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Abstract- Reducing the impact of cars on air pollution is now a
major concern for car manufacturers. Several solutions are
envisaged. Among which is the reduction of the drag. This
reduction goes through a characterization of the flow of air
around the vehicle during its displacement. Since the work of
Ahmed S. et al., In 1984, many studies have emerged. This has
made it possible to change vehicle configurations and
considerably reduce their consumption. Nowadays, we are no
longer satisfied with only proposing aerodynamic vehicle
shapes, we are interested in controlling the flow around the
vehicle in order to combine comfort and optimization of fuel
consumption. The next work focuses on the active part of the
control. It consists of a 3D numerical study of the coupling
control of the underfloor flow and continuous blowing control
downstream of Ahmed's body. The drag reductions obtained
are more than satisfactory.
Keywords- Numerical Study, Kinetic Detachment, Near Wake,
Ahmed Body

I.

INTRODUCTION

In the last century, the development of the chemical and
petroleum industries has led to a proliferation and
diversification of air pollutants. On the other hand, the
population explosion has led to a considerable increase in
energy needs and a consequent increase in car traffic. In this
context, the United Nations Framework Convention on Climate
Change (Rio de Janeiro, 1997) and these extensions, including
the most recent the Paris Agreement, propose to the signatory
states to commit themselves to putting in place "flexibility" to
reduce greenhouse gas emissions. Of the most polluting
sectors, transport accounts for 26% ([ACEA]). The regulation
of pollutant emissions and greenhouse gas emissions associated
with the fleet is therefore becoming an environmental
necessity. To understand the process of automobile pollution, it
is essential to control the flow around it.
The flow around a real motor vehicle is very complex,
sometimes detached and often strongly three-dimensional.
Ahmed & Baumert, (1979) define three types of geometry: the

"squareback" vehicle, the "fastback" vehicle and the
"notchback" vehicle. Previous experimental studies ([1], [2]
and [3]), make it possible to identify the flow topology that
develops around this geometry. This topology is successively
presented on the front and back part of the geometry. On the
front part, from tomographies and parietal visualizations, [2]
observe a separation at 8% of the length L of the geometry.
The fluid located beneath this detached web is driven by a
rotational movement. On either side of the longitudinal plane
of symmetry, the current lines to the wall are wrapped around
two foci and escape from the wall forming two contra-rotating
vortices. These swirl structures are advected along the pavilion
towards the wake zone. They are, however, less energetic than
the longitudinal structures that develop along the side edges of
the windshield on a real geometry of a motor vehicle.
On the back of the body, the studies of [1], [2], [4], [5] and
[6] focus on the influence of the angle of inclination α of the
rear window on the topology of the flow and associated drag.
for Reynolds number ReL = 4.28 * 106, the existence of critical
values αm = 12.5 ° and αM = 30 °. For an angle α less than αm =
12 °, the flow remains stuck on the rear window and takes off
on the periphery of the base: The flow is said right base; For α
between 12 ° and 30 °, the flow takes off on the top of the rear
window and partially stuck on the bottom of the rear window:
The flow is of the hatch type; Finally, for α greater than 30 °,
the flow takes off over the entire rear window and the topology
suddenly changes to a flow-type right cap. The evolution of the
drag as a function of the inclination α also reveals two singular
inclinations: the drag curve has a minimum for an inclination
of 12 ° and then a growth phase up to 30 ° where it decreases
abruptly. This variation in the drag is associated with a change
in the topology of the flow. Modification that can have various
origins.
One approach is to control the phenomenon of
delamination of the boundary layer around a profile this is the
case of the studies of [7], [8], [9], [10], [11] and [12]. This
improves the performance and fuel efficiency of the vehicle.
Two types of methods are studied: passive control and active
control of the flow. Passive flow control does not require
additional energy input. For example, the addition of
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longitudinal [7] and transversal separator elements [8],
optimization of the engine compartment [13] or of suction
wheels, [14], [15], are so many free solutions that do not
deteriorate the habitability of the vehicle. The solutions
identified are still used but remain highly constrained by
market requirements in terms of comfort, livability and safety.
The best aerodynamic drag coefficients thus remain close to
0.30 for more than 20 years [16]. To improve this result, new
solutions based on breaking geometries and a better knowledge
of the aerodynamic drag formation and development processes
must be sought.
The active control type solutions require, for their part, a
supply of energy external to the flow and rely mainly on the
use of fluidic sources of blow or suction type through slits [9],
[10] and [17]. The objective is to avoid or delay the separation
of the boundary layer from a certain angle of incidence. It is a
question of placing actuators on the wings; that is to say, air
injectors on the extrados, which force the boundary layer to
follow the profile without separating. The simulations and
experiments carried out by several teams of researchers [18],
[19], [20], tend to prove that their positions as well as other
parameters have a significant influence on their effectiveness.
This bibliographic analysis shows that many parameters
remain to be exploited. We are interested here, in the influence
of the coupling control of the underflow flow and blowing on
the flow amint of the body of Ahmed of the flow velocity and
the angle of inclination on the height of the layer limit.
Especially when controlling the upstream flow and underbody.
To carry out this study, we will present the mathematical
model as well as the modeling equations that we used during
our simulation.

II.

MATERIAL AND METHODS

A. Physical situation
The physical situation corresponds to a three-dimensional,
turbulent incompressible natural flow in a wind tunnel where
we have imposed velocity values on the turbulent flow. For an
individual sequential resolution of the equations we have
chosen a decoupled solver in stationary regime. The closing
model of the system of equations is turbulent viscosity with
two equations (the variants of the model k-Ɛ). The wall
function for treating turbulence near walls is a standard
function of walls. Finally, it is necessary to set the initial
conditions which are the basic state of the model at the moment
when the simulation begins. Here, the thermo-physical
properties of the flowing fluid and those of the wall in contact
with the fluid are evaluated at the initial time.
The numerical resolution of the equations follows the
scheme defined by [21]. The integration of the transport
equations is done by the finite volume method. This method
makes it possible to take into account the presence of obstacles
in the flow of the fluids and guarantees the preservation of
mass and momentum in the whole field of computation.

Figure 1. Volumes finis bidimensionnels [22]
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This equation will be integrated on the control volume
during Spatial Discretization. Assuming that the generalized
variable ψ varies linearly between the main nodes in both
directions, that the convective and diffusive terms are uniform
across the corresponding faces and a uniform source term on
the control volume; we integrate separately the terms of the
transport equation (total flow and the source term). All these
transport equations, after having been discretized, will be put
into the following generalized linearized form:

ap p  nb anb nb  b

(3)

The discretization scheme of the power law is used because
it is less expensive in computing time [23]. The numerical
resolution of these equations is not easy and direct especially if
the variable is one of the speed components, because the
coefficients ai (i = E, N, W, S) appearing in the discretization
equation depend of these variables and the source terms of the
momentum equations, involve the pressure gradients or we
have no equation for this variable so far. Yet, numerical
resolution consists of a sequential resolution of the
conservation equations of momentum and continuity. This
pressure-velocity coupling, which makes the incompressible
flows unique, makes the resolution difficult. This is why we
choose the SIMPLE algorithm to be able to use pressure in the
continuity equation.
B. Governing equations
The Reynolds Averaged Navier-Stokes (RANS) equations
solved by fluent are presented there. The RANS approach of
permitting a solution for the mean flow variables greatly
reduces the computational effort. If the mean flow is steady,
the governing equations will not contain time derivatives and a
steady-state solution can be obtained economical.
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This approach is generally adopted for all practical
engineering calculations, and is used with turbulence models.
Realizable k- Ɛ Turbulence Model:
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velocity V1 imposed in the basement is lower than the
reference velocity V0 for modeling the velocity deficit in the
basement associated with lateral leaks [25]. Four scenarios are
envisaged:

(8)
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The associated Reynolds number is Re = 6 *106. The angle
of the rear window α is 25 °. The dimensions of the wind
tunnel are defined as prescribed by [26]. The pressure on the
exit surface is uniform (P0). The input conditions, applied to
the faces on the left of the simulation domain (input), impose a
uniform velocity over Ahmed's body and underbody. The flow
is advected from left to right and the fluid is initialized at the
velocity V0 at the top of Ahmed's body and V1 at the base.
Finally, a frictionless wall condition is imposed on the floor of
the blower and on the geometry.
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Here, Gk and Gb are generation of turbulent k- Ɛ. due to
mean velocity gradients and buoyancy respectively. YM is
represents the contribution of the fluctuating dilatation in
compressible turbulence to the overall dissipation rate. Sk and S
Ɛ are user-defined source terms for ԑ and k respectively. Where,
Cμ, C1Ɛ, and C2Ɛ, are empirical constants; 𝞼Ɛ and 𝞼k are
respectively the turbulent Prandtl numbers relative to Ɛ and k.
The values of these constants proposed by [24], are represented
on table 1 bellow.

TABLE I.

EMPIRICAL CONSTANCES

Cµ

C1Ɛ

C2Ɛ

𝞼Ɛ

𝞼k

0.09

1.44

1.2

1.0

1.3

III.

RESULT AND DISCUSSION

A. physical modelisation and mesh domaine
The geometry used for numerical simulation in the air is a
so-called "Ahmed" body (scale 1/50) [9]. The lower part is
underbody and is positioned at a height h = 0.05 m from the
floor of the digital wind tunnel. This underbody height receives
an imposed speed, and is used as a flow control zone. The

Figure 2. physical modele [9]

The result of the discretization of differential transport
equations is a set of algebraic equations. We have therefore
divided the computation domain into N meshes according to x,
M meshes following y and P meshes following z. We will
therefore have a system of M * N * P of nonlinear algebraic
equations for each variable considered. An insufficient number
of meshes will for example diverge the computation or will be
responsible for a numerical diffusion too important whereas a
mesh too fine will weigh down the computation or can cause
too great variations in the sizes of mesh through the rest of the
field. We must therefore find a compromise between the two
situations. The choice of the mesh takes into account the
influence of this one on the flow velocity. So, as before, we
tested different meshes before taking the one that has the least
influence on the results. The mesh chosen is the finest. That is,
1.323.337 figures.
The grid distribution is a set of quadrilateral cells
(uniformly structured mesh). The mesh is very uniformly fine
near of the wall and around the Ahmed Body, where the
velocity gradient is large. The grid distribution impacts the
computation time and the number of iterations required for the
solution converge.
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a) Z* = 0.2

b) Z* = 0.6
Figure 3. Grid configuration

B. Flow study on the median plane
In general, depending on the flow rate η, two types of flow
are observed; for cases 1 and 2, we find the absence of the
delamination bulb that characterizes the upstream flow on
previous studies. The same results are obtained by [27] which
indicate that the introduction of tangential blowing eliminates
the detachment that appears when the profile is in incidence.
However, for cases 3 and 4, this detachment bulb reappears,
and is perfectly present over the entire width of the base (on the
Z plane) and seems to have the same profile and the same
volume over the entire surface of appearance. Which suggests
that this bulb is a function of the blowing speed.

c) Z* = 1

Figure 5. Velocity fields in the median plane for case 2

a) Z* = 0.2
a) Z* = 0.2

b) Z* = 0.6
b) Z* = 0.6

c) Z* = 1

Figure 4. Velocity fields in the median plane for case 1

c) Z* = 1

Figure 6. Velocity fields in the median plane for case 3
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a) Z* = 0.2

b) Z* = 0.6
a)X*=-0.8;

b) X*=0;

c) X*=0.8

d) X*= 1

Figure 8. Velocity fields in the cross plane for case 1
c) Z* = 1

Figure 7. Velocity fields in the median plane for case 4

The symmetry of the flow on the median line makes it
possible to observe a transition line which is established
between the wake zone where the flow is swirling and the free
flow zone. The size of the wake zone seems wider and smaller,
unlike the cases without blowing. For cases 3 and 4, it
infiltrates slightly in the flow until the end of flag. The
recirculation zone is completely closed on the right base.
C. Flow study on the transversal plane
The transversal plane allows us to actually see that the flow
at the top of the telescope is perfectly uniform. It allows to
observe and characterize the transition zone between the
turbulent boundary layer and its under layer. It is progressive
until the end of the flag for case 1 as for case 2. The upper
vortex begins to take shape ax * = 0, the recirculation zone
closes completely at x * = 3 for case 1 and ax * = 5 for case 2.
We notice the appearance of the sub-boundary layer of [28]. It
appears at x * = 0.1 and tends to close the flow at y * = 0.17.
The vortex remains close on the height of the right base.
For cases 3 and 4, we can characterize the delamination
bulb, which extends between x * = - 0.9 and x * = - 0.4, for a
total length of L = 0.5 mm. This large size of bulb is certainly
due to the small size of the orifices of the jet which allows
according to [9] the amount of movement injected, to remain in
the boundary layer thus widening the bulb. The recirculation
zone closes completely at x * = 1.8, unlike the other cases. The
vortex remains close on the height of the right base. We clearly
see the two revolving Centro vortex developing on the middle
lines (wider in upper vortex).

a)X*=-0.8;

b) X*=0;

c) X*=0.8

d) X*= 1

Figure 9. Velocity fields in the cross plane for case 2

a)X*=-0.8;

b) X*=0;

c) X*=0.8

d) X*= 1.8

Figure 10. Velocity fields in the cross plane for case 3
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a)
b)

c)
d)

e)

a)X*=-0.8;

b) X*=0;

c) X*=0.8

d) X*= 1.8

Figure 13. Velocity fields in the longitunial plane for case 2 in different
position a) y*=0.1, b) y*=0.4, c) y*=0.8, d) y*=1.2, e) y*=1.3

Figure 11. Velocity fields in the cross plane for case 4

a)

D. Flow study on the longitudinal plane
The longitudinal plane allows us to notice that the transition
line between the two flow zones is at y * = 1.21. The maximum
velocity of the flow is U + = 1.03. The recirculation zone, for
its part, is enclosed between y * = 0.2 and y * = 1 is between
the right pellet and the rear window for cases 1 and 2. For cases
3 and 4, it is enclosed between y * = 0.2 and y * = 0.6, and
between y * = 0.2 and y * = 0.8. There is only one vortex, the
upper vortex disappearing. Thus reducing the cross-sectional
area of the wake during blowing as demonstrated in the
literature.
For cases 3 and 4, the detachment bulb takes shape ay * =
1.2 and disappears at y * = 1.6 for n = 0.2 and for n = 0.1, it
goes from y * = 1.2 ay * = 1.8 for an adimensioned speed of U
+ = 1.21, corresponding to the maximum velocity of the flow.

b)
c)

d)

e)

Figure 14. Velocity fields in the longitunial plane for case 3 in different
position a) y*=0.1, b) y*=0.4, c) y*=0.8, d) y*=1.2, e) y*=1.3

a)
a)
b)
b)
c)
c)
d)
d)
e)

e)

Figure 12. Velocity fields in the longitunial plane for case 1 in different
position a) y*=0.1, b) y*=0.4, c) y*=0.8, d) y*=1.2, e) y*=1.3

Figure 15. Velocity fields in the longitunial plane for case 4 in different
position a) y*=0.1, b) y*=0.4, c) y*=0.8, d) y*=1.2, e) y*=1.3
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In practice, the main purpose of control is to limit total
pressure losses by eliminating, or more likely reducing, the
development of energy-intensive structures. Thus, having
eliminated and repel the separation on the top of the rear
window can limit the associated total pressure losses and
reduce the cross section S of the wake. Similarly, longitudinal
eddies being very energetic, the control made it possible to
limit their development.

[9]

[10]

[11]

[12]
[13]

IV.

CONCLUSION

We have been able to demonstrate that the flow in
underfloor control with blowing is divided into two types of
flow depending on the flow: a flow that we will say of type 2D
for a η <0.5 and a flow of type 3D for a η > 0.5. This
characterization represents an innovation in research in the
field. For a flow rate η> 0.5, where flow type 3D, the
detachment bulb is non-existent in contrast to a so-called flow
type 2D. This is certainly due to the fact that the difference
between the blowing speed and that of the upstream flow is
very small. The transverse plane makes it possible to
characterize the transition zone, the upper vortex and the
recirculation zone.

[14]
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