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Abstract
Plasma actuators have been extensively studied for flow control applications over the past two
and a half decades. While these studies have been traditionally focused on characterizing their
performances as flow control devices, the performance of plasma actuators under adverse
conditions such as dew or light rain remains to be less explored. This paper seeks to study the
effects of water adhesion from droplets directly sprayed on to a plasma actuator using thrust
recovery as the performance metric. It was found in all tests that wet actuators quickly recover
plasma glow, before gradually regaining performance comparable to the dry actuator. The
measured thrust for the wet actuator after 5 s of operation recovered by 46% and 42% of the
thrust of the dry actuator for 50.0–62.5 g m−2 and 125–150 g m−2 of sprayed water droplets,
respectively. At 22.5 kVpp and 14 kHz, the highest thrust recovery was recorded at 84% of that
of the dry actuator after 80 s of operation. For 17.5 kVpp and 14 kHz the wet thrust recovered by
79%, while for 22.5 kVpp and 10 kHz the wet thrust recovered by 68% of their dry counterpart
in 80 s. For 17.5 kVpp and 14 kHz, the thrust almost fully recovered in comparison to the dry
actuator after about 290 s of operation. These results indicate that both applied voltage and
operating frequency plays a critical role in the performance recovery while the latter may have a
stronger influence. Performance recovery for a wet serpentine shaped plasma actuator is also
included for general applicability. The power data in all cases show that wet actuators consume
more power which with time gradually approach the dry actuator power data. This is because
during the initial stages of operation, the rolling mean current of the wet actuator is higher than
the dry actuator even though the ionization spikes of dry actuator is stronger.

Keywords: performance, recovery, plasma, plasma actuator, dielectric barrier discharge, rain,
wet and dry

(Some figures may appear in colour only in the online journal)

1. Introduction

Plasma actuators have been extensively studied for flow con-
trol applications since the 1950s [1]. There is a wide variety of
plasma actuators that operate in the regime of high (>1000 K)
to low (<400 K) temperature plasmas requiring high kilowatts
to low watts of power. While the arc jets are in the former
regime, the glow discharge plasmas are in the latter. Specific-
ally, dielectric barrier discharge (DBD) plasma actuators are

∗
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of this latter class that use at least an embedded electrode and
an exposed electrode separated by at least an insulating mater-
ial. A high (kV) voltage, low amplitude (mA) alternating cur-
rent is applied between these two asymmetrically positioned
electrodes at a high (kHz) frequency, and through an ioniz-
ation process transfers Lorentzian momentum to the neigh-
boring fluid by which charged particles weakly collide with
neutral particles [2–4]. DBD plasma actuators are extremely
attractive as flow control devices due to their surface compli-
ance, light weight, high-frequency response, and lack of mov-
ing parts. DBD plasma actuators have proposed usage in pitch
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control, roll control, separation control, and flaps [5–7]. Many
studies have shown the potential use of plasma actuators as
flow control devices across a wide range of flow applications.
Examples include control of transition to turbulence [8–10],
drag reduction for highway vehicles [11–13], lift to drag ratio
modification for flow over a wing [14, 15], flow modifica-
tion over bluff bodies [13, 16], blade vortex interaction noise
control [17], flight control for small aircrafts and projectiles
[18, 19] and deicing application [20–22]. However, environ-
mental ruggedness and performance reliability of these actu-
ators must be studied before their practical implementation for
any external flow applications.

Studies have shown the environmental impact on plasma
actuator performance [23–25]. Benard et al [24] measured the
ionic wind velocity induced by a plasma actuator operating
at 32 kilovolts peak to peak (kVpp) and 1 kHz frequency as
a function of ambient pressure. As pressure went down the
induced airflow kept increasing from 2.5 m s−1 at 101 kPa
till it reached a maximum of 3.5 m s−1 at 60.6 kPa and then
it gradually dropped down to 3 m s−1 at 20.2 kPa. Soni and
Roy [25] reported that as the ambient pressure decreases from
101 to 13 kPa plasma induced thrust increases to a max-
imum as a function of applied electric field, then drops steadily
approaching zero while the power consumptionmonotonically
increases. Based on experiments performed, a set of correla-
tion functions was established between the maximum induced
thrust, ambient pressure and nominal applied electric field.
The effect of dielectric material on thrust and ozone produc-
tion has also been extensively studied as a function of effect-
ive (normalized by relative dielectric constant) thickness by
Wilkinson et al [26] and Portugal et al [27].

Plasma actuators for external flow control applications
are limited by wet operating conditions. While a moderate
increase in humidity has been shown to increase the per-
formance of DBD actuators [28, 29], high relative humid-
ity (RH) with dew point approaching the ambient temperat-
ure is generally recognized as detrimental to the efficacy of
DBD actuators [30–32]. The functional metric of the actu-
ator (for example, induced thrust) must be quantified as RH
approaches 100%. Specifically, identifying the behavior of the
body force inducement as a function of RHwould be quite use-
ful for determining the operational envelope of the DBD actu-
ator for external flow applications like that on automobiles,
trucks, and aircrafts. Previous efforts reported include initial
experiments by Anderson and Roy [28] assessing the effect of
RH on the surface pressure coefficient. They showed a modest
increase in actuator performance with RH for narrow range of
43%⩽ RH⩽ 53%. Benard et al [29] reported performance of
a DBD plasma actuator for a wider range of 40%⩽RH⩽ 98%
using a sinusoidal AC voltage with amplitudes ranging from
16 to 24 kV at 1 kHz, highlighting that while DBD actuat-
ors could operate at high RH, the induced air velocity reduced
with increased RH. Interestingly, as RH increased, the number
of positive and negative current peaks decreased. Wicks and
Thomas [30] documented that the reactive thrust of the actu-
ator significantly reduced for higher levels of RH approaching
70%. They approximated the thrust reduction as a power-law
relation with ambient RH. The power-law exponent increased

with applied voltage but decreased by a factor of
√
2 beyond

a threshold RH of 70%.
The operability in environments that can be considered as

challenging for actuator performance is of great interest in the
maturation of the system. Clearly more focused research is
needed in this area, especially addressing the environmental
concerns of the effect of direct water deposition on the thrust
performance of the plasma actuator. This is crucial because in
practical implementations, actuators are likely to be exposed
to saturated humidity conditions due to rain, fog or in different
categories of clouds during a flight. Therefore, from an engin-
eering perspective, there is a fundamental need to study the
actuator performance for wet conditions.

This paper aims to explore the effect of a collection of water
droplets on thrust and power as a function of operating voltage,
frequency, and water adhesion on a plasma actuator. To our
knowledge, no such work has been reported in published lit-
erature. The lack of published work in peer-reviewed journ-
als is undoubtedly related to the many difficulties of this type
of study. One major difficulty is reproducibility of the depos-
ition of droplets whose size distribution may vary greatly. The
presence of an external flow constitutes an additional tech-
nical challenge requiring the implementation of complex test-
ing equipment. This paper focusses on comparing the thrust
performance of DBD plasma actuator for two specific sinus-
oidal input voltages and frequencies under dry and wet condi-
tions without any external flow. The size distribution of depos-
ited water droplets is also quantified for future experiment
reproducibility.

2. Experimental setup and procedure

All experiments were performed within the Applied Phys-
ics Research Group quiescent chamber. The chamber meas-
ures 0.61 × 0.61 × 1.22 m. The general setup for thrust
measurement is shown in figure 1. This is the same setup as
Durscher and Roy [32]. The setup consists of an acrylic stand,
an O’Haus scale, Faraday’s cage, amplifiers, oscilloscope, and
function generator in a quiescent chamber. Specific informa-
tion is given in each subsequent section.

2.1. Actuator design

To make the results of this experiment applicable to the most
variants of SDBD actuators, a standard linear actuator shape
was used for measuring the power and induced thrust. It is
assumed that the results can then be extrapolated to other actu-
ator shapes like sawtooth, sinusoidal, and square waves. As
a performance demonstration of a generic actuator geometry
under wet conditions, the glow (performance) recovery of a
set of square wave actuators was also demonstrated.

The linear actuator schematic is shown in figure 2. The
dimensions for the exposed electrode a, the embedded elec-
trode c, the actuator plate length L and width W are given
alongside in a tabulated form. The embedded electrode is
placed 1.0 mm (b) horizontally downstream of the exposed
electrode. These electrodes are vertically separated by a 3 mm
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Figure 1. Depiction of the experimental setup, taken from Durscher and Roy [32]. On the right, a photo of the actual setup with relevant
components labeled.

Figure 2. Schematic of the linear actuator.

(d) thick acrylic with a relative dielectric constant of 3.2.
The ratio of the length of the exposed and embedded elec-
trode (a:c) is 1:4 [32]. The surface tension and contact angle
for the acrylic material are 37.5 mJ m−2 and 70.9◦, respect-
ively [33]. This information is solely included for complete-
ness since wettability is not being studied in the present
work.

For the set of square wave serpentine actuators, the dielec-
tric material is RO4350B which has a relative dielectric con-
stant of 3.66 and a dielectric strength of 312 kV cm−1. While
no wettability information for this material can be found, the
material is known to have a 0.06% moisture content reported
for 48 h immersion of 1.52 mm sample at 50 ◦C [34]. Figure 3
shows dimensional details of the tested actuator. The thickness
of the actuator plate is 0.88 mm. Since the thrust generated
by this actuator is strongly 3D ([9], see figures 1 and 2), only
power data will be presented for this case to show the influence
of water spray on its performance.

2.2. Ohaus adventurer pro scale

The Ohaus Adventurer Pro Scale used for the thrust measure-
ment has a sampling rate of 1 Hz and ±0.001 g accuracy. A
3.18 mm thick aluminum Faraday cage is used to prevent elec-
tromagnetic interference with the scale [32]. This thickness
was chosen simply due to the availability and ease of machin-
ability. An acrylic base is used to mate the scale to the actuator
as seen in figure 1. A 3D-printed clamp with a glass reinforced
nylon screw is used to clamp the actuator in place such that the
induced thrust is upwards (see figure 1).

2.3. Electrical setup

To power the plasma actuator the following arrangement is
used as shown in figure 4. A Tektronix AFG3022B arbitrary
function generator is used to create the sinusoidal signal,
which is fed into a QSC RMX 2450 audio amplifier. The QSC
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Figure 3. Geometric dimensions in mm of the square wave serpentine actuator.

Figure 4. The electronic setup for powering the actuator. (A) Tektronix AFG3022B arbitrary function generator. (B) QSC RMX 2450 audio
amplifier. (C) Corona magnetics custom transformer. (D) Pearson electronic 2100 current probe. (E) Tektronix P6015a. (F) Tektronix
DPO3014 oscilloscope. (G) Linear plasma actuator.

amplifier output is sent to a custom-made Corona Magnetics
transformer with a transformer ratio of 1:245 and a frequency
response of 8–30 kHz. A Tektronix P6015a voltage probe is
used to measure the voltage. The sinusoidal output from the
voltage probe is measured using a Tektronix DPO3014 Oscil-
loscope (see figure 5). The current is measured using a Pearson
Electronic 2100 current probe. The current probe’s output is
sent to the oscilloscope. The plasma actuator has the embedded
electrode grounded and the exposed electrode connected to the
Corona Magnetics transformer output. The voltages explored
are on the order of 10 kilovolts peak to peak (kVpp).

2.4. Thrust measurement procedure

Table 1 describes seven separate cases experimentally invest-
igated for thrust study using the actuator shown in figure 2. In
case 1, the dry actuator is run at 22.5 kVpp and 14 kHz, which
serves as the baseline case. In case 2, the actuator is wet with
0.20–0.25 g of water and is run at 22.5 kVpp and 14 kHz. In
case 3, the actuator is wet with 0.50–0.60 g of water and is run
at 22.5 kVpp and 14 kHz. Note that when divided by the total
area of the actuator plate the ensemble average water content
becomes 50.0–62.5 g m−2 and 125.0–150 g m−2, respectively.
The latter amount of water seems, visually, to be the point of
saturation beyond which the water starts to run off the actuator
making the scale reading unstable. In case 4, the dry actuator
is run at a 17.5 kVpp and 14 kHz. In case 5, the actuator is wet

with 0.20–0.25 g of water and run at 17.5 kVpp and 14 kHz and
results are compared with case 4. In case 6, the dry actuator is
run at 22.5 kVpp and 10 kHz. In case 7, the actuator is wet with
0.20–0.25 g of water and is run at 22.5 kVpp and 10 kHz and
results are compared with case 6. For all cases the scale meas-
ures the weight at a sampling rate of 1 Hz. All cases were run at
an ambient temperature of 21 ◦C and a RH of 70%. Tap water
with a resistivity of 40 Ω ·m was used for all wet experiments
[35].

Water is sprayed from a fixed location, at a normal
distance of 20 cm, directly away from the center of the
actuator. This process is repeated until the weight of the
water is within the desired range. Approximately 25 s of
settling period is then allowed prior to turning on the
actuator to visually ascertain that the water adhesion is
steady, i.e. there is no dripping of water droplets from the
plate.

2.5. Approximation of water evaporation on a running
a plasma actuator

For wet cases (2, 3, 5, 7, and 9), it is difficult to separate the
weight of the water on the actuator that is continuously evap-
orating from the thrust generated by the actuator. For the dry
actuator case the thrust can be measured directly [32]. For the
cases 2, 3, 5, 7, and 9, where water is added to the actuator, the
evaporation of water is approximated using a function. The ini-
tial weight of water added prior to turning on the actuator is
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Figure 5. The representative waveforms case 1, 22.5 kVpp 14 kHz. The voltage plotted in blue is a sinusoidal waveform with axis labelled
on the left. The current is plotted in black with axis labeled on the right.

Table 1. Cases considered.

Cases Voltage (V) Frequency (Hz) Condition (g of H2O) g m−2 of H2O Experiment duration (s)

1 22 500 14 000 0.00 (dry) — 80
2 22 500 14 000 0.20–0.25 50.0–62.5 80
3 22 500 14 000 0.50–0.60 125.0–150.0 80
4 17 500 14 000 0.00 (dry) — 80
5 17 500 14 000 0.20–0.25 50.0–62.5 80
6 22 500 10 000 0.00 (dry) — 80
7 22 500 10 000 0.20–0.25 50.0–62.5 80
8 17 500 14 000 0.00 (dry) — 290
9 17 500 14 000 0.20–0.25 50.0–62.5 290

recorded, as well as the weight of the water after running the
actuator. For the 80 s duration wet cases (2, 3, 5, and 7), the
evaporation is approximated linearly using equation (1)

ww = (wi −we)
t
T
+we (1)

where ww is the weight of the water subtracted from the total
weight measured, wi is the weight of water before the actuator
is turned on, we is the weight of the water on the actuator after
the actuator is turned off, t is the time elapsed since the begin-
ning of the experiment, and T is the total time of experiment.
This approximation is systemic and does not consider things
such as steam evaporation and displacement of water due to
ionic wind.

It is expected that the linear approximation will become
inappropriate for a longer duration of time (say 290 s, case 8

and 9). This is because after a certain duration, water evap-
oration must decrease due to less water being available for
evaporation. There are other important factors like temperat-
ure, vapor pressure, flow rate of air, humidity, amount of min-
erals dissolved in water that will also affect the evaporation
rate. Hence, determining the rate of evaporation is quite com-
plex and its accurate prediction is beyond the scope this work.
It is generally expected that the evaporation rate will follow
a logarithmic relation (e.g. Clausius–Clapeyron relation [36]).
It is thus reasonable to approximate the weight of the water
evaporated by the natural log as shown in equation (2).

ww = (wi −we) ln(k · tn+ 1)+we. (2)

Here the variables k and n are constants that determine the
curve shape. The variable n is chosen to be 0.65 and k is
calculated such that the weight of water evaporated, ww, is at
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Figure 6. Curve fit for the thrust data without evaporation
approximation. Here ww is the weight of the water and we is the
weight of water after running the actuator. The purpose of this fit is
to find the appropriate value for n for the evaporation approximation
in equation (2).

its max at the end of the run where t = T assuming we > 0.
The choice of n= 0.65 is because it is best fit for a function
(y) which describes the weight measured by the scale without
correction for water evaporated (see figure 6). This is under the
assumption that most of the change in weight is due to water
evaporation. Here a is the max weight measured.

3. Results and discussion

Actuators were run for 80 or 290 s for all cases shown in
table 1. The 80 s cases were repeated five times while the
290 s cases were repeated three times. The high ambient RH
(70%) present during actuator operation was expected to affect
the thrust performance of the plasma actuators [28–30]. Note
that the high RH not only reduces thrust but also reduces
water evaporation rate. In general, plasma actuators follow
T∝ Vσwhere T is the resultant thrust of a dry actuator, and
V is the applied sinusoidal voltage. The parameter σ varies
between 2 and 4 [4, 37, 38]. Wicks and Thomas found that
thrust reduction followed a power law as a function of RH [30].
They found relative thrust reduction (T−Tdry)/Tdry is propor-
tional to the ratio of vapor pressure Pv to saturation pressure
Psat as (PV/Psat)

β . The power law exponent increases as RH is
greater than 0.7, causing a large reduction in thrust and evap-
oration rate as RH approaches 1.

The average thrust and power data for each case are repor-
ted along with the error bar showing the spread of the data. In
general, the measured thrust in dry actuator cases rises sharply
for the first few seconds and then asymptotically approaches
a quasi-steady value as time increases. This was also seen
by Durscher and Roy [32]. Due to the simultaneous loss of
energy in drying, the thrust of the wet actuator rises slowly
with time, eventually approaching a lesser thrust magnitude
as the actuator gradually becomes dry. The slow growth in

thrust is most likely due to remnant water evaporating from
the surface of the actuator, affecting the impedance of the sys-
tem. Another factor which delays thrust recovery is the wick-
ing of heat from the actuator surface. It is well known that once
the plasma forms the actuator gradually heats up helping more
electron production, and the thrust increases asymptotically to
a steady state value [39]. When the water present on the actu-
ator surface during plasma formation, some electrical energy
is lost due to phase change evaporating the water delaying this
asymptotic thrust increase.

From visual observation, as water droplets evaporate in
some parts of the actuator, the plasma recovers unevenly, with
visible glow forming arbitrarily depending on the drying pat-
tern (See figure 13(c)). For the present set of experiments, the
droplet size is quantified by identifying droplet shapes within
two representative wet regions (one is a subset of the other, see
figure 7) on the actuator surface by using binarizing algorithm
using sensitivity threshold inMatLAB. The distribution of cal-
culated nominal droplet diameters is plotted in figure 7. The
smaller wet region in red is 20.5 × 18 mm in size. The bigger
wet region in yellow 94.5 × 25 mm covers majority length of
the exposed region of the actuator. Histogram for droplet dia-
meter measured within these L × H sections of the actuator
are shown below. Interestingly, the trendlines show a reason-
able relation between number of droplets (N) and the droplet
size D as N = L × H × exp(−15 × D). The multidirectional
lighting and perpendicular camera angle are fundamental to
the binarization of the image with adaptive filtering in Mat-
LAB. The droplets sufficiently distort the light enough to be
darker than the plasma actuator surface. The resulting image
is black and white with droplets in black. The imfill function is
used to fill in the center of the droplets where light reflects as
opposed to distorting. The droplet areas aremeasured using the
regionprops function which measures the area in pixels, this is
converted to millimeters. The mean radius is calculated from
the area of a circle formula. The mean diameter for droplets is
0.35mm, with the smallest droplets measured being 0.031mm
and largest being 4.8 mm.

In the test cases considered for this paper (see table 1),
most droplets are between 0.03 and 0.5 mm in diameter. In
comparison, diameter of a typical cloud droplet is 0.02 mm,
and that of a typical raindrop is 2 mm [40]. It must be
noted that when raindrops strike a stationary surface they
may split into smaller droplets before they coalesce into
a pool of water. In reality, rain may form a sub-mm thin
layer of water on the surface of a moving vehicle. For these
reasons, the nominal water droplet size of 0.03–0.5 mm
studied in this paper may be considered of practical
relevance.

Figure 8 plots the measured plasma induced thrust in New-
tons per meter length of the electrode as a function of time for
case 1, 2 and 3, with the actuator operating at 22.5 kVpp and
14 kHz. The asymptotic peak thrust for the dry actuator after
80 s is about 20 mN m−1. Although case 2 with 0.20–0.25 g
of water and the case 3 with 0.50–0.60 g of water appear to
nominally have the same mean thrust of about 15.8 mN m−1

(figure 6(a)) after 80 s, it can be seen from individual runs in
figure 6(b) that case #3 with more water mass per unit surface
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Figure 7. The photograph after applying ∼0.20–0.25 g of water to the actuator surface is shown on top with two regions of size L × H
demarked. The bigger box in yellow is 94.5 × 25 mm in size and the smaller box in red is 20.5 × 18 mm in size. Histogram for droplet
diameter measured within these L × H sections of the actuator are shown below. The trendlines show a reasonable relation between number
of droplets (N) and the droplet size D in mm as N = L × H × exp (−15 × D).

Figure 8. (a) Mean plots of case 1, case 2, and case 3. The error bars represent the minimum and maximum measured values from
individual experiments shown in the right (b).
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Figure 9. (a) Mean plots of case 1, case 4, and case 5. The error bars represent the minimum and maximum measured values from
individual experiments shown in the right (b).

Figure 10. (a) Mean plots of case 1, case 6, and case 7. The error bars represent minimum and maximum measured values from individual
experiments shown in the right (b).

area has more randomness in thrust recovery. This could be
due to more accumulation water causing erratic formation of
plasma, or due to the evaporation being very non-linear.

Figure 9 plots the lower voltage cases 4 and 5 operating at
17.5 kVpp and 14 kHz. Themeasured thrusts in both caseswere
significantly less than case 1, 2 and 3 due to voltage differ-
ence. Interestingly, as time progresses the wet case 5 appears
to recover thrust within the error margin of dry case 4, which
measures about 5 mNm−1 at 60 s. This indicates that the actu-
ator voltage has some effect on its ability to quickly recover
from water deposition related performance delay. Lower oper-
ating voltage may take lesser recovery time for the same oper-
ating frequency.

The dry lower frequency case 6 operating at 22.5 kVpp and
10 kHz is plotted in figure 10 that shows about 10% less meas-
ured thrust than its dry higher frequency counterpart (case 1)

with 22.5 kVpp and 14 kHz. The wet lower frequency case 7
operating at 22.5 kVpp and 10 kHz, had significantly (∼30%)
less thrust than its dry counterpart (case 6) even after 80 s. The
data shows that a reduction in frequency may reduce a plasma
actuator’s rate of thrust recovery after direct water application.
This is due to the fact that for a given voltage a reduction in
frequency will result in a reduction in load power which in
turn will reduce evaporation rate causing slower thrust recov-
ery. Also important is to note that the measured thrust for the
wet actuator operating at 10 kHz follows the rise curve of the
dry actuator unlike the gradual thrust rise trend of the 14 kHz
cases 2, 3 and 5.

To quantify the ability of a plasma actuator to recover from
sprayed water, the ratio between the measured thrust for the
wet case and the dry case (hereafter called the thrust ratio) is
calculated at 5, 15, 25 and 80 s. When considering the results
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Figure 11. (a) Mean plot for case 8 and case 9 without any approximation for evaporation. (b) Raw data from individual experiments
without any evaporation approximation. (c) Mean plot for case 8 and case 9 with a linear approximation for evaporation. (d) Individual
experiments with linear evaporation approximation. (e) Mean plots of case 8 and case 9 for logarithmic evaporation approximation. The
error bars represent minimum and maximum measured values from individual experiments shown in the right (f).
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Table 2. Actuator thrust ratios.

Case Thrust ratio at 5 s Thrust ratio at 15 s Thrust ratio at 25 s Thrust ratio at 80 s

Case2
Case1

0.439 0.573 0.661 0.835

Case3
Case1

0.377 0.575 0.691 0.820

Case5
Case4

0.426 0.609 0.711 0.785

Case7
Case6

0.443 0.513 0.387 0.681

presented, it must be noted that saturated condition makes
complete thrust recovery a particularly slow process compared
to a dry or moderately humid actuator. Table 2 presents the
thrust ratio for all cases. Noticeably the ratios vary in trend.
Initially at 5 s, the thrust ratio for the low frequency case (case
7/case 6) is the highest but after 80 s the thrust ratio for the
highest voltage and frequency case (case 2/case 1) dominates.
At that time station thrust ratio for the lower frequency case
(case 7/case 6) is significantly smaller than higher frequency
cases. Interestingly, while the initial thrust ratio for higher
water mass (case 3/case 1) is the lowest its recovery rate is
also the fastest gaining back to the second highest thrust ratio
of 0.820. The thrust ratio for the lower applied voltage case
(case 5/case 4) is slightly lower than the highest voltage cases
considered (case 2/case 1). This indicates that the time rate of
recovery of the wet actuator may be slower at a lower voltage,
but the rate (slope) considerably decreases with the decrease
in applied frequency. Based on the experiments performed,
it appears that the induced thrust of the wet actuator (Tw) is
related to the applied frequency (f ) as Tw ∝ f1.1. During test-
ing it was observed that complete formation of plasma along
the susceptible edge of the exposed electrodewould only occur
when the applied voltage is about 13 kVpp. This is because air
has a dielectric strength of 30 kV cm−1 and the actuators used
for this study have dielectric thickness of 3 mm. Hence, cases
5 and 4 may suffer from weakest plasma formation for this
actuator design.

To test the long-term recovery of the actuator two cases
were observed, case 8 and case 9 (figure 11). These two cases
were performed at 17.5 kVpp and 14 kHz for 290 s. This
time limit was chosen to avoid overheating of the amplifier.
Case 8 was the dry case and case 9 was the case wetted with
0.20–0.25 g of water. The mean thrust of case 9 achieves over
90% thrust of case 8 indicating that a residual monolayer of
water may be delaying the thrust recovery. It is anticipated
that were the actuator run indefinitely, the thrusts for dry and
wet caseswouldmatch. Considering that thewater evaporation
is approximated, it was decided to first compare between the
direct measurement (no approximation) and a linear approx-
imation for water evaporation.

The power consumption was calculated using the current
at each time instance multiplied by the voltage then averaged
over the entire time set and plotted in figure 12. This tech-
nique is the same as used by Durscher and Roy [32]. For
every data point plotted an average of three readings each

with 1 million measurement samples were taken. Each power
measurement occurred over a period of 1 ms. As plotted in
figure 12(a), the power consumption increased in case 2 with
application of 0.20–0.25 g of sprayed water to the actuator.
Incidentally, for the dry conditions (case 1), the power required
after 5 s is 130 W m−1. Corresponding wet case required
152 W m−1 power. After 25 s the wet actuator (case 2) con-
sumed 172 W m−1 which is nearly 20% higher than the
dry actuator (case 1). Figure 12(b) plots the ratio of plasma
induced thrust over consumed power (thrust efficiency, aka
thrust effectiveness) for the linear actuator under dry (case 1)
and wet (case 2) conditions. Clearly the thrust generation per
unit power consumed is significantly (>60%) lower for the wet
conditions (case 2) than that for the dry conditions (case 1).
Interestingly, the efficiency for the dry actuator stays relatively
constant within the error band, while it rises almost linearly for
the wet actuator during the 80 s testing period. The heating of
the actuator appears to play some part in the extra consump-
tion of power as the actuator dries beyond the region of plasma
formation (see figure 13). The increased power consumption
for the wet case causing lower efficiency may be due to an
increase in the number of visible streamers (figure 13(c)) when
operated with water adhesion. Over a long period of time, the
streamers cause visible sputtering damage where they form
near the exposed electrode as seen in figure 13(b). Other pos-
sible reasons for power consumption increase are current sig-
nature difference, ohmic heating of the water, dielectric tan
loss of the actuator, higher impedance due to water, chem-
ical interactions within the water, and plasma interaction with
water vapor (dissociative and ionization related losses).

To further analyze the power data presented in figure 12,
the current waveforms are plotted in figure 14. The rolling
mean comparison of the discharge current (upper right) and
its zoomed in peak A (lower right) shows the wet actuator has
higher mean current even though the dry actuator has stronger
ionization peaks. The rolling mean of any point i is calculated
by taking the mean of ±m points around i which is chosen to
be 300. This indicates that for wet actuator more power is lost
in resistive heating.

Finally, as a general case of arbitrary actuator shape,
figure 15 shows the transient evolution of the exposed sur-
face after a continuously operating square serpentine actuator
was completely wetted with water. Immediately after the water
spray, the plasma glow quenches. However, as can be seen
in figure 15(a), approximately after 1 s the purplish plasma
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Figure 12. (a) The mean power consumption of the actuator for a dry (case 1) and a wet case (case 2) at 22.5 kVpp and 14 kHz. (b) Thrust
efficiency of the actuator. The error bars represent minimum and maximum measured values.

Figure 13. (a) A close-up picture of the plasma actuator before a 290 s run. (b) The surface after a 290 s run. In the red box inlay in (b) a
close up of the damage near the exposed electrode is shown after approximately 10 h of continual operation. (c) Instantaneous image from a
video of actuator operation with water droplets shows the streamers forming at the edge of water region.

glow reappears on the left side, and gradually fills up the entire
near electrode region within about 5 s, figures 15(b)–(d), even
though the water droplets are clearly visible just outside the
plasma glow region. These experiments are run at 11.5 kVpp

and 8 kHz.
The mean power consumption data for the square serpent-

ine actuator set are plotted in figure 16 and show similar
trend to the linear actuator. The initial power consumption

for the wet actuator is 62 w m−1 which is ∼61% higher than
the dry actuator which remains reasonably steady at about
40 w m−1. The wet actuator power requirement reduces with
time as water droplets evaporate. At 80 s the wet case serpent-
ine actuator consumes 40% more power than the dry serpent-
ine actuator case. The slower power recovery may be due to
the lower applied voltage and frequency, 11.5 kVpp and 8 kHz,
respectively.
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Figure 14. The current waveform under dry (upper left) and wet (lower left) conditions after 25 s show the difference in electrical
performance between that the two conditions. The rolling mean comparison of the discharge current (upper right) and it is zoomed in peak
(lower right) shows the wet actuator has higher mean current even though the dry actuator has stronger ionization peaks.

Figure 15. Images of a continuously operating serpentine shaped actuator after it was completely soaked with water spray showing
transient recovery of plasma glow (a) ∼1 s, (b) ∼2 s, (c) ∼5 s, (d) ∼10 s.
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Figure 16. Power data for dry and wet tests of square serpentine
actuator. The error bars represent minimum and maximum
measured values.

4. Conclusion

The experiments performed seek to evaluate the performance
of plasma actuators when they are subjected to direct water
deposition on their surfaces. The experiments showed that lin-
ear plasma actuators can recover approximately 38% of the
dry thrust within 5 s after water being applied to them. For the
best case, 83.5% of the dry thrust was recovered within 80 s
after water application. It appears that a decrease in voltage
from 22.5 to 17.5 kVpp at 14 kHz will marginally reduce a
plasma actuator’s ability to recover thrust (4% less thrust at
80 s compared to dry counterpart, table 2). By lowering the
frequency from 14 to 10 kHz and maintaining a voltage of
22.5 kVpp, the actuator recovered only 68.1% thrust of the
dry case at 80 s (table 2). All cases except for the increased
water application case (case 3) recovered by at least 42% of
their dry thrust within 5 s. The increased water application
case recovered 37.7% of its thrust. For cases run for 290 s
(case 8 and 9), a near complete thrust recovery was achieved.
Note the complete recovery may not have been achieved due
to lingering presence of monolayer of water on the surface. As
compared to its dry counterpart, power consumption in a wet
actuator increases, lowering the thrust generation efficiency
under wet condition. Comparison of discharge current plots
show that while the dry actuator has higher ionization peaks
the wet actuator rolling mean current is much higher indic-
ating high impedance loss. This should be studied in future
research to understand the cause of the electrical performance
loss. The results of this study show that though authority of
plasma actuators is negatively affected by direct water depos-
ition, for engineering applications, they are still usably rugged
even when completely wet, and can be effectively functional
within a short timeframe. Note that the presence of an external
flow constitutes an additional technical challenge requiring
the implementation of complex test equipment which should
be addressed in future experiments. The influence of water

evaporation rate as functions of airflow, vapor pressure, on sur-
face and in water contaminants should also be studied. The
RH, temperature and external air velocity are very import-
ant control parameters for investigating the effects of water
droplet adhesion. The evaporation at the moving plasma edge
of the water droplets will generate a fluctuating nonuniform
3D thrust adding transient randomness which should be care-
fully studied. Future experiments should also compare the
power data with Lissajous method for better confidence [41]
in the electrical characterization of the wet system. The effect
of additional thrust created by heated water molecules should
also be carefully identified.
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