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Although the solar panel is thin, its thickness is considerable compared to the airfoil thickness. This paper
aims to evaluate the impact of adding the solar panel over an airfoil of a UAV of type AG 34, which is low
camber airfoil suitable for low-Reynolds number flights. Three configurations are examined to stand on the
most suitable configuration. The analysis is based on the airfoil characteristics (lift, drag, and moment) and
the pressure distribution over the airfoil surface. A parametric study is conducted to study the effect of the
solar panel size and position on the aerodynamic performance.

1. Introduction

Because of the limited capacity of fuel tanks, Extreme endurance of months is impossible without aerial
refueling. On the other hand, a solar powered aircraft van be capable of flying for several weeks or month. If
an aircraft is able to store enough solar energy during the daytime, this stored energy can be used to sustain
flying at night. Then the cycle will be repeated on the following day. Theoretically speaking, such an aircraft
will not need to land as long as it collects enough solar energy daily for the night flight. Only a limited number
of aircraft have demonstrated the ability of continuous (perpetual) flight and most of these flights only
occurred in the recent years. Continuous flight is most feasible during summer season, as the day hours are
more than the night hours [1]. These aircraft use to fly slowly to reduce power consumption, but too slow
that a strong headwind could prevent them from flying ahead. [2, 3]

First SPUAV was Sunrise I which was created by Robert Boucher and Roland Boucher in 1974 [4, 5] then
this research trend began to flourish and many remarkable aircraft are designed and manufactured as Solong
[6], Helios [7], Photon [8], the AtlantikSolar, and Solar Impulse [9].

Research in this field opened several applications [10], as investigation to increase the efficiency of SPUAVs
as, optimal flight path planning and control [11, 12], trajectory control for maximum power accumulation
[13], optimizing cruise speed and sizing [14], power optimization [15], weight estimation [16], optimal
turning planning to increase flight endurance of solar powered UAVs [18], maximizing net power in circular
turns [19]. Also wing morphing technique has a promising potential in this field [20 - 22].

Since the solar panels are to be mounted over the wing, the airfoil shape will be deformed. This deformation
eventually leads to variation in lift and drag. since the panel thickness is small compared to the airfoil
boundary layer, the laminar turbulent transition is not likely to happen or has a limited effect [22]. On the
other hand, the panel contributes in deforming the streamlines over the airfoil and can change its performance.
Thus, this work aims to investigate the change in the airfoil behavior due to installing the solar panels over
the wing, by quantifying the lift, drag, and moment coefficients for several possible configurations. Pressure
and velocity contours are also used to have better insight on the flow behavior. Then, a parametric study is
conducted to investigate the importance of three main parameters, namely solar panel position, size, and
thickness.

In Section 2 the different airfoil geometries and the numerical setup are discussed. The aerodynamic study
of the different configurations presented, followed by three parametric studies of the solar panel position,
size, and thickness in Section 4, and the results are concluded in Section 5.



2. Geometry and Numerical Setup
2.1 Studied Airfoils

Despite the fact that high camber airfoils act fine at the cruise condition, the drag would increase quickly in
case that the aircraft is deviated from the design condition. The high camber airfoil design would make
perpetual solar endurance flight more difficult to achieve since the drag penalties from inevitable cruise speed
deviations would more than offset slightly better cruise drag. Besides, high camber airfoil would increase the
airfoil pitching moment, which would require a heavier wing structure to prevent the wing from twisting.
The tail load to trim the airplane would also increase, which would add drag. Hence, low camber airfoil is
used, and the airfoil AG34 is decided for this investigation because it is [22]:

1. tolerate different boundary layer transition locations without a large increase in drag

2. more tolerant of cruise speed deviations and made it easier to penetrate headwinds

3. has a low pitching moment, which allowed the wing structure to be lighter and reduced the size of
the horizontal stabilizer

In this study, three different shapes are studied and compared with the clear airfoil case, as shown in Figure 1.

1. The solar panel is mounted on the airfoil, and has the same curvature (Curved Over).
2. The panel is mounted on the wing, but straight not curved (Flat Over).
3. The panel is straight also, but submerged in the airfoil, as of the airfoil is cut (Flat Submerged).

The solar panel, used in the cases blow, has length of 17.5 cm, corresponding to 50% of the airfoil chord, and
located in the middle of the airfoil, i.e., the leading edge of the panel is at 25% of the chord. In Section 4 the
panel position, length, and thickness are changed.

0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005

-0.005 0 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4

flat over clean airfoil

curved over flat submerged

Figure 1 Studied Airfoil Configurations.

2.2 Mesh Dependency and Consistency

Different meshes are studied to stand on the mesh dependency of the solution. The domain is designed as O-
shaped with diameter of 7 m, which corresponds to 10 chord lengths, and domain thickness of 0.001 m. Inlet
velocity is 10.5 m/s, angle of attack is 5o, and air density is 1.225 kg/m3. Exit boundary condition is set as
Open. no-slip boundary condition is used for the wing surface. Shear Stress Transport (SST) turbulence model
is used for turbulence closure problem. This model is selected because it is robust enough to handle attached
and separated flows with Y+ up to 10 [24]. The meshes are listed in Table 1 and the drag coefficient is shown
in Figure 2.



Table 1 investigated meshes

Case Mesh Nodes Mesh Elements Drag Y+ Mass Flow Error
1 9709 22082 0.0444 6.389 -5.96E-08

2 18503 41307 0.0389 7.548 -1.19E-07

3 29339 64236 0.0324 8.021 <1E-8

4 61567 176682 0.0304 7.962 <1E-8

5 80989 212150 0.027 8.763 5.96E-08

One notices that increasing the mesh nodes from 6 X 104 to 8 X 104 nodes leads to decrease in the drag value
by 0.003. Besides, the change in lift coefficient is 3.7% compared to the finest mesh. This minor change can
be neglected to save computational power. Hence, the selected mesh is the mesh number 4 (Fig. 3).
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Figure 2 the drag coefficient variation with mesh nodes

Figure 3 the two-dimensional mesh around the studied airfoil

Of interest, lift, drag, and moment coefficients of the airfoil are illustrated in Figures 4-6. The aerodynamic
coefficients follow the standard definitions in the literature (see e.g. [25]), except for the moment coefficient
where the moments are taken around the airfoil leading edge.
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Figure 6 moment coefficient variations with angle of attack

2.3 Validation

Considering validation of the results, unfortunately there are no published experiments on this airfoil, up to
the knowledge of the authors. Hence, Cross-validation with another software is used. The aforementioned
2D simulations are used to cross-validate with another code. XFLRS5 [26] is used, which is based on Vortex
Lattice Method [27]. This step was done to ensure that the basic step (airfoil analysis) is acceptable, to prevent
the possible mistakes later.



Lift and drag coefficients of the airfoil are illustrated in Figures 7 and 8. It is notable that XFLRS overestimate
the lift, the drag is underestimated with small deviation in the trend, because of this method is not adequate
for the friction drag. As for moment coefficient (Fig. 9), there is a notable difference because of the difference
in the moment center.
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Figure 7 Lift coefficient variations with angle of attack for CFD and XFLR
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Figure 8 Drag coefficient variations with angle of attack for CFD and XFLR
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Figure 9 Moment coefficient variations with angle of attack for CFD and XFLR



3. Results and Discussion

3.1 Aerodynamic Performance

By studying the velocity contours (Figure 10 a-d) around the different configurations, one can notice that, for
the ‘solar over’ case, the leading edge velocity is slightly less, compared to the ‘clean’ case. As for the ‘flat
over’ case, the air is noticeably slower over the panel, and this effect extends downstream, leading to faster
separation at the trailing edge. The same pattern exists in the ‘flat submerged’ case, but less severe near the
trailing edge because of the absence of the ‘step’ of the panel.

As for the pressure contours (Figure 11 a-d), the ‘solar over’ case has more negative pressure zone at the
leading edge for the ‘solar over’ case. Also, a local small negative pressure zone exists at the start of the solar
step. Considering the ‘flat over’ case, the negative pressure zone starting at the LE is bigger and merged with
the negative pressure zone at the panel start; it decreases then increases again in the vicinity of the deformed
position, which may help in stabilizing the flow at higher angles of attack. The ‘flat submerged’ case shows
similar behavior except for negative pressure zone in the airfoil beginning, where the negative pressure zone
is more obvious and extends to the panel staring location. This ‘extended leading edge suction’ seems to
enhance the airfoil performance at stall conditions, but the separation near the trailing edge worsen the stall
performance. Yet, from drag coefficient as shown below, it seems that the separation is enhanced. This
observation and trade-off need to be studied through unsteady simulation, because of the physics of the stall
problem.
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Figure 10 Velocity contour around airfoil AG34 at 6o angle of attack for the configurations a) clean airfoil, b) over
curved, c¢) over flat, and d) submerged flat
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Figure 11 Pressure contour around airfoil AG34 at 6o angle of attack for the configurations a) clean airfoil, b) over
curved, ¢) over flat, and d) submerged flat

The pressure distribution over the different configurations is shown in Figure 12, the Cp over the lower airfoil
surface is the same for all cases, while over the upper surface Cp can be divided into 3 regions. Before the
step the pressure increases gradually for both ‘flat’ cases, while in case of ‘solar over’ the pressure decreases



first then increases sharply at the panel start position. Over the panel, Cp decreases below the ‘clean’ case,
while the ‘solar over’ case is quickly restored to match the ‘clean’ case. After the panel all cases start to match
again with the ‘clean’ case.

T

il

P

-0.5

iiﬁ-%%‘

o] B
T e
0.5 //
1 1Y
1.5 5
I T T T T T T T T T T T T T T T T T T T T T — T T T T T T T T T T T |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
X[m]
—— Clean Airfol —— Solar Curved Over ~ Solar Flat Over Solar Flat Submerged

Figure 12 Pressure coefficient distribution over the different airfoil configurations

Airfoil performance coefficients are shown in Figures 13 to 15. It is shown that all cases have almost the
same CL values, except that the ‘solar over’ case has slightly higher lift, while the °’ case has slightly less CL.
Hence, it has a worse stall performance.

In CD, all cases have almost the same drag, but in ‘flat submerged’ case has slightly less drag, while the
‘solar over’ has slightly higher. For 60 angle of attack, the drag is studied with some detail in Subsection 3.1.
As for moment coefficients, ‘solar over’ case has the highest CM, while the ‘flat submerged’ case has the
minimum.

Since CL and CD are almost the same, now we study CL/CD and CL'*/CD because they provide better
insight, are more useful in calculating the total aircraft performance parameters [28], and can be used in
further analysis conducted by actual flight tests. For both parameters, ‘solar over’ case has the highest values,
and the ‘flat over’ case has the minimum values over the whole applicable range, because its higher CD
values, compared to ‘flat submerged’ case.

It shall be noted that the data within the range of [-10°, 8°]' is much more reliable compared to the data out
of that range, because of the unsteady separation and stall behaviors comes into action.

1 The airfoil has incident angle of approximately 1.5-20.
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Figure 13 Lift coefficient VS. angle of attack for the different airfoil configurations
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Figure 14 Drag coefficient VS. angle of attack for the different airfoil configurations
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Figure 15 Moment coefficient VS. angle of attack for the different airfoil configurations
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Figure 16 Lift to drag ratio VS. angle of attack for the different airfoil configurations
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Figure 17 Ci3?/Cp VS. angle of attack for the different airfoil configurations

3.2 Drag Decomposition

To understand how the drag is affected by the shape change, the drag is decomposed into pressure and viscus
forces. Although all of the cases have almost the same drag, there is a countable difference. In Table 2, the

drag decomposition in as a percent of ‘clean’ case, as illustrated in Figure 18.

It can be seen that the ‘solar flat submerged’ case has the minimum drag among all cases, while the ‘solar
over’ case has the maximum. It seems that the the ‘solar flat submerged’ case has less pressure drag because
the maximum-thickness is less. The contrary case happens for the ‘solar over’ case, where the maximum
thickness is bigger, so the pressure drag is more compared to the clean case. In the same way, the ‘solar flat

over’ case has more thickness compared to the clean case. Hence, pressure drag is more.

As for friction drag, less wetted area / airfoil perimeter shall create less friction drag. This can be applied for
both ‘flat’ cases. On the other hand, this hypothesis does not explain the reduction in the viscous drag in the

‘solar over’ case. This issue needs to be studied in detail in a further study.
Table 2 Drag decomposition at AOA 6 degrees for the different airfoil configurations

Airfoil Pressure Drag Viscous Drag Total Drag

clean 100.00% 100.00% 100.00%
solar flat over 100.20% 98.74% 100.04%



101.63% 98.93% 101.33%

solar flat submerged 99.28% 98.20% 99.16%
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Figure 18 Drag decomposition at AOA 6 degrees for the different airfoil configurations

4. Parametric Study
4.1 Effect of the position of the Solar Panel

In this section a parametric study is presented, where the solar panel position is changed, to study the effect
of'its variation on the acrodynamic performance of the wing. The panel starting position has three values; 10,
25, and 40% of the chord. The panel length is 50% of the chord, as illustrated in Figure 19. The 25% case
and the ‘solar over’ case are the same. So, the pressure and velocity contours are omitted hereafter.
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Figure 19 Studied Airfoil Configurations for different panel positions

The results, Figures 20-22, show that there is almost no variation in CL, CD, or CM, except that the 40%
case has slightly higher Cl, and CM. Also, this can be more notable in the CL/CD and CL1.5/CD curves,
Figures 23 and 24.

the pressure and velocity contours, Figures 25 and 26, also are almost identical. Hence, one can conclude that
the airfoil characteristics are almost independent of the solar panel position.
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Figure 20 Lift coefficient VS. angle of attack for the different panel positions
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Figure 21 Drag coefficient VS. angle of attack for the different panel positions

0.5

0.4

03

-15 15

10% 25% 40%

Figure 22Moment coefficient VS. angle of attack for the different panel positions
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Figure 24 CL3/2/CD VS. angle of attack for the different panel positions.
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Figure 25 Pressure contour around airfoil AG34 at 6o angle of attack for the configurations a) cell starts at 10%, and
b) cell starts at 40%
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Figure 26 Velocity contour around airfoil AG34 at 6o angle of attack for the configurations a) cell starts at 10%, and
b) cell starts at 40%

As for the Pressure distribution, there is a significant pressure jump at the start point of the solar panel. Along
the panel, pressure recovers quickly, and so the pressure jump, located at the panel end, is very small. The
pressure jump at the panel leading edge becomes less significant when the panel moves downstream. This is
shown in Figure 27.
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Figure 27 Pressure coefficient distribution over the configurations of different panel positions

4.2 Effect of the size of the Solar Panel

The second parametric study presented in this section considers the solar panel size effect on the aerodynamic
performance of the wing. The panel length has three values; 50, 70, and 90% of the chord. The panel center
is located in the airfoil center, as illustrated in Figure 28. The 50% case and the ‘solar over’ case are the same.
So, the pressure and velocity contours are absent hereafter.
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Figure 28 Studied Airfoil Configurations for different panel sizes



As for the aerodynamic coefficients, shown in Figures 29-31, CL and CD are identical. CM is also indifferent
except for the 90% case, where its CM is slightly more. Considering CL/CD and CL!*/CD parameters, the
shorter panel has better performance. Again, the difference between the cases is rather small, as shown in
Figures 32 and 33.
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Figure 29 Lift coefficient VS. angle of attack for the different panel sizes
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Figure 30 Drag coefficient VS. angle of attack for the different panel sizes
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Figure 31 Moment coefficient VS. angle of attack for the different panel sizes
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Figure 32 Lift-to-drag ratio coefficient VS. angle of attack for the different panel sizes
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Figure 33 CL3/2/CD VS. angle of attack for the different panel sizes

As for the Pressure distribution, the same behavior of Figure 27 appears again. There is a significant pressure
jump at the start point of the solar panel. Along the panel, pressure recovers quickly, and so the pressure jump,
located at the panel end, is very small. The pressure jump at the panel leading edge becomes less significant
when the panel moves downstream, as shown in Figure 34. Velocity and pressure contours are also indifferent,
as shown in Figures 35 and 36.



op
L

1 HEESE
0.5—; s
I'Sil""|""|""|'"‘\""['"‘\""\
0 005 0.1 0.15 02 025 0.3 0.35

X[m]
— 90% —— 50% — 0%

Figure 34 Pressure coefficient distribution over the configurations of different panel sizes
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Figure 35 Velocity contour around airfoil AG34 at 6o angle of attack for the configurations a) cell covers 70%, and b)
cell covers 90%
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Figure 36 Pressure contour around airfoil AG34 at 6o angle of attack for the configurations a) cell covers 70%, and
b) cell covers 90%

4.3 Effect of the Thickness of the Solar Panel

The third parametric study presented in this section considers the solar panel thickness effect on the
aerodynamic performance of the wing. Although the solar panels are quite thin, this study considers the
extreme cases where the panel mounting is rather thick. The panel thickness has three values; 1, 3, and 5 mm.
The panel center is located in the airfoil center, and its length is 50% chord, as illustrated in Figure 37. The
1 mm case and the ‘solar over’ case are the same. So, the pressure and velocity contours are absent hereafter.
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Figure 37 Studied Airfoil Configurations for different panel thicknesses



At low angles of attack, CL is the same for all cases, as shown in Figure 38. The variation starts to appear at
angle of 4o. It shows that the thicker airfoil is, the less CL possible. As for CD, all cases show similar trend
with an obvious difference between cases. As the solar panel setup thickness increases, CD increases
significantly. This is illustrated in Figure 39. The CM curves are identical, but as the thickness increases, the
slope slightly decreases, as illustrated in Figure 40. Considering CL/CD and CL!*/CD parameters, there is
an obvious change, with a maximum at 4o. as the thickness increases, the CL/CD and CL'**/CD decrease
severely, as shown in Figures 41 and 42.
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Figure 38 Lift coefficient VS. angle of attack for the different panel thicknesses

0.18
0.16
0.14
0.12
0.1
0.08
0.06
0.04

-15 -10 -5 0 5 10 15

—@—=3mm =—t—1mm —@—5mm

Figure 39 Drag coefficient VS. angle of attack for the different panel thicknesses
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Figure 40 Moment coefficient VS. angle of attack for the different panel thicknesses
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Figure 41 Lift-to-drag ratio VS. angle of attack for the different panel thicknesses
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Figure 42 CL3/2/CD VS. angle of attack for the different panel thicknesses

As for the Pressure distribution, the behavior appears different, even near the leading edge. The leading-edge
negative pressure jump decreases as the thickness increases, which has an unfavorable effect on the airfoil.
At the solar panel starting point the pressure jump increases significantly as the panel thickness increases.



Along the panel, pressure recovers quickly as usual, and so the pressure jump, located at the panel end, is
very small, as shown in Figure 43. Yet, in the vicinity of the trailing edge, there is mismatch for the different
cases. The pressure is less for the thickest panel

Figure 43 Pressure coefficient distribution over the configurations of different panel thicknesses

Velocity and pressure contours show the significant effect of the panel thickness, as shown in Figures 44 and
45. Pressure contours show that at the leading edge the pressure is more negative for the 5 mm case. besides,
there is a local positive pressure zone in the vicinity of the solar panel start, followed by a negative zone.
Intensity of these zones increases as the panel becomes thicker.

Velocity contours show that for the case of 5 mm, in the vicinity of the panel start there is a local flow
acceleration, while further downstream the flow is slower and, hence, separation increases. Also, near the
trailing edge at the lower airfoil surface, the flow accelerates once more, and the accelerated flow regime
increases as the panel thickness over the upper surface increases.
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Figure 44 Pressure contour around airfoil AG34 at 6o angle of attack for the solar panel of thickness a) 3 mm, and
b) 5 mm
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Figure 45 Velocity contour around airfoil AG34 at 6o angle of attack for the solar panel of thickness a) 3 mm, and
b) 5 mm

5. Conclusion

This study investigates the effect of adding a solar panel over an airfoil of a small unmanned aircraft. Several
panel geometries are studied. It is shown that the solar panel has a limited effect on the airfoil performance;
lift, drag, and moment coefficients. A parametric study of solar panel position, size, and thickness is
conducted. It is found that as the panel tip becomes closer to the leading edge, the lift slightly increases. The
panel size is almost ineffective. The panel thickness has a significant effect on the airfoil performance. As
the panel thickness increases, the lift decreases notably, while drag increases severely. This has a significant
effect on the lift-to-drag ratio and the general aircraft performance. For the current case study, panel thickness
up to 1 mm has a negligible effect on the airfoil.
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Figure 1

Studied Airfoil Configurations.
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Figure 2

the drag coefficient variation with mesh nodes



Figure 3

the two-dimensional mesh around the studied airfoil
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lift coefficient variations with angle of attack
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Drag coefficient variations with angle of attack
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moment coefficient variations with angle of attack
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Figure 7

Lift coefficient variations with angle of attack for CFD and XFLR
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Figure 8

Drag coefficient variations with angle of attack for CFD and XFLR
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Figure 9

Moment coefficient variations with angle of attack for CFD and XFLR

Figure 10

Velocity contour around airfoil AG34 at 60 angle of attack for the configurations a) clean airfoil, b) over
curved, ¢) over flat, and d) submerged flat



Figure 11

Pressure contour around airfoil AG34 at 60 angle of attack for the configurations a) clean airfoil, b) over
curved, c) over flat, and d) submerged flat
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Figure 12

Pressure coefficient distribution over the different airfoil configurations
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Figure 13

Lift coefficient VS. angle of attack for the different airfoil configurations
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Figure 14

Drag coefficient VS. angle of attack for the different airfoil configurations
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Figure 15

Moment coefficient VS. angle of attack for the different airfoil configurations
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Figure 16

Lift to drag ratio VS. angle of attack for the different airfoil configurations
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Figure 17

CL3/2/CD VS. angle of attack for the different airfoil configurations
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Figure 18

Drag decomposition at AOA 6 degrees for the different airfoil configurations
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Studied Airfoil Configurations for different panel positions
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Figure 20

Lift coefficient VS. angle of attack for the different panel positions
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Figure 21

Drag coefficient VS. angle of attack for the different panel positions
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Figure 22

Moment coefficient VS. angle of attack for the different panel positions
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Figure 23

Lift to drag ratio VS. angle of attack for the different panel positions
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Pressure contour around airfoil AG34 at 60 angle of attack for the configurations a) cell starts at 10%,
and b) cell starts at 40%

Figure 26

Velocity contour around airfoil AG34 at 60 angle of attack for the configurations a) cell starts at 10%, and
b) cell starts at 40%



1 L ! ! I 1 I . 1 b I I I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
X[m]
— 10% —— 25% —— A%
Figure 27

Pressure coefficient distribution over the configurations of different panel positions
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Figure 28

Studied Airfoil Configurations for different panel sizes
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Figure 29

Lift coefficient VS. angle of attack for the different panel sizes
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Figure 30

Drag coefficient VS. angle of attack for the different panel sizes
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Figure 31

Moment coefficient VS. angle of attack for the different panel sizes
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Figure 32

Lift-to-drag ratio coefficient VS. angle of attack for the different panel sizes
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Figure 33

CL3/2/CD VS. angle of attack for the different panel sizes
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Pressure coefficient distribution over the configurations of different panel sizes

Figure 35

Velocity contour around airfoil AG34 at 60 angle of attack for the configurations a) cell covers 70%, and
b) cell covers 90%
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Figure 36

Pressure contour around airfoil AG34 at 60 angle of attack for the configurations a) cell covers 70%, and
b) cell covers 90%
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Studied Airfoil Configurations for different panel sessenhttht
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Figure 38

Lift coefficient VS. angle of attack for the different panel sessenhttht

0.18
0.16
0.14
0.12
0.1
0.08
0.06
0.04

~@#=3mm =—t—1mm —@&—5mm

Figure 39

Drag coefficient VS. angle of attack for the different panel thicknesses
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Figure 40
Moment coefficient VS. angle of attack for the different panel thicknesses
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Figure 41

Lift-to-drag ratio VS. angle of attack for the different panel thicknesses
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Figure 42

CL3/2/CD VS. angle of attack for the different panel thicknesses
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Figure 43

Pressure coefficient distribution over the configurations of different panel sessenhttht
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Figure 44

Pressure contour around airfoil AG34 at 60 angle of attack for the solar panel of thickness a) 3 mm, and

b) 5 mm



Figure 45

Velocity contour around airfoil AG34 at 60 angle of attack for the solar panel of thickness a) 3 mm, and
b) 5mm



