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ABSTRACT: Cruise flight is the longest level
phase of an aircraft’s journey between climb and
descend in which the significance lies in
maximizing energy efficiency, achieving optimal
speed and endurance while minimizing operational
risk by cruising under stable conditions. In this
study, the aerodynamic performance of a fixed-
wing Unmanned Aerial Vehicle wing was
investigated with high-lift NACA airfoils, NACA
2415 and NACA 4415, under representative cruise
flight conditions at a low Reynolds number of 10,
low velocity of 15ms! and the aerodynamic
performance of both airfoils was compared and
assessed using lift coefficient, drag coefficient, lift-
to-drag ratio, pressure coefficient distribution,
pressure  contours, velocity contours, and
streamline visualization using the XFLR5 and
ANSYS fluent software. Results of the study
indicate that NACA 4415 wing exhibit a higher lift
coefficient with an increased aerodynamic drag
than the NACA 2415 under the cruise flight
conditions. NACA 4415 wing generated a stronger
suction peak pressure near the leading edge of the
upper surface compared to NACA 2415 wing
which is followed by pressure recovery toward the
trailing edge, thereby maintaining a relatively
higher pressure differential required for lift
generation. Velocity contours also indicate higher
local velocities over the upper surface of NACA
4415 than over NACA 2415 with a corresponding
lower static pressure at the regions of increased
velocity and acceleration.
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L. INTRODUCTION

Unmanned aerial vehicles (UAVs) have
become increasingly important in applications
including environmental monitoring, precision
agriculture, surveillance, mapping, disaster
management, communication, and scientific

research [6]. The aerodynamic performance of a
UAV wing is a major determinant of its endurance,
payload capability, take-off performance, stability,
and overall mission efficiency [11].

Unlike conventional aircraft operating at
relatively high Reynolds numbers, small UAVs
frequently operate within the low-Reynolds-
number regime, where viscous and transitional
flow phenomena have a significant influence on
aerodynamic performance [4, 5].At Reynolds
numbers of approximately 105 and below, the
boundary layer is susceptible to laminar separation,
transition, and laminar separation bubbles can
substantially modify the lift, drag, stall
characteristics, and pressure distribution of an
airfoil [12].

Airfoil camber is one of the principal
geometric parameters governing lift generation.
Increasing camber generally increases the lift
coefficient at a given angle of attack because it
modifies the pressure distribution around the airfoil
[1]. The NACA 4-digit airfoil family provides a
convenient basis for investigating the influence of
camber on UAV aerodynamic performance because
its principal geometric parameters can be
systematically varied [7,9].

Numerical methods, particularly
computational fluid dynamics (CFD), have
consequently become important tools for
investigating UAV aerodynamic performance by
providing detailed information about pressure and
velocity fields, boundary-layer development, flow
separation, wake formation, and aerodynamic
forces that may Dbe difficult to obtain
experimentally in the preliminary design stage [2].

II. METHODOLOGY

This study presents a comparative
numerical investigation of a finite tapered UAV
wing employing NACA 2415 and NACA 4415
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airfoils, which provides a basis for selecting an
appropriate high-lift airfoil for low-speed fixed-
wing UAV  applications.The  aerodynamic
performance of the UAV wing using the airfoils
was evaluated under representative cruise flight
conditions. The three-dimensional tapered wing
was analyzed at a low Reynolds number: Re=
1x10°, free-stream velocity: V., = 15m/s and the
performance characteristics of both airfoils were
compared and assessed using lift coefficient, drag
coefficient, lift-to-drag ratio, pressure coefficient
distribution, pressure contours, velocity contours,
and streamline visualization using the XFLRS and
ANSYS fluent software.

Airfoil Analysis
The compared geometric properties and of the
airfoils is summarized in Table 1 below[15]:

Table 1: Geometric Characteristics of Airfoils

Parameter NACA NACA 4415
2415
Maximum Camber 2% 4%
Maximum Camber
Location 40% chord 40% chord
Maximum 15% 15%
Thickness
Thickness Location | 30% chord 30% Chord
Camber moderate high

1(a). NACA 2415 Airfoil

1(b). NACA 4415 Airfoil

Fig 1(a&b): 2-Dimensional NACA Airfoils

Airfoil Characteristics Graph Analysis

The airfoil characteristics parameters were
estimated with XFoil analysis using XFLRS
software version 6.59 for NACA 2415 and NACA
4415 airfoils. Analysis type-1 was used at density
(p) = 1.225PaRe= 10° while NCrit was set at 9.00
[10]. The angle of attack (a) range starts at -5° and
finishes at +15°with an increment of 1°. 500
iterations were defined to perform the analysis.

o CivsaGraph

The highest value from the curves in Fig. 2 is the
Cimax Which corresponds to a5 and where the lift
efficiency will no longer increase with a [8]. The
ideal coefficient of lift (Cj) is the C; where Cq4 does
not vary significantly with minor changes in a and
where a low flight cost can be optimized. The slope
of the curves in the linear region (Cj,) indicates the
capacity of the airfoil to produce lift, the higher the
Cla, the better the airfoil [8].

Fig 2: Cjvs o Graph

e Cuvsa

Fig. 3 below shows the airfoils produce a negative
Cm, a nose-down effect from the airfoil analysis.
The C, value strongly contributes to the
aerodynamic longitudinal stability. A C,, value at
zero o (Cn o) of the airfoil closest to the origin
signifies the more stable the airfoil for cruise flight
[10]. The tail component nullifies the effect of the
pitching moment and should be close to zero as far
as possible to have equilibrium in flight[8].
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Fig 3: Ciy vs o Graph

o C/Cyvsa
The extreme point of the curves in Fig. 4 below
indicates the maximum lift-to-drag ratio (C/Cg)max.
The value corresponds to the optimum design value
of a [8].

Fig 4: C/Cq4 vs o Graph

. CvsCq

The minimum drag coefficient (Cy_min) is the lowest
point in Fig. 5 which corresponds to the minimum
value of C; (Cimin) and the bucket shape of the
lower region of the graph indicates that Cy min Will
not vary for a limited range of C; [8]. This is the
ideal design region where o can be varied without
increasing drag.

Fig 5: C4 vs C; Graph

UAV Geometry
The UAV data used for the study was a design
fixed wing parameters at the Laboratory as
presented in table 2 below:

Table 2: UAV Design Data

Design Parameter Design Data
Aicfoil NACA 2415
NACA 4415
UAV Span, b 2.49m
Wing Area, S 0.784m?
Root Chord, Cr 0.37m
Tip Chord, Ct 0.259m
Mean Aerodynamic Chord, MAC 0.318m
Wing Taper, A 0.7
Design Aspect ratio, AR 8
Cruise Velocity, Vo 15ms™!
Wing Incidence Angle, Oincidence 4.05°
Sweep 0°
Design Ideal Coefficient of Lift, Cj; 0.81
Geometric Twist 2°
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Fig 6: 3-D Wing Model Using NASA OpenVSP
Software

Fig 7: 3-Dimensional UAV model using CATIA
V5

Governing Equations
Continuity equation [13]:

6u+ 6v+ aw_o
ax  dy 0z

Where u, v and w are the velocity components in
the x,y and z directions respectively.

Momentum equation [14]:

bv Vp+pg+V
—_—= - .T
Pt pTpg
Where V, t, p, g and 7 represent the velocity vector,
time, pressure, acceleration due to gravity and
viscous stress tensor respectively.

Lift coefficient (Cy) [8]:

C, =1 L
EpVZS
Drag coefficient (Cp) [ 8]:
Cp =1 b
EpVZS

Lift to Drag ratio (L/D) [8]:
L ¢

D Cp
Reynolds number(R,) [8]:

PV
Re = 7

Wing planform area (S) [8]:

LGRS

CFD Analysis
ANSYS Fluent 3-dimensional C-type external flow
computational domain was used for the study with
an upstream boundary equivalent of 10 chord
lengths, downstream boundary of 20 chord lengths
and a lateral boundary of 10 chord length. A
pressure based solver settings was used with the
following configuration below [3]:

e  Steady state conditions,

e  SST k-w turbulence model,

e Simple pressure-velocity coupling,

e Second-order spatial discretization and

e aresidual target of 10

with  boundary conditions:  velocity=15ms™,
pressure= 101325Pa, angle of incidence= 4.05°,
density= 1.225kg/m?

HI. RESULTS
The summary of results of the XFLRS Xfoil
aerodynamic analysis at the cruise conditions for
both airfoils is given in the table 3 below.

Table 3: Airfoil Analysis Result

AIRFOIL
PARAMETER
2415 4415
Comin 0.01775 0.01898
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Ca o 0.01883 0.01898 NACA 2415 - WING SURFACE PRESSURE
Cimax 1314 1.468 Upper Surface Lower Surface Leading Edge (Deai)
O 14.1° 12.1°
(C/Ca)max 46.62 46.78
ai(at Cy) 4.86° 3.43°
o (at C = 0) -1.38° -3.05°
Cla 0.2899 0.4109
Cmo -0.0605 -0.1094

The Pressure contours distribution over the wing
surface is for both airfoils is illustrated the figure 8
and figure 9below:

NACA 2415
Static Pressure

(Pa) PLANFORM VIE!
(Upper Surface

L

ggsigs 8888

8(a)

NACA 4415

-200

8(b)
Fig 8(a&b): Pressure Contours over the UAV wing

9(a)
NACA 4415 -~ WING SURFACE PRESSURE
Upper Surface Lower Surface Leading Edge (Detail)

9(b)
Fig 9(a&Db): Details of Wing Surface Pressure
Distribution

The velocity contours distribution over the wing
surface is for both airfoils is illustrated the figure
10 and figure 11 below:

NACA 2415
(a) 3D VIEW — VELOCITY MAGNITUDE (m/s)

Velocity

Magnitude

(m/s)
30.0
27.0
24.0
21.0
18.0
15.0

10(a)
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DAEM
ey NACA 4415 iy NACA 2415
Magnitude (a) 3D VIEW - VELOCITY MAGNITUDE (m/s) 2 Magnitude 3D VIEW - STREAMLINES COLORED BY VELOCITY MAGNITUDE (m/s)

- : Span =249 m
10(b) 12(a)
Fig 10(a&b): Wing Surface Velocity Contours e NACA 4415
Mlgn;t:lde 3D VIEW ~ STREAMLINES COLORED BY VELOCITY MAGNITUDE (m/s) 7

NACA 2415 - SURFACE VELOCITY CONTOURS (m/s)
Upper Surface Lower Surface Leading Edge (Detail) 210

Span = 2.49 m
12(b)
Fig 12(a&b): Wing Surface Streamline Velocity
Visualization
11(a)
NACA 4415 ~ SURFACE VELOCITY CONTOURS (m/s)
Upper Surface Lower Surface Leading Edge (Detail) NACA 2415 - DETAILED VIEWS

Upper Surface Lower Surface Leading Edge (Top View) Tip Region (Top View)

11(b) 13(a)
Fig 11(a&b): Details of Velocity Magnitude on
Wing

NACA 4415 - DETAILED VIEWS
Upper Surface Lower Surface Leading Edge (Top View) Tip Region (Top View)

The velocity magnitude distribution over the wing
surface is for both airfoils is illustrated the figure
12 and figure 13 below:

13(b)
Fig 13(a&b) : Details of Velocity Streamlines
Visualization
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The variation of the pressure coefficient
distribution over the wing surface is illustrated in
the figure 14 below for both airfoils.

—— NACA 2415 Upper
-1.21 NACA 2415 Lower
= NACA 4415 Upper
—— NACA 4415 Lower

Pressure coefficient, Cp

0.0 02 0.4 0.6 0.8 1.0
Normalized chord, x/c
Fig 14: Variation of the Pressure coefficient
Distribution

The Cp curve converges at about 600 iterations
with maximum values of 0.646 and 0.806 for
NACA 2415 and NACA 4415 respectively as seen
the figure 15 below:

@ NACA 2415 NACA 4415

Fig 15: C. Convergence Curve

The Cp curve converges at about 600 iterations
with maximum values of 0.0327 and 0.0376 for
NACA 2415 and NACA 4415 respectively as seen
the figure 16 below:

@ NACA 2415 NACA 4415

Figl6: Cp Convergence Curve

The L/D curve converges at about 600 iterations
with maximum values of 17.6 and 20.1 for NACA
2415 and NACA 4415 respectively as seen the
figure 17 below:

201
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Lift-to-Drag Ratio (L/D)
[
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—— NACA 2415
NACA 4415

B2 o ®
" L N

0 100 200 300 400 500 600
Iteration

Fig 17: L/D Convergence Curve

IV. DISCUSSION AND COMPARATIVE
ASSESSMENTS

NACA 4415 wing indicates a higher lift coefficient
(Fig. 15) than the NACA 2415 at the specified
cruise conditions as a result the greater camber of
NACA 4415 (4%) which generates a larger
pressure difference between the upper and lower
surfaces than the camber of NACA 2415
(2%).Although the increased camber of NACA
4415 improves the aerodynamic lift, it is also
exhibits an increased aerodynamic drag due to the
stronger pressure gradients associated highly
cambered airfoil. NACA 2415 wing exhibits
comparatively lower drag (Fig. 16) under the same
cruise conditions and where its lift requirement is
adequately satisfied.

NACA 2415 generated a moderate suction peak
near the leading (Fig. 14) edge of the upper surface
which is followed by gradual pressure recovery
toward the trailing edge thereby maintaining a
relatively higher pressure, producing the pressure
difference required for lift. NACA 4415 exhibits a
stronger negative Cp peak near the leading edge
translating to a stronger suction due to its increased
camber. The larger difference between upper- and
lower-surface pressure contributes to its higher lift
coefficient. The velocity contours (Fig. 12 & 13)
exhibits higher local velocities over the upper
surface of NACA 4415 than over NACA 2415 with
a corresponding lower static pressure at the regions
of increased velocity and acceleration.
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Table 4: Overall Aerodynamic Assessment

Criteria NACA 2415 NACA 4415 Preferred
Lift capability Moderate High NACA 4415
Low Speed Lift Good Very good NACA 4415
Profile Drag Lower Higher NACA 2415
Cruise efficiency Good Moderate-good NACA 2415
Takeoff Capability Good Very good NACA 4415
High lift requirement Moderate High NACA 4415
Cruise endurance Good Good NACA 2415
Sensitivity to adverse )
pressure gradient Lower Higher NACA 2415

V. CONCLUSIONS

The increased camber of NACA 4415
enhances the pressure differential across the wing
and consequently improves lift generation relative
to NACA 2415, making it more attractive for low-
speed UAV operations where high lift is important.
However, this aerodynamic benefit is accompanied
by increased pressure-gradient effects and
potentially higher drag. NACA 2415 provides a
more moderate pressure distribution and therefore
offers a less aggressive pressure distribution and is
potentially better suited to efficient cruise operation
where minimizing drag is more important than
maximizing lift.

VI. RECOMMENDATION

NACA 4415 is recommended where high
lift is the primary design objective. Its greater
camber is advantageous for low-speed flight,
takeoff, climb, and payload-carrying operations
whereas, NACA 2415 should be considered where
cruise efficiency and endurance are more
important, particularly if the UAV mission requires
prolonged operation at relatively constant cruise
conditions. Therefore, for a UAV designed for long
endurance and efficient cruise, NACA 2415 can be
more advantageous to achieve the required lift with
lower drag.
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    𝜕 u  𝜕 x +     𝜕 v  𝜕 y +     𝜕 w  𝜕 z = 0


  𝜌   D V  D t =   − ∇ p + ρ g + ∇ . τ


    C  L =     L   1 2 𝜌   V 2 S


    C  D =     D   1 2 𝜌   V 2 S


    L  D =       C  L    C  D


    R  e =     𝜌   V ∞  𝜇


  S =     b (   C  r +   C  t ) 2

