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Modifications to the wake of a wire across
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A wake behind a wire in a developed Poiseuille flow is examined with and without
ionic injection into the liquid by the wire. Mean electric fields of up to 50 kV/em
between the wire and two plate electrodes on either side were used to bring about this
injection. The resulting Coulomb force can modify the wake flow in two ways. When
this force is weak, the injected ions are transported downstream in a thin charged
wake, the only effect being that the deficit velocity is compensated over shorter
distances. Once the Coulomb force is strong, there are two charged and turbulent
plume-like structures going from the wire to the plates. These arc perpendicular to
the plates for zero forced flow and are pushed downstream to smaller angles as the
forced flow is increased. The wake in this case is not present. Different experimental
laws are given to characterize the different regimes and the transition between
them.

1. Introduction

Under certain conditions, the application of an electric field between metallic
electrodes placed in an insulating liquid causes the injection into this liquid of ions
of one sign at an electrode (Denat, Gosse & Gosse 1979 ; Théoleyre & Tobazéon 1983).
Under the influence of the electric field, this ‘injected space charge’ will move to the
opposite electrode, generally entraining an intense movement of the liquid itself,
which results in the augmentation of charge transport between the electrodes. These
electrohydrodynamic (EHD) phenomena (ion injection accompanied by clectro-
convection) occur in insulating liquids (in practice, liquids of very low electrical
conductivity) with typical current densities of the order of a few pA per em®
Magnetic effects in the system are thus negligible.

The driving force behind the movement is the Coulomb force (charge den-
sity x electric field). There is practically no production of charge in the liquid bulk,
the ion source being a solid-liquid interface and creation of charge being due to
electrochemical processes there (injection). There have been some studies on
electroconvective motion in the case of space-charge-limited (i.e. very strong)
injection, in particular between planar, parallel electrodes, and these show that a
marked increase occurs in charge transport due to liquid movement (Lacroix, Atten
& Hopfinger 1975; Hopfinger & Gosse 1971). Many papers deal with detailed
treatments of the problems of EHD stability and electroconvection in the case of
strong, pure unipolar injection for different test-cell electrode configurations, liquids,
electric field strengths ete. (Atten & Moreau 1972; Schneider & Watson 1970;
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Watson, Schneider & Till 1970 ; Atten 1975; Atten & Lacroix 1979; Haidara & Atten
1985; Atten & Haidara 1985).

Electroconvective phenomena are to be observed in a large number of industrial
processes: ion pumps, heat exchangers, mixcrs, etc. We are interested here in the
interactions between a forced flow and an electroconvective one in the particular
geometry of a wire between two plate electrodes. The original motivation for our
work was to simulate the injection zone of an electrohydrodynamic generator
(McCluskey & Atten 1985). We have already characterized to some degree the flow
structures occurring in this case (McCluskey & Atten 1984). Note that the results
may also give an insight into what happens to the mean flow in a wire-plate
electrostatic precipitator (Atten, McCluskey & Lahjomri 1987).

There arc two other previous experimental investigations of such interactive flows.
Honda (1976) and Atten & Honda (1982) took measurements of the resulting
augmentation in pressure drop due to ion injection by one wall of a rectangular
channel in a plane Poiseuille flow and the subsequent movement of this space charge
under the influence of the applied electric field. At high enough applied voltages V,
the Poiseuille flow destabilizes and the subsequent secondary flow leads to an
increase in pressure drop of up to a factor of 20. This study gave the explanation for
the so-called elcetroviscous effect (i.e. increase in apparent viscosity). Two types of
cellular movement were visualized : stable longitudinal rolls and, for higher V, mobile
transverse striations were superposed on this. A second such study was carried out
by Atten & Malraison (1981) who noted that, downstream of the injection zone entry,
the longitudinal rolls destabilize and the movement appears to have the form of a
network of polygonal cells. Remarkably, the cellular flow was broken up only when
the mean velocity of the Poiscuille flow was about three times greater than the
maximum velocity that exists in a typical convective cell without cross-flow. This
shows the strength of the electrical forces and their tendency to engender three-
dimensional convection.

In a previous paper (McCluskey & Atten 1984) different flow structures were
evidenced depending on the applied voltage and the cross-flow in a wire between a
two-plate electrode geometry. This showed the very active role played in the fluid
movement by the space charge. These mainly electrical results will be recalled at the
start of cach corresponding section in what follows. Before entering into the
experimental details (§3) we shall first give an account of the phenomena involved
in EHD. Section 4 is concerned with the characterization of the electroconvective
flow between a wire and two plates, and §5 with that of the wake downstream of the
wire in Poiseuille flow with no-electrical forces acting. Section 6 deals with the
interactions between the cross-flow and the clectroconvective one when the latter is
weak or strong.

2. Some fundamental EHD phenomena

In water and in solvents of high enough conductivity, o, the application of a low
or moderate electric field gives rise to an ohmic response, i.e. the electrical current
density is given by j = 0. The liquid bulk in this case is electroneutral. This is no
longer true when working with dielectric liquids of low conduetivity and/or high
enough clectric fields. The current varies non-linearly with the field £ and a space
charge (referring to free charge) is present within the liquid. This can be understood
simply by comparing the relaxation time of the liquid 7 (where 7 = ¢/o: € is liquid
permittivity) with the ionic transit time from one electrode to the other, ¢, (where
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ty = d*/KV :d is the electrode gap distance; K the ionic mobility and V the applied
voltage). In the first case mentioned above, 7 is much smaller than ¢ and any space-
charge perturbation disappears rapidly. Conversely, when 7 is greater than ¢, the
space-charge perturbations do not relax and consequently, the space charge occupies
the major part of the liquid bulk.

Two mechanisms of ion creation can give rise to the buildup of space charge: (i) the
process of dissociation of a neutral species in the liquid bulk with a related
recombination of the generated charge carriers, and (ii) the phenomenon of ion
injection by the electrodes, a process which is electrochemical in nature. The study of
electrical conduction of dielectric liquids between metallic electrodes revealed the
universal character of the injection process (Félici 1971 a) and the general dominance
of injection by one electrode only, cathode or anode. Therefore, it is usual to assume
as here, for example, that we have unipolar injection (or injection of ions of one sign
only) into an insulating liquid. This asymptotic case has been well verified
experimentally by using ionically purified liquids into which ions are injected at one
electrode. Such injections could be obtained via the photoelectric effect, via
radioactive substances etc. We restrict ourselves to an injection process activated by
the electric field.

With polar liquids (e > 4), an ion-exchange membrane covering the electrodes
provides strong injection (Félici 1971 a). In non-polar liquids, the addition of some
salts (Denat et al. 1979) results in a field-controlled injection of low or moderate level
by metallic electrodes. Generally, as the injection at a metal-liquid interface is
electrochemical, the level of injection greatly increases with the applied electric field
(Théoleyre & Tobazéon 1983). For this reason, reproducible injections are more
easily obtained from electrodes of high curvature (wire, blade, needle ...).

If, for example, we consider planar geometry, the charge distribution is such that
it decreases in density from the injecting electrode to the collecting electrode, while
the electric field increases. This situation is potentially unstable (see for example
Atten 1975), and above a certain applied voltage liquid motion will begin, i.e.
electrical forces must be strong enough so that the movement of the liquid will not
be damped out by viscous dissipation (Atten & Moreau 1972). The ratio between
electrical and viscous forces gives the stability parameter 7' = ¢V /Ky, where 4 is the
dynamic viscosity. The numerical value of the critical 7-value depends on the
injection intensity.

There is an obvious analogy with Rayleigh-Bénard convection here but mention
must be made of one very important difference. The ions in the EHD case migrate
across the liquid layer with an extra velocity component: the ionic drift velocity
(mobility x electric field). Thus, the transport is due to liquid motion (convection),
ionic drift relative to the liquid itself and diffusion. This last is normally ignored since
a simple order-of-magnitude evaluation shows it to be negligible compared with the
other two processes. In the Rayleigh-Bénard case heat is transported by diffusional
processes only. The importance of the ionie drift velocity K& is demonstrated in the
nonlinear stability analysis of a fluid layer between two plane parallel electrodes
(Atten & Lacroix 1979). This shows the existence of a finite-amplitude solution for
subcritical conditions.

Beyond the critical stability value T, (proportional to the applied voltage for a
given liquid), two regimes of motion exist depending on the value of the Reynolds
number Re constructed with the typical velocity of the liquid w’ (this is a local
velocity value since, as in Rayleigh—-Bénard convection, the mean velocity is zero).
For Re < 10 (with Re = liquid velocity x electrode gap/liquid kinematic viscosity »)
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Frgure 1. Current-voltage characteristics in Benzyle Neocaprate in a blade—plane electrode
geometry (after Haidata & Atten 1985). (1) Ohmic regime; (2) quasi-ohmic regime; (3) injection
regime.

the movement is well structured (i.e. cellular) across the liquid layer with a strong
correlation between charge and velocity fluctuations (w” oc V?). The electrical Nusselt
number Ne, which is defined similarly to the thermal Nusselt number (ratio of
effective current to conduction current without motion), increases proportionally to
the square root of the applied voltage (Lacroix et al. 1975). When the Reynolds
number becomes much greater than 10, the movement is extremely turbulent and
the electrical Nusselt number rcaches a saturation value (w oc Voc 7= Neoc 70 =
const, sec Lacroix et al. 1975).

In non-symmetric geometries, no hydrostatic state is possible and the liquid begins
to move once injection occurs. Basic transport processes do not change from the
planar case though the structure of the liquid motion depends heavily on the
electrode configuration. The study of electroconvective movement in this case is
particularly important if one wishes to understand the processes going on, for
example, in electrostatic precipitators or EHD high-voltage generators or pumps.
Some experiments have already becn carried out in a cell comprising a blade in front
of a planar electrode (Haldara & Atten 1985). Figure 1 shows the steady-state
variation of current with applied voltage. Three different regimes arc evident: an
ohmic one, a quasi-ohmic one and a third one where there is dominant injection by
the blade and where the current varies according to a power law (I oc ¥*, where « can
take on values between 3 and 6 depending on the radius of curvature of the blade).
The second regime deviates from the ohmic law owing to space charge injected by the
blade.

Visualization of the movement showed a liquid plume leaving the blade and
indueing two large eddying structures on either side. This (permanent) plume plays
a crucial role in the transport of charge and is a major factor in its strong increase.
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Fieure 2. Schematic of the cell: wire diameter ¢¢ = 0.1 mm; § =25 mm; 2L = 3.5 mm;
{ =115 mm.

Velocity measurements within the flow were performed in cases for which the
Reynolds number did not exceed 10 for the plume (Atten & Haidara 1985). Therefore
the flow was dominated by viscous effects (though it was probably not laminar
in nature). From the form of the Navier—Stokes equation we may deduce the
relationship w ~ qF. We consider that the current transported, I, is governed by
charge convection and we write / ~ ug. From these two relations it is simple to derive
a relationship between the current and the velocity: u® oc IV. This correlation was
verified experimentally (Haidara & Atten 1985) indicating that, to first approxi-
mation, the squarc of the velocity in the plume (proportional to the dissipation
of energy by the larger scales in this case) is proportional to the electrical energy
furnished. For higher voltages, and thus higher injections and velocities, the flow
will become fully turbulent, i.e. Re > 10, and we do not expect these laws to hold,
though no detailed experiments have been carried out for this inertially dominated
regime.

3. Experimental cell and procedures

The cell form and dimensions are given on figure 2. The entry length, i.e. from cell
entry to wire, was 8 cm, this being some 23 times the channel width. The entry and
exit were profiled to avoid both cavitation and channel entry effects. We verified that
the profile just upstream of the wire was a fully developed Poiseuille one for all flow
rates In question (Re < 2000).

The cell body was made of Teflon with glass windows on each side allowing
visualization and optical measurements of the flow. The wire (tungsten, diameter
¢ = 0.1 mm) was placed between two electrode plates (stainless steel), parallel to
them and perpendicular to the oncoming foreed flow. The plate electrodes were 3 em
wide (making the wire 3 cm long) and 11.5 cm long. The gap between them was
3.5 mm.

A mechanical pump and flowmeter allowed us to fix the flow rate as desired and
the circuit was fitted with a temperature exchanger, allowing us to work at a
constant liquid temperature of 22.5 °C. The liquid used, Benzyle Neocaprate (BNC),
is a mildly polar one with dynamic viscosity (at 20 °C) g = 6 x 1072 Pa s, mass/unit
volume p =957 Kg/m? and relative permittivity ¢, = 3.8. Tts resistivity in our
operating conditions was about 10° Qm.

We visualized the flow by classical schlieren methods (strioscopy). The wire
injector was heated slightly to give the necessary refractive-index difference to the
liquid. A d.c. voltage was then applied between the wire and the plates and the
movement filmed.

Local measurements of the current density distribution on one of the plate
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electrodes were taken as follows: the plane was divided width-wise into a series of
small strips parallel to the wire, with each strip being electrically isolated from its
nearest neighbours. The current captured by each one was read for given flow
velocities and applied voltages.

Measurements of the current entrained out of the cell by the forced flow as a
function of voltage were taken. We used a ramp voltage which varied from zero to
ten kV continuously and back again over a period of about 10® s. This was done for
different flow rates. The same quantities were also measured as a continuous function
of the flow rate for fixed voltages.

The velocity profiles were determined by laser-Doppler anemometry (LDA). The
apparatus used allowed us to measure only the absolute value of the velocity, and we
were furthermore limited to working with maximum velocities of the order of
3 m/s (i.e. mean velocities of about 2 m/s). The plate-to-plate distance was too small,
given the breadth of the cell, to allow access to the transverse velocity component
and only longitudinal velocity profiles are given. For the measurements, we relied
mainly on the ‘natural’ particles in the liquid ; no seeding of the flow was necessary.
A question, however, arises as to whether the particle velocity accurately represents
the true liquid velocity. Particles in an electric field generally become charged and
experience a force which causes them to drift with respect to the liquid. In our case,
the particles are insulating in nature and their charge is related to their zeta potential
(Hunter 1981). With the usual values for this, we obtain drift velocities of the order
of 1 mm/s (the particle drift velocity V, &% 3 mm/s for an electric field of 60 kV/cm).
These are always less than 2% of the measured particle velocity (McCluskey 1985)
and well within the limits of uncertainty for the measurements of the longitudinal
velocity component.

Each velocity value given and the corresponding standard deviation were
determined from fifty individual measurements, which required a time of at most
three minutes to take. There is a standard deviation for each mean value even for
steady-state laminar flow. This is in part due to the instrumentation and in part due
to the fact that the zone of measurement (an ellipsoid, 50 x 50 x 300 pm?) is relatively
large, and in regions of high velocity gradient there will be a standard deviation
associated with each mean value because of this (this was verified for the case of a
Poiseuille flow).

For the various experiments, the Reynolds number of the cross-flow was varied
from 0 to about 2000 and the maximum applied voltage was 10 kV. This voltage
maximum corresponds to a mean field between wire and plates of approximately
60 kV/cm, the actual field on the wire being substantially higher (Tobazéon 1966).
This ensured a strong enough injection by the wire while being comfortably less than
the breakdown field strength for this liquid. The current passing through the
electrodes comprises a conduction current, due to the fact that the liquid is not a
perfect insulator, and an injection one. Up to V & 2 kV the current is ohmic (or
quasi-ohmic) whereafter injection becomes preponderant and the current varies
typically as the third or fourth power of V (see figure 1).

4. Unforced electroconvection
4.1. Visualization

A 4-roll structure is clearly seen from the photographs of figure 3. The movement was
filmed, allowing us to be sure of the direction of the fluid flow. There are two ‘ charged
plumes’ going from the wire to the plates, where each separates into two wall jets.



Modifications to a wake due to a space charge

Fraure 3. Photographs and corresponding streamline sketches of the liquid motion on the
right-hand side of the wire for increasing applied voltages.
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Fraure 4. (a) Sketch of electric fleld amplitudes in the longitudinal () and lateral (y)
directions near the wire. (b) Schematic of the liquid motion in the form of four rolls.

These latter detach themselves from the plate electrodes eventually and there is a
return flow towards the wire along the centre of the canal. This type of movement
can be understood as follows. Once voltage is applied between the wire and plates,
the resulting electric field is very divergent. If we suppose that the liquid is static,
then the field is more intense in the zones between the wire and the plates than along
the longitudinal axis of the canal (figure 4). The Coulomb force qF acting on the
injected space charge, is also stronger in those zones. The resulting torque causes
the liquid to move in this 4-roll structure. The return flow towards the wire in the
channel centre will also entrain some of the charges injected in the Ox-direction back
into the wire—plate zones, thus augmenting the torque.

From the photographs of figure 3, we see that there is a certain lack of symmetry
in the size of the large-scale eddies. This difference is very marked for V < 5 kV. It
apparently diminishes greatly for ¥ > 5 kV. This non-symmetry is not primarily due
to a geometrical defect in the cell ; repeating the experiment (application of a voltage)
a number of times shows that the dominant structure is not always the same. There
was however a slight tendency for the upper eddy to be greater than the lower one
(over about 25 tests, the upper roll was bigger about 60% of the time). The flow
dissymmetry does not apparently affect the currents measured on each plate. These
remained constant and equal to each other within the uncertainty of about 1% that
exists in the current measurements. We may suppose then, that a symmetric flow
organization (i.e. rolls of the same size) does not correspond to a stable state of
motion.

From figure 3, we note that the wall jets are visible up to a distance that is a
number of times that between the wire and plates (L). This distance increases with
the voltage. The movement is turbulent though this is not evident from some of the
photographs. Superposed on the large-scale structures, small-scale eddies are visible
to the eye for V up to 7 kV. At higher V-values their detection would require the use
of a high-speed camera (cf. Hopfinger & Gosse 1971).

The applied voltage for the photographs shown in figure 3 was posgitive. In the
negative case, the movement appeared far more turbulent; no coherent structures
were discernable. Though there was no significant difference in the magnitudes of
the positive and negative currents, this phenomenon could be caused by non-
homogeneous negative injection along the wire surface (A. Denat 1984, private
communication).



Modifications to a wake due to a space charge 89

N .
+ j(wA/em?)
Yy
I:I.’ \‘:\“
i 1.0\
_,.l' —+0y
£ A
I. i \‘I
N H > . \
L0 A\
AV A AR
;/. I \ 4\\\
Ao T ! N
'."_/ /I :' \ \\ '\“\, .
R 1 v v \“ ‘g
Y £ ! ¢ 1 . I
"l o I" /’ :'—-_..ll \\\ \ P \
¥ lf'\ ./' / ! ‘\ N \\ .A\
Pl N VN 7o
{ ’, Yoos S S NN \
PN NN AN Vr=oky
i \// . I \/ \ \
i e N 4 \
I ;. N Vogy
P 5
P v
FANY —4201 v S Vsky
H k¥) Nt \
/ \
! \
/ T !
: 13kV
T30 20 10 0 10 20 -
x (mm)

Ficure 5. Current density distribution along the plate electrodes on either side of the wire for
different applied voltages and zero mean flow.

4.2, Current density measurements

Shown on figure 5 are the approximate current density distributions for various
applied voltages. The curves are symmetric along the plate on either side of the wire.
The central maximum in current density corresponds to the zone of impingement of
the wire-to-plate ‘charged plume’. There is no clear explanation for the presence of
the two local maxima downstream, though they could be related to the entrainment
of charge within the wall jets.

4.3. Velocity profiles

We present on figure 6 a set of approximate longitudinal velocity profiles for an
applied negative voltage of 9 kV. The unambiguously determined parts of these
profiles are the two wall jets and the central return flow, where the instantaneous
longitudinal velocity component does not change in sign. In those zones where it does
change in sign, the ‘approximate’ expected velocity profile is marked with a dotted
line. We took a number of profiles for the same value of z (> 0) at different stations
parallel to the wire. There was no particular difference between the profiles,
indicating that the non-homogeneous negative injection by the wire did not influence
the mean flow, the induced perturbations being confined to the lower lengthscales.

From figure 6, we see that the wall jets each occupy about 25% of the channel
width near to the wire and widen slowly with distance downstream. This width 6,
defined as the half-width and estimated from a series of ‘averaged, symmetrical’
curves, varies as z™, where m = 0.15+0.05 (figure 7). Thus, the ‘confined’ wall jet
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Ficure 6. Profiles of the longitudinal component of velocity for an applied voltage of 9 kV at
different downstream distances. L = 1.75 mm.

(return flow in channel centre) enlarges far more slowly than the classical wall jet
which has a variation of zi in the laminar case (Glauert 1956; Bajura & Szewezyk
1970) and ' for turbulent flow (Schwarz & Cosart 1961).

The variation with distance downstream of the maximum velocity in the wall jets
obeys a power law ™", with » & 0.55 (figure 7). This value of » agrees quite well with
that for turbulent plane wall jets observed by Schwarz & Cosart 1961. This latter
result suggests that our ‘electrohydrodynamic’ wall jet is quite similar to the
classical one. The difference in the ‘spread’ of the jet is clearly expected with an
‘outer flow’ travelling in the opposite direction to the wall jet. This leads to a far less
asymmetric profile in our case, but this seems to have only a weak effect on the inner
part of the wall jet itself. The space charge has no influence on the structure of the
jet since the longitudinal component of the electric field drops with distance
downstream in an exponential manner and therefore the Coulomb force is very weak
there. This is probably not the case however near the stagnation point (x = 0), where
the Coulomb force is expected to be strong.

Though we could not measure the lateral component of velocity we can
nevertheless estimate an order of magnitude for this quantity. Assuming that the
wire-plate plume exactly divides in two around the stagnation point on the plate
electrode and that the plume half-width is approximately 0.8 times the wire-to-plate
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distance (Atten & Haidara 1985), we estimate from mean flow-rate conservation that
the maximum velocity in this plume is about 40-50 cm/s for ¥V = 9 kV. This value
concurs with estimations from previous electrical measurements (McCluskey & Atten
1984).

Since it is rather difficult to evaluate levels of turbulence with a classical LDA
measuring system, we prefer not to give any qualitative details on this. We content,
ourselves with the remark that velocity fluctuations about the mean value were quite
significant, indicating that the flow was very turbulent.

5. The wake of a wire across Poiseuille flow

Before examining the interactions between a Poiseuille flow and an EHD plume, it
is necessary to look at the wake associated with such a non-uniform velocity profile.
This type of flow does not appear to have been the subject of any research previously,
so we have no a priori reason to assume that this wake will behave as the free plane
wake.

5.1. The confined wake with a uniform incident velocity profile

Once a cylinder is placed in a channel, the influence of the channel walls may be
estimated by looking at the blocking ratio A, defined as the ratio of the cylinder
diameter ¢ to the channel width 2L. For very low values of A (~ 107?) the influence
of the walls on the flow development around the cylinder is totally negligible. Most
work for higher values of A is concerned with pressure distributions on the cylinder,
the drag coefficients and the stability of the attached eddies behind the cylinder as
well as the effects due to its form: circular, square, triangular (Grove et al. 1964 ; Shair
et al. 1963 ; Okamoto & Takeushi 1975; Thom 1933; West & Apelt 1982; Richter &
Naudascher 1976; Acrivos et al. 1968 ; Davis, Moore & Purtell 1984). In all the papers
cited the incident velocity profile on the cylinder was uniform. Very little attention
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has been paid to the development of the wake far downstream in the presence of
confining walls.

This last point is of particular interest to us since with a blocking ratio of
A = 0.0285 we expect no modification to the flow in the immediate vicinity of the wire
due to the presence of the walls. From the literature cited above we know that this
is the case for A < 0.04. With respect to the far wake, Camichel, Escande & Ricaud
(1925), Thom (1933), Okamoto & Takeushi (1975) did observe that the streamlines
of the wake flow began to contract after a certain distance downstream owing to the
confining walls; no velocity measurements were given however. Finally, with an
aspect ratio of the cylinder (wire) in our case of 300 (ratio of cylinder length to
diameter) there will be no influence due to the sidewalls on the central part of the flow
(Nishioka & Sato 1974).

5.2. Velocity profiles behind a wire with an incident Poiseuille flow

The velocity profiles were determined for several Reynolds numbers of the channel
flow (Re from 175 to 740). The corresponding wire Reynolds number (Re,) therefore
varied from about 8 to 32. Since Re, < 40, we shall not encounter a Kdrman vortex
sheet. It has however been shown that a vibration of the wire, under certain
conditions, can give rise to vortex shedding for wire Reynolds numbers less than 30
(Dupin & Teissié-Solier 1928 ; Thom 1933 ; Taneda 1956). This will occur if the period
of the shedding is equal to the harmonic period of vibration of the wire. We estimated
the frequency of vibration of our wire to be of the order of 750 Hz, whereas, from the
curves given by Dupin & Teissié-Solier 1928, the vortex-shedding frequency would
be 2200 Hz at Re; = 32. Thus there will be no vibration-induced vortex shedding.

Some typical velocity profiles are given on the left-hand side of the curvesin figure 8,
at different downstream distances x,. Before characterizing the confined wake flow
development, certain quantities must first be defined. In the free wake the deficit
velocity is defined with respect to the outer, undisturbed, uniform velocity. Such a
definition is not possible here, so we are left with two other options. We may define
the deficit velocity with respect to (i) the maximum veloecity measured for each
profile or (ii) the Poiseuille flow which would exist without the obstacle. With the
second definition, Au, the deficit velocity, tends to zero as x tends to infinity (cf. the
free wake). With the first, Au increases to zero at some finite value of x. The variation
of Aug,, is shown on figure 9 for both definitions. In the second case Au,,, ~ «?
(p ® —0.63) in the limited range 10 < x/¢ < 30. The first definition appears more
satisfactory : Au_,, ~ ' with t & —1, this law being valid over a clearly greater
downstream length, e.g. for 10 < x/¢ < 70 when Re = 740.

The second characteristic parameter of a wake is its width §. We have chosen it
to correspond to the velocity value that is halfway between the velocity maxima
and minimum. Figure 10 shows that § varies initially according to a power law
x! (I & 0.25) before diminishing. This is in accordance with the observations of Dupin
& Teissié-Salier 1928, Thom 1933 and Okamoto & Takeushi 1975 for confined
‘uniform flow’ wakes. Thus, the combined effects of confinement and a parabolic
incident velocity profile result in a strong change in the laws governing the
development of the wake: t = —1 and / = 0.25 instead of —1 and } respectively.

For x/¢ < 70, the wake appears to follow the two laws fairly closely and we may
expect that the wake be self-similar in this region. The curve

Au  u
Au

max — %

—U

max Umax min
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side) for different downstream distances. (@) = 20¢; (b) 60¢; (¢) 100¢; (d) 140¢. The current
captured by each plate was 0.3 pA and the entrained current was 1 pA.
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Ficure 9. Variation of the maximum wake deficit velocity Au, ,, with « for Re = 740 ((J),
460 (Q) and 175 (A). (e) definition (i); (b) definition (ii), see text.

as a function of y/d is shown on figure 11 for different Reynolds-number flows at
various downstream distances. All points apparently fall onto the same universal
curve and the wake can therefore be reasonably considered as being self-similar.

We noted, finally, that for higher Reynolds-number flows, the wake showed a
tendency to veer towards one or other of the confining walls, the profile no longer
being symmetric with respect to the channel axis. A similar phenomenon has also
been observed in confined jets (Rajaratnam 1976).
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FicurEe 10. Variation of the wake width § with x for Re = 740 ([7), 460 (O) and 175 (A).
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Figure 11. Self-similarity curve: (#,,, — %)/ (%, —Umin) 28 & function of y/8. Right-hand side:
Re=1740, V=0 at: x = 10¢ (<); 15¢ (>); 20¢ (O); 30¢ (O); 409 (V); 509 (A); 604 (A);
70¢ (V). Left-hand side: Re = 740, V = 3kV (+) at z = 10¢, 20¢, 30¢, 40¢ and 50¢. Re = 460,
V=0kV (Q) at x = 10¢, 15¢, 20¢, 30¢, 40¢, 50¢ and 60¢.

6. Modification of the cross-flow due to charge injection by the wire

With a voltage applied to the wire, there will be a charge injection into the cross-
flow. We would expect the modifications to the wake due to the resulting Coulomb
force to depend on the strength of the injection. For example, if we consider the
somewhat analogous situation of mixed convection, we may gain some idea of what
to expect in the EHD case. Intuitively, a thermal or plume rising from a chimney
stack will be inclined depending on the strength of the prevailing cross-winds. In
calm conditions, the plume remains almost vertical whereas in a strong wind it is
blown almost to the horizontal. More rigorously, work carried out on mixed-
convection boundary layers (Kline et al. 1967 ; Arya 1975 ; Turner 1979 and references
therein) shows that there is competition between the cross-flow and the buoyant flow
and that thermals will move across the flow according to the comparative strength
of each of these.

In our case, with the buoyancy force replaced by the Coulomb force, we might
expect to encounter these two extreme cases: weak injection and weak Coulomb
force bringing about little modification to the cross-flow, and the opposite case of
strong electrical forces completely perturbing it. We shall examine these two cases
before considering the nature of the transition (continuous or abrupt) between the
two regimes (see also McCluskey & Atten 1984).
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FicurE 12. Current density distributions along the plate electrode around and downstream of the
wire for a cross-flow Reynolds number of 1900 and different applied voltages. The distributions
correspond to the entrainment regime and the current (oc £) is due to residual conductivity in the
liquid.

6.1. Weak Coulomb force

6.1.1. Current density distribution

Figure 12 shows some current density measurements with a strong cross-flow
(Re = 1900) for three different applied voltages. It takes on a more or less constant
value downstream in each case. This would indicate that the injected space charge
does not reach the plate electrode, being ‘swept’ or entrained downstream in a
charged sheet in the centre of the channel (figure 13). This will create an electric field
between the ‘charged sheet’ and the plate electrodes that will remain almost
constant as long as the charge within the wake does not spread out too quickly. The
constant electric field gives rise to a constant conduction current (owing to non-zero
residual conductivity of the liquid). This explanation is supported by measurements
of the current entrained out of the cell by the forced flow (McCluskey & Atten 1984)

and by measurements of the electric field (Tobazéon 1966).

6.1.2. Velocity measurement

The wake flow development is essentially the same as in the no-injection case (see
right-hand side of profiles in figure 8). There is the difference though, that at any
given downstream distance the velocity deficit has a lower amplitude than in the
previous case with no electrical forces. This amplitude decreases more as injection is
increased. Therefore, wake flows in this regime (effectively represented by low
applied voltages) regain a fully developed Poiseuille profile quicker than without

injection.
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FiGURE 14. Variations of Au

On figure 14 we show the variations of Au,,, as a function of x for ¥ =0, 3 and
5kV at Re = 740. Here too, Au,,,, varies as 7 '. The wake width also has the same
variation as in the zero-voltage case, i.e. § ~ a%?® (results not shown). These laws are
valid up to about 50 wire diameters downstream. The values of Aug,, {and of )
diminish with the applied voltage. The profiles are already self-similar at 10
diameters and the non-dimensional curve for the wake is unmodified by the presence
of injected space charge (see left-hand side of figure 11). The flow appears to remain
laminar since we noted no increase in the fluctuation level around the mean values
compared to the no-voltage case, presented in the previous section, except very close
to the wire.

We may conclude from these results that the effects of the Coulomb force are
limited to a zone of radius of the order of 10 diameters around the wire. In the
immediate vicinity of the wire, the field is very intense and radial. Moving away
further downstream, the longitudinal component of the electric field £, decreases
rapidly. The injected space charge is entrained downstream behind the wire and
passes from a zone where £, is very high to one where it is negligible, and only the
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FreurE 15. Visualization of the wake for Re = 740 and different applied voltages. The flow (and
wake) is from left to right in the photograph, visible as a sharp white streak along the centre at low
voltages.
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lateral component K, exists (figure 13) owing to the presence of the space charge in
the channel centre. The component ¢g&, of the Coulomb force in the vicinity of the
wire causes the compensation of the wake deficit velocity there. Of course, the higher
V (and hence E, and q) the greater will be the compensation. Further downstream
the effects of the longitudinal Coulomb force are negligible and the space charge is
entrained similarly to a passive contaminant. Note that the ‘hydrodynamic’ and
‘charged’” wakes do not coincide. The action of the lateral electric field £, will
contribute to the spreading of the charged wake. The ‘hydrodynamic’ wake increases
in width first and then decreases.

6.1.3. Visualization of the flow

We attempted to visualize the effects of charge injection on the wake by the
Schlieren method (figure 15). For V = 0 kV (Re = 740), the thermal wake induced
by heating the wire spreads very slowly and is visible up to the end of the
observation window. With progressively increasing applied voltage, the extension of
the wake shortens while its width, presumably, increases. Since the length of the
‘visible’ wake shortens, then lateral diffusion must have increased; this can only
occur near the wire presumably because of small-scale perturbations created there.
For V > 5 kV, this regime destabilizes and the flow is very turbulent. Observation of
the structures with the eye is then impossible even in the area very close to the
wire.

6.2. Strong Coulomb force
6.2.1. Current denstty distribution

Drastic modifications to the flow occur once the voltage is increased past a
‘threshold’ value. The current density in this case (figure 16) bears some similarity
to the distributions shown in §3 for pure electroconvection. A local maximum
reappears downstream while any current injected in the upstream direction is
entrained downstream by the forced flow. Since most (~ 90%) of the injected ions
still discharge on the plate electrodes we deduce that the EHD plumes from the wire
to the plates are present in some form. We also remark that the abscissa of the first
maximum moved downstream with increasing forced flow velocity (for a given
applied voltage). This corresponds to the point of impingement of a plume of charge
from the wire to the plate being pushed progressively downstream by the forced flow.
An order-of-magnitude calculation, where we suppose that the components of the
resultant velocity of ions are the mean flow velocity in the downstream direction
and a mean transverse velocity ¢ due to the electrical force, gives the result that
v = Ky, Ewithavaluefor K, ,, & 7x107* cm?/V s, very close to the theoretical EHD
value for space-charge-limited injection (K., = (e/p)i = 6x107* cm?/V s). This
rough calculation does not take into account the effects of confinement (i.e. constant
flow rate within the canal). A clearer idea of the structure of the movement requires
very detailed velocity measurements.

6.2.2. Velocity measurements

Typical profiles of the longitudinal component of mean velocity are shown on
figure 17 (V = 9kV and Re = 740). We have had to average these ‘symmetrical’
profiles because the flow in this regime is not steady in time (this was not necessary
for the profiles shown on figure 8). For example, if we continuously measure the
velocity at a given point downstream of the wire, near to the wall, we find that
the mean velocity value varies in time (figure 18). The characteristic timescale of the
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Freurg 16. Current density distributions along the plate electrode around and downstream of the
wire for a cross-flow Reynolds number of 740 and different applied voltages. The distributions

correspond to the ‘EHD wire-to-plate plume’ regime.

variation is a few tens of minutes, a duration greater than that necessary for a single
measurement (~ 1 min). This ‘intermittency’, which corresponds to very asym-
metric instantaneous velocity profiles, does not translate to the current variations
on the two-plate electrodes. These currents remain constant and, to within 2%,

equal to each other.

The Coulomb force is so intense that the incident Poiseuille flow is totally changed
and no wake is evident for x > L (we consider that the relevant scaling length for this
regime is L, the wire-to-plate distance, and not the wire diameter ¢, as in §6.1).
Further downstream, the longitudinal velocity component near the walls increases
significantly, dropping correspondingly in the channel centre (figure 17). This excess
velocity along the plate electrodes would appear to correspond to the presence of wall

jets. These jets are absorbed downstream at about 8 or 9 times L, and the mean flow
takes on an approximate parabolic aspect at about z = 12L.

As in the case of unforced electroconvection (§3), these wall jets are due to the
existence of some plume-like structure between the wire and the plate electrodes. If
such structures are present, their points of impingement will be moved downstream
by the oncoming forced flow. In effect, on the measured profiles the wall jets are not



100 F.M.J. McCluskey and P. Atten

®) @
1.0 1 10k -
(m/s)
LSk @ 115F © 1
1.0 1 1.0F 7
(m/s)

Fiaure 17. Averaged velocity profiles for Re =740 and V =9kV at (a) x = L; (b) 4L; (c) 6L;
(d) 9L (where 2L = 3.5 mm). The current captured by each plate was 8 pA and the entrained
current was 0.7 pA.
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Ficure 18. Time variation of the instantaneous longitudinal mean velocity component at x = 7L
and ¥ = 0.6 mm from the wall. Re = 740 and ¥V = 7 kV. The broken line indicates what the mean
value at 0 kV would be at the same point.

evident for x > 2L. For x > 2L, every profile can be schematically decomposed into
a parabolic one and another analogous to the profiles shown on figure 6 (see figure
19). We noted that the maximum velocity in this ‘reconstructed’ wall jet is of the
same order of magnitude as that for unforced electroconvection (~ 50 cm/s). We
conclude from these observations that up to x = 5L the mean flow has a non-
negligible lateral component. Though this may lead us to supposing the existence of
two wire-to-plate plumes, it is far more likely that there are two plumes of charge
going from the wire to each plate electrode, which entrain a certain quantity of
liquid with them. The direction of these plumes depends on the two electric field
components K, and K, to which the injected space charge is subject. The streamlines
will then diverge around the wire towards the plate electrodes, thus augmenting the
longitudinal velocity component along them.
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FicurE 19. Schematic of the decomposition of a typical velocity profile in the first flow regime.
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Ficure 20. Variation of (entrained current/total current) as a function of (a) R (= KV /v) for a
Reynolds number Re = 2350, and as a function of (b) Re for R = 5 corresponding to V = 5kV. (O)
Increasing values of R (a) and Re (b); (x ) decreasing values of R (a) and Re (b).

6.3. Transition between regimes

To go from one flow regime to the other the forced flow must be strong enough to
break up the plumes of charge going from the wire to the plate electrodes or vice
versa. Such a change is probably not very continuous and should be visible from the
quantity of total charge entrained out of the cell by the forced flow. Examples of -
these measurements as a continuous function of R proportional to the applied
voltage (R = mobility x voltage/viscosity) and of Re (the Reynolds number of the
forced flow) are shown on figure 20. The break in the curves presumably indicates the
transition between regimes. From these measurements we found a linear law between
Re and R governing the transition (figure 21).

To compare this with similar observations (hexagonal cells and Poiseuille flow,
Atten & Malraison 1981) it is necessary to estimate the ratio between the mean cross-
flow velocity and the typical wire-to-plate jet velocity in the absence of forced flow.
For V = 9 kV, this latter velocity was estimated to be about 50 cm/s. For the same
voltage, a mean flow of » &~ 2.5 m/s was necessary to break up the plumes, leading
to a ratio in this case of about five. In their study of the superposition of unipolar
injection and a plane Poiseuille flow, Atten & Malraison (1981) estimated that the
mean flow had to be about three times greater than the maximum velocity in each
hexagonal cell. The higher value in our case may be due to the fact that the
secondary structures (wire-to-plate plumes of charge) are two-dimensional. This
demonstrates the intensity of the electrical forces and the rigidity of the secondary
structures they give rise to.
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Freure 21. Points of transition between the two types of flow regime for (¢) R fixed and
(b) Re fixed.

7. Conclusion

We have investigated here the interactions between the electroconvection due to
space-charge injection by a wire in a rectangular channel and a laminar cross-flow.
It was first necessary to characterize the wake behind the wire for the case of a non-
uniform upstream flow before superposing the ion injection. Depending on the
applied voltage (or alternatively the resulting Coulomb force), two flow regimes
appear. For low voltages, the wake flow is hardly perturbed at all. For high voltages
the Poiseuille flow is completely changed : there are two plumes of charge going from
the wire to the plate electrodes parallel to it. Intense turbulence is generated in this
regime by the very strong Coulomb force. This regime has flow structures and
characteristics similar to the unforced electroconvective flow between wire and
plates. These ‘secondary’ structures then resist very strongly the oncoming forced
flow.

This work not only has an academic interest in that it examines the interactions
between forces not usually encountered in the laboratory but it may also be shown
that the results here, using a liquid and ionic charge carriers, are applicable to other
types of flow, e.g. a gas with particulate charge carriers. This is particularly
important when we consider that complex aerodynamic flows (electrostatic
precipitators, electroaerodynamic generators) may be modelled experimentally in
the laboratory using properly chosen insulating liquids and test cell geometries.
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