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ABSTRACT

A pair of counter-rotating symmetric vortices has been observed in the wake behind a stationary obstacle (dust void) in a flowing dusty
plasma. A strongly coupled dusty plasma flow with controllable velocity is generated and directed toward the void in a novel experiment. In
the unsteady laminar flow regime, the curl of the fluid flow velocity along the boundary layer of the void generates the vortex pair behind the
void. Particle image velocimetry analysis of high speed image data clearly depicts the flow pattern and the vorticities. The shear viscosity of
the dusty plasma fluid along with the experimental parameters is considered to obtain the Reynolds number range for the evolution of the
vortices. Molecular dynamics simulation is also performed to support the experimental observation.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0022356

I. INTRODUCTION

A dusty plasma is a unique medium consisting of electrons, ions,
and neutrals with additional micrometer or submicrometer sized
charged particles. Due to the presence of a highly charged and massive
component, dusty plasmas are involved in a wide variety of physical
and chemical processes. They have been explored as a model system
for different dynamical processes (e.g., phase transition, transport phe-
nomena).? The complex plasmas behave as many-particle interacting
systems and provide a unique opportunity to investigate various orga-
nized collective effects prevalent in fluids, clusters, crystals, etc., in
greater temporal resolution as they appear on a slower timescale.*"
Charge particle flow past an obstacle posed by electric or magnetic
fields creates complex dynamics and associated effects (shocks, insta-
bilities, vortices and turbulence, etc.). In particular, vortices are consid-
ered to be a significant component of turbulent flow. Studies on such
dynamics are very much relevant to the astrophysical context.”
Auroral display is a unique phenomenon associated with solar wind
plasma flow past a planet with a magnetic field (e.g., the Earth).

Self-generated vortex flows are observed in many dusty plasma
experiments and have been dealt with considerable attention in the
last few years. In a typical situation, self-excited vortices are formed
due to a nonvanishing curl of the plasma forces on the dust particles,
e.g., in laboratory RF discharges, microgravity condition, and subsonic

dusty plasma flow with low Reynolds numbers.”” A nonvanishing or a
nonzero component of the plasma force field’s curl results in the dust
particles’ rotational motion, leading to the formation of vortices.
Convection-induced vortex formation has also been reported that
appears due to the presence of a temperature gradient along the top
and bottom electrodes of a capacitively coupled RF plasma chamber.’
In microgravity conditions, Fortov et al. studied the dynamics of dust
particles where they showed that in the presence of a considerable ion
drag force, a slight variation of the charge on the particles is sufficient
for the formation of their vortex motion.” Dust particle vortex flow is
also driven by a torque resulting from the nonconservative nature of
ion drag force exerted on a dust particle.'” Experiments have even
been attempted to generate vortices by externally induced flow in
dusty plasma, e.g., laser radiation, neutral gas flow, and probe induced
flow.***° Mitic et al. investigated the convective motion of dust par-
ticles in the presence of external controllable heating. They showed
that, under such conditions, vortices in complex plasmas occur due to
the neutral gas convection, with clouds of microparticles resembling
convective clouds in the atmosphere. The mechanism responsible for
the gas convection is the thermal creep along the inhomogeneously
heated walls of the chamber.’’ In particular, vortex patterns are well
known in hydrodynamics and other physical systems (e.g., aerody-
namics) when fluids or gases flow past an obstacle or vice versa.

Phys. Plasmas 27, 123702 (2020); doi: 10.1063/5.0022356
Published under license by AIP Publishing
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Morfill et al. observed a stable laminar shear flow (velocity 0.8cm
s 1) around a spontaneously generated lentil shaped void.'® A wake
region is formed behind the obstacle separated from the laminar flow
region by a mixing layer, which exhibited an instability growing on a
scale much smaller than the hydrodynamic scale. Stable vortex flows
are observed in the wake region. Jaiswal et al. investigated dynamical
structures’ formation by inducing dust flow toward a spherical obstacle
over a range of flow velocities and obstacle biases." Interestingly, non-
linear structures like bow shock and precursor solitons are observed
when dusty plasma with supersonic speeds flows past obstacles.””**
There are also works on numerical simulation, where the interaction
of both subsonic and supersonic dusty plasma flow with a square
obstacle is studied.””** In the subsonic and supersonic velocity range,
von Karman vortex strait and bow shock were observed. The evolution
of inertial waves emerging from an unsteady vortex source for strongly
correlated dusty plasma has also been investigated using Molecular
Dynamics (MD) simulation.”* Dust vortices are also studied in magne-
tized dusty plasmas, both experimentally and in numerical simula-
tions.”>?® Dusty plasma fluid passing through a stationary dusty
plasma forms dynamic dust structures (e.g., solitons and shocks) with
a stable distribution of densities.”” Normal dispersion of the medium
and/or dissipation due to dust-neutral collisions compensate the non-
linearity for forming such structures. A nonvanishing curl of the fluid
flow velocity and inherent dissipative forces due to viscosity and neu-
tral drag tends to organize the vortex’s formation. An obstacle to the
fluid flow path enforces the curl of the flow velocity. However, struc-
ture formation behind the obstacle varies with energy of the flow,
geometry of the obstacle, and physical properties of the fluid.

We investigate here the pattern formation due to an externally
generated dusty plasma flow past an obstacle. The obstacle is a circular
dust void created by thin wire due to its sheath electric field. The
sheath field decreases exponentially from the wire to the void bound-
ary. The inward ion drag force and outward sheath electric force on
the dust particles balance at the void boundary. The experiment is
novel and clearly demonstrates the vortex pair formation in the wake
behind the void at a particular range of velocities. A Molecular
Dynamics (MD) simulation is carried out, and results are compared
with the experimental observation.

Il. EXPERIMENTAL SETUP

The experiment is done in a simple borosilicate glass cylinder of
100cm in length and 15cm in radius.”® A schematic of the device is
shown in Fig. 1. The base pressure on the order of 10 ® mbar is cre-
ated while the working pressure is maintained at (1-3) 10 2 mbar
by injecting pure argon gas. The plasma is produced by applying RF
power (5W, 13.56 MHz) through a matching network (MN) to a thin
aluminum strip placed on the chamber’s outer surface. Dust grains are
gold coated monodisperse silica particles with diameter 56 0.1 Im
and mass density 2.6 g cm 2. The plate P2 is mechanically lifted up to
generate the dust flow toward the plate (P1l). Details of the dusty
plasma and flow generation technique may be found elsewhere.”’ In a
single shot, the flow sustains for a 1000 ms—2000 ms (depending on
flow speed) above P1, and video recording is done for entire duration
and length (20 cm). After completion of each lift/flow, the dust par-
ticles are taken back to the plate P2 by lowering the level of P2 with
respect to P1, leaving behind the stationary dusty plasma fluid over
P1. Dust density in both sections (above P1 and P2) is stabilized within

scitation.org/journal/php

Camera
Electrode
/

FIG. 1. Schematic diagram of the experimental setup. P1—graphite plate, P2—
steel plate, B1, B2—buzzers, LP—Langmuir probe, RF—radio frequency power
supply, MN—matching network.

few seconds and made ready for next flow shot. It is important to note
that the flow generation method neither affects the plasma parameters
nor the discharge condition. Therefore, dusty plasma parameters
(charge, temperature, etc.) remain unaltered all throughout the experi-
ment. The plasma is characterized by a radio frequency (RF) compen-
sated cylindrical Langmuir probe. Measured ion density is
ni¥%2 10%cm 2 and electron temperature T, 5eV. The plasma
potential is measured with respect to the ground (30cm  14.5cm
graphite plate and the side flanges). The measured value of the plasma
potential is [p38 V. The average charge Qq on a dust particle is calcu-
lated from the force balance between the upward sheath electrostatic
force above the plate (Q4En, where Ey, is the electric field at levitation
height h) and downward gravitational force (mgg, where
mg¥1.7 10 kg is the dust mass and g is the acceleration due to
gravity). Details of the measurement of sheath electric field at the levi-
tation height have been described elsewhere.”® At a typical dust levita-
tion height of (0.7-1.0) cm, the measured sheath electric field Ej, is
found to be (4-6) V cm *. The dust charge is then calculated using
the relation Qq ¥ myg=Ep, and is found tobe [ (1.7-2.6)  10%e] for
the present experimental condition. The Qq value obtained as such
closely agrees with the dust charge calculated by using the Orbital
Motion Limited (OML) theory. In an another experiment, under simi-
lar experimental conditions, Nakamura and Ishihara also measured
the average dust charge on a 5 I m diameter particle on the order of

10* e.”° Dust particles and plasma ions are considered to be at much
lower temperature than that of the electrons (Tq=T; Ti=T,  0.1).
The dust density ng in the stationary dusty plasma is (8 107

143 10% cm 3 (interparticle distance “a” 0.6 0 6 0.05mm). In
the presence of dust flow, the interparticle distance reduces to
(0.306 0.05) mm and corresponding nq % (5.57 10° 152 10%
cm 3 The Coulomb coupling parameter is calculated using the rela-
tion C ¥a Z2e?=4p oakgTy expd a=kpP, where Zq is the dust charge
number, e is the electronic charge, o is the absolute permittivity, kg is
the Boltzmann constant, Ty is the dust temperature, and kp is the line-
arized Debye length, ie., the ion Debye length. For Zgv2 104
a¥ 0.6 mm, kp ¥%40.3mm, and dust temperature Tg ( T; 0.1 Te)V,
Cisfound to be 260. The dusty plasma medium remains at strongly
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coupled state. For j ¥ 2, the critical C above which dust crystallization
occursis  400.

A tungsten wire (0.1 mm in diameter, 1.5 cm long) is placed verti-
cally on the plate P1. The surface potential of the pin is 232V with
respect to the plasma potential, and it creates a circular void (1.7cm in
diameter) with sharp boundary due to balance of outward electrostatic
force and inward ion drag force.*” Dust flow (from P2) through the
stationary dusty plasma (on plate P1) is created with flow velocity
range 3-10cm's . A higher velocity flow from P2 is associated with a
shock or soliton like wave front.”” The linear dust acoustic wave speed
is measured to be 45¢cm s *. A dust acoustic wave is excited by apply-
ing a small amplitude sinusoidal pulse into the grid fence.”” The theo-
retical cagulations using the formula for dust acoustic velocity,

Coaw ¥ kgTiZing=mgn; (ks is the Boltzmann constant and T;

is the ion temperature), yield Cpaw ¥%43.4mm s , with the given
parameters and T;%0.03eV. However, experimentally measured
Cpaw is nearly 10 times larger, probably due to the ion temperature T;
in such devices is rather large (T.=T;)  10. On the other hand, the
dust charge number Z4 also contributes to the Cpaw. In our case, con-
sidering T; 01 Te ( 05eV)and Zg 2 10% Cpaw reaches to a
value of 3.06cm's * which is close to the experimentally measured
value. Particles are illuminated by the laser light scattering technique
using a green laser sheet (532nm, 30 mW). Dust dynamics are
recorded using a high resolution video camera [at both 30 frames per
second (fps) and 100 fps].

I1l. RESULTS AND DISCUSSIONS
A. Experimental analysis

Snapshots converted from videos recorded at 30 fps are shown in
Fig. 2. They represent the examples of pattern formation behind the
dust void for different dust flow velocities. The dust fluid velocity vq in
the medium is maintained in the range of 3-10cm s * by controlling
the lift (of P2). The top image in Fig. 2(a) represents a flow with vy

3cms ¢ and the snapshot is at time t% 1370 ms from a reference
time (t %2 0 when dust flow reaches the right edge of the images).

The flow breaks into two parts when encounters the potential
barrier at the void boundary and reunite again behind the void.
Vortices are not formed fully for such flow with slower velocity. Figure
2(h) represents an image with dust fluid flow velocity vy  45cms *
at t% 1033 ms, showing the vortex pair formation behind the void.
The void boundary in the upstream is more compressed (due to higher
dust pressure). The boundary is elongated behind the void, and a pair
of vortex is formed in the wake with two clear eyes (shown by the
arrow marks). It is observed that the vortex pair formation occurs
within a very narrow range of critical velocity —4.0-7.0cms *.
Vortices are not formed for larger flow velocity vq4 8cms *
[Fig. 2(c)]. Flow trajectories behind the void are elongated, and
dynamics at the intersection is rather complex due to cross flow at
high speed. It is noted that dust flow with unsteady laminar velocity
with optimum dust density is required to generate the vortex when
flow past the void. This is achieved by combining the stationary dust
on plate P1 pushed by the flowing dust of nearly equal density from
P2. In the absence of stationary dust, the flow from P2 results in the
confluence of the bifurcated flows with some trapped particles behind
the void without forming any vortex structure.

scitation.org/journal/php

(a)t=1370 ms_

(c) t=733 ms

et

1 1 ] ]
-10 cm -5¢cm 0Ocm

FIG. 2. Typical snapshots showing structures formed behind the void with different
vg. (@) 3cms L, (b) 45cm s L and (c) 8cm s L. The parallel arrows show the
direction and location of the dust front. Two arrows behind the void (b) show the for-
mation of vortex pair.

Typical image sequences of temporal development of the vortex
pair are shown in Fig. 3 (Multimedia view) whenvy  Scms *

At the beginning of the vortex formation, the curved flow lines
close to the void boundary interact with the stationary layer and starts
to swirl on each side (dotted arrow marks). The swirling occurs for the
particles flowing close to the boundary since they are bound to travel
through the void’s curved boundary. This generates the curl in the
flow. However, the outer part of the flow lines flows past without
swirling. With time, the first group of particles flowing close to the
void boundary completes the circulation to grow into a vortex pair.
The fully grown vortices are seen at t% 1033 ms (b), with more dust
particles swirling around the eyes. As the flow continues maintaining
constant particle flux, the vortex structures sustain till (c) t% 1167 ms
and remains faintly visible until t%2 1233 ms. The time for the vortex
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(a)t=900 ms

=

(c) t=1167"ms

4— \
i

(b) t=1033-ms

(d)t=1300'ms

4cm -2cm Ocm

FIG. 3. Sequence of snapshots showing vortex pair formation behind the void. vq

45cm s L The parallel arrows show the direction of the dust flow. Dotted
curved traces with arrows in () indicate initial flow trajectories. The arrows in (b)
and (c) show the vortices. Vortex vanishes with time when flow is nearly over (d).
The pin position at x ~ 0cm. An example of video (recorded at 30 fps) showing the
vortex generation can be seen online. Multimedia view: hitps://doi.org/10.1063/
5.0022356.1

growth is 200 ms (from the time the particles meet behind the void)
and survives for 300—400 ms (depending on the duration of flow). In
the case of Morfill et al., it is observed that the stable vortex flows are
generated in the wake region due to momentum transfer between the
two fluid regimes."® Whereas in the present experiment, the curl of the
dust flow itself flowing toward the low density region generates the
vortex pair behind the void. The rotational frequency of the vortex is
estimated 3 Hz. As soon as the flow expires in the upstream, the vor-
tex structures disappear as seen in (d). In the absence of flow, the force
balance at the void boundary is due to outward sheath electric field
and inward ion drag which isequal to 1 10 ** N. The value of the
ion drag force is calculated from the Barnes model, usually expressed
as a sum of the collection and the orbital forces, F; ¥ Feoi o Forp. "
The collection force Fqy is associated with the momentum transfer
from the ions that are collected by the dust particle, and the orbital
force Forp 0ccurs due to the momentum transfer from the ions that are
elastically scattered in the electric field of the charged particle. For the
calculation of the ion drag force, the linearized Debye length, i.e., the
ion Debye length, is used. The detail calculation of the force balance
mechanism at the void boundary may be found elsewhere.” The dust
flow bifurcates at the upstream boundary of the void due to its repul-
sive electrostatic force, and the curl of the flow velocity develops along
the boundary region of the void. The Mach velocity of the flow for the
vortex formation is close to unity. Interestingly few dust particles are
off tracked from the circulation and undergo a reverse flow along the
void boundary up to half of the void circle. However, we do not have a
proper explanation for these phenomena presently. It will be investi-
gated in future.

scitation.org/journal/php

The Reynolds number Re ¥ qvgL=g is calculated for the dust
flow velocity ~ (3-10) cm's % Here q is the mass density and g is the
shear viscosity ofﬁhe fluid. The characteristic length L %2 1.7 cm (void
diameter). g% 3@mgngxga® is calculated using experimental
parameters (mg 17 10 kg ng 9 10°m 3 Xg% Xp= 3
the Einstein frequency, and Xpq 24755 1y, The parameters are pre-
sented in Table |. The normalized shear viscosity ¢ of the dusty plasma
fluid is a function of the Coulomb coupling parameter C.**** The
shear viscosity g for the present experimental condition is estimated as

9 10 ° Pascal-second (Pas) and the corresponding kinematic vis-
cosity 8Yag=gp is 0.088cm?s L. The estimated values of and g
are within the range of earlier reported values for dusty plasma
fluid™™* ( 001-01cm?s * and g 10 ™-10 °Pas). The
Reynolds numbers for the present experiment are estimated to be Re

50-190 for the flow velocity range vq  (3-10) cm s %, and the
vortex pair form behind the void when Reynolds number falls in the
range 60-90.

The flow is analyzed using a MATLAB based open access
Particle Image Velocimetry (PIV) code to study the evolution of the
vortex pair and its vorticity.* PIV analysis is performed on the consec-
utive still images of a 100 fps video (vq¢ 4.5 cm's %) flowing from 0's
to 1.0 s. A total of 100 still images of pixel resolution 357 357sg.
pixel (3 3 cm?) in an interval of 10 ms are fed into the software. An
interrogation window size of 32 32sg. pixel and spacing of
16 16sg. pixel are chosen to construct the Xflocity vector fields.

vZ p vép), and the

color mapping is the magnitude of the vorticities represented by the
color bar in s *. Each image in Fig. 4 is an average of 10 consecutive
image frames. The position of void (dotted red circle) and the pin
(point) at the center of the void is drawn in Fig. 4(a), which is similar
for all the other subfigures. In the PIV images, the size of the void
seems to be smaller than the actual size (1.7cm) since these are at
instances when the dust flow reaches near the void. As the dust void is
not a rigid obstacle, its size gets deteriorated and becomes smaller
when the flow approaches.
It is mentioned before that flow gets slowed down in front of the
void due to the repulsive sheath electric field force and follows a
curved path close to the boundary on both sides of the void. The slow-
ing down of the particles in front of the void is clearly seen by compar-
ing the velocity vectors’ length in Figs. 4(a) and 4(b). The backflow of
the incoming dust particles (due to repulsive sheath electric field force
of the pin) is also observed in Fig. 4(b). The bifurcated flows meet
again in the wake region behind the void in Fig. 4(c). The vortex pair’s
generation is evident from the curl of the vectors from Figs. 4(d)—4(f).
The vorticity dr  wgb of the fully formed vortex pair is about
20-25 s ' (which is nearly twice the measured corresponding

Figure 4 shows the velocity vector fields (v ¥4

TABLE I. Plasma parameters involved in calculating the shear viscosity g.

Plasma parameters Value
Dust mass, Mgy 1.7 102 kg
Dust density, ng 9 10°m 3
Einstein frequency, Xg 142.89s *
Interparticle distance, a 3 10%m
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FIG. 4. PIV analysis showing the time evolution of the vortices for a duration of 1.00 s.
The vorticity profile and velocity vectors drawn from (a) (0.53-0.62)s, (b) (0.63-0.72)s,
(c) (0.73-0.82)s, (d) (0.83-0.92)s, (e) (0.93-1.02)s, (f) (1.03-1.12)s, (g) (1.13-1.22)s,
(h) (1.23-1.32)s, (i) (1.33-1.42)s, (j) (1.43-1.52)s are shown. The color bar shows the
value of vorticity in s . The dotted circle in () shows the original position of the void
boundary before the flow and the dot at the center of the circle represents the pin's
position. The coordinates (x, y) ¥ (1.6 cm, 1.5 cm) correspond the pin position.

angular frequency), and they survive for about 0.4 s. As the incom-
ing flow gradually diminishes, the vortex structure deforms and breaks
up into smaller vortices, which is observed in Figs. 4(g)—4(i). During
the deformation phase, the vorticity decreases to 15 s * in Fig. 4(q)

ARTICLE scitation.org/journal/php

and then to 10 s ' in Fig. 4(i). The vortices finally tend to weaken,
which is seen in Fig. 4(j) and then disappear. The velocity vectors of all
the 100 image frames are together plotted in Fig. 6(a) showing the vor-
tex pair’s clear formation, and the averaging of the instantaneous vor-
ticities reduces the final vorticity to 10 s . In other dusty plasma
experiments of vortex formation, the estimated vorticities of spontane-
ous and induced vortices are around  (5-10) s . Mulsow et al.
observed spontaneous vortex motions in dust clusters, the average vor-
ticity of which is estimated as 8 s *. Ticos et al. also studied the
interaction of a high energetic electron beam with a dust crystal due to
which a laminar dust flow is generated in the path of the beam. The
vorticity of the perturbed flow reaches to about 65-10s %

B. Simulation

A molecular dynamics simulation is carried out to investigate the
formation of a counter-rotating vortex pair behind a dust void using
an open-source classical MD code LAMMPS.* For the simulation
study, a three-dimensional (3D) cubic box with point dust particles
has been created. The dust particles interact with each other via
Yukawa form of the electrostatic interaction potential. 360 000 grains
(with periodic boundary conditions) are created in the simulation box
with L,%2304.65a (0 to 304.65a), L,%609.3a (0 to 609.3a), and
L,%8.12a (0 to 8.12a) along X, Y, and Z directions, respectively,
where a ¥ 03=4pny b= is the Wigner—Seitz radius in three-dimension
and ng corresponds to dust density of the medium. In the center of the
3D system, a cylindrical obstacle with axis along Z-axis has been cre-
ated. The coordinate of cylinder axis in the X and Y dimensions is
152.32a and 304.65a, respectively. To keep in mind the cylinder’s
sheath electric field, an exponentially decaying repulsive force from
the cylinder has been applied on the dust micro-particles, mathemati-
cally Fg, ¥a Foexpd r=kcb. Here r is the distance from the cylinder
center to the particle position, and kc is the Debye length for the
repulsive force from the cylinder. We have taken kc %6 10 *m
andFo%1 10 **N. The value of k¢ is optimized to create a void of
experimental size in the medium ( 1.7cm). In the simulation, we
have taken the dust grain mass mgq%1.7 10 *kg, charge
Qq ¥ 20000e (e is an electronic charge), and a¥:2.9542 10 * m.
The “a” used in simulation is very close to the experimental
a¥%3 10 * m. The screening parameter j is chosen to be 1.4771
which sets the plasma Debye length in the simulation as
kp %20 10 “m. We have chosen simulation time step as 0.0001 s
so that phenomena occurring at dust response time scale can be easily
resolved. Thermodynamical equilibrium state for a given coupling
parameter C is achieved by generating positions and velocities from
canonical ensemble using the Nose—Hoover thermostat.”*** After
about a canonical run for 40000 time step, we disconnected the
canonical thermostat and ran a simulation for about 20000 time step
micro-canonically to test the energy conservation. After the micro-
canonical run, the dust medium achieves thermodynamical equilib-
rium with the desired value of C.

To create the experimental scenario, we have divided simulation
box into two layers with lower one having dimension L, %40 to 304.65a,
Ly %40 to 609.3a, and L, %0 to 4.062a and another upper one with
dimension L, Y40 to 304.65a, L, %0 to 609.3a, and L, %4.062a to
8.124a. A sketch of the configuration is shown in Fig. 5(a). The
lower layer and the upper layer are shown in filled blue and shaded
green color, respectively. We have set the lower layer static with
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FIG. 5. (a) The simulation box with two layers of dust particles. The dimension of
the lower layer (blue filled box) is L, %0 to 304.65a, L, %40 to 609.3a, and L, %0
to 4.062a and the upper layer (green shaded box) is L, %40 to 304.65a, L, %0 to
609.3a, and L,%44.062a to 8.124a. (b) The configuration of the simulation box just
before the flow is initiated. In the upper layer, a region L,%0 to 304.65a,
L, ¥4264.03a to 609.3a, and L,%.4.062a to 8.124a is deleted. The red filled circle
in both (a) and (b) represents the position of the cylinder (L, L,%.152.32a,
304.65a).

average flow velocity 0 and in the upper layer deleted a region L, %40
to 304.65a, L,%4264.03a to 609.3a, and L,%4.062a to 8.124a, as
shown in Fig. 5(b). The deleted part of the upper layer is represented
as transparent, and the remaining upper layer is kept in shaded
green respectively. The red filled circle in Figs. 5(a) and 5(b) repre-
sents the position of the cylinder (Ly, L,¥4152.32a, 304.65a). We
have applied a constant force Froy %225 10 *Nalong Y direction
on all particles of the remaining upper layer L,%0 to 304.65a,
Ly %0 to 264.03a, and L, ¥44.062a to 8.124a for the time span from
t%0to t¥0.8s to create flow of the particles.
The motion of the i-th particle with mass mq is governed by the
following equation:
>
mati % rUi b Fa b Frow b Fr b Fr;
]
where Ff ¥4 myg # is the neutral drag force due to the relative veloc-
ity vlgetween the dust particles and neutral particles and force
Fr ¥ okgTpmg b=dt is random kicks suffered by dust grains by
collisions with neutral atoms.*>*> Where dt and T, are the time step
of simulation and background neutral gas temperature, respectively.
Here, is the damping coefficient which chosen to be 0.5 s ! in the
simulation. The average flow velocity is 5.5cm s %, and flow reaches
the obstacle at 0.11 s. When the flowing particles approach the void,
they are repelled by the sheath electrostatic force Fg, which results in
the flow to break into two symmetric parts and meet again behind the
void. When the flow velocity reaches close to the experimental value,
the vorticity creates circulation in each broken symmetric part leading
to the formation of a vortex pair (the vortices rotate in the opposite
direction to each other). The value of the vorticity is estimated to be
8's 1 which is close to the average vorticity estimated in the experi-
ment, ie, 10s * A typical snapshot of velocity quiver plot after the
formation of the vortex pair at 2.21 s in the simulation is shown in Fig.

ARTICLE scitation.org/journal/php

»H

N

L
o

0.03 0.04 0.05 0.059
x [m]

FIG. 6. (a) PIV quiver plot of 100 consecutive image frames with an interval of
10 ms drawn from experimental data. The dotted circle in (a) shows the original posi-
tion of the void boundary before the flow and the dot at the center of the circle repre-
sents the pin's position. The coordinates (x, y) %2 (1.5 cm, 1.6 cm) correspond to the
pin position. For better comprehension, a resemblance in flow direction with simula-
tion is made by orienting the experimental data 90 clockwise. The vectors show the
particles’ flow direction, and the color bar shows the value of vorticity in s *. (b) and
(c) show the simulation results. (b) A typical snapshot of velocity quiver plot after the
formation of the vortex pair at 2.21s. (c) The 2 component of the vorticity
(X ¥a r vg) of the medium. The color bar shows the value of vorticity ins *.
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6(b). The 2 component of the vorticity (X ¥ r  vg) of the medium
is plotted in Fig. 6(c). The vorticity map clearly shows the formation of
two oppositely rotating vortices behind the obstacle. The color bar rep-
resents the vorticity of the medium in unit of s *. It is observed that
the experimental and simulation results complement each other. The
vortex pair for a specific range of velocities has been observed in simu-
lation also. In the simulation, vortices are only forming in the velocity
interval 4-15cm s . This difference in the flow velocity range with
that of the experiment may be due to the play in the plasma parame-
ters involved.

IV. CONCLUSION

In summary, we demonstrate the clear evolution of a pair of
counter-rotating symmetric vortices when dusty plasma flows past an
obstacle/void associated with electrostatic potential. The dust density
and the velocity of the flowing dust are delicately maintained in the
experiment. The Reynolds number for vortex formation in the present
experiment is in the range 60 Re  90. In hydrodynamic fluid, the
corresponding Re range is 5 Re 40, which is much lower. This
larger range in the case of dusty plasma fluid arises due to a larger g=g
ratio (i.e., kinematic viscosity) than that in hydrodynamic fluid. In the
present experiment, vortex shedding is not observed, possibly due to
the limitation of continuous dusty plasma fluid flow for longer time as
well as due to larger neutral drag, which introduces heavy dissipation.
A detailed investigation on the breaking of vortices into smaller vorti-
ces will provide more insight into the observed phenomena. The
molecular dynamics simulation replicates the PIV analysis of observed
phenomena. Our study as a whole opens up a comprehension of flow
past an obstacle in a strongly coupled dusty plasma fluid, and the
results may be of interest in the interpretation of structures observed
in space plasmas.
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