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Abstract
The stability of leading-edge vortices (LEVs) on a samara-inspired rotor during steady and unsteady
gusty incoming flow was investigated experimentally using direct rotational speed measurements,
as well as time-resolved particle image velocimetry (PIV). The blades of the samara-inspired rotor
were designed to match the tip-speed ratio, the aspect ratio, and the distribution of the effective
angle of attack of samara seeds to utilize LEVs similar to samara seeds. The flow around the blades of
the samara-inspired rotor was compared to a reference rotor, which possesses a constant spanwise
effective angle of attack, to investigate the influence of the samara-like spanwise effective angle-ofattack distribution on LEV stability. Furthermore, the unsteady performance of the samara-inspired
rotor was compared to a generic low-inertia rotor that possesses blades with a constant effective
angle of attack less than the stall angle. During steady rotation, the samara-inspired rotor exhibited
a stably-attached LEV, while the reference rotor demonstrated unstable LEV shedding. Compared
to a generic low-inertia rotor, the samara-inspired rotor demonstrated a relatively stable tip-speed
ratio (λ) during the gust. Furthermore, the LEV remained stably-attached on the rotor’s blades with
a constant normalized circulation during the gust. Finally, the analysis of the LEV stability during the
gust using the vorticity transport equation suggests that LEV stability is coupled with constant tipspeed ratio during gusts.

1. Introduction
Low-inertia rotor systems, present in micro aerial
vehicles, quadrotors, and small wind and tidal
turbines to name but a few examples, are sensitive
to the unsteady fluctuations of the incoming flow.
Velocity perturbations have a tendency to reduce rotor
efficiency with potentially catastrophic effects [1, 2].
For the case of a typical energy-extracting, low-inertia
rotor, the system will demonstrate a sudden increase in
its power output when subjected to a sudden increase
of the incoming flow, i.e. axial gust [3]. Low-inertia
rotor systems often operate in environments where
the wind is unsteady [1], and therefore these rotor
systems are expected to produce unsteady outputs
[4]. Implementing a control mechanism or a batterystorage system could potentially solve the unsteady
output issue. However, such solutions are expensive
and introduce unnecessary complexities to low-inertia
rotor systems.
© 2019 IOP Publishing Ltd

Inspired by nature, the design of unsteady lowinertia rotors could potentially mitigate issues such
as unsteady power output and the loss of efficiency in
unsteady environments. In particular, samara seeds
exhibit stable autorotation slowing down the seed’s
descent by generating relatively high lift [5, 6]. The
autorotating behaviour of the samara seed is responsible for the formation of stable leading-edge vortices
(LEVs) on the seed’s blade, and hence, the overall high
lift of the system [7]. As a result, the seed would fall rapidly if it were to stop autorotating due to the relatively
high weight of the seed’s nut [8]. Since samara seeds
propagate successfully in unsteady environments,
samara seeds are thought to possess robust autorotation in windy environments, as shown by Lee and Choi
[9]. Therefore, one can hope to solve the gust-sensitivity issue of low-inertia rotor systems by designing a
rotor inspired by the exploitation of LEVs on samara
seeds. In the current study, a samara-inspired rotor
model is tested, and its aerodynamic response and
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Figure 1. Schematic depicting the samara-inspired rotor (b) and the ramp-up (U∞) of a generic axial gust tested in the present
study (d). The objective of this study is to investigate the influence of gusts on the response of a samara-inspired rotor, where λ is the
tip-speed ratio of the rotor. The reference rotor (c) is used to investigate the role of the samara-like spanwise distribution of effective
angle of attack on LEV stability.

flow structure around the equivalent rotor’s blades
are investigated experimentally during gusts, as shown
schematically in figure 1.
The flight kinematics of free-falling samara seeds
have been the subject of a large corpus of studies [5,
6, 8, 10–14]. Using a vertical wind tunnel, Azuma and
Yasuda [5] measured the flight characteristics, such
as tip-speed ratio and the descent velocity, of ten species of rotating seeds with varying blade geometries.
Furthermore, Arranz et al [14] presented a numerical
simulation of the autorotation of a samara seed model
over a range of Reynolds numbers (80  Re  240). It
was reported that the lift increases with an increase of
Re, while drag decreases. It should be noted that the
lift is opposite in direction to the seed’s descent velocity and the drag is opposite to the seed’s rotational
motion.
The observed kinematics of free-falling samara
seeds are the result of the formation of a stable leading-edge vortex (LEV) on the seed’s blade [7]. Identifying the mechanisms responsible for LEV stability
in autorotating samara seeds is essential for designing a low-inertia rotor inspired by the exploitation of
LEVs on samara seeds. The stabilization mechanisms
and the dynamics of LEVs on revolving wings were the
subject of several studies [15–23]. Lentink and Dickinson [15] identified that LEV stability on a revolving
blade is governed by centripetal and Coriolis accelerations at low Rossby numbers. Furthermore, Wojcik
and Buchholz [17] investigated the vorticity-transport
mechanisms that are responsible for maintaining the
quasi-equilibrium state of the LEV in a rotating blade.
They demonstrated that the spanwise velocity and the
spanwise convection of vorticity are insufficient to balance the flux of vorticity from the leading-edge shear
layer. Therefore, they concluded that vorticity annihilation, which is the result of the interaction between
the LEV and the opposite-sign vorticity layer on the
blade’s surface, is an important and sometimes dominant mechanism for balancing the LEV circulation.
However, it should be noted that vorticity annihilation
is insufficient to balance the LEV circulation without
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the spanwise velocity and the spanwise convection of
vorticity.
Furthermore, the seed’s blade geometry alongside the seed’s kinematics play important roles in stabilizing the LEV. Kruyt et al [19, 20] showed that the
seed’s aspect ratio (AR) influences the attachment of
the LEV on the blade’s surface. Their findings suggest
that the LEV will remain attached for revolving blades
that have aspect ratios less than four. Additionally,
Limacher and Rival [21] indicated that the tip-speed
ratio (λ) of a rotating plate governs the topology of the
flow around the plate. As the tip-speed ratio increases,
the flow around the rotating plate transitions from a
flow behind a bluff body into a stable LEV [21]. Furthermore, Wong et al [22] investigated the effect of
the spanwise distribution of effective angle of attack
on LEV growth on rotating and flapping wings. It
was shown that the spanwise vorticity gradient, produced by the gradient of the spanwise effective angle of
attack, coupled with the spanwise flow, causes the LEV
circulation to redistribute along the wing. Therefore,
from this study it was concluded that the distribution
of the spanwise effective angle of attack plays a significant role in LEV growth and stabilization [22].
Studying the flight mechanisms of samara seeds
helps in designing efficient energy-extracting rotor
systems with stable outputs in unsteady environments.
The influence of axial gusts on the response of a typical
low-inertia rotor was investigated experimentally by El
Makdah et al [3] using a towing-tank facility. In this
initial study, gust profiles were modelled as ramp functions of the freestream velocity with differing slopes,
and were simulated by accelerating the rotor model
in a towing tank. It was found that the tip-speed ratio
increased by 38% during the fastest tested gust.
The objective of the present study is to exper
imentally investigate the response of a samarainspired rotor during the gusts. Furthermore, the
LEV stability during the gust on the samara-inspired
rotor is also investigated using time-resolved PIV.
The samara-inspired rotor is designed to utilize LEVs
similar to samara seeds. Since tip-speed ratio (λ) and
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Figure 2. The effective angle-of-attack (αef f ) distribution for the samara-inspired, reference, and generic low-inertia [3] rotors at a
tip-speed ratio (λ) of 4. The distribution of effective angle of attack is also plotted for a typical samara seed, taken from Arranz et al
[14]. The samara-inspired rotor and the reference rotor were designed to experience separated flow, while the generic low-inertia
rotor was designed to experience attached flow.

aspect ratio (AR) of a samara seed’s wing were identified as essential parameters for LEV stability by previous studies [7, 20, 21], the samara-inspired rotor
matches the tip-speed ratio and the aspect ratio of
samara seeds. Furthermore, a study performed by
Wong et al [22] suggested that the gradient of effective
angle-of-attack spanwise distribution is also crucial
for LEV stability. Hence, the samara-inspired rotor
also matches the effective angle-of-attack distribution
of samara seeds.
In the current study, PIV measurements are performed on the flow around the blades of the samarainspired rotor subjected to steady freestream to show
that the rotor exhibits a stably-attached LEV. The flow
structure around the blades of the samara-inspired
rotor is also compared to a reference rotor in order to
examine the role of the samara-like effective angle-ofattack distribution on LEV stability. The blades of the
reference rotor possess the same aspect ratio and operate at the same tip-speed ratio as the samara-inspired
rotor. However, the reference rotor’s blades have a constant effective angle of attack. Afterwards, using direct
speed measurements, the response of the samarainspired rotor during different gust profiles is investigated. Finally, PIV measurements are also performed
on the flow around the blades to examine LEV stability
during the gust.
The following section presents the methodology
used in the current study. The results are then presented and discussed in sections 3 and 4, respectively.
Finally, the conclusions of the current study are presented in the last section.
3

2. Methods
2.1. Rotor models and test rig
In the current study, a samara-inspired three-bladed
rotor model, shown in figure 1(b), was designed to
exhibit a stably-attached LEV similar to samara seeds.
Therefore, the samara-inspired rotor was designed to
operate at a tip-speed ratio (λ) of 4, which is within
the tip-speed ratios range (1.5  λ  5.5) reported
for samara seeds in [5]. Furthermore, the blades of the
samara-inspired rotor have an aspect ratio (AR) of 3,
and they are without a twist to produce a distribution
of spanwise effective angle of attack similar to that of a
typical samara seed (figure 2). It should be noted that
the aspect ratio of the blades of the rotor model tested
here is less than 4, which is required for LEV stability
on rotating blades [20].
A reference rotor (figure 1(c)) was used to investigate the role of the samara-like effective angle-of-attack
distribution on LEV stability. The blades of the reference rotor were twisted to produce a constant effective
angle of attack (αef f ) of 30◦ at a tip-speed ratio (λ) of
4. The effective angle of attack of 30◦ was chosen for
the reference rotor to allow direct comparison of the
flow structure between the samara-inspired and the
reference rotors at the 1/2-span radial location, where
the effective angle of attack of the samara-inspired
rotor is approximately 27◦. Moreover, the blades of the
reference rotor possessed similar aspect ratios as the
samara-inspired rotor (AR  =  3).
The rotor models were 3D-printed out of Acrylonitrile Butadiene Styrene (ABS) plastic with a
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Figure 3. (a) Schematic of the experimental rig depicting the rotor model and the sensor assembly. (b) Schematic of the rig installed
in the towing-tank facility.

printing resolution of 0.127 mm. Both rotor models
have a diameter of 30 cm producing a blockage ratio
of 7.1%, based on swept area, in the towing tank. The
blades of both rotors have a constant chord, and an airfoil profile of SD7003 suitable for the chord Reynolds
number independent lift-drag coefficients over the
operating range of 60 000 < Re < 300 000 [24]. Both
rotor models were designed to operate at λ = 4 for an
incoming flow velocity of U∞ = 0.8 m s−1.
The gust response of the samara-inspired rotor was
compared to the gust response of a generic low-inertia rotor. The generic low-inertia rotor was tested in a
previous study by El Makdah et al [3]. The diameter
of the rotor is 30 cm, and the blades are designed with
SD7003 airfoil profile. Furthermore, the blades were
designed with a constant chord, an aspect ratio of 3,
and with twist producing a constant spanwise effective
angle of attack of 10◦ at λ = 4. Unlike the rotor models
tested in the current study, the generic rotor model was
designed to experience attached flow condition on its
blades.
A custom experimental rig, shown in figure 3(a),
was used to examine the unsteady response of the
samara-inspired rotor models. The rotor model was
installed at the end of the sting, and the rotor’s rotation
is transmitted to the sensor assembly via a 1:1 chain
drive. The rotor speed and torque were measured by
R ITD69H00) and a
a magnetic encoder (Baumer
R

torque sensor (HBM T22), respectively. Both sensors were sampled at a frequency of 1 kHz. Moreover, a
R CPM-MCVC-2311S-RQN)
servo motor (ClearPath
was used to help the samara-inspired rotor to start
spinning at the beginning of each test run, and to drive
the reference rotor throughout the entire run. It should
be noted that no brake was applied on the rotor in all
the experiments.
4

2.2. Rotor-response and particle image velocimetry
(PIV) measurements
All experiments were performed in an optical towingtank facility at Queen’s University. The towing tank has
a 15m-long test section and a 1 m × 1 m cross-section.
The tank is enclosed by a roof along its entire length
to eliminate free-surface effects. The roof has a 70 mm
wide opening to allow for mounting and towing the
test article, as shown in figure 3(b). The experimental
rig was mounted in the towing tank such that the
rotor’s axis of rotation is aligned with the centre axis
of the tank.
Gusts are defined as a sudden change of the wind
speed with amplitudes of 30%–50% [25]. In the present study, gusts were modelled as ramp functions of
the freestream speed, and were simulated by accelerating the rotor model from 0.8 m s−1 to 1.2 m s−1 with
different towing accelerations. The dimensionless time
and gust duration are denoted by t* and tg∗, and were
defined by:
t(U2 − U1 )
(1)
t∗ =
,
D
1 (U2 − U1 )2
(2)
,
tg∗ =
a
D

where t is dimensional time, U1 is the steady towing
speed before the start of the gust, U2 is the steady
towing speed after the end of the gust, D is the diameter
of the rotor model, and a is the dimensional towing
acceleration. Four gust profiles (ramps) were tested
as follows: tg∗ = 0.5, 1, 2, and 4 (figure 4). For a typical
small wind turbine with a diameter of 16 m, the slowest
and the fastest tested gusts (tg∗ = 4 and tg∗ = 0.5) are
equivalent to the change of wind speed from 12 m s−1
to 18 m s−1 in 10 s and 1.3 s, respectively.
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Figure 4. Gust profiles tested in the present study. The normalized towing velocity is plotted against the dimensionless time. U1 is
the steady towing speed before the start of the gust. Gust profiles are modelled as ramp functions with differing slopes. The nontwisted rotor was accelerated from 0.8 m s−1 to 1.2 m s−1 to represent extreme gust events. For all test cases, the gust starts at t*  =  0.

Figure 5. (a) The experimental set-up for the PIV measurements, including the location of the field of view (FoV). (b) The
coordinate system used and the flow velocity triangle, where W, Ω, r, and U∞ are the resultant flow velocity, rotor’s rotational speed,
radial location, and the freestream velocity, respectively.

Time-resolved particle image velocimetry (PIV)
was performed to measure the flowfield around the
rotor’s blades at varying radial locations. A highR
SA4), with a resolution
speed camera (Photron
of 1024 × 1024 pixels, was used to capture the flowfield. The field of view (FoV) was 1.5c × 1.5c (c is the
chord), which was centred at the rotor’s axis of rotation, as depicted in figure 5(a). The coordinate system
was placed at the leading edge of the rotor’s blade such
that the x-axis is pointing in the opposite direction of
the towing velocity, and the y -axis is pointing upward
towards the ceiling of the tank, as shown in figure 5(b).
R
A high-speed laser (Photonics
DM40-527) was used
to form a 3 mm-thick laser sheet to illuminate the FoV.
The tank was seeded with neutrally buoyant, 10 µm
hollow-glass spherical particles. The laser and camera

5

were synchronized, and were operated at 2000 kHz for
all test cases.
The PIV measurements were performed at three
different radial locations: 1/4-span, 1/2-span, and
3/4-span. The PIV measurements were repeated and
recorded 10 times for each case, and the results were
phase-averaged according to both the rotor’s angular position (φ) and the gust phase (t ∗ /tg∗ ). The raw
R 8.4. The
images were post-processed using DaVis
velocity vectors were computed using a two-pass crosscorrelation algorithm with 50% overlap with a final
interrogation window of 32 × 32 pixels. The particle
positions were calculated within sub-pixel accuracy
of ±0.1 pixel. The average pixel displacement was
approximately 8 pixels, resulting in an estimated velocity error of 1.4%. Thus, the maximum uncertainties
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Figure 6. Contour plots of the phase-averaged, out-of-plane vorticity distribution (ωz c/U∞ ) around the rotors’ blades during
steady freestream velocity (U∞ = 0.8 m s−1), and plots of vortex-core locations. Vortex-core location was obtained from 24–27
instantaneous vorticity fields. (a) and (b) Show the plots for the non-twisted and the twisted rotors, respectively. The velocity
triangle of the flow is also shown, where W, Ω, r, and U∞ are the resultant flow velocity, rotor’s rotational speed, radial location, and
the freestream velocity, respectively. The samara-inspired rotor exhibited a stable LEV, while the reference rotor exhibited unstable
LEV shedding.

for the normalized vorticity and circulation were estimated as 3.3% and 4%, respectively. Finally, the resultant velocity fields were filtered and smoothed using
median and Gaussian filters, respectively.

3. Results
3.1. Samara-inspired rotor versus reference rotor:
the influence of spanwise effective angle-of-attack
distribution on LEV stability
PIV measurements were performed on the flow
around the blades for both rotor models to investigate
the effect of the spanwise effective angle-of-attack
distribution on LEV stability. The reference rotor was
designed to have a constant effective angle of attack of
30◦ along the blade span at λ = 4. It should be noted
that the blades of both rotors have the same aspect
ratio, and both rotors operate at λ = 4 for a freestream
velocity of U∞ = 0.8 m s−1. (Re = 239 520 based on
rotor diameter D  =  30 cm).
Vorticity fields were computed from the velocity vector fields using the least square differentiation
method described in Raffel et al [26]. The phaseaveraged, normalized vorticity (ωz c/U∞ ) contours
6

are plotted in figure 6 for the samara-inspired and the
reference rotor models during steady freestream velocity of 0.8 m s−1. Furthermore, swirl strength was used
to identify the vortices’ cores, which are also plotted
in figure 6 for both rotor models. The average vorticity fields and the vortex locations were obtained from
24–27 instantaneous PIV realizations. The vorticity
fields alongside the vortex locations show that the
samara-inspired rotor exhibited a stable LEV, while
the reference rotor exhibited unstable LEV shedding.
As mentioned in section 2, it should be noted that the
reference rotor, unlike the samara-inspired rotor, was
not able to rotate on its own, and the rotor was forced
to rotate by an external drive. Therefore, the reference
rotor did not generate lift required to drive the rotor.
Accordingly, having a spanwise distribution of effective angles of attack similar to that of samara seeds
appear to contribute to LEV stability (lift generation).
Since the reference rotor model was unable to
rotate without the help of an external drive, the influence of gusts on the flow structure around its blades
was not investigated further. Consequently, the following subsections focus only on the influence of gusts on
the samara-inspired rotor.
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Figure 7. Instantaneous tip-speed ratio of the samara-inspired rotor and a generic low-inertia rotor. The gust-response data for
the generic low-inertia rotor is taken from El Makdah et al [3]. The samara-inspired rotor demonstrated a nearly constant tip-speed
ratio (λ) during the gust. The tip-speed ratio of the samara-inspired rotor increased by 15% during the fastest gust (tg∗ = 0.5), while
the tip-speed ratio of the generic low-inertia rotor increased by 38% for the same gust profile.

3.2. Gust response of the samara-inspired rotor
The gust response of the samara-inspired rotor was
investigated experimentally by accelerating the rotor
model in the towing-tank facility. Figure 7 shows the
instantaneous tip-speed ratio during the gust for the
samara-inspired rotor alongside the instantaneous
tip-speed ratio of a generic low-inertia rotor model
taken from El Makdah et al [3]. The instantaneous tipspeed ratio was normalized by the initial tip seed ratio
(λ1 = 4) of the rotor prior to the gust. Interestingly,
the samara-inspired rotor had a nearly stable tip-speed
ratio during the gust compared to the generic lowinertia rotor. During the fastest gust (tg∗ = 0.5), the
tip-speed ratio of the samara-inspired rotor increased
by only 15%, whereas the tip-speed ratio of the generic
low-inertia rotor increased by 38%. Furthermore, the
overshoot of the samara-inspired rotor’s tip-speed
ratio observed at the end of the gust (t ∗ /tg∗ ≈ 1) is
lower than the overshoot of the generic low-inertia
rotor’s tip-speed ratio for all tested gust profiles. After
the end of the gust (t ∗ /tg∗ ≈ 1), the tip-speed ratio of
the samara-inspired rotor decreased to a minimum
value that is lower than the initial steady tip-speed
ratio before the gust. Eventually, the tip-speed ratio of
the samara-inspired rotor reached its previous initial
steady tip-speed ratio, as shown in the fastest gust plot
(tg∗ = 0.5) in figure 7. It should be noted that the tipspeed ratio of the samara-inspired rotor will eventually
7

reach the initial steady tip-speed ratio in all the tested
gusts. However, the test runs for the gusts (tg∗ = 1, 2,
3, 4) ended before the tip-speed ratio reached its final
steady value due to the limited length of the towing
tank.
3.3. Influence of gusts on LEV stability for the
samara-inspired rotor
Time-resolved planar PIV was performed on the flow
around the blades of the samara-inspired rotor to
investigate the influence of gusts on LEV stability. The
PIV measurements were performed at the time instant
(t ∗ /tg∗ = 0.5) during the second-fastest gust (tg∗ = 1).
The gust profile, tg∗ = 1, was chosen in particular for
its relatively long gust dimensional time duration,
which allowed the collection of enough time-resolved
flow realizations during the gust. However, these
results are expected to be representative of all four gust
waveforms considered here.
Figure 8 shows the contour plots of the phaseaveraged, normalized vorticity (ωz c/U∞ ) at three
different spanwise locations on the rotor’s blades.
Additionally, the locations of the vortex cores obtained
from the instantaneous vorticity fields are also plotted in figure 8. The locations of the vortex cores were
identified using swirl strength on 24–27 instantaneous
vorticity fields. Interestingly, the LEV remained stablyattached in all three tested radial positions. Thus, for
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Figure 8. Contour plots of the phase-averaged, out-of-plane vorticity distribution (ωz c/U∞ ) around the samara-inspired rotor’s
blades during the gust (tg∗ = 1), and plots of the locations of vortex cores. The vortex-core locations were obtained from 24–27
instantaneous vorticity fields. The velocity triangle of the flow is also shown, where W, Ω, r, and U∞ are the resultant flow velocity,
rotor’s rotational speed, radial location, and the freestream velocity, respectively. During the gust, the LEV remained stably-attached
on all spanwise planes considered.

Figure 9. Average normalized circulation of the LEV for the steady case (U∞ = 0.8 m s−1), and for the gust case at time instant
(t ∗ /tg∗ = 0.5). The error bars mark the precision error at a 95% confidence level. During the gust, the circulation of the LEV
remained constant leading to a stable LEV.

8
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Figure 10. Schematic of a leading-edge vortex (LEV). The
velocity triangle of the flow is also shown, where W, Ω, r, and
U∞ are the resultant flow velocity, rotor’s rotational speed,
radial location, and the freestream velocity, respectively.
Az and Lx are the cross-sectional area of the LEV and the
leading-edge boundary line of the LEV, respectively.

this particular samara-inspired rotor, the LEV stability
appears to be insensitive to the sudden change of the
freestream velocity.
The average normalized circulation of the LEV
during the gust at time instant (t ∗ /tg∗ = 0.5) and during the steady case (U∞ = 0.8 m s−1) are plotted for
the samara-inspired rotor in figure 9. The vorticity
integration area used to estimate the LEV circulation is
shown by a dashed rectangle shown in figure 10. Interestingly, the normalized LEV circulation remained
constant during the gust at all tested radial positions.
This finding suggests that the time rate of change of the
LEV circulation is negligible during the gust leading to
the stability of the LEV.

4. Discussion
Previous investigations [15, 19–22] identified the key
geometric and aerodynamic characteristics required for
LEV stability. Lentink et al [15] and Kruyt et al [19, 20]
identified that Rossby number and blade aspect ratio
were essential for LEV stability on revolving wings.
Limacher and Rival [21] investigated the effect of
tip-speed ratio on the flow topology on rotating
plates. They found that the flow around a rotating
plate transitions from a flow behind a bluff body
into a stable LEV as the tip-speed ratio increases.
Furthermore, Wong et al [22] concluded that the
spanwise distribution of effective angle of attack plays
an important role in LEV growth and stability through
balancing the LEV circulation.
In the current study, the blades of the reference
and the samara-inspired rotors were designed to have
aspect ratios in the range of values reported in the literature for samara seeds. Similarly, both rotor models
9

are designed to operate at λ = 4, which is in the range
of the required tip-speed ratios for LEV stability. The
blades of the samara-inspired rotor are designed to
possess a spanwise distribution of effective angle
of attack similar to samara seeds, while the blades of
the reference rotor possess a constant spanwise effective angle of attack. Although previous studies have
established the role of spanwise distribution of effective angle of attack on LEV stability, these aforementioned studies only considered driven rotating blades
and rotors. In contrast, the current study considers the
influence of a samara-like spanwise distribution of
effective angle of attack on LEV stability in momentum-extracting rotors analogous to samara-seed autorotation. Although this study did not investigate the
influence of different spanwise distributions of effective angle of attack, it is shown that the LEV cannot be
stabilized with a constant spanwise effective angle of
attack.
One of the main objectives of the current study was
to investigate the influence of axial gusts on LEV stability and on the response of a samara-inspired rotor, i.e.
the samara-inspired rotor. El Makdah et al [3] showed
experimentally that the tip-speed ratio of a generic
low-inertia rotor will change suddenly during gusts
(figure 7). Since rotor systems have optimal efficiency
at a certain tip-speed ratio [1, 27], modern energyextracting rotor systems, such as small wind turbines,
are equipped with sophisticated control mechanisms
to ensure stable tip-speed ratios during gusts [25]. On
the other hand, the samara-inspired rotor maintained
passively a relatively stable tip-speed ratio during the
tested gusts. Thus, samara-inspired rotor systems will
maintain their optimal efficiency in unsteady environ
ments without the need of active control mechanisms.
Furthermore, El Makdah et al [3], using a vortex
model in the wake, found that the circulatory forces
on the rotor’s blades were responsible for the sudden
change of the output of low-inertia rotors during the
gusts. Therefore, manipulating the flow around the
rotor’s blades, and hence the circulatory forces, will
mitigate the effects of gusts on the rotor’s response.
Figure 8 suggests that LEV stability on the samarainspired rotor is insensitive to gusts. Thus, LEVs appear
to have a self-regulatory mechanism that maintains
LEV strength and stability.
To analyse the LEV stability during the gusts,
we consider the integral vorticity transport equation along the spanwise direction of the blades:


dΓz
∂ωz
∂uz
∂uz
=
dAz +
+ ωx
)dAz
−uz
(ωy
dt
∂z
∂y
∂x
Az
Az

(3)
+
uy ωz dL − φ,
Lx


where the terms from left to right are the time rate
of change of LEV circulation (Γz ), the spanwise
convection term, the vortex tilting and stretching
terms, the shear-layer flux of circulation through Lx,
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and vorticity annihilation (φ). The parameters Az
and Lx are defined in figure 10. Similarly to Wojcik
and Buchholz [17] and Wong et al [22], the LEV can
be assumed to be aligned approximately parallel with
the span of the blade. Consequently, the stretching
and tilting terms can be assumed to be negligible. In
order for the LEV to stabilize on a steadily-rotating
blade, the time rate of change of LEV circulation
should be negligible. The LEV strength will increase
z
until it detaches when dΓ
dt > 0 , and the LEV will be
dΓz
annihilated when dt < 0 . Consequently, the shearlayer flux of circulation through Lx should be balanced
by the spanwise convection of vorticity and vorticity
annihilation (φ). In the current study, the circulation
of the LEV (Γz ) at the measured time instant during the
gust was slightly larger than the LEV circulation prior
to the start of the gust for the samara-inspired rotor
(figure 9). Thus, it appears that the time rate of change
z
of LEV circulation (dΓ
dt ) is approximately zero during
the tested gust. Assuming a constant annihilation term
(φ) during the gust, and that the spanwise vorticity
z
gradient (∂ω
∂z ) and the cross-sectional area (Az) the
LEV did not change during the gust, the spanwise
flow velocity (uz) should increase proportionally with
the shear-layer velocity (uy) in order to balance the
shear-layer flux of circulation by the vorticity spanwise
convection.
In addition, since the tip-speed ratio was relatively
stable during the gust (tg∗ = 1), the effective angle of
attack did not change considerably during the gust.
Therefore, it appears that the samara’s distribution of
effective angle of attack is coupled with stable LEVs.
Thus, samara seeds and samara-inspired rotors are
expected to have robust rotation when subjected to
unsteady flows such as gusts.

attack distribution contributes to LEV stability in
momentum-extracting rotors. Moreover, compared
to a generic low-inertia rotor [3], the samara-inspired
rotor exhibited relatively stable tip-speed ratio during
the tested gusts. The tip-speed ratio of the samarainspired rotor increased by 15% during the fastest
tested gust, while the tip-speed ratio of a generic lowinertia rotor [3] increased by 38% during the same
gust. Therefore, the efficiency and the output of a rotor
systems with a samara-inspired rotor will be insensitive to sudden changes in the freestream velocity.
Additionally, the LEV remained stably-attached in the
samara-inspired rotor during the gust.
The vorticity transport equation was used to gain
insights into the mechanisms associated with the stable tip-speed ratio during the gusts. A constant tipspeed ratio during the gust suggests that the LEV is stabilized through balancing the shear-layer circulation
flux with the spanwise convection of LEV vorticity.
Therefore, this study suggests that stable rotation, i.e.
constant tip-speed ratio, during gusts is coupled with
LEV stability.
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