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An Electrohydrodynamic Polarization Micropump
for Electronic Cooling
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Abstract—This paper presents the design, fabrication, and
characterization of an innovative microcooling device for mi-
croelectronics applications. The device incorporates an active
evaporative cooling surface, a polarization micropump, and
temperature sensors into a single chip. The micropump pro-
vides the required pumping action to bring the working fluid
to the evaporating surface, allowing the effective heat transfer
coefficient through a thin-film evaporation/boiling process. The
device is based on VLSI microfabrication technology, allowing the
electrohydrodynamic (EHD) electrodes to be integrated directly
onto the cooling surface. Since the EHD electrodes are fabricated
using the same technology as the electronic systems themselves,
the proposed microelectronic cooling system in the form of an
integrated microchip is very suitable for mass production. The
prototype devices demonstrated a maximum cooling capacity of
65 W/cm2 with a corresponding pumping head of 250 Pa. The
results of this investigation will assist in the development of future
microcooling devices capable of operating at high power levels.
[554]

Index Terms—Electrohydrodynamic (EHD), electronic cooling,
MEMS, micropump, polarization.

NOMENCLATURE

Area (m ).
Electric field (V/m).
Force (N/m).
Gravitational acceleration (m/s).
Average heat transfer coefficient (W/mK), height
(m).
Thermal conductivity (W/mK), dielectric constant.
Pressure (N/m).
Heat flux (W/m ).
Distance (m).
Electric resistance .
Temperature (C).
Permittivity (F/m).
Permittivity of vacuum (F/m).
Mass density (kg/m).

Subscripts

Pt Platinum.
Qz Quartz.
sat Saturation.

Total.
Wall.
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I. INTRODUCTION

T HE miniaturization of electronic components and the
rapid increase in power density of advanced micropro-

cessors and electronic components have created a need for
improved cooling technologies to achieve high heat-dissipation
rates. Some of the next-generation microprocessors and elec-
tronic components are projected to dissipate over 1000 W/cm.
These high heat fluxes cannot be easily dissipated using
existing cooling techniques. The need for new technologies
capable of dissipating such high heat fluxes with low input
power is of critical importance to many industries, particularly
for high power density microprocessors and space-based elec-
tronic systems. In this paper, we introduce a new technology
combining thin-film evaporation and electrohydrodynamic
(EHD) polarization pumping for high-efficiency cooling of
integrated microsystems.

Among the various microfluidic devices, EHD pumping is a
promising option, offering the unique advantage of no moving
parts, and thus high reliability. Low cost, very low power con-
sumption, and minimal maintenance are other benefits of the
EHD pumping technique. The use of the electrohydrodynamic
technique for microscale fluid pumping has been investigated by
a number of researchers over the past decade [1]–[7]. In these
previous studies, pump designs were based on either ion-drag
or induction pumping. In ion-drag and induction pumping, the
free charges and dipoles within the liquid are the driving force
to pump the liquid. Thus, the power consumption is rather high,
resulting in a low pumping efficiency. This paper is based on po-
larization pumping and incorporates integrated thin-film evap-
oration/boiling to combine pumping and cooling in a single in-
tegrated device. In a polarization pump, the average polariza-
tion force over all dipoles induces a body force on the dielectric
liquid. Thus, the power required to achieve pumping is very low,
leading to higher pumping efficiencies.

The devices developed in this study incorporate active mi-
croscale heat transfer surfaces, a micropump, and temperature
sensors in a single package that may be directly attached to a
heat source. This design offers several engineering advantages.
The electric field is applied directly to the heat transfer surface
in order to minimize voltage requirements, reduce thermal resis-
tance, and maximize the effective heat transfer coefficient. The
EHD micropump provides the pressure head required to drive
the working fluid through the evaporation loop.

Traditional macroscale EHD pumping mechanisms require
significant voltages in order to reach sufficient electric field
strengths (in the range of 10–20 kV [8]). In contrast, microscale
EHD pump-based cooling has the following advantages.

1) Microscale electrode gaps can allow the system to operate
using the same low dc voltages as the electronics them-
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Fig. 1. A pair of parallel plates dipped into a dielectric liquid.

selves. For example, the voltage requirement is expected
to be less than 15 V for an electrode gap of 5m.

2) EHD polarization micropump employs dc electrical cur-
rents on the order of microamps (in the range of 10–50
V). Therefore, the total power requirement to operate the
device can be negligible.

3) The manufacturing methods are applicable to
high-volume batch fabrication, making this technology
cost effective.

4) The low-voltage dc operation of the EHD micropump will
not create electromagnetic interference with electronic
systems.

II. THEORETICAL BACKGROUND

The mechanism by which liquids rise between a pair of par-
allel electrodes when subjected to an electric field can be under-
stood from the following [9]. Consider the simple case shown
in Fig. 1 in which a pair of parallel electrodes is dipped into a
dielectric liquid. If a potential difference is applied between
the electrodes, the dielectric liquid rises between the electrodes
due to a net electrostatic force acting on dipoles in the liquid.
This force is arises from the local electric field gradient at the
end of the electrode pair. In a polarized medium, each individual
dipole is subjected to an electric force and transmits this force
to the neutral molecules. This is either because the dipoles are
tied to a lattice structure or through a collision mechanism. A
dipole can be represented by a pair of oppositely signed charges
of and separated by a distance. The net force on
each dipole can be given by

(1)

where is the dipole moment. Melcher [9] assumed that
the dipoles were subject to an average or macroscopic electric
field. This assumption ignores the distortion of the electric field
at one dipole because of neighboring dipoles. The total polariza-
tion force can be found by averaging these polarization forces
over all dipoles within the dielectric medium. One simple ap-
proach would be to multiply the net force on each dipole by the

total number of the dipoles per unit volume. Defining the po-
larization density as , the polarization force density can
be written as

(2)

The relation between the polarization force and electric field
can be written as [10]

(3)

Substituting (3) into (2) and assuming constant permittivity, the
polarization force density becomes

(4)

The polarization force given by (4) does not take into account
the interaction between dipoles. Moreover, it is an average over
a spectrum of dipole moments. Ifis the pressure in the liquid,
the mechanical volume force , which is set up as a result of
the pressure gradient, is equal and opposite to. In other words

(5)

By a comparison of (4) and (5), we obtain

(6)

This equation gives only the net difference in pressure from
level 1 to level 2, indicated in Fig. 1. It does not describe the
detailed pressure behavior in the liquid. The height to which the
liquid rises against the gravity between the electrodes may be
expressed as

(7)

where is the density of the liquid and is the acceleration of
gravity.

The force that pushes the liquid up against the gravity is ex-
erted at the lower edges of the plates, where the field is inho-
mogeneous and the electric field density varies rapidly. This
can be explained by the fact that the energy of the dipoles in
a field-free space is higher than their energy in the electric field.
Thus, the dipoles in the field-free region are pulled into the re-
gion of higher electric field between the plates, where the po-
tential energy is minimum. It should be noted that the polariza-
tion forces have been known for quite some time [9]. However,
this study is the first of its kind to use the polarization force to
achieve pumping for high heat flux electronic cooling applica-
tions.

It has been demonstrated that the electrical control of the
interfacial tension at the liquid/solid interface could decrease
the surface tension of an electrolytic fluid, leading to liquid
pumping within a set of closed microchannels or capillaries
[11]. The phenomenon is known as electrowetting. This effect,
however, was not considered here because the pumping mech-
anism described in this paper only works with dielectric fluids.
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Fig. 2. Conceptual illustration of the device (not to scale).

Also, in this case, the electrodes are planer and there are no cap-
illaries or microchannels.

III. D ESCRIPTION OF THEDEVICE

Based on the many advantages of the polarization mi-
cropump, several design concepts were implemented to explore
the potential of such a device. A conceptual illustration of the
device is shown in Fig. 2. Note that this drawing is not to scale.
The experimental system described in this paper measures 5
mm 50 mm. To simulate the heat generated from a chip in
operation, an array of platinum heaters is incorporated onto the
substrate. The dimension of heater array is 5 mm5 mm.

A. Design

This design suffered from problems with the insulating layer
between the electrodes and substrat, connecting the power leads,
and concerns about heat conduction through the substrate. An-
other potential problem was microscopic pin holes in the SiO
layer. Microscopic pinholes in an oxide layer may cause a short
circuit between the electrodes and the substrate.

The second design employed a double-sided polished sap-
phire wafer as a substrate, with the EHD electrodes on one side
and the microheaters on the other side. This design avoids the
issue of oxide breakdown in the SOI design. However, heat con-
duction through the substrate was still a concern. A modifica-
tion of this design led to the third (present) design, which used
a single side polished quartz wafer as a substrate, and housed
both the micro heaters and electrodes on the front side. Table I
compares the relevant properties of the three different substrates
that were considered.

TABLE I
THERMOPHYSICALPROPERTIES OFDIFFERENTSUBSTRATE MATERIALS

The microheaters are formed by serpentine platinum lines
with widths of 50 and 100 m. Each heater array consists of
four or eight microheaters depending on the width of the plat-
inum heater lines. The platinum heater lines are either 50 or
100 m wide, with 10- and 20-m spaces in between the lines.
Each individual heater is approximately 3.1 mm and 6.2 mm
for the 50- and 100-m heater lines, respectively. Fig. 3 shows
the schematic diagram of the device. Note that this drawing is
not to scale.

The electrical resistances of the heaters are about 190 and 720
at room temperature for the 50- and 100-m heater lines, re-

spectively. Current passing through this array of heaters causes
electrical power to be dissipated as thermal energy, simulating
the chip to be cooled. The change in the platinum’s resistance
with temperature allows the surface temperature of the heater
to be determined by measuring the resistance of the heater. In
determining the heater resistance, two factors were considered.
The total resistance should be high enough so that the thermal
resistance in the connections will not cause a significant error in
the temperature measurements. On the other hand, the resistance
must be low enough that common low-voltage power supplies
can be used to power the heaters.
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Fig. 3. Schematic diagram of the device (not to scale).

Fig. 4. Simplified fabrication flow of the electrode.

B. Fabrication

The simplified microfabrication process is shown in Fig. 4.
The fabrication sequence begins with wafer premetallization
cleaning, followed by a deposition of 300A chromium and
2500 A platinum using an e-beam evaporator. Next, the Cr/Pt
film was patterned using ion milling to define the heater and
EHD micropump electrodes, followed by dicing of the quartz
wafer into individual devices. Following microfabrication,

packaging was performed. The devices were mounted on the
backside of ceramic dual in-line pin (DIP) packages using
high-temperature transparent epoxy adhesive. The dimensions
of the ceramic DIP packages were 15 mm60 mm. Once the
device was mounted on the DIP package, electrical connections
were made between the electrodes, the heater array, and the
DIP package. A photograph of a packaged device is shown in
Fig. 5. Since the number of bond pads on each device was on
the order of ten or less, wire bonding was performed between
the bond pads and the root of the DIP pins. Gold wire was used
for the wire bonding. The external wires were also soldered to
the outside of the DIP pins.

C. Calibration of the Heaters

Heating power was supplied to the device by an array of plat-
inum heaters. In this design, the wall temperature was calcu-
lated by measuring the platinum heater resistance. The heaters
were first calibrated, and the relationship between the temper-
ature and the resistance was then established. This was accom-
plished by heating a refrigerated bath/circulator to the desired
calibration temperature and placing the heater in the bath. This
system provided reliable temperature control with a temperature
stability of 0.03 C. First, the bath was allowed to reach steady
state at a set temperature. Once the heater came to an equilib-
rium with the bath, a threshold voltage of 1 V (equivalent to a
power level of 5 mW) was applied to the heater. A precision
power supply was used to supply a stable voltage with a fluctu-
ation on the order of V. Next, the data acquisition system was
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Fig. 5. Photograph of the packaged device.

Fig. 6. Typical results of temperature calibration (device 2).

switched on, and the current and voltage were recorded over a
time span of 30 min, averaged and recorded to a file. The re-
sistance was determined from the measured voltage and current
data. These preceding steps were repeated for the same tem-
perature for other heaters in the array. These procedures were
repeated for other calibration temperatures, and the relationship
between temperature and resistance was obtained. The heater
was calibrated at 12 temperatures, and a linear fit was used to
obtain the relationship between the resistance and temperature
of the heater. Fig. 6 shows a typical calibration result and a linear
fit through the data points.

IV. EXPERIMENTAL APPARATUS

A photograph of the setup is shown in Fig. 7. The setup con-
sists of a glass test chamber, a refrigerated bath/circulator, a test
device, a data acquisition system, and other measurement de-
vices. A brief description of each component follows.

The test chamber consists of two brass flanges, a glass
cylinder, a condenser, a brass rod, and a base plate. The glass

Fig. 7. Photograph of the experimental setup.

cylinder is 150 mm in length with a 19-mm inside diameter and
a wall thickness of 3.4 mm. It was designed to sustain up to
1.725-MPa pressure. Flanges at both the top and the bottom of
the chamber were sealed using O-rings. To fix the test device in
place inside the test chamber, a slot was made in a Teflon rod
and fixed on the bottom flange. The test device can be easily
inserted or removed from this Teflon rod. Three swagelock
connections were made into a brass rod to provide connections
between the electric heater wires, the RTD wires, and the
high-voltage power supply. To seal the wire connections, ten
small holes were made in a 6.35-mm Teflon rod and sealed
by a swagelock connection. Besides providing a primary
support for the chamber, the top flange serves as the base for a
tube-in-tube condenser. The chilled water flows in the annulus
and condenses the refrigerant vapor in the tube side. A pressure
transducer is installed on the top flange to measure the system
pressure. In addition, a valve is also installed on the top flange
for charging and discharging the working fluid. For safety, a
relief valve is mounted on the top flange.

A 300-W NESLAB refrigerated bath/circulator was used to
provide the cooling requirement and to calibrate an array of
microscale heaters. This system provides reliable temperature
control with a temperature stability of0.03 C. The bath tem-
perature can be adjusted from12 C to 130 C. Other fea-
tures include a microprocessor controller, which offers multi-
step programming and remote sensing capabilities and an ad-
justable high-temperature safety cutoff. The amount of mass
flow rate of chilled water circulating in the test section was eval-
uated by a computer, based on the preset chamber pressure. The
output signal was then sent to the stepper motor utilizing an
analog-to-digital card, and the desired adjustment in the chilled
water flow rate was made.

A Hewlett-Packard (HP) data acquisition/switch unit Model
34 970A was used to monitor, control, and acquire data. The
data acquisition system consisted of a personal computer, a data
acquisition/switch unit, an HP 34901A 20-channel multiplexer,
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an HP 34903A 20-channel actuator/general-purpose switch, and
an HP Benchlink data logger software.

A variable HP 6614C System dc power supply with output
ranges 0–100 V and 0–0.5 A was used to provide the elec-
tric power to an array of microscale platinum heaters. This dc
power supply offers high performance with low-output noise
and output current measurement capability in the microampere
range. The 6614C power supply also provides high-speed pro-
gramming with under 4 ms response time.

V. EXPERIMENTAL PROCEDURE

A typical experimental run started by switching on the refrig-
erated bath/circulator. The circulator was then set to the desired
temperature, which was approximately 25C. The bath tem-
perature was monitored, and when it reached steady state, the
EHD voltage was switched on and the positive electrodes were
supplied with a dc voltage of 0–300 V. Next, the heater power
supply was switched on and set at a fixed power. The heater
temperature was monitored and allowed to reach steady state.
The data acquisition was then switched on and data recorded
over a time span of 30 min and recorded to a file for post-
processing. The process was repeated for multiple increments
in heater power, and data recording was continued until partial
dryout occurred at some part of the heater.

VI. DATA REDUCTION

The heat flux was calculated from the voltage and the current
across the heater. To account for substrate conduction, the fol-
lowing methodology was used to determine the magnitude of
the actual heat flux.

One-dimensional heat transfer analysis was performed to find
the heat losses from the backside of the device. Heat conduc-
tion through the electrodes was neglected in this analysis. Fig. 8
shows the different layers of the device, which can be consid-
ered as composite walls and its equivalent thermal circuit. Heat
transfer occurs from the hot surface by conduction through the
walls and by convection from the other surface of the wall to the
vapor at . Since the heater temperature and the satura-
tion temperature are known, the one-dimensional heat transfer
rate for this system can be easily found from

(8)

where is the total thermal resistance and given by

(9)

The average surface temperature was determined from the
heater resistance. The saturation temperature was measured by
two 100- platinum RTDs. One of the RTDs was located in the
pool, and the other one was in the vapor region. The measured
temperature difference between the two RTDs was less than
0.05 C. The accuracy of the RTDs was0.08 C.

The average convection coefficient of the vapor was assumed
to be 10 W/m K. Table II provides the thermal conductivity
and thickness of the different materials. The heat loss through
the substrate was calculated using the above procedure and was

Fig. 8. Different layers of the device and its equivalent thermal circuit.

TABLE II
THERMAL CONDUCTIVITY AND THICKNESS OFDIFFERENTMATERIALS

found to be less than 1% of the total power to the heater. The
heat loss through the substrate was then subtracted from the total
heat transfer rate to obtain the net heat flux to the evaporative
surface.

The average heat transfer coefficientwas found from

(10)

where is the net heat flux and and are the mean wall
and saturation temperatures, respectively.

VII. U NCERTAINTY ANALYSIS

The uncertainties in the heat flux and the average heat transfer
coefficient were determined using the propagation of error sug-
gested by [12] and [13]. The uncertainty in heat flux results from
the uncertainties in total power to the heater and heat losses
through the substrate. The uncertainty in the total power to the
heater arises from uncertainty in measured voltage and current
across the heaters. Since heat losses through the substrate rep-
resent less than 1% of the total heat transfer, there is a relatively
small uncertainty in the net heat flux.

The uncertainty in heater temperature results from the uncer-
tainties in the measurements of current and voltage to obtain
the resistance, temperature-resistance calibration curve, and the
bath temperature. The final uncertainty in heater temperature
was estimated to be0.2 C. The uncertainty in calibrating bath



104 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 10, NO. 1, MARCH 2001

TABLE III
THERMOPHYSICAL AND ELECTRICAL PROPERTIES OFR-134aAT 25

C (REFPROP6.0 [14])

temperature was smaller compared to that of the heater. Uncer-
tainty in the saturation temperature was0.08 C.

Flow visualization using a video camera was performed to
determine the rise of liquid between the electrodes due to the
action of the EHD polarization pump. The height of the device
was calibrated using a pair of calipers. The height to which the
liquid rises between the electrodes was then determined by en-
larging snapshots of the video and comparing it with the cali-
brated device. The uncertainty in the height was estimated to be

0.5 mm.

VIII. R ESULTS AND DISCUSSION

Several microcooling devices are fabricated and tested to
investigate the feasibility of employing EHD pumping/thin-film
evaporation for cooling of high-power electronics. Each device
incorporates an active heat transfer surface, a micropump,
and temperature measurement sensors into a single chip.
Microfabrication technology allows the EHD electrodes to
be integrated directly on the heat transfer surface, facilitating
the manufacturing processes. Also, applying the electric field
directly to the heat transfer surface can provide better control
over liquid film thickness for optimal thin-film evaporation.
The micropump provides the required pumping action to bring
the working fluid to the heat transfer surface.

All the experiments were performed at a saturation tempera-
ture of 25 C to minimize heat losses or gains to or from the sur-
roundings. The working fluid was R-134a. Refrigerant R-134a
is a commercially available hydrofluorocarbon refrigerant with
zero ozone depletion potential. Table III lists the thermophys-
ical and electrical properties of R-134a. The heat flux, heater
temperature, and heat transfer coefficient were averaged over
the heaters. Two different devices with the electrode spacing of
50 and 100 m were fabricated and tested. The specifications of
these devices are shown in Table IV.

Unlike conventional EHD cooling systems, the MEMS-based
EHD system can be operated from the same low dc voltages
as the electronics themselves, eliminating the need for a high-
voltage power supply. In the current design, the polarization
voltage was around 150 V for a 50-m electrode gap. In future
designs, this voltage will be further reduced to that of the con-
ventional electronics by scaling down the devices and reducing
the electrode gap sizes. For example, by reducing the electrode
gap to 3–5 m, the required voltage is expected to be 9–15 V.

TABLE IV
SPECIFICATIONS OF THETESTEDDEVICES

The boundaries between the heat transfer modes were estab-
lished from visual observation of the device using a transparent
glass tube in a series of experiments. The possible heat transfer
modes observed are discussed in the following.

At very low heat fluxes, the heat transfer mode was found
to be in the convection mode with most of the liquid flowing
upward along the plate, overflowing, and returning to the pool
of liquid. This was mainly due to the low heat transfer rate.

As the heat flux was increased, evaporation was observed on
the top portion of the plate. However, convection still domi-
nated. Enhanced convection was assumed to occur due to elec-
troconvection caused by the electric field. Electroconvction is
driven by interaction of an external electric field with an inho-
mogeneous space charge density. When a dc voltage is applied
to the electrodes, pairs of alternating vortices are set in the flow.
With increasing voltage, these vortices become unstable leading
to electrically induced secondary motions and the resulting heat
transfer enhancement.

For intermediate heat fluxes, the heat transfer mode was gov-
erned solely by evaporation and a relatively smooth interface
was observed. As the heat flux was further increased, the boiling
mode of heat transfer was observed in the lower portion of the
evaporating surface. This heat transfer mode seemed to be un-
stable, and oscillation between boiling and evaporation was ob-
served.

At high power levels, the heat transfer was dominated by
boiling, and boiling was observed on almost the entire area of
the heat transfer surface. The flow for these conditions was
highly agitated, resulting in a highly irregular interface. The
liquid supply to the heaters was occasionally cut off by bubbles
generated on the surface.

At very high heat flux levels, boiling was the only mode of
heat transfer, and dryout was observed at a large region of the
surface on the top portion. The dryout occurred when the evapo-
ration rate was higher than the rate of liquid supply by the EHD
pump.

Fig. 9 shows the pumping head results. The results are also
compared with the theoretical calculations in (6), showing that
as the electrode gap decreases, the results approach those of the
analysis, suggesting that further miniaturization may increase
the pumping efficiency. Visual observation of the device showed
that capillary effects did not contribute to the rise of the liquid
between the electrodes. This is believed to be due to the rather
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Fig. 9. EHD pumping results.

Fig. 10. Spatially averaged time-resolved results for device 1.

Fig. 11. Spatially averaged time-resolved results for device 2.

large ratio of the distance between the electrodes to the thickness
of the electrodes, which was greater than 200.

Spatially averaged, time-resolved heat transfer coefficient re-
sults are shown in Figs. 10 and 11. Typically, a moderate in-
crease in the heat transfer coefficient is seen with heat flux, fol-
lowed by a peak and a moderate drop. It is believed that the
peak represents a case when a thin film covers the entire surface
and heat transfer takes place effectively by evaporation. Visual
observation confirmed this postulate. Similar behavior was ob-
served for both devices. Heat-transfer results for the device with

Fig. 12. EHD power-consumption ratio for device 2.

Fig. 13. Spatially averaged time-averaged results.

an electrode spacing of 50m were found to be slightly higher
than those of 100-m electrode spacing. This is perhaps due to
a more uniform film distribution at a smaller electrode gap. A
rather large fluctuation in the heat-transfer coefficient was found
at high heat fluxes. This was due to a partial dryout and rather
vigorous bubble formation and departure at high power levels,
which occasionally cut off the liquid supply to the heaters.

Fig. 12 shows selected EHD power-consumption results. The
EHD power-consumption ratio is defined to quantify the ratio
of electrical power consumption by the electrodes over the total
power input to the device. For the range of the power levels of
interest, the EHD power consumption is less than 0.02% of the
total power input to the device. In general, the current decreases
with heat flux, because as heat flux increases, the amount of
vapor in the system also increases. Since the electrical conduc-
tivity of the vapor is less than liquid, the current decreases as the
vapor fraction increases. However, the sharp drop in the EHD
power consumption ratio is not due to the aforementioned ef-
fect. It is due to the fact the even if the EHD power consump-
tion (numerator) remains constant, since the total power input
to the device (denominator) increases with increasing heat flux,
this ratio decreases as the heat flux increases.

Fig. 13 shows the spatially averaged time-averaged heat
transfer data as a function of heat flux. Results indicate that
the heat transfer coefficient initially increases with heat flux,
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reaches a maximum, and then decreases. At low heat-flux
levels, the heat transfer is mainly governed by electrocon-
vection caused by the electric field. As heat flux increases, a
transition from convection to evaporation occurs, resulting in
a higher heat transfer coefficient. Further increase in heat flux
causes a partial dryout and interruption of the liquid supply to
the heaters, leading to a sharp drop in heat transfer coefficients.

IX. CONCLUSIONS

An experimental investigation was conducted to study the
feasibility of combining microfabrication technology with the
EHD technique for high heat-flux electronic cooling applica-
tions. The results of the experiments successfully validated the
concept and a maximum cooling capacity of 65 W/cmwas
achieved using R-134a as the working fluid. The experimental
results also indicated a pumping head of 250 Pa at an applied
voltage of 150 V.

A unique feature of this novel cooling device is that it inte-
grates an active evaporative surface and an EHD micropump
into a single chip, greatly facilitating the manufacturing process,
increasing the cooling capacity, and improving the thermal
management of future high-power density electronic devices.
Unlike conventional EHD systems, the microfabricated EHD
system can be operated from the same low dc voltages as the
electronics themselves, eliminating the need for a high-voltage
power supply. In the current design, the polarization voltage
was around 150 V for a 50-m electrode gap. This voltage can
be further reduced to that of electronics by scaling down the
devices and reducing the electrode gap to 2–5m.

This micropump has high commercialization potential and
may pave the way for practical utilization of thin-film evap-
oration in many applications. Utilizing thin-film evaporation,
which is one of the most effective means of heat removal, the de-
vice can substantially increase the cooling capacity and lead to
substantial weight/volume reduction in many thermal manage-
ment systems. The results of this investigation will assist in the
development of microcooling devices capable of operating at
higher power levels. This technology also shows great promise
for other micropumping applications due to the low voltages and
high efficiency inherent in the EHD polarization mechanism.
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