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Abstract -Research is underway to enhance the
aerodynamic efficiency of air vehicles, wind turbines, and
automobiles through diverse approaches. This study
employs a comprehensive analysis of three criteria that
define the shape, including the camber, position of the
camber, and angle of attack of the airfoil. The objective is
to unveil the overall design space. This study throws light
on the relation and impact of airfoil parameters on airfoil
characteristics. This research shows the fully coupled
impact of camber, position of camber, and angle of attack
on lift coefficient and drag coefficient. These results show
the efficiency and performance of airfoils with varying
chosen parameters and show the optimized airfoils in the
region of study.
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1.INTRODUCTION

Airfoil shape plays the most important role in the overall
performance of aerodynamic bodies; a lot of great studies
have been done to create specific airfoil shapes for the
desired design condition. Different shapes of the airfoil are
used according to the needs of industries for their
applications like in helicopters, micro aerial vehicles[1],
compressors, wind turbines, and many more areas.
Airfoils have very essential characteristics that are lift,
drag, and airfoil efficiency. These features specify how well
an airfoil performs in the specific application for which it
is used. Analyzing the characteristics of the airfoil and
their relationship with each other will direct us to use the
optimized airfoil for specific applications. Airfoils have
been researched for various purposes for a long time for
various industries like aircraft, renewable industry for
wind energy production, compressors, and much more.
Mostly airfoils are the key element used by these
industries for their applications, which means a good-
performing airfoil is needed. A lot of research has been
done on airfoil parameters like shape, structure, etc. The
work done on the optimization of airfoil shape for wind
turbine application[2]. Work by M. Rasoul Triandaz[3]
about the effect of airfoil shapes on power performance if
VWAT is much appreciable, 126 airfoils were analyzed. A
lot of research has been there on methods for the
advancement of airfoil shape sat trailing edge [4], [5],
[6]Solidity effect on the performance of variable-pitch

VAWT][7]. Study on surface modification on aerodynamic
characteristics of airfoil DU 06 W 200 [8]. About 20 airfoils
were examined for the performance of an H-rotor Darrieus
turbine by MH Mohammad[9]. Research Development and
Testing of an Unconventional Morphing Wing Concept
with Variable Chord and Camber[10], [11], [12], airfoil
thickness effect on dynamic stall characteristics of High-
Solidity Vertical Axis Wind Turbines. Researchers have
innovated camber morphing mechanisms employing
smart materials[13], [14]. These mechanisms enable the
adaptive adjustment of airfoil curvature, enhancing
aerodynamic efficiency and performance in various
applications, including aerospace and wind energy. Mostly
the area of attention is on the performance of airfoils in
various applications, optimization methods for obtaining
good-performing airfoils, and morphing techniques for
airfoils. No doubt a large number of airfoils is being
analyzed but mostly symmetrical and just by varying
thickness and taking other effective parameters as
constant. There is very little attention given to the
dependency of parameters on each other and their
relationship with the characteristics of airfoils. The
research gap comes out of the studied literature on the
analysis of asymmetric airfoils with varying camber,
varying position of camber, and varying angle of attack
(AoA) by establishing co-relation between them which will
show the performance of airfoil and dependency of
parameters on each other. This study aims to shed light on
how structural characteristics affect the aerodynamic
performance of asymmetrical airfoils. 16 NACA four digits
modified asymmetric airfoils are analyzed by varying
camber angles and their position concerning chord
length(C), range shown in Table 1. The characteristics, lift
and drag coefficient along with the Cl/Cd ratio are
analyzed and co-relations are shown between these
characteristics. This analysis is performed at Reynolds No.
(Re) 6.84*105 and velocity V=10 m/s. The fluid used in
CFD simulation is air having a density of 1.225 kg/m3.
Varying the camber and its position provide major
aerodynamic advantages by allowing for unique and large
shape modifications to accommodate varied flight
situations, in turbines for efficient power generation, and
many other applications where airfoils are used for
specific purposes to enhance the performances. These
analyses show changes in airfoil efficiency and relations of
airfoil characteristics with each other. Notably, the drag
and lift coefficient parameters (Cd) and (Cl)are critical,
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making morphing wings a viable strategy for improving
airfoil performance. The thickness (t =24%C), leading-
edge radius index (I=4%C), and position of a thickness
(xt=30%C) are taken constant.

1.1 NACA 4-Digit Airfoil

The  NATIONAL  ADVISORY  COMMITTEE  FOR
AERONAUTICS (NACA) produced NACA airfoils, which are
airfoil forms for aircraft wings. A series of numerals
following the term NACA describes the shape of the NACA
airfoils.The NACA Four-Digit Series was the first family of
airfoils to be constructed with this method. The maximum
camber (M) in the percentage of the chord (airfoil length)
is specified by the first digit, the maximum camber position
(P) in tenths of the chord is indicated by the second, and
the maximum thickness (t) of the airfoil in the percentage
of the chord is given by the final two digits. For example,
the NACA 2415 airfoil has a maximum thickness of 15%
with a camber of 2% positioned 40% back from the airfoil
leading edge (or 0.4c). With these m, p, and t values, we can
use the following relationships to get the coordinates of an
airfoil[15]

V= % * (2Px — x2)x2) (0=x<P)

ye= M/(1-P)*(1-2P +2Px-x%) (P<x<1)

The modified airfoil profile coordinates are generated with
the help of Open VSP software. This helps us to plot 2-D
modified airfoils with various camber and position
changes.

1.2 Naming Scheme of NACA 4-Digit Modified Airfoil

The airfoil will be identified with the name NACA MPt-Ixt
where [ is the leading edge radius index and xt will show
the position of maximum thickness of the airfoil. All the
parameter locations are shown in Fig.1.

vy A

Position of maximum Thickness (xt)
Camber (M)

Maximum %
Thickness (t)

Leading Radius
Index 1)

Cherd length (C)

— Position of Maximum
Camber (P)

v

Fig -1: Shape parameter of asymmetric airfoil

Table -1: Range of analyzed parameters in percentage (%)
Chord length (C) = 1 meter

Parameters

Camber Position of | The angle of Attack
(M) camber (P) | (AoAin degree)

2 20 0

3 30 5

4 40 10

5 50 15

2. Design and Meshing

NACA MPt-Ixt airfoils are designed in Open VSP software.
The number of airfoils analyzed is 16 having different
parameters varying the camber and camber’s location. The
chord length of the airfoil is 1 meter, and the Leading-edge
radius index (I) is 4% of C. The thickness is constant i.e.
24% of C and the position of thickness is taken at 30% of
C. The shape of all 16 profiles is shown in Fig.2. The
semicircular and rectangular domain known as C type
mesh domain is used having 200000 elements inside the
mesh. The C type is better to use for 2-D surfaces as we
can produce structured cells and uniform structures of
cells near complex geometry. To accurately estimate flow
near walls, particularly for airfoils with high-
pressure gradients, the structured mesh is more
frequently used around these intricate geometries.
Moreover, it uses less memory and time than unstructured
grids. The simulations were carried out in Ansys Fluent
v2023R2. The type of mesh and domain is shown in Fig.3.Z

NACA MPt-Ixt, 1=4%C
xt=30%C & t=20%C P=20%C P=30%C P=40%C P=50%C

e | S C > C > C >

Fig -2: Analyzed Airfoil Profiles
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4. Results

No Slip Wall

4.1 Correlation Matrix at Different AoA.

A correlation matrix is important because it can reveal
relationships, influence the selection of variables, and
improve a general understanding of the dataset. The
correlation matrix in Fig.4 shows the relation of CI, Cd, M,
and Pat different AoA with each other. Factor 1 shows the
impact of the dependency is highest, factor 0 shows the
impact of no dependency, and the negative factor shows
the inverse dependency of the parameters with each other.

1
0.

Correlation Matrix at AcA = 0 10

a

Fig -3: Schematic mesh and Domain of Airfoil

3. Computational Settings 5 04

The simulations are based on the URANS SST model. The
turbulence model used in this study was chosen after a
thorough critical examination of seven commonly used
Reynolds-averaged eddy-viscosity turbulence models in
three separate and diverse experimental setups. [66 refs,
15models]. We choose the Transition SST model because it
gives the most accurate results with experimental results
for NACA 2412 airfoil.[16] as shown in chart -1. The
transition SST model combines the k- model for the free
stream and the k-w model for flow near walls. The inlet
conditions used for turbulence are intermittent is 1,
turbulence intensity is 5%, and turbulence viscosity ratio
is 10. The outlet condition is set as a pressure outlet. The
coupled scheme is used for pressure velocity coupling all 3
with second-order spatial discretization. Several 1000

iterations were employed for better convergence of

simulation results.

-02

a - 011

| -0.0
a
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a

3 1
08

Lift Coefficient Comparison

-02

-0.0

Lift Coefficient

Chart -1: Cl comparison with CFD vs Experiment of NACA
2412
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Correlation Matrix at AcA = 10
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Correlation Matrix at AoA = 15 10
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Fig -4: Correlation matrix at Different AoA.
(a). Cl correlation with Cd, M, and P

Cl has a correlation with Cd of 0.89 from AoA 0-10, which
climbs to 0.97 at AoA 5 and subsequently decreases to -
0.62 at AoA 15. This shows that Cl and Cd have a directly
proportional relation till 10 degrees if Cl will increase then
Cd will also increase. The correlation of Cl and Cd on each
other has a high impact and after AoA 15 will inversely
affect each other. The impact of the correlation of Cl with
camber (M) at 0 degrees is highest at 0.99 but starts to
decrease as we increase AoA. At 15 degrees Cl will have an
inverse relation i.e. if we increase AoA then Cl will
decrease if we increase the camber. The CI relation with
the camber (P) position increases as we increase AoA. At 0
degrees the impact of correlation of Cl with P is 0.11 which
further increases to 0.66 at AoA 15 degrees. This shows
the Cl will increase as we increase the position of the
camber to 5% of C with increasing AoA value.

(b).Cd correlation with P and M

Cd has a correlation with M of 0.82 at AoA 0 degrees and
0.99 at 5 degrees then further it decreases to 0.70 at 15
degrees. The value of Cd is all positive with M as the
relation is directly proportional with (M), but the impact
of correlation decreases as we increase AoA from 5-15
degrees. The impact of the correlation of Cd with the
position of camber (P) is highest at 0 degrees i.e. 0.50, but
further decreases to 15 degrees which are -.40. This shows
that with an increase in the P to50%C, the inverse relation
starts at 10 degrees which means after 10 AoA if we
further increase P will decrease the Cd.

(c). P and M correlation

The parameters P and M show the impact of 0 which
means they do not establish any relation and do not have
any relation with each other. This is because P and M are
independent parameters that do not affect each other.
They are values set by individuals to design the airfoil, but
they both impact the characteristics such as Cl, Cd, and
efficiency of the airfoil.

4.2 Effect on Cl and Cd with varying M and P

Fig 4a, 4e. Shows the effect of varying camber with AoA
and keeping the position of camber constant. At P=20%C,
the Cl of the airfoils increases till 10 degrees AoA, but
profile 5224 has a sudden drop in Cl, and 3224 performs
the best among the profiles in Fig 5a. The difference of Cl
between 3224 and 5224 is 20.11% at 15 degrees. This
shows that the Cd for 3224 is less than 5224 at a high
angle of attack i.e. 15 degrees, the difference between Cd
of 3224 and 5224 is 45.18%. Airfoil 2224 and 4224 have
gradually increased in Cl to 15 degrees AoA. Both have
almost the same Cl at 15 degrees with a difference of
1.73%. Fig 4b,4f shows at P=30%C the CI of all the profiles
increases up to 15 degrees AoA except profile 5324 whose
Cl increases to 10 but decreases at AoA 15 degrees. Airfoil
4324 has the highest Cl and 2324 has the lowest Cl at AoA
15 degrees with a difference of 17.02 %. The airfoils 5324
and 3324 are almost at the same Cl at 15 degrees with
almost a difference of 9%. Due to camber change the drag
on airfoil 5324 is the highest. In Fig 4c, 4g at P=40%C,
airfoils almost show the same behavior as n Fig 4a, 4e Cl
difference between airfoil 3424 and 5424 is 16.82. In Fig
4d, 4h at P=50%C shows that there is a gradual increase in
Cl and Cd of all profiles and very little difference between
Cl of airfoils. The Cl shows the converging behavior at AoA
15 degrees when we take P=50%C. These graphs show the
effects of varying camber and position of camber on Cl and
Cd, which helps identify the airfoil that can give good
performance concerning conditions we need.

© 2024,IRJET | ImpactFactor value: 8.226 |

IS0 9001:2008 Certified Journal |

Page 732



’,/ International Research Journal of Engineering and Technology (IRJET) e-ISSN: 2395-0056

IRJE"I-“ Volume: 11 Issue: 01 | Jan 2024 www.irjet.net p-ISSN: 2395-0072
149 — 2224
— 3224 /
= 14
12
12
10
; g 10
5 08 =
z £ os
£ S
§ 06 §
S o6
04
04
02
02
0 5 10 15 T . : .
Angle of Attack (AcA) 0 5 10 15

Angle of Attack (AcA)

Fig -4a: Effect on Cl with varying camber at P=20%C Fig -4d: Effect on Cl with varying camber at P=50%C
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Fig -4g: Effect on Cd with varying camber at P=40%C
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Fig -4h: Effect on Cd with varying camber at P=50%C

4.3 Impact of AoA on Cl and Cd of Airfoils

Fig 5 depicts that the Cd of the airfoils increases gradually
and with almost some consistency with change in AoA till
10 degrees, but for AoA 15 degrees the sudden increases
and decreases in Cd the pattern not consistent which is
due to the generation of the wake region which gives rise
to stall conditions due to these stall conditions the lift
starts to decrease at high angles of attacks. The Cd for
5224 is the highest at AoA 15 degrees and the Cl is low for
this at AoA 15 degrees. There is an increase of almost 20%
in Cl from airfoil 2224-5524 at 15 degrees, 16.47% at 10
degrees, 35.21% at 5 degrees, and 67.11% at) degrees AoA
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4.4 Efficiency of Airfoils

Efficiency is defined by L/D ratio or Cl/Cd ratio. The
higher the ratio more efficient will be the airfoil in the
aspect of performance, which means the airfoil has the
high lift and least drag which is the most required
condition of airfoil.Airfoil4524 at AoA 5 degrees has the
highest Cl/Cd ratio i.e. 65.98 and Airfoil 5524 at AoA 5
degrees has a value of 65.65 which is very close to airfoil
4524’s ratio. Airfoil 5224 has the least ratio i.e. 13.46.
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Fig -7: Cl/Cd of Airfoils
5. CONCLUSIONS
Within this study range the conclusions are as follows:

e From the correlation matrix it says that there is a
relation between Cl and Cd which is directly
proportional up to AoA 10 degrees and inversely
proportional after 10 degrees.

e The Cl decreases if we only change the camber
(M) and take other parameters constant, but Cl
increases when we change the position of the
camber (P).

e Pand M are independent of each other and do not
impact each other.

e The Cl increases gradually for all airfoils up to 15
degrees, but the airfoil of camber 5%C CI
decreases after 10 degrees except forthe 5524
airfoils The Cd for all airfoils increases as we
increase M and P.

e Airfoil 5524 has the highest Cl among studied
airfoils at 15 degrees AoA and airfoil 2224 has the
least Cl.

e Two airfoils 4524 and 5524 are the most efficient
in the studied region having Cl/Cd ratios of 65.98
and 65.65 respectively. Airfoil 5224 has the
lowest Cl/Cd ratio of 13.46.

Finally, the study emphasizes how the two shape-defining
parameters of asymmetric airfoils interact to affect their
efficiency and characteristics. It underlines that isolating
one parameter while leaving others constant can lead to
inconclusive results. The study shows that changing the
parameters leads to changes in characteristics and
efficiency, The correlation matrix study also shows there is
also the relation of characteristics and parameters with
each other which shows the behavior of characteristics
with each other.
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