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Abstract. In designing of Unmanned Aerial Vehicle (UAV), selection of an optimal wing design is a crucial part
of complete UAV design process. This research explores the different aerodynamic parameters and the com-
parison of different wing planforms to ascertain the optimal wing design and improve the overall efficiency of
an UAV. The computational analysis using XFLR5 and Open-VSP software is studied to investigate the various
aerodynamic parameters of wing. The impact of aspect ratio, taper ratio, wing reference area, coefficient of
lift and drag, and stall angle of attack are examined using the Analytical Hierarchy Process (AHP). The results
emphasize the importance of different wing planforms and create easier selection of planform for the UAV
designers. The study does not only provide the values for operating parameters but also offers practical guid-
ance for design optimization. The semi tapered, and moderate tapered (A = 0.5) wings are the good choice
to select at the initial phase of design. The highly tapered and elliptical wings provide higher lift but are not
efficient in the stalling conditions. Furthermore, the rectangular wing provides elliptical lift distribution, but it
is inefficient in the lift generation.
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1. Introduction

UAVs are continuously evolving for an operations like sur-
veillance and reconnaissance, combat and strike, payload
delivery. UAV's efficiency becomes a crucial factor in de-
signing of wing planform. It can be determined by the
range, speed, and endurance. These all parameters are
depending upon how effectively wing planform generates
lift with minimum drag and with safe operation. The se-
lection of an optimal wing planform directly affects aero-
dynamic efficiency because it directly affects the lift. The
overall performance of an UAV can be improved by care-
fully selecting the wing planform, leading to improved fuel
economy, greater endurance, extended range, increased
payload carrying capacity and enhanced stability.

Chen and Katz (2004) have investigated the subsonic
aerodynamics of aircraft wing, to highlight the effect of
aspect ratio, taper ratio, twist, sweep of the wing over in-
duced drag. They have calculated a simple set of data of
induced drag values for high aspect ratio wings consider-
ing all above parameters. The lifting line theory has been
used to analyse the induced drag focussing on a rectan-
gular wing planform and the Fourier series expansion has
been used for comparison of elliptical wing lift distribution
with the non-elliptical case. They observed that the smaller

taper ratios are essential from structural point of view and
higher aspect ratios are desired for lower induced drag.
Haque et al. (2015) have compared curved leading edge
and rectangular wing planform using NACA 4412 airfoil
to determine the effect of wing planform over the vari-
ous aerodynamic parameters. The experiments have been
conducted on both wing planforms at different angle of
attack in the wind tunnel. Guzelbey et al. (2018) have been
investigated the effect of taper ratio over wing induced
drag coefficient, lift coefficient, and spanwise lift distribu-
tion and also discussed the optimization of these param-
eters to achieve the required aircraft efficiency. XFLR5 tool
is used for analysis of wings and to get the experimental
values for comparison. An optimum taper ratio has been
observed to reduce the induced drag coefficient and im-
proved the efficiency of wingspan. The authors also exam-
ined the formation of tip vortices for each wing design to
minimize the tip vortex. Dhekane and Sherje (2020) have
conducted an analysis of wing of $1223 airfoil based on
lift coefficient, and structural strength with different ta-
per ratio. As the taper ratio increases, the lift distribution
curve became close to rectangular shape showing maxi-
mum local lift coefficient near to wingtip. They developed
a methodology to divide the wing into equal parts and
showed that the moderate taper ratio of 0.4 or 0.5 could
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perform well and provide lift distribution close to elliptical
distribution.

Daniel (2020) investigated the performance of asym-
metric airfoil using XFLR5 software and explained the way
to select an airfoil of UAV for optimum performance. Ha-
murcu and Eren (2020) explained the integration of mul-
ticriteria decision making technique to select the optimum
UAV among available options. AHP technique is used to
determine category weights and TOPSIS is used to rate
alternatives for selecting best UAV. Hospodar et al. (2022)
observed the effects of different wing planforms over lift
distribution to minimize the drag coefficient, to reduce
structural weight and flight performance assessment for
fuel economy. The results showed an aircraft with bell-
shaped lift distribution can provide 4-6% better fuel ef-
ficiency compared with the elliptical wing planform. The
selection of an optimal wing planform plays an important
role in UAV designing. Saragyakupoglu et al. (2022) fo-
cused on design of loitering munition UAV system capa-
ble of day and night operation, with flight time of 2 to
3 hrs. and to be catapult launched. They analyzed differ-
ent methodologies used in UAV construction and setting
a strong foundation for UAV design. They also performed
the experimental and numerical analysis to study various
parameters of UAV and demonstrated that the loiter muni-
tion UAV system is reliable and cost efficient for operations
in defense and security missions. Akdeniz (2020) investi-
gated the effect of a flap design over aerodynamic and
flight characteristics of the NACA 4415 airfoil using XFLR
5 software. A comparison is made between the original
NACA 4415 wing design and modifiend +5° flapped des-
ing considering Reynolds number and angle of attack,
showed significant increase in lift force. Alam et al. (2014)
fabricated an UAV with airfoil shaped fuselage using NACA
4416 airfoil and comapared different aerodynamic charac-
teristics using CFD analysis. They studied the design pa-
rameters of airfoil shaped fuselage UAV model using open
circuit subsonic wind tunnel considering range of Reynolds
number at varying angle of attack.

Palcic and Lalic (2009) discussed important tool for
decision making in various scenario using AHP technique.
They showed major strength of AHP and outlined its sys-
tematic approch to minimize subjective decision making
when choosing between different alternativs. Khan and
Faruk (2018) compared the aerodynamic performance of
NACA 2412 airfoil wing with and without curved leading
edge. Two wing models were analyzed using CFD simu-
lations, where curved leading edge wing planform dem-
ostrated higher lift and comparatively lower drag leading
to higher lift to drag ratio. Siddigi and Lee (2019) focused
on modifying the wing of an UAV RQ-7 Shadow to investi-
gate the changes in aerodynamic characteristics, including
modifications in airfoil, wing planform, aspect ratio and
adding winglets. CFD analysis for five different wing plan-
forms have been carried out using ANSYS Fluent software
to calculate the lift to drag ratio at various angle of attacks
and speeds.
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Karpenko et al. (2023) performed theoretical and ex-
perimental research on aerospace laminated composite
structure using frequency analysis. Various samples were
made using extruded polystyrene and the vibrational
damping characteristics of the material tested using pi-
ezoelectric micro vibration test. Das and Roy (2018) aims
to compare different composite materials to replace Alu-
minium 2024 T3 because of their high strength to weight
ratio and fatigue life. The study focused on structural
analysis of wing structure to evaluate wing performance
using CATIA V5 R20 and ANSYS software. Jadhav (2020)
compared structural behaviour of Boeing BACXXX airfoil
wing under loading conditions made from aluminium al-
loy and titanium alloy. CATIA V5 R21 and ANSYS software
are used for wing structure design and analysis of wing
respectively. Kirubakaran et al. (2017) investigated opti-
mization of aircraft wing weight using compostie material
design, comparing meatallic and composite structure to
analyze structural properties and stress distribution using
CATIA V5 and ANSYS softwares. Lubecki et al. (2022) stud-
ied the use of composite materials for reduction of weight
and energy comsumption of mechanical components.
They developed hydraulic cylinder design using composite
material to reduce the weight and focussed on the effect
of weight reduction over bending moment cused in the
boom of working machines.

Nowadays, various types of wing planforms are avail-
able, but there are no established criteria for the optimal
selection of a wing based on different parameters while
considering the effect of varying camber and airfoil thick-
ness. The present study is mainly focused on determin-
ing the optimal wing planform by comparing them using
AHP technique, based on the effects of varying camber,
airfoil thickness, coefficient of lift, drag, and stall char-
acteristics. Figure 1 shows the basic wing terminology
which is used to design a wing in preliminary stage of
an aircraft design. Root chord (C,) is the length of the
wing section near to the fuselage. Tip chord (Cy) is the
length of wing section at the end of the wing. Span (b)
represents the total wing length from one side to other.
Wing area (S) represents total wing reference area of an
aircraft wing (Sadraey, 2013).

Figure 1. Terminology of wing
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1.1. Aerodynamic parameters

The aerodynamic parameters are associated with wing ge-
ometry and used to determine the aerodynamic perfor-
mance of the wing. These parameters play an important
role to design wing in initial phase.

1.1.1. Lift coefficient

The coefficient of lift is a dimensionless parameter which
is used to evaluate lift force generated by an airfoil and
wing. Equations (1)—(4) represent the theoretical way to
calculate lift coefficient for an airfoil as well as for a finite
wing based on lift slope value which are dimensionless
parameters (Sadraey, 2013; Gudmundsson, 2022).

t
Airfoil Lift slope, C,, =1~8xn£1+0.8xmax} (1
c
Airfoil coefficient of lift, :C,ax(a—aLzo). )
N B Clo
Wing lift slope, C,, = (3)

14(57-3xKxCp, )

Wing coefficient of lift, C; :CLax(oc—ocL:O). 4)

1.1.2. Drag coefficient

Drag coefficient is the dimensionless quantity which char-
acterizes total drag force experienced by an aircraft while
it moves through an air. Total drag coefficient is a com-
bined effect of lift induced drag and parasitic drag. Equa-
tion (5) represents drag polar which provides the value for
total drag coefficient of an aircraft (Guzelbey et al., 2018).

Total drag coefficient, Cp=Cp, +K (C?). (5)

The lift induced drag is generated due to the lift gen-
eration of the wing. When an aircraft lifts, it creates vorti-
ces at the wg tip and due to this a backword force vector
adds on total drag. It is directly proportional to lift gen-
erated and inversely proportional to aspect ratio of the
wing. High aspect ratio wing produces less lift induced
drag compared with low aspect ratio wing. Parasitic drag
is caused by the shape, surface, and all other non-lift pro-
ducing components. It is a result of form drag which cause
by the shape of moving body through fluid, skin friction
dracause due to the friction between the body surface and
fluid, and interference drag cause when an airflow gets
disturb with an aircraft component and this disturbed air

Figure 2. High angle of
attack

Figure 3. Low angle of
attack

flows over other components (Sadraey, 2013; Gudmunds-
son, 2022).

1.2. Stall characteristics

Stalling is a main constraint in preliminary design of an
aircraft. In fixed wing UAV, aircraft must exceed stalling
speed for safe take-off. It is the minimum speed which is
required for an aircraft to fly.

1.2.1. Stall angle

Gudmundsson (2022) and Hospodar et al. (2022) explained
that stall is a condition in aircrafts. If the angle of attack in-
creases, the lift starts decreasing which is known as critical
angle of attack. If the angle of attack increases beyond this
lim, there would be sudden drop in lift generated by the
wing and aircraft becomes unstable leading to the higher
risk of losing control.

Figures 2-3 represents the flow over a wing at high
and low angle of attack. These figures are general rep-
resentation of flow over the wing to highlight a differ-
ence between flow lines over the wing at lower and higher
angle of attack. Flow remains attached for low angle of
attack and generates the required lift. As the angle of at-
tack increases, the flow is separated near to top leading
edge and lift of wing is reduced. Hence it is important to
know the stall angle of attack before designing an actual
wing. Stall angle can be easily predicted by using follow-
ing parameters. First the maximum lift coefficient of wing
is required without sweep, twist, or any dihedral angle.
Equation (6) represents maximum lift coefficient of wing
with no sweep. After that aspect ratio of wing should be
matched the criteria. Equation (7) represents the aspect
ratio criteria for high aspect ratio wing. After that leading
edge parameter is calculated by Ay. For NACA 4 or 5 se-
ries, the value for Ay is given by 25 (t/c). Finally, stall angle
of attack for finite wing is calculated by the theoretical
formula represented in Equation (8).

Cimax = 0.9 % Cimaxs (6)

4

R>—w———: (7)
(G, +1M CosA

C
o Stall = émax +0Ly + Al gy - ®)
Lo

2. Methodology

2.1. Prerequisites

For parametric analysis of the fixed wing UAV, the value
of basic parameters is considered which are mentioned in
Table 1. Normally, wing span should be 3-9 m for small
and medium type of UAV, and the speed ranges should be
from 6-18 m/s. In this study, 6 m wing span with 1 m root
chord and 10 m/s are selected to ease the calculations
(Dhekane & Sherje, 2020).



Table 1. Value of considered parameters

| Parameter Value |
Span (b) 6m

Root chord (C,) Tm

Speed (V) 10 m/s
Density (p) kg/m3
Oswald's span efficiency (e) 0.8

Dynamic viscosity of air (n) 0.00001789 Ns/m?

2.2. Modelling

Fixed wing UAVs rely on a variety of airfoils or wing pro-
files to achieve the desired aerodynamic performance. The
selection of an airfoil is crucial to determining an UAV's
flight characteristics, efficiency, and mission capabilities.
Small and medium type of UAV uses various type of mate-
rials for wing structure, each material offers unique prop-
erties to maintain structural stability. The choice of mate-
rial depends upon various factors like strength to weight
ratio, cost, flexibility, thermal properties (Das & Roy, 2018;
Jadhav, 2020). Metals like aluminium and titanium are
comparatively lighter in weight than steel, but are heavier
than composite materials. Composite materials provide
better corrosion resistance, excellent strength to weight
ratio and good impact resistance (Karpenko et al., 2023;
Kirubakaran et al., 2017).

NACA airfoils are available in open source and eas-
ily manufacturable. Two cases are considered based on
change in camber and thickness of NACA airfoil which are
commonly used for fixed wing design (Akdeniz, 2020).

Case | — Increasing camber — NACA 1412, NACA 2412,
NACA 4412, NACA 6412.

Case Il — Increasing thickness — NACA 4412, NACA
4418, NACA 4421, NACA 4424.

Several wing planforms are available to design the
UAVs, but certain designs are more commonly employed
due to their suitability for different mission profiles. Five
wing planforms are selected for the study as Elliptical
wing, Rectangular wing (A = 1), Moderate tapered wing
(A = 0.5), Highly tapered wing (A = 0.3), and Semi tapered
wing (A = 0.5 for tapered section) which are shown in Fig-
ure 4. The average value for taper ratio is 0.5, which is
selected for moderate tapered wing. Semi-tapered wing
is the combination of rectangular and tapered wing and
by maintaining the same taper ratio as moderate tapered
wing, this wing planform show combined characteristics
of rectangular and moderate tapered wing, which help
this study in better position to identify how the planform
geometry affects key aerodynamic parameters. The lower
value of taper ratio increases the local lift coefficient value
near to wing tip which increase the chances of stalling of
an aircraft at much lower angle of attack (Siddiqi & Lee,
2019; Khan & Faruk, 2018).
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b)
— //2

e)

Figure 4. Geometry of different wing planforms for
small and medium category UAVs: a — elliptical wing;
b — rectangular wing; ¢ — moderate tapered wing;

d - highly tapered wing; e — semi tapered wing

2.3. Wing analysis

Analysis is carried out with the help of XFLR5 solver and
Open VSP solver using 3 D panel method. Reynolds num-
ber has significance in analysis as the lift generated is
highly dependent on it. Reynolds number (R,) is calculated
by Equation (9).
R, =0 )
i

In this research, the range of characteristic length (D)
from minimum chord length of 0.3 m to maximum chord
length of 1 m is considered and based on this, the Reyn-
olds number is calculated and the range is selected from
2x10° to 7x10° for characteristics length of 0.3 mto 1 m
(Alam et al., 2014; Saracyakupoglu et al.,, 2022).

2.3.1. Lift and drag

Computational analysis is performed for all wing planforms
and the values for lift coefficient, induced and parasitic
drag coefficient, total drag coefficient is obtained for case
I and Case Il of airfoils in Table 2 and Table 3 respective-
ly. Wing analysis data with increasing airfoil camber and
thickness is used for parametric comparison using AHP
technique.
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Table 2. Wing analysis data with increasing airfoil camber

Wing type Aspect ratio Tapered Angle of attack Coefﬁcient Induced Parasitic Total drag
ratio (\) (o) deg. of lift (C)) drag (Cp)) drag (Cpy) (Cp)
NACA | Rectangular 6 1 2 0.232 0.00285 0.00613 0.00898
1412 ' moderate tapered 8 0.5 2 0.263 0.00271 0.00685 0.00956
highly tapered 9.23 03 2 0.268 0.00243 0.00722 0.00965
semi tapered 6.86 05 2 0.248 0.0028 0.00642 0.00922
Elliptical wing 8.99 - 2 0.290 0.00315 0.0123 0.0155
NACA | Rectangular 6 1 2 0311 0.00513 0.00619 0.01133
2412 | moderate tapered 8 05 2 0353 0.00488 0.00686 0.01173
highly tapered 9.23 03 2 0358 0.00434 0.0072 0.01154
semi tapered 6.86 05 2 0333 0.00501 0.00643 0.01144
Elliptical wing 8.99 - 2 0.388 0.00566 0.0126 0.0183
NACA | Rectangular 6 1 2 0.467 0.01163 0.00725 0.01888
4412 | moderate tapered 8 0.5 2 0.533 0.01045 0.00741 0.01789
highly tapered 9.23 03 2 0.536 0.00974 0.00772 0.01746
semi tapered 6.86 0.5 2 0.499 0.01129 0.00723 0.01852
Elliptical wing 8.99 - 2 0.582 0.01275 0.01355 0.02629
NACA | Rectangular 6 1 2 0.622 0.02064 0.00902 0.02965
6412 | moderate tapered 8 05 2 0.710 0.0197 0.00949 0.02919
highly tapered 9.23 03 2 0713 0.01721 0.00985 0.02707
semi tapered 6.86 05 2 0.663 0.01998 0.00922 0.0292
Elliptical wing 8.99 - 2 0.750 0.02115 0.01466 0.0358

Table 3. Wing analysis data with increasing airfoil thickness

Wing type Aspect ratio Tapered Angle of Coefﬁcient Induced Parasitic Total drag
ratio (A) | attack (o) deg.| of lift (C) drag (Cp)) drag (Cpy) (Cp)
NACA | Rectangular 6 1 2 0.467 0.01163 0.00724 0.01888
4412 | moderate tapered 8 0.5 2 0.533 0.01045 0.00744 0.0179
highly tapered 9.23 03 2 0.536 0.00974 0.00773 0.01747
semi tapered 6.86 0.5 2 0.499 0.01129 0.00723 0.01853
Elliptical wing 8.99 - 2 0.582 0.01275 0.01355 0.02629
NACA | Rectangular 6 1 2 0.481 0.01234 0.00921 0.02155
4418 | moderate tapered 8 0.5 2 0.534 001112 0.0097 0.02081
highly tapered 9.23 03 2 0.554 0.01037 0.01009 0.02047
semi tapered 6.86 0.5 2 0.513 0.01196 0.00942 0.02138
Elliptical wing 8.99 - 2 0.585 0.01294 0.01355 0.02651
NACA | Rectangular 6 1 2 0.487 0.01264 0.01024 0.02289
4421 moderate tapered 8 0.5 2 0.541 0.0114 0.01089 0.0223
highly tapered 9.23 03 2 0.561 0.01065 0.0114 0.02205
semi tapered 6.86 0.5 2 0.520 0.01224 0.01054 0.02278
Elliptical wing 8.99 - 2 0.588 0.01311 0.0136 0.0267
NACA | Rectangular 6 1 2 0.493 0.01294 0.01131 0.02425
4424 | moderate tapered 8 0.5 2 0.548 0.01169 001217 0.02386
highly tapered 9.23 03 2 0.568 0.01092 0.01279 0.02371
semi tapered 6.86 0.5 2 0.526 0.01252 0.01168 0.02419
Elliptical wing 8.99 - 2 0.589 0.01315 0.0136 0.02676
2.3.2. Stall angle
Stall angle of attack is calculated using Equation (8). The stall angle of attack is shown in Table 4 for the airfoils of

calculated value of Lift slope, maximum lift coefficient, and case | and case Il.



Table 4. Variation of stall angle of attack for different airfoils
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Airfoil Planform “ L Clynae Clonax a Adstal Jstal
/deg. /deg. deg. deg.
NACA 1412 |Rectangular 0.108 0.0766 1.3662 1.23 -1.10 0 14.95
Moderate tapered 0.108 0.0826 1.0362 093 -1.10 1.212 11.40
highly tapered 0.108 0.0853 0.9369 0.84 -1.10 1.212 10.00
semi tapered 0.108 0.0795 1.0296 0.93 -1.10 1.212 11.77
elliptical 0.108 0.0848 1.2128 1.09 -1.12 1.212 12.96
NACA 2412 | Rectangular 0.108 0.0766 1.4392 1.30 -2.22 0 14.69
Moderate tapered 0.108 0.0826 1.0949 0.99 -2.25 1.212 10.89
highly tapered 0.108 0.0853 0.9999 0.90 -2.26 1.212 9.50
semi tapered 0.108 0.0795 1.0880 0.98 -2.22 1.212 11.31
elliptical 0.108 0.0848 1.2705 1.14 -2.24 1.212 1245
NACA 4412 | Rectangular 0.108 0.0766 1.5555 1.40 -4.30 0 13.98
Moderate tapered 0.108 0.0826 1.1690 1.05 -4.34 1.212 9.61
highly tapered 0.108 0.0853 1.0857 0.98 -4.35 1212 8.32
semi tapered 0.108 0.0795 1.1612 1.05 -4.30 1.212 10.06
elliptical 0.108 0.0848 1.3727 1.24 -4.32 1.212 11.46
NACA 6412 | Rectangular 0.108 0.0766 1.6470 1.48 -6.32 0 13.03
Moderate tapered 0.108 0.0826 1.2839 1.16 -6.59 1.212 8.61
highly tapered 0.108 0.0853 1.1526 1.04 -6.53 1212 6.84
semi tapered 0.108 0.0795 1.2766 1.15 -6.32 1.212 9.35
elliptical 0.108 0.0848 1.4815 1.33 -6.34 1.212 10.59
NACA 4412 | Rectangular 0.108 0.0766 1.5555 1.40 -4.30 0 13.98
Moderate tapered 0.108 0.0826 1.1690 1.05 -4.34 1.212 9.61
highly tapered 0.108 0.0853 1.0857 0.98 -4.35 1212 8.32
semi tapered 0.108 0.0795 1.1612 1.05 -4.30 1.212 10.06
elliptical 0.108 0.0848 1.3727 1.24 -4.32 1.212 11.46
NACA 4418 | Rectangular 0.113 0.0789 1.6058 1.45 -4.27 0 14.04
Moderate tapered 0.113 0.0853 1.2311 1.1 -4.32 2.179 10.84
highly tapered 0.113 0.0882 1.0405 0.94 -4.34 2.179 8.46
semi tapered 0.113 0.0820 1.2236 1.10 -4.27 2.179 11.33
elliptical 0.113 0.0877 1.4346 1.29 -4.29 2.179 12.61
NACA 4421 | Rectangular 0.115 0.0801 1.6072 1.45 —4.22 0 13.84
Moderate tapered 0.115 0.0867 1.2372 1.1 -4.30 2.179 10.72
highly tapered 0.115 0.0896 0.9938 0.89 -4.32 2.179 7.84
semi tapered 0.115 0.0833 1.2298 1.1 —4.22 2.179 11.25
elliptical 0.115 0.0891 1.4348 1.29 -4.24 2.179 1243
NACA 4424 | Rectangular 0.118 0.0812 1.5725 1.42 -4.12 0 13.30
Moderate tapered 0.118 0.0880 1.2108 1.09 -4.27 2.179 10.29
highly tapered 0.118 0.0911 0.9766 0.88 -4.30 2.179 7.53
semi tapered 0.118 0.0845 1.2036 1.08 -4.12 2.179 10.88
elliptical 0.118 0.0905 1.4076 1.27 -4.17 2.179 12.00

2.3.3. Stall region over wing span

The lift distribution over different type of wing span is
represented in Figure 5 by solving wing analysis in XFLR5.
As the angle of attack increases beyond the critical angle
of attack, stall occurs first at the point of maximum local
lift coefficient and propagates from that portion over the
wing span. The mounting of an ailerons should be avoided
in this region because in case of stall, these control surfac-

es play an important role to control an aircraft (Guzelbey
et al,, 2018; Hospodar et al., 2022).

For rectangular wing, the maximum local lift coefficient
occurs at a root chord and this makes more efficient in
stalling conditions. As the taper ratio increases, the maxi-
mum local lift coefficient shifts towards wingtip and the
stall region closer to an ailerons. If an aircraft enters into
the stalling, the lift is suddenly loss near to the tip re-
gion making an aircraft uncontrollable (Dhekane & Sherje,
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a)

(9]

b)

d)

Figure 5. Lift distribution over different type of wing planforms: a — rectangular wing; b — moderate tapered wing (A = 0.5);
¢ — highly tapered wing (A = 0.3); d — semi tapered wing; e — elliptical wing

2020). In semi tapered wings, the local lift coefficient is
maximum at a root chord, similar to the rectangular wing
planform, which puts an aileron out of the stalling region
and aircraft can be easily controlled. Stall region is easily
predictable using this method for any type of wing during
the conceptual stage of UAV design (Gudmundsson, 2022).

2.3.4. Effect of camber and thickness of an airfoil

The effect of increasing camber and thickness of airfoils
is shown in Figure 6 and 7 respectively. Figures show the
variation of lift coefficient with reference to angle of attack
(alpha). The airfoil analysis is done at Mach number of 0.03
and Reynolds number of 6.85 x 10°.

As the camber increases, the flow over an airfoil accel-
erates which creates more negative pressure on the upper
side and thus lift generated by the wing increases, this
shifts the lift slope slightly upward. Increasing camber pro-
vides the positive value of lift at zero angle of attack but
it decreases the stalling angle of attack significantly. Stall

angle is the value of alpha where the curve achieves the
maximum value of lift. Figure 6 represents a sharp drop
in the lift after stall angle of attack. Increasing thickness
does not show significant effect on stall characteristics of

Figure 6. Effect of increasing camber



Figure 7. Effect of increasing thickness

a wing. Lift slightly increases for moderate thickness of an
airfoil but parasitic drag increases with thickness. It pro-
vides smooth stalling behavior as compared with increas-
ing camber airfoils (Daniel, 2020; Gudmundsson, 2022).

3. Results and discussion

AHP is the multi-criteria decision-making technique which
is used to compare various available alternatives to identi-
fy best possible option. This process uses different criteria
and sub criteria to obtain category weights by giving rat-
ings with the help of experts (Bhushan & Rai, 2004). After
computational analysis of 3D wing geometries, all the val-
ues of wing aerodynamic parameters and stall character-
istics are used to compare wing planforms. AHP technique
is used to study the parametric analysis of different wing
planforms with increase in camber and thickness of airfoil
(Hamurcu & Eren, 2020; Palcic & Lalic, 2009).

3.1. Camber of an airfoil

Figures 8-13 represent the analysis of wing planforms with
increasing camber of an airfoil using AHP technique. As
the camber increases, the lift also increases for all wing
planforms. Coefficient of lift is not only depending upon
the camber but also upon the taper ratio. High taper ratio
increases lift generation, but this shifts the local maximum
lift coefficient towards wingtip which causes the tip of the
wing to stall. If the tip stalls first, the aircraft becomes un-
stable, and the lift is suddenly loss closer to wingtip (Haque
et al,, 2015). The induced drag is inversely proportional to
the aspect ratio. When the aspect ratio is high, the induced
drag decrease which reduces the total drag of a wing plan-
form; and the length of a wing increases which makes the
lift distribution close to elliptical distribution and distributes
the lift gradually over the span, minimizing the vortices at
the tip (Chen & Katz, 2004). Parasitic drag is highly depend-
ing upon the shape and skin friction of a wing. Due to the
high aspect ratio, tapered wings show better drag char-
acteristics, but these are inefficient in comparison of stall
characteristics. In high tapered wings, the stall region over
the span moves towards the wingtip. Ailerons are required
to mount outwards near to the tip for better effectiveness
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in controlling the roll of an aircraft; putting ailerons in the
stall region makes them ineffective during the stalling con-
ditions and increases the risk of losing control of an aircraft.
Semi tapered wing shows better stall characteristics than
the other wing planforms. Due to rectangular section at
the middle, these wings have maximum local lift coefficient
at a root chord, making them more efficient in the stalling
conditions (Guzelbey et al., 2018).
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0.400 0.078
0.300
0.200
. 0. Moderate
Elliptical \—#‘ ‘ tapered
0.340 —0.100
0.212
Semi Tapered Highly tapered
0.270

0.101

Figure 8. AHP result based on coefficient of lift
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Figure 9. AHP result based on coefficient of parasitic drag
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Figure 10. AHP result based on coefficient of induced drag
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Figure 11. AHP result based on coefficient of total drag
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Figure 12. AHP result based on stall characteristics

Combined
Evaluation Rectangular
0-300 0.191
0.200
Elliptical 0. N Moderate
tapered
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Figure 13. AHP result based on combined result

certain value of an airfoil thickness (above 21% of chord),
the parasitic drag increases and it affects the lift genera-
tion. Moderate airfoil thickness (12-21% of chord) pro-
vides the better lift to drag efficiency and shows smooth
stall characteristics. Increased thickness provides large in-
ternal volume which can be used for more fuel storage,
but it requires more stiff design of wing structure, paral-
lelly rise in the maximum take-off weight of an aircraft.

CL Rectangular 0.092
0.400 ’
0.300
0.200
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Elliptical \% ~ tapered
0.334 ~0.100
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Semi Tapered Highly tapered
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Figure 14. AHP result based on coefficient of lift
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Semi Tapered Highly tapered
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Figure 15. AHP result based on coefficient of induced drag

3.2. Thickness of an airfoil

Figures 14-19 show the effect of increasing thickness of
an airfoil over the wing design using AHP technique. AHP
results of change in thickness of airfoil are slightly similar
with the effect of camber. The surface area increases with
the thickness of an airfoil and it is directly associated with
the lift. The parasitic drag is associated with the shape of
moving body and skin friction of body with fluid. After

CDO
Rectangular
0.400
0.333
_ Moderate

Elliptical tapered
0.057 0.194

Semi Tapered Highly tapered

0.323
0.093

Figure 16. AHP result based on coefficient of parasitic drag



This type of the wings can be used for slower flights and
for an aircraft which require less manoeuvrability. Use of
these airfoils depend upon an application and operating
conditions.

Stall
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—0.100 0.259
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Figure 17. AHP result based on stall characteristics
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Figure 18. AHP result based on coefficient of total drag
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Figure 19. AHP result based on combined result

M. K. Chauhan et al. Parametric analysis of wing planforms to determine an optimal wing design

4. Conclusions

The innovative aspect of this study lies in the integration of
computational analysis of wing planforms with AHP tech-
nique to investigate and compare various aerodynamic pa-
rameters of wing, which forms a systematic framework for
decision making and determining an efficient wing design
among the alternatives. The parameters as lift, drag and
stall are determined using this technique which will help
the UAV designer to choose the efficient wing planform
and understand the behaviour of wing with different air-
foils in the conceptual and preliminary design stage of an
UAV. It has been observed that a semi tapered wing might
be best possible design, when no sweep angle and dihe-
dral angle involved. The lift of highly tapered and elliptical
wings is high near the wing tip as these wings use the
overall span effectively but are not good option because
of the unstable stall characteristics. Rectangular wing plan-
form provides good stall characteristic, but it is inefficient
in producing lift as compared with highly tapered and
elliptical wing. Moderate tapered (A = 0.5) and semi ta-
pered wing might be the better option to select the wing
planforms, as these types of the wing planforms provide
average lift coefficient in both the cases but are more ef-
ficient in stall characteristics which ensures the safer flight
operations and are more controllable in stalling. The de-
veloped methodology helps in selection of most suitable
wing design based on specific performance requirements,
ensuring a balance between aerodynamic efficiency of a
fixed wing UAV and flight safety.
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Notations

Abbreviations

AR — Aspect ratio;

¢ — Chord;

C, — Taper ratio correction factor;

Cp, — Zero lift drag coefficient;

C, — Airfoil lift coefficient;

C, — Wing lift coefficient;

Cio — Wing lift slope (/deg.);

Cy, — Airfoil lift slope (/deg.);

e — Oswald's span efficiency;

K — Lift induced drag constant [J
tnax — Airfoil thickness; meAR
o — Angle of attack (deg.);

oy - o — Zero lift angle of attack (deg.);
Oy — Stall angle of attack (deg.);

oz — Zero lift angle of attack for Mean geometric chord
(deg.);

Aoigiqy — Stall angle correction factor;

A — Taper ratio;

A — Leading edge sweep angle.
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