cases. Figure 13 shows some
snapshots of the gas jets emerged from the injector.
The snapshots are taken on two perpendicular planes
crossing the cylinder axis. As seen from the �gures, the
cylinder head shape makes the 
ow �eld quite di�erent
in comparison to the 
at cylinder head cases; especially
near the end of the compression stroke. In other words,
the cylinder head shape has shown its greater e�ects
on the 
ow �eld towards the end of the compression
stroke, which is the most important time in terms of
injection, ignition and combustion. In the early phases
of injection, the cylinder head shape has little e�ect on
jet development inside the cylinder.

The asymmetric shape of the combustion cham-
ber, in this case, makes the 
ow �eld inside the
chamber non-symmetrical. So, the 
ow �eld pattern in
di�erent sections of the combustion chamber is quite
di�erent. The non-symmetric 
ow �eld inside the
cylinder makes the combustion and 
ame propagation
inside the cylinder into a very complex asymmetrical
pattern.

The pentroof e�ect of the cylinder head makes the

ow directed towards the center of the cylinder near
the end of the compression stroke. Such a 
ow is not
experienced in 
at cylinder head cases. A 
at piston
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Figure 13. Comparison of 
ow �eld inside cylinder for 
at piston head and pentroof cylinder head on two perpendicular
planes crossing the cylinder axis.

head still tends to \
atten" the jet and direct it to the
cylinder walls.

It can easily be seen in the �gures that the

ammable mixture is not directed towards the center
of the cylinder, even near the end of the compression
stroke. This might turn into a problem in terms of
combustion initiation and stability, regarding the base
engine spark plug location. Combustion simulations
could exactly determine whether or not such a phe-
nomenon occurs. More studies will be performed on
the subject.

Spark plug location is one of the most important
variables which control the combustion inside the
cylinder of spark ignition engines. An asymmetrical
location for the spark plug leads to non-symmetrical

ame propagation inside the cylinder. This could lead
to asymmetrical pressure distribution on the piston
head, which could create some problems. So, it is
intended, as much as possible, to set the combustion
chamber con�guration to have symmetrical combustion
inside the cylinder.

Thus, to reduce the e�ects of non-symmetrical
combustion inside a cylinder, a near center spark
plug location has been adopted in many combustion
chamber designs, as in the base engine. Asymmetrical
gas jet development inside the cylinder leads to a
poor quality mixture near the center of the cylinder
at the end of the compression stroke, which is an
approximate time for ignition. Unstable combustion
could also be the case in such conditions. So, there
is a need for a combustion chamber design which has
the characteristic of directing gas jet 
ow towards the
center of the cylinder, i.e. a narrow bowl piston head
shape.

It should be noted that the gas jet emerged from
this kind of injector tends to make a very narrow
strati�ed charge mixture inside the cylinder. As the jet

targeting in single-hole injector cases is central, the gas
jet is concentrated near the cylinder axis. If suitably
controlled, this kind of jet could lead to a strati�ed
charge mixture preparation which could still develop
a 
ammable mixture near the center of the cylinder
by the end of the compression stroke at approximate
ignition time. So, a case of a single-hole injector with a
pentroof cylinder head and narrow bowl piston head
shape has been taken into consideration as a good
option for combustion chamber con�guration.

In this case, another numerical model has been
constructed in AVL FIRE, and a numerical investi-
gation of 
ow has been performed under previously
mentioned conditions. In Figure 14, some snapshots
of 
ow inside a cylinder have been shown. It can
be seen from the �gure that 
ow �eld and jet shape
development are di�erent from those in the 
at piston
head case. In this case, 
ow is mainly restricted to the
central space of the cylinder. In the last frame, it is
clearly shown that a 
ammable mixture is present near
the cylinder centerline.

In such a case, the piston bowl, in combination
with the cylinder head shape, provides a near center
space for the mixture to develop. Such a con�guration
forces the 
ammable mixture to move towards the
center of the cylinder, which is mainly the spark plug
location.

It can be seen from the �gure that a narrow bowl
piston head shape could help reduce the e�ect of poor
mixture quality near the spark plug location. As shown
in Figure 14, the 
ammable mixture is present near the
cylinder axis on both displayed sections. This suggests
that a narrow bowl combustion chamber design is more
suited to the pentroof cylinder head.

In order to better investigate the e�ect of di�erent
con�gurations of a cylinder head-piston head, temporal
variations of 
ammable and rich mass fractions for
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Figure 14. Comparison of 
ow �eld inside cylinder for narrow bowl piston head and pentroof cylinder head on two
perpendicular planes crossing the cylinder axis.

Figure 15. A comparison of 
ammable and rich mass
fractions for 
at and narrow bowl piston head shapes with
pentroof cylinder head.

these cases have been depicted in Figure 15. As
observed, the combination of a pentroof cylinder head
with a narrow bowl piston head exhibits higher values
of 
ammable mass fraction in comparison to the 
at
piston head shape. The value of the rich mass fraction
is lower for narrow bowl cases, accordingly.

Quantitative and qualitative representation of the

ow �eld inside the cylinder in these cases shows
that the pentroof-narrow bowl con�guration of cylinder
head and piston geometries shows the best character-
istics in terms of mixture quality and strati�cations.
Of course, the current con�guration of the piston head
shape in conjunction with the pentroof cylinder head
and single-hole injector needs some further modi�ca-
tion to enhance the 
ow �eld inside the cylinder.

Other justi�cations, such as compression ratio

adjustment and inlet/exhaust ports, are needed to
complete the modi�cation of the combustion chamber.
In this regard, combustion and open cycle simulations
should be performed to determine whether or not the
con�guration is suitable for CNG DI performance or
not. More studies are to be undertaken on this subject
and the results will be presented in future publications.

6. Conclusions

Based on the discussions presented in the previous
sections, the main conclusions are summarized as
follows:

� The modeling results are strongly sensitive to the
number of grid points across the nozzle diameter;
boundary condition locations and boundary values
seem to play a critical role. Proper setting of grid
generation parameters and boundary conditions is
necessary to avoid numerical instability.

� A minimum of 10 cell layers across the injector
nozzle is needed to predict the 
ow accurately and
avoid numerical instability. Also, the transition
layer should be located at least 8 � 10 times
the nozzle diameter downstream from the nozzle to
avoid numerical instability.

� The modeling results are shown to have very good
agreement with validated experimental and numer-
ical results from literature.

� Four axisymmetric bowl-in-piston con�gurations
along with a 
at piston have been chosen to study
the e�ect of piston head geometry. Aiming to get
a strati�ed charge inside the cylinder, the narrow
bowl con�guration is shown to be a better choice
because of better mixture distribution near ignition
time.
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� Qualitative and quantitative representation of re-
sults show that even a small di�erence in combustion
chamber geometry can cause quite di�erent jet
shapes and mixture properties inside the cylinder.

� It has been shown that, generally, wider bowl
geometries tend to spread the mixture towards the
cylinder walls, while narrower bowls tend to \trap"
the fuel jet in a compact area.

� Keeping the 
ammable mixture in a compact area
seems to be an important characteristic for strati�ed
charge operation. Thus, those geometries which
tend to spread the mixture do not seem to be
suitable for strati�ed charge operation. Further
studies regarding combustion could help to deter-
mine suitable con�gurations.

� Narrow bowl geometry seems to have a com-
pletely di�erent e�ect on the temporal evolution of

ammable and rich mass fractions inside a cylinder
in comparison to all other cases. Such e�ects are
considered to be related to more mixture strati�ca-
tion.

� The pentroof cylinder head shape was found to
create an asymmetrical 
ow inside the cylinder. The
e�ect of the cylinder head is more realized towards
the end of the compression stroke.

� A combination of pentroof cylinder and narrow
bowl piston head shapes has been shown to be a
suitable con�guration in order to get a strati�ed
charge mixture inside the cylinder. However, more
modi�cation on the 
ow �eld seems to be needed.
More studies will be conducted in this case.
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List of abbreviations

2D Two Dimensional
3D Three Dimensional
ASI After the Start of Injection
BDC Bottom Dead Center
BTDC Before Top Dead Center
CNG Compressed Natural Gas
DI Direct Injection
EOI End Of Injection
MPFI Multi-point Port Fuel Injection
PM Particulate Matter
RAFR Relative Air-Fuel Ratio
RPM Revolution Per Minute
SCRE Single Cylinder Research Engine

SI Spark Ignition
SOI Start Of Injection
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