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This paper deals with the application of remeshed parti@éhods for the simulation and control of wakes

behind obstacles. We consider passive as well as activeotsirategies. Active control consists of jets at

the boundary and we show how enhancing natural 3D instasilif the flow can reduce the drag. Passive
control strategies consist of porous coatings on the olestawl we investigate optimal locations of the

porous coating to regularize the wake downstream and rettieairag.

Keywords: Cylinder wakes, Drag reduction, Porous medium, Vortexhoet Penalization method

1. Introduction r
The control of wakes remains a challenging topic of great st
importance in aircraft and automobile industry. Depending "
the particular application, wake control can have varicoeg 05
and can be achieved either by passive or active strategies. A of
tive control implies that one is ready to impart energy on the s}
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 afpgh
optimization based on the addition of appendices like feiter
ribblets on the surface of the obstacle. Another posgihiito
locally modify the physical properties of the body surfades

Figure 1: Actuator configuration on the cylinder surfacét(le
all cases, the goal is to modify the boundary layer, eitherin from [11] ) and velocity profile fitting the best population-ob

der to minimize the production of vorticity, and thus thelzfbd tained by the CGA (right).
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 ot
control strategies which consist of jets located on thesserbf
the body [1]. The body is a circular cylinder. We in partiqula
investigate how to devise efficient 3D strategies and howv opt
mal 3D solutions differ from their 2D counterpart. In thisea 2-1- The 2D case
the topology of the wake, and not only its strength, impawst A Systematic study has been done in [11] to identify the tan-
drag forces. Active control using three-dimensional parmrs gential velocity profiles that would be optimal for drag redu
turns out to be much more efficient than for the 2D case.  tion. In this work the velocity controllers consisted of gem-

In the second part, we consider 2D passive control devicég! velocities with a given energy and the optimizationhtec
consisting of porous coatings on the surface of the bodyifi2]. Nique was a clustering genetic algorithm. The surface of the
this case the body is asemicircular Cy”nderseen a prmp Cylinder was divided into 16 panels as shown on F|gl In the
an outside mirror. We in particular investigate the effdthe  OPtimal configuration, the drag reduction resulted esati
size and location of the porous coating both on the enstroplff)gm the action of the actuators 3-4 ad 13-14, at an angle of
production and drag values. aboutr /3 downstream on the surface of the cylinder, that is

In both cases the simulation method is a remeshed partiéiose to the separation point.
method for the vorticity formulation of the Navier-Stokegpia-
tions, but the methods to enforce boundary conditions at tt#%2 The 3D case
body differ. In the first case, we use vorticity fluxes [3,498] Although the geometry of a cylinder is two-dimensional, it
a cylindrical body-fitted mesh. In the second case we use a ppontaneously generates three-dimensional instabilitiee-
nalization method on a cartesian mesh independent of the basharkably, these three dimensional instabilities go withea d

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

geometry [6]. crease of the drag (see Fig?). It is therefore natural to ex-
pect that control devices can be more efficient if they reitdgo
2. Active control of the wake of a cylinder these three dimensional instabilities. The idea is theeetfo

The 2D and 3D cylinder are classical benchmarks to investart from the two-dimensional profile identified above, &nd
tigate the physical properties of wakes and the relatignisei  superimpose a three-dimensional modulation on top of tlois p
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time Usot/ R Table 1: Averaged drag : no control (Ca9e2D control (Case

11), optimal 3D control (Cas&/1). From [1].
Figure 2: Evolution of the drag coefficient for a three-
dimensional cylinder wake dte = 300 (the dashed lines de-
note the reference valuds374 and 1.262) showing the drag
decay when the flow become 3D. From [11].]

e 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 domain
and large time-steps without compromising neither theilstab
ity nor the accuracy of the method in the presence of strong
variations in the boundary conditions [4]. In the optimiaat
runs, the cylindrical(r, 6, z) computational domain was ex-
tending toRax = 1 + 4mwintheradialdirectionandL = wD

in the spanwise direction, whefeis the cylinder diameter. For
Re = 300, the resolution was set &6 x 128 x 64 grid points.

For Re = 1000, the resolution was doubled in all directions,

Figure 3: Tangential velocity profile as a function of the leng With & time stepit = 0.0625.
to miniize 2D drag. From [1].

Optimization strategy and results. The 3D control velocity
profiles of the present optimization study are spanwise modu
file. lations of the 2D profile given above. The velocity profile is
One first needs to define a continuous profile that matchgarameterized in terms of harmonics of the cylinder span :
the discrete values obtained in [11]. The following funotio
fulfills this goal Us(0,2) = Uss f(0)

f0) = Z (_12); exp (—(m + (—1)jm)2) ) (Co + \/52 ay sin (2wkz/L) + by, cos (27rkz/L)> ey

202 k=1

j=1,2

T where the harmonics have a wavelength= L/k. We have
with o = 0.3342, m = 1.03 ando = 0.21. It is plotted on selectedh = 4 resulting in9 parameters for the optimization.
Fig. ?2. Note thatthe modes = 1, k = 3 correspond to the so-called A

and B natural modes of the natural instabilities in the cgin

Simulation method. As we will se the optimization technique wake [14]. The coefficientsy anday, b;, are determined under
relies on repeated 3D simulations. It is therefore necggsar the constraint of constant energy. To roughly match theggner
have at hand a numerical method which is both inexpensiw®rresponding to the blowing and suction control of [10] the
and reliable. Remeshed vortex methods were designed in f8]lowing condition is imposed
to fulfill these properties for 2D wakes. Extensions for time-s
ulation of 3D wakes work as follows. i+ Z la)? + [bx|* = 0.1,

e The vorticity field is discretized on particles:(x,t) = §

>, wpd(@ — zp(t)) The opimization method proceeds as follows : systematic

search on each plane given by two coefficients is done by run-

ning the flow equations fake = 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
A second order Runge-Kutta scheme is used to imegrd?@ra_meters and drag values indicated on table 1. The drag re-
the equations of motion. duction reaches abo86% for the 3D control, to be compared

to aboutl0% for the 2D control. Fig. 4 is a top view of isosur-

e At each time step, particles are remeshed onto a cylindfiaces of the vorticity magnitude. On can see that the 3D obntr
cal grid. On this grid the velocity field is evaluated withenhances the production of streamwise vorticity and wesaken
no-through flow conditions, using a second order, FFTthe strength of the Karman rollers.
based, Poisson solver. The strengths of the particles areThe same perturbation parameters were used to run a case at
modified on the grid to account for vortex stretching an@ Reynolds number af000. In that case also the 3D control
diffusion. proved to be much more efficient than its 2D counterpart (see

e The particlese,, are convected with the flow velocity:

dxy/dt = u(xp,t)
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Figure 6: Contours of spanwise quadratic averaged vortatit
Re = 1000 : without control (top picture), with optimal 2D
control (middle picture), and with the parameters of CAEE
(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 #y.

3. Passive control by porous coating=xternal mirrors, al-
though they represent only a small portion of the surfacbef t
car (abou0.5%) can be responsible of up 1®% of the total
drag. For these devices it would be very difficult to impletnen
active control strategies. Here we investigate passivéraon
strategies that consist of a porous coating laid on the ceidh

Figure 4: Top views of isovorticity surfaces for the unconthe pody.

trolled (Casel), 2D control (Case/I) and 3D control (case
117) for Re = 300. From [1].

Re=1000

1.4

Figure 5: Drag time history foRRe = 1,000 : uncontrolled
flow (—, Casel), 2D control (- - —, Casel I), and optimal 3D
control (——, CaselII). From [1].

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 distribos
of the porous coating, as shown on FR?.

case 0 case 1 case 2 case 3 case 4 case 5

¢eeqae

B Agiig I Agyer =1 I hger =10 T Ajgyer =1 S Mg =1 T Aigger =10
= Agiig = Asiig O Agyer =10 =m0 Agig = A
B Asolig

D

Figure 7: Cases 1 to 5 corresponding to different porous laye
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



porous flow with Darcy velocity (numbers 1 and 2 in FRf).

In the vicinity of the porous-fluid interface, two transidsyers
can be recognized (numbers 3 and 4 in Fg). The first one
corresponds to the increase of the porous layer velocigeolr
the valueu; at the interface and the second one corresponds
the fluid boundary layer located at at the interface with tee f
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One nice feature of this model is that it allows to use caatesi
grids, even for complex geometries, and therefore in paeic

to use fast Poisson solvers to compute the velocity from the
vorticity, and to handle moving objects. It has in particula
been used with success to find optimal swimming modes for
fishes [18,19].

flow. The width of the fluid boundary layer is determined by In the context of the present work, it offers one more advan-

uo — u; Whereuy denotes the velocity of the main fluid flow
(number 5 in Fig??).

y
uo

Fluid domain

@ Porous medium

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
remeshed vorticity particle methods. However the methéd di
fers by the way the no-slip condition at the body is handled. |

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 parametkr This approach can be seen as
an alternative to approaches where one solves the porous flow
enforcing appropriate porous-fluid boundary conditiorty f
where the Darcy equations are coupled with the Navier-Stoke
equations though appropriate interface conditions [Z1,22

In all the experiments shown in the following, the semi-
circular cylinder has a dimensionless diametet ef 1 includ-
ing a porous layer of thickness centered afz,y) = (0, 0)
in the computational domai = [—4, 8] x [-5, 5]. Two
values of the Reynolds number are consider&d = 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 discussioWe first consider the case of a uniform
coating (cases 1 to 3) and investigate the effect of the jgros
coefficient. In these experiments the width of the porousray
is fixed to10% of the diameter of the solid body.

Figure ?? shows the evolution of the drag and enstrophy.
One can observe that beyond= 100 the porous coating has
no effect on the drag. It is interesting to observe thati$ of
the order ofl, which corresponds to a very permeable coating,
the drag is roughly equal to its value for the reduce cyliniet
the enstrophy is abou0% below. This shows that the porous
Boating 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 permeabilityiah

the present case a penalization method was chosen [16]. Th¢not seem realistic from the practical point of view.

idea behind this method is to consider the whole fluid-soli

d The table?? summarizes the results obtained in all configu-

system as a single flow, governed by the Navier-Stokes eqyazions and allows to measure the effect of the location ef th

tion, with a porosity varying front) in the fluid to infinity in
the solid. This model, originally expressed in velocitggsure
formulation in [16], has been extended to the vorticity folas

porous coating.

tion [6]. An improved implementation of this method has been Re = 550
proposed in [17]. 7 =10%d F, Enstrophy
For the flow around a solid body he penalization method case 0 (no control)  0.977 158.4
amounts to solving the following equation case 1 0.695 (-28) 97.5 (-38%)
case 2 0.970 (-0%) 114.4 (-28%)
w +(UV)w = iAw +V x [\ ys(us — u)], ) case 3 0.668 (-32) 87.4 (-4%%)
ot Re case 4 0.551 (-44) 110.2 (-30%)
complemented with inflow and outflow boundary conditions at _case 5 0.738 (-24)  125.2 (-21%)

the boundary of the computational domain. In the above equa-

tion x ¢ is the characteristic function ¢f and\ is a large co-
efficient (inverse of the porosity of the solid). In practibés
equation is solved in a time-splitting algorithm, alteingtad-
vection, diffusion and penalization steps. For stabilggsons
the penalizations is solved in an implicit fashionAlf denotes
the time step, the penalization step to obtain the new vtyrtic
field from the previous velocity field reads

u" 4+ AAtyxsug”

n+1 _ V
@ 17T T MAtxs

3)

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

These results show how important the location of the porous
coating is. Case 4 strikingly outperforms case 1, althotigh i
volves the same permeability coefficient, on a smaller setfa
Similarly, case 5 outperforms case 2. The same trends can be
seen for the higher Reynolds number case (see T&Bleln
that case a uniform coating with = 10 produces even more
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[ — Re= 550
0s | ] case 0 (nocontrol)  0.977 158.4
o MARHHPNNAAAAAARY e o010 1os 15
L 06 1 case 2 0.879 (-19) 134.5 (-1%%)
04 | posr'gﬂg %: ]883 case 3 0.824 (-1%) 129.6 (-18%)
porous A =100 case 4 0.768 (-24) 140.2 (-1)
02t porous A=10 —— |
porous %:(1) — case 5 0.810 (-1%) 143.4 (-1)
ul = —

0

50 55 60 65 70 75 80 Table 4: Reduction effects brought by the different porous
T ‘ ‘ layer configurations in comparison to the uncontrolled Gse
Re=550 wherr = 2.5%d. From [2].

200

150 ¢ ] Re = 3000
e e e S vy 7 = 2.5%d Fy Enstrophy
N 100 e case 0 (nocontrol)  0.926 334.2

pofgﬂfs‘ 2108 —— case 1 1.011 (+8) 318.4 (-3%)
50 r pg:ﬁgﬁs?\; 10— case 2 1.018 (+10) 283.7 (-1%0)
porous ﬁ:é — case 3 0.929 (+0%4) 271.1(-1%)
O e e & 0 = case 4 0.806 (-13) 331.4 (-0.8%0)

T case 5 0.828 (-10%) 320.6 (-4%)

Figure 9: Effects of various layer permeabilities on dragéo Table 5: Same as TabR? for Re = 3000. From [2].

(left) and enstrophy (right) for the flow past a semi-circula

cylinder at Re=550. 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 dragésr

Re= 3000 are less important in this configuration.

7 =10%d F, Enstrophy
case 0 (no control) 0.926 334.2 4. ConclusionWe have shown two examples of wake control,
case 1 0.870 (%)  236.7 (-2%) illustrating the gain that can be obtained by adapting tmérob
case 2 1.054 (+T4) 248.8 (-26%) strategy to the geometry of the flow. _The flrst_ gxamplg is a case

of active flow control where tangential velocities are intpdr
case 3 0.922(-04)  223.2(-3%c) on the flow. In this case we have shown that 3D profiles based
case 4 0.737(-20)  270.6 (-1%0) on the natural 3D instabilities of the wake dramatically ioe
case 5 0.860 ()  281.3(-164) the control efficiency. In the second case we have shown that

adjusting a porous layer around the separation points i€ mor
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
drag that the uncontrolled configuration. In all cases her&y o g0 studies to optimize the location and width of the psrou
laid on the tips with\ = 10 give approximately the same dragIayer in more realistic 3D geometries of external mirrors.

reduction than the uniform coatings with= 1. As we will se . These studies were done for low to intermediate Reynolds
b‘?'OW* the reason .Of these performances is that th.e CraSWh mbers (up to 1000 for the 3D case and 3000 for the 2D case).
Wlldtthf thi W"’.lke is smaller when the porous coating is ol higher Reynolds numbers, higher resolutions or LES sim-
placed on t € '[IpS.. ) _ ulation tools will be necessary to investigate controltsgies.

We finally investigate the impact of the porous layer widthgor higher Reynolds numbers, the friction drag dominates an

Reducing the width of the porous layer makes the performangge can also expect that different configurations and sfiezte
of the control even more sensitive to its location. We shoyyj give more efficient control strategies.

in Tables?? and ?? the drags obtained in Cases 1 to 5 for a

porous layer width o2.5% of the diameter. It is remarkable AcknowledgmentThe authors acknowledge the support of the

that, for Re = 3,000, cases 4 and 5, where the porous layeRgence National de la Recherche (ANR). Part of this research
is only located at the tips, are the only cases which yieldg dr corresponds to a collaboration with Plastic Omnium and G.H.
reduction. It is also interesting to note that for cases 1,t0 qttet, Chlo Mimeau and Iraj Mortazavi thank Philippe Gitot

the enstrophy is lower than in the uncontrolled case, but thgy fryitful discussions . G.-H. also acknowledges the sarpp
drag is higher. The drag reduction must therefore resuth @0 f |nstitut Universitaire de France (IUF).

different organization of the wake and not from its strength

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

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