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The aerodynamic characteristics of distributed electric propulsion (DEP) aircraft change significantly in
the near-ground hovering state. In this paper, we employed a combination of experimental and numer-
ical methods to investigate aerodynamic characteristics induced by ground effect for both isolated and
distributed ducted fan configurations. The steady-state results indicate that the ground effect signifi-
cantly influences the outlet pressure of the ducted fan. As the distance to the ground decreases, the thrust
contribution from the duct decreases, while the thrust from rotor and stator blades increases, resulting in
an overall increase in total thrust. At the distance to the ground of 0.8D (D is the ducted fan diameter), the
total thrust increases by 3.2% for the isolated ducted fan and by 1.9% for the distributed ducted fans.
Steady-state flow analyses further show that the ground effect leads to a decrease in the outlet velocity
and a reduction in the effective flow area, thereby lowering the duct thrust. Concurrently, the increased
blade angle of attack raises the aerodynamic loads on the rotor and stator blades, enhancing the blade
thrust. Transient analyses reveal that for the isolated ducted fan, ground effect induces a tip vortex driven
by tip leakage and a ground vortex triggered by shear layer instability, resulting in transient aerodynamic
force fluctuations with a standard deviation of 9.1% of the time-averaged thrust. For the distributed
ducted fans, aerodynamic interference between fans causes vortex superposition, forming a highly com-
plex three-dimensional vortex structure and leading to a standard deviation in transient force fluctuation
as high as 59.9% of the time-averaged thrust.
© 2026 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

expected to play an increasingly significant role in the develop-
ment of future high-performance flight vehicles [6]. Recently,

In recent years, distributed electric propulsion (DEP) aircraft
represent an innovative concept proposed by the National Aero-
nautics and Space Administration (NASA) [1], in which the propul-
sion system comprises multiple propulsion units driven by electric
motors and distributed across the airframe. Propulsion devices can
generally adopt either ducted fans or propellers. Compared with
propellers, ducted fans offer several notable advantages, including
a compact structure, enhanced safety, higher aerodynamic effi-
ciency, and reduced noise levels, making them particularly suitable
for unmanned aerial vehicles (UAVs) and vertical take-off and
landing (VTOL) aircraft [2-5]. Consequently, ducted fans are
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numerous electric VTOL (eVTOL) and VTOL aircraft, such as the Lil-
ium Jet [7], Archer Midnight [8], Airbus City Airbus NextGen [9],
adopted distributed propulsors and fixed wing configurations,
playing an important role in urban air mobility (UAM). UAM, for-
mally proposed by NASA in 2017 [10], is broadly defined as an
air transportation activity that employs VTOL aircraft and associ-
ated infrastructure systems to conduct passenger and cargo opera-
tions within low-altitude urban airspace. Its primary objective is to
leverage the inherent advantages of these aircraft, notably their
minimal takeoff and landing space requirements, resilience to
complex urban environmental constraints, and enhanced flexibil-
ity for flight path management. This approach aims to establish
an efficient three-dimensional urban air transportation system
designed to complement ground-based road transportation and
underground rail transit networks, thereby effectively mitigating
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urban traffic congestion issues. In these eVTOL and VTOL aircraft,
the propulsors are typically installed in two distinct orientations:
one perpendicular to the fixed wing, providing lift during vertical
takeoff and landing operational modes; the other parallel to the
fixed wing, delivering thrust during cruise. Under the near-
ground vertical take-off condition, eVTOL and VTOL aircraft
equipped with distributed ducted fans (DDF) experience significant
performance variations. Therefore, a comprehensive understand-
ing of the flow mechanisms and aerodynamic characteristics of
DDF in ground effect is of vital importance for ensuring the safety
and reliability of such aircraft.

Ducted fans and propellers have been extensively studied, par-
ticularly to understand the aerodynamic performance variations
and the underlying interaction mechanisms between fan/propeller
and the ground. Research on ground effects can be broadly catego-
rized into two main areas: (D the aerodynamic performance
changes of ducted fans and propellers in varying ground effect con-
ditions, and @ the detailed investigation of the interaction mech-
anisms between the fan/propeller and the ground.

Regarding aerodynamic performance, Zhao et al. [11] investi-
gated the aerodynamic characteristics of ducted fans during hover
and transitional flight in ground effect. Their findings indicated an
increase in the effective angle of attack of the blades and elevated
ambient pressure resulted in enhanced blade thrust. Conversely, a
reduction in the effective angle of attack of the duct and increased
ambient pressure led to a decrease in duct thrust. Han et al. [12]
conducted experimental studies on a coaxial counter-rotating
ducted propulsion unit during near-ground hovering, examining
the effects of rotor speed, blade pitch, and the distance to the
ground on aerodynamic performance and highlighting the complex
interplay of parameters in determining thrust output. Similarly,
Luo et al. [13] analyzed the impact of ground effect on ducted
fan aerodynamics. Their time-averaged results showed a reduction
in duct thrust, an increase in rotor thrust, and an overall decrease
in total thrust. Research on transient analyses further revealed the
presence of small-scale azimuthal stall cells induced by ground
effect. Liang et al. [14] performed a comparative study of the tran-
sient aerodynamic characteristics of ducted fans and propellers in
ground effect, demonstrating that the duct’s constraining effect
transfers blade pressure to the duct, effectively suppressing thrust
fluctuations. Wang et al. [15] employed experimental methods to
investigate the mechanical characteristics of ducted fan compo-
nents in ground effect, reporting an 11% increase in total thrust,
with a 3% reduction in duct lip thrust and a 25% increase in rotor
thrust. Deng et al. [16] experimentally studied the aerodynamic
performance of a counter-rotating ducted fan, noting that ground
effect led to reduced thrust and increased power consumption,
with thrust losses and power requirements escalating as the dis-
tance to the ground decreased. Fan et al. [17] employed numerical
simulations validated by experiments to investigate the aerody-
namic performance of a novel ducted fan UAV in ground effect con-
ditions. It was shown that the blade thrust increased by 10%-15%
alongside an approximately 5% reduction in duct thrust. Addition-
ally, vortex ring recirculation intensified thrust instability, high-
lighting the role of adaptive control in mitigating the adverse
effects of ground interaction. Zhou et al. [18] performed numerical
simulations to explore the rotating stall characteristics of ducted
fans in ground effect. It was observed that the upward displace-
ment of vortex rings led to an 8%-12% reduction in duct thrust
and a 15% increase in blade thrust, with intensified rotating stall
cells significantly amplifying thrust fluctuations at near ground
distances. These studies provide important theoretical and experi-
mental foundations for optimizing ducted fan designs and enhanc-
ing near-ground aerodynamic performance.

Regarding the interaction mechanisms between ducted fans/
propellers and the ground, Curtiss et al. [19] utilized flow visualiza-
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tion techniques to measure the flow field and forces acting on an
isolated rotor near the ground. Their experiments revealed a com-
plex flow field beneath the rotor, characterized by the formation of
a ground vortex on the windward side, which led to significant
force and moment variations. Gourdain et al. [20] employed large
eddy simulation (LES) to study turbulence in the wake of rotors
and ducted fans in ground effect and found that the presence of
a duct reduced ground-induced velocity and turbulence intensity.
Timothy et al. [21] applied particle image velocimetry (PIV) to
investigate rotor wake interactions with the ground at varying
heights. They observed that the wake boundary was governed by
tip vortices, which dissipated and mixed with ground flow, render-
ing the boundary less distinct. Deng et al. [22] combined numerical
simulations and PIV measurements to examine the interaction
mechanisms of a ducted fan UAV during takeoff and landing, ana-
lyzing the effects of rotor speed, inflow angle, forward flight speed,
and ground distance. Their work highlighted the critical influence
of these parameters on the flow dynamics. Wu et al. [23] con-
ducted experimental and numerical studies on rotor aerodynamics
under extreme ground effect, revealing complex flow structures,
including wall jet separation and downwash phenomena, which
were accompanied by significant changes in tip vortex trajectories,
surface pressure, and velocity fields.

As summarized above, extensive researches have been con-
ducted on the aerodynamic characteristics and interaction mecha-
nisms of ducted fans and propellers in ground effect. However,
there is still a lack of research into the ground effect on DDF.
DDF represent a prevalent propulsion system configuration in typ-
ical eVTOL and VTOL aircraft designs. Consequently, research on
ground effects pertaining to DDF constitutes the fundamental basis
for ground effect studies involving eVTOL and VTOL aircraft.
Although this work focuses on DDF to decouple ground-fan inter-
action mechanisms, the findings directly inform eVTOL design. In
addition, the aerodynamic results and mechanism analysis of the
DDF in ground effect can provide data sources for the reduced-
order modeling of the DEP system, considering the high computa-
tional cost of high-fidelity simulations. The objective of this paper
is to study the aerodynamic characteristics and flow mechanisms
of DDF operating in ground effect. Accordingly, experimental and
numerical techniques are described along with the test bench in
Section 2. The steady-state and transient analyses are presented
in Section 3.

2. Configuration and methods
2.1. Ducted fan
The ducted fan configuration examined in this study is based on

the design presented in Ref. [24], as illustrated in Fig. 1. The ducted
fan consists of four main components: the duct, hub, rotor, and

Duct Rotor

Stator

Fig. 1. The ducted fan.
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stator. The geometric and aerodynamic parameters are summa-
rized in Table 1. The fan is designed for hovering flight conditions,
with a design rotational speed of 11 000 revolutions per minute
(rpm).

2.2. Experimental methods

Aerodynamic performance and static pressure distributions
were measured for both isolated and distributed ducted fan config-
urations under hover and various ground-effect conditions. The
schematic of the test bench is shown in Fig. 2. A flat plate measur-
ing 1.8 m x 0.9 m was placed below the fan outlet to simulate the
ground plane. In out-of-ground-effect (OGE) conditions, the plate
was removed. The test bench was constructed from aluminum
extrusion profiles, and their grooves were used to create adjustable
clamping mechanisms for adjusting the spacing between ducted
fans. The fans were elevated to a height of approximately 15 times
the fan radius above the ground to eliminate ground interference
during baseline tests and to provide sufficient space for ground
effect measurements.

The ground distance, denoted as h, was defined as the vertical
distance from the duct exit plane to the ground plate, with the
ducted fan diameter, D, as the reference length. The ground dis-
tance was adjusted by horizontally moving the plate to positions
corresponding to h/D = 0.8, 1.0, 1.5, 2.0, and 3.0 below the duct out-
let, representing varying degrees of ground effect.

The ATI Mini45 six-component force/torque sensor was used to
measure the thrust and torque generated by the ducted fan under
various conditions. The sensor was mounted beneath the ducted
fan, as shown in Fig. 2, to measure the combined thrust and torque
contributions from the duct lip, rotor, and stator. A digital power
meter was used to measure electrical parameters such as power
and current, and had a measurement uncertainty of 20 W.

Static pressure data from multiple pressure holes were col-
lected using a Pressure Systems Inc. (PSI) 9116 pressure scanner,
also shown in Fig. 2. Pressure measurements focused on the duct
lip and the duct. At the duct lip, five static pressure holes were
installed at circumferentially distributed positions, as illustrated
in Fig. 3(a). To avoid installation interference, the pressure taps
at different axial positions were staggered circumferentially at
intervals of 2.5° and 10° depending on the installation scheme.
Along the axial direction of the duct, 13 wall-mounted static pres-
sure ports were uniformly distributed, as shown in Fig. 3(b). To
capture the circumferentially averaged pressure distribution,
non-uniformly distributed static ports were arranged around the
duct wall, as illustrated in Fig. 3(c). The configuration was based
on a single stator channel, which was divided into six equal-
angle segments separated by 10°. A pressure hole was placed at
the center of each section and then replicated circumferentially
to characterize the static pressure distribution in the representa-
tive channel.

In addition to the thrust frequency, the measurements also
included high-frequency electrical noise and low-frequency struc-
tural vibrations from the test rig. The sampling frequency of the
ATI Mini45 sensor was set to 10 000 Hz, which was sufficient to

Table 1

Performance indicators of ducted fans.
Ducted fan Light
Fan diameter (m) 0.15
Hub diameter (m) 0.06
The number of rotor blades 10
The number of stator blades 6

Design speed (rpm) 11 000
Span between rotor and stator (m) 0.006
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capture vibration signatures associated with minor rotor blade
imbalance. Fast Fourier Transform (FFT) was performed on the
raw data, identifying the dominant blade vibration frequency at
183.3 Hz. An FFT-based band-pass filter was applied to the thrust
signal, with the cutoff frequencies set to +20% of the dominant fre-
quency. The filtered results are presented in Fig. 4.

2.3. Computational fluid dynamics (CFD) method

To further analyze the flow field characteristics of isolated
and DDF in ground effect, both steady and implicit unsteady
numerical simulations were conducted to complement the
experimental measurements. At a fan rotational speed of
11 000 rpm, the tip speed corresponds to a Mach number below
0.3, allowing the flow to be treated as incompressible. Therefore,
a pressure-based solver was used. The steady-state simulations
employed the multiple reference frame (MRF) approach to solve
the Reynolds-averaged Navier-Stokes (RANS) equations with the
shear stress transport (SST) k-w turbulence model. The MRF
technique allows different regions in the computational domain
to be assigned distinct rotational or translational velocities,
thereby converting the inherently unsteady problem into a
steady one. A second-order upwind scheme was adopted for spa-
tial discretization. For the unsteady simulations, a second-order
implicit scheme was employed for temporal discretization, with
a time step of At = 0.00001 s (corresponding to a rotor angular
increment of 0.66° per step), and a total simulation duration of
0.055 s. To assess computational convergence, thrust of the duct,
rotor, and stator were monitored. Convergence was considered
achieved when the monitored thrust values and solution residu-
als stabilized.

2.4. Computational domain and grid

The computational domain and mesh configuration are illus-
trated in Fig. 5. The far-field region was discretized using an
unstructured mesh. A stagnation inlet boundary condition was
applied at the domain entrance, while either a pressure outlet or
a no-slip wall boundary condition was imposed at the exit,
depending on the specific case. The flow field consisted of station-
ary and rotating zones. The far-field, stator, and duct were desig-
nated as stationary regions, whereas the rotor region was defined
as rotating. Internal interfaces were employed to ensure accurate
data transfer between these zones. To prevent the influence of
domain boundaries on the simulation results, the upstream bound-
ary was located at 9D from the ducted fan, while the top and bot-
tom boundaries were positioned 10D away from the fan centerline.

In the grid independence study, the mesh near the wall surfaces
and within the boundary layer was refined, while the mesh in the
rotating region was kept nearly constant. The total number of cells
for the isolated ducted fan (IDF) cases was set to 15 million, 18 mil-
lion, and 21 million, respectively. For the distributed ducted fan
configuration, the total number of cells tested was 55 million,
58 million, and 61 million. The results of the grid refinement study
indicated that further mesh refinement had negligible impact on
the predicted fan thrust. Thus, the final grid consisted of 18 million
cells for the IDF and 58 million cells for the distributed
configuration.

2.5. Verification of the CFD method

To validate the CFD method, a comparison was made between
the CFD results and experimental data under OGE conditions. The
thrust and torque coefficients obtained from both experimental
and numerical results are presented in Fig. 6. The coefficients were
defined as follows:
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Fig. 2. Ground effect test bench.

Fig. 3. Distribution of static pressure holes of ducted fan: (a) pressure holes in the lip; (b) pressure holes in the duct; (c) circumferential distribution of the duct.
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Where Cr and Gy are thrust and torque coefficients, respec-
tively; T is the thrust, M is the torque, p is the density of the incom-
ing flow, and n is the fan rotational speed.

As shown in Fig. 6, the numerical results are in close agreement
with the experimental data across all tested speeds, with a discrep-
ancy of less than 5%. This agreement validates the accuracy of the
present numerical method. The minor discrepancies are likely
attributable to interference from test rig fixtures and controllers

on the ducted fan’s aerodynamic performance, which remains
within an acceptable range.

3. Results and discussion

To evaluate the aerodynamic performance of the ducted fan,
power coefficient Cp, figure of merit F,, pressure coefficient C,,
and Mach number Ma are used for quantitative analysis. The defi-
nitions of these dimensionless coefficients are given in Egs. (3)-(6).

P

-t o
32

F=—1 4
2G (4)
p-p

c N 5

P Ip(nR)? ®)

v

Ma=" 6)

where P denotes the input power, p is the local pressure, p., is the
freestream static pressure, v is the velocity, ¢ is the local sound
velocity, and R is the radius of the ducted fan.

3.1. Steady-state aerodynamic performance analysis

Back pressure disturbance at the outlet is a critical mechanism
through which ground effect influences the aerodynamic charac-
teristics of ducted fans. In this study, the circumferentially aver-
aged static pressure along the inner wall of the duct outlet serves
as an indicator for evaluating the presence of ground effect. In
the experiments, both the isolated and DDF were operated at the
design rotational speed of 11 000 rpm. For the distributed config-
uration, Fan 3, as shown in Fig. 2, was selected as the measurement
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Fig. 5. Schematic of calculation domain.
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target. Fig. 7 presents the axial C, distribution along the ducted fan
under isolated and distributed configurations for h/D = 1.0 and 3.0,
as well as the variation in circumferentially averaged G, at the out-
let with ground distance.

Fig. 7(a) shows the G, distribution along the duct for both con-
figurations at different ground distances. The first five data points
correspond to the lip region, while the subsequent points are from
the static pressure taps on the duct. The variation trend of the G,
distribution with ground distance for the distributed configuration
is similar to that of the IDF, with both curves shifting toward higher
pressure. This similarity indicates a consistent influence of ground
effect on the aerodynamic performance of both the isolated and
DDF.

As shown in Fig. 7(b), when h/D increases from 3.0 to 4.0, the
rate of change in the C, gradient approaches zero, indicating that
the influence of ground effect on the outlet pressure becomes neg-
ligible. As h/D decreases below 1.5, the circumferentially averaged
static pressure at the exit exhibits nonlinear growth, with the rate
of increase accelerating at smaller ground distances. At h/D = 1.0,
the G, increases by approximately 38.6% compared to the OGE con-
dition. This pressure disturbance effect is a direct indicator of the
interaction strength between the ground-reflected flow and the
fan wake, attributed to the formation of secondary recirculating
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Fig. 7. C, distribution of the ducted fan: (a) longitudinal C, distribution, (b) the
outlet G, varies with h/D.

flow in the confined space, which leads to increased exit back
pressure.

Fig. 8 illustrates the variation of thrust and power coefficients
for both IDF and DDF configurations across different ground dis-
tances. It is evident that both IDF and DDF configurations exhibit
similar trends in thrust coefficient. When h/D decreases from 3.0
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to 1.5, the change in thrust is relatively minor; however, a notice-
able thrust increase occurs as h/D further decreases to 1.0. At h/
D = 0.8, the IDF configuration produces 103.2% of the OGE thrust,
while the DDF configuration reaches 101.9%. The power coeffi-
cients for both configurations remain relatively stable between h/
D = 3.0 and 1.5. When h/D < 1.0, power consumption increases
noticeably, though by less than 2%.

The figure of merit, F,, a metric for evaluating the hover effi-
ciency of the aircraft, is presented in Fig. 9 as a function of ground
distance, normalized by its value under OGE conditions. Given that
the influence of ground effect on ducted fan torque is relatively
minor, the variation of F, closely mirrors that of the thrust coeffi-
cient Cr. For h/D > 1.5, F,, remains nearly constant. However, for h/
D < 1.5, F, increases significantly with decreasing ground distance.
Specifically, at h/D = 0.8, the Fy, in the IDF configuration increases
by 4.4% and by 1.9% in the DDF configuration, relative to OGE con-
dition. The attenuated efficiency gain in the DDF layout suggests
that aerodynamic interference between ducted fans suppresses
the ground effect, imposing a key constraint for optimizing the
near-ground flow field in DEP systems.

Fig. 10 illustrates the variation in thrust contributions of indi-
vidual components of the IDF in ground effect. The dimensionless
Cr in ground effect is normalized by the corresponding value at
the design speed of 11 000 rpm in the OGE condition. As h
decreases, the thrust generated by the rotor and stator increases,
while the thrust from the duct decreases. The nonlinear aerody-
namic response to ground effect is significantly enhanced when
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Fig. 10. The variation trend of Cy of different components with h/D in IDF.

h/D < 1.0, with rotor thrust increasing by more than 5%. At h/
D = 0.8, the rotor and stator thrusts increase by 9.5% and 10.1%,
respectively, while duct thrust decreases by 5.5%. The net thrust
gain dominates the overall performance evolution, resulting in a
3.2% net increase in the total thrust for the IDF configuration.

Fig. 11 presents the thrust distribution among components of
the ducted fan in the distributed configuration in ground effect.
Overall, the trends of thrust variation with 4 in the DDF configura-
tion are similar to those in the IDF configuration. Specifically, at h/
D = 0.8, compared with the OGE condition, the rotor and stator
thrusts increase by 5.8% and 8.3%, respectively, while duct thrust
decreases by 5.5%. The thrust gain of the DDF is about 1.3% lower
than that of the IDF, which is primarily because that the aerody-
namic interference between the ducted fans weakens the interac-
tion strength between the ground reflected flow and the fan,
resulting in a lower total thrust increase of 1.9%. This phenomenon
reveals that the flow field coupling effect in the distributed layout
suppresses on the ground effect gain. The attenuated thrust gain in
DDF configuration suggests that integrated wing/airframe configu-
rations may experience further performance degradation due to
wing-fan interference, a key focus for future studies.

In studies of the variation in total thrust of ducted fans with h in
ground effect, some previous computational results have shown an
opposing trend indicating a decrease in total thrust. Whether the
total thrust increases or decreases primarily depends on whether
the additional thrust from the rotor and stator compensates for
the duct’s thrust loss. This balance depends on the relative thrust
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Fig. 11. The variation trend of Cr of different components with h/D in DDF.
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contribution of the rotor-stator system compared to the duct. In
the present study, the rotor-stator thrust gain is sufficient to out-
weigh the duct loss, leading to a net thrust increase. In contrast, the
overall thrust decrease reported in Ref. [13] suggests a different
load distribution, where the duct accounts for a larger proportion
of the total thrust, making the thrust loss difficult to compensate
through rotor-stator thrust increase. This clarification of the mech-
anism provides a key design insight for the ground-effect-adaptive
design of ducted fans. It is therefore recommended to optimize the
blade-to-duct load distribution to ensure thrust stability in near-
ground operations.

3.2. Steady-state flow field analysis

3.2.1. IDF layout

The variation in the flow field induced by ground effect is a crit-
ical factor influencing the aerodynamic performance of ducted
fans. In this section, the steady-state flow fields are compared
and analyzed. Fig. 12 presents the Ma and C, contours of IDF under

Ground vortex

Stagnation region

(b)

Fig. 12. Velocity and pressure fields for different h/D in IDF: (a) OGE, (b) h/D = 1.0.
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OGE conditions and at h/D = 1.0. As shown in Fig. 12(a), under OGE
conditions, a high-speed low-pressure region (Region 1) forms
near the duct lip due to flow acceleration. The flow passes through
the rotor and stator stages and exits vertically to form a down-
stream wake. A portion of the flow also leaks through the blade
tip clearance, forming a tip leakage vortex.

Ground effect significantly alters the flow field at the duct exit.
As shown in Fig. 12(b), at h/D = 1.0, the flow field is significantly
reconstructed, which is mainly manifested as two primary aerody-
namic responses. First, the outlet jet is obstructed by the ground,
creating a wall-jet blockage effect. The axial velocity component
is attenuated to V, = 39.5 m-s~! (a decrease of 31.9%), and the radial
velocity component is increased to V; = 48 m-s~}, and the direction
of velocity vector is deflected by 82°. Simultaneously, a pair of
ground vortices (Region 2) develops beneath the fan. In the central
region of the outlet, a stagnation zone (Region 3) is characterized
by high pressure and low velocity forms due to flow blockage. As
a result, the effective flow area and jet velocity at the duct exit
are reduced. The increased exit pressure, combined with the lower
flow velocity and reduced mass flow through the duct, contributes
to the duct thrust reduction.

To better understand the variation in rotor and stator thrust in
ground effect conditions, the C, distributions along the blade sec-
tions at 50% span were analyzed from the numerical results at dif-
ferent ground distances, as illustrated in Fig. 13. The results reveal
that as the ducted fan approaches the ground, the effective angle of
attack of the blades increases. This change is accompanied by a sig-
nificant rise in static pressure on the pressure side of both rotor
and stator blades. Notably, no signs of flow separation are observed
on the suction sides, indicating that the flow remains well-
attached throughout the analyzed conditions. Consequently, the
aerodynamic loading on the rotor and stator blades intensifies with
decreasing ground distance, leading to an increase in thrust pro-
duction. The following section details the static pressure distribu-
tions on the suction and pressure surfaces of the blades to
explore the aerodynamic mechanisms behind this thrust gain.

Co
-1.00 -0.28 0.44

(b)

(c)

Fig. 13. Velocity of blade section at r/R = 0.5 in different h/D: (a) OGE, (b) h/D = 2.0,
(c) h/D =0.28.
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The G, distributions on the suction and pressure surfaces of the
rotor and stator blades at different ground distances are shown in
Figs. 14 and 15, respectively. Under OGE conditions, low-pressure
regions are primarily located near the blade tip and along the lead-
ing edge of the suction surface, while high-pressure regions are
concentrated near the trailing edge on the pressure side. The pres-
sure differential across the blade surfaces is the primary contribu-
tor to rotor thrust generation. As the ducted fan operates closer to
the ground, the presence of the ground surface significantly alters
the position, spatial extent, and magnitude of these pressure
regions. Specifically, with decreasing h, the low-pressure region
on the suction surface progressively shifts toward the blade tip
in the chordwise direction and expands from tip to root in the
spanwise direction. This trend becomes especially prominent for
clearances between h/D = 2.0 to 0.8, during which a further reduc-
tion in mean static pressure is observed on the suction surface. On
the pressure side, a similar phenomenon is noted: the high-
pressure region extends toward the blade tip, accompanied by an
increase in the average static pressure. These modifications in
the pressure field lead to an intensified pressure differential across
the blade surfaces as h decreases, thereby enhancing rotor thrust.
This pressure redistribution underlies the thrust augmentation
observed in ground effect.

The G, distributions on the suction and pressure surfaces of the
stator blades at different ground distances are shown in Fig. 15. As
ground distance increases, the mean static pressure on the suction
surface slightly increases due to the elevated static pressure in the
rotor wake. Additionally, the increased outlet pressure induced by
the ground proximity further raises the mean static pressure on
the pressure surface of the stator. Fig. 15 shows that the pressure
rise on the pressure surface is more pronounced than that on the
suction surface and that this asymmetrical pressure increase
enhances the net pressure differential across the stator blades as
ground clearance is reduced. Consequently, the aerodynamic load-

Suction side Pressure side

L=

Pressure side

Suction side

(b)

Pressure side

Suction side

(c)

Fig. 14. Pressure of rotor blade for different h/D: (a) OGE, (b) h/D = 2.0, (c) h/D = 0.8.
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Suction side Pressure side

Suction side Pressure side

(b)

Suction side Pressure side

(c)

Fig. 15. Pressure of stator blade for different h/D: (a) OGE, (b) h/D = 2.0, (c) h/D = 0.8.

ing on the stator blades intensifies, increasing the stator thrust in
ground effect.

3.2.2. DDF layout

The Ma and G, fields associated with the DDF configuration
under both OGE and h/D = 1.0 conditions are illustrated in
Fig. 16. The Ma distribution between ducts is relatively uniform,
the streamlines are relatively parallel, and no significant shear
layer or vortex structure is observed, suggesting negligible mixing
between the bypass jets without significant turbulent diffusion or
wake overlap, which results in relatively small thrust loss. This
implies that the duct spacing may be reasonable for avoiding inter-
ference. As reported in Section 3.1, the thrust coefficient of the DDF
configuration is notably lower than that of the IDF layout under the
same rotational speeds, a phenomenon primarily attributable to
the mutual interference of adjacent fans. This interference signifi-
cantly diminishes the effective inlet capture area of each duct, as
depicted in Fig. 16(a), relative to IDF configuration. Upon entering
through the duct lip, the airflow accelerates, generating a low-
pressure region. A more extensive flow capture region correlates
with a broader high-velocity and low-pressure zone proximate to
the lip, thereby enhancing the thrust generated by the duct lip.
Consequently, the reduced inlet captures efficiency in the DDF con-
figuration results in a diminished thrust output compared to the
IDF. Furthermore, Fig. 16(a) shows that under OGE conditions,
the wake boundaries of adjacent fans near the duct exit remain dis-
tinct, with negligible intermixing of flows. In contrast, at h/D = 1.0,
as illustrated in Fig. 16(b), the wakes evolve downstream and
interact with the ground plane, expanding radially outward and
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Ma Co
0 0.12 0.24 -1.50 -0.58 0.35

Complex vortex system

(b)

Stagnation region

Fig. 16. Velocity and pressure fields for different h/D in DDF: (a) OGE, (b) h/D = 1.0.

facilitating mixing between neighboring fan wakes. The magnified
inset in Fig. 16(b) reveals that this wake interaction weakens the
outlet velocity and generates complex vortex structures, due to
the combined effect of wake mixing and ground-induced vortices.
The wall jets emanating from the DDF configuration impinge on
the ground and propagate radially. As these jets converge, multiple
impingement zones form at the interfaces between adjacent jets.
These interaction regions exhibit strong velocity gradients and sig-
nificant momentum exchange, promoting instabilities within the
ground shear layer and the development of unsteady vortex struc-
tures, as annotated by vortex Structures 1, 2, and 3.

To further elucidate the performance disparities, a position-
dependent analysis of the ducted fans in the DDF configuration
in ground effect is warranted. The performance of ducted fans at
different positions within the DDF layout, specifically, central ver-
sus edge-located fans, is analyzed in ground effect conditions. This
positional variation arises from asymmetric wake interactions and
ground-induced effects, leading to heterogeneous aerodynamic
loading across the array. For central fans, the mutual interference
is amplified due to bidirectional wake overlap from neighboring
fans. As shown in Fig. 16(b), the radial expansion of wall jets from
impingement creates intensified mixing zones at the convergence
points between central jets, resulting in stronger velocity gradients
and more pronounced vortex structures (Structures 2 and 3). This
enhanced mixing reduces the effective outlet velocity, thereby
diminishing the rotor thrust contribution by approximately 4% rel-
ative to isolated conditions. The inlet capture area for central fans
is further compromised, which limits mass flow ingestion and
exacerbates inlet distortion at the rotor plane. In contrast, edge-
located fans experience predominantly unidirectional interference
from inner-array wakes, coupled with reduced ground-plane inter-
action on the outer side. This asymmetry yields a more favorable
inlet capture efficiency, with a broader high-velocity region near
the lip. However, the outlet performance is still affected by partial
wake mixing with the ground shear layer, generating asymmetric
vortex shedding (Structure 1). Overall, the central fans’ degraded
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performance underscores the need for optimized duct spacing or
flow control measures to mitigate position-dependent losses. This
analysis highlights that ground effect in DDF configurations not
only amplifies overall interference but also introduces spatial
non-uniformity, potentially informing array design for eVTOL
applications where thrust vectoring or differential rotational speed
control could balance positional disparities.

3.3. Transient aerodynamic performance analysis

Studies of the time-averaged flow field have demonstrated that
in ground effect, ducted fans generate tip leakage vortices, ground
vortices, and complex interference vortex structures, all of which
contribute to fluctuations in the fan thrust. This section analyzes
transient aerodynamic characteristics of the ducted fan, focusing
on how these vortex structures drive thrust oscillations from an
unsteady flow perspective.

3.3.1. Unsteady aerodynamic characteristics

In addition to the time-averaged thrust performance, unsteady
aerodynamic characteristics become increasingly significant as h
decreases. The ground effect induces significant thrust oscillations,
which are quantified using the statistical metric of standard devi-
ation (SD), a statistical measure of data dispersion. A larger SD indi-
cates greater variability in thrust over time. Previous studies, such
as Ref. [13], have reported that thrust oscillations intensify as the
ducted fan approaches the ground. However, few investigations
have addressed the unsteady aerodynamic performance of DDF
layout in ground effect. Fig. 17 illustrates the variation of thrust
SD with h/D for both IDF and DDF configurations.
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Fig. 17. SD varies with h/D: (a) IDF layout, (b) DDF layout.
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It is evident that for both configurations, thrust fluctuations
increase with decreasing h/D. The DDF configuration exhibits sig-
nificantly higher levels of thrust oscillation than the IDF configura-
tion. For the IDF, thrust fluctuations remain limited when h/D > 1.5,
with the SD less than 6% of the mean thrust. When h/D < 1.0,
unsteady characteristics are intensified by the ground effect,
resulting in enhanced thrust oscillation, with the SD reaching
9.1% of the time-averaged thrust at h/D = 0.8. In contrast, the
DDF layout experiences considerably stronger unsteady behavior
in ground effect. At h/D = 3.0, the thrust SD already reaches
34.8% of the time-averaged thrust, substantially higher than in
the IDF layout. As h/D further decreases, the severity of the thrust
oscillations increases sharply, with the fluctuation level peaking at
59.9% of the time-averaged thrust when h/D = 0.8. The extreme
thrust fluctuation observed in DDF layout at h/D = 0.8 poses critical
challenges for eVTOL/VTOL landing stability. Therefore, during the
vertical takeoff and landing of eVTOL and VTOL aircraft, it is neces-
sary to increase ground distance or active flow control in eVTOL
and VTOL aircraft with DDF system.

3.3.2. Transient flow field analysis

The spatial distribution of vorticity fields for the IDF configura-
tion at h/D = 1.0 is shown in Fig. 18, together with the evolution of
vortex structures visualized by Q-criterion iso-surfaces
(Q =500 000). During blade rotation, a significant pressure differ-
ential between the blade tip and the duct wall generates a high-
velocity leakage flow, forming a tip vortex. This vortex propagates
downstream along the slipstream boundary of the ducted fan
wake. Due to viscous dissipation near the ground plane, the local
vorticity gradually attenuates, resulting in the stretching and radial
expansion of the vortex core. This dynamic process leads to the for-
mation of a wall jet adjacent to the ground. The tip vortex strength
diminishes from a maximum of 4915 s~' at the fan outlet to
1546 s~! at a downstream distance of 2.7D. As the tip vortex
approaches the ground, the adverse pressure gradient induced by
the wall constrains its vertical development, causing a portion of
the vortex structure to rise, with the vortex core elevating to
approximately 0.3D above the ground by 2.7D downstream. Con-
currently, the downward jet from the ducted fan impinges upon
the ground plane and undergoes rapid radial expansion. This
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expansion interacts with the incoming near-wall flow, establishing
a strong velocity gradient that forms a distinct shear layer. The
inherent instability of this shear layer further promotes the forma-
tion of ground vortices, as illustrated in Fig. 18. In summary, in
ground effect, the interaction between these vortex structures,
including the tip leakage vortex and ground-induced vortices, sig-
nificantly affects the pressure distribution on the ground. These
interactions are a major cause of the unsteady aerodynamic behav-
ior and thrust fluctuations of the ducted fan.

The vortex evolution and associated aerodynamic characteris-
tics within the DDF configuration in ground effect conditions are
presented in Fig. 19, with vorticity distributions shown at h/
D = 1.0. This configuration features a complex, three-
dimensional vortex evolution, influenced by both the interaction
between individual ducted fans and the ground plane and signif-
icant aerodynamic interference among adjacent fans. The Q-
criterion iso-surfaces (Q = 500 000) show the intricate vortex
dynamics, revealing the formation of characteristic tip vortices,
wall jets, and ground vortices for each fan. Due to the con-
strained inter-fan spacing, the vortex structures induced by
neighboring fans exhibit spatial superposition and mutual inter-
ference, resulting in a highly nonlinear coupling within the local
flow field. In the central region of each ducted fan, the tip vor-
tices from adjacent fans demonstrate vortex core crossing during
the downwash process, as highlighted in the magnified inset of
Fig. 19. This interaction zone between the tip vortex and the
fan wake results in a compound vortex structure. The superposi-
tion of these vortices intensifies the local shear layer and ampli-
fies flow instabilities, as shown by the vortex superposition in
the figure. Furthermore, interference between adjacent fans’ tip
vortices generates complex vortex structures oriented perpen-
dicular to the ducted fans’ alignment. Meanwhile, the ground
vortices induced by the outer ducted fans exhibit an asymmetric
shape, with a clear skewing trend. This asymmetry contributes to
an uneven ground pressure distribution, as observed in Fig. 16
(b), which in turn influences the thrust vector characteristics of
the propulsion system and compromises the stability of near-
ground hovering, takeoff, and landing maneuvers.

To further elucidate the positional variations in transient vorticity
in ground effect, a comparative analysis of the ducted fans at differ-
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Fig. 18. Vorticity distribution at h/D = 1.0 in IDF.
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Fig. 19. Vorticity distribution at h/D = 1.0 in DDF.

ent locations within the DDF array is conducted. Specifically, the cen-
tral ducted fans experience more symmetric and intense inter-fan
interference, leading to stronger vortex core crossing and higher peak
vorticity magnitudes. This results in a more pronounced compound
vortex structure in the downwash core, with enhanced shear layer
instabilities that propagate radially outward. In contrast, the edge
ducted fans exhibit reduced multi-directional interference due to
fewer neighboring fans, yielding weaker tip vortex superposition
but more pronounced asymmetric ground vortices. Such positional
disparities highlight the non-uniform transient vorticity evolution
across the array, where central fans dominate in vertical flow cou-
pling, while edge fans contribute disproportionately to lateral insta-
bilities. This comparative insight underscores the need for position-
specific flow control strategies to mitigate aerodynamic imbalances
in distributed propulsion systems.

Collectively, the vortex structures in ground effect in the DDF
layout encompass the self-induced tip vortices, wall jets, and
ground vortices inherent to each fan, while being strongly influ-
enced by inter-fan aerodynamic interference, resulting in a com-
plex three-dimensional vortex system. An understanding of how
these vortex structures form and evolve is essential for optimizing
thrust control, enhancing flow stability, and improving the ground
operational performance of distributed propulsion systems,
thereby having important practical value for flow control and aero-
dynamic interference mitigation in near-ground flights.

4. Conclusions

This study combined experimental and numerical methods to
systematically analyze the aerodynamic characteristics and flow
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field evolution of isolated and DDF under hover and ground effect
conditions. The main conclusions are summarized as follows.

Ground effect significantly alters the aerodynamic performance
of ducted fans. When the normalized ground clearance h/D < 1.5,
the static pressure at the duct outlet increases markedly, enhanc-
ing aerodynamic loads on both rotor and stator blades and result-
ing in a notable increase in total thrust. At h/D = 0.8, the total thrust
increases by 3.2% for the isolated configuration and by 1.9% for the
distributed configuration, relative to OGE conditions.

Thrust variation is primarily caused by flow field restructuring.
The ground effect induces wake stagnation, wall jet flows, and
ground vortices, which reduce the outlet velocity and effective
flow area of the duct, thereby decreasing the thrust contribution
from the duct. Concurrently, the blade angle of attack increases,
causing elevated aerodynamic loads on the rotor and stator blades,
contributing to an overall thrust increase.

The distributed configuration exhibits significant unsteadiness.
Wake interaction and ground vortex merging create a complex
three-dimensional vortex system that amplifies thrust fluctua-
tions. The thrust SD for the DDF reaches 59.9% of the time-
averaged value, substantially higher than the 9.1% observed for
the IDF.

For eVTOL and VTOL aircraft with DDF, this study establishes
three design guidelines: (D optimize blade-duct load distribution
for thrust stability, @ determine appropriate fan spacing to miti-
gate vortex interference, and @ maintain sufficient ground dis-
tance during hover operations. The findings provide valuable
insights into DEP system design and control strategy development
for near-ground flights.
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