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To improve aerodynamic performance, the active and passive flow control parameters are optimized in different

combinations. The flow is simulated by solving the Navier–Stokes equations and a turbulence model. The active flow

control is applied using flow suction or blowing on an airfoil, and its design variables are set to be the location and the

angle of the suction/blowing port and the mass flow coefficient at this port. Airfoil surfaces are parameterized by

using Bezier curves to optimize an airfoil shape in a passive way. To validate the computational methodology,

successful comparisons have beenmadewith available data. A reel coded genetic algorithm is used in all optimization

processes. For the demonstration problems considered herein, the best result is provided by the sequential

optimization process, which results in 575.8% increment in aerodynamic performance, 183.76% increment in lift

coefficient, and 68% decrease in drag coefficient.

Nomenclature

CD = drag coefficient
CL = lift coefficient
Cp = pressure coefficient
Cq = mass flow coefficient
c = chord of the airfoil
L=D = lift-to-drag ratio
M1 = freestream Mach number
Rec = Reynolds number
xc = center location of actuator
� = angle of attack
� = actuator jet angle

I. Introduction

E NGINEERING design of an airplane wing roughly consists of
three stages: conceptual design such as determining the span

length, maximum thickness, taper ratio, sweep angle, and aspect
ratio; preliminary design including airfoil shape and its optimization,
and detailed design including the detailed plan for manufacturing of
the wing. In a preliminary design phase, designers start with a good
baseline design and then concentrate on improving its performance
by using optimization techniques. For transonic commercial aircraft
wing design, the primary goal is to improve the wing performance at
the cruise conditions without severe penalty at off-design conditions.
The main issue at this stage is a shock wave reduction problem. A
wave drag is caused by the formation of shock waves around the
wing. Shock waves radiate away a considerable amount of energy
that is experienced by the aircraft as drag. The magnitude of the rise
in drag is impressive, typically peaking at about four times the normal
subsonic drag. As this consumes energy, it is highly beneficial to
eliminate the effects of shock wave at the design phase.

Optimization is a key tool to reduce the effects of shockwave and it
is heavily based on the reforming of an airfoil shape in a passiveway.

Since the 1970s, the use of numerical optimization techniques in
airfoil and wing geometry design has received considerable atten-
tion. Both gradient-based [1,2] and nongradient-based algorithms
[3,4] have been employed as a numerical optimization tool for airfoil
shape design. In addition to passive flow control based on aerody-
namic shape optimization techniques, active flow control (AFC) can
also provide a high aerodynamic performance enhancement by
optimizing its parameters. AFC has been a topic of major research in
fluid mechanics for more than two decades [5]. There are numerous
published studies to enable AFC benefits on airfoils at subsonic
speeds [6–8]. However, there are few studies related to aerodynamic
performance enhancement based on AFC at transonic speeds.
Vadillo et al. showed that a small disturbance close to the shock can
result in large changes in the performance of the airfoil at transonic
and supersonic speeds [9]. Yagiz and Kandil [10] evaluated the
capability of weakening the shock waves to improve the aerody-
namic performance in transonic conditions by using surface suction/
blowing on airfoils via gradient-based optimization process. They
selected the suction/blowing speed and angle as design parameters
keeping the locations fixed. However, AFC alone may not be
sufficient to get the best designs. Therefore, it is recommended to
study simultaneous AFC and passive flow control techniques.

The desired goal of the present study is to improve the aerody-
namic performance on an airfoil at transonic speed by optimizing the
airfoil shape and/or surface suction/blowing parameters. For this
reason, four different optimization cases were studied: 1) Case I, the
optimization of AFC parameters on NACA 64A010 airfoil; 2) Case
II, the optimization of shape control parameters starting with NACA
64A010 baseline airfoil; 3) Case III, the simultaneous optimi-
zation of active flow and shape control parameters starting with
NACA64A010 baseline airfoil; and 4) Case IV, the sequential
optimization of active flow and shape control parameters starting
with NACA 64A010 baseline airfoil.

For these applications, real coded genetic algorithm (GA) is used
to search for the optimal design. For the flow simulations, a time-
dependent, turbulent flow solver is used on structured grids. Present
computations were performed for Rec 6.07 million, M1 0.85 flow
past airfoil at � 1�.

II. Mathematical Model

A. Numerical Model for Flow Analysis

The thin-layer approximation to the time-dependent, conservation
form of the Reynolds-averaged Navier–Stokes equations are solved
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by an implicit, approximately factored, finite volume, upwind and
multigrid algorithm. Because of the high Reynolds number of the
flow, it was assumed to be fully turbulent. One-equation Spalart–
Allmaras model was used to compute a turbulent eddy viscosity. The
details of the code can be found in the reference byKrist et al. [11]. A
two-level multigrid technique was used to achieve the convergence
acceleration. In AFC applications, the calculation is initiated from a
steady state solution obtained for the flow in the absence of any jets.
Then, the control cases are started from this steady solution until the
residual is driven down to 10�9. The actuator is modeled as a
boundary condition that computes the mass flow through a solid
boundary. The mass flow coefficient given in Eq. (1) is defined as the
ratio between the boundary and the freestream mass flows. First, a
constant rate of change in themassflow,Cqu, is established. Then,Cq
is gradually increased from zero to a constant value within Tst (time
for stable initiation) and then it is kept fixed:

Cq � ��u�=��u�1 Cq �
Z
Tst

0

Cqu dt (1)

B. Numerical Model for Optimization Process

A nongradient-based optimization method, vibrational GA
enhanced with neural networks, is a real coded GA [4]. Within the
algorithm an initial population is generated by using a random
number operator based on baseline shape or parameters. To describe
the method mathematically, let S be the population size, D be the
individual (or chromosome) dimension space, f be the objective
function, and Zi be the individual including genes, zi;j�t�, described
in tth iteration:

Z i�t� � �zi;1�t�; zi;2�t�; . . . ; zi;D�t��; zi;j�t� 2 RD; ji�1;2;...;S

(2)

The second step is to evaluate the fitness of the current population
via a defined cost function f. Then, the cost weighting fitness scaling
and roulette selection procedure [12] for mating are determined. The
elitism concept is applied next to ensure that the best objective
function value within a population is not reduced from one
generation to the next. The procedure for the elite fitness value, fe�t�,
and elite individual, Ze, is as follows:

fe�t� � argmin

Zi�t�
f�t� andZe�t� � Zi�t� (3)

Z e�t� �
�
Ze�t� 1�; if fe�t�> fe�t � 1�
Ze�t�; if fe�t� � fe�t � 1�

�
(4)

The crossover technique denoted by BLX-� [13] with �� 0:5, is
applied for the new individuals. Themutation strategy is applied right
after this crossover phase. At this step, there are two tools. As the first
tool, the goal of the first mutation application is to provide a global
randomdiversity in the population. For this reason, all the genes in all
the chromosomes are mutated as follows:

zi;j�t� �
�
M�zi;j�t��; if t� nf1; n� 1; 2; . . .
zi;j�t�; if t ≠ nf1; n� 1; 2; . . .

�

M�zi;j�t�� � zi;j�t��1� w1�1�1 � u�	i�1;2;...;Sj�1;2;...;D

(5)

where f1 is the application frequency, �1 is a user-defined amplitude
parameter,u is a random real number between (0–1), andw1 is a user-
defined scale factor. Implementing the mutation starts from the first
gene position of the first chromosome, and continues throughout the
genes at the same positions in the other chromosomes. As a second
tool, the goal of the second mutation application is to provide a local
but controlled diversity in the population. A neural network
application can be used to provide a local-controlled diversity within
the population. In this application, all the genes of an elite individual
are mutated as follows:

Pi;j�t���
zej�t��1� w2�2�1 � u�	 if t� nf2; n� 1; 2; . . .

� if t ≠ nf2

�
i�1;2;...;N

j�1;2;...;D
(6)

where u is a random real number between (0–1), �2 is a user-defined
constant amplitude, and f2 is the second application frequency. A
newly generated temporal population P includes N individuals. The
objective function values of this population, fNN, are predicted via
trained neural network function, Nfunc, and the best I of them are
randomly placed within the population:

f NN � Nfunc�P� �fNNorder	 � sort�fNN�

�Zk�t��i � Porder�i�; jj
k� rand�1 �D	
i� 1; 2; :::; I

(7)

The frequencies f1, f2, and I are user-defined constants. In the
applications the MATLAB routine newrb is used asNfunc [14]. After
mutation operations, the new population is evaluated via the cost
function, which is determined by the real flow solver. The algorithm
repeats all of the preceding steps as it is necessary until the
convergence criterion are satisfied. The settings for the optimizations
are given in Table 1. The block diagram for the optimization process
is shown in Fig. 1.

C. Design Parameters and Objective Function Description

In optimization processes there are two types of design param-
eters; shape parameters for airfoil forming, and flow control
parameters for AFC. An airfoil can be represented using Bezier
curves with a set of control points [15]. Two-dimensional Bezier
curves are given by the following equations:

z1�s� �
Xm
i�0

Cims
i�1 � s�m�iz1;i; i� 1; 2; . . . ; D � 1 (8)

z2�s� �
Xm
i�0

Cims
i�1 � s�m�iz2;i; i� 1; 2; . . . ; D � 1 (9)

Cim �
m!

i!�m � i�! ; i� 1; 2; . . . ; D � 1; m�D � 1 (10)

where s is a member of set whose values vary uniformly between
[0,1]. z1;i and z2;i are the coordinates of the control points, which
define the profile coordinates, z1�s� and z2�s�. The two control points
(0,0) and (1,0) at the leading and trailing edges are fixed. It is
commonly assumed that the z1;i control points are fixed therefore the
design parameters for forming are only the z2;i control points. The
initial population needed for the present method is generated by
using a random number operator. The number of control points is
taken as 10 for upper and lower airfoil surfaces.

The following design parameters are used to parameterize the flow
control: mass flow coefficient,Cq, center location of actuator, xc, and
suction/blowing angle relative to the local tangent, �. In studied cases
only one actuator is used on the upper surface and the width of the
actuator, wn, is fixed to 0:035c. The design parameter bounds are
described as follows.

Table 1 The features of GA

Symbol Values

S/N/I 10/40/3
f1 � w1 � �1 4/0.5/1
f2 � w2 � �2 1/0.5/1
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� 0:2 � Cq � 0:025 3� � � � 176� 0:10c � xc � 0:96c

(11)

Both parameter types are depicted in Fig. 2.
In shape optimization related problems, the objective function, f is

to be maximized, where

f�
�
CD
CL
� 10�C
L � CL2�2 � 100�t
 � t�2

��1

CL2 �
(
C
L if CL � C
L
CL if CL < C



L

)
(12)

C
L is the design lift coefficient and t

 is design maximum thickness

ratio, which are taken for the demonstration case to be 0.13 and 0.1,
respectively. In AFC problem, there is no need for the thickness
constraint. Therefore, the objective function f is to be maximized,
where

f�
�
CD
CL
� 10�C
L � CL2�2

��1

CL2 �
(
C
L if CL � C
L
CL if CL < C



L

)
(13)

D. Grid Generation, Validation, and Sensitivity

Two-dimensional, 10% thick symmetric NACA64A010 was used
as the test airfoil. The travel area of the actuator locations between
0:01c and 0:99c is made dense. The resolution of the utilizedC-type
computational grid is 449 � 121. Normal spacing for the first grid
line of the surface of the airfoil was 0:00001c. In the normal
direction, 121 grid points were utilized with the far-field boundary
located at a distance equal to 13 airfoil chord lengths. Shown in Fig. 3
are the grids used in the simulations. The grid is divided into four sub
blocks to implement the parallel computing for fast computation. To
demonstrate the affectivity of the present method, a solution for the
airfoil without actuator was carried out. The validation case used in
this study had a Reynolds number of 6.07 million based on airfoil
chord, M1 � 0:85, �� 1:0�. For the preceding freestream condi-
tions, the predicted sectional lift and drag are equal to 0.13 and
0.0329, respectively. The predicted components of airfoil drag are:
0.27338 representing the pressure component as wave drag (CWD)
corresponding to 83% of the total drag, and 0.00554 representing the
skin friction component as form drag (CFD) corresponding to 17% of
the total drag. Solution sensitivity to the grid used in this study is
illustrated in Table 2. For the computational cases, three sets of grids
and another computational result given by Hassan et al. [16] have
been used. Normalized first cell height, y�, values, based on the
height of the first wall-bounded cell, are below unity for all the
meshes considered here. The solutions obtained on the course and
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Fig. 1 Optimization process.
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fine grids are reasonably good. The results obtained on these three
different grid sizes are reasonably grid-converged results and prove
little solution sensitivity.

III. Optimization Results

A. Optimization of Flow Control Parameters

At first, only AFC parameters are optimized to get a maximum
aerodynamic performance. The genetic optimization process takes

Table 2 Grid sensitivity for NACA 64A010 airfoil test cases

Grid size CL CD CFD CWD

449 by 121 0.13 0.0329 0.005540 0.027338
389 by 121 0.1357 0.03233 0.00544 0.026889
281 by 99 0.1298 0.03261 0.005452 0.027158
Computation [16] 0.14 0.0328 0.00544 0.0274

0 5 10 15 20

0.2

0.25

0.3

0.35

0.4

t

C
L

0 5 10 15 20
0.034

0.036

0.038

0.04

0.042

0.044

0.046

t

C
D

0 5 10 15 20
5

6

7

8

9

t

C
L
/C

D

a) CL against generations

b) CD against generations

c) CL /CD against generations
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Fig. 5 Velocity profiles inside the boundary layers.
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only 11 generations. At the end of the optimization process, Cq has
taken the suction velocity as�0:1884, � became the minimum angle
as 3�, which is tangent to airfoil surface, and the location arrived at
0:8295c, which is very close to shock wave location located at
0:830c. The convergence histories of the aerodynamic coefficients,
CL, CD, and the aerodynamic performance, CL=CD, are depicted in
Fig. 4.After suction operation at optimal values and optimal location,
CL is increased to 0.3545, which means 272.6% increment in
comparing with the original lift coefficient; on the other hand CD is
also increased to 0.04251, which means 29.17% increment in
comparing with the original drag coefficient. However, the total drag
increment comes from the wave drag rather than the form drag.
Example velocity profiles inside the boundary layers are depicted in
Fig. 5. In suction case the thickness of the boundary layer became
thinner due to suction operations. As a result, the aerodynamic
performance is increased to 8.339, which means 211.1% increment
when compared with the original value, which is equal to 3.95.

On the other hand, theCp distributions andMach counters around
the airfoils are depicted in Fig. 6. According to these figures, suction
operation has significant effect on the positions of both upper and
lower shocks. The locations of shock waves are significantly
changed. The upper shock wave moved from 0:695c to a new
location 0:830c. This relocation causes an extension of supersonic
region and also an additional strength to the upper shock wave. The
position of lower shock wave is a bit different. Instead of moving
forward, it is moved backward toward 0:600c. Additionally, the
strength of lower shock wave is also decreased. The movement of
upper shock toward the downstream extends the supersonic region
resulting in better aerodynamic performance.

B. Optimization of Shape Control Parameters

In the second case, only the shape control parameters are opti-
mized to get a maximum aerodynamic performance. The genetic
optimization process takes 40 generations. The convergence
histories of the aerodynamic coefficients, CL, CD, and the aerody-
namic performance, CL=CD, are depicted in Fig. 7. After forming at
optimal values, CL is increased to 0.2496, which means 192%
increment when compared with the original lift coefficient; CD is
decreased to 0.01213, which means 63.13% decrement when
comparedwith the original drag coefficient. The total drag decrement
comes from the wave drag rather than the form drag. At the end,CFD

takes the value of 0.0060 andCWD takes the value of 0.0059, which is
less than form drag. As a result, the objective function is increased to
20.58, which means 520.75% increment when compared with the
original aerodynamic performance.

The resulted Cp distribution and Mach counter around the
optimized airfoil are shown in Fig. 8. The maximum thickness ratio
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for the optimal airfoil form is about 0.0963,which is good enough for
the process. During the optimization, the crescent point for the upper
surface moved toward the trailing edge as it is practically expected.
This movement results in the relocation of the shock waves. The
upper shock wave moved from the original place 0:695c to 0:782c.
The lower shock wave is also moved toward leading edge. Both the
strengths of the shock waves are significantly decreased. However,
there are still shock waves although they are weak. The main reason
for the shock waves is the high freestream Mach number, which is
equal toM1 0.85. Practically, it is difficult to entirely eliminate the
shock wave on the upper surface by using shape formation in high
transonic flows.

C. Combined Optimization of Shape and Flow Control Parameters

In the third case, the shape and the flow control parameters are
simultaneously optimized to get a maximum aerodynamic perform-
ance. The genetic optimization process takes about 38 generations.
The convergence histories of the aerodynamic coefficients, CL, CD,

and the aerodynamic performance, CL=CD, are depicted in Fig. 9.
After optimization process, CL is increased to 0.3193, which means
245.61% increment when compared with the original lift coefficient;
on the other hand CD is decreased to 0.0162, which means 50.75%
decrement when compared with the original drag coefficient. As a
result, the objective function is increased to 19.71, which means
498.8% increment when compared with the original aerodynamic
performance.

The resulted Cp distribution and Mach counters are shown in
Fig. 10. The maximum thickness ratio for the optimal airfoil form is
about 0.0881, and this result is not good enough for the process. The
optimization process could not preserve the desired thickness ratio.
In the objective function description given in Eq. (12) the weighting
number for thickness constraint is 100 and it is good enough for this
kind of problem. Because of the improper resulted shape, the second
optimization process was run. In this second application the
weighting number for themaximum thickness ratio is increased from
100 to 200. However, the resulted airfoil shape has 0.091 maximum
thickness ratio and again it does not satisfy the required thickness
ratio. From both results we understand that the main reason for the
deficient thickness ratio is the AFC operations. In this optimization
process, the increase in CL originated from AFC dominates the
thickness ratio constraint. It seems that AFC gives an extra thickness
ratio to the airfoil shape in objective function computations. On the
other hand, bigger weight number may result in insufficient design
optimization space and it does not allow robust designs. Similar to
previous shape optimization process, the crescent point for the upper
surface moved toward the trailing edge. The upper shock wave
moved from original place 0:695c to 0:825c. The lower shock wave
is also moved toward leading edge. Both the strengths of shock
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waves are decreased, but there are still shock waves that cannot be
ignored.

Consequently, at the end of the optimization process,Cq, has taken
the suction velocity as �0:08871, � became approximately the
minimum angle as 3�, which is tangent to airfoil surface The location
of actuator seems to be moved together with upper shock wave
location. The upper shock is located at 0:825c on the optimal upper
surface. The location of actuator is also located at 0:829c, which is
fairly close to the upper shock wave on the downstream.

D. Sequential Optimization of Shape and Flow Control Parameters

In the last case, the shape and flow control parameters are
sequentially optimized. For this purpose the resulted shape opti-
mized in the second case is used as a baseline airfoil form. Then, the
flow control parameters are optimized on this optimal airfoil form.
The genetic optimization process takes only ten generations. At the
end of the optimization process,Cq, has taken the suction velocity as
�0:1952, � became approximately the minimum angle as 3�, which

is tangent to airfoil surface, and the location arrived at 0:1089c,
which is close to leading edge. On the other hand, the upper shock
wave located at 0:7797c. Before the flow control operation the upper
shock wave was located at 0:782c. It seems that the suction opera-
tions get shock wave move backward. The convergence histories of
the aerodynamic coefficients, CL, CD, and the aerodynamic
performance,CL=CD, are depicted in Fig. 11. After suction operation
at optimal values and optimal location, CL is increased to 0.2389,
which means 183.76% increment when compared with the original
lift coefficient; on the other hand, CD is decreased to 0.0105, which
means 68% decrement when compared with the original drag
coefficient. Interestingly, both the drag portions, the wave and the
form drags, are decreased. At the end,CWD takes the value of 0.0058
and CFD takes the value of 0.0046, which is less than the original
wave drag. As a result, the objective function is increased to 22.75,
which means 575.80% increment when compared with the original
aerodynamic performance. On the other hand, the suction is not
located within the periphery of upper shock wave; instead, it is
located within the leading-edge area. This is probably because of the
eliminated shock wave. The weak shock wave causes a low level
wave drag. However, the form drag is still strong. Therefore, it seems
that the suction is located to decrease the form drag rather than the
wave drag.

In Fig. 12 the resulted Cp distributions and Mach counters are
shown. The effect of flow control operations on the pressure coef-
ficient distributions is zoomed on the Fig. 12a. It seems it has a small
scale effect. However, it causes wavy counters on Mach number
distributions shown in Fig. 12b. Clearly, the optimal values provided
by the sequential optimization process are so good. The sequential
optimization strategy gives the best aerodynamic performance. The
comparative results related to CL, CD, and CL=CD ratio are depicted
in Fig. 13.
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IV. Conclusions

In this paper different aerodynamic optimization processes are
taken into consideration. At first, only the flow control parameters on
the upper surface of NACA 64A010 airfoil are optimized. At the end
of the optimization process, a significant aerodynamic performance
enhancement is provided. However, the main part of this success
comes from the increment inCL value rather than the decrease inCD
value. In the second case, only the shape control parameters are
optimized. The current symmetric airfoil became an asymmetric,
classical transonic airfoil that has almost preserved its maximum
thickness ratio. The result includes a significant increase in CL and a
significant decrease in CD.

In the third case, a simultaneous optimization process is employed.
Within this study, both the flow and the shape control parameters are
simultaneously optimized. The optimization resulted in 498.8%
increment in aerodynamic performance when compared with the
original value. However, the process cannot preserve the maximum
thickness ratio constraint. It is observed that the flow control
operation diminishes the effect of thickness ratio and causes a thinner
airfoil. Finally, a sequential optimization process is studied. The
process has given the best results including 575.8% increment in
aerodynamic performance, 183.76% increment in CL, and 68%
decrease in CD when compared with the original values.

From the results obtained, it is concluded that the optimization
strategy has an important effect on the aerodynamic performance.
The best way is to optimize the airfoil shape parameters at first, and
then to optimize the AFC parameters.
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Fig. 13 The comparative results among the constructed optimization

cases.

PEHLIVANOGLU ANDYAGIZ 219

http://dx.doi.org/10.1016/j.ast.2009.11.001

