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In this paper, we are interested in the study of turbulent and time dependant flow inside a cylinder of an 
alternative engine through the investigation of the distribution of the turbulent kinetic energy in the 
whole space of the chamber. This research is carried out during the intake stroke. The arbitrary 
lagrangian eulerian technique coupled with the finite element method is used to solve the Navier Stokes 
equations. The turbulence model of the inlet air in the cylinder has a great influence in to the 
performance of the engine. It governs directly the rate of filling up, the thermal exchanges and the 
combustion quality. We present distribution of the velocity, pressure and turbulence field inside the 
engine room. 
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INTRODUCTION 
 
In 1876, Nicolaus A. Otto developed the spark-ignition 
engine and in 1892 Rudolf Diesel invented the 
compression-ignition engine (Wei Li, 2000). They were 
the first who studied the internal combustion engines. 
The identification of the aerodynamic and thermal fields 
inside a cylinder of alternative engine with internal com-
bustion during the intake stroke is an important stage for 
the comprehension of physical phenomenon which 
occurs in the motor cycle (Barbouchi and Bessrour 2008). 
Engine researches have attempted to maximize the 
power produced from fuel combustion. The piston speed, 
the piston chamber geometry, fuel composition, in-
cylinder fluid dynamics and ignition devices used, 
represent the different variables that affect the internal 
combustion. 

The aerodynamic phenomena which take place at the 
level of the valves have been studied often through the 
experiments. Many experimental essays have been 
carried out in the case of stationary flows to characterize 
the air movement through the valves (Arcoumanis et al., 
1982; Kang and Reitz, 1999; Snauwaert and Sierens, 
1986; Tippelmann, 1977) and recently (Gazeaux and 
Thomas, 2001; Yun J.E., 2002). It was established that 
the air flow through the valve  interacts  with  the  cylinder  
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walls to create large swirling structures. Generally, the 
principal air movements were filed into categories: the 
rotary movement induced tangentially in the cylinder 
(swirl) and the rotary movement in the axial plane 
(tumble) (Heywood, 1987). It’s clear that the flow 
generation with intense vorticity (swirl and/or tumble) in 
the cylinder during the intake stroke is an efficient tool to 
obtain a great intensity of turbulence which can be 
maintained during the compression stroke. The stability 
of these swirling movements allows so to maintain a large 
turbulence during the fuel injection phase and induce 
optimal conditions for the initiation and the development 
of the combustion process. The shape of the combustion 
chamber plays too an important role as for of the 
established flows (Barbouchi and Bessrour, 2008). 

To study the turbulence, most models used in engi-
neering practice employ the Boussinesq approximation, 
where the turbulent stresses in the Reynolds-averaged 
momentum and energy equations are assumed equal to 
the product of the isotropic eddy viscosity coefficients and 
the mean velocity strain rate. The eddy viscosity can be 
obtained by a direct dependence on the mean flow 
quantities, as in algebraic or zero-equation models. An 
auxiliary field equation or equations for the turbulent 
velocity and time scales can also be solved to obtain the 
eddy viscosity as in one- or two-equation models (Kral, 
1998). 

In this  paper,  we  present  a  numerical  simulation  of 
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Figure 1. Axis-symmetrical piston 
cylinder. 

 
 
 
aerodynamic field in axial plane of axis-symmetrical 
cylinder with axial valve and flat piston of internal 
combustion engine (Figure 1) in order to compare results 
with others coming from experiments and numerical 
predictions provided by literature. To take the variability 
of the domain into account and so the deformed mesh 
(Haworth and Jansen, 2000; Malcevic and Ghattas, 
2002), we have tried to test the arbitrary Lagrangian 
Eulerian method (ALE) (Souli and Zolesio, 2001). We 
have developed numerical methodology based on finite 
element method by means of powerful calculation code 
(CASTEM of CEA) (Gounand, 1997).  
 

R = 43.5 mm, h = 17 mm, d = 6.12 mm, α  = 45° 
S = 94 mm, L = 7.3 mm, a = S/2, b = 363.5 mm 
 
 
MODELLING OF THE PROBLEM 
 
The flow in the engine room is time dependant, income-
pressible and turbulent. The average  equations  describ-  

 
 
 
 
describing the flow are:  
Continuity equation: 
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To solve the equations (1) and (2) we have to know the 

value of the turbulent viscosity tµ . The concept of the 
turbulent viscosity was introduced by Boussinesq (1877). 
He supposes that the turbulent stresses in the Reynolds-
averaged momentum equation are assumed equal to the 
product of the isotropic eddy viscosity coefficient and the 
mean velocity strain rate (Lee and Farrel, 1993). 
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With: 

tµ : Turbulent viscosity                                                                     

ijR : Reynolds tensor  ij i jR u uρ ′ ′= −  
Ui,j : velocity vector  
u′ : Favre averaged velocity 
x: axial coordinate 
y: normal coordinate 
 
The concept of turbulence is based on taking each 
variable the sum of an averaged component and 
fluctuating component. 
 
 
Reynolds’s averaging method 
 
The conventional method of Reynolds consists in break-

ing down each variable φ  of the flow as described below: 
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φ  is  the  time  averaged  component  of  the  variable φ  



 
 
 
 
φ′ is the fluctuating component of the variable φ  
 
Favre averaging method 
 
This technique consists in decomposing the variable of 

the flow φ  as following: 
 

%φ φ φ′′= +                                                    (6) 
 
%φ  is the Favre averaged value of the variable φ  defined 
by: 
 

%ρφφ
ρ

=
      (7) 

                     
Many turbulent models are proposed to understand the 
phenomenon of turbulence, since the k-� model is 
frequently used in scientific researches, we have chosen 
with the Prandtl model to control turbulence. 
 
 
k-� model 
 
The k-� two-equation turbulence model is widely used in 
CFD applications today. The two equations models are 
called also completed models because, all the charac-
teristics of turbulence, needed to specify the turbulent 
viscosity, are obtained from the transport equations. The 
k-� model was proposed by Launder and Spalding 
(Launder and Spalding, 1974). 

The turbulent kinetic energy is calculated as kinetic 

energy resulting of fluctuating velocities , ,u v w′ ′ ′ . Its 
mathematical expression is given by: 
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 In the sense of Reynolds            (8) 
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In the sense of Favre     (9) 
 
We find, in this model, one equation for the turbulent 
kinetic energy k and another one for the turbulent energy 
dissipation rate �.  
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The constants of the model derived from many 
experiments: 
 

 

1 20.09 ; 1.44 ; 1.92 ;

1.3 ; 0.9k

C C Cµ

εσ σ
= = =

= =        (13)                                                      
 
The turbulent viscosity is expressed according to the 
variables k and � as below: 
 

2

t

k
Cµµ ρ

ε
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             (14)                                                                          
 
 
Prandtl model 
 
This model belongs to the algebraic (or zero-equation) 
models, where the turbulent viscosity is expressed 
according to the local variables of the average flow. It is 
directly linked to the average velocity fields and no 
transport equation is needed. Prandtl (Prandtl, 1925) 
proposed in 1925 the following formulation: 
 

2
t m

U
l

y
µ ρ ∂=
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                 (15)                                                                                                                                                                                                                       

 
� is the density. lm is the characteristic length scale, 
depends generally on the coordinates and represents the 
scale of turbulence at a given point.  Many empirical 
relations are used to calculate the parameter lm. Among 
which we have chosen this expression: 
 

2 4(0.14 0.08(1 ) 0.06(1 ) )m

y y
l R

R R
= − − − −

      (16) 
 
R: the radius of the combustion chamber 
 
 
Boundary conditions  
 
The boundary conditions adapted to the  chosen  configu- 
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ration (Figure 2) are listed below: 
 

1: 0, 2 : 0 ; 0

3: ; 0, 4 : 0 ; 0p

L v L u v

u
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∂= = = =
∂  (17) 

                 
u  and v  are respectively velocity components in axial 
direction and radial direction, Vp represents the piston 
speed. 
 
 
RESULTS AND DISCUSSIONS 
 
Firstly, before discussing the turbulence inside the 
combustion chamber, we have compared our numerical 
methodology with others coming from literature in order 
to validate our numerical simulation.  
 
 
Validation of simulation 
 
The finite element method is employed to solve the 
equations Navier Stokes system. Exactly, the Galerkin 
Proceeding is applied for spatial discretization. To solve 
the problem of the expansion of the mesh in time, we 
have included the arbitrary Lagrangian Eulerian method 
(ALE). 

The Figure 3 shows three curves plotted when the 
crank angle � is equal to 90°. The blue one is coming 
from experiments (Raghay and Hakim, 1997), the red 
curve is the result of Raghay and Hakim (1997) predic-
tions and the yellow curve is obtained by our numerical 
simulation (Barbouchi and Bessrour, 2008). The simula-
tion of Raghay and Hakim has employed the finite 
volume method and it represents the distribution of the 
velocity field all along the chamber radius and on the 
axial position x = 77 mm. 

Compared to the Arcoumanis measurements these 
predictions present a large error. On the other hand, if we 
compare our numerical results with those experimental, 
we notice a good correspondence. Therefore, the finite 
element method with ALE description gives best results 
than the finite volume method. 
 
 
Turbulent kinetic energy 
 
To study the distribution of turbulent kinetic energy in the 
whole space of the combustion chamber, we have plot it 
according to the increasing of the radial coordinate which 
gives distance from the cylinder axis to the lateral wall. 
Too, we have changed the axial position and we have 
taken x = 27 mm, x = 52 mm and x = 77 mm Figure 4. All 
plots are taken for crank angle � equal to 90°. 

The Figure 4 shows that for the same step of time the 
intensity of the turbulent  kinetic  energy  is  maximum  for 

 
 
 
 

 
 

Figure 2. Intake phase configuration. 
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Figure 3. Velocity field comparison. 
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Figure 4. Turbulent kinetic energy for � = 90°. 
 
 
 
the axial position x = 27 mm. We can explain this by the 
fact that this region is near the air admission zone where 
the flow motion is disorganized. As well, for the three 
curves we notice that the peak of turbulence is obtained 
for radial coordinate r = 3 cm. Another smaller peak of 
turbulence appears near the cylinder axis. 

The turbulent kinetic energy is drawn for � = 180° 
(Figure 5). Then, for the three curves we can see that the 
intensity of turbulence becomes weak. Also, there is 
alternation between two peaks, the upper one and the 
lower one. The amplitude of turbulence is increasing from 
the cylinder lateral wall to the symmetry axis. 
 
 
Tumble ratio 
 
In order to quantify the turbulence more, a tumble ratio 
Tca is calculated at each crank angle and plotted in Figure 
6. This ratio is defined as follows: 

1
caT

2

n

i i

v u
x y

nω
=

� �∂ ∂−� �∂ ∂� �=
�

      
                 (18) 
 

Where 

v u
x y

� �∂ ∂−� �∂ ∂� � is the vorticity for tumble ratio, the 
subscript i stands for the number of grids set up for the 
data points in the symmetry axial plane, n is the total 
number of grid points and � the crank shaft angular 
speed in radians per second which can be calculated by 

2�N
�=

60  ( N is the engine speed in rpm).  The 
numerator in equation (18) represents the total amount of 
large and small-scale rotations in the symmetry axial 
plane. The tumble ratio can be interpreted as the  ratio  of  
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Figure 5. Turbulent kinetic energy for � = 180°. 

 
 
 
the mean angular velocity of the vortices in the target 
plane at a certain crank angle which is divided by 
average crank angle velocity (Huang et al., 2005). 

The Figure 6 shows the variation of the tumble ratio Tca 
with the crank angle �. The magnitude of Tca increases 
significantly with the downward motion of the piston. It 
reaches the maximum when � is equal to 90°. This can 
be due to the maximum engine speed N (rpm) at � = 90°. 
When the crank angle � becomes superior to 90° and 
goes to 180°, the tumble ratio is decreasing and reaching 
a nil value for � = 180°. 
 
 
EFFECT OF THE TURBULENCE MODEL INTO THE 
PRESSURE AND VELOCITY FIELD 
 
Pressure field  
 
The pressure field is simulated when the crank angle � 
(teta) is equal to 90°. We show two figures, the first one 
plots pressure for a position axial direction x equal to 27 
mm. The second figure is drawn for 52 mm x position. 

The Figures 7 and 8 assert an excellent resemblance 
between the two curves, the Prandtl model’s curve and 
the k-� model’s curve in the middle of the combustion 

room. But, we note in the region near the valve piston 
that the turbulence models do not coincide. For this 
reason, we can not confirm an exact turbulence model for 
all the application and perhaps it is better to consider a 
model in each zone. 
 
 
Velocity field  
 
To be sure of the previous results, we plot the velocity 
fields in both axial positions presented in Figures 9 and 
10. 

In the Figures (9 and 10), we see a perfect coincidence 
between the two models. Therefore, the Prandtl and the 
k-� models predict correctly the velocity fields. In terms of 
computing time and complexity of formulation, it is better 
to consider the Prandtl model as an expression of 
turbulence.    
 
 
Conclusion 
 
Through this study, we have proved that the numerical 
simulation by means of finite element method with the 
arbitrary Lagrangian Eulerian  description  gives  satisfied 
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Figure 6. Tumble ratio. 
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Figure 7. Pressure field (teta = 90°, x = 27 mm). 
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Figure 8. Pressure field (teta = 90°, x = 52 mm). 

 
 

 

-17
-13
-9
-5
-1
3
7
11
15
19
23
27
31
35
39
43
47

0,081,723,46 5,1 6,858,59 10,2 11,9 13,6 15,2 17,122,224,930,435,6 41 43,5

radial coordinate (mm)

ve
lo

ci
ty

 (m
/s

) Prandtl model
k- epsilon model

V
el

oc
ity

 (m
/s

) 

Radial Coordinate (mm)  
 
Figure 9. Velocity field (teta = 90°, x = 27 mm). 

 
 and thermal fields inside a cylinder of an alternative engine.  
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Figure 10. Velocity field (teta = 90°, x = 52 mm). 



 
 
 
 
results compared to the finite volume method. As well, 
the study of the turbulent kinetic energy conducts to 
locate the maximum, the minimum and the way of 
variation from the cylinder symmetry axis to the lateral 
wall and from the air admission zone to the surface 
piston. Finally, the tumble ratio drawing has shown a 
parabolic variation with crank angle interval [0°, 180°]. 
The peak of magnitude of Tca is obtained at the centre of 
the mentioned interval corresponding with the maximum 
engine speed at this crank angle. 

Also this study has shown that the Prandtl model can 
be kept as the turbulence model in predicting the pres-
sure and the velocity fields due to its simplicity and 
accurate results with regard to the k-� model.  
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