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ABSTRACT

Dandelion seeds possess a complex three-dimensional structure and a self-adapted flying ability. To understand this fascinating flight mecha-
nism, a three-dimensional umbrella-shaped model imitating dandelion seeds is proposed. The effects of folding angle and flow velocity on
the dandelion drag force during their descent are studied, and it is found that the larger folding angle results in a smaller drag coefficient.
Four different vortex structures are revealed depending on the folding angle. The effect of crosswind disturbances on the attitude stability of
dandelions is also investigated by changing folding angles. It is found that dandelions with larger folding angles have better attitude stability.
The proposed model suggests that when the folding angle is between 20° and 40°, the dandelion seeds might have a good balance between

the drag force and attitude stability, which ensures a broad self-adapted flying ability.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0160735

I. INTRODUCTION

Many flowering plants have unique methods of seed dispersal.”
For example, certain species, such as poplars, willows, and dandelion
seeds, effectively utilize passive wind dispersal mechanisms to propagate
their seeds. This mechanism has inspired the development of efficient
non-powered vehicles.”* Dandelion seeds exhibit a unique morphology,
characterized by approximately one hundred radiating filamentous
structures extending from the pappus.” ~ This morphology leads to a
high drag coefficient, resulting in prolonged floating periods in the air.
Owing to their high drag coefficient and stability during flight, dande-
lion seeds are capable of traveling distances up to 30 km.” '

A number of experiments indicate that the drag coefficient of the
dandelion is much higher than that of dense structures with the same
projected area, and the folding angle of the dandelion has a definite effect
on its drag force. By using particle image velocimetry technology (PIV),
Cummins et al.'" investigated the flow structure of the dandelion in the
vertical upward wind. They found a pair of stable vortex rings separated
from the upper side of the dandelion. They referred to this vortex as the
separated vortex ring (SVR), which helps to maintain a stable flight of
the dandelion seeds. They also found that the air drag force of dandelion
seeds is much higher than that of a solid disk structure. Zussman et al."”
measured the terminal velocity and drag coefficient of some pyramid-

shaped nonwoven pads made of nanofibers with sub-micrometer diame-
ters using the free fall method. The results showed that the drag coeffi-
cient of porous membrane structures is much higher than impermeable
membrane structures. Meng et al."” and Seale et al."*"” investigated the
correlation between humidity and the folding angle of the dandelion.
The results showed that air humidity has a significant influence on the
folding angle of dandelion seeds, which affects their drag coefficient and
drift distance. These experiments show that the special structural param-
eters of the dandelion, especially the folding angle, have a large effect on
the drag force, but the folding angle on the drag force and attitude stabil-
ity of dandelion seeds still needs a thorough analysis.

Apart from experimental studies, a great deal of numerical simu-
lations have been carried out in the literature. The structure of the dan-
delion is often simplified into a flat plane consisting of a central disk
with filaments radially distributed around it. This plane has the same
porosity as the dandelion. Qiu et al.'®'” studied the effect of porosity
on the separation vortex ring (SVR) and found that when the flow
direction and the axial direction of the dandelion are misaligned, a
horizontal force and a recovery moment opposite to the deflection
direction are generated at the lower side of the dandelion. Qiu et al."®
also pointed out that the pappus angle is the key factor that affects the
complete separation of SVR from dandelion seed pappus. Dong
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et al.”” and Li et al.”’ simplified the dandelion filaments as rectangular
prisms and investigated the effects of porosity and prism width on the
dandelion vortex structure and drag force. Casseau et al.”' simplified
Tragopogon pratensis into a parachute model with permeability. They
found that the permeability of the parachute can divide the wake flow
into three states and that the wake flow state can also affect the stability
and drag coefficient of the parachute. Some three-dimensional struc-
tural features of dandelion, such as the folding angle of filament, are
neglected by the plane disk simplified model of dandelion. The drag
force and the SVR of the dandelion may be affected by these features,
so that the models which better match the three-dimensional struc-
tural features of the dandelion seeds need to be further developed.

The vortex stability of dandelion seeds has been an intriguing
research point. In a uniform flow field, the wake of porous objects can
also form stable vortex structures. Ciuti et al.” studied the wake mor-
phology and stability characteristics of porous spheres and observed
that within a certain range of porosity, the vortices penetrated into the
interior of the spheres, reducing the threshold Reynolds number for
flow instability. The wake structure of porous disks was found to be
greatly influenced by the Darcy number. Above a critical Darcy num-
ber (Da > 1073), the recirculation region could not be main-
tained.””* The aspect ratio (the ratio of length to thickness of the
structure) also is an important indicator of vortex structure. For low
porosity, high aspect ratio disks produce larger wakes, while for high
porosity, the opposite trend is observed.”” Researchers have also exper-
imentally studied the structure of cylindrical arrays,”® honeycomb
disks,”” and porous cylinders”® to investigate the effect of porosity on
wake stability and drag force under different structures. Ledda
et al.””” used a linear stability theory-based method to determine the
average porosity threshold for stable symmetric vortices in the
flow field. Fabre et al’' discussed the stability of a two-
dimensional disk in free fall motion driven by gravity. Tchoufag
et al.”” investigated the stability of ascending or descending paths
driven by gravity or buoyancy under different aspect ratio disks.
These porous media approximate structures, and theoretical stud-
ies are mainly focused on discussing the stability of wake vortex
structures. However, the flight stability analysis of dense disk-like
structures may not be applicable to dandelion structures with

filament
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higher porosity. Thus, more efforts are needed for the flight stabil-
ity analysis of dandelion seeds during flight.

In this study, a geometric model is established according to the
structural properties of dandelion seeds with a variable folding angle.
Based on this model, we aim to: (i) explore the effect of the dandelion
folding angle on the dandelion wake vortex structure and the air resis-
tance of dandelion and (ii) study the effect of the folding angle on its
attitude stability. It is expected that this study may shed some light on
the design of dandelion-like aircraft.

The paper is structured as follows: Sec. II outlines the numeri-
cal setup, including the geometric model simplification, turbulence
model, and grid scheme. Section III explores the vortex ring struc-
ture, drag coefficient, and attitude stability. Finally, Sec. IV
presents the conclusions.

1. NUMERICAL SETUP
A. Dandelion umbrella model

Dandelion seeds were gathered at the campus of Xi’an Jiaotong
University, with the photograph displayed in Fig. 1(a). As demon-
strated in Fig. 1(a), the filaments of the dandelion naturally assemble
themselves in a form of an inverted umbrella. Based on this angular
characteristic, we propose a dandelion umbrella model shown in Figs.
1(b) and 1(c) (side view and top view). Figure 1(d) gives various char-
acteristic parameters of the geometric structure of the dandelion
umbrella model.

We define the angle between the filament and the r-axis as o,
which is the folding angle of the dandelion. In nature, the folding angle
o typically ranges from 4° to 54°."" In our model, we chose a larger
range of the folding angles from 0° to 60°. As shown in Fig. 1(c) (top
view), the dandelion model consists of 80 filaments (1 = 80) spaced
evenly with an equal interval of 4.5°. Each filament is a slender cylin-
der with a diameter of df = 0.02 mm and a length of / = 5.5 mm.
The base diameter of the model is d, = 0.65 mm, and the base thick-
ness is t, = 0.04 mm. Then, the projection diameter of the model
along the r-axis is D = d,, + 2l cos «. The porosity of a dandelion is
defined as the ratio of the projected area of the void to the area of the
circle whose radius is given by the most extended filament. The sche-
matic diagram of the dandelion projection in Fig. 2(a) allows us to
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FIG. 1. (a) Photograph of dandelion seed, (b) side view of the dandelion model, (c) top view, and (d) the geometry of the model.
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FIG. 2. (a) The dandelion projected along the z axis and (b) porosity curve varies with o.

derive the equation that describes the relationship between the dande-

lion porosity and the folding angle « as follows:

nedsl cos o + 7r(dp/2)2
n(lcoso+dy/2)

p=1- (0° <o <60%), (1)
the formula for calculating the projected area of the dandelion
umbrella-shaped model is as follows:

A = npdslcoso + n(dP/Z)Z. (2)

In nature, the porosity of dandelion is approximately 0.916."" As
shown in Fig. 2(b), the porosity decreases with the increase in the fold-
ing angle a(0 < o < 60°). At o = 0°, the porosity attains the maxi-
mum value of 0915, while at o = 60°, the porosity reaches the
minimum value of 0.84.

The air drag force Fp acting on the dandelion model is directly
proportional to its projected surface area A. Subsequently, after

(a) | .

> Outlet

g Wall

gIF J 200mm ,
DF

_VV______________\__Q?/

E“ dandelion

Sl=

calculating the air resistance of dandelions, we can rapidly calculate
the drag coefficient of dandelions Cp under different folding angles o
as the following formula:

Fp

Cp=-—D2
P 0spu24°

(©)

where p is the density of air, and U is the inflow velocity of the airflow.

B. Numerical simulation methods

The continuity equation for incompressible flow can be expressed as
V-u=0, (4)

where u denotes the velocity vector. Furthermore, the Navier—Stokes
equations are utilized to simulate the motion of the fluid. For incom-
pressible flow with no external forces, the Navier—Stokes equations are
simplified to

FIG. 3. (a) Computational domain and boundary conditions, (b) the grid of the fluid domain and the BOI, (c) zoomed-in view of grid of BOI zone, and (d) zoomed view of girds
of the dandelion.
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TABLE I. Different grid configurations and the number of grids.

pubs.aip.org/aip/pof

Mesh Mesh-1 Mesh-2 Mesh-3 Mesh-4
Boundary layer number (B) 6 7 8 9
Minimum cell size (mm) 0.008 0.006 0.005 0.004
Total grids 8399544 12927954 14396 856 17695 241
Maximum error (&) 4.86% 2.268% 0.503% 0
p(Ou/0t +u-Vu) = —Vp + uViu, (5) BOI zone is a cylindrical region that can effectively encompass the pri-

where p is the fluid density, t is the time, p is the pressure, u is the flu-
id’s dynamic viscosity, and Vu is the Laplacian of the velocity field.
With appropriate boundary conditions, this equation can be solved to
obtain the velocity field of the fluid surrounding the dandelion.

The laminar model is used to simulate the steady-state flow in
this study. The numerical algorithm is based on the coupled method-
ology with the Rhie-Chow interpolation scheme to prevent the decou-
pling of velocity and pressure fields. As shown in Fig. 3(a), the
computational domain is modeled as a cylinder, and the dandelion
seed is vertically fixed on its central axis. The dandelion is proportion-
ally enlarged to show its position in the fluid domain. The distance
between the dandelion and the inlet is denoted by H;, and the distance
between the dandelion and the outlet is represented by H,. The diame-
ter of the domain is 200 mm. When o = 0°, the dandelion achieves
its maximum diameter Dy = d, + 2] = 11.65 mm. H; = Dy/2
> 8Dpn,x, Which meets the calculation requirements. In this simula-
tion, the dandelion model structure is assumed to be rigid. For compu-
tational efficiency, Boolean operations are utilized to eliminate the
solid dandelion model from the fluid domain, thereby leaving only the
fluid region. Furthermore, the dandelion’s exterior surface is set up as
a wall boundary. As shown in Fig. 3(b), in order to provide a better
grid configuration, we use the Mosaic Poly-Hexcore grid, which is a
combination of polyhedron surface grid and hexahedral internal core
grid. To enhance the accuracy of the simulation, a body of influence
(BOI) encroachment zone is employed around the dandelion. The

Pressure
0.01
0.008
0.006

FIG. 4. Pressure contour in the z—y plane at oo = 30° and U = 0.2 m/s.

mary vortex structure [see Fig. 3(c)]. Figure 3(d) shows the polyhedral
mesh of the surface of the dandelion.

To verify the grid independence, four grid configurations were set
up. The detailed information of four sets of meshes is summarized in
Table I. Multiple boundary layers were added to the dandelion surface.
The minimum cell size is located on and near the surface of the dande-
lion. The most refined mesh, Mesh-4, is utilized as a benchmark to eval-
uate the computational error, denoted as ¢ = (P; — Py) /P4 x 100%.
The maximum error for each mesh size is cataloged in Table I.

Figure 4 shows the pressure distribution contour on the z — y
plane and the dandelion surface. To perform the grid independence
verification, we introduced a line segment ¢ positioned along the
z-axis, starting from the origin o. The length of the line segment is
equal to the projected length D of the dandelion model. It can be
observed from Fig. 4 that under a stable flow field, the pressure distri-
bution exhibits a symmetrical configuration. Evidently, the axis of
symmetry in this pressure distribution aligns rightly with that of the
dandelion model.

Figure 5 displays the pressure distribution around and within the
dandelion. As can be seen from the inset image, the upper side of the
dandelion shows a low-pressure distribution, while the lower side has
a high-pressure distribution.

Due to the complex structure of the dandelion, the precise con-
trol over the dimensionless distance y+ is required to setup the grid.

FIG. 5. The pressure distribution on the surface of the dandelion model and its
vicinity.
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In this study, we established the height of the first layer of the grid to
be 0.008 mm, with a growth rate of 1.2, while maintaining a maximum
aspect ratio of 14.03. This configuration ensures that the y+ values are
less than 1 in all numerical scenarios. This design not only ensures the
accuracy of the simulation but also meets the requirements for grid
independence. The grid independence verification is performed based
on the pressure distribution on the line segment ¢ under different grid
configurations. As shown in Fig. 6, the pressure distribution along the
line segment ¢ in the Mesh-3 configuration is remarkably close to their
counterparts in the Mesh-4 configuration, and they almost complete
overlap. The maximum error between them is less than 0.503%, satis-
fying the prescribed computational accuracy. Hence, Mesh-3 was
employed for subsequent computations.

The uniform velocity boundary condition is imposed at the inlet,
and the pressure outlet boundary condition is imposed at the outlet.
The inlet uniform velocity is larger than zero. Both the surface of the
dandelion and the cylindrical boundary are set as non-slip surfaces.
Air is set as an incompressible ideal gas, with the air density of p
= 1.204 kg/m> and the viscosity constant of u = 1.511 x 1077 m?/s.
The Reynolds number is defined as

Re:_u (6)

where D is the dandelion projected diameter, and U is the incoming
flow velocity.

Figure 7 illustrates the variation curves of the Reynolds num-
ber and dandelion folding angle at different speeds. It can be seen
that Reynolds number decreases gradually as the folding angle
gradually increases. This is because as the folding angle gradually
increases, the characteristic length D = d, 4 2lcosa gradually
decreases. To investigate the effect of the folding angle on the flow
field at different flow velocities, the incoming flow velocity U and
the folding angle o are regarded as the main variables. In this
study, the incoming flow velocity is U < 0.8 m/s, with the corre-
sponding Re < 620.

-4.0E-3 T T T T T

——Mesh-1
= Mesh-2
—— Mesh-3
Mesh-4

-4.5E-3 I

,t? 036 040 044
[a )
N’
(]
—
=
2
L 5.0E-3 -
(=9}
-5.5E-3 -
1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Z/D

FIG. 6. The pressure distribution along line segment ¢ in Fig. 4 for different grid
configurations.
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FIG. 7. The relationship between the Reynolds number and the folding angle of the
dandelion under different velocities.

lll. RESULTS AND DISCUSSION

We will focus on two aspects in the following: (i) the influ-
ence of the folding angle of the dandelion on its vortex structure
and air drag force and (ii) the attitude stability of the dandelion
under a deflection angle between its axial direction and the flow
direction.

A. Effect of folding angle on vortex structure and drag
force

The critical point theory posits that, in the case where a matrix
Ajj = Ou;/0x; exists with one real eigenvalue and a pair of complex
conjugate eigenvalues, the fluid flow is characterized as helical-saddle
shaped.” Using the critical point theory, we can quickly find the cen-
ter of the vortex. In the three-dimensional vortex structure, the center
of the vortex forms a vortex core circle (VCC) [see Fig. 8(a)]. Under
certain computational conditions, we found two VCCs in the flow field
of the dandelion. The large vortex and the small vortex corresponding
to these two VCCs are defined as the primary vortex and secondary
vortex, respectively [see Fig. 8(b)].

Based on the existence of the secondary vortex and the position
of the downstream stagnation point of the primary vortex, the vortex
structure can be classified into the following four types in terms of the
folding angle and inflow velocity:

L There is no secondary vortex, and the downstream stagna-
tion point is located at the origin point (zy, = 0). The pri-
mary vortex still attaches to the dandelion [Fig. 9(a)].

1I. The secondary vortex exists, and the downstream stagnation
point is located at the origin point (z,, = 0). The primary
vortex still attaches to the dandelion [Fig. 9(b)].

III.  The secondary vortex exists, and the downstream stagnation
point is located above the origin point (zy, > 0). At this
point, the primary vortex and the secondary vortex share a
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FIG. 8. (a) Definitions of various parameters of dandelion vortex structure and (b)
the primary vortex and the secondary vortex.

saddle point. The primary vortex still attaches to the dande-
lion [Fig. 9(c)].

Iv. There is no secondary vortex, and the downstream point z,
of the primary vortex moves further upward (z;, > 0), caus-
ing a more obvious separation between the primary vortex
and the dandelion [Fig. 9(d)].

After a series of simulations, a phase diagram is plotted to show
the variation of vortex structure patterns by changing the folding angle
o and the inflow velocity (see Fig. 10). The region corresponding to
type II is relatively narrow, indicating that pattern II is unstable and

pubs.aip.org/aip/pof

1 II 1 1
30 40 50
a(®)

FIG. 10. Vortex structure phase diagram.

quickly transitions into patterns I or III under perturbations. When o
is greater than 29°, only type IV is observed.

As shown in Fig. 11(a), at the same folding angle, the drag coetfi-
cient of the dandelion gradually decreases with increasing velocity.
Figure 11(b) depicts that at the same velocity, the air drag coefficient
gradually decreases with increasing folding angle o.. This implies that,
in Fig. 10, the drag coefficient decreases with the increase in the folding
angle and the incoming flow velocity, seemingly regardless of the flow
patterns.

B. Effect of folding angle on attitude stability

During dandelion’s falling, it may experience disturbances from
crosswinds, so that the dandelion’s flow field is analyzed with the co-

i |

N7

[

A\

Jud

3

X NIz~

7

FIG. 9. The primary vortex and the secondary vortex (a) pattern |, (b) pattern Il, (c) pattern Ill, and (d) pattern IV.
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FIG. 11. (a) Drag coefficient varying with velocity and (b) drag coefficient varying with the folding angle.

(a)

Crosswind

(b) (c)

The vertical airflow Flow direction 4 Dandelion

Elow direction | £ A

Dandelion
symmetry axis
direction

Vertical
airflow

Crosswind

FIG. 12. (a) Schematic diagram of the resultant wind from lateral and vertical directions, (b) PIV images of dandelion flow field under deflection angle (reproduced with permis-
sion from Cathal Cummins et al., Nature 562, 7727 (2018). Copyright 2018 Spring Nature.), and (c) the simulated dandelion flow field under deflection angle.

action of crosswind and vertical winds in this study. The resultant of ~ This angle also represents the difference between the dandelion’s axially
the crosswind and vertical wind is presented in Fig. 12(a). The inten- symmetric direction and the resultant wind direction. Figure 12(b) depicts
sity of the crosswind is characterized by the angle between the resul- the actual particle image velocimetry (PIV) flow field of the dandelion
tant and vertical winds, which is termed as the incoming flow angle, f3. when f# > 0°, where the symmetry of the vortex structure is disrupted.

Pressure
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0
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High pressure— High pressur
region region

FIG. 13. Pressure distribution and streamline with a flow velocity of 0.2 m/s at different deflection angles: (a) f = 0°, (b) f = 5°, (c) p = 10°, and (d) § = 15°.
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FIG. 14. At U=0.2m/s, (a) curve of the restoring moment coefficient of the dandelion with o and (b) the variation curve of the drag coefficient of the cattail with o.

Figure 12(c) illustrates the streamline of the dandelion model, simu-
lated at f# > 0°. Both Figs. 12(b) and 12(c) are obtained with an
incoming flow velocity U= 0.391 m/s. By comparing Fig. 12(b) with
Fig. 12(c), it can be found that the vortex structure of the simulation
results is quite similar to the vortex structure in the PIV image.

Figure 13 displays the evolution of the dandelion flow field’s pres-
sure distribution and streamline patterns as the incoming flow angle,
f, sequentially increases from 0° to 15°. In the absence of a crosswind
(f = 0°), both the dandelion’s primary vortex structure and the pres-
sure distribution within the flow field exhibit symmetrical patterns.
Yet, with an increasing intensity of the crosswind (reflected by a rising
incoming flow angle f3), the symmetry of both the vortex structure and
pressure distribution becomes disrupted. The high-pressure region
beneath the dandelion starts shifting left, creating a restorative, clock-
wise torque around the dandelion’s base. This torque induces a right-
ward drift of the dandelion, and when its symmetry axis aligns
parallelly with the flow, the symmetry of the vortex structure and pres-
sure distribution is restored. These results reflect the dandelion’s out-
standing capability for self-adjusting attitude stability.

The moment coefficient Cy is defined as

M

Cu =,
M 0.5pU%A

@)
which can facilitate a more comprehensive examination of the influ-
ence of angles o and f§ on the recovery moment. Figure 14(a) presents
the variations of the moment coefficients with angles of o and f§
respectively. At a constant o angle, the restoring moment coefficient
increases as f§ increases. This can be intuitively understood as the
greater deviation of the tumbler from its equilibrium position, the
larger force that acts to restore it. At a constant o angle, the coefficient
of restoring torque increases with increasing f3, which reveals that the
larger deflection, the stronger its restoring force. Under the same f§
angle, the coefficient of restoring torque also increases with increasing
o, indicating that models with larger « angles have better restorative
ability. Figure 14(b) shows that in the absence of crosswind interfer-
ence (ff =0°), the dandelion reaches its maximum air drag force
when its folding angle o is zero, which enables it to remain airborne

for a prolonged duration. However, to achieve long-distance flight, it
must utilize the power of crosswinds. In this scenario, an appropriate
folding angle is indispensable, as it enhances the attitude stability of
the dandelion. Therefore, a dandelion seed with a proper folding angle
o can maintain a high drag coefficient and good attitude stability,
which is also consistent with the natural selection of the dandelion.
Our model demonstrates that when the folding angle is approximately
between 20° and 40°, it not only has good attitude stability but also
has a large drag force.

IV. CONCLUSION

In this paper, a 3D dandelion umbrella model with an adjustable
folding angle has been proposed to investigate the influence of the
folding angle of the dandelion’s umbrella-shaped structure on its drag
force and attitude stability. The numerical simulation results have
shown that as the folding angle increases, the drag coefficient of the
dandelion gradually decreases, but the restoring moment under side
wind disturbance gradually rises. This indicates that dandelion needs
to maintain an appropriate folding angle to achieve a balance between
high drag force and good attitude stability. The proposed model sug-
gested that when the folding angle is approximately between 20° and
40°, the dandelion seeds may have a good balance between drag force
and attitude stability, which accommodates a broad self-adapted flying
ability for the seeds.

This study is able to shed some light on the dandelion flying
mechanism, and the findings of the study can also provide instructions
for the design of dandelion-inspired unpowered aircraft.
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