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ABSTRACT : This paper presents a novel high efficiency micropump/evaporator, based on elec-
trohydrodynamic (EHD) forces, high heat flux electronic sensors. The device incorporates a 
MEMS-based active micro-evaporative surface and temperature sensors into a single package that 
can be directly attached to the heat source. The pump is designed to supply and maintain an ultra-
thin liquid film on a  10 × 15 mm evaporative surface, which was a quartz or sapphire wafer with 
an array of EHD electrodes having gaps varying between 10 and 100 µm. A pumping pressure of 
up to 300 Pa and a cooling capacity of 25 W/cm2 were obtained at electric field strength of 4 V/µm 
using polar 3M’s HFE-7100 as the working fluid. The EHD power consumption in this case was 
only 2.5 mW for the highest heat flux. Electrical field simulations were performed using FemLab-
2D software to understand the effects of electrode geometry on the electric field and on the fluid 
pumping effect.  

1 INTRODUCTION 

The miniaturization of electronic components and the rapid increase in power density of advanced 
microprocessors and electronic components have created a need for improved cooling technologies 
to achieve high heat dissipation rates.  Some of future microprocessors and power-electronic com-
ponents have been projected to dissipate over 1000 W/cm2. The traditional methods of electronic 
cooling such as conduction and natural/forced convection have proved to be insufficient for such 
high heat fluxes. The need for new technologies capable of dissipating high heat fluxes and requir-
ing low input power is of critical importance to many industries. Coupled with these are require-
ments of low volume/weight addition, high portability, high reliability and large-scale fabricability 
of such future cooling devices.  

Among various microfluidic devices, EHD pumping is a promising option, offering the unique 
advantages of no moving parts, low cost and minimal power consumption. The use of electrohy-
drodynamic forces for pumping of fluid at micro-scale has been widely investigated (Bryan et al, 
1992; Wong et al., 1996; Bart et al., 1996; Darabi et al., 2001). Also, evaporation of thin liquid 
films has long been recognized as a means of achieving high heat transfer coefficients.  The de-
vices developed in the present study uniquely combine fluid pumping concept based on polariza-
tion eletrohydrodynamics of dielectric coolants with rapid evaporation of thin liquid films for high 
heat removal rates. The resistance to heat flow during the evaporation process in many circum-
stances is due to conduction and/or convection through the liquid film on the heated surface.  One 
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method to reduce the heat transfer resistance of the film is to control the film thickness. The elec-
tric field offers an alternative means to control the film thickness in thin-film evaporation. 

One of the most critical issues in the electronic industry is the thermal management of electronic 
packaging and maintaining specific temperature uniformity across the chip. The device developed 
in this study presents a promising alternative that will provide a uniform temperature distribution 
and heat removal at high heat flux levels.  These factors directly affect the performance, cost, and 
reliability of electronic devices. 

2 THEORETICAL BACKGROUND 

The mechanism by which liquids rise between a pair of parallel electrodes if subjected to an elec-
tric field can be understood by considering the simple case shown in Figure 1 in which a pair of 
parallel electrodes is dipped into a dielectric liquid (Melcher, 1981). 

 
 
 
 
 
 
 
 
 
 

 
Figure 1. Liquid pumping with a pair of parallel electrodes dipped in a dielectric liquid 

 
If a potential difference V 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 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. A dipole can be represented by a pair of oppositely signed 
charges of (+q) and (–q) separated by a distance r

r
(Fig. 2).  The net force on each dipole can be 

given by:  

Epf
rrr

∇⋅=  (1)  

where rqp
rr

⋅= is the dipole moment.  Melcher [Melcher, 1981] assumed that the dipoles were 
subject to an average or macroscopic electric field.  

 
 
 
 

 

  
 
 
 
 
Figure 2. Dipole moment 
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This assumption ignores the distortion of the electric field at one dipole because of neighboring di-
poles. The total polarization force can be found by averaging these polarization forces over all di-
poles within the dielectric medium. One simple approach would be to multiply the net force on 
each dipole by n, the total number of the dipoles per unit volume. Defining the polarization density 
as pnP

rr
= , the polarization force density can be written as:  

EPF
rrr

∇⋅=  (2)     

Thus the relation between the polarization force and electric field, E
r

 is (Melcher, 1981) :   

EP
rr

)1(0 −= κε   (3)     

where κ is the dielectric constant.  Substituting Equation (3) into Equation (2) and assuming con-
stant permittivity, the polarization force density becomes: 







 ⋅−

ε
∇= EE)1k(

2
F 0
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 (4)     

The polarization force given by Equation (4) does not take into account the interaction between di-
poles.  Moreover, it is an average over a spectrum of dipole moments. Now, generalized equation 
of motion for a viscous incompressible fluid is given by the Navier-Stokes equation as: 

                 VpF
Dt

VD
bmm

rr
r

2∇+∇−= µρρ  (5) 

and             0. =∇V
r

      

where ρm is the fluid density, µ,  the dynamic viscosity, p , the pressure and bF
r

 the generalize body 
force. The first term on the right is due to the body force, the second due to pressure, and the last 
term is due to viscosity or fluid friction. In case of a fluid at rest in an electric field, we can write:  

eFp
r

=∇  (6)     

If p is the pressure in the liquid, the mechanical volume force p∇− , which is set up as a result of 

the pressure gradient, is equal and opposite to eF
r

.        

By a comparison of Equations (4) and (6), we obtain:  
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 (7)     

Equation (7) gives only the net difference in pressure from Level 1 to Level 2 in Figure 1.  It does 
not describe the detailed pressure behavior in the liquid between these two interfaces.  The height 
to which the liquid rises against the gravity between the electrodes may be expressed as:  
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=  (8)     

where ρ is the density of the liquid, and g is the acceleration due to gravity. 
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The force that pushes the liquid up against the gravity is exerted at the lower edges of the plates 
where the field is inhomogeneous and the electric field density varies rapidly.  This mechanism can 
also 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 region of 
higher electric field between the plates, where their potential energy is reduced. In the present de-
vice, the electrodes are planar and there are no capillaries or microchannels. 

3 DESCRIPTION OF DEVICE 

3.1 Electrode Design 

A conceptual design of the device is shown in Figure 3. 
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Figure 3. Schematic of polarization micropump and close-up view under microscope (50×) 
 
The device incorporates an active evaporative cooling surface, a polarization micro-pump, and 
temperature sensors into a single package.  On one side of the substrate wafer an array of ele c-
trodes were created from a 0.25 µm thick Niobium metal layer that wads sputter-deposited, pat-
terned by photolithographic process and finally etches by DRIE process. The electrode geometry 
and dimensions have been selected to allow a wide range of tests conditions. Our two basic designs 
of the electrode array are shown in Figure 3.  In the first design, the gap between the electrodes is 
constant.  In the second case, the gap between the electrodes gradually reduces along the flow di-
rection.  This reduction in spacing means that the electric field increases in strength in the same di-
rection, resulting in increased pumping action as the liquid moves along the electrode length. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. A Schematic diagram of the two electrode patterns – constant & reducing gaps 
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The mask layouts for these designs are drawn with Cadence Software.  Four designs with con-
stant gap electrodes have gaps d = 10, 20, 50, and 100 µm between electrodes.  In the other four 
designs, the gaps between the electrodes gradually reduce along the direction of the flow.  The 
width of the electrodes is w = 10 µm, and the thickness of the electrode is 0.25 µm.  Each electrode 
pattern is 10 mm × 15 mm centered on a 19 mm × 21 mm polished wafer of sapphire or quartz. 

 

3.2  Fabrication and Packaging 

The fabrication sequence uses several processes and begins with wafer pre-metallization cleaning, 
followed by a deposition of a layer of Niobium using an e-beam evaporator.  Pattern transfer is 
achieved by standard photolithography process followed by deep reactive ion etching (DRIE) to 
give the electrode patterns.  The sapphire/quartz wafer is then diced into 19 mm × 21 mm individ-
ual devices. Each device is mounted on a 16 mm × 21 mm enclosure with integrated inlet and out-
let ports for the fluid (Fig. 4(a)), produced by curing photosensitive resin with computer-aided-
manufacturing (CAM) rapid prototyping equipment.   

 
 
 
 
 
 
 
 

 
 (a)                                 (b)                                         (c) 

Figure 4. (a) Photo-cured resin enclosure; (b) A photograph of the actual device without enclosure. The shiny 
region consists of closely spaced electrodes; (c)  Final Packaged device with thermocouples and lead wires 
 
A lead-less ceramic chip carrier (LCC) of dimensions 25 mm × 25 mm × 1mm is used to package 
the device. The device (wafer) is mounted on the flat surface of the chip-carrier using a thin layer 
(0.2 mm) transparent epoxy. Figure 4(b) shows a photograph of the module without the resin en-
closure. The shiny region on the device contains the patterned electrodes. The other face of the chip 
carrier contains an 11.5 mm × 11.5 mm cavity to place the actual silicon chip. To simulate the ac-
tual chip as a heat source, a palladium foil heater of dimensions 5 mm × 5 mm with a resistance of 
10 Ω is mounted into the cavity using a thin film (~ 0.1mm) of pressure sensitive adhesive as back-
ing. After the curing process, two small copper tabs are placed on the edge of the LCC.  The copper 
tabs are then wire bonded to the bond pads/leads on the wafer. External lead wires are soldered to 
these copper tabs. The enclosure covers the electrode surface and is bonded to the substrate (wafer) 
using transparent epoxy. To facilitate the temperature measurement, two small holes were drilled at 
the inlet and outlet ports of the enclosure and tips of two very thin thermocouples were inserted in 
the holes. The holes were then sealed using epoxy glue. The connections to the cooling loop were 
made using vinyl tubing. The final packaged form of the device in Figure 4(c). 
 

3.3  Working Fluid 

The criteria for the selection of test fluids were quite challenging, since a moderate dielectric con-
stant with good heat transfer and electrical properties are required. A new fluids from 3M, tailored 
for electronic cooling purpose, namely HFE-7100, was selected. This fluid has low vapor pressure, 
and hence, do not require a high-pressure closed-loop system. Also, it has a good dielectric con-
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stant, k ~7.4, a relatively low viscosity high thermal conductivity.  The boiling point of HFE-7100 
fluid is 61oC at atmospheric pressure.  Thermo-physical properties of the fluid are listed in Table 1. 

 
Table 1. Thermo -physical properties of HFE-7100 

 
Thermo-physical Property HFE-7100 

Boiling Point  (oC) 61 
Liquid density  (kg / m3 ) 1402 

Liquid kinematic viscosity (cSt ) 0.38 
Liquid specific heat (J / kg / K ) 1253 
Dielectric strength (kV / mm ) 11 

Dielectric constant  7.4 

 

3.4  Cooling Loop Design and Instrumentation 

The cooling loop consists of a tube-in-tube copper condenser of cooling capacity 100 W with a 
needle valve at the inlet of condenser for charging and discharging of the working fluid. The con-
denser is a copper tube-in-tube.  Chilled water flows in the outer tube as the refrigerant vapor con-
denses inside the inner tube. The loop components were mounted on a 15 cm × 20 cm plexi-glass 
plate. Temperatures were measured using thin T-type thermocouples calibrated with a high accu-
racy RTD. Temperatures were measured at the inlet and outlet of the enclosure and also at the top 
and side edges on the foil heater. A standard 1 kV DC power supply with voltage with a resolution 
of 1 V and 1µA was used to provide necessary voltage to the EHD device. The power to heater was 
provided by a separate 30V/0.5A DC source. The power to heater was measured by a 4-wire 
method for better accuracy. A Hewlett-Packard (HP) data acquisition system with associated pe-
ripherals was used to monitor and acquire data for temperatures, voltages and currents. The sche-
matic of the test loop is shown in Figure 5. 
 

 

 
 
 
 

 
 
 
 

 
 

 
Figure 5 Schematic of the test loop 
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4 EXPERIMENTAL  PROCEDURE 

4.1 Pumping Effect Visualization  

Testing and flow visualization using a video camera was performed to determine the rise of liquid 
film on the active surface due to the action of EHD polarization voltage applied to the pump. The 
experimentation was done in open atmosphere by placing the device without enclosure upright on a 
groove in a Teflon block inside a beaker. The beaker was partly filled with HFE-7100 upto a level 
that was approximately 2 mm above the bottom edge of the electrodes. The rise of the liquid film 
pulled up by the pump was determined by enlarging the video frames containing the device and a 
set of calipers. Measurements were performed using three different modules: Module I with 100 
µm electrode gap, Module II with 50 µm gap and Module III with 20 µm. 

 

4.2 Heat Transfer Experimentation 

Experiments to measure heat transfer capabilities of the device is done with the packaged device 
connected to the complete loop as depicted in Figure 5. HFE-7100 is injected into the system 
through the needle valve. The heater is put on and vapors of the fluid are generated. The pressure is 
released after a while so that the vapor of coolant drives out the non-condensable gases (air). This 
process is repeated several times to make sure that there is only negligible amount of air present in 
the system. The needle valve is then closed and experiment is run by increasing the input voltage to 
the heater. At each heat input, the system was allowed a sufficient amount of time to stabilize and 
temperatures of the heater surface, liquid inlet and vapor outlet are recorded. As the heat input was 
increased, the pump voltage was also increased to supply more liquid to the evaporative surface.  

5 RESULTS AND DISCUSSION 

Figure 6 shows the pumping head results of three devices as compared with the theoretical value. 
The pumping curves was repeatable and showed parabolic nature similar to the theoretical curve. 
Visual observation denied any capillary effect. The results clearly indicate that with smaller gaps 
lesser voltages are required to get the same pumping effect. An interesting observation was that the 
device tolerated electric fields at and even beyond macroscopic breakdown potential of air indicat-
ing that behavior at microscopic level is vastly different than that which is observed on large scale. 

Figure 6. EHD Pumping results 
 
Selected heat transfer results are shown in Figure 7. The heat flux was calculated based on 

nominal heater area. The results indicate a maximum heat flux of 25 W/cm2. The chip temperature 
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at this maximum heat flux was 97.5 oC and maximum power consumed by the pump was only 2.5 
mW, which is only 0.01% of the cooling rate in the test device. 
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Figure 7. Heat flux vs. ∆T for a device with a 100 µm (constant gap) 
 

Several exercises were also made with enclosure-less devices placed in a beaker to observe the 
modes of heat transfer. It has been found that at very low heat fluxes, the heat transfer was based 
on convection mode; liquid was seen to be flowing up along the surface partly evaporating and 
partly overflowing from the top end on the electrodes. For higher heat fluxes, it was observed that 
the liquid level at a particular voltage dropped with increase in the heat input. A dry out region ex-
isted above the top liquid film. However increasing the pumping voltage had an effect of pulling up 
of the liquid film and thereby reducing the dry out region. At zero heat input the pumping head 
measured from the height of the liquid film achieved was 180 Pa. However, this pressure head is 
exceeded as we increase the heat input and increase the pumping voltage to reduce the dry out re-
gion. The pressure head thus achieved was calculated not on the basis of height but on the theoreti-
cal equation giving values over 450 Pa. For intermediated to high heat fluxes, the dominant mode 
was still observed to be convective with tiny bubbles appearing at the top edge of the liquid film 
which is also the thinnest part of the film on account of evaporation. These bubbles indicate partial 
boiling at the top edge. 

For very high heat fluxes, beyond 25 W/cm2 the dry out region was large and the liquid film 
showed unstable oscillations. The chip temperature also drastically increased on account of the 
large dry out region. Reasonable increase in pumping voltage failed to restore the fluid film be-
cause of excessive demand of fluid. However it must be noted that this device utilizes minimal ac-
tive heat transfer area which is even less that the area of the LCC. Much higher heat fluxes can be 
achieved with an expanded design of the active area and improved electrode geometry. 

The situation can also be mitigated to a certain extent, by an inclination of the pumping surface 
at a certain angle to the horizontal so that at a given voltage (pumping head) a greater region of 
wetting can be achieved. Such effects of inclination have been observed to lessen chip temperature. 
However, in order to determine detailed effects and optimum angle of inclination a series of ex-
periments at different orientations needs to be performed. Near horizontal orientations will result in 
flooding of the surface by bulk liquid thereby preventing formation of the EHD-induced thin film 
and hence reducing the situation to common pool boiling phenomenon. 

Simulation of electric field for a simplified case of two electrodes is shown in Figure 8. An ex-
planation of the discrepancy between theoretical and observed pumping curves can be explained 
from this simulation. It can be seen that at the sharp corners of the electrodes there exists a steep 
gradient of electric field, whereas there is a moderate gradient of electric field in the central region. 
These two gradients are in opposition. The gradient due to the sharp corner is acting only around 
the corner region, thereby reducing the effect of the central gradient only in this region. The con-
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flict of these two gradients is more acute at higher electric field and smaller gaps, thus explaining 
the deviant behavior of a 20 µm gap device from the theoretical curve. 
 

  
 
Figure 8. Numerical simulation of simplified parallel electrode geometry using FEMLab2D 

6 CONCLUSIONS 

An experimental investigation was conducted to study feasibility of a novel EHD-induced ultra thin 
film evaporation technique that combines with MEMS-based fabrication methods to achieve an ef-
ficient heat rejection unit for the purpose of cooling of high heat flux electronic sensors and chips. 
Several integrated active micro pump/evaporator devices with different electrode geometries have 
been fabricated and tested. Cooling rate of 25 W/cm2 was achieved with a minimal EHD power 
consumption of 2.5 mW. Much higher heat fluxes are achievable through the use of this technique 
with proper design improvements. This work is part of an ongoing effort to develop a self-reliant 
two-phase micro cooling system, including a micro-condenser, a micro pump, and control instru-
mentation, that can be used as a smart thermal control system for cooling single and multiple elec-
tronic components. 
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