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ABSTRACT 

 
In the present study, motion and aggregation of 

polarizable particles in a suspension were simulated 
numerically when the suspension was exposed to a spatially 
non-uniform AC electric field generated by the electrode 
array in a rotating flow chamber. Particles are dielectric 
spheres of the diameter d of 89.6 µm and density ρp of 3.75 
g/cm3, and suspending liquid is corn oil. The suspending 
liquid flow in the chamber is treated as the fully developed 
laminar flow. The Langevin equation was applied to 
describe Newtonian dynamics of the suspension under 
combined electric and flow fields. The simulations 
reproduced most of our published data about motion and 
clustering of particles, and also provide more details the 
experiments can not provide about involved interactions of 
electrostatics and hydrodynamics, and their effects on 
motion and clustering of the particles, which is important to 
designs of composite nano/micron materials with help of 
external fields. 
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1 INTRODUCTION 
 
Electric manipulation of fluid flow and particle motion 

are currently becoming major techniques for separation, 
filtration, orientation and sorting of particles and cells in the 
fields of nano- and bio-technologies. The development of a 
new generation of electrohydrodynamic apparatuses is 
associated with the advent of modern electronics making 
feasible the wide use of AC field rather than DC field. The 
use of AC in controlling suspension flow has several 
definite advantages; 1) application of an AC field employs 
polarization forces which is independent of particle charges, 
2) the evolution of the AC-field driven phenomena, such as 
particle cluster formation, can be manipulated by varying 
electric field strength and frequency. In the present study, 
we focused on the motion and aggregation of polarizable 
particles suspended in insulating liquid under a spatially 
non-uniform AC electric field. Numerical simulations based 
on the single particle model of dielectrophoresis were 
performed to examine the kinetics of suspension flow 
exposed to a strong non-uniform AC field considering 

dielectrophoresis force, dipole-dipole interactions and 
hydrodynamics interaction. 
 

2 MODEL DESCRIPTION 
 
2.1 Governing Equation 

The Langevin equation as governing equation is used to 
describe Newtonian dynamics of suspension of dielectric 
particles of diameter d in the insulating liquid exposed to an 
AC electric field shown in Figure 1; 
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where m is the particle mass, Fi the external forces 
including all electric forces on particle i. The second term 
in the RHS is the Stokes’ drag force, Ri is a Brownian force. 
In the present calculation, Brownian force is negligible 
compared with strong electric interactions. The last term is 
the time-dependent gravitational force due to rotation of the 
chamber. Fi is given by the expression 
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where fij is the non-zero time-average Columbic force 
acting on particle i by particle j, and hi is the non-zero time-
average dielectrophoretic force due to the gradient of the 
applied AC electric field. The fij is obtained from 
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where, Φij is the dipole-dipole interaction between i and j-th 
particles 

Figure 1: Dielectric particles of diameter d subjected to 
the AC electric field Eeiωt. 

x 

y 

z 

rij pi 

pj 
θ 

E e iωt 

d 

NSTI-Nanotech 2008, www.nsti.org, ISBN 978-1-4200-8505-1 Vol. 3390



! 

"ij =
1

4#$
0
$ f

pi % p j

rij
3

&
3 pi %rij( ) p j %rij( )

rij
5

' 

( 

) 
) 

* 

+ 

, 
, 
, rij = ri & r j  (4) 

where the dipole moment of i-th particle, pi, is defined as 
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and the hi is 
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where Re(β) is the real part of the dielectric mismatch 
factor between particles and corn oil. E, ε0, εf are the AC 
electric field amplitude, vacuum permittivity, the relative 
dielectric constant of corn oil, respectively.  

 
2.2 Numerical Simulation setup 

A schematic illustration of the flow chamber is shown 

in Fig.2. The parallel plate chamber measures 60(width)

! 

"  
120(length)

! 

"3.0(height) mm and is driven to rotate around 
the center axis parallel to the longitudinal direction (x axis; 
Fig.2 A) at 4 rpm to prevent particles from setting down 
onto the “bottom” (in Fig.2 A). In the flow channel, linear, 
flat electrodes (11 cm long, 1.6 mm wide) are arranged in 
parallel at 2 mm intervals along the flow direction (Fig.2 B, 
C). The mean velocity of laminar flow of the insulating 
liquid (density; ρf =0.92 g/cm3) in the channel was 2 mm/s. 
To save the computation resources, simulations were 
performed in a unit cell as indicated “calculation domain” 
(Fig.1). In this unit cell, since the flow of suspension is 
fully developed, the velocity profile in the flow channel has 
only a single component, velocity in the x direction U, 
expressed as the function of the z coordinate only 
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where Q, A, z* is the volumetric flow rate of the suspension, 
the cross-sectional area of the channel, and the z coordinate 
normalized to the channel height. Therefore, the time 
derivative of the field-induced displacement of particle (the 
second term in the RHS of Eq.(1)) is expressed as 
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where ui is the velocity of particle i and ex is the unit vector 
in the x direction. 

For the governing equation, a periodic B.C. was applied 
over x-z planes on both lateral side of the unit cell 
perpendicular to the channel top and bottom faces. In the 
periodic B.C.s, the cubical simulation box is replicated 
throughout space between walls to form an infinite lattice. 
At the inlet boundary, a particle leaving the unit cell 
through the outlet boundary was replaced by another 
particle that simultaneously enter the unit cell through the 
inlet cross-section at a position with randomly taken y and z 
coordinates. Once a particle reached the electrode edges, it 
was considered to be trapped and its further displacement 
away from the bottom surface was not allowed. To 
maintain the volume fraction of particles in the liquid phase, 
a particle was allowed to enter the flow unit through the 
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Figure 2: A. The parallel plate channel equipped with an 
electrode array, B. Cross-sectional view of the channel, 
C. Top view of the electrode array in the channel. 

Figure 3: Electric field, (E*)2, distribution in the y-z 
plane. The symbol “*” means that values are 
dimensionless. Note that the actual computational 
region was 0<y<3.6 mm, -0.8<z<3.0 mm. 
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inlet boundary at a position with randomly taken y and z 
coordinates as soon as a particle was trapped at the 
electrode edges. For the electric field distribution in the 
flow channel, since there is no variation along the flow 
direction, the 2D electric field approximation over a y-z 
plane was adopted. At the beginning of the simulation, the 
Laplace equation of the 2D electric potential distribution in 
the y-z plane of the channel cross section was solved using 
a finite difference method. The finite difference mesh sizes 
of the electric field calculation in y and z direction were 
Δy=Δz<d/2. As the electric field is symmetric about the 
center axis (z axis) of the calculation domain, half the 
symmetric area was computed (Fig.3). Forces in Eq.(2) 
were calculated using the converged electric field 
distribution. Initially, all simulations was conducted for the 
fixed number of particles which we assumed were at 
random in the cubic box. The size of this cubic box was 
determined by the volume fraction of particles.  

In order to perform the simulation, we have developed 
an integrator, a modification of BBK method [1], for the 
integration of Eq.(1). The shifted-force version of the usual 
electrostatic potential was used for the wall-particle and 

interparticle force calculations to prevent particles from 
penetrating one another or channel walls. The shifted-force 
potential and its first derivative go to zero continuously at 
the cutoff radii of rc=0.6d and 1.1d, for wall-particle and 
interparticle repulsive interactions, respectively. For the 
dipole-dipole interaction energy, the value of cutoff rc=6.0d 
which ensures the value of potential reduces less than 
1

! 

"10-8 of its value at the particle surface, was applied. The 
periodic B.C. was also applied to particles placed by the 
periodic boundary to eliminate surface effect from the 
computation 

 
3 RESULTS AND DISCUSSION 

 
Figure 4 shows the snapshots of time course of transient 

behavior of particles at time t=40, 120 200 280 s. The top 
panel in Fig.4 shows particles distribution viewed through 
the channel cross-section, whereas the bottom panel is 
viewed from the top. The shaded regions indicate the 
electrodes. The AC electric field applied was Vrms=3 kV 
with frequency 100 Hz, thus the real part of the particle 
polarization is 0.34[2]. The particles volume fraction of the 

Figure 4: Transient of field-induced particles distribution. Depicted are viewed through the channel cross-section (top 
panel) and through the channel top (bottom panel) at time t = 40 s (a), 120 s (b), 200 s (c), and 280 s (d). 
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suspension was 1

! 

" 10-3. The viscosity of the insulating 
liquid (corn oil) used was 59.7 cP (296 K). The iteration 
time interval used in the simulation was 1.0 µs. The 124 
CPUs (64-bit Opteron) cluster computer in the Levich 
Institute (CCNY) was used for the calculations. 

In the presence of non-uniform strong AC electric field, 
on the one hand, particles begin to aggregate along 
electrodes edges where the gradient of the electric field is 
the highest because the dielectrophoretic force acting on 
particles is proportional to 

! 

"E
rms

2 : on the other hand, these 
particles do not form a uniform column or layer along the 
electrodes because the Columbic interaction force among 
the particles, which is proportional to Erms

2, while inversely 
proportional to 

! 

| rij |
4 , either pulls neighboring particles 

together or pushes them away depending on the relative 
orientation of the particles and the local electric field 
direction. Consequently, aggregated particles further 
formed the array of bristles like structures along the 
longitudinal direction of electrodes. 

Results show that particles initially accumulating along 
the electrode began to cluster with time, and around at time 
t=200 to 280, formed cluster-like aggregated patterns along 
electrodes edges. In Fig.4, it is also shown that particles 
formed a stripe-like pattern along a high voltage electrode 
edge while on another high voltage electrode edge, particles 
formed non-uniform aggregated cluster-like structures. In 
the present simulation, it was found that the pattern of 
cluster growth depends on the configuration of particles 
aggregated along electrode edges, that is formed in earlier 
stage of particle accumulation. Another finding is that 
particles reached the bottom surface of the channel rolled 
around the bottom in the downstream-wise direction. Some 
of them joined the clusters, however, most of them left out 
the unit cell due to drag force of flow and were hardly seen 
having built bristles pattern along the lines of electric force 
perpendicular to the longitudinal direction of electrodes as 
were observed in the experiment [2] (Fig.5). A longer time-
range simulation of particles clustering may be needed to 
predict the bristles array formation. 

 
 
 

4 CONCLUSIONS AND FUTURE WORK 
 
A suspension of positively polarizable particles 

subjected to a high-gradient strong AC electric field 
undergoes a heterogeneous aggregation along the electrode 
array installed along the flow direction in the rotating flow 
channel. In the present study, numerical simulations based 
on the model of Langevin equation of particle kinetics 
taking into the effects of dipolar interaction between 
particles and dielectrophoretic force induced by a strong 
non-uniform AC field were performed to predict the time 
evolution of particle aggregation and clustering at 
electrodes. Numerical computation demonstrated that 
particles began to aggregate in line along the electrode 
edges, energetically the most favorable site on electrodes, 
in earlier stage of cluster formation, then new particles 
coming from a more distant part in the channel joined the 
vertices of clusters. The results also have similar trends as 
observed in the experiment, the earlier stage of the bristles 
array formation along electrode edges. A longer time range 
simulation is now on going on the parallel computer. 
Results would provide clearer physics picture on the 
corresponding phenomena. 
 

The present numerical simulations were performed on 
the 124 CPUs cluster computer in the Levich Institute of 
the City College of City University of New York. 
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Figure 5: Experimental observations for particle clusters 
induced by combined dielectrophoretic force and 
dipole-dipole interactions as well as hydrodynamic 
interaction in the flowing suspension.  
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