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Abstract

Dielectric Barrier Discharge (DBD) plasma actuators are come forward with their light structures in flow

control studies. In spite of the many succesful application of the plasma actuators aligned in flow direction,

the drag reduction by spanwise aligned actuation is still need to be addressed. Beside this, recent studies

proves that the near wall turbulence structures are modified by the log-law large-scale structures. Therefore

a light-structure control device is essential in turbulent boundary layer (TBL) control applications, such

as in aircrafts. In this study we investigate the drag reduction cababilities of the DBD plasma actuators

in (TBL). First, velocities created by a single DBD plasma actuators are compared with the experiments.

After this, a DNS study is performed to obtain a drag reduction by spanwise oscillated DBD plasma force.

A drag reduction is achieved in a frictional Reynolds number of Reτ = 180.

1. Introduction

It is shown that the spanwise oscillated body force is one of the most effective method among the control strategies

in TBL. There are a number of methods that creates spatially oscillated spanwise force [3, 5, 7, 8]. For instance

electromagnetohydrodynamic (EMHD) control is applied as a spatially oscillated spanwise body force which uses

magnets and electrodes to generate the Lorentz force [3]. Although this method provides a large drag reduction,

overweight issues makes this method impossible to apply to air vehicles. Recently plasma actuators have become

important with their very light forms to control the turbulent boundary layers.

Additionally, there are recent studies which show the high impact of the outer log-low structures in near wall

turbulence [1, 2]. Studies also show that increasing the Reynolds number we have higher energy containing structures

in the log-low that have higher impact at the wall turbulence.
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Figure 1: Shyy model illustration. Electric field strength, E(y, z).

Therefore it would be an important achievement to obtain drag reduction with plasma actuators which act as

spatially varying spanwise body force. With their light structures plasma actuators could be one of the best candidate to

apply to aircrafts to obtain drag reduction. In this study we used Shyy model to mimic the DBD plasma actuators [11].
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Shyy model to create the electric field vector generated by a DBD plasma actuator is given as:

E(y, z) = E0 −
E0 − Eb

b
z+ −

E0 − Eb

b tan(θ)
y+ (1)

Equation 1 is divided into wall-normal and spanwise components, multiplied by Dc.

Ez(y, z) = DcE(y, z) cos θ, (2)

Ey(y, z) = DcE(y, z) sin θ. (3)

Here θ defines the height of the plasma. Dc represents the ratio of the electrical force to the inertial force. E0 is the

maximum electric field strength which decays along the embedded electrode that ceases on the other edge and takes its

breakdown strength, Eb. The parameter b is the length of the plasma area, and height of the plasma area is defined by

b tan(θ).

First we generated an electrical field by a single actuator and we compared the generated velocities with exper-

imental data in stagnant flow [4]. Then we generated a spatially oscillating spanwise body force in stagnant flow by

multiple actuators, for continuous and no-spanwise spacing cases. A skin friction reduction of 9% and 4% is obtained,

respectively.

2. Direct Numerical Simulations

The governing equations to solve in DNS for an incompressible Newtonian fluid are

∂u

∂t
+ u · ∇u = ê1 · Ĩ −

1

ρ
∇p + ν∇2u + Fz, (4)

∇ · u = 0, (5)

where a spanwise directed volume force, Fz, is added as a body force to the Navier-Stokes equations. Here, u, p, ρ, ν

are the velocity vector, the pressure, the fluid density, the molecular kinematic viscosity of the fluid, respectively. The

first term on the right hand side of Eq. (4) is the driving force in the streamwise direction.

An implicit, two-step time-advancement finite volume methods is used [6]. Central differencing scheme is used

in space and the Crank-Nicolson scheme is used in the time domain. The Navier-Stokes equation for ui, Eq. (4), in

discretized from can be written as

un+1
i = un

i + ∆tH
(

un
i , u

n+1
i

)

−
1

ρ
α∆t
∂pn+1

∂xi

−
1

ρ
(1 − α)∆t

∂pn

∂xi

(6)

where H
(

un
i
, un+1

i

)

includes convection, the viscous and the source terms, and α = 0.5 (Crank-Nicolson). Equation (6)

is solved which gives un+1
i

which does not satisfy continuity. An intermediate velocity field is computed by subtracting

the implicit part of the pressure gradient, i.e.

u∗i = un+1
i +

1

ρ
α∆t
∂pn+1

∂xi

. (7)

Taking the divergence of Eq. 7 requiring that continuity (for the face velocities which are obtained by linear interpola-

tion) should be satisfied on level n + 1, i.e. ∂un+1
i, f
/∂xi = 0, we obtain

∂2 pn+1

∂xi∂xi

=
ρ

∆tα

∂u∗
i, f

∂xi

. (8)

The numerical procedure at each time step can be summarized as follows [6].

1. Solve the discretized filtered Navier-Stokes equation for u, v and w.

2. Create an intermediate velocity field u∗
i

from Eq. 7.

3. The Poisson equation (Eq. 8) is solved with an efficient multigrid method [? ].

4. Compute the face velocities (which satisfy continuity) from the pressure and the intermediate velocity as

un+1
i, f = u∗i, f −

1

ρ
α∆t

(

∂pn+1

∂xi

)

f

. (9)
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5. Step 1 to 4 is performed till convergence (normally two or three iterations) is reached. The convergence for the

velocities is 10−7 and 10−5 for pressure. The residuals are computed using L1 norm and they are scaled with the

integrated streamwise volume flux (continuity equation) and momentum flux (momentum equations).

6. Next time step.

Note that although no explicit dissipation is introduced to prevent odd-even decoupling, an implicit dissipation

is present. The intermediate velocity field is computed at the cell centres (see Eq. 7) subtracting a pressure gradient.

When, after having solved the pressure Poisson equation, the face velocity field is computed, the pressure gradient at

the faces (see Eq. 9) is added. This is very similar to the Rhie-Chow dissipation [? ].

2.1 Validation of the Shyy model

Velocities obtained by numerical model is compared with experiments [4]. A two-dimensional study in a channel is

performed. Equations (2) and (3) are solved in two-dimensions (y and z) and the solution is carried out in time until

steady state is reached. Slip boundary conditions are applied in the actuator aligned direction (z) and top boundary

(high y). The viscosity, ν = 1.81 × 10−5 m2/s, and density, ρ = 1.25 kg/m3. Only the spanwise-directed component

of the force is applied (θ = 0), hence only Equation (2) is applied and Ey = 0 (i.e. Eq. (3) = 0). The domain size

is 125mm × 100mm with grid sizes 98 × 298 (y × z) for the wall-normal and plasma-aligned directions, respectively.

The minimum and maximum grid sizes are ∆ymin = 0.00025 m, ∆ymax = 0.0025 m with a streching of y = 1.35 in

the wall normal direction. ∆z = 0.00033 m. The oscillating force is applied in the plasma region (0.0 < z < 0.02 m,

0.0 < y < 0.0028 m). The length of the plasma is b = 20 mm. The plasma region is covered by 30 × 6 cells in the

plasma-aligned and wall-normal directions, respectively.

The predicted velocities created by DBD plasma exhibit very similar behaviour compared to the experimental

data, see Figs. 2 and 3. The plasma area creates a negative wall-normal velocity upstream of the actuator and a positive

wall-normal velocity downstream of the actuator (Figs. 2(a) and 3(a)). The negative area entrains the flow toward

wall and the positive area, downstream of the actuator, creates a wall jet which propagates downstream with a velocity

parallel to the actuator (Figs. 2(b) and 3(b)). In the experimental study the maximum of the plasma-aligned velocity

is 1.8 m/s and the wall-normal velocity is half that, 0.9 m/s. In the numerical study we obtain similar velocity field

compared to the experiments (see Fig. 3).
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(a) Plasma-aligned velocity,w.
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(b) Wall-normal velocity, v.

Figure 2: Plasma-aligned velocity, and wall-normal velocity. [4] Experiments.
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(a) Plasma-aligned velocity, w.
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(b) Wall-normal velocity, v.

Figure 3: Plasma-aligned velocity and wall-normal velocity. Numerical study.
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3. DBD plasma force

DNS is performed. A spanwise oscillating body force is created by multiple actuators which are aligned in the spanwise

direction. Only a spanwise oscillating component of the force is applied (θ = 0 or Fy = 0). Equation (2) is modified by

applying a sinusoidal variation in the streamwise direction:

Fz(y, z) = E(y, z) sin(2πx+/λ+x ). (10)

The length of the plasma area, b, is z+ = 15, that defines the maximum width of the plasma in the spanwise

direction. The extent of the plasma area in the wall-normal direction is 0 < y+ < 8. Two different numerical test

cases are studied. A continuous force in the spanwise direction is used in the first case, see Fig. 4(a). In the second

test case a discrete force is created by actuators without a space in the spanwise direction, S p = 0, see Fig. 4(b).

Dc = 39.0 is applied for continuous case and Dc = 9.0 is applied for the discrete case. The force oscillates spatially in

the streamwise direction and the values range between ±3 × 10−4 and ±5.5 × 10−5 for the continuous and the discrete

cases, respectively. 38 and 19 actuators are used in the spanwise direction for the continuous and the discrete force

cases, respectively. The streamwise wavelength of the force for both test cases is λ+x = 180π.
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(a) Applied force configuration, continuous case.
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(b) Applied force configuration, discrete actuators without space be-

tween them.

Figure 4: DNS study. Spatially osillated plasma force, Fz.

4. Results and discussion

Figures 5(a), 5(b) show the Reynolds shear stresses for the force cases, which are compared with the no-force case. A

drag reduction of 9% and 4% is observed in Fig.5(a) and 5(b), respectively.
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Figure 5: Reynolds shear stresses.
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(a) No-force case.
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(b) Continuous force case.

Figure 6: Reynolds shear stress from each quadrant normalized by the local mean Reynolds shear stress. Subscript i

denotes the quadrant number, Qi.

A quadrant analysis of the Reynolds shear stresses was made to better compare the flow field structures for the

applied force and the no-force cases. To achieve an accurate results, 400 data sets were used for each y+. Very similar

results are obtained in the no-force case (Fig. 6(a)) compared with Kim et al. [9], where they also see dominant sweep

events up to a level of y+ ≈ 10. In the applied force case, the fourth quadrant events (sweep) dominate over second

quadrant events (ejection) up to approximately y+ = 25 and after y+ = 38 (Fig. 6(b)).

5. Conclusions

In this study DBD plasma actuators are applied to a turbulent channel flow to obtain a drag reduction. In order to

achieve this, first a single actuator is studied in a stagnant flow, the velocities created are compared with experimental

results in the literature. Af ter having a good agreement, DNS study is performed in a fully developed turbulent channel

flow. A spanwise oscillated plasma force is applied in the vicinity of the lower wall. The plasma force is created by

spanwise aligned multiple DBD plasma actuators. Two different cases have been studied, namely, a continuous force

and a force created by discrete plasma actuators without a spanwise spacing. We have achieved a drag reduction of 9%

and 4%, respectively. This study is important since a drag reduction is obtained with spanwise oscillated DBD plasma

force, that is created by electrodes. Electrodes are light materials which makes them a good candidate in flow control

engineering aplications. However we applied a low Reynolds number, Reτ = 180, this study could be a reference work

for the future high Reynolds number studies.
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