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Abstract: In order to improve the design accuracy of the blade design method of a ducted fan based
on the blade element momentum theory, the design was modified by the CFD calculation with higher
accuracy to propose an integrated and efficient design method for the rotor and stator. Firstly, a fast
blade design method for the ducted fan was established based on the blade element momentum
theory, and the initial design of the rotor and stator was carried out. Then, the performance of the
designed ducted fan was calculated by the CFD method, and the rotor and stator were modified and
redesigned according to the CFD results. Such continuous iterations finally made the design results
basically consistent with the CFD results so as to improve the design accuracy. The blade design of
different ducted fans shows that the unsteady CFD method based on the sliding mesh has higher
accuracy and applicability than the MRF method, and the efficient blade design method established
in this paper can meet the thrust demand with a small amount of the CFD modification. The thrust
design accuracy of the ducted fan was increased by 11.362%, and the torque design accuracy was
increased by 8.141%.
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In 2013, the USA department of Defense Advanced Research Projects Agency launched
the project for the vertical take-off and landing experimental plane (VTOL X-Plane). Au-
rora’s “Lightning Strike” UAV with a tilting electric ducted fan won the bid. In 2017,
the prototype of the all-electric vertical take-off and landing aircraft named “Lilium Jet”
completed its first flight, which also used the electric ducted fan. The U.S. Air Force also
launched the “Agility Prime” electric vertical take-off and landing vehicle demonstration
and verification project in February 2020. The VTOL aircraft with the electric ducted fan as
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the main power has become one of the important development directions in future aviation.

The ducted fan with the same disk load has higher aerodynamic efficiency and safety
than the isolated propeller at low speed [1,2]. The blade design of the ducted fan is generally
based on fast methods, such as the blade element momentum theory, lift line model, and
panel method. Liu derived the blade element momentum theory of the ducted fan [3].
Coney used the annular vortex model and symmetrical vortex model to simulate the duct
and established the blade design method of the ducted fan based on the lift line model [4].
Stubblefield adopted the optimal circulation design method [5] to design the blade of the
ducted fan based on the lift line model [6]. In addition, Yang optimized the torsion angle of
the blade of the ducted fan based on the panel method [7], Yu used the panel method to
optimize the blade of the ducted fan [8], and Wang optimized the inlet of distributed ducted
fan system based on the panel method [9]. It can be seen that the design and optimization
of the blade of the ducted fan are basically based on the fast method, so the accuracy of the
fast method determines the accuracy of the design. However, due to the simplification of
these fast methods, there is inevitably a certain deviation between the design result and the
actual performance of the ducted fan.
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With the continuous development of computational fluid dynamics (CFD), the high-
precision CFD method based on Navier-Stokes (N-S) equations has been widely used to
obtain the performance and flow field of the ducted fan, such as the multiple reference
frame (MRF) method and unsteady CFD method based on the sliding mesh or overset
mesh. Xu numerically simulated the unsteady flow field of the ducted fan by solving
the compressible Euler equations based on the overset mesh [10]. Echavarria used the
unsteady CFD method based on the overset mesh to study the blade number effect on the
performance of the ducted fan and carried out the sensitivity analysis of the grid and time
step [11]. Wang verified the feasibility of the MRF method to obtain the performance of
the ducted fan [12]. In order to improve the computational efficiency of the CFD method,
the complex blade structure was replaced by a disk in the CFD calculation to develop
the actuator disk method [13,14] and momentum source method [15-17], and different
scholars carried out the optimization design of the duct based on the momentum source
method [18,19]. At present, the high-precision CFD method is basically used in the flow
field simulation, performance analysis, and optimization design of the duct but is rarely
used in the optimization design of the blade. This is because the CFD calculation of the
ducted fan with complex blade structures takes a long time, especially for an unsteady
CFD calculation, and the optimization design requires a lot of calculations. Even if the
surrogate-based optimization [20] is used, the efficiency of the optimization design of the
blade based on the CFD method is still low.

Therefore, in order to make up for the lack of accuracy of the design method based on
the blade element momentum theory and keep the design method fast, this paper combined
the blade element momentum theory with the CFD method, modified the design by the
CFED results, and put forward an integrated and efficient design method of the rotor and
stator, which could quickly design the blade of the ducted fan according to the thrust
demand. The feasibility of the design method was verified.

2. Numerical Simulation Methods

The performance of the 150 ducted fan including the rotor and stator shown in Figure 1
was tested first to verify the numerical simulation method. The 150 ducted fan is named by
the inner diameter of the duct. The ducted fan has a length of L = 255 mm, an inlet length
of Li, = 40 mm, an outlet length of Lyt = 100 mm, a hub radius of R, = 30 mm, an inner
radius of R = 75 mm, a maximum radius of Rmax = 96 mm, and an outlet diffusion angle
of ae = 3° shown in Figure 2. The rotor has a blade number of N; = 10 and a blade tip
clearance of 0.5 mm, and the stator has a blade number of Ny = 6.

Figure 1. Geometry of the 150 ducted fan.
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Figure 2. Schematic diagram of the duct profile.

The experimental site of the ducted fan and connection mode of various instruments
are shown in Figure 3. The ATI delta force/torque sensor was used to measure the aerody-
namic force. The “Eagle tree system” was used to measure the rotating speed. The Faith DC
power supply and “Hobbywing X-Rotor Pro HV 80A” were used to power the motor. The
experiment was in no incoming flow state. In this state, the “HD_wall” shown in Figure 2
basically does not generate the aerodynamic force, so it was omitted for the convenience
of installation.

Figure 3. Experimental site and connection mode of the 150 ducted fan.

The performance of the 150 ducted fan was calculated by the MRF method and
unsteady CFD method based on the sliding mesh by solving Reynolds-averaged N-S
equations and adopting the k-w SST turbulence model. The grid independence of the blade
grid and background grid was verified respectively in the MRF method. The Y+ value
was always around 1 when different meshes were generated. The results are shown in
Figures 4 and 5 and Tables 1 and 2 below. The results show that the calculation results of
different grids have little difference, so 1.04 million background grid and 1.92 million blade
grid were used in the numerical simulation. The comparison between the test results and
the calculation results is shown in Figure 6. The total thrust and total torque obtained by
the two numerical simulation methods are in good agreement with the test results.

(b) (c)
Figure 4. Diagram of rotor grids with different grid sizes: (a) 1.18 million, (b) 1.92 million, (c) 3.11 million.
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Figure 5. Diagram of background grids with different grid sizes: (a) 1.04 million, (b) 1.65 million.

Table 1. Performance comparison of the ducted fan with different blade grids.

Grid Sizes (million) Q (rpm) Ty (N) Qr N-m) Ts (N) Qs (N-m) T (N)

1.18 11,000 14.194 0.883 2.869 0.973 37.042
1.92 11,000 14.343 0.885 2.903 0.971 37.107
3.11 11,000 14.250 0.878 2.873 0.960 37.013

Table 2. Performance comparison of the ducted fan with different background grids.

Grid Sizes (million) Q (rpm) T, (N) Qr (N-m) Ts (N) Qs (N-m) T (N)

1.04 11,000 14.343 0.885 2.903 0.971 37.013
1.65 11,000 14.488 0.887 2.966 0.972 37.334
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Figure 6. Comparison of the results between the experiment and CFD methods: (a) Total thrust,
(b) total torque.

3. Fast Blade Design Method of the Ducted Fan
3.1. Blade Element Momentum Theory

The total thrust of the ducted fan comes from the rotor, stator, and duct. The ratio of
the total blade thrust Ty, in the total thrust T is a1, and the ratio of the rotor thrust T; in the
total blade thrust Ty, is a;.

TP

a; = T )
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The rotor element analysis is shown in Figure 7, where Vj is the free stream velocity,

(1 is the rotating speed of the rotor, «, is the angle of attack of the rotor element, § is the

interference angle, <y is the angle between rotor element lift dL and the resultant of dL

and rotor element drag dD, ¢; is the inflow angle of the rotor element, ¢ is the geometric

inflow angle, W is the total velocity of the rotor element, Vj; is the axial induced velocity at

the rotor, V4 is the tangential induced velocity at the rotor, and V' is the geometric induced
velocity of the rotor.

Figure 7. Schematic diagram of rotor element analysis.

The forces of the rotor element are as Equations (4) and (5) according to the momentum
theory, where V,, is the axial induced velocity at the wake.

dTy = 2aya7trp (Vg + Va1) Vawdr 4)

dF = 4mtrp(Vy + Vap) Vi dr (5)

The increase in the total pressure is related to the rotor. According to the pressure
change, the thrust of the rotor element can be expressed as Equation (6).

dT; = 27trp(V + Vaw /2) Vawdr (6)

According to Equations (4) and (6), the relationship between the axial induced veloci-
ties is obtained.
Vaw = 2(a1ap — 1) Vo + 2a1a2Vay @)

The following relationship can be from Figure 7.

o dF; o Zth
tan((Pr * 7) B dT; B 1102 Vaw (8)
So the relationship between the induced velocities at the rotor is as follows.
Va = aay(a1ay — 1) Vo tan(gr + ) + ata3 Vay tan(gr + ) ©)

According to the relationship between the induced velocity and V' shown in Equation (10),
the relationship between V' and the induced velocity can be established, as shown in
Equation (11).

V-V,
Va =% (10)
tan ¢«
V' + aya;(1 — aya) Vo tan( ¢y + 7y) tan @y

V.=
al 1+ a2a3 tan(¢r + ) tan @;

(11)
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The inflow velocity of the stator is directly calculated by the velocity behind the rotor
in the axial flow state so as to design the angle of attack of the stator element to offset the
torque of the rotor. The stator converts the tangential velocity behind the rotor into an axial
velocity, and the stator itself provides another part of the thrust.

3.2. Minimum Energy Loss

Assuming that the circulation of the rotor element produces a disturbance of AI,
which causes the rotor thrust and rotor torque to change AT, and AQy, respectively. The
ratio of the useful work done by the rotor to the absorbed energy is k, as shown in Equation (12).

o _ VoAT;
T 0AQ

(12)

Without considering the drag effect, the changes of the rotor thrust and torque are

as follows.
ATy = pAT(Qr — Vyp)dr (13)

AQr = pArr<V0 + Val)rdr (14)

Then Equation (15) can be obtained from Equations (12)—(14) and the geometric
relationship shown in Figure 7.

Vo (Qr —Vy) Vo

= —_— = 1
Qr (Vo + Var) Vo+ V! (15)

The minimum energy loss requires that the radial distribution of the k of the rotor is
constant [3], so the radial distribution of the V' of the rotor is also constant. Therefore, the
state of each element of the blade can be obtained by solving the k that meets the thrust
demand, and then the design of the rotor and stator can be carried out.

3.3. Fast Design Method of the Rotor and Stator

The fast design method of the rotor and stator of the ducted fan aims to design the
blade of the ducted fan that meets the thrust demand. Before the design, the design state
and the design thrust should be defined, and the initial 21 and a, should be given according
to the duct shape. By selecting an appropriate airfoil, the design angle of attack of the rotor
element a; and the corresponding lift coefficient C; and drag coefficient C; should be given,
and the aerodynamic curves C;(as) and C;(as) of the stator element should be given. The
basic design steps of the fast design method of the rotor and stator of the ducted fan are
as follows.

1.  The rotor and stator are divided into N blade element sections, respectively;
2. Rotor design;

For the known V’, the inflow angle of the rotor element is obtained by Equation (16).

Vo+V/
Qr

) (16)

¢r = arctan(

Then the corresponding induced velocity is obtained through Equations (10) and (11)
so as to obtain the total velocity and circulation of the rotor element.

We =/ (Or — Va)? + (Vo + Var )’ (17)
4mr
I = N, Va (18)
The chord length of the rotor element is obtained by Equation (19).
b= oot (19)

~ WG
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The thrust and torque of the rotor element are as follows:
1 5 .
dT; = EpWr br(C; cos @r — Cy sin ¢y )dr (20)
1
dQr = EpWrzbr(Cl sin ¢y + C; cos ¢y )rdr (21)
Then the total thrust of the ducted fan is obtained by Equation (22).
T= £ N W,2b,(C; cos @ — Cy sin ¢, )dr (22)
R, 2a1azp r Or(Ly Pr d Pr

The Newton iteration method is used to solve the V/ meeting the design thrust to ob-
tain the state of each rotor element. Then, the chord length of each rotor element is obtained
from Equation (19), and the corresponding torsion angle is obtained by Equation (23).

0r = @r + ar (23)

3.  Stator design.

After the rotor design, the inflow angle and total velocity of the stator element are
determined by Equations (24) and (25), according to the induced velocity of the rotor.

tan g5 = Yot Var (24)
Vi
We = \/ Va2 + (Vo + Var)? (25)

For the known torque of the rotor element dQ, inflow angle of the stator element ¢;
and chord length of the stator bs, the appropriate angle of attack of the stator element as is
solved according to the aerodynamic curves C;(as) and Cy(as), so that the torque of the stator
element dQs is the same size and opposite direction as the dQ;, at the corresponding position.

The thrust and torque of the stator element are as follows.

dT, = %pwszbs(cl cos ¢s — Cysin ¢s)dr (26)

1
dQs = EpWSZbS(Cl sin ¢s + C4 cos @s)rdr (27)
The torsion angle of the stator element is obtained by Equation (28).
Os = @s + as (28)

4. Blade Design and Verification of the 150 Ducted Fan
4.1. Design Conditions

The blade of the 150 ducted fan shown in Figure 1 was designed. The design height
is H = 0 km, the free stream velocity is Vj = 0 m/s, the rotating speed of the rotor is
) = 11000 r/min, and the design thrust is T = 37 N. The blade number of rotor and stator
remains unchanged, and the chord length of stator is bs = 57 mm. The initial values of the
blade thrust ratio and rotor thrust ratio are a; = 0.450 and a, = 0.900.

The airfoils adopted in the design are shown in Figure 8. The airfoils adopt a NACA
meanline of a = 0.8 and the thickness decreases linearly from the root to the tip of the
blade. The design state of the rotor element is a; = 2°, C;= 0.600, and C;= 0.020. The
aerodynamic curves of the stator in the design are shown in Figure 9.
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Figure 8. Schematic diagram of the blade airfoil.
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Figure 9. Aerodynamic curves of the stator.

4.2. Design Results

The chord length and torsion angle of the designed blade are shown in Figure 10. Since

the unsteady CFD method based on the sliding mesh takes a long time, the MRF method
was used to calculate the performance of the ducted fan. The comparison between the
design results and CFD results is shown in Table 3. It can be seen that the total thrust does
not meet the design requirement, the difference between the design and CFD calculation is
11.362%, and the calculated stator torque cannot completely offset the rotor torque, there
is a difference of 8.141%. This shows that there are certain shortcomings in the fast blade
design method. The possible reasons are that the blade thrust ratio, rotor thrust ratio, and
aerodynamic force of the blade given in the design are different from the real situation, and
the calculation of the induced velocity in the design is not accurate.
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Figure 10. Design results of the chord length and torsion angle of the blade: (a) Rotor, (b) stator.
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Table 3. Performance comparison of the 150 ducted fan.
Type T: (N) Qr (N-m) Ts (N) Qs (N-m) T (N)
Design 14.987 0.799 1.765 0.799 37.000
MRF 13.283 0.737 1.543 0.677 32.796

5. Efficient Blade Design Method Coupled with the CFD Modification
5.1. Modified Blade Design Method

In order to improve the design accuracy, the fast blade design method of the ducted
fan was improved. The specific steps of the modified blade design method are the same as
Section 3.3, except that the following modification processing is added in the design process.

1. Modification of the thrust ratio;

The blade thrust ratio and rotor thrust ratio are updated based on the CFD results to
improve the design accuracy, which is given before the design.

2. Modification of the inflow angle of the blade;

After calculating the chord length of the rotor and before calculating the aerodynamic
force of the rotor, V' is modified by Equation (29), and the modified inflow angle of the
rotor element is calculated. Then, the remaining steps of the rotor design are carried out.

vi=Vv". Vi (29)

The velocity at the stator in the duct is not exactly the same as the velocity at the rotor,
resulting in the difference in the inflow angle and total velocity of the stator element. There-
fore, before designing the stator, the tangential velocity is corrected through Equation (30),
and the modified inflow angle and total velocity of the stator element are calculated. Then,
the remaining steps of the stator design are carried out.

Vit = Viu - Vi (30)

3.  Modification of the aerodynamic force of the blade.

The given design angle of attack of the rotor element and the corresponding lift and
drag coefficient cannot be guaranteed to be the same as the real value. The deviation of the
two is reflected in the mismatch between the angle of attack and lift coefficient when the
drag is ignored. Therefore, the aerodynamic force of the rotor is corrected by modifying ar,
which is given before the design.

The inaccuracy of the aerodynamic force of the stator is also reflected in the mismatch
between the angle of attack and lift coefficient. Since the aerodynamic curves are given
in the stator design, the aerodynamic force of the stator is corrected by modifying the lift
curve slope through Equation (31). The modification factor Iy, is given before the design.

Cl(“S) = CI(O‘S) Iz (31)

5.2. Solution of the Modification Factor
The specific steps for the solution of the modification factor are as follows.

1.  The performance of the designed ducted fan is calculated by the CFD method to
update a1 and a, through Equations (1)—(3);

2. The iterative initial value of V4, is given. Taking the total thrust Tcpp calculated by
CFD as the design objective, the modified fast blade design method is used to design
the rotor, and the modified rotor thrust T;«, and torque Q. are obtained;

3. Ignoring the drag, the following relationship can be obtained by Equations (20) and (21).

Qr

T. = rtan ¢, (32)
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The thrust and torque of the rotor reflect the information of the inflow angle of the

rotor. According to Step 2, Vy,; is solved iteratively until the obtained Qr.x,/ Trxz is the
same as the Q;.crp/ Tr-crp calculated by the CFD method, and then the modified inflow
angle of the rotor is obtained;

4.

For the known torsion angle of the designed rotor and the modified inflow angle, the
angle of attack of the rotor blade element «,; is deduced from Equation (23), and the
mean value is calculated by Equation (33) to obtain the modified value of the angle of
attack of the rotor blade element:

1 N
ny = Ni; Ky (33)

The iterative initial value of Vi, is given. After the rotor is modified, the stator
tangential velocity is corrected through Equation (30), and the modified inflow angle
and total velocity of the stator element are obtained. The angle of attack of the stator
element a; is deduced from Equation (28), and the aerodynamic force of the stator
element is obtained according to the known aerodynamic curves so as to obtain the
modified stator thrust Ts.x, and torque Qg.xz;
According to Step 5, the Vj,» that meets the Qg.cpp/ Ts.crp calculated by the CFD
method is iteratively solved;
Finally, the modification factor of the lift curve slope of the stator is obtained through
Equation (34).

Ixz = Ixz Qs—CFD/Qs—xz (34)

5.3. Efficient Blade Design Method

N

The steps of the efficient blade design method for the ducted fan are as follows.

The initial values of Vy,1, Vxz and Iy, are given (the default values are 1), and the
initial blade geometry is obtained by the modified blade design method;

The thrust and torque of the rotor and stator are obtained through the CFD calculation;
According to the CFD results, 41 and a; are updated, and Vy,1, ar, Viz2, and Iy, are
inversely solved;

The rotor and stator are redesigned with these updated modification factors by the
modified blade design method;

Steps 2—4 are repeated until the design thrust is met.

The design process is shown in Figure 11.

CFD analysis

Inverse solution

Modification parameters

Modified design

Meet the
requirements

Yes

Figure 11. Design process of the efficient blade design method.
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5.4. Verification of the Design Method
The above blade design method coupled with the CFD modification was used to

modify the blade design of the 150 ducted fan. The results are shown in Table 4.

Table 4. Performance comparison of the 150 ducted fan before and after the modification.

Process Type T: (N) Q: (N-m) Ts (N) Qs (Nm) T (N)
Initial design Design 14.987 0.799 1.765 0.799 37.000
MRE 13.283 0.737 1.543 0.677 32.796

o Design 14.983 0.904 2.063 0.904 37.000
Modification 1 MRF 14.658 0.869 1.939 0.829 36.761
- Design 14.736 0.876 1.899 0.876 37.000
Modification 2 MRF 14.647 0.864 1.934 0.859 36.549
o Design 14.801 0.879 1.964 0.879 37.000
Modification 3 MRE 14.687 0.873 1.960 0.873 36.910

With the continuous iteration of the modified design, the design tends to converge, and

the gap between the design results and CFD results is gradually narrowed. After modifying
the deign two times, the gap has been narrowed to less than 2%. After modifying the design
three times, the thrust basically meets the design requirements, and the rotor torque and
stator torque are basically offset. The final modification factors are a;= 0.453, a,= 0.883,
Viz1= 1.080, ay= 1.680, Vizo= 0.991, and I,,= 0.784. The results of the chord length and
torsion angle of the blade in the final design are shown in Figure 12.
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Figure 12. Comparison of the chord length and torsion angle of the blade before and after the
modification: (a) Rotor, (b) stator.

6. Blade Design of the 150 Ducted Fan in the Incoming Flow State
6.1. Design Conditions

In order to verify the feasibility of the design method in the incoming flow state,
the rotor and stator of the 150 ducted fan under the state of Vj = 30 m/s were designed.
The design thrust is changed to T = 15.5 N, and the rest of the design conditions remain
unchanged. The initial values of the blade thrust ratio and rotor thrust ratio are 2; = 0.800
and a, = 0.900.

6.2. Design Results

After modifying the design three times, the design results and CFD results are shown
in Table 5. They are basically consistent and meet the design requirements at the same time,
which verifies the feasibility of the design method under the condition of the incoming
flow. The blade information of the ducted fan is shown in Figure 13.
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Table 5. Performance comparison of the 150 ducted fan in the incoming flow state.

Type T: (N) Qr (N-m) Ts (N) Qs (N-m) T (N)
Design 11.652 0.744 0.819 0.744 15.500
MRF 11.596 0.739 0.823 0.741 15.273
0.07 80 01 140
[ b b
] e 17 e 8 120
| 1 008
005} 1% 100
[104; 1 _ 006f _ _ . - - —:ao_.
“oosf @ '“004_ g0 @
EED
o0z}
oo 10 <20
0 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0

(a) (b)

Figure 13. Design results of the chord length and torsion angle of the blade in the incoming flow
state: (a) Rotor, (b) stator.

7. Blade Design of the 400 Ducted Fan
7.1. Design Conditions

In order to further verify the feasibility of the design method, the blade of a ducted fan
named “400 ducted fan” for a VTOL aircraft was designed. The profile of the duct is shown
in Figure 14, with a flat design to reduce the drag during cruise flight. The ducted fan has
a length of L = 100 mm, an inlet length of Lj;, = 20 mm, a hub radius of R, = 50 mm, an
inner radius of R = 200 mm, and a maximum radius of Rmax = 320 mm. The rotor has a
blade number of N; = 12 and a blade tip clearance of 2 mm. The stator has a blade number
of Ny = 8 and a chord length of bs = 40 mm. The stator is arranged in the straight section
of the hub, and the length of the stator section is 45 mm.

'y y \\\

\\ : Rh ,_-/‘}

!
| R [
i R

max

Figure 14. Schematic diagram of the duct profile of the 400 ducted fan.

The design height is H = 0 km, the free stream velocity is V) = 0 m/s, the rotating
speed of the rotor is () = 6000 r/min, and the design thrust is T = 200 N. The initial values
of the blade thrust ratio and rotor thrust ratio are a; = 0.500 and a, = 0.980. The airfoil
shown in Figure 8 is also adopted, the design state of the rotor element remains unchanged,
and the aerodynamic curves of the stator are shown in Figure 15.
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Figure 15. Aerodynamic curves of the stator of the 400 ducted fan.

7.2. Design Results

The performance comparison between the design and calculation of the ducted fan
after two design modifications is shown in Table 6. The blade information of the 400 ducted

fan is shown in Figure 16.

Table 6. Performance comparison of the 400 ducted fan.

Type T, (N) Qr N-m) Ts (N) Qs (N'm) T (N)
Design 112.403 8.243 3.299 8.243 200.000
MRF 113.314 8.350 2.967 8.465 201.195
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Figure 16. Results of the chord length and torsion angle of the blade of the 400 ducted fan: (a) Rotor,
(b) stator.

7.3. Experiment and Analysis

The designed ducted fan was tested to verify the design accuracy. The experimental
site is shown in Figure 17, and the connection mode between the ducted fan and each
instrument is shown in Figure 18.
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¥
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e ——

Figure 17. Test picture of the 400 ducted fan.
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Figure 18. Connection mode of the 400 ducted fan.

The measured and calculated performance of the ducted fan at different rotating
speeds is shown in Figure 19. The total thrust of the ducted fan is in good agreement
with the design results, but the measured total torque is not close to 0, indicating that the
solution accuracy of the MRF method adopted in the design is insufficient. The unsteady
CFD method based on the sliding mesh was used to recalculate the performance of the
400 ducted fan. The aerodynamic force in a rotation period was averaged to obtain the
time-averaged results after the calculation was stable. The results show that although
the calculated total thrust of the ducted fan is larger, the calculation accuracy of the total
torque is obviously better than that of the MRF method and is in better agreement with the
experimental results.
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Figure 19. Comparison between the experimental results and CFD results of the 400 ducted fan:
(a) Total thrust, (b) total torque.

7.4. Blade Redesign

The blade of the 400 ducted fan was redesigned by the unsteady CFD method instead
of the MRF method. Due to the large torque gap between the rotor and stator, the blade
number of the stator is increased to 12 to avoid the flow separation caused by the too large
angle of attack of the stator element.

After two design modifications, the design results are basically consistent with the
unsteady CFD results, as shown in Table 7. The redesigned chord length and torsion angle
of the blade are shown in Figure 20. Since the thrust of the unsteady CFD calculation is
greater than that of the MRF calculation, the redesigned chord length and torque angle of
the rotor are reduced. The torsion angle of the stator decreases with the increase of the
blade number.

Table 7. Performance comparison of the redesigned 400 ducted fan.

Type T, (N) Qr (N-m) Ts (N) Qs (N-m) T (N)

Design 108.499 7.957 4.881 7.957 200.000
MRF 108.348 7.955 4.876 7.898 199.315
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Figure 20. Comparison of the chord length and torsion angle of the blade of the 400 ducted fan:
(a) Rotor, (b) stator.

8. Conclusions

In this paper, a fast blade design method for the ducted fan was established based on
the blade element momentum theory, and an integrated and efficient design method for
the rotor and stator of the ducted fan was proposed by modifying the fast blade design
method through the CFD calculation. The feasibility of the design method was verified by
designing the blade of different duct fans. The conclusions are as follows.

1.  Because the accurate aerodynamic force and thrust ratio of the blade cannot be given
before design, the design accuracy of the fast blade design method of the ducted fan
based on the blade element momentum theory is insufficient;

2. Through the CFD results, the inflow angle and aerodynamic force of the rotor and
stator are modified, and the blade thrust ratio and rotor thrust ratio required for the
design are updated. The repeated iterations of “CFD calculation-modified design”
can make the design results gradually converge to the CFD results so as to improve
the design accuracy. Therefore, ensuring the calculation accuracy of the CFD method
can ensure the design accuracy of the efficient blade design method. Other methods
with higher accuracy can also be used to obtain the aerodynamic force of the ducted
fan instead of the CFD method, such as the test method, which is also suitable for the
efficient blade design method proposed in this paper;

3. Theblade design of the different design conditions and different duct shapes shows
that the efficient blade design method can meet the design thrust with only a small
amount of “CFD calculation-modified design”. Due to the existence of the modified
design, the design does not require high initial accuracy of the modification factor,
so the efficient blade design method proposed in this paper has good robustness
and adaptability.
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