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Zürich, CH-8092, Switzerland
and Center for Turbulence Research

NASA Ames 202A-1
Moffett Field, CA 94035, USA

petros@eniac.ethz.ch

Abstract

Active flow control can provide a leap in the perform-
nace of engineering configurations. Although a number of
sensor and actuator configurations have been proposed the
task of identifying optimal parameters for control devices
is based on engineering intuition usually gathered from un-
controlled flow experiments. Here we propose a clustering
genetic algorithm that adaptively identifies critical points in
the controlled flow field and adjusts the actuator parameters
through an evolutionary process.

We demonstrate the capabilities of the algorithm for the
fundamental prototypical problem of an actively controlled
circular cylinder. The flow is controlled using surface-
mounted vortex generators; the actuators used are belts
mounted on the cylinder surface, that modify the tangen-
tial velocity on the cylinder surface, and jet actuators, that
modify the normal velocity component on the surface. The
proposed Genetic Algorithm performs the optimization of
the actuators parameters, yielding up to 50% drag reduc-
tion. At the same time the Genetic Algorithm performs a
sensitivity analysis of the optima it finds, thus allowing a
deeper understanding of the underlying physics and also an
estimation of which actuator would be easier to implement
in a real experiment.

1. Introduction

The flow past a circular cylinder is a well established
prototypical configuration of bluff body flows [16]. Here,

for the first time, we use evolutionary algorithms in con-
junction with CFD to achieve drag reduction in active flow
control through modification of the tangential velocity on
the cylinder surface.

Several control methodologies have been suggested to
modify vortex shedding behind a circular cylinder and to
effectuate drag reduction, either with passive geometrical
modifications and/or with an open loop steady forcing. A
non-exhaustive list includes studies of the effect of a split-
ter plate attached to the cylinder studied, among others,
by [9, 20, 1, 2]. These studies achieved drag reductions
from 20 to 40% depending on the arrangement of the con-
trol devices. A free rotating cylinder attached to a split-
ter plate was considered in [6]. The placement of a small
secondary cylinder in the wake was shown to suppress the
vortex shedding while reducing the drag coefficient [18].
Another possible action is base suction/blowing [17]. Ro-
tational oscillations were studied by [19, 4]. At Reynolds
numbersRe = 15000 (Re indicates the degree of flow tur-
bulence) and for certain parameters, found after extensive
experimentation, this control action was found to induce
dramatic changes in the wake and a significant drag reduc-
tion of about 60 %. Due to experimental limitations, how-
ever, it was not possible to reveal the underlying governing
mechanisms .

While a wealth of different possible geometry modifica-
tions and/or open loop actions have been devised and stud-
ied, little effort has been devoted to algorithms optimizing
the various control parameters. Recent CFD studies of sub-
optimal control [10] have tried to remedy this situation for
simulation of flows using mass transpiration as an actuation
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mechanism. Drag reduction of up to 20% was achieved us-
ing this optimization strategy for idealized blowing/suction
actuators.

In practice, however, it remains an almost impossible
task even to cast the optimization problem in a tractable ex-
plicit analytical form for all different types of sensor and ac-
tuator devices. The dependence of the control on the type of
actuators also minimizes the generalization of certain suc-
cessful control strategies. Hence, most present day design
strategies rely mainly on trial and error experiments, driven
by human intuition derived from physical understanding of
the phenomenon. This approach has the fundamental lim-
itation that most of this understanding is based on simula-
tions and experiments of theuncontrolled flow. Moreover
when the placement of the actuators needs to be optimized
the cost function can be evaluated only for a certain actua-
tor arrangement and hence no analytical objective function
can be prescribeda priori in order to be optimized with
gradient based techniques. This motivates our interest in
automatic optimizers of thecontrolled flow that compactly
encode information about desired flow behavior in their ob-
jective function.

We conduct two-dimensional simulations for Reynolds
numberRe = 500. Two types of actuators are considered:
ideal jet actuators, performing a blowing/suction action on
the cylinder surface, and tangential belt actuators, that mod-
ify the surface tangential velocity. A study of the effect of
the tangential belt actuators has been performed in [5]; in
that study the actuators are just sliding walls, driven by the
fluid itself and not by an external force. The effect of a belt
actuator on drag reduction has been experimentally studied
in [3]; in that study a drag reduction has been observed in
an oil channel, for a flat wall.

The paper is organized as follows: Section 2 presents
flow equations, related numerical parameters of the flow
solver and the calculation of the drag coefficient which con-
stitutes the objective function to be minimized. In Section 3
we describe the Genetic Algorithm and the problem setup:
we consider an array of actuators placed on the cylinder sur-
face; the Genetic Algorithm incorporates a mutation prob-
ability dependent on the distance from a prescribed target
value of the objective function. Section 4 describes the re-
sults we obtain for tangential belt actuators and jet actua-
tors. Some conclusions are presented in Section 5.

2. Governing equations and numerical method

We consider two-dimensional incompressible viscous
flow past a circular cylinder. Governing equations are the
Navier-Stokes equations in the velocity-pressure formula-
tion

dv

dt
+ (v � r)v = �

1

�
rP + �r2

v (1)

r � v = 0 (2)

wherev is the velocity vector,P; � is the pressure and den-
sity of the flow and� denotes the kinematic viscosity.

The boundary conditions are defined as:

v(x; t) = Vext on the cylinder surface (3)

v(x; t) = U1 ex asjxj ! 1 (4)

whereVext is the surface velocity induced by the actuators,
andex is the unit vector in the stream-wise direction.U1
denotes the free-stream velocity. The Reynolds number and
Strouhal frequency of the flow are defined as :

Re =
U1D

�
St =

f D

U1

whereD = 2R is the diameter of the cylinder andf the
shedding frequency of the flow.

We also define a normalized time, by scaling time as fol-
lows:

t� =
t

ta
=

t

(D=U1)

whereta is the time taken by a fluid particle in the free
stream to be advected past the cylinder. The definition of
such normalized quantities allows a ready generalization of
the results to differently scaled geometries.

The flow solver used in this work [12] employs a stag-
gered, second order central-difference method in general-
ized coordinates. The solution is advanced in time using a
fractional step scheme, in which a third order Runge-Kutta
scheme is used for the nonlinear convection terms and a
Crank-Nicholson scheme is used for the viscous terms. A
multigrid solver is used in conjunction with a Gauss-Seidel
line-zebra scheme to solve the pressure Poisson equation.

We focus on the problem of reducing the drag, repre-
sented by the drag coefficientCD calculated from quantities
measured on the cylinder surface as:

CD =
2

�U2
1
D

Z
cyl

(pnx � �ixni)dl (5)

wherep is the pressure and�ix the viscous stress tensor on
the surface of the cylinder andni; i = x; y denotes the com-
ponents of the unit normal on the surface of the cylinder.

3. Problem setup

3.1. The flow solver and the objective function

We consider flow atRe = 500, past a cylinder whose
surface is subdivided inn = 16 equal size segments

2
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Figure 1. Location of the actuators on the
cylinder surface. The belts are numbered as
specified in the figure; also a snapshot of the
uncontrolled vorticity is reported: the flow is
from left to right.

that are allowed either to move tangentially to the cylin-
der surface, each with a different but steady velocity, or to
blow/suck steadily. In the latter case, a zero net mass flow
is imposed on the cylinder surface.

The tangential actuation configuration can be physically
realized by using a set of moving belts covering the surface
of the cylinder. It has been found experimentally by [3]
and [13] that such actuators are very efficient in achieving
significant drag reduction. Fig.1 shows the location of the
belts on the cylinder surface for the case study considered
here.

An off-line optimization is performed here for the func-
tional in Eq. 5; the objective function that we optimize is
the time average of the drag in a fixed time interval. The
average drag is computed at each simulation step, starting
from a steady uncontrolled situation and averaging over4
Strouhal periods.

3.2. The Genetic Algorithm

We use a genetic algorithm (GA) [8, 7] that was specifi-
cally designed to find a basin in parameter space containing
all parameter configurations yielding fitness values below a
given threshold [11].

We study whether this GA can automatically identify
critical points such as the separation points of the uncon-

trolled flow. ForRe = 500 these points are encompassed
by segments 4 and 13.

3.3. GA Description

The GA used in this paper is a modification of Controlled
Random Search (CRS) [14]. The algorithm is outlined in
the following paragraphs.

Let G(�) the function to be minimized,� 2 Rn the pa-
rameter vector. In a first phaseS population points are ini-
tially randomly chosen according to a uniform distribution
within a defined search volume of dimensionn. The in-
equalityS � n must hold for the algorithm to work prop-
erly. Then the algorithm proceeds as follows:

1) Choose the population point�max in which G
reaches the maximum value:
�max = arg [maxi=1;:::;M G(�i)];
Gmax = G(�max);

2) Randomly choosen+1 different population points:
�1; :::; �n+1 (breeding set). All subsequent operations
are performed on this set;

3) Mutation step: for all breeding set points, with prob-
ability

Pi = (1 � �I ) �
�
1 � �

(G(�i)�GT )

G

�
� , replace the

point �i with one randomly chosen within the search
volume limits;

4) Recombination step: for each of then + 1 points
determine the centroid,�i, of the othern points, i.e.
�i =

1

n

Pn

j=1 �j ;

4.a) Generate offspring�si = 2�i��n+1; if �si is not
contained in the search volume, process next point in
breeding set ;

4.b) CalculateG(�si): if G(�si) < Gmax then purge
�max from population, and substitute by offspring�si;

5) Compute the newGmax, if necessary;

6) Iterate steps4 and5 on the whole breeding set;

7) If convergence test fails, return to step1.

There are4 parameters, i.e.�, �, , GT and 2 vari-
ables:I andG to be defined in this scheme. The variable
I is the number of consecutive iterations in which the pop-
ulation has not changed, i.e., no offspring has substituted
any population member. It provides an empirical measure
of the need for fresh information through increased muta-
tion probability. The variableG is the average population
fitness, used as a scaling factor.

3
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Figure 2. Validation run for the best popu-
lation member. Control is switched on at
t� = 180.

The most important parameter isGT , a thresholdCD

value used for the convergence test: we declare conver-
gence once all of the population’s fitness values are below
it. Given this criterion, population points will be clustered
inside the domain defined as:f�jG(�) < GT g. The fi-
nal cluster provides a sampling of the minimum basin. This
allows to retrieve parameter correlations and other mean-
ingful quantities.

According to the formula defining mutation probability,
the parameter0 <= � <= 1 modulates the mutation rate
during the course of the optimization process, and the pa-
rameter0 <=  <= 1 enforces its upper bound, since
0 <= � <= 1. The term containing the parameter�
causes population members far from convergence (with fit-
ness> GT ) to mutate more frequently. (CRS can be re-
garded as a GA with zero mutation probability.)

4. Results

4.1. Tangential belts actuation

For a GA population of50 elements the parameters�
and� were fixed to0:25, the upper bound to 0:02 and
the thresholdGT to 0:7. This value is about50% of the
drag coefficient reported for and uncontrolled flow around
a cylinder atRe = 500 (Panton, 1996). The optimization
lasted for1500 iterations, corresponding to about30 hours
of CPU-time on a NEC SX-4 supercomputer.

On a grid twice as fine as the one used for optimization,
a validation run was performed for the best candidate in the
population. Fig. 2 plots the behavior of the drag coefficient
during the transition from the uncontrolled and controlled
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Figure 3. Histogram of the final population
cluster: number of population members (or-
dinates) attaining a given tangential velocity,
reported in the abscissas. Segments 4 and 13
contain the flow separation point.

phase. The transition phase is quite short, and the flow ap-
pears to settle quickly to the minimal drag configuration.
The shedding frequency is drastically modified while the
fluctuating amplitude in the drag coefficient is significantly
reduced.

Fig. 3 shows a histogram of the converged population.
We observe that the GA discovered that segments on oppo-
site sides of the cylinder must rotate in opposite directions,
in order to delay separation by allowing the flow to “slide”
further on the cylinder surface.

This separation delay also becomes obvious by compar-
ing the time averages of the controlled and uncontrolled vor-
ticity contours, shown in Figs 4 and 5, respectively. The
controlled wake is more elongated, a clear evidence of a
later separation, resulting in a smaller drag.

4.2. Results with jet actuators

In the case of blowing/suction actuation, all the GA pa-
rameters including the thresholdGT were kept equal to
the case of the tangential actuation, in order to consistently
compare the optimization performance.

In this case the GA did not converge to the desired
threshold and the mutation probability is saturated to its
maximum allowed value, as it is clear from fig. 6. This is an
evidence that there is an high probability that the minimum
reached is a global one.

An histogram of the final population cluster is shown in
fig. 7. In this case the most evident clustering can be ob-
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Figure 4. Vorticity contours at Re = 500 av-
eraged over 4 Strouhal periods, uncontrolled
case.

Figure 5. Steady state vorticity contours aver-
aged over 4 Strouhal periods, controlled case
using belt actuators.
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Figure 6. Ideal jet actuators, top: worst fit-
ness in the population as a function of the
optimization process iterations; bottom: mu-
tation probability averaged over the popula-
tion.

served for the velocities assigned to segments 3-4 and 13-
14, also for this kind of actuators.

The other parameters are not so much clustered as in
the tangential actuation case. This means that the segments
containing the separation point are the most important ones
in this case; however the solution yielded by the GA indi-
cates that these segments (3-4 and 13-14) must always suck,
so as to delay separation by allowing the flow to “slide”
more on the cylinder surface. This confirms that the relevant
feature for drag reduction is that the cylindrical segments
containing the separation point have to perform either an-
tisymmetric or symmetric actions, depending on the action
considered.

Furthermore, the larger spreading of the population
around the optimum that can be observed in this case sug-
gests that the optimal actuation strength has not a critical
value in the case of jet actuation, i.e. the tolerance on the
actuation strength can be larger for the jet actuators. This
fact can play a crucial role in the choice of which of these
devices could be easier to be implemented in real world ap-
plications.

The time average of the vorticity contours near the cylin-
der, in fig. 8, show that the modification in the flow behavior
due to this kind of actuation is very similar to the tangential
actuation case.

5. Conclusions

A clustering Genetic Algorithm was used to study the
drag reduction yielded by imposing a steady angular ve-
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Figure 7. Population clustering, ideal jet actu-
ators.

Figure 8. Ideal jet actuators: time averaged
vorticity contours near the cylinder, control
switched on.

locity profile to the boundary of a circular cylinder. The
clustering feature of the algorithm allowed to examine the
parameter correlations and to arrive at optimal velocity con-
figurations, yielding a drag reduction of about50%.

The genetic algorithm provides a systematic way to iden-
tify the significant parameters of the problem pertaining to
critical points of the flow such as the separation points.
An antisymmetric motion of segments near the separation
points, directed in such a way so as to delay separation, has
been found to be the most important feature of this active
control system in the case of belt actuators, while a steady
suction in correspondence of the same segments has been
found to have the same effect. The first conclusion that can
be drawn is that the GA confirmed quantitatively what com-
mon sense would suggest, i.e. in order to reduce the drag
the flow should stay attached to the body surface as long as
possible.

Another less trivial conclusion can be drawn by compar-
ing the classes of solutions found for the two different kinds
of actuation. From this comparison it emerges clearly that
jet actuators yield a cost function with a shallower mini-
mum basin, meaning that the tolerances for the jet actuation
strengths can be larger than the tolerances needed for the
belt actuators. This means that from this viewpoint jet actu-
ators should be easier to implement.

The results of the algorithm demonstrate the capabili-
ties of the proposed GA to efficiently solve drag minimiza-
tion problems. The study presented in this paper can be
also viewed as an evolutionary optimization method pro-
ceeding in an automatic, hierarchical fashion, by identify-
ing the key parameters of the flow through the analysis of
the minimum basin and further optimizing the parameters
that appear more significant for the cost function. Physical
insight and also useful hints for practical implementation
can be obtained by observing the optimization route and the
clustering of the actuator parameters.
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