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Plasma—gas flow interaction of a discharge norma
to a bluff body wake.

Marco Belan

Abstract—This work describes the interaction of a gas dis- However, the study of the possible plasma-airflow interac-
charge with an air flow consisting of the wake of a flat plate tions is a wider field of research, including the 'symmetric’
normal to t_he airstream. The plate acts. both as a bluff body problem of plasma control by means of an airflow, and
and as a discharge electrode; the free discharge in the absen(:eth | bl f tual int i ithout trol
of the airstream and the free airstream without discharge € genera pro em 9 mutual interaction _W' ou cgn rot.
are orthogonal to each other. The electric forces involved in The relevant literature includes many theoretical, experimental
the free discharge and the inertial forces involved in the free and numerical results, for AC as well as for DC discharges
airstream are of the same order. The experiment has been (for a small sample of interesting cases, see [15]-[21]). In
carried out in a suitable duct, and the facilities include devices general, the airstream—discharge interaction takes place on

for discharge current measurements, a hot wire anemometer volume where specific forces and energies can be easil
and a visualization system. The analysis of the time histories a volume e P 9 y

obtained from the hot wire signals and from the cathodic current  identified; for instance, in flow control applications, even when
signals reveals the existence of an airstream—discharge coupling a small energy can control a large flow, the energy density of
phenomenon, appearing as synchronized oscillations of the flow the discharge is definitely higher than the airstream energy
and the discharge current. density in a small but important region of interaction. As the
Index Terms—Fluid dynamics, plasma—gas flow interaction, energies of the airflow and the discharge change, the relevant
streamer discharge physics can exhibit very different properties; in particular, the
appearance of an unsteady behaviour in the discharge may
lead to complicated interactions with the airflow, which is
in general characterized by different scales for its unsteady
AS discharges can take many different forms und@henomena.
the large variety of possible conditions. The discharge Within this range of possibilities, the experiment described
corresponding to a non-thermal plasma stream in a ionizgflthis work is an intermediate case, where the effects of the
region of a gas, generically known as 'corona discharggure airstream and of the pure discharge are comparable. In
has been considered particularly important by engineers gnatticular, this experiment treats the interaction of the flow
physicists for many years [1]-[5]. The term 'corona’ is genelpast a bluff body with a gas discharge. The body is a flat
ally used as a collective name for different discharge regimpgate normal to the free stream, and it plays also the role of
always characterized by ions having temperatures typicatlye discharge anode, whereas the cathode, positioned on a wall
close to the ambient value; particularly important are the glogf the test section, is parallel to the free stream. The resulting
(or proper corona) regime where the discharge fills a widsnfiguration makes the main directions of airstream and
spatial region and the streamer (or filamentary) regime wheischarge orthogonal each other. Furthermore, the discharge
the discharge consists of small pulsed channels of plasredergy and the inertial energy of the airflow are kept to the
These regimes have been extensively studied, their volt-ampssgne order of magnitude, as explained§lh The setup is
characteristics are known for the most common electrodggesented in§lll, then the pure airflow and discharge are
geometries [5]-[7], as well as their transient processes ag@scribed in§lV. The resulting airflow—discharge interaction
natural pulsation frequencies, that appear even if the dischargads to the appearance of coupled oscillations in the wake and
is DC-driven, for both polarities [8]-[12]. the discharge, described in detail in sectidhand discussed
The corona discharge has several chemical, environmeritakvI.
and even bio-medical applications [13]; it can induce a gas
flow known as electric wind, which gives rise to other impor-
tant industrial applications. For example, the electric wind as
it is can be used to design microblowers for the purpose of The basic sketch of the plasma-flow interaction under study
heat dissipation, but it is also capable of modifying an existing shown in Fig. 1: the discharge is ignited between an
airflow, and in general a DC or AC discharge can be used fanode (white plate) and a cathode (gray plate), over a volume
the sake of controlling a flow. Actually, a wide range of studieschematically bounded by the dashed lines in figure, which is
is devoted to flow and turbulence control through plasma-basaido in the field of motion of the airstream. The main directions
devices, as outlined by Moreau [14]. of the electric fieldE and the air velocityU, indicated in
figure, are orthogonal each other. The span of the system is
M. Belan is with the Politecnico di Milano, Dipartim_ento di Scienze €[, the size of the electrodes as well as their distance are in the
;ea",’;g'_%%'gg;%?{;f}ﬁ?(';e;'it;?,,m‘f‘ajfo_poﬁi‘;ﬁﬁsbﬁgﬁ;_‘)' aly: emalorder of D. On the "effective’ volumeD?L, the inertial force
Manuscript received ..... of the fluid having velocityU and densityp, has an order of

I. INTRODUCTION

Il. PHYSICAL BACKGROUND
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I1l. EXPERIMENTAL SETUP

In a realistic setup, the distande should be maintained in
the cm range in order to avoid the use of enormous voltage
values. However, the ignition voltage of a discharge remains
in the kV range, and the current in a feasible experiment
should be less than about 1 mA in order to limit the electric
power and satisfy the similarity conditions exposed above.
Assuming values opU? well in the incompressible range, the
last parameter to set in the definition d&up, after equations
(3) and (5), is the lengtti.. Keeping in mind that the electrical
and inertial forces scale in different ways with the involved
lengths, it turns out that the desired valuesNfyp can be
achieved in a small size facility. The setup satisfying these

Fig. 1. Basic sketch of the interaction under study. The asymptotic velocilt iremen i i i
U is orthogonal to the central lines of the electric fidi) the same holds équ ements, modified from an earlier version by the same

for the relevant force®.; andF;,, considered in the dimensional analysis. author [25], is shown in Fig. 2.

Here the airstream flows inside a duct with a test section of
size L x H = 80 x 50 mm, hosting a metallic flat plate 80°
incidence. This plate spans the center of the section, parallel

Fi, = pDLU? (1) to the side of lengthL, it has a chord: = 8mm, a thickness

of 0.5mm and is chamfered at both sides. The velocity during
the present tests ranges from 3 to 6 m/s, so that the Reynolds
F. =qEn;D*L = Di/u; (2) number of the plate ranges approximately from 1500 to 3200

. . (this chord-based number is 0.4 times the Reynolds number
whereq is the elementary charge, the number density of defined in§ll and based on ga@). The wake of the plate

ions, ¢ the time-averaged discharge current gmdthe ion . . ) -
mobility. Then, the ratio of discharge—induced body force o the absence of the d|sch_arge IS sketchgd n .F'g' 2 by an
inertial force on a gas volume turns out to be gveraged contqur. At the regime under conS|derat|on,.the wake
) is unsteady, with a moderate turbulence level, and its larger
Fei — ¢ - End A3) structures are vortices periodically shed from the plate sides,
Fin  ppiU?L  Re?’ whose frequency is characterizedSiiv-A below. Within this
whereE},4 is theconductive electric Rayleigh number or EHD  region the time-averaged values of the velocity are lower than
number defined according to the international standards [4fhe unperturbed value (velocity defect zone). At the duct walls,
[22], the velocity falls to zero within the thin boundary layer of the
iD? iD3 flow, having a size (displacement thickness) always less than
Bra=1——5=7 "5 4) 2.4mm.

. priY pmy. . The same plate is also connected to the positive pole
\(/éc:osth?) IZr:QEf[hifeSe%%cI)dsseilj(r)n::)hﬁ?redilssi)gigg c?r:t?r?eﬂ:cl:ile()f a DC high voltage geqerator through a ballast resistor,
D. The ratio (3) is also indicated as R =2M(, and thanks to its sharp edges it can act as an

' anode of length~ L, driven at voltaged; between 16 and
Eha 5) 20kV. The maximum direct current available at the power

2 supply is 0.5mA. The cathode consists of an array of plane
by some authors [14], [23], [24] and nametkctrohydrody- electrodes, placed on a wall of the test section in order to
namic number, not to be confused with the EHD numbegive information about the spatial distribution of the discharge
defined above. The physical meaning of this quantity cas a function of time. The contour of the discharge in the
be outlined observing that wheNgyp < 1, the airflow is absence of the airstream is sketched in Fig. 2 as the zone
scarcely affected by the electric field, wheresgyp > 1 including approximately 90% of the average total current;
indicates that the electric field dominates and may control tfier the characterization of the pure discharge, §8éB.
airflow, that is what happens in many plasma actuators. Thee extremities of the flat plate and of the cathodes along
productsFy; D and F;,, D may be used to estimate the energiethe L direction, where the electric field becomes strongly
involved in the same volume, so that the formula (3) can alswnuniform, are protected by suitable insulators. The cathodes
be considered as an energy ratio. The present experimenéiis connected to ground through measuring devices having
intentionally scaled in such a way as to ke®gyp on an low impedances; depending on the particular test which is
intermediate range; in particular, assuming ion mobilities ibeing performed, these devices can be low value resistors,
the order ofy; ~ 2-107*m2/(Vs), Ngup lies typically in current probes or transformers. The data presented in this
the range 0.01 to 0.75 and does not exceed 2.5 in any testwlark are acquired by reading the voltages acrosslliilad
this way, the discharge electric energy and the airflow kinetiesistors. The total capacitance of the electrodes, including
energy are comparable, so that the physics is neither airfloiie connection cables, is 32Q0pF. The output signals are
dominated nor discharge-dominated. digitally acquired by devices sampling up to 100kHz.

magnitude

and the electric force can be estimated as

Ngnp =
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Fig. 2. Experimental setup, scaled coordinates. The flat plate is centered vertically on cathode d). The pure wake zone (without discharge) is sketchec
thin lines; the pure discharge zone (without airflow) is sketched by dotted lines. Both regions are described in detail in the body text.

All the tests have been carried out in air at atmospheriic the considered airspeed range. In dimensionless form, this
pressure, room temperature in the range 293 to 296 K agnes a Strouhal numbe$t = f,,¢/U = 0.168, that can be
relative humidity less than 40%. This low humidity rangeeompared with the existing literature by accounting for the
permits a clear identification of the discharge regime, sinselid blockage of the plate inserted in the duct. The use of the
in general the percentage of water in air is a crucial parametetevant correction formula [29] leads to a valde = 0.136,
for the discharges, that may lose stability and reach the spamkvery good agreement with the known blockage-free value
regime in presence of moisture [26], [27]. [30] for the present Reynolds range. Sample measurements are

A hot wire probe (HW) can be used to measure the velocighown in Fig. 3.
power spectrum in the wake. The probe position has been
chosen for the best detection of the vortex shedding frequengy,

RO - - ’* The pure discharge
minimizing the electromagnetic disturbances originated by the ) N ]
discharge, and is shown in Fig. 2. A probe too close to the The discharge has a positive polarity and a geometry that

anode could also start to act as a cathode and be suddéi@) Pe considered as a 3D generalization of the standard
destroyed; the discharge—probe distance in the present sdilihto-plate shape. However, the discharge generated by this
has proven to be safe and is in the order of the distanddgometry exhibits a remarkable difference with respect to the
set by other experimenters [28]. The facilities include also RnN-to-plate case. In fact, as electric field and current grow, the
visualization system, made of a smoke generator working wi#-to-plate and also other geometries generate at first a proper
oil or incense (conductive tracers cannot be used) and tfgrona discharge with a current consisting of a DC level plus
cameras for the visualization of flow and discharge patternsV&/y high frequency oscillations [5], [7], [9], [10]; then, for
CCD color device with VGA resolution and speed of 24 fp igher fields, streamer channels appear, giving rise to strong

and a CMOS B/W device with VGA resolution and speed djulses superimposed to the corona [2], [3]. In the present
300fps. experiment instead, the discharge arises with the streamer

regime, so that the current waveform consists always of strong,
separated pulses. This property has been evidenced by suitable
. visualizations as in Fig. 4, and is coherent with the time
A. The pure airstream histories of the acquired currents; however, it was not clear
The airstream without discharge is a standard case of fletavthe author at the early stage of this investigation, where the
past a bluff body, and in the Reynolds range under consistandard corona discharge was mentioned as a possible regime
eration it is characterized by a moderate turbulence levél.this experiment [25]. The preferential formation of streamer
Under these conditions, the velocity fluctuations take plagrlses may depend on different causes [1], [6], [31], including
over different time scales, but the main oscillatory behaviour tiie gas composition and the availability of electrons, but in this
the wake can be basically characterized by measuring the dazase the most reasonable cause is the electrodes geometry, anc
inant frequencyf,, in the power spectrum of velocities, that isin particular the limited divergence of the electric field at the
the vortex shedding frequency. The spectrum is obtained fraanodic surface. In general, more than 90% of the streamers hit
the HW signal acquired at the wake boundary (Fig. 2). Thbe cathodes c),d),e) in absence of the airstream, so that the
values of this frequency vary approximately from 60 to 130Haverage discharge region can be sketched as in Fig. 2, where

IV. WAKE AND DISCHARGE CHARACTERIZATION
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Fig. 3. Measurements of vortex shedding frequencies in the pure flow (without discharge) and relevant interpolation.

Fig. 4. Pure discharge visualization taken by an intensified camera, B/W inverted images. Selected frames with exposure 3.3ms. The streamer repet
frequency is about 1.5kHz, so that 5 or 6 streamers appear in each frame.

the width of the discharge at the wall is similar to the gap from the farther cathodes. Both currents are shown for the
Increasing the electric field and consequently the totmterm?ttent and the repetitive regimes, corresponding to low
average current, the number of current pulses per time ufid high total average currents. At low total currents, the
grows, and even the spatial distribution of the pulses chang&§eamers hit the cathodes c),d).e) creating random positive
as revealed by the multiple cathodes at the test section waHISes, whilst the signal from f),g).h) contains very few
At low average currents, the bursts arise at first intermittentRpSitive pulses together with weak  bipolar pulses due to
and only on the cathodes close to the plate (c,d,e). Whl¢ capacitive coupling between cathodes (induced peaks are
the total average current overcomes approximately 35 — £@Sily identified because of their coherence in phase with the
uA, the bursts become repetitive, with frequengy varying original ones and of their bipolar sha_pe, due to the current—
approximately in the rang®.5 < f, < 5kHz for currents vpltage relation across a stray capacitance, C dvjdt). At
increasing within the considered range. The frequerigy high total .cyrrents, _t_he streamers_hlt repetitively the cathodes
is not perfectly stable, but a mean value is measurable B4d).€) giving positive pulses with frequencfj, and the
spectral analysis of the cathodic signals, or also by a thresh6f§hode f) giving positive pulses with the lower frequency
algorithm performing a direct counting of the bursts, since thé- Again, there are induced peaks, visible as strong negative
current waveforms have in general very high crest factors. R¢lses on the upper curve, and small bipolar pulses in the
the same time, the spatial distribution of the bursts widef@Wer curve.
so that for higher currents even the farther cathodes give re-
markable signals. In particular, it is interesting to consider the V. RESULTS
signal on the farther cathodes f),g),h), that play an importantthe interaction of airstream and discharge in the present
role because in the presence of airstream they are located V¥6ﬁjp gives rise to several phenomena. As a first step, a smoke
downstream of the anodic plate. Actually, even in the absengge visualization can give useful information: it reveals that
of the airstream, strong repetitive bursts can be observed &lgg wake patterns are deflected toward the cathodic wall, this
on these outputs, but their frequengy is remarkably lower phenomenon is particularly evident on the vortex shed period-
than fy,, being in general less than 200 Hz. ically on the discharge side. The reason for this deflection is
The phenomena mentioned above are illustrated in Fig. the electric wind, directed from the anode to the cathodic wall,
that contains sample time histories for two cathodic currentseated by the repetitive streamers. The air motion originated
ic+1iq+i. from the cathodes close to the anode ap@i,+i, in this way is similar to the one created by a stable corona
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Fig. 5. Current waveforms for different discharge currents, cumulative outputs from cathodes c),d),e) and f),g),h), no airstream. Left panels: low curre
regime, average total currert 20uA; right panels: high current regime, average total currerfi5 A, repetition frequencieg; =720Hz (upper panel) and
f»=54Hz (lower panel). The frequency fluctuations are in the order of;0dnd 0.3,.

in the order of 1s), only the deflected average contours of
the wake and the discharge can be seen. On the other hand,
over short times 1/f,, or less than 1ms), the structures
of streamers and vortices can be identified, but they change
continuously. As a further choice, the Fig. 6 presents a visu-
alization based on intermediate time scales (exposure=10ms).
In this way, the single streamers are not resolved and only
the envelope of the discharge is shown, whereas the wake
structure is roughly visible. Two frames selected from the same
movie are shown, the first one highlights the flow deflection
and the second one, including at least one streamer directed
to a downstream cathode, highlights the discharge deflection.
This visualization has been obtained with=3.2m/s and a
current discharge of 10\, giving Ngup ~0.5, so that the
effects of airflow and discharge are somewhat balanced. The
vortex shedding is visualized by incense smoke, whereas the
discharge is automatically visible thanks to its light emission.
An examination of different visualizations over long time
scales shows that these deflections are related to the values of
discharge current and flow velocity as expressed byNhgp
number: the discharge deflection increases for lowefp,
e ; whereas the wake deflection increases for high&mp.
~=— discharge In the present range oNgyp a complete vortex shedding
suppression has not been observed.
Fig. 6. Visualization of flow and discharge deflections. Airflow shown by antitative information about the airflow—discharge inter-
smoke wire technique. The dashed line is the contour of an insulator. The . . .
first image evidences the flow deflection (the contour of the discharge @tion can be obtained by analyzing the signals of the HW and
approximately sketched by dotted lines), whereas the second image evider@gshe current outputs. A first examination of the HW spectra
the discharge deflection. The exposure is 10ms #ind~ 2.1kHz, thus a | |nder the effect of the gas discharge does not reveal major
mean number of 21 streamers appears in each frame. ; . :
changes, only the amplitude of the main peak may vary in
some cases. This effect will be discussed later.

) ] o A more complicated change can be detected by analyzing
discharge [11], [32], and in the absence of the axial airstreaf time histories of the cathodic currents under the effect of
it should give rise to a large region of recirculating flow.  the ajrstream. The total current, above the cited threshold of

Even the discharge is deflected by the axial airflow, towaabout 4Q:A, has in general a waveform made of fast pulses at
the downstream direction. The morphological changes of disequency f;,. As U increases, the amplitudes of the outputs
charge and airstream can be considered over different timgb),c) decrease rapidly whilst the outputs d)... f) maintain
scales: over times much longer than the largest scalé (f,,, a good level. Even under the influence of the airstream, the
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Fig. 7. Current waveforms for different airstream velocities at the same average total currenty/A1@umulative outputs from cathodes c),d),e) and
f),9),h). Left panels: lower velocity, frequencigg=2.1kHz (upper panel) and,,=104Hz (lower panel); right panels: higher velocity, frequencfgs2.1kHz
(upper panel) and,=131Hz (lower panel). Fluctuations are in the order of ¢Q%and 0.1f,.

waveforms of cathodes d) and e) remain characterized f
pulses at frequency; typically in the kHz range, whereaslglzl
the outputs f),g),h) contain sharp peaks at frequefycalways
below 200Hz. The waveforms of the cathodes g),h) are simil,,| 5
to the one of f) but with smaller amplitudes. As explained it |
§IV-B, each waveform contains also peaks due to capacitiio}
couplings, but they are easily identifiable so that do n
prevent the correct interpretation of the results. As for the pu®
discharge, the signal sumis + iq + i andiy + iy + i), are

a good source of information, and permit easy measureme
of the high and low frequencieg, and f,. As observed in 4
the absence of the airstream, both frequencies depend on
discharge regime, i.e. on the total average current, increas 20
for higher currents. However, fdr # 0, the high frequency

fn appears nearly airspeed—independent (only a very we o T 2 3 7 E N
decrease off;, can be observed for increasiig) whilst the U mis]

low frequency f, turns out to increase with the flow VF"'OCityFig. 8. \Vortex shedding frequency,, (thick line) and discharge burst
U. An example is reported in Fig. 7. frequenciesf;, for 5 current levels, identified by the total time-averaged

The dependency of the low frequenﬁyon current and air- discharge currents,, = 29,40,68,87,106uA measurc_ed at/ = 0 m/s.
d h der diff The f{uctuations of the measurgy values are reported in the body text. The
speed suggests to compare these measurements under diffg&illiequency is measured with accuraey.5 Hz, and represents the wake

flow and discharge conditions: this can be done as in Fig. th and without discharge.

where thef, curves are recorded as functions of the total time-

averaged discharge current and of the airspeed. This figure

contains 5 curves of this kind, identified by the total curreépts higher currents the appearance of transient sparks becomes
measured at/ = 0 m/s. The vortex shedding frequency of théncreasingly probable. The intermediate curves 2), 3), 4) have
wake is also plotted in the same figure. The lowest curve 1)paurts close to the wake frequency, this fact could be considered
acquired for low currents, in the upper range of intermittenca$ a strong interaction, probably a coupling phenomenon.

so that the values of,, are affected by large fluctuations and The data set used for Fig. 8 has been obtained by repeating
below this level they cease to be measurable. Along this curaedefined procedure: at first the airspeed is set to a stable
only a slight increase of;, can be observed at high airspeedsialue, then the discharge current is varied by adjusting the
The curve 2) starts at a frequency slightly higher than curgmwer supply in stepwise mode. Each point is a mean value
1), but the trend is very different: here the frequency gets closalculated on repeated tests, the relevant variation interval
to the wake frequency along a visible range of flow velocitiesanges from+7Hz to +16Hz, with the lowest variations

this phenomenon stops at the highest value#/ofThe curve occurring for f, close to the wake frequencf;, and for the

3) is similar, and in this casg, seems to be strongly attractechighest values ot/ and f,. Technically, these values are not

by the wake frequencyf,,. A similar behaviour, shifted to just measurement accuracies, since they are influenced, besides
higher values of/, can be observed in curve 4). The curve 5the measurements technique, by the inherently low stability of
returns to be only slightly modified by the airspeed, and fahe frequencyf,, that worsens at the lower frequencies and at
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Fig. 9. Coupling identification by analysis of the peak height in the HW spectrum, for corigtant total current lowered in stepwise mode.

the lower velocities. peak reaches a maximum value under coupling conditions. An

A further investigation on this phenomenon can be carrigd@mMPple is shown in Fig. 9, where the airspeed is kept constant

out examining the properties of the waveforms of velocit tU = 5._9m/s anq the total discharge current is _progressively
ered in stepwise mode from 14@ to 50uA. It is easy to

and currents both in the coupled and the uncoupled ranges. ; 5 '
Actually, the coupled range can be detected on the currdipve that the increase of the main peak is not due to an EM

signals by looking at the frequengy, which is clearly mod- disturbance i_nduced by the d_ischarge,_ since this one should
ified by the interaction with the wake as in Fig. 8. HoweveP€ always visible even outside coupling. Furthermore, the
the effects of the coupling are not so evident on the Walggs_ultmg spectrum in that case would _be definitely different,
frequency, that seems to remain unchanged in presence #dNY tO the presence of many harmonics of the frequeficy
absence of the discharge, within the measurement accuracy.

In fact, it has been verified that the vortex shedding frequency VI. DISCUSSION AND CONCLUSIONS

plotted in Fig. 8 may represent both the cases. A check Af The frequency f;, for U =0

the phase relation between velocity and current signals couldryg prts are characterized by high current values, appear-
be theoretically done, but is quite difficult, b(?c_:ause of @ as peaks of very short duration. Short exposure visualiza-
very different waveforms of the two time series; in particulatjong a5 in Fig. 4 reveal that the bursts are essentially streamers.
even if the high crest factor of the current signals permits @}, .1, streamer connects a point along the anode tip to a point
identification of each burst, the velocity signal is quite Smoothy, e cathodic wall. Their waveform. as reported in other
and different methods of phase analysis may lead to conflicti%rks, is characterized here by a fast rise time followed by

results. a relaxation phase; the rise time, typically less than 100ns,
A different approach to the problem may be tried asannot be resolved safely by the present setup, so that the
follows. Simultaneous time series of HW velocity and currenfsulses are essentially revealed by reading their decaying phase.
can be acquired by varying a control parameter (airstreaks a consequence, the peak values of the recorded currents
velocity or total discharge current), in such a way as tmay have a low accuracy, whereas the measured frequencies
record subsequent parts with coupled and uncoupled sign&lave reliable values. The repetition of DC driven streamers is
The appearance of the velocity waveforms does not exhib&ported in many works, and is generally believed to depend on
any particularity during the supposed coupling time windowhe gas and on the electric circuit properties: after the passage
except an amplitude variation, not easy to observe directly, ft a streamer through the gap, the gas returns to its initial
easy to check in the frequency domain. In fact, a comparisproperties and a new streamer can start as soon as the circuit
of the spectra extracted from time windows with and withoutas enough energy to generate it.
coupling reveals a reinforcement of the main peak at frequencyln the simplest model, the circuit parameters involved are
fw during the coupling time. A spectral criterion for theexpressed by the ballast resistarit@nd the total capacitance
velocity can then be introduced by checking the height of th@ of electrodes and cables. Obviously, the characteristic time
spectral peak in the HW signal. Actually, the time historgf this circuit is RC, that gives in this setup a scale frequency
of the main peak height obtained from subsequent signglRC ~ 1.5kHz, within the observed range of,. This
spectra (here taken over 5 s and shifting the starting time wiodel can be refined as follows: the capacitaficis charged
a rectangular window by increments of 5 s), confirms that thhroughR and as the voltage increases, when a given threshold
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voltageV; is reached, a burst is generated by discharging te&ability of f;, (and also offy,) is the fact that each streamer is
capacitance abruptly. The charging voltage can be expresseiginated by a different point along the anode edge, as may
by the simple law happen in other 3D geometries like the wire-to-plane and wire-
s to-cylinder.
V(t) = Vo[l —e 7] (6)
C. Interactionsfor U # 0

Obviously, the presence of a transverse airflow causes a

) (7) modification of the scenario depicted above. The electric
Vo - Vi wind interacts with the imposed airstream to generate a

This is a time scale whose inverdgr should give a more new unsteady flow configuration, as sketched in Fig. 6 and
accurate frequency scale for the bursts, as functiorijof described in the relevant body text. The results§uf can
Actually, the value of the thresholt, is not easy to calculate be outlined by reporting that the velocity fluctuations are
or measure, since it depends on the gas properties like tempefluenced in amplitude but not in frequency, whereas the
ature and residual ionization (similar problems are treated Bischarge frequencies measured over different spatial locations
Janda et al. [33] and Korolev et al. [18] for different geometriede modified. Under the influence of the airstream the time-
and current ranges), but supposing a reasonable randé foraveraged current profile along the wall, as expected, is shifted
eq. (7) may account for the variations ofand of the relevant downstream, so that the outputs a),b),c) decrease remarkably,
frequency. For example, assumiigs < V; < 0.95V,, and the outputs e),f),g),h) increase progressively.
with the values ofR,C' and V, of the present setup, the In particular, the two discharge frequencies under study are
frequency scale turns out to be between 0.5 and 2.5kHgfluenced to different extents. The burst repetition frequency
in good agreement with the observef range. The higher fr, related to the electric field, to the circuit parameters, and
frequencies can be reached when the anode-cathode gap #@éRe gas properties, is nearly airspeed-independent and only
not completely recover its dielectric strength after a bursteakly lowered by the imposed airflow in some tests. More
so that the value of; remains low and the next burst carspecifically, the electric parameters remain the same, but the
start after a shorter time. This effect could be related to tf@Put of new air in the gap could restore the electric rigidity
local increase of gas temperature and decrease of gas derf@#jer and bring to longer times between bursts: however,
caused by the streamers, originating small regions of lowdtis phenomenon is not observed. It is likely that the zones
dielectric strength (see [32] for streamers, [33] for highe?f higher temperature at the anode and at the wall are only
currents). However, as described and explained befotv@),  slightly affected by the airflow, because of the boundary layer
the frequencyf,, is only slightly modified by the passage ofand, for the anode, because of the locally high electric field.

new gas through the gap when the airflow is on. The effect on the lower frequenq&{, is def|n|t9|y different,
since under these conditions a larger number of streamers

is distorted and shifted toward the peripheral cathodes. This
gives rise, besides the mentioned increase in the local average
About the lower frequencyf, observed in this experiment, current, to an increase of, related to the increase df.
another mechanism is involved, related to the spatial distribun general, the dependence §f on U is not strong, unless
tion of the discharge current. This distribution is well knowry, and U are in the coupling range, as exposedg§M. In
for the famous case of the pin-to-plate corona discharge, whéhnés range, the data show that the time-dependent behaviour
the current density behaves ass™ 6 with m ~ 5 and € is mainly driven by the fluid dynamics, since the wake
is the angle between the pin tip and any point on the plafequency f,, is not influenced by the discharge, whilst the
(Warburg law). In the present case the geometry is differebtirst frequencyf, undergoes a large change. Furthermore,
and the discharge is made of streamers, however it is knownder these conditions, not just the time scale~ 1/f;
that in similar cases the distribution becomes more peakbdcomes similar to the vortex shedding peribdf,,: even
[34]. Furthermore, a rough discretization of the distributiothe time scaleAz/U for the transport of a fluid particle or
is obtained here thanks to the multiple cathodes: the me@mm over the spacéz between cathodes d) and h) approaches
currents recorded on outputs d),e),f),g),h) normalized on theand1/f,,. A mechanism compatible with the data and the
highest value of cathode d) are proportional to (1, 0.18, 0.06cales exposed above can be described by assuming that the
0.03, 0.01) with 10% accuracy within a large range of totadtreamers reaching the farther cathodes are emitted during the
currents, and this may give a criterion about the occurrenoal-up time of each new vortex on the cathodic side, because
of a streamer on each cathode (the values of a),b),c) d@inés phenomenon favors the transport of ionized gas along the
symmetric forU = 0). Assuming on a statistical basis thatathodic wall direction. This description may also include a
the streamer frequency on each cathode is directly proportiosatt of feedback mechanism, since the electric wind due to
to the value reported above, the expected scale for the butsis longer streamers emitted # ~ f,, can reinforce the
frequency on cathode f) should Bg~ 0.06 f,, i.e. very close velocity fluctuations of the vortex shedding by acting in phase
to the observed range. with them, and giving rise to the observed higher peak in
The random appearance of bursts on the farther cathodes velocity spectrum. Even the smaller deviations from the
may also explain the relatively high fluctuations ff partic- mean value off, in the coupling range are consistent with the
ularly without airstream; another phenomenon that affects tpheesent description.

and the burst appears whéf(t) = V4, i.e. at time

Vo

7=RCln

B. The frequency f, for U =0
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Finally, these considerations should be also regarded frgza]
the point of view of dimensional analysis, as outlinedih it
turns out that forVgp numbers in the order of the unity, both
the morphologies of the wake and the discharge are modifigd]
as a consequence of the reciprocal influence. In the time
domain instead, each actor maintains its own characteriétzl%]
main frequency £, and f,) and when a coupling is detected,
the second discharge frequengy approaches the dominant(24]
frequency given by the wake.

[25]
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