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ABSTRACT: In this research, Large Eddy Simulation of in-cylinder flow during suction and compression 
stroke in an axisymmetric engine is performed. A computer code using Smogorinsky subgrid model is 
developed to solve the governing equations of the flow. A proper understanding of flow during suction 
and compression strokes, gives better information for fuel/air mixture and combustion. The results show 
that the advantage of LES model is the ability of computing turbulence characteristics in various crank 
angles of engine cycle. This advantage of model is highlighted by calculating RMS values of axial 
velocity in comparison with experimental ones. The results show that axial velocity fluctuations during 
intake reaches to a higher level than in compression stroke because of the inlet jet to the cylinder and 
intensive gradient of variables. In this regard, the flow in 100 degree ATDC during intake stroke reaches 
the maximum level of turbulence intensity and then turbulence generated during intake stroke decays 
rapidly. During intake stroke, three main vorticities are generated inside the cylinder. In the compression 
stroke these three vorticities are merged together to establish a new vorticity with direction of rotation 
opposite to the intake flow. Some smaller recirculating regions are also generated at  90 degree BTDC.

Review History:

Received: 18 February 2016
Revised: 14 May 2016
Accepted: 29 May 2016
Available Online: 8 November 2016

Keywords:

Internal combustion engines
In-cylinder flow
Large eddy simulation
Crank angle

29

1- Introduction
The simulation of actual behavior and study of the mixing 
and combustion phenomena in internal combustion engines 
depend on reliable forecasts of turbulence in the intake 
and compression stroke. During suction stroke in a diesel 
engine, the air flow in the manifold moves into the cylinder 
by passing through the entrance valve. When the air is 
passing through the inlet valve, a jet flow will be created. The 
geometrical configuration of the inlet valve and its movement 
schedule will perform an organized pattern of flow   named 
swirl motion (circulation around cylinder’s axis) and tumble 
motion (circulation perpendicular to cylinder’s axis). The 
most of the energy from inlet flow will be converted to the 
turbulence in the suction stroke.
      During investigations, it was found that in-cylinder flow 
field at the end of the compression stroke and before an 
injection of the fuel, has a significant impact on improving 
air-fuel mixing as well as the combustion process that can 
provide valuable design information to engineers. For this 
reason, the importance of identifying and studying the flow 
in the intake and compression stroke in recent years has been 
attracted  great  attention and wide range of investigations 
have been made by using numerical and experimental 
methods.
In turbulence field, during recent decades, several turbulence 
models have  been used to simulate the flow field in internal 
combustion engines by researchers. They obtained relatively 
successful results using the turbulence model based on 
Reynolds Averaged Navier-stokes (RANS). Among these 
simulations, Mosleh and Khaleghi [1] simulated the in-
cylinder flow in an Internal Combustion Engine (ICE) using 
k-ε model. Their simulation was on a symmetric combustion 

chamber. Comparison of SIMPLE and PISO algorithms for 
intake flow was one of the main results of their simulation 
and they found that both algorithms have appropriate 
performances 
in the calculations. Also, they obtained very good results 
compared to experimental data. Fallah and Khaleghi [2] 
simulated the fluid flow in reciprocating engines using k-ε 
and ASM turbulence models. They compared these two 
turbulence models and found that ASM model was more 
accurate in calculating the flow characteristics compared to 
the  K-ε model. 
In fact, the contribution of these turbulence models in 
ICE industry progress cannot be ignored. Referring to the 
results obtained by RANS models, it should be noted that 
these models could capture the mean behavior of the fluid 
flow and eliminate the flow fluctuations. With regard to the 
above-mentioned weakness of the RANS models, over the 
last decades, LES method has been widely used to simulate 
flows in complex geometries. Pioneers of using large eddy 
simulation in internal combustion engines were Naitoh 
et al. [3] in the early 1990s. They managed to obtain good 
qualitative results compared with the experiments obtained 
from a flat piston-cylinder. They also showed that by using 
a relatively coarse grid, coherent structures of the flow field 
is visible. Bottone et al. [4] compared a hybrid method based 
on LES and K-ε models and a pure LES method. They 
showed that the hybrid method is more dissipative in terms 
of turbulence rather than LES method. They also showed that 
the hybrid model could capture more details of the fluid flow. 
Huijnen et al. [5] simulated the fluid flow in the ICE using 
a hybrid method based on LES and k-ε models. They found 
that the selected numerical method and the inlet and outlet 
boundary conditions had an important role in the simulation 
results. They showed that an appropriate numerical method Corresponding author, E-mail: khaleghi@modares.ac.ir
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could reduce the computational time significantly. Verzicco et 
al. [6] and Celik et al. [7] haveinvestigated the performance of 
LES method in simulating the fluid flow in an ICE separately. 
They reported that this model has a great ability to capture 
the nature of flow field and cycle-to-cycle variations. Also, 
they mentioned that a numerical method with a low level of 
diffusion shall be used. 
Haworth et al. [8] have used several subgrid scale models 
in LES method for ICE. These models were Smogorinsky, 
dynamic Smogorinsky and Lagrangian Smogorinsky. This 
investigation was performed on a symmetric engine with a 
single central valve using relatively coarse grid size. They 
used Computational Hydrodynamics for Advanced Design 
(CHAD) software. The weakness of their simulation was 
employing the equal grid point for different subgrid-scale 
models. In Pennsylvania University, extensive research by 
Celik et al. [9] has been made usingcommercial code KIVA 
on the internal combustion engine. They showed that the 
computational time extremely depends on the grid resolution 
and simulation of one cycle for realistic engine geometry 
took three to six weeks.
In this study, a numerical code using Smogorinsky subgrid 
scale model was developed for the large eddy simulation of 
in-cylinder flow during intake and compression stroke. As 
an innovation in this study, the simulation of flow near the 
cylinder wall is done by using a new procedure based on the 
modification of the standard wall function, using the kinetic 
energy of turbulence subgrid scale. Comparison  of the results 
obtained from the two turbulence models of LES and k-ε was 
another motivation for this research.

2- Geometry and Specification of Diesel Engine
Fig. 1 shows the schematic geometry of the diesel engine 
used in our simulation. This engine is a laboratory-assembled 
cylinder-piston with axial symmetry condition and a fixed 
valve that was made and used by Liu [10]. They mentioned in 
their results, that the LES method provides better results than 
those of the k-ε models in the calculation of unsteady features 
of the fluid flow. Also, they have conducted parametric 
study on some parameters such as grid size, time step and 
Smogorinsky constant. They showed that no turbulence 
model could give the best compatibility with experimental 
data all the time.

The engine that is shown in Fig. 1 is a pancake chamber 
that has a diameter of 75 mm, stroke length of 60 mm and 
clearance of 30 mm. The engine speed is 200 rpm with a 

piston average speed of 4 m/s over a simple harmonic motion. 
Air flows into the chamber through the inlet valve with an 
angle of 30 degrees to the axis of symmetry of cylinder.
The fluid that is used in this simulation is the air   considered 
as an ideal gas. The ambient pressure and temperature have 
been considered 1 atm and 300 K, respectively.

3- Mathematical Modeling and Governing Equations
In the LES method, the large scale eddies in the flow which 
contain the maximum amount of energy and the overall 
behavior of the flow is influenced by them are directly solved 
and smaller scale eddies are modeled.
Based on the idea of the LES method, it is needed to separate 
the large scale (grid scale) and small scale (subgrid scale) from 
each other that this separation is done by spatial filtration. 
In this method, filtration ofthe fluid flow instantaneous 
equations is done by filter width and the equations are solved 
in time and spatial depended fashion in order to determine the 
instantaneous characteristics of the flow. 
In the numerical simulation with finite volume method, the 
box filter is frequently used [11]. This filter is one of the most 
usable existing filter in numerical methods. The mathematical 
expression of this filter is given as:
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In this equation, G is the filter function, Δx is the filter width 
in the axial direction and Δr is the filter width in the radial 
direction of the cylinder. When the transport equation is 
filtered, by the side of the equation with large scale terms, 
one term that shows the influence of small scale appears. This 
issue will be discussed in detail in the next parts.
In the LES method, the filtration is divided into two categories 
named implicit and explicit methods. In this research, the 
implicit method is adopted [11]. As previously mentioned in 
finite volume method, box filter and implicit filtration will 
always be used. This means that filtration is discretization or 
integration over a control volume (its volume is equal to filter 
volume). It should be noted that in implicit method there is no 
sign of filtration along the solution sequence. 
The instantaneous form of axial momentum equation (Eq. 
(2)) and energy equation (Eq. (3)) in cylindrical coordinate 
are presented as follows:
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In this equations, ρ is the fluid density, u is the velocity 
term, h is the enthalpy, p is the fluid pressure and the μ is the 
molecular viscosity.
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Fig. 1. Schematic of cylinder-piston ICE [10]
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Then spatial filter will be applied to these equations and 
according to Eq. (4), each variable like velocity will be 
divided into two separate parts named grid scale velocity    
˂u˃ and subgrid scale velocity u΄ :

′= +u u u (4)
Finally, with simplification, Eq. (2) will be converted to Eq. 
(5) for the LES method. The filtered momentum equation is 
presented as:
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The last term in this equation is indicative stress tensor of 
subgrid scale.
The filtered energy equation used to calculate fluid 
temperature is as follows:
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The last two terms are indicative of subgrid heat fluxes. The 
terms of the subgrid stress tensor and subgrid heat flux that 
show the effect of subgrid scale, shall be modeled with a 
suitable subgrid scale model.

3- 1- Subgrid scale model
The modeling of the subgrid scales is one of the particular 
features of the LES method. In the LES method, the subgrid 
stresses are so complex and have many terms. These terms 
are as follows:

τ = + +, , , ,
sgs

i j i j i j i jL C R (7)
The first term is Leonard stress, the second is cross stress 
and the last term is Reynolds stress. Each of the mentioned 
stresses has a relation based on the value of grid scale and 
subgrid scale as follows:
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In this research, the Smogorinsky model has been used to 
model the subgrid scale terms [10].

3- 1- 1- Smogorinsky Model
The first subgrid scale model in the LES method was 
Smogorinsky model that has the most usage in the simulation 
of the subgrid scales. In the Somogorinsky subgrid model, the 
stress tensor will be modeled as follows [10]:
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Si,j is the tensor of strain rate that will be defined as below:
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On the other part of the stress tensor, vSGS or eddy viscosity is 
used that is based on the dimensional analysis; it is compatible 
with the multiplication of length scale and velocity scale. Also 
with regard to Prandtl mixing length model, the velocity scale 
is relevant to the velocity gradient and as a result Eq. (11) is 
used to define the eddy viscosity in the LES method [10]:

( )2
SGS sC Sυ ρ= ∆  (11)

In the above equation, Cs is the Smogorinsky constant that 
depends on the physics and the numerical method used in the 
calculations. In this research, this constant has been selected 
as 0.168. Also, in this equation, Δ is the length scale or filter 
width that will be calculated with the following equation [10]:
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1
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Also, the terms of  will be calculated as below:

, ,2 i j i jS S S=   (13)
Similar to Reynolds stress in momentum equation, the 
subgrid scale heat flux in filtered energy equation will be 
modeled as [10]:
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Prt is the turbulent Prandtl number which has been selected as 
0.9. The subgrid scale kinetic energy that will be used in wall 
function is modeled as below:



2
22SGS Ik C S= D (15)

In this equation, CI is the coefficient of turbulence kinetic 
energy, which is equal to 0.202.

4- Numerical Solution Procedure
A CFD computer code was developed to solve the governing 
equations of the in-cylinder flow in internal combustion engine 
using the LES method with the Smogorinsky subgrid model. 
Finite volume method is used to discretize the equations 
in conjunction with the PISO algorithm to overcome the 
pressure-velocity coupling. Central differencing and hybrid 
scheme are  used to discretize the diffusion terms and the 
convective terms, respectively. To discretize the rate of 
change terms, the Euler time implicit method is used. Details 
of discretization are given in reference [13].

4- 1- Computational Grid
In this study, as shown in Fig. 2, a quasi-3D mesh is used. This 
generated grid is non-uniform with a rectangular shape and 
moving boundary in cylinder’s axis direction. With regard to 
the fixed inlet valve in this engine, the grid will be transformed 
by piston’s movement. Also, regarding intensive gradient of 
flow variables around the inlet valve, a finer grid is used in 
this area. The number of grid points in the computational 
domain at all stages of suction and compression is fixed and 
is equal to 20,000 cells.
In LES modeling to find the appropriate grid resolution, a 
method based on calculating the turbulence kinetic energy is 
used [14]. This method, which is named large eddy simulation 
index of quality (LES-IQ), makes a relation between gridscale 

~
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turbulence kinetic energy and total turbulence kinetic energy 
as below:

− = =
+

GS GS

GS SGS Tot

k k
LES IQ

k k k (16)

Klein and colleagues offer an equation based on molecular 
viscosity and turbulence viscosity to substitutes Eq. (16) with 
equation below [15]:

( )υ υ
υ

− =
 +

+   
 

0.53

1

1 0.5 T

LES IQ
(17)

The coefficients in the above equation have been determined 
in such a way that this equation is equivalent to the ratio of 
gridscale turbulence kinetic energy to total turbulence kinetic 
energy. As per this equation, if the LES-IQ is  greater than 0.7, 
the grid resolution will be  appropriate that  means  more than 
70 percent of the kinetic energy of flow has been resolved 
directly.  
In this research, the LES-IQ has been determined in 75° After 
Top Dead Center (ATDC) on mentioned grid because in this 
crank angle the intensity of turbulence energy is so high. Fig. 
3 shows the contour of this index in the above-mentioned 
crank angle. This contour illustrates that the value of this 
index in most of the computational domain is more than 0.8, 
which means that more than 80% of turbulent kinetic energy 
is resolved.

In addition to checking the grid resolution with LES-IQ in 
Fig. 3, Fig. 4 shows the sensitivity of the axial mean velocity 
to variations in the mesh size. This figure shows the profile 
of axial mean velocity at 36° ATDC in the suction stroke. 
The location is 20 mm below the cylinder head. To draw this 
figure, a domain with 5000, 10000 and 20000 computational 
cell is used. The velocity curve with 10000 cell is so close to 

velocity curve with 20000 cell. Thus, with regard to this issue 
and LES-IQ contour, a computational grid with 20000 cells is 
selected in this simulation.

4- 2- Computational time step
The step of crank angle degree has a significant effect on the 
precision of computation. Fig. 5 shows the profile of axial 
mean velocity per mean piston velocity at 36° ATDC in 
suction stroke with different values of crank angle step. The 
location is 20 mm below the cylinder head. The mentioned 
curve has been drawn for five crank angle steps of 1, 0.5, 
0.25, 0.125 and 0.0625. As can be seen in this figure, as the 
steps of crank angle become smaller, the velocity profile for 
consecutive steps gets closer together. As can be observed, the 
velocity profile for steps 0.125 and 0.0625 almost coincide 
with each other. Therefore, 0.125 is selected as the final step 
of crank angle in this research.

5- Initial and Boundary Conditions
The existing initial condition of air inside the cylinder has 
been taken as 300 K and 1 atm and the initial condition of 

Fig. 2. Computational grid piston-cylinder assembly with axial 
symmetry

Cylinder Wall

Moving
Boundary

Piston

Valve

Symmetry axis of cylinder

Fig. 3. Contour of LES_IQ in 75 degree crank angle ATDC

Fig. 4. Evaluation of the effect of grid resolution on radial 
profile of axial mean velocity at 36° ATDC, 20 mm from 

cylinder’s head

Fig. 5. Evaluation of the effect of computational time step on 
radial profile of axial mean velocity at 36° ATDC, 20 mm from 

cylinder’s head
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the flow is assumed to be with zero velocity in the whole 
computational domain. The no-slip condition is applied to 
the cylinder walls. The temperature of all the walls has been 
considered constant and equal to 320 K. Fig. 6 shows the 
initial and boundary conditions on the whole computational 
domain.

The boundary condition on the symmetry axis of the cylinder 
for the whole variables except radial velocity is taken as 
(∂Φ/∂r)=0.
During engine operation, the inlet velocity of flow into 
the cylinder is unknown. For the inlet valve equation, it is 
assumed that the temperature, pressure, and density of fluid 
into the manifold are specified. When the equation of valve 
mass flow rate is solved, the inlet velocity for a certain 
amount of valve opening will be calculated. This velocity has 
been considered as the time dependent boundary condition in 
each crank angle.
For areas close to the walls, standard wall function has been 
used. The relation between local shear stress and velocity in 
the grid next to the wall is presented as:

µρ
τ

+
=

1/4 1/2
p

w

C k u
u

(18)

where u+ for viscous sublayer and inertial sublayer are defined 
with the following equations [12]:

+ +=u y (19)

+ +=
1 ( )u Ln Ey
k (20)

By using wall function, it is not necessary to use very fine 
grid near the walls and it can decrease the computational cost.

6- Results and Discussion
6- 1- Effect of Smogorinsky constant
In the first part of this section, the effect of Smogorinsky 
constant on the LES results has been investigated. This 
constant is used in the equation for Smogorinsky turbulence 
viscosity. Fig. 7 shows the sensitivity of the axial mean 
velocity to a Smogorinsky constant at 144° ATDC in the 
suction stroke. The location is 20 mm below the head. 
Similar profiles in different crank angles and also in different 
distances from cylinder head are evaluated and at the end, the 
best fit with experimental results is obtained with the amount 
of 0.168.

6- 2- Verification
The simulation of in-cylinder flow on Imperial College’s 
laboratory axisymmetric engine during four consecutive 

cycles of suction and compression is performed using the LES 
turbulence model. To evaluate the effect of initial condition 
on the flow filed Fig. 8 shows the axial velocity variations in 
a fixed point of domain near the head of the cylinder during 4 
consecutive cycles. As can be observed, after the first cycle, 
the variation in axial velocity is repeated frequently. Thus, the 
first cycle has not been included in the calculations.

The laboratory results to verify this research are obtained by 
Morse [16] using laser Doppler anemometry on this engine. 
Measured velocity within the cylinder is reported by the 
radial profile of axial mean velocity and axial root mean 
square velocity.
Fig. 9 compares the radial profiles of axial mean velocity in 
36 degrees ATDC at the distance 10 mm from the cylinder 
head with the experimentalresults and the results from the 
standard k-ε model obtained by Liu [10].
Also in Fig. 10, this profile in 144 degree ATDC at the distance 
20 mm from the cylinder head, and in  Fig. 11 this profile in 
90 degree BTDC at the distance 30 mm from cylinder head 
are shown. 
As seen in Figs. 9, 10 and 11, LES method in the calculation 
of mean velocity predicts results that are more accurate, 
particularly during the suction stroke compared with k-ε 
model. This accuracy is more evident in suction stroke rather 

Fig. 6. Initial and boundary condition on computational 
domain Fig. 7. Evaluation of the effect of Smogorinsky constant on 

radial profile of axial mean velocity at 144° ATDC, 20mm from 
cylinder’s head

Fig. 8. The variation of axial velocity by crank angle in point 
(5, 25)
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than compression stroke because in the suction stage the 
turbulence intensity is high with regard to the inlet jet flow. 
Also as seen in Fig. 9, the k-ε model is unable to capture 
the maximum of mean velocity and its radial location. On 
the other hand, the weakness of k-ε model is more noticeable 
when velocity profile is examined in the region near the wall. 

By evaluating the whole results obtained from LES and k-ε 
models, it can be found that in suction stroke, the differences 
between these two models are more significant than 
compression stroke and it can be concluded that k-ε model 
presents weaker and unreliable results during suction stroke.
However, it should be noted that the LES model is in a good 
agreement with experimental data in all the crank angles in 
the area near the symmetry axis of the cylinder. It is because 
of the nature of LES method, which directly solves the large 
scale eddies in this area.
Similar profiles for axial mean velocity in 36°, 90°, 144°, and 
270° of crank angle and at the distance of 10, 20, 30, 40 and 
50 mm from cylinder’s head are obtained in reference [13]. 
As an average, the mean error of LES method in comparison 
with experimental data has been obtained to be 26%, while 
this error in k-ε model is 48%.
Root Mean Square (RMS) axial velocity profile indicates 
the level of velocity fluctuation. As the level of velocity 
fluctuation increases, the turbulence kinetic energy will be 
increased. In Fig. 12, the radial profiles of axial RMS velocity 
in 36 degrees ATDC at the distance of 20 mm from the 
cylinder head are shown in comparison  with experimental 
data and Liu numerical results [10].

Also in Fig. 13, the same profile in 144 degree ATDC at the 
distance 20 mm from cylinder head is shown. In fact, these 
figures show the strength of LES method in calculating the 
axial velocity fluctuations. According to Figs. 12 and 13, 
both levels of fluctuations and their patterns are in very good 
agreement with the experimental results while k-ε model is 
unable to capture these features of the flow characteristics.
Similar profiles for RMS axial velocity in 36°, 90°, 144° and 
270° of crank angle and at the distance of 10, 20, 30, 40 and 
50 mm from cylinder head are obtained by Khorramdel et al. 
[13].

6- 3- Turbulence behavior of flow inside the cylinder
Fig. 14 shows the volumetric mean variation of the axial 
velocity fluctuation during suction and compression strokes. 
The results show that the axial velocity fluctuations during 
suction reach a higher level than in the compression stroke 
because of the inlet jet flow to the cylinder and intensive 
gradient of the flow variables.

Fig. 9. Radial profile of axial mean velocity at 36° ATDC, 10 
mm from cylinder’s head

Fig. 10. Radial profile of axial mean velocity at 144° ATDC, 20 
mm from cylinder’s head

Fig. 11. Radial profile of axial mean velocity at 90° BTDC, 30 
mm from cylinder’s head

Fig. 12. Radial profile of RMS velocity at 36° ATDC, 20 mm 
from cylinder’s head
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With regard to variation of axial velocity fluctuation in Fig. 
14, the flow in 100 degree ATDC during intake stroke reaches 
the maximum level of turbulence intensity and then the 
turbulence generated during the intake stroke decays rapidly; 
that is, there is hardly any turbulence effect detected during 
most of the compression stroke. It seems that the turbulence, 
which effects on the combustion process, will be regenerated 
in the compression stroke. Similar results are obtained by 
Banaiezadeh and colleagues about this phenomenon [17].
During intake stroke when the piston moves from its initial 
position at TDC, the air flow enters the cylinder and creates a 
jet stream. Along this stroke because of the strong jet stream 
and due to the fact that the piston speed will be maximum in 
mid-stage, the fluid velocity increases and then by reducing 
piston speed, the fluid velocity decreases. Fig. 15 shows the 
volumetric mean variation of the fluid velocity during one 
cycle.
Fig. 16 shows the stream line of the flow in the beginning of 
the suction stroke at 36 degree ATDC. While the accelerated 
flow enters the cylinder, one part of it goes straight towards 
piston and the other part goes back to the cylinder head and 

creates a large scale eddy behind the inlet valve. Also, a 
smaller circulation area is created at the corner of the cylinder 
above the inlet valve that rotates in the opposite direction to 
the large scale eddy behind the inlet valve.

As can be seen in Fig. 17, during the suction stroke, three 
main eddies are generated inside the cylinder that will be 
grown up with increasing the crank angle. At 65 degree 
ATDC, a large scale eddy is created near the piston because 
of the inlet jet impact to the cylinder wall and moves toward 
the symmetry axis of the cylinder where a circulation area is 
created near the piston. From this crank angle onwards, the 
main eddy created behind the inlet valve will be grown up 
and its center moves toward the cylinder wall.
Fig. 18 shows the stream line of the flow at the end of the 
intake stroke.  At this time and while the piston reaches 
the BDC, suddenly the piston speed becomes zero and the 
direction of its movement is reversed. Thus, the flow field 

Fig. 13. Radial profile of RMS velocity at 144° ATDC, 20 mm 
from cylinder’s head

Fig. 14. Volumetric mean variation of the axial velocity 
fluctuation during one cycle

Fig. 16. Flow Streamlines, inside the cylinder at 36 degree 
ATDC

Fig. 15. Volumetric mean variation of the velocity magnitude 
during one cycle
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becomes unstable and a small eddy is created near the inlet 
valve.

Fig. 19 shows the stream lines of the flow at 90 degree 
BTDC within the compression stroke. At this crank angle, 
the direction of rotation of eddies is opposite to the one 
in the suction stroke. The reason for this change is that in 
a suction stroke, the inlet fluid velocity and computational 
grid movement velocity are in the same direction and they 
reinforce each other, while in compression stroke the velocity 
of computational grid is in opposite direction of the previous 
stage.
In addition to the main eddy inside the cylinder, some smaller 
eddies are captured near the cylinder wall because in this 
area the gradient of fluid velocity is very high. These eddies 
indicate a good performance of LES method near the walls. 
In a simulation with k-ε and ASM model, these eddies are not 
captured as reported in reference [2].
Fig. 20 shows the stream line of the flow at 30 degree 
BTDC. At the end of the compression stroke when the piston 
approaches TDC, the coherent structure will not be seen in 
the cylinder. At this time, some small circulating area will  
appear beside the main vortex. In fact, this type of the flow 
field at the end ofcompression stroke assists fuel-air mixing 
while fuel is injected into the cylinder.

7- Conclusions
In this research, a study on the simulation of in-cylinder 
flow in internal combustion engine using LES method with 
Smogorinsky submodel is done. This model is applied to the 
axisymmetric engine with the flat cylinder head,   a piston and 
a fixed valve. 
According to the results, the LES method is more accurate 
in calculating the mean velocity values compared with k-ε 
model especially over the intake stroke where the level of 
turbulence is so high due to inlet jet flow. The observed 
mean velocity profiles in areas near the walls during the 
intake stroke demonstrated the weaknesses of k-ε model. By 
evaluating whole results obtained from LES and k-ε model, it 
was found that during suction stroke the differences between 
these two models are greater than those over the compression 
stroke, which can be said that k-ε model presents weak and 
unreliable results in compression stroke. However, it should 
be noted that the LES model in all aspects near the axis of 

Fig. 17. Flow Stream lines, inside the cylinder at 65 degree 
ATDC

Fig. 18. Flow Stream lines, inside the cylinder at BTDC

Fig. 19. Flow Stream lines, inside the cylinder at 90 degree 
BTDC

Fig. 20. Flow Stream lines, inside the cylinder at 30 degree 
BTDC
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symmetry has shown better results than the k-ε model, 
compared with experimental data. This is because of the 
nature of LES model, which directly solves the large scale 
eddies of the flow in this area.
With regard to RMS velocity profiles in this research, it was 
observed that the level of  fluctuations and its pattern are in 
very good agreement with the experimental results while k-ε  
model is unable to capture this feature of the flow.
Another issue that is investigated in this research is the effect 
of Smogorinsky constant value on LES results. This constant 
has a major effect on mean and RMS velocity profiles. In 
this simulation by evaluating the results, the best fit with 
experimental data was achieved with the amount of 0.168.

Nomenclature
 Smogorinsky Constant  Cs

 Cross Stress, Kg.m-1s-2  Ci,j

 Filter Function  G
 Enthalpy, m2.s-2  h
 Kinetic Energy, m2.s-2 k
  Leonard Stress, kg.m-1s-2  Li,j

 Pressure, kg.m-1s-2  P
 Prandtl Number Pr
 Reynolds Stress, kg.m-1s-2  Ri,j

 Cylinder Radius, m  r
 Strain Rate Tensor, s-1  S
 Temperature, KT
 Time, s  t
 Velocity, m.s-1  u
 Grid scale Velocity, m.s-1  <u>
 Sugrid Scale Velocity, m.s-1 u΄
 Local Reynolds Number  y+

 Turbulence Kinetic Energy Constant  CI

Greek Symbols

Density, kg.m-3ρ
Dynamic Viscosity, kg.m-1s-1μ
Kinematic Viscosity, m2s-1v
Smogorinsky Kinematic Viscosity, m2s-1vsgs

Filter Width, mΔ
Subgrid Stress Tensor, kg·m-1s-2τsgs

Superscript and subscript

Subgrid ScaleSGS
Grid ScaleGS
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