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A variable-pitch-controlled quadrotor drone was sim-
ulated in the ground effect using a high-fidelity CFD
solver. In contrast to a single rotor in the ground ef-
fect, which has been extensively studied for conven-
tional helicopters, the flow fields around multiple ro-
tors are complex. In this study, the rotating speed
of the rotors was maintained constant, and the blade
pitch angles were adjusted so that the total thrust of
the multicopter was the same regardless of the ro-
tor height from the ground. It was observed that the
power required for the quadrotors, which generate the
same thrust, decreases when the rotors are approach-
ing the ground from the height where they can be con-
sidered to be out of the ground effect, but increases
locally when the rotor height is approximately the ro-
tor radius, owing to flow recirculation into the rotor,
and then decreases abruptly when the rotors further
approach the ground. The outwash from the quadro-
tors depends heavily on the direction relative to the
quadrotor layout. Along the plane crossing the di-
agonal rotor centers, the outwash velocity profiles re-
semble those of a single rotor; however, the outwash
from the rotor gaps is stronger and extends to a much
higher altitude.

Keywords: quadrotor drone, CFD simulation, ground ef-
fect, variable pitch control

1. Introduction

Multirotor-type drones have been employed in various
fields. Larger drones weighing more than 30 kg have
been developed mainly for transportation and agricultural
spraying. Meanwhile, electric vertical take-off and land-
ing (eVTOL) aircraft aiming for personnel transportation
are being studied and are under development worldwide.
Uber proposed using eVTOL as an air taxi to carry up to

five persons [a]. The weights of the aircraft proposed by
several Uber Elevate partners were over 2000 kg [b].

As the weight of the rotorcraft increases, safety con-
cerns associated with downwash arise. The downwashes
caused by conventional helicopters are dominated by sin-
gle main rotors, which have been extensively studied. The
velocities induced in the rotors are mostly limited to less
than 15 m/s to avoid accidents caused by rotor outwash
on the ground during operations. The maximum outwash
speed on the ground is twice the induced velocity [1]. It is
likely that a wind speed of 30 m/s is considered an accept-
able limit in the conventional helicopter design. When the
rotor approaches the ground, the influence of the ground
begins to appear. For a single rotor generating a constant
thrust, the required rotor power decreases when the rotor
height is less than one diameter of the rotor. Numerous
studies on the helicopter ground effect and the associated
downwash have been conducted so far [1–7]. A general-
ized model of downwash induced by a single rotor was
proposed by Tanabe et al. [1]. Good correlations with the
experimental tests and CFD simulations were observed.

The flow field around a multicopter tends to be ex-
tremely complex. Neighboring rotors turn in a different
direction from each other. Interactions between the rotors
exist [8]. When the rotor is in the ground effect, the inter-
action between the rotor and ground becomes dominant.
As reported by Kohno et al. [9], where the quadrotors in
the ground effect were studied, the distance between the
rotors significantly influenced the trend of the ground ef-
fect. When the rotor gap is minimal, the overall thrust in-
creases monotonically as the rotor height decreases, sim-
ilar to the ground effect of a single rotor. When the rotor
gap is greater than 0.3 times the rotor radius, the overall
thrust gradually decreases as the rotor height decreases.
At a rotor height less than the rotor radius, the overall
thrust increases abruptly. This trend deviates significantly
from that of a single rotor. It is observed that there is flow
recirculation as a result of the interaction between the ro-
tor and the ground plane, which causes the loss of the ro-
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Fig. 1. Pitch-controlled quadrotor drone [11].

Fig. 2. Rotor blade shape.

tor thrust at the intermediate rotor height [10]. This trend
is considered one of the causes of the flight instability of
the multicopter near the ground. However, the fuselage
at the center of the quadrotors was not considered, the
rotors were fixed-pitch propellers, and the rotating speed
was constant in previous studies. When the rotor height
changes, the rotor thrust changes such that the balance be-
tween the aircraft gravitational force and the rotor thrust
cannot be satisfied. More realistic simulations in which
a constant thrust is generated by trimming the rotor pitch
angle for a variable-pitch-controlled drone are conducted
in this study.

The objectives of this study are 1) to validate the nu-
merical methods by comparing the results of simulations
of a single rotor with existing experimental measure-
ments; 2) to obtain detailed flow field observations of the
quadrotor drone hovering in the ground effect; 3) to de-
termine the change in the required power of a quadrotor
drone with the rotor height; and 4) to obtain the velocity
profile on the ground due to the outwash from the quadro-
tor drone.

2. Quadrotor Drone Modeling

A photograph of a drone with four pitch-controlled ro-
tors is shown in Fig. 1 [11]. The pitch control of the rotors
was adopted to attain a fast attitude change of the drone
so that it will be more robust during flight in gusty wind.
In addition, the stability of the drone can be maintained
during descent flight before landing. A cambered thin air-
foil (OA117) was chosen, and the rotor blade had a linear
twist of −21◦, as shown in Fig. 2.

Fig. 3. Layout of the quadrotor drone.

Table 1. Drone design parameters.

Number of rotors NR 4
Rotor radius R 0.1905 m

Blade root chord cr 0.0665 m
Blade tip chord ct 0.0402 m

Rotor rotational speed 5400 rpm
Number of blades Nb 2

Blade airfoil OAF117
Blade twist θt −21◦ (linear)

Fig. 4. Computational model of a quadrotor drone.

The layout of the quadrotor drone is illustrated in
Fig. 3. The rotor diameter D is 0.381 m. The distance be-
tween diagonal rotor centers L is 1.76D. The rotor gap d
is 0.243D. The design parameters of the drone are listed
in Table 1. The rotor rotating speed is 5400 rpm. The de-
sign gross weight of this drone is 7 kg so that each rotor
generates an average thrust of 17.15 N during hovering
flight.

A simplified computational model based on the drone
is shown in Fig. 4. The support arms, landing skids, and
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Table 2. Computational conditions.

Rotor thrust T 17.15 N (CT = 0.0106)
Control Collective pitch θ0

Distance of rotor to
ground

h/D = 0.25, 0.50, 0.75, 1.0, 2.0, 3.0,
OGE

other details were omitted. Only the rotor blades and cen-
tral fuselage were considered. The rotor height from the
ground was varied from 0.25D to 3D, as listed in Table 2.
As a reference, the case without a ground plane (out-of-
ground effect, referred to as OGE) was also simulated.

3. Numerical Methodologies

Numerical simulations of the quadrotor drone in
the ground effect were conducted using a CFD code,
rFlow3D, developed at JAXA specifically for rotor-
craft [12]. In the rFlow3D code, a three-dimensional mov-
ing overlapping grid method is used. The blade grids
move and deform within the inner Cartesian background
grid. A wide outer-background Cartesian grid is used
to preserve the uniform inflow condition. A static fuse-
lage grid is placed inside the inner background. For com-
plex fuselage shapes, a fuselage grid can be formed using
an unstructured grid. In this case, the FaSTAR [13] or
TAS-code [14] solver was used for the unstructured grid.
A numerical solution was obtained via an interpolation
from the inner grids to the outer grid. The update of the
flow solution is obtained based on the boundary condi-
tions interpolated from the outer grid. Any number of
rotors can be handled using this code. rFlow3D success-
fully captured the interactions of a hex-rotor drone hover-
ing near a side wall or an upper wall [15]. Further details
of the computational methods applied to multiple rotors
can be found in [15].

An all-speed numerical scheme, namely, simple low-
dissipation AUSM (SLAU) [16] with extension to three-
dimensional moving grids (referred to as mSLAU), is
adopted [17]. It is suitable for flow calculation around
a rotary wing, where the local flow speed may vary from
very low on the root area to transonic at the tip. Com-
bining SLAU with a fourth-order compact MUSCL TVD
(FCMT) interpolation scheme [18], fourth-order spatial
accuracy was obtained in shock-free regions. The implicit
LU-SGS and dual-time-stepping methods [19] are used
for time integration on blade grids. However, for the back-
ground grids, an explicit four-stage Runge-Kutta time in-
tegration method [20] was used. In this study, no turbu-
lence model was adopted considering the relatively low
Reynolds numbers on the rotors. The numerical method-
ologies applied to each type of grid are summarized in Ta-
ble 3.

The forces and moments generated by a single rotor are
nondimensionalized, as expressed in Eqs. (1)–(4), where
CT is the thrust coefficient, CQ is the torque coefficient,

Table 3. Numerical methodologies.

Items
Cartesian
background
grid

Body-fitted grid
(blade/fuselage)

Governing equations
Three-dimensional compressible
Navier-Stokes equations

Spatial discretization
Cell-vertex
FVM

Cell-centered
FVM

Time integration
Four-stage
Runge-Kutta
method

Dual-time
stepping
/ LU-SGS

Numerical flux mSLAU (modified SLAU)

Reconstruction
FCMT
(fourth-order compact MUSCL
TVD)

Viscous flux
Second-order central difference
method

Turbulence model
Not applied
(QDNS, Quasi-DNS)

Fig. 5. Computational grids and boundary conditions for a
quadrotor drone in the ground effect.

and CP is the power coefficient. The figure of merit (FM)
of a rotor is defined as the ratio of the ideal induced power
to the actual required power; the closer it is to 1, the better
is the rotor performance in hover.

CT =
T(

ρπR2V 2
tip

) . . . . . . . . . . . (1)

CQ =
Q(

ρπR2V 2
tipR
) . . . . . . . . . . . (2)

CP =
P(

ρπR2V 3
tip

) = CQ . . . . . . . . . (3)

FM (Figure of Merit) =

(
(CT )

3
2√

2

)

CP
. . . . (4)

The computational grid system used in this study is
shown in Fig. 5. The boundary conditions applied to the
background surfaces are indicated. The grid geometries
for the blades (8 in total) and fuselage are shown in Fig. 6.
The resolution in the background grid around the rotors
was set to 15% of the length of the blade tip chord. Dense
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Fig. 6. Grid geometries for the blade (left) and the fuselage
(right).

Table 4. Grid points and 1st cell height.

Grid
Number of grid
points

Height of 1st cell
from the wall [m]

Background grid
449×449×333
(X ×Y ×Z) 1.0×10−3

Blade grid × 8
121 × 143 × 61
(Span × Chord
× Normal)

2.0×10−6

Fuselage grid

71 × 101 × 45
(Longitudinal ×
Circumference
× Normal)

2.0×10−5

grids were placed near the walls to resolve the boundary
layer flows on the blade and fuselage surface and on the
ground, as presented in Table 4.

4. Single Rotor in Ground Effect

A single rotor in the ground effect has been studied by
various researchers [1–7]. The outwash on the ground
was measured and modeled. The results are consistent
with each other, suggesting that the ground effect and
outwash profile are not sensitive to the rotor blade de-
sign [1]. However, the aspect ratio of the current blade
was approximately 3. This is significantly lower than that
of a conventional rotor blade, for which an aspect ratio
of more than 10 is common. It is meaningful to con-
firm whether the conventional ground-effect empirical re-
lations also hold for this rotor. The flow field around a sin-
gle rotor provides a baseline to investigate the flow fields
around multiple rotors further.

The rotor performance, namely the CT vs. CQ curve, of
this rotor OGE was compared with the measurement, as
shown in Fig. 7, where a blade with a twist angle of −21◦
was adopted in the present study, and good agreement was
obtained [21].

The flow fields around a single rotor near the ground
are shown in Fig. 8. The rotor blade tip vortices are vi-
sualized with iso-Q criterion surfaces and colored by the
downward velocity w, which is normalized by the sonic
speed. There was no rotor-wake recirculation. The down-
wash induced by the rotor spreads along the ground plane

C
T

CQ

Fig. 7. Comparison of rotor performance between CFD pre-
diction and measurement [21].

Fig. 8. Flow field around a single rotor near the ground.

for all rotor heights.
The required power for a single rotor generating the

same thrust for various rotor heights is shown in Fig. 9.
The prediction matches very well with the empirical rela-
tionship proposed by Schmaus et al. [6], who studied the
ground effect of a rotor for man-powered rotorcraft up to
distances close to the ground. The power change with re-
spect to the rotor height is given by Eqs. (5) and (6): Cp0
is the power coefficient when no rotor thrust is generated.

Cp = kgkλiCT +Cp0 . . . . . . . . . . . . (5)(
PIGE −P0

POGE −P0

)
= 0.146+2.090

(
h
R

)
−2.068

(
h
R

)2

+0.932
(

h
R

)3

−0.157
(

h
R

)4

. (6)

The vertical velocity component on the rotor central
section at 30 rotor revolutions from the start is shown in
Fig. 10. The vertical velocity w is normalized by the sonic
speed. It can be observed that the wake on the ground
was unsteady. The flow speed averaged from 37 to 42
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C
Q

h D

Fig. 9. Power change with ground height for a single rotor.

Fig. 10. Velocity distribution in the central section of a sin-
gle rotor.

Fig. 11. Averaged flow in the central section.

revolutions normalized by the rotor-induced speed (vi =√
T/2ρA, ρ: air density; A: rotor disc area) is shown in

Fig. 11. The velocity fluctuations are almost eliminated.
The averaged velocity profiles at stations y/D = 0.625,
1.0, 1.5, and 2.1 are shown in Fig. 12. Compared with
the measurements with a model rotor at NDA [5] and
those with a real helicopter conducted by NASA [3], good
agreements are obtained, except for y/D = 2.1, where the
rotor downwash is considered not sufficiently developed
in the numerical simulations. Please be noted that the

z
D

v vi

z
D

v vi

z
D

v vi

z
D

v vi

Fig. 12. Outwash profile comparisons for a single rotor.

0

h D

Fig. 13. Rotor pitch angle vs. rotor height.

NASA field measurement was carried out at y/D = 1.3
and the NDA laboratory measurement was at y/D = 1.5.
These velocity profiles are compared with the present pre-
diction at y/D = 1.5.

5. Quadrotor Drone in Ground Effect

The simulations of the quadrotor drone in the ground
effect are conducted in such a way that each rotor is
trimmed to generate the same thrust as that of a single
rotor. The rotor rotating speed was assumed to be con-
stant; consequently, the rotor blade pitch angles were ad-
justed. As shown in Fig. 13, compared with the single-
rotor case where a monotonic decrease in the required
pitch angle with a decrease in rotor height is observed, the
required average pitch angle of the quadrotor has a peak
at h/D = 0.5. The rotor blade pitch angle is strongly as-
sociated with the required rotor power. The reason for the
locally peaky rotor power requirement will be discussed
below along with a detailed observation of the flow fields
around the multiple rotors.

The instantaneous flow fields around the quadrotor
drone at various rotor heights from the ground are shown
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Fig. 14. Flow fields around a quadrotor drone at various
rotor heights from the ground.

Fig. 15. Streamlines projected onto the plane crossing two
neighboring rotor centers.

C
Q

h D

Fig. 16. Power consumption per rotor.

in Fig. 14. The rotor revolutions from the start are 30. It
is observed that the rotors at h/D = 0.25, 0.5, and 0.75
are immersed within the rotor wakes.

The streamlines projected onto the vertical plane cross-
ing two neighboring rotor centers are shown in Fig. 15.
At h/D = 0.5, a strong flow recirculation was observed.
Notably, the real streamlines in this type of flow field are
unsteady and three-dimensional. However, the flow field
for h/D = 0.5 is different from that for h/D = 0.25 and
h/D = 0.75, where the downwash reflected by the ground
is not sucked into the rotor. As shown in Fig. 16, where
the torque coefficient for one of the quadrotors is shown
together with the result for the single rotor, the torque co-
efficient for the quadrotor changes irregularly around the
rotor height of 0.5D. This corresponds to the flow re-
circulation observed in Fig. 15 at the same rotor height.
The ratios of CQ in the ground effect (IGE) to CQ OGE
are shown in Fig. 17. The ground effect for the quadro-
tor starts to appear from a height of two rotor diameters,
compared with a single rotor, for which the ground effect
starts to appear from a height of one rotor diameter.

C
Q

h D

Fig. 17. Power consumption ratio due to the ground effect.

C
T

h D

Fig. 18. Lift ratio acting on the fuselage.

Fig. 19. Instantaneous velocity distribution on the central
section of the quadrotor drone.

In the present simulations, the forces acting on the fuse-
lage are not considered in the trim process. The lift gen-
erated by the fuselage, LFuselage, divided by the lift of the
entire aircraft, L, is shown in Fig. 18. In the OGE condi-
tion, LFuselage/L was slightly negative, indicating a down-
load on the fuselage. However, when the rotor height de-
creases, a positive lift is generated on the fuselage, indi-
cating that there is an upwash around the central fuselage
area, as shown in Fig. 19. The pressure coefficient (Cpa,
pressure normalized based on sonic speed instead of uni-
form speed) distributions for h/D = 0.25 and 3.0 on the
central sections are shown in Fig. 20, where a high posi-
tive pressure can be observed on the bottom of the fuse-
lage. The generation of lift on the fuselage corresponds
to the power change caused by the ground effect. When
the rotor height is 0.25D, the lift ratio generated by the
fuselage is approximately 6.9% of the lift generated by
the rotors. A lift trim that includes the fuselage should be
considered in future simulations.

For the case of the rotor at a height of 0.5D, the aver-
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Fig. 20. Instantaneous pressure distribution on the central
section of the quadrotor drone.

Fig. 21. Flow along the section crossing the diagonal rotor
centers.

z
D

v vi

z
D

v vi

z
D

v vi

z
D

v vi

Fig. 22. Velocity profiles on the ground along the section
crossing the diagonal rotor centers.

aged flow for two revolutions from 36 to 38 rotor revo-
lutions is shown in Fig. 21, on the vertical plane cross-
ing the diagonal rotor centers. The velocity profiles at
y/D = 0.625, 1.0, 1.5, and 2.1 are shown in Fig. 22, indi-
cating that the origin of y is located near the rotor center.
The outwash along the ground is slightly higher than that
induced by a single rotor, but the profiles appear similar.

In contrast, as shown in Fig. 23, a strong flow velocity
also exists at high altitudes from the ground along the ro-
tor gap center. Although the flow field shown here is aver-
aged for two rotor revolutions, strong velocity fluctuations

Fig. 23. Flow along the section of rotor gap center.

z
D

v vi

z
D

v vi

z
D

v vi

z
D

v vi

Fig. 24. Velocity profiles along the section of rotor gap center.

and asymmetry of the flow field can still be observed. As
shown in Fig. 24, the maximum speed is approximately
the same, but a strong wind up to a greater height from
the ground is characteristically associated with the multi-
ple rotors interacting in the ground effect. In addition, the
velocity profiles obtained at the opposite side are shown
for a comparison. There were some differences in the ve-
locity profiles, but the heights at which a high velocity
was reached were the same.

It is considered that the flow field around a multirotor
drone near the ground is strongly unsteady in nature, and
careful control is required. The quick response provided
by the variable-pitch mechanism proposed in this study
can contribute to the stable and robust control of multiro-
tor drones. The change in the rotor gap and relative height
may also influence the occurrence of the ground effect.
This should be studied in the future for specific multirotor
aircraft designs.

6. Conclusions

Numerical simulations of a single rotor and a quadrotor
drone in the ground effect have been conducted.

1) For the single-rotor case, good agreement with exist-
ing empirical relations for the rotor in ground effect
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has been confirmed. The predicted outwash on the
ground was consistent with the existing experimen-
tal measurements.

2) Detailed flow field observations of the quadrotor
hovering in the ground effect were obtained. It is
observed that there is a flow recirculation for the
quadrotor drone at an intermediate height of approx-
imately 0.5 times the rotor diameter.

3) The required power of the quadrotor drone changes
significantly with the rotor height from the ground.
The local power increase is observed around a ro-
tor height of 0.5D. For an even lower rotor height,
the rotor ground effect is consistent with that of the
single-rotor case.

4) The velocity profile on the ground due to the outwash
from the quadrotor drone changes significantly with
the direction from the drone. Along the plane cross-
ing the diagonal rotor centers, the velocity profile ap-
pears similar to that of a single rotor, although the
maximum speed at the same station becomes slightly
higher. However, along the plane between the rotor
gap centers, the outwash exists up to a much higher
altitude, where the maximum speed is almost the
same as that of the single rotor.
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