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ABSTRACT

When the high DC electric fields are applied to distilled water through needle electrodes, the jet flow with
velocities up to 0.3 ms™ is generated in bulk from the negative to positive electrodes. The flow direction and
velocity can be modified by the design of electrodes and their arrangements. By controlling the flow patterns, new
types of inkjet devices and liquid motor are developed. In inkjet devices, a set of electrodes consisting of short
tube and needle is vertically placed in plastic tube and the distilled water so filled in the reservoir that the
electrodes are completely immersed. The application of high voltages causes the vertical flow to produce a water
column with free surface. The motor consists of vane wheel, cup, two sets of electrodes, and working fluid. For
aqueous solutions of ethanol and glycerin, the angular velocity of motor is measured as a function of viscosity and
conductivity. The high performance of motor is achieved by the solutions with viscosity of 0.85 ~ 1.7 mPa-s and
conductivity of 20 ~ 30 uSm™. The EHD water jets have great potential in application to new fluid devices.
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NOMENCLATURE
D diameter, m Q flow rate, m*s™
E electric field intensity, Vm™ v voltage, V.-
F force, N v angular velocity, s
H height, m n viscosity, Pa-s
I dectric current. A Ne electric consumption efficiency
1 . _3
P power consumption, W P density, kgm .
p pressure, Pa c conductivity, S m™

1. INTRODUCTION

When a dielectric fluid is subjected to a high electric
field, macroscopic motions such as convection,
turbulence, and chaos are induced between electrodes.
The secondary motions of fluid, which are produced
in high electric fields, ae known as
electrohydrodynamic (EHD) effects (Castellanos,
1991; Maekawa et al.,1992; Suzuki, 1985; Worraker
and Richardson, 1981). Recently the application of
EHD flow to mechanical devices has received
increasing attention. Zahn and Reddy (2006) have
analyzed the micromixing process due to EHD

instability for techniques of separation of DNA from
other cellular components. For electronic cooling, the
EHD micropumps have been extensively studied by
Darabi et a. (2001, 2002, 2005, 2006). In the field of
colloid science, the EHD flow of suspensions, which
contain nanoparticles, has been accepted as the key
technology of direct writing of nanoparticles for
nanoprinting and formation nanostructures (Rocks et
al, 2007; Wang et a., 2007). Also, the EHD flow can
be used for formation of fine fibers and this method is
called electrospinning (Skotak and Larsen 2006; Park
et a. 2008). According to the numerical simulation



and EHD experiments in DC fields, the velocity of
the flow has been reported to be of the order of 102
ms? in electric fields of several kvVmm™ (Gosse 1988;
Yasufuku et a. 1979; Haga et a. 1995). In previous
papers, we have found that on the application of high
DC fields to some insulating fluids, a fluid jet with a
velocity of about 1 ms? is generated from the positive
electrode. Because the EHD jet is very useful in
applications to mechanical elements, three kinds of
new fluid devices, that is, dielectric fluid motors
(Otsubo and Edamura 1997; Y okota at a. 20014, b),
electrorheological devices (Otsubo and Edamura
1998, 1999), and inkjet nozzles (Edamura and Otsubo
2004) have been developed by controlling the
velocity and direction of jet. The dielectric fluid
motors consist of vane wheel, cup, wire electrodes,
and working fluid. Several sets of wire electrodes are
arranged around the inner wall of cylinder. The
rotational direction is regulated by the polarity
because the flow is induced in the direction from the
positive to negative electrodes. The electrorheol ogical
effect is defined as a rapid and reversible change in
viscosity of fluids on the application or removal of
electric fields. Subjected to high electric fields in
electrodes with flocked fabrics, the insulating oils can
cause the increase in viscosity. The rapid and large-
scale convection is generated between the tips of
fibers and plate electrode. The interactions between
EHD convection and external shear give rise to the
additional energy dissipation and in turn the increase
in viscosity. The electric fields can cause not only the
body forces in the bulk, but also the extra stresses
across the interfaces. In nonuniform fields generated
by a needle electrode, the continuous evolution of
free surface can take place from the nozzle exit. This
can provide the new basic technology for inkjet
printing systems.

The EHD effects are extensively studied from
theoretical and experimental points. The most
important agreement is that the striking EHD effects
are induced for insulating oils with very low
conductivity (<10® Sm'l). Although the
mechanism of jet flow is not clearly explained, the
velocity and scale of EHD convection are strongly
enhanced in nonuniform field conditions. The liquids
with higher conductivity can be expected to show
EHD effects by modification of geometry and
electrode design. Therefore, the attention is focused
on the water and aqueous solutions. In the present
paper, the feasibility of EHD devices utilizing water
and aqueous solutions as working fluids will be
discussed in relation to the fluid properties.

2. EHD PUMP AND INKJET DEVICE
FOR WATER

The working fluids were three kinds of water. The
running water was underground-water in  Nishi-
Chiba Campus of Chiba University. The ion-
exchanged water and distilled water, which were
obtained by the use of Auto Still WG222 (Yamato

Science Co., Ltd), were also used. Figure 1 shows the
electric conductivity plotted against the field strength.

The temperature was 25°C for al measurements. The

measurements were carried out in a paralel plate
geometry, in which the sample fluids were sandwiched
between the electrodes, made of stainless steel with
smooth surfaces. Because of high conductivity, the
accurate values were not determined for running water
in high €eectric fields. The conductivity of ion-
exchanged water and distilled water slightly decreases
with increasing field intensity.

Figure 2 shows an experimental setup of EHD pump
for measurements of surface elevation of liquid in
electric fields. Two electrodes are placed in silicone
tube. The inside diameter D is 4.0 mm. The upper
electrode is a short tube made of tinned copper. The
inside diameter is 2.4 mm, outside diameter is 4.0 mm,
and length is 80 mm. The lower one is a
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Fig. 1. Field intensity dependence of
conductivity for distilled water (O), ion-
exchanged water (H) , and running water (4

).




Fig. 2. An experimental setup of EHD pump
for measurements of surface elevation of
liquid in electric fields.

copper needle with a diameter of 0.12 mm. The
length of tip, which is exposed to working fluids, is
1.0 mm and other part of lower electrode is covered
with an insulating plastic. The tube and needle
electrodes are arranged at a distance of 3.0 mm. The
working fluids are so filled in the reservoir that the
upper level of tube electrode is completely immersed.
A DC voltage is applied to the tube electrode from a
power supply manufactured by Glassman High
Voltage, Inc. The voltage is in the range of 1.0 to 10
kV. The needle electrode is connected to the ground
(0 V). Since the fluid level in silicone tube was
instantaneously increased on the application of
electric fields, the height was measured as a function
of voltage.

Figure 3 shows the surface elevation H plotted against
the applied voltage for distilled and ion-exchanged
water. The measurements are repeated four times and
error bars indicate the range of obtained data
Because of high conductivity, it was difficult to apply
the voltage beyond 0.20 kV and hence significant
elevation of surface was not observed for
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Fig. 3. Surface elevation plotted against the
applied voltage for distilled( O ) and ion-
exchanged water(H).

Fig. 4. A photograph of inkjet nozzle.
running water. On the other hand, the surface level of
distilled water and ion-exchanged water remarkably
increases with increasing the voltage. From the curve
fitting, the quadratic effect of electric field on the
surface elevation can be seen for the water with low
conductivity. The current of ion-exchanged water was
about 0.6 mA at 7.0 kV. But, once the highest level is
achieved at a fixed voltage within a second, the
surface gradually descends and the current is increased
in several minutes. When the current exceeds 3mA
during the process, the streamer corona was caused by
the insulation destruction and the surface starts to
violently move up and down. As a simplified
approach, the force F induced in a tube can be
estimated by the following equation,

F =p(7D%/4)Hg = (aD?*/4)p (1)

where p is the density of water, D is the diameter of
the tube, H is the surface elevation, g is the
gravitational acceleration, and p is the pressure in
water column. It can be estimated that the induced
force and pressure are about 2.2 x 102 N and 1.7 x 10°
Pa, respectively, at 7.0 kV for ion-exchanged water.
Bologa and Kozhevnikov (2008) have developed the
EHD pumps consisting of plate with holes and wire
electrode and shown the quasi-quadratic dependence
of pressure on the effect of electric field. The induced
pressures are reported to be of the order of 10° Pain
the range of 10~20 kV depending on the electrode
arrangement. Although the working fluid is kerosene
in their study, it must be stressed that the similar EHD
behavior is observed for water in the present work.

Instead of long silicone tube, a short plastic nozzle
with the diameter of 2mm was set just above the tube
electrode. This provides a prototype of inkjet devices.
The application of high voltages causes the vertical
flow to produce a water column with free surface, a
typical picture of which is shown in Fig. 4. The height
of water column and the flow rate were measured at
different voltages. Figure 5 shows the results for ion-
exchanged water. The flow issues when the voltage is
increased above a certain level. Because of difference
in diameters, the backward flows occur in the space
between tube eectrode and of nozzle tip at low
voltages. The gection of water from the nozzle may be



suppressed by the backward vortex flows. Hence
there exists a critical voltage that must be over come
for continuous formation of columnar flow. Beyond
the critical voltage, the plots for flow rate are
approximately correlated by a straight line. Bologa
et a. (2007) have examined the EHD flows of
purified transformer oil in a multielectrode system
and shown the similar tendency, that is, the existence
of critical value and relationship by a straight line for
voltage dependence of flow velocity. The acceleration
of increase in height at high voltages can be easily
expected from Fig. 3.

In EHD pumps and inkjet devices, the electric energy
is directly converted into kinetic energy of the fluid.
To establish the methods of controlling the flow and
optimizing the operating conditions, it is important to
evaluate the performance of devices in terms of
energy conversion. The conversion efficiency is
defined as the ratio of kinetic energy of fluids to the
electric energy introduced into the system. The
former is given by the product of induced pressure
and flow rate, and the latter by the product of applied
voltage and current. Figure 6 shows the energy
conversion efficiency plotted against the applied
voltage. Since the water column from the nozzle tip
disappears at voltages below 4.0 kV, the values
cannot be determined. The energy conversion
efficiency begins to rapidly increase above critical
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Fig. 5. Height of water column(Q) and flow
rate(l) plotted against the applied voltage
for ion-exchanged water.
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Fig. 6. Energy conversion efficiency plotted
against the applied voltage.

voltages and seems to reach the saturation at high
voltages. The attained efficiency is estimated to be
about 0.1% at voltages above 10 kV. The high values
of pressure induced in electric fields and energy
conversion efficiency is attractive in the practical
application of EHD technology.

3. EHD MOTORS AND THE
EFFECTS OF FLUID PROPERTIES

To convert the electricaly induced force to
macroscopic flow in the liquid, a prototype of motor,
which is shown as a schematic picture in Fig. 7, is
designed. The motor consists of wheel with eight
vanes, cup, two sets of electrodes, and working fluid.
The vane wheel and cup are made of polystyrene, and
the electrodes are platinum needles with a diameter of
0.20 mm. The lengths of positive and negative
electrodes which are exposed to working fluid are
3.0 mm and 1.0 mm, respectively, and they are
arranged at a sector angle of 45°. Two sets of
electrodes are symmetrically placed around the inner
wall of cup. The working fluid is filled to completely
immerse the vanes.

On the application of a high DC voltage to the positive
electrodes, the vane wheel begins to rotate
counterclockwise at a constant speed. Figure 8 shows
the relation between the angular velocity and applied
voltage. The working fluid is distilled water. The
velocity slowly increases at low voltages and above
2.0 kV rapidly increases with increasing the voltage.
At 7.0 kV the rotation speed is about 300 rpm and this
value is acceptable in practical use. The current at
7.0kV is 1.2 mA for one set of electrodes and the
energy consumption of motor is about 17 W. The jet
flow from the negative electrodes is effectively
converted to circulation flow along the cylinder wall
which contributes to the rotation of vanes. Supposed



that the EHD flow generated from the electrodes
along the inner wall of cylinder has the same angular
velocity as the rotation of vane wheel, the velocity of

jet is estimated to be 0.3 ms'. One can easily
understand that the fundamental concept shown in
Fig. 7 is very attractive as a new type of liquid
motors, which utilize an EHD jet of water.

Next interest is the relation between motor
performance and fluid properties. To examine the
effects of fluid properties, agueous solutions of
ethanol and glycerin were used as working fluids. The
viscosity and conductivity at 25°C are shownin Table
1. The viscosity was measured by the use of
oscillating plate viscometer (SV-10 manufactured by
A&D Co. Ltd.,). In this instrument, the viscosity is
determined by detecting the driving electric current
necessary to resonate the two sensor plates at constant
frequency of 30 Hz. The conductivity was measured
a different field strengths under the condition of
several mAm™2 The motor shown in Fig. 7 was filled
with working fluids and the angular velocity was
measured at different voltages.
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Fig. 7. A schematic picture of liquid motor:
(C) cup, (E) electrodes, (L) working fluid, and
(V) vane.

Fig. 8. Angular velocity of motor plotted
against the applied voltage for ion-exchanged
water.

Figure 9 shows the results for agueous solutions of
glycerin. For solutions at glycerin concentrationsto 75
wit%, the steady rotation is achieved above some
critical voltages. The angular velocity at a fixed
voltage decreases with increasing the glycerin
concentration. However, the concentrated solutions
beyond 75 wt% do not act as working fluids even at
7.0 kV. At the beginning of electrification, the
instantaneous motion of vane wheel occurs in the
narrow regions, but the motion rapidly declines in a
few seconds. Although the circulation flow of fluidsis
generated near the electrodes, it does not contribute to
the continuous rotation of vane wheel.

Figure 10 shows the angular velocity plotted against
the applied voltage for agueous solutions of ethanol. In
a similar manner to glycerin, the addition of ethanol
causes the reduction of motor speed. But the angular
velocity is not given by a monotonously decreasing



function of concentration. It looks likely that the EHD
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Fig. 9. Angular velocity of motor plotted
against the applied voltage for aqueous
solutions  of  glycerin at  different
concentrations: 0(Q), 25(H), 50(<), 75Wt% (
A)

Table 1 Viscosity and conductivity of solutions

Mixing ratio of solutions
Water Ethanol Glycerin Viscosity Conductivity o
(Wt%) (Wt%) (Wt%) (mPa-s) (mSm™)
100 - - 0.85 37
75 25 - 1.38 32
50 50 - 2.22 30
25 75 - 1.68 20
- 100 - 0.97 3.7
75 - 25 1.58 35
50 - 50 4.49 27
25 - 75 326 12
- - 100 641 0.61
ability to convert the electric energy to kinetic energy decreases with increasing concentration. The fluids
shows aminimum at 50 wt%.
According to previous work in which the EHD 35 —— T
behavior has been examined for twenty-three kinds of 37ms  ©
insulating oils (Otsubo and Edamura 1999), the 30r 0.85mPas 1
factors controlling the motor performance are o
viscosity and conductivity of solutions. For glycerin [ |
solutions, the viscosity increases and conductivity s 20l . |
8 32ms
2 o 1.38mPas
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Fig. 10. Angular velocity of motor plotted
against the applied voltage for aqueous
solutions  of  ethanol at  different
concentrations: 0(Q), 25(H), 50(<), 75wWt%(
A)
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Fig. 11. Angular velocity plotted against the
power consumption: distilled water (O), 25%
aqueous solutions of ethanol (M), 75wt%,
aqueous solutions of ethanol (1) and 25%

aqgueous solutions of glycerin (@).

with low viscosity and high conductivity can provide
high performance of EHD motors. The viscosity of
ethanol solutions increases passes through a
maximum and then decreases with increasing
concentration. Good correlation can be seen between
the motor speed and viscosity, except for pure
ethanol. It is considered that for pure ethanol the low
viscosity does not effectively contribute to high speed
of motor, because of low conductivity. Combining
Fig. 9 and 10, the high performance of motor is
achieved by the solutions with viscosity of 0.85~1.7
mPa:s and conductivity of 20~30 pSm'. For motors
employing these solutions as working fluids, the
angular velocity is shown in Fig. 11 as a function of
power consumption that is given by the product of
applied voltage and current. The plots for each
solution approximately lie on a straight line. This
behavior can be related to the quadratic dependence
of column height on the voltage in inkjet device.
Therefore, the forces induced in EHD process of
water and water-based solutions may be proportional
the square of field strength.

4. CONCLUSIONS

On the application of high DC electric fields to
distilled water through needle electrodes, the jet flow
with velocities up to 0.3 ms? is generated in bulk
from the negative to positive electrodes. By
modification of the electrode shapes and geometrical

arrangements, new types of inkjet devices and liquid
motor are developed. For agueous solutions of ethanol
and glycerin, the angular velocity of motor is
measured as a function of viscosity and conductivity.
The high performance of motor is achieved by the
solutions with viscosity of 0.85~1.7 mPas and
conductivity of 20~30 uSm®. The EHD water jets
have great potentia in development of new fluid
devices.
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