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Combined negative dielectrophoresis and phase separation in nondilute suspensions subject
to a high-gradient ac electric field
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Experiments were conducted on concentrated suspensions of neutrally buoyant particles which exhibit
negative dielectrophoresis. We found that, due to interparticle electrical interactions, such suspensions undergo
a phase separation when subjected to a high-gradient ac fidddl//ftnm) and form a propagating distinct front
between the regions enriched with and depleted of particles. A generalization of our theory for the thermody-
namics of the field-induced phase transitions in suspensions of polarized pdifibles Rev. E52, 1669
(1999; 54, 5428(1996; 60, 3015(1999] is proposed for the front propagation, and its predictions are shown
to be consistent with the experiments even though the model contains no fitting parameters. The combination
of field-induced dielectrophoresis and phase transition provides a method for strongly concentrating particles in
prespecified regions of dielectrophoretic devices.
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[. INTRODUCTION wherev,, is the particle volumeg is the vacuum permittiv-
ity, ; is the dielectric constant of the liquid, B is the real
When exposed to a spatially nonuniform electric field, apart of the relative particle polarizatiof at the field fre-
particle experiences a force which includes two terms. Theuencyw, and( ) denotes time averaging over the field os-
first, being the product of the particle charge and the fieldcillation. Depending on the sign of R8), the particle moves
strength, is known as the electrophoretic force. The othetoward the regions of high field strengtpositive dielectro-
being the product of the particle dipole moment and the graphoresi$ or low field strength(negative dielectrophoregis
dient of the field strength, is referred to as the dielectrodn our recently published papef43,14, we demonstrated
phoretic force[1]. Since the particle dipole moment is pro- that the predictions of a single-particle model which only
portional to the field strength, the dielectrophoretic forcetakes into account the dielectrophoretic force, EL, the
appears to be proportional to the gradient of the square of th8tokes drag force, and the gravity force acting on a particle
field strength. Electrophoretic effects vanish in an ac field ofare consistent with experimental data for dilute suspensions
a sufficiently high frequency due to the zero time average otontaining~0.1% (v/v) of positively and negatively polar-
the electrophoretic force. In contrast, dielectrophoresis opeiized particles. Since the single-particle model ignores the
ates in high-frequency fields because the dielectrophoretimterparticle electric and hydrodynamic interactions, it does
force averaged over the field oscillations gives a nonzeraot predict the appearance of field-induced particle aggrega-
value. The past decade has seen a spectacular increase in tio@ in high-gradient ac fields which governs eventually the
use of ac dielectrophoretic phenomena for trapping, concerparticle spatial arrangement. We also demonstrgté&tithat
trating, and sorting of colloidal particles, cells, micro- the presence of the interparticle dipole-dipole interactions
organisms, and biomolecul¢®—-12. The essential advan- imposes a lower bound on the scale of microelectrode arrays
tage of these techniques is that ac fields suppress undesiralite the precise positioning of positively polarized particles in
electric effects in a liquid such as electrolysis and electroconselected locations of a dielectrophoretic microchannel even
vection that makes them particularly well suited for microf- for dilute suspensions of 0.1% (v/v). In Ref.[16], we re-
luidic applications[2,3]. The ac dielectrophoretic force act- ported observations of a new phenomenon in diltt®,1%
ing on a sphere immersed in a liquid[i4] (v/v), suspensions of negatively polarized particles flowing
through a microchannel in which they were subjected to a
1) high-gradient ac field and shear. Specifically, these particles
were found to undergo a phase transition and form a highly
concentrated “bolus” when the applied field forced them to
be confined at the entrance region of a dielectrophoretic gate.
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The purpose of this article is to study quantitatively, both 0.00
experimentally and theoretically, a field-induced phase tran-
sition in concentrated suspensior$ % —15%(v/v) of neu-
trally buoyant, negatively polarized particles under the action -0.05
of a high-gradient ac electric field. Following the field appli-
cation, such suspensions are found to undergo a phase sepa
ration and form a propagating distinct front between the re-
gions enriched with and depleted of the particles. This
phenomenon driven by the interparticle electric and hydro-
dynamic interactions constitutes a method for strongly con- 0.15 1
centrating particles in focused regions of dielectrophoretic
devices.

The organization of the article is as follows. In Sec. II, we 0.20
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briefly describe the suspension properties and the experimen- 00 05 10 15 20 25 3.0 3.5
tal setup being used. A more detailed description of the ex- frequency (kHz)

[ nd in ReIR,14. In Sec. ) N
perimental procedurgs can be fou .é . 4 FIG. 1. The frequency dependence of the particle polarizability
[ll, we present experimental data on the field-induced forma- ) i i ) .

. . . for a suspension of polyolefin particles in corn oil.
tion and propagation of the concentration front. In Sec. IV,

we describe a theory for the electrohydrodynamics Ofaconl;\j/ldaxwell-Wagner expression for the concentration depen-

centrated suspension subjected to a high-gradient ac field an dnce ofe* for a suspension of randomly distributed spheres
shear the main features of which were only briefly outlined[17 18 s

in Ref.[16] due to space limitations. The comparison of the*™ "’
theoretical predictions with the experimental data is given in (ef—ef)(ex+2ef)=cp. 2
Sec. V. The model calculations require no fitting parameters

since the suspension characteristics were measured indepelrh-e value Ré8) was found to equal-0.15 over the fre-
dently. In Sec. VI, we consider a mechanism for the experi—quency range 0.1-3.5 kHz used in our éxperiments whereas
mentally observed accumulation of the particles in the regiorfm(ﬁ) Was found o .decrease rapidly with frequency from
of high-field strength near the high-voltage electrodes Where1 8x 103 for 0.1 kHz to less than 2 10" 4 for frequencies
according to Eq(1), the particles should have been repelled.” '

The main conclusions are summarized in Sec. VII. greater than 1 kHzFig. 1).

B. Electric chamber

Il. EXPERIMENTAL PROCEDURES The experiments were performed in a horizontal parallel-
plate chambe(6 cm wide, 12 cm long, and 3 mm higfFig.

2(a)]. The bottom of the Plexiglas chamber was equipped
The suspension consisted of neutrally buoyant sphericalith 16 linear, flat, brass electrodés6 mm wide and 11 cm
polyalphaolefin particlesS AVEKA, Woodbury, MN) sus-  |ong) having smoothed edges, which were embedded into
pended in Mazola corn oilgt=0.92 g/cni, 7=59.7 cp at  1.6-mm-deep grooves at 2 mm intervals. The electrodes were
23°C). The particle size distribution on a number basis wagjternately connected to the high voltage and to the ground.
measured with a Beckman-Coulter laser diffraction particleThe top of the chamber, consisting of a transparent glass

size analyzer LS 230 and the average diameter of the pagoated with a conducting layer of indium tin oxid&rO),
ticles was found to be 8%m with 80% of them having was grounded. A Teflon spacer was used to keep a gap be-
diameters between 68 and 146n. The dielectric permittivi-  tween the chamber top and bottom. The chamber was illu-
ties of the suspensiorgs, and that of the corn oilg;  minated through the transparent top plate using a spread
=2.87, were measured using the standard technique of dibeam light source. The particle segregation was recorded
electric spectroscopy in a low electric fietd4 V/mm and  through the top by a digital camera fixed above the chamber.
the particle volume fractions in the suspensions used for The applied ac field, the amplitude and frequency of which
these measurements varied from 1% to 15%. The measurearied from 1 to 5 kV rmgroot mean squajeand 0.1 to 3
ments were performed on a broadband dielectric spectronkHz, was produced with a high-voltage amplifienodel 10/

eter (BDS)-80 (Novocontrol, GmBH, Hundsangen, Ger- 40, Trek Inc., Medina, NY. These frequency and voltage
many) in the frequency range from 1 Hz to 3 MHz. The ranges were selected in order to suppress the effects of elec-
dielectric sample cell consisted of a round plate capat®@r troconvection and ac-field electrophoresis.

mm in diameter filled with a suspension and the cell con-  To indicate the trend of the field-induced particle motions
stant was determined with pure hexadecéidrich Chemi-  in the chamber, we solved Laplace’s equation and computed
cal Co., St. Louis, MO, 99% During the measurements, the the spatial distribution of the field strength generated inside
temperature of the cell was controlled at 22@05°C.  the chamber using a numerical procedure described in Ref.
Then following the procedure proposed in Rdfs3,14 the  [14]. Since the gap between the electrodes was small com-
value of B for the particles was calculated using the pared to the length of the channel, the electric field was taken

A. Materials
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FIG. 3. (Color online The particle distribution in a suspension
with 10% (v/v) particle concentratiofa) before andb)—(f) follow-
ing the application of a field 5 kV rms, 100 Hztat (b) 45 s,(c) 90
s, (d) 150 s,(e) 300 s, andf) final state,~39 min. The electrode
width is 1.6 mm. HV and GR refer to the high-voltage and
grounded electrodes, respectively.

o it g
110 mm * ==

b 10g; ¢ (V,n/d)?
i pension thus formed was kept for a to allow those

3 183 ion thus f d kept for albbdih I h
—_ ‘ ‘ ' 2.13 few particles which were either heavier or lighter than the
=i fluid to settle down or float on the surface, and only that
£ -6.10 fraction of the suspension consisting of neutrally buoyant
B I 101 particles was used in the experiments. This suspension was

then pumped into the chamber at a very low flow rate to

0 - -14.0 prevent trapping air bubbles inside. Once the chamber was

-0.80 03 64 7.2 -18.0 filled without any air being trapped within it, the flow was

stopped and an ac electric field was applied. Typical experi-
ments lasted about 30—90 min. Once the experiment was

FIG. 2. (Color onling (a) Dielectrophoretic chamber, having 16 completed, the chamber was flushed with pure com oil and
the electrodes were gently cleaned.

electrodes and teflon spacer used to maintain gap of 3 mm above
the electrodes. Inset shows top view of the four electrodes along

with dimensions; HV and GR refer to the high-voltage and 1. EXPERIMENTAL DATA
grounded electrodes, respectively The distribution of the square
of the field strengthE? (expressed in units d¥2 Jd? in base-10
logarithmic scalg for a pair of electrodes. Half of the high-voltage
electrodes are on the left €x=<0.8) and on the right (64x
=<7.2) and the grounded electrode is in the middle £X%84.4).
The top (/=3.0) is also grounded.

The photographs presented in Fig. 3 show the time evo-
lution of the particle distribution in the 10%/v) suspension
following the application of the electric field of 5 k\; and
0.1 kHz. The particlegseen as white spots in the phatos
were initially uniformly distributed Fig. 3(@)]. As expected,
the dielectrophoretic force, Eql), caused the particles to
dnove from the regions of high field strength toward the re-
gions of low strengtiFig. 2(b)]. It took about 45 s for the
particles, which were initially located near the high-voltage
electrodes, to move away so that the electrodes became vis-
ible [Fig. 3(b)]. Following the 90-s exposure to the applied
nqeld, most of the particles traveled along the channel cross
section from the regions near the high-voltage electrodes to-

as two dimensional, varying only along the channel cros
section in thex andy directions. As a result of the symmetry
and periodicity of the electrode array along thelirection,

the field was computed only within a periodic cell containing
a pair of electrode$Fig. 2@]. The corn oil and channel
bottom plate were assumed to form a continuous mediu

because of their similar dielectric properties. Followjid], . .

an insulating electrical boundary condition was imposed¥ard the low-field region above the grounded electrigeg.

along the bottom boundary of the computational cell be—3_(c)]' After about 19 sa d|st!nct fron; t_Jetween the suspen-

tween the electrodes. The distribution of the field strength i lon and the suspending fluid containing very feV\_/ particles

a channel cross section is depicted in Figh)2Notice the Fig. 3(d)] was formed along the channel. As “”.‘e pro-
hgressed, the front slowly moved away from the high field

appearance of two regions of high field strength near t regions and the particles became progressively confined to a
electrode edges and a wide region of low strength above th
9 N o v g v in column above the grounded electrd&ay. 3(e)]. After a

center of the grounded electrode near the midplane of th
g b sufficiently long exposure to the fields 1 h, nearly all the

channel, in which the negatively polarized particles are ex ) ) ;

particles accumulated in the region above the grounded elec-
pected to accumulate. . .

trode, and the concentration front stopped moving. At that
point the experiment was terminated given that no further
changes could be discernffeig. 3f)].

The suspensions were freshly prepared before each ex- A similar type of field-driven particle redistribution was

periment and were continuously stirred 6130 min with a  observed in suspensions having particle concentrations 5%,
magnetic stirrer to disperse the particles uniformly. The sus10%, and 15%v/v) and the photographs presented in Fig. 4

C. Procedure
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FIG. 4. (Color online The final position of the concentration
front in suspensions witka) 5%, (b) 10%, and(c) 15% (v/v) par-
ticle concentrations following the application of a field 5V,
100 Hz. Exposure timega) 41 min, (b) 38 min, and(c) 30 min.
The electrode width is 1.6 mm. HV and GR refer to the high-
voltage and grounded electrodes respectively.
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demonstrate the final location of the concentration fronts for b

these suspensions. The sharpness of the front, as seen froi . =il 2:2-;3!::‘\\/’""’ ’gtn:

the top of the channel, was found to be increasing with an a 0.50, ~A~10%; 5kV.n, 100HzZ
increase in the magnitudes of the applied ac voltage and of 5§ g4s ‘:‘10:/o§3ka »100Hz
the frequency(Fig. 5. We found that the use of the charac- & «_:g,/’[:: g&ms' gt::

teristic time for dielectrophores[d.3,14 74, Eq. (3), makes S 0.401 P me

it possible to combine the data on the time dependence of the *Z 0.351
front position for different voltages and frequencies into one f‘ T
band fort/ 74=<20 (Fig. 6). Here, = 0.301 15%
£ 0.251 VYVVV-YVY
3d47]f = - 0
3 0.20; - S 4oL Twwewwe swer,)

Td— ’
¢ a2808f|Rqﬁ)|Vr2ms

where 7; is the viscosity of the suspending fluid, is the

electrode widtha is the particle radius, and, is the root

mean square of the applied ac voltage. t/Td

Note that a distinct concentration front, as seen in Fig. 4,

does not form in dilute suspensions. This is evident from the FIG. 6. (Color onling (a) The photograph illustrates how the

photos presented in Fig(a which depict the redistribution front position L was measured; HV and GR refer to the high-

of the particles in the 0.1%v/v) suspension following a 90-s voltage and grounded electrodes, respectively;3.6 mm. (b) The

exposure to the applied field of 5 k), and 0.1 kHz. Here experimental datésymbol3 and computational resultsolid lines

the particles are seen to accumulate above the grounded eleé¥-the electrohydrodynamic model presented in Sec. IV B for the

trodes and to form a poorly defined undulating boundaryfront propagation in suspensions with 5%, 10%, and 16%)

between the suspension and the suspending fluid along ﬂpélrtl_cle c_oncentratlons fqr different voltages anc_i freqqenmes of the

channel. Also, as can be seen from the photos in Figs. 3 arﬁpplled f|elqls. The exp_erlmeptal da_ta and th_e S|mul_at|on results are

4, another feature of the concentrated suspension lotted against a nondimensional tintéry, with 74 given by Eq.

~5%—-15%/(v/v), is the appearance of a thin stripe of par- 3.

ticles in the region of high-field strength along the centerline

of the high-voltage electrode, where they should have beeroughly one particle thick and two or three particles wide. Its

repelled by the dielectrophoretic force, Ed). The stripe is  width was found to depend on the polishing of the electrodes
and to increase slightly with an increase in the initial particle

ihY concentration of the suspension. Such an accumulation of the
particles in that region was not observed in dilute suspen-
sions,~0.01%—0.2%(v/v) [13].

0.15] LT T E——
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IV. THEORY OF ac DIELECTROPHORETIC PHENOMENA

A. Thermodynamics
FIG. 5. (Color online The effect of the field strength and fre-
quency on the front sharpness in a suspension with 4% par- In Refs.[19-21, we developed a theory for the free en-

ticle concentration(a) 5 KV, 100 Hz,t=20.5min, t/7,=63.4;  €rgy of a suspension of polarized spherical particles subject
(b) 3KV,mpe, 100 Hz,t=54.5 min, t/74=60.8; and(c) 3 kV e, 2 to an ac electric fieldg = Ey(r)coswt, which is based on the
kHz, t=52.5 min, t/74="58.6. The electrode width is 1.6 mm. Hv Maxwell-Wagner model for the interfacial polarization of a
and GR refer to the high-voltage and grounded electrodes, respeparticle and the Lorentz-Lorenz model for the local field act-
tively. ing on a particle. This theory yields the following expres-
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FIG. 7. (Color online The photographs in the left illustrate the
particle distribution in a suspension with 0.184v) particle con-
centration(a) before and(b) following the application of a field
5 kV,s and 100 Hz for 90 s. The electrode width is 1.6 mm. The
pictures on the right present the numerical simulations of the par-
ticle distribution (a) before and(b) following the application of a Ccr C
field 5 kV,,sand 100 Hz for 90 s which use a single-particle model.

HV and GR refer to high-voltage and grounded electrodes, respec-

tively. FIG. 8. The phase diagram of the “particle concentration vs the
field strength” of suspensions subjected to electric fields: the meta-

sions for the chemical potential, and the osmotic pressure stable and unstable domains are denotebgndU, respectively,

IT, of the particles averaged over the period of the field\ is the relative strength of the field, amdis the particle volume
oscillations: concentration(Ref. [20]); 1 and 2 are the coexistence curve and

spinodal, respectively.
B kgT dfy deg E?
'up_vp dc  ®9 ac a2/

c

C

m
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with
The phase diagram of the “particle concentration versus the
c cZ(c)—1 field strength” of a suspension subject to a spatially uniform
fo=clng +Cf — de ac electric field predicted by E¢4) predicts[19,20] in terms
0 of ¢ and\ = eqe(E%)v,/kgT being a measure of the relative
2o field strength, appears to be similar to the “concentration
’ €s

kgT <E_2> @) versus temperature” phase diagrams for the first-order phase

HpZU—CZ-l- €o

o 2 separation in a mixture of two liquids which are completely

miscible only above a certain temperature. As an example,
the simplest suspension phase diagf@@] is sketched in
Fig. 8 whereM and U denote the metastable and unstable
domains, respectively. The random arrangement of the par-
ticles becomes unstable when

wherekgT is the thermal energy; is the particle volume
fraction, Z is the suspension compressibility factor, and
(aag/ac)wtc is the derivative of the real part of the complex

dielectric permittivity of the suspensioa; , taken at a con-

stant value ofwt. with t. being the relaxation time of the Iy

dielectric phenomen20]. The first term in Eqs(4) refers to “ac =0, (6)

the free energy and the osmotic pressure of the particles in

the absence of the electric field whereas the other represenighich represents the spinodal curve in the equilibrium phase
the field contribution caused by the interaction of the par-diagram(Fig. 8). The critical point on the spinodal curve,,
ticles with the field as well as the interparticle dipolar inter- and\,, coincides with the inflection point q_ip as a func-
actions. The concentration dependence of the compressibilityon of ¢ so that

factor was described by the Carnahan-Starling equation for a

suspension of spheres in the disordered §thf¢ Z=(1+c rp &z,up

+c?—c®)/(1-c)® when 0<c=<0.5 and byZ~A/(c,,—c) e~ a2 O @

with A~1.85 asc—c,,, wherec,,~0.63—-0.64 denotes the

concentration of the spheres at random close packing. ThEhe one-phase region of the phase diagram includes the ran-
Maxwell-Wagner expression, Eq2), was used to compute dom spatial arrangement of the particles, whereas the two-
ey in the second term of Eq4). When In{B) is small  phase regiorfat A, =\) corresponds to the appearance of a
(which is the case for our experimept&q. (2) yields field-induced phase separatidRig. 8. On the coexistence

021402-5
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curve the values of the chemical potential and of the OsmOti@erms of the Fourier components of the electric f|ﬁg(r),

pressure of the particles in the coexisting phases having pagng the electric displacemer?(r), these equations take
ticle concentrationsc; and c,, respectively, are equal the form
thereby leading to the following relations:

V.D*(r)=0, VXE*(r)=0, (10
mp(C1)=pp(Ca), TIp(cy)=TIIp(cy). 8
with
The phase diagram depicted in Fig. 8 corresponds to the case
of small ImB) [20] for which ¢;—0 and c,—c,, for A Dy =gl es(w,C)—ieg(w,C)]EY,

— 00,

The phase diagrams of the “particle concentration versud¥here e =eg(w,c)—ie¢(w,c) is the complex dielectric
the field strength” given by Eq94) and (6)—(8) provide a permlf[tlwty of a suspension. Eq_uatlo(“ﬂEO) lead to Laplace’s _
consistent interpretation of the available experimental datgduation for the complex Fourier component of the electric
on the field-induced aggregation phenomena in electrorhegrotential @7, :
logical fluids and aqueous suspensiph8,20. In Ref.[21],
we considered a quasiequilibrium spatial distribution of the
particle concentration caused by dielectrophoresis in a SUSthere
pension subject to a spatially nonuniform ac field that would
have been reached when the chemical potential of a particle E*=—Ve*.
becomes independent of position so that ¢ ¢

V- [e(0,0)Vey]=0, (11)

) For the concentration dependencesgf, we use Eq(2) in
Vpde(r) (E5(r))]=0. (9 which the frequency dependencefii) is taken from mea-
surements at low electric fields. The spatial variation of
e3 (w,c) in Eq. (11) is caused by the spatial variation of the
barticle concentratiort due to their motion following the
application of a spatially nonuniform ac electric field.

The equations for the suspension flow averaged over the
Id oscillations include the continuity equation

Equation (9) represent as a function of(E?) along the
curve u,=const on the suspension phase diagram, Fig. 8. |
was found[21] that, under certain conditions, this curve
would cross the coexistence curve, E(R). In this case,
dielectrophoresis was predicted to be accompanied by &
phase separation leading to an abrupt change in the spatia
particle concentration distribution and, as a result, to the for- V.v=0, (12)
mation of a concentrated layer of particles in those regions

where, depending on the sign of the particle polarizability,the momentum balance equation

the strength of the electric field is either high or low. This

prediction is qualitatively consistent with the formation of v . vis
the concentration front observed in the photos of Figs. 3 and Psl gt TV VY| =~ VP+V 0 =cVuyt+clpp—pr)9,
4. We now wish to generalize the thermodynamic theory (13
[19-21] and consider the kinetics of the front formation and
propagation. and the continuity equation for the particles,
. Jc
B. Electrohydrodynamic model = +V-(cv+j,) =0, (19

A theory should encompass the field and flow equations
for both the one-phase as well as the two-phase states ofvghere v is the bulk velocity of the suspensiope=(1
suspension where the one-phase or two-phase equationsc)p¢+cp, is the suspension density wigh, and p; being
should be used depending on whether the point representinge densities of the particles and of the fluidis the gravi-
the local values of the particle concentration and of the electational accelerationp is the pressureg”s is the viscous
tric field in the suspension phase diagram, Fig. 8, is locatedtress tensor, ang is the particle flux in the reference sys-
below or above the coexistence curve, respectively. First, lelem moving with the suspension. The fourth term on the
us consider the equations for the one-phase region for whickight-hand side of Eq(13) is the bulk gravity force which
dup/dc>0. Since the time scale of hydrodynamic phenom-vanishes for neutrally buoyant particles whereas the term
ena is significantly larger than the period of the field oscilla——cvﬂp, with u, being given by Eq.(4) with (E?)
tions, we can average the equations for the suspension f|0W%|Efu(r)|2, represents the bulk electric force exerted on a
over the field oscillations. Next, because of the small suspensyspension by an applied ac field. Careful analysis indicates
sion velocity, we can neglect any difference between thehat this approximation for the bulk electric force is appro-
electromagnetic fields in the laboratory system and in thebriate when Im(B)|<|Re(B)|. For a spatially uniform particle
instantaneous reference system moving with a suspensiopencentration, the bulk electric force equals the total force

Furthermore, we limit our analysis to the case when anyexerted on the particles per unit volume of the suspension, so
magnetic effects associated with a time varying electric fieldhat, on account of Eq(4), we obtain

are negligible. Under these conditions, we can employ the
quasisteady electrodynamic equatiof2,23. Written in —CVMp|c:const= NFgeps (15

021402-6
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with Brownian diffusion coefficient. When Brownian effects are
insignificant, Eq.(17) leads to the single-particle model

SOUp asé
dep— 2

E) V(E?), P
wtg E"FV'[C(V"‘ ue)]=0, (18)

wheren is the number density of the particles afg,is the ] . . )
dielectrophoretic force exerted on a single particle in a suswhich was found[13,14 to be consistent with the experi-
pension. Sincede./dc),, .— 3&;Re(g) for c—0, Eq.(15) mental data for dilute suspensions of negatively and posi-
for F generalizess theweC;(Cpression &), for the,dielectro tively polarized particles subject to a high-gradient ac field
dep ' ) - . .
phoretic force by accounting for the effect of the other par—( kV/mm) and shear even though the value of the particle

ticles on the magnitude of the local field acting on a testoolanzablhty, plo), was .measureq at Iow—str(.ength. f|¢lds
oo ; (~V/mm). Another limiting case is the quasiequilibrium
particle in a suspension.

state of a suspension of neutrally buoyant particles subject to

We restrict our consideration to the specific case of low . ; . ;
X X ; . spatially nonuniform ac field, for which Eq<l) and(12)—
particle Reynolds numbers and relatively high particle Pecle 16) yield v=0 and Vp=0 while the particle distribution

numbers associated with a weak Brownian diffusion of the' . 7
satisfies Eq(9).

partic!es, which is relevant to our current experiments. 1_'0 Next, we generalize the electrohydrodynamic model, Egs.
describe the flow, the suspension is viewed as an eﬁectlv&) and(10)—(16), to the two-phase region of the suspension

Newtonian fluid with a concentration-dependent viscosity hase diaaram. Fig. 8. Notice that these equations appear 1o
[24]. In this approach, the hydrodynamic interactions of theP gram, g. ©. q PP

particles subjected to shear are incorporated through the coR—e unstable within the unstable domdinin the phase dia-

centration dependence of the suspension viscosity and t gTégégwi)ei":ﬁz f@igdp/ ii((;j)uE:e(c)j' Vr\{gsltlamslteo:l:a?ig?llﬁsclts:;?s sio-
hindrance function in the expression for the particle velocity P P 9

relative to the suspending fluj@4]. Under these conditions, nificantly faster than typical hydrodynamic phenomena,

the equations for the effective viscous stress and the particl ereby allowing us to use a qu_a5|equn|br|um _apprommaﬂon
flux become or the local values of the particle concentration and of the

electric field in the two-phase region. In this case, the value
of the chemical potential is the same in both phases and is
, specified by the coexistence curve, E@®), in the phase
diagram as a function ok, i.e., up=up(\). The particle
c(1—c)% concentratiqns in both phases, andc,, are also specified
jo=——————L[ =V up+(po—pr)dl, (16) by the coexistence curve, Ed8), as functions ok, whereas
P Bmangc) poonR the volume fraction of the high concentration phageiis
N ) ) ) . , ) given by the lever ruleg, ¢+ c,(1—¢)=c, as a function of
wherezs= 7;7)(c) is the suspension viscosity, with being ¢ 44 )\ within this approximation, the two-phase state of
the suszpendmg fluid viscosity andp=[1+1.5/(1  ihe suspension is viewed as a “mushy” zone. For simplicity,
—c/cy)]” the Leighton-Acrivos expression for the concen- e complex dielectric permittivity, the viscosity, and the hin-
tration dependence of the suspension viscd€4}, and the  grance function for this zone are assumed to be determined
factor (1 C_)2 in the expression for the particle flux repre- oy by the total particle concentratianthrough the use of
sents the hindrance functid@4]. The hydrodynamic equa- he same functions as those for the one-phase region, even
tions(12)—(14) and(16) are coupled with the electrodynamic though they are in fact functions of bothand . Under
equations(10) and (11) through the field dependence pf,  these conditions, the two-phase model consists of @5
for the former and the concentration dependence foffor (14) and (16) in which the chemical potential is now speci-
the latter. fied as a function of the field strength,=u,(\), through
For the limiting case of a dilute suspension, for which solving Egs.(8).
—0 anddfy/dc—1fc, Egs.(10—(13) reduce to the field Equations(10)—(14) and (16) are subject to the standard
and flow equations for the suspending fluid while E@8,  poundary and initial conditions for the quasisteady electro-

. v &Uj
= nS(C)((?_X]- + %

(14), and(16) yield dynamic[22,23 and flow equation§24] which, in line with
our experiments where the ac field was applied at time
oc . - =0, become
= +V-[c(v+uy)]=DgAc, a7

with [ELuls=0, [D§.1s=0, Re@i])s, = e

(%)), =0, (19

3
_ p
= Gmar|2°0%1 RABIV(ED) +(po=p)0),

e
v[s=0, jp,L|S:OI V|=0=0, cli—o=Cq, (20
whereu, is the velocity of a particle relative to the suspend-
ing fluid under the action of the dielectrophoretic, Efj), = where the brackets denote the change in the respective vari-

and gravity forces, andDg=kgT/67an; is the particle able along the tangentidl) and normal ) directions to the
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FIG. 10. The computed time variation of the particle concentra-

FIG. 9. Numerical simulations of the concentration contours, thelion Profile averaged along the vertical directian,, for the 10
suspension velocities, and the particle fluxes for thévi®% sus- (V)% suspension following the application of a field of Sky
pension under the action of a field of 5 k\and 100 Hz. Time is @nd 100 Hz. Locations=0 mm andx=3.6 mm correspond to the
(a) 1 min, (b) 5 min, and(c) 20 min. The computed values fof,. centers of the e_idjacent groui@R) and hlgh-voltage(HV) elec_-
in the low-field region[in %(v/v)] are () 40.3, (b) 54.7, and(c) trodes, respectively. 1-4 correspond. to concentration profiles at
60.9. The arrows show the relative magnitudes of the suspensioe=0, 45, 150, and 2370 s, respectively.
velocities and the particle fluxes, respectively(dn-(c), the maxi- ) )
mum values fom gy are () 45.1 umis, (b) 5.7 um/s, and(c) 1.6~ KHz to the 10%(V/\_/) suspension at=0. After 5 min, the
pm/s and the maximum values foru + j ) max are(a) 0.123um/s,  region above the high-voltage electrode appears to be nearly
(b) 0.019 um/s, and(c) 0.003 um/s]. Half of the groundedGR) free of particledi.e.,c~0), whereas the concentration in the
and high-voltage electrodesiV) are on the left (&sx<0.8 mm)  region above the ground electrode is gradually increasing,
and on the right (2.8 mmx<3.6 mm), respectively. The topy(  forming a distinct front, which agrees well with the experi-
=3.0 mm) is also grounded. mental observations for concentrated suspensifig 3).

The pictures presented in Fig. 9 indicate that the field-
channel wallS, ¢, coswt is the potential applied at the elec- induced particle redistribution is accompanied by the forma-
trode surfaces,,, andc, is the initial particle concentration. tion of two vortices in the channel cross section separated by
the concentration front. The suspension flows clockwise in
the particle enriched and counterclockwise in the region
which has been depleted of particles. Depicted in Fig. 9 are
the variations of the suspension velocity and of the total

The simulations were conducted using the data on thearticle flux,cv+j,, which demonstrate that the convective
fluid and particle properties reported in Sec. Il. For the 0.1%derm dominates, causing the particles to move mainly along
(viv) suspension, we employed the single-particle modethe flow streamlines. As a result, only the particles close to
[13,14], which is equivalent to the set of equatioidd) with  the concentration front travel with the front toward the low-
e¥=g¢, EQ.(18) with v=0, under the appropriate boundary field region due to the presence of the componen, afi-
conditions, Eqs(19) and(20). The pictures presented in Fig. rected perpendicular to the front. Simulations showed that
7(b) show the computed motions of the particles, being ini-due to the relatively low magnitude of the particle polariza-
tially randomly distributed, under the action of the ac field oftion, |8|~0.15, changes of the electric field caused by the
5kV,ms and 0.1 kHz. As can be seen from Figb) the particle redistribution were within 10%-30% and were
particles move toward the low-field region but do not form mainly located in the region close to the concentration front.
the distinct concentration front along the channel, which is inThus for our experimental conditions, the field distribution
line with our observations for dilute suspensidfiy. 7(a)]. away from the front region remained unaltered from that

The simulations for the 5%—15%/v) suspensions were depicted in Fig. 2.
conducted using the electrohydrodynamic model, Fb®— To compare the theoretical predictions with the experi-
(14) and (16). The field-driven suspension flow was com- mental data, the computed particle concentration profile was
puted only within a periodic cell containing halves of the averaged along the vertical direction to obtaicy,
high-voltage and grounded electrodgig. 2(b)] with the = (1/h) fhc(x,y,t)dy which characterizes the particle distri-
appropriate boundary conditions, Eq49) and (20). The bution as seen on a photograph taken through the channel
pictures presented in Fig. 9 show the computed evolution ofop. As an example, the plots presented in Fig. 10 illustrate
the concentration distribution along the channel cross sectiothe computed time variation af,, between the centers of the
following the application of the ac field of 5 kysand 0.1 ground k=0) and the adjacent high-voltage electrodgs (

V. SIMULATION RESULTS AND COMPARISON
WITH EXPERIMENTS

021402-8
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=3.6 mm) for the 10%v/v) suspension following the appli- 5
cation of the electric field of 5 ky,s and 0.1 kHz. We used
such figures to simulate the position of the concentration
front as a function of time for suspensions having particle
concentrations 5%, 10%, and 158@/v) for the range of
voltages and frequencies used in our experiments. As can be o 3 |F |<|F
seen from Fig. ), the simulation results for the propaga- ~ "

tion of the concentration front are in a reasonable agreement >}
with experimental data fot/ 74<20 even though the model 21

contains no fitting parameters. As time progresses, the simu- /_\

lations of the front position are found to overestimate the

dep,y

data for the high voltages and frequencies and underestimate " : |F |>|Fd |

the data for the low voltages and frequencies. Also, the simu- : a it

lations do not predict that the front sharpness, as seen from 0 v ' v T v r v

the channel todFig. 5), increases with an increase in the -0.50 -0.25 0.00 0.25 0.50
magnitudes of the applied voltage and frequency. These X/d

drawbacks of the model might be related to the fact that ours

is a continuum model which operates on scales substantially FiG. 11. The computed boundary of the reg[alefined by Eq.
larger than the particle size. Also, this model ignores any24)] near the high-voltage electrode where the vertical component
electrophoretic phenomena the significance of which inof the dipolar force exceeds the dielectrophoretic forzéd
crease with a reduction in the magnitude and frequency 0£0.0, 0.5:-0.5 refers to the center and the two edges of the high
the applied voltage and neglects the field-induced solidlikeroltage electrode, respectively.

behavior of concentrated suspensiofise appearance of

yield stress, in particulawunder the action of a strong electric Polarized particles located near an electrode also experience
field. As a result, the model, Eq@l) and(10)—(16), accounts ~ an attraction force toward the electrode, which equals ap-
for the influence of the field frequency on the particle motionproximately the dipolar force between the particle and its
only through the frequency dependence of the particle polaimage. The equation for this dipolar for¢&9], taking the

izability, B(w). case of a negligibly small imaginary component@fyields
the following expression for the attraction force acting on a

VI. PARTICLE ACCUMULATION particle whose center is located at the distagicigom the

ON THE HIGH-VOLTAGE ELECTRODE electrode  surface: Fy~ — me o Re(B)(E))(3a%2y“)e, .

) ) ) Therefore, a particle will be trapped near the high-voltage
Using Laplace’s equation and accounting for the symmeeglectrode when the attraction force exceedsytitemponent

try and periodicity of the electrode arrglfig. 2a)], we find  of the dielectrophoretic force. Using Eq@2), we find that
that the electric potential near the high-voltage electrgde, this condition is met for

—0, can be expressed as
3a°|Rel B)|[ A2~ A(d?Aldx?)y?]
3 d%A

¢~V§Vrmﬁ{l+Ay—y€W+O(y5) coswt, (21) =8y A(d?A/dx?) — (dA/dx)?]. (24)

i _ The region defined by Ed@24) is independent of the applied
where A(x) is symmetric about the electrode cenigr. A yoltage. Having the maximum height near the centerline of
numerlcag soluyon of Laplace's equation indicates that apoyt one particle diameter, it occupies a thin layer near the
>0 andd“A/dx“>0 atx=x, [Fig. 2b)]. Using Eq.(21), we  gyrface of the high-voltage electrodéig. 11, which con-

therefore obtain that stitutes about 0.45% of the channel volume. Following the
B 5 5 ) ’ o o application of an electric field, the component of the di-
(ED)=Vimd A°+[(dA/dX) "= Ad°A/dX7]y 7}, electrophoretic force, Eq23), will cause the negatively po-
larized particles, which were initially located in this region,
(Ey~Vind A2—A(d?AldX?)y?]. (220 to move toward the centerline of the high-voltage electrode.

When the number of these particles is sufficiently large they
Since dA/dx—0 for x—x., the distribution of the field will form continuous stripes along the high-voltage elec-
strength has a saddle pointyat. Substitution o E?) into  trodes. This explains the fact that such stripes are only ob-
Eq. (1) yields the dielectrophoretic force acting on a particleserved for sufficiently concentrated suspensions. The charac-

near this point: teristics of the particle accumulation along the centerlines of
5 the high-voltage electrodes are qualitatively consistent with
E o4 a° Re( B)V2 Ad—A+ 1/dAd"°A the experimental data reported in Sec. Ill. The prediction of
dep~ “€0E(T B)Vims dx = 2\ dx dx? the particle aggregation patterns on the high-voltage elec-
3 5 5 trodes is well beyond the scope of the continuum model
_ d_A 2|a 4 d_A _ Ad_A 23) presented in Sec. IV, which operates on scales substantially
& )Y |5 || dax a2 Y| larger than the particle diameter.
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VIl. SUMMARY AND CONCLUSIONS We also observed the appearance of a thin stripe, roughly

We reported that when, concentrated suspensions of ne(gne particle thick and two or three particles wide, in the

trally buoyant, negatively polarized particles were subjecte egion of the high-field strength, which should have been
y buoyant, negalively polarized p ) epelled from this region by the dielectrophoretic force. The
to a high-gradient ac field, a distinct front was formed sepas

) . ) X . formation of such a thin stripe in the high-field region was
rating a suspension from a region of essentially particle-free

fluid which moved away from the high-field regions and éxplained by considering the balance of the forces exerted on

eventually confined the particles to a thin column in the low-2 particle located close to the high-voltage electrodes.
i 'y . P . . . The results of our studies demonstrate that by combining
field region. This phenomenon owed its existence to the in;

terparticle electrical interactions. A theory was proposed forfield-induced dielectrophoresis and phase separation one can
thepfront ropagation which enéralizes gur earIFi)er?heor forcreate a method for strongly concentrating particles in fo-
propag 9 Y10l used regions of a dielectrophoretic chamber. The proposed

the thermodynamlcs .Of the f|e_Id-|nduced phase transitions I.'3Iectrohydrodynamic model can simulate the basic character-
suspensions of polarized particles. The electrohydrodynaml%,[icS of these coupled phenomena

model encompasses the coupled quasi-steady-field equations

and the momentum and continuity balance equations for one-

and two-p_hase states of a suspension, Wh_lch are averaged ACKNOWLEDGMENTS
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