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ABSTRACT:
Leading edge shape optimization of transonic airfoils requires creating an airfoil surface that reduces the drag
divergence due to transonic shocks by either delaying them or reducing their strength at a given transonic cruise speed
while maintaining the lift. Aircrafts like Boeing 757, Airbus A300, Boeing 777 and McDonnell Douglas AV-8B Harrier
II use Whitcomb IL supercritical airfoil for efficient aerodynamic performance in transonic conditions. This study
employs a multi-objective genetic algorithm (MOGA) for shape optimization of leading edge of the Whitcomb IL airfoil
to achieve three objectives, namely dilation of shock, reduction in leading edge radius and increment of lift at a given
transonic Mach number and at the given angle of attack. The commercially available software ICEM CFD and Fluent
are employed for calculation of the flow field using the Reynolds-averaged Navier-Stokes equations (RANS) in
conjunction with a two equation turbulence model. It is shown that the MOGA can generate superior airfoil compared
with Whitcomb IL airfoil by achieving three objectives. The optimized airfoil configuration is validated by wind tunnel
testing facility.
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dilation of shock airfoil are special remote solutions and
a small perturbation from them would cause the
appearance of a shock. In 1960s, Whitcomb and Clark
[7] developed their famous supercritical airfoils for
transonic flow and Garabedian and Korn [8] developed
the successful method of complex characteristics in the
hodograph plane for obtaining shock-free airfoils and
dilation of shock. Using the hodograph method,
Nieuwland [9] reported shock-free transonic flows
around quasi elliptical Airfoils sections in 1967. The
goal of this article is to employ a multi objective genetic
algorithm (MOGA) for shape optimization of some wellknown airfoils [10], namely the Whitcomb-IL airfoil, at
transonic speed to improve their aerodynamics
characteristics, which is to reduce their drag by
achieving shock-free shapes as well as to maintain or
increase their lift.

1. Introduction
Usually modern commercial aircrafts operate at
transonic cruise speeds. Therefore, in recent years, the
shape optimization of an aircraft at transonic speeds to
minimize the shock drag has become a topic of great
interest in computational aerodynamics [1-3]. An aircraft
in motion at transonic speeds run into a speedy increase
in drag due to the shock waves performing on various
locations on its surface, mainly on the wings. These
shock waves cause flow variability and increase in drag
force, which result in higher fuel consumption or
reduced energy efficiency. Therefore, the goal of shape
optimization is to design shock-free airfoils or dilation of
shock wings to reduce shock drag. However, the drag
reduction alone cannot be the optimization goal if it can
undesirably affect the lift; in general, there is a balance
between lift and drag [4]. Several important criteria must
be met in the optimization process to achieve not only a
dilation of shock but also an efficient airfoil that has
good drag characteristics, a batter boundary high enough
to permit cruising at design lift coefficient, no poor offdesign performance, and so forth [5].
In the last several decades, many important
contributions have been made to the design and
optimization of shock-free Airfoils. In the late 1950s,
Morawetz [6] determined that shock-free airfoil and

2. Genetic algorithm
Multi objective optimization is a method of finding
optimum solutions of problems with two or more
objectives. Using the multi objective optimization, shape
optimization and optimization of aerodynamic
parameters is done for Whitcomb IL airfoil. In this
study, the MOGA algorithm is employed to find the
Pareto-optimal solutions to the airfoil optimization
problem [11-19]. The most commonly known Non91
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Dominated Sorting Genetic Algorithm II is used. In
NSGA-II, a Pareto-optimal solution set is defined such
that any individual inside the set dominates any
individual outside the set while any individual in the set
is not dominated by another individual in the solution
set. Here, a feasible solution x is said to dominate
another feasible solution y, if and only if all the
objectives of x are not worse than those of y and at least
one objective of x is better than that of y. A solution is
said to be Pareto-optimal if it is not dominated by any
other solution in the solution.

Bezier base points. The generated airfoils are shown in
Fig. 1, Fig. 2 and Fig. 3.
Table 1: Bezier control points and their lower/upper bounds used
for airfoil shape optimization in MOGA

Airfoil

3. Parameterization of Whitcomb IL airfoil
The airfoil shapes are parameterized using Bezier curves.
Bezier curves are parametric curves frequently used in
computer graphics and relate fields [20-26]. A Bezier
curve is defined by a set of Bezier control points. Each
curve can be expressed as math equations containing the
information of Bezier control points. The number of
points required to parameterize a curve depends on the
shape of the curve. In this study control points are
chosen from 15-20% chord from the leading edge.
Totally 15 control points are chosen for parameterization
on the upper and lower surface of the airfoil. The AoA is
defined as follows,
(1)
Through convergence analyses, optimization runs were
performed with a suitable number of generations and
population size. Each optimization was repeated to
verify that consistent findings were achieved. Since the
aerodynamic characteristics of each airfoil were mostly
studied in this work, the aerodynamically best
performance airfoil from each Javafoil theory front of
solutions was used for all comparisons.

Top surface

Bottom surface

Beizer
coordinates
x1
x2
x3
x4
x5
x6
x7
y1
y2
y3
y4
y5
y6
y7
m1
m2
m3
m4
m5
m6
m7
n1
n2
n3
n4
n5
n6
n7

Whitcomb IL
Base airfoil
Optimized
bound
airfoil bound
0.0003
0.0003
0.0021
0.0024
0.0075
0.0088
0.0194
0.0228
0.0409
0.048
0.0745
0.0874
0.1224
0.1428
0.0034
0.0011
0.0096
0.0032
0.0176
0.0083
0.0253
0.015
0.0324
0.0235
0.0393
0.0337
0.0453
0.0454
0.0003
0.0003
0.002
0.0024
0.0075
0.0088
0.0194
0.0228
0.0408
0.0479
0.0745
0.0873
0.1223
0.1427
-0.0033
-0.0013
-0.0095
-0.0047
-0.0176
-0.0093
-0.0255
-0.0165
-0.0334
-0.0247
-0.0407
-0.0342
-0.0469
-0.0453

4. Algorithm implementation
This topic describes the computational setup. Fig. 1
schematically illustrates how MOGA interfaces with the
external mesh generator Javafoil and CFD solver Fluent.
Javafoil already yields sufficient accuracy of the results.
Since the MOGA involves fitness evaluation for a large
number of airfoils with various shapes, we are using 15
control points for both the top and bottom surface, thus
the degree of the Bezier curve is 7. For an airfoil curve,
the first point and the last two points are fixed since they
represent the leading and trailing edge of the airfoil. The
intermediate points are allowed to move within the
boundaries. At the top surface, 7 control points Point 1
(x1, y1), Point 2 (x2, y2), Point 3 (x3, y3), Point 4 (x4,
y4), Point 5 (x5, y5), Point 6 (x6, y6) and Point 7 (x7,
y7) are used.
At the bottom surface, 7 control points Point 1’ (m1,
n1), Point 2’ (m2, n2), Point 3’ (m3, n3), Point 4’ (m4,
n4), Point 5’ (m5, n5), Point 6’ (m6, n6) and Point 7’
(m7, n7), are employed. The constraints applied to the
Bezier control points are shown in Table 1. The
implementation of MOGA involves the following steps.
At the initial condition MOGA generates a number of
individuals according to the generation size. Since each
individual represents one feasible airfoil, the airfoil has

Fig. 1: Different thickness edge thickness of Whitcomb airfoil

Fig. 2: Bezier curves and Bezier control points

Fig. 3: Whitcomb IL vs. optimized final airfoil
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Using MOGA procedure as outlined in Fig. 4, the
optimized airfoil compared with Whitcomb IL airfoil are
shown in Fig. 3. The evaluation of aerodynamic
performance was varied between Cl/Cd at angles of
attack (AOA) denoted as α =
3 to account for wind
gusts and off-design conditions. Since this study is solely
focused on the optimization of the airfoil itself, and not
the airfoil design, the influential effects of leading edge
on the airfoil optimization results were eliminated by
formulating all aerodynamic evaluations relative to the
zero-lift AoA (
). This step describes the
investigation of aerodynamic flow field using Javafoil
and ICEM CFD computation. The CFD simulation is
carried out using ANSYS Fluent [27]. Spallart Allmaras
equation model is selected to solve the turbulent flow
conditions [28].
Fig. 5: Mesh of optimised airfoil

Fig. 6: Fine mesh around airfoil surface

Fig. 4: Diagram of information flow in MOGA
Fig. 7: Grid independence study

5. Mesh study

Table 2: Mesh study

ΔS
Δs/1
Δs/2
Δs/3
Δs/4
Δs/5

Figs. 5 and 6 show the mesh of the airfoil with Cdomain. The mapped meshing is created on entire
domain. The cross section is developed to be fine at
areas near to the airfoil and coarser more remote far from
the airfoil. For this airfoil a quadratic element was
utilized. The mesh has to be fine also in certain regions
far from airfoil. Mesh study is carried out to reduce the
influence of number of grids on the computational
results. It shows how the solutions changes little when
spacing is changed. Fig. 7 shows the variation of Cl
when the wall spacing is changed. From the plot it is
clear that the value of Cl for Δs/1 is more when
compared to the results obtained from different values of
wall spacing. So wall spacing of Δs = 1.73691089401
is selected for computation. Table 2 shows the
aerodynamic coefficients obtained for different wall
spacing with converged and un-converged iterations.

Cl
6.49E-01
5.00E-01
6.59E-01
6.46E-01
6.24E-01

Cd
1.56E-02
1.96E-02
2.06E-02
3.46E-02
1.45E-02

Iteration
Converged
Converged
Converged
Un-converged
Un-converged

6. Results and discussion
The lift coefficient is a dimensionless number that
establishes a relationship between the lift generated by
lifting body to fluid properties around the body. The lift
coefficient is defined by,
(2)
Where, q = dynamic pressure. Fig. 8 shows the variation
of lift of Whitcomb IL airfoil and optimized Whitcomb
IL airfoil with different degrees of AoA. From the plot it
93
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is evident that the value of lift with increasing AoA. Up
to 1 AoA the Cl value is decreasing for Whitcomb IL
airfoil. After 1 AoA, there is a gradual increase in Cl
value with increase in AoA the maximum value of Cl
obtained is about 1.8 at 10 AoA. Also, the variation of
lift coefficient of optimized airfoil with AoA is plotted.
At 0 AoA the value of lift coefficient is almost 1 for
optimized airfoil. There is a slight increase in Cl at 0
AoA. Due to the optimized shape at leading edge, Cl
value is increasing at lower AoA than Whitcomb IL
airfoil. By increasing the AoA, Cl value increasing far
better than the Whitcomb IL airfoil. Therefore,
optimized Whitcomb IL produces better lift coefficient
when compared with Whitcomb IL airfoil.

which shows that there is large lift generated with
minimal drag. The value of Cl/Cd is almost constant for
AoA from 2 to10. The value of lift drag ratio at 0
AoA is about 30, which is high compared to the
Whitcomb IL airfoil. When the AoA is increased further
beyond 3, the optimized airfoil shows better
performance than Whitcomb IL airfoil. Table 3 shows
that the relative improvement in the properties of
optimized airfoils compared with the original airfoils.
Table 3: Improvement in aerodynamic parameters

M

α, 

0.73
0.73
0.75
0.75
0.8

0
2
2.8
2
1.5

Optimized airfoil
Cl
Cd
Cl/d
0.955 0.031 30.64
0.984 0.035 27.40
1.127 0.048 23.10
1.035 0.035 29.35
0.967 0.038 24.99

Whitcomb IL airfoil
Cl
Cd
Cl/Cd
0.855 0.067 12.72
0.872 0.056 15.379
0.932 0.063 14.702
0.898 0.061 14.542
0.786 0.060 20.098

Fig. 8: Cl vs. AoA for Whitcomb IL and optimized airfoil

The drag coefficient is the dimensionless number
used to indicate the resistance of an object in a fluid. Fig.
9 indicates the variation of drag coefficient of Whitcomb
IL airfoil and optimized Whitcomb IL for different AoA
from 0 to 12 degrees. For Whitcomb IL airfoil, the value
of drag at 0 AoA is about 0.07 and the value of drag
decreases abruptly at 1 AoA. Then there is linear
increase in drag with increasing AoA and the maximum
value of drag obtained is about 0.15 at 10˚ AoA. In the
plot, the value of drag at 0 AoA is about 0.03 and the
value of drag decreases to 0.025 at 1 AoA. Then there is
increase in drag with increasing AoA but the drag is very
low for all AoA as compared with the Whitcomb IL
airfoil. The maximum value of drag obtained is about
0.06 at 10 AoA which is very much lesser value when
compared to the drag obtained by Whitcomb airfoil.
Thus morphing airfoil produces optimum performance
[28, 29].

Fig. 10(a): Cl/Cd vs. AoA (Whitcomb IL airfoil)

Fig. 10(b): Cl /Cd vs. AoA (Optimized airfoil)

Fig. 11 shows the variation of lift coefficient of
Whitcomb IL airfoil and optimized airfoil with AoA.
There are different optimized airfoils indicated by 50%,
55%, 58%, 60% and 75%. It is clearly evident that airfoil
with 75% optimization yields the best result. So the
leading edge of Whitcomb IL airfoil is optimized to 75%
to yield the best aerodynamic properties. The most
important parameter to determine aerodynamic
performance is Cp contour plot. The Cp for both
Whitcomb IL airfoil and optimized airfoil is displayed in
Fig. 12. Black color dots indicate the C p of Whitcomb IL
airfoil. Red color indicates the Cp contour for optimized
airfoil. The difference between the upper and lower
surface Cp is responsible for the lift and drag on the
surface of the airfoil. In this plot, the Cp is plotted against
the chord of the airfoil. The max Cp of Whitcomb IL
airfoil is around 1.2 and the minimum value is around 1.2. But for optimized airfoil, the maximum Cp value is

Fig. 9: Cd vs. AoA for Whitcomb IL and optimized airfoil

Fig. 10 shows the variation of lift to drag ratio with
AoA. From the graph it is evident that the value of Cl/Cd
at 0 AoA is about 13 and it increases sharply at 1 AoA
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around 1.2 and minimum value is around -1.7. This
shows that optimized airfoil decreases drag and
improves lift and produces better performance compared
with Whitcomb IL airfoil.

Fig. 14: Velocity field at M = 0.73, AoA = 0 - Optimized airfoil
Fig. 11: Selection of optimized percentage airfoil

8. Conclusion
This study has made several important contributions to
the study of airfoil optimization. It is shown that Genetic
algorithm technique can be employed efficiently and
accurately to produce generally optimal airfoils with
good aerodynamic properties using a desired objectives
of Cd and/or Cl/Cd. In addition, this study has verified
that the application of multi-objective algorithm can
result in superior shock delay airfoils by reducing the
drag and get the most out of the lift to drag ratio.
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