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Abstract: Surface dielectric barrier discharge (SDBD) was used to evaluate cylindrical plasma ac-
tuators for inactivation of Salmonella enterica. A cylindrical SDBD configuration was evaluated to
determine if the inherent induced body force could be leveraged to impel plasma species, such as
reactive oxygen and nitrogen species (RONS), as an apparatus to sterilize surfaces. The cylindrical
structure is evaluated in this study to observe whether an increase in mixing is possible to efficiently
distribute the plasma species, thereby improving bacterial inactivation efficiency. The increase in
induced airflow of SDBD actuators with increased numbers of electrodes correlates with increased
bacterial inactivation. These results suggest that improving the particle velocity, airflow mixing
tendencies, and plasma volume for the same power inputs (same net power to the actuators) results
in increased surface decontamination efficiency.

Keywords: surface dielectric barrier discharge; cold atmospheric plasma; cylindrical actuators;
bacterial inactivation; flow control; particle image velocimetry

1. Introduction

Cold atmospheric plasma (CAP), or nonthermal plasma produced at atmospheric pres-
sure, has demonstrated utility in both surface decontamination and airflow control within
the past two decades [1–5]. Although CAP may be generated through several methods,
surface dielectric barrier discharge (SDBD) is one of the simplest means. Asymmetric SDBD
actuators generate plasma between two asymmetrically placed electrodes, where at least
one electrode is covered by a dielectric material (embedded) [4,5]. The main advantages
of SDBD over other plasma generation methods are the low power requirements, cus-
tomizability (design and scale), no gas-flow requirement, and most importantly a localized
airflow induction generated from a corona discharge.

An asymmetric design of SDBD imparts momentum into the gas adjacent to the ex-
posed electrode as a result of the electric field coupling with the surrounding gas. The gas is
entrained, and an effective “induced flow” is produced. In a gaseous medium including at-
mospheric air, CAP induces the generation of reactive oxygen and nitrogen species, charged
particles, and ultraviolet light. These are attributed as the major players contributing to
bacterial inactivation observed in previous studies. Bacterial cellular damage results from
high oxidative stress imposed on treated cells as a result of the action of the reactive species
as well as electrostatic interactions of charged particles across the bacterial cell wall [2,6,7].
Ultimately, the cells die due to the constant barrage of accumulating reactive species, while
being unable to keep up with lipid, protein, and DNA repair [8,9]. The induced flow of
SDBD actuators functions as an effective delivery mechanism for the plasma-generated
species to reach the contaminated surfaces [10]. By optimizing the geometric configura-
tions of the plasma actuators, the SDBD impels the plasma-produced species toward a
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surface in a relatively power-efficient manner when compared to volumetric DBD (VDBD).
Although VDBD has been utilized for bacterial inactivation, it requires a relatively higher
power input, an addition of gas flow, and is highly limited in effective treatment area.
VDBD lacks the natural means of species delivery that SDBD possesses, the induced fluid
body flow. The true potential of SDBD is realized through the manipulation and utilization
of the induced flow.

Several preliminary studies were performed to observe the efficacy of SDBD in differ-
ent applications [10–14]. Various SDBD configurations were tested to improve induced flow
strength and bacterial inactivation, including changes to physical parameters of electrodes
and variations in dielectric materials. Geometrical changes in general considerably affect
the total plasma volume output for a specific power input. For example, an increase in
inter-electrode gap distance (i.e., the lateral distance between the exposed and embedded
electrode) has been observed to increase induced flow strength, thereby increasing the ef-
fective treatment distance, but pushes the plasma into the “streamer regime”, consequently
increasing energy waste through heat and light dissipation [12,15]. Additionally, arranging
electrode pairs in opposite directions allows for plasma jet vectoring, opening up a certain
level of control for reactive species distribution and vectoring toward a specific surface.
Through ideal electrode separation and power input, the plasma may be optimized into the
“uniform regime” producing increased plasma volume per unit area [15]. Thus, there are a
plethora of methods to increase the efficacy of SDBD for bacterial inactivation, whether it is
the distribution method or the optimization of plasma species generation.

In this study, a cylindrical configuration was observed to determine whether an in-
crease in fluid mixing, consisting of redistribution and homogenization of plasma generated
species in the bulk of the fluid (in this case air), was feasible and whether this mixing had
any impact on the inactivation of bacteria. In addition to this, mixing characteristics in
different configurations with varying numbers of electrodes was observed to determine
whether a correlation exists between number of electrodes and mixing efficiency. Increasing
the number of electrodes effectively increases the sources for plasma to form and thus mo-
mentum entrainment locations. Particle image velocimetry (PIV) was used to evaluate the
degree to which the airflow in the cylinder-shaped actuators is entrained and redistributed
by the induced flow due to the plasma, observed through characteristics such as vorticity.
Comparisons were made between one, two, three, and six electrodes within similar-sized
cylindrical-shaped actuators. All actuators were driven with the same amount of total
power. By increasing the number of electrodes, the total power to each electrode was lower,
but the combined power remained the same. Naturally, an increase in electrodes resulted
in an increase in the plasma surface area but decreased plasma intensity per unit area.
The efficacy of the actuators to decontaminate surfaces was evaluated by observing the
average log reduction of bacterial cultures after plasma treatment.

2. Materials and Methods
2.1. Actuator Material and Design

The cylindrical actuators used in this experiment were created using thin Teflon
sheets, viewfoil made from polyester, and copper tape for the electrodes. The viewfoil
was critical to this experiment to allow laser light to penetrate into the cylinder. Half
the cylinder was viewfoil, while the other half was Teflon to act as the dielectric for
the surface discharge actuator. The actuators were relatively circular with a diameter of
around 1 inch. The actuators were constructed in an asymmetric configuration to allow
for stronger induced flow. Each actuator configuration is displayed at the start of each
electrode configuration PIV analysis, respectively. In the PIV experiment and the biological
experiment, ambient air was used as the gas medium.

The electronics powering the actuator consisted of a minimax70 transformer (Infor-
mation Unlimited, Amherst, NH, USA) running at 7 kV and 10 mA and a 4.8 V 2000 mAh
battery pack (Tenergy, Fremont, CA, USA), as seen in Figure 1. The transformer utilizes a
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five-stage multiplier and can easily generate 30 kV at 0.5 mA with the output at 25–35 kHz.
The power going into the actuator is high-voltage AC.

Figure 1. Flowchart of the electronics setup for the actuator.

2.2. Particle Image Velocimetry

Particle image velocimetry (PIV) is a commonly used analytical technique used to
evaluate bulk fluid velocity profiles. In this experiment, the PIV setup utilized a Big Sky
Laser Ultra Duel Nd:YAG laser that was connected to a pulse generator along with a
high-speed Motion Pro X3 camera, as seen in Figure 2. A Taitech DG-100 timing control
unit was used to control a Quantum Composers Plus 9518 pulse generator for laser/camera
alignment. A Tektronix TDS 2014B oscilloscope was connected between the pulse generator
and the lasers to monitor pulse delays. A laser optical setup that consisted of a cylindrical
rod and a mixture of convex and concave lenses was used to obtain a <2 mm laser sheet
thickness. A ChauvetDJ Hurricane 700 fog generator was used to seed the air for PIV
measurements. The time delay, dt, used for this specific experiment was 500 µs.

Figure 2. PIV setup schematic.

2.3. Biological Experiment Setup

For the bacterial inactivation section of this experiment, each cylinder configuration
was used as a tube that enclosed a biological sample. The cylinders were rotated sideways
and sat flat over the sample in a way to not touch the sample. A plastic cover was used to
cover the open end of the cylinder. The entire setup was performed in a biosafety cabinet
in a Petri dish. The setup is seen in Figure 3.
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Figure 3. Schematic of the biological experimental setup.

3. Results and Discussion
3.1. Particle Image Velocimetry

Particle image velocimetry (PIV) analysis was used to evaluate the bulk fluid velocity
profiles and mixing parameters within cylindrical SDBD plasma actuators with one, two,
three, and six electrode arrays. The aim of PIV analysis was to determine the extent to
which the actuators were capable of inducing airflow mixing. Since plasma-generated
reactive species are known to have biocidal effects, an increase in airflow velocity and
mixing capability would theoretically result in improved delivery of reactive species
to contaminated surfaces, resulting in increased efficiency for surface decontamination
applications. Although SDBD actuators can be constructed and arranged into any three-
dimensional structure, a cylindrical structure was used in this study to allow the optimal
evaluation of airflow mixing capabilities since no edges or corners are present to influence
the airflow dynamics. Additionally, the number of electrodes was varied from between
one and six to evaluate the effects of increased plasma volume on the airflow velocity
and mixing capabilities. The higher resolution in lower electrode numbers (one, two,
and three electrodes) was to observe minute differences between each, while the larger
electrode number of six was utilized to observe the upper limit of mixing. To compare the
amount of mixing between the various electrode arrangements, several parameters were
examined, including vorticity, streamlines, velocity magnitude, and root mean squared
(RMS) velocity fluctuation.

For the one-electrode actuators, a strong single vortex was generated near the actuator
that entrained only the flow close to the walls (Figure 4). Note that the actuator is positioned
in the same location across all plots and their respective schematic. A highly concentrated
vortex was clearly visible near the location of the actuator interface where the plasma-
induced wall jet is generated (Figure 4b). As expected, this was also the location of
maximum particle velocity (Figure 4c) and velocity fluctuation (Figure 4d), indicating a
higher degree of mixing.

When two-electrode actuators were used, the flow properties were more uniform
within the entire cylindrical region (Figure 5). However, unlike the single small, strong vor-
tex close to the electrode in the one-electrode arrangement (Figure 4c), two larger but com-
paratively weaker vortices were observed in the two-electrode arrangement (Figure 5c).

Accordingly, when three electrodes were used, three vortices were observed—two of
which were considerably smaller than the third (Figure 6). The largest vortex at the center
of the cylinder is presumed to influence the plasma-produced particles and redistribute
them throughout the cross-section of the flow (Figure 6c). This characteristic results in a
more uniform distribution of plasma-generated reactive species and more efficient surface
decontamination potential.

The jump to six electrodes continued this trend with the most complete redistribution
of particles in the flow (Figure 7). An increase in electrodes also comes with an increase in
locations for the induced flow to originate from. Characteristically, more electrodes con-
tribute to an increase in plasma surface area and volume, resulting in a higher concentration
of reactive species in the flow.
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Figure 4. (a) Schematic of one electrode (1E) actuator (not to scale), (b) 1E vorticity plot, (c) 1E
streamline and velocity magnitude plot, and (d) 1E RMS velocity plot.

Figure 5. (a) Schematic of two electrode (2E) actuator (not to scale), (b) 2E vorticity plot, (c) 2E
streamline and velocity magnitude plot, and (d) 2E RMS velocity plot.

These results suggest that increasing the number of electrodes and strategic positioning
of the electrodes allows greater circulation and promotes better distribution of the induced
airflow. Increasing the number of electrodes resulted in increased airflow uniformity and
greater airflow mixing within the entire cylindrical region (Figures 4–7). This increased
airflow uniformity may be attributed to the coupling of the flow of two adjacent opposite-
acting actuators that result in a plasma jet directed perpendicularly to the surface. Increased
mixing was primarily observed at the point of convergence of streamlines where the two
vortices met (Figures 5c and 6c). Thus, a higher number of vortices resulted in increased
velocity variation and improved mixing tendencies (Figures 5d and 6d).
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Further analysis of the flow field without a cylindrical enclosure revealed that the
flow is perpendicular to the semicylindrical actuator surface and the vortices are a result
of the obstruction formed by the remainder of the semicylindrical enclosure formed by
the transparent shell. These results suggest that increasing the number of electrodes and
strategic positioning of the electrodes allows for an increased circulation and optimal
mixing of the flow.

Figure 6. (a) Schematic of three electrode (3E) actuator (not to scale), (b) 3E vorticity plot, (c) 3E
streamline and velocity magnitude plot, and (d) 3E RMS velocity plot.

Figure 7. (a) Schematic of six electrode (6E) actuator (not to scale), (b) 6E vorticity plot, (c) 6E
streamline and velocity magnitude plot, and (d) 6E RMS velocity plot.

3.2. Bacterial Inactivation by Cylindrical SDBD Actuators

All four SDBD actuator arrangements, utilizing one, two, three, and six electrodes,
reduced Salmonella enterica populations on the inoculated coverslips after four minutes
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of treatment. Average log CFU mL-1 reductions of Salmonella cells were 1.30, 1.54, 1.81,
and 2.28 for the one-, two-, three-, and six-electrode actuator arrangements, respectively
(Figure 8). The average bacterial log reductions for the one-, three-, and six-electrode
arrangements were significantly different from each other, while the log reduction from
the two-electrode arrangement was only significantly different from the six-electrode ar-
rangement (p ≤ 0.05). These data confirm that the increase in induced airflow of SDBD
actuators with increased numbers of electrodes correlates with increased bacterial inactiva-
tion. These results suggest that by improved particle velocity, increased airflow mixing,
and increased plasma volume results in increased surface decontamination efficiency. It
should be noted that bacterial-inoculated coverslips were treated in line with the airflow
and particle motion in this study. It is suspected that an increased bacterial reduction
efficiency would have been observed if inoculated coverslips were placed perpendicular to
the airflow and particle motion. A perpendicular orientation of contaminated substrate
to plasma-induced airflow would allow a more direct bombardment of plasma-produced
reactive species and would maximize the cell-damaging effects of these particles for surface
decontamination applications.

Figure 8. Average log reduction (CFU mL−1) of Salmonella cells inoculated onto glass coverslips
placed within SDBD actuators with one, two, three, and six electrodes and treated for four minutes.

3.3. Assessment of Bacterial Inactivation by Cylindrical SDBD Actuators

A five-strain mixture of Salmonella enterica subspecies enterica (serovars Enteritidis,
Typhimurium, Javiana, Seftenburg, and Poona) was used for inoculation of sterile glass
coverslips, which were then placed in the center of cylindrical SDBD actuators with one,
two, three, and six electrodes and treated for 4 min. Bacterial strains were grown aerobically
overnight with shaking (250 rpm) at 37 ◦C in 5 mL tryptic soy broth (TSB, Difco, Sparks,
MD, USA). The bacterial concentration of each overnight liquid culture was determined
by serially diluting the culture in 0.1% (w/v) sterile peptone (Difco, Sparks, MD, USA)
and plating in duplicate on tryptic soy agar (TSA, Difco, Sparks, MD, USA), incubated
overnight at 37 ◦C.

To prepare the inocula, 1 mL of each liquid culture was centrifuged at 9000× g for
3 min and resuspended in 1 mL of 0.1% (w/v) sterile peptone before being combined with all
other strains. In addition, 100 µL of the bacterial suspension (approximately 107 CFU) was
used as inoculum and spotted in 20–25 spots (between 105 and 106 CFU/spot) onto single
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sterile 22 × 22 mm glass coverslips and dried in a biosafety cabinet for 90 min prior to cold
plasma treatment. Immediately after cold plasma treatment, treated and untreated control
inoculated coverslips were washed by vortexing for 30 s in 10 mL 0.1% (w/v) sterile peptone
in 50 mL conical tubes. The wash fluid was ten-fold serially diluted in 0.1% peptone, and
100 µL of appropriate dilutions was plated in duplicate on TSA and incubated overnight at
37 ◦C.

Three biological repeats containing two replicates of each treatment were conducted.
Log reductions due to plasma treatment were calculated by comparing the numbers of
recovered cells from treated samples and untreated controls. Statistical difference was
calculated between treated samples and untreated controls from plate counts by using
analysis of variance (ANOVA) with SAS (Statistical Analysis System. Inst. Inc., Cary, NC,
USA). A significant difference was defined at p ≤ 0.05.

4. Conclusions

In summary, using a cylindrical SDBD actuator, a correlation between an increase in the
number of electrodes and an increase in the degree of mixing was observed. The increase
in electrodes provides more wall locations for airflow to be entrained. Velocity fluctuations
increase as well, demonstrating a higher degree of particle redistribution within the airflow.
The total number of vortices perceived within the cylindrical structure increased with more
electrodes. The area between vortical structures caused the highest fluctuation in velocities,
potentially indicating mixing. Additionally, the increase in electrodes yields an increase
in total plasma surface area, which is observed to correlate with an increase in bacterial
inactivation. More plasma species were generated by the higher plasma volume, and the
bacterial inactivation efficiency of these species were enhanced due to the higher particle
redistribution rate. A relative decrease in power per plasma surface area in the actuators
with more electrodes was not observed to play a role in plasma-based decontamination but
needs to be analyzed for changes in the type of dominant species produced when higher
power regimes are used. Increased power only produced streamers and heat in this study,
which may not be beneficial for actuator longevity.

A cartoon schematic is illustrated below to summarize expected vortices from certain
cylindrical electrode configurations (Figure 9). In the case of an odd number of exposed
electrodes, the imperfections in the electrodes have one side dominant, thus altering the
positions of the expected vortices. In future studies, cylindrical structures could be further
explored in cases of electrodes all the way around the cylinder with the jet vectors, all
directed inward along with various combinations of laid along the wall to accelerate or
interrupt the flow. In this study, by utilizing a cylindrical configuration and using an
increased number of electrodes, a higher efficiency SDBD actuator in terms of degree of
airflow mixing is possible for bacterial inactivation. Potential applications of these findings
span multiple disciplines for surface decontamination of complex structures.

Figure 9. Cartoon schematic of expected vortices from one, two, three, and six exposed electrode
cylindrical actuators.
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ANOVA Analysis of Variance
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RONS Reactive Oxygen and Nitrogen Species
SAS Statistical Analysis System
SDBD Surface Dielectric Barrier Discharge
VDBD Volumetric Dielectric Barrier Discharge
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