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Abstract

The control of two-dimensional flows around the square back Ahmed body is achieved
using porous devices added on some parts of the body. The square back Ahmed body
is considered either in an open domain or on top of a road. The modelling of the flow
in different media is performed by means of the penalisation method. A good choice of
the location of the porous interfaces yields a significant improvement of the aerodynamic
quantities, specially for the square back body.

1 Introduction

The research developed today in car aerodynamics is carried out from the point of view of
the durable development. Some car companies as Renault have the objective to develop
control solutions able to reduce at least 30% of the aerodynamic drag of the vehicles with-
out constraints on the design, the comfort, the storage or the safety of the passengers [16].
Thus, it is necessary to modify locally the flow, to remove or delay the separation position
or to reduce the development of the recirculation zone at the back and of the separated
swirling structures [21]. This can be mainly obtained by controlling the flow near the
wall with or without additional energy using active or passive devices [17, 18]. The use of
passive systems of control remains however always privileged for obvious reasons of cost.
Significant results can be obtained using simple techniques [30]. In practise, the flow con-
trol is obtained when the wall pressure distribution is successfully modified on the back
and on the rear window, using various adapted devices which change locally the geometry.
Control experiments in wind tunnel on reduced or real ground vehicles are performed [28]
and measurements of the wall static pressures and of the aerodynamic torque [29] allow
to quantify the effect of the control [20]. However, due to the design constraints, the real
gain is rather weak and so new control techniques have to be developed.

Among these new techniques in progress, separate devices located in front of or behind
the vehicle can be used to reduce the development of the recirculation zone on the rear
window or at the back and the interactions of the swirling wake structures. Reductions of
the aerodynamic drag up to 97% are measured on the front part of a circular cylinder in
[26]. Interesting results are also obtained with devices located stream wise or transverse
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to the upstream flow behind the back [19]. Another similar approach is to put devices
along the wall to generate vortical structures in order to shift the separation line and to
reduce the aerodynamic drag. The swirling structures increase the local turbulence of
the flow and the energy transfers in the boundary layer. Therefore the velocity increases
near the wall. A drag reduction close to 40% is obtained on wing profiles in [5]. The ex-
tension of this technique to more complex geometries should be possible and could defer
separation lines towards the back. Furthermore, significant reductions of drag up to 50%
are obtained using artificially rough surfaces [32]. Applied in the areas of weak curvature
radius, this technique could decrease the aerodynamic drag.

Self-adapting surfaces made of special coatings can also be used to delay the turbulent
laminar transition [6, 7]. The impact of this control strategy remains however very weak
in automobile aerodynamics because the flow is naturally turbulent and the contribution
of the friction in the aerodynamic drag is very small (about 10%).

A simplified car as the Ahmed body [2] is a three-dimensional bluff body moving in
the vicinity of the ground generating a turbulent flow. Several separations appear along
the body from the front to the back. The resulting recirculation zones contribute to a
significant part of the drag coefficient [22], [28]. So, an objective of the control is to
reduce the transverse separation area in the wake. The drag coefficient changes strongly
with the angle o between the horizontal line and the rear window. For low angles smaller
than 12 degrees or large angles higher than 30 degrees, the flow separates at the back and
is mainly a two-dimensional base flow. Especially, experimental and numerical studies
confirm the two-dimensional behaviour of the detached near-wall flow at the base of the
square back Ahmed body geometry [31], [20], [24]. On the contrary for angles between
these two values of «, the flow is highly three-dimensional over the rear window as there
are two counter-rotary lateral vortices and an open separation bulb [28], [20], [31], [25].
In this paper we focus on the square back Ahmed body (o = 90°) corresponding to sim-
plified mono space cars or trucks and so a two-dimensional study is performed. The main
objective is then to reduce the separated area at the back and thus the static and total
pressure gradients that govern the aerodynamic drag. Two-dimensional computations
cannot give the exact values of the drag around the three-dimensional Ahmed body but
yields properly the effect of the passive control with respect to the uncontrolled case.
However, the computational domain is restricted to a short area around the body as in
any cases the wake flow is strongly three-dimensional.

The use of porous interfaces is a new possibility which can modify the boundary layer
behaviour. This passive control technique moves the separation line, reduces the pressure
gradients in the near wake and therefore the aerodynamic drag of the vehicles is decreased.
A numerical study on the effect of porous layers control on a 2D square cylinder has shown
that significant gains on the drag coefficient can be achieved for an appropriate choice of
the mechanical parameters (like porous layer permeability and thickness) [10]. In addition
a drastic reduction of the vortex induced vibrations on a riser pipe has been obtained [11].
Here the passive control is achieved by means of a porous medium layer which is inserted
between the flow and the body. This porous layer modifies the boundary layer effects as
it changes the stress forces; indeed the no-slip boundary condition is replaced by a mixed
Fourier boundary condition on the walls [13], [1]. The practical difficulty is to compute
the flow in two different media, namely the fluid and the porous medium, with different



modelling. To overcome this difficulty we use the penalisation method that allows to solve
simultaneously both flows with the same model. This method introduced in [4] is studied
and validated in [3], applied to turbulent flows in [23] and to flow control in [10]; it con-
sists in adding a penalisation term U/K in the incompressible Navier-Stokes equations
where U is the velocity vector and K the non dimensional permeability coefficient. It was
used as an immersed boundary method to avoid a body fitting and solve directly the flow
around bluff bodies on Cartesian meshes. The parameter K is set to a very small value
inside the body which corresponds to solve Darcy equations with a very small intrinsic
permeability. On the other hand K is set to a very large value in the fluid domain in order
to solve only the Navier-Stokes equations as the extra term vanishes. In our application,
a third intermediate value of K is used to represent the porous medium where Brinkman
equations are solved. In summary we can solve the flow inside the three different media
only by changing the value of the parameter K in the penalised Navier-Stokes equations.
Besides we avoid to fit the frontiers between the solid body, the porous layer and the fluid.

The goal of this paper is to show how well positioned porous slices can modify the
shedding and the near wake, in particular the static pressure gradient to decrease the drag
coefficient. In the following we describe the modelling procedure that yields the penalised
Navier-Stokes equations or Brinkman-Navier-Stokes equations and give a brief outline of
the numerical approximation. Then we give various results of the original flow or the
controlled flow around the square back Ahmed body in an open domain or on top of a
road. We analyse carefully these results and quantify the efficiency of the passive control
using a porous layer.

2 Modelling and numerical simulation

In this section we show how an immersed boundary method can be used successfully to
model three different media: a solid, a saturated porous medium and an incompressible
fluid, with the same equation. In a porous medium the velocity in two dimensions U =
(u,v) is given by Darcy law

k
U=—-—7V 2.1
ki (2.1)
where p is the pressure, k is the intrinsic permeability, p is the viscosity and & is the
porosity of the fluid. Assuming that the fluid saturating the porous medium is Boussinesq,

we get from Brinkman’s equation that is valid only for high porosities close to one
Vp = — %@U + APAU (2.2)

by adding the inertial terms with the Dupuit-Forchheiner relationship [27], the Forchheiner-
Navier-Stokes equations

poU+ p(U-V)U +Vp:—%<I>U+[@AU (2.3)
where fi is Brinkman’s effective viscosity. As ® is close to 1 we can approximate fi ~ &

[33] and get the equation

pU + p(U-V)U +Vp:—%<I>U+MAU (2.4)



Then a non dimensionalisation using the usual substitutions including the mean velocity
of the fluid U and the height of the domain H

p=pp; U=UTU; o=2H ; t=t=; p=pp|U)? (2.5)

Sl =

yields the penalised non dimensional Navier-Stokes equations or Brinkman-Navier-Stokes
equations for the unknowns (U’,p’) denoted (U, p) for the sake of simplicity
U

1

divU =0 inQp (2.7)
where K = % is the non dimensional coefficient of permeability of the medium, Re =
% is the Reynolds number based on the height of the body and €2 is the full domain
including the porous layer and the solid body. This model is able to represent the three
media as follows. In the fluid the permeability coefficient goes to infinity, the penalisation
term vanishes and we solve the non dimensional Navier-Stokes equations. In the solid body
the permeability coefficient goes to zero and it has been shown in [3] that solving these
equations corresponds to solve Darcy’s law in the solid and that the velocity is proportional
to K. In the porous medium Brinkman equations are recovered. For numerical simulations
we set K = 10'6 in the fluid and K = 1078 in the solid body; the porous medium is
represented by a range of intermediate values varying from K = 1072 to K = 100. Lower
values correspond to porous media too close to the solid behaviour to control efficiently
the flow. On the opposite, upper values are almost dominated by the flow and thus are
equivalent to reduce the size of the obstacle. All the numerical simulations presented in
this paper have been performed with K = 107! that appears to be a good intermediate
value referring to a parametric study on a wide range of K values [10]. The numerical
simulation is performed by solving equations (2.6), (2.7) where K is set at the velocity
points according to the medium they belong to. It was shown by different approaches
that solving these equations is equivalent to solve the Navier-Stokes equations in the fluid
with a Fourier-like boundary condition instead of the no-slip boundary condition (see in
particular [8] and [14]). So adding a porous layer between the solid body and the fluid
induces a reduction of the shear effects in the boundary layer and thus allows to control
the flow. In addition as the pressure is computed inside the solid body, we can compute
the drag and lift forces by integrating the penalisation term on the volume of the body
[13]:

u
body K
v
Fr = = Jyody Oe2p AT + [pa, %Av dr =~ — dx (2.9)
body K

where the body includes the porous layers. To quantify the effect of the control we shall
compare the following quantities, the static pressure coefficient C), the drag coefficient
Cp, the root mean-square of the lift coefficient C,,,s and the enstrophy Z:

Cp = 2(p — po)/(p|U[?)
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where pg is the inlet static pressure and w = 0,1v — O,ou is the scalar vorticity in 2D. Let
us note that the static pressure is set to zero at the downstream section of the computa-
tional domain.

The unsteady equations (2.6), (2.7) are associated to an initial datum:
U(z,0) =Up(x) in Q
and the following boundary conditions:
U=(1,0) on I'p
U=(1,0) on Ty
o(U,p)n + %(U 1) (U = User) = 0(Upes, Dref)n on 'y

where o is the stress tensor and we use the notation a = a™ —a~. In this paper we consider
the flow around the body in an open domain and the flow around the body on top of a
road. In the first case the boundary is solely made up of the entrance section I'p and
the far field boundary I'y everywhere else. In the second case the road I'y is added as on
Figure 1 and the same speed than the flow at infinity is given to the moving ground. The
far field boundary condition is used to convey the vortices trough the artificial frontiers
without any reflexion (see [9] for more details).

L

0

Figure 1: Computational domain including the square back Ahmed body.

The system of equations (2.6),(2.7) is solved by a strongly coupled approach for the
physical unknowns (U, p). The flow is computed entirely by direct numerical simulations
without any turbulence model. The time discretization in (2.6) is achieved using a second-
order Gear scheme with explicit treatment of the convection term. That means that 0,U is
approximated at time ndt by (3U"—4U" ' +U"~2)/(26t) and that the nonlinear convection
term is computed on the right hand side on the form 2(U""!. V)U"! — (U"2 . V)U" 2.
All the linear terms are treated implicitely on the left hand side at time ndt and dis-
cretized 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 Uy = (1,0), which is relevant to have a good accuracy of the evolution and does not
induce too much cpu time. A third-order finite differences upwind scheme is used for
the space discretization of the convection terms [12]. The efficiency of the resolution is
obtained by a multigrid procedure using a cell-by-cell relaxation smoother.

The numerical tests presented in this paper concern the flow around the square back
Ahmed body without a road or on top of a road. The intermediate porous layers are set
on various parts of the body and the corresponding geometries are illustrated on figure 2
and referred as :
case 0 - Ahmed body without porous layer,
case 1 - Ahmed body with a porous layer in the upper rounded part in front,
case 2 - Ahmed body with a porous layer in the whole top,
case 3 - same as case 1 but symmetric,
case 4 - same as case 2 but symmetric,
case 5 - same as case 4 with the additional front part.
case 6 - same as case b with the additional back part.
case 7 - smaller Ahmed body corresponding to removing the porous part of case 6.

1 2
3 4
5 6

Figure 2: Cases 1 (top left), 2 (top right), 3 (middle left), 4 (middle right), 5 (bottom
left) and 6 (bottom right) corresponding to various porous devices geometries.

The non dimensioned length and height of Ahmed body are respectively L = 3.625 and
H = 1. The computational domain without a road is 2 = (0, 12H) x (0, 7H) and the body
is centred in height while the domain is 2 = (0,12H) x (0,5H) when there is a road and
then the body is located at a non dimensioned distance [ = 1 from the road. The results
are presented on 1536 x 896 and 1536 x 640 cells uniform meshes respectively in order to
have a significant number of points in the porous layer of thickness A = 0.1H. In these
computations the space step is then dz; = dxy = 1/128 = 0.0078125 and the related
time step 6t = 0.002. The integration time over which the numerical simulations are
performed is at least 7" = 100 and the statistics are gathered when the permanent regime



is well established over about 10 shedding periods. The mean flows are obtained over at
least 3000 snapshots recorded every 5 time steps, nevertheless the vorticity contours are
quite jagged because they are tabulated with low values around zero. In [10] a complete
parametric study on the flow around a square cylinder has shown that the effect of the
control is similar for a range of thickness of the porous layer (0.06H < h < 0.2H).

3 Numerical results and analysis of the passive con-
trol

To comment the numerical results, we plot vorticity fields at given times, the mean flow
(vorticity, velocity and pressure fields) and the evolution along time of global quantities
such as the enstrophy Z, the drag C'p and the root mean-square of the lift coefficient
Crrms that reveals the regularity and steadiness of the flow. Let us note that up drag
refers to the drag due to the front part of the body and down drag refers to the drag
at the back. This permits to analyse more carefully the impact of the control. The
numerical tests have been performed for the Reynolds number Re, = Re x L = 30000
based on the length of the Ahmed body to have a highly transitional flow that corresponds
to the studies of the literature [22]. Previous convergence studies have shown that grid
convergence is achieved for such Reynolds numbers on the grids utilised in this study for
a circular cylinder [11]. To confirm this assertion we give on table 1 the asymptotic values
of the Cp,,s and the mean values of the drag coefficient on three consecutive grids for
the square back Ahmed body. In addition, the results were then validated, comparing to
experimental studies [11]. To have an accurate representation of the solutions we have
taken up to 13 points in the porous layers.

H grid size H Clrrms ‘ Drag coefficient H
384 x 224 0.259 0.452
768 x 448 0.279 0.464
1536 x 896 || 0.274 0.469

Table 1: Asymptotic values of C'p,,,s and mean values of the drag coefficient for the square
back Ahmed body in an open domain at Re=30000.

3.1 Flow around the square back Ahmed body in an open do-
main

As pointed out in the introduction, the near wall flow past the square back Ahmed body
is mainly a two-dimensional base flow. So this study is relevant and can describe properly
the effect of the porous interfaces on the aerodynamic properties. The interest of the open
domain is to have a symmetric geometry on which we can focus on the direct effect of the
control procedure only on the body. First of all we see on figure 3 that the unsteady flow
is well captured by the numerical method, in particular the alternate vortex shedding at
the square back for the non controlled case is close to those observed in [31]. For the
other case, it seems that the two porous layers modify the previous shedding generating



a diffuse vortical zone in the near wake; we shall discuss the control effect below.

The effect of the porous layer is presented by illustrating a zoomed in view of the mean
vorticity and mean velocity fields around the top circle (see figures 4 and 5 respectively).
The flow velocity inside the porous layers is very low (less than 10% of the incoming flow
velocity) and almost irrotational. For instance in case 2 there is a low speed laminar flow
all along the upper porous layer that is expelled at the back in the near wake.

For the case 1 the abrupt discontinuity at the end of the porous layer creates a small ver-
tical jet that increases the shedding. Indeed, the flow inside the porous slice is expelled
vertically. This jet increases the transverse size of the wake and thus the drag increases
with the pressure drag at the bottom (figures 6 and 7). This physical phenomenon is very
well-known in aerodynamics [28]. It increases the asymmetry and the unsteadiness too,
so the Cp,ms and the enstrophy also increase (table 2). The discontinuity between the
porous layer and the solid obstacle induces positive pressure coefficients (the local static
pressure is larger than the reference static pressure) as well as higher velocities and the
front drag part increases. Both phenomena yield a 22% total drag increase.

Figure 3: Vorticity field around the square back Ahmed body in an open domain at
Re = 30000. Cases 0 (left) and 5 (right).

H H ClLrms ‘ Enstrophy ‘ Up drag ‘ Down drag ‘ Drag coefficient H

case 0 0.274 7911 0.133 0.329 0.469

case 1 0.357 (+30%) 8174 0.200 0.370 0.573 (+22%)
case 2 0.158 (-42%) 7877 0.130 0.120 0.257 (-45%)
case 3 0.254 (- ™%) 8117 0.176 0.161 0.338 (-28%)
case 4 0.173 (-37%) 7827 0.163 0.104 0.276 (-41%)
case 5 0.162 (-41%) 7876 0.185 0.088 0.281 (-40%)
case 6 0.158 (-42%) 7862 0.169 0.109 0.286 (-39%)
case 7 0.264 (- 4%) 7561 0.096 0.221 0.322 (-31%)

Table 2: Asymptotic values of Cj,,,; and mean values of the enstrophy and the drag
coefficient for the square back Ahmed body in an open domain at Re=30000.

To avoid the abrupt discontinuity at the end of the porous layer, we add a whole
porous layer on top of the body in case 2 (figure 2). Then the vorticity at the inter-
face between the fluid and the obstacle as well as inside the vortices in the near wake



Figure 4: Time-mean vorticity isolines of the flow near the top front section of a square
back Ahmed body at Re = 30000. Cases 0 (top left), 1 or 3 (top right), 2 or 4 (bottom
left) and 5 (bottom right). Dotted lines refer to negative values while solid lines refer to
positive ones where the absolute values of the isolines are 1, 2 3, 4, 6, 8, 10, 12, 15, 20
and 30.
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Figure 5: Time-mean velocity vectors of the flow near the top front section of a square
back Ahmed body at Re = 30000. Cases 0 (top left), 1 or 3 (top right), 2 or 4 (bottom
left) and 5 (bottom right).



Figure 6: Time-mean vorticity isolines for the flow around the square back Ahmed body
in an open domain at Re = 30000. Cases 0 (top left), 1 (top right), 2 (middle-up left),
3 (middle-up right), 4 (middle-down left), 5 (middle-down right), 6 (bottom left) and 7
(bottom right). Dotted lines refer to negative values while solid lines refer to positive ones
where the absolute values of the isolines are 1, 2 3, 4, 6, 8, 10, 12, 15, 20 and 30.
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Figure 7: Time-mean static pressure coefficient C), isolines for the flow around the square
back Ahmed body in an open domain at Re = 30000. Cases 0 (top left), 1 (top right),
2 (middle-up left), 3 (middle-up right), 4 (middle-down left), 5 (middle-down right), 6
(bottom left) and 7 (bottom right). Dotted lines refer to positive values while solid lines
refer to negative ones where the change in the quantity between each subsequent isoline
is equal to 0.2. The thick solid line refers to the isovalue 0.0.
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Figure 8: Time history of the drag coefficient (left) and the enstrophy (right) for the flow
around the square back Ahmed body in an open domain at Re = 30000.

| | Cy,... value in the wake | C,, . location |
case 0 -2.983 (10.20 , 3.52)
case 1 -4.026 (10.06 , 3.55)
case 2 -0.728 (10.89 , 3.47)
case 3 -0.950 (10.02 , 3.48)
case 4 -0.657 (11.40 , 3.42)
case 5 -0.498 (11.38 , 3.55)
case 6 -0.589 (10.91 , 3.56)
case 7 -2.216 (19.89, 3.48)

Table 3: The value and the location of the minimum of the mean static pressure coefficient
C, in the close wake of the square back Ahmed body in an open domain at Re=30000.
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decreases. The flow inside the whole layer has two main consequences: it modifies the
shear forces on the top boundary of the body and it induces a low horizontal jet at the
back expelled into the wake. Each phenomenon contributes partially to the modification
of body forces. It was already shown that the first one is equivalent to change the no-slip
boundary condition to a Fourier condition ([1], [14]) and so decreases the boundary layer
effects. The influence of the jet at the back is the following: The velocity decreases and
the negative mean pressure coefficient increases significantly as shown on figure 7 and on
table 3. Consequently the two phenomena reduce drastically the bottom drag coefficient.
As the contribution of the front part is almost the same than without control (table 2) a
45% reduction of the total drag coefficient is achieved.

To verify the jet effect of a continuous porous layer on the body end and to quantify
it, we performed a new computation to control the flow without porous slices, adding a
small uniform equivalent jet on the top back of the body. The results are presented on
figure 9 and on table 4; they show that the second phenomenon described above induces
a 27% reduction of the pressure coefficient gradient at the back and consequently a 13%
reduction of the drag. This study quantifies approximately the effect of the jet and shows
that the modification of the shear forces on the whole top of the body contributes for a
large part of the drag reduction.

For the case 3 the same comments than for the case 1 can be made (figure 2); never-
theless we observe very different results with a significant decrease of the drag coefficient.
These results suggest that the symmetry might change the vortex shedding mechanism
at the base of the Ahmed body and consequently the static pressure is close to zero. The
results for the case 4 should be, as we have shown above for case 1 and 3, better than
for the case 2. However the results are about the same as for case 2. Indeed, due to
the vertical jet, the symmetry is strongly failed in case 1 whereas the case 3 becomes
symmetric again. The loss of symmetry changes drastically the alternate vortex shedding
at the end of the body. On the contrary in cases 2 and 4 there is no vertical jet and the
symmetry is almost conserved; thus the decay is due both to the porous layers and to the
small velocities at the end of the body. The cases 5 and 6 give about the same results
than case 4, therefore adding vertical devices has no significant effect on the whole flow
even if the porous part in front (case 5) reinforces the fluid flow in the porous layers and
consequently the jet effect at the back (compare the values of the C), . on table 3). All
this study shows that, beyond the local action of the passive control by porous layers,
there is also a global change linked to the topology of the vortex dynamics that can affect
strongly the characteristics of the flow. The numerical experiments above suggest that
this global change has a beneficial action in case 3. The porous layer induces almost a
slip property in the vicinity of the solid body and consequently reduces the shear forces
acting on the body. Indeed, this is confirmed on figure 7 and tables 2 and 3 as the gain
obtained by the passive control using some porous devices is higher than the gain obtained
considering a smaller body completely removing the porous parts of the case 6 (called case
7). It is clear that the flows corresponding to cases 0 and 7 are very close to each other
as the only difference comes from the size of the body. Whereas the flows obtained with
porous devices are very different as the shear forces on the body and Darcy flow inside
the porous interfaces change the whole flow.

Let us make some general comments on the various configurations. The large gradi-
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ents of the mean vorticity fields correspond to the widest transverse eddies sizes and to
the highest drag coefficients. This is in accordance to the results given in [28]. The best
results for the aerodynamic drag are achieved when the mean vorticity is close to zero
and almost constant at the back. The drag coefficient decreases when the static pressure
gradients increase at the back (figure 7 and table 3). This is a classical result for short
bluff bodies.

On figure 8 is plotted the time history of the drag and the enstrophy in the cases 0, 2 and
5. It is clear that the passive control decreases these quantities as well as their amplitude,
their frequency and their irregularities. The table 2 shows that the mean values of the
drag coefficient are significantly reduced (more than 40%) except in the cases 1 and 3 be-
cause of the vertical jet already pointed out. The time-mean values of the drag coefficient
given in this table are very close to the root mean-square of the drag coefficient Cpy s
as the permanent regime is achieved and the drag coefficient is always positive. The flow
is also regularised as there is also a significant reduction of the Cf,.,,s for the same cases.
Consequently the vortex induced vibrations should be strongly reduced. In conclusion it
appears that the position of the porous slices is very sensible and that for a good choice
a significant improvement can be achieved by this passive control.

All the results obtained at Re = 30000 are confirmed by simulations with a higher
Reynolds number Re = 60000 as it can be seen on table 5 for cases 2 and 4. the drag
values depend on the Reynolds number but the drag reduction is in the same range. We
notice that the results for the symmetric case are this time better.

Figure 9: Time-mean static pressure coefficient C), isolines for the flow around the square
back Ahmed body in an open domain at Re = 30000. Case without control (left) and
case with control by a permanent jet on top of the back (right). Dotted lines refer to
positive values while solid lines refer to negative ones where the change in the quantity
between each subsequent isoline is equal to 0.2. The thick solid line refers to the isovalue
0.0.

3.2 Flow around the square back Ahmed body on top of a road

In this section the cases 0 to 5 of the previous section are considered with the square back
Ahmed body located on top of a road. As stated before the road is represented by a moving
ground having the same speed than the flow at infinity. The results are plotted on figures
10, 11 and 12. The time history of the drag coefficient and the enstrophy are plotted
on figure 13 and table 6 summarises the evolution of the three global quantities; The
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H H Drag coefficient ‘ Cp,.., value in the wake H

without control 0.469 -2.983
with control by a jet 0.407 (-13%) -2.165 (-27%)

Table 4: The value of the mean drag coefficient and of the minimum of the mean static
pressure coefficient C), in the close wake of the square back Ahmed body in an open
domain at Re = 30000.

H H Clrrms | Enstrophy ‘ Drag coefficient H

case 0 0.35 8268 0.549
case 2 0.27 (-23%) 8011 0.354 (-35%)
case 4 0.20 (-43%) 7931 0.310 (-44%)

Table 5: Asymptotic values of Cj,,,s and mean values of the enstrophy and the drag
coefficient for the square back Ahmed body in an open domain at Re = 60000.

minimum of the mean static pressure in the near wake is given in table 7. The enstrophy
history shows both a strong reduction and a regularisation. The same comments than
in the previous section can be done, for instance the vorticity fields plotted on figure 10
show again the negative effect of the small vertical jet in the case 1 and a porous layer on
top of the whole roof gives again the best drag reduction. At the back for this last case,
the static pressure coefficient gradients are weaker and the vorticity is close to zero (table
7 and figure 11). This is in accordance with the previous results without a road.

So we focus on the effects due to the road. With the road the aerodynamic forces are
increased and the flow rate is larger on the upper part of the body. In case 1 the porous
layer on top of the rounded part of the body has two effects: first the shedding angle is
decreased (see [28]); second the flow rate is increased on the upper part of the domain and
thus decreased under the car. Consequently the mean velocity under the car is lower and
the aerodynamic power dissipated by the floor of the car is decreased [15]. Nevertheless
the vertical jet effect described in the open case yields an increase of the up drag. In
summary, even if the drag is slightly increased, the loss of the aerodynamic performances
is less important than in the open flow case (table 6). The case 2 confirms the previous
results and gives again the best results. Here the up drag is decreased as the whole
porous slice on top of the body induces a significant increase of the flow rate on top and
a decrease of the flow rate under the car. In the other cases the flow rate under the car
increases and thus the up drag increases. However, the downstream jet effect under the
car is beneficial to the down drag and a global decrease of 30% is achieved as the mean
static pressure coefficient strongly increases in the wake (table 7). In the case 3 the jet
effect on the upper part at the bottom of the body is responsible of the increase of the
Clrrms- This is mainly due to the oblique jet in the direction to the road that increases
locally the pressure forces on the body underneath and thus increases the lift coefficient
all along the time.

As in the previous section these results show that the porous layer on the front of the
body has not a strong effect on the drag reduction. In the same way the porous layer on
the bottom is not very efficient as the gain on the down drag is compensated by a loss on
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the up drag. The effect of the porous layer is stronger than the effect of the road. As in
the previous section the cases 4 and 5 give the lowest static pressure coefficient gradients
and the case 2 gives the best drag reduction.

Figure 10: Vorticity field around the square back Ahmed body on top of a road at
Re=30000. Cases 0 (top left), 1 (top right), 2 (bottom left) and 4 (bottom right).

H H ClLrms ‘ Enstrophy ‘ Up drag ‘ Down drag ‘ Drag coefficient H
case 0 0.517 827 0.173 0.343 0.526
case 1 0.545 (+ 5%) | 835 (+ 1%) | 0.231 0.330 0.567 (+ 8%)
case 2 0.396 (-23%) | 592 (-28%) 0.156 0.166 0.332 (-37%)
case 3 0.674 (+30%) | 732 (-11%) | 0.214 0.176 0.391 (-26%)
case 4 0.381 (-26%) | 541 (-35%) 0.213 0.139 0.362 (-31%)
case 5 0.352 (-32%) | 533 (-36%) 0.217 0.127 0.354 (-33%)

Table 6: Asymptotic values of C,,,s and mean values of the enstrophy and the drag
coefficient for the square back Ahmed body on top of a road at Re = 30000.

| | Cy,... value in the wake | G, . location ||
case 0 -3.272 (10.11 , 1.53)
case 1 -3.515 (10.11 , 1.53)
case 2 “1.355 (10.22 , 1.39)
case 3 -1.681 (10.09 , 1.52)
case 4 -1.081 (10.89 , 1.34)
case 5 -1.017 (10.16 , 1.34)

Table 7: The value and the location of the minimum of the mean static pressure coefficient
C), in the close wake of the square back Ahmed body on top of a road at Re = 30000.
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Figure 11: Time-mean vorticity isolines for the flow around the square back Ahmed body
on top of a road at Re = 30000. Cases 0 (top left), 1 (top right), 2 (middle left), 3 (middle
right), 4 (bottom left) and 5 (bottom right). Dotted lines refer to negative values while
solid lines refer to positive ones where the absolute values of the isolines are 1, 2 3, 4, 6,
8, 10, 12, 15, 20 and 30.
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Figure 12: Time-mean static pressure coefficient C), isolines for the flow around the square
back Ahmed body on top of a road at Re = 30000. Cases 0 (top left), 1 (top right), 2
(middle left), 3 (middle right), 4 (bottom left) and 5 (bottom right). Dotted lines refer
to positive values while solid lines refer to negative ones where the change in the quantity
between each subsequent isoline is equal to 0.2. The thick solid line refers to the isovalue
0.0.
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Figure 13: Time history of the drag coefficient (left) and the enstrophy (right) for the
flow around the square back Ahmed body on top of a road at Re = 30000.
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4 Conclusions

A passive control technique using a porous slice implemented on some parts of the two-
dimensional square back Ahmed body is tested to reduce global quantities such as the
drag coefficient, the enstrophy or the Cp,.,,s of the flow. Further, the effect of the road on
the control results is studied.

For every successful control configuration, the aerodynamic drag decreases with the rise
of the static pressure and the decrease of the vorticity measured at the back. The drag
reduction is also linked to the decrease of the wake transverse size. In most cases the
results show the beneficial effect of the porous layer implementation on the drag reduc-
tion. As an example, a porous layer placed on the upper front corner and roof, reduces
considerably the transverse section of the wake and a drag reduction of about 45% is
achieved. The symmetrization of the control devices generally improves the results but
adding a porous slice to the vertical front wall does not change much the control. The
presence of a road decreases sligthly the efficiency of the control but does not alter the
general tendency observed without the road.

In summary this passive control approach is very promising as significant gains are ob-
tained with a good choice of the layers location. Further work on coupling both passive
and active control approaches will be performed on the three-dimensional Ahmed body
as it is shown in [31] that the flow can be reattached by a suction jet on the top of the
rear window.
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