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Abstract. A promising actuator for high-speed flow control, referred to as a Plasma
Synthetic Jet (P.S.J), is being studied by the DMAE department of the ONERA, and
the Laplace laboratory of the CNRS, in France. This actuator was inspired by the
“Sparkjet” device developed by the Johns Hopkins University Applied Physics
Laboratory. The PSJ, which produces a synthetic jet with high exhaust velocities, no
active mechanical components and no mass flow admission, holds the promise of
enabling high-speed flows to be manipulated. With this high velocity jet it is possible
to reduce fluid phenomena such as transition and turbulence, thus making it possible
to increase an aircraft's performance whilst a the same time reducing its
environmental impact. A thermal plasma discharge was created in a micro cavity,
causing the gas to be expelled. It is relevant that the velocity and momentum depend
on the energy dispersed by the electric discharge. To control the frequency and
energy dispersed in the plasma, the Laplace |aboratory has devel oped two high voltage
power supply systems. These alow two different types of discharge to be produced,
with energy being supplied to the discharge in two different manners. In this paper, we
focus on the impact of the power supply on the Plasma Synthetic Jet, and in particular
on the role of the rate of energy dissipation in the discharge. In order to estimate the
influence of the power supply on the machinery of the actuator, specific experimental
techniques were used to investigate the electrical (voltage, current), thermal (Infra-red
camera) and aerodynamic (jet duration, isentropic pressure, jet velocity)
characteristics. These data sets were used to determine which of the two power
supplies was more effective, thus allowing us to reach several conclusions concerning
the importance of the energy dissipation rate on the PSJ actuator.
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2. Introduction
The development of flow control applications with active devices requires efficient, robust, easy to

integrate and low energy consumption actuators. In recent years, various studies have been conducted
on electrostatic and €l ectromagnetic actuators. Actuators making use of piezoelectric materials [1-3] or
plasma [4-15] are also being developed. There are several possible configurations for piezoelectric
actuators, including: a synthetic jet [1-2] and a flat plat actuator [3]. Wilste and Glezer have shown
that a flat plate actuator is able to control a shear layer [3]. Smith and Glezer [1] presented
modifications which can be achieved in the jet, by means of a piezoelectric actuator. Mane anayzed
[2] the influence of the sawtooth, the orifice diameter, and the cavity height on the performance of the
actuator, for three different diaphragm materials.

Various aspects of plasma actuators have been extensively studied. Moreau [5] provides a general
overview of the subject. This paper describes different types of actuator: surface corona discharge and
surface dielectric barrier discharge actuators, and several types of airflow control for different
configurations (cylinder, flat plate ...). Surface corona actuators have shown the ability to control
external flow in aflat plate [4], or in acylinder [6]. In [7], Corke and Orlov provide a genera review
of the Surface Dielectric Barrier Discharge actuator, and of different applications such as boundary
layer separation control. In [8], Boeuf and Pitchford calculated the electrodynamic force created by a
DBD actuator. The authors concluded that SDBD and surface corona discharges create the same
electrohydrodynamic effect. An original SDBS with multiple electrodes is presented in [9]. This
actuator extends the plasma discharge and thus the control surface, when compared with a single
SDBD. The SDBD actuator has also influenced new plasma actuator designs, for example a
directional micro jet is presented in [10]. The velocity of al of these actuators is less than 10 m/s. A
new plasma actuator referred to as the “sparkjet” has been proposed by the Johns Hopkins University
Applied Physics Laboratory [11,12]. This actuator is able to produce high-speed jet velocities, with a
peak velocity measured by the PIV technique in excess of 50 m/s[13]. A pulsed plasmajet inspired by

the sparkjet actuator is presented in [14], with ajet velocity of the order of 300 m/s. The ONERA, in



collaboration with the CNRS Laplace laboratory (France), is aso involved in research into a PSJ
actuator [15]. The Laplace laboratory is more particularly interested in the interactions between the
power supply and the PSJ actuator. Indeed, the impact of the power supply on the plasma can modify
the processes which occur, for example, in dielectric barrier discharge lamps [16-18] or ozone
generator [19-21]. In [16], Mildren showed that the efficiency and light intensity (between 175 and
200 nm) are improved when the lamps are supplied by a pulsed power supply (rather than an AC
power supply), and photographs of the light emission are presented in [17]. When using an ozone
generator, Williamson obtained the same results [19], with the pulsed power supply producing more
ozone than an AC power supply. Consequently, various researchers have investigated the role of the
power supply for ozone generation. For example, in [21] Ordiz presents a buck converter, and in [20]
Koudriavtsev et al. present a resonant power supply. The supply strategy influences the process and
radically changes the efficiency and performance of the application. The influence of the power supply
on the plasma has also been studied for flow control applications. Jolibois showed that the high
voltage waveform changes the electric wind produced by SDBD [22]. Indeed, a negative sawtooth
leads to a higher vel ocity than a positive sawtooth [23], since the former produces a high current peak,
and thus a more intense filament, whereas a positive sawtooth produces a current peak of lower
amplitude. The frequency of the high voltage modulation aso influences the velocity of the electric
wind produced by the SDBD [24].

The influence of the power supply on the plasma, and consequently on the process, have not yet been
studied on the PSJ actuator. In the present paper, we propose to compare two power supplies, in
particular the influence of the energy dissipation rate on the jet velocity. We thus compare the jet
velocity, and the dynamic pressure produced by the PSJ actuator supplied by two different power
supplies: an inductive power supply (IPS), and a capacitive power supply (CPS). The CPS produces a
pulsed plasma, whose energy is rapidly dissipated by the discharge, whereas the IPS causes the
discharge energy to dissipate more slowly. In the first section of this paper, the discharge created by
each of these power supplies is described, and an electrical model of the discharges is presented. In the
second section, the dissipation rate of the discharge energy is anayzed for both power supplies.

Finally, the velocity, gas expulsion time and total pressure of both power supplies are compared.



3. Experimental set-up

3.1. Plasma synthetic Jet

Figure 1. Plasma Synthetic Jet actuator : (a) sectional view; and (b) view of the actuator without

the cap

A PSJ comprises three main elements. a pair of tungsten electrodes separated by a 1.2 mm air gap, a
brass cap, and a ceramic cavity. The cavity of the PSJ used in this work has a volume of 50 mm®,
indeed the diameter and the height of the cavity are both equal to 4 mm. As shown in Figure 1, the two
electrodes are enclosed in the ceramic, and an orifice is positioned at the top of the cavity. At the
beginning of the cycle, a high voltage is applied between the two electrodes, by means of the high
voltage power supply described in the following subsection. When the voltage reaches the disruptive
voltage of air (approximately 4700 V for this actuator), air is ionized and an electric arc is created.
This discharge leads to a strong increase in the internal energy. Because the air is confined, its pressure
and temperature increase rapidly. Relaxation of the fluid through the circular orifice creates a hot air
jet. When temperature in cavity drops, ambient air is then sucked up into the cavity (recovery stage

during some hundred of microsecond), and the actuator is ready for anew cycle.



3.2. Power supply
In order to create the discharge, a high voltage power supply is essential. Moreover, this power supply
must control the frequency of, and the energy dissipated in, the discharge. Two solutions can be used
to create a high voltage:
* A high voltage power supply, associated with an IGBT switch, to commute the high voltage
directly during the discharge,

* A low voltage power supply, associated with a high voltage transformer and a transistor.

The first solution would lead to very high costs, since it requires the use of a high voltage transistor.
We thus chose the second approach, with a flyback converter [25]. In association with the flyback
converter architecture, we proposed two different types of power supply. In the first of these, a PSJis
directly connected to the secondary voltage of the transformer; this solution is referred to as IPS it is
inspired to the spark engine power supply [26]. The second solution is referred to as a CPS [27], and
involves the use of a capacitor, inserted between the transformer and the PSJ. The supply mode is
totally different for these two power supplies. In the first, the inductance transfers the energy to the
discharge, such that the PSJ is powered by a current source. In the second, the capacitor transfers the
energy to the discharge, such that the PSJ is powered by a voltage source. The functioning of these

two power suppliesis analyzed in the following section.

3.3. Measurements

3.3.1. Electrical Measurement. The actuator was supplied by a high voltage power supply, as
described in the following section. The high voltage was measured by a 20 MHz high voltage probe,
and the current probe measured the AC current only, with a pass-band limited to 100 MHz. The data

was recorded with a 100 MHz LECROY oscilloscope.



3.3.2. Sagnation Pressure Measurements. For flow control applications (especialy separation), the
jet diameter of the active vortex generator is close to 1 mm. Since it is difficult to achieve direct
measurements of the PSJ characteristics, we used a dedicated instrumentation setup mounted on a
calibration bench, thus enabling the dynamic pressure and velocity of the jet to be measured: this
consisted in a stagnation pressure probe, with a differentiad unsteady KULITE %5 psi sensor. A
MACOR tube was fitted to the sensor. This device alows the jet to be channeled towards the sensitive
element of the sensor. The probe was mounted on a micrometric trandation plate, to ensure its

accurate positioning in front of the actuator orifice.

3.3.3. Velocity Measurement. Velocity measurements are performed by means of the Schlieren
technic. Since the jet is produced by a thermal source (electric arc), the resulting density (hence
refractive index) gradients allow the position of the jet to be easily measured.
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Figure 2. Schlieren setup
The Schlieren setup used a conventional Z-type mirror system as seen on Figure 2. The knife-edge
was oriented orthogonally to the jet axis. This alowed the density gradient to be visualized in the
streamwise direction. The actuator was mounted on an electrically isolated flat plane, paralel to the

optical axis of the schlieren bench. Image frames were acquired by means of a MotionPro X5 camera.



The camera CCD had a 2352 x 1728 pixel imaging matrix with a spatial resolution of 64 um. For the
purposes of the very short integration times needed for each frame, the illumination was produced by
the flash from a Flash lamp (HSPS FX-Xenon),with typical durations of approximately 20 ns.

The control signal of the power supply was used to synchronize the spark lamp with the camera
acquisitions. A Standford Research Systems DG535 delay generator was triggered by the signal from
the probe, allowing it to generate the TTL signals for the spark lamp and the camera. The position of
the jet was thus a function of the phase difference between the spark of the PSJ and the frame
acquisition. The jet’s velocity could then be computed from the ratio between the distance it covered
in the images, and the corresponding time delay. The jet’s position was determined from the average
value of severa acquisitions.

The time difference used to determine the exhaust velocity varied between 5 and 10 ps, depending on
which power supply was used. The maximum working frequency of the spark lamp limits the velocity

measurement bench. The measurements are made with an actuator frequency of 10 Hz.

3.3.4. Temperature measur ement

It is too interesting to know the temperature of the gas expel by the PSJ actuator. However, the jet
duration is too short to measure his temperature. That is the reason why we have measured the
temperature of the top of the cap of the actuator with an infrared camera ThermoVision SC 6000
FLIR. This measurement allows us to quantify the temperature in the cavity before the breakdown. So
we can know which power supply heats over the actuator.

An image of the cap is taken at a time interval of 5s. At each image, the cap temperature is uniform
throughout the cap; it is certainly due to the small time of the device. As the emissivity of the brassis
low, the infrared radiation is strongly attenuated. To have a better precision in this measurement, we

recover the cap with high emissivity paint (€=0.92). To estimate the temperature we use the Plank law.

4, Power supply



4.1. Energy transfer

4.1.1. Magnetization stage. Figure 3 shows the circuit diagrams of the two power supplies. Both
power supplies consist of a high-voltage transformer, an IGBT, a DC power supply (60 V — 500W)
and a capacitor for the second power supply. The magnetizing inductance has a value of 10mH, and

the transformer’ s rated voltage ratio is equal to 10.
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Figure 3. Inductive (a) and capacitive (b) power supplies

The magnetization stage is identical for both power supplies. The high-voltage transformer is powered
by the low-voltage power supply during the on-state of the IGBT transistor. During this phase, the
primary current increases linearly and energy is accumulated in the transformer. This energy is

determined by the duration of the magnetization and depends on the square of the primary current (1)
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where L; represents the magnetizing inductance of the transformer. Moreover, the working frequency
of the actuator isimposed by the IGBT frequency control. The IGBT can be easily controlled to adjust

the frequency and the energy accumulated in the transformer.



4.1.2. Energy transfer to the higher voltage. The magnetization phase ends with the opening of the
IGBT transistor. The energy accumulated in the transformer is transferred to the secondary coil and
thus to the discharge. The energy dissipated in the discharge (Eg) can be calculated from the

measurement of the discharge voltage (V's) and the discharge current (1d):

E= | ve®ig®dt-Rype. [ig®2clt (2)

tdischarge tdisx:hzarge

Where Ry represents the resistance of the wire: 0.5 Q in thiswork.

4.2. Inductive Power supply

The magnetization phase ends with the opening of the IGBT. After switch-off of the IGBT, the
secondary voltage increases until the breakdown voltage isreached. Figure 4 shows the ignition of the
discharge. The current increases to 30 A in 50 ns. During the ignition of the discharge, the voltage

decreases rapidly to 400 V (this voltage isthe same in every case).
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Figure4. Ignition of the IPS discharge

Whatever the energy dissipated in the discharge, the ignition of the discharge is the same, and the
current rapidly increasesto 30 A. This peak current value depends on the equivalent capacitance of the

transformer wire, as described in section 3.3.2.

Following ignition, the duration and the maximum value of the discharge current varies with the

energy accumulated in the transformer, as seen in Figure 5.
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Figure5. Discharge of the IPS

The discharge voltage and the slope of the decreasing current are constant, whatever the energy

dissipated in the discharge. The slope of the current falloff isequal to:

di _ Udischarge
s (3)

dt Lp_secondary

and the constant voltage of the discharge is equal at: Ugischarge=400V

As seen in [28-30], the glow discharge has the same electric characteristics, a constant voltage, and a
variable current. Takaki [29] observed the same discharge voltage (400V), and the current varied
between 1 and afew milliamperes.

Moreover, the current and voltage waveforms are similar to those of the discharge of an inductance in
series with a constant voltage source: since the current decreases linearly, it is controlled by the

inductance and as a consequence the discharge behaves like a constant source voltage.

4.3. Capacitive power supply
In the CPS, the magnetization stage is terminated by the opening of the IGBT transistor. In an initia
phase, the energy accumulated in the transformer, then transferred to the capacitor, is greater than that

transferred to the discharge. The remainder of the energy is dissipated into a series resistance (500 Q).



If this resistance is disconnected, the terminal voltage of the transformer is non-zero when the IGBT is
closed. A considerable increase in the IGBT current is thus induced by the energy transfer, which
remains in the transformer. Unfotunately this resistance is required to protect the IGBT transistor. If
the discharge is not initiated, the energy accumulated in the transformer is dissipated into the
resistance. When the capacitor voltage on the actuator terminals reaches the electrical breakdown
voltage (about 4700 V), the capacitor delivers its energy through the discharge. The strong scattering
of the breakdown voltage value (about + 500 V) imposes the storage of a greater quantity of energy in
the transformer than in the capacitor. This large scattering in the breakdown voltage is certainly
caused by the erosion of the electrode. Indeed this phenomenon can create some point in the electrode.

This point increase locally the electric field and then diminish the breakdown voltage.
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Figure 6. Discharge created by the CPS
Figure 6 provides a recording of the capacitor voltage and the discharge current during the gas
conduction. The capacitor, the wire and the discharge behave like an oscillating circuit. The resistance
and the inductance of the wire are measured by means of a network anayzer (passband 40 MHz).
These parameters alow the discharge voltage to be calculated (Vs in Figure 6). Vs correspond at the
rea voltage between the electrode and V¢ to the capacitor voltage. The difference between these two
voltages corresponds to the wire voltage. Moreover, the wire is strongly inductive; consequently Vs
and Vc are not in phase. During the ignition time, the discharge voltage fals to zero in a few
nanoseconds. Following ignition, the current and the voltage discharge are sinusoidal and in phase.

Furthermore, the maximum current is proportional to the breakdown voltage. In the same manner, the



maximum value of the current increases as a function of the energy stored in the capacitor. Equation

(4) shows the relation between capacitance, wire inductance and breakdown voltage.

Ismax :w%'\/b (4)

For a mean value of disruptive voltage (4700 V), the maximum current is plotted as a function of

capacitance, as shownin Figure 7.
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Figure7. Maximal current asafunction of capacitor value

The experimental points are in good agreement with the theoretical curve (the dotted line) , the
dispersion seen in Figure 7 being the consequence of variations in the breakdown voltage. The first
experimental point represents the peak current of the IPS. Indeed, the capacitance of the wire in the
transformer is equal to 100 pF, which explains the peak current of 30 A. With both power supplies, the
maximal current of the ignition of the discharge is influenced by the capacitor, such that the ignition
mechanism is identical in both cases. Although the ignition is in principle only initiated by the
capacitor, if the stored energy of the latter is very high, it may completely control the discharge.

The temporal variation of the current and the voltage indicates that the discharge behaves like a spark

discharge [31-36].



5. Influence of each power supply on the dischar ge behavior

5.1. Discharge Duration
We measured the discharge duration between two instantsin time:
» Ignition of the discharge, marked by the instant at which voltage breakdown occurs
* Termination of the discharge, marked by the current’sfall to zero
The two power supplies applied the same energy to the discharge. Nevertheless, the energy was not

dissipated in the same manner.
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Figure 8. Discharge duration as a function of the energy dissipated during the discharge

Figure 8 plots the discharge measured duration, as a function of discharge energy, for the two power
supplies. In the case of the IPS, thisis not affected by the frequency. However, the discharge duration
increases when the energy accumulated by the transformer is increased. This phenomenon leads to an
increase in the magnetization time. On the one hand, the magnetization time increases the energy
accumulated in the transformer and, consequently, the energy dissipated during the discharge. On the
other hand, the discharge behaves like a constant voltage source, whatever the energy dissipated in the
discharge. The maximum current thus increases with increasing energy. Since the discharge current
decreases linearly, the discharge duration increases with the energy dissipated in the discharge. For the
CPS, the discharge duration is aso increased by the energy dissipated in the plasma. After 40 mJ, the
discharge duration is only weakly increased by the arc energy. Indeed, the arc duration is limited to 8

Ks. The IPS produces a more extended discharge than the CPS.



5.2. Energy dissipation

Figure 9 presents the time evolution of the discharge energy dissipation, for atotal discharge energy of
55 mJ. This energy is dissipated more slowly by the IPS than by the CPS. With the CPS, we observe
that the energy dissipation oscillates in time. Indeed, the energy is calculated from the capacitor
voltage and the current of the discharge. Half of the total energy is dissipated during the ignition, in a
period of 500 nano-seconds. The rest of the energy is then dissipated over a period of some
microseconds.

In the case of the IPS, the energy is dissipated gradually, and ignition of the IPS consumes a small

guantity of energy. Indeed, the maximum current is lower than in the CPS.
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Figure9. Temporal evolution of the ener gy dissipation

The stored energy is thus not transmitted in the same manner by the two power supplies.
Consequently, the gas is not heated by the plasma at the same rate: heating of the gasis obtained more
rapidly with the CPS. It is thus likely that the jet velocity and pressure are greater with this power
supply. Indeed, the heating is more rapid, since the energy is dissipated in a shorter time. For the high
energy of the IPS, the discharge lasts for 1 millisecond, such that gas expulsion begins before the
electric discharge has finished. In this case, the heating effect is dlower, and the resulting overpressure

is certainly lower than in the case of the CPS.



5.3. Influence of the energy on the temperature of the cap

The air in the cavity is not heated in the same way by the two power supply. Before the expulsion, air
presents on the cavity heat the ceramic and the brass cap. Consequently, the temperature of the cap is
representative of the heating of the air present in the cavity by the discharge. Figure 10 present the
evolution of the cap temperature with the energy for the both power supply, frequency of the discharge
is equal to 100Hz. The cap's temperature is stabilized after few min of functioning, so we plot this

temperature versus energy dissipated in the discharge.
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Figure 10. Evolution of the cap temper ature with the energy dissipated on the discharge

It appears clearly than discharge created by the ISP heat hardly the actuator, consequently it is
impossible to operate the actuator with this power supply at high frequency or at high energy
dissipated in the discharge. Indeed, the cap's temperature depends directly of the power, which is
directly linked to the frequency and to the energy dissipated in the discharge. The temperature of the
cap isless hot with the CPS, but still reached 100°C for a power of 20 W.
The energy dissipation rate influences strongly the temperature of the cap and therefore the heating of
the gas present of the cavity before the breakdown voltage. With the IPS power supply the gas present

in the cavity isinevitably warmer than for the CPS before the discharge.



5.4. Effect of the rate of energy dissipation on the breakdown voltage

According to Paschen's theory, the breakdown voltage depends on the product of the electrode gap
and the pressure, but also on the temperature. In our actuator, the breakdown voltage depends only on
the temperature and on the pressure; indeed the electrode gap is constant. In order to show this
assumption, we measured the breakdown voltage for different value of pressure or temperature inside
the PSJ actuator. To change these parameters, the actuator without this cap is placed in a climatic
chamber. In this chamber, the pressure can vary between 0.1 and 1 bar and the temperature between 20
°C and 180 °C. The cap of the actuator is removed in order to control the temperature and the pressure
inside the cavity. In one experiment, the pressure is maintained to the atmospheric pressure and we
change the temperature inside the climatic chamber. In another experiment the temperature is
maintained at ambient temperature and we change the pressure in the climatic chamber. The evolution
of the breakdown for this both experiment is plotted in function of the ratio temperature over pressure
in Figure 11. This ratio corresponds to an equivalent temperature a atmospheric pressure and

corresponds to the evolution of the gas density.
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Figure 11: Evolution of the breakdown voltage with an equivalent temperature
The evolution of Vy, is the same for these two experiments because the two curves are stacked up.
Consequently, these two parameters have the same influence in the breakdown voltage. Figure 12
present the evolution of the breakdown voltage for the two power supplies with the frequency. The

measurement is carried out few minutes after the beginning of the actuator functioning.
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Figure 12. Breakdown voltage of the two power supplies

We want now to know if the drop of V,, is due to the pressure or temperature. So we show the
evolution of the disruptive voltage and of the cap temperature during the beginning of the functioning
of the PSJ, indeed the thermal effect is negligible during this phase. The cap temperature measured
with the infrarred camera is equal to the ambient temperature. So the gas temperature before the
discharge is equal to the ambient air, because the cavity wall heat the air sucked during the recovery
stage. Moreover the breakdown voltage remains unchanged for the first breakdown which corresponds
to the beginning of the functioning of the PSJ. Consequently, at the end of the recovery stage, the
pressure in the chamber is equal to the atmospheric pressure. Then, the drop of the breakdown voltage
with the frequency and with the energy dissipated in the cavity is caused by the increase of the
temperature in the cavity before the breakdown. Indeed if the temperature increases, the density of the
gas decreases together with the breakdown voltage.

On the one hand, at the same frequency and for the same equivalent energy, the breakdown voltage of
the IPS is smaller than the breakdown voltage of the CPS. On the other hand, the decrease in
breakdown voltage as a function of accumulated energy is more significant for the IPS. The
breakdown voltage for the two power supplies decreases with the frequency of the actuator, and with
the energy accumulated by the transformer or the capacitor, as shown in Figure 12.

Consequently, the IPS heats the cavity more strongly than the CPS. This phenomenon can be

understood from the energy dissipation rate and from the temperature cap. Indeed, with the IPS, the



energy is dissipated over alonger period of time and the cap temperature is higher. The gas present in

the cavity is thus gected before the electric discharge has ended as shown in Figure 13.
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Figure 13: Evolution of the current with the pressure signal during the gas expulsion
The remaining energy heats only a small quantity of gas, such that most of this heat is dissipated in the
ceramic of the actuator, which becomes hotter, before reaching the recovery stage. In summary, the air
sucked into the cavity is hotter with the IPS. For the CPS, the discharge is too short (some micro-
seconds) for the gas to be gjected before the discharge has ended.

For these reasons the breakdown voltage of the IPSis lower than that of the CPS.

6. Influence of power supplieson thejet characteristics
The dynamic pressure is measured by a pressure sensor tube, which is located a few millimeters in

front of the PSJ orifice.
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Figure 14. Signal of the dynamic pressur e sensor



With the CPS, for which the typically bell-shaped signal is shown in Figure 14, the jet is developed
some micro seconds after the discharge. After the bell, the pressure signal is lower than 1 bar, this
phase correspond to a violent suction of air by the PSJ actuator. This depression affects the pressure
sensor and sucked the air present in the MACOR tube into the cavity. Indeed the expulsion phase ends
very abruptly. This perturbation is not present in the signa corresponding to the IPS because the
expulsion is more gradual and ends slowly, so the transition from the expulsion to the recovery stageis
more progressive.

With the IPS, the pressure signal does not have exactly the same shape because the discharge
continues during the gas expulsion. For the both power supply we can see the electromagnetic

interference due to the discharge.

6.1. Maximum dynamic pressure
The maximum dynamic pressure, as a function of frequency, for different energies accumulated in the

transformer or in the capacitor, is shown in Figure 15.
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Figure 15. Maximum Total pressure of the two power supplies: ( a) inductive power supply; and

(b)) capacitive power supply

The CPS produces a more powerful jet than the IPS. This can be explained by the brevity of the CPS

discharge, and by the fact that it is not complete when the gas starts to be expelled by the IPS (Figure



13): during expulsion of the gas, the heating is less efficient, because the gas's concentration in the
cavity is low. This has the effect of heating the ceramic cavity which will warm the air during the
suction. We have seen this effect in the cap temperature in Figure 10. Before the breakdown, the gas
temperature in the cavity is then lower for the ISP than the CPS. This temperature is directly linked to
the quantity of matter inside the cavity. The gas density before breakdown is then lower for the IPS
than the CPS. Moreover, lower the density is, lower the quantity of gas that can be expelled by the PSJ
is. The resulting pressure is then reduced for the IPS.

For the both power supplies, the dynamic pressure decreases at higher energies and higher frequency
and then when the power dissipated in the PSJ is important. This drop is caused by the heating of the
cavity. In the case of the CPS, the heating of the cavity is not the only reason for the fall in tota
pressure. Indeed, the breakdown voltage, and thus the energy dissipated during the discharge, is
reduced by the heating of the cavity because of the relationship between capacitor energy and

breakdown voltage.

E.= %.C.\/b2 (5)

The drop-off in total pressureis thus also due to the decline in energy dissipated during the discharge.
The CPS power supply is somehow self regulated because the heating of the cavity induces a fdl in
the breakdown voltage which decreases the energy dissipated during the discharge. The temperaturein

the cavity is then lower which induces a diminution of the heating of the cavity.

6.2. Gasexpulsiontime

The gas expulsion time is estimated as the period during which the total pressure is greater than ten
percent of the maximum over pressure. The over pressure correspond to pressure measured by the
sensor which we subtract the atmospheric pressure.

Figure 16 shows the gas expulsion time as a function of the energy dissipated in the discharge. For the

CPS, thistime is constant (220 us), whatever the energy dissipated in the discharge. For the IPS, the



gas expulsion time increases with energy (until 25 mJ). Beyond 25 mJ, the gas expulsion time is

almost constant, and equal at 800 ps.
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Figure 16. Gasexpulsion time

The jet created by the IPS is expelled from the PSJ actuator during a relatively long time interval,
whereas the CPS produces a short, pulsed jet.

Indeed, in the latter case, the gas expulsion time remains constant as a function of the energy or
frequency. Consequently, if the discharge is too short, the discharge time will simply influence the
maximum total pressure, without affecting the gas expulsion time.

However, in the case of the IPS, the gas expulsion time is influenced by the discharge time. Indeed,
the jet is maintained because the IPS continues to discharge energy during expulsion of the gas. With
the IPS at high energies, the discharge time is longer than the gas expulsion time, such that when the
jet has been completely expelled, the discharge has still not come to an end. This phenomenon

explains the stagnation of the gas expulsion time at higher energies.

6.3.  Velocity calculation
The jet velocity was also calculated, on the basis of the total pressure measurements for frequency

equal to 10 Hz. If thejet flow is considered to be isentropic:



5:(1+—y_1|v| ] ©
Pa
where

M= (7)

JV.RT

and T isthe temperature of the jet, M is the mach number, and y is the isentropic coefficient of air. The

air present in the cavity is heated by the discharge but during the expulsion it is cooled by the cavity.
Asitisimpossible to measure the temperature during the expulsion phase, the temperature is assumed
to be egua to 293 K, such that the isentropic coefficient is equal to 1.4. The expression for the

velocity isthen:

Vmax -

y-1
2y.RT (Ptmaxj V oy @©
y-1 Pa

The curves resulting from this calculation are shown in Figure 17.

6.4. Comparison between schlieren velocity measurements and the vel ocity calculation
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Figure 17. Computed and measured maximum jet velocities as a function of the discharge
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With both power supplies, the velocity increases as a function of the energy dissipated in the
discharge. The PSJjet is produced by heating of the air in the cavity, involving an increase in the static
pressure. The pressure gradient between the heated air in the cavity and the external air leads to the
creation of the jet. The stronger the pressure gradient is, the higher the jet Mach number is. The jet
produced by the PSJ actuator supplied by the IPS has alower velocity than the jet produced by the PSJ
actuator supplied by the CPS (as seen in the schlieren measurement). We have observed than the cap
temperature is higher for IPS than for the CPS, the thermal loss is then more important for the IPS.
The part of the energy involved in the gas expulsion is lower. IPS dissipates too much energy in
heating PSJ the ceramic cavity and enough in the heating of the gas present in the cavity before
breakdown, because of the expulsion begins when the discharge is not finished as seen on Figure 13.
Moreover, as seen in Figure 17, there are differences between the velocities determined from the
schlieren images and those calculated from pressure measurements, indicating that the modeled
velocity, based on these measurements, is not perfect. This outcome shows that the assumption of an
isentropic flow of the jet is incorrect. The hypothesis of an isentropic flow does not take heat losses
into account, which lead to heating of the cavity by the discharge. The consequence of the heat lossis
an increase in the temperature of the cavity, and thus an increase in the gas temperature.

Moreover, it can be seen that the differences between the schlieren image velocities and the pressure
model velocities are greater for the inductive than for the CPS. This suggests that the heat loss or
temperatures are greater when the jet is created by the IPS. This explains why the temperature of the
cap is higher for the IPS than the CPS. This conclusion is supported by the fact that the breakdown
voltage obtained with the IPS is lower than that obtained with the CPS, meaning that the jet created by

the IPSis hotter than that created by the CPS.

Conclusions

The influence of the two power supplies on the plasmais very different:



* In the case of the IPS, the discharge is equivalent to a constant voltage. The current is thus
controlled by the transformer, and depends on the energy accumulated in its magnetizing
inductance. Consequently, the discharge duration increases with the energy dissipated on the
plasma. Moreover, the discharge is relatively long, such that the energy is dissipated relatively
sowly.

 The CPS creates a pulsed discharge, which is controlled by a capacitor. This discharge
resembles a spark discharge and behaves like a small and constant resistance from the
energetic point of view, such that the energy is dissipated very quickly.

The energy dissipation rate influences the warming of the gas present in the cavity, and consequently
the gas expulsion time. This time interval is longer for the IPS, and is influenced by the energy
dissipated in the cavity.

Moreover, the front jet velocity is influenced by the energy dissipation rate in the cavity, as shown by
the vel ocities measured with the schlieren bench, which are lower with the IPS. The energy dissipation
rate also influences the temperature of the gas, and thus the heat loss, as can be seen from the
breakdown voltage and the velocity calculation. Indeed, the breakdown voltage decreases with the
temperature of the gas before breakdown, and is lower for the IPS than for the CPS. Furthermore, the
differences between the velocities derived from the pressure model, and those determined from the
schlieren images, aso indicate that the IPS heats the gas and the cavity of the PSJ actuator more
strongly than does the CPS.

The energy dissipation rate is a very important parameter, because it influences the velocity and
heating of the PSJ actuator. In order to increase the efficiency of the PSJ actuator, it is very important
to diminish the energy dissipation rate in the discharge. The CPS thus produces a more powerful jet
(higher velacity, shorter expulsion time), and probably heats the gas and the cavity less significantly
than the IPS. In order to further increase the velocity of the jet, and decrease the heat losses, it would
be beneficial to develop a ns-pulse power supply, able to supply 1 mJ in an interval of a few
nanoseconds [37, 38].
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