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Abstract
This paper investigates the effect of transverse gusts on the flight dynamics and descent velocity of

two-dimensional free-falling permeable plates. Two-way coupled fluid-structure interaction simulations are
carried out for a range of Galilei number (⌧0) from 10 and 50, nondimensional mass (<) from 0.5 to 2,
and a fixed Darcy number of 10�4. The present results show that the plate falls steadily in quiescent flow at
the lowest ⌧0 and < values, whereas fluttering and tumbling are observed for increased ⌧0 and /or <. A
transverse (horizontal) gust temporarily decreases the descent velocity of the plate in the transient regime and
can also uplift the plate. The gust effect increases with the gust ratio, ⌧0 and <. The underlying uplifting
mechanism is not directly related to the permeability, and it is thus likely to occur also for impermeable
bodies. The present findings might provide insights to interpret the effect of turbulence on the terminal
velocity of free-falling bodies and inform the design of insect-scale flyers passively transported by the wind.

1 Introduction
The dynamics of the unconstrained flight of falling objects under gravitational acceleration has garnered a
long-standing research interest (Ern et al., 2012) due to their multi-fold applications in plant biology (Cummins
et al., 2018), meteorology (Kajikawa, 1982), and engineering (Marchildon et al., 1964; Viets & Lee, 1971). The
recent developments of distributed sensor network systems made of bio-inspired insect-scale flying sensors for
environment monitoring have further increased the interest on the aerodynamics of free-falling bodies (Cummins
et al., 2018; Kim et al., 2021; Yoon et al., 2022; Iyer et al., 2022; Wiesemüller et al., 2022).

The nondimensional groups that govern the physics of free-falling bodies are the dimensionless moment of
inertia �⇤, the Reynolds number '4, and the body’s geometry, e.g. the aspect ratio (Willmarth et al., 1964; Field
et al., 1997). Willmarth et al. (1964) and Smith (1971) were among the first studies to experimentally identify
the range of '4 and �⇤ for which discs and plates, respectively, fall steadily, flutter, or tumble. Later, Field et al.
(1997) experimentally identified a chaotic regime for high '4 and �⇤.

The effect of the porosity, which is the void fraction of the circumscribed projected area of the body, and
of the nondimensional permeability, or Darcy number ⇡0, which is a measure of the ease of passage of fluid
through the surface circumscribing the body, is to stabilise the wake. Castro (1971) was the first to show that
at high '4 ('4 > 2.5 ⇥ 104), the unstable wake of porous plates forms a separated vortex dipole in the time
average sense. For sufficiently low '4 and ⇡0, the wake is stable and a steady vortex dipole is observed (Ledda
et al., 2018; Bose & Viola, 2023). The dipole also exists for lower incidences than c/2, and nodes and saddles
merge, annihilating the vortex dipole at a critical incidence that depends on ⇡0 (Bose & Viola, 2023).

The three-dimensional equivalent of the vortex dipole is a Separated Vortex Ring (SVR), which was first
observed numerically by Cummins et al. (2017) in the wake of permeable disks, and then experimentally in the
wake of the filamentous pappus of the dandelion diaspore (Cummins et al., 2018). Ledda et al. (2019) showed
that there is a limiting porosity, above which the wake of bristled disks is unconditionally stable.

The flight dynamics of free-falling porous and permeable objects is yet to be fully understood, but recent
works suggest that porosity and permeability stabilise the kinematics of the free-falling body. Vincent et al.
(2016) demonstrated that a central hole stabilises the free-fall of disc-shaped impervious bodies by forming a
secondary vortex ring inside of that formed by the external edge of the body. The inner and outer diameter
ratio has a significant impact on the falling trajectory as well as the flow structures in the wake (Bi et al., 2022).
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Disks with multiple holes were tested by Zhang et al. (2023), who found that the amplitude of the horizontal
displacement of the free-falling kinematics is lower than those of impervious disks with the same '4 and �⇤.
Lee et al. (2020) experimentally showed that bristled disks tend to reach a steady fall faster than impervious
disks after they are released. Stability analysis reveals that permeability stabilises the modes dominated by wake
oscillations (Vagnoli et al., 2023).

The effect of permeability on the terminal velocity was investigated by Rezaee & Sadeghy (2019). The
study shows that the terminal velocity of elliptic bodies increases substantially as the permeability is higher
than a given threshold. This is consistent with the study of Cummins et al. (2017), which shows that the drag
of a permeable disk is about constant for low ⇡0, while it decreases asymptotically above a given threshold.
However, permeability is exploited in nature by bristled diaspores such as that of the dandelion to decrease the
mass and the wing loading and, in turn, the terminal velocity (Viola & Nakayama, 2022). Therefore, from an
engineering perspective, minimum terminal velocity is achieved by increasing the permeability up to or just past
the threshold, where the drag decreases asymptotically. Bose & Viola (2023) and Cummins et al. (2017) found
that such threshold is approximately ⇡0 = 10�4 on plates at '4 = 30 and disks at 10  '4  130, respectively.
For this reason, we consider a constant permeability of ⇡0 = 10�4 throughout this study.

Recent studies on bristled wings show that porosity mitigates but does not suppress the gust response. For
example, Lee & Kim (2021) showed that, when subjected to a single intermittent gust with a sinusoidal velocity
profile, the flow leakage through the gaps of two-dimensional (2D) bristled plates alleviates the unsteadiness of
the aerodynamic loading. Galler & Rival (2021) experimentally investigated near-spherical bristled milkweed
seeds and reported a transient peak drag force in response to a streamwise gust.

To the best of the authors’ knowledge, the effect of transverse gusts on free-falling plates, either permeable
or impermeable, has never been investigated. To that end, we first investigate the kinematics of free-falling
plates after imposing an initial horizontal perturbation. Thereafter, we study the effect of a transverse velocity
increase on the terminal velocity. We consider only conditions where the plate falls steadily in quiescent flow,
such that the plate has no linear nor angular acceleration when the gust begins. For an impervious plate, this
would require $ (1) < '4 < $ (10) (Saha, 2007; Ledda et al., 2018; Bose & Viola, 2023), where the viscous
effects are likely to mitigate some of the inertial effects that we aim to explore. Therefore, to allow a higher
'4 while ensuring a steady flow before the gust, we exploit permeability. Specifically, we consider ⇡0 = 10�4,
a range of the nondimensional mass < between 0.5 and 2, and a range of the Galilei number ⌧0 between 10
and 50. Here, we consider ⌧0 ⌘ '4 D̂6/D̂C (D̂6 is the gravitational velocity and D̂C is the terminal velocity)
instead of '4 because the gravitational velocity is known a priory, while the terminal velocity is an output of
the simulation. It is noted that there is a lack of uniformity in the literature on the name of this nondimensional
group, sometimes named after the first name of Galileo Galielei, i.e. Galileo number (e.g. Brandt & Coletti,
2022), and sometimes known as Archimedes number (e.g. Ern et al., 2012).

The primary objectives of this study are as follows: (i) to identify the boundary between steady and unsteady
kinematics of permeable plates as a function of < and ⌧0, (ii) to investigate the reduction of descent velocity in
the transient regime when subjected to a transverse gust, and (iii) to investigate how the gust effect varies with
<, ⌧0 and the gust ratio. The remainder of the paper is structured as follows. The problem definition and the
governing equations are described in §2. The numerical method and the solver setup are presented in §3. The
results and discussions are presented in §4. The salient outcomes of this study are summarised in §5.

2 Problem Definition and Governing Equations
We model a 2D permeable plate with length ;̂ and aspect ratio j = 10, falling freely under the influence of
gravity (fig. 1a). The hat over the symbols is used to indicate dimensional quantities. In the following, all
quantities are made nondimensional using the fluid density d̂, the plate length ;̂, and the magnitude of the
gravitational velocity D̂6, such that d = ; = D6 = 1. The gravitational velocity is defined as ûg ⌘ (<̂ ĝ/d̂;̂2)1/2,
where <̂ is the mass of the solid body, and ĝ is the gravitational acceleration. This definition is adapted from
that of, for instance, Brandt & Coletti (2022) and Ern et al. (2012), considering that here the buoyancy is null
because the body is permeable. The permeable plate model could represent, for example, a two-dimensional
filamentous structure such that the volume of the impervious filaments is negligible compared to the area of
the circumscribing volume, i.e. of the plate. Furthermore, as the body is permeable, we prefer considering the
nondimensional body mass < ⌘ <̂/d̂;̂3 to the density ratio.
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Figure 1: (a) A schematic of the computational domain (not-to-scale) and boundary conditions; (b) a zoomed
section of the structured mesh around the plate; and (c) an example of transverse gust profile with C0 = 15, C1 = 16,
and ⌧' = 1.

The flow is governed by the continuity and the Darcy equations inside of the permeable plate. In the
clear fluid region around the plate, where ⇡0 ! 1, the Darcy equation reduces to the incompressible Navier-
Stokes equation for a Newtonian fluid. The plate motion is governed by the Newton-Euler equations. The
nondimensional governing equations in an inertial frame of reference with origin at the centre of mass of the
body are

r · u = 0, (1)
mu

mC
+ (u · r)u = �r? + 1

⌧0
r2u � 1

⌧0⇡0
u, (2)

<ub + 81 ⇥ <u1 = F + $, (3)

Io §81 + 81 ⇥ Io81 = T + 4r ⇥ $, (4)

where u is the fluid velocity; C is time, ? is the kinematic pressure; u1 is the body velocity; 81 is the body
angular velocity; Io is the body inertia tensor; F and T are the fluid force and torque exerted by the fluid on
the body, respectively; $ is a unit vector in the direction of the gravity acceleration; r is a unit vector from the
centre of gravity to the centre of buoyancy, and 4 is the distance between the two centres.

3 Computational Methodology
Two-way coupled fluid-structure-interaction simulations are carried out using a finite volume approach with
the overset mesh-based flow solver overPimpleDyMFoam in OpenFOAM (Jasak et al., 2007). An overset mesh
motion strategy is used (Guerrero, 2006; Chandar & Gopalan, 2016) with cellVolumeWeight interpolation.
A partitioned weak coupling strategy-based six-degrees-of-freedom solver is used, where the fluid and solid
solvers interact in a staggered manner. The structural solver uses a Newmark-beta time integration scheme. The
spatial and temporal discretisations are second-order accurate. A preconditioned conjugate gradient iterative
solver is used to solve for the pressure and cell displacement, whereas a diagonal incomplete-Cholesky method
is used for preconditioning. A preconditioned smooth solver is used to solve the pressure-velocity coupling
equation, and the symmetric Gauss-Seidel method is used for preconditioning.
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The governing equations are solved for a noninertial frame of reference$ (- 0, / 0), which translates vertically
at the gravitational velocity ug, and horizontally at the gust velocity uM, with respect to (w.r.t.) an earth-fixed
frame $ (- , /) (fig. 1). The gust velocity is uG = 0 up to time C0 to allow the body to settle at a constant
terminal velocity, for C between C0 and C1, the horizontal gust speed is

D⌧ =
1
2


1 � cos

✓
c(C � C0)
C1 � C0

◆�
⌧', (5)

where ⌧' is the gust ratio (fig. 1c). The gust period is C⌧ ⌘ C1 � C0. After C1, the horizontal velocity is D⌧ = ⌧'.
Solving the equations in a noninertial frame enables the simulations to converge with a comparatively

smaller domain size than in an inertial frame-of-reference due to the smaller degree of displacement of the
plate. As the noninertial frame of reference does not rotate, the fictitious accelerations reduce to the uniform
acceleration of the noninertial frame, §uM = duM/dC. In the fluid equations (eq. 1 and 2), however, uniform body
forces such as gravity are not considered and the resolved pressure ? is net of the hydrostatic pressure resulting
from the body forces, which does not contribute to fluid forces and torque. Instead, the fictitious acceleration
is considered in Newton’s equation 3 by considering §ub = §u0

b + §uM, where §u0
b is the body acceleration w.r.t.

the noninertial frame. This reveals that the plate perceives the gust as a horizontal force �< §u⌧ that is added
to the fluid force on the right-hand side of equation 3. The correct implementation of the simulations in the
noninertial frame has been verified by solving a subset of cases in an inertial frame and ensuring that identical
results were achieved.

The domain size and boundary conditions in the non-inertial frame-of-reference are shown in fig. 1a. The
lengths of the refinement and background regions are ;A and ;1, respectively, where ;A = 10, ;1 = 20 for
simulations with a single ramp gust and ;' = 20, ;1 = 30 for simulations with a sustained gust. In the noninertial
frame, the plate’s vertical initial velocity is one, while it is zero in the earth-fixed frame. The computational
domain is discretised using structured grids, of which the region near the plate is shown in fig. 1b. The whole
domain is composed of the background mesh region, refinement region, overset mesh region, and permeable
plate mesh region. The resolution of the refinement region mesh is the same size as that of the overset and plate
mesh regions. The overset and the plate mesh regions are given the same Zone Ids. The additional Darcy sink
term in eqn. 2 is incorporated within the plate cell zone at run time using the finite volume option capability of
fvOptions.

The absolute error tolerance criteria for pressure and velocity are set to 10�7, and the numerical uncertainty
due to the spatial and temporal resolutions in the computation of the forces is assessed in less than 5%. One can
refer to Bose & Viola (2023) for detailed verification and validation studies.

4 Results and Discussions
The boundary between steady and unsteady kinematics of free-falling permeable plates is identified in the
parametric space of ⌧0 and <. The parametric map of steady and unsteady plate motions is presented in fig. 2a.
For this set of results, an initial disturbance is provided by means of a horizontal velocity of the plate equal to
half of the gravitational velocity such that u0

1 = (0.5, 1) at C = 0 in the noninertial frame-of-reference. For low
values of ⌧0 and <, the 2D permeable plates undergo a steady fall after the initial unsteady transient. As high
⌧0 and < values, the plate kinematics tend to a periodic fluttering or tumbling. As expected, the kinematics is
unsteady when the viscous forces are small compared to the gravity force and the inertia forces.

Figure 2b presents the trajectories of the plate centre of mass in the earth-fixed frame for three example
cases (fig. 2a). For low ⌧0 and < (⌧0 = 10,< = 0.5), the plate trajectory becomes a straight line after the
initial transients, representing a steady fall condition. For high ⌧0 and low < (⌧0 = 50,< = 0.5), the plate
trajectory shows a damped oscillation with a decreasing envelope approaching a straight line, also indicative
of a steady fall. Finally, for high ⌧0 and high < (⌧0 = 10,< = 2), the plate trajectory shows an increasing
envelope, representative of the unsteady kinematics.

It is noted that⌧0 is an index of the relative importance of the gravitational to the viscous force. Furthermore,
for a free-falling body, where the fluid force is, on average, in equilibrium with the gravitational force, ⌧0 also
represents the relative importance of the inertia to the viscous force. Instead, < is an index of the relative
importance of the gravitational force with the overall fluid forces. Consider, for example, a permeable disk with
a constant mass and dimension, ⌧0 increases with decreased fluid viscosity, while < increases with decreased
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Figure 2: (a) ⌧0 � < parametric map of the flight stability; (b) plate trajectories for ⌧0 = 10,< = 0.5 (stable);
⌧0 = 50,< = 0.5 (stable); and ⌧0 = 50,< = 2 (unstable).
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Figure 3: Effect of (a) gust ratio ⌧' and (b) gust period C⌧ on the time histories of the altitude / (C) and on the
altitude gain /⌧ (assessed at C = 30) for ⌧0 = 50 and < = 0.5.

fluid density. The decreasing stability of the kinematics with ⌧0 and < is consistent with the decreasing effect
of the viscous fluid forces.

We now investigate the gust response in the steady fall regime. The time history of the vertical coordinate is
plotted in fig. 3a for a plate with ⌧0 = 50 and < = 0.5, experiencing a range of ⌧' from 1 to 5 within a constant
gust period C⌧ = 1 (C0 = 15, C1 = 16). We discover that a horizontal gust results in a temporary reduction in the
terminal velocity. Therefore, once the transient effect of the gust has ended, the plate is at a higher altitude than
if it did not experience the gust. The difference in altitude, /⌧ , which is here assessed at C = 30, is shown to
increase monotonically with ⌧' (fig. 3a inset). This trend is explained by recalling that the gust is perceived as
a horizontal force with magnitude < §D⌧ (see §3), and the maximum of < §D⌧ increases with ⌧'.

Thereafter, we gradually increase the gust period C⌧ from 0.5 to 5, for a constant gust ratio ⌧' = 1 (C0 = 15
and C1 = 15.5, 16, 17, 20, respectively). The time history of the vertical coordinate of the plate is plotted in
fig. 3b for different C⌧ values. We found that /⌧ decreases with increasing C⌧ (fig. 3b inset). In fact, as the gust
period tends to infinity, the maximum gust force decreases and the dynamic response tends to quasi-steady, and
thus /⌧ ! 0. Conversely, /⌧ asymptotically tends to a constant value with decreasing C⌧ . In fact, while the
maximum gust force increases with decreasing C⌧ , the impulse of the force is constant.

Figure 4a shows the gust response /⌧ within the ⌧0 �< parametric space for ⌧' = 1 and C⌧ = 1 (here /⌧

is evaluated at C = 35). The maximum values of /⌧ are found for high ⌧0 and <. The highest value is 1.4 at
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The grey shed area in (b) shows the gust period.

⌧0 = 50,< = 0.5. The rate of increase of /⌧ is higher with increasing ⌧0 than with increasing <.
It should be noted that permeability increases the stability of the plate and thus allows exploring the gust

response at higher⌧0 and< values than for an impermeable plate. However, the underlying uplifting mechanism
is not directly related to the permeability, and it is thus likely to occur also for impermeable bodies. Before the
gust, the plate is always orthogonal to the flow.

Figure 4b presents the time histories of the plate vertical velocity D/ for three corners of the ⌧0 � < plane
(⌧0 = 10,< = 0.5; ⌧0 = 50,< = 0.5; and ⌧0 = 10,< = 2). The grey-shaded area indicates the gust period
(C0 = 15, C1 = 16). The plates are initially released with zero vertical velocity, and they reach the terminal
velocity within about 10-15 convective periods C. At low ⌧0 and < values, the gust effect is negligible and the
permeable body reaches its terminal velocity after a short transient. This results in a small /⌧ ⇠ 0.2. Instead,
D/ undergoes a longer oscillatory transient with larger amplitude fluctuations both at high ⌧0 and high <.

The corresponding plate trajectories for these three cases in the noninertial frame of reference are presented
in figs. 5a-c, respectively. In the noninertial frame, the initial velocity of the plate is u0

1 = (0, 1) at C = 0.
Therefore, the plate first moves upwards and decelerates till it reaches the terminal velocity. Note that if the plate
were stationary in the noninertial frame, it would imply that the terminal velocity is equal to the gravitational
velocity in the earth-fixed frame.

When the gust occurs, the plate is initially displaced horizontally by the gust. Having gained some horizontal
velocity, the angle of attack is now lower than c/2, but the force remains about normal to the plate and its
magnitude increases because of the increased relative flow velocity experienced by the plate, resulting in a
temporary upward force increase. The trajectories in figs. 5a-c reveal that the distance travelled horizontally
increases with both ⌧0 and <; the largest pitch oscillations are observed for the highest ⌧0 value (figs. 5b),
while the maximum horizontal velocity is achieved at the highest < value (figs. 5c).

Figure 5d shows the line convolution integral of a few representative instantaneous flow fields around a
free-falling permeable plate at ⌧0 = 50,< = 0.5 after the transverse gust (C0 = 15 and C1 = 16) in the noninertial
frame. The snapshot at C = 15 shows the instantaneous position of the plate just before the gust, where the plate
is stationary in the noninertal frame and a steady separated vortex dipole exists. As the gust occurs, the plate
accelerates along the negative - 0 direction (because it translates horizontally slower than the gust velocity).
Gradually, the plate pitches and moves upwards (because it falls slower than the terminal velocity). As the gust
ends, the plate continues to move in an oscillatory manner (fig. 5b). The flow field is unsteady in this transient
regime, and the steady vortex dipole is formed again once the plate settles at its terminal velocity.

We now demonstrate that the horizontal gust can also uplift the plate (fig. 6a), i.e. the plate gains a positive
(upwards) vertical velocity in the earth-fixed frame (fig. 6b). We consider a plate with ⌧0 = 10 and < = 2.
The gust velocity follows eq. 5 (with ⌧' = 5, C0 = 15 and C1 = 16) up to half of the gust period (C = 15.5), and

6



Figure 5: Trajectories of the plate for (a) ⌧0 = 10,< = 0.5; (b) ⌧0 = 50,< = 0.5; (c) ⌧0 = 10,< = 2; and
(d) representative snapshots of the instantaneous line convolution integral visualisation of the wake of the plate
at ⌧0 = 50,< = 0.5 in the noninertial frame-of-reference when subjected to a gust with ⌧' = 1 and C⌧ = 1.
Plate positions are shown at C = 15 to 20 with an interval of C = 1 in subfigs. a-d.
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Figure 6: (a) The time history of the vertical earth-fixed coordinate of the plate, and (b) the vertical velocity.
The gust velocity and acceleration are shown in the inset of subfig. a, and the trajectory of the plate are shown
in the inset of subfig. b.
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then it continues to increase linearly, resulting in a constant gust acceleration of §D⌧ = 7.85 (fig. 6 inset). The
time history of the plate altitude (/) and of the vertical velocity (D/ ) are plotted in fig. 6a-b, respectively, while
the inset of fig. 6b shows the trajectory in the earth-fixed frame. These results reveal that a free-falling plate
can gain substantial height in response of a horizontal gust, gaining an upward vertical velocity that is multiple
times its terminal velocity in quiescent flow.

5 Concluding Remarks
The flight dynamics and gust response of 2D permeable plates are investigated for a range of the Galilei number
⌧0 (10 to 50) and the nondimensional mass ratio < (0.5 to 2), and a constant value of the Darcy number
⇡0 = 10�4. The fluid-structure interaction simulations are carried out by weakly coupling a finite volume
solver, where the flow through the plate is modelled with the Darcy equation and a six-degree-of-freedom
structural solver. The equations are solved in a noninertial frame of reference, moving vertically with the
gravitational velocity and horizontally with the gust velocity.

The ⌧0 � < parametric space is first investigated to identify the boundary between steady and unsteady of
the kinematics of free-falling plates in quiescent flow without gusts. We show that 2D permeable plates exhibit
a steady fall in the low values of ⌧0 and <, while the kinematics is unsteady for high ⌧0 and /or high <.

We then investigate the effect of transverse (horizontal) gusts on the plate motion with ⌧0 and < values
within the steady fall region. Gusts are modelled as a cosine ramp increase of the horizontal flow velocity.
We show that the horizontal gust results in a transient reduction of the terminal velocity. The gust effect is
quantitatively measured through the difference in altitude after the transient between a plate that experiences a
gust and one that falls in quiescent flow. The gain in altitude increases with the gust acceleration, as well as
with ⌧0 and <.

Finally and importantly, we show that a sufficiently large and sustained gust can result in a temporary uplift
of the plate. These results might contribute to understanding the effect of turbulence on the dispersal of inertial
particles and will inform the design of insect-scale flyers transported and distributed by the wind.
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