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Abstract

Ducted propellers possess characteristics such as high aerodynamic efficiency,
compact structural design, low noise level, and high safety. With the develop-
ment of electric aircraft, the potential for duct propeller application has be-
come increasingly prominent. In order to further enhance the aerodynamic
efficiency of ducted propellers, this study, based on the Navier-Stokes equa-
tions, employs the Computational Fluid Dynamics (CFD) method to conduct
an in-depth analysis of the aerodynamic characteristics of ducted propellers in
the axial flow state and explore their flow characteristics. Firstly, a numerical
simulation method suitable for solving ducted propellers is established, and
case verification is carried out to ensure the accuracy of the method. Based on
this method, the influence laws of different geometric parameters on the aer-
odynamic efficiency of ducted propellers are analyzed. Based on the simula-
tion results in the axial flow state, a set of parameter combinations with rela-
tively high thrust was selected, and its tilted flight state.
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1. Introduction

A ducted propeller is a kind of power device that embeds a propeller inside a cir-
cular duct. Due to its excellent aerodynamic efficiency, compact structural design,
low noise level, and high safety, it has been widely applied in aerospace and marine
equipment such as unmanned aerial vehicles (UAVs), helicopters, and subma-
rines. The presence of the duct effectively suppresses the generation of propeller
tip vortices, thereby reducing energy loss. Meanwhile, it generates additional
thrust at the lip part, further enhancing the aerodynamic efficiency. In addition,

the protective function of the duct reduces the risk of the propeller blades being

DOI: 10.4236/0japps.2025.153045 Mar. 21, 2025 700 Open Journal of Applied Sciences


https://www.scirp.org/journal/ojapps
https://doi.org/10.4236/ojapps.2025.153045
http://www.scirp.org
https://www.scirp.org/
https://doi.org/10.4236/ojapps.2025.153045
http://creativecommons.org/licenses/by/4.0/

Z.Q.lietal.

damaged in complex environments, enhancing the safety in use [1]. The shielding
effect of the ducted structure also helps to reduce the noise level, improving the
concealment of the weaponry on the battlefield [2]. However, the complex flow
interference between the inner surface of the duct and the propeller tips makes
the flow characteristics of the ducted propeller system rather complicated, which
significantly affects the aerodynamic efficiency of the ducted propeller [3]. There-
fore, an in-depth study of the impact of the geometric parameters of ducted pro-
pellers on aerodynamic efficiency is of great significance for expanding their ap-
plications in the aerospace field.

A large number of studies both at home and abroad have been carried out based
on the Computational Fluid Dynamics (CFD) method regarding the influence of
different geometric parameters of ducted propellers on aerodynamic efficiency.
Bento studied the aerodynamic characteristics of ducts with different shapes and
concluded that the efficiency of circular ducts is higher than that of square ducts
[4]. WANG Lei investigated the influence of the bulge at the duct lip on the per-
formance of ducted propellers through numerical simulation and experimental
measurement. The results showed that an appropriate bulge can effectively im-
prove the flow distortion at the lip [5]. Han K simulated different duct diameter-
chord ratios and lip deflection angles and analyzed their flow mechanisms [6].
XIE Y.F. studied the fillet radius and expansion angle of the duct through numer-
ical simulation and obtained the conclusion that an overly small fillet radius will
reduce the duct efficiency [7]. Zou R.H. simulated and studied multiple structural
parameters of ducted propellers and analyzed the changes in their lift characteris-
tics [8]. Hu Rui studied different geometric parameters of ducted fans in the hov-
ering state and obtained the influence laws of parameters such as the tip clearance
on the fluid flow characteristics inside the duct [9]. Hu Yu studied the influence
of the shape of the duct groove on the hovering efficiency of ducted propellers
[10]. Li X.H. simulated and analyzed the influence of multiple geometric param-
eters such as the tip clearance on the flow characteristics of ducted propellers [11].

Most of the above mentioned studies on ducted propellers focus on the influ-
ence of geometric factors on flow characteristics, and there is relatively little re-
search content on improving the thrust of ducted propellers. However, in this pa-
per, by analyzing ducted propellers with different parameters, a ducted propeller
with relatively high thrust is designed, and the variation law of its thrust in the

tilting state is obtained.

2. Simulation Method and Verification
2.1. Numerical Simulation Method

This paper conducts a simulation analysis based on the Multiple Reference Frame
(MRF) method. The core of the MRF method is to divide the entire computational
domain of the flow field into a rotating domain that contains the propeller blades
of the ducted propeller and a stationary domain that contains the duct, as shown

in Figure 1. The shape of the rotating domain is a cylinder, and its radius is slightly
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larger than that of the propeller blades. Inside the rotating domain, the propeller
blades are stationary relative to the spatial coordinate system. By assigning a rota-
tional angular velocity to the rotating domain, Think of a resting blade as a mo-
ment under unsteady computational conditions [6]. The shape of the stationary
domain is also a cylinder. The distances from the inlet and outlet of the flow field
to the propeller disk are approximately 8D and 10D respectively, and the distance
from the side surface to the boundary of the propeller disk is 5D (where D is the
diameter of the propeller).

jnlet Rotating
' domain

L

=h\

blade

outlet

1 O O R

Figure 1. Computational domain partitioning.

When conducting CFD (Computational Fluid Dynamics) simulations, the
choice of turbulence model is of great significance. In this paper, the SST-kw tur-
bulence model is adopted. This model is a new shear stress turbulence model es-
tablished based on the standard k-w model proposed by Menter [12], integrating
the characteristics of the k-e model. In the boundary layer close to the wall surface,
the SST-kw model employs the k-w model [13], while in the far-field flow region
away from the wall surface, it uses the k-¢ model. Therefore, the SST-kw model
overcomes the drawback of the k-w model’s sensitivity to the incoming flow, com-
bines the advantages of the two turbulence models, and improves the accuracy of
the calculation results [14] [15].

2.2. Verification of the Calculation Example

To verify the accuracy of the calculation method, a ducted propeller model was
established based on the parameters in the NACA wind tunnel test report. The
geometric shape of the ducted propeller is shown in Figure 2, and the specific
geometric parameters of the duct and the propeller blades can be found in [16].
Boundary conditions were established according to the experimental condi-
tions in [16]. The calculation results were compared with the experimental values,

and the comparison results are shown in Table 1. The relative errors are all less
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than 5%, which is within the acceptable range. This indicates that the calculation

method used in this paper has high accuracy.

Figure 2. The shape of the ducted propeller.

Table 1. Comparison results between CFD simulation and experimental values.

Parameter value Simulation value  Experimental value relative error
Blade thrust/N 62.26 63.97 2.74%
Duct thrust/N 24.61 25.59 3.98%
Total thrust/N 86.87 89.56 3.01%
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Figure 3. Verification of mesh independence.

2.3. Verification of Grid Independence

To investigate the influence of the number of flow-field grids on the calculation

results, based on the geometric model and experimental conditions in [16], the
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total thrust of the ducted propeller under axial-flow conditions was calculated. A
total of six grid densities (0.99 million, 2.02 million, 3.13 million, 3.77 million, 5.3
million, and 7.25 million) were selected for verification. The same calculation
method and boundary-condition settings were applied to the calculation models
with different grid densities. The curve of the grid number versus the total thrust
of the ducted propeller is shown in Figure 3. When the number of grids is above
3.77 million, the calculation results basically do not change with the increase of
the grid number. Therefore, the grid setting with 5.3 million grids was selected for

the subsequent calculations.

3. Analysis of the Impact of Geometric Parameters on Ducted
Propellers

The aerodynamic characteristics of ducted propellers are significantly influenced
by their geometric parameters. Among these, the gap between the propeller tip
and the inner wall of the duct, the axial position of the propeller disc within the
duct, the angle of the duct’s rear section, and the size of the duct’s lip radius are
particularly important factors affecting the aerodynamic efficiency of ducted pro-
pellers. Therefore, this section focuses on simulation analysis of these main pa-
rameters of ducted propellers. The geometric model is based on the model in the
previous chapter. The simulation conditions are set as follows: the incoming flow
velocity is 30.48 m/s in the axial direction of the duct, and the propeller speed is
8000 rpm.

3.1. Influence of the Blade-Duct Gap on the Thrust of Ducted
Propellers

The simulation model in this paper is based on the NACA ducted propeller model
from the previous chapter, with different ducted propellers formed by changing
geometric parameters. This section conducts numerical simulations of the flow
field for different blade tip-to-duct inner wall gaps. Based on the propeller disc
diameter (D) (381 mm), the blade tip gaps are set at 0.1% D, 0.2%D, 0.5%D, 1.0%
D, 2.0%D, and 3.0%D. The variation in thrust of ducted propellers with different
blade tip gaps is shown in Figure 4. As the blade tip gap increases from 0.1%D to
3.0%D the total thrust of the ducted propeller first increases and then gradually
decreases. When the blade tip gap increases from 0.1%Dto 0.2%D, the thrust gen-
erated by the duct remains almost unchanged, while the blade thrust increases by
2.87%, at which point the total thrust of the ducted propeller reaches its maximum
value. As the blade tip gap gradually increases from 0.2%D to 3.0%D, the duct
thrust decreases by 57.66%, the blade thrust first decreases and then increases be-
fore stabilizing, and the total thrust of the ducted propeller decreases by a total of
10.48%.

Figure 5 show the velocity distribution on the X = 0 cross-section of the flow
field under different blade tip gaps. It can be seen from this figure that as the blade

tip gap increases, the air velocity inside the duct gradually decreases.
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Figure 4. Variation in thrust of ducted propellers with different blade tip gaps.

0.1%D 0.2%D

0.5%D 1.0%D 2.0%D 3.0%D

Figure 5. The velocity distribution of the cross-section with different blade tip gaps.

Figure 6(a) shows the variation of surface pressure on the duct with different
blade tip gaps. It can be seen from the figure that the negative pressure area and
peak value at the front lip of the duct decrease with the increase of the blade tip
gap, which leads to a reduction in duct thrust. Figure 6(b) shows the pressure
changes along the span of the propeller blade and Figure 6(c) shows the pressure
changes of the cross-section at a relative radius of 0.95R. When the blade tip gap
increases from 0.1%D to 0.2%D, the blade tip vortex does not change significantly,
while the air velocity inside the duct decreases, resulting in an increase in blade
thrust. When the blade tip gap increases from 0.2%D to 0.5%D, the increased
blade tip gap weakens the duct’s ability to suppress the blade tip vortex, leading to
a decrease in blade tip thrust and a reduction in overall blade thrust. When the
blade tip gap continues to increase from 0.5%D, the blade tip vortex still affects
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the pressure distribution at the blade tip, but the effect is weakened. Due to the

decrease in axial velocity inside the duct, the local angle of attack of the blade

increases, resulting in an increase in blade thrust. When the blade tip gap is greater

than 2.0%D, the intensity of the blade tip vortex no longer changes significantly,

and the axial velocity near the propeller disc remains almost constant, so the blade

thrust begins to stabilize.
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Figure 6. Pressure variations on the surfaces of the duct and blades under different blade tip gaps.

Figure 7 shows the changes of tip vortices under different clearances. It can be

seen from the figure that as the clearance increases, the tip vortices gradually

strengthen, and the energy leaked from the blade tip thus increases.

Q&

0.1%D 0.2%D 0.5%D
1.0%D 2.0%D 3.0%D

Figure 7. Changes of tip vortices with different clearances.

3.2. Influence of the Angle of the Rear Section of the Ducted Fan on
the Thrust of the Ducted Propeller

Numerical simulations were carried out for the two states of contraction and ex-

pansion of the rear section of the ducted fan by changing the angle of the rear
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section of the ducted fan. The angle variation range is from —10° to +15° (negative
indicates contraction and positive indicates expansion), with a variation unit of
every 5°. Figure 8 shows the variation trends of the thrust of the propeller blades
and the ducted fan. When the angle of the rear section of the ducted fan is 0°, the
ducted fan still generates thrust. When the rear section of the ducted fan contracts,
the ducted fan generates resistance, and the resistance increases as the contraction
angle increases. When the rear section of the ducted fan expands, the thrust gen-
erated by the ducted fan gradually increases, reaching the maximum value at
around 10° of expansion, and then gradually decreases. On the other hand, the
thrust of the propeller blades increases as the contraction angle of the rear section
increases and decreases as the expansion angle increases. For the total thrust of
the ducted propeller, the thrust is the smallest when the rear section contracts by

10°, and the thrust is the largest when it expands outward by around 5°.

100 -+ .

—=a— Proprller thrust
—e— Ducted fan thrust |
—— Total thrust

T T T T T T
-10 =5 0 5 10 15
The angle of the rear section (degree)

Figure 8. Variation in thrust of ducted propellers with different angles.

-10° -5° 0°

Figure 9. The velocity distribution of the cross-section with different angles.

Figure 9 shows the velocity distribution of the cross-section at X = 0 cross-
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section of the flow field under different angles of the rear section. It can be seen

from the figures that when the rear section of the ducted fan contracts, the larger

the contraction angle is, the lower the airflow velocity will be. When the rear section

expands, the larger the expansion angle is, the higher the airflow velocity will be.
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Figure 10. Pressure variations on the surfaces of the duct and blades under different angles.
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Figure 11. Changes of tip vortices with different angle.

Figure 10(a) shows the pressure changes on the surface of the ducted fan with

different angles of the rear section. Figure 10(b) shows the pressure changes along

the span of the propeller blade and Figure 10(c) shows the pressure changes of

the cross-section at a relative radius of 0.95R. As can be seen from Figure 9, when

the rear section of the ducted fan contracts, the area of the negative pressure zone

in the front section of the ducted fan is very small, and the surface of the rear

section is under positive pressure. Therefore, the ducted fan generates resistance.

When the rear section expands, the negative pressure zone increases with the in-

crease of the expansion angle. When the expansion angle of the rear section is 15°,

a relatively large negative pressure zone is generated in the rear section, so the
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thrust of the ducted fan decreases again. As the contraction angle of the rear sec-
tion of the ducted fan increases, the induced velocity inside the ducted fan de-
creases, the local angle of attack of the propeller blades increases, and the pressure
difference between the upper and lower surfaces of the propeller blades increases.
Therefore, the thrust of the propeller blades increases. When the rear section of
the ducted fan expands, with the increase of the expansion angle, the induced ve-
locity inside the ducted fan continuously increases, the local angle of attack of the
propeller blades decreases, and the pressure difference between the upper and
lower surfaces of the propeller blades decreases. Therefore, the thrust of the pro-
peller blades decreases.

Figure 11 shows the situation of tip vortices at different angles. It can be seen
from the figure that with the change of the angle, the tip vortices change insignif-
icantly. Therefore, the change of the blade thrust is mainly caused by the change
of the local angle of attack of the blade.

3.3. Influence of the Position of the Propeller Disk

Through numerical simulations of different positions of the propeller disk in the
axial flow state, the variation trends of the thrust of the ducted fan and the pro-
peller blades are obtained, as shown in Figure 12. The propeller disk starts from
a position 0.1 L away from the foremost end of the ducted fan (where L is the
length of the ducted fan), moves towards the outlet direction, moves 0.1 L unit
each time, and ends at the position of 0.6 L of the length of the ducted fan. When
the propeller disk is 0.1 L away from the foremost end of the ducted fan, the thrust
generated by the ducted fan is relatively small. As the propeller disk moves back-
ward, the thrust of the ducted fan rises rapidly. When it is at the position of 0.5L,
the thrust of the ducted fan reaches the maximum value. Compared with that at
the position of 0.1 L, the thrust of the ducted fan increases by 265.29%. After ex-
ceeding 0.5 L, the thrust of the ducted fan decreases again. The thrust at the posi-
tion of 0.6 L is 31.51% lower than that at the position of 0.5 L. During this process,
the thrust of the propeller blades first decreases and then increases slightly, and
the total thrust of the ducted propeller first increases and then decreases. When
the propeller disk is at the position of 0.5 L, that is, at the junction of the middle
section and the rear section of the ducted fan, the total thrust of the ducted pro-
peller reaches the maximum value. Compared with the minimum value at the po-
sition of 0.1 L along the axis of the ducted fan, the total thrust increases by 13.80%.

Figure 13 shows the velocity distribution of the cross-section at X = 0 under
different positions of the propeller disk. When the position of the propeller disk
is in the front section of the ducted fan at 0.1 L and 0.2 L, due to the strong effect
of the tip vortex of the propeller, a stable flow field cannot be formed at the lip of
the ducted fan, and the induced velocity at the lip is relatively low. As the position
of the propeller disk moves towards the outlet, the influence of the tip vortex of
the propeller on the flow at the lip weakens, and the airflow velocity at the lip

increases and gradually stabilizes. When the position of the propeller disk enters
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the rear section of the ducted fan, due to the increase of the tip clearance of the
propeller and the weakening of the inducing effect of the propeller disk, the velocity

at the lip of the ducted fan decreases, so the thrust of the ducted fan decreases.

100 T T T T T T T T T T T
| X . ., |
T
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40 7 —a—Total thrust 7
20 N
0 T T T T T T T T T T T
0.1L 0.2L 0.3L 0.4L 0.5L 0.6L

Axial position of the propeller disc

Figure 12. Variation in thrust of ducted propellers with different positions of the propeller
disc.

0.1L 0.2L 0.3L 0.4L 0.5L 0.6L

Figure 13. The velocity distribution of the cross-section with different positions.

The pressure changes on the wall of the ducted fan at different positions of the
propeller disk are shown in Figure 14(a). It can be seen that when the propeller
disk is at the positions of 0.1 L and 0.6 L, both the area and the peak value of the
negative pressure zone are relatively small. However, when the propeller disk is in
the middle section of the ducted fan, the area of the negative pressure zone is
larger, so the thrust of the ducted fan is greater. The pressure changes on the sur-
face of the propeller blades at different positions of the propeller disk are shown
in Figure 14(b) and Figure 14(c). When the propeller disk is too close to the inlet
of the ducted fan, the effect of the tip vortex of the propeller is relatively strong,
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0.2 T T T T T

and the pressure peak value at the propeller tip decreases. Since the axial velocity
inside the ducted fan is relatively low at this time, the local angle of attack of the
cross-section of the ducted fan increases, which offsets the thrust loss at the pro-
peller tip. Therefore, the thrust of the propeller blades increases slightly. As the
position of the propeller disk moves towards the outlet direction, the effect of the
tip vortex of the propeller weakens, and the thrust at the propeller tip increases.
However, due to the increase of the axial velocity inside the ducted fan, the local
angle of attack of the cross-section of the propeller blades decreases, and the thrust
decreases to some extent. When the position of the propeller disk moves backward
to the rear section of the ducted fan, the situation is similar to that when it is close
to the lip.
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Figure 14. Pressure variations on the surfaces of the duct and blades under different positions of the propeller disc.

0.2L

0.4L 0.5L

Figure 15. Changes of tip vortices with different positions.

Figure 15 shows the changes of tip vortices at different positions. It can be seen
from the figure that when the propeller disk is close to the inlet of the duct and at
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the rear section of the duct, the tip vortices are significantly enhanced, so the duct
thrust is reduced.

Based on the above research results, a set of geometric parameter combinations
was selected, with a gap of 0.12%D, the angle of the rear section expanding out-
ward by 4°, and the position of the propeller disk at 0.48L. Through simulation
analysis, under the boundary conditions described above, its thrust is 92.9N,
which is an increase of 6.94% compared to the initial configuration.

3.4. Analysis of the Tilting Characteristics

A simulation analysis is carried out on the tilting characteristics of the ducted
propeller. The forward flight state is defined as a tilting angle of 0°, and the
hovering state is defined as a tilting angle of 90°. The analysis is conducted under
the inflow velocities ranging from 5 m/s to 30 m/s. The results are shown in the
following figure. As can be seen from Figure 16. For the ducted propeller, when
the inflow velocities are 5 m/s and 15 m/s, as the tilting angle increases, the thrust

of the propeller blades decreases, while the lift increases. The variation

—=—blade trust —=—blade trust —=—blade trust
- ®-blade lift - ®-blade lift - ®-blade lift
1207 <-4 -ducted fan trust 1207 <-4 -ducted fan trust 1907 -4 -ducted fan trust
- v-ducted fan lift —v-ducted fan lift A T —v--ducted fan lift
100 4 ,)v——-‘\_\ 1004
80+ e ety

T T T T T 1
0 20 40 60 80 100
Angle/degree

Sm/s

Eat
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0 20 40 60 80 100
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15m/s

Figure 16. The change of the pulling force in the tilted state.
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=100 4

T T T T 1
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Figure 17. The change of the flow field cross-section velocity during 45° tilting.
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trend of the ducted fan is basically the opposite. When the inflow velocity is 30
m/s, the lift of the ducted fan shows a trend of increasing first and then decreasing.
This is because the inflow velocity is too high. When hovering, the negative pres-
sure zone at the lip of the ducted fan is unstable, resulting in this situation.

Figure 17 shows the cross-section velocity changes at a tilting angle of 45°. It
can be seen that during tilting flight, the rear section of the duct has a good effect
of gathering the propeller wake. Therefore, the tilting flight performance of the
ducted propeller is better than that of the isolated propeller.

4. Conclusion

Based on the CFD method, this paper studies the influence of the geometric pa-
rameters of the ducted propeller on its aerodynamic characteristics in the axial
flow state, and analyzes the variation of the thrust force in its tilting state. Accord-
ing to the research results, the propeller tip clearance has a significant influence
on the aerodynamic characteristics of the ducted propeller. When permitted by
the processing technology, the propeller tip clearance should be as small as possi-
ble. When the angle of the rear section of the duct is around 5° of outward expan-
sion, the thrust force is the largest. When the position of the propeller disk is in
the middle section, the thrust force is relatively large. During the tilting process of
the ducted propeller, the incoming flow velocity should not be too large; other-

wise, the lift force will decrease.
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