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A vertical turbulent jet is used to trap chiral particles. The particles are maintained in levitation and a
stationary rotation regime is observed. The model particles used are composed of a sphere and a helical
tail. The rotating performance of the particles is investigated as a function of the length and the twisting
of their tails. In addition, the flow field around a spherical particle trapped in the jet is characterized by a
particle tracking velocimetry technique (3D-PTV). This flow characterization is used to compute the near-
field velocity around a captured particle and to predict the rotation reported for the different geometries
tested.

PACS numbers: 47.27.wg, 45.20.dc, 47.80.Cb

I. INTRODUCTION

Wind tunnels measurement is probably the first
strategy1,2 on could think of in order to study the re-
lation between flows and forces. These facilities may be
used to measure drag, lift or torque on test bodies in var-
ious fields such as aeronautics, ballistics or biomechanics.
The measure is performed by placing an object in a con-
trolled upstream flow and measuring the aerodynamic
force components acting on the model body. In this ap-
proach, the quality of the measure depends on the quality
of the upstream flow.

A second strategy to measure fluid forces on an object
is towing3. The point of towing is to have an object
moving in a fluid perfectly at rest without the need to
control the flow as in wind tunnels. The drawback of the
towing strategy is that the measurement apparatus has
to move with the object and stationarity is possible as
long as constant towing speed is assured.

The object of this article is to consider fluid levitation
by a turbulent jet a third strategy to investigate the fluid
forces acting on the levitating object.

A stationary levitation is observed when a sphere is
placed in the flow of a vertical or tilted turbulent jet4–8.
For a range of parameters, the sphere is trapped by the
jet and it fluctuates around a stable equilibrium position
where the gravitational force and the mean fluid forces
are balanced. The levitation of a sphere in a turbulent
jet shares a similarity with the free settling of a sphere9

since there is an equilibrium with the gravitational force
and either the object or the fluid is in motion. Note
however that the levitation in a turbulent jet and the
free settling of a sphere are not equivalent: first, the flow
profile of such jets is not spatially uniform in jet, and
second, the intrinsic velocity fluctuations in a turbulent
jet may modify the value of the drag and lift coefficient
on the sphere10,11.

A turbulent jet is obtained with a fluid injected
through a nozzle at a sufficiently high velocity. Except

close to the nozzle, the structure of a turbulent jet is uni-
versal and does not depend on the specific shape of the
nozzle. Universality is an interesting property here be-
cause the turbulent jet configuration can be considered a
reference flow easy to reproduce.

The levitation of an object in a fluid is a situation with
a stationary regime for a particle in a flow. Stationarity is
convenient from an experimental point of view because
it permits averaging of physical observables. Contrary
to wind tunnel experiments with attached test bodies,
levitation experiments are situations where the net fluid
force is directly inferred from the balance with the grav-
itational force. Consequently, the investigation of fluid
forces in a levitation experiment transfers to the investi-
gation of the velocity field around the trapped particle.
This can be done either by performing time and space re-
solved flow measurements or by using a calibration of the
jet flow profile and a measurement of the location and ori-
entation of the trapped particle. It should be mentioned
that free particles can also be studied in quasi-stationary
levitation with a vertical wind tunnel if the velocity is
chosen to be the settling velocity of the object12–14.

For a proof of the relevance of the levitation technique,
we consider a model situation where we study the rela-
tion between the chirality of an object of simple geometry
and its rotation rate when it is levitating. The fluid levi-
tation strategy is particularly adapted for rotation stud-
ies because it is a simple way to position an object in a
flow while permitting free rotation by avoiding the use
of mounting supports. A similar situation is possible in
simulations15 in which the position of the sphere can be
rigorously imposed independently of the orientation of
the sphere.

Chiral particles in relation to their spinning is studied
for toy projectiles16,17 and some types of plants seeds18.
Concerning chiral particles in upstream flows, a geome-
try of chiral discs have been recently studied19 to explore
the individual and the collective dynamics of active ro-
tors in quasi 2D experiments. Active rotors are a class of
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FIG. 1. a) Schematics of a chiral particle. The sphere has a radius R and the twisted tail has a length L. b) Image sequence
of a chiral particle in stationary rotation trapped in a turbulent water jet with R = 12 mm and L = 58 mm. The particle is
buoyant and it is trapped at a distance ze to the nozzle of the jet visible at the top of the images. The time delay between
frames is 200 ms. A constant flow rate (Q = 2.2× 10−5 m3.s−1) is injected from the nozzle. ze/R = 13.4. The phase velocity
of the tail ve corresponds to the velocity of the node indicated by a red dot. A horizontal dashed line is added to visualize
the phase evolution c) Image centered on the sphere of the chiral particle d) Synthetic image used in the pattern analysis to
determine the orientation of the particle.

active particles with experimental realizations and mod-
els mostly in the low Reynolds number limit20–24. The
strategy with chiral particles in levitation presented here
would be beneficial to investigate active rotors in 3D con-
figurations for high Reynolds number regimes.

The first part (II) of this article describes the exper-
imental setup in which a turbulent jet is used to trap
a chiral object. A stationary trapping is observed and
the chiral particles in levitation are rotating. In the sec-
ond part (III), the relation between chirality and rotation
speed is measured. The flow around a reference spherical
particle is studied in the third part (IV). The flow profile
measured in this configuration is used in the final section
of the article (V) to establish a predictive model for the
rotation of such model particles.

II. EXPERIMENTAL SETUP

An immersed water jet is set in a tank of 30 × 30 ×
70 cm3. The jet is vertical and pointing downward. A
closed-circuit is used to inject water through a circular
nozzle with an internal diameter of 6.5 mm. The exit
of the nozzle is located 2 centimeters below the water
surface. The water is collected at the bottom of the tank
with a similar nozzle placed in the center. This immersed
turbulent jet is used to capture a buoyant sphere, with or
without an added tail, in a stable levitation state. The
sphere used in the whole set of experiments is made of
polypropylene with a mass density of ρb = 846 kg.m−3

and a radius R = 12 mm. A view of the nozzle with a
captured particle is given in the chronophotography in

figure 1 b).

The stability of a sphere in the plane perpendicular
to the jet axis is related to the Coandă effect25,26. The
Coandă effect relates to a transverse force exerted on
curved surfaces: if the sphere is slightly displaced from
the jet axis, the jet is deflected from the vertical direction
and the momentum conservation results in a net attrac-
tive force for the sphere towards the jet axis. The Coandă
effect involves the fluid inertial transfer and the fluid levi-
tation in vertical jets5 is observed for high Reynolds num-
bers in a regime for which the jet is necessarily turbulent.
The force landscape due to the Coandă effect depends on
the geometry of the object: the stationary levitation is
not observed for simple shapes such as cylinders or cubes.

The chiral particles studied are obtained by adding a
helical tail to the polypropylene sphere. A representation
of the particle geometry is given in figure 1 a). The tails
used in the experiments are obtained from the mechanical
twisting of aluminum plates (ρt = 2700 kg.m−3) first cut
in ribbons and then twisted with hand tweezers. The
twisting by the hand tweezers is irreversible and the tails
are rigid during the experiments. In order to quantify
the twist of the tail, a twisting wavenumber h = ∆θ/L
is defined where ∆θ is the cumulative angle between the
angle of the tail at the attachment with the sphere and
the angle of the tail at the free end at the distance L. The
twisting wavenumber h also applies locally since the tails
are uniformly twisted. The same thickness (e = 1 mm)
and width (W = 10 mm) are used for the different tails.
The lengths of the tail for the 5 specimens studied are
L = 14, 20, 30, 42 and 58 mm. All the specimens studied
are buoyant.
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A camera is used to record the free rotation of chiral
particles trapped in the turbulent jet. The particle is
illuminated with two light screens placed at each side of
the water tank.

The chiral particles are manually placed in the jet. If
the free surface is at rest, a particle is in a steady rotation
state. Figure 1 b) shows an image sequence of a rotating
particle in the turbulent jet (L = 58 mm, time stamp 200
ms, Q = 2.2×10−5 m3.s−1). The flow rate is such as the
particle is trapped in the center of the view field of the
camera. For the rotation measurements, the distance to
nozzle is ze = 13.4×R = 160 mm.

The orientation of the sphere is extracted from a pat-
tern analysis. Here, the pattern is a hemisphere with
half of the sphere is painted in black (figure 1 c) and
d)). A more complex pattern would give access to the
full orientation of the particle27. Here, only the phase,
or equivalently the azimuth angle, ψ with respect to the
particle axis is extracted which is sufficient to determine
the angular velocity of the particle along its axis. The
polar angle could be also obtain in principle from the
analysis of the orientation of the tail with respect to the
vertical.

Although the chiral particles are stationary trapped,
both the position and the orientation are fluctuating.
The orientation of the tail is aligned with the gravity
field on average but the turbulent fluctuations are forc-
ing a swinging motion of the tail of a typical angle with
the vertical of 0.2 rad. The associated variation of the
vertical component of the velocity is 1− cos 0.2 ≈ 2%.

III. ROTATION OF A LEVITATING CHIRAL PARTICLE

The relation between the rotation of a chiral particle
and the twist of its tail has been studied for the 5 spec-
imens that were described in section II. In this section,
only the specimen with the 30 mm tail is presented.

To study the influence of the twisting wavenumber, the
tail has been progressively twisted from h = 0 rad.m−1

(flat tail) to a maximal twisting of h = 96 rad.m−1. The
twist angle of the tail is measured from image analysis
of a picture of the tail from a bottom view (not shown
here).

The equilibrium distance to the nozzle is found to be
weakly affected by the twisting wavenumber. The rela-
tive variation for ze is 3% between h = 7 rad.m−1 and
h = 76 rad.m−1.

The orientation of the trapped particle ψ(t) is repre-
sented in figure 2 for 5 values of the twisting wavenum-
ber. The angular frequency is computed from the angle
increment over the 20 seconds of the sequence.

Figure 3 shows the spinning angular frequency ω of the
trapped particle as a function of the twisting wavenum-
ber h. The rotation speed of the free particle is found to
be proportional to the twist of the tail. The adjustment
of the data points is represented where ωh = hve with a
slope ve = 4.0×10−2 m.s−1 with a physical dimension of
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FIG. 2. Azimuth angle (phase) ψ(t) of a chiral particle
trapped in a turbulent jet as a function of time. The instan-
taneous angular frequency of the rotating particle is dψ/dt.
Five chiralities are presented where h = 7, 20, 38, 57 and 76
rad.m−1 are the twisting wavenumbers of the particle’s tail.
The length of the tail is L = 30 mm and the flow rate of
the jet is Q = 4.3 × 10−5 m3.s−1 for an average equilibrium
distance to the nozzle ze = 140 mm.
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FIG. 3. Average angular velocity ω = 〈dψ/dt〉 as a function
of the twisting wavenumber h of the tail of length L = 30 mm.
The solid line marking the frontier with the gray area is the
no-slip limit ωs = hvs with vs = 2.3 × 10−1 m.s−1 for which
the phase velocity of the tail equals the fluid velocity. The
21 data points are adjusted with a second solid line ωe = hve
with ve = 4.0× 10−2 m.s−1. The ratio ωe/ωs, or equivalently
ve/vs ∼ 0.17, represents the efficiency of the rotation. The
twisting wavenumbers h = 7, 20, 38, 57, 76 rad.m−1 are rep-
resented with different symbols and they correspond to the
time evolution presented in figure 2 with the same symbols.

a velocity. This velocity corresponds the phase velocity
of the travelling wave of the tail. The phase velocity is
represented in the chronophotography in figure 1 b. It
corresponds to the velocity of the node of the tail indi-
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cated by a red spot. The linear relation between h and ω
is interesting here because it is possible to infer the twist
of a chiral particle from the measurement of ω.

The velocity ve is compared to the settling velocity
of the particle vs computed from the balance between
weight and drag in a uniform flow:(

4

3
πR3|ρ− ρb| − LWe|ρ− ρt|

)
g =

1

2
cDρπR

2vs
2 (1)

where ρ is the density of the fluid, ρb the density of the
sphere, ρt the density of the tail, LWe the volume of the
tail, R the sphere radius, g the gravitational field and cD
the drag coefficient of the particle. The drag coefficient
of the particle with a tail is assumed to be that of the
sphere only with cD = 0.5. The obtained value from
equation (1) is vs = 2.3× 10−1 m.s−1.

It should be expected that the adding of a tail to the
spherical particle would modify the drag coefficient28.
However, the modification of the drag coefficient should
be reasonably small here because the sphere cross section
πR2 = 452 mm2 is much larger than the splitter cross
section tW = 10 mm2 and, additionally, the splitter is
shielded by the sphere. Besides, the value for vs is only
used here as a scaling velocity to be compared with the
characteristic velocity ve. Last, numerical simulations for
similar geometries with spheres29 or cylinders30,31 show
that the presence of a flat appendage modifies the drag
coefficient by 1-3% percents typically.

No experimental data points are found in the region
above the line ωs = hvs in figure 3. The line ωs = hvs
corresponds to a no-slip regime for which the phase veloc-
ity of the tail vt = ω/h equals the settling velocity vs. In
this limit, there is no fluid torque on the tail since there
is no relative velocity between the fluid and the surface
of the tail.

An optimization problem can be addressed here with
the tail length that maximizes the rotation for a trapped
particle. To address this problem, the rotation has been
investigated for the specimens obtained with the same
sphere and the 5 tails of different lengths. The sphere has
a radius R = 12 mm and the different tails correspond
to normalized lengths L/R = 1.2, 1.7, 2.5, 3.5 and 4.8.
L/R = 2.5 corresponds to the particle presented in detail
previously with the experimental results in figures 2 and
3. Because the rotation speed is proportional to h, an
efficiency independent of h is defined with the ratio of
the rotation regime ωe = hve by the optimal rotation
regime ωs = hvs:

η =
ωe

ωs
=
ve
vs

(2)

where η quantifies a slip velocity between the phase ve-
locity of the tail ve and the typical velocity of the fluid
vs. ve is estimated from the proportional adjustment
of ω as a function of h. Figure 3 is presenting a solid
line corresponding to the adjustment for the data point
L/R = 2.5. The settling velocity vs is computed using
equation (1).
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FIG. 4. Rotation efficiency η = ωe/ωs as a function of the
tail relative length L/R. Each data point corresponds to a
set of experiments where the twist of a tail of length L is
varied from h = 0 to h = 100 rad.s−1. The quantity ωe/h is
estimated from the linear adjustment of the angular rotation
frequency measured as a function of the twisting wavenumber
(see figure 3 for the data point for L = 30 mm). The solid
line is the angular rotation predicted by the model discussed
in section V with a single adjustable parameter.

The rotation performances of particles with different
tail’s length is presented in figure 4. It shows that the
length of the tail has to be at least twice the radius of
the sphere to approach an optimal regime with η of the
order of 0.2. Considering our particles to be simplified
models of chiral projectiles, this may explain for instance
why certain toys, such as footballs with chiral tails16,17

or plant seeds18, are specifically designed to avoid placing
the tail in the close proximity of the body.

IV. FLOW AROUND A TRAPPED SPHERE

In this section, the flow around a trapped sphere in the
turbulent jet is investigated. The measured flow will be
used to establish an empirical formulation for the mean
velocity in the wake of the sphere without a tail. The ex-
pression for the wake velocity profile will then be used to
predict the forcing torque when a twisted tail is attached
to the sphere (section V).

The velocity profile of the jet in the presence of the
sphere is characterized by a particle tracking velocimetry
technique (PTV)32. Fluid flow measurement techniques,
such as PTV measurements, are particularly challenging
here because of the presence of walls33 with the sphere
surface, the fluctuation of the sphere location and the
spatial non-homogeneity of the tracers because of the
seeding procedure. The polystyrene tracing particles (di-
ameter 500-800 µm) are injected through the nozzle while
the turbulent jet is established which means that the flow
is mapped only for the fluid that comes from the nozzle.
The tracing particles have a mass density of 1004 kg.m−3.
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The tracing particles paths are individually recorded with
two cameras and stereoscopic reconstruction is used to
determine the 3D coordinates of each particle for each
frame. The injected flow rate is 4 × 10−5 m3.s−1 which
corresponds to a typical velocity of 1.2 m.s−1 at the noz-
zle. This specific flow rate was chosen so that the particle
in levitation is in the center of the camera field in order to
simplify the pattern recognition analysis. The sequence
has a duration of 47 s with a frame rate of 340 Hz.

The trajectories of the tracing particles are used to con-
struct Eulerian mappings of the velocity field. A cylin-
drical binning grid is used with a mesh resolution of 1.5
mm for both the radial and the axial coordinates.

Two representations of the velocity fields are proposed
: (i) in the laboratory’s frame and (ii) in the sphere’s
frame. In both representations, the cylindrical coordi-
nates (r, θ, z) are used where z corresponds to the jet
axis and the symmetry of revolution is assumed (invari-
ance with respect to θ). The z-axis points downward in
order to have the distance to the nozzle counted posi-
tively.

The vertical component of the mean velocity for the
jet with a trapped sphere is represented in figure 5 (a)
in a logarithmic color scaling. The representation in the
nozzle frame is well adapted to study the scattering of the
jet by the sphere. The structure of a free turbulent jet is
considered to be universal34–36 but there is not a unique
reference formulation for the velocity profile. Here, a
Gaussian approximation37–43 is used as a fitting function
for the jet mean velocity field:

vj(r, z) =
D

z − z0
exp

(
−ku

(
r

z − z0

)2
)

(3)

where z0 is the virtual origin of the jet and D is homoge-
neous to a diffusion coefficient defining the magnitude of
the jet velocity. ku is a dimensionless parameter that re-
lates to the opening angle α of the jet with α ∝ 1/

√
ku.

The validity of the Gaussian jet approximation for our
specific setup can be found in a previous work44 for the
same turbulent jet without trapped sphere.

Although the Gaussian approximation is valid for the
jet without the trapped sphere, the Gaussian profile (3)
is also used here to analyse the velocity profile of the jet
in the presence of the sphere. Because a turbulent jet is a
self-established shear flow, we expect that the Gaussian
profile is robust away from the fluid boundaries. As an
example, this is verified for free turbulent jets for which
the details of the injecting nozzle does not influence the
jet structure after few nozzle diameters.

Two sets of parameters for the jet profile (3) are ad-
justed with the measured profile. The optimized fitting
parameters D, ku and z0 are presented in table I. The
first adjustment is for the flow upstream to the ball and
the corresponding flow profile is presented in figure 5 (b).
The second adjustment is performed for the region down-
stream to the ball and and presented in figure 5 (c). The
parameter ku is usually in the range 55 to 100 for open

jets43. Here, ku is larger than 100 in the upstream region
which mean that the opening angle of the jet is smaller
than expected. This large value of ku could be attributed
to the close proximity of the nozzle and the fact that
the jet self-similar profile is not fully established to close
from the nozzle. Also, the adjustment for the region up-
stream to the ball is performed on a narrow region. In
the region downstream to the ball, the parameter ku is
slightly smaller than the values reported for open jets.
This means that the opening angle of the jet at a dis-
tance ze + 3R < z < ze + 5R is slightly higher than usual
which is not surprising here because the free jet profile
is scattered by the sphere. The virtual origin of the jet
is also shifted by 10.6 mm between the upstream and
the downstream profiles. The virtual origin is the source
point of the equivalent jet profile. The virtual origins are
all negative which means that they are located slightly
above the images in the figures 5 and 6.

The flow field is then investigated in the reference
frame of the sphere’s center. This representation is rel-
evant to address the flow from the perspective of the
fluctuating sphere. More specifically, the flow in the near
wake of the sphere will be used to estimate the net torque
when a twisted tail is added to the sphere.

The trajectory of the trapped sphere is extracted from
the recordings. The mean location of the trapped sphere
is represented in figure 5 (a) by a circle. The equilibrium
trapping distance to the nozzle is ze = 70 mm which cor-
responds to 5.8 sphere radii. Since the sphere is fluctuat-
ing around its equilibrium position, the spatial sampling
of the flow is not strictly restricted to the excluded vol-
ume of the sphere at its average position. The standard
deviation is computed from the track of the sphere where
∆xe = 0.67 mm, ∆ye = 0.64 mm and ∆ze = 1.83 mm.
The maximal excursion of the sphere is typically 5 times
the standard deviation in the corresponding direction.

Figure 6 (a) is a representation of the mean velocity
flow field in the frame of the trapped sphere. The velocity
field in the sphere’s frame is obtained in two steps. First,
and for each time step, the coordinates of the trapped
sphere is subtracted to the coordinates of the tracing par-
ticles. Second, the trajectories of the tracing particle in
the sphere frame are processed to estimate the velocity
of the flow. A cylindrical binning grid is used to obtain a
Eulerian representation of the velocity. In this represen-
tation, the location of the nozzle is a fluctuating quantity.

The fitting profile is adjusted to the measured flow in
both upstream and downstream regions (dashed boxes in
figure 6 (b) and (c), table I). The model profile obtained
is used to compute the relative variation of the velocity σv
due to the presence of the ball. This variation is defined
by

σv =
vz − vj
vj

(4)

where vz is the vertical component of the velocity mea-
sured in the sphere’s frame and vj is the model flow pro-
file (3) for turbulent jets with the adjustable parameters
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3 cm 3 cm 3 cm(a) (b) (c)

FIG. 5. (a) Vertical component of the mean velocity profile measured in the frame of the nozzle. The circle indicates the mean
position of the trapped sphere fluctuating in the jet. The trajectory path of the sphere center is also indicated and it covers a
vertically elongated region inside the added circle. The fluctuations of the sphere are of the order of its radius in the vertical
direction and of its half-radius in the equatorial plane. (b) and (c) are the estimated upstream and downstream profiles using
equation (3). The dashed boxes indicate which portion of the measured flow was used to adjust the fitting parameters. The
velocity is represented in a logarithmic color scaling for the three velocity fields.
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FIG. 6. (a) Vertical component of the mean velocity profile vz measured in the frame of the trapped ball. The velocity is
represented in a logarithmic color scaling. The circle indicates the position of the trapped sphere. (b) Estimated flow profile
using an adjustment of the fitting function vj from equation (3). The adjustment is for the data points in the two dashed
boxes. The velocity is represented in a logarithmic color scaling.
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reference frame region of interest D (m2.s−1) ku z0 (mm) figure relative error
nozzle upstream 6.6× 10−2 118.5 -26.1 5 (b) 12 %
nozzle downstream 4.0× 10−2 50.3 -15.5 5 (c) 3.7 %

trapped sphere upstream & downstream 4.2× 10−2 52.3 -10.2 6 (b) 5.0 %∗

TABLE I. Adjustement parameters for the jet Gaussian approximation (Eq. (3)) in the upstream and downstream region. D
is the velocity magnitude of the jet, ku a dimensionless parameter and z0 is the virtual origin. The relative error is the distance
between the measured velocity and the Gaussian model normalized by the root mean square velocity. The star symbol (∗)
signals that the relative error is only computed in the downstream region for the velocity map in figure 6.

presented in table I.
The relative velocity difference σv is presented in figure

7 for different distances z to the sphere center and also
in figure 8 with a map representation. The modification
of the flow due to the presence of the sphere reveals an
axisymmetric mode where the velocity is reduced on the
jet axis and increased in the equatorial region.

r/R
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FIG. 7. Relative variation of velocity σv = (vz − vj)/vj com-
puted in the wake of the sphere from the measured flow vz (Fig
6 a) and the Gaussian approximation for turbulent jets vj (Fig
6 b). σv is represented a function of the normalized coordinate
r/R for 4 distances to the sphere (z−ze)/R = 1.2, 1.8, 2.4 and
3.0. A solid line is used to represented the empirical profile
given in equation (5).

The wake of the sphere is investigated in more de-
tail in figure 7 where the relative velocity variation σv
is presented as a function of the reduced radial coordi-
nate r/R for different distances to the sphere (z− ze)/R.
A self-similar profile for the relative velocity variation
σv is found where the amplitude of the oscillating mode
decreases with the distance to the sphere z − ze. The
following empirical expression is proposed to account for
the flow in the wake of the sphere:

σv = A(ζ) cos

(
2π

`
r̃

)
(5)

where r̃ = r/R is the radial coordinate normalized by
the sphere radius R and ζ = (z−ze)/R is the distance to

the sphere normalized by R. ` is the dimensionless wave-
length and A is the magnitude of the velocity variation.
The adjustment of the profile (5) to the experimental
data is obtained with ` = 3.2 and A = −1.36 × ζ−1.3.
This fitting profile is presented as a solid line in figure 7
and as a field in the inserted image in figure 8. The free
parameters, A and `, are adjusted using the analysis of
the minima and maxima of the relative velocity variation
represented in figure 7.

2 cm
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0

0.5

1

FIG. 8. Relative variation of velocity σv = (vz−vj)/vj around
a trapped sphere at a distance ze = 5.8R of the nozzle with
vj the Gaussian approximation for a turbulent jet and vz the
measured flow. The inserted image is the empirical profile
given in equation (5).

The relation (5) and the value of the free parameters
A, ζ and ` have been established from the PTV measure-
ments for the value ze/R = 5.8. The value ze/R was cho-
sen to be rather small to have a large view of the region
downstream to the ball. The formulation of equation (5)
used rescaled parameters allowing an extrapolation of σv
for other values of ze and R such as ze/R = 13.4 in the
case of the rotation measurements.
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V. MODEL FOR THE STATIONARY ROTATION

The stationary rotation speed of the chiral particle is
computed in this section by modeling the net torque.
The torque on the chiral particle has two components,
Γs, the damping torque exerted on the sphere, and Γt,
the forcing torque applied to the helical tail.

The damping torque Γs is due to the friction of the
fluid exerted on the rotating particle. The friction stress
on a surface element of the sphere is given by the
Darcy–Weisbach equation with τ = (1/8)fρvt

2 where
f is a dimensionless friction factor and vt the tangen-
tial velocity. Here the tangential velocity has a verti-
cal component vz and a transverse component Rω. In
the experiments, the velocity due to the particle rotation
vω ∼ Rω is negligible compared to the velocity of the
fluid vω � vz. The scaling for this torque is given by

Γs ∼ R× fSρvzvω ∼ fR4ρvz × ω (6)

where f is the friction factor, S is the surface of the
sphere, R its radius and ρ the water density.

The friction factor is a dimensionless parameter analo-
gous to the drag coefficient but for tangential flows with
f = 0.316×Re−1/4 for pipe flows45,46. The scaling argu-
ment of Eq. (6) provides λ = 2× 10−7 kg.m2.s−1 where

Γs = −λω (7)

In the limit of negligible thickness e, a point with co-
ordinates {X,Y, Z} lying on the surface of a helical tail
aligned with the z−axis satisfies: X

Y
Z

 =

 a cos
(
hb− ψ(t)

)
a sin

(
hb− ψ(t)

)
b

 (8)

where {a, b} are the surface coordinates with −W/2 <
a < W/2 and 0 < b < L (see figure 9). The set of
coordinates {a, b} relates to the cylindrical coordinates

with r =
√
X2 + Y 2 = |a| and Z = b. h is the twisting

wavenumber of the helical surface or, equivalently, π/h
is its pitch. The phase ψ(t) gives the angle of the helix
with respect to time. The angular velocity of the rotating
helix is given by ω(t) = dψ(t)/dt. A flat tail in the XZ
plane corresponds to h = 0 and ψ(t) = 0.

In the case of stationary rotation with angular veloc-
ity ω, the tail profile (8) is invariant if hb − ωt = 0 and
b′ = b−(ω/h)t. The velocity ω/h is then a natural veloc-
ity for a rotation with angular frequency ω and twisting
wavenumber h. If the natural velocity is the settling ve-
locity of the flow vs, the relation becomes ωs/h = vs
where ωs is the limit angular frequency used in equation
(2).

The orientation of the surface is given by the vector
obtained from the cross product between the derivatives
of the surface coordinates with respect to the unit vector
associated with a and b:

∂a

 X
Y
Z

 ∧ ∂b
 X
Y
Z

 =

 sin(hb− ψ(t))
− cos(hb− ψ(t))

ah

 (9)

FIG. 9. Schematics of the model geometry used to describe
the chiral particle. The sphere has a radius R and the tail
has a width W and a length L. The set of coordinates {a, b}
is used as a parametrization for the surface of the helical tail.
The pitch π/h of the tail is represented in the figure where h
is the twisting wavenumber of the tail. The distance ze to the
nozzle for the center of the sphere, the beginning of the tail
ze +R and the end of the tail ze +R+ L are also indicated.

The unit vector ~n defining the local orientation of the
surface element is:

~n =
1√

1 + h2a2

 sin(hb− ψ(t))
− cos(hb− ψ(t))

ah

 (10)

The net torque Γt is obtained from the integration over
the tail surface of a local stress computed from the local
velocity vz established in equations (4) and (5) without
a tail. The local velocity of the fluid with respect to the
tail for a stationary rotation at dψ/dt = ωe is given by:

~v = vz~z + ∂t

 X
Y
Z

 =

 −aωe sin(hb− ψ(t))
aωe cos(hb− ψ(t))

−vz

 (11)

where vz = vj(1+σv) is the empirical profile of the sphere
wake where σv is defined in equation (5).

The inclination angle i between the velocity ~v and the
normal ~n is considered to define the drag and the lift
components47 for a surface element:

~dFD =
1

2
cD(i)dSρv2 ~uD (12)

~dFL =
1

2
cL(i)dSρv2 ~uL (13)

where ρ is the density of water, dS the surface element
of the tail, ~uD the unit vector aligned with the velocity
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~v and ~uL the unit vector perpendicular to ~v and in the
plane (~v, ~n).

The torque Γt is then computed using the relation:

Γt =

∫
(a,b)

~r ∧ ( ~dFD + ~dFL) (14)

The solution for the stationary rotation of the helical
particle is obtained when the total torque on the particle
vanishes:

Γt(ωe)− λωe = 0 (15)

where ωe is the stationary angular frequency of the ro-
tating particle.

The equation (15) is solved numerically and the sta-
tionary value ωe is found after multiple iterations using a
Newton’s method approach. The two free parameters of
the model are the damping coefficient λ and the magni-
tude of the flow field v0 = D/(ze− z0) with the trapping
distance z = ze in eq. (3). The value λ = 2.0 × 10−7

kg.m2s−1 is set from the scaling argument given in equa-
tion (6). The fitting function presented in figure 4 is
with v0 = 0.85 × vs, where vs is the settling velocity of
the particle under gravity defined in equation (1) and
the numerical value 0.85 is the only parameter effectively
adjusted.

According to the numerical solution of equation (15),
the efficiency of the rotation tends to zero when the tail
length approaches zero. This is because the torque Γt

acting on the tail vanishes when the tail surface ap-
proaches zero.

In the limit of a negligible damping λ = 0 and for
a uniform flow vs, the solution of equation (15) leads to
ωe = ωs where ωs = hvs is the optimal rotation frequency
introduced in section III. This limit defines the optimal
rotation regime with the efficiency η = 1. For the chiral
particles in the experiments, the efficiency reaches 20 %.
The existence of friction and the reduced velocity in the
wake of the sphere explain the limited performances for
the efficiency of the chiral particles.

VI. CONCLUSION

The levitation technique has been used to capture chi-
ral particles in hydrodynamic levitation. The particles’
tail are characterized by a uniform twisting wavenumber
defined as a twisting angle per unit length. It was shown
that this wavenumber is a control parameter that sets the
rotation speed of the trapped particle. Consequently, the
levitation technique can be used to infer the twist of a
particle after a calibration of the relation between the
twist and the angular rotation.

We have shown that a 3D-PTV technique can be used
to characterize the stationary flow around a trapped
sphere in a turbulent jet. Two representations are pro-
posed: a first representation in the nozzle frame shows a
scattering of the jet by the trapped sphere and a second

representation in the sphere frame is used to investigate
the wake. An empirical approach has been proposed to
establish an explicit formulation for the velocity in the
wake of the sphere.

The influence of the length of the tail on the rotation
efficiency has been investigated. The experimental data
are in good agreement with a torque model that involves
the friction of the sphere, the drag and lift coefficients of
the tail surface element and the velocity formulation for
the wake behind the sphere proposed to this effect.

The levitation technique can be used to perform opti-
mization with respect to physical parameters. Here, the
length of the tail has been varied and the experiments
and model show that the rotation rate is reaching an op-
timal value when the length of the tail is approaching
6 radii of the sphere. Other parameters could be opti-
mized such as the value of the twisting parameter that
maximizes the rotation for a tail of fixed length.

The performances of the chiral particles in rotation
are estimated by a comparison with an optimal rotation
regime without friction and for an equivalent uniform
flow. The experimental rotation regime is always found
below the optimal rotation regime. The fact that the ro-
tation is proportional to the chirality magnitude is how-
ever not universal since some classes of non-chiral objects
are able to exhibit stationary rotation. This is the case
for the plant seeds that are self-rotating during a free
fall48–50. Other instabilities with free falling discs or free
rising bubbles are also exhibiting particle rotation by a
coupling with the self-established helical trajectories51.
A perspective of this work would be to investigate the
stability in a turbulent jet of such particles exhibiting
self-rotation.

1R. D. Blevins, New York, Van Nostrand Reinhold Co., 1984, 568
p. (1984).

2D. J. Tritton, Physical fluid dynamics (Springer Science & Busi-
ness Media, 2012).

3S. Tavoularis, Measurement in fluid mechanics (Cambridge Uni-
versity Press, 2005).

4E. Brandt, Science 243, 349 (1989).
5J. Feng and D. Joseph, Journal of Fluid Mechanics 315, 367
(1996).

6M. M. F. Saba, The Physics Teacher 35, 294 (1997).
7S. Davoust and L. Jacquin, in TSFP DIGITAL LIBRARY ON-
LINE (Begel House Inc., 2009).
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