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Abstract. Toward realization of the Digital Flight for the next-generation vehi-

cle, numerical simulation of turning flights of a flying car was performed with 

consideration of fluid-rigid body interaction. The vehicle use in the paper is 

electric vertical takeoff and landing (eVTOL) octorotor type with four contra-

rotating propeller units which successfully performed manned flight test. The 

simulation is conducted such that the flying car mimicks its real-world counter-

part by generating force solely through the rotation of its eight propellers. The 

moving computational domain method was adopted to realize the free move-

ment of the vehicle in three-dimensional space. The whole computational grid 

is divided into eight domains to reproduce rotation of propellers. The propeller 

rotations are achieved without any simplification by applying the multi-axis 

sliding mesh approach. Moreover, to fly the flying car as intended, an attitude 

of the body in the flight is controlled properly to by the proportional-integral-

derivative (PID) controller. As a result, the vehicle flies under only the lift gen-

erated by the propeller and the turning flights of a flying car with coaxial pro-

pellers are reproduced. In addition, this simulation results are different from an-

alytical results based on simplified aerodynamic force. Therefore, it is suggest-

ed that this method is the effective one for numerical flight tests of a multi-rotor 

aircraft on a computer. 

Keywords: CFD, Coupled Simulation, Moving Boundary. 

1 Introduction 

Currently, there is an urgent necessity to reach net-zero carbon emissions to prevent 

environmental issues. Most countries are planning to achieve that by 2050-2070, and 

a promising movement for carbon neutrality is taking shape in the world [1]. One of 

strategies to reach a carbon neutrality is the streamlining and the electrification of the 

transportation. In recent years, small unmanned aerial vehicles called drones have 

become popular. As the next stage, the realization of aircrafts that can be easily used 
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by individuals is expected, and these are expected as countermeasures against envi-

ronmental problems and urban traffic problems. It's also reported that those flying 

cars have less greenhouse gas emissions than gasoline vehicles for long-distance 

transportation [2]. The different type of flying cars, especially electric vertical takeoff 

and landing (eVTOL) vehicles, are being developed around the world as next-

generation mobility [3]. Practical use of eVTOL vehicles, as the new type of mobility, 

requires numerous tests to confirm safety, and cost a great deal of development time. 

Until now, aircraft development sites have adopted a method of repeating prototyping 

and testing, which has resulted in enormous amounts of time and money being spent. 

For eVTOL aerodynamic performance evaluation, various studies have been conduct-

ed. Experimental studies of eVTOL aircraft conducted to measure lift and drag forces 

through wind tunnel test [4] and to visualize the flow field around rotating rotors us-

ing particle image velocimetry [5]. Numerical simulations were employed to study the 

aerodynamic interaction of coaxial propellers [6]. The simulations considering the 

entire aircraft were done by modeling propeller lift [7] or by computing actual propel-

ler rotation [8].  However, these studies were in the way of numerical wind tunnel 

with fixed body in Euler coordinate system and mainly focused on steady state. This 

means that most of previous studies focuses only on a few aspects of eVTOL aerody-

namic performance. To design a safe airframe as intended, it is necessary to analyze 

the behavior of the airframe more comprehensively and practically.  

The aim of realistic numerical flight simulation is to achieve Digital Flight [9], 

which facilitates the simulation and analysis of various types of flights using only 

computers, including take-off, landing, and emergency scenarios. This approach sim-

plifies the analysis of the high-risk flight conditions and enables the execution of 

large-scale experiments that are difficult to carry out physically and socially. Conse-

quently, Digital Flight leads to safer airframe designs at a lower cost. Currently, alt-

hough the progress of computers’ development doesn’t catch up with the realization 

of complete Digital Flight, we have conducted some realistic flight simulations con-

sidering fluid-aircraft interaction [10,11]. In present work, this method is newly ap-

plied to the eVTOL flying car. Few reports are available on the numerical flight simu-

lation of eVTOL flying. The numerical simulation has a difficulty with a dynamically 

moving grid as well as complexity of feedback control for multi-rotor. Numerical 

simulation of turning flights of aircraft is challenging due to the complex attitude 

variation, acceleration, and long-distance travel involved. Although turning flight is 

frequently used in practice, it remains difficult to simulate. This study overcomes 

these challenges by applying Digital Flight to an eVTOL flying car, and performing a 

turning flight simulation. 

As the model of the eVTOL flying car, we adopt an octorotor type with four con-

tra-rotating propeller units which successfully performed manned flight test. This type 

is one of the choices for practical use due to the compactness of the body and the 

safety to keep the vehicle maneuverable in the event of propeller trouble, which is 

attributed to propeller redundancy. To reproduce realistic flight, the coupled computa-

tion between airflow and flying car is performed regarding the eVTOL flying car as a 

rigid body; that is, the airflow is driven by rotations of propellers, and the flying car 

flies only by the fluid forces applied to that body. Unsteady motion of the flying car is 
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complex moving boundary problem in computational fluid dynamics. Although there 

are some approaches for solving moving boundary problem such as the arbitrary La-

grangian-Eulerian (ALE) [13,14] and the immersed boundary method (IBM) [15, 16], 

we adopt the moving-grid finite-volume method (MGFV) method [17] which satisfies 

the geometric conservation law (GCL) automatically and derives the accurate fluid 

force with unstructured body fitted grid. The MGFV method allows deformation of 

the computational grid points by discretizing the governing equations in the space-

time unified four-dimensional control volume. In addition, we use the moving compu-

tational domain (MCD) method [18] to enable a flying car to navigate a wide range of 

space compared with its own size. In this method, the whole computational grid 

moves accordingly to the motion of the object so that the flight of the flying car is not 

constrained by the size of the computational grid. Futhermore, we directly compute 

propeller rotations by combining with the multi-axis sliding mesh approach [19]. To 

fly the car as intended, the eight propellers must be controlled properly so that the 

attitude is stable. The proportional-integral-derivative control is used as the feedback 

system. This study demonstrates numerical flight simulation considering fluid-rigid 

body interactions for eVTOL flying car with contra-rotating propellers. 

2 Numerical Approach 

2.1 Governing Equations 

In this study, a flying car flies a long distance consuming a tremendous wall-clock 

time to complete the numerical simulation. Therefore, this research uses the Euler 

equation as governing equation of compressible flow to reduce the computation time 

after considering that this simulation has high Reynolds number and low influence of 

viscosity. The flow equations and ideal gas law are given as follows: 

 
𝜕𝒒

𝜕𝑡
+

𝜕𝑬

𝜕𝑥
+

𝜕𝑭
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+
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𝜕𝑧
= 0, (1) 
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, (2) 

 𝑝 = (𝛾 − 1) [𝑒 −
1

2
𝜌(𝑢2 + 𝑣2 + 𝑤2)], (3) 

where 𝒒 is the vector of conserved variables, 𝑬, 𝑭 and 𝑮 are the convective flux vec-

tors, 𝜌 is the density, u,v and w are the corresponding velocity components in the x, y 

and z-directions, respectively, p is the pressure and e is the total energy per unit vol-

ume. The ratio of specific heats  𝛾 is 1.4 in this study. Each variable is nondimension-

alized as follows: 
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(4) 
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Where (   ̃) represents a dimensional quantity; �̃� (4 m) is the characteristic length, 𝑈 

(340 m/s) is the characteristic velocity, �̃� (1.2 kg/m3) is the density of the air. 

The computational grid utilizes the body-fitted unstructured mesh with collocated 

arrangement; the values of the physical parameters are defined at cell centers. The 

governing equations are discretized by the MGFV method. This is a dynamic mesh 

method which is automatically satisfied by discretization performed using a four-

dimensional control volume in the space and time unified domain, which enables 

deformation of the computational grid points. The convective flux vectors on faces of 

the control volume are evaluated by the Roe flux difference splitting scheme [20]. 

The conserved variables in the cell are reconstructed by the monotonic upstream-

centered scheme for conservation laws (MUSCL) approach with Hishida’s van Leer-

like limiter [21]. To solve discretized equations, the dual time stepping is adopted. 

The two-stage Runge-Kutta method [22] is used for the pseudo time marching. 

 

2.2 Moving computational domain approach 

The flying car moves in much wider space than its computational grid size. In con-

ventional approach using a fixed computational domain, the flying car can’t travel 

infinite distance due to the grid size limitation. To deal with such simulation, we use 

the moving computational domain approach based on the MGFV method. In this 

MCD method, the whole computational domain including a body inside moves rigidly 

in the world space (see Fig. 1). Thus, there is no limitation of the flight distance. The 

rotation of the propellers was achieved through a combination of the multi-axis slid-

ing mesh approach [23] and the approach of moving the entire computational domain. 

 

Fig. 1. Conceptual diagram of the moving computational domain method. The whole computa-

tional domain including a body inside moves rigidly in the world space. 

 

2.3 Coupled Simulation with Rigid Body 

In this study, the flight simulation of the flying car is conducted with fluid-rigid body 

interaction. A fluid flow around the flying car is driven by rotating propellers of that; 

the attitude and position of the car are determined by the fluid force of the air. The 

Computational domain 

y 
z 

x 

Flying car 
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rigid body motion is determined by the Newton’s equation of motion and the Euler’s 

as follows:  

 𝑚
𝑑2𝒓

𝑑𝑡2
= 𝑭, (5) 

 𝐼
𝑑𝝎

𝑑𝑡
+ 𝝎 × 𝐼𝝎 = 𝑻, (6) 

where m is the mass, r is the position, F is the force, I is the inertia tensor, 𝝎 is the 

angular velocity and T is the torque. The force and torque applying to the flying car 

are calculated by integrating the pressure of the flow fluid on surface of the body. 

This simulation is weak coupling where the translation and rotation of the flying car 

are performed once every time step by using the force and the torque from the previ-

ous time step.  

3 Flight Simulation of eVTOL Flying Car 

3.1 Computational Model 

The model of a flying car is based on SD-03, which was developed by SkyDrive in 

Japan [12]. The model has totally 8 propellers in total consisting of four contra-

rotating propeller units. The flying car’s mass is 400 kg, the overall length of the ve-

hicle �̃�, which is used as the characteristic length, is 4 m. The inertia tensor to solve 

the motion equations is calculated by integrating in the volume domain assuming that 

the density is uniform. The computational grid was created by MEGG3D [24,25] 

shown as Fig. 2. The shape of the grid is a sphere with diameter of 30�̃� and total 

number of grid cells is ~3,000,000. The whole grid consists of several domains, i.e. 

eight propeller domains and the fuselage domain, to reproduce motions of each com-

ponent by using the multi-axis sliding mesh approach (see Fig. 3). 

The initial values of flow fields are as follows: 𝜌 = 1.0, p = 1.0/ 𝛾, (u,v,w) = 
(0,0,0). The boundary conditions are as follows: the slip condition for body of the 
flying car, the Riemann boundary condition for outer of the computational grid. 

 

Fig. 2. Surface mesh of the flying car and the computational grid. 

�̃�= 4 m 

 30�̃� 
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Fig. 3. Domain division for the sliding mesh approach and grid of a propeller domain. 

 

3.2 Control model 

The flying car is subject to forces from the surrounding airflow and moves freely in 

space. To fly the vehicle as intended, the eight propellers must be controlled properly 

so that the attitude is stable. We use the PID control as feedback system. The rotation 

of the propellers is determined by the superposition of four operation variables: the 

throttle to control the altitude, the aileron to control the roll, the rudder to control the 

yaw, and the elevator to control the pitch. To get the target attitude, the operating 

value of the rotation of the propellers ℎ(𝑡) is determined by the following equations: 

 ℎ(𝑡) = 𝐾p𝑒(𝑡) + 𝐾i ∫ 𝑒(𝜏)d𝜏
𝑡

0

+
𝐾dd𝑒(𝑡)

d𝑡
, (7) 

 𝑒(𝑡) = 𝑟target(𝑡) − 𝑟current(𝑡), (8) 

where 𝑒(𝑡) is the error, 𝑟target(𝑡) is the target value and 𝑟current(𝑡) is the current 

value. 𝐾p , 𝐾i  and 𝐾d  are the proportional, integral and differential gain. These 

gains are determined by tuning the linear single-input single-output (SISO) trans-

fer function model while checking their step responses. Here, the kinematic mod-

el of the flying car is linearized by assuming that the changes in the propeller 

speed are enough small in the equations of the motion. By applying the mixing 

process [26], this model can be considered as a SISO system without coupling for 

target values. The transfer functions in the Laplace domain are regarded as fol-

lows: 

 
𝜔roll(𝑠)

ℎroll

=
𝐷𝐾𝑇

𝐼𝑥𝑥𝑠
, (9) 

 
𝜔pitch(𝑠)

ℎpitch

=
𝐿𝐾𝑇

𝐼𝑧𝑧𝑠
, (10) 

 
𝜔yaw(s)

ℎyaw

=
𝐾𝐴

𝐼𝑦𝑦𝑠
, (11) 
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𝑣𝑦(𝑠)

ℎthrottle

= −
𝐾𝑇

𝑚𝑠
, (12) 

where ℎroll，ℎpitch，ℎyaw  are the control inputs for aircraft principal axes and 

ℎ𝑡ℎ𝑟𝑜𝑡𝑡𝑙𝑒  is input for thrust. 𝜔roll, 𝜔pitch and 𝜔yaw  are the angular velocities in the 

direction of roll, pitch and yaw axes. 𝐼 is the inertia tensor, 𝑣𝑦 is the velocity in verti-

cal direction, 𝐷 is the distance from the center of the flying car to the propeller axis of 

rotation. d 𝐾𝑇 and 𝐾𝐴 are coefficients obtained from the lift and torque of a propeller 

[27].  

 

3.3 Flight Condition 

In present work, the flying car flies as follows. 

 

1. Set the target forward velocity to 60 km/h and start accelerating. Here, the absolute 

value of the target pitch angle is limited within 15 degrees. 

 

2. After the difference between the target speed and the current speed fell below 2 

km/h, the target roll angle is set to 30 degrees to start the turning flight. 

 

3. After the aircraft turns 90 degrees, stop turning flight and let the aircraft go straight. 

 

The gains for each controlled values are shown in Table 1, where  𝑣x is forward ve-

locity, 𝜃roll, 𝜃pitch and  𝜃yaw are the angles of roll, pitch, yaw of the flying car. 

Table 1. Control gain in turning flight of the flying car. 

Input 𝑣𝑦 𝜔roll 𝜔pitch 𝜔yaw 

Output ℎthrottle ℎroll ℎpitch ℎyaw 

 𝐾p 2 × 104 3 × 102 2 × 103 5 × 103 

 𝐾i 2 × 10−1 3 × 10−3 2 × 10−2 5 × 10−2 

 𝐾d 1 × 104 1 × 102 8 × 102 8 × 103 

 

Input 𝑦 𝑣𝑥  𝜃𝑟𝑜𝑙𝑙  𝜃pitch 𝜃yaw 

Output 𝑣𝑦 𝜃pitch 𝜔roll 𝜔pitch 𝜔yaw 

 𝐾p 4.5 × 103 2 × 103 7.4 7.4 1.5 

 𝐾i 0 1 × 101 0 0 0 

 𝐾d 0 2 × 104 0 0 0 
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4 Result and Discussion 

As the result of coupling simulation between fluid and rigid body with the PID con-

trol, the flying car flied stably with turning around. The trajectory of turning flight at 

60 km/h is shown in Fig. 4. The size of square grid of the figure is 10 m. The car flied 

~140 m in the x-direction from start of acceleration to finishing of 90 degrees turning 

flight. This cruising distance is more than double size of the computational grid. Next, 

the time variations of flight attitude and forward velocity are shown in Fig. 5 (a). The 

dotted line in the figure indicates the target forward velocity of 60 km/h. After the 

current velocity approached to the target velocity at 9 s, the velocity of the car is ad-

justed by increasing or decreasing its pitch angle. In the turning, the roll angle almost 

fitted the target value 30 degrees although an overshoot occurred at the end of the 

turn. The time variations of the handling values for maneuvering attitude and the alti-

tude of the flying car are shown in Fig. 5 (b). The handling values changed rapidly at 

the start and end of turning. At time is 14s, the flying car failed to keep constant alti-

tude under the influence of a huge rudder input occurred at the end of the turn. 

 

 

Fig. 4. The trajectory of the flying car in turning flight at 60 km/h. 

 

Fig. 5. Time variations of (a) attitude and forward velocity, and (b) handling values for maneu-

vering the attitude and altitude of the flying car. 
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 Next, this result is compared with a simple theoretical solution. Assuming that the 

flight altitude and forward velocity are constant, the theoretical turning radius is cal-

culated as follows: 

 𝑟 =
𝑣2

𝑔tan𝜃
, (13) 

where 𝑣 is the forward velocity of the car, 𝑔 is the gravitational acceleration and 𝜃 is 

the roll angle. By this equation, the theoretical turning radius with the forward veloci-

ty of 60 km/h and the roll angle of 30 degrees is 49.0 m. The turning radius in the 

numerical simulation is calculated by fitting the trajectory data to the circle equation 

with the least squares method. Used trajectory is the section of 30 degrees roll angle 

in the x-z plane. A circle of the obtained radius and the trajectory of the flying car are 

shown in Fig. 6. The turning radius obtained by fitting is 59.8 m. This is 22% larger 

than the theoretical turning radius. This may be affected by non-constant centripetal 

force (~10% fluctuation) during turning, as shown in Fig. 6 (b). This result clarified 

that numerical simulation considering the aerodynamics is necessary to predict the 

turning motion of the flying car accurately. 

 

 

Fig. 6.  (a) trajectory of the flying car and fitted circle. (b) Time variation of centripetal force. 

 

Fig. 7.   Pressure contour on the flying car and isosurface of Q-criterion (Q=0.1) during accel-

eration. 
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Fig. 8.   Pressure contour on the flying car and isosurface of Q-criterion (Q=0.1) at start of 

turning 

 

Fig. 9.   Pressure contour on the flying car and isosurface of Q-criterion (Q=0.1) during turning. 

Figure 7-9 show pressure contour on the flying car and isosurface of Q-criterion 

(Q=0.1) of the flow field around the body: during acceleration, at the start of the turn 

and during turning, respectively. The left is the perspective view, and the right is the 

bottom view of the body. In every flight stage, the complex vortices are generated by 

multiple propellers. While turning, the vortices from the front propellers are dragged 

backward and reach rear propellers. The vortex shape is more complicated at the tran-

sition stage of motion. This numerical simulation revealed such unsteadiness in turn-

ing flight. 

5 Conclusions 

Turning flight simulation was computed for the eVTOL flying car with contra-

rotating, considering the fluid and rigid body interaction. The MCD method based on 

the unstructured MGFV method was used to enable the flying car to move in the infi-
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nite world space without limitation of its computational size. Moreover, the multi-axis 

sliding mesh approach was adopted to rotate eight propellers of the flying car. To fly 

the flying car as intended, the PID controller is used to control the number of rotations 

of eight propellers so that the flight attitude such as pitch, roll and yaw were con-

trolled properly. As a result of the coupled computation between the flow field and 

the rigid body using above approach, the flying car obtained the lift by rotating its 

propellers and flew in turning. Next, the flight trajectory was compared with the theo-

retical turning radius. The turning radius obtained from this numerical simulation was 

22% larger than the theoretical one, which implies numerical simulation considering 

aerodynamics is important to predict the flight of the flying car. Finally, this realistic 

flight simulation allowed for the visualization of complex flow fields around the fly-

ing car and has the potential to provide valuable information for the future develop-

ment of such vehicles, which would be difficult to obtain through experiments and 

conventional stational simulations.  
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