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I. Introduction

S INGLE dielectric barrier discharge (SDBD) plasma actuators
have been used to manipulate airflows on a variety of lifting and

nonlifting bodies (see, for example, the excellent review article by
Corke et al. [1]). These actuators, which consist of a pair of offset
electrodes separated by a dielectric material, generate a force on the
neutral background gas that results in a paraelectric gas flow.
Applications include, for example, active delay of separation near the
leading edge of airfoils [2,3], delay of airfoil dynamic stall [4,5],
reduction of bluff-body drag by delay of separation [6,7], control of
separation on turbomachinery blades [8,9], flow control on wind
turbine blades [10], and other similar applications.

While plasma actuators have been used with some success, as
detailed in the literature cited above, their utility is limited by the
small force that is generated by the actuators. The thrust generated by
state-of-the-art actuators is limited to about 0.10 to 0.20 N per meter
of actuator, inducing a velocity that peaks at about 3.0 to about
6:0 m=s [1]. Although their attributes (particularly the ability to be
flush-mounted with almost no parasitic drag, very simple imple-
mentation, and nomoving parts) make them very attractive for active
flow control, it is generally recognized that a significant increase in
control authority is needed in order for plasma actuators to be
effective for most practical applications.

One approach to increasing actuator thrust may be to apply certain
heterogeneous catalysts on the surface of the dielectric exposed to the
plasma. In this Note, we present the results of recent experiments
using titania (TiO2) as a plasma catalyst in which the actuator thrust
was seen to increase by as much as 120% relative to the catalyst-free
actuator. We discuss possible mechanisms responsible for the
enhanced thrust and suggest further experiments which will improve
our understanding of the phenomenon.

II. Experimental Procedure

AnSDBDplasma actuator was constructed and used to investigate
the force generated with and without a titania catalyst. Figure 1

illustrates the experimental setup. A single pair of electrodes was
separated by a square alumina ceramic plate having a length of 15 cm
and a thickness of 0.635 mm. The exposed electrode consisted of a
25.4-mm-wide by 127-mm-long copper foil tape with 0.089 mm
(3.5 mil) thickness. The covered electrode was 50.8-mm-wide by
127-mm-long copper foil tapewith the same thickness as the exposed
electrode. The lower edge of the exposed electrode, as shown in
Fig. 1, was approximately 25mm from the lower edge of the ceramic
plate. Each edge of the two electrodes, with the exception of the long
edge of the exposed electrode adjacent to the plasma zone, was
covered with 0.065-mm-thick (2.5 mil) Kapton® tape. Two layers of
3M Scotch 130C dielectric tape were used to cover the back side of
the alumina ceramic. The electrodes were connected to a power
supply which provided up to 16 kV (rms) of electrical potential
across the electrodes. The power supply consisted of a TitanMAC-02
mainframe amplifierwith a TitanMOS-01 oscillator coupled to a pair
of Crown 25X step-up transformers. A 5 kHz sinusoidal waveform
was applied. The actuator was placed in a Plexiglas® stand resting on
an OHAUS A812 precision scale capable of measuring forces up to
812 g with a precision of 0.01 g. The actuator and scale were housed
in a Plexiglas box to isolate the apparatus from extraneous airflow. A
duct with a 3 in. ac cooling fanwas connected to the box to siphon off
ozone and NxOy gases produced by the plasma. A manganese oxide
honeycomb catalyst was placed over the duct entrance to partially
remove the ozone generated by the plasma and to introduce an addi-
tional pressure loss to reduce the flow disturbance in the closed
container.

After placing the actuator on the scale, closing the container and
turning on the fan in the duct, the pressure in the container was
allowed several minutes to settle to a steady state (approximately
5 min). The weight of the actuator and holding apparatus was then
read from the scale’s digital output screen and manually recorded
with the voltage off. The weight was then measured and recorded
for rms voltages of 4.0, 4.5, 5.0, 5.5, 6.0, and 6.5 kV. At higher
voltages, the plasma saturated and no additional force was
generated: a phenomenon described by Thomas et al. [11]. For each
measurement, the voltage was set manually using the MOS-01
oscillator and a high-voltage probe connected to a Tektronix 3016B
digital oscilloscope. Very little time lapsed between measurements,
so that the total time required to measure the force at all six voltage
settings was approximately 5 min. Following the measurement at
6.5 kV, the voltage was returned to zero and the static weight was
again measured and recorded. The measurements were then re-
peated for a total of four trials in succession in order to estimate the
variability in the results. Only a few minutes separated each
successive trial.

Following the fourth trial, the actuator was removed from the scale
and the dielectric surface above the covered electrode (extending the
entire 15 cm width of the actuator and roughly 25 mm in the
downstream direction; see Fig. 1) was coated with a thin layer of
liquid consisting of 5000–8000 ppm nanoparticle-sized TiO2

(anatase form) and 25–50 ppm Zn in water. The mixture used was a
commercial product sold as OxiTitan® (Ecoactive Surfaces, Inc.).
For the remainder of this Note, we will refer to the OxiTitan mixture
as the catalyst. The liquid mixture was sprayed on with a single pass
of an air brush powered by compressed air and set to a lowvolumetric
flow rate. Following application of the mixture, the dielectric was
dried for approximately 1 h by placing the ceramic roughly 7–10 cm
in front of a 500 W halogen bulb. After drying (and after letting the
pressure in the chamber settle for approximately 5 min), the actuator
and holding apparatus were returned to the scale and the force was
again measured for rms voltages of 4.0, 4.5, 5.0, 5.5, 6.0, and 6.5 kV.
As before, the measurements were repeated four times in succession
in order to estimate variability.
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The procedure described abovewas repeated four times (for a total
of five actuators), each time with a new actuator (all five were
constructed in a consistent manner). For the fifth actuator, however, a
false catalyst (tap water) was used in place of the titanium dioxide/
zinc mixture. This was done to rule out the possibility that the
measurement procedure introduced a variation caused by something
other than the catalyst.

III. Results

The results of the actuator force measurements with and without
the catalyst are presented in Fig. 2. In Fig. 2a, which shows a sample
result for a single actuator, the force is plotted as a function of applied
voltage with (solid line) and without (dashed line) the catalyst. The
actuator force is recorded as the difference between the weight
measured by the precision scale with the plasma activated and the
staticweightmeasuredwith the plasma off. Each data point in the two
curves shown in Fig. 2a represents the average actuator force
measured over four successive measurements, and the error bars
represent the high and low measurements at each voltage. The error
bars are therefore a measure of the variability in the results, not the
statistical error (whichwould bemeaninglesswith such a limited data
set). The variability is likely due to a combination of imprecision in
the voltage and frequency settings, the force measurements, and
varying environmental factors such as the temperature, pressure and
secondary flows in the chamber.

Although it seems natural to assume that the catalyst is susceptible
to ablation or some other physical or chemical erosion process, there
was no monotonic trend in the thrust enhancement from the first trial
to the fourth trial for any of the four actuators that used the titania
catalyst. However, we recognize that this experiment was not
sufficient to characterize the behavior of the catalyst over time.

Figure 2b shows the results of the actuator force measurements
with the false catalyst (water). As mentioned above, the purpose for
making this measurement was to isolate the effect of the OxiTitan. It
was not a blind test (the experimenter knew that it was a false
catalyst), but the results are nevertheless a good indication that the
observed thrust enhancement was caused by the addition of the
titania catalyst and not by anyother physical effect (such as heating of
the dielectric).

Figure 2c shows the average, high, and low of the actuator force
measurements, represented as the percent increase over the actuator
forcewith no catalyst.While Fig. 2a shows themagnitude of the force
with andwithout the catalyst for a single actuator experiment, Fig. 2c
presents the percent change in actuator force for all four independent
actuator experiments. To further clarify by example, each data point
plotted in the average percent change (the thick solid line in Fig. 2c),
represents the average of 16 independent measurements (four sepa-
rate but similarly constructed actuators, and four successive
measurements for each). As is evident in Fig. 2, the variability

between separate actuators is much greater than the variability
between successive measurements for a single actuator (represented
by the error bars in Fig. 2a). The principal causes of this actuator-to-
actuator variability are likely differences in the construction of the
actuators (e.g., small changes in the electrode overlap and the
electrode lengths), the amount of titania applied, the distribution of
titania, the environmental conditions during drying (the distance
from the drying lamp, for example), and possibly the surface energy
of the dielectric before application of the catalyst resulting from
previous plasma activation. It is worth noting, however, that we
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Fig. 1 Illustration of the experimental apparatus.
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Fig. 2 Plots of a) sample measurement of force per unit meter of
actuator generated by an SDBD actuator and measured with and

without a titania catalyst; b) measurement of the effect of a false catalyst,

confirming that the thrust enhancement with the catalyst is not

introduced by themeasurement procedure; and c) composite% increase
of catalyst-enhanced thrust measured in the proof-of-principle

experiment (solid line represents the average force increase, ad the two

dashed lines are maximum and minimum force increases).
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observed significant variation in the thrust generated by the five
actuators before application of the catalyst. For example, taking the
high and low force generated at 5 kV without the catalyst and
assuming that the average is at the midpoint between those two
measurements yields a variation of�33%. The equivalent variation
at that voltage for the case with the catalyst (from Fig. 2c) is�40%,
suggesting that a significant portion of the variation is likely to be due
to physical differences between the actuators and the individual
measurement conditions and having nothing to do with the
application or distribution of the catalyst.

The results summarized in Fig. 2 clearly indicate that a consistent,
repeatable, and significant increase in actuator force is obtained
through use of the titanium dioxide/zinc catalyst. Note that the
experiment was not designed to show optimum actuator perform-
ance; higher forces are expected to result from optimizing the
physical parameters of the actuator design using lessons learned by
other researchers (as summarized by Corke et al. [1]), including
selecting a lower dielectric-constant dielectric material, increasing
the dielectric thickness, using a sawtooth voltage waveform with
higher rms voltage, optimizing the frequency, and modifying other
geometric and physical parameters.

It should be noted that although we made every attempt to be
consistent in our experiment from one actuator to the next, no attempt
wasmade to quantify the amount of titania applied to the dielectric or
to measure the physical or chemical characteristics of the catalyst
either before igniting the plasma or after the experiment was
performed. Such measurements would be helpful in understanding
the variability in the results. More robust methods for fixing the
catalyst to the surface of the dielectric, such as the sol-gel method
[12], will also be considered in the future.

IV. Discussion

The experiment presented herein was motivated in part by
previous research concerning the application of plasma catalysis to
the abatement of certain hazardous air pollutants [13–15]. When
applied to the oxidation of volatile organic compounds (VOCs), for
example, heterogeneous catalysts have been seen to dramatically
increase the oxidation efficiency of nonthermal atmospheric
plasmas. VanDurme et al. [13] found thatwhen titaniawas added to a
dielectric barrier discharge plasma, it tripled the rate at which toluene
was oxidized in air. Chevadey et al. [15] found a similar synergistic
effect and suggested that titania catalysts cause an increase in the
local concentrations of certain charged species in the plasma
(primarily oxygen radicals including the superoxide radical anion
O��2 ) creating increased local nonthermodynamic equilibria and a
denser mix of reactive species. It was Chevadey et al.’s suggested
mechanism that led us to consider applying plasma catalysis to
SDBD plasma actuators. In those regions where there is an increase
in the net charge density resulting from higher local concentration of
charged species, we hypothesize that the electrostatic field generated
by the plasma actuator will result in a greater number of collisions
between ions and the neutral background gas, yielding the observed
increase in actuator thrust.

The hypothesis that the titania has a catalytic effect on the plasma
chemistry, resulting in a greater density of oxygen ions, may be
supported by observations and measurements reported first by Enloe
et al. [16] (later confirmed by others and summarized by Corke et al.
[1]) that describe increasing actuator force in proportion to the
oxygen partial pressure. These studies suggest that the negative ions
that are formed when electrons attach to oxygen molecules play a
significant role in generating the actuator thrust. Since others have
measured increased production of oxygen ions through catalytic
chemistry in the plasma [15], it seems that our catalysis hypothesis is
consistent with the results of these oxygen concentration experi-
ments. Nevertheless, other possible explanations must be considered
before the phenomenon can be fully understood. Other suggested
explanations include local spikes in the electric field near the titania
particles, dusty plasma effects, the effect of other unknown chemicals
in the OxiTitan, and changes in the charge distribution on the
dielectric surface. The latter hypothesis is supported by studies that

have shown that certain semiconducting metal oxide coatings on
circuit boards can have sufficient conductivity to beneficially
redistribute charge on a surface while retaining enough resistivity to
prevent short circuits (e.g., Frederickson et al. [17]). Other plasma
actuator studies have established the importance of surface charge
distribution on actuator performance and means by which the charge
distribution can be controlled in order to increase actuator thrust
[18,19]. Since titania is also a semiconductor, it seems highly likely
that its presence on the surface of the dielectric will affect the charge
distribution. This phenomenon must therefore be considered a
plausible explanation of our observations and be given due consid-
eration in further research.

Given the significant increase in actuator thrust seen in this
experiment with almost no process optimization, we feel that further
research is warranted. To better understand the observed phenom-
enon, we intend to examine the effect of the catalyst on the produc-
tion of certain charged species by measuring their concentrations in
the plasma using optical emission spectroscopy. We also intend to
look for such species on the surface of the dielectric where the
catalyst is deposited to reveal intermediate byproducts and to seek
further evidence to support (or revise) the charged-species hypoth-
esis. Additional experiments to examine the effect of the catalyst on
electron density and electric field strength are planned to help elicit
an improved understanding of the enhanced force. Examination of
the resistivity of the titania coatingwould be helpful in examining the
role of charge distribution on the dielectric surface.

Other potential catalysts will be considered in addition to titania.
Transition metals (such as platinum, palladium, gold, and others)
along with various metal oxides (such as aluminum oxide, zinc
oxide, magnesium oxide, and others) have proven to be effective in
plasma catalysis for a VOC oxidation [13,20] and may prove effec-
tive for the present application.

V. Conclusions

Results of the experiments described herein indicate that the force
exerted on the background gas by a single dielectric barrier discharge
plasma actuator is increased up to 120% by the addition of a titania
catalyst within the plasma volume. We hypothesize that this
enhancement is due to increases in the rate at which certain charged
species are generated in the plasma volume. Additional experiments
are suggested to better understand the phenomenon so that it can be
put to practical use in active flow control applications.
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