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ABSTRACT

Delta wing is a triangular-shaped platform that can be applied into the unmanned aerial
vehicle (UAV) or drone applications. However, the flow above the delta wing is governed
by complex leading-edge vortex structures which result in complicated aerodynamics
behaviour. At higher angles of attack, the vortex burst can take place when the swirling flow
is unable to sustain the adverse pressure gradient. More studies are needed to understand
these vortex phenomena. This paper addresses an experimental study of active flow control
called propeller on a generic 55° swept angle sharp-edged delta wing model. In this
experiment, a propeller was placed at two different locations. The first location was at the
apex of the wing while the second position was at the rear of the wing. The experiments
were conducted in a 1.5 x 2.0 m? closed-loop wind tunnel facility at Universiti Teknologi
Malaysia. The freestream velocities were set at 20 m/s and 25 m/s. The research consisted
of an intensive surface pressure measurement above the wing surface to investigate the
effects of rotating propeller towards the leading-edge vortex. The experiments were divided
into four configurations. The clean wing configuration was performed without the propeller
and followed by pusher-propeller configuration using 10-inch 9-inch propellers. The final
configuration was the tractor-propeller with a 10-inch propeller. The results emphasise the
influences of the propeller size and its location corresponding to vortex properties above the
delta-winged UAV model. The findings had indicated that the vortex peak is increased when
the propeller is installed for both pusher and tractor configurations. The results also indicate
that the pressure coefficient is increased when the propeller advance ratio increases.
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INTRODUCTION

Unmanned Aerial Vehicle (UAV) is an aerial vehicle that operates without a pilot on board.
UAVs can overcome the limitations of piloted aircraft such as unnecessary risk exposure
towards pilots and aircrews during rescue missions or surveillance operations [1]. UAVSs can
be classified into fixed-wing, rotary-wing, ornithopter and entomopter based on their flying
principal [2]. Delta wing is categorised as fixed-wing UAVSs. Currently, delta wing has been
implemented into UAVs application [1-4]. This includes both low speed and high-speed
applications. The advantage of the delta wing compared to the conventional wing is it can
produce power more efficiently and lowering the ratio of wetted area to volume [3, 4]. UAV
commonly uses delta wing configuration with a swept angle of less than 55°. Thus, research
on non-slender delta wing configurations has started to become more prominent [5]. There
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are several types of delta wing configurations being used in UAV such as tailless delta,
cropped delta and cranked delta [6] as depicted in Figure 1.
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Figure 1. Types of delta wing [6].

The delta-wing planform generates more lift at a higher angle of attack than the
conventional design [7]. Strong vortices generated at a high angle of attack produce high-
speed flow above the wing, resulting in a lower pressure section on the wing [8]. Thus, the
wing lift increases in a non-linear manner. Figure 2 illustrates the vortex structure and non-
linear vortex lift of the delta wing. Furthermore, strong leading-edge vortices on the wing
enable the flow to remain attached on the surface even at a higher angle of attack [9]. This
enables delta-winged aircraft to operate at high incidence compared to the conventional
wing. However, at a high angle of attack, delta wing experiences vortex breakdown
indicating the limitation of this planform. As the vortex breakdown develops on the wing,
the vortex lift is diminished in the region behind the breakdown [7-9]. This affected the
aerodynamic forces and moments of the wing especially lift and pitching moment [10].
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Figure 2. Structure of leading-edge vortex and vortex lift of delta wing [7, 8]

(Reprinted from Progress in Aerospace Sciences, 39, Nelson RC, Pelletier A, The unsteady aerodynamics of
slender wings and aircraft undergoing large amplitude maneuvers, 185-248, Copyright (2003), with
permission from Elsevier)
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The UAV industry is growing rapidly, including the delta-planform UAVs.
Therefore, many studies have been conducted to study the effects of flow control on the delta
wing [11]. Flow control techniques (active and passive) had been implemented on the delta
wing to improve the vortex properties and delay the vortex breakdown [12]. One of the
techniques is by using the rotating propeller, which can be categorised into downstream
suction (pusher propeller), and upstream blowing (front propeller). For the smaller scale of
UAV/MAV, the propeller is used as the propulsion system instead of the propulsive nozzle.
Normally, deltawing UAV is equipped either with pusher or tractor propeller configurations.
Figure 3 shows the two types of propeller configuration on the delta wing UAV. Studies
have shown that the stall angle of the UAV and flow above the wing is improved if the
propeller is installed on the wing [13-17].

In 2016, Kasim et al. performed an experiment on a sharp-edged delta wing model.

The flow control used was the propeller. The propeller was placed at 3 different locations.
They found that the installation of the propeller had improved the vortex strength because
the accelerated flow from the propeller had created a lower pressure region on the wing [18].
This current project is carried out with a similar model but with a bigger diameter propeller.
Thus, the purpose of this project is to determine the effects of propeller locations namely,
tractor and pusher configurations on the leading-edge vortex above the non-slender delta-
winged UAV with sharp leading-edge. The present study also explores the influence of the
propeller advance ratio on the vortex properties above the wing.

Propeller

Fuselage \

_— Wing ~_

\. Nev
Elevon e c— Propeller

Tractor

) Pusher
Configuration Configuration

Figure 3. Propeller configuration for delta wing UAV.
EXPERIMENTAL SETUP

The UAV model was designed and fabricated locally in UTM Aerolab. The UAV model was
designed based on a tailless delta type and has a 55° sweep angle. Since the main objective
of this project was to determine the propeller effects on the leading-edge vortex, the model
had been designed with the sharp-edged and tailless platform. A tailless platform delta wing
was chosen to prevent the formation of multiple vortices over the wing [19]. The inner
portion of the wing also was a flat plate in order to prevent the flow from becoming more
complicated. Several other factors such as the complexity of the model during the
manufacturing had been taken into account during the design process. The planform of the
model is shown in Figure 4. The fuselage was specially designed to be installed with the
propeller at several locations. The mean aerodynamic chord (MAC) of the model is 493.7
mm and the span of the wing is 1062 mm. The model had a thickness of 20 mm. The UAV
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wind tunnel model was designed based on the delta-winged UAVs available on the market
[18].

740
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Figure 4. Model planform view with pressure measurements location.

The experiments were performed in a closed-loop wind tunnel UTM-LST with a test
section of 1.5mx2.0mx6m. The tests were performed at freestream velocities of 20 m/s and
25 m/s corresponding to Reynolds numbers of 0.6x10° and 0.8x10°. The Reynolds number
is based on the mean aerodynamic chord. For the electric motor system, a brushless out-
runner motor was used to spin the propeller. In this project, the speed of the propeller was
set at 4800 rpm for all tests. The experiments were divided into four configurations, i.e.,
clean wing configuration experiment without propeller and followed by a pusher-propeller
experiment using 10-inch and 9-inch propellers. The final experiment was with a 10-inch
propeller for tractor-propeller configuration. Figure 5 shows the installation of the wind
tunnel model in the closed test section. Intensive surface pressure measurements were
employed during the experiments. The pressure on the top surface of the model was
measured by a pressure tap with a diameter of 1 mm. The pressure tap was connected to the
electronic pressure scanner through a vinyl tube. The experiments were conducted at angles
of attack ranging from 0° to 18°. Table 1 shows the experimental conditions for this project.

‘Wind Tunnel

Propeller

. ' e . support 2
System S system - ‘ mi. =

Figure 5. Wind tunnel model installation inside a closed test section.
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Table 1. Experimental conditions.

Parameters Value

Plane of measurement (y/cr) 0.1,0.2,0.4, 0.65, 0.75
Freestream velocity (m/s) 20, 25

Reynolds number 0.6x108, 0.8x10°

Angle of attack, a (°) 0-18 (step: 3)
Propeller size (inch) 9 (pusher & tractor), 10 (pusher)
Propeller rotational speed (rpm) 4800

Propeller advance ratio (J) 0.984, 1.093, 1.23, 1.367

Propeller advance ratio (J) is propeller rotational frequency compared to the free
stream speed. The advance ratio becomes high when an aircraft is travelling at high speed
and at a slower propeller rotation. Meanwhile, the low advance ratio means that the propeller
rotation is higher compared to free stream speed. The advance ratio can be expressed in term
of J=V/nD, where V is freestream velocity, n is propeller rotating speed and D is propeller
diameter.

RESULTS

This section discusses the findings from experimental surface pressure measurement carried
out in this project. To differentiate the propeller effects on vortex performance, results from
the propeller configurations were evaluated with the results from the clean wing.

Clean Wing Configuration (No Propeller)

Discussion of the results begins with the clean wing configuration. Figure 6 presents the
results for clean wing configuration for both angles of attack and Reynolds number effects.
At 0=0°, no vortex had developed on the upper surface of the wing. As the angle of attack
increased to 0=3°, a suction peak was observed in the leading-edge region indicating the
formation of a leading-edge vortex. The primary vortex developed at the apex of the wing
due to the sharp leading-edge properties [18, 20]. Figure 6(a) and 6(b) show a clear
increasing trend in primary vortex suction peak with increasing angle of attack. A closer
examination at the trailing-edge region in Figure 6(b) at y/c,=0.65 and 0.75 shows the vortex
breakdown phenomena on the wing beyond a=15°. Earlier vortex breakdown was
discovered for this wing configuration due to non-slender wing characteristics. The present
finding also supported the previous study on non-slender delta wing [5, 7, 10, 21] which
concluded that the vortex breakdown moved upstream as a increased. In Figure 6(c), it is
noticeable that the suction peak of the primary vortex increases when the Reynolds number
is increased. The results are in line with earlier literature [18, 22] that found only a small
change in vortex suction peak when the Reynolds number was increased. However, the
increase in the Reynolds number does not have any influence on the vortex breakdown in
the trailing edge area at y/c=0.65 and 0.75.

Figure 7 shows the comparison between the current results with the experiments
carried out by Kasim [18] at y/c=0.65 and 0=12°. The pressure distributions were compared
at both Reynolds numbers of 0.6x108 and 0.8x10°. From the figure, the data differs by about
0.1% to 3.8% only.
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Figure 6. Effects of o and Re for clean configuration.
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Figure 7. Comparison of clean wing configuration pressure distribution (y/c=0.65).
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Propeller Configurations (Pusher & Tractor)

Figure 8 compares the influence of propeller configurations on the pressure coefficients
above the wing at o=15°. For most cases, the propeller installation has increased the local
pressure, Cp on the wing surface which agrees relatively well with previous works [18, 22,
23]. The propeller flow has increased the pressure gradient in the suction area above the
wing and therefore influencing the vortex strength. However, the positive effects from the
propeller flow are diminished by the vortex breakdown for all test cases near the trailing
edge of the wing. The additional flow from the propeller seems incapable to overcome the
adverse pressure gradient generated by the trailing edge. This shows that the presence of the
propeller is unable to delay the vortex breakdown downstream at y/c,=0.65. In spite of that,
the positive effects on the flow excitation in increasing the pressure coefficient can still be
observed for propeller cases after the breakdown. When the airspeed is increased to 25 m/s,
a nominal change in the vortex system is observed.

Figure 8(a) shows pressure distribution plots on the wing at Re=0.6x10° for all three
configurations. The finding of the present study suggests that the pusher propeller has shown
better improvements in the suction peak of the primary vortex over the tractor configuration.
The results of this study show that the pusher propeller configuration has increased the
maximum suction peaks by 14.76% to 23.79% at a freestream velocity of 20 m/s.
Meanwhile, the tractor configuration has only increased the maximum suction peaks by
4.8% to 16.7%. The result is in good agreement with past studies by [18], which found that
installation of the propeller in the rear position of the model capable to improve the vortex
suction peak better. The tractor configuration significantly increases the size of the primary
vortex near the apex (y/c=0.1) by 16.79% suction peak improvement.
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Figure 8. Propeller effects at different freestream velocity.

However, at downstream y/c;=0.1, the suction peak from pusher propeller was
higher. This suggesting that the flow from the propeller at the front may disrupt the vortex
progression consistency toward trailing edge. More experiment needed to verify this
hypothesis. Still, a slight increase of the suction peak by 4% to 9% was observed at y/c;=0.1
for this configuration. Figure 8(b) presents the results above the wing for clean, pusher and
tractor configurations when the Reynolds number increased to 0.8x10°. A similar trend was
observed here. The tractor configuration has increased the suction peak significantly at
y/c=0.1. A similar observation is also observed for pusher type. Further analysis showed
that only a slight increase in pressure distribution above the wing for both propeller
configurations. The average improvement on suction peaks for tractor and pusher
configurations are 2.69% and 3.34% respectively. Further aft of the wing, there is no clear
significant change in the flow topology as it does at Re=0.6x10°.

Propeller Advance Ratio, J

The influence of the propeller advance ratio, J on the leading-edge vortex is depicted in
Figure 9. A selected case of pusher propeller configuration was chosen to study the effects
of propeller advance ratio towards pressure distributions above the wing. Figure 9(a)
presents the pressure distribution above the wing for 9-inch propeller at 20 m/s and 25 m/s
that correspond to the advance ratio of J=1.093 and J=1.367, respectively. Figure 9(b) depicts
the pressure distribution at the lower advance ratio, J=0.984 and J=1.23. This is done by
increasing the propeller diameter to 10 in. Both results indicated that the maximum suction
peak is decreased when the freestream velocity increases. The main observation from the
results here showed that the maximum suction peak is reduced by 6% to 11% when the
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freestream velocity is increased to 25 m/s. These results are likely to be linked to the
unsteady flow from the propeller. More experiments are needed to verify this.
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Figure 9. Advance ratio effects for pusher configuration.
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For the purpose of verifying the effects of propeller advance ratio on the vortex
development above the wing, the surface pressure on the spanwise distribution is plotted at
y/c:=0.65, this is shown in Figure 10. The pressure distribution for clean wing configuration
is used to emphasise the effects of advance ratio. At the lowest value advance ratio J=0.984,
the maximum suction peak is increased by 22.83%. From the figure, the maximum suction
peak decreases when the advance ratio is increased. At the highest advance ratio of J=1.367,
the maximum suction peak increases by 9.93% only. The reduction in primary vortex suction
peak is linked with the higher value of J, which reflects the effect of freestream being more
dominant than flow from the propeller. The present findings also support studies [18, 22,
23], which concluded that the amplification of the vortex structure on the delta wing was
observed to favour low advance ratios.
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Figure 10. Advance ratio effects on the spanwise pressure distribution.
CONCLUSION

An experimental study on 55° generic delta wing UAV model had been performed to
determine the effects of propeller advance ratio on leading-edge vortex. The research showed
the general flow characteristics of a non-slender delta wing with the sharp leading edge at
different flow conditions, namely Reynolds number and angle of attack. It was found that
the vortex breakdown developed on the wing at a=15° onwards. The vortex breakdown
moved upstream as the angle of attack increased. The results of this study indicate that the
vortex development on delta wing is influenced by propeller actuation. The maximum
suction peak had increased from 14.76% to 23.79% for pusher propeller configuration. When
the propeller was placed in front of the model, the maximum pressure peak increased from
4.8% to 16.7% only. These findings show that the pusher propeller configuration is able to
enhance vortex structure better than tractor configuration. Another significant finding from
this study is that the propeller advance ratio has influenced the maximum suction peak of
the primary vortex. The maximum suction peak is reduced by 6-11% when the advanced
ratio is increased. The results also show that the maximum suction peak is increased by
22.83% when the advance ratio is at J=0.984.
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