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Abstract In this study the flow around a winged-seed in auto-rotation is
characterized using direct numerical simulations (DNS) at Reynolds number
in the range 80 − 240, based on the descent speed and a characteristic chord
length. In this range, the flow is approximately steady when observed from a
reference frame fixed to the seed. For all cases, the flow structure consists of a
wing tip vortex which describes a helical path, a vortex shed behind the nut of
the seed and a stable leading edge vortex above the wing surface which merges
with the tip vortex. With increasing Reynolds number, the leading edge vortex
becomes more intense and gets closer to the wing surface. The simulation
results also show the formation of a spanwise flow on the upper surface of the
wing, moving fluid towards the wing tip in a region downstream and beneath
the leading edge vortex. This spanwise flow is rather weak inside the core
of the leading edge vortex, and the analysis of the streamlines show a very
weak transport of vorticity along the vortex for the cases under consideration.
The analysis of the flow suggests that the stabilization of the leading edge
vortex is mainly due to non-inertial accelerations, although viscous effects
may contribute, specially at lower Re. Furthermore, the leading edge vortex
has been characterized by analysing the flow variables averaged along cross-
sections of the vortex. While some quantities, like the spanwise velocity or the
pressure inside the vortex, are rather insensitive to the threshold used to define
the leading edge vortex, the same is not true for the circulation of the vortex or
its averaged spanwise vorticity, due to the viscous nature of the vortex. Finally,
it is observed that the spanwise vorticity scales with the angular rotation of
the seed for the different Re.
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1 Introduction

Geometric and inertia properties of certain bodies induce their rotation when
falling through an ambient fluid at rest. Winged seeds, or samaras, are a clear
example: when they fall from their tree, they start auto-rotating thanks to
their structural pattern [25]. The particular case of the samara is interesting
among other auto-rotative bodies because, as it rotates, it creates a high lifting
force, opposite to the gravity force, which results in a decrease of its descent
speed. This ”parachuting effect” increases the chance of being transported by
a lateral gust wind, thus allowing the seed to spread over a wider area [11].

The auto-rotation of winged-seeds has received some attention in the lit-
erature over the last decades. Probably one of the first detailed studies on the
dynamics of auto-rotation of winged-seeds is due to Norberg [25], who studied
this phenomenon theoretically. Later, Azuma and Yasuda [3] report kinematic
and aerodynamic parameters for different winged-seeds species, based on ex-
perimental measurements. More recent studies focus on the characterization of
the parametric space where winged-seeds auto-rotate, in terms of their geome-
try and their mass distribution. For instance, Yasuda and Azuma [36] analyse
the influence of the position of the gravity centre and the geometry of the
wing, performing experiments with both real seeds and models with simplified
geometries. Similarly, Varshney et al. [35] present a series of experiments on
winged-seeds, in which sections of the wing are systematically removed until
the wing surface is reduced to 30% of the original value. They report that the
seed is still able to enter into auto-rotation, despite these drastic structural
changes. Seter and Rosen [31] conducted a stability analysis, using a numerical
model, to analyse the effect of the mass distribution of the seed on its auto-
rotation. Their results show that stability is highly dependent on the chordwise
distribution, being a concentrated mass towards the leading edge a necessary
condition for auto-rotation. More recently, Lee and Choi [16] performed direct
numerical simulations to analyse the effect of lateral wind disturbances on the
trajectory of the seed. They show that in the presence of moderately strong
wind (of the order of the descent velocity) the autorotation is maintained, and
the seed falls at roughly the same velocity.

On the other hand, the autorotation of winged seeds has motivated the
development of some bio-inspired aerial vehicles [26,9,34,29]. Lentink and co-
workers found that a stable leading edge vortex (LEV), similar to the one
produced in flapping wings [8], is created on the upper surface of winged seeds
as they auto-rotate [19]. The presence of a stable LEV was later confirmed
by Salcedo et al. [30] and Lee et al. [17] in winged-seeds of different size and
shape, suggesting that leading edge vortex formation is a common mechanism
in auto-rotating seeds. Due to the interest in the development of bio-inspired
micro air vehicles (MAV) and the role that the LEV plays in the aerodynamic
performance of flapping wings, the relevance of this discovery can be easily
understood: the flow around a steadily falling seed is simpler than the fully
unsteady flow over the flapping wings of animals. In the former, the LEV
remains always attached, reaching a quasi-steady state. In flapping wings, a
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new LEV is generated in every stroke, to be shed into the wake at the stroke
reversal.

In fact, the study of LEV stability on revolving and flapping wings is a
topic of active research. There is a broad literature (including both experi-
mental and numerical studies) discussing the stabilization mechanisms of the
LEV in revolving and hovering wings [10,12,15,14,18,20,5,6,28]. Although
the understanding of the phenomenon is far from complete, several mecha-
nisms have been already identified. The existence of a spanwise flow inside
the LEV, which drains vorticity towards the tip, is widely accepted as a sta-
bilization mechanism for revolving wings at Re & 1000 [4,6,15]. At lower Re,
the spanwise flow is weaker; thus, although vorticity transport could still bal-
ance production at the leading edge (see [28]), other mechanisms may play an
important role, such as a centrifugal pumping [18], or viscous effects [14].

It is also interesting to note that, in the references of the previous para-
graph, the simulations and the experiments are conducted on wings which are
impulsively started and they revolve with a certain amplitude while the LEV
develops. This angular amplitude is always restricted to be less than 360◦ to
avoid the wing encountering its own wake. In the case of the winged-seed falling
in ambient fluid, the seed never encounters its own wake. This, together with
the low Reynolds number under consideration, means that the LEV remains
always attached and steady.

Besides its advantages for the study of the dynamics of the LEV, the study
of samara’s auto-rotation entails several challenges. Auto-rotation is the result
of the coupling between inertia and aerodynamic force, thus it is inherently a
non-linear phenomenon [21]. As a consequence, the motion and attitude of the
seed are not known a priori so that it is necessary to solve the Newton-Euler
equations of the seed coupled with the Navier-Stokes equations, which provide
the aerodynamic force. Therefore, the resulting motion will largely depend on
the seed’s shape, its mass distribution, and the fluid properties, leading to a
large parametric space.

The purpose of the present paper is to characterize the flow and the LEV
around a model winged-seed (with fixed shape and inertia properties) in auto-
rotation, varying the Reynolds number (Re = wdc/ν, where wd is the descent
speed, c is the characteristic chord of the seed, and ν is the kinematic viscosity
of the fluid). To that end, direct numerical simulations of a falling winged
seed in auto-rotation are performed at Re ranging from 80 to 240. Note that,
by fixing the geometry and the inertia of the seed while changing Re, it is
possible to isolate its effect on the auto-rotation of the seed, both in terms
of the dynamics (which will vary due to the aforementioned coupling) and in
terms of the flow around the seed. The present paper focus on the analysis
of the latter. Although we also briefly discuss the motion of the winged seed
(since it affects the flow), the detailed analysis of the kinematics and dynamics
of the seed is reported elsewhere [2].

The paper is structured as follows: Sect. 2 details the numerical model used
to perform the simulations, as well as the seed model and the set-up of the
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simulations; the analysis of the flow is presented in Sect. 3; and finally, several
conclusions are drawn in Sect. 4.

2 Methodology

2.1 Numerical model

In the present study the descent of a model winged-seed at a constant speed
wd is considered. The seed is free to rotate along any direction and its gravity
centre, G, can displace within the horizontal plane.

To simulate the motion of the seed, it is treated as a rigid body. Hence, we
solve the equations of motion of the seed,

ms~̇vG = ~Fext , (1)

IG ~̇Ω + ~Ω × IG ~Ω = ~MG. (2)

In these equations, a dot on a variable denotes its time derivative. In (1), ms

is the mass of the seed, ~vG is the velocity of the seed’s gravity centre and ~Fext

is the external force acting upon the seed (sum of aerodynamic force, gravity
force and buoyant force). In (2), IG is the inertia tensor of the seed with respect

to G, ~Ω is the angular velocity, and ~MG are the external moments about G.
Note that (2) holds when expressed in a body fixed reference frame, where IG
is time independent. Moreover, ~MG is due only to aerodynamic forces, which
is strictly true for a seed of uniform density.

In order to obtain the aerodynamic force acting upon the seed, the equa-
tions of motion are solved together with the incompressible Navier-Stokes
equations. This is done with TUCAN, an in-house DNS code that solves the in-
compressible Navier-Stokes equations. TUCAN uses a fractional step method
on a staggered grid. Spatial derivatives are discretized with centered, second-
order finite differences, and a semi-implicit low-storage three-stage Runge-
Kutta method is used for time integration. The presence of the body is mod-
elled using the immersed boundary method (IBM) proposed by Uhlmann [33].
More details on the flow solver can be found in Moriche [22], which has been
validated with a collection of 2D (Poiseuille flow, Taylor-Green vortices, sta-
tionary and moving cylinders and heaving and pitching airfoils [24]), and 3D
flows (fully-developed turbulent channel flow, laminar flow around a sphere
and heaving and pitching wings [23]).

The coupling between the Navier-Stokes equations and the equations of
motion also follows the algorithm proposed by Uhlmann [33]. The coupling
between the rigid-body equations for the seed and the fluid equations is weak:
at each Runge-Kutta stage the aerodynamic force on the seed is computed
from the flow solver, then this force is used in the rigid-body equations to up-
date the state of the seed. The most important difference between the present
code and the algorithm proposed by Uhlmann [33] is that the latter is de-
signed to deal with spheres, where only their angular velocity and acceleration
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Fig. 1: Sketch of the modelled seed used in the simulations. (a) Top view,
and (b) side view. Besides the characteristic dimensions of the seed, the body
fixed reference frame, Σc (xc, yc, zc), the geometric centre of the nut, C, the
gravity centre, G, and the position of the leading edge (LE) are shown.

is needed (i.e., not their angular orientation). In the present simulations it is
necessary to track the orientation of the seed, which is accomplished with the
quaternion formulation described in Arranz et al. [2]. The present algorithm
has been validated by computing the motion of an oblate spheroid of aspect
ratio 1.5 and density ratio ρs/ρf = 2.14 (where ρs and ρf are the spheroid and
fluid density, respectively) settling under gravity in ambient fluid, a configura-
tion for which high-fidelity data from a boundary-conforming spectral-element
method is available [7]. Using a grid resolution of 24 points per major axis,
we have reproduced the instability regimes described in [7], and their transi-
tions with increasing the Galileo number, Ga =

√
(ρs/ρf − 1)gV /ν, where g

is the gravity acceleration and V is the volume of the spheroid. In particu-
lar our validation runs show a steady vertical trajectory for Ga = 96, steady
oblique for Ga = 110, oscillating oblique for Ga = 122 and vertical with lateral
oscillations for Ga = 150.

The model of the seed has been inspired by an actual Tipuana Tipu seed.
A sketch of the model is shown in Fig. 1. It consists of a nut, modelled as an
oblate spheroid, and a flat wing, modelled with quarters of ellipses, which are
tangent to each other, as proposed by Pedersen and Żbikowski [27]. We define
the characteristic chord of the seed to be equal to the maximum chord, denoted
c. Thus, the dimensions of the wing are given by b = 1.9c and bTE = 1.32c.
The semi-major axis of the nut is 0.3c and the semi-minor axis is 0.18c. Fig. 1
depicts also the body fixed reference frame Σc, whose origin is located at the
geometric centre of the nut (point C). The axes of Σc are defined such that zc
is perpendicular to the wing’s surface, yc is the spanwise direction (pointing
towards the wing tip), and xc is the chordwise direction (fulfilling the right
hand rule).

We prescribe the inertia of the seed in order to take into account the uneven
mass distribution along the wing of the seed [25]. Thus, the gravity centre of

the seed is at ~CG = −0.018c~ic + 0.185c~jc (where ~CG is the vector from C to
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G and ~ic and ~jc are the unitary vectors of xc and yc, respectively); and the
inertia tensor of the seed about C expressed in Σc is:

IC =

19.26 −0.99 0
−0.99 3.20 0

0 0 21.57

 · 10−3ρsc
5,

where ρs is the density of the seed. A more complete description of the geo-
metric and inertial model of the seed can be found in Arranz et al. [2].

2.2 Computational set-up

The fluid domain employed for the simulations is a cube of length L = 10.66c
in which the seed is placed. Periodic boundary conditions are imposed at the
lateral walls, a uniform inflow of velocity wd is imposed at the bottom wall, and
an advective boundary condition is imposed at the top boundary. The value
of L has been selected after performing several simulations to ensure that the
dynamics of the seed is not affected by the horizontal size of the computational
domain. The grid resolution consists of 5123 grid points, which is equivalent
to 48 points per chord length. The resolution was selected after performing a
grid refinement study presented in Arranz et al. [2]. In addition to the grid
for the fluid domain, a Lagrangian grid for the seed needs to be defined. In
the IBM of Uhlmann [33], the area associated to each Lagrangian point has
to be roughly the same as the square of the grid spacing for the fluid domain.
In the present configuration, this leads to a total number of 5674 Lagrangian
points. The time step, ∆t, for the temporal evolution is chosen to ensure that
CFL = umax∆t/∆ ≤ 0.2, where umax is the maximum fluid velocity in the
whole domain and ∆ = c/48 is the grid spacing.

To perform the simulations, the vertical position of the seed’s gravity centre
is fixed at 3.66c from the bottom boundary of the domain (i.e., inflow bound-
ary condition). This means that the seed gravity centre can move within a
horizontal plane and the seed can rotate freely about any direction. Therefore,
the configuration is equivalent to a seed descending at a constant speed wd.
Consequently, for a given seed geometry and inertia, the Reynolds number,
Re, and the density ratio, % = ρs/ρf (where ρf is the fluid density), univo-
cally define the problem. For the present simulations, the density ratio is set
to % = 300, a value close to the one of real seeds falling in air (according to
data extracted from Azuma and Yasuda [3]).

3 Results

Although the aim of this work is to characterize the flow, we start by summa-
rizing the resulting motion of the seed and its variation with Re. More details
can be found in Arranz et al. [2].
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Fig.2:(a)DefinitionoftheseedreferenceframeΣc,andtheconing(β)and
pitch(θ)angles.(b)Evolutionoftheanglesβ( ),andθ( ),andthetip
speedratio,λ,( )asafunctionoftheReynoldsnumber.

ForallReynoldsnumberinvestigatedinthisstudy,theseedauto-rotatesat
anapproximatelyconstantangularvelocityaboutanapproximatelyvertical
axis(exceptforsmalldeviationswhichneverexceed2◦ withrespecttothe
vertical).Itisinterestingtorecallthattheproblempresentshysteresis:the
seedauto-rotatesatRe =80ifthesimulationisstartedfromaflowfield
obtainedfromahigherRe calculation,whereasitfailstoauto-rotateifthe
simulationisinitializedwithauniformflowfieldandanimpulsiverotation
oftheseed.DecreasingfurtherRe,thewingoftheseedalignswiththefree
streamandauto-rotationstops,evenforthesimulationsstartedfrominitial
flowfieldsobtainedfromhigherRecalculations.

Theangularvelocityandtheattitudeoftheseedchange with Re. The
latterisdefinedbytwoangles:theconingangle,β,andthepitchangle,θ.
Theconingangleistheanglebetweenthespanwiseaxis,yc,anditsprojection
ontothehorizontalplane.Thepitchangleisageometricangleofattack:itis
theanglebetweenthechordwiseaxis,xc,andthehorizontallinecontainedin
aplaneperpendiculartoyc.BothanglesaredepictedinFig.2a.

Fig.2bshowsthevariationwithReofβ,θandthetipspeedratio,defined
asλ=Ωb/wd,beingΩ theaverageangularvelocity.Itshouldbenotedthat
the motionoftheseedissuchthatboththeconingangleandthepitchangle
presentsmalloscillationsabouta meanvalue.Therefore,Fig.2bshowsthe
meanvalueof βandθ,togetherwiththeirstandarddeviation,depictedas
verticalbars.FromFig.2bitisobservedthatwhileλincreaseswithRe(i.e.,
theseedspinsfaster withRe),boththeconingangleandthepitchangle
decreasein magnitude.This meansthat,withincreasingRe,theseed’swing
becomes morealignedwiththehorizontalplane.

Thechangesinthekinematicsoftheseedhaveanimpactontheflow
aroundtheseed.ThisisillustratedinFig.3,thatdisplaysiso-surfacesofthe
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Fig. 3: Iso-surfaces of the second invariant of the velocity gradient tensor,
Q, for (a) Re = 80, (b) Re = 160, and (c) Re = 240. Light grey surface
corresponds to Q = 0.75Ω2 and dark grey surface corresponds to Q = 12Ω2

for each case.

second invariant of the velocity-gradient tensor, Q [13], for Re = 80, Re = 160
and Re = 240. Since the angular velocity changes with Re and the descent
velocity is constant for all the cases, we choose Ω2 to non-dimensionalize Q
in order to facilitate the comparison between the various cases. Three main
vortical structures can be identified for all Re: a wing tip vortex, a vortex shed
behind the nut, and an LEV which is formed above the wing and corresponds
to the darker grey surface in Fig. 3. The wing tip vortex wraps around a
vertical axis yielding a helical structure, whose pitch decreases with increasing
Re, indicating a faster rotation. The vortex shed behind the nut also forms
an helix with the same sense of rotation but smaller radius than the wing tip
vortex. This suggests that the axis of rotation is close to the nut (indeed it
is found approximately at the gravity centre [2]). Finally, the LEV seems to
become more intense with increasing Re, especially when comparing the cases
Re = 80 and 160. Note that the intensity of the LEV is usually related to the
lift, so that a more intense LEV results in a larger lift on the wing [2].

As discussed above, the coning angle, β, the pitch angle, θ, and the angular
velocity remain approximately constant as the seed falls, for a given Reynolds
number. As a consequence, and due to the low Reynolds number, the flow
around the seed is approximately steady when observed from a reference frame
fixed to the seed. Therefore, it seems appropriate to study the flow variables
with respect to the seed’s reference frame Σc. Thus, the time-averaged relative
velocity of a given point, ~x, is

~u(~x) =
1

T

∫ T

0

(
~U − ~vG − ~Ω × ~r

)
dt, (3)
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where ~U is the instantaneous absolute velocity, ~vG is the velocity of the seed’s
gravity centre, ~Ω is the instantaneous angular velocity and ~r is the vector
position fromG to ~x. Note that all the vectors in (3) need to be expressed inΣc.
For the present cases, the time average is performed over the last 2 revolutions
run in the simulation, discarding an initial transient whose duration varies with
the Reynolds number from about 10 revolutions for Re = 80 to 30 revolutions
for Re = 240 (see Arranz et al. [2]). Thus, T ≈ 4π/Ω, where Ω is the averaged
angular velocity of the seed. Similarly, the time-averaged relative vorticity is
defined as ~ω = ∇ × ~u, where again the curl is taken in the seed’s reference
frame Σc. From now on, all relative flow variables are implicitly assumed to
be averaged in time.

The second invariant of the time-averaged relative-velocity-gradient tensor,
q, can also be expressed in terms of the time averaged value of Q, the mean
angular velocity, Ω~k (being ~k the unit vector parallel to the rotation axis),
and ~ω,

q =
1

T

∫ T

0

Qdt−Ω2 −Ω~k · ~ω. (4)

Surfaces of constant q will be used in the following sections to identify and
characterize the LEV. Relevant quantities like the circulation of the LEV will
be shown to depend on the particular threshold value of q chosen to identify the
vortex, henceforth denoted as qth. Note that the range of qth to be employed is
implicitly limited by (4). At the inflow, Q and the absolute vorticity are zero,

so that ~ω = −2Ω~k and q = Ω2. Therefore, the threshold, qth, to be used to
identify the LEV has to be several times larger than q at the inflow.

3.1 Flow characterization

The flow around the winged seed, even when observed from Σc, is 3D and
rather complex, as it can be appreciated in Fig. 3. Hence, in order to charac-
terize the flow, we analyze it first in spanwise cross-sections. Three planes are
selected, namely yc = 0.25b, yc = 0.5b and yc = 0.75b, as sketched on top of
Figs. 4-6.

First, we analyze the relative spanwise vorticity in Fig. 4 since this is
the main component of the vorticity in the LEV. In the figure, contours of
ωy, are shown for the three cases, at the three spanwise locations mentioned
above. In addition to the vorticity contours, contours of q for the thresholds
6Ω2 and 12Ω2 are also displayed in the figure. This gives an indication of
the position of the LEV along the span for the different Re. Note that the
contours are normalized with the maximum spanwise vorticity (computed in
the fluid domain defined by yc = [0.3c, 1.9c] and the limits shown in Fig. 4),
ωy,maxc/wd = [46, 85, 107], for Re = 80, 160 and 240, respectively. Therefore, it
should be borne in mind that the intensity of the vorticity field shown in Fig. 4
increases with the Reynolds number. For all spanwise positions, the contours
of ωy and the contours of q look qualitatively similar, and, as expected, the
maximum of ωy is found inside the LEV. The main difference between the
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Fig. 4: Contours of the spanwise vorticity, ωy, normalized with the maximum
spanwise vorticity for each Re. Each row corresponds to a different Reynolds
number. The columns correspond (from left to right) to spanwise positions
at 25%, 50% and 75% of the span. For a visualization, the corresponding
spanwise plane is sketched above the column. Red contours correspond to the
intersection of the iso-surfaces of q = 6Ω2 and q = 12Ω2 with the plane.

three cases is that with increasing Re the LEV gets closer to the wing surface,
all along the span.

In the literature, the presence of an LEV near the wing surface is associated
with lift augmentation as a result of the low-pressure region developed in the
core of the LEV [19]. Fig. 5 shows the contours of the pressure (relative to the
pressure at the inflow) normalized with the absolute value of the minimum
pressure for each Reynolds number, pmin/(ρfw

2
d) = [1.3, 2.4, 3.0] for Re = 80,

160 and 240, respectively. Regardless of Re and the spanwise section, there is a
low pressure region above the wing whose peak is located near the LEV. This
low pressure region seems to be narrower near the wing root (see left panels
of Fig. 5, yc = 0.25b) and it widens towards the wing tip (see right panels of
Fig. 5, yc = 0.75b). Note that, as a result of larger pressure difference with
Re (recall that the values are normalized with pmin, which is larger for higher
Re), larger lifting forces are developed for the higher Reynolds numbers [2].

As discussed in the introduction, the stability of the LEV in revolving
wings has been widely studied in the literature. Several authors suggest that
the stabilization may be linked to the development of a spanwise flow over
the wing surface [4,6,28,19]. Therefore, it is interesting to analyze the relative
spanwise velocity, uy, for the present cases. This velocity is shown in Fig. 6 at
the same spanwise locations studied above. As before, uy is normalized with
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Fig. 5: Contours of the pressure normalized with the absolute value of the
minimum pressure for each Re. Each row correspond to a different Reynolds
number. The columns correspond (from left to right) to spanwise positions
at 25%, 50% and 75% of the span. For a visualization, the corresponding
spanwise plane is sketched above the column. Red contours correspond to the
intersection of the iso-surfaces of q = 6Ω2 and q = 12Ω2 with the plane.

the maximum spanwise velocity for each Re, uy,max/wd = [0.89, 1.10, 1.44].
First of all, a chordwise gradient of uy is observed for all cases. This velocity
gradient, which yields a positive uy upstream and a negative uy downstream is
due to the wing rotation, i.e. the last term of (3). Besides this linear variation,
a region of positive spanwise velocity is found above the wing, for all cases.
This spanwise flow (except near the nut) is behind and below the LEV, and
the peak of maximum uy never coincides with the core of the LEV but it is
downstream and beneath it. Its intensity decreases towards the tip and with
decreasing Re. Particularly, it is barely appreciable for Re = 80, whereas it
reaches a maximum at yc = 0.25b for Re = 240 (left panel of Fig. 6), being
approximately equal to 40% of the tip velocity.

The increase of the intensity of this spanwise flow with Re may be linked
to the centrifugal and Coriolis accelerations, as reported in previous works [32,
1]. Fig. 7 displays the contribution of these terms to the spanwise momentum

equation (namely, −[ ~Ω × ~Ω × ~r+ 2 ~Ω × ~u] ·~jc), normalized with its maximum
value for each Re, namely, 1.76w2

d/c, 4.53w2
d/c and 6.51w2

d/c for Re = 80, 160
and 240, respectively. These fictitious accelerations are positive in the region
where the spanwise flow is present, and they increase with Re, in agreement
with the spanwise flow behind the LEV shown in Fig. 6.
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Fig. 6: Contours of the spanwise velocity, uy, normalized with the maximum
spanwise velocity for each Re. Each row correspond to a different Reynolds
number. The columns correspond (from left to right) to spanwise positions
at 25%, 50% and 75% of the span. For a visualization, the corresponding
spanwise plane is sketched above the column. Red contours correspond to the
intersection of the iso-surfaces of q = 6Ω2 and q = 12Ω2 with the plane.

The spanwise velocity and vorticity contours shown in Fig. 4 and 6 are qual-
itatively similar to those observed in the flow around revolving and flapping
wings at similar Re [5,6,28,18,12]. It should be noted that, in these references
the Reynolds number is expressed in terms of the mean chord and the velocity
of the wing tip, which yields Reynolds numbers equal to [121, 337, 584] in the
present case.

3.2 Spanwise flow and stabilization of the LEV

The fact that the maximum uy in Fig. 6 does not occur inside the LEV seems
to suggest that, at least for the geometry, kinematics and Reynolds numbers
considered here, the stability of the LEV (i.e., the fact that it is not shed
into the wake) is not linked to a spanwise flow inside the vortex. Recall that,
as mentioned in the introduction, several authors argue that the vorticity
transport along the LEV produced by the spanwise flow contributes to the
stability of the LEV for Re & 1000 [4,6,28]. However, while Fig. 6 shows that
the maximum of uy is registered outside of the LEV, it does not show whether
the weaker uy inside the LEV is strong enough to produce vorticity transport
along the LEV. To test this hypothesis, we compute the streamlines of the
relative velocity field. Note that, since the flow is steady with respect to Σc,
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Fig. 7: Contours of the spanwise component of the centrifugal and Coriolis
accelerations normalized with its maximum for each Re. Each row correspond
to a different Reynolds number. The columns correspond (from left to right)
to spanwise positions at 25%, 50% and 75% of the span. For a visualization,
the corresponding spanwise plane is sketched above the column. Red contours
correspond to the intersection of the iso-surfaces of q = 6Ω2 and q = 12Ω2

with the plane.

the streamlines of the relative velocity correspond to the path lines followed
by the fluid particles as they move past the rotating seed. These streamlines
are shown in Fig. 8, for the three Re under study.

Particularly, Fig. 8 shows the streamlines crossing the plane yc = 0.5b
above the wing surface at prescribed seeding points uniformly spaced in the
plane. Streamlines crossing the plane yc = 0.5b inside the LEV (defined as
the iso-surface of qth = 6Ω2) are colored with the velocity magnitude, while
streamlines crossing yc = 0.5b between the LEV and the wing surface are col-
ored in blue. The rationale between this differentiation is to compare the be-
haviour of the fluid particles inside the LEV to those moving outward through
the region of maximum uy.

Fig. 8 shows that the fluid particles that enter the LEV come from the
pressure side (lower surface of the wing): they are accelerated as they turn
around the leading edge of the seed, and they leave the LEV without travelling
inside it along its longitudinal axis. On the contrary, fluid particles beneath
the leading edge vortex do not seem to come from the leading edge but from
the vortex at the nut, and they travel longer distances along the wing span
before leaving the wing. The same behaviour is observed for the streamlines
in the three Reynolds numbers under study, although the spanwise distance
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Fig. 8: Streamlines at plane yc = 0.5b. Streamlines whose intersection with
yc = 0.5b lies inside the LEV (for q = 6Ω2, also shown) are colored by its
velocity intensity. Blue streamlines beneath and downstream the LEV. (a)
Top view and (b) side view for Re = 80. (c) Top view and (d) side view for
Re = 160. (e) Top view and (f) side view for Re = 240.

travelled by the streamlines beneath the LEV (blue lines in Fig. 8) becomes
larger as Re increases, as it may be expected from the larger spanwise velocity
observed in Fig. 6.

Note that the same behaviour is observed for streamlines defined at differ-
ent yc planes, and for different qth in the definition of the LEV. To demon-
strate this, we compute streamlines passing through seeding points uniformly
distributed in the volume of the LEV, defined as the region with q ≥ 6Ω2. We
compute approximately 4.5 × 104 streamlines for each Re, storing the yc co-
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(a) (b)

Fig. 9: (a) JPDF of y0 and yf . The iso-contour contains 95% of the JPDF.
(b) JPDF of y0 and the spanwise travelled distance yf − y0. The iso-contour
contains 20% of the JPDF, which provides an approximation to the mode of the
JPDF. Note the different scale of the abscissa and the ordinate in (b). In both
panels, line styles correspond to a different Re: ( ) Re = 80, ( ) Re = 160
and, ( ) Re = 240.

ordinate of the point where each streamline enters and exits the LEV, y0 and
yf , respectively. These data is used to compute the joint probability density
functions (JPDFs) shown in Fig. 9.

Fig. 9a shows an iso-contour containing 95% of the JPDF of y0 and yf . It
can be observed that the JPDF is very similar for all Re. It mostly lies on the
region yf > y0, corresponding to fluid particles travelling along the wing span
inside the LEV towards the wing tip. For y0/c . 0.6 the effect of increasing
the Re is to have shorter displacements along the wing span (i.e., the contour
gets closer to the line y0 = yf ). A similar behaviour is observed near the wing
tip, where the JPDF of case Re = 240 shows values yf < y0 (i.e., fluid particles
travelling inward). This is better observed in Fig. 9b, where an iso-contour of
the JPDF of yf −y0 and y0 is shown (containing 20% of the JPDF). Note that
this iso-contour roughly shows the mode of the JPDF (i.e. the most probable
values of the JPDF at each y0). The spanwise distance travelled by the fluid
particles inside the LEV decreases as Re increases for all spanwise sections,
in agreement with the visualizations in Fig. 8. Also, as streamlines closer to
the wing tip are considered, the travelled distance (yf − y0) becomes smaller,
changing sign for Re = 240 for y0/c ≈ 1.2− 1.3. This decrease of the travelled
distance may be a combination of two factors. On the one hand, as it can
be inferred from Fig. 6, the spanwise velocity in the LEV decreases from the
nut to the wing tip. On the other hand, the chordwise velocity increases with
y0 (being roughly proportional to Ωy0 cosβ), and with Re (due to the larger
rotational velocity and the decrease in the coning angle). The change of sign
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(i.e., change of direction) of the travelled distance is probably due to the wing
tip vortex, i.e. an effect of the flow around the tip from the lower surface to
the upper surface of the wing. This effect becomes more noticeable for larger
Re, since β decreases. Moreover, Fig. 9b shows that for y0 > c the difference
in (yf − y0) for the different Reynolds number becomes of the same order as
the change of wd sinβ with Re. This fact might suggest that the spanwise
flow inside the LEV is mainly due to β (i.e., the projection of the descent
speed along the spanwise direction), rather than to rotational accelerations.
This is supported by Fig. 7, where it is observed that the magnitude of these
accelerations is small inside the LEV.

Overall, the analysis of the streamlines shows a spanwise flow inside the
LEV that becomes less dominant as Re increases. On the other hand, the
spanwise flow increases with Re outside of the LEV, as it has been discussed
in Fig. 6. From this point of view, our results do not seem to be consistent
with a scenario where the LEV is stabilized by vorticity transport within the
LEV itself.

At the present range of Reynolds number, LEV stability could be due to
viscous effects. For a sufficiently low Re, Jardin [14] argues that the stability
of the LEV at a given spanwise section is solely determined by its local Re
and its effective angle of attack, as in a 2D wing. Hence, in order to evalu-
ate the stabilization of the LEV due to viscous effects, we compute the local
Reynolds number, Reyc

, and the effective angle of attack, α, at each spanwise
section. The local Reynolds number is based on the local chord, c(yc), and the
local effective velocity, ~ue(yc). This velocity is the projection of the rigid body
velocity along the yc axis (dashed line in Fig. 1) onto the plane perpendicular
to this axis. Mathematically, its modulus is

ue(yc) =

√
(~v(yc) ·~ic)2 + (~v(yc) · ~kc)2, (5)

where ~v(yc) = ~vG + ~Ω × (yc~jc − ~CG). The modulus of the effective velocity
is depicted in Fig. 10a for each Re. On the other hand, the effective angle of
attack, α(yc), is the angle between ~ue(yc) and the wing chordwise direction.

Fig. 10b shows, for each case, the effective Reynolds number, Reyc , as a
function of the effective angle of attack. For reference, several characteristic
spanwise sections have been marked. It can be observed that α is high near
the nut (between 60◦ − 70◦) and decreases towards the tip (until ∼ 10◦). The
effective Re increases towards the tip due to the higher ue until yc ≈ 0.75b,
dropping to zero for spanwise sections beyond 75% of the span because of the
sharp decrease of c(yc) near the wing tip. The region below the dashed line
in Fig. 10b would correspond to the spanwise sections whose LEV might be
stabilized by viscous effects. Hence, for Re = 160 and 240, only for yc ≥ 0.75b
the LEV might be stabilized due to this phenomenon. Meanwhile for Re = 80,
this threshold would extend up to yc ≥ 0.5b. Therefore, viscosity does not seem
to be a plausible candidate to explain LEV stability, specially for Re = 160
and 240, since it would only be dominant near the tip, where the LEV has
tilted and merged with the wing tip vortex.
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(a) (b)

Fig. 10: (a) Variation of the modulus of the effective velocity along yc. (b)
Effective Reynolds number at yc versus the effective angle of attack at the
same spanwise location. Characteristic spanwise sections are marked at 25%
( ), 50% ( ), and 75% ( ) of the span. Dashed line in (b) correspond to the
theoretical 2D-viscous stability limit (extracted from Zhang et al. [37]). In
both panels, ( )Re = 80, ( )Re = 160, and ( )Re = 240.

Having discarded vorticity transport along the spanwise direction and hav-
ing analysed the importance of viscous effects, Coriolis and centrifugal effects
(referred to as centrifugal pumping in the present paper) may play a role in
the attachment of the LEV. The importance of non-inertial effects have been
already recognised in the development of an spanwise flow behind the LEV
for the present cases. According to several authors [18,12,14], fictitious forces
would contribute to the attachment of the LEV for Rossby numbers, Ro, of
order unity. Defining Ro as in Hargib et al. [12], namely Ro = utip/Ωb, where

utip =
√
w2

d +Ωb, it is found that Ro =
√
λ2 + 1/λ, which, in the cases pre-

sented here, ranges from 1.2 to 1. Consequently, centrifugal pumping would
be a feasible candidate for the stabilization of the LEV in the cases analysed
here. Nevertheless, the exact mechanisms by which fictitious forces stabilize
the LEV in the present case are still not clear.

3.3 Leading edge vortex characterization

We now proceed to a more detailed characterization of the LEV. To that end we
average the relative velocity (〈uy〉), relative vorticity (〈ωy〉) and pressure (〈p〉)
inside the LEV (regions where q > qth) in planes of constant yc. These averages
are performed for different values of qth, in order to assess the dependence of
the averaged values upon the particular threshold used in the identification of
the LEV. Fig. 11 depicts the three variables along the LEV for each Re and
for qth/Ω

2 in the range 6 − 12. They are normalized with the descent speed,
wd, the characteristic chord, c, and ρf .
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Fig. 11: Relative spanwise vorticity averaged over the LEV cross-sections,
〈ωy〉c/wd, as a function of yc for (a) Re = 80, (b) Re = 160, and (c) Re = 240.
Relative spanwise velocity averaged over the LEV cross-sections, 〈uy〉c/wd, as
a function of yc for (d) Re = 80, (e) Re = 160, and (f) Re = 240. Pressure
averaged over the LEV cross-sections, 〈p〉/(ρw2

d), as a function of yc for (g)
Re = 80, (h) Re = 160, and (i) Re = 240. Different qth/Ω

2 values have
different color intensity, as shown in the colorbar. Dashed lines correspond to
the 25%, 50% and 75% spanwise sections (Fig. 4-6).

Fig. 11a-c shows 〈ωy〉 for the different Re and qth. Regardless of qth and Re,
〈ωy〉 slightly decreases from the nut to 25% of the span, and then it increases
until reaching a plateau. This increase becomes steeper as Re increases. At the
wing tip, 〈ωy〉 abruptly decreases, due to the merging of the LEV into the wing
tip vortex, with the consequent change of direction of the vorticity. At a given
spanwise section and qth, 〈ωy〉 increases with Re. On the other hand, 〈ωy〉
increases with qth for all Re analyzed., This indicates that ωy is not constant
inside the cross sections of the LEV, as it corresponds to a viscous vortex.
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The relative spanwise velocity averaged over the LEV is displayed in Fig. 11d-
f. Note that, contrary to 〈ωy〉, 〈uy〉 is fairly independent of qth for a given Re.
Therefore, we can focus the discussion on the evolution of 〈uy〉 along the LEV
and the effect of the Reynolds number. For all cases we observe that 〈uy〉
decreases towards the tip, although the profiles for Re = 160 and 240 differ
considerably from the profile for Re = 80. In particular, the negative gradient
of 〈uy〉 along the span is much less pronounced for Re = 80 than for the higher
Re. The latter profiles present a steep gradient up to yc ≈ 0.7 and a milder
one beyond that location. This higher spanwise velocity near the nut is due
to the spanwise flow, developed presumably due to non-inertial forces, which
partially coincides with the LEV for Re = 160 and 240 and it is not present
for Re = 80 (see Fig. 6). Except in this region, 〈uy〉 decreases with Re, in
agreement with the behaviour of the streamlines (see discussion of Fig. 9b).

As commented before, the decrease of spanwise flow in the LEV with in-
creasing Re seems to be related to the attitude of the seed: the coning angle
is larger at lower Re, which implies a larger projection of the descent velocity
wd along the spanwise direction of the wing, yc.

The pressure averaged over the LEV cross-sections, 〈p〉, is depicted in
Fig. 11g-i for the different Re. Similarly to 〈uy〉, the averaged pressure is also
largely independent of qth. Throughout the span, lower pressures are found for
increasing Re, which suggests that the lift force of the winged seed increases
with Re (as confirmed in Arranz et al. [2]). For all Re, the pressure increases
towards the tip for yc & 0.9c, producing and adverse pressure gradient which
becomes stronger as Re increases. Note that, while the projection of wd along
the spanwise direction of the seed could explain the intensity of 〈uy〉, the pres-
ence of an adverse pressure gradient might explain why 〈uy〉 decreases towards
the wing tip.

Note that the variables shown in Fig. 11 are normalized with magnitudes
which remain constant regardless of Re. Hence, it is interesting to use a nor-
malization in which the effect of the Reynolds number is somehow involved.
Fig. 12a-d depicts 〈uy〉, 〈p〉 and 〈ωy〉 normalized with c, ρf and the effective
velocity at yc. Note that by employing ue(yc) as the characteristic velocity, we
are accounting for the change in the angular speed and for the change in the
seed’s attitude. Fig. 12 shows 〈uy〉, 〈p〉 and 〈ωy〉 for qth = 9. Additionally, the
shaded regions correspond to the variation with the threshold, qth = [6 − 12]
for each variable and Re. Fig. 12a and Fig. 12b reveal that, upon this nor-
malization, the cases Re = 160 and 240 tend to collapse, contrary to the case
Re = 80. This behaviour is also observed in the aerodynamic forces (see Ar-
ranz et al. [2]), and seems to suggest that auto-rotation at Re = 80 differs from
auto-rotation at higher Re (within the range of study). Nonetheless, it has been
already mentioned that the case with Re = 80 is somewhat anomalous since
for example its auto-rotation depends on the initial conditions (hysteresis).

Regarding 〈ωy〉, it is interesting to recall that, although using ue(yc) as the
characteristic velocity (Fig. 12c) yields a result similar to Fig. 12a-b, using Ωc
instead, results in a collapse of the profiles of 〈ωy〉 for all Re, except close to
the nut (yc < 0.8c), where the case Re = 80 differs from the other two cases.
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(a) (b)

(c) (d)

Fig. 12: (a) Relative spanwise velocity averaged over the LEV cross-sections
normalized with ue(yc). (b) Relative pressure averaged over the LEV cross-
sections normalized with ρfcue(yc). (c) Relative spanwise vorticity normalized
with c/ue(yc), and (d) with Ω. ( )Re = 80, ( )Re = 160 and ( )Re =
240. Shaded regions correspond to the variation with qth = [6− 12].

This can be appreciated in Fig. 12d, and it is also true for other qth. This
suggests that the characteristic velocity for chordwise and vertical velocities is
Ωc, even if the precise cause for this scaling is not clear at the present time.

Finally, we conclude the characterization of the LEV by computing the
spanwise circulation inside the LEV, Γ , since it is usually employed to relate
the intensity of the LEV to the aerodynamic force. We compute Γ as the
integral of ωy over the LEV cross-sections. This circulation is shown in Fig. 13
for different thresholds qth, and for the three Reynolds numbers considered
here. Note that, if ωy were concentrated in a finite surface (i.e., a vortex
tube), then Γ would become independent of qth for a sufficiently low value
of the threshold. However, Fig. 13 shows Γ increasing monotonously as qth
decreases, with no sign of a plateau. This is the expected behaviour for a
viscous vortex, as it corresponds to a low-Reynolds number flow. An important
consequence of the lack of collapse of Γ with qth in Fig. 13 is that Γ can hardly
be used to characterize the aerodynamic force on the wing at the present Re.
Note that this approach is usually found in the literature for winged seeds at
higher Re [19,28].
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(a) (b) (c)

Fig. 13: Circulation averaged over the LEV cross-sections, Γ/(wdc), as a func-
tion of yc. (a) Re = 80, (b) Re = 160, and (c) Re = 240. Different qth/Ω

2

values have different color intensity, as shown in the colorbar.

4 Conclusions

Numerical simulations of the auto-rotation of a winged-seed at Re in the range
80 − 240 have been performed. The seed, for all cases under study, reaches a
state of stable auto-rotation with approximately constant angular velocity and
attitude, which vary with Re. Due to this, and to the low Reynolds number, the
flow is approximately steady when observed from a reference frame fixed to the
seed, so that this perspective has been employed in the flow characterization.
Three vortical structures are formed near the seed: a wing tip vortex which
describes a helical path; a vortex shed behind the nut; and a stable LEV above
the wing surface which merges with the tip vortex.

We have characterized the flow over the wing surface by analyzing the
relative spanwise vorticity, the relative spanwise velocity and the pressure at
various spanwise sections. With increasing Reynolds number, the flow visu-
alizations show that the LEV becomes more intense and gets closer to the
wing surface. For all cases the low pressure peak on the wing surface is located
in the neighbourhood of the LEV. We have also identified the formation of
a spanwise flow on the wing surface, which is more intense downstream and
beneath the LEV. This flow topology is directly linked to Coriolis and cen-
tripetal accelerations and is in agreement with flows around revolving wings
found in the literature.

We have explored the three possible mechanisms for the stabilization of
the LEV reported in the literature, namely, the vorticity transport within the
LEV, viscous effects and centrifugal pumping. The first mechanism has been
evaluated via a statistical analysis of fluid particle trajectories along the LEV.
We have found no evidence of significant vorticity transport along the LEV for
the flow under consideration. The evaluation of the viscous stabilization of the
LEV has been performed in terms of the local Re and local angle of attack of
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the corresponding wing section. The results suggest that this mechanism can
only be important near the tips, but the 3D character of the flow in this region
makes it unlikely. Finally, the stabilization via non-inertial accelerations seems
to be a potential candidate, since the Rossby number is of order unity in the
present study.

To conclude, the flow inside the LEV has been characterized, studying the
variation of average flow magnitudes inside the LEV with different q thresh-
olds. The average spanwise velocity and the pressure inside the LEV do not
seem to depend on the q value. We also found that 〈uy〉 decreases for increasing
Re, contrary to the behaviour of the spanwise flow outside the LEV.

The average spanwise vorticity inside the LEV, 〈ωy〉, for a given Re depends
on the value of q. On the contrary, for a given q, 〈ωy〉 is quantitatively similar
for the different Re when scaled with Ω, suggesting that both the chordwise
and vertical velocity components scale with the angular speed. The multipli-
cation of 〈ωy〉 by the cross-sectional area of the LEV to compute its spanwise
circulation, Γ , yielded that it largely depends on the q value, as it should be
expected for a low-Reynolds flow. Hence, the aerodynamic forces cannot be
inferred from Γ , contrary to what can be done with reasonable accuracy at
higher Re.

Overall, we observe that the flow around the auto-rotating seed for Re =
160 and 240 is qualitatively different compared to Re = 80. This result may
be explained by the fact that Re = 80 seems to be close to the lower limit
where auto-rotation is possible (for the seed considered here).
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