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CFD modeling of an ion-drag micropump

J. Darabi∗, C. Rhodes
Department of Mechanical Engineering, University of South Carolina, Columbia SC 29208, USA

Received 18 February 2005; received in revised form 21 October 2005; accepted 26 October 2005
Available online 6 December 2005

Abstract

A two-dimensional numerical simulation study has been performed to model an electrohydrodynamic (EHD) micropump. The micropump
consists of an array of interdigitated electrodes along the top and bottom of the micropump channel. The focus of the simulations was to study the
effects of electrode gap, stage gap, channel height, and applied voltage. The numerical results were first validated with experimental data and then
applied to obtain optimum electrode design and pump characteristics curves for geometries of interest. Additionally, the simulation results provide
details about the flow behavior of the micropump and clearly capture local flow induced by EHD forces.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

With the development of microfabrication technology,
ntense research efforts have been made towards microfluidic
ystems and microliquid handling devices. Micropumps are one
f the crucial components for moving liquids in the miniaturized
ystems. Their compact size and ability to handle very small and
recise volumes of liquid make them attractive for applications

n microfluidic systems, biotechnology, microchemical analysis
ystems, drug delivery systems, and chip-integrated cooling sys-
ems. In the past decade, a large number of micropumps have
een developed to deliver and transport a wide range of liq-
ids. These micropumps produce a flow rate ranging from a few
l/min to ml/min, and a pressure varying from a few Pa to several
undred kPa or more.

Micropumps can be classified into two groups: mechanical
icropumps (with moving parts) and non-mechanical microp-
mps (without moving parts). Some examples of mechanical
icropumps include but are not limited to thermopneumati-

ally driven peristaltic pumps, electrostatically driven recipro-
ating pumps, piezoelectric micropumps, and shape memory

umps, and electrohydrodynamic micropumps. As with m
technologies, each method has its advantages and disadva
that depend upon the particular application. A comprehe
overview of micropumps is given elsewhere[1–3]. Since the
focus of this paper is on ion-drag EHD micropumps, o
micropumps working based on this principle will be discus
in the following.

The ion-drag EHD pumping uses the interaction of an ele
field with electric charges, dipoles or particles embedded
dielectric fluid to move the fluid. The charges can be inje
into liquid by field emission or field ionization processes.
main driving force in ion-drag pumps is the movement of i
across an imposed electric field. The electric field is establ
between a charged electrode called an emitter and a gro
electrode called a collector. The Coulomb force that is prod
by an external electrical field acts on all charges in the fluid.
friction between the moving ions and the working fluid dr
the working fluid towards the collector, thus setting the flui
motion.

The fact that dielectric liquids can be pumped by the injec
of ions in an applied electric field has been known for quite s
lloy micropumps. Non-mechanical micropumps use a variety
f electric-fluid interactions to generate forces in the liquid, such
s electrokinetic micropumps, magnetohydrodynamic microp-

time. Indeed, the theoretical and experimental investigations of
the EHD pump were widely pursued in early 1960s. Stuetzer
[4,5] and Pickard[6,7] were among the first who proposed and
studied the ion-drag EHD pumping. Later, many researchers
[8–28] made further studies of the ion-drag EHD pump. Most
o imen-
t ts a
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f these studies, however, have been focused on exper
al and/or theoretical investigations. This paper presen
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Nomenclature

d gap between electrodes (m)
E electric field strength (V/m)
f force density (N/m3)
g gap between two neighboring stages (m)
h pressure head (m)
k dielectric constant
I current (A)
J current density (A/m2)
m mass (kg)
P pressure (Pa)
t time (s)
u velocity (m/s)
V voltage (V)

Greek symbols
ε permittivity (F/m)
ε0 permittivity of vacuum
η dynamic viscosity (Ns/m2)
µ mobility (m2/V s)
ρc charge density (C/m3)
ρm mass density (kg/m3)
σ electric conductivity (1/� m)
τ shear stress (N/m2)
φ potential field (V)

numerical investigation to study EHD pumping by solving
governing equations with simplifications based on experimenta
observation.

EHD pumping is a complex phenomenon involving the
interaction between fluid flow and electric fields. Theoretical
modeling of this process is nearly impossible unless a numbe
of simplified and somewhat unrealistic assumptions are made

Most of the theoretical models developed thus far are simple,
one-dimensional models and essentially relate the pumping
pressure to the applied voltage or electric field only[4–7,9,13].
These models are unable to provide a detailed flow charac-
teristics induced by the highly complex EHD phenomenon.
Thus, the motivation for the present work is to perform
a two-dimensional numerical investigation to study EHD
pumping. This is essential to resolve the difference between
theory and experiment and to improve the understanding of the
fundamental mechanisms underlying the EHD pumping. The
simulation of EHD pumping presented here is believed to be the
first published work to numerically model EHD pumping. The
simulation results provide details about the flow behavior and
clearly capture local flow induced by EHD forces, which cannot
be easily obtained from experimental or theoretical results.

The mechanism of ion-drag pumping between a pair of emit-
ter and collector electrodes is schematically demonstrated in
Fig. 1. As shown inFig. 1a, some impurities may be initially
present in the liquid. When the voltage is turned on, these impu-
rities are attracted towards the opposite electrodes (step b). This
process is short and stops when these charges are neutralized at
the electrodes. If the voltage is further increased until the elec-
tric field around the tip of the saw-tooth emitter exceeds certain
threshold strength, electrons will be emitted from the emitter
electrode into the dielectric liquid (step c). Next, negative ions
are produced by electron attachment to liquid molecules repre-
s en
m ass
a on
s

the
m per-
i first
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nism
Fig. 1. Pumping mecha
l

r
.

ented byM− and [M]−n (step d). These negative ions will th
ove towards the positive electrode. With comparative m
nd low mobility, these negative ions will exert a drag force
urrounding molecules and create a fluid flow (step e).

Fig. 2 shows a top view of an electrode pattern used in
odel. A detailed description of the micropump and ex

mental results are given in earlier publications of the
uthor [21,28]. The micropump had an overall dimension
6 mm× 28 mm× 1.05 mm. Each emitter electrode had a w
f 9.3�m and the collector electrode consisted of a pla

in an ion-drag micropump.



96 J. Darabi, C. Rhodes / Sensors and Actuators A 127 (2006) 94–103

Fig. 2. A top view of an interdigitated electrode pattern.

electrode with a width of 5�m. The gap between the emitter
and collector electrodes was 10�m. The distance between each
neighboring stage (a pair of emitter and collector electrodes)
was 20�m. Microscale EHD pumps offer the advantages of
working under reduced voltage compared to their macroscale
counterparts due to very small gaps between electrodes.

2. Computational approach

A two-dimensional numerical model was performed using
commercial CFD software FIDAP to model EHD pumping
between an array of emitter and collector electrodes. The nume
ical models was first validated with experimental data and then
applied to obtain optimum electrode design and operating con
ditions for geometries of interest.Fig. 3 depicts a schematic
diagram of the physical model used in the simulation. As shown
in Fig. 3, g and d are the gap between electrodes and the ga
between two neighboring stages, respectively. Since the geom
try exhibits periodic repetition, it is more economical to solve a
representative portion of flow field rather than the entire domain

In order to formulate a mathematically tractable problem,
we consider two-dimensional flow passing inside a channel
The governing equations are the mass, momentum and charg
equations:

• Conservation of mass:

∂ρm

∂t
+ ∂(ρmuj)

∂xj

= 0 (1)

• Conservation of momentum:

∂(ρmui)

∂t
+ ∂(ρmuiuj)

∂xj

= − ∂P

∂xi

+ ∂τij

∂xj

+ ρmfi + ρcE (2)

whereP is the pressure,τ the shear stress,fi the body force
and the last term is the Coulomb force. The electric field can
be written as

E = − ∂φ

∂xi

(3)

whereφ is the potential field.
• Conservation of charge:

∂ρc

∂t
+ ∇ · J = 0 (4)

whereJ is the current flux. The current flux is composed of
flux due to convection of charge, flux due to diffusion and flux
due to ionic mobility components.J may be written as

J = ρcu + σE + ρcµE (5)

Substituting the divergence of Eq.(5) into (4), we obtain

∂ρc

2
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∇
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•
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Fig. 3. A schematic d
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∂t
+ ∇ · (ρcu) + ∇ · (σE) + ∇ · (ρcµE) = 0 (6)

.1. Gauss’s law

The Gauss law describes the relationship between charg
ity and electric field and is given by

· (εE) = ρc (7)

he assumptions are as follows:

laminar, steady and incompressible flow;
the electrodes are planar strips on the bottom substrate
the end effect at two ends of the channel is negligible;
only one type of ion is present in the liquid.

The boundary conditions for the potential field and the ch
oncentration are of Dirichlet type, which requires the va
f the potential field and charge concentration. The flow

m of the physical model.
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Fig. 4. Entity definition and dimensions of the model: (a) entity definition; (b) dimension.

exhibits spatial periodicity. At the midpoint between two adja-
cent stages, both the geometry and boundary conditions exhibit
periodic characteristics. Thus, only a segment of the whole
domain was simulated.Fig. 4 shows the entity definition and
dimensions of the model. Boundary conditions are specified
through defining entities in the model. Periodic boundary con-
ditions were applied to the representative segment by requiring
that the solution at some point on the boundary be the same as
the solution at another point on the boundary. The numerical
solution is based on a finite element method (FEM). Extensive
trial runs were performed prior to main simulations to ensure
that the solution was grid independent.

3. Results and discussion

The complete analysis of the EHD pumping mechanism
requires the solution of both the electric field and charge den-
sity distributions, given by coupled equations(6) and (7). The
solution of these equations is not straightforward due to the

absence of a known boundary condition for the charge den-
sity. One approach is to estimate the charge density from the
measured current during the experiments, but this still requires
several assumptions regarding the ionization region at the emit-
ter and the charge behavior inside the computational domain.
The solution strategy that has been employed by the authors
was to compute the charge density due to the electric field effect
inside the computational domain assuming that the flow field
and the charge transport do not significantly interact. The com-
puted charge density was then applied as boundary condition
to obtain new electric field. The iteration was repeated until the
difference between the computed charge density in two subse-
quent iterations value was less than a specified value. The focus
of the simulations was to study the effects of channel height,
electrode gap (g), stage gap (d), applied voltage (φ), and d/g
ratio. A summary of these findings will follow.

Figs. 5–7depict representative simulation results that show
potential field, velocity vector plots, and pressure contour
plots between a pair of emitter and collector electrodes in a

tative
Fig. 5. A represen
 local potential field.
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Fig. 6. A representative local velocity profile.

micropump with a channel height of 20�m. The working fluid
is HFE-7100 thermal fluid (3M, St. Paul, MN). The potential
field is shown inFig. 5. The emitter electrode is charged and
the collector electrode is grounded.Fig. 6depicts the local flow
induced by EHD forces from an emitter electrode towards a col-
lector electrode. These plots also show a small back flow from
the emitter of the second stage toward the collector of the first
stage (right to left). However, since the distance between two
neighboring stages (d) is twice that of the gap between emitter
and collector electrode of each stage (g), the backflow is weaker
and the net pumping flow is still from left to right. This behavior
reflects a physical fact that the strongest driving force occurs
between the electrodes. Local pressure contour plots are shown
in Fig. 7. The pressure generated within one stage was calculated
from the difference between the average pressure at the inlet and
outlet of the representative segment. A total generated pressure
was then obtained by multiplying the number of stages by the
pressure generated from one stage.

The effects of pressure on the local velocity vector plots are
shown inFig. 8. The electric body force, acting on the ions, drags
the liquid molecules between the electrodes. At zero pressure, a
weak counter-clockwise rotational flow is observed in the region
above the electrodes. The flow between electrodes becomes
more rotational with increasing the pressure. As the generated
pressure is further increased, these regions of rotational flow
grow and eventually evolve into larger rotational regions that
spread over the entire cross-section of the channel. Note that
two vortexes can be observed: a strong counter-clockwise vor-
tex in the region above the electrodes and a weak vortex in the
region between two neighboring stages. The latter is faded away
as the d/g ratio increases.

In order to verify the simulation results, a micropump with
a d/s ratio of 2 at a channel height of 50�m was designed,
fabricated and tested. A detailed description of the micropump
fabrication and experimental set-up is available in earlier pub-
lications of the first author[21,28] and thus, it is not repeated

ative
Fig. 7. A represent
 local pressure contour.
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Fig. 8. Local velocity profiles at various pressures for a channel height of 20�m with bottom electrode.

Fig. 9. A comparison between the simulation and experiment[28].

Fig. 10. A comparison between simulated and measured pressure head as a
function of electric field under no flow condition[28].

Fig. 11. Pressure vs. mass flow rate at various electric fields for a channel height
of 20�m.

Fig. 12. Pressure vs. mass flow rate at various electric fields for a channel height
of 50�m.
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Fig. 13. Effects of d/g on flow rate and pressure.

in the present paper for sake of brevity.Figs. 9 and 10show
comparisons between experimental and simulation results. The
agreement between numerical predictions and experimental data
is quite good.

Figs. 11 and 12depict the variation of the flow rate and pres-
sure at various electric field strengths for two channel heights

Fig. 14. A schematic diagram of a micr

of 20 and 50�m. The results show a nearly linear relationship
between the flow rate and pressure. This is due to the fact that
flow inside the channel is laminar and the flow rate is basically
a linear function of the pressure in laminar flows. These per-
formance curves indicate linear reduction in flow rate as the
pressure increases. Under a specified pressure, the flow rate
increases as the channel height increases.

An important parameter that affects the flow rate and pressure
is the ratio of the gap between stages (d) to the gap between the
electrodes (g).Fig. 13depicts simulation results as a function
d/g ratio for a constant electrode gap (g) of 10�m and a channel
height of 50�m. The results indicate that the flow rate initially
increases with increasing d/g ratio, reaches a maximum, and then
decreases. This indicates that there is an optimum d/g ratio at
which the flow rate is maximum. The initial increase in flow rate
is due to the fact that the backflow between stages decrease with
increasing d/g ratio. However, as d/g ratio is further increased,
the internal frictional losses increase, leading to a reduced flow
rate. The results also indicate that there is a significant decrease
in the generated pressure as d/g increases. This is because the
total number of stages per unit length decreases with increasing
d/g ratio. Thus, the decrease in the total generated pressure is
due to the decreased number of stages.
Fig. 15. Local velocity profiles at various pressures for
opump with top and bottom electrodes.
a channel height of 20�m with top and bottom electrodes.
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4. Top and bottom electrodes

Simulation runs were also performed in order to investigate
the effect of using an array of electrodes facing each other along
the top and bottom of the micropump channel.Fig. 14shows a
schematic diagram for this configuration. All electrode dimen-
sions are the same as those for a micropump with electrodes
along the bottom wall.Figs. 15 and 16illustrate local veloc-
ity vector plots at various pressures for two channel heights of
20 and 50�m, respectively. As expected, the velocity profile is
symmetric along the horizontal centerline. The flow enters in the
middle of the channel and splits into two symmetric streams as it
goes over the electrodes. It is recombined in the region between
two neighboring stages. Backflows are also observed near top
and bottom walls from the emitter electrode toward the collector
of the preceding stage. This pattern is repeated many times along
the channel. At low pressures, two weak vortexes are observed in

the region above the electrodes. As the pressure increases, these
vortexes grow and eventually evolve into two circulation loops
that spread over the top and bottom halves of the channel. Four
vortexes can be observed for this configuration: two vortexes in
the region above the electrodes and two weak vortexes in the
region between two neighboring stages. The former becomes
stronger as the pressure increases, eventually resulting in a net
flow of zero.

The pressure and flow rate data obtained for two channel
heights of 20 and 50�m are shown inFigs. 17 and 18. These
results indicate that adding an additional electrode array to the
top cover of the micropump can significantly increase both the
pumping pressure and flow rate for a given applied potential.
As shown inFig. 18, a micropump with the top and bottom
electrodes is able to pump nearly three times as much when
compared to a micropump with bottom electrodes only. Thus, it
can be concluded that adding an array of electrodes to the top
Fig. 16. Local velocity profiles at various pressures for
 a channel height of 50�m with top and bottom electrodes.
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Fig. 17. Pumping pressure vs. mass flow rate at various electric fields for a
channel height of 20�m with top and bottom electrodes.

Fig. 18. Pumping pressure vs. mass flow rate at various electric fields for a
channel height of 50�m with top and bottom electrodes.

cover could be used as a way to obtain higher flow rates an
pumping power without significantly complicating the fabrica-
tion process.

5. Conclusions

A computational model has been developed for investigating
microscale EHD pumping. The model was first validated with
experimental data and then used to perform parametric simu
lations of an EHD micropump. The effects of applied voltage,
electrode gap, stage gap, d/g ratio, channel height, and ele
trode configuration were investigated. It was found that for a
given channel height there is an optimum d/g ratio at which the
flow rate is maximum. Additionally, it was shown that adding
an additional array of electrodes to the top cover could sig-
nificantly increase both the pumping pressure and flow rate
The results of this simulation study can provide new insight
into behavior of ion-drag EHD pumps which cannot be eas-
ily obtained from experimental results. The simulation results

presented here are believed to be the first published work to
numerically model EHD pumping. This work is ongoing. Our
future work will focus on developing a 3D numerical model
to simulate EHD pumping with three-dimensional saw-tooth
microstructures.
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