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Abstract—The aerodynamic performance of airfoils has
been studied in several studies; however, the performance is
highly relying on the airfoil geometry and the flow
characteristics such as the flow type (laminar or turbulent)
and Reynolds number. This paper focuses on understanding
the aerodynamic performance of airfoils in a low-speed
environment (low Reynolds number) versus the airfoil
geometry. This paper would be a guide to the airfoil design
and optimization processes toward the design target under
similar flow conditions. Therefore, several parameters of
the airfoil geometry, such as maximum thickness, maximum
camber, their location, and reflex angle were studied in a
low Reynolds number range from 0.3x10° to 0.8x106. Three
airfoil parameterizations, NACA 4-digit, PARSEC, and
Bezier curve, were utilised to generate the airfoil
coordinates for different studied parameters. A two-
dimensional aerodynamic solver, XFOIL, was used to
evaluate the aerodynamic performance of the airfoils. The
results show that varying the airfoil geometry results in a
noticeable change in the lift, drag, and moment coefficients.
Also, as expected, increasing the Reynolds number has
resulted in a good performance.
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I. INTRODUCTION

Low Reynolds number environment widely exists in
real industry life. Such operating an aircraft or any lifting
body at a low Reynolds number will make the viscous
effect more dominant [1, 2]. The wing sections are
usually designed to achieve the desired aerodynamic
performance in a specific environment. The shape of an
airfoil can be manipulated to overcome or reduce the
impact of a low Reynolds number on the performance [3,
4]. At low Reynolds numbers, the rapid separation in the
boundary layer will affect the aerodynamic performance
of airfoils [5]. This leads to an unsteady behavior and
therefore a fluctuation in the resulting moment and force
with time [6]. Furthermore, the separation bubble will
initiate the transition from laminar to turbulent flow [6, 7],
see Fig. 1-A. The airfoil shape is definitely having
influence on the location of the separation and its
intensity along the upper and lower surface of the wing
section. Moreover, the Reynolds number and the angle of
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attack also have this influence on the aerodynamic
performance of the airfoils but this also could be
mitigated or manipulated along with the airfoil shape [8].
The reduction in the gradient of the lift-curve and the
increase in the drag-curve are obviously noticed when
separation is happened [9]. A large amount of air
resistance can be generated from the pressure drag at the
laminar flow region when the laminar separation bubble
is taken place. After the laminar separation bubble, the
flow attempts to reattach to the wing and turn into
turbulent flow or could remain separated. In case the flow
remains separated, the lift force will abruptly decrease
with a remarkable rise in the drag force. The surface
roughness of an airfoil has an effect on the performance
such as decreasing the lift/drag ratio when the Reynolds
number at approximately more than 105. Nevertheless,
below this Re, roughness can be beneficial due to the
discontinuity in the surface, which can participate to
forming the flow separation [10].

Reynolds number of the flow has a noticeable effect on
the performance and this effect can be recognized or
mitigated by changing the airfoil shape. The most impact
of flying under low Reynolds number is the increase in
the viscous drag and it becomes clear when separation
occurs. The airfoil shape can be modified through an
optimisation procedure to reach an optimal design that
can perform well without any separation within certain
range of angle of attack. So, the need is raised to
understand how the airfoil shape parameter can affect the
performance and how the Reynolds number plays its roll
in that. Therefore, for a range of Reynolds number, this
study will focus on the effect of the various airfoil shape
parameter on the airfoil performance. The Reynolds
number range chosen for this study, is from 0.3%<10° to
0.8x108,

There are several equations can generate airfoil
coordinates, however, not all these equations can deal
with all airfoil shape parameters targeted in the study.
Therefore, a combination of airfoil parameterizations is
used to generate airfoil coordinates for different airfoil
parameters. Table | shows the main parameters of airfoil
that can be altered for three different parametrization
equations. The mathematical equations of these
parametrization methods are detailed in the following
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references [8, 11-14] and will not be detailed in this
paper. Some parameters can be directly assigned in the
parametrization equations. Furthermore, the other
parameters are generated as a result of other parameters
depending on the nature of the parametrization equations.
This problem has been studied in several research papers
which came up with wusing a combination of
parametrizations used together to signify certain
parameters, see the references [15, 16].

As the study will examine several airfoil geometries at
several flow characteristics and several angles of attack, a
two-dimensional aerodynamic solver (XFOIL) has been
utilised to evaluate the aerodynamic performance. It
utilizes a combination of inviscid-viscous flow analyses
to converge with a result which can be in a good
agreement with experimental results [17]. Therefore,
XFOIL has been used in many optimization processes
and studies due to its good and rapid results [18-20].
However, the pitching moments calculated by XFOIL is
disputed by present work by the authors and some others
such as by Selig et al. [21], especially for symmetric
airfoils at low Reynolds numbers. However, the pitching
moment of asymmetric airfoils can be accepted if an
experimental validation was conducted afterwards.
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Figure 1. Structure of laminar separation bubble and Airfoil Shape
Parameters.

TABLE 1. AIRFOIL SHAPE PARAMETERS

Parameters PARSEC Bezier

NACA 4-digit
*

* KKk

Maximum camber

Position of Maximum
camber

* * KKk

* * KKk

Maximum Thickness

Position of Maximum
Thickness

*% * KKk

*% * KKk

Reflex angle

*kkk *kkk KKk

Thickness distribution

* Yes: can be modified directly

**No: cannot be modified directly

***Can be modified explicitly (no direct change available
****Highly restricted by other parameters
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Il. THE GEOMETRIC PARAMETERS

In order to study the effect of the wing section
geometry on the aerodynamic performance, three
geometry equations (NACA 4-digit, PARSEC and Bezier
parametrization) are used to generate the airfoil
coordinates. In each case, only one parameter is studied
under the range of the Reynolds number 0.3x108 to
0.8x108,

A. Effect of the Maximum Thickness Ratio

The NACA 4-digit coordinates generator has been
used to reach airfoil coordinates with different maximum
thickness ratios. Symmetric airfoils are taken for this part
of study. For example, when thickness ratio of 15% was
taken, the airfoil shape was NACAO0015 and so on. At
different airfoil thickness ratio, the aerodynamic
performance is investigated as shown in Fig. 2.
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Figure 2. Effect of maximum thickness ratio on aerodynamic
performance Re=0.5x10°.

The influence can be summarized as the following:

* Up to approximately 16%, it is found that
increasing the thickness ratio can enhance the
maximum lift and the ratio of the maximum lift
/drag. However, the trend is reversed when the
thickness ratios become higher than 16%. The
later behavior occurs because of the high drag
generated as the increase in the thickness can lead
to a laminar separation.

Increasing the thickness ratio leads to an increase
in the angle of attack, which corresponds to the
maximum lift/drag ratio.

Increasing thickness ratio can increase the drag at
a given angle of attack up to about 6 degrees.
After 6 degrees, the behavior is reversed.
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» The pitching moment results show a suspicious
behavior against the angle of attack, particularly
with thicker airfoils. Since these airfoils are
symmetric, the pitching moment should be very
small and constant about the quarter-chord before
the separation region. However, this is because
XFOIL might predict laminar separation that may
not have existed in real flow.

Increasing Reynolds number can enhance the
aerodynamic performance (see Fig. 3). At higher
Reynolds numbers, the viscous effect is reduced,
so the drag force is reduced.
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Figure 3. Effect of Reynolds number and maximum thickness on the
aerodynamic performance.

© 2023 Int. J. Mech. Eng. Rob. Res

101

B. Effect of the Position of the Maximum Thickness

The NACA 4-digit generator equation does not offer
an ability to change the location of the maximum
thickness ratio. Therefore, Bezier-curve parametrization
has been used to generate symmetrical airfoils with a
maximum thickness 12%, but at different locations.

The position of the maximum thickness ratio obviously
has an influence on the aerodynamic performance as
depicted in Figs. 4 & 5. Shifting the position of the
maximum thickness ratio towards the trailing edge can
reduce the maximum lift in addition to reducing the
pitching moment and drag corresponding to the
maximum lift/drag ratio. The lift and drag reduced with
shifting the location of the maximum thickness towards
the trailing edge. With the studied location range, it is
likely that the area of laminar flow becomes larger which
in turn result in a reduction in the drag coefficient.
However, at low Reynolds numbers, laminar separation
becomes dominant and has led to a reduction in the lift
and an increase in the drag. Therefore, when increasing
the Reynolds number to 0.8 million, the drag lift behave
reversibly. The pitching moment will be affected because
the lift and drag forces will be differed when shifting the
maximum thickness location since the moment was
calculated at 0.25 of the chord in all cases.
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Figure 4. Effect of location maximum thickness on the aerodynamic
performance, maximum thickness=12%, Re=0.5x10°.
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Figure 5. Effect of Reynolds number and location of the maximum
thickness at maximum lift/drag ratio.

C. Camber Ratio (Max Camber) and its location

The NACA 4-digit formula has been facilitated to
create airfoils to be studied with several camber-ratio
(maximum camber) and their location. As expected, and
shown in Figs. 6 &7, increasing the camber ratio has a
pronounced influence on the aerodynamic performance
such as increasing the maximum lift, zero lift angle of
attack, lift/drag ratio and pitching moment in addition to
a decrease in drag. However, for this case study, an
increase in drag is shown after 2% camber ratio.

Figs. 8 & 9 show the effect of the maximum camber
position on the aerodynamic performance. Shifting the

© 2023 Int. J. Mech. Eng. Rob. Res

position of the maximum camber towards the trailing
edge can decrease drag, pitching moment and lift
corresponding to the maximum lift/drag ratio. The
maximum lift/drag ratio can be increased but with a limit
of maximum camber location.
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Figure 6. Effect of camber ratio on aerodynamic performance. max
thickness 13%, camber location at 40%, at Re=0.5x10%

140

Re (X10"6)
120 —4—03
—eo—03 —
100 08 =

max(C /C 5
\\\

¥
40 — . ) -
0 1 2 3 4 5
camber ratio %
14
/ i
/// 4
(30 1.2 /o”
o v
Y /4: &
© 1 4
1S /'//
© O s
o 08 }|——=*>~
M‘
0.6
0 1 2 3 4 5

camber ratio %



International Journal of Mechanical Engineering and Robotics Research Vol. 12, No. 2, March 2023

18
1.6 -
N S &
o _,_,—“‘{"M
P o s S
O e
BT =
1.2
1 i ] ] ]
0 1 2 3 4 5
camber ratio %
0.016
>
©° 0.014 =g
O— \\\ ,éf/(’
% \9-_- /
g 00124 ——— —
N iy
=1 N i
OU 0.01 X &’___4—--"‘“——_(
0.008
0 1 2 3 4 5

camber ratio %

Figure 7. Effect of Reynolds number and camber ratio at maximum
lift/drag ratio, max thickness 13%.
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I1l. REFLEX CAMBER

The reflex of trailing edge is used in many airfoils
especially with flying wing sections where a small
pitching moment is desired. A combination of two airfoil
parametrizations has been adopted, Bezier-curve for the
thickness distribution and PARSEC parametrization for
the camber line. The reason for using PARSEC
parametrization is its ability to bend the trailing edge with
several angles (reflex angle). Fig. 10 shows the samples
of reflex followed in this study.

An airfoil with 12% maximum thickness and 5%
camber is selected. Figs. 11& 12 show the effect of reflex
angle on the aerodynamic performance. These effects can
be summarized as follows:

 As the reflex angle increases, the lift is reduced
and the drag increases. However, at angle of
attack of about 12 degrees, the reflex angle shows
slight influence which apparently happens at the
separation angle of attack.
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» As expected, the moment shows high sensitivity . :
to changing the reflex angle. A positive moment Pz
can be achieved with a high reflex angle as the
amount of the lift at the lower surface near the
trailing edge (near the reflex) can produce a
positive moment.

» The lift to drag ratio is reduced as the reflex
increases. This is mainly due to the high
reduction in the lift as shown in Fig. 12.

« As in the other cases, increasing the Reynolds
number  will enhance the aerodynamic
performance. However, the main issue here is that
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= IV. CFD VALIDATION

——10

——15 In this paper, several airfoil geometries at varies angles
of attack and Reynolds numbers have been studied using
a low fidelity software Xfoil. A CFD analysis has been
conducted to validate some results using Ansys Fluent. A
low Reynolds number turbulent model; SST; has been
used to validate the results achieved for three airfoils;
NACA0009, NACA0012 and NACA0018 at Re=0.5x10°
as indicated in Fig. 13.

Figure 11. Effect of Camber Ratio Position on Aerodynamic
Performance. Re=0.5x108, Max thickness 12%, camber ratio 5%.
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Figure 13. A comparison between Xfoil and ANSYS Fluent results.
Re=0.5>106,

The validation result demonstrations that Xfoil can
predict the lift and drag very well at lower angles of
attack. But, at higher angles of attack, due the viscose

drag, the results of Xfoil deviate from that of CFD results.

However, if the results were compared with that in Fig. 3,
the influence of the maximum airfoil thickness still the
same. This indicates that the aerodynamic behavior,
studied in this paper using Xfoil, is reliable if compared
with the CFD results.

© 2023 Int. J. Mech. Eng. Rob. Res

V. CONCLUSION

Several parameters of airfoil geometry, such as
maximum thickness, maximum camber, their location,
and reflex angle have been studied under a range of low
Reynolds number values from 0.3x10° to 0.8x10°. Three
airfoil parameterizations, NACA 4-digit, PARSEC and
Bezier curve, were utilised to generate the airfoils
coordinates for various studied parameters. The results
show that Reynolds number has a significant impact on
the aerodynamic performance as the low Reynolds
number operation can lead to a lower aerodynamic
performance due to the high drag force created by
laminar separations and then reduces the lift forces. The
aerodynamic performance can be improved over a certain
range of airfoil thickness and depends on the operating
Reynolds number. The location of the maximum
thickness demonstrates influences on the lift to drag ratio
and the maximum lift coefficient in addition to the
pitching moment. Reflex angle can be adjusted to achieve
higher lift and drag coefficient in addition to producing a
positive pitching moment.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

Ahmad Alsahlani carried out the aerodynamic solver
results and the CFD Validation. Mohammed AI-SAAD’s
contribution was to emblement the comparison and
discus the results. Mohammed Al- Mosallam carried out
the check and proofreading in addition to contribute in
the CFD analysis. All the Authors read and approved the
final manuscript.

REFERENCES

[1] T. Xia, H. Dong, L. Yang, S. Liu, and Z. Jin, “Investigation on
flow structure and aerodynamic characteristics over an airfoil at
low Reynolds number—A review,” AIP Advances, vol. 11, no. 5,
p. 050701, 2021.

[2] H. Dong et al., “Study on flow separation and transition of the
airfoil in low Reynolds number,” Physics of Fluids, vol. 31, no. 10,
p. 103601, 2019.

[3] J. Wauters and J. Degroote, “On the study of transitional low-
Reynolds number flows over airfoils operating at high angles of
attack and their prediction using transitional turbulence models,”
Progress in Aerospace Sciences, vol. 103, pp. 52-68, 2018.

[4 N. J. Kay, P. J. Richards, and R. N. Sharma, “Influence of
turbulence on cambered and symmetrical airfoils at low Reynolds
numbers,” AIAA Journal, vol. 58, no. 5, pp. 1913-1925, 2020.

[6] A. Jarzabek, "Low speed wind tunnel testing of aerofoil family for
solar powered aircrafts," 2011.

[6] J. Lei, F. Guo, and C. Huang, “Numerical study of separation on
the trailing edge of a symmetrical airfoil at a low reynolds
number,” Chinese Journal of Aeronautics, vol. 26, no. 4, pp. 918-
925, 2013.

[7] P. Lissaman, “Low-reynolds-number airfoils,” Annual Review of
Fluid Mechanics, vol. 15, no. 1, pp. 223-239, 1983.

[8] R. K. N. Parasaram and T. Charyulu, “Airfoil profile design by
reverse engineering bezier curve,” International Journal of
Mechanical Engineering and Robotics Research, vol. 1, no. 3, pp.
410-420, 2012.



(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

International Journal of Mechanical Engineering and Robotics Research Vol. 12, No. 2, March 2023

R. Ma and P. Liu, “Numerical simulation of low-Reynolds-
number and high-lift airfoil S1223,” in Proc. the World Congress
on Engineering, 2009, vol. 2.

C. A. Lyon, A. P. Broeren, P. Gigu™ ere, A. Gopalarathnam, and a.
M. S. Selig, Summary of Low Speed Airfoil Data Volume-3.
SoarTech, 1995.

M. A. G. M. Roper, “Calculation of the effect of camber and twist
on the pressure distribution and drag on some curved plates at
supersonic speeds,” AERADE, 1955.

B. A. Gardner and M. S. Selig, “Airfoil design using a genetic
algorithm and an inverse method,” AIAA Paper, vol. 43, 2003.

E. Alpman, “Airfoil shape optimization using evolutionary
algorithms,” Aerospace Engineering Department, Pennstate
University, 2004.

A. A. Alsahlan and T. Rahulan, “Aerofoil design for unmanned
high-altitude aft-swept flying wings,” Journal of Aerospace
Technology and Management, vol. 9, pp. 335-345, 2017.

H. Sobieczky, “Parametric airfoils and wings,” Recent
Development of Aerodynamic Design Methodologies, Springer,
1999, pp. 71-87.

J. A. Samareh, “A survey of shape parameterization techniques,”
in Proc. CEAS/AIAA/ICASE/NASA Langley International Forum
on Aeroelasticity and Structural Dynamics, Williamsburg, 1999:
NASA Conference Publication, pp. 333-344.

M. Drela and M. B. Giles, “Viscous-inviscid analysis of transonic
and low Reynolds number airfoils,” AIAA Journal, vol. 25, no. 10,
pp. 1347-1355, 1987.

J. Mariens, A. Elham, and M. van Tooren, “Quasi-three-
dimensional aerodynamic solver for multidisciplinary design
optimization of lifting surfaces,” Journal of Aircraft, vol. 51, no. 2,
pp. 547-558, 2014.

N. P. Salunke, J. Ahamad R. A, and S. A. Channiwala, “Airfoil
parameterization techniques: A review,” American Journal of
Mechanical Engineering, vol. 2, no. 4, pp. 99-102, 2014, doi:
10.12691/ajme-2-4-1.

C. Echavarria, J. D. Hoyos, J. H. Jimenez, G. Suarez, and A.
Saldarriaga, “Optimal airfoil design through particle swarm
optimization fed by CFD and XFOIL,” Journal of the Brazilian
Society of Mechanical Sciences and Engineering, vol. 44, no. 11,
pp. 1-17, 2022.

© 2023 Int. J. Mech. Eng. Rob. Res

106

[21] W. Chen and L. P. Bernal, “Design and performance of low
Reynolds number airfoils for solar-powered flight,” in Proc. 46th
AIAA Aerospace Sciences Meeting and Exhibit, 2008, p. 316.

Copyright © 2023 by the authors. This is an open access article
distributed under the Creative Commons Attribution License (CC BY-
NC-ND 4.0), which permits use, distribution and reproduction in any
medium, provided that the article is properly cited, the use is non-
commercial and no modifications or adaptations are made.

Ahmad Alsahlani was born in Basrah
southern Irag. He obtained his PhD from
University of Salford / UK in 2018 and
obtained his BSc and MSc degrees in
mechanical ~ engineering  from  Basrah
University in 2004 and 2009 respectively. Mr
Alsahlani currently works as a lecturer in
Basrah University and his interest is on the
design of high altitude, long endurance, and

Mohammed AI-SAAD completed his Ph.D. in
engineering from Cardiff University, UK late
2017. He focused intensely in his study on
biomechanics using CFD, SPH method, blood
flow, thrombus, fluid dynamics, incompressible
flow development, and independent studies. Al-
SAAD is lecturing in Basrah University since
2003.

Mohammed Al-Mosallam is a lecturer in the
mechanical engineering department at the
University of Basrah. His work interests are
Thermal Engineering, CFD of Two-Phase
Flows, CLSVOF, and Multi-Moment Methods.
Al-Mosallam holds a Ph.D. in mechanical
engineering from Cardiff University.





