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Abstract: The distributed propulsion system applied to the vertical take-off and landing aircraft
must maintain the high performance in both hover and cruise flight. The gap of the power unit has
an adverse effect on the distributed ducted fan system, especially in cruise flight. Therefore, a new
distributed ducted fan system was proposed, which eliminated the power gap in design, and adjusted
the contraction and expansion of the wake through the deflectable induced wing arranged behind
the ducted fan to ensure the high efficiency of the distributed ducted fan system in different flight
phases. Then, a multi-objective design method of the distributed ducted fan system was proposed,
and the feasibility of the design method was verified by designing the inlet and outlet of the duct and
the induced wing. Design results show that the performance change of the distributed ducted fan
system mainly came from the change of the inlet. By increasing the length and height of the inlet,
the flow separation was alleviated and the duct thrust was increased in hove flight, but the cruise
drag became larger. The increase of the inlet height made the operating point of the blade far away
in hover and cruise flight, which increased the difficulty of the multi-objective design. Compared
with the distributed ducted fan system composed of the traditional circular ducted fan, the hovering
power load was reduced by 3.703%, but the cruise efficiency was increased by 17.372%, and the
spanwise space was reduced by 20% in the final design.
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Aerospace 2022, 9,165. https:// In recent years, the electric vertical take-off and landing (VTOL) aircraft has become
doi.org/10.3390/ aerospace9030165 a research hotspot in aviation due to its characteristics of low emission, low noise, and
convenient take-off and landing, such as Lilium jet of German Lilium Company and XV-
24A Lightning Strike aircraft of American Aurora Company (Torrance, CA, USA). Both
aircraft adopt the distributed propulsion system.

The distributed propulsion system can use boundary layer ingestion (BLI) [1] and
wake-filling [2] to improve the propulsion efficiency, increase lift by increasing dynamic
pressure [3], reduce requirements for traditional control surfaces and increase the redun-
dancy of the control system, and reduce noise signatures [4,5], making it a competitive
solution in future aviation [6]. Studies have shown that N3-X aircraft with turboelectric

distributed propulsion (TeDP) [7] to be capable of achieving a 60% reduction in total energy

1. Introduction
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consumption over current aircraft [8]. Wick studied three integration distributed propul-
sion concepts: Lower TE (Trailing Edge), Upper TE, and Imbedded configurations by using
the computational fluid dynamics (CFD) method based on a modified boundary condition,
This article is an open access article and the results indicated that the Lower TE configuration was the best performer [9]. Kerho
distributed under the terms and  Studied the influence of fan thrust angle and fan thrust level of the overwing distributed
conditions of the Creative Commons ~ propulsion system using an actuator disk model [10]. Zhang used the momentum source
Attribution (CC BY) license (https://  method (MSM) to study the lift enhancement effect of the distributed ducted fan system on
creativecommons.org/licenses /by / a hybrid wing body UAV [11]. However, the above studies simplify the propulsion system,
40/). and do not consider the influence of the airframe on the distributed propulsion system.
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Both Lilium jet and XV-24A Lightning Strike aircraft used electric ducted fans as the
power of the distributed propulsion system, because the ducted fan can generate thrust
and reduce the tip losses of blades [12]. The ducted fan in low Mach number has higher
aerodynamic efficiency than the propeller with the same disc load. Stubblefield used the
lift line model to design the blade of the ducted fan [13]. Guo established an efficient blade
design method for the ducted fan by modifying the blade element momentum design
method through CFD results [14]. Yu used the panel method and CFD method to optimize
the blade of the ducted fan [15]. Ye simplified the blade by MSM, and optimized the NASA
duct by using response surface model and neural network model, respectively [16]. Ji used
the MSM to analyze and optimize the duct shape of the ducted fan [17]. However, there is
still a lack of complete research on the design of the duct and fans of the distributed ducted
fan system, especially the multi-objective design in hover and cruise flight.

In order to better integrate with the wing, the distributed ducted fan system generally
adopted a rectangular duct [10,18,19]. Bento used the actuator disk model and the steady
and unsteady CFD methods to study the influence of the duct shape on the performance of
the ducted fan [20]. Sun studied the propulsion characteristics of the distributed ducted
fan system with different duct shapes [21]. Their research both showed that the corner
of the square duct is prone to a flow separation, resulting in a reduction in the efficiency
of the ducted fan. Wang optimized the inlet of the rectangular duct in the distributed
propulsion system based on the panel method in hover flight [22]. However, since the
panel method cannot predict the flow separation, the accuracy of the optimized design
needs to be further improved.

At present, most of the research on the distributed propulsion system focuses on
configuration characteristic analysis, and the related design research of the ducted fan fo-
cuses on the independent propulsion system and single objective, while the multi-objective
design research of the distributed ducted fan system is less. Therefore, this paper first
proposed a new distributed ducted fan system for the VTOL aircraft. By establishing the
parameterization method of the inlet and outlet of the rectangular duct, and using the
efficient MSM to obtain the performance, a multi-objective design method of the distributed
ducted fan system was proposed based on NSGA-II algorithm and Kriging model. Finally,
the design method was verified by the design comparison.

2. Numerical Simulation Methods

Numerical simulation methods of the ducted fan were verified by using a 150 ducted
fan shown in Figures 1 and 2. The duct of the 150 ducted fan has an inlet length of
lin = 40 mm, an inlet radius of Rj, = 90 mm, a length of the blade section of I;, = 100 mm,
a hub radius of R}, = 30 mm, a radius of the inner wall of R = 75 mm, a maximum radius
of the outer wall of Rpax = 96 mm, an outlet length of /oyt = 100 mm, and an outlet
expansion angle of ae = 3°. The blade number of the rotor is 10 with a blade tip clearance
of 0.5 mm, and the blade number of the stator is 6.
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Figure 1. Duct profile of the 150 ducted fan.
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Figure 2. Geometry of the 150 ducted fan.

The performance of the 150 ducted fan was tested under no incoming flow state, as
shown in Figure 3. The ATI delta sensor was used to measure the aerodynamic force.
The “Eagle tree” was used to measure the rotating speed. The power was supplied by a
regulated power supply, and the DC power was converted into AC power by an electric
regulator. Each test point was tested stably for 5 s, and the results were obtained by time-
averaged processing. Since the “HD_wall” shown in Figure 1 in the test state basically did
not generate thrust, it was cancelled during the test to facilitate installation.

Figure 3. Picture of the 150 ducted fan during the test.

The multiple reference frame (MRF) method and MSM [23] were used in the numerical
simulation of the ducted fan based on Navier-Stokes (N-S) equations and the k-w SST
turbulence model. Moreover, the implicit solver formulation, Roe-FDS flux type, and
second-order upwind spatial discretization were used. The MRF method adopted the
structured grid with 1.04 million background cells and 1.92 million blade cells, as shown in
Figure 4. The grid with 1.13 million cells used in the MSM is shown in Figure 5, and the
momentum source term was added in the middle part of the duct to be equivalent to the
effect of the blade.

Figure 4. Schematic of the blade grid in the MRF method.
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Figure 5. Schematic of the gird in the MSM.

In the MSM, the momentum source term Sy, was calculated through Equation (1),
where blade thrust T, is calculated by the corresponding MRF method, and vol is the total
volume of the grid to which the momentum source term was added.

Sm = Tp/vol @)

The calculation was carried out on a computer using Ryzen 3900X processor of AMD.
The result comparison between the two CFD methods and experiment is shown in Figure 6
and Table 1. The errors of the two CFD methods are within 10% near the design point.
However, the time consumption of the MSM is only 1/9 of the MRF method. Therefore,
the MSM can be used to design the ducted fan, and the MRF method can be used for more
accurate characteristic analysis.
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Figure 6. Comparison of the thrust of the ducted fan obtained by different methods.

Table 1. Characteristic comparison of different methods at (2 = 10,500 r/min.

Method Tp (N) Tq (N-m) T (N) Error Time (h)
EXP - - 32.116 - -
MRF 15.321 18.404 33.725 5.001% 1.8
MSM 15.321 19.984 35.305 9.930% 0.2

3. Characteristic Analysis of the Distributed Ducted Fan System
3.1. Distributed Ducted Fan System

Traditional circular ducted fans were arranged to form the distributed ducted fan
system shown in Figure 7 with a power gap of d = 5 mm. The duct of the distributed
ducted fan unit is shown in Figure 8. The duct has an inlet length of [;;, = 50 mm, an inlet
radius of Rj, = 85 mm, an outlet length of I,y = 100 mm, a length of the blade section of
I, = 100 mm, a radius of the inner wall of R = 75 mm, a hub radius of R, = 30 mm, and a
maximum radius of the outer wall of Rax = 97.5 mm.
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Figure 7. Schematic diagram of the distributed ducted fan system.

~

Figure 8. Schematic of the variable area nozzle.

In order to take into account the hover and cruise performance of the distributed
ducted fan system, the variable area nozzle (VAN) [24] was adopted as shown in Figure 8.
The expanded outlet was used in hover flight to increase the flow velocity of the blade
section, and the contracted outlet was adopted in cruise flight to decrease the flow velocity
of the blade section, so that the operating point of the rotor and stator in different flight
phases was close.

The rotor and stator of the ducted fan were designed in hover flight, using airfoils
as shown in Figure 9. The airfoil camber is constant, and the airfoil thickness decreases
linearly from the root to the tip. The geometric information of the rotor and stator is shown
in Figure 10. The blade number of the rotor is ten, the blade number of the stator is six, and
blade tip clearance is 0.5 mm.

It can be seen from Figure 7 that the distributed ducted fan has a high degree of
repeatability along the span. In order to improve the efficiency of the calculation and
design, a ducted fan unit is selected and its two sides are set as symmetrical boundaries,
as shown in Figure 11. The MRF method was used to analyze the characteristics of the
distributed ducted fan system.

0.15

0.1

0 0.2 0.4 0.6 0.8 ]
x (m)

Figure 9. Airfoils of the blade of the ducted fan.
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Figure 10. Distribution of the chord length and torsional angle of the rotor and stator: (a) Rotor;
(b) Stator.

v symmetry N

Figure 11. Schematic diagram of the calculation unit of the distributed ducted fan system.

3.2. Performance Analysis

The thrust demand of the distributed ducted fan unit in hover flight is T = 40 N, and
the hover performance of the distributed ducted fan unit is shown in Table 2, where pl is
the power load calculated according to Equation (2). The outlet expansion angle of the

ducted fan is ae = 3°.
T

| = 2
"= ag @
Table 2. Hover performance of the distributed ducted fan unit.
Qs pl
xe (deg) O (rpm) T (N) T:(N) QrNm) Ts(N) (Nm)  (kgkw-1)
3 10,850 40.369 16.195 1.061 2.524 1.072 3.349

In cruise flight of Vj = 50 m/s, the thrust demand of the distributed ducted fan unit
is T = 4 N, and the cruise performance of the distributed ducted fan unit can be improved
by adjusting the outlet expansion angle. The efficiency # of the ducted fan is calculated
through Equation (3).

TV
EaeTe

It can be seen from Figure 12 that at () = 8500 r/min, the thrust and efficiency of the
distributed ducted fan unit are improved with the decrease of outlet expansion angle, and
the best outlet expansion angle is a. = —5°. The efficiency of the distributed ducted fan
unit under cruise thrust demand is only 35.136%, as shown in Table 3.

Comparing the pressure distribution of the distributed ducted fan unit in two flight
phases, as shown in Figures 13 and 14, it can be seen that the mutual influence between
the ducted fans reduces the low pressure near the inlet. The low pressure changes little in
hover flight, and the flow between the adjacent ducts accelerates in cruise flight, causing
the low pressure area on the outer wall of the duct to move backward. In addition, there is

®)
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a flow separation at the tail of the duct, as shown in Figure 15, which seriously affects the
cruise performance of the distributed ducted fan unit.
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Figure 12. Variation of cruise performance of the distributed ducted fan unit with different outlet
expansion angles: (a) Thrust; (b) Efficiency.

Table 3. Cruise performance of the distributed ducted fan unit.

ue (deg)  Q (rpm) T (N) T,(N) Qr(N-m) Ts(N) Qs (N-m) 1
-5 8610 3.998 8.778 0.631 0.920 0.642 35.136%

Pressure Pressure
1.0250x10° 1.0250x10"
1.0213x10"* 1.0233x10""
1.0175x10" 1.0215x10%
1.0138x10" 1.0198x10"”
1.0100x10° 1,0180x10‘§
1.0063x10" 1.0163x10°
1.0025%10" 1.0145x10"®
9.9875x10"* 1.0128x10"
9.9500x10"* 1.0110x10**
9.9125x10"* 1.0093x10"®
9.8750x10"* 1.0075x10"®
9.8375x10" 1.0058x10°”
9.8000x10" 1.0040x10%
9.7625x10" 1.0023x10"®
9.7250x10" 1.0005x10°"
9.6875x10"* 9.9875x10"*
9.6500x10"* 9.9700x10"*

(a) (b)

Figure 13. Comparison of surface pressure of the distributed ducted fan unit in different flight phases:
(a) Hover; (b) Cruise.
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Figure 14. Comparison of the pressure distribution of the duct in different flight phases: (a) Hover;
(b) Cruise.
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Figure 15. Comparison of the velocity image of the distributed ducted fan unit in cruise flight:
(@z=0m;(b)y=0m.

4. New Distributed Ducted Fan System and Related Parameterization Methods
4.1. New Distributed Ducted Fan System

Since the power gap is not conducive to the cruise performance of the distributed
ducted fan system, the duct is considered to be rectangular, as shown in Figure 16, to
eliminate the power gap.

Figure 16. Distributed ducted fan system with the rectangular duct.

In addition, in order to achieve simpler outlet control, the distributed ducted fan
system of “ducted fan + induced wing” shown in Figure 17 was adopted. The deflectable
induced wing is arranged behind the ducted fan. The symmetrical deflection of the
induced wing can realize the expansion and contraction of the wake, and the same direction
deflection of the induced wing can be used to generate vertical aerodynamic force.

Outer wall

Inlet

( Ducted fan D Induced wing

Rotor| | Stator

Figure 17. Configuration of the new distributed ducted fan system.

Based on the above analysis, the inlet of the distributed ducted fan unit was designed
in the form of “rectangle to circle” and the outlet was designed in the form of “circle to
rectangle”, as shown in Figure 18. In this way, the ducted fan units of the distributed ducted
fan can be seamlessly connected from left to right, and the outer wall of the duct can be
shaped like the upper surface of the wing, as shown in Figure 19.
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Figure 18. Inlet and outlet of the distributed ducted fan unit: (a) “Rectangle to circle” inlet; (b) “Circle
to rectangle” outlet.
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Figure 19. Schematic diagram of the distributed ducted fan unit.

4.2. Parameterization Method of the Inlet and Outlet
4.2.1. Hyperelliptic Equation

The hyperelliptic equation can realize the transition from circle to rectangle, which was
widely used in the generation and parameterization of the inlet [22,25]. The hyperelliptic
equation is as follows, where a is the major semi-axis, b is the minor semi-axis, and m is the
exponent of the hyperelliptic equation.

)+ )" =1 @

The hyperelliptic equation is an elliptic equation when m = 2, and when m > 2 and m
increases, the hyperellipse is gradually transformed into a rectangle.

4.2.2. Parameterization Method of the Inlet

The inlet of the distributed ducted fan unit adopted the form of “up-down and left-
right symmetry”, so only the 1/4 shape of the inlet was parameterized, as shown in
Figure 20. The inlet consists of an external inlet and an internal inlet. The internal inlet
is a “rectangle to circle” transition surface, and the external inlet is used to connect the
internal inlet and the outer wall of the duct. It also can be seen from Figure 20 that the inlet
is controlled by three curves: a(t), b(t), and m(t).

The following fourth-order Bezier curves were used to parameterize the three control
curves, where (po, p1, - - -, P19) are the design variables. The design variables were unitized
according to the geometric information, where h;; is the height of the internal inlet, hy, is
the height of the external inlet, and wj, is the inlet width.

x(8) = Ln[po(1 — O)* +4p1t(1 — 1) + 6pat>(1 — £)* + 4pst3 (1 — t) + pat*] (5)
va(t) = R+ (52 = R)[ps(1 = 0)* +4pet(1 = 1)° +6p7t2 (1 = 1) +4pst> (1~ 1) + pot'] (6)

yp(t) = R+ R[pio(1 — )* +4pit(1 — 1)’ + 6piat?(1 — 1)> +4pist> (1 — 1) + prat’]  (7)
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yn(t) = R+ (/ (%)° + (%) = R) ®
[P15(1 = B +4p1t (1 — £)° + 6p17£2(1 — 1) + dprgt3(1 — 1) + prot?]

m@)
Internal
inlet

a(t)

Figure 20. Schematic diagram of the inlet parameterization.

Since the starting point of the Bezier curve is the first control point and the end point
is the last control point, the following variables were obtained.

pPo=ps=pio=pis =0 )
pPa=po=p9=1 (10)
p1a = (hin/2—R)/R (11)

In order to ensure the horizontal connection between the inlet and the blade section
and the vertical connection between the inlet and the outer wall of the duct, the following
variables were obtained according to the derivative properties of the Bezier curve.

Pe=p11=pie =0 (12)

p3=1 (13)

Therefore, there were eight design variables (p1, p2, p7, ps, P12, P13, P17, P1s) for the
duct inlet.

After determining the three control curves, the information of the major and minor
semi-axis of the hyperellipse was obtained directly from the corresponding Bezier curve.
The exponent of the hyperelliptic equation was obtained by solving the Equation (14).

n 2 " 2
() = v/ (1) VOB) + (a(1) ¥/05) 1)
The length of the internal inlet is /;;, and ¢;; can be obtained from Equation (15).

L = x(tii) (15)

When the internal inlet was generated, the variable range of x(t) and y;(t) was
t € [0, t;], and the variable range of y,(t) and y,, (t) was t € [0, 1]. When the external inlet
was generated, the variable range of x(t) and y;(t) was t € [t, 1].

4.2.3. Parameterization Method of the Outlet

The outlet of the distributed ducted fan unit also adopted the form of “up-down and
left-right symmetry”, but did not divide the internal and external parts. The outlet design
ensured that the end of the upper and lower outlet was horizontal.

Similarly, the fourth-order Bezier curves such as Equations (5)—(8) were used to pa-
rameterize the outlet, except that y, (t) was unitized by Equation (16).

hout

yo(t) = R+ (557 = R)[pro(1 = )+ 4pnt (1= £ + 6prat? (1= ) +4pisf (1= ) + puat’] (16)
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The following variables were obtained according to the characteristics of the outlet and Bezier curve.
Po = P5 = Pe = P10 = P11 = P15 = P16 = 0 (17)

pa=p9=p13=pua=po=1 (18)
So, the eight design variables of the duct outlet were (p1, p2, p3, P7, P8, P12, P17, P18)-
When the outlet was generated, the variable range of x(t), y,(t), y,(t), and y,, (t) was t € [0,1].

5. Multi-Objective Design of the Distributed Ducted Fan System

Multi-objective design was carried out on the ducted fan unit and the corresponding induced
wing in the distributed ducted fan system. The specific design steps are shown in Figure 21. Firstly,
the multi-objective optimization design of the inlet and outlet of the duct was carried out to obtain
the duct geometry. Then, the blade of the distributed duct fan unit was designed in hover flight.
Afterwards, the chord length and the deflection angle of the induced wing in cruise flight were
designed according to the optimal cruise performance. Finally, the deflection angle of the induced
wing was adjusted in the hove flight.

Multi-objective optimization design
of the inlet and outlet of the duct

¥

Duct geomeiry

v

Blade design in hover flight ‘

v
Blade geometry /
v
Design of the chord length and deflection angle
of the induced wing in cruise flight
v
Design of the deflection angle of the induced
wing in hover flight
v

Induced wing geometry

End

Figure 21. Multi-objective design process of the distributed ducted fan system.

5.1. Multi-Objective Optimization Design of the Inlet and Outlet
5.1.1. Optimization Objectives and Methods

Based on NSGA-II algorithm and Kriging model, the inlet and outlet of the distributed ducted
fan unit were optimized. The outer wall of the duct was generated according to the stretching of the
NACAOQ010 airfoil.

Referring to the ducted fan in Section 3.1, the length of the inlet and outlet remained unchanged,
the inlet with the width of wj, = 160 mm and the height of h;j, = 140 mm to keep the inlet area
basically consistent, and the outlet with the width of woy: = 160 mm and the height of figyt = 130 mm
in the basic distributed ducted fan unit.

Then, the effect of increasing the length and height of the inlet was studied. The inlet length
was changed to l;;, = 70 mm and [;;, = 100 mm, and the inlet height was changed to hj, = 150 mm
and hj, = 160 mm. Other geometric parameters remained unchanged.

Since the inlet and outlet adopted the symmetrical form, the optimization was carried out on
the 1/4 distributed ducted fan unit. The calculation model is shown in Figure 22, and the left, right,
and bottom are set as symmetrical boundary conditions. The grid has 0.44 million cells.
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Figure 22. Schematic of the 1/4 calculation model of the multi-objective optimization.

The MSM was used to get the performance of the distributed ducted fan unit. The blade thrust
in hover flightis T, = 18 N and in cruise flight is T, = 7 N. Optimization objectives are the maximum
duct thrust Ty in hover flight and minimum duct drag Dy in cruise flight.

The initial sample of the Kriging model is 100, and the optimization ends when the sample
number exceeds 400. In NSGA-II optimization, the population size is 50, and the maximum evolution
number is 1000. The optimization design was carried out in three rounds. Starting from the second
round, the Pareto set obtained in the previous round was added to the initial sample in this round to
improve the accuracy of the optimization design.

5.1.2. Optimization Results and Analysis

The comparison of different optimization design results is shown in Figures 23 and 24. The
results show that the increase of the duct thrust in hover flight contradicts the decrease of the
duct drag in cruise flight. The selected design results shown in Figures 23 and 24 were analyzed.
“50_80_70" is the result of the basic distributed ducted fan unit, and its three numbers represent the
length, width, and height of the 1/4 inlet. The duct thrust is shown in Tables 4 and 5.
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Figure 23. Pareto front of the inlet of different lengths.

0.8

50_80_80
50_80_75 B
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041

Figure 24. Pareto front of the inlet of different heights.
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Table 4. Comparison of different optimization results of different inlets in hover flight.

Result Tq (N) D¢ (N)
100_80_70 5.702 0.258
70_80_70 5.621 0.239
50_80_70 4.683 0.243
50_80_75 5.423 0.241
50_80_80 5.837 0.240

Table 5. Comparison of different optimization results of different inlets in cruise flight.

Result Dgq (N) D¢ (N)
100_80_70 0.532 0.635
70_80_70 0.504 0.597
50_80_70 0.452 0.565
50_80_75 0.586 0.590
50_80_80 0.682 0.613

It can be seen that the difference of the duct in different optimization results is mainly concen-
trated at the inlet, and the change of the outlet is small, as shown in Figures 25 and 26. The duct
thrust of the basic distributed ducted fan unit in hover flight is poor, and increasing the length or
height of the inlet is beneficial to improve the duct thrust, but it also increases the cruise drag.

e
- \

Figure 25. Duct profile of the inlet of different lengths.

=——
S

Figure 26. Duct profile of the inlet of different heights.

The flow field information is shown in Figures 27-31. In hover flight, there is a strong flow
separation at the inlet of the basic ducted fan unit, and the increase in the length and height of the inlet
can alleviate the flow separation and increase the duct thrust. However, the increase in the length
and height of the inlet expands the windward area and wetted area of the duct, which decreases the
duct thrust in cruise flight.

V: 0 5 10152025 30 354045 5055 60 65 70 V: 0 5 10152025 30 35404550 556065 70 V: 0 5 10152025 30 35 4045 5055 60 65 70

(b) (©)

Figure 27. Comparison of the velocity image of different optimization results of different inlets in
hover flight: (a) 50_80_70; (b) 100_80_70; (c) 50_80_80.
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Figure 28. Comparison of the pressure image of different optimization results of different inlets in
hover flight: (a) 50_80_70; (b) 100_80_70; (c) 50_80_80.
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Figure 29. Comparison of the total pressure image at the entrance of the blade section of different
inlets in hover flight: (a) 50_80_70; (b) 100_80_70; (c) 50_80_80.
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Figure 30. Comparison of the velocity image of different optimization results of different inlets in
cruise flight: (a) 50_80_70; (b) 100_80_70; (c) 50_80_80.

Pressure

1.0188x10'”
1.0156x10'"
1.0124x10%*
1.0092x10"
1.0060x10'”
1.0028x10'*
9.9960x10"*
9.9640x10"
9.9320x10"*

o

(b)

Pressure

1.0188x10'”
1.0156x10'"
1.0124x10%*
1.0092x10"
1.0060x10'”
1.0028x10'*
9.9960x10"**
9.9640x10"
9.9320x10"*

o

Pressure

1.0188x10°°
1.0156x10"**
1.0124x10°”
1.0092x10°
1.0060x10°**
1.0028x10"**
9.9960x10"**
9.9640x10°"
9.9320x10°**
9.9000x10°**

Figure 31. Comparison of the pressure image of different optimization results of different inlets in
cruise flight: (a) 50_80_70; (b) 100_80_70; (c) 50_80_80.

The difference of the duct thrust in hover flight between “100_80_70" and “50_80_80" is only
2.368%, but the cruise drag of “50_80_80" increases by 28.195%. In contrast, the increase in inlet
height increases the inlet area and has a more significant effect on cruise. In addition, the increase
of the inlet area accelerates the flow velocity and reduces the pressure in the blade section in cruise
flight, as shown in Figures 31 and 32, which causes the operating point of the rotor and stator in
different flight phases far away, adding the difficulty of the multi-objective design.
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Figure 32. Schematic diagram of the ducted fan unit.

5.2. Blade Design

After obtaining the duct geometry of the distributed ducted fan system, the rotor and stator of
the ducted fan were designed in hover flight. In order to compare with the distributed ducted fan
system shown in Section 3.1, the same rotor and stator were used without redesign. The ducted fan
unit in the distributed ducted fan system is shown in Figure 32.

The hover performance of the ducted fan unit is shown in Table 6. Since the selected design
takes into account the cruise performance and is not the best result in hover flight, its power load is
reduced by 5.285% compared to the ducted fan unit in Section 3.1.

Table 6. Comparison of the hover performance of the ducted fan unit.

Configuration Q (rpm) T (N) T, (N) Qr (N-m) Ts (N) Qs (N-m) pl (kg-kw1)
Initial system 10,850 40.369 16.195 1.061 2.524 1.072 3.349
Design 11,000 40.198 17.518 1.100 3.001 1.091 3.172

5.3. Design of the Induced Wing

The main function of the induced wing is to contract the wake of the distributed ducted fan in
cruise flight to reduce the flow velocity of the blade section and the inflow angle of the blade element,
so that the blade designed in hover flight still has a higher efficiency in cruise flight.

5.3.1. Induced Wing Design in Cruise Flight

The induced wing is 10 mm away from the outlet of the ducted fan and 67 mm away from the
central axis of the duct, as shown in Figure 33, and adopts the NACA0012 airfoil. Induced wings with
chord lengths of 120 mm and 150 mm were used respectively, and the deflection angle (expansion
is positive) of the induced wing was changed to evaluate the cruise performance of the distributed
ducted fan system.

&

C
—

Figure 33. Schematic diagram of the relative position between the ducted fan and induced wing.

The results shown in Figure 34 show that the total thrust and cruise efficiency of the distributed
ducted fan system increase with the decrease of the deflection angle of the induced wing. In contrast,
the longer induced wing at the same deflection angle makes the wake more fully contracted, and
the flow velocity in the blade section is also lower, as shown in Figure 35. The more fully contracted
wake makes the rotor and stator closer to the design state, so the cruise performance is better. When
the deflection angle continues to increase, the cruise efficiency of the distributed ducted fan system is
reduced due to the flow separation occurring on the induced wing. The induced wing with a chord
length of 150 mm and a deflection angle of —12° was selected in the cruise flight.
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Figure 34. Comparison of the cruise performance of the distributed ducted fan system with different
deflection angles of the induced wing at Q) = 8500 r/min: (a) Thrust; (b) Efficiency.
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Figure 35. Comparison of sectional velocity image of the distributed ducted fan system with —12°
deflection angle of the induced wing with different chord lengths: (a) 120 mm; (b) 150 mm.

The cruise performance of the designed distributed ducted fan system is shown in Table 7.

Compared with the distributed ducted fan system in Section 3.1, the cruise efficiency is improved
by 11.888%.

Table 7. Cruise performance of the designed distributed ducted fan system.

Configuration Q (rpm) T (N) T, (N) Qr (N-m) Ts (N) Qs (N-m) i
Initial system 8610 3.998 8.778 0.631 0.920 0.642 35.136%
Design 8180 3.994 8.662 0.593 1.118 0.601 39.313%

5.3.2. Induced Wing Design in Hover Flight

The influence of the deflection angle of the induced wing on the hover performance of the
distributed ducted fan system was analyzed. As shown in Table 8, the performance corresponding
to 1° deflection angle is the best. Compared with the ducted fan unit without the induced wing in
Table 6, the hovering power load is increased by 1.955%, which is due to the expansion of the wake,
as shown in Figure 36. It shows that the induced wing can be used as a contracted outlet to improve
the cruise efficiency of the distributed ducted fan system, and can also be used as an expanded outlet
to further improve the hover performance of the distributed ducted fan system.

The above design results show that, compared with the distributed ducted fan system in
Section 3.1, the unit width of the distributed ducted fan system designed in this paper is reduced
from 200 mm to 160 mm, and the spanwise space is reduced by 20%. Although the hovering power
load is reduced by 3.434%, the cruise efficiency is improved by 11.888%, which verifies the feasibility
of the multi-objective design method of the distributed ducted fan system in this paper.
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Table 8. Comparison of the hover performance of the distributed ducted fan system with different
deflection angles of the induced wing.

e (deg) Q (rpm) T (N) T: (N) Qr (N-m) Ts (N) Qs (N-m) pl (kg-kw-1)
0 11,000 40.068 16.408 1.087 2.425 1.096 3.200
1 11,000 40.347 16.288 1.083 2.392 1.097 3.234
2 11,000 39.623 16.201 1.082 2.343 1.096 3.179
V. 20 30 40 50 80 70 80 90 100 ‘ V. 20 30 40 50 60 70 80 90 100

(@) (b)

Figure 36. Comparison of the wake of the distributed ducted fan system with and without the
induced wing in hover flight: (a) Without the induced wing; (b) With the induced wing.

6. Improved Distributed Ducted Fan System
6.1. Improvement Method

In order to make the wake continue to contract without the flow separation on the induced
wing, the height of the duct outlet can be reduced to make a contracted wake before the deflection of
the induced wing. At this time, the induced wing with a smaller chord length can be used to reduce
the friction drag and improve the cruise performance.

The height of the duct outlet was reduced to hoyt = 120 mm, and the duct inlet remained
unchanged. The duct profile of the improved distributed ducted fan system is shown in Figure 37.
The induced wing with 120 mm chord length was adopted, and the height of the induced wing from
the central axis of the duct was changed to £60 mm.

D e e S

1>

J

Figure 37. Comparison of duct profile of the distributed duct fan system before and after the
improvement.

6.2. Improvement Results

The effect of different deflection angles of the induced wing in cruise flight is shown in Figure 38.
The best cruise deflection angle is —12°. The thrust and efficiency of the distributed ducted fan system
are better than those before the improvement, which verifies the effectiveness of the improvement
method. In hover flight, the power load is the highest when the deflection angle of the induced wing
is 2°, as shown in Table 9, indicating that the induced wing makes up for the loss caused by the
reduction of the outlet area.
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Figure 38. Comparison of the cruise performance of the distributed ducted fan system with different
deflection angles of the induced wing before and after the improvement at () = 8500 r/min: (a) Thrust;
(b) Efficiency.

Table 9. Comparison of the hover performance of the distributed ducted fan system with different
deflection angles of the induced wing after the improvement.

te (deg) Q (rpm) T (N) T; (N) Or (N-m) Ts (N) Qs (N-m)  pl (kgkw1)
0 11,000 40.422 16.775 1.093 2.582 1.097 3211
1 11,000 40.447 16.589 1.090 2.497 1.097 3.221
2 11,000 40.420 16.482 1.088 2.432 1.096 3.225
3 11,000 40.267 16.419 1.087 2.410 1.095 3.216

In the improved distributed ducted fan system, the chord length of the induced wing is 120 mm,
and the deflection angle is 2° in hover flight and —12° in cruise flight, as shown in Figure 39. The
induced wing can further expand the wake in hover flight and contract the wake with no flow
separation in cruise flight.

V: 20 30 40 50 60 70 80 90 100
‘ V: 0 5 1015202530 35 40 45 50 55 60 65 70 ‘

(a) (b)

Figure 39. Sectional velocity image of the improved distributed ducted fan system in two flight
phases: (a) Hover; (b) Cruise.

Tables 10 and 11 show the performance comparison of different distributed ducted fan systems
under the thrust demand in hover and cruise flight. The improved design improves the cruise
efficiency by 4.902% under the condition that the hovering power load remains basically unchanged.
Compared with the distributed ducted fan system in Section 3.1, the hovering power load of the
improved design is only reduced by 3.703%, but the cruise efficiency is further increased by 17.372%.
The performance of the improved distributed ducted fan system is shown in Figure 40.
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Table 10. Comparison of the hover performance of different distributed ducted fan systems.
Configuration Q (rpm) T (N) T, (N) Qr (N-m) Ts (N) Qs (N-m) pl (kg-kw™1)
Initial system 10,850 40.369 16.195 1.061 2.524 1.072 3.349
Design 11,000 40.347 16.288 1.083 2.392 1.097 3.234
Improved design 11,000 40.420 16.482 1.088 2.432 1.096 3.225
Table 11. Comparison of the cruise performance of different distributed ducted fan systems.
Configuration Q (rpm) T (N) T. (N) Qr (N-m) Ts (N) Qs (N-m) Ui
Initial system 8610 3.998 8.778 0.631 0.920 0.642 35.136%
Design 8180 3.994 8.662 0.593 1.118 0.601 39.313%
Improved design 8050 3.991 8.399 0.574 1.085 0.580 41.240%
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Figure 40. Hover and cruise performance of the improved distributed ducted fan system: (a) Hover;
(b) Cruise.

7. Conclusions

In this paper, a distributed ducted fan system for the VTOL aircraft was proposed, which

eliminates the influence of the power gap in design, and the contraction and expansion of the wake
were more simply realized by arranging the deflectable induced wing behind the ducted fan. Then,
the parameterization method of the inlet and outlet of the distributed ducted fan unit was established,
and the multi-objective design method of the distributed ducted fan system was proposed. Finally,
the feasibility of the design method was verified by the design and improvement of the distributed
ducted fan system. The conclusions are as follows.

1.

The power gap of the distributed ducted fan weakens the low pressure near the inlet and has
an adverse effect on the distributed ducted fan system, especially in cruise flight, due to the
flow separation at the tail of the duct;

In the multi-objective design of the inlet and outlet of the distributed ducted fan system, the
outlet obtained by the design is basically the same, and the performance change mainly comes
from the change of the inlet. By increasing the length and height of the inlet, the flow separation
at the inlet is alleviated, and the duct thrust in hover flight is increased, but it increases the
cruise drag at the same time. Compared with the increase of the inlet length, the increase of the
inlet height on the one hand brings greater cruise drag, and on the other hand increases the
flow velocity in the blade section, which makes the multi-objective design of the distributed
ducted fan system more difficult;

The performance of distributed ducted fan system can be improved by expanding the wake in
hover flight and contracting the wake in cruise flight by the induced wing. The design results
show that compared with the distributed ducted fan system composed of the traditional circular
ducted fan, the hovering power load of the distributed ducted fan system of the final design is
only reduced by 3.703%, but the cruise efficiency is increased by 17.372%, and the spanwise
space is reduced by 20%.
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Future research will establish a full geometric parameterization model of the ducted fan and
induced wing for an integrated design, and further develop the multi-objective optimization design
of the overwing distributed ducted fan system.
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