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Abstract

There is a concentration-polarization (CP) force acting on a particle submerged in an electrolyte solution with a concentration (conductiv-
ity) gradient under an externally applied DC electric field. This force originates from the two mechanisms: (i) gradient of electrohydrodynamic
pressure around the particle developed by the Coulombic force acting on induced free charges by the concentration polarization, and (ii) di
electric force due to nonuniform electric field induced by the conductivity gradient. A perturbation analysis is performed for the electric field,
the concentration field, and the hydrodynamic field, under the assumptions of creeping flow and small concentration gradient. The leading
order component of this force acting on a dielectric spherical particle is obtained by integrating the Maxwell and the hydrodynamic stress
tensors. The analytical results are validated by comparing the surface pressure and the skin friction to those of a numerical analysis. The C
force is proportional to square of the applied electric field, effective for electrically neutral particles, and always directs towards the region of
higher ionic concentration. The magnitude of the CP force is compared to that of the electrophoretic and the conventional dielectrophoretic
forces.
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1. Introduction trophoretic deposition proces®], particle—particle and
particle—wall interactions via electrical double layers, and
Many sorts of forces are involved in the dynamics of par- chemotaxis of biological cells under a natuf8] or an
ticles in micro- and nanofluidic environmeiits, such asthe  artificially-generated concentration gradight].
electrophoretic force, dielectrophoretic force, gravity force, In this work, we suggest that a particle submerged in an
and Stokes force. Utilization of these forces for manipulation electrolyte solution with a conductivity gradient under an ap-
and assembly of micro- and nanoparticles leads to evolutionplied electric field will experience a new type of force, as
of new nanoscale manufacturing technology and new gener-we call it, the concentration-polarization force (CP force),
ation of microfluidic devices. which has never been considered previously. We focus on
It is highly desirable to understand the effects of elec- the case in which the conductivity gradient is generated by
tric field on a particle placed in an environment with an the concentration gradient of the electrolyte, rather than by
electrical-conductivity gradient for many practically im- the Joule heating and subsequent temperature grddijent
portant applications. These include the particle assemblies The cP force originates from the two different mecha-
near an (electrochemically reacting) electrode in the elec- jigms: (i) a gradient of electrohydrodynamic (EHD) pressure
around the particle developed by the Coulombic force act-
msponding author. Fax: +1(416)978-7753. ing on “induced” free charge by “externally” applied electric
E-mail addressdli@mie.utoronto.c&D. Li). field, and (ii) a dielectric force due to nonuniform electric
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field induced by the conductivity gradient. It is known that 2.1. Concentration polarization
the concentration gradient may generate the diffusiophoresis

of a particle[3,6]. The diffusiophoresis represents the mo-  consider a medium filled with a binary symmetric elec-
tion of a particle driven by (i) the electrophoretic force ex- o|yte liquid (e.g., aqueous NaCl solution) that has a one-
erted by the naturally-developed electric field (only for elec- 4imensional concentration gradient ($8g. 1). An electric
trolyte solutions), and/or (i) the hydrodynamic flow whichis - fje|q is applied in parallel to the direction of the concentra-
originated from the interaction of solute molecules and the jg gradient. The domain extends to infinity in the direc-
particle (e.g., adsorption and osmotic penetration of solute tion perpendicular to the electric field (vertical direction in
into the particle). Here, as will be discussed in Sec8dh Fig. 1). For the case dfFig. 1, the concentration decreases in
the “naturally-developed” electric field represents the field the positivex direction, and the electric field directs to the
induced by the mobility difference of ionic specig$. That positive x-direction. Hereinafter, for the sake of simplicity,
is, in the presence of a concentration gradient, the difference,q |imit our attention to the 1:1 symmetric electrolyte, and
in diffusion speeds between the ionic species develops a l0-the subscripts 4" and “—” represent the variables associ-
cal imbalance of densities of cationic and anionic species g1eq with the cationic and the anionic species, respectively.
and hence a corresponding electric field. The CP force is Suppose, all the ions inside the liquid domain are station-

completely different from the diffusiophoretic force since it ary initially, and there is no free charge in the space, i.e.
is not related with any of mobility difference of ionic species pf = F(cy —c_) =0 andcy = c_ = ¢, in which p/ de-

and solute—particle interaction. notes the free charge densifythe Faraday constant, and

~ The present article is organized as follows. SeCB@O- o molar concentration for each type of ions. In this imag-
vides an explanation on how the concentrathn polarization inary state, the domain can be regarded as a parallel plate
occurs and the CP force is generated. In Sedidhe prob-  anacitor filled with a nonconducting dielectric material, so

lem is formulated by introducing the governing equations yha; the electrical potentiatp) has a linear profile and the
and the boundary conditions for the electrostatic, concentra- josqciated electric fieldE = —V¢) is constant across the
tion, and hydrodynamic fields. In Sectidna linear analysis layer, i.e..¢ (x) = ¢o — mx andE = me, wherem is a con-
is performed for some limiting conditions, and the analytical ¢t anck, is the unit vector parallel to the direction.
results are validated by a numerical analysis. Then, the CP 4 ihe time being, we assume that initially there are no
_force is_ obtained by in_tegrating the stress tensors. Finally, molecular diffusion of species and no bulk hydrodynamic
in Sections, the magnitude of the CP force is compared o, Al the ions are suddenly set free to move. We consider
to the electrophoretic and the dielectrophoretic forces, a”dthe species conservation, immediately after the ions are re-
some characteristics and consequences of the CP force arfsased, for a control volume taken as a slab region shown in
discussed. Fig. 1 The control volume is centered af and has a width
of 8x. Due to the action of the Coulombic force on each
_ ion, the cationic and anionic species migrate following and
2. Overview against the direction of the electric field, respectively. For
a medium obeying the Ohm'’s law, the molar flux of each
In what follows, we wish to provide a brief overview on speciedN. is proportional to the local concentration times
how the free charge is generated inside the liquid domain the electric-field strength, and can be expressed specifically
and the CP force is developed, before performing a detailedasNy = z1wy FeLE. Then, the current density (ionic flux)
analysis for quantitative prediction of the force. becomes = F(N; — N_). Here, for a monovalent elec-
$
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Fig. 1. (a) An electrolyte solution with a concentration gradient under a DC electric field. (b) Schematic diagram for the distribution of they&relenhiy
(,of), electric-field strengti£) and pressurer).
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trolyte,z1 = 1 andz_ = —1, andwy. represents the mobility  current density under the assumption= c_. The equilib-

of each ionic species. rium condition for the ion transport is established only when
The net ionic flux into the control volume (per unit length the local electric field, which was initially uniform through-

in perpendicular tor direction) becomeg/ = —L*lfsi . out the medium, is changed to satigfyx 1/ o< 1/c.

nds, in which n is the outward unit normal vector at the In fact, the polarization of the liquid medium means=

control surfaces, andL is the height of the control surface. c_. In the Poisson equation written as
Then, it follows

g/ = —w i F(c+E)g — (c+E)1]
—a),FZ[(c,E)R _ (c,E)L], the value of F/e is as great as about ¥0 In practice,
therefore, only a very small difference betwagnandc_

where F2(wsc1 E)g and F?(w+c+ E), represent the ionic  can induce an enormous change of electric field. This “in-

fluxes at right-hand side (RHS) and left-hand side (LHS) duced” electric field counteracts against the further deviation

F
v2¢=—;<c+ —c), 3)

boundaries of the control volume, respectively (5 1). from the electroneutrality. Thus, only a small fraction of the
By using the Taylor series expansion, we get ions are involved in the polarization of the medium, and
d the solution remains “effectively” neutral in considering the
f:_ 2|: (,()+C+E da)_C_Ej| ) L. . )
g’ =E—F + 8x species transport. This is the basis of the so-called quasi-
dx de ey electroneutrality assumptidii—10]. On the other hand, we
At the beginning, there is no free charge, so that= have two equations for the electric field of E¢B) and (3)
c_ = c, and we define the electrical conductivity of liquid Equation(2) is in fact an approximation that is derived on
as the basis of the quasi-electroneutrality assumption,0&

) c_ =c. Itis a common practice to solve the current conser-
oy =F(or +w-)c. ) vation equation, such as E), to obtain the electric field,
Thus, the net ionic flux into the control volunge’ can be under the electroneutrality assumption. The Poisson equa-
rewritten as tion, Eq.(3), is used only for “after-the-fact” evaluation of

the free charge densify—10].
g/ =— OosE Sx. In the above, it is shown that the “adjustment” process of
dr [i_y electric field in order to satisfy both the current conserva-

tion and the Ohm’s law should accompany the generation

Initially, ¢/ is positive because it is assuméd= m > 0 . .
: ; . of free charges. The magnitude of the free charge is ob-
h . Th _ 4 . :
anddoy/0x < 0 (due to the concentration gradient) is tained by using the Poisson equation'Bhg — —,of/sf.

means that the positive ions begin to accumulate at the CoN- tis. by combining the generalized version of E2),
trol volume and the free charges are induced; that is, theV V y_ 0 and ?he Po?sson equation. the free charge
“concentration polarization” occurs. (0 Ve) =0, 9 ' 9

The induced free charges in turn modify the electric-field density can be obtained approximately as
distribution. According to the Gauss lavig s fE - ndS = of = —e,cV2¢ ~ _&fVoy-E (4)
o'L, wheree ¢ is the electrical permittivity of liquid, and ' of

Q/ is the total charge per unit length of the control surface In Fig. 1, the directions of electric field and the concentra-
in vertical direction. The Gauss law can be written for the tion gradient are opposed, i.6/g - E < 0. Thus, Eq(4)

one-dimensional slab region as reconfirms that positive free chargés/ < 0) should be
o/ generated. Alternatively, if the concentration gradient and
Epr—Ep ==. the electric field are in the same direction, negative charges
&

should be induced.
Sinceq/ > 0 andQ/ > 0, the induced free charge makes Basically, the free charge is generated during the electro-
Er greater thanE, (they were identical without the con- migration of ions, which is dependent on local ionic con-
centration polarization). This limits the continuous accumu- centration, to satisfy the constant current condition. That
lation of the positive ions, by balancing the fluxes of ionic is, a slight deviation from the electroneutrality effectively
species through the boundaries. The accumulation of pos-changes and adjusts the electric field so as to keep the current
itive ions stops when there is no net flux of ionic species conservation condition. We call this phenomenon, in which

across the boundary, i.e., the free charges are generated in a medium being associated
d(o}E) with the concentration gradient, the “concentration polariza-
d; =0. (2)  tion” [10-14]

Equation (2) is just the one-dimensional version of the 2.2. Concentration-polarization force

electric-field equation for a conducting medium obeying the

Ohm’s law. This also corresponds to the current conserva- Let us consider the effect of the concentration polariza-
tion equationV -i = 0 wherei = o /E is the “approximated” tion on the pressure field. All the free charges are subject
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to the Coulombic force, which develops a pressure field in-  On the other hand, when a dielectric particle is placed in a
side the fluid domain, in analogy to the hydrostatic pressure nonuniform electric field, the dielectrophoretic (DEP) force
generated by the gravity force. We call this pressure the elec-arises (se€ig. 2b) [16,17] The DEP force has often been in-
trohydrodynamic (EHD) pressure. If any fluid motion inside terpreted, for the case of a nonconducting medium, as the net
the domain is neglected, the Coulombic force is balanced by force acting on the polarized charge inside a dielectric parti-

the EHD pressurép;). That is, cle by the surrounding “nonuniform” electric field. That is,
; if the unperturbed electric field by the particle is nonuniform
Vps=p’E. (5) and nonsymmetric, alike those depictedrig. 2b, the force

For an unbounded one-dimensional domain, such as showrF‘Cting on RHS and LHS of the particle is different. This dif-
in Fig. 1 the pressure gradient becomes, from E@ ference develops the DEP force. In the case we have been

and (5) considering, the electric field will be stronger at RHS than
at LHS of the patrticle (seEig. 2b). We will show later that
dp gf(doy/dx)E gri2doy this will generate a DEP force with a finite magnitude.
dx _[T] = T3 dx These two kinds of forces primarily constitute the CP
‘ ! force. In addition, the nonuniform pressure field around the

wherei = o¢E is constant over the one-dimensional do- particle generates a hydrodynamic flow, and the flow also ex-
main andE = |E|. By integrating both sides of the preceding erts a certain amount of hydrodynamic force on the particle.

equation, we obtain the pressure distribution of The practical magnitude of the CP force should be deter-
2 52 mined by considering the actual concentration, electric field,
Ds = Pref+ &rv _ Dref + &f i (6) and hydrodynamic field around the particle. The subsequent
2 Uf 2 two sections are devoted to a linear analysis of the governing

. P . equations for quantitative prediction of the CP force.
wherepret is a constant and the electric field is a function of q q P

local concentration.

Such kind of mechanism for free-charge generation and 3 Formulation
the subsequent development of the EHD pressure has been
\(;vreI:j pr:ercr;eiwed r|n theF e:eC;rOrﬁh?mliftfy :nd r:h? fliﬁtm:;y' In Section3.1, we will derive the basic equations for the
blo yma hczradeis.mio ﬂewainﬁ)e’ | C?ri ?e € ie:\ed ?/i Ou'electric, concentration, and hydrodynamic fields. Then, the

esome hydrodynhamic flo SO€lectric Tocusing devices expression for the hydrodynamic and the electrical contri-
[13], and the associated EHD flow can significantly influ-

nee th rrentvolt relationshio of an electiada It bution to the CP force will be given. In Sectié2, some
ence the current-voltage relationship of an electiadg simplifying assumptions are introduced to obtain a closed

is also suggested that the long-range interaction and the SUbi‘orm solution for the CP force. These include the elec-
sequent aggregation of particles on the electrode surface is
direct consequence of the EHD flgiy,15]

Now, we place a dielectric particle in the liquid as con-
sidered inFig. 1L According to Eq(6), the magnitude of the
EHD pressure is inversely proportional to the concentration
(conductivity). For the case iRig. 1, the concentration is
lower at RHS of the particle, and therefore, the pressure will
be higher at RHS, as depicted fig. 2a. This will gener-
ate a finite magnitude of force acting on the particle, which
constitutes a part of the CP force.

E{roneutrality and quasi-steady process assumptions, and a
simple linear profile for the imposed concentration distrib-
ution. The boundary conditions are specified after derivation
of each approximated form of the equation. In SecBd)

all the equations and boundary conditions are summarized
in a nondimensional form. Finally, a perturbation analysis
will be conducted in Sectio#, with respect to the modeled
system under a limiting condition.

3.1. Basic equations

Consider a dielectric solid particle of a nonconducting

—> _— >

E m— — —_ material with a radiug submerged in an electrolyte stream
— (seeFig. 3) and moving with the flow. The electrolyte has a

concentration gradient in the direction perpendicular to the

~ flow, and is free from any chemical reaction. There exists an

— externally applied DC electric field parallel to the concen-

Ve — — E— tration gradient, and the electric field is nonuniform due to
- —> —> the conductivity gradient. All the material properties includ-

(@) (b) ing the dielectric constant are assumed uniform in the liquid

Fig. 2. Schematic diagram representing the two contributions to the CP ar,]d the SOIId_ r'eglons,. r,eSpeCtlveW’ l,!nless §pe9|fled other-
force: (a) by electrohydrodynamic pressure; (b) by nonuniform electric WiS€. The activity coefficient of the ionic species is assumed

field. The arrows in (a) and (b) represent the pressure force and the elec-t0 be unity. This condition is justified for the case of infinite
tric field, respectively. dilution [18]. All electrokinetic effects are neglected.
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+ + + + + each sign of ionic species as follows:

d

' % +U-Vey =DyViei + DV (c; V), (11)
dc_

" % fU-Ve =D V3% —BD_V-(c V), (12)

* in which 8 = e/(kT).

7 The incompressible hydrodynamic flow satisfies the fol-
lowing mass conservation and the momentum equations:

i
V.-u=0, (23)

5 ou
2 §+U-Vu =V-(r+T). (14)

Fig. 3. Domain of analysis and coordinate systems. The symhélsep- . . )
resents that the domain is positively charged due to the concentration polar-Here, p is the fluid density, and and T are the hydro-

ization, under the conditions given in this figure. dynamic and the Maxwell stresses, respectively, which are
defined as
The CP force acting on the particle generates a parti- T
cle motion with a velocityUcp relative to the liquid. We t= _{;I +tu(Vut v, (15)
introduce the(r, 6, ¢) spherical coordinate system and the T =—=E?| + ¢EE, (16)
(x,y, z) Cartesian coordinate system with their origins fixed 2
at the center of the particle moving with the velocip. whereE2 = |E|?, | the second-order isotropic tensprthe

Thus, the particle motion can be translated into the relative pressure, ang the fluid viscosity.

liquid flow. We assume the axial symmetry of the system in  The force acting on a particle is obtained Bgp =

¢ direction. fs,, lz+TJ -ndsS, in which S, denotes the particle surface,
The electromagnetic field inside the region is governed and|| - || denotes the difference between the value at the ex-

by the Maxwell equations. In the quasi-electrostatic limit, terior side and the value at the interior side of the particle

the electric field is separable from the magnetic field, and surface. The-directional force Fcp = Fcp-€, = FM + F",

the Maxwell equations are simplified [b,9] is a sum of the contributions from the Maxwell str¢#g/)
and the hydrodynamic stre¢g”), in which[10,19]

V. (E)=p’,

VxE=0 @) 77

; Ph FM = / 1 COSHT,, — SINAT, | siné do do, (17)
0 .

— 4+ V.i=0, 9
o © o0

wherer is the time, and = ¢ in the liquid domain and = n _ _

ep inside the particle. The electric field is coupled with other F"= /(COS‘%” = Sin,4),— siné do dy. (18)

transport equations by the free charge that is represented by 00

Here,
ol =F(cy —c), (20)
. : T, == (E? — E2)
wherec.. is the molar concentration (moh?). To complete T o\Tr 6)
the description of the system, the transport equation for the 7,y = ¢ E, Ey,
concentration is necessary. du,
For dilute solutions, the molar flux density of ionic ¥ =-p+2u ar
species is written as the sum of diffusional, electromigra-
. ) 0 (ug 10u,
tional, and convectional components as follq&k To=plr—|— )+ = ,
ar \ r r 060
whereE, =E -e., Eg = E - &, ande. andey represent the

Ny =—zrwiFciVep — D Vey +ciU,

where D is the diffusivity of the ionic species (#is), unit vectors in- andé direction, respectively.

z+=1,z_ = -1, F = Nye the Faraday constani 4 the

Avogadro number the electronic chargeyr = D+ /NakT 3.2. Simplifications

the mobility of the ionic species (molmNs), k the

Boltzmann constanfl the absolute temperature, andhe Equations(7) through(16) complete the description for

convection velocity. If there is no chemical reaction and no the electric, concentration and hydrodynamic fields. For the
generation of ionic species, the conservation of species at aanalysis of the system, two important assumptions are intro-
point requiresHcs/dt + V - N1 = 0. If we substituteN . to duced. One is the quasi-steady approximation for the elec-
the preceding equation, we obtain the transport equations fortric, the concentration, and the hydrodynamic fields. The
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Table 1 In Eg. (9), under a DC field, the displacement current,
Comparison of the characteristic time scales 8,of/8t, can be neglected for microscale systdm$,10]
Classification Characteristic Sample value due to the quasi-steady approximation. Then, the current
time scale (s) conservation equatiorV - i = 0, reduces to the following
Electric field e=¢p/of 1.2x 1077 equation for the electrical potential at the exterigy) and
Concentration 8 =a%/D 6.2x 1072 the interior of the particlég;):
th=1?/D 6.2
Momentum T =d%/v 9.3x 1078 V.-(ofVep,)=0 atr>a, (19)
V2 =0 atr <a. (20)
other is the quasi-electroneutrality assumption, which has  |n general, the current should be conserved when it passes
been discussed earlier, under which werle& c_ = c. through the particle surface, which is expressedras -

The quasi-steady approximation is based on the slow vg,|,_, = o,N - V¢i|,—q, Whereo, represents the particle
molecular diffusion process and subsequent slow changeconductivity. However, we assumed that the particle has zero
of bulk concentration distribution. The characteristic time conductivity, i.e..0, = 0. Accordingly, there is no electric
scales, which measure the time required to establish a stead¥urrent penetrating the particle surface, and the preceding
condition for each process, are summarized and sample valcyrrent conservation relation becomes
ues are computed iflable 1 For the electric field, the so-
called electrical relaxation tim@, = ¢ 7 /o 7) is choseri10]. Vg -n=0 atr=a. (21)

For the concentration field, the characteristic time scale for
the bulk concentration is represented 4y = /2/D, while
that for the localized change of concentration around the
particle is represented ky, = a?/D. Here,l representsthe —V¢, — Ex(x) asr — oo. (22)
length scale of the bulk liquid ant = 2D D_/(D4++ D_-)

is the equivalent diffusivity of electrolyte. In the sample
calculation, the case of particle haviag= 10"°m in an
aqueous NaCl solution, in which, = 1.33 x 10°° m?/s
andD_ =2.03x 10 °m?/s, D =1.607x 109 m?/s,c =

1 mol/m®, ando; = 5.6 x 1073 S/m, is considered. The 3¢, 3¢
macroscopic length scaleis chosen ag = 10~4 m, con- 90~ 96
sidering the width of a conventional microchannel. Com- \yhich can be further reduced to

pared to other transport phenomena, the bulk-concentration-

change process is sufficiently slow. Thus, for a given bulk ¢. =¢; atr =a. (24)

concentration distribution, all the other transport processes We multiply D_ and D, to Eqs.(11) and (12) respec-

can be approximately considered steady. tively, and then add the resulting two equations to eliminate

qu an electrolyte, the currentis due to the_ motion of ionic electromigration term. This results in the following equa-
species. The current density can be expresseg-as(N;. — tion for the species conservatiod:/dz + U - Ve = DV2ec.

N_) which becomes, under the quasi-electroneutrality as- However, due to the quasi-steady approximation, the un-

An electric field ofE,, = Ex(x)€e, is formed far from the
particle. That s,

If the equatiorv x E = 0in Eq.(8) is applied to an infinitesi-
mal surface element at the particle—fluid interface, we obtain
the following condition stating that the tangential electric
field is continuous at the particle surfg@10].

atr =a, (23)

sumption, steady term in the species conservation equation is dropped,
i=—0;V$— F(Dy— D_)Vec, and the equation is reduced to
where the conductivity in Eq(1) is rewritten aso; = u-Ve=DVZ. (25)

FB(D4 + D_)c. When there exists a macroscopic concen-
tration gradient, the diffusivity difference autonomously de-
velops the so-called diffusion potential without any external
electric field. For an 1:1 electrolyte, the associated electric

The particle is assumed nonreacting with the electrolyte; and
therefore, there is no penetration of the solute into the parti-
cle surface, i.e.,

field is expressed &p = 1 (ay —a_)VInc [3], in which n-Ve=0 atr=a. (26)
a+r = Dy/(Ds + D_). For the case of NaClyy — a_ = . . . )
—0.21, and we letve = 10° mol/m3 ande =1 moI/m3. We consider the case of a linear concentration profile. There-

fore, at a position far from the particle, the concentration can

Then, the estimated electric field is about 5V, Here, we
be expressed as

are interested in moderate strength of electric fields which is
in the order of 16 V/m (or higher). We neglect, therefore,
the diffusional contribution to current and the associated dif- ¢ = €oe(X) = co —kx = CO(
fusion potential. Then, the current density satisfies the fol-
lowing Ohm'’s law:

a

A
1-— _x) asr — oo, (27)

wherek = —Vcy andcg = coo(x = 0). The solution of the
species conservation equation, E2p), for the linear con-
i=ofE. centration profile may provide a leading order solution for an
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/ / boundary conditions become
° O O

u=0 atr=a, (29)
(a) ’ (b) () u—0 asr— oo. (30)

c 3.3. Nondimensionalization

o []
: The variables are nondimensionalizedias: x/a, p =
) © 4 p/(efEQ), U= Ufuc, &= (c = co)/co, § = ¢/(aEo), and
1

. p' =p’/(efEo/a), whereEg = |[E (x = 0)|. The particle

radiusa is chosen as the characteristic length. The charac-
Fig. 4. Effect of particle size and the location brior an identical concen- teristic velocityu,. is determined, through the balance of the
tration profile. Coulombic force and the viscous force,as= e, E3a/ .

Substituting the dimensionless variables into the governing
arbitrary concentration distribution. In the preceding equa- equations, we obtain the following set of nondimensional
tion, A is the so-called effective concentration gradient which equations and boundary conditions.

is defined by Governing equations:
_ ke -V xVxu+pE=0, (31)
0 V- [@+DV] =0, (32)

This represents the concentration difference between the.,

ends of a particle normalized by the concentration at the par- ° ¢i =0, ~ (33)
ticle center. Since the electric-field strength is proportional V2¢ = Peyi - VE. (34)
to thg inverse Qf concgntrgtiom,also can be considered as Boundary conditions:

the difference in electric-field strength between the ends of

the particle normalized by the electric-field strength at the (i=0 at7r =1, (35)
center position of the particle.

; X . . 0—0 atF— oo, (36)
Fig. 4illustrates the dependenceobn particle size and - _

its location in a channel with respect to a linear concentra- " ve=0 atr=1, @37
tion distribution. The value of may increase proportion- ¢ — oo =1—AX asrF — oo, (38)
ally to particle size and th_e inverse of Iocal_concentratlon. n.-Vd, =0 ati=1, (39)
For a large value of, the influence of the sidewalls may . . _
be significant. Thus, the present analysis is focused on abe=¢i atr=1, (40)
rather limiting condition of small., so thgt the wall ef- Vg — Exo(i)er = _ asi — oo. (41)
fect can be neglected, such as the casEiof 4a. For the 1-xx

sample calculation of, let us consider two streams of differ- Here,Pey = & Egaz/(MD) is the electrical Peclet number

: 3 : .
ent electrolyte concentration of 50 riai® (=50 mM) and  hat represents the ratio of the convective transport due to the

1 m_ol/m3 (=1 mM) flowing in parallel in a microchannel  EHp flow to the diffusive transport. Hereinatfter, the tilde is
having a width of 100 pm. The diffusional mixing at the in- dropped for the sake of convenience.

terface will generate a concentration gradient. Themay
be in the order of 5 10° mol/m*. Whena = 10 pm, it be-
comes\ =0.1. 4. Analysis

For the momentum equation in E{.4), we neglect the
convection term under the creeping flow assumption, and the | this section, we are going to obtain a leading order term
unsteady term is also dropped off due to the quasi-steadyqf the CP force after performing a perturbation analysis for
approximation. Then, it becomes the equations summarized at the end of the previous section.

As stated in Sectio.2, the CP force is composed of the

—Vp—uV xVxu+p/E=0. (28) EHD and DEP contributions. The leading order term of the
The no-slip condition is applied at the particle surface. Far DEP contribution can be obtained without considering the
from the particle, there is a relative fluid motion arising hydrodynamic field. What is necessary for the evaluation of
from the migration of particldJcp. Then, the hydrodynamic  the DEP contribution is just the electric field in and outside
problem will be decomposed into two problems: (i) the flow of the particle. To evaluate the EHD contribution, the flow
with u|,_, o = —Ucp but without the body force, and (i) the field should be analyzed to obtain the pressure and the skin
flow with u|, -~ = 0 and with the Coulombic body force. friction distributions on a particle surface.
Obviously, the problem (i) produces the Stokes force. There-  The analysis will be done as follows: In Sectidri, an
fore, we analyze only the second problem, in which the accurate form of the solution for the electric field for a given
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concentration distribution will be given first. Then, the so- assumption thaPeyA « 1, the concentration distribution
lution for the concentration field will be obtained neglecting satisfies the following Laplace equation Bfc = 0, to the
the convective contribution. The leading order solution for first order ofA. Moreover, the zeroth order electrostatic po-
the electric field at exterior and interior of the particle will tential andc; satisfy the same boundary conditions of
be obtained for the given concentration distribution. In Sec-
tion 4.2, the creeping flow will be analyzed. In the analysis, Eeolr—o00 = —Vei1lr—oo = €,
the solution for the electric field will be used to determine E.g-n|,—=1 = Vc1-n|,—=1=0.
the leading order term of the Qoulomblc body force. In Sec- Thus, it is evident thap,o = c1 andE, = —Ve1 which be-
tion 4.3, each term appearing in the integrals of the Maxwell

. 4 come[8]
stress and the hydrodynamic stresses will be evaluated, sepa-

rately, and then the CP force will be obtained by summing all 1

’ : - o 0 =Cl1=— -— 44

the terms. In Sectiod.4, a numerical validation of the the- Peo=c1 T 2r2 cosd, (44)

oretical prediction will be made with respect to the surface 1 1 5

pressure and the skin friction distribution. Bo=—-Va=e(l-—7n-&(l+t75|/1-n%
(45)

4.1. Electric field and concentration field
wheren = coss.

Note that the expression for the external electric field
given in Eg.(42) is accurate for any given concentration
distributions. Accordingly, the electric field is readily ob-
tained by using Eq942) and (44)for any given concen-
"tration field. Equation(42) can be expanded in the form
of V¢ = Vg.0(1 — Ac1) + --- which can be rewritten as
Ve = V(oo — A¢>§O/2) + ---. Thus, the exterior electrosta-
tic potential, to the first order, becomes

We performed a perturbation analysis on a set of equa-
tions shown in Eqs(31)—(41) under the assumptions of
0 <A« 1landO(Pey)) < 1. The latter assumption is used to
eliminate the convection term in the concentration equation
Eq. (34), in order to decouple the concentration field from
the hydrodynamic field. The validity of the latter condition,
for a particle ofa = 10 um in an aqueous NacCl electrolyte
solution, may be assured up to g value of approximately

10* V/m or 100 V/cm. This value of electric field is quite _ Y

ordinary in many electrokinetic problems. Pe = Pe0 = 5be0 F Peret (46)
The variables, P, ¢, andE are expanded by perturbation  where the reference potential is choggner = 0. It follows

series, with respect to a small parametgein the form of that the exterior electrical field can be expanded in the form

of E, = —V¢. = E.0 + AE.1 + ---, and can be written to

= A 22 . :
Pe = b0+ Ader + A2+ the first order of. as follows:

bi = pio + rpin+ A2pin+ - -,

= er 4 22cp+233cat . Ec = —V¢eo(1— Ac1) = Eeo — Ac1Eeo. (47)
U= AUp + 22U + A3Us+ -, The zeroth order solution for the exterior electric fielt]o)
5 3 is given by Eq(45), and the first-order external electric field
p=Ap1+A"p2+Apat---. (E.1) becomeE,; = —c1E.0 =c1Ver.
In the above expressiong,o andg;o represent the zeroth For the interior electric field, we can express the solution

order solution for the electrostatic potential at exterior and by using the Legendre polynomi#),(n) as

interior of the particle, respectively. Thereforgy and¢;o "

represent the electrostatic field without concentration gradi- ? = Z(a” + Aoy )T Py ().

ent (o is constant), and satisfy the Laplace equations. It can "_ ' _

be proved easily, by substituting to §§2), that the follow-  According to Eq(40), the electrostatic potential at the par-

ing is the solution for the exterior electric field: ticle surface is continuous, i.p, = ¢; atr = 1. This con-
dition is applied to determine the unknown coefficients, and
Ve = V¢>eo. (42) the resulting electrostatic potential and the electric field, to
1+c¢ the first order, become
Then, by taking divergence to the above equation and sub- 31 3
stituting the results to the nondimensionalized Poisson equa-¢; = —=rn — —r2(3772 -1 - —, (48)
tion, p/ = —V?2¢, the charge density is obtained as 32 8 8
f_ Vc-qu;o. (43) E; ZE[Zer_ 1—n2e9]
1+0) A 5 5
On the other hand, the leading order terms of flow ve- * 4 r[(sn e =3y 1=n eg]. (49)
locity and electrolyte concentration are of the orderof Note that the electric field inside the particle is indepen-
The term in RHS of Eq(34) is in the order oPey12 while dent of electrical properties of the particle. This is because

the term in LHS is in the order of. Therefore, under the  we assumed the particle is composed of a nonconducting
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Fig. 5. Electrostatic potential (line without arrow, blue colored) and electric
field (line with arrows, black colored) to the first orderofvheni = 0.1.
(Color drawing in the online version.)

material, and there is no current flow inside the particle.

The electric field inside the particle is rather passively de-

termined by the exterior electric field. It is also noticeable

that, different from the free charge density, the exterior elec-

tric field is independent of the electrical permittivity.

Fig. 5 shows the electrostatic potential and the electric
field, to the first order of, at interior and exterior of the par-
ticle, in whichx = 0.1. The exterior electric field should be

generally stronger at RHS than at LHS since the concentra-

tion is relatively smaller at RHS than at LHS. The interior
electric field also directs to the positivedirection. The
zeroth order interior electric field is in fact represented by
Eio = (3/2)e,, and thus, it is uniform inside the particle and
has onlyx-directional component. Th&directional term in
the first order terms dE; is positive at RHS and negative at
LHS. Therefore, at interior of the particle, the electric-field
strength should be somewhat greater at RHS.

4.2. Hydrodynamic field

In order to find the EHD component of the CP force, the

hydrodynamic field should be analyzed. This can be done by

following the well-established analytical procedures for the
axisymmetric creeping floyd9,20] The present problem is
a little distinct as the Coulombic force is included.

The momentum equation in E(B1) can be rewritten, to
the first order of., as

—Vp1—VxQ1+B1=0, (50)

where B is the first-order component of the Coulombic
body force and21 = V x us is the vorticity vector. We intro-
duce the vector potential for vorticit§A1) which is related
with vorticity as Q21 = V x V x Aj. This vector potential
and the vorticity vector have only-directional component,
which is denoted byl; andws, owing to the axisymmetry
of the flow assumed in this study. This function is related
to the stream function, asA1 = v¥1/(r sinf). The stream
function automatically satisfies the continuity equation, and
is related with vorticity as follows:

Q1 =w16 = —rz\/%anzl/fl’ (51)
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where
1-r> 9*
ar2 r2 87]
The first order velocity componentsirandd directions are
represented by the stream function as

E2

1 0y
=—__T= 52
ulr 1’2 877 ( )
1 d
ulgz—iﬂ. (53)
r 1—172 or

If the curl is taken to both sides of E(RO), the following
fourth-order differential equation is obtained
E*y1=—r\/1—n2(V x B1). (54)

The first order components of the charge density are ob-
tained by way of the Taylor series expansion of ER) as
follows:

p{ ==Ve1-E,o=2Ew - Ew,

whereVc¢y = —E.o. Then, the first order Coulombic body
force become8; = (E.o - E.0)E.q0 Which can be written as

1 3 3\,
4,6 + ( — + F) }EeO-
SinceV x E.g = 0, the source term in the stream-function

equation, Eq(54), can be further simplified t&/ x By =
[V(Eco - Ec0)] X Eco. Then, Eq(54)is rewritten as

E*1=—r1—1?[V(E.-E.0)] x Eco.

SubstitutingE.o in Eq. (45) into the above equation, we ob-

81={1+ 1L (55)

tain
1 1
E'yy= 9(76 + @) 01(n)
11 1
- 24<r—3 55" 2Org)Qs(n) (56)

The Gegenbauer polynomialg, () are related with the
Legendre polynomiaP,(n) as Q,,(n) = ffl P,(n)dn, and
their first- and third-order polynomials are written as
Q1(n) = (1/2)(n* — 1) and Q3(n) = (1/8)(57* — 1) x
(n? — 1). The stream function should satisfy the no-slip
condition at the particle surface, which is written as

0

ﬂ: atr =1,
or

Y1=0 atr=1

The stream function is decomposed into homogeneous
solution @/1,), which satisfies£%y1 = 0, and the particular
solution (¥1,). The homogeneous solution can be repre-
sented in terms of the Gegenbauer function as follows:

o]

Iﬂlh = Z[Anrn+3+ Bnr"+1~|—Cnr2_” +D
n=1

r_"]Qn(n),
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Fig. 6. Effective body force (vector) when= 0.1. Contour represents the
x-directional componeni,) of the effective body force.

where A,, B,, C,, and D, are unknown coefficients. By
substituting the functional form of* 0, (n) into Eq. (56),
we obtain the following particular solution:

1 1
Y1p = <@ + W) O1(n)

(LD ) osm
5 42 ' 6605 )3

Then, the solution for Eq56) can be written in the form of

oo
Y1=) [Aar" 3+ Byr" ™+ Cur® ™ 4 Dur ] Qu(m)
n=1

1 1
+ (@ + W) 01(n)
r 1 1
+ <_§ ~ a2 + W>Q3('7)

The unknown coefficients are obtained by applying the no-
slip boundary condition. All the coefficients vanish except
C1=109/1680,C3 = 139/264,D, = —107/560, andD3 =
—103/1320. Accordingly, it becomes

D1 1 1
Yu(r,n) = (Clr + T + 82 + W) Q1(n)
r Cs 1 D3 1
+<_§+T m+r—3+660.5>Q3(77)
(57)

On the other hand, the body force can be decomposedfp =21

into the far-field compone1,, = B1(r — o0) and its re-
mainderb; = B1 — B1. According to Eq(55), B1oc = €
andV x Bis = 0 to the first order. Therefore, the far-field
componenBi, does not contribute to fluid motion, and is

exactly balanced by pressure. Only the effective body force

b1 contributes to the generation of the hydrodynamic flow.
Fig. 6shows the effective body force (vector), whega- 0.1,
together with thec component of the body force (contour).
The effective body force decays with 3, and therefore,

it is confined within a region very close to the particle. As
shown in the figure, the body force is positive at the top of

801

NS~

-5 (I) 5
X

Fig. 7. Streamline contour faf.

the particle (around = /2) and negative at both sides of
the particle (around = 0 andr). It can be inferred from the
figure that the pressure unaffected by fluid motion (i.e., pres-
sure due to the concentration polarization) may exert force
to the right at the top region, while the force is towards the
left at both sides of the particle.

Fig. 7 shows several streamlines plotted by usifgin
Eq. (57). Far from the particley1], 500 = C1rQ1(n) —
(r/5) Q3(n), in Which Y10 |, ~o0o = 0 atn = /(2C1 + 1) /5.
These angles correspondc= 47.4° and 1374°. As dis-
cussed inFig. 6, the effective body forcé1 directs to the
right at the top of the particle. This force generates the right-
ward fluid motion around the top of the particle. At both
RHS and LHS of the particle, however, the force directs to
the left. In the vicinity of LHS and RHS of the particle, these
forces accelerate the fluid to the left. Accordingly, the flow
driven to the right at the top of the particle collides with the
flow driven to the left at both sides, somewhere over the par-
ticle. The two nearly straight streamlines, touching the parti-
cle surface, correspond to those representing|,—. .o = 0.

4.3. Force acting on the particle
The EHD contribution to the CP force in EL8) is

nondimensionalized and is further decomposed to pressure
fp and the viscous contributiory$ as follows:

h F"
ff= Engaz = fp+ fo,
where
. 1
/ p1s COSA sinf df = —2w / pisndn,  (58)
0 -1
1
fo= 271)»/[217 85;1 . - \/1—;77277s1:| dn. (59)
-1

In the above p1; andzt,; are the (dimensionless) first-order
pressure and skin friction at particle surface, both of which
are nondimensionalized by E3.

For the evaluation of each component, we derive the ex-
pressions fopy, andz,1. If we substitute Eq(51) into the
reduced momentum equation of E&O), the gradient of
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EHD pressure i direction becomes forces:
pr 1 9E%y ) _ 2ﬂ(6_7 _ @) _>589 (64)
6 i or +rB-&. (60) P 90 3 ) 220
18
(e _ _ =7
We decompose the pressureptp= pY‘) + p&el), where the = 5 wh. (65)

first and the second terms in RHS of the preceding equationygie hat the force directly induced by the concentration
are associated with the hydrodynamic presgzi?é and the
electrical pressur@fl), respectively. Note thqﬂe') repre-
sents the pressure induced by the concentration polarization
which is unaffected by fluid motion. The two contributions

are integrated separately. We integrate the first term, by us- fp= iy e _ _%"ﬂ Y (66)
p p :

polarization f,§e') directs to the negative-direction while

the hydrodynamic pressure forqf;,fh) acts to the positive
x-direction. The total pressure force acting on the particle is

ing the following relation: 420
20, 1 1 Let us consider the viscous stress. The skin friction on the
E’Y1=|——+ — 4+ —=|01(n) particle surface is reduced t9; = du19/9r|,—1, due to the
r 2r% 307 ; . i
no-slip condition. If we representy by the steam function,
12 10Cs + 3 + 3 03(n). we obtain
5r r3 2r4 1107 1 25
Then, it becomes 1= — (—— +C1— 3D1> 01
/152 24
Py ( e 15C3) 1153
c=\"5mgntC1——|n
Is 2640 4 + <— —3C3— 15D3) O3¢. (67)
315 25C3\ 3 . 660
176 2 )7 TPu (n=0). (61) . 1 _ .
The integral/~; 27(du,1/9r),=1dn in f,, in Eq.(59), van-
SubstitutingB; in Eq. (55) into Eqg.(50), we obtain the fol- ishes. Then, the force due to the skin friction is obtained
lowing equation for the pressure due to the concentration from Eq.(59) as follows:
polarization: 25 oC 113
1
=21\ —=— ——+2D1 )| = —7A. 68
apt® 3 , Jo (36 3 " 1) 210" (68)
= ”+—2+—5+<——2+—4>’7 Eco-&. : : - .
20 r 4r r 4r The dielectric contribution to the force can be obtained by

performing the integration in Eq17) and using the above-
derived expressions fdE, andE;. The force in Eq(17)is
nondimensionalized and is further decomposed to

Then, by integrating the preceding equation, we get

p(el) _ 2_777 Y
1s 8 8
Therefore, the total surface pressure on the particle surfacef M —

|
PLs = pﬁl) + pgf) + p1(n = 0) becomes

9
P+ =0. (62)
_ My

Ef Ecz)a2

Here, fM and fl.M represent the contribution from the exte-

8797 15C3 513  25C3)\ 4 . S Ay .
= == = /e rior and interior electric field, respectively, and become
Pl (2640+Cl 4 )"+< 1761 2 )’7 P y

+ p1s(n =0). (63)
M_ / 2
. . . =27 A Terr —+/1—n°T, dn,
Strange as may sound, the (dimensional) pressure is notfe d /[n err 7 ”0] g

dependent on fluid viscosity, although the flow itself is a kind -1

of friction-dominating flow. This is because of the peculiar 1

feature of the creeping flow. For creeping flows, the pressure fl.M = —ZnA/[nTi,,, —4/1- nZTi,,g] dn,

as well as the shear stress is in general proportional to a prod-

uct of the viscosity and characteristic velocity. However, the

velocity which is driven by the Coulombic body force is in-  WhereT. ., = (1/2)(EZ, — EZ ), Te.ro = EerEe .9, Tir =

versely proportional to the viscosity, €.g, = s E3a/u. (ep/26.)(EZ, — EZy), andT; g = (¢p/e5) Ei  Eig. Since

Therefore, the pressure becomes independent of the viscosEe’r =E.e =0, it becomesT,,, = —(1/2)E39 and

ity and is proportional to the driving force ¢ ES). Conse- T,,9=0. ’

quently, the resulting force is also independent of viscosity.  Fig. 8 shows the traction vector of the Maxwell stress

As will be shown, the same is true for the shear stress and(T -n) computed at the particle surface. The figure is plotted

the resulting force. by computingT, ., T..,0, T;..r, andT; .4 by using the elec-
The pressure is integrated over the particle surface tric field obtained earlier in Eqg47) and (49) The stress

as f;’“*e“ = 27\ f_ll p%,el)n dn to obtain the following from the exterior electric field (filled arrows) has only radial

-1
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Table 2

Relative contribution of each component to the CP force
Contributions Symbol flfcp
Pressure (electrical) f p(e') 1.04
Pressure (viscous) fp(h) —041
Skin friction fo —-0.16
Maxwell stress (exterior) ™ 0.52
Maxwell stress (interior) fiM 0
Sum 1

* Minus sign represents the direction of the component opposite to the CP

. T ) force.
Fig. 8. Distribution of the traction vector of the Maxwell str¢gs n) on the

particle surface. Filled (in a red line) and hollow (in a blue line) arrows rep-
resent the stress due to the exterior and interior electric field, respectively. form to a similar form to the conventional DEP force. Since
The electrical permittivities are set equal, i€f,= ¢). (Color drawing in 0o Eno IS CONstant, it DeCOMeBo Vo = —CooVEs. IN-
the online version. ! - : g
) troducing the preceding relation to Eg.1) and noting that

o . Coo(x =0) =cg and E (x = 0) = Ep, we obtain
component which is generally greater at RHS of the particle.

If we perform integration for the interior surface, it becomes pp= _anfa3KVE§O’ (73)
fl.M = 0, and the total force due to the Maxwell stress be-
comes whereK = 1453%210.
9 Table 2shows the relative contribution of each compo-
M= feM = _—Zair (69) nent to the total CP force. In the table, the minus sign repre-
> sents the direction of the force component opposite to that
It should be noted that, to the first order xf ¥ is inde- of total CP force. The pressure force directly induced by
pendent of hydrodynamic field. Additionally:™ is inde- the concentration polarizatioﬁige'), is the largest contribu-
pendent of the electrical permittivity of the particle, which tion among the components of the CP force. The dielec-
is consistent to the DEP force in a conducting medji. trophoretic contributionfeM + fiM in which fiM =0, is

This force is different from the conventional DEP force in just half of that due to the electrical pressure contribution.
a dielectric medium in that this force does not vanish even |n the present investigation, we assumed that the conductiv-
whene = ¢). ity of the particle is zero. In reality, the particle has a finite

The total force acting on the particle is the sum of the conductivity, although it may be much smaller than that of
pressure force, the frictional force, and the dielectric force, electrolytes. If the particle has a finite conductivity, some
ie., current may flow thought the particle. Then, the strength of

the electric field around the particle may be decreased, and

fop=f"+ 1Y = éel) + fzgh) + Lo+ £+ the overall magnitude of the CP force may be reduced.
Finally, the nondimensional CP force becomes

oo (13 8C1 ,  9) 1453
cp=7 ! = 20"

5 A numerical analysis is performed to verify the analytical
Sincei = ka/co andk = —Vco, the CP force can be ex-  results. In the numerical analysis, a set of coupled equa-

4.4. Numerical verifications
A (70)

pressed in a dimensional form as tions, Eqs(31)—(41) were solved by using the finite volume
1453 Ve method. A spherical surface that has its origin at the center of
Fcp= HOrra%fE(z,( . = ) (71) the particle and has the radius of 08 chosen as the outer
0

boundary surface, in which the particle surface forms the in-
If we definei = ogEo as the current that is constant ner boundary. The no-slip condition is applied at the outer
throughout the domain, the above expression can be alter-boundary surface. In the simulatioh,and Pe, are chosen

natively expressed, in terms of current, as as 1073 and 1, respectively.
Fig. 9 compares the analytical and the numerical results
Fep= ——=ma“efi®—. (72) for the pressure and the wall-shear stress on the particle sur-
420 o . . .
0 face, which show a fairly good agreement. In the figure,

The direction of the CP force is determined by the con- pi,(n = 0) in Eq. (63) is set to zero. Due to the pumping
centration gradient, and is always towards the region of the action of the particle, a slow but large-scale circulating flow
higher ionic concentration. For a given concentration (con- is generated inside the numerical domain. However, the flow
ductivity) gradient, the CP force is inversely proportional field, the pressure in the vicinity of the particle, and the wall-
to the cube of local concentration. For the future compari- shear stress on the particle surface are hardly influenced by
son with the conventional DEP force, we change the above the large-scale circulating flow.



804 K.H. Kang, D. Li/ Journal of Colloid and Interface Science 286 (2005) 792—-806

The influence of the convective transport of species due to
Ucp can be represented by the (hydrodynamic) Peclet num-
ber defined aPe = aUcp/D. From the preceding equa-
tion and the definition of the electrical Peclet number, i.e.,
Pesi = e E3a?/(uD), the Peclet number can be related to
the electrical Peclet number as

1453
Pe= 2520Pee|x.
Since 0< PeyjA « 1, it confirms that the effect of translation-
induced convective transport on the concentration field can
be neglected within the validity of the present theory. Even if
-1 0 1 we take into account of the translating velocity in the analy-
sis from the beginning, its effect appears at best in the second
order terms.
Let us consider the effect of the applied electric-field di-
rection on the direction of the CP force. AssumeFig. 1,
the direction of the external electric field is reversed while
maintaining the concentration gradient as before. Then, only
the sign of the electric field will be changed. Since the charge
density is related to the concentration and the electric field
asp/ = —eVo -E/o, the sign of free charge due to concen-
tration polarization is also reverse. For the particular case
shown inFig. 1, then, negative charges will be generated.
There is no change, however, in the Coulombic body force
(p<E), and eventually, the hydrodynamic field and the hydro-
dynamic force acting on the particle will not change. In the
Maxwell stress, every component is in the form of square of
electric field. The sign change of the electric field, therefore,
does not affect the resulting force. As to the direction of the
(®) concentration gradient, as explained before, the CP acts to-
Fig. 9. Comparison of the analytical and the numerical results for (a) pres- Wards the region of higher concentration. Consequently, the
sure (b) wall-shear stress. Solid line represents the analytical result, and theCP force always directs to the region of “higher” concentra-
symbols are for the numerical results. These stresses are sca&ch@y tion, irrespective of the direction & ori.
whereEp = Eco(x =0). In principle, the linear theory presented in this paper is
applicable to cases of small effective concentration gradients
The high value of. essentially requires a consideration and small electrical Peclet numbePsy. It is desirable to
for boundary surfaces (referEag. 4). Additionally, forlarge  compare the magnitude of the CP force with other forces on
Peclet numbers, the effect of hydrodynamic flow will be- the basis of the present linear theory. Here, we compare the
come more significant; consequently, the boundary effect onCPp force with the DEP, the electrophoretic force, and the
flow would be much pronounced due to the slow decaying gravity forces.
character of the creeping flow. In the present investigation,  The dielectrophoretic force for a conducting particle sub-
we developed an analytical result that is independent of the merged in a conducting liquid [47]
geometrical shape of boundary surfaces. The goal of the 3 )
present numerical analysis is limited to validation of ana- Fpep=2refa”KemVES,
lytical results. Investigating the effect of boundary surface is where Koy = (0, — ap)/(o, — 204) is the Clausius—
necessary in the future. Mossotti factor in this case. For a limiting condition of a
nonconducting particle, it becomeé&y = —1/2, and the
relative magnitude of the DEP force relative to the CP force

5. Discussions becomes
The translating velocityUcp) of the particle due to the Foer = ’KCM = 105. (75)
CP force can be obtained by balancing the CP force with the Fep K 1453
Stokes forcd F; = 6 waUcp) [8], which yields As shown, the above comparison shows that the CP force is
F 145306 1 E2 ten times greater than the DEP force under the same electric-
Ucp = | Fepl _ | (74) field gradient. However, for the CP force the electrical-

~ 6mpa 2520 p field gradient is produced due to the concentration gradient,
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p Fig. 11. Comparison of magnitude of forces fdig = 10° V/m,
10— ¢ =25mV, |k|/co = 10 m4, ¢ = 9.81n?/s, p, = 1.010 kgm®,
N N p =998 kgm?, ande s = 6.9 x 10710 C2/(Im). The solid, dotted, and

N N CP force dashed lines correspond to those of the CP force, the electrophoretic force,
and the gravity force, respectively.

§ The two forces may have the same magnitude when
= 2520/ coz\ 1

° Eo=—x=|— ). 76
H 0 1453( K| >a2 (76)

wherek = —Vces. In Figs. 10a and 1Qbthe above rela-
tion is plotted for|k|/co = 10* m~* and 16 m—*, respec-
tively. Fig. 10 represents the region where the CP force
and the electrophoretic force become greater than the other.
Such values ofk|/co may be typical in microchannel en-
vironments. For instance, consider the case considered in
Section3.2, in which two streams of different electrolyte
Fig. 10. Comparison of magnitude of the CP force and the electrophoretic concentration of 50 m¢I‘n3 (=50 mM) and 1 mo,{m3
forces: (a)lk|/co = 10* m~*; (b) [k|/co = 10> m~*. (=1 mM) flowing in parallel in a microchannel having a
width of 100 um. The diffusional mixing at the interface
while for the DEP force, the field gradient is independent will generate a concentration gradient. Thénmay be in
of the concentration gradients, and determined by the differ- the order of 5x 10° mol/m?, and consequentlyk|/co may
ence in electrodes’ geometries and distance, etc. Thus, thebe in the order of % 10* m—4. Whena = 10 pm, the value
above comparison does not mean that the CP force is alwayf |k|/co = 10* m~* corresponds ta = 0.1. In the figure,
greater than the DEP force. the CP force is greater at the upper region of each line, and
Under a DC field, the CP force shows very similar char- the electrophoretic force is greater at the lower region.
acteristics to those of the DEP force. Alike the DEP force, The CP force is proportional ta® while the elec-
as explained earlier, the direction of the CP force does nottrophoretic force is proportional ta. Thus, as shown in
depend on the polarity of the electric field. Both are propor- Fig. 1Q as the size of a particle increases, the relative mag-
tional to the square of the electric-field strength and volume nitude of the CP force will increase compared to the elec-
of a body. These characteristics have a potentially impor- trophoretic force. Additionally, the CP force is proportional
tant implication. That is, analogous to the DEP force, the CP to the square of the electric-field strength while the elec-

force may have a nonzero value for even an AC field. trophoretic force is directly proportional to the electric-field
The electrophoretic force acting on a particle that has a strength. Thus, the CP force may become more important for
zeta potential ot can be represented )] high electric fields compared to the electrophoretic force. It

should be emphasized that the CP force exists even for an

electrically neutral particle. Additionally, the AC field does

Then, the ratio of the electrophoretic force to the CP force Not generate any electrophoretic force while the CP force

becomes under an AC field may still exist.

5 Fig. 11compares the absolute magnitude of the CP force

- i53a Eolk| . with that of electrophoretic force and the gravity foEg=
2520 cot (4/3)wa®(pw — pp)g in Which p,, is the particle density. It

Fep= GJTZSona.

‘E’
Fep
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is chosen so thakEg = 10° V/m, pp =1,010 kgm?3, ¢ = demonstrates, within the validity of the present linear theory,
25mV, and|k|/co = 10* m™4. As shown, the CP force is  that the magnitude of the CP force is at least comparable to
greatest among the three forces when the particle size rangethe electrophoretic force for particles having radius of tens
from 7 to 100 um, although the validity of the present theory of micrometer. The CP force is ten times greater than the
for a large particle is not assured. DEP force for a given value 67 E2.
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