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Abstract. We have been using various environments and spaces 
to meet high transportation demands. However, traffic congestion, 
deteriorating transportation infrastructure, and environmental pol-
lution have become current social problems. To solve these prob-
lems, flying vehicles that use near ground space (NGS) are attract-
ing attention. In order to develop such vehicles efficiently, highly 
accurate computer simulation technology is required. In this study, 
computer simulations are performed by coupling fluid and rigid 
body motions using two calculation methods. One is the moving 
computational domain method, in which the object and computa-
tional domain are moved as a single unit to represent the motion of 
the object and the flow around the body, and the other is the multi-
axis sliding mesh method, in which physical quantities are trans-
ferred at the boundaries to reproduce the motion of objects with 
different motions, such as rotating parts. Because the flying car in 
the development stage is small and has a shape that obtains thrust 
from multiple propellers, the insertion of disturbances was consid-
ered because of the possible effects of wind on the aircraft during 
actual flight. In this study, we attempted to clarify the effect of wind 
on the flying car by performing flight simulations in six patterns, 
one with no wind and the other with a disturbance inserted that 
causes a headwind during forward flight and a crosswind during 
turning flight. 

Keywords: CFD, Flying Car, turn flight. 

1 Introduction 

To date, we have used a variety of spaces and environments - above ground, above 
water, underwater, in the air, and underground - to meet the growing transportation 
demands of technological development. However, as populations increase around the 
world, urban traffic congestion, infrastructure deterioration, and environmental 
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pollution have become problems. To address these problems, development of the next 
generation of air mobility, the flying car, is underway around the world. This flying car 
is said to use near ground space (NGS), which has not been used in the past, and to 
significantly reduce noise and exhaust emissions inside the vehicle by installing electric 
rotors [1]. In addition, various shapes of flying car currently under development are 
envisioned, most of which are fixed-wing aircraft and rotary-wing aircraft (VTOL) [2]. 
In particular, many rotary-wing aircraft (VTOLs) in the development stage have many 
environmental considerations, such as fully electric-driven and hybrid types [3]. Thus, 
the flying car is a new vehicle that solves current problems.  

Flying cars, which are expected to become as common to us as cars, ships, trains, 
and airplanes in the future, require high safety standards to fly over towns and urban 
areas. In other words, the design and development of a new flying car airframe requires 
enormous cost and time. Therefore, various studies on flying cars have been conducted 
in order to develop actual aircraft more efficiently. Some studies include not only fluid 
dynamics but also control characteristics, such as wind tunnel tests at high incidence 
angles using actual propellers [4] and the relationship between VTOL rotors and elec-
tric motors in propeller pitch maneuvering [5]. Furthermore, not only research related 
to actual aircraft testing, but also research related to CFD assuming actual aircraft, such 
as research on aerodynamic interaction in a two-rotor system with a front rotor and rear 
rotor assuming a multi-rotor type aircraft [6], and research involving aerodynamic in-
teraction caused by the positional configuration of the propeller [7]. However, most of 
the studies using CFD have focused on one part of the aircraft or one function, and there 
have been few reports on numerical flight simulation of eVTOL flight. In response to 
this current situation, a turning flight simulation [8], which solves the problems of com-
plex attitude changes, acceleration, and long-distance travel that had been considered 
difficult to solve, and an investigation of the aerodynamic effects on the aircraft's atti-
tude in flight by bringing the propeller to an abrupt stop [9] were conducted. Because 
these studies were conducted under no-wind conditions, and because many flying cars 
in the development stage obtain thrust from the rotation of each propeller and are rela-
tively small in length compared to conventional aircraft, there is a new concern that 
wind will have a large effect during actual flight. Regarding the effect of wind, which 
has been raised as a new problem, studies have been conducted on stabilization [10] 
under the influence of wind disturbance for helicopters, which are conventional aircraft. 
However, the effect of wind on the airframe of an eVTOL, whose rotor diameter is 
smaller than that of a helicopter, has not been studied because it is still in the early 
stages of development. Therefore, in this study, forward and turning flight simulations 
are performed by inserting wind as a disturbance expected during actual flight, in con-
trast to the previous study of turning flight simulations [8]. In this study, six types of 
winds up to strong winds on the Beaufort scale (a measure of wind speed) were given 
as disturbances. This will attempt to clarify the effects of wind on the flight of flying 
car, which have not been studied before. We believe that this simulation will enable us 
to understand the effects of wind on airframes in advance of the development of actual 
airframes, leading to significant reductions in design time and development costs.  

This study uses an octorotor-type airframe model with four double-reversing propel-
ler units as the flying car. The flying car flight simulation uses the forward Euler method 
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and Crank-Nicolson method of discretization. At each time step, the motion of the air-
craft is calculated using the governing equations of the rigid body, followed by a weakly 
coupled simulation in which the flow field around the flying car is solved using the 
governing equations of the fluid. In addition, the moving compu- tational domain 
(MCD) method [12] based on the unstructured moving grid finite volume method [11], 
which not only allows for complex motions but also eliminates the need for space con-
straints. To compute the relative motion between objects with this MCD method, phys-
ical quantities are transferred at the boundaries, and the sliding mesh method [13] is 
used in combination to reproduce the motion of objects with different motions, such as 
rotating parts. This method not only reproduces the rotation of a flying car's propeller, 
but also enables the transmission of physical quantities generated by the propeller's 
rotational motion. The computations were conducted under the unstructured parallel 
computational environment [14]. 

The objective of this study is to establish computer simulation as a new method to 
solve the problem of developing a new flying car by using CFD to reproduce realistic 
phenomena. 
 

2 Numerical Approach  

2.1 Fundamental Equation of Fluid 

The three-dimensional Euler equation, which is the basic equation for a non-viscous 
compressible fluid, is used as the Fundamental equation of fluid from the viewpoint 
of computational efficiency. The three-dimensional Euler equation: 
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where 𝒒 is the conserved quantity vector and 𝑬, 𝑭, 𝑮 are the inviscid flux vectors in the 
𝑥, 𝑦, 𝑧 directions. 𝜌 is the density of the fluid, 𝑢, 𝑣, 𝑤 are the velocity components in 
the 𝑥, 𝑦, 𝑧 directions, and 𝑒 is the total energy per unit volume. However, the above 
equation is dimensionless. The 𝑝 in equation (2) is the pressure of the gas, which can 
be obtained by the equation of state of an ideal gas shown in equation (3) when the gas 
is assumed to be an ideal gas. Note that 𝛾 is the specific heat ratio. 

𝑝 = (𝛾 − 1) @𝑒 −
1
2𝜌
(𝑢! + 𝑣! +𝑤!)A (3) 

In this study, the specific heat ratio was set to 1.4 because the air temperature was set 
to 10[°C]. 
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2.2 Fundamental Equation of Rigid Body 

The three-dimensional Newton-Euler equation is used as the governing fundamental 
equation of rigid body to represent translational and rotational motion in three-di-
mensional space. The three-dimensional Newton-Euler equation:  

  𝑚
𝑑𝒓̈
𝑑𝑡! = 𝒇 (4) 

  𝑰
𝑑𝝎̇
𝑑𝑡 + 𝝎 × 𝐼𝝎 = 𝑻 (5) 

where 𝑚 is the mass of the rigid body and 𝑰 is the inertia tensor. In addition, 𝑟,	𝑓,	𝜔 and 
𝑇 represent the position vector, external force vector, angular velocity vector, and 
torque vector in three-dimensional space, respectively. However, because the flying car 
used in this research has no moving parts other than the propeller, the aircraft is as-
sumed to be a rigid body with a constant center of gravity. The equations in the previous 
section and the above equation are computed coupled to simulate the six degrees of 
freedom.  
 
2.3 Moving computational domain approach 

The calculations are performed using a moving computational domain method [12] 
based on the unstructured moving lattice finite volume method [11]. A schematic 
diagram of the moving computational domain method is shown in Figure 1. This 
method makes it possible to move the computational domain along with the object, 
thus eliminating restrictions due to the size of the computational domain. In other 
words, this method allows objects to move in an infinite region. In addition, it satis-
fies each of the following two problems that are often encountered when dealing with 
moving boundary problems. 
•Strictly satisfying the conservation law of the fluid on all moving computational 
grids. 
•To reproduce the moving boundary while maintaining the computational grid ge-
ometry for highly accurate fluid calculations.  
  As shown above, the moving computational domain method enables calculations 
that strictly satisfy the geometric conservation law even when the lattice moves. 

Fig.1. Moving Computational Domain Method 

object
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2.4 Multi-axis Sliding Mesh Approach 

The MCD method enables the representation of free motion of an object by moving the 
computational domain along with the object. However, the flying car used in this study 
is an octorotor-type airframe model with four double-reversing propeller units, so it is 
necessary to represent the relative motion between multiple objects on a boundary-fit-
ted grid. Therefore, the sliding mesh method[13] has been used to arbitrarily divide a 
region and slide the regions on the boundary surface. In particular, the multi-axis sliding 
mesh method corresponds to the region segmentation with multiple rotation axes of the 
sliding mesh method. The simplicity of the algorithm of this method reduces the com-
putational load and satisfies the user without overlapping computational domains. Fig-
ure 2 shows a schematic of the multi-axis sliding mesh method, which divides a region 
with multiple rotation axes. In this study, the multi-axis sliding mesh method shown in 
Figure 2 was used to reproduce the rotation of the rotor. Specifically, as shown in Figure 
3, eight rotor regions are provided for the fuselage region to make up the overall calcu-
lation region. In addition, this research can not only reproduce the rotational motion of 
a flying car by the multi-axis sliding mesh method, but also realize the physical quantity 
transfer obtained by the rotational motion.  

 Fig.2. Conceptual Diagram of Multi-axis Sliding Mesh Method 

Fig.3. Flying car model and Sliding mesh interface 
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3 Simulation Summary 

3.1 Flight Simulation Conditions 

In this study, a total of seven forward and turning flight simulations were performed 
under no-wind conditions and with six different winds inserted as expected disturb-
ances during actual flight. Two types of flight simulation conditions are shown below. 
The first type is a simulation overview of an Acceleration turning flight when the air-
craft continues to accelerate its speed after transitioning from forward flight to a turn. 
The second type is constant velocity turning flight, in which the aircraft is controlled to 
track the target speed after transitioning from forward flight to turning flight. In both 
simulations, the wind is set to be headwind during forward flight. Since the turning 
flight is directed toward the negative direction of the z-axis, the crosswind is in the 
direction that agitates the turning motion during the turning flight.  
•Acceleration turning flight 

1) The initial conditions are either no wind or a constant wind blowing in the  
negative direction along the 𝑥-axis. 

 2) The target speed of 60 km/h is given in the 𝑥-axis direction. 
 3) As soon as the difference between the forward speed of the aircraft and the target 

speed is less than 2 km/h, the target angle in the roll direction is set to 30 degrees 
and the aircraft begins to turn. 

 4) The acceleration during forward flight is continued after the transition to turning 
flight.  

 5) The aircraft performs a turning flight and ends the turning flight when the yaw 
angle exceeds 90 degrees. 

•Constant velocity turning flight 
1) The initial conditions are either no wind or a constant wind blowing in the  

negative direction along the 𝑥-axis. 
 2) The target speed of 60 km/h is given in the 𝑥-axis direction. 
 3) As soon as the difference between the forward speed of the aircraft and the target 

speed is less than 2 km/h, the target angle in the roll direction is set to 30 degrees 
and the aircraft begins to turn. 

 4) After the turning flight transition, the aircraft continues to maintain the target for-
ward speed of 60 km/h.  

 5) The aircraft performs a turning flight and ends the turning flight when the yaw 
angle exceeds 90 degrees. 

However, the initial conditions in (1) are six types of wind given as disturbances in 10 
km/h increments from 10 km/h to 60 km/h, and no wind conditions, for a total of seven 
patterns. 
 
3.2 Computation Model 

Figure 4 shows the computational domain of the airframe and the area around the air-
frame. The spherical computational domain is approximately 30 times larger than the 
total length of the aircraft, which is the characteristic length, to account for the 
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downwash effect caused by the propellers. As shown in Figure 4, the grids around the 
aircraft are finely detailed so that the flow field around the aircraft can be obtained with 
high accuracy. Figure 5(a) shows the computational model of the oct-rotor machine 
with four pairs of eight double-reversing rotors used in this simulation. Figure 5(b) 
shows the computational grid corresponding to the rotor area propeller locations shown 
in Figure 3. However, this model was created based on the Japanese SkyDrive's SD-
03[15]. The model was created with an overall length of 4 m and a weight of 400 kg. 
The overall length of the aircraft was used as a characteristic length for the calculations 
in the simulations. As shown in Figure 4, the computational model used in this study is 
an unstructured lattice and was created using MEGG3D [16][17]. In addition, the total 
lattice count is about 3 million, and each propeller lattice count is about 120 thousand. 
The minimum lattice width on the calculated lattice is approximately 6 [mm] of the 
rotor surface. 

Fig.4. Computational domain and grid size around the Flying car model 

(a) Surface mesh of the flying car                                (b) Propeller domain 

Fig.5.Surface grid of Flying car model 

 
3.3 Calculation Conditions 

Table 1 shows characteristic values for this simulation. Characteristic length, density, 
and velocity are shown as characteristic values. The characteristic length is the total 

30 L L
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length of the aircraft as shown in Figure 4, the characteristic density is the density of 
the air, and the characteristic speed is the speed of sound. Table 2 shows the wind 
speeds 𝑢, 𝑣 and 𝑤 given as initial conditions in the 𝑥, 𝑦 and 𝑧 axes. The wind speeds	𝑣 
and 𝑤 on the 𝑦 and 𝑧 axes were 0 km/h. The wind speed 𝑢 on the 𝑥 axis was given as 
no wind (0 km/h) or six different wind speeds from 10 km/h to 60 km/h in the negative 
direction of the 𝑥-axis at 10 km/h intervals, for a total of seven simulation patterns. 
Table 3 shows the boundary conditions for this simulation. Three types of boundary 
conditions are set: a slip wall boundary, a Riemann invariant boundary condition, and 
a sliding mesh interface using the sliding mesh method. 

Table 1. Characteristic values 

Density of the air 1.247 [kg/m!] 
Characteristic velocity 340.29 [m/s] 
Characteristic length 4.0 [m] 

Table 2. Initial condition 

u 0, -10 ~ -60 [km/h] 
v 0 [km/h] 
w 0 [km/h] 

Table 3. Boundary condition 

Aircraft surface Slip wall condition 
Outer boundary Riemann invariant boundary condition 
Other boundary Sliding mesh interface 

 
3.4 Attitude control 

The model used in this simulation represents the rotation of the aircraft in pitch and roll 
direction by the difference in thrust between the front-back and left-right directions. 
The yaw rotation of the aircraft is expressed by using the counter-torque generated by 
the rotation of the propeller [18]. Therefore, control is performed by the difference in 
propeller speed. Figure 6 shows how the posture is controlled by the different number 
of rotations to reproduce each operation. However, the throttle, aileron, rudder, and 
elevator shown in Figure 6 represent operations to raise and lower the aircraft and to 
promote rolling, yawing, and pitching of the aircraft．The model used in this study, 
which was created based on the Japanese SkyDrive SD-03 [15], is based on a rotational 
speed of 1930 rpm when hovering. Figure 7 shows the direction of rotation of each 
propeller (clockwise : CW, counter-clockwise : CCW).  

Fig.6. Attitude control by rotation speed 
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Fig.7. Rotation direction of each propeller 

4 Simulation Results 

4.1 Forward flight simulation 

The results of the aircraft's forward flight toward the target forward speed of 60 km/h 
are shown in this section. Figure 8 shows a graph of the relationship between time and 
aircraft forward speed. Simulation results of (a) an acceleration turning flight and (b) a 
constant velocity turning flight to follow the target speed of 60 km/h are shown in (a) 
and (b), respectively. The simulation results are for the no-wind condition and for a 
constant wind speed of 10 km/h to 60 km/h in 10 km/h increments along the negative 
𝑥-axis, respectively. Figure 8 shows that the time to reach the target speed of 60 km/h 
in the forward direction is slowed down as the headwind is increased in both results. 
Figure 8(b) shows that the target speed is maintained near 60 km/h compared to (a), 
indicating that the constant velocity turning flight can be reproduced.  

Figures 9(a) and (b) show the results for no wind and a constant wind speed of 60 
km/h for the negative 𝑥-axis, respectively, and the visualization results during forward 
flight with the velocity isosurface of 25 m/s displayed for each result. Figure 9 is pre-
sented in dimensionless quantities for consistency with other papers. The dimensioned 
quantities can be calculated using the characteristic  values in Table 1. From the com-
parison in Figure 9, it can be confirmed that the flow in front of the fuselage in (b) is 
unstable due to disturbance, even though the fuselage pitch angle is controlled to be 15 
deg during forward flight and the projected area from the front of the fuselage is equal． 

Furthermore, in order to quantitatively evaluate the effect of wind during forward 
flight, a comparison of the drag force acting on the airframe during forward flight is 
performed for each simulation result. The drag force 𝐹: 

𝐹 = 𝑇sin𝜃 − 𝐹" (6) 
where 𝑇 is the thrust generated by the eight propellers, 𝜃 is the pitch angle of the air-
craft in forward flight, and 𝐹" is the force applied in the direction of the 𝑥 axis of the 
aircraft. The thrust 𝑇 is obtained by the propeller specific value 𝐴 and the propeller 
speed 𝑛 as in equation (7)． 

𝑇 = 𝐴𝑛! (7) 
Figure 10 shows the relationship between time and 𝑥-axis force 𝐹"  during forward 
flight. Figure 10 shows that the force 𝐹" in the 𝑥-axis direction decreases as the disturb-
ance is increased. Table 4 shows the average values of the force 𝐹" in the	𝑥-axis direc-
tion from 4 to 8[s], the average values of the thrust force 𝑇sin𝜃 from 4 to 8[s], and the 
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drag force 𝐹 calculated from formula (6) using each average value. Comparing the re-
sults for the no-wind condition and the 60 km/h disturbance, Table 4 shows that the 
force 𝐹" in the	𝑥-axis direction is reduced by 26.8% due to the headwind. This decrease 
in force 𝐹" in the	𝑥-axis direction is thought to have slowed the time to reach the target 
speed as shown in Figure 9. It was also confirmed that the drag force exerted on the 
aircraft during forward flight in no-wind conditions acts 349[N]. From the drag force 
during forward flight in no wind, the force 𝐹#$%& exerted by the wind on the aircraft is 
calculated using equation (8).  

𝐹#$%& = 𝐹$ − 𝐹' (8) 
𝐹$ is the drag force 𝐹 calculated by substituting the force 𝐹" for the constant wind dis-
turbance of 10 km/h to 60 km/h in the negative direction of the x-axis into equation (6), 
and 𝐹' is the drag force 𝐹 calculated from the force 𝐹" in the no wind condition into 
equation (6). Table 5 shows the force 𝐹#$%& exerted on the aircraft by the wind calcu-
lated from equation (8). From Table 5, the increase in force to force 𝐹(', calculated 
from the force 𝐹)' when subjected to a disturbance of 10 km/h, was obtained as 374%. 
The above confirms that the wind exerts a pressure of 56.6[P*] on a projected area of 
2.42[m!] from the forward direction during high winds in the Beaufort scale.  

(a) Acceleration turning flight 

(b) Constant velocity turning flight 

Fig.8. Time and aircraft forward speed 
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