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Abstract: Ducted fans installed on vertical takeoff and landing vehicles experience significant ground
effect during takeoff and landing. The aerodynamic characteristics of a ducted fan hovering and
transitioning in the ground effect are studied using numerical simulations in this paper. The flowfields
are obtained by solving Reynolds Averaged Navier—Stokes equations with the Multiple Reference
Frame approach. When a ducted fan hovers in the ground effect, the blade thrust increases due to
the combined effect of the increase in the effective angle of attack of the blade and the increase in
ambient pressure; the duct thrust decreases due to the combined effect of the decrease in the effective
angle of attack of the duct and the increase in ambient pressure. Stall occurs at a certain advance ratio
and angle of attack when transitioning in the ground effect. The ground effect delays the occurrence
of stall at some advance ratios. The ground effect is hardly detectable at angles of attack less than
30° even if the height drops to 0.5 times the duct exit diameter. At this height and high angles of
attack, the different positions and influence regions of the ground vortex at different advance ratios
contribute to the different variation trends in the ducted fan performance.

Keywords: ducted fan; ground effect; vertical takeoff and landing; aerodynamics

1. Introduction

Ducted fans can generate more static thrust when compared to open propellers of
the same diameter and power loading [1]. In addition, the duct serves as a safety feature,
protecting both the rotating blades from damage by other objects as well as personnel from
injury by the blades. Moreover, ducted fans have advantages in noise suppression and
thrust vectoring. These characteristics make the ducted fan an appropriate propulsion
system for vertical/short takeoff and landing (V/STOL) aircraft. In the 1960s, research
institutions such as National Aeronautics and Space Administration (NASA) carried out
systematic studies on ducted-fan-propelled V/STOL aircraft. Some research aircraft de-
veloped during this period, for example, the Doak VZ-4 [2] and the Bell X-22A [3], even
completed successful flight tests. Nowadays, within the aviation industry there is a strong
and growing interest in the development of electric vertical takeoff and landing (eVTOL) air-
craft for various potential applications, especially for Urban Air Mobility (UAM) missions.
Many eVTOL aircraft, such as the Bell Nexus [4], Lilium Jet [5], and NASA UAM reference
tilt duct vehicle [6], use ducted fans as propulsion systems due to their above-mentioned
advantages. According to previous studies, most of the V/STOL aircraft suffer from some
degree of an adverse ground effect during takeoff and landing [2]. Therefore, it is necessary
to study the aerodynamic characteristics of ducted fans in the ground effect, which can
provide support for improving the performance of ducted-fan-propelled V/STOL aircraft
in the ground effect.

Ducted fans were first studied in the 1930s [7]. Sacks and Burnell [7] compiled an
exhaustive survey of the theoretical and experimental research up to 1962. Mort and
Yaggy [8] studied the aerodynamic characteristics of a wingtip-mounted ducted fan. Large
nose-up pitching moments and duct stall were observed when the ducted fan operated
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at nonzero angles of attack. Grunwald and Goodson [9] investigated the division of
loads between the fan and the duct of an isolated ducted fan. They verified that the duct
could provide more than half of the thrust in hover and could carry even more of the
load in forward flight at a certain angle of attack. Mort and Gamse [10] measured the
forces, pressure, power, figure of merit, propulsive efficiency, and stall limits of a 7-foot-
diameter ducted fan under various conditions, intending to evaluate the quality of the
ducted fan design. Abrego and Bulaga [11] completed an experimental investigation to
determine the performance of a ducted fan model with different duct geometries. Model
variations included the duct’s angle of attack, the exit vane flap length, the flap deflection
angle, and the duct’s chord length. Martin and Tung [12] measured the performance and
flowfield of a ducted fan, with emphasis on the tip gap and duct lip shape effects. The
experimental results were later compared to panel method calculations by Lind et al. [13].
Good correlations within the attached flow region were achieved. Graf et al. [14] studied
the effect of duct lip shape on ducted fan performances. They found that flow separation
characteristics on the inside of the duct lip caused the performance difference between the
duct geometries. Pereira [15] experimentally studied the effects of duct profile shapes on
the performance of small-scale ducted fans. Tests performed for a specific ducted fan model
at angles of attack from 0° to 90° and various advance ratios were also reported. Colman
et al. [16] provided the force and moment data of an axial asymmetric ducted fan with
cyclic pitch actuation. The duct with circumferentially varying airfoil sections was used to
improve the cruise efficiency. Hrishikeshavan and Chopra [17] studied the response of a
ducted fan to edgewise gusts by means of experiments and flight tests. Ohanian et al. [18]
modeled the aerodynamic terms of an axisymmetric ducted fan configuration with twelve
nondimensional coefficients. This modeling technique attains very high correlation for
typical ducted fan flight conditions. Cai et al. [19] evaluated the unsteady aerodynamics
of a sinusoidal pitching ducted fan UAV using an unstructured overset grid technique
and momentum source method. Ryu et al. [20] analyzed the aerodynamic performance
of a ducted fan in crosswinds, covering an angle of attack ranging from —30° to 120°.
No lip separation was observed in Ryu’s study due to the relatively large duct lip radius
and the small advance ratios. Raeisi and Alighanbari [21,22] carried out experiments and
CFD simulations to investigate the advantages of using an asymmetrical tilting ducted
fan instead of a symmetrical one. They found that the asymmetrical duct can provide
more lift and smaller force fluctuations during the transition from hovering to cruise.
Misiorowski et al. [23] analyzed the forces, moments, and their decomposition on a ducted
fan in edgewise flight along with a detailed analysis of the flow physics. Deng et al. [24]
conducted experiments on a coaxial ducted fan UAV under forward flight conditions
and successfully defined an initial operation region of the UAV. Akturk and Camci [25]
identified the aerodynamic modifications due to fan inlet flow distortion in edgewise flight
and then proposed a method using a secondary duct to control the inlet lip separation
during edgewise flight.

Recently, Zhang and Barakos [26] provided another survey of published works on
ducted fans since the 1960s. Experiments, theoretical studies, low-order methods and high-
fidelity CFD simulations were reviewed. Studies related to ducted fans in the ground effect
are not included in Zhang’s paper. There are relatively few studies on the aerodynamics
of ducted fans in the ground effect in the literature. Giulianetti et al. [27] measured
the performance parameters in the ground effect of a large-scale model of a V/STOL
aircraft having four tilting ducted fans arranged in tandem pairs, but the parameters of
the ducted fans were not measured separately. Divitiis [28], Hosseini et al. [29], and Ai
et al. [30] developed different lower-order aerodynamic models of ducted fans considering
the ground effect for online flight control. Gourdain et al. [31] investigated the influence
of a duct on the rotor/ground interaction. The main objective of Gourdain’s study was to
validate the capability of a lattice-Boltzmann-based large eddy simulation to reproduce
the flow generated by the rotor/ground interaction. Deng et al. [26,32] measured and
analyzed the aerodynamic performances of coaxial ducted fans hovering in the ground
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effect. Deng [33] measured the thrust and power of a ducted fan with different pitch
angles at different heights in the ground effect. Han et al. [34] conducted experimental
measurements and CFD simulations to study the aerodynamic performance of a micro-
scale ducted fan hovering in a confined environment, including the ground, ceilings, and
walls. Jin et al. [35] estimated the aerodynamic stability of a ducted fan in the ground effect
with a modified Moore-Greitzer model. Han et al. [36] compared the performance and
flowfield characteristics of a ducted fan and an open propeller hovering in the ground
effect by means of experiments and CFD simulations. They found that the aerodynamic
performance of the ducted fan was more sensitive to the ground effect than that of the
open propeller. Mi [37] numerically investigated the effects of the ground, static water, and
dynamic waves on the aerodynamic performance of a ducted fan. The results show that
the water effect is weaker than the ground effect, and the dynamic waves have the most
complicated effect on the ducted fan.

From the above review, it can be seen that previous studies mainly focus on the impact
of geometric parameters and freestream conditions on the aerodynamic performance of
ducted fans. Studies related to the ground effect mainly focus on the variation law of
aerodynamic performance with height when a ducted fan hovers in the ground effect, but
the mechanism of the ground effect lacks in-depth research. In addition, studies on the
aerodynamic characteristics of ducted fans transitioning in the ground effect have been
very limited. When ducted-fan-propelled V/STOL aircraft take off and land vertically or
run on the ground in STOL mode, the ducted fans will experience significant influences of
the ground effect. In view of the above-mentioned considerations, the aerodynamic charac-
teristics of a ducted fan hovering and transitioning in the ground effect are studied using
numerical simulations in this paper. The variation trends in the aerodynamic performance
of the ducted fan are analyzed, and the flow physics leading to these trends are revealed.

2. Numerical Method and Validation
2.1. Ducted Fan Model

The ducted fan used in this study is shown in Figure 1. It is composed of a duct, fan
blades, a hub, and struts. It should be noted that the struts are ignored in the numeri-
cal models. Details of the ducted fan are summarized in Table 1. The chord and twist
distributions of the blade are plotted in Figure 2. The quarter-chord line of the blade is
perpendicular to its rotation axis. When the blade is installed on the hub, its quarter-chord
line is located at 42.5% of the duct chord. The ducted fan can generate 84 kgf static thrust
with a fan rotational speed of 3500 revolutions per minute (rpm), and it is a 5/8 scale model
of a ducted fan used for an eVTOL aircraft with a maximum takeoff weight of 3000 kg.

Strut

Duct

Figure 1. Ducted fan model.
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Table 1. Main parameters of the ducted fan.

Parameters Value
Number of blades 8
Blade diameter Dy, 0.646 m
Pitch angle at three-quarter radius 39°
Hub diameter 0.18 m
Duct chord length cq 0.4m
Duct exit diameter D 0.704 m
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Figure 2. Blade chord and twist distributions.

2.2. Validation of Numerical Method

The coordinate system used in this study has its origin at the intersection of the fan
rotation axis with the blade quarter-chord line. All moments were referenced to this origin.
The coordinate system followed the right-hand rule. Figure 3 illustrates the coordinate axes
and the positive directions of the velocity, angle of attack, forces, and moments.

Figure 3. Coordinate system, showing positive sense of velocity, angle of attack, forces, and moments.

The nondimensional coefficients defined by Equations (1)—(8) were used in the subse-

quent analysis:
Voo
Advanceratio: | = n—Dh 1)

@

Thrust coefficient : Cp =
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Normal force coefficient : Cy = — 3)
pn<Dy
. - L
Lift coefficient: Cp = —— 4)
pn2Dy,
F
Propulsive force coefficient : Cx = pnzi)[();f 5)
Pitching moment coefficient : Cp; = M (6)
pn2Dy’
Torque coefficient : Cg = panDhS (7)
Pressure coefficient : C, = iwz (8)
1/2p(QRy)

50D

The Multiple Reference Frame (MRF) method was used to simulate the fan rotation in
this study. The MRF method required two separate zones connected by frame interfaces
inside the computational domain: the rotating zone containing the block near blades and
the stationary zone containing the rest block, as shown in Figure 4. The computational
domain was a cuboid with lengths of 100D, 50D, and 100D in the flow, normal, and span
directions, respectively. Out of the ground effect simulations, the most downstream farfield
boundary was set as the pressure outlet, with a gauge pressure of 0 Pa relative to the
reference pressure pe; the other boundaries were set as velocity inlets, which were specified
to have the same velocity as the freestream. All surfaces of the ducted fan were set as no-slip
walls. Trial simulations showed that if the pressure inlet was replaced by a velocity inlet of
0.5 m/s at the corresponding farfield boundaries, the discrepancies between the calculated
thrust and torque were within 1%, but the order of magnitude of the maximum residual
reduced from 1072 to 1075, as shown in Figure 5. Thus, a velocity of 0.5 m/s was specified
on the velocity inlet boundaries when simulating the ducted fan hovering in still air. The air
was assumed to be ideal gas with a constant dynamic viscosity y = 1.7894 x 10~°. The CFD
software STAR CCM+ was adopted to perform the numerical simulations. The Realizable
k-e turbulence model with two-layer all y+ wall treatment was used in all simulations. The
other options remained the default settings of the software [38].

Velocity inlet

100D
- /N

Velocity inlet

HH

Stationary zone

Lnts{facc
0.05D, 7
0.10, Rotating zone

Interface

Pressure outlet

Stalionary zone

Velocity inlet
(a) (b)

Figure 4. Computational domain and boundary conditions when out of ground effect: (a) boundary
conditions; (b) computational domain divisions.

The experiment conducted by Grunwald [9] was chosen for CFD validation, because
the ducted fan studied in this paper has no experimental data yet. The ducted fan used
in Grunwald’s experiment, hereafter labeled as Grunwald’s model, consists of a three-
blade fan with a diameter of 0.381 m, a hub with a diameter of 0.109 m, and a duct with
a chord length of 0.261 m. The tip clearance is 0.53%R}. Since the tip clearance is very
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small, to resolve it, the number of meshes as well as the difficulty of mesh generation is
increased. According to the method proposed by Bunker [39], ignoring the tip clearance
will overestimate the ducted fan performance, in terms of propulsion efficiency, by about
0.9%. This discrepancy is acceptable for the present study. Therefore, the tip clearance is
ignored in the subsequent simulations. To perform the grid independence study, three sets
of polyhedral meshes were generated: the coarse, medium, and fine mesh with 4.44 million,
8.86 million, and 16.6 million cells, respectively. The grid refinement was mainly performed
on the ducted fan surfaces and the spherical region with a diameter of 5D surrounding
the ducted fan. The flowfield near walls was calculated by a wall function, and thus the
first layer height of the grid was taken to make the y+ value between 30 and 200 [38].
The fan rotational speed was set to w = 8000 rpm in simulations of Grunwald’s model.
Firstly, the case of hovering was simulated. The thrust and torque coefficients calculated
with different grid densities are plotted in Figure 6. The discrepancy between the torque
coefficient calculated by the coarse mesh and that calculated by the medium mesh is 7.1%.
However, the discrepancies between the coefficients calculated by the medium mesh and
those calculated by the fine mesh are all within 1%. The comparison between the CFD
results of the medium mesh and the experimental values is shown in Table 2. It can be seen
that all discrepancies are within 8%, indicating that the CFD results agree well with the
experimental values. The calculation accuracy in this study is comparable to that of Qing
et al. [40]. In the results of Qing, the discrepancy of Cr 4y is 7.06%, and the discrepancy of
Cg is —3.05%.

0.5
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0.1
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0.040 10’
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40035
2
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o
H 0025 ©
o
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Parameter names Iteration
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Figure 5. Comparison of results obtained with pressure inlet and velocity inlet boundary conditions:
(a) force coefficients; (b) continuity residuals.
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Figure 6. Coefficients calculated by different grid densities, Grunwald’s model in hovering.
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Table 2. Comparison between CFD results of medium mesh and experimental values; Grunwald’s

model in hovering.

Terms CT, blades CT, duct CT, total CQ
Experimental [9] 0.1878 0.2574 0.4452 0.0295
CFD 0.1729 0.2442 0.4171 0.0279
Discrepancy —7.93% —5.13% —6.31% —5.42%

Then, the case of | = 0.595, &« = 30° was simulated with the medium mesh, and the
results are shown in Table 3. It should be noted that the coefficients in Table 3 were
calculated by the method defined in Grunwald’s report [9], which means that C;, Cy,
and Cy; were nondimensionalized based on the dynamic pressure of the freestream. The
discrepancies between the calculated and experimental values of all coefficients are within
10%, and this means that the medium mesh can achieve acceptable accuracy. The results of
these two cases also show that the numerical model established in this paper can be used to
analyze the aerodynamic performance of ducted fans under different freestream conditions.

Table 3. Comparison between CFD results of the medium mesh and experimental values; Grunwald’s
model at | = 0.595, a = 30°.

Terms CT, blades CL Cx Cm Co
Experimental [9] 0.1377 2.6195 0.7020 0.8708 0.0261
CFD 0.1413 2.3833 0.6516 0.9001 0.0259
Discrepancy +2.61% —9.02% —7.73% +3.36% —0.77%

To further verify the appropriateness of the MRF method, the results of hovering
out of the ground effect were compared with those obtained via the sliding mesh method
(SMM). While performing the sliding mesh simulation, the implicit unsteady solver was
selected; the temporal discretization was set to second order; the time step was set to
At =2.083 x 107° s, corresponding to a rotation of 1° per time step; and the maximum
inner iterations within a time step was set to 20. The comparison between the aerodynamic
coefficients obtained via the MRF method, the sliding mesh method, and the experiment
is shown in Table 4. As can be seen, the results of the sliding mesh method are closer to
the experimental values. However, the sliding mesh method took about 10 times more
CPU time than the MRF method in this case. Figure 7 shows the limiting streamlines on
the suction side of the blade and streamlines on the cross section very close to the blade
tip. As can be seen in Figure 7a, the streamline patterns obtained by these two methods
are only slightly different in the area immediately adjacent to the blade tip. This indicates
that, for the current simulation, the flow field obtained via the MRF method is similar to
that obtained via the sliding mesh method. In general, the accuracy of the MRF method is
sufficient to support the flow field analysis in this study.

Table 4. Comparison between results obtained via MRF method, sliding mesh method, and experiment.

Terms CT, blades CT, duct CT, total CQ
Experimental [9] 0.1878 0.2574 0.4452 0.0295
Discrepancy of SMM —6.34% +2.41% —1.28% —2.37%
Discrepancy of MRF —7.93% —5.13% —6.31% —5.42%

To the best of our knowledge, there are currently no experiments on the ground effect
of ducted fans available for numerical method validation in the public literature, because
it is difficult to accurately recreate the geometric models used in the experiments. The
MRF-based RANS solver was used to calculate the aerodynamic performances of ducted
fans in the ground effect in Han’s study [36]. In Han’s study, the discrepancies between the
calculated coefficients and the experimental values are less than 10%, considering the 5%
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uncertainties in the measurements. This indicates that the MRF-based RANS solver can
achieve acceptable accuracy when calculating the aerodynamic performance of ducted fans
in the ground effect.

Sliding mesh method

C -U8-Lh-14-12-10 08 41604 -D2 00 02 D4 Db DX

Sliding mesh method

MRF method

MRF method

Ci -24-22-20-18-16-14-12-1.0 -08 -0.6 -0.4 -02 0.0 0.2 0.4 0.6 08

(a) (b)

Figure 7. Comparison of streamlines obtained via sliding mesh method and MRF method, with pres-
sure coefficients contour as background: (a) limiting streamlines on suction side of blade; (b) stream-
lines on cross section at /R, = 0.99.

To perform a grid independence study for the ducted fan studied in this paper, three
sets of meshes for simulations out of the ground effect were generated using control
parameters similar to those used in the meshing of Grunwald’s model. The cell numbers
were 4.71 million, 8.79 million, and 16.8 million and were labeled as coarse, medium, and
fine mesh, respectively. Figure 8 shows some surface and cross section meshes of the
medium mesh. The same surface meshes of the ducted fan were used to generate the
volume meshes for the ground effect simulations. Another three sets of meshes with the
number of 3.74 million, 6.25 million, and 14.9 million were obtained. The first-layer height
of the grid was taken to make the y+ value at the three-quarter radius of the blade the same
as that of Grunwald’s model. The fan rotational speed was set to w = 3500 rpm. At this
rotational speed, the blade tip Mach number was 0.35 and the Reynolds number based on
the chord length at the three-quarter radius and tip speed was Re =5.2 x 10°. The two cases
of hovering in and out of the ground effect were simulated. The boundary conditions used
while performing simulations of the ducted fan hovering in the ground effect are shown in
Figure 9: the bottom surface was set as the non-slip wall; the four side surfaces were set as
pressure outlets with a gauge pressure of 0 Pa relative to the reference pressure poo; the top
surface was set as the velocity inlet, and a velocity of 0.5 m/s was imposed on it to reduce
the order of magnitude of the residuals, as mentioned above. The results are shown in
Figure 10. The maximum discrepancy between the coefficients calculated using the coarse
mesh and those calculated using the fine mesh was 5.3%, while the discrepancies between
coefficients calculated using the medium mesh and those calculated using the fine mesh
were all within 1%. Therefore, the medium mesh was used for subsequent simulations, and
the other meshes used in this study were generated according to the medium one.
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(a)

Figure 8. The medium mesh used in simulations: (a) surface mesh on blade and duct; (b) cross
section mesh around blade.

Velocity inlet

bl

Pressure outlet
Pressure outlet

y

< L.

o

Ground: no-slip wall

Figure 9. Boundary conditions when hovering in ground effect.
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Figure 10. Coefficients calculated by different grid densities; ducted fan studied in this paper:
(a) hovering out of ground effect; (b) hovering in ground effect.

3. Hovering in Ground Effect

In this section, the aerodynamic characteristics of the ducted fan hovering in the
ground effect are studied, which may happen when a ducted fan UAV hovers near the
ground or when a ducted-fan-propelled V/STOL aircraft takes off and lands vertically.
The numerical method established in Section 2.2 was used to perform simulations of the
ducted fan hovering in the ground effect. According to Han’s [36] study, the aerodynamic
coefficients almost keep constant at a given height in a large rotational speed range when a
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ducted fan hovers near the ground. Therefore, the following simulations were all performed
at a constant rotational speed of 3500 rpm.

3.1. Variation in Ducted Fan Performance with Height

The aerodynamic performance of the ducted fan in the height range of 0.5D—5D was
calculated. The calculation interval was 0.25D in the height range of 0.5D—2D and 0.5D
in the height range of 2D—5D. All forces and moments converged to constant values after
sufficient iterations. The results are plotted in Figure 11. The values of the thrust, torque,
and power loading in the ground effect were normalized by the corresponding values
out of the ground effect, which are presented in Table 5. It can be seen that the ground
effect is negligible when the height off the ground is greater than 3D. The ground effect
becomes significant when the height is less than 1.5D, within which the thrust changes
in the duct and the blades are both above 10%. As the height decreases, the thrust of the
blade increases, while the thrust of the duct decreases. Compared with the values out of
the ground effect, at the height of 0.5D, the thrust of the blades increases by 28.4%, and the
thrust of the duct decreases by 41.1%, resulting in a total thrust decrease by 12.5%. The
conclusion that ground effect increases blade thrust but decreases duct thrust has been
unanimously recognized in the literature. However, some studies [29,30,32,34,36] found
an increase in total thrust, while other studies [33,37] found a decrease in total thrust. The
key is whether the increment in the blade thrust can compensate for the loss of the duct
thrust. In the study of Mi [37] and this paper, the ratio of the duct thrust to the total thrust
is greater than 50% when the ducted fan hovers out of the ground effect, while this ratio
is less than 50% in Han’'s studies [34,36]. It is reasonable to infer that whether the total
thrust of a ducted fan increases or decreases is related to the proportion of thrust generated
by the duct and the blades when out of the ground effect. As shown in Figure 11b, the
blade torque increases slightly in the ground effect, with a maximum increase of 7% at the
height of 0.75D. The power loading decreases due to the increase in the shaft power and
the decrease in the total thrust, and it decreases by 14.6% at the height of 0.5D. This means
that the efficiency of the ducted fan will decrease in the ground effect.

1.18 1.00
—O— Torque
1.16 |- —7— Power loading +0.98
WY
1.14
r 0.96
L12
094
Ig Hor 0.92 q§
S ros s
S g
el 090 &
1.04 + 088
102 | I 0.86
L L L L L L L L 100 | 0.84
0.5 2.0 25 3.0 35 40 45 50 0.5 1.0 L5 20 25 30 35 40 45 50
hID WD
(a) (b)

Figure 11. Variation in ducted fan performance with height: (a) thrust ratios; (b) torque and power
loading ratios.

Table 5. Aerodynamic performance of ducted fan when hovering out of ground effect.

CT, blades CT, duct CT, total CQ PL (kg/kW)
0.4646 0.6690 1.134 0.1277 3.828

3.2. Flow Physics Leading to Increase in Blade Thrust

Figure 12 shows the pressure coefficient contours on blade surfaces at different heights,
and Figure 13 shows the chordwise pressure coefficient distributions at different radial
locations. When the ducted fan approaches the ground, the pressure on the pressure side
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of the blade increases, while the pressure on the suction side of the blade decreases in the
area before the red dotted line and increases in the other area, as shown in Figure 12. This
is also reflected in Figure 13. Taking Figure 13b as an example, at /R;, = 0.55, the pressure
on the suction side decreases as the height decreases before ¢ = 0.1, and then, the pressure
increases as the height decreases after ¢ = 0.1.

Suction side Pressure side
(@
T ——————
— (o)
Suction side Pressure side
(b)

s

Suction side Pressure side
(c)
——
[—
Suction side Pressure side
(d)
T T

C; -1.8-1.6-14-12-1.0-0.8-06-04-02 0.0 0.2 0.4 0.6

Figure 12. Pressure coefficient contours on blade surfaces at different heights: (a) OGE; (b) h/D = 1.5;
(¢) /D =1.0; (d) h/D = 0.5.
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Figure 13. Chordwise pressure coefficient distribution at different radial locations: (a) r/Ry, = 0.35;
(b) r/Ry, = 0.55; (¢) r/R, = 0.75; (d) r /R, = 0.95.
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Figure 14 shows the stagnation streamlines of blade section at a three-quarter radius.
It can be seen that when the ducted fan approaches the ground, the position of the leading-
edge stagnation point moves backward along the pressure side of the airfoil. This indicates
that the effective angle of attack of the incoming flow increases as the height decreases.
According to the blade element theory [41] shown in Figure 15, the effective angle of attack
of a blade element can be calculated by Equation (9). Some cross sections, as illustrated in
Figure 16, are used to explore the flowfield. Figure 17 shows the azimuthally averaged axial
velocity of the cross section in front of the blade. It should be noted that the velocities inside
the boundary layers of the hub and duct inner surface are not plotted in Figure 17. As can
be seen, when the ducted fan approaches the ground, V, decreases due to the increased
blocking effect of the ground; V; remains unchanged because the blade rotational speed
does not change. Consequently, ¢ decreases and the effective angle of attack « increases
according to Equation (9). As shown in Figure 17, V,, is linearly distributed along the radial
direction, with a larger value near the blade tip due to the acceleration effect of the duct
lip on the airflow. Jimenez’s study [42] shows that an outboard-biased rotor inflow can
improve the performance of a hovering ducted fan.

{ a:9—¢ﬁ ©)

¢ = arctany;

OGE

h/D=1.5
h/D=1.0
h/D=0.5

Figure 14. Stagnation streamlines of blade section at three-quarter radius.

L]

@) (b)

Figure 16. Locations of cross sections used in analysis: (a) azimuthal cross sections; (b) axial cross sections.
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Figure 17. Radial distribution of azimuthally averaged axial velocity on cross section at ¢/c;=0.39.

Figure 18 shows the pressure coefficient contours and streamlines on the cross section
at ¥ = 0°-180°. It can be seen that the downward jet is blocked and spreads radially
outward when the ducted fan gets close to the ground. Vortices are generated under the
ducted fan due to the entrainment of the downward jet and the interaction between the
downward jet and the airflow rebounding from the ground. When the height decreases to
some degree, these vortices can induce secondary vortices, as shown in Figure 18d. The
decelerated airflow forms a high-pressure zone between the blades and the ground, which
leads to a considerable thrust increment in the blades. As the height decreases, the pressure
in this zone increases, and thus the thrust of the blades increases as well.
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Figure 18. Pressure coefficient contour and streamlines on cross section at ¥ = 0°—180°: (a) OGE;
(b) W/D =1.5; (¢) h/D = 1.0; (d) h/D = 0.5.



Aerospace 2022, 9, 572

14 of 25

The above analysis can be summarized as follows: when the ducted fan approaches
the ground, the airflow through the duct is decelerated due to the blocking effect of the
ground, and thus the static pressure of the airflow, hereafter referred to as ambient pressure,
around the blades increases. The pressure on the suction and pressure sides of the blade
generally shows an increasing trend. The decrease in the axial flow velocity in front of
the blade increases the effective angle of attack of the blade, so that the pressure on the
suction side of the blade tends to decrease and the pressure on the pressure side tends
to increase. As a result, the pressure in the area near the leading edge of the suction side
decreases, while the pressure in the other area increases. Consequently, it can be concluded
that the increase in the blade thrust in ground effect is the result of the combined effect of
the increase in the effective angle of attack and the increase in the ambient pressure.

3.3. Flow Physics Leading to Decrease in Duct Thrust

As can be seen in Figure 18, air is drawn into the duct and divided at a stagnation point
on the outer surface near the trailing edge. The duct section acts like an airfoil and produces
a resultant force vector that cants toward the duct lip. The axial component of this force
vector provides additional thrust, as shown in Figure 19. When the ducted fan approaches
the ground, the mass flow through the duct decreases, and the ambient pressure around
the duct increases. The pressure increases on both the inner and outer surfaces of the duct,
as shown in Figure 19. The change in the pressure on the outer surface is small, and the
increase in pressure on the inner surface, especially near the lip, is the main reason for the
reduction in duct thrust. The airflow ejected by the ducted fan deflects and forms a surface
flow after hitting the ground. As the height decreases, the position where the deflection
begins gets closer to the trailing edge of the duct, forcing the stagnation point to move
upward along the outer surface of the duct, as shown in Figure 20. The outer side of the
duct section is the pressure side of the airfoil, and the fact that the stagnation point moves
forward along the pressure side of the airfoil indicates a decrease in the effective angle of
attack. Based on the above analysis, the decrease in the duct thrust in the ground effect is
the result of the combined effect of the following two effects: the increase in the ambient
pressure caused by the decelerated airflow, and the decrease in the effective angle of attack
caused by the deflection of the airflow.

-1.2

| —o— OGE
ok r . —A—W/D=15
' unper —o—WD=1.0

4Z/Czlm 't

Figure 19. Pressure coefficient distributions on duct section at ¥ = 22.5°.
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Figure 20. Stagnation streamlines of duct section at ¥ = 22.5°.

4. Transitioning in Ground Effect

In this section, the aerodynamic characteristics of the ducted fan transitioning in the
ground effect are studied, which may happen when a ducted fan UAV flies near the ground
or when a ducted-fan-propelled V/STOL aircraft runs on the ground in STOL mode. A
ducted fan is subjected to both crosswinds and the ground effect when transitioning in the
ground effect. When conducting aerodynamic studies in the transition phase, the whole
process is usually decomposed into several steady states at different angles of attack and
advance ratios [8-10,21,27]. This approach is also adopted in this paper.

While performing the simulations of the ducted fan transition in the ground effect, the
boundary conditions are shown in Figure 21: the bottom surface was set as a sliding wall
with the same velocity as the freestream; the most downstream farfield boundary was set as
the pressure outlet with a gauge pressure of 0 Pa relative to the reference pressure p; the
other boundaries were set as velocity inlets. Three advance ratios were considered, that is,
J=0.1,0.3, and 0.5, which cover a typical speed range during the transitional flight phase
of a tilting ducted fan V/STOL aircraft [9]. The fan rotational speed was kept constant at
3500 rpm, and the advance ratios were adjusted by changing the freestream velocity. The
Reynolds numbers based on the freestream velocity and duct length were Re = 1.0 x 105,
3.1 x 10°, and 5.2 x 10°, respectively.

Velocity inlet

—

Velocity inlet
Pressure outlet

Ground:ﬁing wall
Figure 21. Boundary conditions when transitioning in ground effect.

4.1. Ducted Fan Performance at Different Heights

The aerodynamic performance of the ducted fan in the height range of 0.5D—2D was
calculated with an interval of 0.5D at « = 30°, 60°. The results are shown in Figure 22. At
« = 30°, the changes in thrust, normal force, lift, propulsive force, and torque at different
heights are within 5%. Although the pitching moment of the duct has a maximum change
of 15% at | = 0.1, the pitching moment as well as its influence is very small at ] = 0.1, « = 30°.
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At a = 60°, the maximum changes in thrust, normal force, lift, propulsive force, and pitching
moment are greater than 10%, and the maximum change in torque is 5.2%. The variation
trends in the aerodynamic performance are different at different advance ratios at & = 60°.
Taking the lift shown in Figure 22¢ as an example, as the height decreases, the lift decreases
at | = 0.1, while the lift increases at | = 0.5. These indicate that the ground effect becomes
stronger and more complex as the angle of attack increases. In general, the influence zone
of the ground effect is reduced when there is a crosswind, and the ground effect becomes
only significant when the height is less than 1D. Therefore, the height of 0.5D was selected
in the subsequent analysis to further study the aerodynamic characteristics of the ducted
fan transitioning in the ground effect.
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Figure 22. Load ratios at different heights, advance ratios, and angles of attack: (a) thrust ratio; (b) normal
force ratio; (c) lift ratio; (d) propulsive force ratio; (e) duct pitching moment ratio; (f) torque ratio.
4.2. Ducted Fan Performance at h/D = 0.5

The aerodynamic performance of the ducted fan in the angle of attack range of 0°-90°
at the height of 0.5D was calculated. The calculation interval was basically 15°, and the
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interval was changed to 5° near stall to determine the stall angle of attack accurately. The
corresponding cases out of the ground effect were also calculated for comparison. The
results are shown in Figure 23. The pitching moment of the blades is at least one order of
magnitude smaller than that of the duct, so only the pitching moment coefficient of the
duct is plotted. The variation trends of these coefficients are related, and thus the thrust
coefficient is mainly analyzed. Figure 24 presents the division of thrust between the blades
and the duct.
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Figure 23. Aerodynamic coefficients at different advance ratios and angles of attack: (a) thrust
coefficient; (b) normal force coefficient; (c) lift coefficient; (d) propulsive force coefficient; (e) pitching
moment coefficient of duct; (f) torque coefficient.
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Figure 24. Division of thrust between the blades and the duct: (a) thrust coefficient of duct; (b) thrust
coefficient of blades.

Stall occurs at a certain advance ratio and angle of attack, which is marked by a distinct
reduction in the lift and pitching moment, as shown in Figures 22e and 23c. The stall angle
of attack is taken as the angle of attack when the lift coefficient of the ducted fan reaches
a maximum, beyond which there is a significant drop in the lift coefficient. It should be
noted that the ducted fan does not stall at this angle of attack. Hereafter, both the stall and
stall angle of attack refer to those of the ducted fan. At J = 0.1, no stall occurs both in and
out of the ground effect. At ] = 0.3, the stall angle of attack increases from 65° out of the
ground effect to 75° in the ground effect. At ] = 0.5, the stall angle of attack is 55° both
in and out of the ground effect. The stall is mainly caused by the flow separation on the
windward side of the duct lip [8,9]. After the stall occurs, the duct thrust decreases and the
blade thrust increases, as shown in Figure 24.

It can be seen from Figures 23 and 24 that the ground effect is hardly detectable at
angles of attack less than 30° even if the height off ground drops to 0.5D, especially at large
advance ratios. Within this angle of attack range, the blade thrust remains almost constant
at a specific advance ratio, and the variation in the ducted fan performance with the angle
of attack is mainly caused by the duct.

At angles of attack greater than 30°, the blade thrust increases in the ground effect, and
the increment magnitude decreases as the advance ratio increases, as shown in Figure 24b.
At angles of attack greater than 30° before stall occurs, the blade thrust out of the ground
effect remains almost constant, and the reason for the increase in blade thrust in the ground
effect is similar to that in hovering. After stall occurs, the blade thrust out of the ground
effect increases. This indicates that the increase in blade thrust after stall occurs in the
ground effect is partly due to the stall. At high angles of attack, the duct thrust and total
thrust show different variation trends at different advance ratios. In order to compare this
with the hovering case, the case of « = 90° is taken for analysis. At ] = 0.1, o« = 90°, the duct
thrust and total thrust decrease in the ground effect, which is the same as in the hovering
case. At ] =0.3, « =90°, although the duct thrust decreases in the ground effect as in the
hovering case, the total thrust increases. At J = 0.5, o« = 90°, both the duct thrust and the
total thrust increase, which is different from the hovering case. In general, the aerodynamic
performance of the ducted fan shows different variation trends at different advance ratios,
and the aerodynamic problem becomes more complicated due to the crosswind.

4.3. Flow Physics Leading to Increase in Blade Thrust

Figure 25 shows the thrust coefficient of blades at different azimuths, where ¥ = 360°
and ¥ = 0° are the same position. In Figure 25, ¥ = 270°-0°-90° is the windward side,
and ¥ = 90°-180°-270° is the leeward side. At angles of attack less than 30°, the blade
thrust changes little in the ground effect at all azimuthal positions; the difference in blade
thrust at different azimuths is attributed to the different tangential velocity between the
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advancing and retreating blades. At angles of attack greater than 30° before stall occurs,
the blades at different positions are affected by different degrees of ground effect, and thus,
the magnitude of the thrust change is also different. After the stall occurs, the blades on the
windward side are strongly affected by the separated flow, resulting in a different variation
trend in blade thrust with azimuth compared with that before the stall.
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Figure 25. Thrust coefficient of blades at different azimuths at | = 0.5: (a) before stall; (b) after stall.

After the stall occurs, the flow separation extends to the entire duct lip on the wind-
ward side. Taking the case of « = 90° as an example, Figure 26 shows the axial velocity
contours on the cross sections passing through and intersecting the blade rotating plane.
Negative values of the axial velocity indicate that the flow direction is locally reversed,
as shown in the areas outside the black lines in Figure 26a and within the red dotted line
in Figure 26b. The flow separation on the duct lip leads to a recirculation region across
the rotor plane. When the blade rotates through this region, its outboard part will see an
upwash resulting from the recirculation. The upwash increases the effective angle of attack
of the blade locally, and thus, the blade produces more thrust in this region, as shown
in Figure 25b. The intensity and scope of the recirculation increase in the ground effect
compared with those out of the ground effect. Under the combined effect of the separated
flow and ground effect, the thrust of the advancing blades may decrease compared with the
value out of the ground effect, but the total thrust of the blades still increases. It should be
noted that given the complexity of the flow and the limitations of the MRF-based method,
the upwash may not be the only reason for the increase in blade thrust after the stall occurs.

4.4. Influence of Ground Vortex

At high angles of attack, the radially spreading flow interacts with the crossflow after
the jet impinges on the ground. As a consequence, two counter-rotating vortices trail away
from the impinging zone and flow downstream. A ground vortex wrapped around the jet
is formed in the shape of a horseshoe, as shown in Figure 27. The position and intensity
of the ground vortex are related to the angle of attack and advance ratio. At the same
angle of attack, as the advance ratio increases, the position of the ground vortex is further
downstream, and the affected zone is much smaller.
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Figure 26. Axial velocity contour and streamlines on cross sections at ] = 0.5, oc = 90°: (a) cross section
at {/c; = 0.425; (b) cross section at ¥ = 6°.
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Figure 27. Ground vortex at different advance ratios at /D = 0.5, « = 75°: (a) ] = 0.3; (b) ] = 0.5.
Streamlines are colored by pressure coefficients.

Figure 28 shows the pressure coefficient contours and streamlines on the symmetry
plane under different freestream conditions, where the red dots are stagnation points. The
chordwise relative positions of the stagnation point on the duct are shown in Figure 29. At
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small angles of attack, taking & = 30° as an example, the interaction between the oblique jet
and the crossflow is weak, thus having little impact on the duct; the stagnation position
only moves slightly forward, and the ducted fan performance remains almost unchanged.
At high angles of attack, the center of the ground vortex is far away from the duct at ] = 0.1,
and its influence on the duct is also weak. The ducted fan is mainly affected by the ground
effect similar to that in hovering near the ground, as analyzed in Section 3.1. At ] =0.3,
the ground vortex is close to the outside of the duct. The upwash caused by the vortex
leads to the stagnation point greatly moving forward and the effective angle of attack of the
duct decreasing. Therefore, the duct thrust decreases and the stall angle of attack increases
compared with those out of the ground effect. At ] = 0.5, the ground vortex is close to
the inner side of the duct. Its entrainment causes the stagnation point to move backward,
increasing the effective angle of attack of the duct. Therefore, the duct thrust increases. It
can be seen from the above analysis that the different positions and influence regions of the
ground vortex contribute to the different variation trends of the ducted fan performance at
different advance ratios. It should be noted that given the complexity of the flow and the
limitations of the MRF-based method, the ground vortex may not be the only reason for
the different variation trends in the ducted fan performance at different advance ratios.
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Figure 28. Pressure coefficient contour and streamlines on symmetry plane under different conditions:
(@)J=0.3,x=30%(b)J=0.1,2 =75%(c) ] =03, =75° (d) ] = 0.5, « =75°.
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Figure 29. Comparison of stagnation point positions on the duct between in and out of ground effect.

5. Conclusions

Simulations of a ducted fan hovering and transitioning in the ground effect were

performed by solving the RANS equations with the MRF approach and k-¢ turbulence
model. Through the analysis of the aerodynamic performance and flow physics of the
ducted fan, the following conclusions are drawn:

1.

For the ducted fan studied in this paper, the ground effect is negligible in hovering
when the height off the ground is greater than 3D and becomes significant when the
height is less than 1.5D. As the height decreases, the thrust of the blades increases,
while the thrust of the duct decreases. Compared with the values out of the ground
effect, at the height of 0.5D, the blade thrust increases by 28.4%, and the duct thrust
decreases by 41.1%, resulting in a total thrust decrease by 12.5%; the power loading
decreases by 14.6%. The efficiency of the ducted fan decreases in the ground effect.
When the ducted fan hovers in the ground effect, the increase in the blade thrust is
the result of the combined effect of the increase in the effective angle of attack of the
blade and the increase in the ambient pressure; the decrease in the duct thrust is the
result of the combined effect of the decrease in the effective angle of attack of the duct
and the increase in the ambient pressure.

Stall occurs at a certain advance ratio and angle of attack when transitioning in the
ground effect. The ground effect delays the occurrence of stall at some advance ratios.
After stall occurs, the upwash resulting from the separated flow on the duct lip causes
an increase in the total thrust of the blades.

When the advance ratio is greater than 0.1, the influence zone of the ground effect
is reduced, and the ground effect is hardly detectable at angles of attack less than
30° even if the height drops to 0.5D. At the height of 0.5D and high angles of attack,
after the jet impinges on the ground, the interaction between the radially spreading
wall flow and the crossflow generates ground vortices. The different positions and
influence regions of the ground vortex at different advance ratios contribute to the
different variation trends of the ducted fan performance and make the aerodynamic
problem more complicated.
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Nomenclature

Symbols Definition

r Radial distance from fan axis

Ry Blade radius

Dy Blade diameter

D Duct exit diameter

IoF Duct chord

o Angle of attack

Veo Freestream velocity

T Thrust

N Normal force

L Lift

Fx Propulsive force

M Pitching moment

Q Blade torque

n Fan rotational speed, revolution/s

w Fan rotational speed, revolution/min

(@) Fan rotational speed, radian/s

14 Air density, 1.225 kg/m3

P Static pressure

Poo Static pressure of freestream, 101325 Pa

Viip Blade tip velocity, QR

y+ Nondimensional wall distance of the first mesh layer
h Distance from the lowest point of duct trailing edge to the ground
P Shaft power, 2tQn

PL Power loading, T/P,

c Nondimensional chordwise distance from blade leading edge
0 Pitch angle of blade section

¢ Inflow angle

Va Induced velocity parallel to fan axis

Vi Tangential velocity of blade element, Qr

¢ Chordwise distance from duct leading edge
Rioeal Radius of duct inner surface

Y Azimuth angle
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