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Abstract—This study interests in defining a new type of dielectric barrier discharge actuator for mixing improvement purpose.
The actuator is composed of a perforated plate (121 holes) housing embedded and printed electrodes between which a high voltage
is applied. The electrode arrangement is such that the holes where the gas flows are surrounded by dielectric barrier discharges.
Electrical and optical characterizations of the discharge are proposed to characterize the typical streamer and glow regimes that
occur during one period of the AC sine voltage. Fast flow imaging by smoke streamwise and cross-sectional visualizations has been
conducted for a freestream flow of 5 m/s. Depending on the applied frequency, the plasma discharge can modify the outer region
where secondary instability takes place or it can produce a laminar-to-turbulent transition, enhancing then the mixing of the flow
exiting from the perforated plate.
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I. INTRODUCTION

The mixing of scalar flow component is important for a
large number of practical and fundamental situations. Mixing
by passively forced turbulence underlies a variety of engi-
neering phenomena, including combustion, injection cooling,
industrial mixing and pollution transport. Turbulent mixing
can also be viewed from a fundamental point of view by
theoretical and empirical methods. For instance, the decay
of turbulent components in grid-generated turbulence, where
homogeneous and isotropic turbulence quickly develops, is in-
tensively studied since many years now [1], [2]. A few systems
have been designed to modify the obvious power-law decay of
the turbulent components. One can mention the fractal grids
developed by Vassilicos et al. that produce better mean flow
homogeneity and a high turbulent intensity while maintaining
a low pressure drop [3], [4]. The turbulence characteristics can
also be improved considerably by employing multiple grids in
series as it was shown in Mazellier et al. [5], [6]. Nonetheless,
most of these systems improving the turbulent characteristics
are passive devices. Only a few active control systems for grid
turbulence have been developed [7]. The primary limitation of
these active systems is that, despite of providing an effec-
tive control of the turbulent characteristics, these mechanical
systems are extremely complex. Furthermore, the use of a
mechanical system means that only low frequency excitation
can be applied. This is a strong limitation if one attempts at
promoting flow structures of many different sizes, from short
to long wavelengths that would interact by multiscale dynam-
ics and energy exchanges. Another method for increasing the
mixing of turbulent flow is the use of multiple jets for which
considerable investigations have been conducted in research
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related to combustion or chemical mixing. For example, a fuel
jet can be confined by lateral oxygen jets in order to stabilize a
flame by increasing the surrounding mixing, this stabilization
leading to a significant reduction of pollutant emissions such
as NOx [8]. Multi-jet burners are effective designs to improve
combustion intensity and shorten the length of the flame [9],
but multiple interacting jets produce complex flows and have
not been thoroughly investigated. For instance, the near-field
behavior of 6×6 interacting jets has been recently investigated
by mean of PIV and LDA measurements [10]. The merging
of the jets into a single jet after a certain distance has been
confirmed. A deflection of peripheral jets towards the center
of the jet array is also reported; the deflection being caused
by mutual entrainment between the jets and a low pressure
region at the center of the jet array.

The present paper proposes to define and demonstrate
that surface plasma discharges can be useful for mixing
increase in the wake of an active “grid like” or “multi-
jet like” geometry. The use of non-thermal surface plasma
discharge for flow control is now more than an emerging
field. More than fifteen years of investigations [11]–[13] have
demonstrated the benefits of plasma actuators in a large
number of flow conditions, including separated turbulent flow
caused by pressure gradient or geometric accident [14]–[16],
plane and axisymmetric mixing layers [17], [18], aerofoil and
landing gear noise production [19], [20] and so many more
specific applications. Plasma-assisted flow control is now a
well-established research domain, involving more and more
research groups but the typical surface plasma actuator with
asymmetric electrodes, as it was originally defined by Roth
[21], is still the most used configuration. The present paper
aims at investigating a different type of electrode arrangement
installed on a perforated flat plate in order to tackle new
applicative and fundamental problems dedicated to mixing
enhancement. This type of complex electrode arrangement
has been originally designed for gas cleaning by combination
of non-thermal plasma and catalysts (named as honeycomb
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plasma discharge in [22]), but plasma grids have also been
investigated for air decontamination in [23] and [24] among
many references from the same authors. In the first parts of this
paper, electrical and optical diagnostic are proposed in order
to characterize the honeycomb plasma discharge. Then, the
mean airflow downstream of the perforated plate is visualized
in absence and in presence of the plasma discharge operated
at different electrical conditions. The primary objective is to
identify if this innovative plasma actuator can manipulate a gas
flow. An active manipulation of the wake of the plate means
that the system will be useful for multi-jet burners. Indeed,
such active system can take advantages of the high frequency
forcing capability of plasma discharges in order to increase
the turbulent motion at the smallest scales where immediate
effect on chemical reactions that occur on the molecular level
could be observed.

II. METHODOLOGY

A. Geometry of the honeycomb plasma actuator

The plasma actuator is made of a ceramic plate (Al2O3,
92% with a thickness of 1.27 mm) perforated by 121 holes
having an inner diameter, Φ, of 2 mm (Fig. 1). The top of
the plasma actuator is made of a conductive layer (nickel with
thickness of 10 µm) connected to a high-voltage power supply.
The grounded electrode is embedded within the ceramic di-
electric material at a distance of 630 µm from the air-exposed
electrode. The distance between the edge of an active electrode
and the edge of the corresponding hole designed for the gas
passage is 350 µm (see Fig. 1). The distance between the
centers of two successive holes is 3.05 mm. At a sufficient
onset voltage, the plasma discharge array is fully powered (see
Fig. 2), the electric field producing a visible discharge around
each of the holes (at the surface, but also inside the lateral
edge of the holes).

B. Electrical setup

A sinusoidal waveform is generated by a function generator
(Hameg, 8110). A signal amplifier (Trek, model 30 kV-40 mA)
is used to apply a gain of 3000 V/V to the input voltage.
The applied voltage amplitude reaches maximum value up to
14 kVp-p while the AC frequency driving the plasma formation
ranges from 100 up to 2000 Hz. Measurements of the total
current discharge are conducted by measuring the voltage
across a non-inductive shunt resistor (100 Ω) connected to
the grounded electrode. Electrical measurements also include
calculation of the consumed electrical power by a capacitor-
based charge method (MKP 47 nF 630 V capacitor). The total
current signal and charge is digitized by a high-resolution
oscilloscope (Lecroy, HDO 6054).

C. Optical diagnostic

The plasma layer developing at the dielectric surface is
recorded by a fast gateable EM-iCCD camera (Princeton, Pi-
max4 Gen2) with 1024×1024 pixel2 matrix. The camera is
equipped with a 200 mm objective coupled to a focal length

Fig. 1. Sketch (front and slice views) of the honeycomb plasma actuator.

doubler in order to reach a magnification scale of 1:1 (field of
view of 9×9 mm2).

The present paper aims at demonstrating the capabilities of
the honeycomb plasma discharge for increasing the turbulent
transfer of a flow passing through its holes. In order to
characterize the flow modifications imposed by the discharge,
smoke flow visualizations have been performed using a short-
pulsed Nd:YLF laser (Terra PIV 527-100-M) that generates
a visible green light (λ = 527 nm) and delivers 30 mJ per
oscillator when operated at 1 kHz. This equipment is used
for visualizing the instantaneous flow field (exposure time
of about 100 µs) and the flow structures embedded in the
background turbulence if they exist. A fast camera (Photron
SA-Z) is synchronized with the laser for operating the optical
diagnostic at 1300 Hz. This sampling rate differs from the
applied fAC in order to avoid any phase-averaging bias. The
laser sheet is placed perpendicularly in the central axis of the
honeycomb to visualize the flow along its convection in the
streamwise direction. Cross-sectional smoke visualizations are
also proposed at a distance of 10.8 mm from the honeycomb
actuator. Dielectric oil (Ondina 15) is atomized into fine
droplets for permitting the laser light scattering. For each of
the tests, a flow sequence of 5000 images has been recorded.
The raw images are processed using Davis 8.2 software. Each
of these images is normalized by subtracting the minimal
intensity value of the whole image. Finally, for a time-averaged
description of the flow field, the mean grey level of the
5000 images is computed.

D. Flow conditions

The honeycomb plasma discharge has been implemented
at the exhaust of a circular open-air type wind-tunnel with
a 0.132 m2 cross-section. This facility has a 1.45 m long
chamber, series of mesh grids and a jet exit of 50 mm in
diameter is obtained by means of a contraction outlet which
improves the flow uniformity (contraction ratio of 1:17). The
air flow is driven by a centrifugal fan (FEVI F18G-1R-500,
France) with eight radial blades rotating at a maximum rpm of
3,000 delivering 0.3 m3/s. The local velocity (U0), measured
at the center of one hole of the plasma actuator array, is fixed
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Fig. 2. Photographs of the plasma discharge array prototype (left), mounted at the jet exhaust (center) and powered by an AC voltage with amplitude of
14 kVp-p at 2000 Hz (right).

at 5 m/s (Reynolds numbers of ReΦ = 985). At such a low
Reynolds number, the jets are initially in a laminar regime but
they can become rapidly unstable and turbulent eddies can
form at some distance away from the outlet of the honeycomb
discharge.

III. RESULTS

A. Electrical results

Typical traces of voltage and current time evolutions are
illustrated in Figs. 3 and 4 for different voltages (with fAC

fixed at 2000 Hz) and frequencies (for applied voltage am-
plitude of 14 kVp-p), respectively. The plots in both figures
clearly show that the plasma discharge array mostly behaves
as a typical dielectric barrier discharge. Indeed, two plasma
regimes can be inferred from the total current measurement,
these two regimes being superimposed on a strong capacitive
signature caused by the electrode arrangement of the device.
One can recognize a streamer regime made of numerous
positive current peaks during the positive-going cycle of the
voltage signal. The number and amplitude of these peaks
increases with the applied voltage (Fig. 3) and the applied AC
frequency (Fig. 4). For the higher consumed power (15 W),
the current peaks reach amplitude up to 80 mA. Increasing
the applied voltage enhances the duration of the streamer
regime (the streamer regime starts earlier with an increasing
voltage) when applying a higher driven frequency has almost
no influence on the duration of the regime. As it is shown in
Figs. 3 and 4, the negative-going cycle of the voltage results in
small amplitude negative current peaks (∼5 mA). The plasma
discharge corresponds then to a glow regime whose intensity
can be increased by a higher voltage amplitude and fAC . The
increase in current amplitudes (both positive and negative)
suggests a higher electrical power consumed by the actuator.
The electrical power consumption measurements are gathered
in Fig. 5. The measurements indicate a maximum consumed
power of 15 W for the whole system, but lowered electrical
power consumption can be achieved by reducing the applied
voltage amplitude and/or AC frequency. The rate of increase
in the consumed power is higher with an increasing voltage
(quadratic increase) than with an increasing frequency (linear
increase). One can notice that the onset voltage for the plasma
actuator array is of about 4 kVp-p, the exact value depending
on the applied frequency (it decreases with fAC).

Fig. 3. Total measured current for varying voltage amplitudes (fAC =
2000 Hz). The instantaneous snapshot of one AC cycle is plotted in black
and the envelope of 200 AC cycles is shown in blue.

Fig. 4. Total measured current for varying driven AC frequencies fAC

(14 kVp-p).

B. Morphology of the discharge by ICCD

This section interests in characterizing the plasma discharge
by top-view EM-iCCD visualizations. By using a short expo-
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Fig. 5. Electrical power consumed by the honeycomb plasma discharge.

sure time with a well-chosen duration, both plasma regimes
can be discriminated. In Fig. 6 is shown the plasma morphol-
ogy for varying fAC while the voltage amplitude is fixed at
14 kVp-p. As it was observed in the previous section, the cur-
rent discharge is clearly affected when fAC is increased but the
images of the ionized regions are not fundamentally changed.
The positive-going cycle of the voltage signal corresponds to
a corona-like discharge covering the distance from the active
electrode edges to the border of the holes but strong light
emission is also produced by some intense spots (streamer),
this being responsible for the high amplitude positive current
peaks. It seems that only one streamer occurs per hole of the
honeycomb DBD discharge. The morphology of the discharge
differs for the negative-going cycle of the voltage. In this case,
the current trace evokes a glow regime with many filaments
propagating at the dielectric surface. They connect the edge
of the active electrode to the border of the hole, several of
them being observed per hole. However, the intensity of these
filaments is three times lower than the light emitted by the
streamers. An increase in frequency reinforces the intensity
of the streamer, but the global aspect of the streamer regime
is not strongly modified. The influence of fAC on the glow
regime is even less discernible. The only modification is a
small increase in the light emitted by the ionized filaments.

A similar experiment has been conducted for a fAC main-
tained constant at 2000 Hz and voltage amplitude of 10 and
14 kVp-p (Fig. 7). As for the changes in plasma morphology
with fAC , the voltage amplitude has a strong influence on the
streamer regime, but the glow regime seems mostly insensitive.
At the lowest voltage amplitude, only a few streamers are
formed during the positive-going cycle of the voltage but
low density ionization occurs over the dielectric surface.
As already indicated, the voltage amplitude has almost no
influence on the morphology of the glow regime.

C. Flow modifications imposed by the plasma actuator

Streamwise view of the flow in absence of plasma discharge
can be viewed in Fig. 8 (natural flow case). These streamwise
visualizations show the traces of the jets issuing from all the
holes of the honeycomb discharge. As in [10], the peripheral
jets are rapidly deflected toward the axis of the wake flow due
to the mutual interactions of the jets and to the low pressure
region at the center of the wake. The present measurements

indicate that the multi-jet quickly evolves as a single jet with
a potential core surrounded by convected ring vortices at the
origin of the axisymmetric shear layer.

The flow topology by cross-sectional images is shown in
Fig. 9, this plot highlighting the symmetry of the flow in the
initial region. Each of the single jets issuing from the holes
of the honeycomb discharge is clearly observed in the cross-
sectional view, but they are not aligned with their originating
hole due to the peripheral deflection already reported from
the streamwise images. The single jets in the outer boundary
region of the global jet quickly lose their coherency and the
initial round jets rapidly evolve into mushroom-like vortices.

The structuration of the outer boundary region resembles the
streamwise vortex pairs many times reported in literature for a
single round laminar jet [25], [26]. In round jet configuration,
the streamwise vortex pairs (secondary instability) originate
from the interactions of successive ring structures formed at
the jet periphery (primary instability), but here there is no clear
signature of a primary instability in the cross-sectional images.
One can suspect that the peripheral flow structures are formed
under the shearing force caused by the large local velocity
gradient between the air jet and the surrounding quiescent
flow. For the single jets issuing from the holes located in
the central region of the honeycomb discharge, they lose their
round aspects and are deformed to finally approach a square
shape. Indeed, the mutual interaction between adjacent jets
changes the flow conditions in the boundary region of each
jet by comparison with a single jet exiting in a quiescent
environment. Finally, in the present configuration, each of the
jet is in a situation of coflow. The topology of the jets in the
central region resembles to the helicoid mode 4 observed in
[27] where coaxial jets with a swirling movement of the outer
jet were studied.

The cases of flow forced by the plasma discharge are also
depicted in Figs. 8 and 9. For a fAC frequency equal to
100 Hz, the influence of the discharge on the mean flow is
limited to the boundary region of the global jet. In the stream-
wise view (Fig. 8), the influence of the discharge corresponds
to a higher deflection of the peripheral jets, finally resulting
in a shortening of the region where the multiple jets interact.
As it is shown in the central plot of Fig. 9, the symmetry
and the topology of the cross-sectional image is not fun-
damentally modified, but the periodic perturbations imposed
by the discharge have sufficient amplitude to partially break
the mean vortical flow organization of the outer region while
the inner region of the jet remains unchanged. By increasing
further the fAC value, the region of jet interaction is reduced
further. As shown in the cross-sectional view, the structuration
of the flow is fully modified without any signature of flow
organization at large-scale and it corresponds now to a fully
turbulent flow regime at the measurement location. Here, the
flow visualizations suggest that the mixing process is enhanced
by the plasma discharge due to a forced laminar-to-turbulent
transition, a turbulent flow being intimately connected with a
higher mixing capability.
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Fig. 6. Visualizations with short exposure time for varying fAC (the two plasma regimes are discriminated).

Fig. 7. Comparison of the plasma morphology for the two extrema of the
applied voltage amplitude.

IV. CONCLUSION

The present paper investigates the use of a novel type of
dielectric barrier discharge for jet flow control. The direct
application relates to mixing enhancement in combustion in
order to gain a better efficiency of combustion and thus a
reduction of pollutant formation. The electrical measurements
have confirmed that the electrode geometry leads to the
formation of a typical surface plasma discharge in presence
of a dielectric barrier. The two plasma regimes, namely the
streamer and glow regimes, have been observed from the time
evolution of the current and from short-exposure time images
of the plasma layer. In situation of flow control, the conducted
experiments reveal the potential of this discharge in term
of mixing improvement. According to the flow conditions,
the jets at the outlet of the holes are initially in a laminar
regime, but the plasma discharge can actively force a turbulent
flow regime in the wake of the plasma array, providing that
the applied AC frequency is large enough. Here, the mixing
enhancement of the multi-jet with the ambient air is achieved
by a transition from a laminar regime to a turbulent one when
fAC is equal to 2000 Hz. Knowing that this system is effective

Fig. 8. Streamwise smoke visualizations of the flow for unforced and forced
conditions (dimensions in mm).

to manipulate a laminar flow, additional measurements will be
conducted to characterize the influence of the plasma discharge
for jet flow in an initially turbulent regime. These measure-
ments should include high-resolution PIV and time-resolved
analysis to address the capability of this original discharge for
manipulating the isotropic character of the turbulent flow field,
the Reynold stress components, the integral length scales or
the decay law along the centerline of the global jet formed in
the wake of the honeycomb plasma discharge.

112 International Journal of Plasma Environmental Science & Technology, Vol.10, No.2, DECEMBER 2016



Fig. 9. Cross-sectional smoke visualizations of the flow for unforced and
forced conditions (dimensions in mm).
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