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Abstract

The effect of a DC electric field on a liquid-vapor interface was investigated at different temperatures using a Pellat-like test cell
filled with HFE-7000 and HFE-7100 dielectric fluids. Special attention was given to the local observations of the meniscus as this
information is crucial in two-phase heat transfer applications. The results confirmed first that the dielectrophoretic force controls
both the mean position and the shape of the meniscus as the visualizations revealed that the interface could be totally flattened when
the electric field increased. The visualizations showed secondly that free charges in the liquid could affect the interface behavior in
two ways: by slightly modifying the pressure profile in the liquid bulk, and by leading the formation of electrojets close to the wall.
The temperature dependence of the vapor dielectric strength led to a drastic limitation at low temperature of the maximum electric
field that the fluid could withstand before breakdown. This point should be carefully considered in electrohydrodynamics enhanced

two-phase cooling systems.
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1. Introduction

Heat pipes, Capillary Pumped Loops (CPL) and Loop Heat
Pipes (LHP) are passive two-phase systems which are involved
in electronics cooling. The vaporization of the working fluid
in a porous wick or sub-millimeter grooves results in a natu-
ral fluid circulation between the heat exchangers. These de-
vices are highly efficient and reliable. However, the maximum
heat load transferred by the cooling system is mainly restricted
by the maximum pumping capability of the capillary structure
which is given by the maximum pressure difference generated
at the vaporisation interface (the capillary limit). In order to im-
prove the performance of such cooling systems, it is now con-
sidered to assist them with an active device supplying power to
the fluid. One option is to use an electric field and the electrohy-
drodynamic (EHD) forces induced in the fluid. Actually, within
this approach, the power consumption is very low compared to
mechanical pumping and no moving pieces are involved reduc-
ing the risk of failure.

The use of an electric field in order to enhance the perfor-
mance of the capillary systems has been considered since the
seventies and was firstly motivated by space applications [1I],
[2], [3]. The approach considered that the capillary structure
of heat pipes might be augmented or replaced by electrodes
and EHD pumping. Equivalent thermal performance of con-
ventional axial-groove heat pipes was achieved but questions
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regarding the long-term stability of dielectric fluids in the pres-
ence of corona and intermittent discharges drastically restrained
their development.

Later on, Babin et al. [4] coupled an ion-drag pump with a
small CPL filled with R11 fluid. The approach was slightly dif-
ferent than previously because the electrodes could be placed
in the liquid line of the capillary pump. Here, unipolar charges
were injected by a set of needles to overcome the pressure drop
in the loop. The comparison of performance in a horizontal
orientation with and without the ion-drag pump showed an en-
hancement of 20% to 60% of the heat transport capacity. Once
the conduction regime based on the dissociation of the liquid
molecules into ions has been clarified [5], the investigation be-
came more active as a longer stability of the liquid properties
can be expected. A determinant effort was the fact of J. Ya-
goobi and his co-workers who demonstrated a 100% enhance-
ment in the transport capacity of a monogroove heat pipe [6],
[7]. They also investigated two-phase cooling systems based
on the pumping of millimetric liquid films [8], [9]. An impor-
tant demonstration for the potential of conduction pumping at
a larger scale was due to Jeong et al. [10], [11] who tested a
ten-meters long two-phase loop filled with R134a. They found
that for an applied voltage of 15 kV and a sink temperature of
20°C, the generated pressure head was approximately 9.6 kPa
and the transported heat load reached 130 W.

A somewhat different approach was provided by Mo et al.
[12], [13] who investigated a larger CPL (maximum allowable
heat-transport capacity of 1500 W) filled with R134a and in-
volving a EHD-assisted cylindrical evaporator. Here, a spring
electrode was inserted under the wick within the evaporator
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core while the casing was grounded in order to influence the
liquid-vapor separation inside the evaporator and to assist the
pumping menisci in the wick. The results showed that up to
three times heat-transfer coefficient enhancement could be ob-
tained. They also revealed that the deprime condition of a cap-
illary pump can be prevented in the presence of an electric field.
Harvel et al. [14] confirmed a significant decrease of the partial
dry out mechanism of the evaporator using a coaxial electrode
directly located in the evaporator core.

Concurrently to pumping, EHD has been widely used with
the objective of the two-phase heat transfer enhancement. Up
to 20 times of augmentation of the average heat transfer co-
efficient was reported in the existing literature as compiled by
Laohalertdecha et al. [15]. A recent example of application to
a gravity heat pipe filled with HFE-7000 and using AC elec-
tric field in the evaporator is proposed by Smith et al. [16]. A
cylindrical electrode was inserted along the thermosyphon axis
whilst the casing was grounded. They found an enhancement
up to 40% of the evaporator heat transfer coefficient for heat
flux lower than 8 kW/m? due to the the thinning of the liquid
film in contact with the evaporator wall. But, the electric field
also led to a partial dry-out of the evaporator for greater heat
flux.

These numerous demonstrations of a significant improve-
ment in the performance of two-phase cooling systems contrast
with the fact that, to our knowledge, none of these devices has
been implemented in thermal management applications. This
is primarily due to some technical issues: (i) charge injection
at the surface electrode leads to a fast alteration of both elec-
trodes and fluid properties so it must be avoided; as this regime
is highly affected by the wall shape and its surface state, the de-
sign of the electrodes and their integration in the cooling system
remain extremely sensitive, (ii) the implementation of EHD de-
vices with high voltage is difficult with some widely used fluids
which are highly conductive such as water and ammonia. In
this case, an electrode coating with a dielectric layer is neces-
sary to limit the current; defaults in this coating can breakdown
at relatively low voltages limiting the operating range. Another
limitation is the high complexity of the phenomena involving
different electrostatic effects, fluid flow, interface dynamics and
instabilities, temperature gradients and heat flux. This is indeed
demanding for theoretical investigations and numerical efforts
with the objective of the cooling system dimensioning. In addi-
tion, there is still a lack of understanding of some observations
especially in the interfacial region. For instance, the origin of
the saturation of the contact angle in electrowetting on dielec-
tric remains an open question [[17].

Facing this, there is a serious need of investigations that re-
port carefully designed experiments in simple geometric con-
figurations with the objectives to analyze the influence of tem-
perature and heat transfer as encountered in operating condi-
tions of the cooling systems. Thus, we propose to study the
behavior of a two-phase dielectric fluid confined between two
vertical and parallel electrodes. This configuration, which ac-
tually corresponds to the original work of Pellat [18], has many
advantages: it is an experiment commonly used to understand
different well controlled problems and we thus benefit of some

studies clarifying separately the electrical conduction in the lig-
uid [3], the electrowetting phenomenon at the wall [[19], [20]
and some effects of surface tension [21]. Then, it offers a sim-
ple way to control the heating of the fluid from above the inter-
face or directly through the liquid zone. In measuring the liquid
height-of-rise, it is possible to determine the global force acting
on the liquid column. Additionally, in observing the interface
shape and dynamics, a more local information can be achieved
and this is determinant for heat transfer specially close to the
wall. The objective is firstly to study the interface behavior
when a DC electric field strength is increased and, in a second
hand, to determine the influence of the temperature based on
some isothermal observations performed at different tempera-
tures.
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Figure 1: Test cell configuration and schematic end-of-view of
the meniscus.

2. Background

The electrical force acting on a fluid is usually formulated in
terms of the Korteweg-Helmoltz body force density:

E? 1 Oe 2
f=qgE 2Vs+2V[p(6p)TE} 1
where ¢ is the volume density of free charge, E the electric field,
p the mass density and ¢ is the permittivity which is assumed to
be a function of the mass density and temperature.

The first term is the Coulomb’s force. In a dielectric fluid,
free charges can have two different sources. Firstly, they can
be created by dissociation/recombination of the fluid molecules
into ions with an opposite charge. Secondly, at larger electric
field, charges could come from injection at the electrode-fluid
interface where an electron is exchanged between the electrode
metal and a molecule of the liquid.

The two last terms of the equation (I)) which are respectively
the dielectrophoretic (DEP) force and the electrostriction force
are due to the polarization of the fluid with the electric field. In a
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Figure 2: Test cell in its enclosure and view points of the liquid height-of-rise (SV: side-view; EOV: end-on view).

two-phase system, the polarization forces act principally in the
liquid-vapor interfacial zone where there is an important varia-
tion of the permittivity with the fluid mass density. Moreover,
the literature converges to the suggestion that electrostriction
has no observable influence on the incompressible electrohy-
drostatics [@].

3. Experimental set-up and fluids properties

3.1. Experimental set-up

The test cell is based on the Pellat’s original experiment: two
vertical planar electrodes are partially immersed in the liquid
(figure [[). The electrodes are made of a 1 mm-thick plates of
glass coated with indium tin oxide (ITO). The conductive layer
has a height of 40 mm and a width of 30 mm. The spacing
between the plates D can be set to 2.03 mm and 3.02 mm using
glass rods which are placed horizontally at the bottom and at the
top of the electrodes so that the liquid is free to fall and flow on
the side. The experiment takes place within an enclosure made
of a double casing glass cylinder in which a transparent coolant
circulates at controlled temperature (figure Z). On one end, a
disk made of sapphire is placed in order to perform the interface
visualizations and also IR measurements. The test cell can be
placed with the electrodes pair either parallel or perpendicular
to the viewport providing respectively a side-view or an end-on
view of the liquid height-of-rise.

The experimental procedure consisted in increasing the volt-
age by steps of 0.25 kV of the high voltage (HV) electrode while
the other electrode was grounded. A simultaneous high-speed
video camera capture was used to determine the mean liquid
height-of-rise & and the end-of-view interface shape and dy-
namics. As the electrodes formed an opened channel, the liquid
fell out by the side and a lateral motion was observable. Nev-
ertheless, a large unperturbed zone existed in the center of the
cell where the interface was stable. The observations focussed
on this region. The image resolution was 35 pixels/mm and the
recording was set at 4 000 frames/s. The maximum voltage of
each of the series was achieved either when the liquid reached

the top of the electrodes or just before the breakdown limit in
the covering vapor was reached. The maximum temperature for
each fluid was fixed by the maximum pressure allowed by the
enclosure (2 bar). Actually, following the temperature modifi-
cation, the pressure changed from 0.24 bar at 2°C to 2.2 bar at
60°C for the HFE-7000 and from 0.10 bar at 2°C to 1.8 bar at
80°C for the HFE-7100.

For a given fluid sample and a given pair of electrodes, the re-
peatability of the height-of-rise measurements was established
on a test during which the steps amplitude (increasing or de-
creasing steps, small and large amplitudes), the time duration
before another step were changed. We found that the devia-
tions were always lower than +2 mm. The experiments were
performed both at D = 2.03 mm and at D = 3.02 mm. No signi-
ficative influence of the inter-electrodes spacing were found on
the results even though the deviations were more noticeable for
HFE-7100.

3.2. Liquid phase properties

The working HFE fluids are dielectric fluids with low global
warming potential that have been developed for thermal man-
agement applications. The purity was 99.5%. In order to
remove non-condensable gases, the fluids were preliminarily
boiled in a separated device while high vacuum was reached
in the test cell before filling. Then, the fluid saturation was
controlled in situ by comparing the saturation temperature ob-
tained from the pressure measurement with the fluid tempera-
ture. Some additional physical properties at 25°C are given in
table [Tl

HFE-7000 HFE-7100

Liquid mass density [kg/m"| 1400 1510
Surface tension [mN/m] 12.4 13.6
Dielectric constant 7.4 7.4
Electrical conductivity [S /m] 1-10°° 3-1078

Table 1: HFE liquid properties at 25 °C from 3M data-sheets.
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Figure 3: Current density versus the voltage and the electric
field at different temperatures.

In order to investigate qualitatively the electrical conduction
in both liquids, some dedicated experiments were made with
the inter-electrodes spacing entirely filled with liquid. Figure
[3 shows the current density in both liquids as a function of the
voltage and the mean electrical field at different temperatures.
The quasi-ohmic regime was observable below 2 kV. Then, for
a given temperature, the curves deviated from a linear voltage
dependence which is typical to the dissociation/recombination
regime and (i) at high temperature, the current became almost
constant and the saturation regime was reached; (ii) at low tem-
perature, the current still increased with the voltage but with a
different rate. This latter behavior is representative of the field-

enhanced ionic dissociation regime. As predicted by Onsager
[22], the dissociation rate is greater at low temperature for a
given electrical strength.

In the ohmic regime, the ratio current density to the elec-
tric field j/E gives an order of magnitude of the electrical con-
duction in the device. For the HFE-7100, this ratio j/E =
0.93 10785 /m is consistent both with the electrical conductivity
provided in table [I] and with the measurements performed by
[23]. For HFE-7000, j/E =~ 1.65 1078S /m which is two orders
of magnitude lower than the 3M value. Surprisingly, no refer-
ence measurements are available in the literature for this fluid.
However, based on the results obtained for HFE-7100, we could
reasonably suggest that the electrical conductivity provided by
3M for the HFE-7000 may not be accurate. Obviously, this
statement has to be confirmed by some specific measurements.

4. Results and discussion

4.1. The DEP force and the liquid height-of-rise

Figure M shows the liquid column height-of-rise & versus the
electric field for both fluids and for temperatures ranging from
0°C to 80°C. A secondary axis was built by multiplying the h-
axis by a constant liquid density (see table 1) with the objective
to give an estimation of the hydrostatic pressure. Actually, this
value deviated from 4% (underestimation) at the minimum tem-
perature to 10% (overestimation) at the maximum temperature.
For HFE-7000, the deviation was about +4%.

The electric field dependency of % is a square law and the
data are consistent with the dielectric height-of-rise hpgp. This
suggests that the DEP force is dominant as hpgp is defined by
[20] in a perfectly insulating fluid taking into account the DEP
force only:

teo (e, — DE?

hpgp = 22— 2)
P18

where the electric field is assumed to be E = V/D along a sur-
face enclosing the interface entirely. The variation with tem-
perature of the liquid dielectric constant &, was estimated us-
ing the temperature dependent expressions for the mass density
provided by Rausch et al. [24] and the Clausius-Mossotti rela-

tion:

=1\ 1

(8 ) — = const 3)
e +2)p

where the constant was determined using the data given in ta-
ble [l Based on this approach, the liquid dielectric constant
decreased with temperature in a quasi-linear trend. This is con-
sistent with [23] for HFE-7100 even though their results were
slightly lower (8% to 10%).

The effect of temperature is shown in more details in Figure
[Blfor several electric field strengths. The breakdown limit curve
gives the maximum field strength for which a height-of-rise
could be maintained without the vapor became conductive. For
both fluids, & was not really affected by the temperature in the
range of investigation. The larger discrepancies (about 4 mm)
with the dielectric height-of-rise were observed for HFE-7100,
(i) when E < 3.1kV/mm within an intermediate temperature
range from 30°C to 60°C and (ii), when the field was greater
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Figure 4: Liquid height-of-rise versus the electric field for (a)
HFE-7000 and (b) HFE-7100 at different temperatures. DEP
labelled curves correspond to equation (2)) predictions.

than 4.2 kV/mm. The latter case corresponded to the more in-
tense fluid circulation through the electrodes spacing and then
the interface rise may be slightly limited by the pressure drop
in the liquid. In the first case, the electrical conduction in the
liquid could be a reason, as it is discussed in the next section.
However, except for these few values, the data compared quite
satisfactorily with the dielectric model prediction and then, ac-
cording to equations () and (@), the rather weak effect of tem-
perature could be correlated to the decrease of the dielectric
constant.

Finally, the main influence of the temperature was given
by the extension of the vapor breakdown domain. Actually,
a drastic limitation of the operating range was observed with
the decrease of the temperature. The most concerned fluid was
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Figure 5: Liquid height-of-rise versus the temperature for (a)
HFE-7000 and (b) HFE-7100 and for different electric field
strengths.

HFE-7100. For instance, the hydrostatic pressure was limited
at 100 Pa (h =~ 5mm) at 0°C while it could exceed 500 Pa
(h = 30mm) at 40°C. The breakdown limit is mainly influ-
enced by the vapor pressure: the lower the pressure, the lower
the voltage threshold (except at extremely low pressure where
the breakdown field strength increase again). This behavior was
consistent with the observations as the lowest vapor pressure
was achieved for HFE-7100.

4.2. Effect of the electrical conduction in the liquid
Figure[@lshows the influence of the electric field on the shape
of the interface for a temperature of 60°C and for HFE-7100.
When no voltage was applied, the end-on view exhibited an
interface profile that was symmetric and curved by capillary



effect. As the electric field was increased, the meniscus first
remained curved but became more and more asymmetrical.
The liquid accumulated on the HV electrode and the menis-
cus rose for almost 2 mm higher than in the opposite side at
E = 1.39kV/mm. Then, it started to become smoother and
smoother and finally the interface was maintained totally flat
beyond E = 2.79 kV/mm. A similar behavior was observed for
HFE-7000 even though the asymmetry was less pronounced.

0 kV/mm 0. 69 kV/mm 1. 39 kV/mm
Bo=2 o,=1.1 0,=4.3
\
|
-

2.79 kV/mm

2.09 kV/mm
Bo, = 9.7

3.48 kV/mm
Bo, =27.0

|

Figure 6: Influence of the electric field on the shape of the inter-
face for a temperature of 60 °C and for HFE-7100; high voltage
was applied on the right-hand side electrode.

As it is nearly close to zero, the contact angle is not affected
by the EHD forces so that the interface profile behavior results
from gravitational, surface tension and electrical forces. The
relative importance of each term can be measured using dimen-
sionless numbers such as the Bond number Bo and the dielectric
Bond number Bog defined by:

% (&1 - &0) E? _ (g - 80)E2 D

2y -
D 4y

“)

BOE =

The Bo number gives the relative importance of gravity and
surface tension: the capillary force is dominant when Bo < 1.
In a similar way, the Bor number compares the DEP force with
surface tension. The ratio Bog/Bo corresponds to the electro-
gravitational number and it is also useful as it measures the rel-
ative importance of DEP and gravitational forces.

These numbers are given on figures As expected, the
Bond number which was greater but close to 1 highlights that
the surface tension had a significant but not a dominant influ-
ence on the meniscus at the initial state. When the voltage
increase, all the forces were first quite comparable until the
DEP force became dominant compared to the surface tension
force when the electric field exceeded E ~ 2.13kV/mm. The

interface profiles of both fluids were still affected by gravity
up to E = 2.77 kV/mm. But beyond this value, both the electric
bond number and the electrogravitational number Bog/Bo were
greater than 10: the electric field strength made the DEP force
fully dominant. The flat interface was thus produced by this
force which erased the curving effect of surface tension even
though the contact angle remains close to zero. However, fol-
lowing this reasoning, a flatter and flatter interface would be
observable with the increase of the electric field and then, it is
not possible to appreciate why the meniscus was still curved
and tilted at intermediate voltage.

Free charges and the corresponding Coulomb force in the
liquid could be an additional contribution influencing the in-
terface profile. Actually, the weak electrical conduction in the
liquid may generate a horizontal pressure gradient in the lig-
uid which could consequently affect the interface profile. The
bulk distribution of the dissociated ions can be identified based
on the dimensionless number Cy which is the ratio between
the transit time ty = D/(2 bE) and the charge relaxation time
T =¢g/(Nge2b):

ty TNegeD

Co= T gE )
where n,, is the charge density of ions at dissocia-
tion/recombination equilibrium when no electric field is ap-
plied. For Cyp > 1 i.e. at low voltage for a given fluid, the
quasi-ohmic conduction regime is established. The charges
form two thin heterocharge layers located close to each elec-
trode. The effect on liquid pressure is then limited as the liquid
bulk largely remains electro-neutral. As the voltage increases,
the layers gradually spread in the liquid. When Cy < 1, the
net charge (positive + negative charges) profile fills the inter-
electrodes spacing entirely and, as a consequence, the liquid
pressure gradient is fully affected by the Coulomb term.

The equilibrium densities were determined for both fluids us-
ing the voltage/current characteristic curves determined exper-
imentally. Based on a one-dimensional model for the conduc-
tion in a dielectric liquid between parallel infinite electrodes
[25], it can be demonstrated that the intersection point between
the ohmic regime and the saturation asymptote on figure [3 is
actually defined such as Cy = 1. As a consequence, we have:

&l Us

Neg = e D2 (6)

where U is the voltage at the intersection point. We found that
neg ~ 0.9107m™3 for HFE-7000 and n,, ~ 1.2107m™3 for
HFE-7100. Therefore, Cyp was quite similar for both fluids in
our experiments. For D = 3.02 mm, it linearly decreased from
Co~1latE = 069kV/mmto Cy ~ 0.2 at E = 3.48kV/mm.
For D = 2.03 mm, Cy was 2/3 times smaller. Then, the conduc-
tion mainly corresponded to regimes in which free charges may
impact the horizontal pressure profile in the liquid bulk entirely.

Following the same 1D approach used by Atten and Ya-
goobi [3] for the conduction regime, it could be demonstrated
(see[Appendix_A) that, for the saturation regime, the horizontal
pressure difference in the liquid between the electrodes and the
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position from the HV electrode L (see equation[A.2)) of the zero
net-charge vertical plane are:

o for the negative net charge layer close to the HV electrode,

2 2
neqe D2 b+

ApHY ~ - — 7
Dsar e 2 b @)
o for the positive net charge layer close to the ground elec-
trode,
n2 6‘2 D2 b-
ApS o~ 8
Psar ™ =0 5 e ®)

This shows that (i) without a significant field-enhanced dis-
sociation, the horizontal pressure difference increases when the
voltage increases and finally reaches a maximum value with
no electric field dependency at the saturation regime, (ii) the
asymmetry of the pressure profile between the electrodes is in-
troduced by the ratio of the charge mobilities and actually, these
relations verify that the pressure profile is symmetrical when
b~ =b*as ApftY = ApY and L=D/2 .

A dimensionless number Boc, is introduced in order to
measure the relative influence of this horizontal pressure gradi-
ent on the interface profile. The capillary pressure is still used
as the reference scale according to the relation ():

"€ D? 2 213
a7 D
BOC,Sut - 2y - 4 £ (9)
D YEl

Based on the equilibrium densities previously estimated, we
found that Boc s, = 2 for the HFE-7100 at 60°C. This shows
that the influence of the horizontal pressure gradient was com-
parable with surface tension and gravity at the initial state and

with DEP force at low voltage. Then, the increase of the elec-
tric field made the DEP force dominant as the ratio Bog/Boc sar
became greater than 10 when E > 2.9 kV/mm. This is consis-
tent with the fact that we observed a non-flat interface until this
electric field strength. On top of that, a greater liquid height-
of-rise in contact with the HV electrode suggested that for both
fluids, the mobility of negative charges is somewhat lower than
those of the positive ones. The influence of the space charge
on the pressure gradient is increased by this effect according to
equation (7).

Figure[Zlshows the influence of the temperature on the menis-
cus shape for HFE-7100. No significant influence of the tem-
perature was perceptible at the greatest electric field as the DEP
force was fully dominant on the temperature range. At lower
electric field strengths, as the Bond number was weakly af-
fected, the analysis must rely on the temperature influence, (i)
on the conduction structure in the liquid and (ii) on the relative
importance of the DEP versus the electrical conduction.

Regarding the first point, we previously observed (figure
[3) that the saturation regime was established for temperatures
greater than 40°C. Below this temperature, the charges distri-
bution at E = 1.06 kV/mm was close to those of the quasi-ohmic
regime and then, the horizontal pressure drop in the liquid [5]
was lower than Apy,. However, it could be significantly af-
fected by field-enhanced dissociation at greater field and at low
temperature. This is consistent with the observations where the
interface profile was mostly affected by the electrical conduc-
tion for T > 30°C. At greater temperature, the relationship
between Apg, and the temperature is then decisive.

We have seen that the dielectric constant was slightly affected
by the temperature so that it can be assumed that Ap, mainly
depends on the temperature variation of n.,. Actually, this
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Figure 8: Formation and dynamics of a micro-jet close to the HV electrode wall at high electric field strength in HFE-7100.

could be estimated by the relationship between the charge mo-
bility and the temperature considering that n., = o/(b* + b7).
[Iﬂ] found that o is a decreasing function of temperature within
the operating range. Moreover, according to Walden’s rule, the
charge mobility depends on the inverse of the liquid viscosity
which is divided by twice between 0°C and 80°C for the HFE-
7100; so, when the temperature rises, the mobility of the ions
could double and n,, could significantly decrease with temper-
ature. As a consequence, when the saturation regime is estab-
lished, the effect of the conduction should decrease with an in-
crease of temperature. On top of that, the relative importance
of the DEP versus the electrical conduction should increase.
This was actually noticeable for both low field strengths. At
E = 1.06 kV/mm, the effect of the DEP force was not really sig-
nificant and the sole influence of the temperature on conduction
could explain the slightly diminution of the asymmetry of the
profile with increasing temperature. At E = 2.09 kV/mm, the
DEP force was almost 4 times greater so that the increase of the
relative importance of the DEP with the temperature probably
led to a flatter interface with temperature.

4.3. A charged interface behavior at the wall

Figure [8| shows a capture of one of some liquid jets regu-
larly arising at high electric field in the interfacial region where
the liquid accumulated along the HV electrode. The process
started from the occurrence and the instability of a liquid film
(0 to 7ms). A deformation of this film into a micro-cone led to
a horizontal cylindrical jet of liquid (11 ms) spreading along the
electric field line. This jet was maintained between both elec-
trodes until 15.5 ms and then returned to HV electrode until a
new jet appeared. Sometimes, the jets broke in a Rayleigh-like
instability to form some droplets.

The electrojet process is actually well-known. A review and
detailed descriptions of the free surface instabilities in a elec-
tric field is given by Zhakin [26]. It is shown that this behav-
ior typically concerns the electrodynamics of a charged surface
in which both bulk and surface conductivities need to be con-
sidered (non-equipotential surface). As this process could sig-

nificantly affect the structure of the interface, the occurrence
of these instabilities may play a major role in deteriorating the
control of the cooling system performance.

5. Conclusion

The effect of a DC electric field on a liquid-vapor interface
was investigated at different temperatures using a Pellat-like
test cell filled with HFE-7000 and HFE-7100 dielectric fluids.

The experimental results confirmed first that the DEP force
controls the mean position of the meniscus as it compared quite
favorably with the dielectric height-of-rise model. Moreover,
the visualizations of the meniscus revealed that the DEP force
could become locally so dominant compared to surface tension
force so that the interface could be almost totally flattened when
the electric field is increased.

These visualizations also revealed that the electrical conduc-
tion in the liquid could play a role in affecting, at the second
order, the pressure profile in the liquid bulk. The modifications
of the liquid horizontal pressure by the dissociation of ions have
been determined on the basis of a 1D model of conduction for
the saturation regime as most of our experiments were given by
Cop < 1. We demonstrated that the asymmetry of the profile
could be due to a difference between the mobilities of positive
and negative charges. An additional effect of the free charges
was identified with the emergence of some interface instabil-
ities leading to the formation of micro-jets close to the triple
line. In our experiments, the electric field was mainly parallel
to the interface and this phenomenon did not significantly per-
turb the interface position and its control. However, this may
be an issue to consider for DC voltage and for a different elec-
trodes configuration.

The effect of temperature of the interface behavior was quite
weak and it was given by the temperature dependence of both
the dielectric constant and ions mobilities when the electrical
conduction was significant in the liquid. However, the temper-
ature introduces a major drawback for cooling applications as



the interface control was mainly limited by the temperature de-
pendence of the vapor dielectric strength which is highly sensi-
tive to vapor pressure. As a consequence, a drastic limitation of
the maximum electric field that the fluid can withstand before
breakdown existed at low temperature and, finally, if the oppor-
tunity of using the EHD forces to control a liquid-vapor inter-
face was confirmed, the temperature dependence for the vapor
dielectric strength must be carefully considered in determining
the working fluids which are suitable for EHD enhanced heat
transfer applications.
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Nomenclature

Symbol, definition, SI units

Ionic mobility, m2/(Vs)

Neutral species density, /m?
Inter-electrodes spacing, m
Electron charge, C

Electric field strength, V/m
Force by unit of volume, N/ m?
Gravitational acceleration, m/ s>
Liquid height-of-rise, m
Recombinaison rate coefficient m? /s
Dissociation rate coefficient, 1/s
Pressure, Pa

Ionic density, / m’

Net charge volume density, C/m?
Time, s

Electrical potential, V

Space coordinate, m

X

AXRTRSmS oo T

<SR I

Greek symbols

O]

Permittivity, F/m

Dielectric constant

Surface tension, N/m

Mass density, kg/m?
Electrical conductivity, S /m

™
N

SIS

Subscripts

0 vacuum

eq equilibrium state
/ liquid

sat saturation regime
v vapor

Superscripts

+ positive charge

- negative charge

HV high voltage electrode
G ground electrode

Appendix A. Effect of pure conduction on the pressure in a
liquid dielectric between two infinite parallel
plane electrodes when Cy < 1

Thomson and Thomson [25] proposed a model for pure con-
duction in a dielectric medium in which (i) the processus of
charge creation is only due to dissociation/recombination (ii)
the charge diffusion is not significant compared to ions drift
and (iii) no medium motion takes place. These developments
have been reproduced for Cy > 1 in Atten and Yagoobi [5]. In
the Cyp < 1 case, it was shown that an approximate solution is
given by neglecting the recombination in the bulk entirely. As-
suming a constant dissociation rate and satisfying the boundary
conditions at the the electrodes i.e. n*(0) = 0 (the HV electrode
is located in x = 0) and n~ (D) = 0, it was demonstrated that the
Coulomb body force and thus the horizontal pressure gradient
in the liquid is a linear function of space:

ap 1 1

Kicege
—=(n+—n_)eE=cheqe(—+—) x— 4o

b_

Ox bt b~ b @Aab
where n* is the charge density of positive ions, n~ is the charge
density of negative ions, E is the local field strength, K; the
rate of dissociation, c., is the constant concentration of neu-
tral species, b* and b~ are respectively the charge mobilities of
positive and negative ions.

The horizontal pressure in the liquid is then parabolic and the
maximum pressure difference is established between the wall
and the vertical plane such as the net charge g = (n™ —n")e =
0 (see figure [A.9). Using the previous equation, the position
(from the HV electrode) x = L of this plane is given by:

L=—"_p (A.2)
b+
1+b_-

Integrating the equation [A.]] between x = L and the high
voltage position x, the pressure difference between both
positions is:

— | ——— (A3
b=] (bt +b7) 2 (A-3)
In a similar way, the pressure difference between the grounded
electrode and x = L is:

b* 1 D?
Ap™"Y = p(0) - p(L) = Ky cey e( )

- 2
b ) ! b (A4)

APG =pD)-pl) =Ky Ceqe(b_+ m 5
At equilibrium (when no electric field is applied), we have
Mg = n;'q = n,, and Kyeqceq — K, ngq = 0 in which the
recombination constant is given by Langevin relation K, =
(b* + b7)e/g. Assuming that the rate of dissociation is not
significantly affected by the electric field i.e. Ky ~ K4, We

finally obtained:



close to the HV electrode,

2 52 2 g+
ny M€ D7 b

A ~ — AS
psat & 2 b7 ( )
close to the ground electrode,
n2 6‘2 D2 b-
ApS, ~ L — — A6
S (A.6)

Coulomb body force and pressure profiles deduced from this
analysis are given in Figure[A.9]

Body force Pressure
HV G HV G
-— — A pH Vv
Ap©
0 + 0
qE
L L

Figure A.9: Coulomb body force and pressure profiles in liquid
at saturation regime when the mobility of positive ions is greater

than

those of the negative ions.
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