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Abstract: Shaftless ducted rotor（SDR） is a new type of ducted rotor system designed with ducted-rotor-motor
integration，which is quite different from traditional ducted rotor（DR） in aerodynamic characteristics. The sliding
mesh based on unstructured grid is used to simulate the aerodynamic characteristics of SDR and DR. Then，the effects
of five key parameters，namely，the rotor disk height，the number of blades，the spread angle of the duct，the central
hole radius and the ducted lip radius on the aerodynamic characteristics of the SDR are investigated. It is found that the
same-sized SDR produces a larger total lift than the DR in hovering，but the lift proportion of its duct is reduced. In
the forward flight，a large low-speed region is generated behind the SDR duct，and the reflux vortex in blade root
above the advancing blade has the trend for inward diffusion. The rotor disk height has similar effects on SDR and DR.
Increasing the number of blades can effectively increase the total lift of SDR，which also increases the lift proportion
of duct. Increasing the spread angle of the duct will lead to the rotor lift coefficient decrease，reducing the central hole
radius can increase the total lift，but the component lift coefficient decreases. Appropriately increasing the ducted lip
radius can increase the total lift，which begins to decrease after reaching a certain value.
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0 Introduction

The ducted rotor（DR） is a power device sur⁃
rounding the rotor with duct. Germany has been
studying the DR during the Second World War. So
far，there have been lots of researches and applica⁃
tions for DR［1-9］. Compared with isolated rotor，the
duct can effectively suppress the formation of the ro⁃
tor blade tip vortex，which improves the effective di⁃
ameter of the rotor and the air flow through the
duct，meanwhile the flow around the leading edge
of the duct lip can generate additional lift，resulting
in better aerodynamic performance［10］.

The tip clearance has a great influence on the
aerodynamic performance of the DR. Larger tip

clearance reduces the aerodynamic performance of
the DR［11-14］ while smaller tip clearance presents
challenges to the duct processing and the safety dur⁃
ing system operation. The central body structure of
the DR occupies the inner space of the duct，which
limits the effective rotor diameter and causes inter⁃
ference to the DR flow field.

Aiming at the problems with DR，a shaftless
ducted rotor （SDR） is proposed with structure
based on the shaftless rim thruster［15-18］ in the ship
field. The SDR removes the rotor support shaft sys⁃
tem and the center body with the motor installed in⁃
side the duct. There is no gap between the rotor and
the duct，which rotates together with the rotor of
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the motor to replace the axial connection of the DR
with a radial connection. The SDR adopts the duct⁃
ed-motor-rotor integrated design to make the lift
structure more compact，thereby increasing the duct
flow area and reducing the flow resistance. The radi⁃
al connection of the SDR results in opposite chord
length distribution of the blade compared with the
DR. The blade section chord near the duct wall of
the SDR is longer， resulting in higher rotational
speed，so the SDR generates more lift compared to
the DR.

In this paper，the aerodynamic characteristics
of SDR and DR are numerically simulated using the
unstructured grid-based sliding mesh. Firstly， the
difference of aerodynamic characteristics between
SDR and DR is compared. Then，the influences of
five key parameters on the aerodynamic characteris⁃
tics of SDR are analyzed. This paper can provide ref⁃
erence for the aerodynamic optimization and struc⁃
tural design of SDR.

1 Structural Composition of SDR

Fig.1 is a structural diagram of the SDR，

which is mainly composed of motor rotor，multi-
pole stator，fixed bearing，rotating ring，duct，and
rotor. SDR’s fixed bearings are mounted on either
side of the rotating ring to ensure the axial position
of the rotating ring and to transmit the thrust gener⁃

ated by the rotor. The motor is located between two
fixed bearings. The rotating ring connects the rotor
to the motor rotor，so that the rotor and the motor
are integrated，and the radial connection is used in⁃
stead of the axial connection of the DR. During the
operation，the motor rotor drives the rotor to rotate
relative to the multi-pole stator.

2 Numerical Computation Method

2. 1 Governing equation

The three-dimensional compressible flow N-S
equation is solved numerically based on the finite
volume method. The steady state control equation is

∂ ( ρθ )
∂t + div ( ρSθ )= div (Γgradθ )+Q (1)

where
S= um+ vn+ wl （2）

divS=∇S= ∂u
∂z +

∂( rv )
r∂r + ∂w

r∂φ (3)

Therefore，Eq.（1）can be expanded to
∂ ( ρθ )
∂t + ∂

∂z ( ρuθ ) +
∂
r∂φ ( ρwθ )+

∂
r∂r ( rpvθ )=

∂
∂z ( )Γ

∂θ
∂z +

∂
r∂r ( )Γ

r
∂θ
∂φ + ∂

r∂r ( )Γr
∂θ
∂r + Q

（4）

where S is the velocity vector，and θ the eneral vari⁃
able. u，v，w are the axial velocity，the radial veloci⁃
ty and the circumferential velocity in the three-di⁃
mensional cylindrical coordinates. Γ is the general⁃
ized diffusion coefficient， and Q the gas phase
source term. ρ is determined by the complete gas
state equation. The k⁃ε RNG turbulence model is
used in this paper.

2. 2 Model and mesh generation

The specific parameters of the SDR benchmark
model in this paper are shown in Table 1. The mod⁃
el is divided into two parts：Static domain and rotat⁃
ing domain. The duct and outer field lie in the static
domain，and the rotor and rotating ring is the rotat⁃
ing domain. The flux transfer between the two inter⁃
faces is performed by sliding mesh technology. AsFig.1 Schema of SDR
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shown in Fig. 2，the unstructured mesh of the duct
and the rotor，in which the duct is simplified，the
structure of the stator and the rotor of the rotor in
the DR channel is neglected with the rotor and the
rotating ring integrated.

3 Verification of Calculation Method

The TsAGI ducted tail rotor in Ref.［19］is ver⁃
ified by examples. Its specific parameters are shown
in Ref.［19］. Figs. 3，4 show the comparisons be⁃
tween the calculated axial and circumferential veloci⁃
ty calculations and the experimental values［19］ at the
rotor disk. It can be seen that the calculated values
of the induced velocity in the two directions are not
much different from the experimental values while

sharing similar trends. The numerical calculation re⁃
sult of the rotor disk lift is 85.8 N，which is close to
the test value of 90 N in Ref.［19］. The analysis
above shows that the numerical calculation method
in this paper is reliable and suitable for the later nu⁃
merical calculation.

4 Results and Analysis

4. 1 Differences in aerodynamic characteristics

between SDR and DR

The benchmark model data in Table 1 is used
for the calculation of SDR and DR. The duct airfoil
is NACA4415 and the DR hub radius is 30 mm.
Fig.5 shows the lift coefficient of each component in
two configurations as a function of rotor speed. It
can be seen that with the increase of rotor speed，
the lift coefficient of each component in the two con⁃
figurations generally increases and the total lift coef⁃
ficient of SDR is higher than that of DR. At a rotor
speed of 2 000 r/min，the total lift coefficient of

Table 1 Parameters of shaftless ducted rotor

Parameter
Rotor radius/mm

Solidity
Rotor airfoil
Duct airfoil

Number of blade
Blade negative twist/(°)
Spread angle of the duct/(°)

Duct radius/mm
Height of rotor disk/mm
Central hole radius/mm
Duct height/mm

Magnitude
155
0.079

NACA2412
NACA0018

3
-27
10
168
100
30
150

Fig.2 Mesh of shaftless ducted rotor

Fig.3 Comparison between calculated and experimental val⁃
ues of axial induced velocity at rotor disk

Fig.4 Comparison between calculated and experimental val⁃
ues of circumferential induced velocity at rotor disk
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SDR is 1.18 times of DR，which increases to 1.28
at a rotor speed of 12 000 r/min. The lift coefficient
of SDR duct is smaller than that of DR. At the same
time，it can be seen from Fig.6 that the ratio of duct
lift to the total lift for DR is much higher than that of
the SDR. When the rotor speed is 2 000 r/min，the
ratio of duct lift to the total lift for DR is 1.87 times
that of the SDR，which is decreased to 1.66 times
as the rotor speed increases to 12 000 r/min，indi⁃
cating that the ratio of the two configurations de⁃
creases with the increase of the rotor speed.

Fig. 7 shows the velocity flow diagram of two
configurations. It can be seen that due to the pres⁃
ence of the tip clearance，the tip vortex appears at
the blade tip which causes flow blockage［11］. At the
same time，due to the hub blockage，turbulence oc⁃
curs under the hub. The blade tip vortex and the cen⁃
tral turbulence resulting from the hub blockage
show a significant improvement on the rotor flow
field. However， the tip vortex caused by the tip
clearance and the central turbulence formed by the

hub will not occur for the SDR，the structure of
SDR has a significant improvement on the rotor
flow field. The DR draws the external airflow into
the duct and then evenly flows out from the outlet，
while the SDR draws the external airflow into the
duct and then causes airflow shrinkage at the exit.
While a reflux vortex in blade root appears near the
duct wall on the right side of the rotor，which is be⁃
cause the right side of the section is at the front of
the blade，and when it flows upward through the
front of the blade，the radial velocity of the blade
root is greater. When the chord length is larger，the
radial force of the blade will blow the upper stream
away，causing it failing to flow smoothly through
the rotor disk to form a low pressure vortex.

Fig. 8 shows the pressure distribution contour
on the upper and lower surfaces of the rotor for the
two configurations. It can be seen that the low-pres⁃
sure zone on the upper surface and the high-pressure
zone on the lower surface for the DR rotor are con⁃
centrated in the blade tip，where the chord length of
the blade section is smaller. While the low-pressure
zone on the upper surface and the high-pressure
zone on the lower surface for the SDR rotor are con⁃
centrated in the blade root，where the chord length
of the rotor section is larger，and the pressure differ⁃
ence between the upper and lower surfaces is larger
than that of DR，resulting in larger rotor lift coeffi⁃
cient.

Fig.7 Velocity flow diagram of two configurations

Fig.5 Lift coefficient vs rotor speed

Fig.6 Ratio of duct lift to total lift vs rotor speed
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Fig.9 shows the vertical velocity of the central
axis of the two configurations，and the horizontal ax⁃
is indicates the rotor disk height. It can be seen that
there is a negative velocity reverse flow zone from
0.5R to the rotor disk，and there is no reverse flow
zone in the SDR. After the 0.5R below the rotor
disk，the DR central axis flow rate rises rapidly，
while the SDR central axis flow rate is falling，
which starts to rise after more than 1.7R.

Given a vertical flow v=10 m/s，a velocity
streamline diagram as shown in Fig. 10 is obtained.
It can be seen that the DR and SDR streamlines
tend to be perpendicular. The tip vortex in the DR
disappears，and the wake vortex appears on the duct
wall below the rotor disk，and the reflux vortex in
blade root above the right-hand rotor of the SDR dis⁃
appears，which is because the vertical velocity of
the incoming flow increases and the effect of the

blade radial force reduces.
Given an inclined flow v=17 m/s，direction

angle α=30° ， a velocity streamline diagram as
shown in Fig.11 is obtained. It can be seen that the
tip vortex on the right side of the DR duct disap⁃
pears，and the low-pressure vortex is formed on the
left side of the duct. At the same time，due to the
blockage of the duct，a low-speed zone is formed be⁃
hind the duct，the SDR also has a low-speed zone
with larger area，and the reflux vortex in blade root
on the right side of the rotor has an inward diffusion
tendency.

4. 2 Influence of rotor disk height

For DR，the rotor disk height（h）has the most
optimal lift performance at approximately 1/3 of the
duct height（H）［20］. For the SDR，the overall aero⁃

Fig.10 Velocity streamline diagram under vertical flowFig.8 Pressure distribution contour on upper and lower sur⁃
faces of rotor

Fig.9 Vertical velocity of central axis

Fig.11 Velocity streamline diagram under inclined flow
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dynamic performance in the case of different rotor
disk heights in hovering is compared using the
benchmark model of Table 1. The rotor speed is
12 000 r/min.

Fig. 12 shows the SDR lift coefficient and the
rotor torque coefficient as a function of the rotor
disk height. The abscissa represents the height dif⁃
ference between the rotor disk and the duct inlet. It
can be seen that the lift coefficient of the rotor and
the duct share similar change trends，and 1/4H to
1/3H is the rising section while 1/3H to 1/2H is
the descending section. When the rotor disk height
exceeds 1/2H， the lift coefficient starts to rise.
When the rotor disk height is 1/3H，the total lift co⁃
efficient is 1.25 times of that in 1/2H while the
torque coefficient is 0.98 times of that in 1/2H. The
rotor torque coefficient does not change much be⁃
fore the rotor disk height goes up to 2/3H，but
plunge to 0.85 times of that in 1/4H when rising to
3/ 4H.

Fig.13 shows the trend of the ratio of the duct
lift to the total lift as a function of rotor disk height.
It can be seen that the ratio of duct lift to total lift
and the lift coefficient have the similar changes as
the rotor disk height varies，which rises to 36.4% at
1/3H and descends to 27.5% at 1/4H.

The above calculation results show that the ro⁃

tor disk height has similar effect on SDR and DR，

and the optimal height is around 1/3H.
It can be seen from Fig.14 that the reflux vor⁃

Fig.14 Section velocity flow diagram in duct varying rotor disk height

Fig.12 Rotor lift coefficient and torque coefficient with re⁃
spect to rotor disk height

Fig.13 Ratio of duct lift to total lift with respect to rotor
disk height
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tex in blade root on the right side of the rotor moves
with the movement of the rotor disk，which disap⁃
pears at 1/3H. There is a strong reflux vortex in
blade root at 1/2H. When the rotor disk height in⁃
creases，its strength gradually weakens. The reflux
vortex in blade root nearly disappears when the
height increases to 3/4H，indicating that the reflux
vortex in blade root over the rotor has a great influ⁃
ence on the aerodynamic performance of the rotor，
the smaller the reflux vortex in blade root，the larg⁃
er the lift coefficient of the rotor.

4. 3 Influence of number of blades

Based on the model in Table 1 with a rotor
disk height of 1/2H，calculations in Cases of 2，3，
4 blades are carried out at a rotor speed of 12 000 r/
min.

Fig. 15 shows that with the number of blades
increasing，the lift coefficient of each component
and the torque coefficient of the rotor increase.
The total lift coefficient of four blades is 1.54
times of that for two blades，and the rotor torque
coefficient is 1.38 times. Fig.16 shows the ratio of
duct lift to total lift in the case of different number
of blades. It can be seen that the higher the number
of blades is，the higher the ratio of the duct lift to
the total lift is. The ratio of the duct lift to the total
lift for 4 blades is 1.43 times as much as that of 2
blades.

Fig. 17 is a section velocity flow field diagram
in duct with different blade numbers. It can be seen
that the flow field of the two blades is more chaotic.
After the airflow passes through the rotor disk
plane，it rapidly spreads to both sides and then con⁃
verges beneath the duct， causing a recirculation

zone below the middle of the rotor disk，which leads
to the descending of the pressure difference between
the upper and lower surfaces of the rotor，and de⁃
creasing of rotor lift. When the number of blades is
an even number，the reflux vortex in blade root is
formed on both sides of the rotor because of the
both sides of the section being at the front of the
blade. When the number of blades increases，the
strength of the reflux vortex in blade root is weak⁃
ened，which leads to the fluent flow inside the duct，
and finally results in the improvements of the aero⁃

Fig.17 Section velocity flow field diagram in duct with respect to number of blades

Fig.15 Rotor lift coefficient and torque coefficient with re⁃
spect to number of blades

Fig.16 Ratio of duct lift to total lift with respect to number
of blades
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dynamic performance.
Fig.18 is rotor middle section pressure contour

in the case of different blade number. It can be seen
from the picture that the pressure distribution of

even blades is symmetrical，while that of odd blades
is asymmetrical. The low-pressure area under the ro⁃
tor disk presents an external triangular diffusion ar⁃
ea，which increases the rotor lift.

4. 4 Influence of spread angle of ducted

The spread angle of duct is an important param⁃
eter in DR design. Appropriate expansion of spread
angle of duct can improve the aerodynamic perfor⁃
mance of DR［20］. To study the influence of spread
angle of duct on aerodynamic characteristics of
SDR，the model in Table 1 is selected as the refer⁃
ence model and the rotor speed is 12 000 r/min. Cal⁃
culations for spread angle of duct of 0°，6° and 10°
are carried out.

Fig. 19 shows the relationship between the ro⁃
tor lift coefficient and torque coefficient as a function
of the spread angle of duct. It can be seen that as the
spread angle of duct increases，the rotor and total
lift coefficient decrease. The total lift coefficient de⁃
creases by 12.4% from 0.298 to 0.261 while the ro⁃
tor torque coefficient decreases by 33.7% from
0.046 6 to 0.030 9. The duct lift coefficient rises
first and then decreases. From the relationship be⁃
tween the total lift force ratio and the spread angle

of duct in Fig.20，it can be seen that in the case of
spread angle of duct 6°，the ratio of duct lift reaches
the maximum of 37.8%. The above calculation re⁃
sult shows that the expansion of the spread angle of
duct does not improve the aerodynamic performance
of SDR，which differs from that for DR.

Fig.21 is a cross-section velocity flow diagram
in different spread angle of duct，and Fig.22 is sec⁃
tion velocity contour diagram. It can be seen that as
the spread angle of duct increases，the low velocity
region in axial plane has an inward contraction ten⁃
dency. Both of the duct inlet and outlet flow velocity
rise，which indicates that increasing of spread angle
of duct and narrowing the outlet will lead to the air⁃
flow gathering inside. The gathering of flow blocks
the rotor wake，and deflects the middle airflow，

which causes the reducing of airflow at the blade
root and the decreasing of rotor lift.

Fig.18 Rotor middle section pressure contour diagram in case of different blade numbers

Fig.20 Ratio of duct lift to total lift with respect to spread
angle of duct

Fig.19 Rotor lift coefficient and moment coefficient with re⁃
spect to spread angle of duct
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4. 5 Influence of the central hole radius

The SDR removes the central component of
the DR in terms of structural design，so its central
hole radius can be reduced to increase the effective
diameter of the rotor. The data model in Table 1 is
selected as the reference model. NACA66 is used
for the duct airfoil，and the central hole radius of
10，20 and 30 mm is calculated.

Figs.23，24 show the rotor lift coefficient，and
torque coefficient and the total lift as a function of
the central hole radius. It can be seen that the rotor
torque coefficient does not change much when the
central hole radius changes with the amplitude with⁃
in 3.6%. The reduction of the central hole radius
can increase the total lift because of the increasing of
the effective diameter of the rotor. The total lift co⁃

efficient reaches the maximum at 0.193 when the
central hole radius is 20 mm. The lift coefficient
does not increase as the central hole radius decreas⁃
es. The ratio of duct lift to total lift with respect to
central hole radius is shown in Fig. 25. When the
central hole radius is 20 mm，the duct lift ratio is

Fig.22 Section velocity contour diagram at different heights

Fig.21 Cross-section velocity flow diagram in different spread angle of duct

Fig.23 Rotor lift coefficient and torque coefficient vs cen⁃
tral hole radius

Fig.24 Total lift vs central hole radius

Fig.25 Ratio of duct lift to total lift with respect to central
hole radius
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0.067 4. Compared with NACA0018，the duct air⁃
foil adopted NACA66 has a large drop in duct lift.
Because NACA66 is an arched back airfoil with a
small lip radius，it leads to a small additional lift
generated by the flow around the lip.

Fig. 26 is a middle-cross-section velocity flow
diagram in case of different central hole radius.
Fig. 27 shows the vertical velocity of central axis，
and the abscissa represents the distance from the ro⁃
tor disk. It can be seen that increasing the central

hole radius can reduce the reflux vortex in blade root
on the right side of the rotor. The flow velocity in
the model with three central hole radii is not much
different before passing through the rotor disk. How⁃
ever，after passing through the rotor disk the flow
velocity of the central hole radius of 10 mm reduces
rapidly，which indicates that the larger the central
hole radius is， the smoother the flow can pass
through the rotor disk，thus weakening the blockage
effect of the rotor.

4. 6 Influence of ducted lip radius

The flow around the leading edge of the ducted
lip can generate additional lift. Appropriately in⁃
creasing the ducted lip radius can increase the duct
lift of the DR［20］. TsAGI duct and rotor data in Ta⁃
ble 1 are used to calculate three ducted lip radii of
40，60，and 80 mm.

Fig.28 shows the rotor lift coefficient and
torque coefficient with respect to ducted lip radius.
It can be seen that when the ducted lip radius in⁃
creases from 40 mm to 60 mm，the total lift coeffi⁃
cient increases by 6.76%. However，when the duct⁃
ed lip radius continues to increase from 60 mm to

80 mm， the total lift coefficient decreases by
0.87%，which indicates that appropriately increas⁃
ing the ducted lip radius can increase the rotor and
duct lift coefficient，but keep increasing the ducted
lip radius will not lead to the increasing of lift coeffi⁃
cient. From Fig.29，it can be seen as the ducted lip
radius increases from 20 mm to 40 mm，the ratio of
duct lift to total lift rises from 26.54% to 29.19%
while the ducted lip radius increases from 40 mm to
60 mm，the ratio descends from 29.19% to 28.1%.
This means that if the ducted lip radius increases too
much，the duct lift ratio will not continue to rise.

Fig.26 Cross-section velocity flow diagram in case of different central hole radii

Fig.27 Vertical velocity of central axis Fig.28 Rotor lift coefficient and torque coefficient with re⁃
spect to ducted lip radius

691



Vol. 37Transactions of Nanjing University of Aeronautics and Astronautics

The change in the ducted lip radius has little effect
on the rotor torque coefficient，and the changing
rate does not exceed 0.5%.

5 Conclusions

In this paper，the aerodynamic characteristics
of SDR and DR are numerically simulated using the
non-structural grid-based sliding grid. Firstly， the
difference of aerodynamic characteristics between
SDR and DR is compared. Then，the influences of
five key parameters on the aerodynamic characteris⁃
tics of SDR are analyzed. The following conclusions
are obtained：

（1）The same-sized SDR can produce a larger
total lift than the DR in hovering，but its duct lift ra⁃
tio will decrease；in the hovering state，the SDR
will not produce the tip vortex but will produce re⁃
flux vortex in the blade root near the duct wall，and
the reflux vortex causes the duct lift to decrease.
When there is a certain axial velocity，the reflux vor⁃
tex in the blade root disappears. In the forward flight
state，there is a bigger low-speed zone behind the
SDR duct，the vortex above the leading blade has a
tendency to spread inward.

（2）The rotor disk height has a great influence
on the aerodynamic performance of the SDR. SDR
with a rotor disk height of 1/3H，the maximum to⁃
tal lift occurs，which is similar to the DR.

（3）Increasing the number of blades can effec⁃
tively increase the total lift of SDR，and the propor⁃
tion of duct lift tension increases as the number of
blades increases. Increasing the duct diffusion angle
will cause the SDR rotor lift coefficient to decrease，
and the duct lift coefficient is increased first and then
decreased.

（4） Reducing the central hole radius can in⁃
crease the total lift，but the component lift coeffi⁃
cient is decreasing. Increasing the central hole radius
can reduce the blockage effect of the rotor on the air⁃
flow. Appropriately increasing the radius of the duct
lip can increase the total lift，but the total lift begins
to decrease when it exceeds a certain value.

SDR is a new type of DR thrust system.
Through the above research，it is found that it has
certain advantages in aerodynamic performance com⁃
pared with DR. The next step is to carry out SDR
structure and aerodynamic optimization design. In
terms of aerodynamics，it is necessary to consider
the parameter interaction to find the optimal combi⁃
nation.
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无轴涵道旋翼气动特性数值研究

申遂愿，朱清华，王 坤，陈建炜，曾嘉楠，丁正原
（南京航空航天大学直升机旋翼动力学国家级重点实验室，南京 210016，中国）

摘 要：无轴涵道旋翼（Shaftless ducted rotor，SDR）是一种采用涵道 ⁃旋翼 ⁃电机一体化设计的新型涵道旋翼系

统，其与传统涵道旋翼（Ducted rotor，DR）气动特性有较大差异。基于非结构网格的滑移网格技术，首先分析了

SDR与DR气动特性差异，然后分别考察了桨盘高度、桨叶片数、涵道扩散角、中心孔径及涵道唇口半径 5个关键

参数对 SDR气动特性的影响。研究发现：相同尺寸 SDR比 DR在悬停状态能够产生更大的总拉力，但其涵道拉

力占比减小。前飞状态下 SDR涵道后方产生较大的低速区，前行桨叶上方涡环有向内扩散趋势。桨盘高度对

SDR与DR的影响机理相似。增加桨叶片数能够有效提高 SDR的总拉力值，也能提高涵道拉力占比。增大涵道

扩散角将导致 SDR旋翼拉力系数下降。减小中心孔径能提高总拉力，但各部分拉力系数在下降。适当增加涵道

唇口半径能够提高总拉力大小，超过一定值后总拉力开始下降。

关键词：无轴涵道旋翼；涵道⁃旋翼⁃电机一体化；涵道旋翼；滑移网格；关键参数；气动特性
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