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This study explores the potential of oppositely charged dielectric barrier discharge (DBD) plasma actuators to
reduce skin friction in turbulent channel flow by generating wall-normal plasma jets. Leveraging the lightweight
structure of electrodes, this technique presents a promising approach to minimizing aerodynamic drag on moving
surfaces. A plasma force is applied to the bottom wall of the channel, targeting the suppression of organized flow
structures inherent to turbulence. The investigation is conducted at a frictional Reynolds number Re, = 180 using
Direct Numerical Simulation (DNS), providing a detailed assessment of flow dynamics. The results demonstrate
that wall-normal plasma jets, induced by spanwise-aligned actuators, achieve a modest reduction in skin friction
drag, approximately 4%. This reduction highlights the viability of the method while underscoring the need for
parameter optimization to enhance its effectiveness. The study provides insights into the mechanisms of drag
reduction, emphasizing the influence of the plasma jet on turbulent structures. Future research is encouraged to

refine actuator configurations and operating parameters to realize greater aerodynamic efficiency.

1. Introduction

Plasma jet flow is a technique used to reduce the skin friction drag
on the surface of a body moving through a fluid. The technique involves
the use of plasma discharge to generate a jet of fluid in actuator-aligned
direction that interacts with the flow field and modifies it in a way that
reduces the skin friction drag [1].

Recent studies have demonstrated the effectiveness of wall-aligned
plasma jet flow in reducing drag in different flow scenarios, including
turbulent boundary layers [2]. The ability to generate body forces with-
out moving parts makes them attractive for aerodynamic flow control
in various applications, including boundary-layer manipulation and tur-
bulent flow control.

Early studies on plasma-based flow control demonstrated the feasi-
bility of streamwise-aligned plasma jets for reducing skin friction and
delaying flow separation [3]. Later, oscillatory plasma jets explored,
which showed promise in modifying turbulence structures to suppress
near-wall streaks and quasi-streamwise vortices [4]. Studies such as
those by Shyy et al. [5] provided an analytical model to describe the
plasma-induced force distribution. This model has since been validated
against experiments [1] and developed more accurate plasma actuator
implementations.
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In the context of skin-friction reduction, several approaches using
plasma actuators have been proposed [6-8] demonstrated the potential
of plasma-generated streamwise vortices in turbulent boundary layers,
showing moderate drag reduction. A comprehensive review also pro-
vided by [9]. These studies primarily focused on parallel plasma jet
actuation, where the induced force aligns with the main flow direction.
However, the potential of wall-normal plasma jet flow, created using
plasma actuators, in terms of its drag reduction capabilities remains an
area that requires investigation [6,10].

The presented study deviates from the usual parallel plasma jet by
creating a wall-normal plasma jet [1,6], marking an important change.
This approach distinguishes our research, offering a novel perspective
on the use of plasma actuators for drag reduction. By exploring this un-
conventional method, our aim is to shed light on its potential benefits
in aerodynamic control and boundary layer manipulation, contributing
valuable insights to the field and possible applications mainly in avia-
tion.

The effectiveness of this technique depends on several factors, such
as the size and shape of the plasma actuator, the applied voltage, the
frequency of the discharge, and the properties of the fluid. The plasma
actuator generates a plasma discharge that creates a jet of fluid that
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interacts with the flow field and modifies it in a way that reduces the
skin friction drag.

Previous studies have identified the dominant structures at low
Reynolds numbers in the near-wall region as streamwise velocity streaks
and quasi-streamwise vortices [1,11]. In this study, we investigated the
effectiveness of a wall-normal applied plasma jet in a turbulent channel
flow at a low Reynolds number by applying a force to the bottom wall
of the channel. We believe that the method outlined here could serve as
a reference point for studies at higher Reynolds numbers.

Our goal was to suppress the formation or interaction of organized
flow structures in the flow. This study was performed for a frictional
Reynolds number of Re, = 180. We examined the skin friction drag
reduction capabilities of the wall-normal plasma jet by analyzing the
applied force and no-force cases. To verify the results, we investi-
gated changes in streak formations using tools such as velocity fluctua-
tions and two-point correlations. Our findings suggest that wall-normal
plasma jet flow has the potential to reduce skin friction drag in tur-
bulent flow. The plasma actuator was found to suppress the formation
and interaction of streamwise vortices, leading to a reduction in the
drag.

The present study investigates an alternative method for skin-friction
reduction by utilizing oppositely charged dielectric barrier discharge
(DBD) plasma actuators to generate wall-normal plasma jets. Unlike
conventional plasma actuators that primarily induce streamwise-aligned
body forces, this approach directly modifies near-wall turbulence struc-
tures by influencing the development of quasi-streamwise vortices and
velocity streaks.

Previous research has largely focused on plasma actuation strate-
gies that generate parallel plasma jets or oscillatory forcing to alter
turbulence dynamics. Studies on streamwise-aligned plasma jets have
demonstrated their ability to reduce skin friction by modifying the
turbulent boundary layer. However, the effects of wall-normal plasma
forcing through opposing DBD plasma actuators remain largely unex-
plored. The novelty of this study lies in investigating how this specific
plasma actuator configuration affects turbulence dynamics and drag re-
duction.

The paper is structured as follows: it begins with an overview of
the numerical method, followed by the derivation and validation of the
plasma force generated by a single DBD actuator. The subsequent section
demonstrates the configuration of the opposing actuators and introduces
the created wall-jet flow. Finally, the paper presents and discusses the
results, followed by concluding remarks.

2. Direct numerical simulations

A flow solver with an implicit, two-step time-advancement finite vol-
ume method is used [13]. Central differencing is used in space and the
Crank-Nicolson scheme is used in the time domain. When the Navier-
Stokes the equation is discretized for y; it can be written as,

1 apn-H

n+l _ n n n+l
u; =u +A1H(ui,ul. )—;aAt o

a n
~ Lo —wall 6))

i p ox;
where H (uf,ul’.’“) includes convection, the viscous and the source
terms, and a = 0.5 (Crank-Nicolson). Equation (1) is solved which gives
u:’“ that does not satisfy continuity. An intermediate velocity field is

computed by subtracting the implicit part of the pressure gradient, i.e.
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Taking the divergence of Eq. (2) requiring that continuity (for the face
velocities which are obtained by linear interpolation) should be satisfied
onlevel n+1, i.e. duf}l/axi =0, we obtain
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Fig. 1. Shyy model illustration. Electric field strength, E(y, z).

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

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

2. Create an intermediate velocity field ul* from Eq. (2).

3. The Poisson equation (Eq. (3)) is solved with an efficient multigrid
method [14].

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

9 n+1
't = u’.kf - lo:Az‘ P . (@)
if i p ax; f

5. Step (i) to (iv) is performed till convergence (normally two or three
iterations) is reached. The convergence for the velocities is 10~7 and
1073 for pressure. The residuals are computed using the L1 norm
and they are scaled with the integrated streamwise volume flux (the
continuity equation) and momentum flux (momentum equations).

6. Next time step.

Note that although no explicit dissipation is added to prevent odd-
even decoupling, an implicit dissipation is present. The intermediate
velocity field is computed at the cell centers (see Eq. (2)) subtracting a
pressure gradient. Then, after having solved the pressure Poisson equa-
tion, the face velocity field is computed, and the pressure gradient at
the faces (see Eq. (4)) is added. This is very similar to the Rhie-Chow
dissipation [15].

3. Methodology
3.1. Shyy model for single DBD actuator

The Shyy model creates an electric field vector, E, generated by a
DBD plasma actuator, which is given as:
Eo—E _ Eo- Eby+

b btan(0)
Equation (5) is divided into wall-normal and spanwise components, mul-
tiplied by a factor Dc

E(y,z)=E;— 5)

E,(y,z) = DcE(y, z)cos¥, 6)
Ey(y, z) = DcE(y, z)sinf. 7

The parameter Dc is defined as the ratio of the electrical force to
q0Eod
pu?

the inertial force, given by the equation Dc = . Here, g represents

the maximum electron charge density. E correslgonds to the maximum
electric field strength, which decreases along the embedded electrode
until it reaches the breakdown strength E, at the other edge (refer to
Fig. 1). The quantities 6, p, and u, represent half the channel height,
fluid density, and friction velocity, respectively.

In this study, the values chosen are E, = 1.0 and E, = 0.1. The length
of the plasma area is denoted by b, and the height of the plasma area
is set as btan(0). In the study conducted by Shyy et al. [5], the plasma
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Fig. 2. The location of the embedded electrode for the single DBD actuator.

area was created in both the wall-normal (y) and streamwise (x) direc-
tions. However, in this study, the actuators are oriented in the spanwise
direction, resulting in the force being generated in the y and z direc-
tions.

3.2. Validation of the Shyy model

The numerical model is compared to experimental data in a station-
ary flow with a single DBD actuator. Both experimental and computa-
tional fluid dynamics (CFD) results were obtained using a single DBD
actuator. The experimental study, conducted by Benard et al. [4], ap-
plied a voltage of 12 kV and an AC frequency of 1000 Hz.

A two-dimensional study in a channel is performed, as shown in
Fig. 2. Equations (6) and (7) are solved in two dimensions (along the
y and z directions), and the solution is iterated until a steady state is
reached. Slip boundary conditions are applied in the actuator-aligned
direction (z) and at the top boundary (high y). The fluid viscosity,
v=181x107;m? /s, and density, p = 1.25; kg/m>, are specified. Only
the spanwise-directed component of the force is considered (6 = 0), so
only Equation (6) is applied, and E, =0 (i.e., Equation (2) is set to
zero). This approach is similar to the model proposed by Greenblatt et
al. [3], where a mean body force acts only in the plasma-aligned direc-
tion. The computational domain has dimensions of 125 mm x 100 mm,
as shown in Fig. 1, with grid sizes of 98 X298 (y X z) for the wall-normal
and plasma-aligned directions, respectively. The minimum and maxi-
mum grid sizes are Ay,;, = 0.00025 m and Ay,,,, = 0.0025 m, with a
stretching factor of y = 1.35 in the wall-normal direction. The grid size
in the plasma-aligned direction is Az = 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, and its location is illustrated in
blue in Fig. 2. The plasma region is discretized using 30 X 6 cells in the
plasma-aligned and wall-normal directions, respectively.

The predicted velocities of the ionized airflow exhibit a very similar
behavior compared to the experimental data, as shown in Figs. 3 and
4. The presence of the plasma region creates a negative wall-normal
velocity upstream of the actuator and a positive wall-normal velocity
downstream of the actuator (Figs. 3(a) and 4(a)). The negative area en-
trains the flow towards the wall, while the positive area downstream of
the actuator creates a wall jet that propagates downstream with a ve-
locity parallel to the actuator (Figs. 3(b) and 4(b)). Large vorticity is
generated in the shear layer above the actuator (Figs. 3(c) and 4(c)).
In the experimental study, the maximum plasma-aligned velocity is 1.8
m/s, and the wall-normal velocity is half that, at 0.9 m/s. The magnitude
of vorticity is 1400. In the numerical study, we obtain similar velocity
and vorticity fields compared to the experiments.
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3.3. Wall-normal jet actuator design by opposing DBD actuators

The actuator that is used in this study is consist of two identical single
DBD plasma actuators positioned opposite to each other with a gap area
in between Fig. 5. The purpose of this arrangement is to generate a wall-
normal jet flow in the middle of the actuator, when a high-voltage AC
signal is applied to the actuators Figs. 6(a)-6(d).

4. Multiple actuator configuration for DNS
4.1. DNS settings

A DNS is performed to investigate the effects of multiple plasma
actuators aligned in the spanwise direction. The aim is to generate a
controlled body force to manipulate the flow.

A constant volumetric driving force is used in the streamwise mo-
mentum equation by which the frictional Reynolds number, Re, = 180
is prescribed [14]. Periodic boundary conditions are used in the stream-
wise and spanwise directions, while the usual no-slip boundary condi-
tions are enforced at the walls. The domain size is 276 X 26 X 76 with
grid size 98 X 98 X 194 in the streamwise, wall-normal and spanwise di-
rections, respectively. The grid resolution is Ax* ~ 11.5,Az* ~ 2.9, and
a stretching factor of 1.03 is applied in the wall-normal direction, re-
sulting in y;m =0.8 and y! =7.5. The non-dimensional time step is
kept below At = Atu% /v =0.6. The solver progressed through 10,000
time steps for no-force cases, with each step requiring approximately
8.177 x 10~* simulation time units.

We would like to note that the grid resolution used in this study
is sufficient for DNS at Re, = 180, as demonstrated by a comparison
with our previous study [1], where a finer spanwise resolution was
employed. The results for both the mean velocity profile and velocity
fluctuations obtained with the present coarser grid are in close agree-
ment with those from the finer grid. Furthermore, both meshes yield
results that are consistent with well-established DNS data in the litera-
ture [17]. These observations confirm that the present mesh resolution
is adequate for capturing the key turbulence characteristics and drag
reduction effects without significant loss of accuracy.

4.2. Multiple actuator design

The specific configuration of the actuators is shown in Fig. 7. To
simplify the analysis, only the spanwise component of the body force is
considered, which means the force acts solely in the spanwise direction
@ =0or F,= 0). This simplification allows for a focused examination
of the influence of the plasma actuators on the flow behavior.

The length of the plasma area, denoted as b, is chosen to be 5 compu-
tational cells. This corresponds to a dimensionless length of b* = by =
14.5 for a given friction Reynolds number of Re, = 180. This defines
the maximum width of the plasma region in the spanwise direction for
a single DBD actuator.

To space the plasma actuators appropriately, a spanwise spacing, .S,
is implemented in between opposed plasma areas, which is set equal to
twice the length of the single plasma area (b™). There are also a spacing
between the 9 actuator pairs, which is equal to %20 of a single plasma
area (b™). The spacing, resulting in a total of 9 plasma actuators being
employed in this study Fig. 7(a). The specific arrangement and distri-
bution of the actuators are determined based on this configuration. The
creation of the force in the flow field is given in the Fig. 7(b).

For the simulations, a dimensionless parameter Dc is set to a value
of 1.0, representing the ratio of the electrical force to the inertial force
in the system. This choice of Dc influences the intensity of the generated
body force and its impact on the flow.
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5. Results, discussion and limitations
5.1. Results

The analysis reveals that the implementation of the plasma actuators
results in a modest reduction in drag, approximately 4%. Although the
drag reduction achieved in this study is relatively low, it provides valu-
able insights into the potential effects and limitations of the employed
plasma actuator configuration.

Fig. 8(a) presents the mean velocity for the force and the no-force
cases, compared with DNS data [17]. We have not observed any change
on the mean flow. A slightly lower streamwise velocity fluctuations,
U,,s» and wall-normal velocity fluctuations, v,,,,, are observed for the
applied force case compared to the no-force case (Fig. 8(b) and 8(c)).

For the applied force case, the spanwise velocity fluctuations, w,,,, are
lower for the force applied case compared to no-force case Fig. 8(d)).

Fig. 9, presents the Reynolds shear stresses for the force and no-force
cases. A reduction approximately at y* = 20 till y* =90 is observed,
which results a reduction on drag.

The presence of a minimum in the profiles of the wall-normal two-
point velocity correlation in the spanwise direction, R,,(z), is indica-
tive of the existence of streamwise vortical structures in the wall re-
gion [16,18]. These structures can be characterized by a mean vortex
structure, which is defined based on the time-averaged positions of the
local minimum and maximum of the streamwise root mean square (rms)
vorticity. The occurrence of the minimum in R, (z) is directly related
to the average spanwise distance across a vortex.

In Fig. 10(a), where the values of R, (z) are plotted for the south
wall, it is observed that there is a decrease in the correlation for y* = 10,
while preserving the same y* location, when compared to the no-force
cases. This implies that the applied force influences the strength of the
mean streamwise vortices near the wall, while the mean separation be-
tween vortices remains largely unaffected. In other words, the force
alters the intensity of the vortical structures without significantly af-
fecting their spatial arrangement.

Fig. 10(b) illustrates the values of R, (z) for the upper half of the
channel. The values for the applied force cases closely align with the
values obtained in the no-force cases.

5.2. Discussion

The present study examines the impact of wall-normal plasma jets,
generated by oppositely charged dielectric barrier discharge (DBD)
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Fig. 6. Created force and flow. (a) Force. (b)-(d) Plasma-aligned velocity evolution with time, which shows the creation of the wall-jet.
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Fig. 7. The plasma force is created in the south wall of the channel by using multiple actuators. (a) 9 actuator pairs are used. (b) Applied force.

plasma actuators, on skin-friction reduction in turbulent channel flow.
The results indicate that applying the plasma force leads to a modest re-
duction in drag, approximately 4%. The findings highlight the influence
of plasma-induced body forces on modifying turbulence characteristics,
which is consistent with previous studies on plasma-based flow control
mechanisms [1,4].

The analysis of two-point velocity correlations reveals that the ap-
plied plasma force alters the intensity of streamwise vortical structures
near the wall without significantly affecting their spatial distribution.
This suggests that the wall-normal plasma jet primarily influences tur-
bulence by modifying near-wall streak interactions rather than inducing
large-scale structural changes in the boundary layer [12]. The decrease

in turbulent fluctuations and Reynolds shear stress supports the con-
clusion that plasma actuation suppresses the regeneration of turbulence
structures, thereby reducing skin friction.

Although the achieved drag reduction is lower than that reported
for spanwise oscillating plasma actuators [1], the approach presented
here offers an alternative mechanism for influencing turbulence. The
advantage of wall-normal plasma jets lies in their ability to directly
target turbulence structures in the wall region, which differs from tradi-
tional streamwise and spanwise plasma jet configurations. The ability to
generate local flow modifications without requiring large-scale actuator
placement or excessive power input suggests that this technique could
be further optimized for practical aerodynamic applications.
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5.3. Limitations of DBD plasma actuators in practical applications

While dielectric barrier discharge (DBD) plasma actuators have
demonstrated potential for flow control and drag reduction, several
practical limitations must be considered when evaluating their real-
world aerodynamic applications.

One of the most critical limitations of DBD plasma actuators is the
voltage required for effective operation. Plasma actuators typically func-
tion at voltages in the range of kilovolts (kV), which raises power
consumption, safety, and integration into existing aerodynamic designs
[19].

The performance of DBD plasma actuators is highly dependent on
environmental factors such as humidity, temperature, and atmospheric
pressure. These conditions influence the ionization process and can lead
to inconsistent plasma discharge characteristics, affecting the actuator’s
efficiency and reliability in real-world applications [9].

Scaling up DBD plasma actuators to cover larger aerodynamic
surfaces presents a significant challenge. While single-surface actua-
tors have demonstrated localized flow control effects, ensuring effi-
ciency and uniform performance across larger surfaces is more complex

[1].
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6. Conclusion

This study investigates the effectiveness of oppositely charged dielec-
tric barrier discharge (DBD) plasma actuators in reducing skin-friction
drag through the generation of wall-normal plasma jets. Direct Numer-
ical Simulations (DNS) were conducted for a turbulent channel flow at
Re, = 180 to analyze the impact of plasma-induced forcing on turbu-
lence modification and drag reduction. The results indicate that this
novel plasma actuation method leads to a measurable reduction in wall
shear stress, primarily by altering near-wall turbulence structures.

The findings demonstrate that the applied plasma force influences
turbulence by suppressing Reynolds shear stress and modifying the
intensity of streamwise vortices in the near-wall region. Unlike tradi-
tional streamwise or spanwise plasma actuation methods, which rely
on direct momentum injection parallel to the flow direction, the wall-
normal plasma jets introduced in this study affect turbulence regen-
eration mechanisms by reducing streak interactions. The analysis of
velocity fluctuations and two-point correlation functions confirms that
the plasma-induced forcing alters the near-wall cycle responsible for tur-
bulence production.

Although the achieved drag reduction is modest, approximately 4%,
the results suggest that wall-normal plasma forcing provides an alter-
native mechanism for influencing near-wall turbulence. The effective-
ness of this approach could be further improved by optimizing actuator
configurations, placement, and forcing parameters. Additionally, the
observed turbulence modification trends indicate potential for hybrid
actuation strategies that combine wall-normal and spanwise forcing for
enhanced drag reduction.

The influence of fractional-order derivatives in modeling heat trans-
port phenomena, which may have potential applications in plasma-
induced flow control [20]. Future research could extend the present
study to higher Reynolds numbers and investigate the long-term stabil-
ity of plasma-induced turbulence suppression. Experimental validation
at larger scales, along with the integration of adaptive plasma control
strategies, could further improve the feasibility of this method for real-
world aerodynamic applications. The insights gained from this study
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Fig. 10. Wall-normal two-point velocity correlation for force applied case. (a) South wall. (b) North wall.

contribute to the broader understanding of plasma-based flow control
and highlight the potential of alternative plasma forcing techniques in
turbulence management.
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