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Abstract: In order to reduce the dependence on fossil fuels, the concept of distributed electric
propulsion (DEP) has been introduced. At present, there are a few studies on the small electric
propulsion engines of DEP vertical take-off and landing (VTOL) UAVs. According to the design
requirements of DEP VTOL UAV ducted fans, the aerodynamic design of a ducted fan is carried out in
this paper. Firstly, the initial model is established by referring to theoretical derivations. Then, Bezier
curves are used to control the mid-arc and thickness distributions of the blade profiles at different
blade heights in order to realize the parameterization as design variables. Finally, the objective
function that can represent the performance of the rotor is selected, and a multi-objective genetic
algorithm is used to optimize the performance. The optimal results are obtained, and the aerodynamic
characteristics are analyzed. Compared with the initial model, the total pressure ratio and isentropic
efficiency of the optimized model are increased by 5.3% and 7.8%, respectively, reaching 1.20 and
90.37%. Meanwhile, the aerodynamic performance of the optimized model is improved, indicating
that the performance of the rotor is significantly enhanced and that the design task is completed.

Keywords: ducted fan; blade profile parameterization; aerodynamic optimization; multi-objective
genetic algorithm; total pressure ratio; isentropic efficiency

1. Introduction

In recent years, our society has put forward ecological requirements for the aircraft
industry [1,2]. In the quest to reduce the dependence on fossil fuels, hybrid electric
and full-electric propulsion systems are gaining increasing importance in the aircraft
industry [3,4]. The characteristics of modern aircraft propulsion systems have moved away
from combustion engines toward electric motors. With the generation and development
of electric aircraft, the concept of distributed electric propulsion (DEP) UAVs has been
introduced. DEP has three potential aerodynamic advantages: installed drag reduction,
high lift augmentation and swirl cancellation [5]. Electricity is used to drive multiple
thrusters via a distributed electric propulsion system, which is the aircraft’s power plant.
To date, there have been many studies on equipping light aircraft with electric engines [6],
but electric propulsion for small aviation aircraft is an emerging area. Brelje and Martins [7]
introduced the classification of electric aircraft and summarized the concept by outlining
the electrical components and propulsion architecture.

Currently, the German “Lily” UAV, the U.S. DARPA-supported XV-24 “Lightning
Strike” aircraft and NASA’s X-57 “Maxwell” and GL-10 experimental aircraft are the
representatives of DEP UAVs. Before the X experimental aircraft was officially named,
NASA conducted a ground validation study on the wing leading edge asynchronous
propeller propulsion technology (LEAPTech), and the results showed that the distributed
propellers could significantly increase the inlet velocity and dynamic pressure of the wing
surface [8]. The XV-24 “Lightning Strike” and NASA GL-10 UAVs also fall under the
category of DEP VTOL aircraft. The XV-24 “Lightning Strike” features a total of 24 ducted
fans between the upper and lower surfaces of the wings and canards, and they are designed
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for vertical take-off and landing with a high cruising speed capability [9]. The GL-10 aircraft
is equipped with 10 propellers, 8 of which are located on the leading edge of the inclined
wing and 2 on the horizontal stabilizer, suitable for hover, transition and forward flight
modes [10]. Unlike conventional general aviation configurations, the Lilium jet features a
total of 32 electrically powered ducted fans on both the canard and wings. Since the ducted
fans are embedded in the wings, the need for a dedicated cabin is eliminated, reducing
weight and minimizing aerodynamic drag loss [11].

An electric propulsion system can satisfy VTOL, hover and cruise flight modes by
using ducted fans or propellers, while the size and operation designs can make the best
of the synergistic action of aerodynamic propulsion, providing a higher aerodynamic
performance. In addition, the thrust of a UAV can be directly controlled by the distributed
propulsion system to reduce the aircraft’s dependence on the tail and steering surface, and
the synergy of multiple thrusters can reliably support the thrust [12-14]. Compared with
traditional fuel aircraft, a DEP aircraft has a higher aerodynamic efficiency and is more
environmentally friendly [12]. Currently, propeller and ducted fan propulsion systems
are common in distributed VTOL UAVs. Compared with open propeller engines, electric
propulsion ducted fan engines have advantages at higher cruising speeds. A rotor engine
with a shroud is more easily embedded into the aircraft fuselage, allowing designers to
place the engine in a more favorable position for the aircraft. Additionally, ducted fans can
be designed to be compact, saving space and energy consumption due to engine weight. In
contrast to propellers, the shroud of a ducted fan reduces the noise pollution caused by
rotor rotation, and integrating the engine into the fuselage enhances this noise reduction.
At present, ducted fans are popular applications in DEP VTOL UAVs, and they can create
considerable additional tension in the flow field of the propeller and sharply improve the
efficiency of the power system [15-17].

We may need a higher cruising speed for design purposes. The target thrust of a single
ducted fan is within about 1000 N. Many studies have been conducted on large multi-stage
engines at home and abroad [18]. However, compared with larger engines, smaller engines
show more obvious three-dimensional flow features, and smaller engines have fewer stages,
so the results may not be directly applicable to smaller engines through simple scaling.
Recently, a few studies have focused on the optimal design of the ducted fans in DEP
UAVs. According to the design requirements of DEP VTOL UAV ducted fans, this paper
is devoted to developing an aerodynamic design of a fan and to optimizing its blades. A
ducted fan for small integrated propulsion systems is made, and it has a compact design
with a low-flow cross-section and high performance. Firstly, the initial model is created
according to the theory and is gridded, and a computational fluid dynamics simulation is
carried out. Then, the blade profiles at different blade heights are parameterized as design
variables using Bezier curves, which are used to control the arc and thickness distributions
of the blade profiles. Finally, the objective function that can represent the performance of
the ducted fan is selected, and a multi-objective genetic algorithm is applied to optimize
the performance. On the basis of the optimization results, the aerodynamic characteristics
are analyzed, and the fan is found to meet the design requirements.

2. Initial Rotor Design
2.1. Initial Model Building

The DEP UAV studied in this paper is equipped with a motor that drives a ducted fan
to generate thrust. Under the constraints of the thrust and motor performance of the given
UAVY, the fan with the smallest radial size possible should be selected to reduce the weight.
The final design parameters selected for the ducted fan are shown in Table 1.

In ducted fans [19], the total temperature, total pressure and static pressure of the
fluid are increased by rotation. During this process, air enters the compressor axially and
is deflected to match the rotor inlet. The air approaches the rotor with a velocity C; that
is at an angle & from the axial direction. Combining C; with the blade velocity U gives
the velocity relative to the blade V; at the inlet blade angle 3; from the axial direction.
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After passing through the rotor, the absolute velocity of the air is increased, and the fluid
leaves the rotor at the relative velocity V of the outlet blade angle. Assuming that the axial
velocity C, remains constant in the design, the value of V; can be obtained. The outlet
velocity triangle is constructed by V; and U and then by obtaining C; at outlet air angle «;.
The following basic equations are derived from the velocity triangle (Figure 1):

u
— =tan oy +tan B4 1

Ca

u
— =tan xp + tan f3, (2)

Ca
Cyp1 = Cptan o 3)
Cuwp = Cstan o (4)

Table 1. Initial rotor design parameters.

Design Parameters
Design Total Pressure Ratio 1.1
Design Isentropic Efficiency 90%
Design Diameter about 300 mm
= Cu2 .l
- A Cn' P Cwl >
ﬂ] a2 B 1
a
V> C; C,
v, C:
U

Figure 1. Velocity triangle.

The diffusion factor [19] is a dimensionless number that measures the load on the
blade and that ensures that airflow separation does not occur across the passages, thus
preventing stall.

Vo, V11—V
DF=1-—=
V] + 26V1 (5)
6 is the consistency, which is equal to the blade chord length/blade pitch.
The flow coefficient is defined as follows:
C
Y=7 (6)

u

When maintaining the blade speed, an increase in the flow coefficient results in an
increase in the inlet blade angle 3. The recommended typical value of the flow coefficient
is between 0.3 and 0.6.

In the initial design of the rotor (Figure 2), the goal is to make the initial model
reasonably geometric. Obvious blockage and separation do not exist, and all parameters
are reasonably within the range of the theoretical values.
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Figure 2. Initial rotor.

Assuming that the axial flow velocity is 80 m/s since the inlet airflow angle is o; = 0°,
according to formula (1), the inlet blade angle is 3; =20°. V; =243.5m/s, Vo =~ 1753 m/s
and (3; = 60° are all calculated from the velocity triangle theory. At this time, DF ~ 0.42, and
1P ~ 0.35. According to the above theoretical calculation results, the geometric design of the
initial model is shown in Table 2. The three-dimensional blade is generated via interpolation
between the blade profiles at different spans (Figure 3). The thickness distribution is
superimposed on the mid-arc to create a blade profile (Figure 4). In order to reduce the
number of design parameters and ensure the rationality of the thickness distribution, the
initial model adopts a consistent NACA thickness distribution.

Table 2. Geometrical design parameters of the initial rotor.

Design Parameters

Hub/Shroud 0.33
Number of Blades 19
Shroud Tip 1 mm
Inlet Blade Angle 20°
Outlet Blade Angle 60°
Rotating Speed about 14,600 r/min

Shroud Tip
Shroud
(Span layer: 100%)

Hub surface
(Span layer: 0%)

Figure 3. Front view of the three-dimensional blade.
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Or

.= Span layer
surface

Figure 4. Curved mid-arc.

The total pressure ratio (R;) is the ratio of the total pressure at the compressor outlet to
the inlet, indicating the pressurization capacity of the compressor. The isentropic efficiency
(77;5) is the ratio of the entropy of the theoretical compression to the actual compression.
The closer the actual process to the isentropic efficiency, the higher the system efficiency.
The total pressure ratio and the isentropic efficiency are important parameters that measure
rotor performance. As the total pressure and total temperature at the inlet are set to
Py =101,325 Pa (1 atm) and T¢; = 288 K, respectively, ATy ~ 38 K is obtained from formula
(9), where ATos = Top — Ty, Cp = 1004.5 J/(kg-K), and U is the blade tip velocity. Then,
according to the ideal gas state equation, Py = 112,274 Pa, and, finally, the total pressure
ratio is 1.1 theoretically. With reference to the theoretical values and application [20], the
isentropic efficiency is 90%, as expected.

_ Pw
R =" )
Too' — Ton
- it 8
s = o ®)
U(tan — tan
P

2.2. Numerical Simulation and Results

Structured grids, including C, O and H grids, are generally used in the numerical
simulation of turbomachines: C grids are commonly used near the leading edge with
large shape changes, O grids can better deal with the grids near the front and back edges,
and H grids have good orthogonality and are often divided into passage inlet and outlet
grids. The combination of these three structured grids can achieve a better mesh quality. In
this numerical simulation, high-quality grids are generated quickly and automatically. In
addition, the quality of the generated grids is evaluated mainly based on the minimum
volume, the maximum or minimum face angles and the edge length ratio. The minimum
volume is used to ensure that no negative volumes are created within the passage. The
maximum and minimum face angles are the greatest and smallest face angles of all the
faces that touch the node, respectively. For each face, the angle between the two edges of
the face that touch the node is calculated. If possible, these should be improved until they
fall within the constraints of a minimum of 15° and a maximum of 165°. Values close to
but just outside the constraints may still be acceptable for the simulation. The edge length
ratio is a ratio of the longest edge of a face divided by the shortest edge of the face. Values
close to 100 are normally acceptable.

In the three-dimensional meshing of the initial model, the minimum volume is
2.1 x 10~ !3; the maximum and minimum face angles are 164° and 27°, respectively; and
the edge length ratio is 134, which means that the mesh quality meets the requirements.
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The total nodes and the total elements of the mesh are 192,292 and 175,487, respectively.
A numerical simulation is run on the rotor; the boundary conditions of the inlet are the
total pressure and the total temperature, and the boundary condition of the outlet is the
mass flow rate. The turbulence model adopts k-epsilon, the total energy is applied as the
energy model, the wall is set to be an adiabatic smooth boundary with no slip, and the
convergence residual is set to an RSM of less than 1074

According to the numerical results of the initial model, it can be seen in Table 3 that
the total pressure ratio is 1.14 and that the isentropic efficiency is 83.8% at the design
point. Figure 5 presents the Mach number distribution of the initial model, which has no
obvious separation or clogging, and the blade profile is relatively reasonable. Figure 6
shows that the static pressure increases uniformly from the inlet to the outlet, indicating
that the aerodynamic performance of the rotor is better. Based on the above analysis, the
performance of the initial model is in line with expectations, but the efficiency is low, which
needs to be optimized and improved.

Table 3. Performance of the initial model.

Design Parameters

Rotation Speed 14,650 r/min
Mass Flow Rate 6.42kg/s
Inlet Volume Flow Rate 524 m3/s
Input Power 93,024.80 W
Reference Radius 0.11m
Inlet Flow Coefficient 0.64
Exit Flow Coefficient 0.52
Total Pressure Ratio 1.14
Total Temperature Ratio 1.05
Total Isentropic Efficiency 83.84%
Total Polytropic Efficiency 84.17%

Mrel
0.95
0.90

Mrel
0.80
0.75

0.70 079

0.74
0.69
0.63
0.58
0.53
0.47
0.42
0.37
0.32
0.26
0.21

0.20

015 0.16
0.10 o1

g'gg 0.05
- 0.00

(b) ()

Figure 5. Mach number contours at 20% (a), 50% (b) and 80% (c) spans.
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Figure 6. Static pressure P contour of meridional channel.
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3. Blade Aerodynamic Optimization
3.1. Blade Parameterization

One of the critical steps in the optimal design process is to choose an efficient method
to parametrically describe the blade geometry [21]. In this paper, the blade model is defined
by data points distributed over a number of constant radius layers, spanning from 0%
at the hub to 100% at the shroud, and the geometric characteristics are specified at each
spanwise layer, including 6 for controlling the shape of the mid-arc of the blade profile
and the thickness distribution. The three-dimensional blade is generated via interpolation
between the span layers.

The initial model is established in the r-z-8 cylindrical coordinate system, where r is
the blade height direction, z is the axial direction, and 0 is the azimuth angle. The blade
profiles from the r-z-6 coordinate system are mapped to the two-dimensional space of m-6.
Based on the formulas below, we can define a two-dimensional space with m along the
horizontal axis and 0 along the vertical axis. Then, the flow surface in the r-z-0 coordinate
system is mapped into the m-6 space, and then a 2D curve is flattened and unrolled.

dm = \/ (dr)* + (dz)* (10)

m= /0 V () + (2 () du (11)

At each span layer (Figure 7), the blade profile is created in the m-6 coordinate system
to specify a set of points (m, 0) that represent the mid-arc of the blade profile at that span
layer. Furthermore, the thickness distribution is superimposed on the mid-arc to create a
complete blade profile, fitted by a set of points (m, thickness), and “thickness” specifies the
thickness distribution value on the m-axis. A standard NACA 0008 thickness distribution
is used for all the span layers of the initial model in this paper.

Figure 7. The control layer of the blade.

It is hoped that a blade profile with a reasonable performance and multiple geometric
shapes can be determined with few design parameters. For convenience, the blade is
defined by the data points at the 0%, 50% and 100% span layers of the blade, and the
mid-arc and thickness distribution curves of the blade profiles are fitted using the cubic
Bezier curve [21] with four control points so as to ensure that the curves are smooth and
free of discontinuities. Each layer has four control points from the leading edge to the
trailing edge numbered 1 to 4.

Due to the good performance of the initial rotor, in order to reduce the calculation
time and design parameters, the 0 of the leading and trailing edges of each layer is fixed to
maintain the general trend of the mid-arc of the blade profile, and the 6 of the two control
points in the middle of the span are adjusted to control the shape of the mid-arc, resulting in
a total of six design parameters (3 span layers * 2 control points). The thickness distribution
curve is also controlled by the thickness values of the two middle control points at 0% span,
and the same thickness distribution is superimposed on the other span layers of the blade
profile, resulting in only two design parameters. Hence, there are eight design parameters
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in total used to specify the blade geometry. The design parameters are adjusted relative to
their original values, and the ranges are shown in Table 4.

Table 4. Ranges of blade design parameters.

Control Layers Control Points 0 Thickness Distribution
0 2,3 +10.0% +5.0%, +£10.0%
50% 2,3 +10.0% -
100% 2,3 £10.0% -

3.2. Optimization Method

Design of Experiments (DOE) and Response Surface Optimization (RSO) are applied
to establish the empirical relationships between the design variables and the responses.
Optimal Latin hypercube sampling is employed in the design space to generate a sample set
of predictive models in the Design of Experiments (DOE). The Sample Type is set to CCD
Samples, which generates the same number of samples that a CCD DOE would generate for
the same number of inputs. The Random Generator Seed is set to 20 and is used to initialize
the random number generator invoked internally by LHS. A DOE matrix is generated and
consists of generated design points. The statistical approximations of the total pressure
ratio and the isentropic efficiency are 0.327% and 1.420% when optimizing the shape of the
mid-arc in the blade profile, and they are 0.018% and 0.025% when optimizing the thickness
distribution curve, respectively.

The genetic aggregation (GA) algorithm is used to generate the response surface model,
and multi-objective genetic algorithm (MOGA) optimization is carried out on the response
surface model. Six thousand samples were generated when optimizing the shape of the
mid-arc in the blade profile, with 1200 samples per iteration; two thousand samples were
generated when optimizing the thickness distribution curve, with 400 samples per iteration.
The maximum number of iterations is set to 20, and the maximum Pareto percentage is set
to 70%.

In compressor design optimization, high overall efficiency levels and a high total
pressure ratio are always expected simultaneously. These parameters are important for
measuring compressor performance, but both often cannot reach their maximum at the
same time. In general, a good compromise between the overall efficiency and pressure
ratio is required [19,22]. Therefore, the optimization goal is to improve the isentropic
efficiency ;s of the initial model and to make its aerodynamic performance better under
the condition where the total pressure ratio R; reaches 1.1. The total pressure ratio and
isentropic efficiency are selected to construct the objective function, the specific definition

of which is as follows: ,

Py ATps | 7T
T Py [ s Tm] 12
R, 1 -1
Mis = —p——— (13)
T

where T is the total temperature, Py is the total pressure, AT is the total temperature
increase, and <y = 1.4 is the specific heat.
In the optimization, the blade design objectives and constraints are as follows:
Objective function: max Rs and max 17;s;
Constraints: 7,5 < 100.

4. Analysis of Optimization Results
4.1. Results

The isentropic efficiency 77;; and the total pressure ratio R are selected as the optimiza-
tion objective functions, and the multi-objective genetic algorithm is used for optimization.
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At the end of the iterations, the total pressure ratio and isentropic efficiency did not fluc-
tuate greatly. Table 5 summarizes the performance comparisons of the model before and
after optimization. It can be seen that the total pressure ratio is 1.20 and that the isen-
tropic efficiency is 90.37% after optimization and that they increased by 5.3% and 7.8%,
respectively.

Table 5. Comparison of performances.

Total Pressure Ratio Total Isentropic Efficiency

Design Goal 1.10 90.00%
Origin Blade 1.14 83.84%
Optimized Blade 1.20 90.37%

Figure 8 compares the optimized sectional profiles with the original ones at several
span layer sections. The blade profiles of the sections have evident variations in curvature
because of increases in theta. The thickness distribution of the blade profiles (Figure 9)
indicates that the optimized blade is thinner and that the maximum thickness position is
closer to the leading edge.

30
40 50
25 35
— 40
o T 30 -
520 £ g
& g 25 230
= =i 5,
©
< 15 .E 20 ‘E
= £ < 20
== = 15 =
10 ——Original 10 10
- = =Optimized 5
5 0 0.2 0.4 06 08 1 0 02 04 06 0.8 1
0 0.2 0.4 0.6 0.8 1 Streamwise(0-1) Streamwise(0-1)
Streamwise(0-1)
(a) (b) (c)

Figure 8. Initial and optimized blade profiles at different spans: (a), (b) and (c) are the blade profiles
at 20%, 50% and 80% of the span layers before and after optimization, respectively.

——Original
- - ~Optimized

(=2}

N w » (3]

Normal Layer Thickness

20 40 60 80

M(LE-TE)
Figure 9. Thickness distribution curves.

4.2. Flow Field and Performance Analyses

Figure 10 provides information on the distribution of the static pressure coefficient
along the axial direction in three different spanwise locations. The static pressure distri-
bution of the optimized model blade is more uniform along the axial direction, and the
static pressure increases to varying degrees at each span layer, indicating that the overall
pressurization of the blade is significantly improved.
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0.5
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Figure 10. Axial distribution of static pressure coefficient: (a), (b) and (c) are the 20%, 50% and 80%
span layers of the blade, respectively.

Figure 11 displays the distribution of Mach numbers at the 20%, 50% and 80% span
layers of the optimized blade. The Mach number in each span is reduced to a certain extent,
which indicates the reduction of losses. Figure 12 presents a cloud diagram of the static
pressure at the outlet. The increases in the static pressure in the middle and upper regions
of the blades show that the working abilities of the middle and upper parts of the blades
are significantly improved. All these improved flow features help to reduce losses and
support a higher level of overall performance.
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(d) (e) ®

Figure 11. Mach contours at different spans: (a), (b) and (c) and (d), (e) and (f) are the blade profiles
at 20%, 50% and 80% of the span layers before and after optimization, respectively.
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Figure 12. Static pressure contours at outlet before (a) and after (b) optimization.

Figures 13a and 13b make comparisons of the total pressure ratio-mass flow rate and
isentropic efficiency-mass flow rate characteristic curves of the original and optimized
blades at the design points, respectively. R; is the total pressure ratio of the inlet and
outlet of the blade, and #;, is the isentropic efficiency. Figure 14 shows the distribution
of the entropy increase at the 80% span. Figure 13 shows that the total pressure ratio
and isentropic efficiency are greatly improved compared with those of the original design.
Based on the analysis in Figure 14, the optimized blade geometry significantly reduces the
entropy increase, reduces the loss and improves the overall efficiency. In summary, the
performance of the optimized blades is improved not only at the design point but also at

the off-design point in the steady flow range.
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Figure 13. Overall performance curves of the original (a) and optimized (b) blades.
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Figure 14. Entropy increased contours at 80% span of the original (a) and optimized (b) blades.

5. Conclusions

In this paper, according to the design requirements of the ducted fans in the new
distributed electric propulsion vertical take-off and landing UAVs, the aerodynamic design
and optimization of the ducted fan blades are carried out. The conclusions are as follows:

Firstly, the initial model is created via a theoretical design, and a numerical simulation
is carried out. The performance of the initial model almost meets the requirements, as the
total pressure ratio reaches 1.14; however, the isentropic efficiency is 83.84%, which is low,
and the aerodynamic performance is insufficient.

For the optimized blade, the angle (0) between the arc and the axis of the blade
profile is increased. Additionally, the thickness of the blade is smaller, and the position
of the maximum thickness is closer to the leading edge. The total pressure ratio of the
optimized model reaches 1.20, and the isentropic efficiency is 90.37%, which are increased
by 5.3% and 7.8%, respectively, compared with those of the initial model, indicating that
the optimization process significantly improves the performance of the rotor.

Finally, the rotor is analyzed based on the flow field at the design points. The static
pressure of the rotor is increased at each span layer, and the increases in the static pressure
in the middle and upper regions of the blades show that the working ability is enhanced
after optimization. The optimized blade geometry significantly reduces the increase in
the entropy, and the total pressure ratio and isentropic efficiency are both improved in the
stable working range.

In the present study, a ducted fan for small integrated propulsion systems is designed,
and it has a compact design with a low-flow cross-section and high performance. However,
only the flow field of the ducted fan is analyzed. Therefore, in future research, studies of the
flow field during the transition between the hover and cruise modes should be performed.
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