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ABSTRACT

The paper investigates the aerodynamic performance and power requirement
characteristics of wing sections integrated with high-lift airfoil to support the
operation of solar-powered Unmanned Aerial vehicle (UAV). The flight mission
is aimed to simulate the operation of solar-powered UAVs under low -speed
environment. The research focuses on studying the aerodynamic effect of non-
solar UAV wing model and solar UAV wing model for the varying angle of
attack. The UAV wing models are tested using a subsonic wind tunnel to validate
the aerodynamic characteristics at low-speed condition. The aerodynamic
parameters such as coefficient of lift (Cy), coefficient of drag (Cg), coefficient of
pressure (Cp), and the total power required to accelerate the solar UAV are
studied to maintain steady level flight. The solar UAV and non-solar UAV wing
models were subjected to a computational process to examine the pressure and
velocity distributions for the aerodynamic performance analysis. Evident results
show that the solar cells positioned at the flow separation region of the UAV
wing model produces an aerodynamic efficiency rate of 5.45% and required
37.13W of minimum power compared to non-solar UAV at the Reynolds
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1. INTRODUCTION

UAVs play a vital role in supporting the defence and
military sectors for remote sensing and surveillance
applications (Suraj et al., 2020). Expanding automobile
industries have started to produce electric vehicles for
commercial purposes to occupy complete space in modern
society (Halil et al., 2015). According to the survey of
energy utilization, the transition from traditional fuels to
renewable sources is improved in all aspects of
commercial utilization over decades. The readily available
and renewable solar energy could be effectively utilized
for making UAVs for longer flight hours. The flight
endurance of traditional UAVs is severely affected owing
to their insufficient propulsive energy generation process
(Mamdouh, 2003). It is essential to provide longer flight
hours for UAVs operated to achieve advanced missions
including border surveillance, reconnaissance, aerial
surveying, and emergency medical services. Ashleigh et
al. (2020). studied the variety of energy sources utilized
for operating unmanned aerial vehicles. Hence, chemical
propulsive products were integrated to accelerate the
UAVs and long-lasting flight endurance was achieved
through the natural source of energy. Kyosic and Hoyon

(2018). modeled the solar-powered UAV with 160 kg of
mass subjected to the different phases of the flight profile.
Their investigation recommended that the maximum rate
of climb was achieved at the lowest possible minimum
safety speed during the flight test. Besides, it increased the
operating speed and affected the rate of energy
consumption predominantly by impacting the endurance
of solar UAVs. Alan et al. (2019) revealed the process of
increasing the endurance capabilities with batteries
charging process through the solar cells mounted on the
UAV and performed the gliding flight. Parvathy and
Howard (2018) proposed a conceptual methodology and
compared the power consumption rate of high-endurance
solar UAVs and Non-solar UAVs. The sufficient thrust
was generated for the solar UAV model and it was greater
than 25% of the take-off mass that supported faster
acceleration and quick climbing to higher altitudes at
flight test. The hybrid airfoil FX-60 was utilized by Ziheng
et al. (2021). for miniature solar UAV wing mounted with
a conventional Li-Po battery for power generation. The
results show that the improper sizing of solar cells
aerodynamically impacts the issues on the flight mission
as the model is subjected
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Nomenclature

As frontal area of the UAV
o coefficient of drag

Ci coefficient of lift

Co coefficient of pressure
c chord

D drag force

L lift force

p surface pressure

Peo static pressure

power required

span

thrust

air velocity (UAV speed in real condition)
weight

shear stress

density of air

inclination angle of port in degree

angle of attack

RO® A <40 T

to basic maneuverings. The electric energy supplied to the
propulsive system of a UAV could be effectively balanced
through the utilization of solar cells. Moreover, the weight
reduction on UAVs enhanced the generation of lifting
force and improves flight hours. Rowayne et al. (2020).
numerically found the lift component of a conventional
solar UAV increased to 9% per meter at low Reynolds
number 2x10° for the constant speed. The airfoil E-216
was modified to the span of 73m with more cells on the
optimized wing structure Panayiotou et al. (2016).
potentially attained the required solar energy during the
flight test and notified fewer vortices around the surface
area. Findings show that unpiloted flight vehicles must be
operated at low speed and in lower altitude environment
to maintain the sufficient aerodynamic efficiency.
Spedding and McArthur (2010). examined the efficiency
of wing structure conditionally subjected to computational
simulation for low speed at the Reynolds number10°®.
Though meteorological conditions determine the
irradiation level of solar energy, the possibility of
extending the flight duration is achieved only through the
integration of solar cells into the UAV structure. Yauhei
et al. (2021). Conducted an open flight test and compared
the endurance capabilities of conventional radio-
controlled RC planes and solar cell UAVs. Their
investigation was evident that the durability and flight
hours of a modified solar cell UAV increased by 25% over
the conventional RC plane. However, earlier research on
UAVs notably addressed the issues related to the
performance parameters such as flight endurance, power
consumption rate, and aerodynamic ineffectiveness to
maintain continuous flight. Though few relevant studies
have shown the impact of operational parameters on the
performance of UAVS, none of the researchers explored
the combined effect of aerodynamic parameters and power
requirements of solar UAVs operated at low-speed
environments for the past decades. It is essential to study
the aerodynamic efficiency of optimized solar-powered
UAVs configured for long-endurance flight missions.
Hence, this research is carried out to study the
aerodynamic coefficients and power requirements of
UAV wing models attached to solar cells. An optimized
wing section designed with a high-lift airfoil positioned
with solar cells at the flow separation point of the solar
UAV wing model was investigated numerically and
experimentally in the low-speed environment to enhance
aerodynamic efficiency.
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2. MISSION AND METHOD

In military aviation operations, UAVs were frequently
utilized at hazardous distant places for achieving
complicated long endurance missions. Owing to their
limitation in endurance, the solar-powered UAVs fly
slowly and capture the incident radiations of sunlight
during the phases of the flight mission (Panagiotou et al.,
2016). To capture higher solar power, the operating speed
of solar UAVs is mapped to the solar irradiation by
receiving the capacity of solar cells during the flight test
(Alan etal., 2019). Aimed to produce more electric power
and long endurance, the wing structure of solar-powered
UAVs is optimized with the number of solar cells on the
upper surface (Chih-Wei et al., 2010). In this research, the
flight mission specifications of solar-powered UAVs are
presented in Table.1.

The wing section is configured to the span (b) of 6m
and sized to 1.2 m chord length (c) whereas, the wing
surface area is calculated as 7.2 m2. Figure 1. Shows the
eight solar cells that are mounted over the starboard and
port side of the wing surface area to accelerate the 2kg of
UAV wing model. Though the UAV model has integrated
the solar cells on the entire wing, considering any one side
of the wing satisfied the accuracy of results observed in
the experimental and numerical simulation process
(Xinhua et al., 2020).

Table 1 Mission specifications.

Parameters Unit (S.1)
Mass of the plane 2 (k)
Payload 0.25 (kg)
Atmospheric air density 1.225 kg/m3
Wing Span 6 (m)
Airfoil Eppler 387
Operating velocity 25 m/s
Flow girecto” ard Wine

Srardo

<.
L)
CO

All dimension are in mm

Fig. 1. Schematic of solar-powered UAV wing.
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Pressure port

All dimension are in mm

Fig. 2. UAV wing model with pressure port
arrangements.

The highly reliable solar cell sun-power-C60 contains
sectional dimensions of 70mmx70mm and is utilized for
capturing the irradiation energy.

3. EXPERIMENTAL SETUP

The experimental studies are carried out with a
subsonic speed open circuit wind tunnel which is equipped
at Bannari Amman Institute of Technology, Erode, India.
The variable speed subsonic wind tunnel contains a test
section area of 600mm x 600mm and is capable of
operating at 50 m/s. The test section is provisioned with
Pitot static tube to measure the velocity component at the
top whereas, the sixteen-channel pressure scanner is
connected to the side wall portion and is directly mounted
to the UAV wing model. The wind tunnel test is moreover
performed preferably with wing models scaled down from
the actual dimensions that are quite interesting in the
integration process. To attain real-time results, kinematics
and geometric similarities between the actual and scaled
model are to be studied with Reynold's law. However, the
main objective of the present study focuses to understand
the flow physics and the aerodynamic effect of solar cells
mounted on the UAV wing model. Hence, the geometric
similarity is properly ensured for the UAV wing model
used in this present study. Since the necessity of achieving
absolute accuracy is not essential and is witnessed from
the comparative analysis, (Nelson et al.,, 2016). The
experimental results observed in this present study for the
solar UAV wing model and the non-solar UAV wing
model are compared and validated with the literature data.
The geometric similarity is achieved at a 1:6 length scale
ratio was uniformly maintained based on the existing
Solvendus UAV model. The optimized UAV wing model
(span 500 mm, chord 200 mm, and thickness 20 mm) is
shown in Fig. 2. Experimental model was developed
through PLA 0.75mm filament material subjected to 3-D
printing process and coated with laminated sticker for
surface finishing. The pressure ports were embedded on
the surface of the fabricated UAV wing model aligned to
the center line and ensured the proper flow of streamlined
patterns. Hence, the upper and lower surfaces of the model
impinged with 12 pressure ports on each side and a port at
the leading edge of the airfoil for stagnation pressure
measurement were depicted in Fig. 2. The port numbers
P1 to P12 are placed at the upper surface whereas the P13
to P24 is fixed at the lower surface. The PO is considered

Solar cell

Flow separation region
All dimension are in mm

Fig. 3. Schematic of solar cells arrangements and
dimensions.

Fig. 4. Solar cells and pressure arrangements on UAV
wing model.

a stagnation port impinged near the leading edge of the
UAV wing model (Sivaraj et al., 2018).

Figures 3 & 4. Show the arrangement of solar cells in
a series of patterns and polished with coating materials to
avoid surface roughness. The UAV model is integrated
with four solar cells and equally spaced with 44mm. The
same model is utilized for the preliminary experimental
process is shown in Fig. 5.

The surface pressure measurements are carried out for
the non-solar UAV wing model and solar UAV wing
model with constant flow conditions over the operating
velocity of 25 m/s and Reynolds number of around
9.8x10% Based on the experimental surface pressure
measurements, the aerodynamic performance parameters
such as the coefficient of pressure (Cp), coefficient of drag
(Cq), and coefficient of lift (C)) are obtained using Eq.(1),
Eq.(2) & Eq.(3) for the non-solar and solar UAV wing
models.

Co=(P-P.)/05pU? (1)
Co =/, (Cp x cos® x D/h )
Ci =["(Cp x sin® x D/h 3)

Tx‘

- 9 i _
Fig. 5. Open circuit subsonic wind tunnel with UAV
wing model.
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Where Cq4 — Coefficient of drag; C, — Coefficient of
pressure, |- length of the pressure port on the wing surface
from front end in m, h -height of the pressure port on the
wing surface from the bottom in m, P-surface pressure, P,
- static pressure, U — velocity of air inside the test section,
0 — inclination angle of port in degree and C,— coefficient
of lift.

At a steady level Thrust (T) = Drag (D) and Lift (L) =
Weight (W), the thrust required to maintain the solar UAV
is revealed in Eq. (4) (Daniel, 2012).

1
T=D= EpvzwAfCD (4)

Moreover, the solar UAV is required to throttle with
minimum power to maintain a steady level (Karthik and
Aneesh 2017). The power required to accelerate the solar
UAYV in terms of drag components and operating velocity
is examined in Eq. (5).

P = [Total drag (D)*Vcrise] W (%)

The solar UAV equipped with a motor assembly and
battery unit generates the required Total power (P) to
maintain the accelerative flight.

4. NUMERICAL STUDY

Taking into account the limitations and requirements
of validation in the experimental results, numerical
simulation is performed to observe the aerodynamic
behavior around the non-solar and solar UAV wing model
using ANSYS-Fluent 18.0 for the constant flow
conditions. The geometry construction of the UAV wing
model with and without solar cells is sized to a 1:6 scale
ratio and utilized for the experimental study and the same
is subjected to the numerical analysis using a solid works
package (Morgado et al., 2016). The computational
domain sized to the cuboid structure contains 4000 mm
(length)x2000 mm (height) and 2000 mm (width)
projected in Fig. 6. Dimensions of the computational
domain around the UAV wing model in length, height and
width were indicated as 20c, 10c, and 10c respectively.
The surface elements of the computational domain framed
with an inlet, outlet, top, and bottom were projected in Fig.
6

The Delaunay triangulation method is used to
construct the unstructured meshes with tetrahedral
element shown in Fig. 7. The mesh size was calculated
based on the global element size of the cells with the
necessary parameters that govern the size of the UAV
model surface mesh. All the parameters of the prism layer
contain a growth rate of 1.2 and a y+ value tuned to 30.
The flexibility in y+ values is provided at the range of 30-
300 to maintain the smooth conduct of the simulation
process. A good-quality grid is attained with an aspect
ratio of less than 3 for 90% of its element. The fine-
unstructured mesh applied to the surface of the UAV wing
model and computational domain edges is subjected to
coarsely unstructured mesh. The grid independence study
is carried out for the simulated UAV wing model with four
different mesh elements. Meshes sized to mesh 1-321542,
Mesh 2-384217, Mesh 3- 442921, and Mesh 4-491163.
The course mesh is converted to fine mesh elements for

Fig. 7. Unstructured mesh on UAV wing model.

accuracy enhancements. At the initial stage, flow over a
UAV wing model without solar cell was imported to the
numerical simulation of the K-€ model with ANSYS
Fluent 18.0 for a constant velocity of 25 m/s at the
Reynolds number of 9.8 x 108 (Bharath et al., 2017). The
grid independence study predicts the reduction in
computational time at Mesh 3 with 442921 cells whereas
the convergence attained an accurate level. The Coarse
and Fine meshes can differ by 32% which is adequate for
mesh independence analysis. The boundary conditions of
the UAV wing model at the inlet opted for a steady flow
velocity of 25 m/s and the outlet pressure is maintained the
same as the operating pressure.

The pressure-based solver integrated with k-e
turbulence model and is utilized for investigating the
computational performance parameters of the UAV wing
model (Jin et al., 2014). The continuity Eg. (6) and
momentum Eq. (7), Eq. (8) & Eq. (9) equations of the
structured domain are solved with finite wvolume
computational fluid dynamics code for the imported UAV
wing model.

Continuity equation Z—’; +V.(p.V)=0 (6)

X-momentum equation

Pa (u) aTxx a'L'yx a"f'zx

+|7(puV)———+ T, T +pfi (7)
Y-momentum equation
pa(v> 0P  Otxy , Otyy | OTzy
+V.(p.v.V) = y+ ax+ay+az +pfy (8)
Z-momentum equation
P LV (pow.V) = =5+ T 4 T2 Ty o (g)

The numerical simulation for the solar UAV and non-
solar UAV wing model incorporated governing equations
which attained the convergence in 10 order. During the
post-processing, the interaction of flow fields over the
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UAV wing model is visualized to the multiple cross
sections in the 3-D environment. The aerodynamic
coefficients and velocity profiles are obtained for solar and
non-solar UAV wing models to study the flow behavior in
the low-speed environment.

5. RESULTS AND DISCUSSION

To analyze the aerodynamic performance of non-solar
and solar UAV wing models the experimental work found
the variation of aerodynamic coefficients such as

coefficient of lift (C)), coefficient of drag (Cq), coefficient
of pressure (Cp), and aerodynamic efficiency Ci/Cq for the
varying angle of attack to analyze the aerodynamic
performance of non-solar and solar UAV wing models.
The surface pressure measurement data from the wind
tunnel test is utilized to examine the coefficient of pressure
(Cp) at Eqg. (1) whereas, the coefficient of drag (C4) and
coefficient of lift (Cy) is analyzed with Eq.(2) & Eq.(3).
The drag coefficients (Cq) are subjected to Eqg. (4) and
obtained the thrust required to maintain the steady level
flight. The numerical simulation process showed the
distribution of the pressure field and velocity field over the
wing surface area of non-solar and solar UAV models to
examine the flow behaviors at low Reynolds number
regions.

0.8 4

—&— Solar UAV wing (Experimental) ~

0.6+ --%--Non solar UAV wing (Experimental)

“_\%_k

Co-efficient of Lift ( C, )

0.4

0.2 #*

T T T T T T T T T T
0.00 0.02 004 006 008 010 012 0.14 016 0.18 020 022
Co-efficient of Drag ( Cd}

Fig. 10. Comparison of Ciand Cq with « for solar
and non-solar UAV wing model.

5.1 Aerodynamic Analysis - Experimental Method

Figure 8. found that the solar and non-solar UAV wing
models produced sufficient upward forces and reached the
maximum value of the coefficient of lift C,before reaching
the stalling point. Further, the lift coefficient C, increased
with an increase in angle attack for the solar UAV wing
model and attained a negligible amount of stalling region
compared to non-solar UAV. At « = 12°, the coefficient
of lift C, reached 1.21 for the solar UAV whereas, the non-
solar UAV attained the C; of 0.98 for the same angle of
attack. The high-lift airfoil integrated with solar and non-
solar UAV wing sections produced positive lift even at a
negative angle of attack owing to their high-cambered
leading edges (John 2010).

The drag polar graph (From Fig. 9) predicts the
aerodynamic efficiency of non-solar and solar UAV wing
models for the varying angle of attack. At o = 5° the
aerodynamic efficiency has reached 22.22% for the non-
solar UAV wing model whereas, the solar UAV wing
model has reached 23.43% for the same angle of attack.
Hence, the rate of aerodynamic efficiency increased by
5.45% for the solar UAV compared to non-solar UAV.
Figure 10. shows the distribution of the coefficient of lift
Ci and coefficient of drag Cq4 for the varying angle of
attack. The non-solar UAV wing model generates
continuous increments in the coefficient of lift C; and drag
coefficient Cq for the angle of attack ranges - 4° to 6°.
Moreover, the solar UAV wing model produces maximum
values of coefficient of lift C, and drag coefficient Cq for
the angle of attack ranges -4° to 6° compared to non-solar
UAV. And for the angle of attack 6° to 12°, the coefficient
of lift C, attained the maximum value whereas, the rate of
increment in drag coefficient Cq becomes very less
compared to non-solar UAV.

The distribution of coefficient pressure over the upper
and lower surfaces of solar and non-solar UAV wing
models is presented in Fig. 11. It is noted that the flow
separation at the upper surface of a non-solar UAV wing
experiences the maximum negative pressure near the
trailing edge and wake regions compared to the solar UAV
wing model. At a=10° angle of attack, the non-solar UAV
wing model produces remarkable flow separations at 0.4c
chord length. To delay the flow separation of non-solar
UAV wing model for the same angle of attack, the solar
cells are attached at the flow separation region. The
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experimental results show that the flow separation delayed
to 0.9c chord length for the solar UAV wing model.
Hence, findings show smooth flow patterns and reduced
negative pressure region at the upper surface area
compared to the non-solar UAV wing model.

Existing works of literature show that an Unmanned
Aerial Vehicle flying at low altitude for more than 25 m/s
produces the flow separation phenomenon over the wing
section and thereby causes energy loss in the flow.
Further, it indirectly increases the negative pressure and

produces a drag force over the wing. Hence, solar cells are
placed at the flow separation region on the wing surface of
the UAV. The flow over the protrusion surfaces of the
solar cells produces reattachment in the flow patterns and
re-energizes the flow. Hence, it delays the formation of
flow separation and is attached to the flow over the wing
surface. The physics of flow is shown evidently in Fig. 11
which indicates the variation of coefficient of pressure
(Cp) distribution over the UAV wing models.

5.2 Aerodynamic Analysis - Numerical Method

Further the numerical simulation is performed to
understand the closeness of experimental results observed
for the solar and non-solar UAV wing models. Though
numerical simulation is an approximate solution, it is
essential to validate the numerical results with existing
research and experimental data. Accordingly, the
comparative results (Fig. 12) obtained from the numerical
simulation, experimental and existing literature are
presented for the solar UAV wing model trends for the
coefficient of lift (C) versus varying angle of attack ().
The coefficient of lift (Cy) increases with increases in the
angle of attack («) and it is observed that the numerical
results are in-line with the experimental and existing
literature research, (Nelson et al., 2016).

The numerical computational process shows the
pressure and velocity distribution contours of non-solar
UAV (a) and solar UAV (b) wing models integrated with
high-lift airfoil for the constant velocity of 25m/s. Figure
13 and Fig. 14 Shows the maximum pressure distribution
at the stagnation point near the leading edges of the non-
solar and solar UAV wing model. Hence upper and lower
surfaces of the UAV wing model contribute sufficient
pressure contours for generating the required lifting force.

The non-solar UAV wing model experienced the flow
separation region at the 2/3™ of chord length and observed
the trailing edge vortices for the same velocity (Guo et al.
2013). Solar cells attached at the flow separation region
over the upper surface of the solar UAV wing model
brought the flow reattached and witnessed the continuous
smooth flow patterns. Hence, the low-pressure region is
reduced to 3/4" of the chord length and the solar UAV
wing model produces high pressure at the rear side over
the upper surface area owing to the reduction in the flow
separation process.

@

(b)
Fig. 13. Pressure distribution at mid plane of UAV wing model (a). Non-solar UAV & (b). Solar UAV.
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Fig. 14. Pressure distribution over UAV wing model (a). Non-solar UAV & (b). Solar UAV.
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Fig. 16. Velocity distributions at mid plane of UAV wing model (a). Non-solar UAV & (b). Solar UAV.

Table 2 Thrust and Power.

Angle of Attack (Degree) Total Power (W)
a=2° 7.00
a=9° 19.64
a=13° 37.13

Figure 15. indicates that the low-pressure region has
predominantly increased over the upper surface area along
the position (0.3-0.7) for the non-solar UAV wing model.
The high-pressure regions are formed for the position
length ranges 0.2-0.7 for the non-solar UAV wing model.
Figure 16. reveals the velocity distributions of detached
and reattached flow patterns of non-solar and solar UAV
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wing models for the constant velocity of 25m/s. The
decelerated flow patterns observed at the 0.6¢ chord length
for non-solar UAV and continuous attached flow patterns
found to the chord length of 0.9c for the solar UAV wing
model.

Further the research has found the thrust force and
power required to operate the solar UAV model which is
presented in Table 2.

The requirement of thrust and power components of
the solar UAV wing model increased with the increase in
the angle of attack. Hence, the solar UAV model throttled
to supply sufficient power respective to altitude gain. The
operating velocity of solar UAV decreases respectively
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with changes in the angle of attack, (John 2010). Karthik
and Aneesh (2017). examined the airfoil we-3.55 series-
based conventional wing solar-powered UAV. It requires
40.11W of total power to lift 2 kg of take-off mass at the
constant operating speed. Hence the research revealed, the
high-lift airfoil-based solar UAV model requires a
minimum power of 37.13W to maintain a steady level at
constant operating speed for the same gross weight.
Results witnessed the effect of positioning the solar cells
ahead of the flow separation point on the UAV wing
model which increased the rate of aerodynamic efficiency
to 5.45% contributing to form smooth flow behaviour and
required a minimum power of 37.4W to operate the 2kg of
solar powered UAV at a steady level.

6. CONCLUSION

The research study was conducted to analyse the
aerodynamic effect of solar cells attached to UAV wing
models. The preliminary UAV wing models were
investigated experimentally and numerically for varying
angles of attack. The aerodynamic coefficients of solar
and non-solar UAV wing models were examined to
enhance the aerodynamic efficiency. The minimum power
required to operate the designed solar UAV model at the
low-speed environment was studied for the varying angle
of attack. Results recommend that mounting the solar
plates at the flow separation over the solar UAV wing
model has attained the maximum aerodynamic efficiency
of 23.43% and delayed the flow separation phenomenon
at the upper surface. To conclude, the research also found
that the aerodynamically balanced UAV wing models
controlled the power requirements needed to maintain
steady and level flight.
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