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Featured Application: This paper tackles an aerodynamic problem of Hex-rotors UAV considering
the wind effect and aerodynamic interference which is applicable to a wider class in progress to
verify the effectiveness of flight control model, and the applicability of the concept to control in
forward flight and under wind disturbances will be proven in our further studies.

Abstract: In this paper, the aerodynamic performance of a Hex-rotor unmanned aerial vehicle (UAV)
with different rotational speeds (1500–2300 RPM) considering the horizontal airflow conditions is
analyzed by both simulations and experiments. A low-speed wind tunnel experiments platform is
applied to measure the thrust, torque, and power consumption of a Hex-rotor UAV with different
rotational speeds in horizontal airflow, which varied from 0 m/s–4 m/s. First, this paper introduces
the effect of horizontal airflow on a UAV. Then, the low-speed wind tunnel experiments were carried
out on a Hex-rotor UAV (D/L = 0.56) with different horizontal velocities to determine the hover
performance. Finally, numerical simulations were obtained with the streamline distributions, pressure
distributions, velocity contour, and vortex distributions at different horizontal airflow conditions
to describe the aerodynamic interference effect of different horizontal airflows. Combined with
the experimental results and numerical simulations results, the horizontal airflow proved to have
a significant influence on the aerodynamic performance of the Hex-rotor UAV with an increase
in thrust and power. Indeed, the streamlines in the flow field were coupled to each other at the
presence of the incoming airflow. Especially when the incoming airflow was larger, the Hex-rotor
UAV could properly use low-speed flight to maintain high power loading. Finally, it is inferred that
the aerodynamic performance of the Hex-rotor UAV is also related to the movement and deformation
of the vortex at the tip of the rotor.

Keywords: Hex-rotor UAV; horizontal airflow; numerical simulation; low-speed wind tunnel

1. Introduction

A Hex-rotor unmanned aerial vehicle (UAV) is designed with the advantages of a simple structure,
a stable system, and strong flight adaptability, which has wide civil and military applications [1–6].
Considering the manipulation of the Hex-rotor UAV, the horizontal movement can only change the
rotational speed of the different rotors of the Hex-rotor UAV through a controller, thereby completing
tasks such as acceleration and hovering. Also, the external airflow disturbance and the mutual
interference between the rotors affects the aerodynamic performance of the Hex-rotor UAV. The vortices
shed the rotor of the Hex-rotor UAV and form a wide range of mutual interference areas under the
UAV, and the aerodynamic performance of the Hex-rotor UAV will be affected. Therefore, it is very
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important to the Hex-rotor UAV to analyze the aerodynamic characteristics in the horizontal airflow.
In addition, when the horizontal airflow is introduced, the incoming airflow will interfere with the
aerodynamic characteristics between the adjacent rotors, making the flow field of the Hex-rotor UAV
more complicated, affecting the stability and reliability of the Hex-rotor UAV.

However, most studies on the Hex-rotor UAV are aimed at attitude control and path planning.
Pflimlin et al. describes a control strategy on UAV vertical takeoff and landing (VTOL) [7]. Ma et
al. studied a nonlinear dynamic model of a miniature Hex-rotor UAV using MATLAB simulation
(Matlab2012, MathWorks, Natick, MA, 2012) as the control algorithm [8]. Lee et al. studied the aerial
manipulation system of the Hex-rotor UAV [9]. Zhuo et al. performed attitude control on the Hex-rotor
unmanned aerial vehicle (UAV) [10]. Shi et al. studied Hex-rotor UAV indoor flight path planning [11].
Kirsch et al. studied the nonlinear control of a Hex-rotor UAV [12]. Zhao et al. researched a control
system designed using neural network algorithms [13].

Currently, only a few researchers pay attention to the aerodynamic characteristics of a Multi-rotor
UAV in the incoming airflow conditions. Zheng et al. studied the general characteristics of
the distribution of the downwash airflow and the rotation flow fields around the rotor tip [14].
Hrishikeshavan studied flight performance tests of MAVs under wing [15]. Chang-Jun et al. applied
the controller to obtain the height error and attitude error in the environment of airflow disturbance
and verified the effectiveness through aerodynamic analysis [16]. Lei et al. studied the aerodynamic
performance of a non-planar Quadrotor UAV [17]. These results are all introduced to understand the
aerodynamic characteristics of the Hex-rotor UAV. However, the aerodynamics of a Hex-rotor UAV
under external airflow and rotor interference have not yet been studied. Above all, it is necessary to
study the aerodynamic characteristics of the Hex-rotor UAV considering the horizontal wind effect.

This paper is structured as follows: the aerodynamic analysis of the Hex-rotor UAV is presented
in Section 2. In Section 3, experiments with different horizontal airflow through a custom-designed
experiments platform are introduced in detail. In Section 4, numerical simulations of aerodynamics of
a Hex-rotor UAV are performed. Finally, Section 5 gives the conclusions.

2. Theoretical Analysis

In the natural environment, light breeze (1.6–3.3 m/s) and gentle breeze (3.4–5.4 m/s) are the most
common wind speeds in the urban city. The common wind speed does not exceed 5 m/s, so the average
value of the light breeze at 2.5 m/s and the gentle breeze at 4 m/s are introduced as the incoming wind
speed to study the effect of horizontal airflow interference [18,19]. In addition, the case of no horizontal
airflow (0 m/s) is also selected as the comparison.

In this study, the power loading (PL) is applied to evaluate the hovering performance of the
Hex-rotor UAV, which is defined as follows [20]:

PL =
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(1)

where the thrust coefficient is defined as:

CT =
T

ρAΩ2R2 (2)

and the power coefficient is:

CP =
P

ρAΩ3R3 =
QΩ

ρAΩ3R3 =
Q

ρAΩ2R3 (3)

where ρ, A, T, P and Q are the air density (kg/m3), rotor area (m2), thrust (N), power (W), and torque
(Nm), respectively.
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Therefore, PL can be simplified as:
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It is easily shown that the higher hover efficiency with better aerodynamics is described by a
higher PL, which means a larger thrust and a smaller power consumption.

3. Experiments

3.1. Basic Parameters

The propeller is made of carbon fiber with a diameter of 400 mm and a weight of about 0.015 kg.
The propeller has two blades and the rotation speed ranged from 1500 RPM to 2300 RPM. Therefore,
the blade tip Mach number is 0.1–0.14 and the blade tip Reynolds number is 0.8 × 105–1.2 × 105.
The diagram of the propeller is shown in Figure 1. The characteristics of the propeller are shown in
Table 1.
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Figure 1. Propeller profile.

Table 1. The characteristics of the propeller. RPM: Revolutions Per Minute

Radius (m) Pitch (m) Twist Angle RPM Mach
Number

Reynolds
Number (105)

Max
Camber

0.2 0.157 0 1500–2400 0.1–0.14 0.8–1.2 5.5%

3.2. Experimental Setup

According to the theoretical analysis, we need to measure the Revolutions Per Minute (RPM),
thrust, torque, and power consumption (current and voltage) to obtain the PL during the experiments.
In addition, a low-speed wind tunnel was applied to simulate the horizontal airflow, and the wind
speed was set as 0 m/s, 2.5 m/s, and 4 m/s. The experimental setup is shown in Figure 2.

As shown in Figure 2, the main measurement components include: (1) Optical tachometer (model:
DT-2234C, accuracy: 6 ± (0.05% + 1d)) was applied to record the rotation speed; (2) thrust sensor
(model: CZL605, accuracy: 0.02% F.S) converted the thrust signal into an electrical signal output;
(3) torque sensor (model: HLT-131, Accuracy: 0.5% F.S) was fixed on the motor to obtain rotor torque
as measured by resistance strain gauge technology. The signal process is shown in Figure 3.
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3.3. Experimental Results

As the key parameters to analyze the hover efficiency of the Hex-rotor UAV, the thrust and power
consumption are obtained with different wind speeds in Figure 4.

According to Figure 4, it is interesting to note that the thrust increased with wind speed, especially
with a higher rotor speed. However, the power presented an opposite trend. This is because the
interference between the rotors is much stronger when the horizontal airflow is introduced, which may
improve the aerodynamic performance by increasing thrust and decreasing power.

Thrust and power increments of the Hex-rotor UAV in the low-speed wind tunnel experiments
are shown in Figure 5.
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As shown in Figure 5, the Hex-rotor UAV showed a good aerodynamic performance at a lower 
rotor speed arranged from 1600 to 1900 RPM. Especially at 1700 RPM, the UAV reached the best 
performance with the highest thrust increment and lowest power increment. As the rotor speed 
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As shown in Figure 5, the Hex-rotor UAV showed a good aerodynamic performance at a lower
rotor speed arranged from 1600 to 1900 RPM. Especially at 1700 RPM, the UAV reached the best
performance with the highest thrust increment and lowest power increment. As the rotor speed
increased (1900 RPM–2300 RPM), the hover efficiency decreased with the wind speed since the thrust
generated by the same speed gradually decreased, and the power consumption increased instead.
Compared to thrust at 0 m/s, at the horizontal airflows of 2.5 m/s and 4 m/s, the thrust decreased by a
maximum of 2.92% and 3.82%, respectively. Also, the thrust of the Hex-rotor UAV was reduced by
4.31% and the power consumption was increased by 4.13% when the horizontal airflow was 4 m/s at
2200 RPM (work mode). The main reasons are: (1) at a lower rotor speed, the interference between the
rotors domain the whole aerodynamic environment where the wind effect was relatively small at this
stage, (2) at a higher rotor speed, the downwash began to couple with the incoming flow. In this case,
the shape of the downwash deformed which may have increased the power consumption.

Power loading at different horizontal airflows and RPM is shown in Figure 6.
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According to Figure 6, PL decreased when the horizontal airflow was introduced, and the PL at
4 m/s achieved minimum. Also, as the speed increased, the Hex-rotor UAV achieved the maximum
power loading value at 1800 RPM. In this case, the increase of the horizontal airflow enhanced the
aerodynamic interference of the Hex-rotor UAV, which led to the decrement of the power loading.
Therefore, it can be inferred that the smaller airflow and low speed (2.5 m/s and 4 m/s, 1500 RPM) are
beneficial to improve the aerodynamic characteristics of the Hex-rotor UAV.

During the experiments, the rotation speed and thrust of the Hex-rotor UAV were measured
by the optical tachometer and the thrust sensor, respectively. According to the Kline–McClintock
equations, uncertainty of the thrust coefficient is [21–23]:

∆CT =

√(CT

T
·∆T

)2
+

(
−2CT

Ω
·∆Ω

)2
(5)

Therefore,

∆CT

CT
=

√(∆T
T

)2
+ 4

(∆Ω
Ω

)2
(6)

Similarly, the uncertainty of the power coefficient CP and power loading PL is expressed as:

∆CP

CP
=

√(
∆Q
Q

)2

+ 4
(∆Ω

Ω

)2
(7)

∆PL
PL

=

√(∆T
T

)2
+

(
∆Q
Q

)2

+
(∆Ω

Ω

)2
(8)

Therefore, the uncertainties in CT, CP, and PL are 1.2%, 1.1% and 1.5%, respectively.

4. Computational Fluid Dynamics (CFD) Simulation

4.1. Simulation Setup

Computational fluid dynamics (CFD) are a very effective way to present the mutual interference of
structures intuitively. Considering the highly unstable airflow around the Hex-rotor UAV, the sliding
grid is applied in the simulation. The mesh distribution is shown in Figure 7.
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Figure 8. Streamline distribution (a) 0 m/s (b) 2.5 m/s (c) 4 m/s.

It is clear that the streamlines were diffused by the vortices, causing mutual interference between
the rotors when the horizontal airflow was introduced in the fluid field. As the wind speed increased,
the interference between the vortices became stronger, the streamlines began to couple with each other,
and eventually it may cause vibration when the tip vortex is completely diffused. Combined with the
experiment results, it can be inferred that the power loading will be greatly affected by the horizontal
airflow with a higher power consumption, which may reduce the aerodynamic performance of the
Hex-rotor UAV.

4.3. Pressure Distribution

The pressure contour on the plane upper 10 mm of the center of the Hex-rotor UAV is shown in
Figure 9. The pressure contour on the center of the Hex-rotor UAV is shown in Figure 10. The pressure
distribution on the plane lower 10 mm of the center of the Hex-rotor UAV is shown in Figure 11.
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In Figure 9, the Hex-rotor UAV with different horizontal airflows had different negative pressure
regions above the rotor. With the increase in the horizontal airflow, the pressure above the rotor was
chaotic, and a positive pressure region appeared in the horizontal airflow direction.

As shown in Figure 10, the pressure distribution between the rotors was uniform at 0 m/s.
The pressure change around the rotor was not obvious when the horizontal airflows were involved,
but the pressure change around the rotor achieved the maximum, especially at the rotor tip.

According to Figure 11, the positive pressure region under the Hex-rotor UAV had a tendency to
gradually decrease with the gradual increase of the horizontal airflow.

Combined with the experiment results, it can be inferred that uniform pressure distribution is a
necessary condition for the Hex-rotor UAV to have a higher hovering efficiency (power loading).
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4.4. Velocity Distribution

The velocity contour between the rotors with the influence of horizontal airflow is shown in
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It is clear that the vortices easily shed from the tip of the rotor due to the coupled interference
between the rotors. As shown in Figure 12a with the horizontal airflow at 0 m/s, the vortices that shed
are below the Hex-rotor UAV. As shown in Figure 12b,c, as the horizontal airflow increased, the vortices
position of the detachment moved along the wind direction. Therefore, the vortices shedding of the tip
of the blade was affected by the airflow in the horizontal direction relative to the no-horizontal airflow,
which reduced the aerodynamic performance of the Hex-rotor UAV.

4.5. Vortex Distribution

The vortex distribution of the Hex-rotor UAV is shown in Figure 13.
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When the horizontal airflow increased, the interference between the rotors of the Hex-rotor UAV
was significantly enhanced and the velocity changes were more obvious. In the vortex diagram with a
horizontal airflow of 2.5 m/s and 4 m/s, the left airflow changed the vortex direction of the left rotor
which affected the vortex change on the right side, and this interference gradually increased with the
increase of horizontal flow.

Based on the simulation analysis and experimental results, it can be inferred that the movement
and deformation of the deteriorated vortices can change the aerodynamic performance of the Hex-rotor
UAV in the horizontal airflow.

5. Conclusions

This paper presented the aerodynamic performance of a Hex-rotor UAV considering the horizontal
airflow by experiments and numerical simulations. Combined with the results of low-speed wind
tunnel experiments, the aerodynamic performance of a Hex-rotor UAV with different horizontal airflow
(0 m/s, 2.5 m/s, 4 m/s) is analyzed in detail. Conclusions are as follows:
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1. The pressure and velocity distribution proved that the deformation of the downwash resulting
from the horizontal airflow will increase the power consumption, indicating that the aerodynamic
performance of the Hex-rotor UAV is determined by the instant thrust variation. This is because
when horizontal airflow is introduced, the streamlines are squeezed and coupled with each other
and the maximum pressure region of the rotor may have the maximum thrust and a higher
power loading.

2. For a lower rotor speed (1500–1900 RPM), the Hex-rotor UAV showed a good hover efficiency
characterized by a higher power loading, especially at 1700–1800 RPM. In fact, the horizontal
airflow increased mutual coupling of the vortices and improved the aerodynamic performance
by maintaining a higher thrust. This can be useful in the aerodynamic design of a Hex-rotor UAV
for wind resistance.

3. For a higher rotor speed (1900–2300 RPM), the hover efficiency decreased with a thrust decrement
and power increment as compared to the case at 0 m/s. Actually, the stronger coupling interference
began to move along with the wind direction, which caused the rotor vibration, especially around
the rotor tip. In this case, reactions will need to include increasing power, increasing angle of
attack, sideslip, etc. in a quasi-steady manner to maintain the desired flight path when the rotor
speed is higher than 1900 RPM, especially for the work mode at 2200 RPM.

4. The aerodynamic performance of the Hex-rotor UAV is also related to the vortices movement or
deformation of the blade tip. The streamline and vortices distribution at 2.5 m/s showed that the
proper airflow may improve the aerodynamic performance by increasing the thrust, which also
indicated that the Hex-rotor UAV will be simply manipulated by changing the rotor speed in
a light breeze. On the other hand, the controller manipulation will be introduced in the gentle
breeze with a higher wind speed. In addition, further research will involve a higher wind speed
to study the wind resistance of the Hex-rotor UAV.
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