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Simulation of Flow Around Cylinder Actuated by DBD Plasma
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Abstract The electric-static body force model is obtained by solving Maxwell’s electromag-
netic equations. Based on the electro-static model, numerical modeling of flow around a cylinder
with a dielectric barrier discharge (DBD) plasma effect is also presented. The flow streamlines
between the numerical simulation and the particle image velocimetry (PIV) experiment are con-
sistent. According to the numerical simulation, DBD plasma can reduce the drag coefficient and
change the vortex shedding frequencies of flow around the cylinder.
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1 Introduction

As a classical fluid mechanics problem, research of
the flow around a circular cylinder has an important
significance in theory '=4: it was widely used in engi-
neering practice, and also the basic of other kinds of
flow over a bluff body.

DBD plasma flow control, a new technology of active
flow control, which uses plasma to induce atmospheric
turbulence, is extremely suitable for the applications of
flow control P=8]. At the same time, it draws great
attention both in industrial and academic circles [,
Kolzlov 1% and Su '] researched the plasma flow con-
trol around a cylinder. Hao 1'% focused on applying
the bipolar plasma actuator of flow around a circular
cylinder. Ed Peers '3 investigated the plasma actu-
ation applied on the surface of a bluff body using the
velocity-inlet boundary condition. Suzen ' and Li [*9]
numerically studied the model of the plasma flow con-
trol around a cylinder.

This work carried out the numerical simulations of
the plasma control which were based on the experi-
ments of the flow around a circular cylinder proposed
by Kozlov. This paper solved simplified Maxwell elec-
tromagnetic equations, obtained the potential distribu-
tion and charge distribution of the DBD plasma actu-
ator, established the electrostatic force model of DBD
plasma body force 1% also developed the numerical
simulation of DBD plasma flow control around a cylin-
der. The DBD plasma actuated on a cylinder or a plate
had no essential difference, and both of the cases could
make the air ionization and generate the body force by
loading high frequency and high voltage through two
electrodes. When the body force acted on the boundary
layer, the flow field structure was thus changed. This
work used the electrostatic force model in the numerical

simulations of DBD plasma flow control, obtained the
distribution of body force, and solved the flow equation
with it. At last, we could get DBD plasma flow control
around a cylinder.

2 Electrostatic force model of
DBD plasma body force

Generally, the flow speed level is from 10 m/s to
100 m/s in engineering application research. While, in
the process of plasma formation, the temperature of
the electronic is 1000-10000 K, and the velocity will be
10°-10° m/s. Based on the significant differences of the
velocity levels, the plasma aerodynamic actuation is di-
vided into two processes: the formation of body force
and the response of the flow.

We assume that the plasma system is quasi static,
then elementary current j, magnetic strength H and
magnetic induction intensity B will all become 0. Also,
the time derivative is 0. So Maxwell’s equations can be
simplified into the following equations:

V(eve) = L 1)
€0
where ¢, @, p., and ¢ are the dielectric constant, po-
tential, electric charge density, and dielectric constant
in a vacuum, respectively.

For the weakly ionized gas particles, the potential
can be assumed to consist of two parts which are re-
spectively induced by the external electric field and the
net charge density in the plasma, and we define them
as ¢ and ¢, separately; therefore,

=9+ (2)
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Assume that, if the charge is not large on the
wall, meanwhile the Debye thickness is small, then the
charged specie distribution in the domain is mainly gov-
erned by the potential resulting from electric charge on
the wall but not the external electric field. Thus, two
separate equations can be expressed in terms of the
two aforementioned potentials, the first one arises due
to the electric field induced by the external voltage at

the electrodes:
V- (eVe) =0, (3)

where ¢, is relative permittivity; the second one origi-
nates from the potential induced by the charged parti-

cles:
V- (V) = —pc/eo- (4)

Introducing the Debye length, \g
pe/eo = (=1/23)e, (5)

then, we can get the expression of the electric potential:

(6)

Substituting Eq. (6) into Eq. (4), an equation
formed by the net charge density which can be at any
point within the plasma is obtained.

V- (&:Vpe) = PC/A?i .

@ =—pcAi/eo.

(7)

Once we respectively obtain the values of ¢ and p,
from solving Egs. (3) and (7), and meanwhile we ne-
glect the magnetic forces. Then, the electrohydrody-
namic force can be expressed as body force vector, that

is

(8)
where fB is volume force per unit volume and E is elec-
tric field intensity vector.

As AC voltage is applied to the exposed (upper) elec-
trode, the boundary condition can be written as:

o(t) = o™ f (1),

where ¢(t) is upper electrode voltage and ¢™#* is maxi-
mum voltage, and f (t) is the wave form function, which
is a sine wave denoted by f(t) = sin(2wwt).

If we assume that the electric potential on the em-
bedded electrode is zero, and at the outer boundaries,
g—i = 0, where n is normal direction, the net charge den-
sity is solved by Eq. (7), on the air side of the domain,
considering p.= 0 to use the boundary conditions. A
zero normal gradient is imposed for the net charge den-
sity on the solid walls besides the region covering the
lower electrode. On the region over the embedded elec-
trode and downstream of the exposed electrode, the
distribution of the charge density can be expressed by
the following equation:

Pew(@,t) = p* G (2) f(1), (9)

where pe w(z,t), pi*** and G(z) are the charge distribu-
tion at the top of the lower electrode, maximum charge
density, and charge distribution, respectively.

fo=pE = —p.Vo,
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It has been experimentally confirmed that the distri-
bution mentioned above is analogous to the following
expression which is a half Gaussian distribution:

G(x) = exp[—(a — 1)/ (20%)], (10)
where G(z) is based on the experience of the experi-
ment, in general, the maximum value of G(z) is in the
leftmost side of the lower electrode. p and o are the
maximum of the z location parameter and standard
deviation, respectively. Meanwhile, they are also the
scale parameters which determine the rate of decay. If
the electrode size changes, the corresponding parame-
ters p and o in the formula also need to be changed. In
this computation, we choose x = u, o = 0.3.

3 Calculation model and mesh
generation

Calculation model is shown in Fig. 1, the selected
model parameters are the same as in Kozlov’s [3 experi-
ment. The cylinder model is composed of a quartz glass
cylinder (1), the outer diameter, wall thickness, and di-
electric constant of which are D =100 mm, d =2.5 mm,
and € = 3.7, respectively. Fig. 1 shows the configura-
tion, in which the cylinder wall acts as the dielectric
barrier to obtain the SDBD plasma. Mounting the ex-
posed electrodes to the surface of the cylinder, also their
plasma generating edges located at £45° and £90° with
respect to the approach flow direction. The arc distance
between the 45° and 90° actuators is 12.57 mm (about
39.25 mm), which is far greater than the effect region of
the actuator model. Therefore, the mutual influence be-
tween the two actuators can be ignored. The thickness
and width of the copper foil electrodes (2) on the outer
surface of the cylinder are 0.046 mm and 6.4 mm, re-
spectively, and the corresponding four inner electrodes
(3) made of lead foil are fixed on the inner surface of the
cylinder (4) with thickness of 0.046 mm and width of
25.4 mm. In order to prevent inner discharge, the inner
electrodes are covered by seven layers of Kapton tape
with thickness of 0.889 mm, and the dielectric constant
of the Kapton tape is 2.7. As shown in Fig. 1, each of
the actuators is connected to a high voltage AC source
which can generate a sinusoidal excitation of 11.4 kV
at 10 kHz.

The velocity of free stream is 440.3 m/s, cylinder
diameter is 0.1 m, the Reynolds number is about Re
= 2.5x10%, and the Karman Vortex Street appears al-
ternately in the rear of the Cylindrical. As the flow
velocity, the characteristic length of the model, and the
kinematic viscosity are known, then the Reynolds num-
ber can be calculated from the following equation:

Voo L

Re = 272,
I

The Reynolds number has an great influence on the

flow around a cylinder. The calculated cylinder vortex

(11)



structures obtained from different Reynolds numbers
are different. In order to compare with the results of
the experiment, this paper aimed at the vortex struc-
ture of Re=2.5x10%

Fig.1 Schematic view of four SDBD plasma actuators
fixed on the cylinder model 31

In calculations, we used the ICEM CFD (Integrated
Computer Engineering and Manufacturing code for
Computational Fluid Dynamics) to generate a mesh of
flow around a circular cylinder, where ICEM CFD was a
software for grid division. The total meshes were about
4.7x10° , and the meshes were dense around electrodes,
boundary layer, and the rear of the cylinder. In order
to simulate the Karman vortex street, mesh refinement
was used in the rear of the cylinder, as shown in Fig. 2.
At the same time, we refine the mesh around the four
actuators to calculate the induced body force.
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Fig.2 Grid division of flow around a circular cylinder

4 Results analysis

A potential of the external electric field ¢ was solved
in the whole computational domain, Fig. 3(a)—(d) show
the dimensionless distribution of external electric po-
tential ¢ and the distribution of electric field lines, re-
spectively. For four parallel actuators, electric field in-
tensity directs from the high potential of the exposed
electrode to the low potential of the embedded elec-
trode. Near the gap of two electrodes, the electric po-
tential gradient is larger, and directions of electric field
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lines originate from exposed electrodes, pointing to the
embedded electrodes. In addition, there are also elec-
tric field lines from the exposed electrodes located at
+45° to the embedded electrodes located at £90°.
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Fig.3 (a) The dimensionless distribution of electric poten-
tial, (b) Distribution of electric field lines, (c) The distribu-
tion of electric potential near electrodes located at £90°,
(d) Electric potential distribution near electrodes located
at £45°

Electric charged density equation solved in the
whole air domain. Fig. 4(a) shows the distribution of
the charge density around the cylinder. Fig. 4(b) and
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Fig. 4(c) respectively show the charge density distribu-
tion of near electrodes located at +45° and +90°. It is
observed that the electric charges concentrate in the top
of embedded electrodes and the gap between two elec-
trodes. The greatest density of electric charge is on the
far left of the embedded electrode, and decreases grad-
ually outward. About 2 mm from the wall, the electric
charge density reduces to 5% of maximum. In a cir-
cumference direction, from left to right, electric charge
density decreases sharply.
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Fig.4 (a) The dimensionless distribution of the charge

density, (b) The distribution of the charge density near actu-
ators located at £90°, (c) Charge density distribution near
actuators located at +45°

Fig. 5(a)—(d) respectively show the dimensionless
distribution of the body force and vector near actua-
tors located at £90° and £45°, which reach maximum
in the gap of two electrodes, and decrease rapidly out-
ward. The directions of body force vectors are the same
as that of the electric field intensity.
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Fig.5 (a) The dimensionless distribution of the body force
near actuators located at 90°, (b) The distribution of the
body force vector near actuators located at +90°, (¢) The
dimensionless distribution of the body force near actuators
located at £45°, (d) The distribution of the body force vec-
tor near actuator located at £45°

As it is indicated in some literatures [, dimension-
less frequency of flow around a cylinder is about 0.21,

x D

Sr =021 =
" U

- (12)



Take cylindrical model diameter D =0.1 m, and in-
coming flow U =4 m/s, it can be estimated that the
period of vortex shedding T'=0.119 s. Meanwhile,
the frequency of the DBD plasma actuator voltage
f =10 kHz, period is 0.0001 s, thus it is considered that
the body force is steady. After time averaging, body
force is taken as momentum source terms in to flow
control equations to numerical simulation.

As cylinder diameter D =0.1 m, take the cylindrical
center as the reference, the computational domain is as
follows: the left boundary is 6D from the center of the
circle, as the velocity inlet; the right boundary is 16D
from the center of the circle, as the outflow boundary.
The upper and lower boundary is 5D from the center
of the circle. To eliminate the influence of the wall, we
use moving boundaries with velocity U =4 m/s, and
the turbulence model is the SST k-w model.

Fig. 6 shows the vorticity distribution of the flow
around a cylinder without plasma in 7'/4, 2T /4, 3T /4,
and 47/4. In the given incoming flow conditions, the
Karman Vortex Street is staggered distributed behind
the cylinder.

1
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Fig.6 (a) Vorticity distribution without plasma in T/4,
(b) Vorticity distribution without plasma in 27°/4, (c) Vor-
ticity distribution without plasma in 37'/4, (d) Vorticity
distribution without plasma in 47"/4

Fig. 7 shows the vorticity distribution of the flow
around a cylinder with plasma in T/4, 2T /4, 3T /4,
and 47/4. In the given incoming flow condition, the
Karman Vortex Street is also staggered distributed be-
hind the cylinder, while different to the result of the no
plasma situation.
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(a) Vorticity distribution with plasma in 7'/4, (b)
Vorticity distribution with plasma in 27°/4, (c) Vorticity
distribution with plasma in 37'/4, (d) Vorticity distribution
with plasma in 47"/4
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Fig.8 (a) The calculation result of the flow around a cylin-
der without plasma, (b) The PIV result of the flow around
a cylinder without plasma [

Fig. 8(a) shows the calculation result of the flow field
of the flow around a cylinder without plasma, and the
PIV experiment result is shown in Fig. 8(b). Fig. 9(a)
and (b) show the calculation result and PIV experi-
ment result with plasma of the flow around a cylinder.
It is observed that the calculation result is the same
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as the PIV experiment result. There is a significant
change of the structure of the flow around a cylinder
with plasma, the vortex center is closer to the cylin-
der with plasma, one vortex is bigger and the other is
smaller with plasma than that without plasma. It re-
duces the separation zone in the rear of the cylinder,
and promotes re-circulation and the reattachment pro-
cess.

Fig.9 (a) The calculation result of the flow around a cylin-
der without plasma, (b) The PIV result of the flow around
a cylinder without plasma (3]

Fig. 10 shows the over time change of lift coefficient
of the flow around a cylinder. When the plasma is on,
the maximum lift coefficient can rise to 0.064. On the
other side, due to the plasma effect, flow separation is
restrained and asymmetry is reduced, with the maxi-
mum of the lift coefficient reducing to 0.007.
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Fig.10 The change of lift coefficient of the flow around a
cylinder

Fig. 11 shows the over time change of the drag coef-
ficient of the flow around a cylinder with and without
plasma. As the plasma is off, the average drag coef-
ficient is 0.105. While the plasma is on, the separa-
tion zone of the rear cylinder is reduced, differential
pressure also decreases, drag coeflicient fluctuates over
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time in the range of 0.043-0.044, and the average value
is 0.0435.
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Fig.11
flow around a cylinder

The over time change of drag coefficient of the

Due to the change of lift coefficient and drag coeffi-
cient, we can obtain that the period of vortex shedding
is 0.11 s without plasma, but is 0.071 s with plasma. It
can be concluded that plasma can help to reduce the
drag coefficient and change the period of vortex shed-
ding.

5 Conclusions

In this paper, we obtained the electric potential dis-
tribution and the charge distribution of DBD plasma
via solving simplified Maxwell’s electromagnetic equa-
tions. We established the electrostatic force model of
the body force and carried out the numerical simula-
tion of flow around a cylinder. The simulation results
are consistent with the experimental results. As the
plasma is off, the maximum of the lift coefficient, the
average drag coefficient, and the period of vortex shed-
ding are 0.064 s, 0.105 s, and 0.11 s, respectively. When
the plasma is on, the maximum lift coefficient is 0.007,
and the period of vortex shedding is 0.071 s; meanwhile,
the drag coeflicient fluctuates over time in the range
of 0.043-0.044 with the average value of 0.0435. The
numerical simulation showed that DBD plasma can re-
duce the drag coefficient of flow around a cylinder and
change the frequency of vortex shedding, holding great
promise for reducing drag and noise.
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