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a b s t r a c t

A vortex generated behind a simplified vehicle induces a pressure force at the back wall that contributes
to a significant part of the drag coefficient. This pressure force depends on two parameters: the distance
of the vortex to the wall and its amplitude or its circulation. Therefore there are two ways to reduce the
drag coefficient: pushing the vortices away from thewall and changing their amplitude or their dynamics.
Both analytical studies and numerical simulations show that these two actions decrease the pressure force
and consequently reduce the drag coefficient. The first action is achieved by an active control procedure
using pulsed jets and the second action is achieved by a passive control procedure using porous layers
that change the vortex shedding. The best drag coefficient reduction is obtained by coupling the two
procedures.

© 2013 Elsevier Masson SAS. All rights reserved.
1. Introduction

A simplified ground vehicle can be represented, as it is often
the case both for experiments and numerical simulations by the
Ahmed body [1]. It is a three-dimensional bluff bodymoving in the
vicinity of the ground generating a turbulent flow. Several separa-
tions appear along the body from the front to the back. The flow
behavior is strongly related to the angle of the rear window α. For
instance when α = 25° the flow on the rear window is dom-
inated by two strong longitudinal vortices [2,3]. On the contrary
when α = 90° the geometry corresponds to a square back Ahmed
body, the flow separates at the back and the base flow is no more
dominated by longitudinal structures. Experimental and numeri-
cal studies confirm this behavior of the detached near-wall flow at
the base of the square back Ahmed body geometry [4–7]. Indeed,
the vortex shedding generates four mean recirculation zones be-
hind the back wall that are symmetrical with respect to the cen-
ter of the wall. These recirculation zones contribute to a significant
part of the drag coefficient as the vortical structures induce strong
pressure forces at the back [8–10]. Thus to get a drag reduction, it is
necessary to modify locally the flow, in order to reduce or to push
away the strong pressure wells in the near wake [11].
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This can be mainly obtained by controlling the flow near the
backwall with orwithout additional energy using active or passive
devices [12,13]. On the one hand, an active control consists of
adding uniform, pulsed or synthetic jets on the back wall to push
away or to split the vortical structures [8,14]. On the other hand
a passive control uses fixed devices like rough surfaces, vortex
generators or porous layers to change the size and the dynamics
of the vortical structures and consequently to reduce the pressure
forces [15–19].

However, implementing an efficient control needs to better
master the vortex behavior in the very near wake of the obstacle
and thus to better understand the relationship between the
vortices evolution and the drag forces. An important issue of this
relationship is based on the pressure forces generated by the wake
vortices on the back wall of the body. It depends on the strength,
the size and the trajectory of the vortices in the wake as well as on
the speed they are moving away from the back wall.

Some theoretical approaches have been developed considering
different simplified kinematic motions in order to better under-
stand the flow behavior [20–22]. From these works, it is possible
to calculate the pressure force on the back wall and its evolution
with respect to the distance of the vortices from the wall.

However, the viscous vortex dynamics in the wake is much
more complex than an ideal vortex convection. Near the wall, the
dissipative forces are predominant and the vortices are not directly
subject to the inlet velocity. Nevertheless, such a theoretical
approach is still helpful showing a general trend related to the
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modification of the vortex dynamics. Then the control processes
can be directly inspired by the results of the theoretical study as
they show the ideal kinematics to get.

In this work, direct numerical simulations of the two-dimen-
sional flow around the square back Ahmed body, corresponding
to simplified mono space cars or trucks, are considered. The
incompressible Navier–Stokes system is solved in a computational
domain including the square back Ahmed body on top of a road at
mediumReynolds number. Although theReynolds number ismuch
lower than the real Reynolds number around ground vehicles, it is
possible to study the vortex dynamics and to quantify the effects of
the control. First of all, some theoretical results on ideal convective
vortex motions are analyzed to compute the resulting pressure
force on the wall that depends on two parameters: the distance
and the circulation of the vortex. Then, the evolution of a toy vortex
added in a background stationary flow is carefully studied without
or with an active control by a steady jet. This first study permits
to better understand the effect of the control procedure on the
kinematics of one vortex and to show the resulting pressure force
behaves like the theoretical force computed above.

Finally the vortex shedding of the real flow computed around
the body is analyzed as we study the mean trajectory of the top
andbottomvortices at the back. Two actions are then implemented
to control the flow. The first one involves a closed-loop active
control using blowing jets to remove the vortices as fast as possible
from the wall. It appears that the control can improve significantly
the trajectories and the removal speeds of some vortices to reach
almost the ideal motion. The second one involves a passive control
using porous layers [19,8,7] in order to change the vortex dynamics
in the immediate vicinity of the back wall. The big shedded
vortices are replaced by smaller ones with their own dynamics.
Consequently the pressure force on the back wall is reduced and
finally the drag coefficient is decreased.

This paper is organized as follows. Section two is a recall of
the analytical approach showing the link between the removal
of vortices from the back wall and the corresponding pressure
forces for three different functions. Section three presents briefly
themodeling and the numerical simulation. Section four illustrates
what is given by the theory with the numerical simulation of a toy
vortex added to a steady background flow. In section five a careful
analysis of the results obtained by the direct numerical simulation
without or with active control is provided. Section six is devoted
to the dynamics of smaller shedded vortices and to the passive
control procedure that yields a significant drag reduction. Section
seven shows that better results can be achieved by coupling active
and passive control procedures. At the end some conclusions are
deduced.

2. Analytical approach

With non-viscous hypothesis, the two-dimensional vortex
model is based on two theories: the circular vortex theory [21,22]
and themirror image vortex theory [20]. The first one considers the
vortex as a disk. The velocity is infinite in the center and decreases
when the radius increases. To avoid the infinite velocities on the
wall, the vortex position is considered to be at least as far as a
classical viscous radius value ϵ from the body. The second theory
allows to model the vortex sliding actions to the wall. In fact, the
sliding force at the wall is the amount of the forces generated by
the studied vortex and its wall mirror image vortex. Let us recall
here the basis of such an approach and its extension to the force
evaluation on the wall.

LetH be the height of the backwall of the obstacle characterized
by the coordinates set x = 0 and −H/2 ≤ z ≤ H/2 (see Fig. 1). Let
us consider M(0, z) a point on the back wall and a vortex whose
center is located at point P(x1, z1), x1 > 0. The distance between
Fig. 1. Location of the vortex center P respecting to the wall.

M and P is denoted d, and τ⃗MP is the unit vector orthogonal to
−→
MP

given by τ⃗MP =
−→
MP

⊥

/∥
−→
MP∥. In that case, according to [21], thewall

velocity induced at pointM by the vortex is given by

V⃗ (M) =
Γ

2πd
τ⃗MP , (1)

where −Γ ∈ R corresponds to the (negative) vortex circulation.
Near the wall, the longitudinal component of the velocity is
negligible so the velocity is parallel to the wall. To nullify the
normal component of the velocity near the wall, a mirror image
vortex has to be located at point P ′(−x1, z1) with the circulation
+Γ [20]. The velocity W⃗ (M) at point M due to this mirror image
vortex can be defined in the same way, and a simple calculation
shows that themodulus of the resulting velocity V⃗R(M) = V⃗ (M)+

W⃗ (M) is given by

VR(M) = ∥V⃗R(M)∥ =
Γ x1

π(x21 + (z − z1)2)
. (2)

According to Bernoulli, the local pressure p with respect to the
pressure at rest p0 is given by

p(M) − p0 = −
ρ

2
V 2
R (M) = −

ρ

2
Γ 2 x21

π2(x21 + (z − z1)2)2
, (3)

where ρ is the density of the fluid. Consequently, integrating on
the back wall, we get the horizontal pressure force Fp induced by
the vortex on the whole back of the body:

Fp =


+

H
2

−
H
2

−(p(M) − p0) dz

=
ρ

2
Γ 2

π2


+

H
2

−
H
2

x21
(x21 + (z − z1)2)2

dz. (4)

Now, if we consider that the vortex is moving, the instantaneous
pressure force Fp(t) induced by the vortex on the wall at time t can
of course be evaluated by:

Fp(t) =
ρ

2
Γ 2

π2


+

H
2

−
H
2

x21(t)
(x21(t) + (z − z1(t))2)2

dz. (5)

This pressure force depends of course strongly on the circula-
tion Γ but also on the functions x1(t) and z1(t). Taking x1(t) =

ϵ + t r with 1/2 ≤ r ≤ 2 and ϵ =


Γ 2ρ/p0 (see [21]), and consid-
ering in a first approach an horizontal evolution (z1(t) ≡ 0), some
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Fig. 2. Vortex trajectory evolutions (left) and corresponding pressure forces (right).
Fig. 3. Computational domain around the square back Ahmed body.

characteristic behaviors of the vortex trajectories behind the back
wall can be represented according to r . In Fig. 2, x1(t) and Fp(t)
are represented for r = 1/2, r = 1 and r = 2. As expected, the
best result (yielding the lowest force) is achieved for r = 1/2 as it
corresponds to the fastest removal from the wall at t = 0. At the
beginning of the evolution the difference of the forces is tremen-
dous and so the way the removal occurs has a huge effect on the
pressure force at the back and consequently on the drag coefficient.

In the following, we shall first consider the actual trajectory
of one vortex superimposed on a given background flow, and its
moving away from the back of the body. The goal is to investigate
the r parameter characterizing this vortex removal from the body,
both for an uncontrolled and an active controlled simulation. Then,
the effect of some control devices on the vortices trajectories in
the case of a real flow will be studied. The interest of this point
is to understand on which area of the flow the control processes
involved are able to effectively drive the vortices trajectories, and
so to decrease the drag coefficient.

3. Modeling and numerical simulation

3.1. Uncontrolled flow

The aim is to simulate and control the flow around the square
back Ahmed body (H = 1). The simulation is performed in the
computational domain Ω = (0, 15H) × (0, 5H) with the body lo-
cated at the distance 5.3H from the entrance section and 0.6H from
the road (Fig. 3) and whose length is L = 3.625H , by solving the
penalized Navier–Stokes equations in velocity and pressure (U, p)
(see [23,18]). By using H and ∥U∥ (the norm of the mean velocity)
in the adimensioning process, these ones are given in their dimen-
sionless form by:

∂tU + (U · ∇)U −
1
Re

1U +
U
K

+ ∇p = 0

in ΩT = Ω × (0, T ), (6)
divU = 0 in ΩT , (7)
where K =
kΦU
νH is the non dimensional coefficient of permeabil-

ity of the medium, k is the intrinsic permeability, ν is the kine-
matic viscosity, Φ is the porosity of the fluid and Re =

∥U∥H
ν

is the
Reynolds number based on the height of the body and the mean
velocity. From now, all variables have consequently to be under-
stood as dimensionless ones. To recover the genuineNavier–Stokes
equations we set K = 1016 in the fluid. On the contrary K = 10−8

in the solid body to get a velocity field of the same order in the
solid mimicking a porous body with very low permeability. These
values are set on the staggered velocity points of a Cartesian mesh
according to their location. The equations are coupled to an initial
datum corresponding to the flow at rest and to two kinds of bound-
ary conditions. A constant Dirichlet condition is imposed upstream
and on the road U = (ux, uz) = (1, 0) (corresponding to the speed
of the ground vehicle) and a non reflecting boundary condition on
the open frontiers (top and downstream) [24] is used.

The system of Eqs. (6), (7) is solved by a strongly coupled
approach for the physical unknowns (U, p). The time discretization
is achieved using a second-order Gear scheme with explicit
treatment of the convection term. All the linear terms are treated
implicitly and discretized via a second-order centered finite
differences scheme. The CFL condition related to the convection
term requires a time step of the order of magnitude of the space
step as U = (1, 0), which is relevant to have a good accuracy
of the evolution of the flow and does not induce too much cpu
time. A third-order finite differences upwind scheme is used for
the discretization of the convection terms [25]. The efficiency of the
resolution is obtained by a multigrid procedure using V cycles and
a cell-by-cell relaxation smoother. A set of grids is defined starting
from the 15× 5 coarse mesh to the finest mesh and the number of
grids is determined to get accurate results.

To choose a relevant number of grids in order to get reliable
results we first perform numerical tests on four consecutive finest
grids, namely a 480 × 160, a 960 × 320, a 1920 × 640 and a
3840× 1280 cells uniformmesh. The flow around the square back
Ahmed body is computed on these four consecutive meshes at
Re = 8276 corresponding to Reynolds number 30000 based on
the body length. The drag coefficient CD is presented in Table 1.
We see clearly that the results are very different from one grid
to another except for the two finest grids that give much closer
results. So until the endof this paper the resultswill be presented in
two dimensions on the 1920×640 cells uniformmesh that insures
that grid convergence is reached.

3.2. Active and passive controlled flows

To remove the vortices from the back wall, an active control
with blowing jets is used. The first choice is to take a constant jet
of velocity Uj = 0.6U which corresponds to the forcing intensity

8×10−3 defined by Cµ =
hj
H


Uj
U

2
where hj is the size of the jet [8].
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Table 1
Values of the drag coefficient CD on four consecutive grids.

Cartesian mesh CD

480 × 160 0.46
960 × 320 0.95
1920 × 640 1.52
3480 × 1280 1.56

Fig. 4. Position of the actuators and sensors at the back wall of the square back
Ahmed body.

Fig. 5. Position of the porous layer on the roof of the square back Ahmed body.

But, as the effect of the vortices is strongly linked to the pressure
at the wall, an efficient choice for such a control is a closed-loop
active control with the velocity of the blowing jets Uj given by:

Uj =
Ujmax

2
(1 − β(psensors − p̄sensors)), (8)

where Ujmax is the maximum blowing velocity (here Ujmax =

1.2U to get the same mean velocity as for the constant jet), β a
normalized coefficient defined in such a way that 0 ≤ Uj ≤ Ujmax
(hereβ = 1.5), psensors = min(psensor1, psensor2) the lowest pressure
measured by the sensors and p̄sensors the averaged pressure of both
sensors [8], where the sensors’ location is shown in the Fig. 4.
The closed-loop active control techniques used in this work are
composed of a jet in one of the three positions of the back wall
(see Fig. 4).

On the other hand, tomodify the vortex shedding and especially
to change the size and the dynamics of the vortices a passive
control using porous slices is implemented. With the penalized
Navier–Stokes equations it is very easy to handle as it is only
necessary to change the value of K by setting K = 10−1 in the
porous region (see [18] formore details). Hereweuse only a porous
layer on the upper part of the body as shown in the Fig. 5.

4. Kinematics and active control of a toy vortex

The real wake behind a bluff body like Ahmed body is com-
posed of vortical structures with different circulations and peri-
ods of shedding depending mainly on the Reynolds number as the
geometry is given. They have a reciprocating interaction with the
near wake flow feeding the vortex street generation and being
themselves conditioned by the former generated vortices. How-
ever, even if these vortices interactions are very complex, their
main characteristics can bemimicked by simplified kinematic ver-
ifications based on the vortex trajectories and their speed of re-
moval from the wall [26]. Previous studies have shown that the
flow behind a bluff body can be divided into two main areas: the
vortex formation area and the transport area [27]. Here we focus
on the transport of vortices in the near wake as their shedding is
mainly due to the geometry and the Reynolds number.

In this section, in order to better understand the effect of the
shedding vortices on the body forces, a toy vortex is superimposed
to a steady background flow obtained at low Reynolds number
Re = 200. The velocity of this toy vortex is defined by

ux(x, z) = −
γ1

2R1
(z − z1)e

−a


r1
R1

n
,

uz(x, z) =
γ1

2R1
(x − x1)e

−a


r1
R1

n
,

(9)

where γ1 is the amplitude of the vortex, R1 its radius, (x1, z1) the
location of its center, r21 = (x − x1)2 + (z − z1)2, and where a
and n are real parameters to be specified. In this section we take
γ1 = 1.5, R1 = 0.15, (x1, z1) = (9.3, 0.85), a = 0.2 and n = 6.
Let us recall that the back wall is located at x = 8.925 with z
between 0.6 and 1.6 in the numerical simulation. In the Fig. 6, the
evolution of this toy vortex at the very beginning at t = 0.2 and
later at t = 5 is shown at Reynolds number Re = 1000. Due to its
proximity to the back wall of the Ahmed body, the vortex interacts
with thewall to yield a dipolewhichmoves away at the bottomand
does not induce a significant pressure force, and a strong vortex
moving upwards. The motion of this new vortex is followed from
(a) t = 0.2. (b) t = 5.

Fig. 6. New vortex evolution before starting the comparison.
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(a) Uncontrolled case. (b) Controlled case.

Fig. 7. Comparison of the vorticity field in the wake of Ahmed body between the uncontrolled and the controlled cases at simulation time t = 12.
(a) Uncontrolled case. (b) Controlled case.

Fig. 8. Comparison of the pressure field in the wake of Ahmed body between the uncontrolled and the controlled cases at simulation time t = 12.
Fig. 9. Comparison of trajectories and removals from the wall of the new vortex.
simulation time t = 5 to simulation time t = 15, its trajectory as
well as the resulting pressure force at the back are computed for
both the uncontrolled and the controlled cases, here the control
is performed by blowing with a steady jet (ux, uz) = (0.6, 0) at
the up actuator. In the Figs. 7 and 8 are plotted the vorticity and
pressure fields in the wake of the Ahmed body at simulation time
t = 12. The dipole moves away at the bottom of the body and
has almost no influence on the body. In addition there is a very
small difference in this dipole behavior between the uncontrolled
and the controlled cases. So the difference of the pressure force
and of the drag are mainly due to the new vortex and the blowing
jet. This new vortex has still a very strong impact on the body as
it can be seen in both figures for the uncontrolled case (the deep
pressure well is still interacting with the body). On the other hand,
in the controlled case, the jet has pushed away the new vortex and
thus its influence has decreased a lot. But the jet itself induces a
pressure force on the back that is not negligible. Therefore to have
a decrease of the drag coefficient a strong variation of the pressure
force induced by the new vortex is necessary. Let us see now the
difference of trajectories and removals from thewall for both cases.
They are illustrated in the Fig. 9, the letters corresponding to the
position of the center of the vortex at various simulation times
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Fig. 10. History of the theoretical pressure force Fp(t) and of the pressure force computed from the numerical simulation at the back Fp−comp(t) induced by the new vortex
between simulation times t = 5 and t = 15.
Table 2
Time-letters correspondences for the toy vortex in the real flow.

Points without control a b c d e f g h
Points with control A B C D E F G H
Simulation time t 6 7 8 9 10 11 12 13

given in Table 2. At its creation the new vortex moves upwards
as it is created with an upward speed and it is also pushed by the
flow between the body and the road. At simulation time t = 5
the vortex starts from the same position and moves on upwards
until time t = 7. Then the flow alone (uncontrolled case) or the
flow plus the blowing jet (controlled case) push it away from the
back wall. We can see clearly on these plots the huge difference
between the two cases. The removal has almost a square root
behavior from time t = 7 to time t = 10 for the controlled case
whereas it is linear for the uncontrolled case. So, at time t = 10, the
vortex has moved away from its initial position of d = 0.28 of the
height of the body instead of d = 0.08without control. This makes
at the end a big difference in the normalized pressure force Fp(t)
and on the pressure force computed from the numerical simulation
at the back (see Fig. 10). Here, the force Fp(t) is computed similarly
to (5) by neglecting the boundary layer thickness as the velocities
and the height the of Ahmed body are small enough. It is now given
by

Fp(t) =
ρ γ 2

1

2 R2
1

 H/2

−H/2
x21(t) e−2a((x21(t)+(z−z1(t))2)/R21)

n/2
dz. (10)

Both forces have a similar behavior along time and show the same
difference magnitude between the uncontrolled and controlled
cases. As the pressure force at the back induces about 60% of the
drag coefficient, the resulting CD with control is nearly 20% smaller.
This reduction is obtained despite the fact that the jet induces a
drag coefficient of about 0.004 which represents for this simple
flow one third of the total drag coefficient. This shows that this
technique can be used to push away the vortices and may be to
reduce the drag coefficient in a real flow as we shall see in the next
section.

5. Kinematics and active control of a real flow

In this section, the effect of control on the vortex kinematics is
studied first with an instantaneous approach, and then for aver-
aged flow fields. All the computations are performed at Reynolds
number Re = 8276 from now to the end of the paper.

Instantaneous vortex motion

A first analysis consists in comparing the instantaneous vortic-
ity fields of the reference (uncontrolled) case to the controlled case
2.5

2

1.5

1

Fig. 11. Evolution and mean value of the drag coefficients for the reference case
and the controlled case with a closed-loop active control at the middle of the wall.

with one actuator in the middle of the back wall. This position is
chosen in order to take into account the shedding that generates
both up and down vortices. Two simulations are initialized with
the same reference flow in order to observe the evolution of up
and down vortical structures. The first case is without control and
the second is with control corresponding to a blowing closed-loop
actuatorwhich better includes the shedding frequencies of the real
flow. The Fig. 11 shows the time evolution and the averaged values
of the drag coefficients for both cases. After two periods of shed-
ding, the drag coefficient is considerably reduced (−20%) by the
blowing control.

The Figs. 12 and 13 represent the instantaneous vorticity fields
for eight successive moments. The control becomes effective after
t = 3.0 and up to this time the fields are almost identical. Then,
the vortices are pushed away more quickly in the controlled case
as it can be seen at simulation time t = 5.0 for a top vortex and at
time t = 6.0 for a bottom vortex. To better analyze the efficiency
of the control, in the Fig. 14 the trajectories of two top and bot-
tom vortices with the same initial position are compared for the
uncontrolled and controlled cases. The letters A−H and a− h cor-
respond to the same times in the trajectories for both simulations
(see Table 3). As the figure shows, the blowing jet pushes away very
quickly the vortical structures from the back wall whereas in the
uncontrolled simulation these vortices move away slowly in the
near wake of the wall.

Averaged vortex motion

In order to get a quantitative estimation of the relationship be-
tween the vortex kinematics and the drag reduction due to the
control, an averaged estimation of several vortex motions is nec-
essary. So the mean trajectories of the top and bottom vortices
are studied for uncontrolled and controlled cases. The averaging
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(a) t = 0.1. (b) t = 1.0. (c) t = 2.0. (d) t = 3.0.

(e) t = 4.0. (f) t = 5.0. (g) t = 6.0. (h) t = 7.0.

Fig. 12. Vorticity fields along time for the reference case without control.
(a) t = 0.1. (b) t = 1.0. (c) t = 2.0. (d) t = 3.0.

(e) t = 4.0. (f) t = 5.0. (g) t = 6.0. (h) t = 7.0.

Fig. 13. Vorticity fields along time for the controlled case with a closed-loop active control at the middle of the wall.
Table 3
Time-letters correspondences for the instantaneous vortex motion study.

Points A B C D E F G H a b c d e f g h
Simulation time t 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5
procedure is performed for ten successive vortices on both sides
of the wall from simulation time t = 3 until time t = 23. In
the Fig. 15 the mean uncontrolled trajectories are compared to the
mean controlled ones with a closed-loop actuator at the middle of
the back wall. The time-letters correspondences are given in Ta-
ble 4, time t = 0 corresponds to the first time a vortex is identified
by Weiss criterion [28] in the vicinity of one corner. This statisti-
cal study reveals that the control has no effect on the top vortices
removal as they are naturally driven away by the flow. However,
the trajectories of the bottom vortices are drastically modified as
in the reference flow, the bottom vortices are pushed upwards by
the flow underneath the body. In that case, like for the toy vor-
tex study, the vortices are expelled from the body very quickly
with the control. The Fig. 16 shows the top vortices have almost
the same removal for the uncontrolled and controlled cases. On
the other hand, the bottom vortices have a tremendous change.
For the uncontrolled case they are removed from the wall with
a square law whereas for the controlled case the removal fol-
lows a linear law. These statistical results confirm the efficiency
of the active control on the removal of vortices. We shall see in
the last section to what amount this can yield a drag coefficient
reduction.

6. Change of vortex shedding by passive control and resulting
vortex dynamics

As seen in Section 2 the pressure force at the back depends
strongly on the circulation Γ of the vortices. An idea to change the
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0.2
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-0.2

-0.4

-0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Fig. 14. Comparison of trajectories for the top and bottom vortices without control
and with a closed-loop active control at the middle of the wall.

0.6

0.4

0.2

0

-0.2

-0.4

-0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Fig. 15. Comparison of averaged trajectories for the caseswithout control andwith
a closed-loop active control at the middle of the wall.

Table 4
Time-letters correspondences for the averaged vortex motion study.

Points A B C D E F G H
Time t 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

circulation is to change the shedding of vortices by breaking the
vortices into smaller ones. A way to do that is to use porous layers
on top of the body for instance (see [19]) as shown in the Fig. 5.
Indeed, due to the slow laminar flow inside the porous layer, there
is a Kelvin–Helmholtz instability that generates small eddies on the
roof and consequently the size of the shedded vortices in the near
wake is drastically reduced.

Ideal dynamics of small vortices

Here, we propose to analyze the influence of changing the size
and the dynamics of the shedded coherent structures. Tomake this
analysis we still use the toy vortex introduced in Section 4 in its
genuine form (9). A simple calculation shows that the circulation
generated by this vortex along the circle of radius R1 is given by:

ΓR1 =


r=R1

u⃗ · τ⃗ dl = πγ1R1e−a. (11)

Moreover, using Bernoulli’s law (see Section 2), and assuming that
x1 = R1 and z1 = H/4, the pressure force induced by the vortex on
the back of the Ahmed body is similar to (10):

F (1)
p =

ρ γ 2
1

2

 H/2

−H/2
e−2a(r/R1)n dz,

where r2 = R2
1 + (z −H/4)2. This pressure force decreases rapidly

when the vortex moves away from the wall and is almost zero as
soon as the vortex is one diameter downstream to the wall.

We assume now that this large vortex is split into smaller
vortices that are distributed around its circumference (see Fig. 17
for N = 2 and N = 4) as it was observed in [19] and can be
seen below in the Fig. 19 at time t = 5.5 for instance. These small
vortices fill the same place as the unique vortex and follow globally
the same trajectory. So to compare their effect on the back wall, it
is sufficient to compare the mean forces at a given position and a
given time. In that case only the closest vortex induces a significant
pressure force on the wall. We assume moreover that each of the
N created small vortex (N ≥ 2) has the same radius RN defined by
RN = αR1/N , where 0 < α < 1. Consequently, the coordinates of
the center of the kth small vortex are given by:
x(N)
k (θ) = R1 + R1


1 −

α

N


cos


θ +

2kπ
N


,

z(N)
k (θ) =

H
4

+ R1


1 −

α

N


sin


θ +

2kπ
N


,

where θ corresponds to the rotation of the global structure defined
by the N small vortices (0 ≤ θ ≤ 2π ), and where 0 ≤ k ≤ N − 1.

Assuming that this phenomenon obeys a conservative principle
of the circulation, we obtain from (11) that the amplitude γN of
each of these small vortices is given by:

N γN RN = γ1 R1,
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(a) Top vortices. (b) Bottom vortices.

Fig. 16. Comparison of averaged removals from the wall for the cases without control and with a closed-loop active control at the middle of the wall.
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Fig. 17. Location of the initial vortex (left) and the corresponding small vortices for N = 2 (middle) and N = 4 (right), in the case α = 1 and θ = 0.
in other words:

γN =
γ1

α
.

Consequently, each vortex has a smaller radius, but a larger ampli-
tude than the previous one. The dynamics of the smaller vortices
constitutes a set of rotating vortices as shown in the Fig. 17. At a
given position θ , the pressure force induced by the N small vor-
tices on the back of the Ahmed body is:

F (N)
p (θ) =

ρ γ 2
N

2 R2
N

N−1
k=0

 H/2

−H/2
(x(N)

k (θ))2 e−2a(rk,N (θ)/RN )n dz,

where r2k,N(θ) = (x(N)
k (θ))2 + (z − z(N)

k (θ))2. It remains to evaluate
the average value of F (N)

p (θ) when the whole structure is turning
on itself, which is finally given by:

F
(N)

p =
1
2π

 2π

0
F (N)
p (θ) dθ.

We plot in the Fig. 18 the value of F
(N)

p /F (1)
p versus N , for several

values of α (α = 1.00, α = 0.5, α = 0.25 and α = 0.125), for
a = 0.2 and n = 6 (another choice would lead to very similar re-
sults). We see that whatever the number of vortices N ≥ 2 and
the value of the parameter 0 ≤ α ≤ 1 are, the pressure force at
the back of the body is considerably reduced, which is clearly an
important saving. The more vortices there are (and consequently
the smaller they are), the larger the reduction of the pressure force
on the body. Of course, the real phenomenon is more complex, as
the set of smaller vortices is not globally stationary just behind the
body and uniformly rotating on itself. It is subject to diffusion and
convection forces. Nevertheless, we claim that this simple analysis
allows to give an explanation to the fact that the passive control,
by splitting large vortices into smaller ones as explained above, can
give rise to a significant drag reduction.

Passive control of a real flow

Here,we compute the flowaround the square backAhmedbody
when a porous layer has been added on top of the roof as shown
in the Fig. 5. For the uncontrolled case in the Fig. 12, there is the
shedding of large vortices generated at the corners of the body
which remain in the immediate vicinity of the back wall and thus
generate a strong pressure force before to be carried away by the
convective process. These vortices are responsible for a large part
of the drag coefficient. When a porous layer is added on top of
the body there are still such vortices at the bottom but, due to the
Kelvin–Helmholtz instability between the low laminar flow inside
the porous layer and the fluid flow, small vortices develop on top of
the porous layer and the big shedded vortex is replaced by several
smaller vortices that turn around clockwise. In particular the four
vortices at time t = 5.5 in the Fig. 19 occupy the same place as the
single vortex in the uncontrolled case as assumed in the subsection
above. As these vortices are turning around, only one of them is
Fig. 18. F
(N)

p /F (1)
p versus N for α = 1.00, α = 0.5, α = 0.25 and α = 0.125.

sometimes close enough to induce a significant pressure force, the
others aremore than a diameter away. So,with this passive control,
a 20% drag reduction was numerically observed in [8].

7. Application of both control procedures to reduce the drag
coefficient of the square back Ahmed body

As seen in the previous sections, it is possible to make actions
on the flow to decrease the pressure force at the back of the Ahmed
body and thus to a significant reduction of the drag coefficient.
We have shown in Section 5 that a closed-loop active control
is very efficient on the strong bottom vortices as their natural
trajectory goes upwards due to the jet flow between the body
and the road. However the same control is not so efficient on the
top vortices as their natural trajectory follows the main flow and
are not trapped by the recirculation zone like the bottom ones.
For these top vortices, we have shown in Section 6 that a more
appropriate action is to add a porous layer on top of the roof of
Ahmed body as shown in the Fig. 5. Indeed, the shedding as well
as the vortex dynamics of the top vortices are drastically changed
and consequently the pressure force at the back is reduced.

The idea is therefore to couple a closed-loop active control with
a down blowing jet at a distance H/3 from the bottom edge and a
passive control using a porous layer on the roof. The improvement
of such a technique can be seen in the Fig. 20 on the trajectories and
removals. The mean trajectory of the bottom vortices is further to
the back wall than in the previous active control at the middle of
the back and thus the removal is now closer to the ideal case in
square root. In addition, due to the passive control with a porous
layer on the roof, the vortices are smaller and their dynamics
induces lower pressure forces at the back. Consequently the mean
drag force at the back is reduced up to 46% and thus a 31% drag
reduction is achieved.
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(a) t = 4.0. (b) t = 5.5. (c) t = 6.6. (d) t = 8.3.

Fig. 19. Evolution of the vorticity field during one shedding cycle of the controlled flow by one porous layer on top of the body.
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Fig. 20. Comparison of averaged trajectories and removals for the uncontrolled flow and the coupling controlled flow.
8. Conclusions

In the first part of this paper, the drag effect of theoretical
vortices moving away from a wall with analytical laws is studied.
It is shown that the magnitude of the pressure forces on the
wall depends directly on the speed of removal of the vortices
downstream and their circulation. The larger this speed is, the
more the pressure forces decrease and so the drag coefficient. This
is confirmed by numerical simulations using a toy vortex.

Then a closed-loop active control is used to reduce the drag
coefficient of the square back Ahmed body. It is confirmed that
such an active control is efficient for some vortices according to
their trajectory. It is the case for the shedded vortices coming from
the bottom edge of the back wall due to the presence of the road
but there is no noticeable improvement on the top vortices.

A passive control using a porous layer on the roof is able to
change the size and the dynamics of the top vortices reducing
also significantly the drag forces. Finally, coupling the two control
techniques permits to change drastically the pressure forces at the
back and to get a 31% reduction of the drag coefficient. Although
the simulations were performed at quite low Reynolds number
compared to the real flow, the results of the control are close to
those obtained in [29] at Re = 2.8 × 106.
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