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Abstract: Motivated by a bioinspired optimal aerodynamic design of a multi-propeller configuration,
here we propose a ducted multi-propeller design to explore the improvement of lift force production
and FM efficiency in quadrotor drones through optimizing the ducted multi-propeller configuration.
We first conducted a CFD-based study to explore a high-performance duct morphology in a ducted
single-propeller model in terms of aerodynamic performance and duct volume. The effect of a
ducted multi-propeller configuration on aerodynamic performance is then investigated in terms of
the tip distance and the height difference of propellers under a hovering state. Our results indicate 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, whereas the height difference-induced interactions
have an impact on enhancing the aerodynamic performance over a certain range. An optimal
ducted multi-propeller configuration with a minimal tip distance and an appropriate height difference
was further examined through a combination of CFD simulations and a surrogate model in a broad-
parameter space, which enables a significant improvement in both lift force production and FM
efficiency for the multirotor, and thus provides a potential optimal design for ducted multirotor UAVs.

Keywords: ducted multi-propeller configuration; aerodynamic interaction; aerodynamic performance;
CFD-based simulation; surrogate model

1. Introduction

The quadrotor drone, a type of unmanned aerial vehicle (UAV) or micro air vehi-
cle (MAV) that is capable of vertical take-off and landing (VTOL), has a wide range of
applications such as surveillance and reconnaissance in the military field, traffic moni-
toring and pollution detection in the industrial field, aerial mapping and delivery in the
daily life field [1-3], etc., and it increasingly draws much interest in civil applications
and academic research due to its advantages of convenient handling characteristics, low
cost, and simple maneuverability [4,5]. For the sake of completing various missions out-
standingly, it is vital for this aircraft to possess some characteristics such as high efficiency,
stability, maneuverability, aerial duration, and so on. Many research studies on multirotor
copters have been conducted, associated with lift force and efficiency improvement in
the manner of blade optimization design [6], overlapping propellers’ design at different
heights [7], and multirotor design regarding rotors with a large tip distance [8], tilt [9] or
shroud [10-12].

Inspired by insects and birds that achieve high aerodynamic performance and flight
control with an optimal combination of a paired-wings configuration [13,14], stroke-plane
inclination [15,16], and flapping wings’ Euler angles asymmetry [17,18], we recently pro-
posed a biomimetic optimal non-ducted multi-propeller configuration design that is veri-
fied to be capable of achieving optimal aerodynamic performance for the quadrotor drone
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(DJI phantom 3 advanced in Figure 1a [19]. It points to the maximum non-ducted multi-
propeller configuration as depicted in Figure 1b, with a large rotor-to-rotor tip distance,
some height difference, and zero tilt angle. This configuration 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 configu-
ration (Figure 1a), thus enhancing the FM efficiency.

(b)

Figure 1. Illustration of a quadrotor copter, propeller configuration, and morphological parameters.
(a) Quadrotor copter of DJI phantom 3 advanced with definitions of lift force (L), torques (Q), and a
basic propeller configuration with R = 0.12 m, la; ~ 0.252 m, Ib;, ~ 0.243 m, Id;, =0.35m, dj, ~ 0.012 m,
@ ~ 44° at height difference, /1, = 0. (b) The maximum (optimal) propeller configuration with I, ~
0.425 m, [bjyax = 0.410 m, Idyyax = 0.59 m, djyax = 0.185 m, & ~ 44°at height difference, ljy0¢ = 0.24 m.

To further improve the aerodynamic performance of the quadrotor drones, we chose
the approach of employing the ducted-propeller design [20] while adopting the multi-
propeller configuration [21] to optimize the lift force production and FM efficiency. The
aerodynamic optimization of the ducted-propeller configuration thus consists of mini-
mizing the propeller-duct interactions, the reduction of the duct’s weight [22], the duct
geometry, the tip clearance between propeller tip and the duct inwall, and so on. With
respect to the ducted-propeller application in UAVs and MAVs, duct (shroud) designs
with various blades, shroud dimensions, and height difference have been proposed and
developed, for instance, to evaluate the hovering performance and edgewise flow ex-
perimentally [10-12] and computationally [23,24]. Chua, et al. [25] computationally and
experimentally investigated the effect of shrouded rotors on energy cost/efficiency and
thrust power by altering the leading-edge lip radius (LLR), the diffuser length (DL), and
the diffuser angle (DA). Moaad, et al. [26] reported that the improvement of drone maneu-
verability can be achieved by optimizing the ducted fan. Penkov, et al. [27] examined the
interactive impact on the lift force production on a mini UAV with the propellers shrouded
in various shroud diameters and heights computationally and experimentally. Shukla,
et al. [28] conducted aeroacoustic measurements with a rotor with a removable protective
duct over a range of hover conditions by means of stereo particle image velocimetry (SPIV).
Recently, Yonezawa, et al. [29,30] investigated the aerodynamic characteristics of ducted
single-propellers in various duct contours and ducted multi-propellers in a quadrotor drone
under hovering condition with and without crosswind, experimentally and numerically.
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 ma-
neuverability of multirotor copters. It still remains poorly understood how the different
configurations of ducted multi-propeller affect the aerodynamic performance of the multi-
rotor copter associated with lift force production and FM efficiency in terms of tip distance
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and height difference adjustment, as well as which is the optimal ducted multi-propeller
configuration with these two parameters.

In this study, 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 configura-
tion 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 perfor-
mance 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 production and FM efficiency.

2. Materials and Methods
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 aerody-
namic principle of a ducted propeller [9,19,31,32] (Figure 2). The duct is composed of
a rounded leading edge and a straight or tapered trailing edge formed as the inlet and
diffuser section, respectively. The rotor operation generates a suction pressure gradient
on the duct inlet surface, thus resulting in additional lift, which contributes to the total lift
force and hence enhances the FM efficiency [10-12].
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Figure 2. Schematic diagram of the ducted-propeller aerodynamic principle. Rotor disk and down-
wash in hovering state: Lift force generated by propeller (L, = 20Av;:?),v9 = 0, induced velocity
(v;), and far wake velocity (w = 2v;), additional lift force generated by duct (L;).

2.2. Geometric Model of Ducted Propeller
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), 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 (%), 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 (I.); the height of ellipse inlet (/.); and the radius of
the ellipse inlet (r.), with an original value of d, = 0.001 m, h, =0, 2 =0, [, = 0.06 m (0.5R),
he =0.06 m (0.5R), and r, = 0.02 m (0.167R) (Figure 3). The thickness of the duct model is
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fixed to be 0.0015 m. The 3D single-propeller model is based on DJI phantom 3 advanced
(Figure 1a) as used in our previous studies [19,33]. A systematic CFD-based analysis
was conducted to examine the high-performance duct model in terms of aerodynamic
performance and duct volume.
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Figure 3. Morphological parameters of the ducted single propeller model. Tip clearance (d.), propeller
height (1, : 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 (I,), height of
ellipse inlet (h,), and radius of ellipse inlet (r.).

2.2.2. Ducted Multi-Propeller Geometry

The ducted multi-propeller model is generated based on the duct model obtained in
Section 2.2.1. Figure 1 shows the geometric models of a basic non-ducted multi-propeller
configuration (Figure la) and a maximum non-ducted multi-propeller configuration
(Figure 1b) obtained in our previous research [19], which is 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 4a) is formed, and the ducted minimum multi-propeller
configuration (Figure 4b) 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 (see
Sections 3.2 and 3.3), the effect and optimization of a ducted multi-propeller configuration
on aerodynamic performance is investigated based on a combination of CFD simulations
and a surrogate model.

2.3. CFD Modeling

CFD-based simulations were conducted with the commercial software ANSYS CFX
14.5 (ANSYS Inc) under the conditions of a rotational speed of 5400 rpm for all pro-
peller models with/without ducts, which is identical to that utilized in our previous
studies [19,33]. The Reynolds number (Re) of a single propeller is calculated to be
7.4 x 10* [19], and the RANS modelling of turbulent flow with the SST turbulence model
was adopted with a “high-resolution mode’ for all the simulations of ducted single-propeller
and ducted multi-propeller models [19,33,34]. Following our previous studies [19,33,34],
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 3.1 and 3.2) were successively generated for the ducted
single-propeller and ducted multi-propeller, respectively. Furthermore, boundary con-
ditions and grid systems are given in Figure 5. 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 ro-
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tating speed for the sake of ‘freezing’ the relative movements between the two frames,
which thus ensures convergence to a stable state. 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.

(2) Ducted maximum multi- Top view Left view

propeller configuration
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Figure 4. Definitions of various configurations of the ducted multi-propeller model. (a) Ducted max-
imum multi-propeller configuration with dyuy ~ 0.185 m, hyay = 0.24 m, lag,y ~ 0425 m,
Ibyay =~ 0.410 m, Id;ax = 0.59 m at an inclination angle of & ~ 44°. (b) Ducted minimum multi-
propeller configuration with d,;,;,, &~ 0.055 m, 1, = 0, la,i, =~ 0.295 m, 1b,,;, = 0.285 m, Id,;;, =0.41 m
at an inclination angle of @ ~ 44°. (c) Ducted basic multi-propeller configuration with da = 0.494 m,
db =0.485m, and r = 0.121 m.

FM efficiency [19,33] is adopted to evaluate the aerodynamic performance of the
ducted single-propeller model and defined as:

Prrp—sp
FMp-sp = 5———— @
Pcrp,p—sp

where Prr p_gp denotes the minimum power derived from the Rankin-Froude momentum
theory for generating lift force based on numerical results. Pcrp p_sp is calculated from
a product of the torque around rotational axis, Q, and the rotational angular velocity, w,
which are formulated as:

Ip_
{ Prrp—sp = Lp_sp 23A§£ @)
Pcrpp-sp = Qw
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where Lp_gp 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.

(a) Stationary LY
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Duct surface: wall boundary
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Meshes at a cross section of 80%R

Figure 5. Mesh systems and boundary conditions for CFD simulations. (a) Ducted single-
propeller model. (b) Ducted multi-propeller model.

For the ducted multi-propeller models with various configurations of tip distance
and height difference, Equations (1-2) can be further used in the evaluation of aerody-
namic performance with some refinements, where the FM efficiency of a ducted multi-
propeller model is defined as FMp_ pip, with the Lp_gp substituted for the ducted-multi-
propeller-induced lift force, Lp_ymp (Lp—-mp = Lmp + Lmp, Lmp = Lp1 + Lpy + Lpz +
Lpy, Lmp = Lp1+ Lp2 + Lps + Lps), the Asp by App (Amp =4Asp), and the Pcrp,p-—sp
by Pcrp, p—mp (Pcrp of ducted multi-propeller: Pcrp p—pp = Q1-wi + Q2-wy + Qz-ws +
Qy4-wy), respectively. Comparatively, regarding the ducted basic multi-propeller config-
uration model with one duct surrounding the outside, the Lp_sp will be replaced by
the lift force, Lp_ppmp (lift force of ducted basic multi-propeller: Lp_pyp = Lpmp +
Lp_p = Lp1 + Lpyp + Lps + Lps + Lp_p, Lp_p: Lift force on duct surrounding outside).

2.4. Optimization of Aerodynamic Performance in Ducted Multi-Propeller Configuration

CFD-based simulations of 22 cases (see Section 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 perfor-
mance. Furthermore, a surrogate model combined with a set of CFD-based cases (35 cases
in total, see Section 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 model with an alternative interpolation method of the Radial Basis
Functions (RBFs) model is a versatile while fast optimization method [35]. It is implemented
here in three steps: (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 [19,36]. As a result, a continuous map as a continuous spatial surface of
Lp_mp or FMp_p will be yielded in the parametric space.

For the RBFs approach, Lp_p or FMp_yp is approximated as an unknown function
of f(x) at an untried point, x, with a linear combination of radial basis functions, defined as:

n

flx) = ) wig(r) ®)

i=1
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where w; is the i-th weight coefficient, and ¢(r) = ¢(||x' —x||) is the basic function
determined by the Euclidean distance between the prescribed observed point x* and the
untried point x [19,37,38]. To determine the weight coefficient w;, a set of interpolation
points of x/ that have known results from CFD simulations are introduced to substitute the
untried points of x, where all the interpolation points should satisfy:

f(+) = ¥ wion) = ilwi(p(nxl’xfn) =y, j=12...n @

=1

where ¥/ denotes the interpolation point, and i/ is the result at the corresponding inter-
polation point, respectively. Thus, with the known observed points and interpolation
points, the weight coefficient w; can be determined subsequently. In order to determine the
location of interpolation points in the design space, the Uniform Design (UD) method [36]
of the Design of Experiments (DoE) is employed in advance for the determination, which
can maximize the amount of information from a limited number of CFD-based results at
the sampled discrete points, i.e., 35 CFD-based Lp_pp or FMp_pp. Consequently, nine
interpolation points (n = 9) are determined and utilized, which is verified to be effective
enough to provide a reasonable approximation based on our previous study [19]. Besides,
the optimal observed points are determined in the vicinity of the interpolation points
correspondingly, in a manner of random selection.

The Inverse Multiquadric (IMQ) function is adopted through trial-and-error from mul-
tiple basic function options in the RBFs model [19,37,38] and utilized in Equation (3), which
is capable of providing reasonable results in approximating the lift force at all points, and
is defined as:

p(r) = 1/Vr2+c2,0<c<4 (5)

With a certain coefficient of ¢ in the basic function of ¢(r), the weight coefficient of w; is
determined by solving Equation (3) based on the interpolation points and observed points.
The consistency between CFD- and surrogate model-based results is verified through
a comparison of three variables of 35 test points between CFD and surrogate model
based results. The comparison is conducted by utilizing the average relative error (e),
the R-squared (R?), and the root mean squared error (c,) with the convergence criteria of
2 < 0.0025, RZ > 0.945, and 0, < 0.0025 [19,37,38], where @ is defined as:

7 1 M 1 i
ezizel:TTZHy Y

;
i=1 tizh Y

| (6)

where n; denotes the number of test points (1; = 35), yi is the CFD-based result, and yAi is
the predicted result at the i-th test point from the surrogate model, respectively. The R? is
defined as:

. AnN2
Z,nt: 1 (y "= yl)
NG
Z?t: (¥ =7)
where ¥ is the average of CFD-based results. Furthermore, o, is defined as:

R* =1- )

0, = 1 Z (/) ®)

An inner iteration is used to inspect the optimal variables of the coefficient, c, varying
over a predetermined parametric range (Equation (5)), and a flowchart associated with the
optimization based on CFD simulations and the surrogate model is shown in Figure 6.



Drones 2021, 5, 101

8 of 19

Parametric de51gn space Random Selection for

observed points

Uniform Design CFD sunulatlon

[ Maximum R? & o, Surrogate modehng
[ Continuous L or FM Inner iteration of
coefficient, ¢ (0 <c <4)
l with convergence criteria

[ Optimal ducted multi - € < 0.0025, R* > 0.945,

[ Design of Experlment

—/

Not convergent

propeller conﬁguratlon g, < 0.0025

Figure 6. Flow chart of CFD- and surrogate model-based optimization analysis.

3. Results and Discussion

3.1. High-Performance Duct Design in Ducted Single-Propeller Model
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, d,, is controlled by 6,, ~ 0.11/+/Re,
where Re = 7.4 x 10%,1=0.0162 m (chord length at 75%R) [19,34], resulting in the mini-
mum 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 1) with approximately 26 million meshes [19],
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 7. 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 mod-
els 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 5 x 10~ or the maximum iteration steps is more than 3000.

Table 1. Morphology parameters in the basic duct model and the high-performance duct model.

d, (m) hy (m) « (°C) h./R I./R re/R
Basic duct 0.001 0 0 0.5 0.5 0.167
High-performance duct 0.001 0 0 0.375 0.25 0.167
1.02F T A]L02
098F g om----"""" 77 °10.98
~ 0.94F j094 &
E,)L 0.9 ""A"'LD-SP-i /LD-SP 1-° 'FMD SP-i /FMD SP-1 0.9 2
<~ T [ Lop/Lpgp, ---FMy,/FM, o, s
\'7 0.86 F 30.86 \'7
g, g,
2 0.82F jo82 32
=
0.78 {078 &
0.74F {0.74
0.65 1.00 1.27
N /N

m,D-SP-i m,D-SP-1

Figure 7. Comparison of lift forces and FMs among three grid systems in the ducted single-
propeller model (N;;: Mesh number; Lgp = 3.11N, FMgp = 0.64 [19,33]).
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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 8, 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
aerodynamic performance of the ducted-propeller associated with lift force production
and FM efficiency.

5.5 .
sl Ak D-SP.EXP ~ " -F SP,EXP
-o-F D-SP,CFD ~ ~ -F SP,CFD
B Y S
Z 4t
3
535}
s 9
3 5

2

8 13 18 23 28
Gap between propeller tip and duct inwall (mm)

Figure 8. Comparison of lift forces between CFD and EXP [27] in the ducted single-propeller model.
Fp_spexp and Fp_gsp crp, lift force generated by propeller in the ducted single-propeller model
(EXP and CFD); Fsp pxp and Fsp crp, lift force generated by propeller in the non-ducted single-
propeller model (EXP and CFD).

3.1.2. High-Performance Duct 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 six
parameters shown in Figure 3. 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 9 shows the correlations between aerodynamic performances (Lp_gsp and
FMp_sp) and the variation of tip clearance (d.), height difference (), and diffuser angle
(«). While lift force and FM efficiency show significant dependency upon tip clearance
(Figure 9a), some maxima in Lp_gp, 4, and FMp_sp, 4, are found at d, = 0.001 m with other
parameters fixed at i, =0, « =0, he = 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 (Lgp and FMgp). The height difference
dependency of Lp_gp, , OF FMp_sp, Iy (Figure 9b) is moderate, with their maxima around
hy = 0 accompanying other parameters fixed at d, = 0.001 m, & =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 9c)
significantly, leading to the maxima at &« = 0 with other parameters fixed at d, = 0.001 m,
hy =0, h, =0.06 m, [, = 0.06 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.
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Figure 9. Lift force and FM efficiency vs. (a) tip clearance (de) (Lp_gp, 4, and FMp_gp, 4,), (b) height difference (k)
(Lp—sp, I and FMp_gp, hp)/ and (c) diffuser angle («) (Lp_sp,  and FMp_gp, ,) in the ducted single-propeller model. Lgp
and FMgp respectively denote the lift force and FM efficiency in the non-ducted single-propeller model.

Figure 10a shows the variations of Lp_gp and FMp_gp in various combinations of
the dimensionless diffuser length (I./ R) and dimensionless height of ellipse inlet (k. /R)
while keeping other parameters fixed at d. = 0.001 m, , =0, « = 0, and 7, = 0.02 m. Since
the duct volume varies with different combinations of [,/ R and k,/ R, we further draw a
comparison between the increase rates associated with lift force (Ray: Legge—i/ Legse—1) and
duct volume (Ray: Vigse—i/ Vegse—1) in Figure 10b among the four cases of different [, /R
and /. /R that have large values in Lp_gp and FMp_gp as shown in Figure 10a. Obviously,
the duct model with h./R = 0.375and [,/R = 0.25 (h, = 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 10b). Moreover, the ducted single-propeller model
with an ellipse inlet height of k. = 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_sp,, and FMp_gp,,) (Figure 11a), while a monotonic
increase is observed with increasing r, with other parameters fixed at d, = 0.001 m, i =0,
a =0, h, =0.045m, and [, = 0.03 m, it also results in the increase of duct volume based on the
Ray, ;, (Vy,, case—i/ Vr,, case—1) (Figure 11b). Thus, with consideration of the factors of both
lift force and duct weight, we propose that the duct model with r, = 0.02 m can be a high-
performance duct design, which noticeably leads to the peak of Dr, ,, (Rar,,, — Ray, r,,
RaL,re = Lrg, case—i/Lrg,cusefl)-
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 2). 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 (Lgp). Besides,
the variations of other parameters can also alter the propeller-induced tip vortices or wake
contraction (Figure 2) 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 12) 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 12a),
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
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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.
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Figure 10. (a) Lift force and FM efficiency (Lp_gsp, ,, and FMp_gp, p,) vs. he/R with [,/ R fixed in different values in the
ducted single-propeller model; (b) increase rates of duct volume and lift force vs. h./R and I,/ R.
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Figure 11. (a) Lift force and FM efficiency (Lp_gp, , and FMp_gp, +,) vs. 7 in the ducted single-propeller model; (b) increase

rates of duct volume and lift force vs. r,.

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, he = 0.045 m (h./R = 0.375),
lp=003m (,/R = 0.25), and r. = 0.02 m (r./R = 0.167) (Table 1), which enables
a marked improvement in aerodynamic performance with an increase rate of 24.5% 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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Figure 12. 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.

3.2. Effect of Ducted Multi-Propeller Configuration

In our previous work [19], 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,
h=0.24 m (h/R =2.0) identical to the maximum multi-propeller configuration in Figure 1b
was found capable of achieving the optimal aerodynamic performance. The optimal
configuration achieved the greatest increase rate of 9% in lift force compared with a 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 aerodynamic performance in the quadrotor drone. We employ the high-
performance duct model obtained in 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 4, where the ducted maximum multi-propeller
configuration has a combination of 4 =0.185 m (d/R =1.54) and h = 0.24 m (h/R = 2.0)
while the minimum one consists of d = 0.055 m (d/R = 0.46) and i = 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 2 are performed.

Table 2. Parameters of /R and d/R for 22 CFD simulations in various ducted multi-propeller

configurations.
h/R dIR
h/R=20 154 1.40 1.18 1.00 0.82 0.68 0.53 0.46
h/R=15 154 - - - - - - 0.46
h/R=10 154 - - - - - - 0.46
h/R=05 154 - - - - - - 0.46
h/R=0.0 154 1.40 1.18 1.00 0.82 0.68 0.53 0.46

The modeling validity was first investigated in terms of mesh-dependency asso-
ciated with the ducted basic multi-propeller configuration (D-BMP), the ducted maxi-
mum multi-propeller configuration with 4/R = 1.54 and h/R = 2.0 (D-MMP), and the
ducted sub-maximum multi-propeller configuration with d/R = 1.54 and #/R = 0 (D-
SMP). We confirmed that a grid system with 48 million meshes could ensure a good
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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_psp) and FM efficiency (FMp_pip)
through adjusting the height difference and tip distance. The height-difference effect
was examined as illustrated in Figure 13a through decreasing the dimensionless height
difference (h/R) with the tip distance fixed. The Lp_j;p obviously displays some optimal
peaks with an increase rate of 1.7% at 1/ R = 0.5 with a fixed tip distance at d;;;5x, 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_p at the
same points, respectively. This indicates that the Lp_p and FMp_pp can be improved
at /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 /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 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.

. . : . ®) , . .
oLy, MPd "Lprop g LD-]\/H’,hmm "Lpsnip
o Ly, MPd "Lp snp el LD-MP,hmm "Lp e
-0 -FM, /| FM, -o-FM, | FM
e -"¥p.mpd TV D-amp 1106 s Lo6 b o-"Ypupn T VD-anp 1106 y
T EMy v = § -a-F MD-MP,/:W/ My vosp =
o----9o 104 5 §1.04 104 5
& S ) - &
\ ~ ~ -
N
o, b 102 §  Sim 102 &
SRR I 3
A
. {1 = 1 1 =
,,,,,,, N
...»'k'.
21098 098} -4 1098
: : : +10.96 0.96 : : : : : 0.96
15 1 0.5 0 16 14 12 1 08 06 04

Height difference - /R Tip distance - d/R

Figure 13. (a) Lift force and FM efficiency vs. k/R in various ducted multi-propeller configurations: Lp_pp, 4, and
FMp_mp, d,,, With dpay fixedand Lp_pp, 4, and FMp_pp, 4, With dy,;,, fixed. (b) Lift force and FM efficiency vs. d/R
in various ducted multi-propeller configurations: Lp_pmp, ... and FMp_wp, p,. With hyay fixed and Lp_pp, ,,, and

max max

FMDfMP, Honin with h,,;,, fixed.

These results are supported by the visualized flow structures of different ducted multi-
propeller configurations at cross-sections of /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 Figure 14,
as well as the pressure distributions of different ducted multi-propeller configurations
on the suction side as shown in Figure 15. 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 (/R = 0.5 in Figure 14a) as well
as the pressure gradient on the duct inlet surface (h/R = 0.5 in Figures 14b and 15) with
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(a)

the tip distance fixed. This is beneficial to improve the lift force production, whereas this
interaction weakens at &1/ 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 14a), which is harmful to the wake
velocity and pressure gradient on propeller and duct surfaces (Figures 14b and 15). 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
value, which is useful to explore the ducted optimal multi-propeller configuration.

Velocity in Stn Frame (b) Pressure
y stn velocity [m s7-1] y pressure [Pa]
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Figure 14. (a) Iso-speed contours and (b) pressure contours in various ducted multi-propeller configurations at cross-sections

of y/R =1.708 and 1.183.

3.3. Optimization of Ducted Multi-Propeller Configuration

Optimization of the ducted multi-propeller configuration was finally explored based
on the Lp_jp obtained from various configurations through combining a novel surro-
gate model with a set of CFD-based simulations. Considering that FMp_jp shares a
similar variation trend with Lp_jsp, 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:

Max LD*MP (9)
st.0<h/R<20, 046 <d/R <154
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Figure 15. Pressure distributions at the suction side in various ducted multi-propeller configurations.

In addition to the CFD-based results of the 22 cases of various multi-propeller con-
figurations conducted in Section 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_ psp, which are summarized in Table 3 and eventually
constituted the design space consisting of 35 cases of CFD simulations in total in this
process.

Table 3. Additional 13 cases of CFD simulations in the surrogate model-based optimization proce-
dure.

h/IR d/R

h/R=15 - - 1.18 - - 0.68 - -
h/R=1.0 - 1.40 - 1.00 0.82 - 0.53 -
h/R=0.6 154 1.40 - - - - 0.53 0.46
h/R=05 - - 1.18 - 0.82 0.68 - -

As shown in Figure 16, 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 16a, 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 Figure 16b,c, where the blue cross marker “+” denotes the maximum Lp_p1p
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of the surrogate model-based results, while the red cross marker “+” represents the max-
imum Lp_pp of the CFD-based results. Figure 16¢ 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 4 further indicates that an optimal ducted multi-propeller con-
figuration for aerodynamic performance is achieved with d/R = 0.925 and k/R = 0.92,
which is almost identical to the configuration obtained from the CFD-based results with
a configuration of d/R = 1.0 and //R = 1.0. Moreover, the surrogate model-based result
displays that the Lp_ pp 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 improv-

ing the aerodynamic performance compared with the ducted maximum multi-propeller
configuration.
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Figure 16. Surrogate model-based results: (a) Interpolation points and observed points, (b,c) comparison of CFD-based
results and surrogating model-based results.

Table 4. Lift forces of the ducted optimal multi-propeller (optimal Lp_ psp) based on CFD simulation
and surrogate modeling.

Surrogate Modeling CFD Simulation
Optimal Lp_mp 14.611 N 14.605 N
Dimensionless value of d/R d/R=0.925(d=0.111m), d/R=1.0(d=0.120 m),
and h/R at optimal Lp_pp h/R =092 (h=0.110 m) h/R=1.0(h=0.120 m)
Increase rate of optimal 1.95% 1.90%
Lp_pp compared to Lp_pyp
Increase rate of optimal 17.79% 17.74%
Lp_pp compared to Lpyp
Remarks Optimal ¢ =3.3; R? = 09465, = 0.0015, 0, = 0.0022.

4. Conclusions

In this study, 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:

1. 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 config-
uration model equipped with the high-performance duct design enables a marked im-
provement 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 demon-
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strate that ducted propellers can significantly improve both lift force production and
FM efficiency of multirotor copters compared to non-ducted multirotor copters.

2. The aerodynamic interaction among ducted multi-propellers shows notable depen-
dency upon two key parameters, the tip distance and height difference between
propellers, and thus can be optimized in terms of the ducted multi-propeller con-
figuration. 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 aerody-
namic 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 #/R from 1.5 to 0.5.

3. 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 configu-
ration 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.

In conclusion, inspired by a biomimetic design of multi-rotor configuration in our
previous study [19], 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 aerodynamic 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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List of Abbreviations

FM figure of merit

UAV unmanned aerial vehicle

CFD computational fluid dynamics
EXP experiment

SpP non-ducted single propeller
MP non-ducted multi-propeller

D-sp ducted single propeller

D-MP ducted multi-propeller

D-MMP  ducted maximum multi-propeller
D-SMP  ducted sub-maximum multi-propeller
D-BMP  ducted basic multi-propeller

BMP non-ducted basic multi-propeller
MMP non-ducted maximum multi-propeller
RBFs radial basis functions

IMQ inverse multiquadric
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