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ABSTRACT
In the present study DBD plasma actuator was applied into a 2D incompressible channel flow to study turbulent
structures by using a Finite Difference approach to k-ε turbulent model and also Realizable k-ε model. The actuator
was simulated by Modified Lumped Circuit Element Electro- Static model just as the previous work in (2016) [1].
The study was continued by Reynolds number of 5600 with constant inlet velocity profile. The length of the channel
flow was considered to be long enough for reaching a fully- developed flow region. The results showed that Lorentz
body force of the plasma actuator could reduce the fluctuation terms of velocity in general but since k-ε model is
almost invalid near the walls especially where the strong velocity gradients by the actuator are dominant, a
significant discrepancy was observed between the two turbulent models. Moreover a hypothesis about the skin
friction reduction by the DBD plasma jet actuator was discussed in this work. The features of the DBD plasma
actuator were selected to be 2KV for the peak voltage amplitude, 10000 Hz for the voltage frequency and kapton as
the dielectric in which the actuator can be considered as an almost weak Synthetic Jet Plasma generator.
Key words: DBD plasma based channel flow, Modified Lumped Circuit Element Electro- Static model, Finite
Difference approach to k-ε turbulent model, Realizable k-ε model, The impact of plasma actuator on turbulent
structures

_____________________________________________________________________________________
INTRODUCTION
Dielectric Barrier Discharge (DBD) plasma actuator has had variety of applications so far. It has been implemented
as a device usually for flow reattachment, enhancing lift, decreasing drag (which is the main cause of fuel
consumption [2]) and some other applications related to the nature of the plasma actuator. In order to control the
behavior of the fluid flow, some models like moving objects, micro bubbles, hydrophobic surfaces, porous zones,
Corona plasma wind (applied by DC power supply) and DBD plasma actuator (applied by AC power supply) have
been introduced so far [3]. Progress and development of DBD plasma actuators have been significant in two last
decades [4-5]. Utilizing electric field for flow control has been reviewed by Cattefesta and Sheplak [6]. Plasma
actuator has been tested in variety of applications [7-12] and it has been observed that the actuator causes a body
force which is directed from the exposed electrode to the encapsulated one. Because experimental investigations of
plasma actuator are so expensive, CFD tools can be applied for discovering the nature of plasma actuator in
different applications. Considering that, DBD plasma actuator works in a semi- steady mode, it can be inferred that
it could be possible to decouple plasma equation from Navier- Stokes equations and then the solution of plasma is
placed into Navier- Stokes equation as the source term. Since the different methodologies and models for solving
the DBD plasma problem have been well discussed in the literature so far [13-15], so in the present research we
have not focused on the methodology of solving the plasma problem. Then the goal of this investigation is to first
compare a Finite Difference approach to k-ε turbulent model to Realizable k-ε model under a 2D incompressible
flow regime in a one- sided DBD plasma based channel flow in order to study the behavior of fluctuation terms of
velocities which are manipulated by the actuator. Since the skin friction coefficient (Cf) is governed by the wall
shear stress and also Reynolds stresses, by solving the laminar flow regime of plasma- based problems, we cannot
proceed in predicting the behavior of skin friction coefficient. Wall shear stress is manipulated by the actuator in
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which rises strongly near the forcing region and then rapidly decreases. This rising in wall shear stress is a negative
factor for skin friction reduction. Coming to this point that many studies have been presented by considering the
impact of DBD plasma actuators under laminar flow regimes, the effect of Reynolds stresses has been almost
neglected on skin friction drag so far for DBD plasma actuators. Then the main goal of this investigation is to
numerically study the turbulent structures to see if they can behave effectively in friction drag reduction or not.
Moreover, an implicit Finite Difference algorithm is introduced for discretizing and solving the k and ε equations of
the turbulent models.
DBD PLASMA MODEL
In general, DBD plasma actuator can be modelled by Electro- Static Model [19]. So, in the present work, we have
only brought up the main governing equations.
Electrical potential is governed by the following Poisson equation [19]:

∇(ε∇ϕ ) =

1

λD2

ϕ

(1)

The charge density is obtained from the one- dimensional simulation of the electric charge [19] as:

ρc = −

ε0
ϕ.
λD2

(2)

By presenting the net charge in a region with the presence of electric field, the induced body force by the DBD
plasma actuator can be obtained by:

uur
uur
f b = ρC E .

(3)

NUMERICAL FORMULATION OF MODIFIED ELECTRO-STATIC LUMPED CIRCUIT ELEMENT MODEL

In general, the electro- static model for DBD plasma actuator deals with solving Eq. (1) in a mathematical plain,
obtaining induced body force due to the presence of the plasma actuator and then mapping the domain into the
physical space of the problem. Since Lumped Circuit Element model, is an approach in which considers electrodes,
air and dielectric as capacitor elements and each element as finite numbers of attached sectors (subscripted by n),
then first, for modifying the Electro- Static model, the modified spatial-time Lumped Circuit Element model,
discussed in [19], was used in order to obtain the region of the presence of plasma temporally, x (t ) , and also
dielectric virtual voltage Vn (t ) by simultaneously solving of Eq. (4) to (6). Schematic of the model is shown in
Fig.1.

I pn (t )
dVn (t ) dVapp (t )
Can (t )
(
) + kn
=
dt
dt
Can (t ) + Cdn (t )
Can (t ) + Cdn (t )
1
I pn (t ) = [Vapp (t ) − Vn (t )]
Rn
dx (t )
= ν v Vapp (t ) − Vn (t )
dt

(4)
(5)
(6)

In whichνv , is a coefficient representing the increase in the sweep velocity by the increase of applied voltage
amplitude.

νv

is assumed to be 10

m /s
in the present simulation. V app (t ) represents the applied voltage
kV

Vn (t ) is the voltage at the virtual electrode in each sector of encapsulated electrode which is assumed to
be on the surface of dielectric material, I pn (t ) is the current through the plasma resistance for each sector, Rn is the

amplitude,

air resistance in each section,

Can and Cdn are capacitor elements of air and dielectric respectively, and kn is a

constant which is assumed to be 0 or 1 depending on the presence of plasma in the last element. Eq. 4 to 6 were
solved by using second order Range-Kutta. Then, Eq. 1 was solved for spatial-time re-corrected conditions. Finally
the obtained spatial steady body force was put into Navier- Stokes equations as the source term. Length of the
exposed and encapsulated electrodes was assumed to be 0.5inch for both and also in the present work, vertical and
horizontal distances between the electrodes were assumed to be 0.003 inch (2016) [1]. Based on the result of
simulation by Electro- Static Model, plasma forms just on a region over the encapsulated electrode. This happens
because there would be no assumption of the presence of charge density in other regions. Moreover, it is noticeable
that vertical body force is almost negligible in comparison with the horizontal body force. So, according to the
results of the present simulation, the vertical term of the body force contains less than 8% of the horizontal body
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force. As the result of the present simulation by Lumped Circuit Element Electro- Static Model, the plasma body
force is shown in Fig. 2

Fig. 2 body force of the studied actuator

Fig.1 The model boundaries [1]

FLUID FLOW EQUATIONS
Coming to this point that fluid flow has been considered to be two dimensional and incompressible, in this work we
used Vorticity- Stream Function numerical model for solving the fluid flow equations. By eliminating the pressure
term from the momentum equations, the transport equation for Vorticity is obtained and also there will be one more
Poisson equation left for the Stream Function variable from the continuity equation. If the steady spatial body force
induced by the DBD plasma actuators is considered as a function of x and y (f(x, y)), the manipulated Transport and
Poisson equations (RANS formation) can be obtained as:

∂ 2ψ ∂ 2ψ
+
= −ξ
∂x 2 ∂y 2
∂ξ
∂ξ
∂ξ
∂ 2ξ ∂ 2ξ
∂f (x , y ) ∂f (x , y )
ρ( +u
+v
) = ( µ + µt )( 2 + 2 ) +
−
∂t
∂x
∂y
∂x
∂y
∂y
∂x
(7)
The above equations were discretized by using implicit FDM scheme (2016) [1].
FINITE DIFFERENCE APPROACH TO k-ε TURBULENT MODEL
For k-ε turbulent model, transport equations of kinetic energy and energy dissipation can be given by Eq. (8) and (9)
respectively.

Where

µt

ur
µ
∂(ρ k )
+ div( ρ kU ) = div[ t gtad (k )] + 2 µt Eij .Eij − ρε
∂t
σk
ur
µt
∂ ( ρε )
ε
ε2
+ div( ρε U ) = div[ gtad (ε )] + C1ε 2 Eij .Eij − C2ε ρ
σε
∂t
k
k

(8)

(9)

is the turbulent eddy- viscosity which supposed to represent the impact of unresolved velocity

fluctuations of u′ , which is given by

µt = C µ ρ

k2

ε

Eij , is the strain rate tensor in which for an incompressible flow can be denoted as:

∂u
1  ∂u
E ij =  i + j
2  ∂x j ∂x i


 .


(10)

The model consists of experimental constants which are described as follow:

Cµ = 0.09, σ k =1.0, σ ε =1.3, C1ε =1.44 and C2ε =1.92.
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For the present work, we assumed the auxiliary parameter of λ =
By considering Pk =
as:

µt ∂u
(

+

ε
k

, to decouple the transport equations.

∂v 2
) , the transport equations of k and ε for an incompressible flow can be rewritten
∂x

2 ∂y
ur ν
∂k
+ ∇.(kU − t ∇k ) + λ k = Pk
∂t
σk
ur ν
∂ε
+ ∇.(ε U − t ∇ε ) + C2ε λε = C1λ Pk
∂t
σε

(11)
(12)

Utilizing Finite Difference method by an Alternative Directional Implicit (ADI) scheme for 2D incompressible
flows, the final algebraic form can be achieved by the following Eq. 13 to 16.
For K transport equation, the sweep procedure in X- Direction of the channel flow can be written as:
n+1
∆t n+1
∆t
∆t n+1
∆t
∆t
(B )k 2 (i −1, j) +((A+ λ) +1)k 2 (i, j) − B k 2 (i −1, j) = kn (i, j) + Ckn (i, j +1) −Ckn (i, j −1) + Pk
2
2
2
2
2

(13)

For K transport equation, the sweep procedure in Y- Direction of the channel flow can be written as:
n+1
n+1
∆t
∆t
∆t
∆t n+1
∆t
(C )kn+1(i, j −1) +((A+λ) +1)kn+1(i, j) −C kn+1(i, j +1) = k 2 (i, j) + Bk 2 (i +1, j) −Bk 2 (i −1, j) + Pk
2
2
2
2
2

(14)

The same routine could be pursued for ε transport equation, and then the sweep procedure in X- Direction of the
channel flow can be written as:
n+1
∆t n+1
∆t
∆t n+1
∆t
∆t
(B )ε 2 (i −1, j) +([A′ +C2ελ] +1)ε 2 (i, j) −B ε 2 (i −1, j) =εn(i, j) + Cεn(i, j +1) −Cεn(i, j −1) + C1ελPk
2
2
2
2
2

(15)

And finally for ε transport equation, the sweep procedure in Y- Direction of the channel flow can be written as:
n+1
n+1
∆t n+1
∆t
∆t n+1
∆t n2+1
∆t
n+1
2
(C )ε (i, j −1) +([A′ +C2ελ] +1)ε (i, j)−C ε (i, j +1) =ε (i, j) + Bε (i +1, j) −Bε 2 (i −1, j) + C1ελPk
2
2
2
2
2

(16)

In Eq. 17 to 20, the factors of A, A′ ,B and C are defined as follows:
A= 2

µt 1
1
( 2 + 2)
σ k ∆x ∆y

A′ = 2

Where

(17)

µt 1
1
( 2 + 2)
σ ε ∆x ∆y

(18)

B=

ν
−u
+ t2
2 ∆x ∆x

(19)

C=

ν
−v
+ t2
2 ∆y ∆y

(20)

u and v are the solved velocities in X and Y directions respectively. Eq. 13 to 16 are solved by using TDMA
λ and µt must be updated.

algorithm while in each time step, the values of

To update eddy viscosity and auxiliary parameter of λ , the following procedure was pursued as discussed in [16].
Since eddy viscosity is limited by a certain fraction of molecular viscosity near the walls and its maximum value of

ν t max = lmax k

(where lmax is the maximum certifiable mixing length, which represents the largest size of eddies

that can be considered as the width of the domain), the limited mixing length can be defined as ll = C µ

16
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Cµ k 1.5 < ε lmax or lmax if otherwise. Then eddy viscosity can be quantified as ν t = max(ν t min , ll k ) and finally,
the auxiliary parameter of

λ is updated to λ = Cµ

k

νt

.

BOUNDARY CONDITIONS FOR k-ε TURBULENT MODEL
For inlet condition, the value for k and ε can be assumed to be

k = ξU ∞ 2

(21)

3

k2
ε=
0.1δ

(22)

Where ξ is a constant that is assumed to be 0.01 in the present work and δ is the half of the modeled channel flow.
For walls conditions, the value for k and ε is assumed to be
k =0
(23)

ε = 2ν

d
k
dy

(24)

For outlet condition, the value for k and ε is calculated by the following Dirichlet boundary conditions:

∂k
=0
∂x
∂ε
=0
∂x

(25)
(26)
REALIZABLE k-ε MODEL

In order to improve the compatibility of k-ε turbulent model, we have modified the previous form of transport
equations by Realizable scheme of k-ε model in which k-transport equation remains unchanged but transport
equation of ε obtains some modifications. Having variable value for Cµ instead of a constant, would let the
Realizable form predict the curved stream lines in a much better way. The modifications can easily follow the
previous scheme of discretization for k-ε model; so in this study, we have only presented the transport equations and
illustrated the differences between the two turbulent models. It is noticeable that other constants of k-ε model are
also different in Realizable form of k-ε model.
The equation for k and ε are as follow:

µt ∂k 
∂( ρ k ) ∂( ρ u j k )
∂ 
2
)=
+
(µ + )
 + µt S − ρε
∂t
∂xi
∂xi 
σ t ∂x j 
µt ∂ε 
∂ ( ρε ) ∂ ( ρu j ε )
∂ 
ε2
+
)=
(
+
)
+
C
S
+
C
µ
ρ
ε
ρ


1
2
∂t
∂x i
∂x i 
σ ε ∂x j 
k + νε k

η 
k
In which C1 = max 0.43,
S = 2 Sij .Sij
 η=S
η + 5
ε

The constant in the model are defined as: C1ε = 1.44 , C2 = 0.9 , σ k = 1 and σ ε = 1.2 .

(27)

(28)

For achieving the variable Cµ , the following expression must also be updated in each time step.

Cµ =

1
A0 + AS

(29)

kU *

ε
*

In expression (29), A0 , AS and U are functions of strain rate tensor and angular velocity. Realizable form of k-ε
model can be easily discretized as the same as its standard form. Noting that linearization parameter of
convert the nonlinear term of Eq. 28 into a linear one.
NUMERICAL RESULTS AND DISCUSSION

17

λ

can

Euro. J. Adv. Engg. Tech., 2016,
201 3(8):13-20
______________________________________________________________________________
Jafarimoghaddam and Aberoumand

For the plasma configuration of interest, and the inlet Reynolds number of 5600, k-ε
k ε and Realizable k-ε
k turbulent
models were implemented to capture fluctuation characteristics of the velocity in the plasma based channel flow.
The geometry of the problem is drawn in Fig. 3.
3 The problem is a physical domain which tracks the flow from a
uniform inlet velocity to some further to the location that the flow is fullyfully developed in which
whic the location of ST3 is
selected in a distance far enough from the inlet where the flow was completely fullyfully developed. The channel flow
without plasma actuator was solved to validate the codes by a previous work by Kim et.al [17] and the results are
shown in Fig. 4 to 6.
Fig. 7 and 8 show the velocity profiles in the three selected locations for each studied case (with and without
plasma). In order to compare the two turbulent models, normalized fluctuation characteristics of urms , vrms and

u ′v ′ (for the two RANS models in the case of using plasma) are compared with case of without using plasma. The
results are shown in Fig. 9 to 11. According to the simulation results, the plasma strength
streng is obscured by passing
through the channel flow. It is obviously shown that the plasma actuator can behave as a damper which tends to turn
the turbulent regime to a laminar one by diminishing the fluctuation terms in general. The almost mesh-independent
mesh
solution for k-ε models was obtained on using 480,000 grids for the computational domain. The distance from the
bottom wall to the nearest internal grid corresponded to y+ ≈ 0.69 and y+ ≈ 0.62 for standard k-ε
k and Realizable k-ε
models respectively. According to the results of the two turbulent models, by using k-ε
k ε turbulent model, fluctuation
terms were almost increased just near the bottom wall where the strong gradients of velocity by the
th plasma actuator
are dominant and then returns to the values almost lower than the base line flows. Two effects are common for the
failure of k-ε model near the wall and to make it almost invalid. First, the greater velocity gradients occur near the
wall where the viscos flow dominates and in the case of using plasma, there would be much stronger velocity
gradients on this region and considering that k-ε
k model suffers from predicting curved stream lines caused by strong
velocity gradients, its failure is anticipated. Second, by having lower inlet Reynolds numbers, molecular viscosity is
more considerable than the eddy- viscosity near the walls and subsequently the model requires some modifications
[16], but in the present study, by selecting 5600 as the inlet
inlet Reynolds number, this effect is almost ignorable. This
can be seen from the results of k-εε models in the case of without plasma which has a good agreement with the study
by Kim et.al [17]. Noting that Realizable k-ε
k is a stronger model than its standardd model, we can take the advantage
of Realizable k-ε results as the failure of standard kk-ε model in predicting the turbulent structures in a one
one- sided
DBD plasma based channel flow. According to the Realizable k-ε
k results, DBD plasma actuators can almost turn the
turbulent flow regime to the laminar for any region near the wall. Besides, standard k-ε
k ε model cannot diminish the
fluctuation terms just after the wall. The simulation showed that the mean reduction of fluctuation terms for
Reynolds stresses (measured
asured from the bottom wall to Y+ of 50 from the inlet to the fullyfully developed location) was
about 11.5% and 36.2% for standard k-ε
k and Realizable k-ε models respectively. This can be considered as a
significant error for standard k-εε turbulent model with the presence of plasma body force.

Fig.4 Comparison between u+ of the two turbulent models without using
plasma for fully- developed location and the report by Kim el al [17]

Fig.3 Schematic of the problem (distances are in the scale of centimeter)
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Fig. 5 Comparison between normalized urms of the two turbulent models
without using plasma for fully- developed location and the report by Kim
el al [17]

Fig. 6 Comparison between normalized vrms of the two turbulent models
without using plasma for fully- developed location and the report by Kim el
al [17]

Fig.7 Velocity profile in three selected locations of the channel flow without
plasma, by Realizable k-ε model
(the results by k-ε model were accurately the same in this case

Fig. 8 Velocity profile three selected locations of the channel flow with
plasma, by Realizable k-ε model
(the results by k-ε model were accurately the same in this case)

Fig. 9 Normalized urms in three selected locations of the problem (Realizable k-ε model (left), standard k-ε turbulent model (right))
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Fig. 10 Normalized vrms in three selected locations of the problem (Realizable k-ε model (left), standard k-ε turbulent model (right))

Fig. 11 Normalized

u ′v′ in three selected locations of the problem (Realizable k-ε model (left), standard k-ε turbulent model (right))
CONCLUSIONS

In the present work, the impact of DBD plasma jet actuator with the configuration of 2kV for the peak voltage
amplitude, 10000 Hz for the voltage frequency, Kapton for the dielectric material and the length of exposed and
encapsulated electrodes of 0.5inch, was numerically studied in the channel flow under an incompressible turbulent
flow regime by an Implicit Finite Difference approach to k-ε turbulent model and also Realizable k-ε model for the
inlet Reynolds number of 5600. Two aims have been followed during this study. First was to compare k-ε model to
Realizable k-ε. And we found that for standard k-ε model, despite having acceptable results in a channel flow
without using plasma jet actuator, the results were significantly fault when the actuator is applied; especially just
near the bottom wall which was discussed in the previous section of this work. Second, according to the Realizable
k-ε results, DBD plasma actuator can almost convert the turbulent behavior to the laminar one, which was shown in
this work as the manipulation of fluctuation terms. Fluctuation terms of velocity reduced with the average of about
11.5% and 36.2% for standard k-ε and Realizable k-ε models respectively (measured from the bottom wall to Y+ of
50 from the inlet to the location of ST3 in which the flow is fully developed without using plasma actuator). This
reduction in Reynolds stresses is a significant factor which can act in the opposite of velocity gradients effect near
the wall on the skin friction coefficient. Then there is a hypothesis about the contribution of these two main effects
on skin friction reduction. This hypothesis will be examined in detail in further research.
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