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Abstract. Numerical simulations are being used to ensure safety in the develop-
ment of flying cars, which are expected to solve all kinds of traffic problems. In
order to reproduce flight in a virtual environment, this research has been conduct-
ing numerical simulation research using the moving computational domain
method and the multi-axis sliding mesh method to calculate the coupling of fluid
and rigid body motion. This method enables rotational motion of the rotor and
flight in an infinite region, and visualization of the flow field around the aircraft
and its behavior including control. In this study, a comparison of the behavior
during sudden rotor stops was performed on two different aircraft: the coaxial
contra-rotating octorotor eV TOL treated in a previous study and a newly modeled
domed dodecarotor eV TOL. The increased number of rotors and the wider circu-
lar arrangement of the rotors allowed for a wider range of measures to be taken
in the event of rotor stoppage, and the crash risk was reduced by a factor of ap-
proximately 1/100. The differences in crash conditions and changes in aircraft
attitude based on a comparison of the two models indicate that this calculation
method allows for design improvements and behavior prediction based on rela-
tive evaluation.
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1 Introduction

In recent years, increasing attention has been directed toward utilizing low-altitude air-
space—currently characterized by relatively low usage density—as a new mode of per-
sonal transportation. This has led to the growing interest in so-called "flying cars," also
known as Advanced Air Mobility (AAM). Among them, electric vertical takeoff and
landing aircraft (eVTOL), which require no runways and offer potential advantages in
terms of convenience and environmental impact [1], are especially noteworthy. How-
ever, since these vehicles are intended to operate over urban areas, safety remains the
most critical concern. In fact, mechanical failures account for approximately 15% of all
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accidents involving small aircraft and helicopters, with over 50% of such incidents re-
sulting in fatalities [2], highlighting the serious risks posed by component failures.

To improve development efficiency, a variety of numerical simulation techniques
have been proposed. Prior studies have made significant progress in this field: Jun-
Young An etal. [3] analyzed aircraft performance using dynamic modeling, while Oka-
zaki et al. [4] investigated control strategies for small drones. Further research has ex-
plored turning maneuvers and attitude changes during abrupt rotor stoppage [5][6]1[7],
demonstrating the importance of coupling dynamic and fluid models. However, these
studies have primarily focused on a single vehicle model, limiting the ability to evaluate
differences in aircraft characteristics or to validate simulation results against real-world
behavior.

To address this gap, the present study conducts simulations of abrupt rotor stoppage
in a larger eVTOL model with increased rotor count, size, and weight. By comparing
the flight behavior and attitude response during crash scenarios across different vehicle
configurations, this research aims to quantitatively assess the impact of rotor count on
crash risk and attitude controllability.

2 Numerical Approach

2.1  Governing Equation

The Reynolds number at the tip of the propeller during hovering of the aircraft consid-
ered in this study is approximately 5.98x1078, and the maximum Mach number is ap-
proximately 0.52.Therefore, the fluid is treated as a compressible fluid, and the 3-D
Euler equation for a non-viscous compressible fluid and the equation of state for an
ideal gas are used to prioritize computational efficiency and to avoid consideration of
viscosity. The governing equations for the fluid are shown in Equations (1)-(3).
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Where q is the conserved quantity vector, E, F, and G are the inviscid flux vectors in
the x, y, and z directions. p is the density of the fluid, u, v, and w are velocity compo-
nents in the x, y, and z directions, p is the pressure of the gas, e is the total energy per
unit volume, and y is the specific heat ratio. All variables are dimensionless quanti-
ties. Moreover, to reproduce the motion of a flying car through a weakly coupled fluid-
rigid-body calculation, the three-dimensional Newton-Euler equations of motion for
translation and rotation are used.
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2.2 Computational Conditions

To simulate the flight of a flying car under complex conditions, we coupled flight dy-
namics and fluid dynamics as in Takahashi et al [7], and used the MCD (Moving Com-
putational Domain) method [8][9] and the multi-axis sliding mesh method [10]. Table
1 shows the characteristic values used to nondimensionalize the calculations. The char-
acteristic length is the total length of the aircraft, the characteristic density is the air
density, and the characteristic velocity is the speed of sound. The boundary conditions
are slip wall boundary for the airframe surface, a Riemann boundary condition for the
outer region, and sliding mesh interface boundary for the split interface.
Table 1. Characteristic values

Density of the air 1.247 kg/m®
Characteristic velocity 340.29 m/s
Characteristic length 13.0m

3 Flight Simulation of Flying Car

3.1 Computational Model

Fig.1 shows the computational model of the octorotor eVTOL with four pairs of coaxial
contra-rotating rotors used in the previous study and the dodecarotor eVTOL with 12
rotors arranged in a dome shape that will be compared in this study. Table 2 shows the
characteristics of the newly introduced model. The new model is considerably larger
than the model used in the previous study. One rotor has three blades, and the smallest
grid is in front of the rotor blade blades, with a minimum grid width of 6 mm as in the
previous study. The computational model used in this study is an unstructured tetrahe-
dral mesh and was created using MEGG3D [11][12]. The total number of elements is
approximately 5.8 million, and these are computed in an OpenMP parallel environment
[13]. The time step size for each step was set to 0.0005, and the total simulated duration
was approximately 6 seconds. Using an Intel Core i9-14900K processor, the computa-
tion time required for simulating approximately 5 seconds of real time was about 18

days per case.
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Fig.1. Computational Model for octorotor eVTOL and dodecarotor e/ TOL

Table 2. Comparison of Aircraft Specifications

octorotor eVTOL dodecarotor eVTOL
Overall length and width [m] 4x4 13 x 13
Airframe weight [kg] 400 1400
Number of rotors [-] 8 12
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3.2 Flight Simulation Conditions

To outline this simulation, rotors are named as shown in Fig.2. First, the 12 rotors are
roughly classified into three groups of three rotors each, FL (Front Left) FR, RL, and
RR. The rotors with the greatest influence in the pitch direction are classified as 1, those
with the greatest influence in the roll direction are classified as 2, and those with the
greatest influence in the altitude direction are classified as 3. The direction of rotation
is distinguished by color.

——{ Rotor name (direction of rotation) |
- 1 FR1(R)

FR2(L)
FR3(L)

FL1(L)

FL2(R) f—

FL3(R)

RL3(L) , = RR3(R)
RLZ(L) — RR2(R) |
[RLI(R) RR1(L)

Fig.2. Rotor name of dodecarotor eVTOL

We will compare crash conditions and changes in aircraft attitude for two different
aircraft models. For this purpose, a simulation was first conducted in which some of the
rotors of the new aircraft were stopped suddenly while hovering. The combinations of
rotors to be stopped are shown in Table 3. After that, we maintain hovering by PID
control and mixing. The results will be compared with those of previous studies [7].

Table 3. Experimental conditions

terms Rotor name to be stopped Number of rotors to be stopped
1) FL1 1
(2 FL 3
3) FL, RR 6
4 FL, FR3, RR 7
(5) FL, FR3, RR, RL3 8
(6) FL, FR1 4

4 Calculation Results

4.1  Comparison of one rotor stopped

A comparison is made between the FLU rotor stop in the coaxial contra-rotating oc-
torotor eVTOL and the FL1 rotor stop in the dodecarotor eVTOL. Fig.3 shows the air-
craft attitudes and torques over time after rotor stoppage. Solid lines represent octorotor
eVTOL 1, and dotted lines represent dodecarotor eVTOL 2. The dodecarotor exhibits
attitude changes reduced by a factor of eight or less but experiences greater vibration
during hovering. This is likely due to its larger fuselage and longer propellers, which
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cause higher torque and blade tip speeds. The coaxial octorotor reduces vibration by
lowering its rotational speed, made possible by thrust recovery from the lower propeller
utilizing the upper propeller’s wasted energy[14]. Furthermore, the rotor stop positions
differ—about 1:1 from the center of gravity for the octorotor and 2:1 for the do-
decarotor—which clearly affects the resulting moment and aircraft motion. These re-
sults demonstrate that aircraft structure and rotor layout significantly influence stability
and vibration. Moreover, the effect of rotor placement is clearly reflected in the gener-
ated moments and aircraft behavior, indicating that the outcomes are reproducible even
across different aircraft types.
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Fig.3. Comparison of fuselage attitude and torque around fuselage

4.2 Comparison of crashes due to sudden rotor stoppage

In the octocopter-type eVTOL, the aircraft crashed when the FLU and FLL rotors were
suddenly stopped. Based on this, two failure conditions are examined for the dodeca-
copter-type eVTOL.: (2) simultaneous stoppage of three front-left (FL) rotors, and (3)
stoppage of an additional rotor on top of Condition (2). Fig. 4 shows the time histories
of attitude changes and overlaid snapshots during descent for all three conditions. The
solid line represents the octocopter (1), and the dashed line the dodecacopter (2). Q-
criterion isosurfaces (second invariant of the velocity gradient tensor) are shown for
both configurations: octorotor (left) and dodecarotor (right). These are colored by ve-
locity magnitude, while the aircraft surfaces are colored by pressure. All values are non-

dimensional.
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Fig.4. Time history of aircraft attitude changes and Sequential images
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In the dodecarotor eVTOL, Condition (2) maintained stable altitude, indicating suc-
cessful hover, while the other conditions resulted in crashes. This suggests that even
with front-left rotors stopped, attitude control remains possible due to four surrounding
rotors (FR1, FR2, RL1, RL2) generating compensating moments near the center of
gravity.

Comparing crash behaviors, the dodecarotor showed less attitude disturbance.
Within 3 seconds, the octorotor rotated 3.5 times and dropped 40 m, whereas the do-
decarotor rotated only 0.75 times and dropped 25 m. Assuming that all rotors fail inde-

pendently with equal probability ppp, the crash probabilities are %pz and %pz for the

octorotor and dodecarotor, respectively. These results demonstrate that increasing rotor
count and distributing them circularly improves stability and greatly reduces crash risk
in the event of rotor failures.

4.3  Summary of Rotor Sudden Stop in dodecarotor eVTOL

From conditions (1)-(6), we summarize the possibility of crashes depending on the
number and location of rotor stops. First, it was found that up to three rotor stoppages,
no combination of rotors would cause a crash, while four to six rotor stoppages would
lead to a crash if the stoppages were unevenly located. When more than seven rotors
were stopped, the aircraft was able to maintain its attitude; however, it could not sustain
its altitude, leading to a crash.

From these results, we calculate the combination of rotor stoppages that lead to
crashes and the probability of this aircraft crashing due to rotor stoppage by assuming
that the probability of one rotor stoppage is p and constant. The results are summarized
in Table 4.

Table 4. Combination of stop rotor arrangement to crash

Number of 4 5 5 6 7 8 9 10 11 12
stopped rotors
combination | 0 8 60 78 792 495 220 66 12 1
Probability of 8 60 78

0 4 .5 S 6 7 8 9 10 11 12

The likelihood of a crash due to rotor stoppage can be estimated based on rotor-
generated lift. Although four rotors can theoretically maintain attitude control—as seen
in conventional quadcopters—greater lift is needed for heavier eVTOLSs. Analysis
showed that with four rotors operating at 169% of their hover speed, lift could balance
aircraft weight within the control range. However, experiments revealed that even five
functioning rotors failed to maintain hover. This discrepancy is attributed to rotor de-
celeration variations, strut interference, and aerodynamic effects that reduce actual lift.
Once the aircraft tilts beyond a certain angle, sufficient lift can no longer be produced,
revealing the limitations of multirotor systems under sudden changes. These findings
validate the experiment. From Table 4, the probability that the dodecarotor eVTOL
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crashes due to rotor failures corresponds to the sum of the probabilities in the bottom
row. Given that all terms are positive and the individual probability p is sufficiently
small compared to 1, the arithmetic-geometric mean inequality can be applied. As a
result, the total crash probability is obtained as 0.361p°8.

4.4 Comparison of crash probabilities

Similarly, for octorotor eVTOL, let p denote the probability of a single rotor failure.
Since a crash occurs when both rotors in a coaxial pair fail, the total crash probability
is calculated as 0.658p°. While coaxial contra-rotating rotors offer compact and effi-
cient assembly, failure in a coaxial pair significantly increases crash risk. In the do-
decarotor eVTOL, even with a front-left rotor failure, attitude control is possible due to
the symmetrical placement of four other rotors around the center of gravity. However,
circular rotor arrangements tend to be larger and heavier, presenting a tradeoff between
safety and performance. To contextualize risk, we compare with commercial airplanes,
where the fatal accident rate is 1 in 13.7 million[15]. Assuming 10-hour flights, the
accident rate is 7.3 x 1076 per 1,000 hours, with 21% due to mechanical failures[16].
Given that airplanes carry 100 times more passengers, the acceptable crash probability
due to rotor failure in flying cars is 1.53 x 1078, To match this safety level, do-
decarotor rotor failure probability must be under 0.03 [/1000hours], and 0.00033 [/
1000hours] for octorotors. These values serve as rotor design targets to ensure safety
equivalent to that of airplanes.

5 Conclusions

Using coupled fluid-rigid body simulations with MCD and sliding mesh methods, we
analyzed the effects of sudden rotor stoppages in a domed dodecarotor eVTOL, incor-
porating attitude control. Various rotor failure combinations were evaluated under hov-
ering conditions, and comparisons were made with other aircraft, including a coaxial
octorotor model. The simulations showed that hovering was maintainable with up to
three rotors stopped, and in some cases, even with four to six, depending on their posi-
tions. This enabled a quantitative evaluation of crash probability. Theoretical lift calcu-
lations and experimental results also highlighted the limitations of multi-rotor systems
in responding to sudden lift loss, particularly under aerodynamic interference.

Compared to the coaxial octorotor model from prior research, the dodecarotor's
greater number of rotors and circular layout enabled more failure-tolerant configura-
tions, significantly reducing crash risk by about 1/100. The study also revealed differ-
ences in crash dynamics and control behavior stemming from rotor placement and fu-
selage geometry. This simulation approach proved effective in reproducing emergency
conditions and provided a practical tool for improving design reliability and predicting
behavior under failure scenarios.
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