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Abstract

Biomimetic Rotor-Configuration Design for Optimal
Performance in Drone

Abstract

It is meaningful and significant to improve the aerodynamic
performance of drone due to its extensive applications in different fields.
Motivated by optimal combination of paired wings configuration and
stroke-plane inclination in biological flapping flights that can achieve high
aerodynamic performance, we propose a biomimetic rotor-configuration
design to explore optimal aerodynamic performance in multirotor drones.
With a combination of CFD (Computational Fluid Dynamics)-based
simulation and a novel surrogate model, we explore the optimal
aerodynamic performance of rotor-configuration in hovering quadrotor
drones in terms of the aerodynamic effects of tip distance, height difference
and tilt angle of propellers. The rotor-configuration that is capable of
optimizing both lift force production and FM efficiency has a large tip
distance and some height difference with zero tilt angle, which can affect
the tip vortex, the inner vortex sheet and the induced flow (downwash) of
each propeller, leading to the least downwash-jet interference between
adjacent propellers and maximal interaction between the upper and lower
propellers that can increase the induced velocity of the lower propellers,
hence resulting in the increase of lift force production and FM efficiency of
multirotor, i.e. achieving the optimal aerodynamic performance in quadrotor
drone. However, this obtained optimal rotor-configuration has a larger frame
compared with that in basic rotor-configuration, which is harmful to the
agility of drone. Thus, it is an urgency to propose a design to reduce the
frame dimension while maintain the high aerodynamic performance of
drone. Motivated by the thrust increase of quadcopter with ducted-propeller,
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Abstract

we conceive a concept to improve the aerodynamic performance of the
quadrotor drone while contract the obtained optimal rotor-configuration by
adopting a ducted-propeller design. With a high-performance duct that
explored from a series of different duct morphological characteristics, the
optimal ducted multirotor configuration that is beneficial to aerodynamic
performance improvement and frame contraction is found by employing the
high-performance duct in the quadrotor model through the combination of
CFD-based simulation and surrogate modeling over a design space
associated with tip distance and height difference of ducted propellers. The
optimal ducted multirotor configuration that explored from the calculations
is a ducted rotor-configuration with a minimal tip distance and an
appropriate height difference, resulting from the increase of induced
velocity and pressure gradient of lower ducted-propellers and little damage
on the downwash-jet separation of adjacent ducted-propellers. Furthermore,
during the analyses of non-ducted rotor-configuration, it is also found that
the tip distance-induced interactions could most alter lift force production
and hence lead to remarked improvement in FM efficiency, and the height
difference also plays a key role in the improvement of aerodynamic
performance, while the tilt angle effect is less important. Whereas, as to the
ducted multirotor configuration, it is indicated that the tip distance-induced
interactions have a noticeable effect in impairing the lift force production
and FM efficiency but are limited to small tip distances, while the height
difference-induced interactions have an impact on enhancing the
aerodynamic performance over a certain range. Eventually, we conduct an
experiment to investigate the effect on aerodynamic performance of non-
ducted multirotor configuration for validating the conclusions obtained from
numerical simulations. In addition, with the fabrication of high-performance
duct and a novel assembly design for the ducted-propeller, the effect on
aerodynamic performance of ducted multirotor configuration is also carried
out for the validation experimentally. According to the experimental results,
it proves that the effects of non-ducted and ducted multirotor configuration
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on aerodynamic performance investigated by numerical simulations are
consistent with the findings obtained from experiment, which means that the
biomimetic rotor-configuration design is convincing and reliable in
improving the aecrodynamic performance of quadrotor drone, and it is also

valuable and practical for the optimal design in quadrotor drone.

Key Words: bioinspiration, rotor-configuration, ducted-propeller,
aerodynamic performance, aerodynamic interaction, computational fluid

dynamics, surrogate modeling
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Chapter 1 & Chapter 1.1 Introduction of drone

Chapter 1 General Introduction

1.1 Introduction of drone

The drone being capable of vertical take-off and landing (VTOL) that is called
unmanned aerial vehicle (UAV) or micro air vehicle (MAV), has a great development
and draws much interest in researches and applications of different fields during the
past years [ 1-5]. The vertical flight idea has been conceived and developed for centuries
in human civilization, being realized firstly in 1907 known as a helicopter named
Gyroplane (Figure 1-1a) built by Breguet brothers but was limited in mobility and range
of flight [1]. Later in 1920s, a more stable VTOL quadcopter with a name of Oemichen
2 (Figure 1-1b) was constructed by Etienne Oemichen [1-4]. And contemporaneously,
George De Bothezat designed and fabricated a similar quadcopter which was named as
De Bothezat (Figure 1-1¢) [1-5]. However, these early quadrotors were hard to control
because it was difficult to adjust the four rotors rotating in a same speed for lacking of
the digital computers or sensors, which made the early quadrotors inefficient and
unpractical for the utilization and transportation [1]. Besides, these early quadrotors
always had many additional rotors equipped on different locations in the quadrotors for
additional stability, which led to the complexity and unreliability of the design of
quadrotors [1]. After world war II, owing to the development of materials and
engineering practices, a more controllable quadcopter named Covertawings Model A
(Figure 1-1d) was exploited and constructed by D.H. Kaplan during the 1950s [1-4].
After that, the quadrotors drew little attention until the 1990s.

Since the mid-1990s, the small UAV had a greater and larger development due to
the advancement of technology, and the interest drawing from military and commerce
[5]. Furthermore, nowadays the drone realizes a more fast and extensive development
because of its vast potentiality in application, which has been mainly developed and
formed into three different prototypes in the UAV or MAV [1,6-9], being categorized
to be the fixed wing drone (Figure 1-2a) [9-14], the rotary wing drone (Figure 1-2b)
[8,9,15-19], and the flapping wing drone (Figure 1-2¢) [9,20-24]. Moreover, bioinspired
by the flight performance of birds and insects, some creative drones or function
integrated drones are also designed and tested, such as the drone with flexible or
foldable wings (Figure 1-3a) [25-29], the drone with collision resilient structures

(Figure 1-3b) [30,31], the drone with integrated functions of walking and flying (Figure

1



Chapter 1.1 Introduction of drone

1-3¢) [32,33] and so on. Considering the windy or gusty condition outdoors, hovering
capability indoors, endurance in hovering and frame size, the rotary wing drone may be
a more practical and valuable option for the majority of missions due to its hover and
flight capabilities [1,8]. Particularly, the quadrotor drone is a widely used type of the
rotary wing UAVs because of its small size, mechanical simplicity, large operational
envelopes, outstanding maneuverability, unique flight capacity, controllable agility,
excellent flight stability and low cost [1, 6-8]. Due to these merits and advantages, it is
extensively used for surveillance, reconnaissance, border patrol monitoring, assault and
uninhabited combat aerial vehicle in military field, search and rescue, terrain and
environment mapping, firefighter, traffic monitoring, agricultural operation, as well as
pollution detection in civil field [1,6-9].

For the sake of completing various missions accurately and perfectly, the
quadrotor drone should possess some fantastic characteristics including robust, stability,
controllability, practicability, high efficiency, long aerial endurance, and so on [1,6-8].
In order to realize these goals, many researches have been conducted and are mainly
classified into the hardware and software categories, where it refers to the hardware
researches comprising of the improvement of the components of drone by optimizing
their blade flapping, induced velocity distribution, angle of attack, and even air flow
distribution [34,35], modification of the configuration of drone by compacting the
frame [6], optimization of the rotor-rotor and rotor-fuselage interactions for the
aerodynamic performance improvement [7], refinement of the drone structure for
elevating the capacity of flight endurance by optimizing the propulsion system, battery
system, blade number, and wight [36-39]. On the other side, it refers to the software
researches about the creation of quadrotor drone model aiming to examine different
control strategies [40-43] relative to the software installed in the drone regarding
perfecting the control methods of PID, LQR, backstepping feedback, sliding mode and
the integration of these methods [44-47], enriching the controller utilizing vision
control of compound eye or cinema [48,49], and integrating different control strategies
for autonomous mission or swarm communication [50,51], which aims to promote the
stability, agility and controllability of drone [52-54]. Furthermore, as the development
of lightweight materials, manufacture, and sensors, as well as the great progress in flight
dynamics, control, navigation, and lift capabilities [1], it makes some creative concepts
and designs of quadrotor drone to be feasible and realizable, which is potential for
improving the flight controllability of quadrotor drone, such as tilting propeller [55-59],
potable fuselage [60], and ducted propeller [61-64] as depict in Figure 1-4.



Chapter 1.1 Introduction of drone

Beyond these previous researches, it is still significant and meaningful to improve
the aerodynamic performance of drone due to its increasingly extensive application in
different fields, which aims to realize the long endurance of the flight, the less cost of
the power, and the high efficiency of the drone system. Thus, we exert ourselves to
improve the aerodynamic performance of quadrotor drone from the enlightenment of
biomimetics that provides some bioinspired concepts for the design of quadrotor drone
from the exquisite flight performance of flying birds or insects [65-69]. Motivated by
optimal combination of paired wings configuration and stroke-plane inclination in
biological flapping flights that can achieve high aerodynamic performance [70-73], we
propose a biomimetic rotor-configuration design to explore optimal aerodynamic
performance in multirotor drones. Furthermore, motivated by the improvement of tidal
turbine performance realized by multirotor fence configuration [74], and thrust increase
of quadcopter with ducted-propeller [75], we conceive a concept to maintain or further
improve the aerodynamic performance of multirotor drones with contracting the former
obtained optimal rotor-configuration by adopting the ducted-propeller design. As the
aerodynamic capabilities in different configurations will be indicative for the design of
required adjustment in the drone’s flight, the aerodynamic performance of these
biomimetic design in steady statue will be analyzed numerically. Moreover, beyond the
analyses from numerical simulations to examine these concepts, we also conduct
systematic experiments to validate the conclusions obtained from the investigations of

these biomimetic design concepts in the end.

Figure 1-1 Illustration of the early quadrotor prototype. (a) The Gyroplane [1]; (b) the
Oemichen 2 [1-4]; (c) the De Bothezat [1-5]; (d) the Convertawings, Model A [1-4].



Chapter 1.1 Introduction of drone

Figure 1-2 Illustration of different categories of drone. (al - a2) Fixed wing drones of eBee [9]
and UAV BORMATEC Ninox [12]; (b1 — b2) rotary wing drones of conventional single-main-rotor
(SMR) MAV [8] and AR. Drone 2.0 [9]; (c1 — c2) flapping wing drones of RoboBee [9] and Nano

Hummingbird [9].

(a)

Figure 1-3 Illustration of the creative drones. (a) Drone with flexible wing [27]; (b) drone of
collision resilient [30]; (c) drone with hybrid function of walking and flying [32].

(b)

[

Figure 1-4 Illustration of the quadrotor drone with creative design. (a) Drone with tilt rotor

[59]; (b) drone being potable with foldable structures [60]; (c¢) drone with ducted rotors [64].
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1.2 Contributions of biomimetic rotor-configuration design for drone

The biomimetic rotor-configuration is potential to improve the aerodynamic
performance of quadrotor drone bioinspired from the flight of insects and birds. Thus,
the concept of biomimetic rotor-configuration design was conceived and analyzed to
explore the optimal aecrodynamic performance associated with lift force production and
FM efficiency in the quadrotor drone. Further, the ducted-propeller design was also
utilized for the aerodynamic performance improvement of quadrotor drone. What’s
more, the designs of biomimetic rotor-configuration with and without ducts are
probably potential to contribute other performances of quadrotor drone associated with
ground effect, aero-acoustic, and controllability because of the aerodynamic variation
of each propeller caused by the rotor-configuration designs and duct utilization.

Firstly, owing to that the direction related to the quadrotor layout heavily
determines the outwash from the quad rotors and the wake is related to the vortex
[67,76], the biomimetic non-ducted rotor-configuration can generate a different
outwash from the quad rotors compared with the basic rotor-configuration, which will
affect the ground effect of quadrotor drone. Furthermore, as the duct impacts the
induced flow and the wake of the propeller, it will also have an influence on outwash
from quad rotors compared with the rotor-configuration without duct, which means that
the biomimetic rotor-configuration and ducted rotor-configuration will both affect the
ground effect of quadrotor drone.

Furthermore, due to the vortex shedding noise around biomimetic airfoil can be
restrained by some biomimetic structures with transforming the shedding vortices in
laminar mode to regular horseshoe-type vortices in the wake, and reducing the spanwise
correlation of large-scale vortices [77], as well as that the main source of drone noise
comes from the interaction between airflow and drone structure [78], it is reasonably
considered that the aerodynamic interactions of quad rotors caused by the biomimetic
rotor-configuration and ducted rotor-configuration probably have an influence on the
overall sound pressure levels (OASPLs) around the multi propellers, which may affect
the aero-acoustic performance of the quadrotor drone in these rotor-configuration
designs of biomimetics and duct utilization.

In addition, the quadrotor drone conventionally realizes the flight through one pair
of propellers rotating in a clockwise direction, while the other pair of propellers rotating
in an anticlockwise direction, which makes the drone flight be controlled by changing

the rotational speed of each propeller [1]. As well, this approach is capable of balancing
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the moment created by each of the spinning rotor pairs [1]. However, the limitation of
this classical design is that it needs to control the six outputs of dimensional position
and attitude with only four independent control inputs, which is impossible to control
the six outputs independently [1]. As for the solution of this problem, the biomimetic
design associated with tilting propeller or other measures may be a potential alternative
[79,80]. Besides, the biomimetic design associated with tip distance and height
difference also affect the moment of spinning propellers, which may also affect the
controllability and maneuverability of quadrotor drones due to that the aerodynamic
has an influence on the controllability of quadrotor [81-83]. Beyond the effect on
maneuverability, as the control strategy has been changed with the biomimetic tilting
propeller or height different propeller, the power output for the maneuverability will be
different from the traditional control strategy, which can increase the endurance of
drone probably. Moreover, as the duct can generate an additional moment, it may also
take an effect on the drone maneuverability on windy or gusty condition.

Beyond these, the biomimetic rotor-configuration may provide a choice for the
layout of fuselage. In addition, the duct surrounding the propeller may provide a

protection for the drone from collision with ground or other obstacles during the flight.

1.3 Objective and outline

There are many approaches to research the aerodynamic performance of airfoil or
quadrotor drone, such as the CFD-based simulation [84-86]. However, as the high
fidelity CFD model costs too much in the course of calculation, it is necessary to adopt
an approximative approach to solve the solution in a consecutive parameter design
space, such as the surrogate model which is effective in approximation problem [87-
92]. Thus, it is feasible to adopt the CFD-and surrogate model-fusion method in the
airfoil design and other optimization problems [93-97]. In this study, we adopt the
method of CFD simulation combining the surrogate modeling to examine the effects on
aerodynamic performance in various non-ducted/ducted rotor-configurations and
explore the optimal rotor-configuration in terms of the aerodynamic effects.

The objective of biomimetic rotor-configuration design is first to create the multi-
rotor (propeller) models with different rotor-configurations based on the 3D model of
single propeller from the quadrotor drone of DJI phantom 3 advanced (as illustrated in
Figure 1-5). Then an extensive CFD-based analysis is carried out to investigate the
effects on aerodynamic performance of different rotor-configurations in hovering in

terms of the configuration parameters associated with tip distance, height difference

6
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and tilt angle. Furthermore, an analysis is conducted to explore the optimal rotor-
configuration in this typical multi-rotor drone, which can optimize aerodynamic
performance through over a broad parameter space by combining CFD-based
simulations and a novel surrogate modeling. Eventually, a rotor-configuration with a
large tip distance and some height difference with zero tilt angle is explored (as
illustrated in Figure 1-6), being enable to optimize both lift force production and FM
efficiency, which thus could offer a novel optimal design for multirotor UAVs.

In addition, the objective of ducted rotor-configuration design is first to explore a
high-performance duct design in terms of duct cross-section, tip clearance and duct
volume based on a series of CFD simulations relative to the single propeller model
assembled with a duct. Then, this novel duct design is equipped to the former obtained
optimal multirotor model (Figure 1-6) to investigate the effect of ducted multirotor
configuration on aerodynamic performance through adjusting tip distance and height
difference of ducted propellers. Eventually, the optimal ducted multi-propeller
configuration will be examined by an extensive analysis in a broad-parameter space of
the tip distance and height difference through the combination of CFD-based
simulations and surrogate modeling, which is verified to improve both lift force
production and FM efficiency, being expected to provide a potential optimal design for
ducted multirotor UAVs.

What’s more, a series of experiments are conducted to validate the findings from
numerical simulations ultimately. Thus, the outline of this thesis is mainly comprised
by the optimization of non-ducted rotor-configuration in chapter 2, the optimization of
ducted rotor-configuration in chapter 3, the experiment validation in chapter 4 and the

conclusions and perspectives in chapter 5.
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Figure 1-5 Illustration of the basic quadrotor configuration and morphological parameters. (a)
Propellers from quadrotor copter (DJI phantom 3 advanced) with radius R = 0.12m, and definitions
of vertical force (L) and torques (Q); (b) basic rotor-configuration with la, = 0.252m, lb, =
0.243m, ldy =0.35m, dy =0.012m, ¢, ~44°.
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Figure 1-6 Illustration of the quadrotor in maximum (optimal) multi-propeller configuration.
Morphological parameters: 1,4, =0.425m, [byg, =0.410m, ld,,q, =0.59m, dp, =0.185
m, @ = 44°at height difference, hp,,, = 0.24 m.
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Chapter 2 & Chapter 2.1 Introduction

Chapter 2 A Biomimetic Rotor-Configuration Design for
Optimal Aerodynamic Performance in Quadrotor Drone

2.1 Introduction

Insects and birds can achieve high aerodynamic performance and flight control with
some optimal combination of flapping wings configuration and stroke-plane inclination
[1-5] as shown in Figures 2-1a and 2-1b, which is mainly realized by time-varying wing
twist and folding [6-8], elevation and tilt of stroke plane during the flight [9,10].
Moreover, insects normally enable smart flight stabilization and control in various modes
of hovering and forward/maneuvering flights by means of a combination of stroke plane
angle variation and adjustment of the wing kinematics comprising positional, feathering
and elevation angles [2], which benefits much from increasing the lifting surface [4,11—
13]. From Figures 2-1c and 2-1d, it is seen that during the middle downstroke that
contributes to lift generation, the LEV (leading-edge vortex), the TV (wing tip vortex)
and the shed TEV (trailing-edge vortex) totally form a downstroke vortex ring around
each wing, which is beneficial to lift generation with intense downward jet stream
forming the downstroke downwash [3,4,11]. Generally, the vortices are generated around
the wings, whereas the wing root vortex is close to body leading to slight wing-body
interaction and hence less contribute to lift production [14,15]. Thus, flying insects can
realize remarked aerodynamic force production owing to few wing-wing and wing-body
interactions during hovering except the clap-and-fling mechanism with large wing stroke
amplitude [16]. This configuration of paired wings in flying insects is likely to produce
a downwash jet effectively, with very few aerodynamic interactions between two wings,
which provides some hints for our quadrotor configuration design that rotors with few
interactions in between may be more effective. Besides, the wing rotation or motion
accompanying wing-body morphology also have a great effect on maneuverability and
stability [9,10,17,18]. Inspired by the wing kinematics of flying animals, some
modification concepts can be conceived for the design of quadrotor drone (DJI phantom
3 advanced for example in Figure 1-5a) that is extensively employed for different
applications [19]. Although some researches had been performed on aerodynamic
performance improvement [20-23], and some creative designs had been conducted to
gain better flight performance and maneuverability of quadrotor drones [24-28], the bio-
inspired rotor-configuration effects on aerodynamic performance that may play a crucial
role in multi-copter performance remains poorly understood. As the quadrotor drones
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exhibit their flight by changing the rotational speed of propellers traditionally (Figure 1-
5a), while flying animals can perform exquisite control of flight with flapping and
flexible wings aerodynamics (Figure 2-1a and 2-1b) of stroke-plane inclination [1,2],
wings rotation or flapping wings’ Euler angles asymmetry [3,9,10,17], it is potential that
the quadrotor drones could be modified by the design of rotor-configuration with
improving the aerodynamic performance from the bioinspiration, which may further
realize the long endurance of flight, the less cost of power, and the high efficiency of
drone system.

With respect to aerodynamic performance of rotor-configurations, Aleksandrov, D.
and Penkov, I. conducted CFD simulations and experiments with analyzing the effect of
distances between rotors on angular velocity, finding that air flows through the rotors can
affect each other and optimal gap distance exists in terms of lift force production [29].
Dhwanil Shukla and Narayanan Komerath investigated the aerodynamic interactions
between side-by-side rotors over a range of rotor separation and Reynolds numbers with
performance measurements from high-speed Stereo Particle Image Velocimetry (SPIV)
to analyze inter-rotor interactions and rotor efficiency [30]. Seokkwan, Y. et al studied
the interactional aerodynamic performance and efficiency of multirotor systems through
numerical simulations of Reynolds-averaged Navier—Stokes equations (RANS), one-
equation Sqalart-Allmars (SA) turbulence model and Detached Eddy Simulation (DES)
model [31]. B. Theys et al investigated the influences and interference effects of coaxial
and overlapping propellers, as well as pusher or puller propeller configurations [32]. Lei
et al proposed an aerodynamic model of nonplanar quadrotor with various rotor spacings
and disk plane angles by CFD (computational fluid dynamics)-based simulations and
experiments [33]. Duc Hung Nguyen et al confirmed the aerodynamic interference
between tandem configuration by wind tunnel experiments [34], in terms of various
unsteady aerodynamic parameters based on theoretical and experimental analyses [35].
These studies however mainly focused on some specific aspects of the rotor-
configuration effect. It still remains poorly understood how the different rotor-
configurations alter aerodynamic performance of multi-rotor copters associated with lift
force production and FM (Figure of Merit) efficiency in terms of tip distance, height
difference, and tilt angle of propellers.

In this chapter, we carry out an extensive CFD-based analysis to explore the optimal
rotor-configurations in a typical multi-rotor copter, which can optimize aerodynamic
performance through over a broad parameter space by combining CFD-based
simulations and a novel surrogate modeling. We then demonstrate that a rotor-

configuration with a large tip distance and some height difference with zero tilt angle
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enables optimizing both lift force production and FM efficiency compared to those in
basic rotor-configuration, which coincides with the observation in insects that there
almost exist no aerodynamic interaction between two wings’ downwash because of
downstroke vortex ring formed by the LEV, the TV and the shed TEV around each wing
(Figures 2-1c and 2-1d), and thus could offer a novel optimal design for multirotor UAVs.

Pronation (A) (d)

Downstroke (B)

(a) Downstroke

Figure 2-1 Illustration of flapping wing flight. (a) Stroke-plane inclination of a hawkmoth; (b)
measured wing tip trajectories during pitch maneuver of hawkmoths [1]; (c) near- and far-field
vortical flow structures about hawkmoth hovering [3,4,11]; (d) wake topology and downwash of
hawkmoth hovering [3,4,11].

2.2 Methods and materials

2.2.1 Geometric models of single propeller and multi-propeller
2.2.1.1 Single propeller geometry

The 3D geometry of a single propeller as utilized in our previous study with
reconstruction by digitizing from a laser scanner (Laser Scan Arm V2, FARO
Technologies Inc.) [36] comes from the quadrotor drone of DJI phantom 3 advanced (DJI
Ltd.) (Figure 1-5a), and is adopted in the single propeller CFD model which is introduced
as a baseline for comparison of the aerodynamic performance between multi-propeller
and the i1solated propeller [29-31]; the basic multi-propeller model was also employed
as a baseline rotor-configuration for exploring the rotor-configuration effects on
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aerodynamic performance with comparisons of different multi-propeller configurations.
2.2.1.2 Multi-propeller geometry

The geometry of a base multi-propeller (rotor) model as shown in Figure 1-5b is
generated by SolidWorks 2013, where one propeller pair rotates clockwise and the other
anti-clockwise with the same geometry (Figure 1-5a). The nondimensional configuration
parameters of the model are listed in Table 2-1.

In order to explore the aerodynamic interactions among propellers in terms of rotor-
configurations, we further define various rotor-configurations by introducing three key
parameters with considering the six-degree of freedom about the rotor-configuration
system: a tip distance (d) between left (P2&P3) and right propellers (P1&P4), a height
difference (/) between two different pairs of propellers, and a tilt angle (T A) of propellers,
which totally result in six parameters of dy4_33 ¢, d14—231p> Puza—113> Puz3—114, @ and
B, as shown in Figures 2-2 to 2-4. The parameter dq4_;3¢ (Figure 2-2a) defines the tip
distance between propellers P1&P4 and P2&P3 being stretched in diagonal direction
with a constant inclination angle of ¢. Here the maximum Id,,, = ld, + 2R corresponds

to the maximum d = 1.54R, which leads the design space of dq4_534 over a

Mis-23,4
range of [0.1, 1.54]. The parameter dq,_,3;, (Figure 2-2b) denotes the tip distance of
propellers P1&P4 and P2&P3 in longitudinal direction while keeping the parameter [b
unchanged, which has the same range of design space with dq4_534 of [0.1, 1.54].
The parameter h,,4_;13 (Figure 2-3a) represents the height difference between
propellers P1&P3 and P2&P4 through adjusting their relative height whereas the
parameter h,,3;_;14 (Figure 2-3b) is for the height difference between propellers P2&P3
and P1&P4, where the maximum height difference is also set to be h,, = hy + 2R,
which makes the design space of hy;4_;13 and h,,3_;14 vary over a range of [0, 2].
The parameter o (Figure 2-4a) corresponds to the tilt angle of propellers through rotating
propellers P2&P3 around axes, y, and y3, while rotating propellers P1&P4 around
axes, y; and y, in rotor-fixed reference system simultaneously. Furthermore, a
positive o is defined to be identical to an anticlockwise rotation of P2&P3 while a
clockwise rotation has a negative a; the parameter S (Figure 2-4b) denotes the tilt angle
with each propeller rotated around axes, x; and y; in rotor-fixed reference frame
equally, being negative when propellers tilt towards to the center of rotor-configuration
but positive vice versus. In Ref. [33], it was pointed out that the aerodynamic
performance could be improved over a range of 0° - 50° with the designed tilt angle.
With consideration of some lift force loss and interference between propeller and
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fuselage, the design space of tilt angle in this study is set to be [—20°, 20°] for both «
and £. In addition, a uniform step of 0.2 is set for both tip distance and height difference,
while 5° for the tilt angle; all the parameters employed in design space are summarized
in Table 2-2. These parameters will be selected and grouped to form various rotor-
configurations to explore the optimal aerodynamic performances based on the CFD
simulations (section 2.3.1) and a surrogate model-based optimization algorithm (section
2.3.2).

Table 2-1 Dimensions of the base model about multi-propeller

lag/R lby/R ldy/R ¢y Tip distance Height difference  Tilt angle
(do/R) (ho/R) (TAy)
2.1 2.025 2917 44° 0.1 0 0°

Subscript “0” means the original value in base model.

Table 2-2 Cases of various rotor-configurations about multi-propeller model

i= 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.54
dis_234/R

i= 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.54
dis—2315/R

i= 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
hy24-113/R

i= 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
hy23-114/R

a —20° —15° -—-10° -=5° 5° 10° 15° 20°

/] —20° —15° -—-10° -=5° 5° 10° 15° 20°
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Figure 2-2 Definitions of various rotor-configurations and parameters regarding tip distance. (a)
Parameter dy4-334 (top), i = d14-23,4/R; (b) parameter dy4_p31 (top), i = dis—231p/R.
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Figure 2-3 Definitions of various rotor-configurations and parameters regarding height
difference. (a) Parameter hy,4_;13 (left), i = hyy4_113/R and (b) parameter hy,3_j14 (left), i =

hy23-114/R with top view same as Figure 1-5b.
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Figure 2-4 Definitions of various rotor-configurations and parameters regarding tilt angle. (a)
Parameter a (negative when tilting inward but positive outward); (b) parameter f (being generated
through rotating propeller around y; firstly and around x; with same angle secondly).
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2.2.2 CFD modeling

2.2.2.1 Single propeller modeling

Aerodynamic performance associated with single propeller was investigated based
on CFD simulations with commercial software, ANSYS CFX 14.5 (ANSYS Inc). Given
the rotational speed, 5400rpm, of propellers in Phantom 3 advanced [36], the Reynolds

number of a single propeller [30] was calculated to be

R, = "7”1 —7.4x10%, @-1)

where p = 1.2kg/m3 1is air density, U = Rw = 2nRn is tip velocity (the
rotational angular velocity, w, and the rotational speed, n), [ = 0.162m is the chord
length at 75%R of propeller, and u = 1.79 X 10™°Pa - s is air viscosity.

The RANS modeling of turbulent flow with the SST (Shear Stress Transport)
turbulence model was employed with a “high resolution” mode for the simulation of
single propeller model (Figures 2-5a to 2-5¢) with a cross-section of Figure 2-5d. Follow
Refs. [36,37], the inflation layer meshes were generated with seven layers surrounding
the rotor surface to ensure high resolution of the boundary layer adjacent to walls while
being clustered at wingtip, leading edge, and trailing edge, resulting in the total meshes
of approximately 16 million for the single propeller CFD model. At the interface between
rotating and static region, a “Frozen Rotor (FR)” model was adopted to give the rotor an
appointed constant rotating speed in order to “freeze” the relative movements between
the two frames so as to achieve the convergence to a stable state. At outside boundary of
the spherical surface, open (free-stream boundary) condition was imposed with 0 Pa
pressure, as listed in Table 2-3.

Aerodynamic performance of single propeller can be evaluated with lift force

coefficient, Cy, and figure of merit, FM [36,38,39], defined as
L

= 05pUZsy’ (2-2)

CL
where L is the lift force of a single propeller, p is the air density (p = 1.2kg/m3), U is

the speed of wingtip, S, is the second moment of wing area (S, = 9.5 X 10~ *m*),
respectively.

FM = ZRE (2-3)

Pcrp’
where Pgpr denotes the minimum power for generating lift force based on numerical

results and Rankin-Froude momentum theory; Pcgp is defined as product of torque
around rotational axis, O, and rotational angular velocity, @, such as:
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,L
Prp =1 m, Pepp = Q- w. (2-4)

where L denotes the lift force, A, the actuator disk’s area defined by radius, R, of the
propeller, and p the air density, respectively. Furthermore, it is better for efficiency of
drone when the value of FM is closer to 1.0.

2.2.2.2 Multi-propeller modeling

Flow structures and aerodynamic performances associated with hovering quadrotor
drone were also studied in terms of rotor-configuration effects based on CFD simulations
with commercial software, ANSYS CFX 14.5 (ANSYS Inc). The numerical settings and
boundary conditions of the multirotor model in CFD simulations are the same as those
in the single propeller model, with total meshes of approximately 55 million, as shown
in Figures 2-5e to 2-5h and Table 2-3.

In addition, Equations (2-2) — (2-4) are employed for the evaluation of aerodynamic
performances associated with average lift force coefficient, |, and average figure of
merit, FM in multirotor models in a manner of various rotor-configurations, where the
lift force, L, Pgp, Pcrp, and torque, O, should be substituted by the average lift force of
multirotor (L), Pgr, Pcrp, and average torque of multirotor (Q) in theses equations. In
addition, average thrust coefficient, C; is derived from average thrust of multirotor (T)
as a substitution of L in Eq. (2-2), and FM is calculated via the average thrust (T) as a
substitution of L in Egs. (2-3) — (2-4) with maintaining the value A, [38] when tilt angle
exists in the cases of different quadrotor configurations.

2.2.3 Rotor-configuration-based optimization of aerodynamic performance

As a series of CFD-based simulations of 52 cases (listed in Table 2-2) with different
non-ducted rotor-configurations associated with tip distance, height difference and tilt
angle were performed to investigate the effect of non-ducted rotor-configurations on
aerodynamic performance, it was indicated that the optimal non-ducted rotor-
configuration will be a configuration of fixed maximal tip distance but uncertain height
difference and tilt angle. Thus, in the procedure of optimization for non-ducted rotor-
configuration for the three parameters associated with tip distance, height difference, and
tilt angle, we constructed a series of CFD-based cases (45 cases in total, illustrated in
section 2.3.2.1), applying a surrogate model with combination of the CFD models to
explore an optimal rotor-configuration in terms of average lift coefficient (C;), average

thrust coefficient (C;) and equivalent average figure of merit (FM) in a parametric space
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of these three parameters associated with tip distance, height difference, and tilt angle.

As a common method to predict the outcome of a parametric space in a manner of
optimization [40—42], the surrogate modeling of Radial basis functions (RBFs) model
method [43—46] was adopted. Three steps were included in the process of optimization
for non-ducted rotor-configuration, which are: (1) specifying a design of CFD-based
numerical experiments including 45 Points in foto in a parametric space comprising those
three parameters; (2) CFD simulations at design points; and (3) constructing a surrogate
model based on CFD simulations to generate a continuous output (C;, (Cr) and FM)
over the entire design space.

The approximation of optimal aerodynamic performance via RBFs approach in
terms of C., (C;), FM as an unknown function f{x) at an untried point x is formally
derived from a linear combination of radial basis functions, which is defined as [43—46]

f) =Ziswip(r), (2-5)

where w; is the i-th weight coefficient, and ¢@(r) = (p(”xi — x”) is the basic
function determined by the Euclidean distance between the prescribed observed point x!
and untried point x. In order to determine the weight coefficient w;, a series of
interpolation points of x/ that have known results from CFD simulations were
introduced to substitute the untried points of x, where all the interpolation points should
satisfy:

f(x) =T iwio) =X iwio(|lx' =) =¥/, j=1,2, ... (2-6)

where x/ and y’/ denotes the interpolation point, and the result at the
corresponding interpolation point, respectively. Thus, with the known observed points
and interpolation points, the weight coefficient w; can be determined subsequently. For
sake of determining the locations of interpolation points in the design space, DoE (Design
of Experiments) method in terms of Uniform Design (UD) [43] was employed to
maximize the amount of information obtained from a limited number of sample discrete
points, i.e., CFD simulation-based C,, (Cy), FM. Nine interpolation points (n =9) were
employed based on the parametric space virtually through trial-and-error, which is
verified to be effective enough to provide a reasonable approximation. Moreover, the
optimal observed points were determined in the vicinity of interpolation points by
Random selection.

The basic function of IMQ (Inverse Multiquadric) function was selected in a manner
of trial-and-error from multiple options of basic function (as listed in Table 2-4) in RBFs
model [43—46] and utilized at all untried and test points, corresponding to those based on
CFD simulations, because it was confirmed capable of giving reasonable results on the
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approximation of C;, FM with least relative error, which is defined as
o) ===,0<c<4 (2-7)
The weight coefficient w; was determined by adjusting the coefficient, ¢, in the
basic function of ¢(r) through solving the Eq. (2-5) based on the information at
interpolated and observed points. To estimate the numerical errors between surrogate
modeling and CFD simulations, three variables (e, R? and o,) were introduced at test

points, in which an average relative error (€) is defined as
1 Nne i 1 ng J//\l—yi
n_tzi=1 e = n_tzi=1 | (2-8)

where n, is the number of test points (n, = 45); y' is the true value (came from the

3

results of CFX calculations), and y! is the prediction of surrogate modeling at the i-th
test point, respectively.
The R-squared (R?) is defined as
i, 0 =yh?
R? =121 , 2-9
St 0 9
where y denotes the average of true value based on CFD simulations. And the root mean

squared error (o, ) is defined as

o, = /,%2?:1 eh)?. (2-10)

Convergence criteria are defined as € < 0.005, R? > 0.95, and o, < 0.005 for
the non-ducted rotor-configuration optimization. An inner iteration is designed to
examine the optimal variables with the coefficient (c¢) over a predetermined range [43—
46], which is conducted as described in flow chart of the optimization procedure (Figure
2-6).

Table 2-3 Numerical settings and boundary conditions of CFD model for rotor-configuration

Single propeller model Multi-propeller model
Simulation type Steady Steady
Turbulence model Shear stress transport (SST) Shear stress transport (SST)
Open boundary Free-outflow with 0 Pa Free-outflow with 0 Pa
pressure pressure
Wall boundary No-slip, smooth wall No-slip, smooth wall
Rotation region’s domain Frozen rotor Frozen rotor
interface
Rotational speed (rpm) 5400 5400
Mesh elements number (N,,) Approx. 16 million Approx. 55 million
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Table 2-4 Other common functions used in RBFs model method except the IMQ function.

Basic functions Formulations
Power (PW) p(r)=r1<c<3
Thin Plate Spline (TPS) o) =7%In(cr),0<c <3
Gaussian (GS) o(r) = e~ 0<c<10
Multiquadric (MQ) o(r) =rz+cz0<c<4

Rotating
domain

Stationary
domain

Opening
boundary

Four rotating
domains

Stationary
domain

Opening
boundary

Figure 2-5 Grid systems, boundary conditions, mesh systems and meshes at a cross-section of
80%R in CFD simulations for the rotor-configuration. (a-d) Single propeller model; (e-h) multi-
propeller model.
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Figure 2-6 Flow chart of CFD-and surrogate model-based optimization analysis for rotor-
configuration.

2.3 Results and discussions

2.3.1 Verification and validation

Verification was conducted in a manner of self-consistency on mesh independency
[37]. The minimum grid spacing adjacent to wall (propeller) surface, &,, [37], is
controlled by &, = 0.1l /\/R_3, where Reynold number, R, = 7.4 x 10%, chord length,
[ =0.0162m at 75%R, resulting in a minimum spacing among grids of 0.015mm. We set
a baseline case of single propeller model (SP-1) with 11 million meshes as used in our
previous study [36], and two fine-mesh cases including 16 million meshes (SP-2) and 23
million meshes (SP-3), resulting in different computed C; and FM of single propeller
as shown in Figure 2-7a, all in excellent agreement with those in Ref. [36] (SP). Thus,
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the data of SP was utilized in the following for single propeller model. The mesh-
dependency was further conducted associated with basic quadrotor-configuration model
(Figure 1-5b), with four mesh systems including BMP-1 (basic multi-propeller - 1) of 26
million meshes, BMP-2 of 39 million meshes, BMP-3 of 47 million meshes and BMP-4
of 55 million meshes, respectively. Comparisons of computed C, and FM (Fig. 2-7b)
further confirmed the marginal differences among the four cases, the BMP-4 was thus
selected for all the CFD simulations of quadrotor configuration model. Note that all the
simulations associated with mesh-dependency were carried out to satisfy the criterion of
numerical convergence so that the maximum residual of pressure was less than 5 x 107>
and the iteration steps was taken more than 3000.

Furthermore, the CFD simulations were validated through comparisons with
experiment data [34] under same conditions, in terms of relation in hover state and the
interference effect of tandem rotor during forward flight (a =-5°, V=6 m-s~1, I/R
= 2.83). As shown in Figure 2-8, the CFD results are well consistent with the
measurements while indicating that thrust (7) increases in a linear manner with
increasing the square of angular velocity (w?), and thrust coefficient of rear rotor are
obviously lower than that of front rotor during forward flight. Note that as also observed
in previous studies [29-31,33], the average lift force of quadrotor configuration model is
less than that of isolated propeller model, indicating that there exist propeller-propeller
aerodynamic interactions, and thus some optimal configuration of propellers could
maximize the aerodynamic performances of lift force production and FM efficiency.

2.3.2 Aerodynamic performance of single propeller effect

The effects of tip distance, height difference and tilt angle on C; and FM of
different quadrotor configurations are investigated in terms of the parameters dq4_33 ¢,
d14-231p> Ruz24-113> Mu23—114, @ and B as depicted in Figures 2-2 to 2-4. Figure 2-9a
shows that the €| increases with increasing nondimensionalized parameters d1s—23¢/
R and dy4_53,;,/R, whichis particularly remarkable with a notable increase rate of 7.0%
associated with dq4_34/R (red line) compared to that of basic quadrotor configuration
at d/R = 1.54, less than the magnitude of single propeller. Comparatively, a merely 2.0%
increase rate as maxima is observed with increasing dq4—53;5/R (blue line). Same trend
is observed in FM, which increases with increasing nondimensionalized parameters
d14-23¢/R and dq4_33;,/R, again being significant with an increase rate of 10.4%
associated with dq4_534/R (magenta line) while 2.9% for dy4_53;,/R (green line),

compared to those of basic quadrotor configuration at d/R = 1.54. Figure 2-9b shows that
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the Cp, increases with increasing the nondimensionalized parameters hy,4_;13/R and
hy23-114/R, which is distinctly notable accompanying a remarked increase rate of 4.3%
associated with hy,,4_;13/R (red line) compared to that of basic quadrotor configuration
when h/R = 2.0. Comparatively, a 2.1% increase rate as maxima is observed with
increasing hy;3_;14/R (blue line). Same trend is observed in FM, which increases with
increasing nondimensionalized parameters h,,4_;13/R and hy,p3_;14/R, again being
remarkable with an increase rate of 8.4% associated with h,,,_;13/R (magenta line)
while 3.1% for hy,;3_;14/R (green line), compared to those of basic quadrotor
configuration at h/R = 2.0. Figure 2-9c shows that C; displays remarked increase
rates of 0.7% and 1.4% compared to that of basic quadrotor configuration when o
(magenta line) is —20° and 20°, respectively. Comparatively, the increase rates are —3.1%
and —6.6% about £ (cyan line) at —20° and 20°, respectively. Meanwhile, due to the tilt
angle, C., both decreases with changing o and S, being remarked with increase rates of
—5.4% and —4.7% compared to that of basic quadrotor configuration when a (red line) is
—20° and 20°, respectively. Comparatively, the increase rates are —14.0% and —18.0%
about S (blue line) at —20° and 20°, respectively. Same trend is observed in FM as
illustrated in Figure 2-9d, with the increase rates of 1.5% and 1.7% at a (red line) of —20°
and 20°, and of 2.7% and —4.1% regarding £ (blue line) at —20° and 20°, respectively.
Therefore, it is obvious that proper adjustments of parameters dy4_33¢, Ryz4-113, and
a with positive value associated with tip distance effect, height difference effect, and tilt
angle effect are effective in improving aerodynamic performances, which were thus
employed in our further optimization procedure.

According to the momentum theory, the rotating rotor induces a downward air flow
through the rotor blade, the so-called induced flow (downwash), which is most
pronounced at hover. And based on the blade element theory, the wake of a single-rotor
blade in hover is affected by the tip vortex and inner vortex sheet essentially. The tip
vortex, the inner vortex sheet and the downward moving wake contribute to the lift force
generation of the single propeller [33,34,47], as illustrated in Figure 2-10a. With respect
to the tip distance effect, the downwashes induced by each propeller that form a twin
downwash-jet separated with each other are likely to improve the lift force production at
a large tip distance. Comparatively, the d;4_,34 based aerodynamic interactions play a
more important role in aerodynamic performance than that of d;4_,3;, since separated
propellers with less interactions can work more effectively [30]. With respect to the
height difference effect, the downwashes from upper propellers increase the induced flow
of lower propellers, which is beneficial to lift force production of lower propellers,
although this effect turns to be weaken at larger height differences [33,34,47].
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Furthermore, the h,,,_;13 based aerodynamic interactions have better performance
because of no interaction between tip vortices interactions in the same plane between
propellers P2&P3 and propellers P1&P4. The tilt angle effect also attributes to the impact
of induced flow variation [33], although the interactions owing to tilt angle « alter the
induced velocity and wake velocity, it leads to solely slight improvement on thrust
generation. In addition, any change of § relative to the basic quadrotor configuration will
lead to a reduction of C; probably due to the alteration in angle of attack (AoA) (as
shown in Figure 2-10b) [34,47]. These results are supported by the visualized flow
structures associated with various quadrotor configurations at cross-sections of y/R
=1.013, and 1.707, the planes that the centers of propellers P1 & P2 located in as
illustrated in Figure 2-11.

2.3.3 Optimization of aerodynamic performances via CFD-and surrogate

model-fusion

As pointed out in section 2.3.2, the tip distance dq4_534 has most significant effect
on improving aerodynamic performances and the height difference hy,,4_;13 has
secondary significant effect on aerodynamic performances improvement, whereas the tilt
angle a has least influence on improving aerodynamic performances. Thus, the maximum
d14-23,4/R = 1.54 is fixed to be constant for the optimization procedure of quadrotor-
configuration. The optimization procedure based on the design space of three parameters

combination associated with fixed tip distance d (dy ), height difference

M14-23,¢
hy2a—113 (h) and tilt angle o is defined as:
Max. C;, (C;)or FM,s.t. 0 < h/R<2.0,0 < a < 20°. (2-11)

2.3.3.1 Optimization via CFD simulation

The numerical simulations with CFX 14.5 have the same setting with basic
quadrotor-configuration CFD model, and the rotor-configuration with d,,/R =1.54, h
= 0, and a = 0 which is called large tip distance configuration (LT-config., hAg,) is
designated as the baseline in the optimization procedure. Through an extensive study of
mesh-dependency associated with the LT-config. model, a mesh system with 47 million
meshes (N, /Ny pvp =0.855) was confirmed to be able to ensure a reasonable numerical
accuracy. The total cases utilized in the CFD-based optimization are 45 based on the
design space in Eq. (2-11), which comprises 25 cases selected uniformly and other 20
cases chosen randomly, as shown in Table 2-5.
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Figures 2-12a to 2-12c show that the Cy, C;, and FM increase with increasing
height difference at a« = 0, but change slightly when some tilt angle exists, capable of
achieving the maximum at d,,/R = 1.54, h/R = 2.0, and a = 0. Figure 2-12b further
shows that the C; decreases with increasing tilt angle at some fixed height difference.
Note that unlike the tilt angle effect observed in the basic rotor-configuration model
(Figure 2-9¢), C; turns to be almost stable when the tilt angle o is greater than 5°
independent of height difference, indicating that the aerodynamic interactions are
negligible at large tip distance. Moreover, the maximum increase rate of C, (Cr)is 1.6%
compared to that of LT-configuration (Figures 2-12a and 2-12b), and 8.8% compared to
that of basic quadrotor configuration at d,,/R =154, h/R=2.0, and a = 0,
respectively. Correspondently, the maximum increase rate of FM is 2.8% compared to
that of LT-configuration (Figure 2-12c¢), and 12.9% compared to that of basic quadrotor
configuration. As a result, the optimal quadrotor configuration can be achieved with a
combination of d,,/R = 1.54, h/R = 2.0, and a = 0.

2.3.3.2 Optimization via CFD-and surrogate model-fusion

Here we determine the maximum C; and Cj, of the optimization procedure in
surrogate modeling because FM shows similar trend with Cr. Figures 2-13a and 2-13d
show the interpolation points and optimal observed points in the surrogate modeling. The
boundary of observed points was limited in the vicinity of interpolation points depicted
by the red dashed frame. The surrogate modeling-based results with inverse multiquadric
(IMQ) function in RBFs model are illustrated in Figures 2-13b and 2-13e, where the
green cross markers represent the maxima Cy and Cj, of surrogate modeling, and the
red cross markers for the maxima C; and C; of CFD simulation. It gives an estimation
of the maximum C; with an increase rate of 10.01% compared to that of Basic-
configuration (BMP) and 2.81% compared to that of LT-configuration (LTMP),
respectively, as listed in Table 2-6. The surrogate modeling indicates that the optimal
quadrotor configuration is assigned at d,,/R = 1.54, h/R = 0.6, and a = 0 based on
C., while it is assigned at d,,/R = 1.54, h/R = 1.56, and a = 0 in the view of Cr,
which are close to the CFD-based result. Besides, it also shows that the C}, has slight
loss (< 2%) with retaining C; within the range of tilt angle less than 10°, which is
beneficial to maneuver design for quadrotors. In summary, our results thus point out a
novel biomimetic design of optimal rotor-configuration for multirotor UAVs, which has
a large tip distance and some height difference with zero tilt angle, resulting from the

least interference of downwash-jet among adjacent propellers and the maximum positive
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interaction among upper and lower propellers on conditions of this optimal rotor-

configuration in quadrotor drone.

Table 2-5 Calculation cases (45 points in total) utilized in CFD of optimization procedure regarding
rotor-configuration

Uniform selection (#/R) Random selection (#/R)
a=0° 0 0.5 1.0 1.5 2.0 0.2 0.6 1.2 1.6
a=5° 0 0.5 1.0 1.5 2.0 0.2 0.6 1.2 1.6
a=10° 0 0.5 1.0 1.5 2.0 0.2 0.6 1.2 1.6
a=15° 0 0.5 1.0 1.5 2.0 0.2 0.6 1.2 1.6
a = 20° 0 0.5 1.0 1.5 2.0 0.2 0.6 1.2 1.6

Table 2-6 Comparisons between CFD and surrogate modeling regarding rotor-configuration

CFD Surrogate modeling
Maximum C; compared with LTMP 1.43% 2.81%
Maximum € compared with BMP 8.5% 10.01%
Optimal position h/R=2, a=0 h/R=06, a=0
Variables about relative error c =0.93, R? =0.9652, & = 0.0033, o, = 0.0047
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Figure 2-10 Illustration of momentum theory and blade element momentum theory. (a) Rotor
disk and downwash [34,47] in hover state with thrust (T = 2pAv;?), power (P =T - v;), vy = 0,
induced velocity (v;), and far wake velocity (w = 2v;); (b) definitions of angle of attack (¢, = 6 —
¢.), pitch angle (), and inflow angle (¢.) at the section of 75%R.
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Figure 2-11 Iso-speed contours about different rotor-configurations at cross-sections of y/R =
1.013 and 1.707 with propellers P1 & P2.
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2.4 Conclusions

In this chapter we conducted a systematic CFD-based study for optimal
aerodynamic performance of rotor-configuration in hovering quadrotor drone. Motivated
by optimal combination of paired wings configuration and stroke-plane inclination in
biological flights, we parameterized the rotor-configuration in terms of tip distance,
height difference and tilt angle of propellers, and examined how aerodynamic
interactions among propellers with various rotor-configurations impact lift force
production and FM efficiency. We find that the tip distance effect impacts aerodynamic
performance remarkedly, capable of achieving an optimal rotor-configuration with an
increase rate of 7.0% in lift force while 10.4% in FM compared to the basic configuration.
The height difference effect can also lead to significant improvement on aerodynamic
performance: a proper optimal rotor-configuration enables an increase rate of 4.3% in lift
force while 8.4% in FM compared to the basic configuration. Comparatively, the tile
angle effect however is minor in hovering state because the inclination of propellers’
stroke plane results in a reduction in vertical force, i.e., the lift force and hence FM
efficiency. Our results thus point to the importance of acrodynamic interactions among
propellers in altering both aerodynamic force production and FM efficiency, and the tip
distance effect with the propellers mounted in the same plane obviously plays the most
important role. In addition, given that the increase rate of FM shows a slight variation
with a type tilt angle, proper adjustment of tilt angle may benefit large torque production
and hence enhancement in maneuverability rather than the improvement in lift force and
FM efficiency, which will be investigated in our future studies.

We further developed a coupling method to explore the optimal aerodynamic
performance of rotor-configuration over a broad parameter space by combining the CFD-
based simulations and a novel surrogate model, which is validated capable of
determining a proper optimal design of rotor-configuration effectively. As a result, we
found that the optimal rotor-configuration can be designed with a large tip distance, and
some height difference with zero tilt angle, which enables the maximization of
aerodynamic interactions among propellers. In conclusion, we propose a biomimetic
rotor-configuration design associated with multirotor copters for the sake of
improvement in lift force production and FM efficiency. Optimal adjustment associated
with tip distance and height difference can benefit most for the optimal aerodynamic
performance in quadrotor drone. Moreover, how the current optimal rotor-configuration
design works in multirotor copters with large propellers, and how it impacts flight
stability and maneuverability remain unclear and will be our future task.
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Chapter 3 & Chapter 3.1 Introduction

Chapter 3 Effect of Ducted Multi-Propeller Configuration on
Aerodynamic Performance in Quadrotor Drone

3.1 Introduction

The quadrotor drone has been utilized so extensively due to its great flight capability
[1-5]. For sake of improve its aerodynamic performance, many researches have been
performed relative to design of propeller and fuselage [6-12]. And based on the
bioinspiration of flight ability performed by insects and birds [13-19], a biomimetic
optimal non-ducted rotor-configuration (Figure 1-6) with a large rotor-to-rotor tip
distance, some height difference and zero tilt angle that is verified to be capable of
achieving optimal aerodynamic performance for the quadrotor drone (Figure 1-5) is
proposed in section 2.3.3, which enables optimal aerodynamic interactions among
propellers, leading to a marked improvement in lift force production with an increase
rate of 9% compared to that of a basic non-ducted multi-propeller configuration (Figure
1-5), thus enhancing the FM efficiency. However, some designs should be proposed for
the modification of rotor-configuration in the quadrotor drone because the obtained rotor-
configuration leads to a larger frame of the quadrotor drone as illustrated in Figure 1-6
compared with the basic rotor-configuration as illustrated in Figure 1-5, which occupies
a large space during the flight, resulting in the impairment of agility about the drone. To
further improve the aerodynamic performance of the quadrotor drone while reduce its
frame dimension, we chose the approach of employing the ducted-propeller design [20]
and adopting the multirotor configuration adjustment [21] to optimize the aerodynamic
performance of multirotor drones associated with the lift force production and FM
efficiency. However, since the duct needs to be carefully shaped so as to avoid the
propeller-duct interaction penalty, while being as light as possible to minimize the weight
increase [22], the duct design applied to the rotor-configuration optimization of ducted
multi-propeller should be explored in accordance with different propellers of multirotor
copter, which comprises the definition of duct’s cross-section and tip clearance between
propeller tip and duct inwall.

With respect to the ducted-propeller application in UAVs and MAVs, the shroud
(duct) designs with different blades, and shroud dimensions have been proposed and
developed to evaluate the performance in hover and edgewise flow experimentally by
Hrishikeshavan et al. [10—12]. The interference of ducted fans installed with a height
difference was also investigated through numerical simulations solving Reynolds-
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averaged Navier-Stokes (RANS) equations with Shear Stress Transport (SST) turbulence
model and experimental investigation in hovering regime by Arkhipov et al. [23] and
Stremousov et al. [24]. The energy efficiency improvement and the thrust power increase
of UAVs were studied by implementing shrouded rotors that have different leading-edge
lip radius (LLR), diffuser length (DL) and diffuser angle (DA) with ANSYS CFX
simulations and experiments by Chua et al. [25]. A ducted fan MAV was developed and
optimized to improve the drone’s maneuverability with experiments by Moaad et al. [26].
The influence on lift force was studied with propeller shrouding of different shroud
diameters and shroud heights in mini unmanned quadcopter computationally and
experimentally by Penkov et al. [27]. The rotor-duct aerodynamic interactions were
investigated by means of stereo particle image velocimetry (SPIV) through aeroacoustics
measurements on a rotor having removable protective duct over a range of hover
conditions at low Reynolds numbers by Shukla ef al. [28]. Recently, the aerodynamic
characteristics of ducted single-propeller in various duct contours were examined as well
as the aerodynamic characteristics of ducted propellers in a quadrotor drone were
investigated under hovering condition with and without crosswind experimentally and
numerically by Yonezawa et al. [29,30]. Until now, most studies have been focused on
the aerodynamic optimization of ducts with some fixed propeller-configuration, aiming
to improve lift force production and/or maneuverability of multirotor copters. It still
remains poorly understood how the different configurations of ducted multi-propeller
affect the aerodynamic performance of the multirotor copter associated with lift force
production and FM efficiency in terms of tip distance and height difference adjustment,
as well as which is the optimal ducted multi-propeller configuration with these two
parameters.

In this chapter, we perform an integrated simulation-based study of CFD
simulations and a surrogate model to investigate the effect of the ducted multi-propeller
configuration on aerodynamic performance and to explore the optimal ducted multi-
propeller configuration of a quadrotor drone. We first explore a high-performance and
compact duct design in terms of aerodynamic performance and duct volume based on
CFD results of ducted single-propeller models. The duct design obtained is then adopted
to a quadrotor drone to examine the effect of the ducted multi-propeller configuration on
aerodynamic performance associated with tip distance and height difference among
various ducted propellers. Furthermore, an extensive analysis of the optimal ducted
multi-propeller configuration is conducted through the combination of CFD simulations
and a surrogate model to search for the optimized design in a broad-parameter space of
the tip distance and height difference, which is verified to improve both lift force
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production and FM efficiency compared to those in the previous obtained optimal non-
ducted rotor-configuration.

3.2 Materials and methods

3.2.1 Aerodynamic theory of a ducted propeller

Estimation of the aerodynamic lift force on an isolated propeller in a ducted-
propeller model is derived from the momentum theory, the blade element theory, and the
aerodynamic principle of a ducted propeller [9,31,32] (Figure 3-1). The duct is composed
of a straight or tapered trailing edge and a rounded leading edge formed as the diffuser
and inlet section, respectively. When the propellers rotated, the rotor operation generates
a suction pressure gradient on the duct inlet surface, thus resulting in an additional lift
force, which contributes to the total lift force production and hence enhances the FM
efficiency [10-12].

3.2.2 Geometric model of ducted propeller

3.2.2.1 Ducted single-propeller geometry

The duct is generally composed of a straight diffuser section and an elliptic or
pseudo-elliptic inlet (Figure 3-2), which is verified to enable a significant improvement
in lift/thrust force production and power reduction particularly at low rotational speeds
and/or with high disk-loading [10—12]. Therefore, in this study, the duct with an ellipse
inlet is employed and the aerodynamic performance of ducted-propeller units is
discussed extensively. To determine a high-performance duct design in the ducted single-
propeller model in terms of the duct’s cross-section and tip clearance, six parameters in
toto are utilized, including the tip clearance (d,) expressing the gap between propeller
tip and duct inwall; the propeller height (hy,), i.e., the height difference between the center
of the inlet ellipse (point D) and the center of the propeller bottom (point P); the diffuser
angle (@) denoting the inclination angle of the diffuser; the diffuser length ([, ); the height
of ellipse inlet (h,); and the radius of the ellipse inlet (1), with an original value of d,
=0.00lm, h, =0, a =0, I, =0.06 m (0.5R), h, =0.06 m (0.5R), and 7, = 0.02
m (0.167R) (Figure 3-2). Except that, the thickness of the duct model is fixed to be 0.0015
m. The 3D single-propeller model is identical to that in section 2.2.1. A systematic CFD-
based analysis was conducted to examine the high-performance duct model in terms of
the aerodynamic performance and the duct volume.
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3.2.2.2 Ducted multi-propeller geometry

The ducted multi-propeller model is generated based on the duct model employed
in section 3.2.2.1. Figure 1-5 and Figure 1-6 show the geometric models of a basic non-
ducted multi-propeller configuration (Figure 1-5b) and a maximum non-ducted multi-
propeller configuration (Figure 1-6) obtained in section 2.3.3, which is also the optimal
configuration with a maximum rotor-to-rotor tip distance, verified to be capable of
improving both lift force production and FM efficiency in the quadrotor drone of DJI
phantom 3 advanced. Given the high-performance duct model as an initial input to the
ducted multi-propeller configuration with the maximum rotor-to-rotor tip distance, the
ducted maximum multi-propeller configuration (Figure 3-3a) is formed, and the ducted
minimum multi-propeller configuration (Figure 3-3b) is generated through altering the
rotor-to-rotor tip distance and height difference. Based on the analysis of lift force
production and FM efficiency in a broad parameter space associated with the tip distance
and height difference (as seen in sections 3.3.2 and 3.3.3), the effect and optimization of
a ducted multi-propeller configuration on aerodynamic performance are investigated
based on a combination of CFD simulations and a surrogate model over the design space.

3.2.3 CFD modeling

CFD-based simulations of ducted rotor-configuration models were also conducted
with the commercial software ANSYS CFX 14.5 (ANSYS Inc) under the conditions of
a rotational speed of 5400 rpm for all propeller models with ducts, which is identical to
that utilized in non-ducted rotor-configuration models. The Reynolds number (R.) of a
single propeller is still 7.4 x 10%, and the RANS modelling of turbulent flow with the
SST turbulence model was still adopted with a ‘high-resolution mode’ for all the
simulations of ducted single-propeller and ducted multi-propeller models [33,34].
Following the Refs. [33,34], we generated the inflation layer meshes with seven layers
surrounding the propeller surfaces to ensure high resolution of the boundary layer
adjacent to walls while being clustered at the wingtip, leading edge, and trailing edge.
Approximately 26 million and 48 million meshes (see in sections 3.3.1 and 3.3.2) were
successively generated for the ducted single-propeller and ducted multi-propeller,
respectively. Furthermore, boundary conditions and grid systems are given in Figure 3-
4. A “Frozen Rotor (FR)” approach was utilized at the interface between inner rotating
and outer stationary regions of both ducted single-propeller and multi-propeller models
to give the rotor an appointed constant rotating speed for the sake of ‘freezing’ the relative

movements between the two frames, which thus ensures convergence to a stable state.
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Besides, a ‘General Connection with No Frame Change/Mixing’ model was employed at
the interface between intermediate stationary regions and coarse stationary regions of
ducted multi-propeller models for connection. In addition, the wall boundary was used
at the duct surfaces, and the open (free-stream boundary) condition with 0 Pa pressure
was adopted at the outside boundary of the spherical surface, as illustrated in Table 3-1.

FM efficiency [33] is still adopted to evaluate the aerodynamic performance of the
ducted single-propeller model and defined as:

FMp_op = PRED-SP_ (3-1)

2
PcFD,D-SP

where Prpp_sp denotes the minimum power derived from the Rankin-Froude
momentum theory for generating lift force based on numerical results. Pcpp p—sp 1S

calculated from a product of the torque around rotational axis, Q, and the rotational
angular velocity, w, which are formulated as:

,L _
Prp,p—sp = Lp—sp ZZAzi (3-2)

PCFD,D—SP =Q w

where Lp_sp expresses the lift force of the ducted single propeller (Lp_sp = Lp + Lp,
Lp: Lift force on propeller; Lp: Lift force on duct). Agp is the actuator disk’s area
defined by the propeller’s radius, R, and p is the air density.

For the ducted multi-propeller models with various configurations of tip distance
and height difference, Equations (3—1) and (3-2) can be further used in the evaluation of
aerodynamic performance with some refinements, where the FM efficiency of a ducted
multi-propeller model is defined as FMp_yp, with the Lp_gp substituted for the
ducted-multi-propeller-induced lift force, Lp_yp (Lp_mp = Lyp + Lyp, Lyp = Lpy +
Lpy +Lps + Lpy, Lyp = Lpy + Lpy + Lpz + Lpy), the Agp by Ayp (Aup = 44sp),
and the Pcrpp-sp by Pcppp-mp (Pcrp of ducted multi-propeller: Pepp p_yp = Q1 -
w1+ Qywy + Q3 w3 + Q4 wy), respectively. Comparatively, regarding the ducted
basic multi-propeller configuration model with one duct surrounding the outside, the
Lp_sp will be replaced by the lift force, Lp_gyp (lift force of ducted basic multi-
propeller: Lp_gmp = Lgup + Lp_p = Lp1 + Lpy + Lp3 + Lps + Lp_p, Lp_p : Lift
force on duct surrounding outside).

3.2.4 Optimization of aerodynamic performance in ducted multi-propeller
configuration

With respect to the optimization for ducted rotor-configuration, CFD-based

52



Chapter 3.2 Materials and methods

simulations of 22 cases (see section 3.3.2) with various ducted multi-propeller
configurations associated with different tip distances and height differences were
conducted to examine the effect of ducted multi-propeller configurations on their
aerodynamic performance. Furthermore, a surrogate model combined with a set of CFD-
based cases (35 cases in total with additional 13 cases, see section 3.3.3) was employed
to explore the optimal ducted multi-propeller configuration in terms of Lp_pp and
FMp_yp in a broad parametric space of tip distance and height difference.

The surrogate modeling with an alternative interpolation method of Radial basis
functions (RBFs) model was verified to be a versatile while fast optimization method
[35]. It is implemented in the three steps here: (1) specification of a design space based
on CFD-based numerical experiments comprising 35 discrete points associated with two
parameters (tip distance and height difference); (2) CFD simulations at the design points;
and (3) construction of a surrogate model based on the CFD simulations to achieve a
continuous output over the entire design space [36]. As a result, a continuous map as a
continuous spatial surface of Lp_pp or FMp_pp will be yielded in the parametric
space.

In the RBFs approach, Lp_pp, or FMp_yp is approximated as an unknown
function of f(x) at an untried point x, which is formally derived from a linear combination
of radial basis functions, defined as

f(x) = Xz wip(r), (3-3)
where w; is the i-th weight coefficient, and @ (r) = ¢( ||xl - x||) 1s the basic function
determined by the Euclidean distance between the prescribed observed point x! and
untried point x [37,38]. In order to determine the weight coefficient w;, a series of
interpolation points of x/ that have known results from CFD simulations were
introduced to substitute the untried points of x, where all the interpolation points should
satisfy:

f(x) = S wip() = X wip(||x' = %7|) = ¥/, j=1,2, ..., n. (3-4)
where x/ and y’ denotes the interpolation point, and the result at the corresponding
interpolation point, respectively. Thus, with the known observed points and interpolation
points, the weight coefficient w; can be determined subsequently. For sake of
determining the locations of interpolation points in the design space, DoE (Design of
Experiments) method in terms of Uniform Design (UD) [36] was employed to maximize
the amount of information obtained from a limited number of sample discrete points, i.e.,
CFD simulation-based Lp_pp, or FMp_yp. Consequently, nine interpolation points (n
= 9) were employed based on the parametric space virtually based on the trial-and-error
verification in section 2.2.3, which is verified to be effective enough to provide a
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reasonable approximation. Moreover, the optimal observed points were determined in
the vicinity of interpolation points correspondingly by Random selection.

The IMQ (Inverse Multiquadric) function was still selected in a manner of trial-and-
error from multiple options of basic function in RBFs model [37-38] and utilized at all
untried and test points, corresponding to those based on CFD simulations, because it was
confirmed capable of giving reasonable results on the approximation of Lp_pp, Or

FMp_yp with least relative error, which is defined as

o(r) = ﬁ 0<c<4 (3-5)

The weight coefficient w; was determined by adjusting the coefficient, ¢, in the
basic function of ¢(r) through solving the Eq. (3-3) based on the information at
interpolated and observed points. To estimate the numerical errors between surrogate
modeling and CFD simulations, three variables (&, R? and ¢,) were still introduced
based on all the test points, in which an average relative error (€) is defined as
et = =3 [ (3-6)

where n; is the number of test points (n, = 35 for the ducted rotor-configuration

3

optimization); y' is the true value (came from the results of CFX calculations), and y*
is the prediction of surrogate modeling at the i-th test point, respectively.
The R-squared (R?) is defined as
i, 0 =yh?
R? =1-—-2&=1— , 3-7
S (yi-y)? (3-7)
where y denotes the average of true value based on CFD simulations. Furthermore, the

root mean squared error (o) is defined as

0, = /nitz?;l ei)2, (3-8)

Convergence criteria have little difference compared with the optimization of non-
ducted rotor-configuration, which are defined as € < 0.0025, R? > 0.945, and g, <
0.0025 for the ducted rotor-configuration optimization because there is a difference
about the number of test points between the non-ducted rotor-configuration results (1,
= 45) and ducted rotor-configuration results (n; = 35) obtained from the CFD-based
simulations. An inner iteration is designed to examine the optimal variables with the
coefficient (c) varying over a predetermined parametric range (Equation (3-5)), which is
conducted as described in flow chart of the optimization procedure (Figure 3-5).
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Table 3-1 Numerical settings of CFD model for ducted rotor-configuration
Ducted multi-propeller
model
Steady
Shear stress transport (SST)
Free-outflow with 0 Pa

Ducted single-propeller
model
Steady
Shear stress transport (SST)
Free-outflow with 0 Pa

Simulation type
Turbulence model

Open boundary
pressure pressure

Wall boundary No-slip, smooth wall No-slip, smooth wall

Rotation region’s domain Frozen rotor Frozen rotor
interface
Intermediate stationary - General connection with no
region’s domain interface frame change/mixing
5400

5400

Rotational speed (rpm)
Approx. 26 million

Mesh elements number (N,;,) Approx. 48 million

Ly

Inlet

vy + vil | |
Diffuser

v v .
Vo + W| Wake contraction restricted

Figure 3-1 Schematic diagram of the ducted-propeller acrodynamic principle. Rotor disk and
downwash in hovering state: Lift force generated by propeller (L, = 2pAv;?), vy = 0, induced
velocity (v;), and far wake velocity (w = 2v;), additional lift force generated by duct (L,).
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Plane: y =0
J N
Ellipse inlet zZ
hy, h
y ﬁ ! X
1 T P
I
Diffuser

Figure 3-2 Morphological parameters of the ducted single propeller model. Tip clearance (d,),
propeller height (h,: Being positive when point D is beyond point P and vice versa), diffuser angle
(a: Being positive with inclination outward but negative with inclination inward), diffuser length (1,,),
height of ellipse inlet (h,), and radius of ellipse inlet (7).
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Figure 3-3 Definitions of various configurations of the ducted multi-propeller model regarding
tip distance and height difference. (a) Ducted maximum multi-propeller configuration with d;;,q, =
0.185m, hyyy =024 m, lay,, =0425 m, lby,, ~0.410 m, ld,,, =0.59 m at an inclination
angle of @ = 44°; (b) ducted minimum multi-propeller configuration with d,;;, = 0.055 m, hy,;p,
=0, lapmin =0.295 m, by, = 0285 m, ld,;, = 0.41 m at an inclination angle of @ = 44°; (c)
ducted basic multi-propeller configuration with da =0.494 m, db =0.485 m,and r =0.121 m.
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Figure 3-4 Mesh systems and boundary conditions for the ducted rotor-configuration in CFD

Meshes at a cross section of 80%R

simulations. (a) Ducted single-propeller model; (b) ducted multi-propeller model.
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Figure 3-5 Flow chart of CFD-and surrogate model-based optimization analysis for ducted rotor-
configuration.
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3.3 Results and discussions

3.3.1 High-performance duct design in ducted single-propeller model
3.3.1.1 Verification and validation

Verification was carried out via self-consistency on mesh independency. The
minimum grid spacing adjacent to the wall (propeller) surface, &,,, is controlled by &,,
~ O.ll/\/R_w where R, =7.4x10%, | =0.0162 m (chord length at 75%R) [34], resulting
in the minimum grid spacing of 0.015 mm. We composed a baseline case of the ducted
single-propeller model (D-SP-1), employed the basic duct (Table 3-2) with
approximately 26 million meshes, and two other cases of 39 million meshes (D-SP-2)
and 19 million meshes (D-SP-3), which were compared in terms of computed lift forces
and FMs, as shown in Figure 3-6. A marginal difference in both lift forces and FMs is
found among the three cases. Thus, we employed the mesh setting of D-SP-1 in all the
other CFD simulations of ducted single-propeller models with the consideration of
computer time and numerical accuracy. Besides, the criterion of numerical convergence
was set to be that either the maximum residual of pressure is less than 5x107> or the
maximum iteration steps is more than 3000.

The CFD simulations were further validated via comparison of the lift force
generated by the propeller with EXP data [27] under the same conditions, in terms of
different diameters of the cylindrical shroud surrounding the propeller, from 270 mm to
310 mm with an interval of 10 mm, and a fixed shroud height of 60 mm (with the
propeller having a radius of 127 mm and a rotational velocity of 5000 rpm). As shown in
Figure 3-7, the CFD results are consistent with EXP results, sharing a similar trend that
the propeller-induced lift force increases linearly with an increasing gap, while being
lower than that of the non-ducted propeller accompanying a notable difference, which is
caused by the different propeller morphology in the models of CFDs and EXPs.
Moreover, it is worth noting that a propeller—duct aerodynamic interaction exists, which
may significantly affect the aero-dynamic performance of the ducted-propeller
associated with lift force production and FM efficiency.

3.3.1.2 High-performance ducted design

A high-performance duct design for the single-propeller model was first explored
in terms of lift force (Lp_gp) and FM efficiency (FMp_gp) based on a variety of CFD
simulations through adjusting one parameter while keeping others fixed, regarding the
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six parameters shown in Figure 3-2. With consideration of the limitation about duct
weight, the duct volume that is proportional to duct weight was taken as an additional
parameter and should be reduced as much as possible, simultaneously.

Figure 3-8 shows the correlations between aerodynamic performances (Lp_sp and
FMp,_sp) and the variation of tip clearance (d,), height difference (h,), and diffuser angle
(). While lift force and FM efticiency show significant dependency upon tip clearance
(Figure 3-8a), some maxima in Lp_gp g4, and FMp_gp 4, are found at d, = 0.001 m
with other parameters fixed at h, =0, a« =0, h, =0.06 m, [, =0.06 m, r, = 0.02
m, resulting in a marked increase rate of 25.1% in lift force and an increase rate of 39.1%
in FM efficiency compared to those of the non-ducted single-propeller model (Lsp and

FMgp). The height difference dependency of LD_SP,hp or FMD_SP,hp (Figure 3-8b) is

moderate, with their maxima around h, = 0 accompanying other parameters fixed at
d, =0.00lm, ¢ =0, h, =0.06 m, [, =0.06 m, and 7, =0.02 m. The diffuser angle
seems to affect Lp_gp, and FMp_gp, (Figure 3-8c) significantly, leading to the
maxima at @ = 0 with other parameters fixed at d, =0.001 m, h, =0, h, =0.06 m,
l, =006 m, and r, = 0.02 m. It is worth noting that the variation of these three
parameters hardly changes the duct volume, thus the duct volume is not taken into
account for these three parameters in the current case.

Figure 3-9a shows the variations of Lp_sp and FMp_gp in various combinations
of the dimensionless diffuser length (l,/R) and dimensionless height of ellipse inlet
(he/R) while keeping other parameters fixed at d, =0.001 m, h, =0, a =0,and 7,
= (.02 m. Since the duct volume varies with different combinations of [,/R and h,/R,
we further draw a comparison between the increase rates associated with lift force (Ra; :
Lease—i/Lease—1) and duct volume (Ray: Vigse—i/Vease—1) in Figure 3-9b among the four
cases of different [,/R and h,/R that have large values in Lp_gp and FMp_gp as
shown in Figure 3-9a. Obviously, the duct model with h,/R = 0.375 and [,/R = 0.25
(he =0.045 m, [, =0.03 m) is a high-performance duct design capable of achieving
the best aerodynamic performance with a minimal duct weight based on the difference
between the increase rates of lift force and duct volume (Dg,: Ra; — Ray) (Figure 3-
9b). Moreover, the ducted single-propeller model with an ellipse inlet height of h, =
0.045 m and a diffuser length of [, = 0.03 m shows a marked improvement on
aerodynamic performance with an increase rate of 24.5% in Lp_sp and 38.1% in
FMp_sp compared to Lgp and FMgp. With respect to the 7, effect on aerodynamic
performance (Lp_gpy, and FMp_gp,. ) (Figure 3-10a), while a monotonic increase is

observed with increasing 7, with other parameters fixed at d, = 0.001 m, h, =0, «
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=0, h, =0.045m, and [, =0.03 m, it also results in the increase of duct volume based

on the Ray,, (Vi case-i/Vrycase—1) (Figure 3-10b). Thus, with consideration of the

factors of both lift force and duct weight, we propose that the duct model with 7, =0.02
m can be a high-performance duct design, which noticeably leads to the peak of Dgg .,

(RaL,re - RaV,rea RaL,re = Lre,case—i/Lre,case—1)~

Our results indicate that the duct can alter the propeller-induced tip vortex in a
manner of duct—propeller interaction, resulting in an enhancement of lift force production
in a very small value of tip clearance, which can generate an additional lift force because
the pressure difference between the inner and outer surfaces of the duct can induce a
suction pressure gradient on the inlet surface (Figure 3-1). However, such propeller—duct
aerodynamic interactions will be weakened with increasing tip clearance ( d, ),
substantially approaching the lift force production of a non-ducted single propeller model
(Lsp). Besides, the variations of other parameters can also alter the propeller-induced tip
vortices or wake contraction (Figure 3-1) due to the duct—propeller interaction, and thus
affect the aerodynamic lift force production and FM efficiency. These results are
supported by the visualized flow fields and pressure distributions (Figure 3-11) of the
non-ducted single propeller model and the high-performance ducted single-propeller
model, where the downwash in the ducted-propeller model is weakened compared to that
in the non-ducted model (Figure 3-11a), which results in reducing the propeller-induced
lift force, whereas the pressure gradient on the inlet surface augments the lift force
production by the duct. Thus, the duct leads to improving the total lift force production
in the ducted-propeller model. Obviously, the aerodynamic interaction between the
propeller and duct plays a crucial role in dominating the tip vortex, the downwash, and
the wake topology, exhibiting distinguished features at the tip-gap between the propeller
and duct. Thus, the duct enables a significant suppression of the tip vortex while forming
a highly contracted yet intense downward jet below the propeller, leading to the
enhancement of aerodynamic performance.

Thus, the high-performance duct design in the ducted single-propeller model is
defined with a combination of d, =0.001 m, h, =0, « =0, h, =0.045m (h,/R =
0.375), I, = 0.03 m (l,/R =0.25), and 7, = 0.02 m (7,/R = 0.167) (Table 3-2),
which enables a marked improvement in aerodynamic performance with an increase rate
0f24.5% in lift force production (3.873N) and an increase rate of 38.1% in FM efficiency
(0.884) compared to that in the non-ducted single propeller model. This duct model is
subsequently employed in all the ducted multi-propeller models for investigating the

configuration effect on aerodynamic performance.
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3.3.2 Effect of ducted multi-propeller configuration

In section 2.3.3, we carried out an extensive study on the effect of a non-ducted
multi-propeller configuration on aerodynamic performance in a quadrotor drone, where
a combination of tip distance, d = 0.185 m (d/R = 1.54) and height difference, # = 0.24
m (A/R = 2.0) identical to the maximum multi-propeller configuration in Figure 1-6 was
found capable of achieving the optimal aerodynamic performance. The optimal
configuration achieved the greatest increase rate of 9% in lift force compared with the
basic non-ducted multi-propeller configuration under a hovering state. Here, with a series
of CFD-based simulations, we intend to examine the effect of a ducted multi-propeller
configuration on aecrodynamic performance in the quadrotor drone. We employ the high-
performance duct model obtained in section 3.3.1 and conduct a systematic parameter
study through adjusting the tip distance (0.46 < d/R <1.54) and height difference (0 < #/R
< 2.0) over a broad range between the maximum multi-propeller configuration and the
minimum multi-propeller configuration as depicted in Figure 3-3, where the ducted
maximum multi-propeller configuration has a combination of d = 0.185 m (d/R = 1.54)
and /# = 0.24 m (h/R = 2.0) while the minimum one consists of d = 0.055 m (d/R = 0.46)
and 2 = 0 m (h/R = 0) that is confirmed to be capable of avoiding the ducted multi-
propeller interference. In the end, the CFD-based simulations corresponding to 22
randomly selected combinations as summarized in Table 3-3 are performed.

The modeling validity was first investigated in terms of mesh-dependency
associated with the ducted basic multi-propeller configuration (D-BMP), the ducted
maximum multi-propeller configuration with d/R = 1.54 and h/R = 2.0 (D-MMP),
and the ducted sub-maximum multi-propeller configuration with d/R =1.54 and h/R
= 0 (D-SMP) as illustrated in Figure 3-12. We confirmed that a grid system with 48
million meshes could ensure a good balance between sufficient numerical accuracy and
computation time and thus was used for all the CFD-based ducted multi-propeller
simulations. Furthermore, we found that the ducted multi-propeller models in all the
multi-propeller configurations show better aerodynamic performance than the non-
ducted multi-propeller models with increase rates of lift force and FM efficiency of 7.0%
and 9.7% in D-BMP, 15.5% and 24.0% in D-MMP, and 17.7% and 28.0% in D-SMP,
respectively. This is also consistent with previous work [29,30].

The effect of ducted multi-propeller configurations was investigated by analyzing
the aerodynamic performance associated with lift force (Lp_pyp) and FM efficiency
(FMp _yp) through adjusting the height difference and tip distance. The height-difference
effect was examined as illustrated in Figure 3-13a through decreasing the dimensionless
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height difference (h/R) with the tip distance fixed. The Lp_jp obviously displays some
optimal peaks with an increase rate of 1.7% at h/R = 0.5 with a fixed tip distance at
dmax,> and 0.4% at h/R = 1.5 with a fixed tip distance at d,,;;,, compared to that in the
ducted maximum multi-propeller configuration, resulting in the increase rates of 3.9%
and 1.7% in FMp_yp at the same points, respectively. This indicates that the Lp_pp
and FMp_pyp canbe improved at h/R within a range of 0.5 to 1.5 with the tip distance
fixed, particularly when the tip distance is fixed at a larger value. This is probably
because the aerodynamic interactions between the lower and upper ducted propellers can
enhance the lift force production owing to the increase in induced velocity in the ducted
propellers positioned lower when h/R varies from 0.5 to 1.5. On the other hand, the tip-
distance effect of ducted multi-propeller configurations seems to be small at various
dimensionless tip distances (d/R) with the height difference fixed (Figure 3-13b): The
Lp_yp and FMp_pp show a marginal variation. This indicates that the tip-distance-
induced aerodynamic interaction merely has effect in impairing aerodynamic
performance within a narrow range of d/R from 0.82 to 0.46 but is negligible over a
range of d/R from 1.54 to 0.82.

These results are supported by the visualized flow structures of different ducted
multi-propeller configurations at cross-sections of y/R = 1.708 (y = 0.205 m) and
1.183 (y =0.142 m), the planes in which the centers of propellers P1 and P2 are located
as illustrated in Figures 3-14 and 3-15, as well as the pressure distributions of different
ducted multi-propeller configurations on the suction side as shown in Figure 3-16. The
interaction between the upper and lower positioned ducted-propellers at the appropriate
height difference is effective and enables one to improve the induced velocity of lower
propellers (h/R = 0.5 in Figure 3-14) as well as the pressure gradient on the duct inlet
surface (h/R = 0.5 in Figures 3-15 and 3-16) with the tip distance fixed. This is
beneficial to improve the lift force production, whereas this interaction weakens at h/R
= 0 and 2.0 due to the lack of height difference and the too-large distance of the height
difference. The interaction among ducted propellers counteracts each other and impairs
the downwash-jet because of the interference among them when the tip distance is small
with the height difference fixed (Figure 3-14), which is harmful to the wake velocity and
pressure gradient on propeller and duct surfaces (Figures 3-15 and 3-16). Hence, this
suppresses the lift force production on the propeller and duct, whereas this interaction is
negligible when the tip distance is large because of the downwash-jet separation and
interference avoidance owing to the large distance of ducted propellers. In other words,
the aerodynamic performance of the ducted multi-propeller can be improved with an
appropriate height difference and retained by decreasing the tip distance to a minimal
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value, which is useful to explore the ducted optimal multi-propeller configuration.
3.3.3 Optimization of ducted multi-propeller configuration

Optimization of the ducted multi-propeller configuration was finally explored based
on the Lp_pp obtained from various configurations through combining a novel
surrogate model with a set of CFD-based simulations. Considering that FMp_p shares
a similar variation trend with Lp_pp, we thus limited our approach merely to the lift
force optimization. As a consequence, the objective function associated with the

optimization procedure is defined as:
s.t.0<h/R <2.0,046 <d/R < 154

In addition to the CFD-based results of the 22 cases of various multi-propeller

(3-9)

configurations conducted in section 3.3.2, we further performed an additional 13 cases
of CFD simulations to ensure a sufficiently smooth spatial surface of the objective
function and hence, an accurate estimation of Lp_,p, which are summarized in Table 3-
4 and eventually constituted the design space consisting of 35 cases of CFD simulations
in total in this process.

As shown in Figure 3-17, other than the lift force obtained merely in some discrete
points by the CFD simulations because the high fidelity CFD simulation is
computationally expensive, the surrogate model method combined with finite CFD-
based results is capable of predicting the lift force at each point consecutively and quickly
(continuous spatial surface/function) while exploring the optimal lift force accurately and
comprehensively in a broad parametric space. The interpolation points and optimal
observed points selected in the surrogate modeling are shown in Figure 3-17a, where the
boundary of the observed points is limited to the vicinity of the interpolation points
marked with the red dashed frame in the manner of random selection to determine the
optimal observed points. The surrogate model-based results utilizing the RBFs model
method with the IMQ function are shown in Figures 3-17b and 3-17c, where the blue
cross marker “+” denotes the maximum Lj_,p of the surrogate model-based results,
while the red cross marker “+” represents the maximum Lp_pp of the CFD-based
results. Figure 3-17c also exhibits the good fit of the lift force attained from the surrogate
model- and CFD-based results, which thus validates the surrogate model-based
simulation simultaneously. The comparison among the results as summarized in Table 3-
5 further indicates that an optimal ducted multi-propeller configuration for aerodynamic
performance is achieved with d/R =0.925 and h/R = 0.92, which is almost identical
to the configuration obtained from the CFD-based results with a configuration of d/R
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= 1.0 and h/R = 1.0. Moreover, the surrogate model-based result displays that the
Lp_yp of the ducted optimal multi-propeller configuration can achieve an improvement
with an increase rate of 2.1% compared to that of the ducted maximum multi-propeller
configuration, and a further increase rate of 17.7% compared to that of the ducted basic
multi-propeller configuration. Our results thus point out an optimal and compact ducted
multi-propeller configuration design with a minimal tip distance and an appropriate
height difference with respect to quadrotor drones, which is capable of markedly
improving the aerodynamic performance compared with the ducted maximum multi-
propeller configuration, resulting from the least interference among adjacent ducted-
propellers and the maximum positive interaction among upper and lower ducted-

propellers.

Table 3-2 Morphology parameters in the basic duct model and the high-performance duct model

d, (m)  hy (m) a (°) he/R l./R re/R
Basic duct 0.001 0 0 0.5 0.5 0.167
High- 0.001 0 0 0.375 0.25 0.167

performance duct

Table 3-3 Parameters of h/R and d/R for 22 CFD simulations in various ducted multi-propeller
configurations

h/R d/R
hWR=2.0 1.54 1.40 1.18 1.00 0.82 0.68 0.53 0.46
hWR=1.5 1.54 - - - - - - 0.46
WR=1.0 1.54 - - - - - - 0.46
WR=0.5 1.54 - - - - - - 0.46
h/R=0.0 1.54 1.40 1.18 1.00 0.82 0.68 0.53 0.46

Table 3-4. Additional 13 cases of CFD simulations in surrogate model-based optimization
procedure regarding ducted rotor-configuration

h/R d/R
hR=1.5 — - 1.18 - - 0.68 - -
h/R=1.0 — 1.40 - 1.00 0.82 - 0.53 -
h/R=0.6 1.54 1.40 - - - - 0.53 0.46
WR=0.5 — - 1.18 - 0.82 0.68 — -
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Table 3-5 Lift forces of ducted optimal multi-propeller (optimal Lp_,p) based on CFD simulation
and surrogate modeling

Surrogate modeling CFD simulation
Optimal Lp_pyp 14.611 N 14.605 N
Dimensionless value of d/R & h/R d/R=0.925 (d=0.111m), d/R=1.0 (d=0.120m),
at optimal Lp_pp h/R=0.92 (h=0.110m) h/R=1.0 (h=0.120m)
Increase rate of optimal Lp_pyp 1.95% 1.90%
compared to Lp_pymp
Increase rate of Optimal Lp_yp 17.79% 17.74%
compared to Lgyp
Remarks Optimal ¢ =3.3; R% = 0.9465, e = 0.0015, g, = 0.0022.
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Figure 3-6 Comparison of lift forces and FMs among three grid systems in the ducted single-
propeller model (N,,,: Mesh number; Lgp =3.1IN, FMgp =0.64 [33]).
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Figure 3-7 Comparison of lift forces between CFD and EXP [27] in the ducted single-propeller
model. Fp_gppxp and Fp_gp crp, lift force generated by propeller in the ducted single-propeller
model (EXP and CFD); Fsppxp and Fspcpp, lift force generated by propeller in the non-ducted
single-propeller model (EXP and CFD).
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Figure 3-11 Comparison of flow structures and pressure distributions between the non-ducted
and high-performance ducted single propeller model. (a) Iso-speed contours and (b) pressure contours
at the cross-section of y =0 m, and (c) pressure contours at the suction side.
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Figure 3-12 Grid sensitivity and ratio on aerodynamic performances in different ducted multi-
propeller configurations. (a) D-MMP configuration ( N, , number of meshes); (b) D-SMP
configuration; (¢) D-BMP configuration; (d) ratio of aerodynamic performances in different ducted
multirotor configurations compared to that in D-MMP configuration.
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Figure 3-13 (a) Lift force and FM efficiency vs. h/R in various ducted multi-propeller
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Velocity in Stn Frame
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Figure 3-14 Iso-speed contours in various ducted multi-propeller configurations at cross-sections
of y/R =1.708 and 1.183.
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Figure 3-15 Pressure contours in various ducted multi-propeller configurations at cross-sections
of y/R =1.708 and 1.183.
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Figure 3-16 Pressure distributions at the suction side in various ducted multi-propeller
configurations.
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3.4 Conclusions

In this chapter, in order to refine the performance of quadrotor drone with the
optimal rotor-configuration but large frame, we further conceived a ducted-propeller
design for the modification. Thus, we have conducted a systematic analysis of the effect
of the ducted multi-propeller configuration on lift force production and FM efficiency
while exploring an optimal design of ducted multi-propeller configuration through a
combination of CFD-based simulations and a surrogate model. Our main findings are
summarized as follows:

A high-performance ducted single-propeller design was found, capable of achieving
an increase rate of 24.5% in lift force production and 38.1% in FM efficiency compared
to the original non-ducted single-propeller model. The ducted multi-propeller
configuration model equipped with the high-performance duct design enables a marked
improvement in both lift force production and FM efficiency with increase rates of 15.5%
and 24.0% in the maximum configuration, 17.7% and 28.0% in the sub-maximum
configuration, and even 7.0% and 9.7% in the basic configuration. Our results
demonstrate that ducted propellers can significantly improve both lift force production
and FM efficiency of multirotor copters compared to non-ducted multirotor copters.

The aerodynamic interaction among ducted multi-propellers shows notable
dependency upon two key parameters, the tip distance and height difference between
propellers, and thus can be optimized in terms of the ducted multi-propeller configuration.
The tip distance has a marginal impact on aerodynamic performances over a range of
0.185 m (d/R = 1.54) to 0.098 m (d/R = 0.82) but impairs the aerodynamic
performance within a narrow range (0.82 > d/R = 0.46) with height difference fixed;
adjustment of the height difference with tip distance fixed can also improve aerodynamic
performance over a certain range of h/R from 1.5 to 0.5.

Through combining CFD-based simulations and a surrogate model to determine the
effect of the ducted multi-propeller configuration on aerodynamic performance in the
quadrotor drone, we found an optimal design of the ducted multi-propeller configuration
under the conditions of a minimal tip distance and a specific height difference, which is
capable of enabling the maximization of the aerodynamic interaction while reducing the
multirotor frame, resulting in an increase rate of about 2% in lift force production and 4%
in FM efficiency compared to the original ducted multi-propeller configuration. What’s
more, a ducted rotor-configuration experiment has also been conducted to validate the
results obtained from numerical simulations exclusively. Based on the experiment on

ducted rotor-configurations with the 3D printing high-performance ducts, its results fit
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well with the results from simulations, which certifies the correctness and practicability
of the findings of optimal ducted rotor-configuration.

In conclusion, inspired by a biomimetic design of multi-rotor configuration obtained
in section 2.3.3, for the sake of improvement in lift force production and FM efficiency,
we demonstrate that some optimal adjustment associated with tip distance and height
difference can also benefit the aecrodynamic performance of the ducted multi-propeller
configuration associated with a multirotor drone. How the current optimal ducted multi-
propeller configuration design works in multirotor copters with larger and/or smaller
propellers, and how it impacts flight stability and maneuverability, remain unclear and
will be our future task.
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Chapter 4 & Chapter 4.1 Experiment facility

Chapter 4 Experiment Validation

4.1 Experiment facility

In order to validate the results of CFD-based simulation, the measurements of lift
force and torque generated by each propeller in different rotor-configurations without
and with ducts are conducted experimentally. The experiment facility is comprised of the
transmitter for starting up the propellers rotation, the power support, the measurement
system of rotor-configuration, as well as the PC for interface of rotating speed, lift force
and torque, as illustrated in Figure 4-1 (TAYA Engineering CO.,LTD.). The propellers
adopted are from the quadrotor drone of DJI phantom 4 (Figure 4-1), which are
purchased commercially, almost having identical characteristics with the propellers came
from the quadrotor drone of DJI phantom 3 advanced. The propellers are equipped in a
base platform elevating from the ground with a distance of 1 m (about 4D, D is the
diameter of propeller) that can realize the height difference between the two pairs of
propellers (Figure 4-1), which the quadrotor drone is considered out of ground effect in
this height for the rotating propellers [1]. The motors (S-Motor Phantom4 DJI) are fixed
on the motor mount plates in connection with the isolated 6-axis force sensors (S-
LoadCell SFS016XS300R6 Leptrino) by the motor load cell joints and load cell mount
bricks as illustrated in Figure 4-2. These components are supported by the motor angle
set components that can adjust the tilt angle of propellers in the experiment, which are
connected with the arm pipes by the arm-end motor mounts (as illustrated in Figure 4-2),
resulting that it is available to adjust the tip distance among the propellers. In addition, a
global sensor (6-axis sensor of PFS030YA151R6 Reptrino) for examining the total lift
force and torque of multi propellers is installed under the base platform (as illustrated in
Figure 4-2). As to the experiment of ducted rotor-configuration, the high-performance
duct obtained in section 3.3.1 is firstly fabricated with plastic material (Nylon) in a
thickness of 2 mm as shown in Figure 4-3. With a metal fitting and six rods, it can be
assembled with connection of the motor, which generates a ducted-propeller in the
experiment (as depicted in Figure 4-3).
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Figure 4-2 Illustration of the setting of components in the experiment for different rotor-
configurations.
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Metal fitting

Figure 4-3 Illustration of the ducted rotor-configuration in the experiment.

4.2 Experiment cases

As depicted in Figure 4-1, the experiment procedure consists of the following steps
in sequence: (1) as to the rotor-configuration case, set the non-ducted multi-propeller
configuration with adjusting the parameters associated with tip distance, height
difference and tilt angle. As to the ducted rotor-configuration case, set the ducted multi-
propeller configuration with adjusting the parameters associated with tip distance and
height difference; (2) check the operation of experiment apparatus, and define the
rotation speed of propellers to be 5400 rpm. (3) input the power from the power support,
start up the propellers rotation from the remote control by the transmitter, and collect the
data of lift force and torque with the interval of 10 s after the propellers rotation is stable.
(4) deal with the collected data and compare them with the results from CFD-based
simulation. After one case is finished, the configuration related with tip distance, height
difference and tilt angle should be adjusted for a new case, and conducted again in
accordance with the experiment procedure.

In order to compare with the results of CFD-based simulation and examine the
effects of non-ducted rotor-configuration and ducted rotor-configuration on aerodynamic
performance, some discrete cases of non-ducted multi-propeller configurations regarding
single parameter variation associated with tip distance, height difference and tilt angle
are conducted firstly in the experiment, which is listed in Table 4-1; the discrete cases of
non-ducted multi-propeller configurations about the variation of parameters mixture
associated with height difference and tilt angle at a basic of fixed maximal tip distance
are carried out secondly in the experiment, which is listed in Table 4-2; and ultimately
the discrete cases of ducted multi-propeller configurations with respect to the variation

85



Chapter 4.2 Experiment cases

of tip distance and height difference are performed in the experiment, which is listed in
the Table 4-3.

Table 4-1 Cases of various rotor-configurations regarding the variations of single parameter in

the experiment

i=dy s34/R 04 0.52 0.7 0.81 1.0 1.3 1.54
i=hye /R 02 0.6 1.0 1.2 2.0
i=hys pna/R 02 0.6 1.0 1.2 2.0

a —20°  —10° 10° 20°

Table 4-2 Cases of various rotor-configurations regarding the variations of parameters mixture
in the experiment

Tilt angle («) Height difference (h/R)
0° 0 1.0 2.0
10° 0 1.0 2.0
20° 0 1.0 2.0

Table 4-3 Cases of different ducted rotor-configurations in the experiment

Height Tip distance (d/R)
difference (h/R)

2.0 1.54 1.18 0.97 0.82 0.46
1.2 1.54 0.46
1.0 1.54 0.46
0.6 1.54 0.46
0.2 1.54 0.46
0 1.54 1.18 0.97 0.82 0.46
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4.3 Experiment results

4.3.1 Experiment results of non-ducted rotor-configuration

The calibration of the isolated sensor and global sensor was firstly conducted by the
measurement of some fixed weights with hanging cross the isolated sensors, which it can
be run for both the isolated sensor and global sensor. On the other hand, the measurement
of fixed weight is performed with only putting the weight on the base platform of the
experiment facilities, which leads to the operation of global sensor exclusively. The
results of calibration are illustrated in Figures 4-4 and 4-5, which shows that it is available
for the measurement of isolated sensor and global sensor due to the approximability to
the weight theoretically.

Sequentially, the measurement about thrust of single propeller in different settings
of rotation speed was carried out and compared with the results from the CFD-based
simulations as depicted in Figure 4-6, where it shows that the thrust (7) of single propeller
increases in a nearly linear manner with increasing the square of angular velocity (w?),
with the results of experiment and simulation being consistent with each other even if
there is a difference probably caused by the device vibration, as well as in accordance
with the conclusion in previous studies [2-5].

Due to the limitation of experimental apparatus, the effects of tip distance, height
difference and tilt angle on aerodynamic performances (C, and FM) of different
quadrotor configurations in the experiment are conducted in terms of the parameters of

di14-23¢, Myuza—113, Ry23—114, @ and the mixture of height difference (hyz4-;13) and
tilt angle («), which are depicted in Figures 4-7 to 4-10, with the average FM efficiency
defined as [6]

= PRF
FM =
EXP = 5— , (4-1)
Pgxp = Qpxp "

where the parameters are similar to that in section 2.2.3. Comparing with the CFD-based

simulation results, the results obtained from experiment are also illustrated in Figures 4-
7 to 4-10, where the results from numerical simulations are in accordance with that from
experiment. Figure 4-7 shows that the C, increases with increasing the dimensionless
parameter dq4_534/R, realizing a maximum increase rate about 9% based on the
measurement of global sensor but about 3.5% according to the measurement of isolated
sensor compared to that of basic quadrotor configuration. A maximum increase rate about

3.5% of FM was observed sharing the same trend compared to that of basic
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configuration. Figure 4-8 shows that the parameter of h,,4_;13 exhibits a better
aerodynamic performance than the parameter of hy,,3_;14, being significant with a
maximum increase rate of C, about 2.8% from the isolated sensor measurement,
correspondingly with a maximum increase rate of FM about 3.1% compared to that of
basic configuration, while it is about 5% regarding the maximum increase rate of C,
according to the global sensor measurement. The tilt angle of a provides a slight
improvement on C; with a maximum increase rate about 3% based on the measurement
of either the isolated sensor or the global sensor, accompanying a maximum increase rate
of FM about 3% too during the angle variation as illustrated in Figure 4-9. The optimal
rotor-configuration based on the limited discrete cases is also assigned at the
configuration with maximum height difference and zero tilt angle on a basis of the fixed
maximum tip distance as shown in Figure 4-10. All the results from experiment further

certificate the reliability of the findings through numerical simulations.
4.3.2 Experiment results of ducted rotor-configuration

The duct is fabricated based on the high-performance duct model obtained in section
3.3.1 and employed in the experiment of ducted rotor-configuration. The effects on
aerodynamic performance of different ducted multi-propeller configurations (Figure 4-
11) in the quadrotor drone are investigated through some discrete cases adopted in the
experiment, with the results illustrated in Figures 4-12 and 4-13, where the numerical
simulation results are consistent with the experiment results. Figure 4-12 shows that the
tip distance change largely impairs the aerodynamic performance associated with lift

force production and FM efficiency at small values (d/ r = 0.97 ~ 0.46). Figure 4-13

indicates that the aerodynamic performance will be improved during a certain range (h/ R
=1.2~0.2) in terms of adjusting the height difference, while it shows a slight fluctuation
of decreasing FM efficiency between h/ p =0and h/ R = 2.0 with adjusting the height
difference when the tip distance is fixed at the maximum value. Although there is a little
difference regarding the FM efficiency in the height difference adjustment at fixed d;,44,
it has a very small influence on the increase rate of aerodynamic performance compared
to that in the maximum multi-propeller configuration, which manifests that the
experiment results on ducted rotor-configuration are in accordance with the findings

obtained from the numerical simulations.
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Figure 4-4 Calibration of the isolated sensor in the experiment.
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Figure 4-5 Calibration of the global sensor in the experiment.
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Figure 4-6 Illustration of the thrust of single propeller in the experiment.
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Figure 4-7 Aerodynamic performance (C, and FM) vs tip distance of dy4 534 in the

experiment.
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Height difference varies as
listed in Table 4-1

Figure 4-8 Aerodynamic performance (C, and FM) vs height difference of h,4 ;13 and

hy23_114 1n the experiment.
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Figure 4-11 Illustration of different cases regarding ducted rotor-configurations in the
experiment.
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Figure 4-12 Lift force and FM efficiency vs. d/R in various ducted multirotor configurations:
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fixed in the experiment.
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4.4 Conclusions

The experiment results complied with the findings obtained from the numerical
simulations proves the credibility of the multi-propeller configuration design relative to
the optimal rotor-configuration and the optimal ducted rotor-configuration, which
manifests that it is valuable and practical to explore the optimal non-ducted/ducted rotor-
configuration for improving the aerodynamic performance by analyzing the interactions
among different propellers. Eventually, the aerodynamic performance of non-ducted
multi-propeller can be improved with a large tip distance, some height difference and
zero tilt angle, while the aerodynamic performance of ducted multi-propeller can be
improved with an appropriate height difference and a minimal tip distance, which
provides a potential optimal design for non-ducted/ducted quadrotor drone.
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Chapter 5 Conclusions and Perspectives

5.1 Conclusions of biomimetic rotor-configuration design

Due to the extensive applications in different fields and the great interests drawn
from the academic and industrial fields, it is significant to further improve the
aerodynamic performance of current quadrotor drones, which aims to realize the longer
endurance of flight, the less cost of power, the high efficiency of whole system and so on
in quadrotor drone. Motived by the bioinspiration from the exquisite flight performance
of insects and birds, we proposed the biomimetic rotor-configuration designs associated
with adjustment of tip distance, height difference and tilt angle of propellers according
to the consideration of the six-degree of freedom of the rotor system. We concluded that
the optimal non-ducted rotor-configuration is a configuration having large tip distance,
some height difference with zero tilt angle, which optimized the lift force production and
FM efficiency compared with those in basic configuration. In order to further reduce the
dimension of drone frame while maintain the high aerodynamic performance, we
explored the optimal ducted-rotor configuration with employing a high-performance duct.
In conclusion, we found that the optimal ducted-rotor configuration is a configuration
having a minimal tip distance and an appropriate height difference, which optimized the
aerodynamic performance associated with lift force production and FM efficiency
compared with those in the former obtained optimal rotor-configuration with ducts. The
reason of realizing the optimal configuration comes from the least interference of
downwash among adjacent propellers and maximum positive interaction among upper
and lower propellers with additional lift caused by a suction pressure gradient on the duct
inlet surface in those configurations. Furthermore, during the analyses of non-ducted
configuration, it is found that the tip distance-induced interactions could most alter lift
force production and hence lead to remarked improvement in FM efficiency, and the
height difference also plays a key role in the aerodynamic performance improvement,
while the tilt angle effect is less important. Whereas, as to the ducted configuration, it is
indicated that the tip distance-induced interactions have a noticeable effect in impairing
the lift force production and FM efficiency but are limited to small tip distances, while
the height difference-induced interactions have an impact on enhancing the aerodynamic
performance over a certain range. Owing to the experiment validation, these conclusions
are convincing and reliable for the optimal design in quadrotor drone. Beyond the
improvement of aerodynamic performance with the biomimetic rotor-configuration

design, it also has an influence on the ground effect, aero-acoustic, and maneuverability
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of the biomimetic rotor-configuration design because of the variation of aerodynamic
induce velocity and aerodynamic pressure in the rotor system caused by the different
rotor-configurations when the quadrotor drone flied in low-altitude, close to obstacles,
through narrow channel, and ran in take-off and landing, which is potential and

significant for the flight performance improvement of quadrotor drone system.
5.2 Ground effect of biomimetic rotor-configuration design

As the outwash from the quadrotor was mainly determined by the direction relative
to the quad-rotor layout [1], it is reasonable to consider that the biomimetic rotor-
configuration design can affect the ground effect of quadrotor drone. Owing to that we
have obtained an optimal multirotor configuration in chapter 2, we can compare the rotor
performance of basic multirotor configuration and optimal multirotor configuration with
ground effect in hover, where the distance of the rotor bottom away from the ground to
examine the ground effect on quadrotor drone is set to be 0.25D, 0.5D, 0.75D, 1D, 2D,
3D (D is the diameter of propeller came from the quadrotor drone of DJI phantom 3
advanced) [1], accompanying with the configurations out of ground effect as illustrated
in Figure 5-1. Furthermore, the rotor performance of thrust coefficient, torque coefficient
and figure of merit (FM) will be adopted in the investigation for ground effect of

quadrotor drone [1], which are defined as

T
Cr = S repe (5-1)

where T is the thrust of a single rotor in quadrotor drone, which is calculated by the
average thrust of quad rotors, p is the air density, R is the radius of propeller, and U
is velocity of wingtip, respectively.

9 = pn% (5-2)

where @ the torque generated by a single rotor in quadrotor drone, which is identical to

the average torque of quad rotors. And
Co

In addition, the tilt angle design also impacts the outwash from the quadrotor, which

FM = (5-3)

may also have an influence on ground effect. Considering that it only has little lift force
loss when the tilt angle varied from zero to +10° in chapter 2, we will also utilize the tilt
angle design of ¢ =+5°and a =+10° in the basic multirotor configuration and optimal
multirotor configuration to examine the ground effect of different configurations with tilt
angle by use of the distance between the rotor bottom and the ground to be 0.25D, 0.5D,
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0.75D, 1D, 2D, 3D (Figure 5-1), accompanying with the configurations out of ground
effect. What’s more, as the duct design also has influence on the outwash from the
quadrotor, the optimal ducted multirotor configuration as well as this configuration
removing the ducts will also be studied to examine their influence on the ground effect
of quadrotor drone. Based on the results of rotor-configuration with tilt angle, the
inclination of ducted-propeller will be a potential choice for the investigation of
examining the influence of rotor-configuration on ground effect of quadrotor drone.
Eventually, the findings of rotor-configuration on ground effect will provide a
perspective in low-altitude flight performance in the design of quadrotor drone.

(a) Basic rotor-configuration (b) Basic rotor-configuration
with tilt angle
—_—f— e i
Height elevating Height elevating
from ground: hg Ground from ground: hy

Optimal rotor-configuration Optimal rotor-configuration
with Tilt angle

—f

© —_— T
Height elevating Height elevating
Ground from ground: h, Ground from ground: A,

Figure 5-1 Illustration of propeller height elevating from ground for the investigation of ground

effect in quadrotor drone.

5.3 Aero-acoustic performance of biomimetic rotor-configuration design

The two main causes of aircraft noise generation come from engine and airframe
[2]. Airfoil self-noise is generated from the interaction between the airfoil blade and the
turbulence produced in its own boundary layer and near wake [3]. If the structures of
quadrotor drone is capable of controlling the vortex shedding mode, it would be feasible
to the airfoil noise reduction, such as the biomimetic rotor-configuration design
associated with tip distance, height difference, and tilt angle with or without ducted-
propeller. Therefore, the aero-acoustic effect of varying the rotor-configuration with or
without ducts over the sound pressure level at the receiver location will be analyzed in
the future for the research of aero-acoustic performance of biomimetic rotor-
configuration design. Moreover, the large eddy simulation (LES) turbulence modelling
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and the aero-acoustic analogy model of Ffowcs-Williams and Hawkings in Ansys Fluent
environment will be adopted to evaluate the acoustics level at the designated receiver
location of sphere surface in different radius, where the biomimetic rotor-configuration
designs to be examined are the basic configuration with and without ducts, and the
optimal rotor-configuration with and without ducts, as illustrated in Figure 5-2. Further
it can also be investigated with the ducted propeller design in different configurations in
examining the aero-acoustic performance of biomimetic rotor-configuration designs.
Thus, the results of biomimetic rotor-configuration design on aero-acoustic performance
will be obtained for contributing to the design of multirotor drone, which is promising to
reduce the noise of quadrotor drone in the flight.

(a)

configurafion

(d)

(©)

configuration _
tilt angle

Figure 5-2 Illustration of rotor-configurations for the investigation of aero-acoustic in quadrotor

drone.
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5.4 Effect on maneuverability of biomimetic rotor-configuration design

The aerodynamic performance variation is also relative to the maneuverability of
quadrotor drone [4,5], resulting from the power output during flight. As the biomimetic
rotor-configuration associated with tip distance, height difference and tilt angle can
improve the aerodynamic performance of drone, as well induce the moment change of
drone caused by the variation of lift force or the arm of lift force, it will bring about the
influence on maneuverability of drone. Furthermore, we conceive a design of
overlapping propellers in different height difference in order to reduce the frame of
optimal rotor-configuration obtained in chapter 2. However, it has a total lift force loss
in the situation of propellers overlapping investigated by the experiment (as illustrated in
Figure 5-3), although it probably affects the maneuverability because of the variation of
the lift force, the arm of lift force and the power output regarding the quadrotor drone,
we will abandon this design because of the lift force loss. Thus, for the biomimetic rotor-
configuration designs on maneuverability of quadrotor drone, we will examine the flight
characteristics of basic and optimal rotor-configurations with and without tilt angle in the
situations with and without wind, as illustrated in Figure 5-4. What’s more, the duct has
an effect on the moment of quadrotor drone in windy or edgewise flow situation, which
may also impact on the maneuverability of quadrotor drone. Thus, the ducted-rotor
configuration will also be investigated on the maneuverability of quadrotor drone in the
future. In addition, although there were some researches that investigated the modeling,
design and simulation of the flight control with tilt rotors in quadrotor drones, they were
mainly conducted with a fixed angle of tilt rotor in the researches [6-10]. How does the
time-varying stroke-plane realized by tilt angle affect the maneuverability of quadrotor
drone was still poorly understood until now. Thus, it also has a significant potential to
manipulate the quadrotor drone by adjusting the tilt angle time-varyingly to realize a fast
response or feedback in the attitude and altitude control compared to the traditional
control strategy of just adjusting the rotation speed during the maneuverability of
quadrotor drone. Therefore, considering these factors and the prerequisite that the
aerodynamic capabilities of required adjustments with respect to these biomimetic rotor-
configuration designs have been investigated, it has a great perspective for investigating
the effect on maneuverability of biomimetic rotor-configuration designs and developing
a drone with creative assembly structure and the agile maneuverability in the future.
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Figure 5-3 Illustration of the aerodynamic effect of overlapping propellers in different height

difference (hyp4_;13) from the experiment.
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Figure 5-4 Illustration of rotor-configurations for the investigation of maneuverability in
quadrotor drone.
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