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Abstract. In recent years, emergency recovery parachutes have been considered
as a passive safety measure for flying cars, which are regarded as a form of Urban
Air Mobility, to mitigate damage to onboard passengers and people on the ground
in the event of catastrophic failures such as electrical power loss. However, their
design and verification remain challenging due to low-altitude deployment, po-
tential interference between suspension lines and propellers, and the difficulty of
conducting full-scale drop tests, which are costly and involve significant risk.
Therefore, a numerical framework capable of reproducing the coupled behavior
of a vehicle—parachute system is essential. In this study, a fluid-structure inter-
action simulation framework is applied, in which a moving-boundary fluid solver
based on an unstructured moving-grid finite-volume method for solving the Euler
equations is weakly coupled with a structural solver using Project Chrono. Nu-
merical wind-tunnel and free-fall FSI simulations are conducted. The results
show that gore reinforcement cables govern the inflated canopy shape and con-
stitute a primary factor in determining the mean drag, with an approximately 19%
difference in projected area observed between configurations. In addition, canopy
elasticity induces unsteady drag fluctuations associated with periodic defor-
mation, which are not captured by rigid models. In the free-fall simulation, the
descent velocity decreases from 9.81 m/s to 8.53 m/s in approximately 1.43 s,
approaching a quasi-steady descent state where drag balances the system weight.
These findings highlight the importance of structural modeling in parachute de-
sign and provide fundamental insights for the safety design of flying cars.
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1 Introduction

1.1  Parachute for a Flying Car

In recent years, flying car transportation systems that utilize near-ground space in urban
areas have attracted growing attention, and major aerospace and automotive manufac-
turers worldwide have entered this field. A wide variety of takeoff/landing and cruise
configurations have been proposed, and flying cars represent a next-generation mobility
concept capable of exploiting near-ground space to provide high-speed, flexible trans-
portation. To realize such systems, multifaceted research and development efforts are
being conducted to address numerous technical, commercial, and ethical challenges [1,
2]. Among these issues, one of the most critical and challenging is safety. If a flying
car were to crash from above an urban area, severe consequences are foreseeable for
onboard passengers and for people and structures on the ground. Adverse weather con-
ditions, failures of onboard components, and human error can cause route deviations
and may lead to loss of control or collisions [3]. In particular, for multirotor and dis-
tributed electric propulsion configurations, where active stabilization is indispensable,
the loss of electrical power can be catastrophic. Unlike helicopters and fixed-wing air-
craft, such vehicles cannot rely on failure mitigation measures such as autorotation or
gliding, and may therefore become uncontrollable following a loss of propulsion power
[4].

For these reasons, several manufacturers are considering parachute recovery systems
as an effective passive safety measure by substantially reducing the descent speed.
ARIDGE has conducted full-scale tests in which a flying car was brought to the ground
using a parachute, demonstrating its effectiveness [5]. In addition, as a parachute pro-
vider for light aircraft, BRS (Ballistic Recovery Systems) operates a ballistic recovery
system business and has recorded numerous successful saves [6]. However, several
challenges must be addressed to apply such ballistic recovery systems to flying cars.
First, the relatively low cruising altitude may limit the time available for sufficient de-
celeration. Second, there is a risk that the parachute suspension lines may become en-
tangled with the propellers [7, 8]. To maximize the performance of parachutes designed
for flying cars, meticulous design and validation are indispensable. However, flying
cars have various configurations, with differences in vehicle geometry and cruising
speed; therefore, parachutes must be designed individually for each vehicle, which
complicates the development process. To address these challenges, it is desirable to
predict in advance the free-fall behavior of the coupled vehicle—parachute system.
However, full-scale drop tests are costly and involve significant risk, making compre-
hensive validation at early design stages difficult. Therefore, it is essential to establish
a numerical simulation framework capable of quantitatively evaluating the vehicle—
parachute system while accounting for fluid forces and structural deformation.

1.2 FSI Simulation of a Parachute

Because a parachute undergoes large elastic deformation during both deployment and
descent, a coupled simulation framework that integrates moving-boundary fluid
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simulation with structural simulation is required. Fluid—structure interaction (FSI) has
been widely applied in various fields, including acrospace engineering, and numerous
studies have investigated parachute systems. TAFSM (The Team for Advanced Flow
Simulation and Modeling) has conducted parachute FSI research since 1997 and has
developed multiple numerical approaches [9]. Although various coupled approaches
and interface-capturing methods have been proposed for parachute modeling, few stud-
ies have focused on emergency parachutes for flying cars.

In simulation-based validation at the early stages of flying-car design, it is important
to appropriately simplify the physical model while maintaining acceptable accuracy,
thereby reducing computational cost and accelerating the design cycle. As a first step,
this study applies an FSI model to an emergency parachute system for a flying car.
Specifically, a computational framework is constructed by weakly coupling a moving-
boundary fluid solver based on an unstructured moving-grid finite-volume method [10,
11] with the open-source structural simulation platform Project Chrono [12, 13]. In ad-
dition, numerical wind-tunnel FSI simulations of the parachute were conducted based
on the simulation procedures and material properties reported in previous studies [14,
15]. The validity and necessity of modeling the parachute as an elastic body were ex-
amined through comparative simulations with a rigid-body model. Finally, a free-fall
FSI simulation of the vehicle—parachute system was conducted. The Moving Compu-
tational Domain method employed in this study translates the computational domain
together with the object, enabling efficient numerical simulation of large-scale motion
without relying on a fixed computational domain [16]. The FSI framework presented
in this study will serve as an efficient verification platform for the design optimization
and safety assessment of emergency parachutes for flying cars.

2 Numerical Approach

2.1  Governing Equation for the Fluid

To simulate the flow field around the parachute, the three-dimensional Euler equations
are employed. Although the actual flow is viscous and at a high Reynolds number, the
present study focuses on capturing the global flow structure and enabling coupled sim-
ulation with the structural solver. Therefore, viscous terms are neglected, and the gov-
erning equations are written in conservative form as follows:

9q O0E OF 9G _

a#ﬁ*@*a_z“’ (1)
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Here, q denotes the vector of conserved variables, and E, F, and G are the inviscid flux
vectors in the x-, y-, and z-directions, respectively. The unknowns are the density p,
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the velocity components u, v, and w in the x-, y-, and z-directions, and the total energy
per unit volume e. The pressure p is given, for a perfect gas, by the following relation.

p=@-1) {e - %p(u2 +v? + wz)} 3)

Here, y is the ratio of specific heats, which is set to 1.4 in this study. In the flow-field
simulations, the canopy and the vehicle are treated as solid walls with a slip boundary
condition. On the outer boundaries, Riemann boundary conditions are imposed [17].

2.2 Unstructured Moving-Grid Finite-Volume Method

In this study, we simulate the flow field around a deformable parachute undergoing
elastic deformation. To compute the flow induced by the motion of the canopy wall,
we employ an unstructured moving-grid finite-volume method [10, 11]. To satisfy the
geometric conservation law, the numerical fluxes are evaluated over control volumes
defined in a unified space—time domain (x,y, z,t). The primary variables are stored
and evaluated at cell centers. In addition, the moving computational domain (MCD)
method based on this formulation [16] translates the entire computational domain con-
taining the body together with the body itself. This enables the flow field associated
with the parachute motion to be computed without being constrained by the domain
size. A schematic of the MCD method is shown in Fig. 1.

Object «_

~Computational Domain

Fig. 1. Schematic of the MCD method

2.3  Spring-Mesh Method

As described above, the wall boundary deforms according to the elastic deformation of
the canopy. To preserve the quality of the interior cells of the fluid mesh, we employ a
spring-mesh method [18]. In this approach, mesh nodes are assumed to be connected
by tensile springs. The spring constants are defined so as to maintain mesh quality (e.g.,
edge lengths and face angles), and the updated node positions are obtained by solving
for the equilibrium configuration in which the forces induced by the springs are bal-
anced. An example of the resulting mesh deformation is shown in Fig. 2.
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Fig. 2. Unstructured mesh deformation based on the spring-mesh method

24  Project Chrono

To model the elastic deformation of the parachute, we use Project Chrono. Project
Chrono is an open-source framework for physics-based modeling and simulation, sup-
porting, for example, vehicles, robots, mechatronic systems, and multiphysics problems
including fluid—solid interactions [12, 13]. Using this framework, the canopy is mod-
eled with Kirchhoff-Love thin-shell elements based on the BST formulation, the rein-
forcement cables and suspension lines are modeled with ANCF beam elements (Euler—
Bernoulli), and the vehicle is modeled as a rigid body [13]. These modeling choices
have also been adopted in previous studies [14, 15] and are suitable for computing large
elastic deformations in parachute systems. In the present work, Project Chrono is used
to perform structural dynamics simulations in a fully dimensional form.

2.5  Fluid-Structure Coupling Method

In this study, the structural and fluid governing equations are solved sequentially and
separately at each time step. The pressure on the canopy surface obtained from the fluid
solver is applied to the structural solver as an external load, whereas the canopy surface
velocity computed by the structural solver is imposed in the fluid solver as a prescribed
velocity boundary condition. Using the structural surface velocity, the boundary mesh
is updated, and the interior cells are subsequently smoothed using the spring-mesh
method. The flow solution is then advanced on the deformed mesh. Within a single
time step, the interface data are exchanged only once in each direction; thus, the frame-
work employs a two-way weakly coupled partitioned scheme. In addition, the shell
discretization used in the structural solver and the surface mesh used in the fluid solver
are fully conforming, with a one-to-one correspondence of interface nodes.

3 Wind-Tunnel Simulation

3.1 T-10 Type Parachute

We adopt the U.S. Army T-10 parachute [19] as a reference configuration. It is a flat-
extended-skirt parachute consisting of a canopy (fabric membrane) and 30 suspension
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lines. A schematic of the parachute configuration is shown in Fig. 3. In the manufac-
tured (stress-free) configuration, the canopy comprises a flat main circular panel with
a circular vent at the apex and a flat skirt section (annular ring) below it, with their outer
circumferences joined. The suspension lines are attached to the inner circumference of
the skirt, pass through the canopy, extend as gore reinforcement cables, and merge at
the apex. Following previous studies [14, 15], the structural diameter D, is set to 10.67
m and the line length I, to 8.96 m. The vent diameter D,, and the skirt width are both
assumed to be 0.1D.. The geometric symbols are defined according to the notation in
Refs. [20, 21]. With these parameters, the canopy surface area S, including the vent
area of 0.894 m?, is 122 m?, giving a nominal diameter D, (based on S,) of 12.4 m.

D, (10.67 m) )

1.067 m Dy (1.067 m)

1, (8.96 m)

0.53m

Fig. 3. Schematic of the parachute

3.2  Computational Mesh

Figure 4 shows the computational meshes used in this study: (a) an exploded view of
the structural mesh and (b) the fluid mesh. The number of surface mesh elements is
12,870. The fluid mesh is generated using MEGG3D [22, 23]. The reference length L
is taken to be equal to D, (10.67 m), and the diameter of the spherical computational
domain is set to 30L. The resulting fluid mesh contains 840,908 cells. The reference
velocity and density are set to 340.29 m/s and 1.247 kg/m’, respectively.

(4 >
% 5 S N

(a) Structural mesh (exploded view) (b) Fluid mesh

Fig. 4. Computational meshes: (a) structural mesh (exploded view) and (b) fluid mesh
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3.3  Material Properties

The Young’s modulus, Poisson’s ratio, density, and thickness (or diameter) of the can-
opy and cables are taken from the validation studies [14, 15], and the corresponding
material properties are summarized in Table 1.

Table 1. Material properties of parachute

Canopy Suspension line  Radial reinforcement

Elements 12870 12 45
Young’s modulus, Pa ~ 9.57X10° 2.07 X108 2.07 X108
Poisson ratio 0.3 — —
Density, kg/m? 3090 3090 3090
Thickness (Diameter), m  3.04 X107 3.43X1073 3.43X1073

34 Simulation Condition

Simulations are performed under conditions corresponding to the validation cases in
Refs. [14, 15], and the results are comparatively assessed. The simulations for Cases 1—
3 follow the procedure described below.

1. The ends of the suspension lines are fully constrained at two points in space, and a
uniform internal pressure of 23.9 Pa is applied to the canopy to obtain a steady in-
flated configuration via structural simulation. To suppress canopy oscillations, a
damping force proportional to the nodal velocities is added. The distance between
the two constrained points at the suspension line ends is set to 0.53 m.

2. Using the steady canopy shape obtained in Case 1 as a fixed wall boundary, a flow
simulation is performed with a uniform upward freestream velocity of 6.7 m/s. This
condition corresponds to the dynamic pressure of 23.9 Pa applied in Case 1, and the
Reynolds number is approximately 5.0x10°.

3. Using the results of Cases 1 and 2 as initial conditions, an FSI simulation is con-
ducted with the same upward freestream velocity of 6.7 m/s, in which the canopy is
treated as a deformable boundary. The suspension line ends remain constrained in
this case.

Gravity is not included in Cases 1-3. For comparative validation, Cases 1 and 2 are
carried out for two parachute configurations: with and without reinforcement cables. In
Cases 1 and 2, the nondimensional time step is set to 0.002 (corresponding to a dimen-
sional time step of 6.27x107 s), whereas in Case 3 the nondimensional time step is set
to 0.001 (corresponding to 3.14x107° s).

35 Results

Steady-State Inflated Canopy Shape. Figure 5 shows the steady inflated canopy
shapes obtained from Case 1: the left panel corresponds to the case with reinforcement
cables and the right panel to the case without reinforcement cables. With reinforcement
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cables, the projected diameter D,, is 8.63 m. An empirical correlation derived from ex-
periments in Ref. [21] predicts a projected diameter of approximately 8.44 m for a par-
achute with a structural diameter D, of 10.67 m, indicating good agreement. In contrast,
without reinforcement cables, D, increases to 9.21 m, indicating a greater inflation
level; in terms of projected area, the difference is approximately 19.1%. These results
indicate that reinforcement cables suppress canopy inflation due to increased structural
stiffness, although the magnitude is expected to depend on the actual stiffness and lay-
out. Because drag varies approximately in proportion to the projected area, the presence
or absence of reinforcement cables is likely to significantly affect the parachute’s drag
performance.

Fig. 5. Steady-state inflated canopy shape (left: with reinforcement cables; right: without rein-
forcement cables)

Fluid-Only Simulation with Fixed Walls. Figure 6 visualizes the velocity vectors and
pressure distribution obtained in Case 2 for the parachute with reinforcement cables.
The velocity vectors (left) indicate that the flow separated at the skirt edge forms a
large-scale wake vortex, in qualitative agreement with the validation studies [14, 15].
These results indicate that, even with the Euler equations, skirt-edge separation and the
resulting global wake vortex can be captured with numerical dissipation acting as an
effective trigger. The pressure distribution (right) indicates a low-pressure region ex-
tending toward the vortex core. The large drag is primarily generated by the pressure
difference between the low pressure in the wake vortex and the positive pressure inside
the canopy associated with flow stagnation.
Here, two drag coefficients, C D, and Cp_, are defined as follows:

Fp Fp

CD = CDD = 1—
prZSo

P 1

— (4)
7,DUZSP

Here, F, denotes the drag force, p the density, and U the freestream velocity. The co-
efficient C, D, is defined using the projected area S, as the reference area, whereas Cp,
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is defined using the pre-inflation surface area S,,. Because Cp, does not depend on the
instantaneous Sy, its relative variation directly reflects that of Fp, and it is commonly
used as an indicator of drag performance per unit canopy surface area.

In the validation cases [14, 15], Cp, is 0.72, whereas the present result for the rein-
forced parachute is approximately 0.62, which is 86.1% of the reference value. The
drag force was obtained by integrating the surface pressure over the canopy. This is
because viscous effects are not included in the Euler equations, and pressure drag is
dominant for bluff bodies such as parachutes, where flow separation induces a large
pressure difference between the front and rear surfaces. However, because boundary-
layer development and turbulence effects are not considered in the present simulation,
shear-layer diffusion is underestimated. This suppresses wake spreading and results in
an artificially narrow wake region. Consequently, the base pressure behind the canopy
is overpredicted, leading to a reduced pressure difference and an underestimation of the
drag.

0.0001

Fig. 6. Flow field around the canopy (left: velocity vector distribution; right: pressure distribu-
tion)

FSI Wind-Tunnel Simulation. Figure 7 presents the time histories of the drag coeffi-
cient Cp, obtained from Cases 2 and 3 for the rigid and elastic models. In the elastic
model, the initial stage of the FSI simulation strongly influences the aerodynamic re-
sponse. Immediately after the onset of coupling, the internal high pressure within the
canopy is relieved due to wall expansion, resulting in a temporary decrease in drag.
Subsequently, periodic oscillations appear in the drag coefficient of the elastic model,
whereas no such behavior is observed in the rigid model. To investigate the origin of
these oscillations, Figure 8 shows the time histories of the projected area S, and the
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drag coefficient defined with respect to the projected area, C Dy The projected area ex-

hibits periodic variations corresponding to repeated inflation and contraction of the can-
opy, 1.e., the breathing motion of parachutes [24]. This breathing motion is driven by
periodic vortex structures in the near wake that induce suction on the canopy surface
and thus arises from fluid—structure interaction. The phase of the projected-area oscil-
lation does not necessarily coincide with that of the drag fluctuation, and the results
indicate that the overall drag variation is primarily governed by oscillations in C Dy This

suggests that drag fluctuations cannot be attributed solely to geometric changes in the
projected area. Rather, acceleration associated with canopy deformation induces added-
mass-like effects in the surrounding fluid, thereby amplifying the drag through unsteady
fluid—structure coupling [24]. These drag oscillations directly affect the descent veloc-
ity of the vehicle. The elastic model successfully captures FSI-induced phenomena that
cannot be reproduced by the rigid model.

1.0
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Fig. 7. Time history of drag coefficient Cp for rigid and elastic models
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Fig. 8. Time history of projected area S, and drag coefficient C, D, for elastic model
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4 Freefalling Parachute System for a Flying Car

4.1 Simulation Conditions for Free Fall

A free-fall simulation was performed for a rigid—elastic system consisting of a para-
chute connected to a vehicle via suspension lines. The parachute is modeled as an el-
liptical canopy with a surface area S, of 110 m? and a mass of 9 kg, based on manufac-
turer specifications [25]. The material properties of the canopy are taken from Ref. [26],
and those of the 30 suspension lines are taken from Ref. [27]; these values are summa-
rized in Table 2. The vehicle is modeled after the SD-03 developed by SkyDrive Inc.,
Japan [28]. The vehicle mass is set to 400 kg, and the principal moments of inertia about
the center of gravity (Ixx, Ly, IZZ) are set to (50.4, 344, 334) kg-m?. First, under a grav-
itational acceleration of 9.81 m/s?, the stress-free rigid—elastic system was allowed to
undergo one second of free fall without aerodynamic forces. This procedure resulted in
a velocity of 9.81 m/s and simultaneously established a numerically consistent initial
flow field, thereby suppressing artificial aerodynamic transients at the onset of the FSI
computation. Subsequently, the FSI simulation was initiated from this state, and the
free-fall motion, including aerodynamic drag acting on both the canopy and the vehicle,
was simulated.

Table 2. Material properties of parachute

Canopy Suspension line
Elements 9780 16
Young’s modulus, Pa 4.60X108 2.25%10°
Poisson ratio 0.14 -
Thickness (Diameter), m 1.00X 104 5.58 X103

4.2  Computational Mesh

Figure 9 shows the fluid and structural computational meshes generated using
MEGGS3D [22, 23]. The numbers of surface mesh elements for the canopy and the ve-
hicle are 9,780 and 12,850, respectively. The reference length L is taken to be equal to
the vehicle length (4 m), and the diameter of the spherical computational domain is set
to 30L. The resulting fluid mesh consists of 1,239,654 cells. The entire computational
domain is translated and rotated according to the motion of the vehicle center of gravity,
while the canopy moving wall boundary is deformed in the absolute coordinate system.
The reference velocity and density are set to 340.29 m/s and 1.247 kg/m’, respectively.
The nondimensional time step is set to 0.002 (corresponding to a dimensional time step
0f2.35x1073s).
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Fig. 9. Structural mesh, computational domain, and fluid surface mesh

4.3 Results

Figure 10 shows the total drag acting on the canopy and the vehicle, together with the
magnitude of the vehicle’s vertical descent velocity. The descent velocity decreases
from 9.81 m/s to 8.53 m/s over approximately 1.43 s. During this period, the drag con-
verges to a value nearly equal to the combined weight of the parachute and the vehicle
(equivalent to about 4.01 kN), indicating that a steady descent state is reached in which
drag and gravity are balanced. Figure 11 visualizes the free-fall behavior of the vehicle—
parachute system, showing a contour of the Q-criterion at 0.001. After about 4 s, the
vehicle attitude begins to tilt and oscillatory motion develops. As the oscillation angle
increases, the drag also increases, indicating that the oscillation tends to be amplified.
This behavior suggests static instability of the vehicle—parachute system [21]. Subse-
quently, periodic oscillatory motion continues within a certain range of oscillation an-
gles. These results demonstrate that the present simulation successfully reproduces the
process by which the parachute decelerates the descent of the flying car.

6.5 10.0 —
__ 6.0 \—\__\_,/_—\ 9.0 2 &
é 5.5 8.0 5 §
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s ™ 60 -8
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°h 35 C —
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. . 3.0
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0 1 2 Time [s] 3 4 5

Fig. 10. Time history of drag and vertical velocity
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Time=0s
Altitude =0 m

Time=2s
Altitude =-17.7 m

Time=4s
Altitude = -36.4 m

Fig. 11. Free-fall behavior of the vehicle—parachute system with a Q-criterion contour at 0.001

5 Conclusions

In this study, a fluid—structure interaction (FSI) simulation framework was constructed
by weakly coupling a moving-boundary fluid solver with a structural solver for an
emergency recovery parachute intended for a flying car. The behavior of the vehicle—
parachute system was evaluated under both wind-tunnel and free-fall conditions. The
results demonstrate that gore reinforcement cables govern the inflated canopy shape
and constitute a primary factor in determining the mean drag, while canopy elasticity
generates unsteady drag components that do not appear in a rigid model. Furthermore,
the free-fall simulation successfully reproduced the deceleration process associated
with drag development and the transition to a quasi-steady descent state.
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On the other hand, discrepancies from reference results were also observed, includ-
ing an underestimation of the drag coefficient. However, for parachutes, where the flow
field is largely insensitive to the Reynolds number [21], the Euler equations can be
considered an effective approximation from the viewpoints of computational cost and
accuracy, provided that appropriate modeling is employed.

Future work will focus on quantitatively assessing the limitations in reproducing
physical phenomena due to the neglect of viscous and turbulent effects. In addition, the
robustness of mesh-shape preservation in the moving-grid computation will be im-
proved. Further investigations will be conducted under more realistic operating condi-
tions, including low-altitude deployment, initial vehicle attitude, and wind disturb-
ances. Ultimately, the proposed framework will be extended into a quantitative evalu-
ation methodology applicable to design optimization and safety assessment.
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