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Abstract This work presents the instantaneous flow imagesimstantaneous velocity vector fields (obtained by
PIV measurements) showing the temporal and spatialution of the electrohydrodynamic (EHD) two-phas
fluid flow after the negative corona inception lretneedle-to-plate electrode arrangement. The mezasats
were carried out in the initially motionless twogsle fluid (mixture of air and incense smoke pasticklosed in
the discharge chamber. The corona was supplietdebgegative high voltage pulses rising linearlytton needle
electrode to a certain value and then staying eonsihe results showed that the evolvement ofiritially
motionless EHD two-phase fluid flow in the closdthmber can be divided into four transient strudtstages,
i.e. the two-phase free jet stage, the initial stafjtwo-phase wall-impinging jet, the developmstatge of two-
phase wall-impinging jet and the fully developed{phase EHD jet, and one final single-phase staag-
stage. The results also confirmed the existendbanwo-phase free jet stage the series of the mastlike
flow structures simultaneously travelling from theedle electrode towards the plate electrode, winéshbeen
recorded for the first time in [12].
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1. Introduction after applying the electric field a corona discleahgs
Motion of electrically charged fluids (gaseous obeen induced in the fluid.
liquid) in an electric field is the subject of In a motionless gaseous single-phase fluid, for
electrohydrodynamics (EHDs). When studying suckxample such as air, the forces exerted by theeappl
fluids, it is convenient to distinguish two casedied electric field on free electron and gaseous ioesenmt
by the state of the fluid motion. The first casen the fluid are transferred during collisions toet
concerns the fluid being still (motionless) beforeeutral molecules through the momentum transfer,
subjecting it to the electric field. The second onsetting the latter in motion, i.e. changing thevipas
corresponds to the fluid which before applying thenotionless status of the fluid. As a result a molac
electric field is in motion, forming the so-calledflow appears, historically called the electric (or
primary fluid flow. The temporal and spatial sturets recently the ionic) wind (the discovery of the étiec
of both fluids, the motionless and that being intioto  wind is credited to Francis Hauksbee (1709), wttite
change significantly after applying the electricname “electric wind” is attributed to Newton [1]).
discharge. Nowadays, this electrically-induced flow is called

Let us limit our consideration to the gaseous #yid electrohydrodynamic (EHD) molecular flow. The
which generally can be single-phase or multi-phas&HD molecular flow redistributes the electric chesg
An example of the single-phase electrically chargeith the fluid, which in turn modify the electric fikin
gaseous fluid is a single- or multicomponent gas ithe fluid. Such a coupling of the electric fieldhet
which a corona discharge has been induced. Ahéds tspace charge formed by the electric charges [2¥6] a
typical single-phase multicomponent gas. When thibe induced molecular flow causes that the EHD
fluid consists of two or more matter phases, daled phenomena in the single-phase fluid are complex
a multi-phase fluid. An example of the two-phasedfl [7-9].
is the flue gas in electrostatic precipitators (ESP The EHD phenomena become even more
which can be regarded as a mixture of an aftecomplicated when the fluid consists of two matter
combustion gas (a carrier fluid) and dust (a paldite phases. An example of such a fluid is an after-
dielectric matter) suspended in it. combustion gas with dust particulates suspendéd in

Let us discuss shortly what happens when dm the motionless carrier fluid-particulate mattierid
electric field is applied to the initially motiords after applying the electric field in the form ofrooa
electrically charged single-phase or two-phased§lui discharge, first the EHD molecular flow is formed.
(classified by us as the first case regarding thiel f Then the particulate matter become charged by the
motion). The charging of the fluids can be carmedl gaseous ions and gets subjected to the electtat fie
by another source before applying the electricfier Due to it the charged particles form its own EHD
by the applied electric field itself, for examplehen flow, which in principle may differ from that of ¢h
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molecular EHD flow. As a result the EHD interacBon motionless. The modification will concern the EHD
include the electric field, the molecular spacergha processes in the transient and steady-state regimes
the dust particle space charge, and two EHD flowserms of their structural forms, timings and dwas.
the EHD molecular flow and the EHD particulateWhen the primary flow is two-phase, the image @f th
matter flow. This makes the EHD flow of such a twoEHD phenomena described for the motionless
phase fluid very complex. medium case changes as follows. First of all, nav w

The above implies that in the initially motionlessdeal with a flowing system, to which the two-phase
single- or two-phase fluids closed in chambers dfuid (a carrier gas-particulate matter) is continsly
finite volumes a relatively long transient processesupplied. Thus, although the particulate matter$ wi
occur after applying the electric field (e.g. irttorm be continuously removed from the incoming primary
of corona discharge). After the corona inceptiothim flow by the electrostatic participation, a steathtes
single-phase fluid, an EHD molecular flow starts tdalance of the particulates in the system is acitilev
develop into several transient structure formslihé As a consequence, in such a steady-state case the
steady-state regime is reached. More complicaterona current will stabilize. This will result ithe
situation can be expected after the corona inceptio steady-state structural forms of the EHD molecular
the initially motionless two-phase fluid closed inand particulate matter flows. Assuming that the
a finite-volume chamber. The transient phenomerarecipitation efficiency of the particulate mattexr
will include the concentration of the particulatelower than 100%, the transition from the two-phase
matter, the electrical characteristics of the carand fluid to the single-phase fluid will not be comg@dtin
two EHD flows: the molecular and particulate mattethe system. In the steady-state still we will deih
flows formed in the chamber. First, due to thehe two-phase flow, in contrast to the case of the
electrostatic precipitation the concentration of thinitially motionless two-phase fluid in the finite-
dielectric particulate matter in the chamber wilivolume chamber. Concluding, the transition and
steadily decrease until all particulates deposittteen  steady state structures, their timings and duratfon
counter electrode and chamber walls. In this mometite flowing two-phase fluid should differ from theos
the fluid becomes practically single-phase and thef the initially motionless two-phase fluid case.
single-phase steady-state regime is reached. Howeve It is worth pointing out that the existence of the
reaching the single-phase steady-state regime takegransient regime in the EHD flows, in particulartie
total a relatively long time. Second, the coronawo-phase fluid flows, in the duration of which the
current, which depends strongly on the concenmatieelectrical and flow parameters change calls into
of particulate matter [10] will change until thengie- question the sense of fairy-common measuring the so
phase steady-state regime is reached. Third, tifeer called current-voltage characteristics of the caron
corona inception the EHD molecular and particulatdischarge in the transient regime.
matter flows will transform through several traisit Our preliminary experiments on the temporal and
structures into their final form, i.e. the EHD moldar spatial development of EHD particle flow in an
flow will take the final form typical of the single initially motionless two-phase fluid (air with
phase fluid, while the EHD particulate matter flowsuspended incense smoke particles) in the needle-to
will cease to exist. So, after the corona incepiiothe plate corona discharge [11], carried out by thegimg
two-phase fluid closed in the finite-volume chambeand PIV technique, showed clearly the existendbef
we will have the continuous transition from the twotransient EHD particle flow regime, which has been
phase fluid to the single-fluid, and the singleg#a transforming through several structural stages thé
steady-state will be reached after the precipitatd steady-state regime. These transient structurgesta
the particulate matter, which takes a relativelgglo were: the two-phase (air-smoke particles) frestgge
time. (i.e. not interacting with the discharge chambelisya

A different situation is when the single-phase othe initial stage of two-phase wall-impinging jéte
two-phase fluid is in motion (classified by us &s t development stage of two-phase wall-impinging jet
second case with the primary flow). Then arand the fully developed two-phase EHD jet
additional factor, i.e. the primary flow has to becontinuously developing into the single-phase (air)
considered in the EHD interactions after the coronsteady-state stage (not reached in the experiment
inception. Now a so- called secondary EHD flow igresented in [11]). The flow structure of the twape
induced in the continuously oncoming primary fluidfree jet stage of the EHD particle flow recorded in
flow, and the both flows, the secondary EHD and thgl1] was difficult to explain on the basis of commo
primary interactslf the primary flow is single-phase, understanding of the generation of EHD (ionic) wind
the coupling of the electric field, the space clkargin the negative corona discharges in electronegativ
formed by the electric charges, the secondary EH@ases (i.e. also in air). After revising our pretiary
molecular flow and the primary flow (also molecylar experiment [11] we concluded that presumably due to
will take place. This new coupling factor, i.e. thethe insufficient temporal resolution of recordinget
primary flow can significantly modify the EHD EHD particle flow images we have missed some
phenomena occurring in the continuously oncomingtructural details of the two-phase free jet stager
primary flow compared with that initially being recent more accurate repetition of the preliminary
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experiment presented in [11] has revealed morelsletaElectronics Corporation, SL50PN300). The rise odte
of the EHD particle flow in the two-phase free jetpulse front was 13.5kV/s. The pulse amplitude
stage [12]. The high temporally-resolved recordiofjs was - 12 kV (measured between the needle electrode
the EHD particle flow images showed the formatiorand the plate electrode using the high-voltage @rob
of several EHD particle flow substructuresTektronix, P6015A). After reaching the constantueal
simultaneously travelling along the interelectragd® by the voltage pulse the average corona discharge
during the two-phase free jet stage (i.e. in thstfi current was measured with the ammeter (Brymen,
stage of the two-phase transient regime). BM859CFa). The average corona discharge changed

This paper presents results of an experimentalith decreasing concentration of smoke particles,
study of the highly-resolved temporal and spatialvhich have been continuously removed from the
development of EHD flow in an initially motionless chamber volume due to the particle precipitatidn. |
gaseous two-phase fluid subjected to the negat®e DOncreased from about 15 A at a particle concentrat
needle-to-plate corona discharge. The gaseous twaf-450 000 particles/chfthe first transient flow stages
phase fluid was initially motionless air with smokeof two-phase fluid) to about 21 uA when only traces
particles (incense smoke) homogeneously suspendefdthe smoke particles remained in the almost singl
in it. The two-phase fluid was closed in an acrplox.  phase fluid flow stage (i.e in the “smoke partifriee”

The studies were performed for the negative higair).
voltage pulses rising linearly on the needle etetxr The temporally-resolved PIV system was used for
to a certain value and then staying constant. Thimth the flow imaging and the instantaneous vejocit
means that both regimes of the EHD two-phase fluidector field measurements. It consisted of atwin
flow, i.e. the transient two-phase flow regime wéth Nd:YLF laser (Litron, the wavelength of 527 nm, 2
its stages and the steady-state single-phase regitaser pulses (a laser pulse pair) of a power ofn30
could be studied. each), imaging optics (cylindrical telescope), high

The results of investigations include instantaneouspeed CMOS camera (Phantom, Miro M340, camera
flow imaging and instantaneous velocity vectordgel sensor size of 2560 pixets 1600 pixels, acquisition
measured using 2D Time-Resolved Particle Imagate of 800 Hz at full frame), digital signal geai@r

Velocimetry (TR PIV) method. (BNC, 575) for triggering the laser pulses and game
shutter, computer for controlling the temporally-
2. Experimental set-up resolved PIV system, which recorded the captured

The experimental apparatus for the study of EHD-twdmages and performed digital analysis of the caatur
phase fluid flow consisted of an acrylic box withimages. The smoke particles, which constituted the
a needle-to-plate electrode arrangement insidely higarticulate matter phase were employed as tracers i
voltage supply, high-voltage probe, ammeter, digitdéhe PIV measurements. More detailed description of
oscilloscope and 2D TR PIV equipment. our temporally-resolved PIV system and measurement
The acrylic box (L:\W:H = 600 mm:120 mm: procedure can be found in [12].
50 mm), in which the needle-to-plate electrode The timing for the flow imaging and PIV
arrangement was placed, was filled with still aitw measurements was set as follows: the repetitienafat
smoke particles suspended in it (the size distidbut the laser pulse pairs was set at 300 Hz (i.e.ithe t
of the smoke particles (incense smoke) can be foub@étween onsets of two consecutive laser pulse pairs
in [13]). Before each measurement the box wasdfilewas 3.33ms), the time between two pulses
with  new air having the smoke particle(constituting the laser pulse pair) was set to i§0
homogeneously distributed in it. The initial For the flow imaging the first image of the imagsrp
concentration of the smoke particles was abowlas used. The instantaneous velocity vector fields
450 000 particles/chn were computed using Dantec DynamicStudio
The needle-to-plate  electrode  arrangemenrjoftware. The spatial resolution of instantaneous
consisted of two electrodes, a needle and a pl&te. velocity vector fields was 0.6 mm0.6 mm.
needle electrode was made of a stainless-steel rod
(1 mm in diameter), the end of which had a taperesl Results

profile with the tip having a radius of curvaturé o The instantaneous images of the evolution of the
75um. The plate electrode was also made efectrohydrodynamically-induced movement of the
a stainless-steel. The interelectrode gap was 25 mByspended particles, shown in this paper are
The negative high-voltage was applied to the needjgstantaneous maps of the laser light scattereth&y
electrode through a 3.3M resistor. The plate syspended smoke particles in the observation plane
electrode was grounded. formed by the laser beam. Higher intensity of the
The temporally-resolved measurements of thgcattered light recorded from a given area of the
EHD two-phase fluid flow were carried out forgpservation plane corresponds to a higher
arectangular high voltage pulse rising linearly t@oncentration of the particles present in this abeak
acertain value and then remaining constant. Thgots or black areas in the image show areastlef lit
negative voltage pulse was generated by a higByspended smoke particle concentrations. According
voltage DC power supplier (Spellman High Voltageo the principles of PIV the velocity vector maps
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present the velocity fields of the particles movinglectrode. Then at a time df=100 ms the jet
in/with the carrier gas. However, in some casegrwh impinged on the plate electrode surface (Fig. Tke
the particles and carrier gas move together, theslocity vector fields presented in Figs. 1j and 1k
recorded velocity vector maps describe also thshow that the flow velocity in the EHD jet core
movement of the carrier gas. increased to about 1.5 m/s. However, the flow vgloc
The instantaneous images and instantaneoo$the EHD jet in the region of the impingementrgoi
velocity field maps were recorded for selected $ime(the flow stagnation area) was significantly lowieg,
on the voltage pulse rising front and after reagtiy 0.3 m/s — 0.6 m/s.
the pulse its ultimate amplitude. We found that the Then the initial stage of two-phase wall-impinging
EHD two-phase fluid flow began when the risingjet evolved into the third stage of the EHD two-pha
pulse front reached a voltage of about — 3.9 k¥, i.fluid flow, i.e. into the development stage of two-
290 ms after the voltage has started to rise. & tlphase wall-impinging jet (Figs. 1 |I-p, fron® 110 ms
following images and maps, the time of EHD particléo t = 383 ms). After the jet has impinged the plate
flow onset is taken as a reference time t = 0. electrode two very regular vortices, rotating ire th
Typical results of the flow imaging and opposite directions were formed on both sides ef th
corresponding instantaneous velocity field mapthef impingement point. In Fig. 1n (at a time 183 ms) it
EHD two-phase fluid flow evolution are shown incan be seen that the EHD two-phase fluid flow has
Fig. 1. The instantaneous flow images for a timalready settled in the whole discharge chamber. The
period from t=2.5ms tot=80ms (Figs.1 a-i) subsequent images in Figs. 1 n—p show that the
presents the first stage of the two-phase EHD jebrtices were moving along the plate electrode and
development in the interelectrode gap. At this etadinally left the camera observation area (Fig. 1q).
the EHD jet did not interact with the discharge After a time of 650 ms (Fig. 1q) the vortices left
chamber walls, thus we called this stage the twasph the camera observation area and the fourth statyes of
free jet stage. EHD two-phase fluid flow in the discharge chamber
The image in Fig. lat € 2.5 ms) shows the onsetestablished, i.e. the fully developed two-phase EHD
of smoke particle removal from the close vicinitfy o jet. At this stage the flow velocity in the EHD tre
the needle electrode tip. A dark area in the fofm avas about 2.5 m/s. The further evolvement of thig fu
a mushroom cap is formed at the needle electrgde tdeveloped two-phase EHD jet was less spectacular in
We will call such a structure a mushroom-like mehij terms of the flow structure. However, due to
The velocity vector map in Fig. 1a shows that ircontinuous precipitation of the dust particles tive-
the very first stage of the EHD two-phase fluidwilo phase flow has steadily been transforming into the
only the suspended particles presented in theiijcin single-phase flow, i.e. into the flow of the airidraf
of needle electrode tip started to move. The sigrti the particulate matter.
velocity of the front of the mushroom-like minijegs Since the particle precipitation in the single
about 0.1 m/s. needle-to-plate electrode arrangement closed in the
The next image, taken at a time 10 ms (Fig. 1b) relatively large chamber is a slow process, the
shows that a second mushroom-like minijet has bed¢mnsformation of the two-phase flow into the sagl
generated. The first and second mushroom-likehase flow took some time.
minijets were moving downwards. It is worth notigin Fig. 1r shows that the almost steady state single-
lighter layers on the mushroom-like minijet frontsphase EHD flow has been reached 30 s after the
These minijet front layers were formed by the pdshe corona inception. In the fluid shown in Fig. 1r the
down smoke particles. The both mushroom minijetsoncentration of air-suspended particles is very lo
were growing when moving downwards. The PIVi.e. about 1000 particles/émcompared with the
velocity field in Fig. 1b show that the EHD two-pstea initial concentration of about 450 000 particlesfcm
fluid flow expanded into the whole area between th&his residual particulate matter had practically no
needle electrode and the plate electrode. The isnage influence on the EHD phenomena occurring at this
Figs. 1 c—i (the time period fromt=20ms to stage of the flow evolvement. The remnants of smoke
t = 80 ms) show the further development of the EH[Particles which have not been removed from thedflui
two-phase fluid flow and the generation of severatould luckily be used as the fluid seeding necgssar
new mushroom-like minijets in the first stage oé th for the fluid imaging and the TR PIV measurements.
EHD two-phase flow development. The flow velocityThus, it can be assumed that at this stage the EHD
in the jet core increased from about 0.1 m/s aine t single-phase fluid flow was almost reached. As the
t=10ms (Fig.1c) up to about 1m/s at a timeelocity vector map shows (Fig. 1r) the EHD single-
t = 80 ms (Fig. 1i). phase fluid flow (in the closed chamber) has thenfo
The flow images in Figs. 1j and 1k (t =90 ms anaf two large vortices with a relatively broad vetgc
t = 100 ms, respectively) show the second stagheof tcore in the centre of interelectrode gap. The marim
two-phase EHD flow development, i.e. initial stagfe velocity of the EHD single-phase fluid flow in the
two-phase wall-impinging jet. In Fig. 1j (t=90 ) core axis was about 3 m/s.
can be seen that the EHD jet reached the plate
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Figure 1. The flow images and the instantaneouscitglvector fields of the EHD two-phase fluid flow
evolution in the needle-to-plate electrode arrargy@rafter the negative corona inception for diffeeames.
The four transient stages of the EHD two-phasel flleiw development are shown: the two-phase frestame
(fromt = 2.5 ms td = 80 ms), the initial stage of two-phase wall-inging jet (fromt = 90 ms ta = 100 ms,
the development stage of two-phase wall-impingatdfromt = 110 ms td = 383 ms) and the fully developed
two-phase EHD jet (at a tinte= 650 ms). Also the almost single-phase steade-fiaw structure is presented
(at a timet = 30 s). The vectors show the smoke particle flinection, the particle flow velocity magnitude can
be read from the colour bar. The voltage rise 18t® V/ms, the ultimate amplitude - 12 kV
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