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This paper deals with the application of remeshed particle methods for the simulation and control of wakes
behind obstacles. We consider passive as well as active control strategies. Active control consists of jets at
the boundary and we show how enhancing natural 3D instabilities of the flow can reduce the drag. Passive
control strategies consist of porous coatings on the obstacle and we investigate optimal locations of the
porous coating to regularize the wake downstream and reducethe drag.
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1. Introduction
The control of wakes remains a challenging topic of great

importance in aircraft and automobile industry. Dependingon
the particular application, wake control can have various goals
and can be achieved either by passive or active strategies. Ac-
tive control implies that one is ready to impart energy on the
flow by means of actuators on the surface of the obstacle, keep-
ing in mind that this energy must be included in the global
energy budget to conclude on the efficiency of the particular
control strategy. Most often passive control consists of shape
optimization based on the addition of appendices like foilers or
ribblets on the surface of the obstacle. Another possibility is to
locally modify the physical properties of the body surfaces. In
all cases, the goal is to modify the boundary layer, either inor-
der to minimize the production of vorticity, and thus the global
strength of the wake, or to produce a wake that is organized in
a way that will reduce its impact on the drag value.

In this paper we will review works in our group in the two di-
rections outlined above. In the first part we will focus on active
control strategies which consist of jets located on the surface of
the body [1]. The body is a circular cylinder. We in particular
investigate how to devise efficient 3D strategies and how opti-
mal 3D solutions differ from their 2D counterpart. In this case
the topology of the wake, and not only its strength, impacts the
drag forces. Active control using three-dimensional parameters
turns out to be much more efficient than for the 2D case.

In the second part, we consider 2D passive control devices
consisting of porous coatings on the surface of the body [2].In
this case the body is a semicircular cylinder seen a prototype for
an outside mirror. We in particular investigate the effect of the
size and location of the porous coating both on the enstrophy
production and drag values.

In both cases the simulation method is a remeshed particle
method for the vorticity formulation of the Navier-Stokes equa-
tions, but the methods to enforce boundary conditions at the
body differ. In the first case, we use vorticity fluxes [3,4,5]on
a cylindrical body-fitted mesh. In the second case we use a pe-
nalization method on a cartesian mesh independent of the body
geometry [6].

2. Active control of the wake of a cylinder
The 2D and 3D cylinder are classical benchmarks to inves-

tigate the physical properties of wakes and the relationship be-

Figure 1: Actuator configuration on the cylinder surface (left,
from [11] ) and velocity profile fitting the best population ob-
tained by the CGA (right).

tween these properties and the values of the drag. Since the
works of [7,8,9,10] it is known that manipulations of the body
velocity can have strong impact on the wake topology and thus
on the values of the drag.

2.1. The 2D case
A systematic study has been done in [11] to identify the tan-

gential velocity profiles that would be optimal for drag reduc-
tion. In this work the velocity controllers consisted of tangen-
tial velocities with a given energy and the optimization tech-
nique was a clustering genetic algorithm. The surface of the
cylinder was divided into 16 panels as shown on Fig.1. In the
optimal configuration, the drag reduction resulted essentially
from the action of the actuators 3-4 ad 13-14, at an angle of
aboutπ/3 downstream on the surface of the cylinder, that is
close to the separation point.

2.2 The 3D case
Although the geometry of a cylinder is two-dimensional, it

spontaneously generates three-dimensional instabilities. Re-
markably, these three dimensional instabilities go with a de-
crease of the drag (see Fig.??). It is therefore natural to ex-
pect that control devices can be more efficient if they reinforce
these three dimensional instabilities. The idea is therefore to
start from the two-dimensional profile identified above, andto
superimpose a three-dimensional modulation on top of this pro-
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Figure 2: Evolution of the drag coefficient for a three-
dimensional cylinder wake atRe = 300 (the dashed lines de-
note the reference values1.374 and1.262) showing the drag
decay when the flow become 3D. From [11].]
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Figure 3: Tangential velocity profile as a function of the angle
to miniize 2D drag. From [1].

file.
One first needs to define a continuous profile that matches

the discrete values obtained in [11]. The following function
fulfills this goal

f(θ) = α
∑

j=1,2

(−1)j

σ
√
2π

exp

(−(x+ (−1)jm)2

2σ2

)

(1)

with α = 0.3342, m = 1.03 andσ = 0.21. It is plotted on
Fig. ??.

Simulation method. As we will se the optimization technique
relies on repeated 3D simulations. It is therefore necessary to
have at hand a numerical method which is both inexpensive
and reliable. Remeshed vortex methods were designed in [3]
to fulfill these properties for 2D wakes. Extensions for the sim-
ulation of 3D wakes work as follows.

• The vorticity field is discretized on particles:ω(x, t) =
∑

p ωpδ(x− xp(t))

• The particlesxp are convected with the flow velocity:

dxp/dt = u(xp, t)

A second order Runge-Kutta scheme is used to integrate
the equations of motion.

• At each time step, particles are remeshed onto a cylindri-
cal grid. On this grid the velocity field is evaluated with
no-through flow conditions, using a second order, FFT-
based, Poisson solver. The strengths of the particles are
modified on the grid to account for vortex stretching and
diffusion.

Mode coefficientsc0 or (a2k + b2k)
1/2 CD

Case k = 0 k =1 k = 2 k = 3 k = 4 Re = 300
I 0 0 0 0 0 1.26
II 0.316 0 0 0 0 1.143
III 0.22 0.139 0.015 0.011 0.178 0.862

Table 1: Averaged drag : no control (CaseI), 2D control (Case
II), optimal 3D control (CaseIII). From [1].

• The wall boundary conditions are translated into vorticity
fluxes for the tangential components of the vorticity and
homogeneous Dirichlet condition for the normal compo-
nent. (see for instance [12,4,13]).

The Lagrangian treatment of the vorticity advection method
allows the use of comparatively small computational domains
and large time-steps without compromising neither the stabil-
ity nor the accuracy of the method in the presence of strong
variations in the boundary conditions [4]. In the optimization
runs, the cylindrical(r, θ, z) computational domain was ex-
tending toRmax = 1 + 4πintheradialdirectionandL = πD
in the spanwise direction, whereD is the cylinder diameter. For
Re = 300, the resolution was set to256×128×64 grid points.
For Re = 1000, the resolution was doubled in all directions,
with a time stepδt = 0.0625.

Optimization strategy and results. The 3D control velocity
profiles of the present optimization study are spanwise modu-
lations of the 2D profile given above. The velocity profile is
parameterized in terms of harmonics of the cylinder span :

Uθ(θ, z) = U∞ f(θ)
(

c0 +
√
2

n
∑

k=1

ak sin (2πkz/L) + bk cos (2πkz/L)

)

eθ

where the harmonics have a wavelengthλk = L/k. We have
selectedn = 4 resulting in9 parameters for the optimization.
Note that the modesk = 1, k = 3 correspond to the so-called A
and B natural modes of the natural instabilities in the cylinder
wake [14]. The coefficientsc0 andak, bk are determined under
the constraint of constant energy. To roughly match the energy
corresponding to the blowing and suction control of [10] the
following condition is imposed

c20 +
∑

k

|ak|2 + |bk|2 = 0.1.

The opimization method proceeds as follows : systematic
search on each plane given by two coefficients is done by run-
ning the flow equations forRe = 300. Then, around each plane
minimum, a local gradient descent is performed to further im-
prove the efficiency of the control. This procedure led to the
parameters and drag values indicated on table 1. The drag re-
duction reaches about30% for the 3D control, to be compared
to about10% for the 2D control. Fig. 4 is a top view of isosur-
faces of the vorticity magnitude. On can see that the 3D control
enhances the production of streamwise vorticity and weakens
the strength of the Karman rollers.

The same perturbation parameters were used to run a case at
a Reynolds number of1000. In that case also the 3D control
proved to be much more efficient than its 2D counterpart (see
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Figure 4: Top views of isovorticity surfaces for the uncon-
trolled (CaseI), 2D control (CaseII) and 3D control (case
III) for Re = 300. From [1].
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Figure 5: Drag time history forRe = 1, 000 : uncontrolled
flow (—, CaseI), 2D control (− ·−, CaseII), and optimal 3D
control (−−, CaseIII). From [1].
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Figure 6: Contours of spanwise quadratic averaged vorticity at
Re = 1000 : without control (top picture), with optimal 2D
control (middle picture), and with the parameters of CaseIII
(bottom picture). From [1].

Fig. ??). The 3D control in that case appears to have also a
smoothing effect in the near wake, as shown on Fig.??.

3. Passive control by porous coatingExternal mirrors, al-
though they represent only a small portion of the surface of the
car (about0.5%) can be responsible of up to10% of the total
drag. For these devices it would be very difficult to implement
active control strategies. Here we investigate passive control
strategies that consist of a porous coating laid on the surface of
the body.

3.1. Physical setup
The prototype geometry we consider is a semi-cylinder and

the porous coating consist of a layer that can be either uni-
formly laid on the surface, or only at the tips of the surface.
We will consider various porosity, thickness and distributions
of the porous coating, as shown on Fig.??.

D DD

case 1

✁solid

D

� layer = 1 ✂ layer = 10

D

✄solid

✄solid

☎ layer = 1
✆ layer = 10 ✄solid

☎ layer = 1 ✂ layer = 10
✄solid

case 2 case 3 case 4 case 5

D

case 0

✁solid

Figure 7: Cases 1 to 5 corresponding to different porous layer
configurations. Case 0 depicts the uncontrolled case.

Following [15] the transition between the fluid and the solid
can be decomposed in 5 different zones. The first one is the
boundary layer inside the porous medium, close to the solid
wall. The second region is occupied by and homogeneous
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porous flow with Darcy velocity (numbers 1 and 2 in Fig.??).
In the vicinity of the porous-fluid interface, two transientlayers
can be recognized (numbers 3 and 4 in Fig.??). The first one
corresponds to the increase of the porous layer velocity to reach
the valueui at the interface and the second one corresponds to
the fluid boundary layer located at at the interface with the free
flow. The width of the fluid boundary layer is determined by
u0 − ui whereu0 denotes the velocity of the main fluid flow
(number 5 in Fig.??).

uD

u i

u0

x

y

2

1

3

4

5

Solid body

Porous medium

Fluid domain

Figure 8: Velocity profile in the vicinity of a porous medium.
From [2].

3.1. Simulation method
Like in the previous section the numerical method was a

remeshed vorticity particle methods. However the method dif-
fers by the way the no-slip condition at the body is handled. In
the present case a penalization method was chosen [16]. The
idea behind this method is to consider the whole fluid-solid
system as a single flow, governed by the Navier-Stokes equa-
tion, with a porosity varying from0 in the fluid to infinity in
the solid. This model, originally expressed in velocity-pressure
formulation in [16], has been extended to the vorticity formula-
tion [6]. An improved implementation of this method has been
proposed in [17].

For the flow around a solid bodyS he penalization method
amounts to solving the following equation

∂ω

∂t
+ (u.∇)ω =

1

Re
∆ω +∇× [λ χS(us − u)], (2)

complemented with inflow and outflow boundary conditions at
the boundary of the computational domain. In the above equa-
tion χS is the characteristic function ofS andλ is a large co-
efficient (inverse of the porosity of the solid). In practicethis
equation is solved in a time-splitting algorithm, alternating ad-
vection, diffusion and penalization steps. For stability reasons
the penalizations is solved in an implicit fashion. If∆t denotes
the time step, the penalization step to obtain the new vorticity
field from the previous velocity field reads

ω
n+1 = ∇×

[

u
n + λ∆tχSus

n

1 + λ∆tχS

]

. (3)

One nice feature of this model is that it allows to use cartesian
grids, even for complex geometries, and therefore in particular
to use fast Poisson solvers to compute the velocity from the
vorticity, and to handle moving objects. It has in particular
been used with success to find optimal swimming modes for
fishes [18,19].

In the context of the present work, it offers one more advan-
tage. If the obstacle is made of a solid part surrounded by a
porous medium, the same flow model can be used to handle
all components of the system, by varying the porosity coeffi-
cient and thus the parameterλ. This approach can be seen as
an alternative to approaches where one solves the porous flow
enforcing appropriate porous-fluid boundary conditions [20] or
where the Darcy equations are coupled with the Navier-Stokes
equations though appropriate interface conditions [21,22].

In all the experiments shown in the following, the semi-
circular cylinder has a dimensionless diameter ofd = 1 includ-
ing a porous layer of thicknessτ , centered at(x, y) = (0, 0)
in the computational domainD = [−4, 8] × [−5, 5]. Two
values of the Reynolds number are considered :Re = 550 and
Re = 3, 000. These two values correspond to laminar flows,
which allows to remain in the DNS regime, and allow to inves-
tigate the effect of the transition to turbulence.

Results and discussionWe first consider the case of a uniform
coating (cases 1 to 3) and investigate the effect of the porosity
coefficient. In these experiments the width of the porous layer
is fixed to10% of the diameter of the solid body.

Figure ?? shows the evolution of the drag and enstrophy.
One can observe that beyondλ = 100 the porous coating has
no effect on the drag. It is interesting to observe that ifλ is of
the order of1, which corresponds to a very permeable coating,
the drag is roughly equal to its value for the reduce cylinder, but
the enstrophy is about10% below. This shows that the porous
coating has a visible regularizing effect.

At this stage, one can conclude that a uniform coating has
little or no effect, except for values of the permeability which
do not seem realistic from the practical point of view.

The table?? summarizes the results obtained in all configu-
rations and allows to measure the effect of the location of the
porous coating.

Re= 550

τ = 10%d Fx Enstrophy
case 0 (no control) 0.977 158.4
case 1 0.695 (-29%) 97.5 (-38%)
case 2 0.970 (-0.7%) 114.4 (-28%)
case 3 0.668 (-32%) 87.4 (-45%)
case 4 0.551 (-44%) 110.2 (-30%)
case 5 0.738 (-24%) 125.2 (-21%)

Table 2: Reduction effects resulting from the different porous
layer configurations compared to the uncontrolled case at
Re=550 with a coating widthτ = 10%d. From [2].

These results show how important the location of the porous
coating is. Case 4 strikingly outperforms case 1, although it in-
volves the same permeability coefficient, on a smaller surface.
Similarly, case 5 outperforms case 2. The same trends can be
seen for the higher Reynolds number case (see Table??). In
that case a uniform coating withλ = 10 produces even more
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Figure 9: Effects of various layer permeabilities on drag force
(left) and enstrophy (right) for the flow past a semi-circular
cylinder at Re=550. From [2].

Re= 3000

τ = 10%d Fx Enstrophy
case 0 (no control) 0.926 334.2
case 1 0.870 (-6%) 236.7 (-29%)
case 2 1.054 (+14%) 248.8 (-26%)
case 3 0.922 (-0.4%) 223.2 (-33%)
case 4 0.737 (-20%) 270.6 (-19%)
case 5 0.860 (-7%) 281.3 (-16%)

Table 3: Same as Table?? for Re = 3000. From [2].

drag that the uncontrolled configuration. In all cases he layers
laid on the tips withλ = 10 give approximately the same drag
reduction than the uniform coatings withλ = 1. As we will se
below, the reason of these performances is that the crosswise
width of the wake is smaller when the porous coating is only
placed on the tips.

We finally investigate the impact of the porous layer width.
Reducing the width of the porous layer makes the performance
of the control even more sensitive to its location. We show
in Tables?? and?? the drags obtained in Cases 1 to 5 for a
porous layer width of2.5% of the diameter. It is remarkable
that, forRe = 3, 000, cases 4 and 5, where the porous layer
is only located at the tips, are the only cases which yields drag
reduction. It is also interesting to note that for cases 1 to 3,
the enstrophy is lower than in the uncontrolled case, but the
drag is higher. The drag reduction must therefore result from a
different organization of the wake and not from its strength.

An inspection of the vorticity in the wake in Fig.??, the
wakes corresponding to cases using the same porosity value,
but different coating locations, are shown side-by-side, indeed

Re= 550

τ = 2.5%d Fx Enstrophy
case 0 (no control) 0.977 158.4
case 1 0.821 (-16%) 139.3 (-12%)
case 2 0.879 (-10%) 134.5 (-15%)
case 3 0.824 (-16%) 129.6 (-18%)
case 4 0.768 (-21%) 140.2 (-11%)
case 5 0.810 (-17%) 143.4 (-10%)

Table 4: Reduction effects brought by the different porous
layer configurations in comparison to the uncontrolled caseat
Re=550 whenτ = 2.5%d. From [2].

Re= 3000

τ = 2.5%d Fx Enstrophy
case 0 (no control) 0.926 334.2
case 1 1.011 (+9%) 318.4 (-5%)
case 2 1.018 (+10%) 283.7 (-15%)
case 3 0.929 (+0.4%) 271.1 (-19%)
case 4 0.806 (-13%) 331.4 (-0.8%)
case 5 0.828 (-10.5%) 320.6 (-4%)

Table 5: Same as Table?? for Re = 3000. From [2].

shows that locating the porous coating at the tip of the semi-
cylinder results in a narrower extent of the wake in the cross-
stream direction, which explains why the resulting drag forces
are less important in this configuration.

4. ConclusionWe have shown two examples of wake control,
illustrating the gain that can be obtained by adapting the control
strategy to the geometry of the flow. The first example is a case
of active flow control where tangential velocities are imparted
on the flow. In this case we have shown that 3D profiles based
on the natural 3D instabilities of the wake dramatically improve
the control efficiency. In the second case we have shown that
adjusting a porous layer around the separation points is more
efficient than spreading the same layer with same porosity on
the entire surface of the body.

Future plans are to combine the approached followed in
these studies to optimize the location and width of the porous
layer in more realistic 3D geometries of external mirrors.

These studies were done for low to intermediate Reynolds
numbers (up to 1000 for the 3D case and 3000 for the 2D case).
For higher Reynolds numbers, higher resolutions or LES sim-
ulation tools will be necessary to investigate control strategies.
For higher Reynolds numbers, the friction drag dominates and
one can also expect that different configurations and strategies
will give more efficient control strategies.
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Figure 10: Vorticity in the near wake. Cases 4 and 5 are shown
side-by-side with cases 1 and 3, repectively. From top to bot-
tom : Re = 550, cases 1 and 4,Re = 550, cases 2 and 5,
Re = 3, 000, cases 1 and 4,Re = 3, 000, cases 2 and 5. From
[2].
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