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ABSTRACT

Numerous investigations on plasma-liquid interaction have been published in the literature
using various reactor geometries. However, our understanding of the basic configuration of a
pin-to-plane dielectric barrier discharge (DBD) in contact with water is still incomplete. We
therefore performed the electrical diagnostics of such a discharge, operated in a.c. regime with
sinusoidal high voltage, focusing mainly on the power injected into the plasma in relation with
several experimental parameters. It was found that the injected power increased linearly with
the amplitude of the applied voltage, while without water the evolution followed a second-order
polynomial. In both cases, the discharge power was proportional approximately with the
frequency. For the DBD above water, the power was about three times greater than that without
water, for the same air gap. It was observed that changing the discharge gap from 1 to 5 mm
led to a slight increase in power, by only 15%. The water conductivity also influenced the power
injected into the plasma only to a small extent. Thus, the variation in water conductivity over

four orders of magnitude determined a fluctuation in discharge power of +20%.

l. INTRODUCTION

Because of their potentially important applications, especially in environmental fields, non-
thermal plasmas in and in contact with liquids have recently been extensively studied [1, 2].

The first publication cited here conducted a fairly comprehensive review of work in this
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challenging domain and provided a roadmap. The authors listed six electrical-mechanical
configurations typically used to study discharge-liquid interaction, among which the pin-to-
water plane configuration with liquid as a grounded electrode (and with optionally a gas flow
from the pin to the liquid, to provide a linear jet as in the configuration (C) in FIG. 2 of the cited
paper), which was finely investigated by Bruggeman and colleagues, and reported in several
interesting papers. For instance, in a short paper published in 2008 [3], electrical breakdown in
a metal-to-water electrode system with DC applied voltages without overvoltage was studied
for inter-electrode distances ranging from 2 to 12 mm. In comparison to most of the other setups
listed by several review papers and book chapters concerning plasma-liquid interaction [1, 2,
4-6], this configuration is easy to implement in order to produce corona discharges above liquid,
which are commonly used in work concerning the plasma degradation of antibiotics or other
pollutants [7-11]. However, this configuration has a major drawback, namely a possible
discharge transition from the streamer regime to the spark regime with a strong discharge
current, and hence a strong dissipated energy that could damage the device. Adding a dielectric
to the device in order to limit the current is a commonly used technique and the discharge then
becomes a discharge called Dielectric Barrier Discharge (DBD) in which the current is self-
limited [12, 13]. Some authors used such a pin-to-water DBD configuration to degrade
pharmaceutical molecules in water with a non-thermal plasma [14, 15], while Marotta et al [16]
used a wire-to-water DBD configuration to degrade aqueous phenol. In both cases, the
electrodes are not in contact with the liquid, thus preventing the introduction of metal ions from
electrolysis at the submerged electrode into the treated solution. Surprisingly, there are no
detailed studies of the discharge created in this DBD over water configuration, whereas there
are many studies on a similar configuration without water [17, 18]. To fill this gap, we
performed a study on this basic configuration. Note that our discharge configuration, consisting
of a high voltage pin electrode to water separated from the grounded electrode by a dielectric,
similar to the ones investigated by Vanraes et al [19] and Li et al [20]. Actually, in reference
[19], the high voltage pin electrode was enclosed in a quartz tube and the grounded electrode
was covered by a thin layer of water; in reference [20], the plasma was generated between a
high voltage pin electrode and a 1.5 mm thick quartz glass that covered the grounded water
electrode. The work reported here focused on the electrical investigation of a pin-to-plane DBD
discharge with the presence of water above the dielectric. Specifically, it dealt with the

influence of several experimental parameters on the dissipated power. The voltage, the
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discharge current and the current integration were measured, as well as the light emitted by the
discharge thanks to a photomultiplier tube (PMT). The adjusted operational parameters
included conductivity o and the distance between the electrode and the surface of the water d.
Indeed, when using non-thermal plasma to treat polluted water, the conductivity of the water
can vary greatly from sample to sample, hence it is important to study the influence of
conductivity on injected power. In a real application, it is not easy to maintain a constant
distance between the electrode and the surface of the water, so it is also important to investigate

the influence of distance on injected power.

The next section will present the experimental setup and operating conditions, and the
discharge behaviors. The third section will deal with the results and discussion, followed by a

short summary.

1. EXPERIMENTAL SETUP AND DISCHARGE BEHAVIOR

FIG. 1 (a) is a scheme of the experimental setup including the electrical discharge device.
The applied high voltage (HV) was provided by a voltage amplifier (TREK 30/20 A) driven by
a function generator (Aim TTi® TGA4001). A capacitor Cm with a value of 2.15 nF was placed
in series with the discharge device to measure the charge conveyed in the circuit, which was
the integration of the discharge current, in order to determine the power dissipated by the
discharge thanks to the method known as a Q-V diagram or Lissajous figure. The voltage at the
terminals of this capacitor was measured with a probe with an input impedance of 100 MQ
(Tektronix® P6015A, 75 MHz bandwidth), while the applied voltage was measured with a HV
probe (Lecroy® PPE 20kV, 100 MHz bandwidth). The current in the circuit was monitored by
a current transformer (CT-C5.0 from Magnelab®, 4800 Hz - 400 MHz bandwidth). These three
electrical signals, together with a PMT (HAMAMATSU® 1P28HA) signal corresponding to
the discharge light collected by this PMT using an optical fiber, were recorded using a
oscilloscope (Lecroy® HRO 66Zi, 600 MHz, 12 bits). The optical fiber was in quartz and has
been placed perpendicular to the discharge and at a distance of 5 cm from the discharge. Due

to its numerical aperture of 0.2, the fiber collected the light emitted by the entire discharge.
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FIG. 1. (a) Scheme of the experimental setup with the main dimensions and a picture of the discharge device.

(b) The equivalent circuit without discharge and (c) The equivalent circuit with discharge.

The pin-to-plane DBD device with water, named "DBD device" in this paper, has a water
tank of 3.67 mm in height and 23 mm in inner diameter. Tap water, with a conductivity of about
400 uS/cm, was used except for the experiment on the influence of the conductivity on the
dissipated power. To obtain higher conductivity, NaCl was added to the tap water.
Demineralized water was used only for the experiment with water conductivity below
400 pS/cm. The HV electrode in stainless steel is a very thin capillary needle with outer and
inner diameters of 0.7 mm and 0.5 mm, respectively. The 1.03 mm thick dielectric is in
Borosilicate glass with a relative permittivity of 4.6. The discharge was ignited in the air above

the water at atmospheric pressure.

In this work, the used high voltage (HV) had sinusoidal waveform with an amplitude (U)
ranging from 9 to 15 kV and a frequency (f) ranging from 0.1 to 2 kHz. Voltages below 9 kV
were not used for systematic measurements because the discharge ignition had a stochastic
behavior for distance larger than 3 mm. For each measurement, the HV has been applied for a
very short duration of four cycles, typically. For instance, for the frequency of 1 kHz, the HV
has been applied for 4 ms and the discharge lasted only about 4 ms for each measurement. The
chosen duration was enough for the discharge to reach its “steady state” from the point of view
of the dissipated power (i.e. the power measurement gave quasi-constant value from the third
cycle of the HV signal). Indeed, under our experimental conditions, the mean power only

needed one or two cycles to stabilize at an average value with a fluctuation of less than 5%.
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This short duration was chosen in order to maintain constant experimental parameters such as
temperature and conductivity of the water sample. Indeed, with the constantly applied high
voltage at 1 kHz, after one minute (60000 cycles), the conductivity increased by 30 uS/cm.
Therefore, for the discharge duration of 4 cycles, the change in conductivity of about 2 nS/cm

was negligible.

When the voltage is low, i.e. lower than the breakdown voltage, there is no electrical
discharge; without water, the device is equivalent to two capacitances in series [13, 21], known
as Cq and Cq, where Cq is an equivalent capacitor due to the air gap, while Cq is the equivalent
capacitor due to the dielectric thickness (see FIG. 1 (b)). In the present work, with the presence
of water over the dielectric, there are three components in series: a capacitor Cq (corresponding
to the air gap between the electrode and the water surface), a resistance Rw related to water that
is in the order of 10 kQ for a conductivity of 10 uS/cm, and a capacitor Cq (corresponding to
the dielectric (glass)).

As mentioned above, the water “disk’ has a diameter of 23 mm and a height of ew=3.67 mm,
so the resistance of the water should be Rw=8.8 kQ for 10 uS/cm in conductivity if the
conduction is homogeneous over the entire disk, with the assumption that the discharge
completely covers the disk. This is unlikely, so the above value (8.8 kQ) is a lower limit of the
equivalent resistance. With a dielectric constant of 80 for water, this configuration has an
equivalent capacitance of 80 pF, hence a reactance of 2 MQ with a frequency of 1 kHz.
Similarly, as for the equivalent resistance, the actual value of the capacity must be lower than
80 pF, so the corresponding reactance has the value indicated (2 MQ) as a lower limit. So, the
behavior of these two components in parallel was dominated by the resistance Rw whose value
was about 10 kQ considering a water conductivity of about 10 uS/cm. Therefore, the water was

considered as a resistance alone.

In our case, Cq and Cq have values in the order of 1 pF and 10 pF respectively. With a
frequency of 1 kHz, the reactance of Cq is in the order of 16 MQ (corresponding to the value of
1/(27-f-Cd)), well above the value of the equivalent resistance of the water, Rw. Thus the
behavior of the branch of Rw-Ca in series is equivalent to Ca alone when the frequency is in the
kHz range. Without plasma/discharge, the DBD device can therefore be considered as an
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equivalent capacitor, Ce, which is made up of Cg and Cq in series, i.e. water was considered as

an electrode of the capacitors Cg and Cqd. With Cg << Cq, 0ne has Ce ~ Cyg, since:

_ CgXC'd -
Ce = CgtCa Cg (1)

With plasma, a resistance Rpiasma replaced Cq for the air gap. The device is now equivalent
to three components, i.e. Rplasma-Rw-Cad in series and should be dominated by Cq (see FIG. 1 (c)).
However, the plasma was not negligible completely since electrical power was dissipated in the
plasma device (i.e. if there was Cq alone, the dissipated power should be much weak than the

measured ones).

InFIG. 2 (a), three curves, the applied voltage, the charge Qm and the current of the discharge
as a function of time are represented. The charge Qm is the charge accumulated in Cm, and was
determined by the measurement of the voltage Um at the Cn terminals. The applied HV of 15 kV
in amplitude lasted only four cycles. The FIG. 2 (b) is the zoom of the first positive half cycle

of these three signals.
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FIG. 2. (a) Applied voltage (sinusoidal waveform with a period of 1 ms) of a duration of 4 cycles, discharge
current (curve with fast peaks), and charge stored in C, called Qn (dashed line). d=3.3 mm, =400 pS/cm. (b)
Zoom of the first positive half cycle of the three signals showed in the first part of this figure. The zoom showed

clearly the first strong impulse of current and the induced jump of Q.

At the beginning, since the voltage was lower than a threshold value (about 10 kV for a
distance d of 3.3 mm), there was no discharge, as evidenced by the absence of current impulses.
Consequently, before breakdown, there was no plasma, and the current was very low, but it was
not zero, as evidenced by the slow increase in Qm. In fact, the sinusoidal power supply had the
capacitor Cyg (Cq and Cm in series according to the discussion above) as load, so a small
alternating current exists, i.e. the current in the circuit im(t) is not zero. That’s why Qm(t)
increased even without electrical breakdown of the air gap, since

Qun(t) = [} im(x)dx )

When the discharge was initiated, the current in the circuit, which was the discharge current
creating the plasma, became much high, so Qm(t) increased much fast. When the voltage
reached nearby its maximum value, the discharge stopped, similarly to the DBD operation
described in [12, 13], even if these two references refer mainly to DBDs without water. During
the discharge extinction, the power supply again had the capacitor Cq as load, a small alternating

current again existed, and thus Qm(t) decreased as the applied voltage decreased.

For the case of the signal shown in FIG. 2, 0.124 ms after the start, corresponding to a HV
value of 10.3 kV, there was the first filament linking the pin electrode to the water surface,
enabling the passage of a strong impulse current, as monitored by the current probe (see FIG. 2
(b)). This current pulse transported a large amount of charge, inducing a positive jump on the
curve Qm(t). Then, 0.022 ms after the first filament, corresponding to a HV value of 12 kV,
other strong impulse currents induced another jump of Qm. Then, the discharge with current
flowing from pin electrode to water, called positive discharge in this paper, continued with a
more regular current until the applied voltage reached nearby its peak value U and the discharge
stopped. At the discharge stop time, the positive charge in the water was maximum. With time
advancement, the applied voltage decreased and the discharge restarted when the voltage
amplitude reached 1.8 kV. As this discharge had a current flowing from the water to the HV
electrode, it is called negative discharge. The discharge lasted until the time when the applied
voltage reached nearby its negative peak value -U and the discharge stopped. At the discharge

7
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stop time, the negative charge in the water was maximum. Due to this negative charge, the next
positive discharge started at a voltage value of -5.7 kV, much lower than the one for the first
discharge at the beginning, and was sustained until nearby the positive peak of the applied
voltage. With time advancement, a negative discharge reappeared and the sequence repeated
until the stop of the applied HV that lasted 4 cycles for all measurements reported in this paper.
During preliminary tests, the a.c. high voltage was sometimes applied constantly and under this
condition, a filament can be observed with the naked eye. The filament is straight near the pin

electrode, then more or less curved close to the water surface.

Although this work was focused on injected power measurement, several ICCD pictures
were recorded with camera gate-width of 250 ps, corresponding to a quarter cycle, as the
frequency was 1 kHz. Three such images are shown in FIG. 3. Even though they were time-
integrated from the point of view of the typical duration of a filament in a DBD discharge, they
enabled us to observe that the morphology is different depending on the discharge polarity. The
image in FIG. 3(a), which was recorded during the positive cycle, shows a strongly branched
corona discharge with some of the filaments reaching the water surface. The showed six
filaments were not simultaneous, corresponding to the current impulses. FIG. 3(b) shows a
weak corona-like discharge recorded during the negative cycle. These discharges were
produced under U=12 kV. With a higher voltage, for instance U=15 kV, the corona-like

discharge during negative cycle transformed into an intense filament as shown in FIG. 3(c).
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needle
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FIG. 3. Discharge images integrated over only one camera shot with an exposure time of 250 s in the second
cycle. (a) during the positive cycle, U=12 kV, (b) during the negative cycle, U=12 kV, (c) during the negative
cycle, U=15 kV.

FIG. 4 (a) shows a typical PMT signal as a function of time, together with the voltage and
the current. As the current, the PMT signal shows the beginning of the discharge period and it
confirms that the discharge stopped during about a quarter of a cycle between the positive
discharge and the negative one. Except for the first positive half cycle, the light seems globally
reproducible each cycle. During each discharge phase, the light decreased and the decreasing
was a little faster in the negative half cycle. In the reference [19] investigating a similar
configuration, the PMT signal remained not zero for a short time after the positive maximum
value of the applied voltage; while, in reference [20] studying another similar configuration,
the PMT signal remained not zero for a short time after the negative minimum value of the

applied voltage. These two works showed that there was a dim discharge beyond the maximum
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values of the voltage. Our measurements are not accurate enough to observe the actual dim

discharge.

The PMT signal for the voltage amplitude of 12 kV is shown in FIG. 4(b) allowing the
comparison to the PMT signal obtained at 15 kV, represented in FIG. 4(a). From the point of
view of the emitted light, at 12 kV peak voltage the electric discharge is less reproducible from
one cycle to another, which is certainly a reflection of a lower reproducibility of the morphology
of the discharge observed in the ICCD images. The signal during the positive half-cycle, for the
first three cycles, comprises many pulses corresponding to the filaments observed in FIG. 3(a).
During the fourth cycle, the light extends over the quarter of a positive cycle, similarly to the
signal observed with 15 kV. During the negative half-cycle, the light is usually extended over
the quarter of the negative cycle. This pattern of light emission corresponds well to the weak

corona-type discharge at the electrode.

Li et al [20] also observed a difference in the PMT signals on the positive and negative half-
cycles. Furthermore, they also reported that with an increase in applied voltage, there was a
change in regime, from a corona discharge to a filamentary one. In our case, with increasing
voltage from 12 kV to 15 kV, we have obtained a similar transition for the negative half-cycle,
that is to say from a corona localized close to the needle electrode to a continuous filament
bridging the gap from the electrode to the liquid, over the quarter period. For the positive half-
period, there is a transition from a pulsed filamentary discharge to a continuous filamentary
discharge.

10
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FIG. 4. (a) Applied voltage, current and PMT signal during the 4 cycles. The experimental conditions: d=5 mm,
0=400 pS/cm, U=15 kV and f=1 kHz. (b) PMT signal and voltage at U=12 kV.

The main measured quantity in this paper was the active power provided by the power supply
(PS) to the entire system including in water and in probes. The instantaneous power delivered
by the PS is:

p(t) = Uyy(t) X i (t) 3)

where im is the current in the unique loop, so the “current monitored” by the capacitor Cm.
Thus, the mean active power, provided by the PS, also called injected power or dissipated power,

is:

P=2[ p(®)dt =1 [ Uyy(t) X iy (t) dt =6 Uy ()dQyy, 4)

11
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The integral is the net energy provided by the PS during one cycle and corresponds to the
area enclosed by the Lissajous figure Unv-Qm [13, 21]. FIG. 5 shows an experimental Lissajous
figure Unv-Qm. During the positive discharge, the charge Qm increases with voltage and the
slope should be Cq [13, 21]. In our figure, the increase in Qm is not exactly linear and shows the
beginning of an almond shape due to the expansion of the plasma [23, 24]. When this method
is used to determine the energy injected by cycle, the uncertainty is related to the accuracy of
the two voltage probes, that of the oscilloscope and the value of the capacitor Cm. Under our

conditions, the relative uncertainty of the dissipated power determination was estimated at 5%.

0.3

Charge (uC)
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I
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=20 =10 0 10 20
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FIG. 5. Lissajous figure Uny-Qm. The experimental conditions: d=3.3 mm, ¢=400 pS/cm, U=15kV and
f=1 kHz.

The Lissajous method was used to measure the energy dissipated by cycle, over the first 100
cycles under the experimental conditions with d=5 mm, U=12 kV, f=1 kHz and conductivity of
400 uS/cm. The experimental data have been presented in FIG. 6(a). It can be seen that the
energy fluctuates by less than 5% around an average value. Concretely, the average energy is

3.24 mJ and the standard deviation is 0.13 mJ, which represents 4% of the average value.

FIG. 6 (b) presents the energy dissipated per cycle in each of the first four cycles at two
indicated experimental conditions. Four experiments were done for each condition. It can be
noted that the energy of the first cycle is much lower, indicating that the discharge in this

condition required 1 or even 2 cycles to stabilize from the point of view of energy consumption

12
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per cycle. For this reason, energy in the first cycle was not taken into account in the results

presented in section I11.
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FIG. 6. (a) Energy dissipated per cycle for the first 100 cycles. The experimental conditions: d=5 mm, 6=400
uS/em, U=12 kV and f=1 kHz. The relative uncertainty of each individual measurement was estimated to be 5%.
(b) Energy dissipated per cycle for the first four cycles. The experimental conditions: d=3 mm, 6=400 pS/cm,
U=12 kV and 15 kV, and f=1 kHz.

I11.  RESULTS AND DISCUSSION
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First, for a given distance of 5 mm between the HV electrode and the water surface, the
dissipated power was measured as a function of the high voltage amplitude U for a frequency
of 2 kHz. In the range of 9 to 15 kV, the power evolved linearly, as indicated by the plot in FIG.
7. The error bar for each experiment condition in this paper is the standard deviation of more
than 8 experimental values. The power is approximately given by 2.01 x (U — 8.92) in watt
with U in kV.

12.5 - ¥
° 2kHz-5mm-water /

Power ()
Y

n

25

Py N S E R R B
8 10 14 16

12
Voltage (k1)

FIG. 7. Dissipated power as a function of the amplitude of the sinusoidal applied voltage. Experimental
conditions: d=5 mm, ¢=400 pS/cm and f=2 kHz.

In case of a BDB discharge without water, for the dissipated power, some authors proposed

A X (U - UO)Z,where Uo corresponds roughly to the ignition voltage of the discharge [25, 26].
Roth and Dai [27] showed that the power according to the applied voltage U followed a law
between U2 and U3, while Enloe et al. established a dependence of U72 [28]. As these DBDs
concerned mainly the surface DBD, we performed measurements in our DBD device without

water and a distance of 5 mm from the pin electrode to the dielectric. The experimental results

were well fitted by a polynomial formula 0.028 x (0 — 6.38)2 in watt with U in kV as shown
in FIG. 8.

14
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FIG. 8. Dissipated power as a function of the amplitude of the sinusoidal applied voltage without water. The

experimental conditions: pin-to-dielectric distance d=5 mm and f=1 kHz.

The circle data points in FIG. 9 give the dissipated power for three distances, namely, 1, 3
and 5 mm from the pin electrode to the water surface. It can be seen that the power increased
only 15% when the air gap increased from 1 to 5 mm. For comparison, this experiment was
done without water and the relative fluctuation was found to be slightly greater, about 20% of
the maximum value. The main observation is that, for the same air gap, the injected power for

the DBD over water is about three times that of the DBD without water.
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FIG. 9. Dissipated power as a function of the distance of the HV electrode from the water surface (circle symbol)
or from the dielectric surface without water (diamond symbol). The experimental conditions: U=12 kV,
=400 pS/cm and f=1 kHz.

The experiment was done for several frequencies and the injected energy during each cycle
Ei for three frequencies, namely 0.1, 1 and 2 kHz, was measured thanks to the Lissajous figure.
The data were given in FIG. 10 and the quasi-constant of the energy indicated that the injected
power increased linearly with the frequency over the investigated range of 0.1 to 2 kHz since
the dissipated power is given by E;jxf. This observation is in agreement with published results,
for instance by Parissi et al. [22] whose FIG. 11.4-b showed a linear increase of the discharge

power with frequency, both in air and in Oa.

Manlay [21] proposed the following formula to calculate the mean power dissipated by a
DBD discharge:

Cq+Cg

P = 41CqUgis (0 — =52 Uas) (5)

where f is the high voltage frequency, Udis is the air gap voltage during the discharge which
is difficult to determine. However, this quantity is usually admitted to be constant for a given
air gap. Under these conditions, for a given amplitude of high voltage, the power depends

linearly on the frequency.
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FIG. 10. Dissipated energy per cycle as a function of the frequency of the sinusoidal applied voltage. The
experimental conditions: U=12 kV, 6=400 pS/cm and d=5 mm.
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FIG. 11. Dissipated power as a function of the conductivity of the water. The experimental conditions:
U=12 kV, f=1 kHz, (a) d=1 mm and (b) d=5 mm.

The influence of the water conductivity on the dissipated power was investigated over a wide
range from 2 to 30 000 uS/cm (FIG. 11). Results show that the dissipated power fluctuated but
that the fluctuation was small with respect to the strong change in conductivity (more than four
orders of magnitude). Specifically, for d=1 mm, the mean value was 2.89 W while the standard
deviation was 0.15 W; for d=5 mm, the mean value was 3.10 W while the standard deviation
was 0.25 W. According to this experiment, the dissipated power remained globally the same,
while the equivalent resistance of water varied by several orders of the magnitude. This fact
indicated that during the discharge, the equivalent water resistance was negligible in
comparison to the reactance of the Cq as discussed in section 2. At the higher conductivities,
for a given conductivity, the measured power fluctuated more and this larger fluctuation

probably indicated the lower stability of the discharge.

IV. CONCLUSIONS

Based on this study of the basic pin-to-plane dielectric barrier discharge over water

configuration, the following five observations can be made about the injected power for the
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configuration with the presence of water on the dielectric; three of these observations were
compared with the behavior of a DBD without water.

1) The injected power increased linearly with the amplitude of the high voltage applied,

while without water, the evolution of the injected power followed A x (U - UO)Z, with A and

Uo two constants depending mainly on the geometrical parameters.

2) It fluctuated only +/- 20% while the conductivity of the water varied by over four orders

of magnitude.
3) It was about three times greater than that without water with the same air gap.
4) It increased only 15% when the air gap increased from 1 to 5 mm.
5) It was proportional to the frequency, as was also the case for the DBD without water.

We believe that these observations, especially those concerning conductivity ¢ and the
distance between the electrode and the surface of the water d, are valuable for the use of a pin-

to-plane DBD in water treatment.
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