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Abstract
Inspired by the reproductive success of plant species that employ bristled seeds for wind-borne
dispersal, this study investigates the gust response of milkweed seeds, selected for their
near-spherical shape. Gust-response experiments are performed to determine whether these
porous bodies offer unique aerodynamic properties. Optical motion-tracking and particle image
velocimetry (PIV) are used to characterize the dynamics of milkweed seed samples as they freely
respond to a ﬂow perturbation produced in an unsteady, gust wind tunnel. The observed seed
acceleration ratio was found to agree with that of similar-sized soap bubbles as well as theoretical
predictions, suggesting that aerodynamic performance does not degrade with porosity.
Observations of high-velocity and high-vorticity ﬂuid deﬂected around the body, obtained via
time-resolved PIV measurements, suggest that there is minimal ﬂow through the porous sphere.
Therefore, despite the seed’s porosity, the formation of a region of ﬂuid shear, accompanied by
vorticity roll-up around the body and in its wake, is not suppressed, as would normally be expected
for porous bodies. Thus, the seeds achieve instantaneous drag exceeding that of a solid sphere (e.g.
bubble) over the ﬁrst eight convective times of the perturbation. Therefore, while the steady-state
drag produced by porous bodies is typically lower than that of a solid counterpart, an enhanced
drag response is generated during the initial ﬂow acceleration period.

1. Introduction
Networks of distributed sensors are garnering interest for applications in atmospheric sampling, environmental measurements and even space exploration;
see for example Chilson et al (2019); Barbieri et al
(2019); Lee et al (2019) and Pandolﬁ and Izzo (2013).
Recently, Bolt et al (2020) demonstrated a smallscale, samara-inspired sensor system for atmospheric
characterization capable of collecting real-time data
from over 2000 sensors simultaneously. While air
pressure, temperature and humidity measurements
showed agreement with reference measurement stations, wind speed was not recorded. In situ wind vector extraction via airborne remote-sensing remains
a challenge, where conventional systems (e.g. dronemounted pitot-static probes) suffer from poor spatial
resolution, among other sensor-vehicle related limitations (Villa et al 2016). As such, advancements in
alternative sensor vehicle aerodynamics are required
for high-resolution wind measurements over large
spatial domains.
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Characterizing ﬂow in measurement volumes
larger than 10 m3 with particle-tracking methods
remains a signiﬁcant challenge due to the large ﬂow
tracer size required for optical visibility, or to carry
onboard sensors (Hou et al 2021). The increased
size, and thus mass, results in considerable inertial lag, and contributes to ﬂow-measurement error,
especially when measuring transient phenomena. For
instance, capturing turbulent scales within the atmospheric boundary layer is necessary for understanding particle dispersion (i.e. pollutants) via unsteady
mixing processes. In airborne applications, where
tracer/sensor lag is most prevalent, body mass plays
a critical role in the tracer/sensor dynamic response.
While the ideal ﬂow-tracer/sensor does not possess a
relative density to the carrier ﬂuid, minimizing mass
while maintaining responsive aerodynamic qualities
may reduce the inertial lag. Therefore, an alternative
approach to ﬂow tracer/sensor materials and design is
of interest for applications over very large scales.
The dynamics of wind-dispersed seeds, as a natural example of long-range passive ﬂight, offers
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inspiration for the design of these future tracers
meant for measurements over very large volumes. Of
particular interest are species of wind-dispersed seeds
that employ plumes of hair-like bristles in various
arrangements so as to harness the wind through their
relatively large instantaneous drag. Zussman et al
(2002) developed seed-inspired nanoﬁbre parachutes
and showed that steady-state drag produced in freefall was comparable to impermeable counterparts.
Furthermore, to understand the ﬂow regime of a
parachute-style seed (e.g. dandelion) in free fall,
Casseau et al (2015) used numerical simulations in
steady ﬂow to investigate the effect of porosity on
drag production by permeable cones. Tragopogon
pratensis specimens were shown to possess the optimal porosity for the formation of a drag-producing
wake while avoiding ﬂight instability caused by
alternating vortex shedding. Cummins et al (2018)
presented measurements of the wake behind a
parachute-style seed in free fall, showing the presence
of a stable vortex ring in the wake. Porosity was a
main factor contributing to the stability of the vortex
ring. In a recent study, Lee et al (2020a) demonstrated
the relationship between vortex structure formation
and a dampening of free-fall oscillations for a bristled
disk, when compared to the behaviour of an analogous solid disk. Evidently, understanding the relationship between the porosity of a body and its aerodynamic response is crucial for the development of
effective practical applications.
The ﬂow regime around a porous body has a clear
relationship to its porosity, and the instantaneous
drag force. In low Reynolds number regimes, bristled
wings, used by some insect species, such as thrips and
fairy ﬂies, have been shown to produce comparable
lift and drag forces to those of an equivalent solid wing
(Lee et al 2018; Kim et al 2019). One key parameterization of the Reynolds number for a bristled wing has
been deﬁned as:
Reδ =

ρδU
,
μ

(1)

where ρ is the ﬂuid density, δ is the bristle diameter,
U is the ﬂow velocity and μ is the dynamic viscosity.
The mechanism governing the permeability of bristled wings was subsequently investigated numerically
by Lee et al (2020b). Permeability is shown to be a
function of the Reynolds number regime in the space
between bristles, termed the effective gap width, which
is deﬁned as:
G
ReG = Reδ ,
(2)
δ
where G is the bristle gap width. By varying the distance between bristles, and thus the porosity of the
two-dimensional abstracted wing, an optimal effective gap width threshold was revealed. Effective gap
widths of ReG < 100 generated virtual barriers to
through-ﬂow, allowing such permeable structures to
behave almost as if solid.
2

While wind-dispersed seeds exist in various
geometries, milkweed-seed morphology offers an
ideal test case. Milkweed (Asclepias) seeds use plumes
of hair-like structures in a near-spherical arrangement
for drag-based ﬂight irrespective of ﬂow direction (see
Greene and Johnson 1990, and sketched conceptually
in ﬁgure 1(a)). Through the same effective-gap-width
mechanism as for bristled wings, the milkweed seed is
expected to produce drag forces comparable to those
of a solid sphere, though the effect of ﬂow acceleration (gusts) has not yet been explored. Due to the
dominant effect of viscosity between individual bristles, global shear-layer formation and vortex roll-up
around the body during acceleration is predicted to
occur in a similar manner to that of a solid accelerating sphere (see Fernando et al 2017), as sketched
conceptually in ﬁgure 1(b). Thus, by producing drag
similar to that of a solid sphere but with a greatly
reduced mass, the seeds can potentially achieve a
faster response to local wind (velocity) perturbations.
The objective of the current study is to characterize the free-response of milkweed seeds to a
strong velocity perturbation (gust) in order to assess
a porous seed’s ability to effectively respond to ﬂow
acceleration, a dynamic problem under-represented
in experimental studies. As such, we measure the
ﬂow-tracking capabilities of these near-spherical bristled bodies in order to examine whether these geometries offer any practical advantages over conventional
(solid) geometries, such as a generic sphere (e.g. a
large soap bubble). Section 2 outlines the experimental techniques used to capture the free motion of the
test articles and their associated unsteady wakes. From
the motion-tracking and ﬂow-ﬁeld data, ﬂow ﬁdelity
and aerodynamic response is examined comparatively
in section 3. A qualitative connection between geometric features of three-dimensional bristled bodies and the shear-layer formation behind the body
itself is discussed by analysing time-resolved particle image velocimetry (PIV) measurements. Finally,
based on the results, it is speculated that inter-bristle
shear-layer formation acts as a mechanism for virtual
solidity in this dynamic problem.

2. Experimental methodology
Sections 2.1–2.3 describe the governing dimensionless groups, the test articles used in the investigation,
the experimental methods, as well as the unsteady
(gust) wind-tunnel facility in which the measurements were carried out.
2.1. System parameters and scope
In the context of traditional (lab-scale) ﬂow tracer
behaviour, Stokes ﬂow is generally assumed, offering near-perfect ﬂow ﬁdelity (i.e. a perfect response).
For relatively heavy tracer particles, such as large
soap bubbles or natural snowfall, the Stokes drag
assumption breaks down. The challenge is two-fold:
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Figure 1. (a) Conceptual sketch of a milkweed seed where the plumes of hair-like bristles make up a near-spherical volume.
(b) Cross-sectional sketch depicting the shear-layer vorticity in the wake of a porous sphere. At low Reynolds numbers,
shear-layer formation is comparable to a solid sphere due to reduced ﬂow penetration between individual bristles.

ﬁrst, non-Stokesian tracers can no longer be assumed
to be perfect ﬂow tracers in the traditional sense;
and second, a dynamic model applicable in nonStokesian ﬂow regimes is required to accurately ‘back
out’ the true ﬂow velocity. While the former issue
is the focus of the current study, ﬁndings presented
herein are intended to support future low-ordermodelling approaches to infer local ﬂow velocity measurement through the solution of an inverse problem.
For instance, while a predictive model may use a ﬂow
known a priori as the input to determine the body
response, the inverse would occur, using the measured body response as an input to extract the ﬂow.
The following section deﬁnes parameters pertinent
to characterizing a generic body response to a ﬂow
perturbation.
The Stokes number is a useful parameter for characterizing the effect of acceleration and tracer inertia.
However, the Stokes number is traditionally invoked
only for the Stokes-ﬂow regime at Reynolds numbers
less than unity. As discussed above, the tracers studied
here are non-Stokesian, which often leads to confusion regarding the use of the term ‘Stokes number’.
By deﬁnition, the Stokes number is the ratio of tracer
timescale to ﬂuid timescale, written as follows:
Stk =

τb
,
τf

(3)

where τ b and τ f denote characteristic timescales of
the body and the ﬂow, respectively. If these timescales
are deﬁned as the time over which acceleration
to steady-state occurs, and the ﬂow and body are
assumed to accelerate at a constant rate, the Stokes
number can be rewritten as:
Stk =

U∞ af
,
ab U∞

where ab is linearly proportional to the body mass. For
a body with a given aerodynamic response (note that
the drag coefﬁcient generally varies in time), increasing mass without changing the geometry will tend to
increase the Stokes number. Equation (5) provides a
measure for the effect of body inertia upon acceleration response. To avoid confusion with the use of the
term ‘Stokes number’ often associated with the Stokes
ﬂow regime, the Stokes number is renamed here as
the acceleration ratio. For clarity, equation (5) is now
rewritten to include all ﬂow regimes as:
β=

af
Stk = ,
ab

(5)

3

(6)

For a body free to respond to an applied perturbation,
the slip Reynolds number is deﬁned as follows:
Res =

ρdVs
,
μ

(7)

where ρ and μ are the density and dynamic viscosity of the ﬂuid, d is the mean body diameter, and Vs ,
termed slip-velocity, denotes the instantaneous relative velocity between the tracer and the local ﬂuid
ﬂow. Since the acceleration of the tracer is proportional to its mass, the slip velocity and thus the slip
Reynolds number will also vary proportionally to the
body mass and as a function of time. In addition, a
terminal Reynolds number,
Re∞ =

ρdVf
,
μ

(8)

where Vf is the terminal gust velocity of the applied
ﬂow, is used to scale the mass ratio, accounting for
the aerodynamic effects of body length scale on the
inertial response. Mass ratio is thus deﬁned as:
m∗ =

(4)

where U∞ is the steady-state velocity, and ab and
af are the accelerations of the body and the ﬂuid,
respectively. Thus, the Stokes number becomes:

af
.
ab

mb
 d 3 ,

ρ 43 π

(9)

2

where mb is the body mass, and ρ again, is the ﬂuid
density. Finally, time is normalized as,
t∗ =
where t is time.

tVf
,
d

(10)
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Figure 2. Four example milkweed specimens. Diameters were measured using calipers aligned with the tips of the longest
bristles. Fishing lines used to initially hold the seeds above the tunnel are also visible behind the specimens and are only used to
initially support their weight before the gust hits. Flow direction is aligned from the bottom to the top of each frame.

Figure 3. Snapshots of milkweed seed bristle deformation at four Reynolds number regimes. Minimal deformation is observed
up to Res = 3000, while at relatively high Reynolds number regimes severe bristle deﬂection is observed. All trials in this current
study were conducted below Res = 3000 to limit and avoid the effect of bristle deformation.

Figure 4. Two example images presenting a zoomed-in view of the milkweed seed. Gaps between the bristles are clearly visible,
increasing radially from the seed center. (A) Arrangement of the bristles extending out from the achene are clearly observed.
(B) Cropped view of the bristles near the radial edge of the seed. This region was sampled randomly to obtain an average
gap-width for each specimen.

2.2. Test article and motion-tracking
Experiments were performed in an open-jet gust
wind tunnel with vertical conﬁguration. The jet outlet has a square cross-sectional area of 144 cm2 . To
maintain a straight vertical motion and control for
the effect of gravity, tests were performed using a
vertical wind-tunnel conﬁguration, as sketched in
ﬁgure 5(a). The seeds were released from rest, initially suspended on ﬁshing line. The gust was generated through the rapid spin-up of a 3 × 3 fan array, as
shown in ﬁgure 5(c). Air was accelerated from rest to
a mean seed-diameter-based terminal Reynolds number of Re∞ = 3000 with a terminal jet velocity of
Vf = 1 m s−1 .
4

Seventeen milkweed (Asclepias) seed specimens
collected in the Kingston (Ontario) region were
tested, with an average diameter (d) of 4.8 ± 0.2 cm
and average mass of 3.0 ± 1.1 mg, where the uncertainty is one standard deviation. Diameter and mass
were measured with calipers and a Fisher Scientiﬁc
accu-225D analytical balance, respectively. Exemplary
photos of four specimens are presented in ﬁgure 2,
where they are freely resting on two parallel wires.
To test the extent of bristle deformation during measurements, milkweed seeds were ﬁxed in place such
that the bristles were subject to increasing relative
ﬂow velocities, as shown in ﬁgure 3. The achene was
removed with tweezers and the bristles were attached
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Figure 5. (a) Sketch of the gust-body system, showing gust velocity, Vf , body velocity, Vb , and resultant forces, D − W.
(b) Example snapshot of seed trajectory tracked via OpenCV in Python during a gust. Red line indicates seed centroid location at
prior time steps. (c) Vertical open-jet gust wind tunnel facility showing the location of the seed test article, high-speed cameras,
laser sheet and ﬁelds of view (FoVs). Larger and smaller FoVs belong to the SA-4 and SA-Z cameras, respectively. Note that the
sketch of the milkweed seed is not to scale.

Figure 6. Instantaneous velocity-ﬁeld snapshots at three instants in time. Gust front moves up through the frame, maintaining a
uniform velocity proﬁle. Velocity remains uniform once the gust has traversed the FoV, as shown in frame (C) (t∗ = 10).

to the ﬁshing line with adhesive. Bristle deﬂection of
less than 3% of the body diameter was observed for
slip Reynolds numbers of up to 3000, while relatively
high Reynolds number regimes resulted in extreme
bristle deformation beyond 100% of the body diameter. All trials in the subsequent dynamic testing were
performed at slip Reynolds numbers between 100
and 1400, well below 3000, and thus the effects of
deformation were considered negligible.
The gap width between bristles on the sample
milkweed seeds were measured optically, using the
mean distance between bristles resolved on the focal
plane. Figure 4 shows an example of images used to
determine the gap width, where ten random samples from each specimen were collected, resulting
in a mean gap width of 0.58 ± 0.03 mm. The seed
mean diameter was found to have a blockage of
approximately 10% relative to the cross-sectional area
of the wind tunnel, which is described below in
section 2.3. Seed and bubble motion were recorded
using a Photron SA-4 high-speed camera, with resolution of 1024 × 1024 px operated at 1000 Hz. A
5

Nikkor f = 50 mm lens with aperture f /2 was used
with a ﬁeld of view (FoV) approximately 10d × 10d
in size. Seeds were placed on 0.18 mm diameter ﬁshing line centred 5d above the jet outlet and were
allowed to freely respond to the gust. OpenCV packages were used for motion tracking within a Python
algorithm (Bradski and Kaehler 2008). The seed centroids were identiﬁed based on light intensity and
logged at each time step to obtain trajectories, as
shown in ﬁgure 5(b). A second high-speed camera
(Photron SA-Z) was operated simultaneously to capture PIV measurements, as described in section 2.3.
Seed specimens were each used only once in a single
trial so as to avoid error associated with bristle damage
upon landing and recovery.
The ten soap bubbles tested were produced using
a mixture of dish soap and water blown through a
simple wand. The bubbles had an average diameter of
3.0 ± 0.3 cm and average mass of 0.6 ± 0.1 mg. Bubbles were also initially located 5d above the jet outlet
on a 0.3 mm wire ring, allowing for the measurement
of their response from rest. Bubble trajectories were
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obtained by tracking the glare points on the bubble
surface using DaVis 8.0 software. The centroid of the
four visible glare points was calculated for each frame
and differentiated in time to determine the velocity
and acceleration of the bubbles. Due to limitations
associated with bubble lifespan, and numerous previous studies concerning the wakes of spheres, PIV on
the bubbles was not performed.
D = mab + W = mab + mg,

(11)

where D is the drag force, m is the mass, W is the
weight and g is the acceleration due to gravity. To
obtain drag-coefﬁcient time histories for both seeds
and bubbles, the drag force was normalized using
the instantaneous slip velocity Vs and body-projected
area, where,
CD =

D

 2 .
1
ρVs2 π d2
2

Figure 7. Comparison of freestream (black), seed (blue)
and bubble (orange) velocity (v) histories show relatively
robust ﬂow ﬁdelity for both seeds and bubbles. Faded
regions represent one standard deviation above and below
the phase-averaged means. Bubbles lag during the starting
phase of the gust before quickly accelerating and tracking
the ﬂow. Seeds exhibit lag beyond t∗ = 8, likely due to the
increasing effect of porosity.

(12)

2.3. Particle image velocimetry
Time-resolved, planar PIV was used to measure the jet
ﬂow ﬁeld (without the test article), shown in ﬁgure 6,
and to characterize the wake behind the milkweed
seeds. A Photron SA-Z high-speed camera, with resolution of 1024 × 1024 px, used to capture the ﬂow
ﬁeld, was operated at 4000 Hz. A 60 mJ-per-pulse
Photonics Nd:YLF high-speed laser was used to produce an approximately 2 mm thick laser sheet. Theatrical fog, with approximate particle diameter of
3 μm, was used as seeding. Fog condensation on seed
bristles was not observed during the experiment and
had no effect on seed response. A Nikkor f = 60 mm
lens with aperture f /4 was used, providing a FoV of
3.5d × 3.5d in size. The bottom edge of the FoV was
aligned with the initial seed position above the contraction outlet, as shown in ﬁgure 5(c). The maximum decay in gust y-velocity, v, during the motion
of the gust edge from dy = 0 to dy = 7 over the measurement period was approximately 7% of the mean
steady-state centreline velocity.
In order to determine the time history for the local
gust velocity, the ﬂow-ﬁeld measurements, as exempliﬁed in ﬁgure 6, were sampled over the tracked seed
and bubble positions. The velocity ﬁeld was spatially
averaged within the region covered by the body to
obtain an instantaneous local ﬂow velocity for each
individual test article. A phase-average of all runs
was used to produce a mean freestream velocity time
history. Local slip velocity was deﬁned as the difference between the vertical components of the local,
phase-averaged, ﬂow velocity and the individual test
article velocity at the same instant in time. Velocity
time histories for the seeds, bubbles and ﬂow were
obtained by phase-averaging the respective velocity
measurements. Phase-averaging of the local ﬂowvelocity time histories for each trial produced a mean
velocity time history for the applied gust. Seed and
bubble velocities, measured by motion tracking, were
6

phase-averaged to produce mean velocity time histories for each test article type.

3. Results and discussion
The following sections present measurements of seed
velocity time histories, and compare the acceleration
response of the seeds against soap bubbles of a similar physical scale. Measurements of seed-wake velocity
and vorticity ﬁelds are presented, and the effects of
shear-layer and wake formation on the acceleration
response of the seeds are then discussed.
3.1. Acceleration ratio and aerodynamic response
Mean velocity time histories for the seeds and bubbles are presented in ﬁgure 7. A Savitzky–Golay lowpass ﬁlter (Schafer 2011) was applied to the position
data obtained via motion tracking to prevent large
interpolation errors when numerically differentiated.
During the initial ﬂow acceleration, both the bubble
and the seed velocities agree well with the freestream
velocity. However, the relatively large mass of the
seeds and their reduced drag, presumably due to the
increasing effect of porosity, results in a much greater
slip velocity observed beyond t∗ = 8, when compared
to the soap bubbles.
Figure 8(a) presents results of the various test
articles. The seeds and bubbles show a comparable
response. The bubbles display less variation than the
seeds and remain below an acceleration ratio of one.
In contrast, the seed acceleration ratios were consistently greater than one. Broad variations in seed
acceleration ratio are assumed to be an effect of variable seed porosity. However, quantiﬁcation of porosity at this stage is beyond the scope of the current
investigation and will require advanced numerical
simulations in proximity to and within the seed to
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Figure 8. (a) Acceleration ratio versus mass ratio for seeds (∗) and bubbles (◦). Acceleration ratio is calculated at the time of
maximum test-article acceleration. Error bars represent one standard deviation. (b) Slip Reynolds number versus mass ratio
calculated at the time of maximum test-article acceleration.

Figure 9. (a) Mass ratio scaled by terminal gust Reynolds number versus acceleration ratio for seeds (∗), bubbles (◦) as well as
model predictions (). Acceleration ratio is calculated at the time of maximum test-article acceleration. (b) Mass ratio scaled by
Reynolds number plotted versus slip velocity scaled by terminal ﬂow velocity calculated at the time of maximum acceleration.

tackle this aspect further. Figure 8(b) displays the
slip Reynolds number (Res ) at the time of maximum acceleration for both seeds and bubbles. Strong
agreement is observed between the averaged seed and
bubble results, suggesting similar ﬂow ﬁdelity, while
both bodies experience their respective maximum net
force.
In order to contextualize the current measurements, a basic low-order drag model based on quasisteady drag of a sphere (see White 1979) was used to
predict the response of spherical bubbles. The diameter was varied between 10 μm and 5 cm with a constant mass ratio of 1.037, the mean value for all test
articles. Furthermore, when comparing the experimental results to model predictions, the mass ratio
and terminal ﬂow-velocity-based Reynolds number
7

were combined as m∗ Re∞ to account for the inherent effects the body length scale has upon the body
drag coefﬁcient, and consequently, the acceleration
response. Holding the applied terminal velocity as
constant, the Reynolds number is directly proportional to the body length scale and is a strong indicator
of the drag coefﬁcient.
Figure 9(a) presents the acceleration ratio
(β = aaf ) against mass ratio scaled by terminal ﬂowb
velocity-based Reynolds number (Re∞ ) for seeds,
bubbles and model predictions. As expected, the
acceleration ratio increased with increasing terminal
Reynolds number, which for the applied conditions,
is proportional to the body length scale. The bubbles
exhibit a similar response to the low-order model,
while in comparison, the seeds display a slower
response. However, the wide variation in seed data
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Figure 10. (a) Phase-averaged slip Reynolds number (Res ) time histories for seeds and bubbles. Relatively low effective gap
width, ReG < 100, allows for thick shear layers to block through ﬂow. Note that ReG only applies to the seeds since the bubble
surfaces are solid. (b) Drag coefﬁcient time history for seeds and bubbles displays high instantaneous drag at times correlated with
low effective gap width. Bubble drag coefﬁcient is generally lower than the seeds, except at later times, where the effective gap
width has increased, suggesting greater ﬂow through the seed.

shows that some specimens displayed a favourable
acceleration response compared to both bubbles and
the low-order model, which was assumed to be an
effect of variation in seed porosity, as previously
discussed. Figure 9(b) displays dimensionless slip
velocity at the time of maximum acceleration for
seeds, bubbles and modelled tracers. While the
bubble response agreed with the model predictions,
the seeds tended towards lower slip velocities, albeit
with a wider variation between individual specimens.
The lower slip velocity observed during maximum
acceleration suggests a link to the relatively thick,
inter-bristle shear layers present as the ﬂow ramps
up. It must be noted that seed ﬂow ﬁdelity drops in
performance beyond t∗ = 8, as shown in ﬁgure 7.
To fully understand the transient response, the time
histories of slip Reynolds number and drag coefﬁcient
must now be examined.
Using the phase-averaged velocity time histories
of each test article, as can be seen in ﬁgure 7, the
mean Reynolds number and drag coefﬁcient time
histories were calculated. Figure 10(a) shows similar
phase-averaged instantaneous slip Reynolds number
regimes for the seeds and bubbles during the initial
stages of the acceleration. However, the gap-width
Reynolds number time history (ReG ), shown on the
right y-axis of ﬁgure 10(a), reveals that a low Reynolds
number regime is maintained by the seed for the
majority of its response. At gap width of ReG < 50
for t∗ <= 8, signiﬁcant blockage of through ﬂow can
be assumed (Kim et al 2019). This blockage contributes to the drag force, as observed in ﬁgure 10(b),
where a relatively large drag coefﬁcient is maintained
by the seeds while the effective gap width is small.
As ReG begins to rise, a signiﬁcant drop off in drag
is observed, likely a result of increased through-ﬂow
as the inter-bristle shear layers diminish in strength.
8

The bubbles show a similar slip Reynolds number
regime as the seeds, but a lower instantaneous drag
coefﬁcient, except beyond t∗ = 8. Evidently, while the
effective gap width remains below ReG = 100, the
seeds produce greater drag than the bubbles. To further discuss the mechanism by which the seeds can
achieve a comparable aerodynamic response to their
solid counterpart, the seeds’ shear layers and wakes
are further examined.
3.2. Shear-layer formation and effect of porosity
In order for a milkweed seed to exhibit a similar aerodynamic response to that of a solid sphere (bubble) of
similar size and mass, through-ﬂow in between bristles must be sufﬁciently reduced. The formation of
thick shear layers between bristles provides the blockage necessary to divert the ﬂow around the body, and
to generate more drag force than if penetration was
allowed (Lee et al 2020b). Although measurements
of ﬂow between the bristles are beyond the scope of
this investigation, measurements of the ﬂow around
the seeds offers a qualitative and indirect measure of
the effect of porosity. To this end, observations of
relatively high-velocity ﬂuid deﬂected around (rather
than through) the body, and vorticity concentrated
near the aft-body surface and wake, as sketched in
ﬁgure 1(b), point towards the effective impermeability of the seed during ﬂow acceleration.
Figure 11 presents fog visualization snapshots, as
well as phase-averaged velocity and vorticity ﬁelds of
the ﬂow surrounding a seed as the seed responds to
a gust. The fog visualization, shown in ﬁgure 11(a),
allows the gust front to be tracked as it moves with
the accelerating ﬂuid. As the acceleration progresses,
the gust front deﬂects around the seed before forming
vortices in the wake. The lettered inset in each frame
denotes the region of phase-averaging in subsequent
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Figure 11. (a) Fog visualizations of ﬂow past a milkweed seed responding to a gust. Flow is travelling from the bottom to the top
of each frame. (A) Gust front approaches the seed initially suspended at rest. (B) Gust front is deﬂected along the edges of the
seed, while fog particles further away are unhindered. (C) Wake formation is observed aft of the seed. (b) Velocity ﬁelds
normalized by terminal gust velocity. (A) Gust front approaches the seed. (B) Higher-velocity ﬂuid is deﬂected to the sides of the
seed, rather than passing between the bristles. (C) Signiﬁcant blockage is observed as a shear layer forms around the body into the
wake. (c) Vorticity ﬁelds measured around the milkweed. (A) Minimal vorticity at onset of the gust. (B) Vorticity is observed in
the region of deﬂected ﬂow. (C) Vorticity extends into the seed wake as the shear layer develops. Note: in (b) and (c), the
approximate seed area is masked by the abstraction, as per ﬁgure 1(b).

velocity and vorticity ﬁelds. A subset of the FoV was
required for averaging due to variation in horizontal displacement between runs. Tracked seed centroids
were used to align the sub-sampled ﬁelds.
Observation of the vertical component of velocity (y-direction) in ﬁgure 11(b) reveals that the fastmoving ﬂuid is directed to the sides of the seed as the
gust front moves past. Unfortunately, the seed body
and its reﬂections obstruct the view of any fog particles moving through the seed itself, making measurements in that region impossible. However, the fog
visualization of ﬁgure 11(a) demonstrates how the
gust front interacts with the seed, bending around
the body (as if solid) into the wake. It is assumed
9

that a reduced deformation of the gust front would
be observed if the seeds were of a higher permeability, allowing the ﬂow to pass through virtually
undisturbed (Casseau et al 2015; Lee et al 2020a). Naturally, the interaction between deﬂected high-velocity
ﬂuid and the body results in shear-layer formation
behind the body, typical of solid spheres undergoing
acceleration (see for instance Fernando et al 2017).
The roll up of vorticity around the seed is presented in ﬁgure 11(c). Frame (A) shows minimal vorticity at the onset of the gust. The small amount of
vorticity is a result of natural convection of the fog
particles interacting with the seed bristles. More signiﬁcantly, frames (B) and (C) show the shear-layer
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formation in the region of deﬂected ﬂow. Presumably,
by preventing ﬂow through the body, thick shear layers between the bristles force ﬂow around the body
such that the bulk formation of a global shear layer is
created in the wake. Whereas porous bodies tend to
suppress shear-layer growth, as discussed by Casseau
et al (2015), during acceleration, the milkweed seeds
sufﬁciently block the ﬂow and allow for bluff-bodylike shear-layer formation. Thus, the apparent effects
of porosity on drag production appear to be reduced,
relative to steady-state conditions, allowing the seed
to respond more rapidly than would have been initially expected. In addition, the apparent ﬂow deﬂection and global shear-layer formation qualitatively
suggest solid-like behaviour, similar to porous wings
at low effective gap widths (Lee et al 2018). This
observation supports the abstraction of porous bodies to solid surfaces for conditions that maintain a low
effective gap width. As a result, low-order modelling
approaches may be used effectively to predict aerodynamic performance of porous geometries in future
investigations.

4. Conclusion
This study evaluates the response of milkweed seeds to
a strong velocity perturbation and appraises the aerodynamic advantages of bristled bodies with respect
to applications in large-scale ﬂow measurement. The
aerodynamic response of milkweed seed specimens
was compared to that of large soap bubbles and
simple low-order model predictions. To characterize
the ﬂow ﬁdelity of milkweed seeds, specimens were
optically tracked while freely responding to a velocity
perturbation. Observed agreement in average acceleration ratio between seeds, bubbles and the low-order
model suggests analogous aerodynamic behaviour
(e.g. instantaneous drag force) during the gust. At
peak acceleration, the seeds displayed a lower mean
slip-velocity than the bubbles, suggesting a comparatively enhanced aerodynamic response. It should
still be noted that greater inter-specimen variability
was observed for the seeds relative to the bubbles.
Good ﬂow-ﬁdelity was observed over eight convective times before signiﬁcant discrepancies evolved, the
latter attributed to the limiting effects of seed mass
and porosity. Furthermore, comparing the instantaneous seed and bubble drag coefﬁcient time histories revealed greater drag produced by the seeds while
effective gap width was sufﬁciently low.
Attributed to the low effective gap width maintained during the majority of the gust, the thickness
of inter-bristle shear layers allows for the milkweeds to
achieve a greater instantaneous drag coefﬁcient than
would have been expected of a porous body in a steady
ﬂow Cummins et al (2017). The virtual solidity of
the seeds was examined qualitatively and indirectly,
using measurements of velocity and vorticity in the
surrounding ﬂuid. Unsteady ﬂow deﬂection and
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shear-layer formation were observed around the seed
body, suggesting that the thick inter-bristle shear layers sufﬁciently blocked the ﬂow through the seed.
As a result, the low effective permeability of the
seeds enabled drag production exceeding that of the
solid bubbles (of similar size and mass) during peak
acceleration.
The agreement in the measured acceleration ratio
between the seed specimens and their solid (soap
bubble) counterparts, in addition to observations of
ﬂow deﬂection into the wake, support the prospect
for bristled or porous bodies to be used as passive
ﬂow tracers at very large scales. It must be noted that
the use of biological specimens may not be practical
in an experimental context. However, understanding
the mechanisms by which bristled bodies exhibit relatively large aerodynamic force supports the future
design of responsive artiﬁcial ﬂow tracers and sensor
platforms. Moreover, the agreement in drag response
and diameter-based Reynolds number may enable the
abstraction of porous geometries to solid surfaces,
facilitating simpler and more efﬁcient modelling, provided the effective gap width is sufﬁciently low. However, future studies, possibly using numerical tools,
are required to characterize the formation of interbristle shear layers near and within three-dimensional
bodies, particularly for accelerating ﬂows.
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