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Abstract. This study presents a computationally efficient framework for early-
stage design evaluation of next-generation air mobility systems. A coupled fluid—
rigid body motion analysis combining the Moving Computational Domain
(MCD) method with a multi-axis sliding mesh technique was quantitatively val-
idated against wind tunnel experiments of a quadcopter subjected to frontal dis-
turbance winds. An inviscid fluid formulation was employed while preserving
dynamic motion coupling. The results demonstrate that the predicted pitch angle
under disturbance winds (0-5 m/s) agreed with experimental measurements
within a maximum error of 1.56°, accurately reproducing the aircraft’s dynamic
equilibrium response. Rotor rotational speeds were predicted with an average rel-
ative error of approximately 10 %, and their variation with wind velocity exhib-
ited strong correlation with experimental trends. These findings confirm that the
proposed framework provides practical predictive capability with significantly
reduced computational cost, making it suitable for rapid behavior assessment dur-
ing early design stages. The present study represents a step toward the realization
of a scalable physics-based digital twin for multirotor aircraft. Future work will
focus on improving rotor thrust prediction accuracy through refined geometric
modeling.
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1 Introduction

In recent years, the development of flying cars (eVTOLSs) and unmanned aerial vehicles
(UAVs) equipped with multiple rotors has accelerated worldwide as next-generation
air mobility solutions aimed at addressing serious societal challenges such as urban
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traffic congestion and aging infrastructure [1]. These vehicles are anticipated as new
transportation systems utilizing near-ground airspace that has not traditionally been
used by conventional aircraft. However, because they operate at low altitudes in close
proximity to people, they require an extremely high level of safety exceeding that of
existing aircraft. The development of new airframe designs and control systems entails
enormous costs and time. Consequently, computational fluid dynamics (CFD) simula-
tions are expected to play a crucial role in reducing risks and improving efficiency dur-
ing the early stages of the development cycle.

Research on the acrodynamic characteristics of multirotor aircraft has progressed
through multifaceted approaches. Previous studies have covered a wide range of topics,
from evaluating the characteristics of individual rotors [2, 3] to investigating ground
effects [4] and the influence of interference flows on vehicle stability [5]. In this con-
text, our research group proposed the concept of a “digital flying car” [6] and has con-
ducted studies aimed at reproducing high-fidelity flight phenomena in a virtual envi-
ronment. Specifically, we have investigated the effects of takeoff downwash on the
ground [7], turning maneuvers [8], and aircraft behavior during propeller failure emer-
gencies [9], based on assumed flight dynamics of a flying car. Furthermore, to address
wind disturbances encountered in real-world operations, forward and turning flight sim-
ulations under strong wind conditions were performed [10], demonstrating the impact
of wind on aircraft behavior.

However, these studies have primarily focused on comparisons within numerical
simulations and on understanding the behavior of idealized models. Direct validation
of the numerical methods through comparison with detailed experimental data obtained
from actual aircraft has not yet been conducted. In particular, small quadcopters have
relatively low inertia compared to large aircraft and are therefore highly susceptible to
external wind disturbances [11]. Clarifying the mechanisms of attitude recovery and
control response to such disturbances in small aircraft provides a fundamental basis for
safety assessments when scaling up to flying cars in the future, as both share the com-
mon flight principle of multi-rotor configurations. Therefore, reproducing realistic
flight conditions within the computational domain without constraining the airframe
and elucidating the overall system behavior remains a critical challenge in next-gener-
ation mobility development.

Accordingly, this study performed numerical flight simulations using an inviscid
fluid model. Although inviscid calculations have been reported to show good agreement
with experimental data within a certain high angle-of-attack range during early-stage
aerodynamic evaluations of aircraft [12], the validity of the inviscid approximation un-
der dynamic flight conditions of multirotor aircraft, which are characterized by complex
rotor—rotor interactions and abrupt attitude changes, requires further verification. To
address this complex moving boundary problem, a numerical framework combining
the Moving Computational Domain (MCD) method [13], based on an unstructured
moving-grid finite volume method [14], with a multi-axis sliding mesh method [15]
was adopted. The MCD method strictly satisfies geometric conservation laws while
avoiding grid failure associated with large aircraft attitude changes, making it suitable
for describing large-amplitude motions. Furthermore, the simulations were performed
in a parallel computing environment using unstructured grids [16]. The originality of
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this study lies in the first quantitative validation of the proposed analytical method. This
was accomplished by comparing the dynamic response of the entire system, in which
the aircraft autonomously adjusts its attitude to reach an equilibrium state under exter-
nal wind disturbances, with wind tunnel experimental results obtained using an actual
aircraft, while inheriting the analytical framework established in previous studies. For
validation, an experimental aircraft installed in a wind tunnel was used to precisely
measure the propeller rotational speeds and aircraft attitude angles while maintaining
hover against frontal disturbance winds. In the simulations, identical external wind
speed conditions were imposed. By comparing the numerical predictions of the aircraft
response with the experimental data, the prediction accuracy of the method and the
associated sources of error were evaluated. This approach represents a pioneering step
toward establishing a practical digital twin capable of reproducing the dynamic behav-
ior of real aircraft in a virtual environment, thereby contributing to reduced design time
and enhanced reliability.

2 Experimental Overview

2.1 Test Aircraft

The experiments were conducted using ACSL’s small aerial photography drone
“SOTEN" [17]. The main specifications of the aircraft are summarized in Table 1. With
the battery and all onboard sensors installed, the total takeoff weight of the aircraft is
1.72 kg, and its external dimensions with the arms extended are 0.560 m X 0.637 m. In
this study, the direction corresponding to the 0.560 m dimension was defined as the
forward direction of the aircraft for both the experiments and the numerical analysis.
The propulsion system adopts a quadcopter configuration equipped with four 10.5-inch
propellers. Flight data were acquired using the onboard measurement system. An exte-
rior view of the aircraft is presented in Figure 1.

Table 1. SOTEN specifications

Total aircraft weight 1.72 kg

Aircraft sizes(x,y,z) 0.560 m, 0.153 m, 0.637 m
Propeller size 10.5 inches (0.2667 m)
Number of propeller blades 2

Number of propellers 4
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Fig. 1. Appearance of SOTEN

2.2 Definition of Coordinate Systems and Aircraft Configuration

Figure 2 illustrates the coordinate system and aircraft configuration definitions consist-
ently used throughout the experiments and numerical analyses in this study. A right-
handed coordinate system is adopted, with the aircraft center of gravity as the origin,
the forward direction as the x-axis, the vertically upward direction as the y-axis, and
the right-wing direction as the z-axis. The definitions of positive and negative rotation
angles about each axis are as follows:

* Roll angle: Rotation about the x-axis. When viewed from the rear of the aircraft, a
downward deflection of the right wing is defined as positive, and that of the left wing
as negative.

* Pitch angle: Rotation about the z-axis. The horizontal attitude is defined as 0°, with
nose-up rotation taken as positive and nose-down rotation as negative.

* Yaw angle: Rotation about the y-axis. When viewed from above, clockwise rotation
is defined as positive and counterclockwise rotation as negative.

In addition, the arrangement and rotational directions of the four propellers are de-
fined. The propellers located at the front right and rear left positions (Rotors 1 and 3)
rotate counterclockwise (CCW) when viewed from above, whereas those at the front
left and rear right positions (Rotors 2 and 4) rotate clockwise (CW).
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Fig. 2. Coordinate system and aircraft and propeller rotation directions

2.3  Wind Tunnel Facility

This experiment was conducted using the wind tunnel facility at the Fukushima Robot
Test Field (RTF) [18]. The wind tunnel has a square test section with a cross-sectional
area of 3.0 m X 3.0 m, providing sufficient spatial clearance for the test aircraft. Figure
3 shows the exter& View\g)f the wind tunnel fz

Fig. 3. Appearance of the wind tunnel

2.4  Experimental Conditions

The configuration of the wind tunnel test in this study is shown in Figure 4. The test
aircraft was positioned 3500 mm downstream of the wind tunnel outlet and maintained
in hover at the mid-height of the outlet cross-section. During the flight tests, the aircraft
was controlled to maintain a fixed hovering position regardless of wind speed variations
by combining the onboard self-positioning control system with visual corrections pro-
vided by the operator. Figure 5 shows the actual flight test setup.

In the experiment, the wind speed was incrementally increased from zero (0 m/s) to 5
m/s in I m/s increments. At each wind speed condition, after confirming that the aircraft
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had reached a sufficiently stable flight state, data were recorded for 10 seconds. The
experimental values used for comparison with the numerical analysis are the time-av-
eraged values obtained during this 10-second measurement period. The data sampling
rate was 50 Hz.

Air vent
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Drone operator Drone Flight Position Wind tunnel

Fig. 4. Wind tunnel test configuration
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Fig. 5. Flight test overview

3 Numerical Approach

3.1 Fundamental Equation of Fluid Dynamics

In this study, the three-dimensional Euler equations, which govern inviscid compressi-
ble flow, are adopted to solve the flow field around the drone model with an emphasis
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on computational efficiency. The nondimensionalized form of the three-dimensional
Euler equations is given as follows.

dq OE OF 3G _

p pu pv pw
pu put+p puv puw
q=| pv |,E= pouw |, F=| pv?’+p |,G6= pvw 2)
pw puw pvw pw? +p
e u(e +p) v(e +p) w(e + p)

Here,q denotes the vector of conserved variables; E, F, and G represent the inviscid
flux vectors in the x-, y-, and z-directions, respectively; p is the fluid density; u, v, and
w are the velocity components in the x-, y-, and z-directions; and e is the total energy
per unit volume. The pressure p in Equation (2) is the gas pressure, which is determined
from the ideal gas equation of state given in Equation (3), assuming an ideal
gas.

p=0-Dle—1pw?+v?+w?)] 3)

Here, y is the specific heat ratio, and in this study, y was set to 1.4, the standard value
for air at room temperature. For temporal discretization, a second-order Crank-Nicol-
son scheme was applied. For time integration, a pseudo-time inner iteration method
based on an explicit two-stage rational Runge-Kutta scheme [19] was adopted, consid-
ering computational cost and stability. For spatial accuracy, a second-order extrapola-
tion method was employed, combining gradient evaluation based on the Green-Gauss
theorem with a vanLeer-like limiter function [20].

3.2 Fundamental Equation of Rigid Body

To describe the translational and rotational motion of the drone in three-dimensional
space, the three-dimensional Newton—Euler equations are adopted as the governing
equations for rigid-body dynamics. The three-dimensional Newton—Euler equations are
expressed as follows.

mir=f 4)
Iv+wXIlw=t (5

Here, m is the mass of the rigid body; 7 and f denote the position vector and the exter-
nal force vector in three-dimensional space, respectively. I is the moment of inertia
tensor, and w and 7 represent the angular velocity vector and the torque vector, respec-
tively. Based on the above relationships, the six degrees of freedom associated with the
rigid body's translational and rotational motions are described.
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3.3  Moving Computational Domain Method

This study employs the Moving Computational Domain (MCD) method [13], in which
the computational domain moves in accordance with the motion of the object. Figure 6
presents a conceptual illustration of the MCD method. This approach is based on an
unstructured moving-mesh finite volume method, enabling the simulation of free mo-
tion without constraints imposed by the computational domain while strictly satisfying
the geometric conservation law. Furthermore, to reproduce the relative motion of mul-
tiple rotating axes, such as the four independently rotating propellers considered in this
study, the MCD method is combined with a multi-axis sliding mesh method [15].

Object

Computational Domain

Fig. 6. Moving Computational Domain Method

4 Simulation Overview

4.1 Computational Grid

Figure 7 illustrates the computational domain and mesh configuration around the air-
craft used in this study. The computational domain was defined as a spherical region
with a radius approximately 15 times the aircraft length to adequately account for the
propeller-induced downwash and its interaction with the surrounding flow field. As
shown in Figure 7, a hierarchical mesh structure was adopted, with the grid progres-
sively refined toward the vicinity of the aircraft. This approach captures the steep flow
gradients around the object while optimizing computational cost. Figure 8 presents the
surface mesh of the analyzed quadcopter drone. The aircraft model was developed
based on the specifications of ACSL’s small aerial photography drone, “SOTEN” [17].
Figure 9 shows the computational grids and their dimensions for each rotor region cor-
responding to the four propellers. The representative length used in this study is defined
as the maximum aircraft width, including the distance between the propeller tips. The
computational model was generated using the unstructured mesh generation software
MEGG3D [21,22], resulting in a total of 1,269,880 cells in the entire domain. Each of
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the four independent rotor regions consists of 166,400 cells and has a diameter of 0.28

m. The minimum cell size on the rotor surface is approximately 1.5 mm.
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Fig. 7. Computational domain and grid configuration around the aircraft

Fig. 8. Surface mesh of the quadcopter drone
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Fig. 9. Computational mesh of the propeller region and its size
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4.2  Computational Conditions

Table 2 summarizes the initial and boundary conditions used in the analysis. To repli-
cate the headwind conditions anticipated during actual flight, the velocity components
v and w were set to 0 m/s. For the streamwise component u, six inflow velocity cases
were defined, ranging from 0 m/s to —5 m/s in increments of 1 m/s. Three types of
boundary conditions were applied: slip wall conditions, Riemann invariant boundary
conditions, and sliding mesh interfaces. Furthermore, in this analysis, all variables were
nondimensionalized using representative values. The representative length was defined
as the total aircraft length, L = 0.56 m; the representative density was set to the air
density, p = 1.247 kg/m?; and the representative velocity was taken as the speed of
sound, V = 340.29 m/s. The dimensionless time step was set to dt = 2.0 X 1073,

Table 2. Initial and Boundary conditions

u 5~0m/s
v 0om/s
w 0om/s
Drone body surface Slip wall condition
Outer boundary Riemann invariant boundary condition
Propeller domain Sliding mesh interface

4.3  Flight Simulation Conditions

In this study, simulations were conducted under six wind speed conditions ranging from
0 m/s to =5 m/s in 1 m/s increments, corresponding to the wind tunnel experiments. As
the initial condition, either a quiescent state or a uniform flow in the negative x-direc-
tion was imposed throughout the computational domain, from which the aircraft motion
was initiated. The following control conditions were applied to maintain the aircraft’s
position and attitude. Along the y-axis, the rotor rotational speed was adjusted so that
the rotor thrust balanced gravity, thereby maintaining the target altitude. Along the x-
and z-axes, the target ground speed of the aircraft was set to 0 m/s relative to the head-
wind entering from the +x direction. Under these conditions, the attitude angles re-
quired to sustain hovering were computed. This procedure reproduces the flight behav-
ior in which the aircraft autonomously adjusts its attitude to counter external wind dis-
turbances while attempting to maintain a fixed position. The computational results were
time-averaged over approximately 1 second of physical time after the aircraft motion
reached a dynamic equilibrium state and then compared with the experimental data.

5 Comparison of Experimental and Numerical Results

5.1  Qualitative Evaluation of the Flow Field

To qualitatively evaluate the flow field obtained from the numerical analysis, the ve-
locity vectors around the aircraft and the pressure distribution on the aircraft surface
are presented in Figure 10. Figure 10(a) shows the results under no-wind conditions (0
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m/s), whereas Figure 10(b) shows the results under headwind conditions (5 m/s). Com-
pared with the no-wind condition in Figure 10(a), the velocity vectors in Figure 10(b)
clearly indicate a uniform inflow from the front of the aircraft. This inflow accelerates
downstream as it passes through the propellers, forming a downwash that extends be-
neath the aircraft. Furthermore, examination of the surface pressure distribution con-
firms that the pressure is lower on the upper surface and higher on the lower surface of
each propeller. These results indicate that the fundamental aerodynamic characteristics

of rotatin% wings are a’l})pro riaﬁg}y reproduced in the present analygis.
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(a) No wind condition (0 m/s) (b) Headwind condition (5 m/s)

Fig. 10. Velocity vectors around the aircraft and surface pressure distribution

5.2  Comparison of Attitude Angles

Figure 11 shows the variation in the aircraft’s attitude angles with wind speed. The
horizontal axis represents the headwind speed, and the vertical axis represents the atti-
tude angle. As shown in Figure 11, both the experimental and numerical results indicate
that the pitch angle increases in the negative direction as the wind speed increases. This
increase in forward tilt reflects the aircraft’s response to maintain stationary hovering.
To counteract the rearward aerodynamic drag induced by the headwind, a thrust com-
ponent in the upwind direction is required. The quadcopter generates a horizontal pro-
pulsive component by tilting the aircraft forward, thereby redirecting part of the rotor
thrust. Consequently, a larger forward tilt angle becomes necessary as the wind speed
increases.

A detailed comparison of the pitch angle shows that the experimental values changed
almost linearly from 0° under calm conditions to —8.29° at a wind speed of 5 m/s. Sim-
ilarly, the numerical results varied from 0.17° under no-wind conditions to —9.85° at 5
m/s, generally reproducing the behavior of the actual aircraft. The absolute error in
pitch angle at the maximum wind speed of 5 m/s was within 1.56°, demonstrating that
this method provides sufficient accuracy for predicting the aircraft system’s response
to disturbance winds.

In contrast, discrepancies between the experimental and numerical results were ob-
served for the roll and yaw angles. The roll angle remained close to 0° across all wind
speeds, showing good agreement between experiment and analysis. The yaw angle,
however, exhibited noticeable fluctuations in the experimental data. Under ideal con-
ditions with a perfectly symmetrical airframe model and uniform inflow, the numerical
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analysis should theoretically yield zero yaw and roll angles in a headwind. The ob-
served yaw deviations in the experiment are likely attributable to asymmetries in the
experimental environment, such as minor structural distortions of the aircraft frame and
slight nonuniformities in the wind speed distribution within the wind tunnel test section.
These yaw deviations may cause the flight control system to adjust individual propeller
rotational speeds to maintain attitude. Consequently, this effect may have contributed
to the discrepancies between analytical and experimental results observed in the com-
parison of rotor rotational speeds discussed in Section 5.3, potentially influencing the
accuracy of the pitch angle prediction. Future work should focus on identifying subtle
disturbance factors in the experimental environment and refining the analytical model
to account for these effects.
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Wind speed [m/s]

Fig. 11. Comparison of attitude angles with respect to wind speed

5.3  Comparison of Rotor Rotation Speeds

Figure 12 illustrates the variation in the rotational speed of each rotor with wind speed.
The horizontal axis represents the wind speed, and the vertical axis represents the rota-
tional speed. Here, P1 and P4 correspond to the front rotors, whereas P2 and P3 corre-
spond to the rear rotors. The figure indicates that, in both the experimental and numer-
ical results, the rotational speeds of the front rotors decrease as the wind speed in-
creases, while those of the rear rotors increase or remain at relatively high levels. This
trend supports the generation of a pitch-down moment that raises the rear of the aircraft,
thereby forming the forward-leaning attitude described in Section 5.2.

A comparison between the experimental and numerical results shows that the numer-
ical values are consistently higher than the experimental values over the entire wind
speed range. To quantitatively assess this difference, the relative error € was calculated
using the following equation, taking the experimental values as the reference.
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Here, N, represents the rotor rotational speed obtained from the numerical analysis,
whereas N denotes the rotor rotational speed measured in the wind tunnel experi-
ments. Table 3 summarizes the range of relative errors for all rotors at each wind speed.
The relative error ranged from 7.6 % to 11.1 % under no-wind conditions and from
4.1 % to 14.9 % at the maximum wind speed. One possible contributing factor is the
underestimation of thrust in the numerical analysis. As a result, the thrust generated at
a given rotational speed was predicted to be smaller than that of the actual aircraft. It is
therefore inferred that, in the analysis, the control system set higher rotational speeds
than those of the actual aircraft in order to maintain position while supporting the air-

craft weight.
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Fig. 12. Comparison of individual rotor speeds with respect to wind speed

Table 3. Relative error of rotor speed at each wind speed

Wind speed Propellerl Propeller2 Propeller3 Propeller4
[m/s] (%] (%] (%] [%]

0 9.8 9.9 7.6 111

1 9.7 9.9 6.7 125

2 111 9.3 6.2 13.8

3 9.5 7.9 4.4 13.0

4 9.5 7.5 4.4 13.7

5 9.4 7.2 4.1 14.9

6 Conclusions

This study verified the validity of a coupled fluid-rigid body motion analysis combin-
ing the MCD method with a multi-axis sliding mesh method. By comparing numerical
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results obtained from an inviscid fluid model with wind tunnel experimental data for
quadcopter behavior under disturbance winds, the following findings were obtained.

First, with respect to attitude angle reproducibility, the proposed method was con-
firmed to accurately capture the aircraft’s forward-tilting response to disturbance
winds. Specifically, the pitch angle error remained within 1.56° at the maximum wind
speed, demonstrating sufficient accuracy in predicting the aircraft’s dynamic equilib-
rium state. However, slight deviations in the roll and yaw angles were found to cause
discrepancies in propeller rotational speeds, potentially affecting the accuracy of the
attitude angle prediction. Furthermore, the rotational speed profiles of each rotor indi-
cated that the numerical results were approximately 10 % higher overall than the ex-
perimental values. This discrepancy is primarily attributed to the underestimation of
thrust in the numerical analysis. Nevertheless, a very high correlation was observed
between the experimental and numerical results in terms of the rotational speed trends
with increasing wind speed. Based on these results, the present method employing an
inviscid fluid model can be regarded as an effective approach for constructing a digital
twin capable of rapidly predicting the dynamic response of an actual aircraft with prac-
tical accuracy.

To further improve the prediction accuracy of rotor rotational speeds, which remains
a challenge identified in this study, it is necessary to introduce a model that accounts
for mesh resolution on the propeller blade surfaces. In addition, more advanced model-
ing that incorporates detailed airframe geometry and potential asymmetries in the ex-
perimental environment is expected to enhance prediction accuracy under more com-
plex and realistic flight conditions.
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