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Abstract. While the unstable turbulence condition known as Vortex Ring State
in rotorcraft has been studied mainly in helicopters, there have not been many
studies of drones, which have become more active in recent years. In particular,
there are few studies using numerical simulations focusing on small diameter ro-
tors such as quadcopters. In this paper, descent simulations are performed using
a rotor model with a diameter of 8 inches and a propeller pitch of 4.5 inches,
which is used for quadcopters. In this study, Moving Computational Domain
method is used to reproduce the descent motion of the rotor over the entire mov-
ing computational domain. In addition, Sliding mesh method is applied to repro-
duce the rotor rotation within the computational grid. This method allows flow
field analysis under free rigid body motion of the analytical model. The displace-
ment of the computational domain itself is applied at each step to reproduce the
descent conditions. By combining these methods, fluid flow simulations under
vertical descent and conditions are performed to visualize the flow field. Flow
field evaluation using the Q criterion showed that even in a small rotor, circulat-
ing vortices are generated at a velocity close to the induced velocity v;,. VRS was
also observed around the rotor under the conditions of horizontal speed V; =
2.0vy,, descent speed Vy = 1.0v;,, and descent angle of 26.6 deg, but at the
same time vortex divergence was also observed. It was inferred that the forward
velocity component helps to avoid Vortex Ring State.
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1 Introduction

Helicopters and other rotorcrafts enter an unstable state called VVortex Ring State (VRS)
by descending vertically or nearly vertically at a speed close to the rotor wake velocity
(induced speed). VRS is a very unstable and turbulent state, characterized by the for-
mation of a toroidal vortex around the main rotor. At the same time, during VRS, wake
dominates the inflow region of the rotor during descent, reducing the blade angle of
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attack and causing thrust loss and thrust oscillations at the mean thrust value [1, 2]. This
instability causes the rotorcraft to oscillate and crash due to significant changes in thrust
and attitude angle. Once the rotor enters the VRS, it is difficult to predict the motion of
the rotorcraft, so it is important to avoid the VRS. Therefore, various studies on rotors
have been conducted.

Efimov (2022) et al. investigated VRS in a single rotor in a wind tunnel test and
found that thrust is regained when the angle between the axis of rotation of the propeller
and the air velocity vector exceeds 40 deg [3]. Wind tunnel tests using Particle Image
Velocimetry (P1V) revealed that the vortex core exists in the upper and lower regions
of the rotor surface and that the vortex moves freely from its development to its extinc-
tion [4]. Due to experimental cost challenges and advances in numerical computation,
many numerical simulations have investigated the VRS characteristics of rotors.
Stalewski (2020) et al. performed unsteady calculations of the flow field in the VRS by
coupling the URANS equation with the helicopter's equation of motion and found qual-
itative agreement for both experimental studies and flight tests [5]. There have also
been many studies, both experimental and simulation, on how to avoid VRS. It was
found that VRS cannot occur at all descent speeds when the angle of descent is minimal,
such as below 30 deg, by reducing the accumulation of rotor wake by forward speed
[6]. Furthermore, it was also found that the aircraft does not enter VRS when the angle
of descent is less than 20 deg [3].

Drones are another rotary-wing aircraft that has become increasingly active in recent
years. They are used for a variety of purposes, including industrial monitoring, obser-
vation of damage in disaster areas, and video production. Quadcopters, one type of
drone, like other rotary-wing aircraft, are also subject to VRS during descent, so atten-
tion has been focused on safety during flight.

To study VRS in quadcopters, numerical simulations focusing on aerodynamic in-
terference between rotors during descent were performed using the RANS equation [7].
Further numerical calculations were performed using the Open FOAM CFD package,
and a method was proposed to detect VRS by differential pressure measurements when
given various descent rates [8].

Actually, however, among rotary-wing aircraft, VRS has been investigated mainly
for helicopters, and few studies have focused on quadcopters. Furthermore, there are
only a few VRS studies that utilize CFD focusing on the small-diameter rotor portion
represented by these aircraft. In addition, there are still few studies that consider the
effect of the rotor model's own motion on the VRS in the flow field simulation of VRS
research. The reason is that realizing this numerical simulation involves a very complex
moving boundary problem, which makes it difficult to combine the interaction with
fluid dynamics, which deals with the flow around the model.

And most of these studies are based on steady-state wind tunnel testing and CFD.
However, as a practical phenomenon, VRS is unstable and transient. Therefore, the
authors propose a method that combines the MCD (Moving Computational Domain)
method [9], which is based on the unstructured mesh finite volume method [10,11], and
the sliding mesh method [12]. MCD method is good at discretizing a 4-dimensional
inspection volume by applying the finite volume method to it and performing calcula-
tions that strictly satisfy geometric conservation laws. Furthermore, sliding mesh
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method can represent motions such as rotation by forming a computational domain di-
vided by regions with different states of motion and transferring physical quantities at
the boundaries of the computational domain. Therefore, this method is considered suit-
able for general-purpose calculations. Yamakawa et al. (2021) applied this method to
investigate the effect of rotating screws on the free surface of water during submarine
and other submerged motions [13]. Takii et al. (2020) also applied this technique to the
behavior of a tilt-rotor aircraft modeled after the Osprey V-22 in VRS and the surround-
ing flow field [14]. These results were conducted under the unstructured parallel com-
putational environment [15].

This study focuses on the rotor portion of a quadcopter and simulates the flow field
of VRS by solving the unsteady flow during the rotor's descent. For the simulations,
unsteady calculations are performed using MCD method based on the unstructured
moving mesh finite volume method and the sliding mesh method with the equations of
motion of the fluid and the rotational axis motion of the propeller. In order to give
different descent velocities to a single rotor, the entire computational domain is sub-
jected to displacements to create a descent condition.

2 Numerical Approach

2.1  Governing Equations

To solve for the flow field around the rotor model, the three-dimensional Euler equa-
tions, which are the fundamental equations for inviscid compressible fluids, are used as
governing equations. The equations in conserved form, after non-dimensionalization,

are written as follows:
dq OE OF 0G B

Tty ta =0 M
p pu pv pw
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where q is the conserved quantity vector, and E, F, G are the flux vector. Furthermore
p is the density of the fluid, u, v, w are the x, y, z components of velocity, respectively,
and e is the total energy per unit volume. The pressure p is determined by the ideal gas
equation of state shown below, assuming that the fluid to be handled is an ideal gas:

p=0 - De-3p02 +v2 +wd) ®

where the specific heat ratio is assumed to be y = 1.4. In a computational environment,
the Reynolds number is approximately 3,400,000 and the maximum Mach number is
0.136.
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2.2 Unstructured Moving-Grid Finite-Volume Method

Unstructured Moving-Grid Finite-Volume Method is used for calculations that involve
moving and deforming the computational grid. In this method, the flux is evaluated on
a 4-dimensional (x, y, z, t) inspection volume so that the geometric conservation law
(GCL) [16] is satisfied. Applying Gauss' divergence theorem to the 4-dimensional in-
spection volume, the 3-dimensional Euler equations are transformed as follows:

f(aq+aE+aF aa 0 = f(EFG )-Adv

ot T ax " ay a D7
0
4)
=Z(E1’1}+Fﬁ“y+6ﬁ§+qﬁt)t =0

=1

where 0 is the inspection volume, 11 = (ﬁ;ﬁ;ﬁ;ﬁt) is the outward unit normal vec-
tor on 8.2, [ is the surface number of the inspection volume.

2.3 Moving Computational Domain Method

This paper calculates the flow field generated during the descent of a quadcopter rotor.
Conventional CFD is an alternative to wind tunnel testing, in which a stationary model
is subjected to flow and the flow around it is calculated. In the MCD method, the entire
computational domain moves with the objects in the domain, as shown in Fig. 1.

The fluid flow around the object is generated by the movement of the boundary sur-
face. In order to handle flows with no known inflow or outflow, this study deals with
moving boundaries by applying a far-field boundary condition in which the inflow and
outflow are determined by Riemann invariants. Furthermore, the rotor model is free to
move with the computational domain, regardless of the size of the computational grid,
since this method eliminates the limitation of computational space. By combining the
MCD method with the sliding mesh method, this method is also applicable to rotor
rotation.

Flow variables are defined at the cell centers of the unstructured mesh. The flux vec-
tors are evaluated using the Roe flux difference separation method [17]. The vanLeer-
like restriction function proposed by Hishida et al. is used with respect to the physical
quantity gradient of each cell [18]. This reconstructs the solution and extrapolates the
cell boundary values to a higher order to achieve higher spatial accuracy. Then, a two-
stage rational Runge-Kutta method is used to perform pseudo-temporal progression.
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Fig. 1. Moving Computational Domain Method

The sliding mesh method [19] is also applied to reproduce the rotation of the rotor
model in the computational domain by transferring physical quantities. This method
allows the mesh itself to slide at specific boundaries, deforming the mesh while main-
taining its volume.

In this study, the sliding mesh method is used only for the axis of rotation because of
the rotor alone.

2.4 Hovering Induced Velocity
VRS is considered to occur when a rotorcraft descends at a speed close to its hovering
induced velocity v, which is given by momentum theory in the following equation [7].

Yn= 204,

)

where T, is the rotor thrust [N] during hovering, p is the density [kg/m®], and 4, is the
rotor blade area [m?]. In this case, a quadcopter propeller model was used. The weight
of the quadcopter model is M = 0.9721 kg, and the total force of all rotors is obtained
from the equation of the balance of force with gravity. Then, by dividing by the number
of rotors, the force Ty, is derived as follows:

M
TO = g

(6)

NT‘O tor

where N,.,, = 4 is the number of rotors in a rotorcraft and g = 9.80665 m/s? is the
gravitational acceleration constant. In this study, the conditions for VRS generation are
set by giving the descent velocity based on the hovering induced velocity v, = 5.253
m/s for the rotor model.
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3 Descent Simulation of rotor

3.1 Computational Mesh

The rotor model used in this study is modeled after the propeller of a commercial quad-
copter drone, DJI's Flame Wheel ARF KIT F450, shown in Fig. 2. Table 1 shows the
various parameters of the propeller model.

Table 1. Specifications of the computational model

Rotor Size 8 inches (0.203 m)
Blade Pitch 4.5 inches (0.114 m)
Number of Rotor Blades 2

Hovering Rotor Rotation Speed 4214 rpm

Direction of Rotation Counter Clockwise

Fig. 2. F450 quadcopter Fig. 3. Computational surface grid

The computational domain consists of two regions separated by a sliding mesh. The
first is a cylindrical region that encompasses the rotor model, and the second is a spher-
ical region that encompasses the cylindrical region. The cylindrical part has a sliding
mesh structure as shown in Fig. 4, and is used to propagate physical quantities. The
computational grid was created by MEGG3D software [20,21] and consists of a tetra-
hedral lattice. The number of lattices in the entire computational domain is 684,965.
The number of lattices and minimum lattice width of the rotor model are 177,385 and
0.008 (4.8 mm), respectively.

Fig. 5 shows a cross-sectional view of the entire computational domain and a grid
cross-section around the rotor model. The rotor length and the radius of the spherical
computational domain are 0.2778L and 50L, respectively, for a representative length
L=0.60 m for the entire quadcopter length.
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Fig. 4. Sliding mesh domain
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Fig. 5. Computational Domain

3.2  Computational Mesh

In this study, the descent state is reproduced by applying a displacement in the negative
Y-axis direction at each step over the entire computational domain that encompasses
the rotor model. Furthermore, the computational domain performs a descent motion
with constant velocity. Therefore, the model motion does not depend on the transla-
tional and rotational equations of motion, but only on the following equations:

rn+1) = %At +r(n) @)

where r(n) is the position vector of the model center at step n and At is the time tick
width.

Rotor rotation rises with equal acceleration from 0 to 5000 steps from the stop con-
dition to the target speed of 4214 rpm at the same time as the descent condition. After
reaching the target rpm, the rotor continues to rotate at a constant speed.

Table 2 shows the initial and boundary conditions for the variables. The representa-
tive velocity and density are calculated to be 340.29 m/s and 1.247 kg/m?, respectively.
The variables are also non-dimensionalized by these representative values.
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Table 2. Initial condition and Boundary condition

p 1
D 1.0y
u,v,w 0
Rotor Surface Slip wall condition
Outer Boundary Riemann invariant boundary condition

4 Numerical Simulation Results

4.1  Simple vertical descent

This section presents the results of a vertical descent simulation for a rotor model with
descent velocities Vi, = 0.4v,, V, = 0.9v,, respectively. The output results are visual-
ized using Paraview [16]. The graph is a csv file converted from the output file using
the standard Paraview method "CellDatatoPointData". A positive value of Q criterion
is used in the output figure. This is the second invariant of the velocity gradient tensor
and helps identify regions in the flow field where rotation is more dominant than strain.

Fig. 6 shows contour plots of the Q criterion for V, = 0.4v,,V;, = 0.9v,, respec-
tively, together with the velocity vector in the Y direction. When V,, = 0.4v,,, most of
the vortex portion stays at a position lower than the rotor surface. After a while, it is
seen that the vortex region is pushed further down the rotor due to the downwash effect.
In addition, focusing on the velocity vector in the Y direction, a large vortex flow can
be seen below the rotor surface. On the other hand, when V;, = 0.9v,, the vortex area
stays at the same or higher position than the rotor surface. This is thought to be because
the rotor is descending at the same rate as the downwash. The vortex is expected to
continue to stay at the rotor surface. The magnitude of the Q criterion is also large near
the rotor surface for V, = 0.9v,, . The Y-directional velocity vector shows the flow cir-
culating at a height close to the rotor surface.

Fig. 7 shows the isosurfaces at Q criterion = 0.05 for V, = 0.4v,,V,, = 0.9v,, respec-
tively. At Vi, = 0.4v,, the vortex is strongly affected by downwash with time and
moves away from the rotor surface. At IV, = 0.9v,, a toroidal shape of Q criterion
isosurface is seen covering the rotor surface for almost the entire time period. The de-
scending motion close to the induced velocity confirms the characteristics of the VRS,
in which the wake of the rotor circulates around the rotor surface.
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Time: 70.000000

Time: 60.000000

Time: 131.000000

Time: 145.000000

Time: 175,000000

Time: 210.000000

Time: 220,000000

(o) Vy = 0.4v), (b) Vy = 0.9v;,
Fig. 6. Q criterion contour map with velocity vector in Y direction
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Time;: 70.000000

|
Time:l 60.000000

Time: 131.000000

Time: 145.000000

Time: 186.000000

Time: 210.000000

(a) Vy = 0.4’Uh (b) Vy = 0.9vh
Fig. 7. Isosurfaces with Q criterion=0.05

4.2 Oblique Descent Simulation (angle of descent 26.6 deg)

This section shows the results of a descent simulation for the rotor model with descent
conditions V,; = 2.0v,,,V, = 1.0v,, (angle of descent 26.6 deg).

Fig. 8 shows the contour plot of the Q criterion at V,; = 2.0v,,V, = 1.0v,, together
with the velocity vector in the Y direction. The rotor is moving toward the lower left in
the figure, and it can be seen that the vortex portion is also stagnant at approximately
the same position as the rotor surface, as it was at I, = 0.9v,,. This may be due to the
fact that the descent velocity V, is about the same as the hovering induced velocity v,.
Furthermore, due to the rotor's own horizontal velocity motion, it tries to move away
from the vortex relatively. This tendency is expected to continue. However, the vortex
is generally dominant at the top of the rotor, and a VRS may be detected.
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Fig. 9 shows the isosurface for Q criterion=0.05. As with 1, = 0.9v,,, there is vortex
stagnation at the rotor surface over each time step. However, the vortex region is swept
in the opposite direction of descent by the forward velocity, confirming that it is di-
verging.

Time: 70.000000

Time: 130.000000

Time: 175.000000

Time: 215.000000

Fig. 8. Q criterion contour map with velocity vector in Y direction (At Vi = 2.0v,,,Vy =
1.0vp)

ICCS Camera Ready Version 2024
To cite this paper please use the final published version:
DOI: Ji0. 1007/978—3—031—63749—0_7|



https://dx.doi.org/10.1007/978-3-031-63749-0_7
https://dx.doi.org/10.1007/978-3-031-63749-0_7

12 F. Author and S. Author

Time: 70,000000

Time:- 130.000000

Time: 175.000000

Time: 215.000000

Fig. 9. Isosurfaces with Q criterion=0.05 (At Vy = 2.0v,,Vy = 1.0vy,)

5 Conclusions

Descent simulations were performed to investigate the unsteady state for the VRS of a
single small diameter rotor. In this study, the MCD method based on the unstructured
moving mesh finite volume method and the sliding mesh method were used. The
MCD method is based on the unstructured moving mesh finite volume method, and
the sliding mesh method is based on the unstructured moving mesh finite volume
method. The descent simulations were performed for a simple vertical descent with
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Vy = 0.4,v,, V, = 0.9v, and a descent with V; = 2.0v,,V;, = 1.0v, at a descent an-
gle of 26.6 deg.

By evaluating the flow field around the rotor during descent, the nature of VRS as
an unsteady phenomenon was reaffirmed. The flow field evaluation was visualized
using Q criterion contour plots. In the simple vertical descent, when V,, = 0.9v,, the
rotor model descends at the same speed as the downwash, and it was confirmed that
the vortex stays around the rotor surface. This indicates that even small-diameter ro-
tors can fall into VRS, a result that is qualitatively consistent with previous studies.
Simulations were also conducted under the descent conditions of V,; = 2.0v,,,V, =
1.0v,, at a descent angle of 26.6 deg. In this case, vortex retention was observed, but
due to the forward velocity component, the flow behind the rotor was observed to
flow in the opposite direction of the flight direction. This suggests that VRS may be
avoided under descent conditions with a constant angle of descent by promoting the
divergence of the vortex due to the forward velocity, which is in accordance with pre-
vious VRS research. In actual flight, however, the pitch angle is expected to increase
as the attitude angle of the rotor. Since this point was not taken into account in this
study, it needs to be reviewed.

Based on the single-rotor simulations in this study, we would like to extend the
study to quadcopters equipped with the rotor model used in this study in the future
and conduct VRS avoidance research. In addition, this method restricted the equation
of motion of the rigid body to the rotor model, thereby providing arbitrary descent
conditions. Therefore, we would like to evaluate the trajectory and attitude angle of
the quadcopter using a 6-DOF coupled flight simulation that combines the equations
of the fluid and rigid body.
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