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Abstract: To solve the low efficiency of plasma synthetic jet actuator (PSJA), a multichannel discharge
technique based on the concept of voltage relay is put forward and a neveleuitbde plasma
synthett jet actuator (MEPSJA) is designed. Experiment shows the multichannel discharge technique
can enlarge the discharge channel distance by multiplying the discharge channel number without
increasing the input voltage. With a 1 nF discharge capacitor, sbhbatge efficiency of three channels
discharge increases 135% compared with standard one channel discharge. When the discharge
FDSDFLWRU LQFUHDVHV WR ) D IRXU GLVFKDUJH FKDQQHOV VWLC
well. Schlieren flow \dualization confirms that MIPSJA also outperforms theelectrode PSJA in
terms of jet velocity and duration time, both are increased by about 50%.
Keywords: flow control; plasma actuator; plasma synthetic jet; discharge efficiency

0 Introduction

There has always been continuous effort in the development of active flow control so as to
improve the performance of aerodynamic applications. Different from the passive control device, the
active control has the benefit of being adaptive to the flow condiéiod,can be switched off when
control is not needed. The plasma synthetic jet actuator (PSJA) is one novel active flow control
technique, and it is believed to have promising capability in the transonic and supersonic regime.
Originally proposed in 2003 bihe Johns Hopkins University[Happlications of PSJA can be seen in
shock wave boundary layer interaction (SWBLI)[2,3] and shock wave manipulation[4,5].

The PSJA has been under continuous development. The evolution of the PSJA technique is
summarized inFigure 1 graphically. In general, there are two generations of PSJA and they are
distinguished through the number of electrodes. The first generation features two electrodes, namely
duatelectrode PSJA (DIPSJA). Tle early research in the Johns Hopkins University showed the
DE-PSJA can produce high speed jet and has potential application fesgegld flows [613], which
VXSSOHPHQWYV '"%' W\-S/s IDHFG®/ OBW R URDPWIRADY 2Q WKH RWKHU KDQG
low efficiency has been identified, which hinders its practical usage. Various researches pointed out its
efficiency is less than 30% [147], sometimes it is even less than 1% [18,19]. It is eventually found
that the efficiency is affected by the electe gap distance. Our experiment also showed that a PSJA
with 3 mm electrode distance can generate strong jet, while that with 0.5 mm electrode distance cannot
generate jet[20]. The second generation PSJA emerges with longer electrode gap by adding a third
electrode, namely the trigger electrode. The second generation also has the narledtioeke PSJA
(TE-PSJA)[15]. With the help of electronic element, such as magnetic switch and diode, the anode and
trigger electrode can be hold togetherdH. In this condition, the TEPSJA can be improved to
two-electrode PSJA. The FTESJA has already been used by several research@@2Bowever, as



the electrode gap of the TIESJA is determined by the voltage of trigger power supply, there is an
upper limit forthe gap distance. If the gap exceeds the critical distance, no discharge will take place. As
a result, the further improvement is restricted by the critical gap distance and breakthrough in
technology is required.
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Figurel. The evelopment of the PSJA

In the present work, a new discharge concept of voltage relay is developed. This concept allows to
enlarge the gap distance without any increase in input voltage. Using the voltage relay concept, a new
discharge circuit and a new F§hamely the multelectrode PSJA (MPSJA), are proposed. In order
to validate the new MIPSJA, its aerodynamics performance is validated experimentally through
schlieren.
1 A new concept to enlarge the distance of discharge channel

The discharge circuitf the first generation DIPSJA is simplified irFigure2 (a). The discharge
current of the DEPSJA is a sinusoidal oscillating signal and the amplitude follows the damped
exponential law, as shown in Figure 2(Jhen the voltage begins to decrease and the current begins to
increase heavily, it is the time that the process of breakdown has terminated and the process of
discharge has started. Therefore, only a little fraction of the pulsed energy is used tothegger
discharge and build the discharge channel. A large portion of the energy is consumed in the discharge
process. The resistance in the plasma region is subject to dramatic change as $tiguva2¢c). The
change of plasma resistance can be divided into two processes, namely the breakdown process and
discharge process. As long as the voltage across the discharge electrodes is higher than the
corresponding breakdown voltage, the breakdown process will happerefdiie, if the voltage can
remain unchanged and can be relayed to the next discharge electrodes, the discharge channel would be
increased. In this way, the total distance of the channel can be enlarged.
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Figure2. Charactestics of discharge circuit of twelectrode PSJAa) simplified circuit (b)
evolution of discharge voltage and current (c) evolution plasma resistance
Due to the negative resistance characteristics of the discharge channel, when the breakdown of the
discharge gap happens, the plasma resistance decrease quickly. As a result, the energy stored in the
capacitor is consumed by discharge quickly. Therefore, a larger impedance of the discharge circuit is
preferred to reduce the discharge rate. But large inmpedanay result in a small current, which



eventually makes the discharge channel to quench. Taking these factors into consideration, a special
discharge circuit is designed.

A baseline test circuit is thus proposed to provide the voltage relay with agpeopiicuit
impedance as shown Figure 3 (a). The discharge voltage and current are measured with a high
voltage probe (Tektronix P6015A) and a current probe (Tektronix TCP312), respectively. The
measurement pdgns are labelled in figure 3(a). The voltage and current are recorded by an
oscilloscope (Tektronix DPO4140). The waveforms are showigare 3 (b), which is different from
the conventional circuit as previoysghown in figure 2(b). As soon as the breakdown of the electrode
gap happens, the voltage at point 2 increases rapidly and reaches its peak value in 25 ns. The current
quickly increases to 8 A in less than 20 ns and then decreases to 0 A. Becausargethéférence
between the capacitor C ang, @nd the low energy required to build the discharge channel, the voltage
at position 1 has little change during breakdown. Meanwhile, the voltage at position 2 increases to a
high value and can be used to Huthe next discharge channel.
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Figure3. The special discharge circuit experiment

Following the baseline test circuit in Figure 3s@ecial discharge component can be established,
as shown in Figure 4(a). In this circuit, the capacitor and resistor has the name of relay capacitor and
relay resistor, respectively. The capacitance of relay capacitor is larger than the equivalenncapacita
of electrode gap. It is known that the capacitor impedance goes down as capacitance goes up. Hence,
before the breakdown of the electrode gap, the voltage across the electrode gap is the same as the input
voltage, but the output voltage is zero. Asrsas the breakdown happens, the impedance of the
electrode gap decreases rapidly, and the relay capacitor is charged, raising the output voltage, which
can be used to drive the next discharge element. The relay resistor is used to absorb the residual energ
in the relay capacitor, as the discharge in the relay capacitor, in practice, is usually incomplete. Because
the gap needs to be ignited in a repetition mode, the residual energy in the relay capacitor has to be
released. Otherwise, the breakdown voltaglenot be reached across the gap.

Taking these factors into consideration, the resistance of relay resistance should meet the condition,
as shown in Eg.(1). In this relationship represents the time needed to build the complete discharge
channel in he multichannel discharge circuit, which is in order of microsectnéhdicates the
discharge time interval, which is determined from the repetitiorf rgtel /f.

4 <<BReeiyCreiay<<tz (1)

Using this discharge component, a new circuit containingichaltnel discharge can be built, as
shown in Figure 4(b). This discharge circuit operates in a relay style. After the breakdown of electrode
gap 1, the voltage across the electrode gap 2 increases, leading to the breakdown in electrode gap 2.
The breakdownLQ WKH UHVW HOHFWURGH JDSV WDNHV SODFH LQ D UHSC
discharge circuit increases the discharge gap through increasing the number of discharge channel.
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Figure4. the schematic diagram of the relay multichannel discharge circuit

2 Experiment on the multichannel discharge circuit
2.1 Experimental circuit

A prototype circuit containing four discharge channels is bailt/alidation purpose, as shown in
Figure5. A high voltage DC power is used to charge the main discharge capaditonF) through a

0 F X UlinitiQgwesistor R;,,. The relay capacitance &;, C,, andC; is 100 pF, while the
resistance oR;, R, andR; LV 0 7KLY SURWRW\SH FLUFXLW DOVR DOORZV V
channels through reducing the electrode gawn to zero. For instance, a thdennel discharge
circuit is realized by setting the distance of electrode gap 4 to 0. The measurement system is the same
as that used in test in the previous section. In the followingVyand \; are used to represt the
voltage measured at point 1, 2 and 3, respectively.

Volt /‘ Vc" Voltage A ot Voltage /\ =
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Figure5. the schematic diagram of the prototype relay circuit

2.2 Results and discussion
2.2.1 Theelectric characteristics

A threechannel discharge is first conductedreveal the electric characteristics. The length of
electrode gap 1, 2, 3 and 4 are thus set to 2 mm, 2 mm, 2 mm and O mm, respectively. The measured
discharge voltage (¥ V,) and current waveforms are shown Rigure 6. The breakdown of the
electrode gap 1 leads its impedance to decrease. The capaci®othén charged. As a result, the
voltage \4 increases to 9.4 kV in less than 30 ns, giving rise to the breakdown in gap 2. Because of the
large capacitancefanain discharge capacitor C,,¥énly decreases slightly before the breakdown of
gap 3. The next capacitor, & further charged following the breakdown of electrode gap 2, and the
voltage across £ncreases. Similarly, when the voltage across gap 3 esaohits breakdown voltage,
the breakdown in gap 3 happens, and a complete discharge channel is built. At this moment, the current
increases to about 100 A quickly.
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Figure6. The multichannel discharge voltage and current warrefo
In conclusion, the breakdown of electrode gaps happens sequentially. The capacitor and resistor
connected to the electrode gap are critical. They must secure the sequential breakdown for the gaps.
Before the breakdown, the gap can be seen as an opth.sl acts as a small resistor after
breakdown takes place. Since the breakdown changes sequentially, the circuit also changes. The
equivalent circuits after each breakdown is showrigure?.
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Figure7. Equivalent circuits after three sequential discharges
The input power voltage and the peak current with different channel numbers and different
distances of electrode gap are showifrigure 8 (a) andFigure 8 (b), respectively. Note that the input
power voltage is the voltage at measurement point 1 before the breakdown of the electrode gap 1 for

each test. The horizontal axis is the length of a singtshdrge channel.
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Figure8. Effect of the number of discharge channel and gap distance on breakdown voltage and peak
current

The input power voltage can be thetically predicted through the following relatidh

Ubrealkdown 243&)(1 67% Obd (kV (2)

wherep is the pressure (unit: ba,s the distance between the electrode couple (unit: millimeter). The
breakdown voltage estimated theoretically using Eq. (2)sis included irfFigure8 (a). It can be found
that the experimental data and theoretical data have a good agreement. The input voltages almost grow



linearly with the increase of gap distance. The number of cheiseeims to have trivial effect on the
breakdown voltage, as little variation can be observed by adding more channels. On the other hand,
increasing the number of discharge channel essentially results in a larger total discharge length, giving
rise to a lager plasma resistance. As a result, the peak current decreases. The influence of channel
number on the peak current is presenteigure8 (b).

Different from the conventional single channel discharge, therenisolavious breakdown
discharge process in the new circuit. The current and voltage at measurement position 1 with 2 mm gap
distance are shown iRigure9 (a) andFigure9 (b), respectively. It is rather apparent that the voltage
drop for twochannel discharge and threkannel discharge is less steep at the initial phase. In the
meantime, there is a delay in current increase for the «chdimnel discharge. In the present,tése
current increase for-2hannel discharge andchannel discharge are at 53 ns and 108 ns, respectively,
which are the amount of time needed to build the complete discharge channel. Therefore, longer time is
needed to trigger the discharge for a tgeaumber of channels.

8 40 )
Wf Wb, 1 channel { ’f‘ 1 channel
104 I 20
7 \ 2 channels 2004 UW e 2 channels
3 channels 3 channels

—

5] 000 0.05  0.10 100 0 005 0.10
z <
&0 v IAY\/J\/'\“W E O JW\PWU
s \ &}
> -100

-5

. . ‘ ‘ ‘ -200 ‘ . . ‘ .
00 05 10 15 20 25 00 05 1.0 1.5 20 25
Time (ps) Time (us)
(a) The voltage (b) The current

Figure9. \oltage and current waveforms for single and neh@nnel discharges
2.2.2 The influence of the discharge capacitor on the multighatischarge circuit

The circuit is further made into a feahannel discharge circuit by increasing the fourth gap
distance from 0 to 3 mm. The discharge capacitor is changed from 1 nF to 3.2 nF to study the effect of
discharge capacitor. The increasehaf capacitor is made through parallel connecting another capacitor
of 2.2nF.

In case of smaller capacitor (C=1 nF), breakdown only happens in the first three gaps except gap 4.
This condition is named the incomplete discharge. As the relay capacitarf@®is JH U 0 W KH
current flowing the electrode gap is very low, depositing small energy. Based on arc energy balance
theory, the discharge channel in gap 1, gap 2 and gap 3 would terminate quickly, and the energy stored
in the discharge capacitor canmhet released completely. The waveforms of voltages at position 1 and 3
and current are shown Figure10 (a). Because part of the input energy is consumed in the breakdown
discharge process and to charge the redgacitor, the voltage at position 1 decreases from 13.8 kV to
nearly 10.5 kV after 200 ns, which is highlighted by the pink arrow. This voltage drop together with the
voltage waveform shown iRigure3 (b) indcawWH WKDW WKH HQHUJ\ VWRUHG LQ WKH GL
enough to provide sufficient voltage.

In case of larger capacitor (C=3.2 nF), breakdown happens in all four electrode gaps, namely the
complete discharge. As a result, the circuit impedance desregsckly, and the current increases to
about 300 A. The energy stored in the discharge capacitor can be released in the discharge process, and
the voltage across capacitor eventually becomes zero. The discharge voltage and current waveforms are
represerdd inFigure10 (b). The breakdown of the fourth channel, namely the decreasg bappens



at around 270 ns, wheny 6 about 12.2 kV. It should be noted that there is no significant voltage drop
in V,, despite lte small oscillation. So far it reveals that the discharge capacitance is critical in the
breakdown process. It should be large enough to secure the breakdown of the discharge channel.

So far, it can be understood that a larger discharge capacitor isamgcesen the discharge
channel number increases. As discussed above, the relay capacitor is charged with the breakdown of
electrode gap. As a result, with the increase of number of electrode gap, more energy is needed. But the
maximum voltage across thesdharge capacitor is determined by the corresponding breakdown
voltage of the first electrode gap. As a result, the more the electrode gap is, the larger the capacitance of
the discharge capacitor needs to be.

In addition, the distance of total discharggannel increases with growth of discharge channel
number naturally. This means that the distance of total discharge channel increases with the raise of the
discharge capacitor. In the previous study, the only way to increase the discharge channeliglistance
increase the input voltage. The present conclusion is potential in solving the problem that the efficiency
of the PSJA decreases with the increase of capacitance[17].
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Figurel0. The voltage and current waveforms for 4 discharge channels
2.2.3 The discharge efficiency
The discharge characteristic of the maltiannel circuit is similar as the typical discharge in RLC
circuit. The plasma region can be deted as a constant resistor in a simplified calculation[28]. The
discharge current can be obtained as following:

i,t) Ae® &in(A) @

whereA ., and &are determined by the circuit resistor, inductor, capacitor, and the initial voltage. In
the present circuit, the capacitor is constant. The initial voltage is obtained from measurement. The
resistor can be found through fitting the current meddr by Eq.(3) with the measured current
waveform, as shown iRigurel1l.
Using this method, the plasma resistances for different channels are compBiguréi2. The
increase of plasma resistance is #ioear when the number of channel increases. When one channel is
used, the p PD UHVLVWDQFH LV ,QFUHDVLQJ WKH QXPEHU RI FKDOQ((
EHFRPHYV $ WKUHH FKDQQHO FLUFXLW UHVXOWY LQ D SODVPD
increase of the discharge channel number, the discharge curcesisks. Based on the -@esistance
models[29], the resistance of spark channel is negatively related to the discharge current. As a result,
the resistance of a single channel with the same length also increases.
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Knowing the plasma resistance, the total discharge efficiency is calculated as the ratio of plasma
resistance and the circuit total resistance, as shown in Eq.(4).

K I%xlasma ( 4)
I:\)total

As shown inFigure12, the onechannel circuit thus has efficiency of 54%. It is improved by increasing
the number of channels. The plasma resistance in the presenthhreel circuit is 135% of that of a
onechannel circuit. Howver, the efficiency improvement is only 48%. The slower improvement in
efficiency can be attributed to circuit resistance, which is critical in determining discharge efficiency.
The circuit resistance includes the wire resistance and the equivalentresiséance of the discharge
capacitor. The effect of circuit resistance is also simulated and the result is shBigaranl3. The
number of discharge channels is simplified represented by the increasing magoitygdasma
resistance. All the five curves, each of which has constant circuit resistance, exhibit the same trend. A
rapid growth in efficiency happens when plasma resistance is initially increased, but the growth
becomes slower when plasma resistancéuither increased. This effect is delayed when a larger
circuit resistance is present. Therefore, this multichannel discharge circuit can play an import role in
practical application, where th&;. ¢ is relatively large.
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Figurel2. The plasma resistance and discharge efficiency versus the discharge channel number
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3 Experiment on the MEPSJA
3.1 The Actuator and Experimental Setup

A ME-PSJA using the multchannel discharge circuit is further test. The present actuator features
conventional cavitycap structure, and it is show The ceramic cavity has height and the
inner diameter of 3 mm. There are five tungsten electrodes in the cavity and the distance between the
neighboring ones is 3 mm. The cap is made of copper. An orifice is equipped in the center with
diameter of 3 mm. The power supply system uses the multichannel dischatgg winich is similar
as shown ifFigure5] ,Q RUGHU WR HQVXUH WKH VWUHQJWK Rl WKH MHW D C
chosen. This circuit also allows to change the number of discharge channel thiffergmtdwire
connections.

Electrodes

(a) The components
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(b) The diagram
Figureld. The multielectrode PSJ actuator

A Z-type schlieren system is used for visualizing the generated jet flow. The illumination is
provided by a Xenon lamp. Rhantom V2511 higlspeed camera issed to record the images. It
RSHUDWHY DW D IUDPH UDWH RI ISV WKH H[SRVXUH WLPH LV Fl}
3.2 Results and discussion
3.2.1 The discharge characteristics

The discharge current is show With the increase of the discharge channel number,
the current attenuation increases. This suggests that the total resistance in the discharge circuit
increases. Taking the constant wire resistance and equivalent series capacitor resistance into
consiceration, it is believed that the increase of resistance is caused by the increase of discharge
channel number.

Figurel5. The discharge current waveform



The plasma resistance can be calculated from the recorded discharge vultagerent, and the
discharge efficiency can be further calculated through equation (3). The results are
Both quantities grow following the increase of discharge channel number. As revealed tidgov
growth of discharge efficiency lags behind the increase of plasma resistance. Tiohafouel
discharge has plasma resistance about four times of that in-shrgi@el, but its discharge efficiency
is only doubled.

Figurel6. The plasma resistance and discharge efficiency for discharge with different channel
number
The discharge process is recorded through a Nikon D7000 camera, equipped with 34 mm focal
length lens. The lens aperture is sgt6.3, shutter speed 1/320 1ISO 100. The recorded discharge

images are shown fﬁigure 1ﬂ=igure 16| Apparently, the more channels are used, the stronger light
intensity is produced by the spark lighuggesting that more energy is deposited.

Figurel7. The discharge images for actuator with different number of discharge channels (the
discharge channel increases from one to four from left to right)

3.2.2 The jet characteris

The highspeed schlieren system allows of tinesolved imaging of the jet flow. The growth of
the jet generated by the actuator with different channels is shown through five sna
A rectangeé is used to highlight the turbulent jet. Its height and width in each snapshot are determined
by the jet of the fouchannel actuator. Overlapping this rectangle in the jet of other actuators allows the
comparison of the jet size. It can be found thatjgihdrom the singlechannel actuator is significantly
smaller than those from multhannel actuators, suggesting that the jet velocity is also much smaller.
Although there is no big difference in jet size at 147 us for the {thidthnel actuators, folldng their
development, the more channels the actuator has, a larger jet is produced. Again, it infers that the
four-channel actuator provides the strongest jet.

(a) One discharge channel



(b) Two discharge channels

(c) Three discharge channels

(d) Four discharge channels
Figurel8. Schlieren images of the jet at given time steps with different discharge channel

number
The jet velocity is further estimated through the motion of turbulent jet front, which can be
identified inthH VFKOLHUHQ LPDJHVY 7KH MHW YHORFLW\ DW V IRU DOC

The fourchannel actuator has the largest jet velocity of 180 m/s, which is 1.5 time of that of
single channel agator. Although the jet velocity increases by increasing the number of channels, the
increase becomes smaller, which means jet velocity is going to be only slightly increased when more
channels are used.

Based on the method described24i], the jet durtion time is also estimated through schlieren
recordings. The jet lasts longer when the actuator has more channels, as s For
example, the jet generated by falrannel actuator lasts 50% longearththat of a singlehannel
actuator. Again the increase of jet duration time slows down when additional channels are further added.
In summary, the mukthannel actuator generally generates stronger jet with longer duration time.
However, the performandmprovement slows down gradually when more channels are used.



Figure19. The velocity of the induced jet

The previous research has shown that jet velocity increases with the decrease of chamber volume,
while the jet duration timelecreases[1,7]. In contrast, with the discharge channel number increase,
both the jet velocity and the jet duration time of the-M&JA increase. This is because the actuator
chamber remains unchanged. Since more discharge channels are used, the diftibimmzy
LQFUHDVHYVY UHOHDVLQJ PRUH HQHUJ\ LQWR WKH DFWXDWRU FKDPE
enlarged, which benefits the performance of PSJA as well. In all, both the jet velocity and the jet
duration time of the MEPSJA increase witthe discharge channel number increase.

4 Conclusions

The present work successfully solves the stringent problems encountered in the use of
two-electrode PSJA. A new multichannel discharge circuit is realized through the concept of voltage
relay. This circui allows the increase of total distance of spark channel without using larger input
voltage.

The present mukélectrode circuit is able to increase plasma resistance and discharge efficiency,
however, the growth flattens out when more electrodes are Thedconclusion is further validated
through a fiveelectrode PSJA. The experiment reveals that thedieetrode PSJA has efficiency two
times of that of a tweelectrode one. There is also significant increase in jet strength in terms of jet
velocity ard duration time.

In all, the proposed MPSJA opens more application opportunities for the PSJA as it is able to
generate stronger jet.
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