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A Novel Valveless Micropump With
Electrohydrodynamic Enhancement for High
Heat Flux Cooling
Vishal Singhal and Suresh V. Garimella

Abstract—Integrated microchannel cooling systems, with micropumps integrated into microchannels, are an attractive alternative to stand-alone micropumps for liquid-cooled microchannel
heat sinks. A new micropump design capable of integration into
microchannels and especially suited for electronics cooling is presented. It combines induction electrohydrodynamics (EHD) with
a valveless nozzle-diffuser micropump actuated using a vibrating
diaphragm. A comprehensive numerical model of the micropump
has been developed to study the combined effect of EHD and
valveless micropumping. The numerical model has been validated
using theoretical and experimental results from the literature. The
flow rate achievable from the new micropump is presented and the
effect of several key parameters on the micropump performance
investigated.
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Index Terms—Electronics cooling, induction electrohydrodynamics (EHD), microchannels, micropumps, nozzle-diffuser
action, valveless pumping.
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Subscripts and Superscripts
Initial.
Average.
Center of pumping chamber.
Electrode.
Electric.
Inlet-outlet.
Nozzle-diffuser.
Electric potential.
Vibrating diaphragm.
-direction.
Greek Symbols
Permittivity of the fluid.
Angle.
Wavelength of the potential wave.
Electrical mobility of the fluid.
Viscosity of the fluid.
Density of the fluid.
Electrical conductivity of the fluid.
Difference in electrical conductivity.
Charge relaxation time.
Potential.
Frequency.
I. INTRODUCTION

A

CTIVE liquid cooling with microchannels is an attractive
solution for dissipating the ever-increasing heat loads
from microprocessors and other electronic devices [1]. The
pump used to force liquids through microchannels must be
small, quiet, low-cost, and reliable. For mobile applications,
weight and power consumption of the pump are also issues of
concern. Although several micropumps have been designed
specifically for electronics cooling applications [2]–[4], none of
them meet all the criteria mentioned above. A comprehensive
review of these micropumps is provided in [5].
The work presented here is part of a larger research program
to develop a low-cost integrated microchannel cooling system.
A micropump integrated into microchannels eliminates the need
for the extra space and weight of a separate micropump. Equally
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Fig. 2. Flow rectification in a valveless micropump. (a) Expansion mode.
(b) Contraction mode. Thicker arrows imply higher volume flow rates.

Fig. 1.

(a) Top view and (b) side view of new micropump design.

importantly, its fabrication can be integrated with that of the
microchannels, thus, decreasing the overall cost of the cooling
system. The design of a micropump suitable for integration into
microchannels is the focus of the this paper.
The design and working principle of the new micropump are
first described. This is followed by a discussion of the two underlying technologies [valveless pumping and induction electrohydrodynamics (EHD)], including a review of the literature and
theoretical analysis for each. The numerical modeling approach
used to predict the performance of the pump is then presented,
along with validation results. Results from the model are then
presented and discussed to illustrate the working and advantages
of the pump.
II. WORKING PRINCIPLE OF THE MICROPUMP
The new micropump integrates two existing pumping technologies. It consists of a valveless nozzle-diffuser pump with
a series of thin, closely spaced parallel electrodes deposited
in the nozzle-diffuser elements, as schematically shown in
Fig. 1. The two nozzle-diffuser elements are connected through
a pumping chamber. A (piezoelectrically actuated) diaphragm
drives the fluid in the pumping chamber. Electrodes deposited
in the nozzle-diffuser elements are connected to a single-phase
or polyphase power supply, which, together with the diaphragm
operation, drives the flow.
Actuating the diaphragm causes a continual periodic increase
and decrease in the volume of the pumping chamber (Fig. 2).
When the volume of the pumping chamber increases, the pressure in the chamber decreases and more fluid enters through the
nozzle-diffuser element on the right (inlet) relative to that on the
left (outlet). This is because the element on the right acts as a
diffuser, which poses less flow resistance than the nozzle on the
left. Conversely, when the volume of the pumping chamber decreases, more fluid exits through the element on the left, which
now acts as a diffuser. This results in a net pumping action from
right to left in Fig. 2, as the diaphragm vibrates up and down.
Actuating the electrodes leads to further pumping action due
to induction of charges and the resultant Coulomb forces generated in the fluid. When the microelectronic component being
cooled is operational, the fluid present in the microchannel

experiences a temperature gradient across the height of the
channel. This temperature gradient in turn causes a gradient
in the electrical conductivity of the fluid. When an alternating
voltage is applied to the electrodes, a traveling electric field
propagates through the working fluid in the nozzle-diffuser
elements. The traveling field results in an induction of charges
in bulk of the fluid. These charges are displaced due to charge
relaxation and, hence, interact with the traveling wave, which
leads to the application of Coulomb forces on the charges.
These moving charges carry bulk fluid with them due to viscous effects, and this leads to a pumping action. This process is
generally known as EHD, a more detailed explanation of which
is provided in Section IV.
The combined operation of the vibrating diaphragm and induction EHD can lead to significantly higher flow rates relative
to their operation independent of each other. This is the central
idea of the new micropump presented in this work.
III. VALVELESS NOZZLE-DIFFUSER MICROPUMP
Several different designs of valveless micropumps employing
fixed valves have been proposed in the literature [6]–[8]. The
key enabling feature of these pumps is the flow rectification
caused by the differing flow and pressure drop characteristics of
fixed valves for flow in opposite directions. Nozzle-diffuser elements (either spatial [6], [7] or planar [9]) are the most widely
used type of fixed valves in micropumps, which may be actuated by piezoelectric [6], [7], electromagnetic [9], or thermopneumatic [10] means. Pumps with two diaphragms operating in
opposite phases have also been considered [11], [12]. Several efforts have been made to optimize the nozzle-diffuser elements
to increase the flow rate of such pumps [13], [14]. A detailed
review of valveless nozzle-diffuser micropumps is available in
[5].
Nozzle-diffuser micropumps can achieve higher flow rates
than many other micropumps [5]. Olsson et al. [12] reported
a flow rate of 3.5 ml/min for a nozzle-diffuser micropump of dimensions 15 17 1.4 mm. Flow rates that are higher by several
orders of magnitude are possible in spite of the imperfect flow
rectification properties of such valves, since these micropumps
can be operated at much higher frequencies ( 10 kHz) than
those with passive check valves (a few hundred hertz). Moreover, when excited to the resonance frequency of the system,
the efficiency (flow rate for a given power input) achievable with
such pumps can be large.
The ability of a valveless micropump to direct flow in a preferential direction can be expressed in terms of flow rectification
, where
and
efficiency , as
are the volumes of fluid moving through a nozzle-diffuser
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Fig. 3. Graphical representation of induced charges due to (a) attraction-type and (b) repulsion-type induction EHD. The different shading of electrodes represents
the value of potential, while the number of charges corresponds to the value of charge density.

element in the diffuser and the nozzle directions, respectively,
0, there is no rectificaduring one pumping cycle. When
1 implies perfect rectification. For
tion (no net flow) while
a given design of the actuation unit, the pump flow rate will depend on . Typical values of in the range of 0.01–0.05 have
been reported for such pumps [13].
The motion of the vibrating diaphragm in a pump gives rise
to a pressure gradient between the pumping chamber and the
inlet/outlet chambers. When the diaphragm moves outwards, the
volume of the pumping chamber increases and its pressure decreases, and conversely. Both the amplitude and frequency of
diaphragm vibration determine this change in pressure. While
the fluid–diaphragm interaction can also affect pressure, this effect is neglected in the present analysis.
The diaphragm vibration was modeled using the mode shape
for the first mode of vibration of a circular plate with a simply
supported edge. It is given by
(1)
In the above equation,
2.231 for the first mode of vibrarepresents the orthogonal displacement of the dition, and
aphragm at a distance from the center of the plate at time .
The velocity of the plate is obtained by differentiating (1) with
respect to time
(2)
The action of the vibrating diaphragm was included in the numerical model solely by specifying its motion, i.e., its position
and velocity at different radial distances with time, according to
(1) and (2), respectively.

IV. INDUCTION EHD
EHD refers to the mutual effects of fluid motion, charges in
the fluid, and the electric field on one another. Pumping of fluids
using EHD has long been investigated in the literature [15], [16].
EHD pumps directly convert electrical energy into fluid motion. Most EHD pumps use an electric field to pull along ions
because of Coulomb forces, which in turn drag the bulk fluid
by momentum transfer due to fluid viscosity. Therefore, EHD
pumping requires: 1) the presence of free charges in the fluid
and 2) an electric field to move these charges.
In most EHD pumps, charges (ions, or electrons which combine with neutral molecules to form ions) are either injected into
the fluid [17]–[19] or regions of high charge density are created
due to the presence of charges on the surface [20], [21]. The
pumps based on these two phenomena are called injection EHD
(or ion-drag) pumps and electro-osmotic pumps, respectively.
Charges can also be induced into a fluid [22], [23] (induction EHD), by a dissociation of neutral molecules into positively
and negatively charged ions [24], [25]. The net charge, averaged
over the entire fluid, is zero in this case, whereas it is nonzero
for both injection EHD and electro-osmotic pumping. Induction
of charges can only be caused in a fluid with a spatial variation—either a continuous gradient or sudden jumps—in electrical conductivity or permittivity. Significant gradients in electrical conductivity can be obtained in several dielectric and some
polar liquids by anisotropic heating or cooling of these liquids
[23], as their electrical conductivity is a function of temperature.
Jumps in electrical permittivity and electrical conductivity can
be obtained through the use of layers of nonmixing fluids [22]
or suspended particles or bubbles [26] in the fluid.
Induction of charges also requires a traveling potential wave,
moving perpendicular to the direction of variation in electrical
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conductivity or permittivity. The traveling electric field is commonly generated by a series of parallel electrodes connected to
a single-phase or polyphase power supply.
Induction EHD in flow between parallel plates is illustrated in
Fig. 3(a), with the lower plate heated and the upper plate cooled.
The potential field is applied using electrodes located along the
length of the upper plate. If the fluid electrical conductivity is
dependent on temperature, a conductivity gradient would be
established in the distance between the plates, with the fluid
close to the lower plate having the highest conductivity corresponding to the highest temperature. A traveling electrical wave
along the length of the upper plate would cause a dissociation
of molecules in the region of high conductivity and high electric field. The electrical conductivity is lowest close to the upper
plate, while the electric field decreases with distance away from
it. Hence, the free charges are created slightly away from the
upper plate, where both electrical conductivity and electric field
are relatively high. Positive and negative charges thus created
are attracted toward the electrodes of opposite polarity along the
top surface and tend to move toward these electrodes. However,
this movement becomes progressively slower because the electrical conductivity is smaller close to the cold wall [25]. This
leads to the formation of alternating bands of positive and negative ions in the fluid. These charges react to the movement of
the potential field by being attracted to the closest electrode, and
hence, move in the same direction as the potential wave but lag
behind the traveling wave in phase. This mode is often referred
to as attraction-type induction EHD pumping. In such pumps,
the maximum velocity of the fluid cannot exceed the speed of
. This is known
the potential wave, which is given by
as the synchronous speed of the pump.
If, on the other hand, the electrodes are located along the
lower plate, the dissociation of neutral molecules into positive
and negative charges takes place very close to this plate as both
electrical conductivity and electric field are highest close to this
plate, as shown in Fig. 3(b). In this case, like charges are repelled
by the electrodes away from the plate, while unlike charges collect on the electrodes [25]. As the potential wave travels, the
charges are repelled by the nearest electrode, which leads to
their motion in the direction opposite to that of the potential
wave. This is known as repulsion-type induction EHD pumping.
There is no limiting speed in this mode of operation.
In the case of a pump with layers of nonmixing fluids or the
presence of bubbles in the liquid, the induced charges relax
to the boundary between homogeneous components. These
charges move either in the same or in the opposite direction as
the potential wave depending on the relative conductivity of
the fluid closer to electrodes (opposite direction if higher, same
direction if lower). If there are no conductivity or permittivity
gradients in the bulk of the fluid, there would not be any free
charges in the bulk.
The charges in an induction EHD pump tend to neutralize
in a time period of the order of the charge relaxation time ,
. Additional charges are induced (created) to make
up for loss of these charges. Since the charge relaxation time
is of the order of milliseconds or even smaller for most liquids,
the life of induced charges is generally much smaller than the
time required for charges to move from one electrode to next.
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However, in cases where the charge relaxation time is relatively
large, such as for insulating oils, and when the electrode spacing
is small, charge clouds can move from one electrode to another
before being neutralized. Irrespective of the charge relaxation
time, charges are continually induced and neutralized in the
same charge cloud.
Early work on macroscale induction-type EHD pumps was
based both on abrupt jumps [22] and on smooth gradients in
electrical conductivity of fluids [23]. A theoretical model based
on the charge density approach was used to predict the pump
performance. Gerdt et al. [27] investigated the use of induction EHD to pump cooling oil in underground electric power
cables, for which a numerical model was presented in [28]. Theoretical and experimental studies on a vertical induction EHD
pump were reported in [25], [29]. The model presented in [25]
was used to study the pumping potential of an induction EHD
pump in space [30]. The optimal frequency for maximizing the
flow rate was calculated analytically in [31]; the results agreed
with the experiments reported in [29]. The effect of charge relaxation time, fluid conductivity, and fluid layer thicknesses on efficiency of attraction-type EHD induction pumps based on electrical conductivity jump at the interface of two fluid layers was
reported in [32].
Microscale induction EHD pumps have also been investigated for different applications [33]–[37]. The performance of
various fluids, with and without antistatic dopants, in induction
EHD has been considered [38]. Heat transfer enhancement obtained through induction EHD pumping, especially that caused
by a temperature gradient due to heated/cooled walls, has also
received attention [39]–[41]. The pumping action due to induction of charges at the interface between a liquid and a gas has
also been investigated [26], [42], [43].
A. Theoretical Analysis
Governing equations developed for EHD are briefly discussed here under the assumption that moving electric charges
cause negligible magnetic induction, and are discussed in
greater detail in [44].
The electric field V/m , can be related to potential V ,
using
(3)
The free charge density

C/m , in the fluid is given by
(4)

where
C/m is the displacement vector, which for most
liquids and gases is given by
(5)
The current density , is given by
(6)
The four terms on the right-hand side of (6) represent, in order,
currents due to conduction, ionic mobility, convection, and diffusion of charges; detailed explanations are available in [44],
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[45]. Equations (3)–(5) can be combined into Poisson’s equation, which relates the electric potential to the charge density as
(7)
Since charge density in the fluid is not known a priori, this
equation cannot be solved independently. However, if the charge
density in the fluid is too small to affect the potential field significantly and the permittivity is constant, (7) reduces to the
0, which can be solved if appropriate
Laplace equation,
boundary conditions are supplied.
The current density is related to the free charge density as

potential field and a gradient in electric conductivity or permittivity exist, there would be a nonzero term on the right-hand
side in (13), which would necessitate a nonzero charge density in the fluid at all times. Assuming that the right-hand side
of (12) does not vary significantly with time, its solution can
, where
be written as
. Here, a component of charge
would not decay
density given by
with time, as long as the potential gradient and conductivity or
permittivity variation are present. Also, even in the absence of
initial free charges in the fluid, charge induction would occur,
which would cause dissociation of neutral molecules into positive and negative ions to satisfy (12).

(8)
V. NUMERICAL MODELING OF MICROPUMP
The unsteady charge transport equation can be written by combining (6) and (8) as
(9)
All the variable vectors and scalars in (3)–(9) are functions
of , , , and . In addition, is a function of the electric
field and charge density in the fluid. Assuming that local and
temporal variation of and are known, there are six variables
in this set of equations: , , , , , . This set of equations
can be solved along with the Navier–Stokes equations below
[modified to include an extra term because of Coulomb forces
(11)] to determine the potential and charge distribution and the
flow field
Continuity:
(10)
Navier–Stokes:
(11)
Under the assumptions of negligible charge transport due to
diffusion (true for most liquids) and that due to convection and
ion mobility, (7) and (9) reduce to
(12)
If there is no spatial gradient of potential and no spatial variation
in electrical conductivity or permittivity, (12) reduces further to
(13)
The solution of this equation is
, where is
the initial charge density. Therefore, any charge present in the
fluid would decay in a time of the order of the charge relax. If, on the other hand, a spatial variation of the
ation time

The commercially available computational fluid dynamics
software package, FIDAP [46], was adapted for use in the
numerical modeling. This package uses finite elements for
the discretization of differential equations. A built-in EHD
module was used for modeling induction EHD. This was
accomplished by introducing additional species equations to
solve for the voltage and charge density distributions. The
vibrating diaphragm was modeled by specifying its position
and speed as a function of time. The effect of fluid-structure
interaction on the diaphragm motion was neglected. Remeshing
due to motion of the free-surface was handled using a “spines”
approach: the free-surface nodes and a specified number of
nodes in a line below this node move along fixed specified
curves, called spines. User-defined subroutines were used
for applying boundary conditions for modeling EHD and the
vibrating diaphragm.
The pump geometry modeled is shown in Fig. 4. Since the
geometry of the pump is symmetrical, only a half of the pump
was modeled. The top view of half of a stand-alone pump (not
integrated into microchannels) is shown in Fig. 4(a). The axis of
symmetry is shown with a dotted line. An isometric view of the
pump, with side walls shaded, is shown in Fig. 4(b). The electrodes which lie along the bottom and sidewalls of the nozzlediffuser elements are not shown. The geometry of the pump, as
shown in Fig. 4 with a uniform depth of (not shown in the
figure), was constructed using GAMBIT [47]. The nozzle-diffuser elements were meshed with a uniform mesh along their
length, while a graded mesh was used in the other directions.
This was necessary because the electrodes are modeled dynamically with a user subroutine. Uniform meshing ensures that each
electrode is represented by an equal number of finite elements
since all electrodes have the same width. A mesh with eight elements along the width of the nozzle-diffuser elements and 25
along their length is shown on the bottom surface of the pump in
Fig. 4(b). Here, each electrode is represented by one element in
the mesh. In finer meshes used for mesh-independence studies,
each electrode was represented by up to four elements.
A. Vibrating Diaphragm Model Validation
The numerical model for the vibrating diaphragm was validated by simulating the nozzle-diffuser micropump of Kim and
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Fig. 4. Geometry of the micropump considered: (a) top view of the geometry modeled and (b) isometric view of the pump with mesh shown at the bottom surface.

Xu [48]. The pump consisted of a pumping chamber of diameter 6 mm. The nozzle-diffuser elements were 2.32 mm long
and 45 m wide at the neck. The half-angle of the nozzle-diffuser elements was 4.9 . The depth of the pump was 120 m.
The pump, fabricated using laser micromachining, was electromagnetically actuated. The experiments were performed with
deionized water as the working fluid and results were reported
in terms of maximum flow rate (obtained at zero pressure head).
Results from a numerical model of the pump using the commercial computational fluid dynamics software, FLUENT [49],
were also reported in [48]. The diaphragm was assumed to move
in a sinusoidal fashion and its motion was simulated using
(14)
Although the pump included inlet and outlet chambers, these
were not included in the model in [48]. Their experimental and
numerical results for average flow rate, at a diaphragm amplitude of 6 m and frequency 1 Hz, are shown in Table I. The
numerical predictions in [48] for flow rate were approximately
three times higher than the experimental values. Kim and Xu
attributed this difference to: 1) back pressure from the inlet
and outlet chambers, 2) surface roughness arising from laser
micro machining, and 3) bubbles trapped in the pump due to
cavitation.

TABLE I
COMPARISON OF PREDICTED FLOW RATES FROM PRESENT MODEL
NUMERICAL AND EXPERIMENTAL RESULTS FROM [48]

TO

The pump geometry in [48] was simulated using the present
model. Two alternative representations were studied, one
without and the other with the inlet and outlet chamfbers
included. The first case corresponds to the numerical model of
[48], while the second more closely simulates the experimental
situation. The average flow rates obtained from the present
simulations are also listed in Table I. With the inlet and outlet
chambers not included, the present results match the numerical
results for average flow rate in [48]. However, with these chambers included in the model, the average flow rate obtained with
the present model was much smaller, agreeing more closely
with the experimental measurements.
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Fig. 5. (a) Geometry modeled for charge induction model validation. (b) Comparison of velocity profile obtained from the present numerical model to that from
the analysis in [23] (y is the distance from the plate at the lower temperature).

B. EHD Model Validation
The EHD model in the present work was validated in two
steps: in the first, only the transport of electric charge was
considered (as reported in [44]), while in the second validation
presented here, both induction and transport of charges are
included.
Charge induction is modeled for fully developed flow in
the parallel plates geometry shown in Fig. 5(a). The plates are
maintained at different constant temperatures, causing an almost
linear temperature distribution in the fluid region between the
plates, which is assumed to result in a linear electrical conductivity gradient. The plate at the lower temperature is maintained
at zero potential while a traveling sinusoidal potential wave is
applied to the one at the higher temperature. Because of the electrical conductivity gradient, the traveling electric wave causes
induction of charges in the bulk fluid. Coulomb forces on these
charges due to the electric field lead to motion of the bulk fluid.
An analytical solution for this problem [23] is used as the basis
for validation of the present numerical analysis.

The analytical solution in [23] involves additional assumptions than those already discussed. The permittivity of the fluid
is assumed to be a constant. Only the contribution of charge
conduction to the current density (electrical conductivity of the
fluid) was considered in the analysis; contributions from charge
mobility and charge convection were neglected. This is a fairly
good assumption for flows with small Re Re
.
is the Electric Reynolds number. It is the ratio
Re
to the time
of the free charge relaxation time of the fluid
which characterizes system dynamics
, and also reflects
the efficiency of energy conversion. Even though the flow is
transient, it was assumed to be quasi-static and a time-averaged
analysis was performed. The variation of electric potential
at any depth with distance along the length of the pump and
time was assumed to be the same as that of the potential wave
applied at the wall held at the higher temperature, i.e., the and
dependence of the potential wave at all had the same form
as the applied potential. A few other assumptions, regarding
the electrical conductivity gradient, were made to simplify the
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partial differential equations to achieve the following analytical
solution:
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DIMENSIONS

AND

TABLE II
PUMP PARAMETERS OF
DESIGNS CONSIDERED

THE

THREE PUMP

In (15)

and

Here,
is the nondimensional distance from the plate
at the lower temperature, is the absolute distance between the
,
,
,
plates,
. In the expressions for and
and
TABLE III
PROPERTIES OF THE WORKING FLUID (WATER DOPED WITH KCl)

Here,
is wave number,
is the ratio of
the electrical conductivity difference between top and bottom
plates to the average electrical conductivity of the fluid between
is a nondimensional parameter
the plates, and
which can be thought of as a different electric Reynolds number
for traveling wave-type EHD, where the characteristic time
represents wave dynamics, instead of system dynamics (period
). This number has special sigof the potential wave is
nificance because the bulk fluid velocity with induction-EHD
1, i.e., when
.
reaches a maximum when
A pump with the following parameters was simulated using
5 mm,
the present model: distance between parallel plates
1 Ns/m , permittivity
1.0 10 F/m,
fluid viscosity
and electrical conductivity variation from 0.995 10 S/m to
0.01 . The voltage amplitude, fre1.005 10 S/m
quency and wavelength of the potential wave were
10 kV,
1 Hz, and
0.625 m, respectively. Hence, the electrical
0.05. The characterReynolds number, Re
istic velocity is the average velocity in the channel and characteristic length is the wavelength of the potential wave. This
is similar to the cases described in [23], [27], [28] in terms of
both pump dimensions and fluid properties.
Results for time-averaged fluid velocity in the channel, obtained from the analytical solution of [23] and from the present
numerical model, are compared in Fig. 5(b). The flow caused
is in a direction opposite to that of the potential wave because
the electric potential is higher in the fluid of higher conductivity.
The analytical and numerical results match closely.
Melcher and Firebaugh [23] used the electric shear stress approach, instead of the force density approach, to calculate the
flow profile due to induction EHD. Use of the electric shear

stress approach enabled them to neglect the time and space-variation in induced charge density and to assume the flow to be
quasi-static. Hence, the resultant Navier–Stokes equations were
time-independent and one-dimensional, making them amenable
to analytical solution. Seyed-Yagoobi et al. [25] followed a similar approach but considered developing flow as well. In the
present work, the force density approach has been used for the
first time to successfully model induction EHD. The model can
predict the induced charge density as a function of both space
and time. The present model also predicts flow transients due to
induction EHD, which has not been accounted for in any previous model. Moreover, the effect of different voltage profiles,
as well as of the presence of separate electrodes, can be considered in the present model. These capabilities of the model are
demonstrated in [44].
VI. RESULTS AND DISCUSSION
The model domain shown in Fig. 3 is considered in the analysis, with pump dimensions as given in Table II. Water, doped
with potassium chloride to increase its electrical conductivity
gradient with temperature, was used as the working fluid, with
properties as listed in Table III. The electrical properties are
obtained from [35], while the thermomechanical properties are
those of pure water evaluated at the average fluid temperature
of 50 C [50]. A temperature difference of 5 C is assumed between the top and bottom walls of the pump, with the bottom
wall being at the higher temperature. The electrical conductivity
varies linearly with temperature [35]. The operation of the new
micropump proposed here is studied for three different cases
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Fig. 6. Flow rate at zero back pressure from EHD only for Case 1 obtained from (a) all three meshes and (b) for Mesh 1 and Mesh 2 over a longer time period.

consisting of two different vibrating diaphragm diameters (1
and 2 mm) and two different electrode widths (10 and 5 m
each); the width of the electrodes is the same as their spacing. A
six-phase power supply with phases being 60 apart from each
other was considered. Every sixth electrode was connected to
a given phase of this power supply. The frequency of the potential wave was 122 kHz, which is the optimal frequency for
achieving maximum flow rate due to EHD alone for the present
fluid [23], [31]. Values of other parameters of the pump are given
in Table II.
A. Mesh-Independence
The flow rate at zero back pressure achieved from EHD ac1 mm and
tion only for the pump with
10 m is plotted in Fig. 6(a) for three different meshes, with re-

sults for larger times shown in Fig. 6(b). The flow rate is plotted
0 corresponds to a staas a function of time, where time
tionary state with zero fluid velocity, no electric field, and no
free charges anywhere in the fluid. The electric potential is ap0, which leads to induction of charges and bulk fluid
plied at
motion.
Mesh 1, shown in Fig. 4(b), has eight elements along the
width of the nozzle-diffuser elements, 25 elements along their
length, 28 elements along the width of the inlet and outlet chambers, 18 elements along their length, 21 elements at the widest
point of the pumping chamber, and 60 along its length. There are
eight elements along the pump height. Mesh 2 is approximately
eight 2 2 2 times finer than Mesh 1, i.e., it has twice the
number of elements as Mesh 1 in each direction. Mesh 3 is similarly 8 2 2 2 times finer than Mesh 2. There are a total of
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Net flow rate at zero back pressure for Case 1 from (a) action of vibrating diaphragm only and (b) combined action of vibrating diaphragm and EHD.

30 520 elements in Mesh 1, 167 138 in Mesh 2, and 947 584 in
Mesh 3.
Because of the finer grids in Meshes 2 and 3 and the associated computational expense, the simulations using these meshes
were performed for a smaller number of time steps than for
Mesh 1, and the results from the three meshes compared. The
trends of variation in the difference between the results obtained
using these meshes were used to estimate the mesh-independence of steady-state results.
The flow rate obtained from Mesh 1 is 71% higher than that
obtained from Mesh 2 at the largest time considered in Fig. 6(a)
1.60 10 s , while that from Mesh 2 is 8.5% higher than
that from Mesh 3. At the larger times considered in Fig. 6(b),
the difference in flow rate between Mesh 1 and Mesh 2 drops
1.13 10 s . Since
to 22% at the largest time shown

the error in using the coarser meshes reduces as steady state
is approached, it is expected that the flow rates at steady state
obtained from Mesh 1 would deviate from mesh-independent
results by no greater than 20%.
The net flow rate at zero back pressure obtained from the
vibrating diaphragm acting alone (with no EHD) for Mesh 1
is plotted in Fig. 7(a). Almost no difference was found in the
results obtained from Mesh 1 and Mesh 2 (and the latter are
not shown). Similarly, the net flow rate at zero back pressure
obtained from the combined action of both the vibrating diaphragm and EHD using Mesh 1 and Mesh 2 is compared in
Fig. 7(b). These results are within 22% for the largest time
considered.
mm,
10 m): The flow
Case 1 (
rate obtained from EHD action only using Mesh 1 is plotted

226

IEEE TRANSACTIONS ON ADVANCED PACKAGING, VOL. 28, NO. 2, MAY 2005

Fig. 8. Flow rate at zero backpressure for Case 1 from Mesh 1 due to (a) EHD only and (b) combined action of vibrating diaphragm and EHD.

in Fig. 8(a) as a function of time, till the flow reaches almost
3.72 10
m s.
steady-state behavior at a flow rate of
The net flow rate at zero back pressure obtained from the combined action of both the vibrating diaphragm and EHD is shown
in Fig. 8(b). The net flow rate is plotted as a function of time till
the results reach a quasi-steady state where the variation in the
flow rate is due to the action of the vibrating diaphragm only.
The net flow rate obtained from the vibrating diaphragm
acting alone (with no EHD, Fig. 7(a)) shows that the nozzle-diffuser pump does not always create a net flow in the positive
direction, contrary to what might be expected. This is believed
to be due to the small amplitude of diaphragm vibration, which
leads to relatively small fluid velocities. The direction-dependence of flow through nozzle-diffuser elements is significant

only at high velocities because it depends on the extent of
momentum transferred [14], [51]. At smaller velocities, the
kinetic energy of the fluid is small compared to the pressure
energy because of significant viscous losses. The time-averaged
flow rate for the present case is still in the forward direction,
1.37 10
m s. It may be noted that this is four
with
orders of magnitude smaller than the flow rate obtained from
EHD action alone.
Flow rates from the outlet of the pump due to the action of the
vibrating diaphragm only, EHD only, and the combined action
of both the vibrating diaphragm and EHD are shown in Fig. 9.
It is seen that even though the net flow because of EHD is much
larger than that due to the vibrating diaphragm, the absolute
(transient) magnitude of flow caused by the vibrating diaphragm
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Fig. 9.

Fig. 10.
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Outlet flow near steady state for Case 1 due to vibrating diaphragm action only, EHD only, and combined action of vibrating diaphragm and EHD.

Net flow rate for Case 2 obtained from the combined action of the vibrating diaphragm and EHD, as well as their action independent of each other.

action is much larger than that of the EHD. Also, flow due to the
combined action of the vibrating diaphragm and EHD is roughly
equal to the sum of flows from their action independent of each
other.
Case 2 (
,
10
): A pump
with vibrating diaphragm diameter of 2 mm and with the rest
of the dimensions being the same as the pump in Case 1 above
is simulated. The vibrating diaphragm in this pump is expected
to create higher flow rates and, hence, higher flow rectification.
This would also cause higher net flow rates due to the action of
the vibrating diaphragm alone. A mesh similar to Mesh 1 was
used. It had same number of elements in the nozzle-diffuser and
inlet–outlet chambers, while the number of nodes in the pumping
chamber was increased such that the size of the smallest element
and grading level remained the same as for Case 1. There were

26 elements at the widest point of the pumping chamber and 94
along its length for a total of 43 356 elements in the model.
The net flow due to the combined action of the vibrating diaphragm and EHD and that due to their independent action for
this case is plotted in Fig. 10. The sum of net flows from independent actions of the vibrating diaphragm and EHD is smaller
than that obtained with their combined action. This is due to an
increase in efficiency of induction EHD action due to the very
high flow rates created by vibrating diaphragm. This phenomenon of increased efficiency under high bulk velocity has been
explored in detail in [52]. This effect would be further amplified
as the size of the diaphragm is increased.
,
5
): The effect
Case 3 (
of electrode width and electrode spacing on flow due to EHD
was studied with this case. The electrode width and spacing of
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Fig. 11.
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Comparison of predicted flow rate due to EHD only from pumps in Case 1 and Case 3.

10 m considered in Case 1 were reduced to 5 m in this case,
with all other parameters remaining unchanged. The flow rate at
zero back pressure obtained from this pump design is compared
to that in Case 1 for EHD action only in Fig. 11. Mesh 2 was
used in this case, as this corresponds to each electrode being
represented by one element in the mesh (leading to the same
electrode mesh density as in Mesh 1 for Case 1).
The flow rate due to EHD action only at the highest time in
Fig. 11 for this pump is 56% higher than that for the original
pump in Case 1. Since the charge relaxation time is not affected
by variation of wavelength of the potential wave, induction of
charges is expected to follow the same temporal variation as for
the pump in Case 1. Further, since the potential wave frequency
for the two cases is the same, the time variation of Coulomb
forces and, hence, that of the flow is expected to be similar.
The simulation results presented above are for water doped
with KCl. Use of deionized water instead would lead to much
lower flow rates, because the electrical conductivity gradient is
not as high for undoped water. However, addition of salt can
cause corrosion of metals coming into contact with the liquid.
An alternative working fluid is the Fluorinert FC-75, which in
addition to being noncorrosive is also a dielectric. The relative
performance of FC-75 in terms of flow rate as compared to the
salt solution considered in the present work can be estimated
, it reusing a simplified form of (15). For
. Hence,
duces to
for a pump of a given geometry, potential wave voltage and amplitude, operating at the optimal frequency (corresponding to
1),
. The fluid velocity due
to induction EHD for the two fluids can be compared using this
expression.
The variation of electrical conductivity of FC-75 with tem2.672
10
991.3
perature is given by
[38]. The kinematic viscosity and the density of FC-75 at
25 C is 0.8 cSt and 1770 kg/m , respectively [53]. The
dielectric constant of FC-75 is 1.86 at 1 kHz such that

1.65
10
F/m. Hence, the ratio of
for the two fluids for the same temperature difference is
6.5
10 .
The flow rate achieved with FC-75 would, thus, be 0.65% that
obtained for the salt solution. However, this flow rate can be
increased by increasing the electrical conductivity gradient
or permittivity. The electrical conductivity gradient can be
increased by adding antistatic additives [38]. Other fluids for
use in conjunction with induction EHD have been studied [23],
[29], [38], [54], [55]. Also, even though the flow rate from
a single micropump can be low, a large number of such micropumps could be used in series and parallel in an integrated
microchannel cooling system, leading to significant flow rates
in an integrated cooling system.
The maximum enhancement in flow rate due to the increase
in efficiency of induction EHD obtained in the present work
is 150%. This can be increased significantly by optimizing the
pump design (size, geometry, and diaphragm frequency). An increase of greater than ninety-fold in efficiency was observed for
a similar repulsion-type induction EHD pump due to an external
pressure gradient [52]. It should be noted that although the action of the vibrating diaphragm causes only a small net flow
rate, it increases the local velocity of the fluid by several orders
of magnitude and, hence, the heat transfer coefficient, which depends on the local velocity, is significantly higher than would be
expected for a flow of this bulk velocity.
VII. CONCLUSION
The preliminary design of a micropump for an integrated microchannel cooling system is presented. A comprehensive numerical model of the micropump is developed and validated. A
force density approach is used to model induction EHD. The
model can predict transient variation in charge density as well
as the effect of different voltage profiles on charge induction
and the resultant flow. The flow rate achieved from the pump,
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as well as the effects of various parameters on the flow rate, are
predicted.
m
A steady-state flow rate of approximately 3.7 10
s
22.2 L/min is predicted for a micropump with a 1-mmdiameter diaphragm. The electrode width and spacing is 10 m
each, and the overall dimensions of this pump are 1.5 1 mm. A
decrease in the electrode width and spacing to 5 m each causes
the flow to increase to approximately 33 L/min. For a pump
with a diaphragm of diameter 2 mm and electrode width and
spacing of 10 m each, a flow rate of approximately 50 L/min
is predicted. Further optimization of different pump parameters
is expected to increase the flow rate significantly.
The flow rectification in a nozzle-diffuser micropump was
found to be higher for large diaphragms. Also, for large diaphragms, the flow achieved from the combined action of the
vibrating diaphragm and EHD in the micropump was larger than
the sum of the flows obtained from their action independent
of each other, while there was little difference for pumps with
smaller diaphragms.
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