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Corona-induced electrohydrodynamic instabilities

in low conducting liquids
F. Vega, A.T. Pérez

Abstract The rose-window electrohydrodynamic (EHD)
instability has been observed when a perpendicular field
with an additional unipolar ion injection is applied onto a
low conducting liquid surface. This instability has a
characteristic pattern with cells five to 10 times greater
than those observed in volume instabilities caused by
unipolar injection. We have used corona discharge from a
metallic point to perform some measurements of the rose-
window instability in low conducting liquids. The results
are compared to the linear theoretical criterion for an
ohmic liquid. They confirmed that the minimum voltage
for this instability is much lower than that for the inter-
facial instability in high conducting liquids. This was
predicted theoretically in the dependence of the critical
voltage as a function of the non-dimensional conductivity.
It is shown that in a non-ohmic liquid the rose window
appears as a secondary instability after the volume
instability.

1

Introduction

The stability of a perpendicular-field fluid interface is a
classical problem in electrohydrodynamics. One of the
instabilities associated with this problem is the unipolar-
injection induced instability. Although corona discharge is
a very well-known experimental technique, it has not been
applied extensively to produce liquid motion. There is
only some descriptive work on the EHD instabilities
induced by unipolar charge injection using the corona
discharge, such as in the works by Herrick (1974), Ahmed
El-Haddad et al. (1980), Malraison and Atten (1991).
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The corona discharge occurs when a gas in the vicinity
of an electrode loses its electrical neutrality due to a very
high non-homogeneous electric field. A non-homogeneous
electric field can be obtained, for example, in a tip-plane
configuration. If the DC voltage applied to the tip is high
enough (above a certain threshold) the ionisation can
sustain a continuous discharge (corona) that produces a
stationary space charge distribution. Actually, corona
discharge is a rather complex phenomenon (Hish and
Oskam 1978), depending on many physical and geomet-
rical parameters. However, for the problem to be treated in
this work, the EHD instability at a two-fluid interface, the
corona discharge is used merely as a continuous source of
ions, and the detailed processes involved in the discharge
do not have any significant influence.

Corona discharge provides a technique to reproduce
experimentally the EHD instabilities in liquids under a
perpendicular field and steady unipolar charge injection
that appear in the theoretical models developed in the
works by Atten and Moreau (1972), Lacroix et al. (1975),
Atten and Lacroix (1979), Schneider and Watson (1970),
Koulova-Nenova and Atten (1997), Koulova-Nenova and
Atten (1998), Atten and Koulova-Nenova (1999) and Vega
and Pérez (2002). In these works the non-ohmic conduc-
tion is supposed to be a consequence of the presence of a
space charge source (an injecting electrode). Actually, not
only injection itself can contribute to the appearance of a
space charge in the dielectric fluid. In the case of an
insulating liquid other processes due to the existence of a
residual conductivity, like recombination and dissociation
reactions in the bulk of the fluid, may have an influence
and modify the EHD instability criteria (Atten 1975;
Pontiga et al. 1995; Pontiga and Castellanos 2000). This
residual conductivity could be one of the reasons for the
disagreement between theory and experiments, and, con-
sequently, some effort has been done experimentally to
eliminate its effect (Lacroix et al. 1975; Atten and Lacroix
1979). However, it seems that the disagreement comes
from the difficulty of reproducing exactly in an experi-
mental set-up all the theoretical assumptions made in the
resolution of the problem of unipolar injection. For a
general review and references of the unipolar injection
problem in electrohydrodynamics, see Castellanos et al.
(1998).

In this work, we study experimentally the electrohy-
drodynamic instabilities induced by corona discharge in
very low conducting liquids. First of all, as the ion density
in air is low enough (7,~400 cm™) the residual conduc-
tivity Co (Pontiga and Castellanos 2000) is small and the



effects of recombination reactions can be neglected:
Co=enoL?/(g,V)~510""" <1, where L is the air layer
thickness and V the applied electric potential (around 1 to
10 kV in the measurements). We consider two different
cases: liquids in ohmic and non-ohmic regimes. In both
cases the liquid layer is in contact with the air, and the air
is in contact with the injecting electrode. When a charge
injection is exerted into the air layer the electric field
pushes down the space charge towards the interface. If the
liquid is in non-ohmic regime this space charge penetrates
through the interface and induces electric forces in bulk of
the liquid that can produce the classic EHD convective
instability. This instability has a characteristic wavelength
of the order of the liquid layer thickness (Atten and
Moreau 1972). Lacroix et al. (1975) and Atten and
Lacroix (1979) studied the convective instability in an
experimental set-up where the ions are directly injected
into an insulating liquid layer with the use of an electro-
dialytic membrane that serves as a rigid injecting electrode
(Felici and Tobazeon 1981). Watson et al. (1970) repro-
duced this instability experimentally with the use of an
electron beam that injects space charge into an insulating
liquid layer in a vacuum. The theoretical model that clo-
sely approaches this experiment can be found in the work
by Schneider and Watson (1970). The injecting electrode
here is the liquid free surface. The electron-beam charge
injection technique is described by Watson and Clancy
(1965). The corona discharge from a tip produces the same
convective instability in very low conducting liquids as
was demonstrated by Malraison and Atten (1991). We
have reproduced this experiment and some of the resulting
measurements concerning this instability are presented
here.

But another possible and much less known instability
in a perpendicular-field unipolar injection problem is the
rose-window instability, which is a phenomenon that
until now has been observed only in low conducting
liquids in contact with air (Pérez 1997) and subjected to
corona discharge. Other authors (Herrick 1974; Ahmed
El-Haddad et al. 1980) have observed similar patterns,
but their descriptions do not help to clarify under what
experimental conditions and in what kind of liquids they
are observable. A theoretical description of the instability
mechanism in the case of an ohmic liquid was carried
out by Vega and Pérez (2002). It is clear that in the air
the effects of a residual conductivity are negligible and in
this theoretical analysis they have not been taken into
account. Under unipolar charge injection and provided
the liquid conductivity is low enough an electric pressure
of the same sign of the applied electric field is exerted
onto the interface. This electric pressure can produce a
surface deformation above a certain threshold. The
perturbation is kept because the current density (and,
correspondingly, the electric pressure) is higher in the
thinner areas of the deformed interface (Vega and Pérez
1999b). The deformation has a characteristic wavelength
typically about five to 10 times larger than in the con-
vective instability. Therefore the rose-window instability
can be grouped into the type of interfacial instabilities,
like those in an ohmic/ohmic interface (Melcher 1963;
Melcher and Smith 1969; Chu et al. 1989; Néron de Surgy

et al. 1993; Gonzalez et al. 1994; Néron de Surgy 1995;
El-Dib 1999), as they are due to the destabilising effect of
the electric pressure over the fluid interface, but unlike
the cases considered by these authors, it is characterised
by the existence of a space charge distribution in one or
both sides of the interface. We present here a set of
measurements for the rose-window instability. We think
they are strong experimental evidence of one of the
possible interfacial EHD instability mechanisms in a
perpendicular-field non-ohmic/ohmic interface (Vega
and Pérez 2002). The measurements we performed also
provide evidence that corona discharge is a valid
experimental technique for obtaining the rose-window
and the convective EHD instabilities in air/liquid inter-
faces.

The two experimental set-ups that are used in this work
are described in Sect. 2. With one of the experimental set-
ups we have tried to approach the plane geometry model
in order to compare the experimental results with the
theory. In Sect. 3 the results are presented, together with a
set of photographs of the instabilities. A comparison with
theory (Vega and Pérez 2002) is provided in Sect. 4.
Finally we present our conclusions in Sect. 5.

2

Experimental set-up

In the experimental set-up we place a metallic tip (tung-
sten) of about 10 um radius above the centre of a circular
plane electrode of 4.5 cm diameter. The electrode is a
transparent glass with a thin conducting coating. The li-
quid is placed over this plane electrode. A mirror below
the transparent electrode is used to deviate the image of
the liquid surface to a camera system that amplifies it to
detect the deformation. A ring of acrylic glass prevents the
leakage of the liquid (see Fig. 1a). This acrylic glass sup-
port is fixed onto a table (Melles Griot model, Voisins Le
Bretonneux, France) through an acrylic glass structure of
15 cm height (Fig. 1b). The electrode is connected to an
electrometer (model 6512, Keithley Instruments, Cleve-
land, Ohio, USA) in order to measure the electric current
through the liquid. The tip is connected to a high voltage
source (model RHR40PN120/OV/FG, Spellman High
Voltage Electronics, Hauppauge, N.Y., USA). The ions
from the corona discharge reach the plane electrode by
electric repulsion from the tip and exert an electric pres-
sure over the liquid. This is called the “tip-plane set-up”.
The hyperbolic geometry of the electric field in a tip-plane
configuration (Coelho and Debeau 1971) makes it difficult
to compare with the plane geometry models used in a
theoretical analysis of the problem. Besides, the space
charge distribution caused by corona discharge in a
tip-plane configuration is far from homogeneous

(Atten 1996; Giacometti 1987). This is why a metallic grid
can be optionally interposed between the tip and the
circular electrode. The grid we used is square-shaped with
copper wires of a=0.25 mm diameter and a separation of
b=1.5 mm between the wire centres. This grid is connected
to another high voltage source (model 610C, Trek Inc.,
Medina, N.Y., USA), which provides a more homogeneous
electric field and corona distribution over the liquid sur-
face. The electrode is required to be transparent in order
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Fig. 1. a Scheme of the triode set-up. The tip-to-plane distance
is p and the grid-to-plane distance is 4. b The dimensions of the
grid-plane system

to have a clear image from below if the metallic grid is

tip—plane distance, as the tip is held by a metallic rod fixed
perpendicularly to a moving plane, and the grid-plane
distance, as we have a set of acrylic glass rings with dif-
ferent thicknesses. The tip-plane and grid-plane distances
are of the order of 1 cm.

Figure 2 is a plot of the current that arrives at the plate
as a function of the grid voltage for different tip voltages,
in the absence of liquid. When the grid voltage is zero, no
current reaches the plane electrode. (Actually, there is a
current caused by corona wind, see the work by Giaco-
metti and Sinézio (1990), but it is too small to produce
instability.) If we raise the grid voltage the current grows
and, at the same time, the electric field over the liquid is
higher. When the grid voltage is high enough to decrease
the corona current coming from the tip, the current into
the liquid starts to decrease. With the tip-grid-plane
configuration it is possible to apply to the liquid the same
electric field with different electric currents, by varying the
tip voltage.

We have used extensively three liquids. Under our
experimental conditions and because of their initial con-
ductivities, two of the liquids are in the ohmic regime
(castor and corn oils) and the third one is in the non-
ohmic regime (silicone oil). The properties of the liquids
are represented in Table 1. These properties have been
measured in our laboratory. Specifically, the conductivity
has been measured with a conductivity meter IRLAB
model LDTRP-2. We have performed measurements with
several volumes of liquid to vary the liquid layer thickness
that is typically of the order of 1 mm. All measurements
were performed in Seville, Spain, April-May (Figs. 3, 5, 9,
10, 11, 12, 13, 14, 15, 16) and November (Figs. 4, 6, 7 and
Table 2) 2001.

Table 1. Physical properties of the liquids used in the
experiments, ¢ is the relative electric permittivity and v is the
kinematic viscosity

used. The complete set-up, called “triode” (three-electrode 0il e p(kg/m®) v (m%s) K(m?Vs) o (Q'm")
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grid voltages as a function of the tip
0 voltage in a triode set-up, for several liquid
10 11 12 13 14 15 16 17 layer thicknesses. Liquid: silicone oil (non-
ohmic). Distances are: p—h=2.5 cm,
Vp(kV) h=0.8 cm
25
2 F 4 a
A A
A A,
Lo n
15 =N m +1.3mm
Vg(kV) 2> s = 1.6mm
1] .
41.9mm
0.5
Fig. 5. Rose-window instability. Critical
grid voltages as a function of the electric
0 current in a triode set-up, for several liquid
0 0.1 0.2 0.3 0.4 05 layer thicknesses. Liquid: castor oil
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Table 2. Critical values of the current density in silicone oil 2.1
(non-ohmic behaviour). Triode set-up. Tip-grid distance: 3.5 cm, pMeasurements

grid-plane distance: 0.8 cm

d(mm) I(pA) I(A)d® (m)
0.13 0.262 6.45:107"°
0.18 0.108 6.31-107"°
0.22 0.058 6.61:107"°
0.27 0.003 6.50-107"°
0.31 0.020 6.25:107"°
0.36 0.013 6.07-107"°
0.40 0.010 6.31-107"°
0.45 0.007 6.31:107"°

The critical points were obtained by taking the voltage at
the first surface deformation. The deformation was ob-
served through a photographic objective. We have noted
that the use of transparent electrodes makes visual
observation equally as sensitive for detecting the insta-
bility as other methods that we have designed (see, for
example, the work by Pérez (1997)). In the tip-plane set-
up the tip voltage is raised until the instability starts. This
value of the tip voltage is taken as the critical value. The
liquid used in this set-up must be viscous enough to avoid



730

1.5

]
1.25
n
n
1
a ¢ 0.9 mm
LY
vikv) 975 ° 4 1.3mm
= 1.6 mm
0.5 1
0.25 | Fi . . . .
ig. 6. Rose-window instability. Critical
grid voltages as a function of the electric
0 : ‘ ‘ current in a triode set-up, for several liquid
0 0.05 0.1 0.15 0.2 0.25 layer thicknesses. Liquid: silicone oil (non-
ohmic). Distances are: p—h=2.5 cm,
l(nA) h=1.5 cm
14 1
12 1
10
—=— Silicone oil (non-
8 | ohmic regime)
Vi(kV) "o Castoroil (ohmic g0 7 Rose-window instability for very
regime) ST . L,
e PP thin liquid layers in an ohmic liquid
4 P (castor oil) and in a non-ohmic liquid
(silicone oil). In this plot V. is the tip
2 voltage at which the instability is first
observed, and d is the liquid layer thick-
0 : ‘ ‘ ness. In the case of castor oil the instability
0 05 1 15 2 is observed as soon as the corona thresh-
old is reached. Tip-to-plane distance
d (mm) p=3.0 cm

the effects of the corona wind: if the viscosity is low, the
surface of the liquid moves too much before the instability
onset and it is not possible to study the instability from an
initial static state. Some tests have been performed in low
viscous liquids, like water, and the effect of the corona
wind is to disturb the liquid surface, just below the tip
centre. In the case of the triode set-up (Vega and Pérez
1999a), the corona wind is largely suppressed by the grid.
To take the critical points in the triode we fix the tip
voltage and vary the grid voltage. The critical grid voltage
is taken when the first surface deformation occurs, which
happens always when the current is increasing with the
grid voltage, if the tip voltage is high enough. The grid
voltage controls, essentially, the electric field onto the
liquid surface.

The critical voltages for the rose-window instability in a
triode set-up are shown in Figs. 3 and 4 for the three
different liquids. These critical grid voltages are plotted as
a function of the tip-plane voltage. The critical voltages
show a clear tendency to increase for thicker liquid layers.
Also the critical grid voltages show a tendency to decrease
with the tip voltage. This is a consequence of the fact that
the current density reaching the liquid increases with the
tip voltage. Then the electric pressure for equal grid
voltages increases with the tip voltage. This is in agreement
with the tendencies shown in Figs. 5 and 6, where the
critical grid voltages are plotted against the electric cur-

rent. Although the dispersion of the electric current data is
high because the current value is very sensitive to a grid
voltage variation (a rough estimation from the experi-
mental current curves shows that a typical error in the grid
voltage of 50 V induces an error of about 0.025 pA in the
current), it can be seen that the critical electric current
decreases if the critical voltage increases. In the non-ohmic
liquid it is also clear that the critical current increases if
the liquid thickness decreases, which is not so evident in
the ohmic liquid.

In the case of a non-ohmic liquid, there are two critical
values corresponding to the two possible instabilities: the
convective instability and the rose-window instability.
Among the three liquids used we have only seen convec-
tive instability in silicone oil, providing in this case evi-
dence of the existence of space charge in the volume of the
liquid. The conduction regime of the liquid can be esti-
mated as follows: the characteristic non-ohmic conduction
time in silicone oil layer with d=1 mm (see properties in
Table 1) is d*/K;V1~107°/(5:107'%2:10%)~10 s (being V; the
voltage drop through the liquid layer and K, the ion
mobility in the liquid) and the charge relaxation time is
higher: &/6=2.73-8.85:107"%/(6:107"%)=40 s (g, is the
dielectric constant in the liquid) and then there is a net
space charge in the bulk of the layer (besides, in this work
d<2 mm). A similar estimation in castor and corn oil gives
charge relaxation times lower than the non-ohmic con-



liquid

Fig. 8. The electric pressure pushes down the liquid, curving
the liquid surface

Fig. 11. Rose-window instability in an ohmic liquid (castor oil).
The small wavelength instability is absent. V,=8.8 kV, V,=2.0 kV,
I=0.63 pA, d=1.2 mm, p=3.0 cm, h=1.5 cm

W 4.5cm —

Fig. 9. Convective instability (image from below). Tip-plane
set-up. Liquid: silicone oil. V,=8.2 kV, p=3.0 cm, d=1.2 mm

g Y
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Fig. 10. Coexisting instabilities (convective and rose window) in
a non-ohmic liquid (silicone oil). Typical cells of the convective
and of the rose-window instabilities are indicatedby black and
white arrows, respectively. It can be seen that the cell size of
the convective instability is comparatively much smaller. A small
rugose pattern appears in the image that is produced by the
convective instability in the liquid surface. Triode set-up.

Vp=12 kV, V=3.0 kV, I=1.0 pA, d=1.2 mm, p=3.0 cm, h=1.5 cm

Fig. 12. The non-homogeneity of the electric field is greater in
a tip-plane configuration. The first incipient instability appears
at the centre of the electrode. Liquid: castor oil. V,=6.8 kV,
1=0.404 pA, L=3.1 cm, p=3.0 cm, d=1.2 mm

duction characteristic time, which means that the electric
conduction is ohmic, and no space charge can be
supported.

Theoretically, the behaviour of the rose-window insta-
bility for small liquid thicknesses is expected to be very
different in ohmic and non-ohmic liquids: while in ohmic
liquids the critical voltage tends to a small value, in non-
ohmic liquids it tends to infinity near a critical value d°"
and down to this value the instability is absent. Then, the
two types of conduction regimes are supposed to have an
opposite behaviour for very thin liquid layers. This
behaviour is found experimentally as shown in Fig. 7
where critical values for thin liquid layers in a tip-plane
set-up have been plotted for silicone oil (non-ohmic) and
castor oil (ohmic). Note that the tip critical voltage is
plotted in the vertical axes in this figure. In this set-up
there is no current below the corona threshold and a
fortiori the critical voltages are always greater than the
corona threshold.

In Table 2 we present the results for the convective
instability in the non-ohmic liquid in the tip—plane and the
triode configurations. As we see the magnitude I-d” is
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Fig. 13. Rose window fully developed in an ohmic liquid

(castor oil) in a triode set-up. The instability is stationary even
at voltages higher than the critical value. V,=12 kV, V;=3.25 kV,
I=1.55 pA, p=3.0 cm, h=1.5 cm, d=1.2 mm

Fig. 14. Rose-window instability in corn oil in a triode set-up.
There is not a noticeable difference in the characteristic pattern
for different ohmic liquids (compare with Fig. 11). V,=9.0 kV,
Vg=2.8 kV, [=0.612 uA, p=3.0 cm, h=1.5 cm, d=1.2 mm

Fig. 15. Deformations at the centre of each grid square in the
decreasing region of the corona current in a triode set-up. Liquid:
castor oil. V=10 kV, V,=5.0 kV, [=0.713 pA, p=3.0 cm,

h=1.5 cm, d=1.2 mm

approximately constant. This can be explained if we con-
sider that the liquid layer is in the space charge limited
current (SCLC) regime: the voltage drop across an

insulating liquid layer under strong charge injection is
\/8jd? /9Kie1. Then if -d’~c, ¢ being a constant, it follows
that Vj is also a constant Vj is proportional to T=¢Vi/Kjn,
which is the characteristic parameter of the instability
criterion for an insulating liquid layer subjected to unipolar
injection (where # is the dynamic viscosity). These results
are quite similar to those in the work by Malraison and
Atten (1991), where the experimental values are higher
than the theoretical ones: Schneider and Watson (1970)
predict ['d°=2.88-10""° Am® for the critical current, while
we obtained an average value I-d°~6.35-10""° Am’, which
corresponds to T.~250. This difference could be due to a
lower effective liquid layer thickness, as the liquid is pu-
shed down by the corona wind (Fig. 8). Nevertheless, an
agreement of our experimental measurements with the
theory (Schneider and Watson 1970; Koulova-Nenova and
Atten 1997) could not be expected as the experimental
conditions in both set-ups are quite different to those in the
theory. (For example, the theory assumes that the liquid
surface is equipotential which is not necessarily true in our
experiments.) Besides, because of its small wavelength (less
than 1 mm), this instability is difficult to detect visually
and the measured values could not be but an upper bound
for the critical voltage. It is also interesting to note that in
other experimental configurations the change of slope in
the current vs. voltage curve is the best way to detect the
instability, but this change of slope is not accessible in our
experimental set-up because we cannot measure the voltage
of the liquid surface (Lacroix et al. 1975).

2.2

Photographs

By use of a camera we can amplify the image of the
liquid surface as seen from below. This is possible
because of the transparency of the plane electrode and
the liquids. Figure 9 shows the convective instability in a
tip-plane set-up, with a small characteristic wavelength.
The liquid is silicone oil. Noticeable also is a first
deformation with a much longer wavelength (5-10 mm),
which is the rose-window instability. This long wave
instability has another important characteristic, which is
a typical higher deformation amplitude and this makes it
easier to be detected. In a non-ohmic liquid the rose
window is a secondary instability because, in general, it
appears once the convective instability has already
developed. Since the convective instability is absent in
liquids in the ohmic regime, its detection is also an
experimental criterion for checking out the type of con-
duction regime of a liquid.

In Figs. 10 and 11 the rose-window instability is
shown for silicone and castor oil, respectively, in a triode
set-up. Both instabilities coexist in the non-ohmic liquid
whereas the convective instability is absent in the ohmic
liquid. It should be mentioned that the rose-window
instability does not develop abruptly but gradually. A
first stationary deformation of high amplitude is detected
at a given potential. This deformation appears at the
centre of the electrode because the electric field there is
more intense owing to its non-homogeneity. This effect is
stronger in a tip-plane configuration, where this inho-
mogeneity is more important. Figure 12 shows that close
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to the instability threshold the deformation is only visible
at the centre. If the electric potential is raised, the
instability begins to develop over all the electrode area.
This transition is shown in Fig. 11 where the rose-win-
dow instability is in an intermediate stage of develop-
ment and in Fig. 13 where the instability has fully
developed at a still higher electric potential (around

3 kV). We have observed that the pattern of the rose-
window instability is similar for different liquids. For
instance, Fig. 14 corresponds to corn oil.

For high grid voltages, when the electric current starts
to decrease (see Fig. 2), a rectangular pattern with cen-
tred deformations at each rectangle becomes visible (see
Fig. 15). This additional pattern may be related to the
concentration of the electric field lines in the centre of
the grid squares and the corresponding electric pressure
distribution onto the liquid surface.

3

Rose-window instability: discussion

In a former work (Vega and Pérez 2002), we have computed
the linear instability criterion of the rose-window insta-
bility in a perpendicular-field air/ohmic liquid interface.
We used a standard treatment of the problem: a small
perturbation is introduced in the electrohydrodynamic set
of equations and the compatibility condition yields the
characteristic eigenvalue in the dispersion relation. In this
problem the eigenvalue is U=¢,V*/<p>gh’, indicating that
the equilibrium between electric and gravitational pressure
rules in the instability onset. The dispersion relation U(k),
where k is the non-dimensional wave number, is also a
function of other magnitudes:

U(k, Bo, C, S, ¢, d) (1)
where all these magnitudes are non-dimensional:

C_qo_h2 oh?

_<p>gh B
- _KaE()V

Bo=—""—"— ,
Y &V

(2)

e=u¢g/e, d'=d/h (3)

where <p> is the mass density jump at the interface, g the
gravitational acceleration, h is the total length of the sys-
tem h=L+d, L and d being the air and the liquid layer
thickness, respectively. The parameter Bo is the Bond
number, which is a relation between the gravitational and
capillary forces, C is the injection parameter that measures
the strength of the injection and g, is the space charge

— — — Theoretical (castor oil)

e  Experimental (castor oil)

- = = ‘Theoretical (corn oil)

Fig. 16. Rose-window instability. Compar-
ison between theoretical and experimental
critical voltages for the ohmic regime. The
experimental series correspond to the
triode set-up, with p—h=2.5 cm, h=1.5 cm.
The critical grid voltage is plotted against
the liquid layer thickness

a  Experimental (corn oil)

density at the injecting electrode. We refer to S as the
apparent conductivity. It is a relation between the mag-
nitudes of the non-ohmic and ohmic current densities in a
non-ohmic layer with ion mobility K, and an ohmic layer
with conductivity o. The apparent conductivity controls
the interfacial instability mechanism in a non-ohmic/
ohmic fluid interface.

If the non-dimensional conductivity S is high enough
the instability that first appears is normally the classical
interfacial instability, which has an electric pressure
directed upwards. If this is the case, the critical voltages for
a system with characteristic lengths of the order of 1 cm
for the air layer and 1 mm for the liquid layer are of the
order of 50-100 kV. These critical values are of the order
of those for the interfacial EHD instability in conducting
liquids in the case of no injection. Conversely, if the non-
dimensional conductivity S is low enough the instability
that first appears is the rose-window instability, as the
electric pressure is directed downwards, with critical val-
ues around 1 kV. The typical values of the magnitudes
we deal with in our experiments (K,~10"* m?/(Vs),
h~10"> m, <p>~10> kg/m’) and the conductivity of the
liquids we used are compatible with the occurrence of the
rose-window instability.

Concerning the injection level, Vega and Pérez (2002)
found theoretically that the critical voltage for instability
for low S is a strongly decreasing function of the parameter
C in the weak injection region. Once the SCLC regime
(strong injection) is reached the eigenvalue becomes
independent of C. All this is concordant with our experi-
mental observations. Below the corona onset there is no
instability if no charge injection is applied. If a strong
charge injection (a tip potential higher than the corona
threshold) is applied, the critical values observed in the
triode set-up are of the order of 1 kV, as expected theo-
retically. The critical points of Figs. 3 and 4 show a weak
dependence on the tip voltage (that controls the space
charge in the triode system). This agrees with the fact that
in the range of V,~1 kV and V,~10 kV the electric current
increase with the tip voltage tends to be weak (see Fig. 2).

Figure 16 compares the critical values of the electric
potential obtained theoretically and experimentally (in
ohmic regime). They agree in order of magnitude and
show the same tendency. The theoretical values are cal-
culated according to the linear model (Vega and Pérez
2002). They were obtained in the strong injection limit and
neglecting the effects of capillary forces. The experimental
critical values of the electric current I. (Figs. 5 and 6) are
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also in the range of those predicted by the theory (of the
order of 0.1-1 pA).

Of specially interest is the dependence of the critical
voltage on the liquid layer thickness. As we saw in sub-
section 1, the rose window in very thin layers appears only
in the ohmic case. This experimental evidence agrees with
the theory and it can be explained because in non-ohmic
liquids the electric pressure over the surface is an
increasing function of the thickness if the liquid layer is
thin enough. Therefore the interfacial instability for a low
conducting liquid is not possible below a critical thickness
d*<d*"* (Atten and Koulova-Nenova 1996). Conversely,
in ohmic liquids, and for low values of S, the electric
pressure jump always increases if the relative thickness d*
decreases, and consequently the instability is possible for
all d* values (Vega and Pérez 2002). The experimental
value is d*“**~0.011, while an estimation of the value by
Atten and Koulova-Nenova (1996) is d*<"'~0.015 for sili-
cone oil. In consequence, the absence of the rose-window
instability in a thin layer proves that the liquid is in the
non-ohmic regime and conversely, the appearance of the
rose-window instability in a thin layer proves that the
liquid is in the ohmic regime and that the convective
instability caused by charge injection will not appear.

Another important point is the fact that the rose-win-
dow instability does not grow violently above the critical
value V.. This is in contrast with the case of conducting
liquids with no injection (Néron de Surgy et al. 1993;
Néron de Surgy 1995; Melcher and Smith 1969), where the
surface deforms abruptly and the liquid eventually reaches
the opposite electrode, producing a short circuit. This
proves experimentally that in the rose window the electric
pressure is not directed upwards, and its dynamics defer
from that in an ohmic-ohmic interface (for the study of an
ohmic-ohmic interface, see Melcher and Smith (1969),
Melcher and Taylor (1969), and Melcher and Schwarz
(1968)).

With respect to the behaviour of the rose-window
instability in non-ohmic liquids, there is not a precise
theoretical model yet. The difficulty is that in those liquids
the rose window is a secondary instability (and this has
been shown clearly in our experiments) that appears after
the classical convective instability caused by unipolar
injection. In this case a linear treatment from an initial
static state is not possible. Nevertheless, it is clear that the
instability appears in the same range of critical potentials.
The secondary rose-window instability was not observed
by Malraison and Atten (1991), where the same non-ohmic
liquid was used (silicone oil), because the distance between
the injecting electrode and the liquid surface was too high,
showing again that the critical parameter is related to the
mean electric field Ey=V/h through
U=¢E;/ <p>gh

4

Conclusions

In this work we have used corona discharge in air to
produce unipolar-injection induced electrohydrodynamic
instabilities. Two experimental set-ups have been studied:
a tip-plane configuration and a triode set-up. The triode
set-up is intended for correcting the non-homogeneity of

the electric field in order to reproduce better theoretical
models of plane geometry. The measurements were
performed in low conducting liquids in ohmic and
non-ohmic regimes.

In the case of a non-ohmic regime we have also
observed the classical convective instability in insulating
liquids subjected to unipolar injection. We have seen
that this instability does not appear in more conducting
liquids (in the ohmic regime), confirming that this
instability is due to electric bulk forces. The rose-win-
dow instability has been proved to be a secondary
instability in the case of a liquid in the non-ohmic
regime, in the sense that we have observed it always
after the convective instability and coexisting with it.
The question arises whether both instabilities could exist
independently or if they are interconnected. We think,
since the scales are quite different, that it should be
possible to describe the rose-window instability in non-
ohmic liquids alone, making some average over the fluid
velocities and space charge distribution of the already
disturbed liquid layer, but no attempts have been made
in this direction yet.

In the ohmic regime, a reasonable quantitative
agreement has been found between the experimental
behaviour (in a triode set-up) of the rose-window insta-
bility and the theory (Vega and Pérez 2002). The
behaviour with conductivity, dielectric constant, liquid
layer thickness and injection level is compatible with that
model. Another important characteristic predicted
theoretically (Vega and Pérez 2002; Atten and Koulova-
Nenova 1996) has been verified: the behaviour of the rose
window with the liquid layer thickness is opposite in the
ohmic and non-ohmic regimes for very thin liquid layers.
While in non-ohmic regimes the instability critical
voltages tend to infinity if d*<d*“"™, in ohmic regimes
they tend to low values.

In spite of the differences between the experimental
conditions and the theoretical assumptions, it is clear that
the rose-window instability is a long-wave instability that
is possible because there exists a space charge distribution
impinging on the surface. This space charge, originated by
the corona discharge in our experiments, reduces the
critical voltage by more than an order of magnitude if we
compare it with the critical voltage needed to destabilise a
conducting liquid surface.

For future works, the experimental set-up must be
greatly improved in order to assure a good convergence
with the theoretical model in all ranges of conductivity and
the other parameters (this first study has been limited to
the range of low conductivity).
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