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Abstract: This paper presents the numerical results of electro-osmotic flows in micro- and nano-fluidics using a
Lattice Poisson-Boltzmann method (LPBM) which combines a potential evolution method on discrete lattices to
solve the nonlinear Poisson equation (Lattice Poisson method) with a density evolution method on discrete
lattices to solve the Boltzmann-BGK equation (Lattice Boltzmann method). In an electrically driven osmotic
flow field, the flow velocity increases with both the external electrical field strength and the surface zeta
potential for flows in a homogeneous channel. However, for a given electrical field strength and zeta potential,
electrically driven flows have an optimal ionic concentration and an optimum width that maximize the flow
velocity. For pressure-driven flows, the electro-viscosity effect increases with the surface zeta potential, but has
an ionic concentration that yields the largest electro-viscosity effect. The zeta potential arrangement has little
effect on the electro-viscosity for heterogeneous channels. For flows driven by both an electrical force and a
pressure gradient, various zeta potential arrangements were considered for maximize the mixing enhancement
with a less energy dissipation.

Citation as: Jinku Wang, Moran Wang, and Zhixin Li. Lattice Poisson-Boltzmann Simulations of Electro-osmotic Flows in
Microchannels. Journal of Colloid and Interface Science. 296(2): 729-736, 2006

! Corresponding author. E-mail: moralwang@jhu.edu



Wang et al., LPB simulations of EOF in microchannels, J. Colloid Interface Sci.

1. Introduction

With the growing interest in bio-MEMS and bio-NEMS applications and fuel cell technologies, electrokinetic flows
have become one of the most important non-mechanical techniques in micro- and nano-fluidics [1-4]. Electro-osmotic
flows (EOF) have wide applications for pumping [5-8], separating [1,2] and mixing [9,10] in micro- and nano-scale
devices. The electro-viscosity effect also increases the energy dissipation in the electrolyte solution transport [11,12].

Due to their many applications, numerical simulations of EOF in micro- and nano-channels have recently received a
great amount of attention [13-20]. From the macroscopic point of view, the EOFs are governed by the Navier-Stokes
equations for flow and the Poisson-Boltzmann equation for the electrical potential [13]. Some researchers have simulated
EOF using these macroscopic equations [14,15]. In recent years, a mesoscopic statistics-based method, the lattice
Boltzmann method (LBM), has been developed for EOF in micro-fluidic devices because external force fields can be
more easily added to the lattice Boltzmann equation than to the Navier-Stokes equation [16-18, 21-25]. Recently, Guo et
al.[25] divided the existing LBMs for the EOF into two categories based on the number components: single-fluid models
and multi-fluid component models. The methods can also be divided into three categories based on main the solution
methods for the electric potential as: conventional methods, the “moment propagation” method and the independent lattice
Boltzmann method.

Most previous works used conventional numerical methods to solve the Poisson-Boltzmann equation, especially in its
one dimensional linearized form [16-18]. The multigrid technique can greatly increase the efficiency of the iterative
solution of the nonlinear Poisson-Boltzmann equation [21,26], but the technique can not easily be used to treat complex
geometries. For charged suspensions, Warren [22] introduced the “moment propagation” method [27] to solve the
electrical potential distribution. He and Li [23] proposed a different scheme for analyzing the electrochemical processes in
an electrolyte by using an independent lattice Boltzmann method to solve the Poisson equation for the ion diffusion.
However, this method was based on a locally electrically neutral assumption so it was not suitable for analyzing the
dynamics of charged suspensions [24]. Recently, Guo et al. [25] developed He’s method by directly solving the electric
potential equation and investigated the Joule heating effect of electro-osmotic flow in microfluidic devices.

Following the spirit of He’s method, this paper describes a consistent lattice evolution method which combines a
lattice solution for the non-linear Poisson equation for the electrical potential with a lattice solution for the Bhatnagar-
Gross-Krook (BGK) equation for incompressible fluid flows. Our method was independently developed, but similar with
Guo’s [25]. As with the standard LBM, this method can easily deal with complex boundary conditions and can be easily
extended to 3D problems and parallel computing. The method was validated against an analytical solution and then used
to simulate electro-osmotic flows in micro- and nano-scale channels. The pumping effect of electrically driven flows and
the electro-viscosity effect in pressure driven flows were analyzed in both homogeneous and heterogeneous channels. The
mixing enhancement in a heterogeneous channel with non-uniform surface zeta potential was also demonstrated.

2. Numerical method

2.1 Lattice Boltzmann method for fluids with external forces

The lattice Boltzmann method simulates transport phenomena by tracking the movements of molecule ensembles
through the evolution of the distribution function [28]. The lattice Boltzmann equation can be derived from the Boltzmann
equation [29]. For the flows with external forces, the continuous Boltzmann-BGK equation with an external force term,
F,is

Df f—fe
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where f = f(x,&,t) is the single particle distribution function in the phase space (x,&), & is the microscopic velocity,

7, is the relaxation time, and f* is the Maxwell-Boltzmann equilibrium distribution. For a steady fluid immersed in a

conservative force field, the equilibrium distribution function is defined by adding a Boltzmann factor to the Maxwell-
Boltzmann distribution:
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where U is the potential energy of the conservative force field, p, is the fluid density where U is lowest, R is the ideal

gas constant, D is the dimension of the calculation space(1D,2D or 3D), k is the Boltzmann constant, and u is the

macroscopic velocity. Here the external force term, F , needs to be chosen carefully. Dimensional analysis led to the
following form of F:

F:Gé(l_ )feq’ (3)
RT
with G being the external force per unit mass [30]. Eq. (3) has a perfect accuracy (relative errors are totally less than
0.5% when comparing with analytical solutions for a Poisseuille flow), even though ones reported it was an only first
order approximation [31].

The Chapman-Enskog expansion can be used to transform the Boltzmann-BGK equation, Eg. (1), into the correct
continuum Navier-Stokes equations,

pz—l:+pu-Vu:—VP+,uV2u+FE, (4)

where p is the solution density, P is the pressure, x is the dynamic fluid viscosity and F; is the electric force density
vector. In general, the electrical body force in electrokinetic fluids can be expressed as:

I:E :@d_'_peREint-’_ X int)+ Vv (5)
where F_. represents the external field body forces, including the Lorentz force associated with any externally applied

ext

electric and magnetic field. For only an electrical field, F,, = p,E, where p, is the net charge density and E is the
and B,

int

electrical field strength. E are internally smoothed electrical and magnetic fields due to the motion of the

int
charged particles inside the fluid. F, is a single equivalent force density due to the intermolecular attraction [16].

For the two-dimensional case, third-order Gauss-Hermite quadrature leads to the nine-speed LBE model with the
discrete velocities

(0,0) a=0
e,=1 (cosd,,sind,)c O, =(a-1)7/2 a=1234, (6
J2(cosd,,sind,)c 0, =(a-5)x/2+x/4 «=586,7,8
where ¢ = \/ﬁ and the equilibrium distribution

. X 2 2
f9 = p, exp(—ltj—_rj{1+3e“2u+9(e“ 4u) 3 , (7)

c c 2c¢?
4/9 a=0
where @, =11/9 «a=12,34.
1/36 «=5,6,7,8
Thus, the discrete density distribution satisfies the evolution equation
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where 1 is the position vector, o, is the time step defined as —=, o, is the lattice constant, 7, is the dimensionless
C

G-(e,

relaxation time, and F, = RT_ W fo(r,t).

The macroscopic density and velocity can be calculated using

p=21. (©)

pu=>e,f, . (10)

The dimensionless relaxation time, 7, , is a function of the fluid viscosity

0,
7, =3v—+0.5, (11)
5)(
where v is the kinetic viscosity.
For electrokinetic flows in dilute electrolyte solutions, the external electrical force in Eg. (5) can be simplified to:

I:E =peE_pchD ) (12)
where @ is the stream electrical potential caused by the ion movements in the solution based on the Earnst-Planck theory.
Generally, the stream potential dominates the electro-viscosity effect in pressure driven flows, but its value is much less
than the external potential and can be ignored in electrically driven flows. Therefore, the external force in the discrete
Lattice Boltzmann equation (Eg. 8) should include the pressure and electric force

-VP E-p VOD)-(e, —u
Faz( +pe pe ) (a )f;q. (13)
PRT
Equations (6-13) can then be solved to analyze electro-kinetic flows using the LBM as long as the charge density
distribution in the solution is known.

2.2 Lattice Poisson method for the electrical potential in the EDL
Electric double layer (EDL) theory [13] relates the electrostatic potential and the distribution of counter-ions and co-
ions in the bulk solution by the Poisson equation as follows:

Vi = Lo (14)
&g,

where y is the electrical potential, ¢ is the dimensionless dielectric constant of the solution, g, is the permittivity of a

vacuum, and p, is the net charge density. According to classical EDL theory, the equilibrium Boltzmann distribution

equation can be used to describe the ionic number concentration. Therefore, the net charge density distribution can be
expressed as the sum of all the ions in the solution:

Pe :zzieniWEXp(_ﬁl/’J’ (15)
i ’ k,T

where the subscript 1 represents the ith species, n_ is the bulk ionic number concentration, z is the valence of the ions

(including the sign), e is the absolute value of one proton charge, K, is the Boltzmann constant, and T is the absolute
temperature.
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Substituting Eg. (15) into Eqg. (14) yields the nonlinear Poisson equation for the electrical potential in the dilute
electrolyte solution:

1 ze

Vi =——> zen _exp| ——v |. 16

v &902 en;., e p( kaw} (16)
Eq. (16) can be solved using 1D or 2D linearized simplifications [16-18], iteration [14, 15] or multigrid methods

[21,26]. Hirabayashi et al [32,33] ever developed a lattice BGK model for the Poisson equation where, however, the

source term was linear or a fluctuation near zero. The model was hardly used directly to solve a nonlinear Poisson-

Boltzmann equation. Here the lattice Poisson method (LPM), derived from the LBM [29,30], was used to solve Eq. (16).
The solution of Eq. (16) can be regarded as the steady solution of:

0
EW=V21//+ O (MW, 1), (17)

7.
where g Ziz Zen, , exp (—ﬁwj represents the negative right hand side (RHS) term of the original Poisson
£€y 5 .

equation.
The evolution equation for the electrical potential on the two-dimensional discrete lattices can then be written as

1 . 0.5
0. (F +€,8,4,t+8,0) =0, () ===, () -9 () |+ 1-—2)8 0,84, (19

g g
with the equilibrium distribution of g

0 a=0

0 =@,y ,with @, = 1/6 a=1234 (19)
1/12 a=5,6,7,8

The time step in Eq. (18) is

2
S =2 (20)

where ' is a pseudo sound speed in the potential field. In fact it can be artificial to vary the time step. The dimensionless
relaxation time for Eq. (18) is

3%6,
T, = 2559 +0.5, (21)

where y, which is equal to unity in the simulations, is defined as the potential diffusivity.

The evolution equations (18-21) can be proved consistent with the macroscopic Poisson equation (17). After evolving
on the discrete lattices, the macroscopic electrical potential can be calculated using

w=>.(9,+056,9,.,). (22)

Though the electrical potential evolution equations are in an un-steady form, only the steady state result is realistic,
because the electromagnetic susceptibility has not been considered. The LPM has most of the advantages of the Lattice
Boltzmann method and is suitable for complex flows and parallel computing. Although this paper only presents 2D cases,
the algorithm is easy to extend to a 3D case.

2.3 Boundary conditions
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The boundary conditions for LBM are very simple. The bounce-back model was used to model the fluid-solid
interaction on the wall surfaces. Periodic conditions were implemented at the inlet and outlet.

The LPM for the electrical potential used the Dirichlet boundary condition on the wall surfaces and the Neumann
condition at the inlet and outlet sections.

For the Dirichlet boundary, the unknown distribution functions were calculated from the local equilibrium distribution

with the source, g, [34]. For example, for the upper wall, g,, g,, and g, are unknown, but can be obtained from the

rhs

equilibrium distribution of the local y/:

Vo= 3V/s _3Sp _1'55tza)agrhs J (23)

where Sp is the sum of known populations coming from the internal nodes and nearest wall nodes

Sp:go+gl+gz+gs+gs+gev (24)
and v is the boundary value. Thus the unknown distributions are

ga = an/O ' (25)
The corner can be treated in a similar way, with five unknowns at the corner. The upper-right corner, for example, has
the unknown populations g,, 9,., 94, 9,,and g,. They also follow from Eq. (23) with

lz‘//s - 65t z @, Y rhs _128p

_ , 26
4 7 (26)
where
S, =0,+0;,+09,+7s. (27)

The inlet and outlet boundary for LPM was implemented the Neumann boundary conditions. At the outlet (the left
section, for example), the relationship

Wo =35, +1.55, ) (0,,s®,C, . /C), (28)

with

S,=0,+05+0s, (29)
can be applied to determine the unknown populations g,, g, and ¢, .

3. Results and Discussion
The LPBM was used to simulate the EOF in a 2D microchannel as shown in Figure 1. The charges on the channel
walls are either homogeneous or heterogeneous, so that the zeta potential distributions on the upper and lower walls are
¢, (X) and &,(x). The channel is H wide and L long. The electrolyte solution in the channel is driven by an electrical
field, a pressure field or both.
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Figure 1 Boundary conditions for the electro-osmotic flow in a microchannel

This section first presents a validation of the method by comparison to an analytical solution and then uses the method
to analyze electrical driven osmotic flow, the electro-viscosity effect, and electrical mixing enhancement.

3.1 Benchmark
For a 1:1 electrolyte solution flowing in a microchannel with periodic inlet/outlet boundaries and homogeneous walls,
the Poisson-Boltzmann equation Eq. (16) can be simplified into the one-dimensional form:

2

Iy 1/2/ _2n.z¢ sinh (z_el// . (30)

dy &g, KT

If zew /KT issmall, sinh(zey /KkT) = zey /KT . Eq. (30) can be linearized as:

d’w 2n_z%° )

=—= =Ky, 31

dy?  egkT v i (3D

2n, z2%e* . . :
where x = °°—k_|_ is defined as the reciprocal of the Debye length in Debye-Huckel theory. The linear one-

e,

dimensional ordinary differential equation in Eqg. (31) has a simple analytical solution for a specified set of boundary
conditions.

Figure 2 compares the LPM results for the non-linear Poisson-Boltzmann equation (Eg. 16) and the analytical
solutions of the linearized equation (Eq. 31), together with numerical solution using the multigrid method. The parameters

are an the ionic molar concentration C_ =10"*M , n, =c, N, whereN, is the Avogadro’s number, z =1, the dielectric

constant of the solution gg, =6.95x10"°C*/J-m , the temperature T =273K , and w, =y, =y, with w_ as a

constant.

In general, the linearization is accurate when v is small. Figure 2 shows that the LPM results agree perfectly with
multigrid solutions at all zeta potentials and with the analytical solution of the linearized equation when the absolute value
of the surface zeta potential £ is small, less than about 30 mV. This validates the accuracy of the LPM. When the

absolute value of zeta potential is large (> 30 mV), the LPM numerical results depart from the linearized analytical
solutions as expected [35,16].
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Figure 2 LPM results compared with the linearization results and the multigrid results for various surface
zeta potentials (-10 mV, -30 mV, -50 mV, -100 mV and -150 mV).

3.2 Applications

After the LPM was validated, the LPBM was used to simulate electro-osmotic flows in microchannels. The LPM was
first used to calculate the potential distribution in the domain to calculate the force per unit mass on the fluid. This force
was then used in the LBM to calculate the EOF in microchannels.

3.2.1 Electrically driven osmotic flow

The First example considers a flow that is driven by only the electrical field in a homogeneous microchannel. The

inlet and outlet boundaries are periodic. The channel is 0.8 x#m wide and the ionic molar concentration far from the wall

surface is 10* M for the results shown in Figure 3. As has been previously observed in qualitative results both
experimentally [15] and numerically [36,37], the velocity in the electrically driven osmotic flow is nearly proportional to
the external electrical field strength, as well as the surface zeta potential in a homogeneous channel. Recently, these
results were also observed in MD simulations in nanochannel flows [38,39].
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Figure 3 Velocity profiles for various external electrical fields and different surface zeta potentials. The
solid line: E =5x10° V/m, w, =-20 mV; the dot-line: E =5x10* V/m, y, =-50 mV; the dashed-line:

E =1x10° V/m, y,=-50 mV.
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The velocity profiles for the various ionic concentrations far from the walls are shown in Figure 4 for a channel width
is 0.4 um, the external electric field strength E =5x10% V/m, and the surface zeta potential w,=-50 mV for both walls.

The fluid properties are set as those of water at the standard state which are the dielectric constant
gg, =6.95x10"°C?/J -m, the density p =1.0x10° kg/m® and the viscosity z=0.89 Pa s. The results show an optimal

ionic concentration that maximizes average velocity. As the ionic molar concentration decreases from a high value (2x10°
%), the EDL thickness increases so that although the force is slightly reduced, the electrical force domain increases and
thus the average velocity increases. There exists a concentration at which the effect of the electrical force can dominate
across the entire channel and make the velocity reach maximum (10~10° M for current simulations). As the ionic
concentration decreasing (such as from 10 to 10®), the force reduction becomes the most important factor and the

average velocity decrease. The lower ionic concentrations also result in a more parabolic-like velocity profile.
20 g T T T T r r r

18 /.4

16l

01 02 03 04 05 06 07 08 09
yMH
Figure 4 Velocity profiles for various ionic molar concentrations for electrically driven flow. The dotted

line: C_=2x102 M; the solid line: C,_ =10 M; the dash-dot line: C_=10" M; the dashed line: C,_ =10 M;
the triangle-line: C_=10"° M; the square-line: C_=10° M.

Figure 5 shows the velocity profiles for various channel widths for ¢, =10 M, E =5x10% V/m, and v, =-50 mV. The

channel width varies from 0.1 x#m to 1 um. The average velocity shows good monotonicity with the channel width. For

channel widths larger than double size of the EDL thickness, the maximum velocity seldom changes with the channel
width. However, for channels widths less than double size of the EDL thickness, a smaller channel width leads to a

smaller velocity.
20

15

u um/s

0
0 01 02 0.4 0.6 0.8 1

y mm
Figure 5 Velocity profiles for different channel widths.
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3.2.2 Electro-viscosity effect

When an electrolyte solution flows in a microchannel driven only by the pressure gradient, the charged wall surface
will increase the resistance, which is defined as the electro-viscosity effect. This effect has been proven experimentally
[11]. New dynamic models based on the Navier-Stokes equations have been built to model this effect [12,40,41]. Tian et
al. [36] simulated the electro-viscosity effect using the LBM, but they did not find any significant difference between the
results with and without the EDL. The following example investigates this effect using the LPBM.

For 2D electrokinetic steady-state flow in microchannels, the streaming potential, ®, in Eq. (12) can be defined by
the constraint of current continuity [17,37]:

H
[ ut o, (x y)d y
®=-L : (36)
(4, + A,x)H
where A, is the electrical conductivity of the bulk fluid and A is the surface conductance. In the present simulations, A4,
is 1.42x10° S/mand A, is 1.64x10° S,
Velocity profile for flow in a homogeneous channel are show in Figure 6 for a channel having a width of 0.4 um,

c, =10 M, dP/dx=1x10° Pa/m, and surface zeta potentials, y,, from 0 mV to -70 mV. When |y | is very small (1

mV), the velocity profile is the same as the non-EDL channel flow profile. When |y | is larger than 10 mV, the electro-

viscosity effect becomes significant and the effect increases with the increasing |y |. Unlike the regular viscosity effect,

the electro-viscosity effect mainly affects the velocity distribution near the wall so that the viscosity profiles near the walls
are no longer parabolic.

45

--------
'''''''
" .

......

0 0.2 0.4 0.6 0.8 L
yH

Figure 6 Velocity profiles for various surface zeta potentials in a homogeneous channel with pressure
driven flow. The asterisk (*): 7, =0 mV; the solid line: y/ =-1 mV; the dashed line: v/  =-10 mV; the cross

sign: y,=-30 mV; the diamond sign: y/, =-50 mV; the triangle sign: v/, =-70 mV.

Figure 7 shows the velocity profiles plotted as a function of the ionic concentrations for y,=-50 mV. The ionic

concentrations vary from 10 M to 10° M. When its value drops from 10 to 107, the velocity drops (from the solid line
to the dashed line) in the bulk flow region. As the value drops on from 10 to 10, the velocity profile rises up totally (see
the dash-dot line). It can be foreseen that the velocity profile will approach the non-EDL case (the dot line) with the ionic
concentration drops on. The figure indicates that the electro-viscosity varies non-monotonically with the ionic
concentration. The reason is quite similar with the electrically driven cases. There exists an ionic concentration value

10
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yielding the largest electro-viscosity effect. Additionally, a lower ionic concentration leads to a more parabolic velocity
profile.

------------------ ¢,=0M —c =10*M ¢ =10°M

0 0.2 04 0.6 0.8 1
y/H

Figure 7 Velocity profiles for various ionic concentrations in a homogeneous channel. The dotted-line: C
=0 M; the solid line: C,_ =10 M; the dashed line: C_=10" M; the dashed-dot line: C_ =10° M.

The second example illustrates the electro-viscosity effect in heterogeneous channels. Four cases were considered:
Case 1. v, =y, xe(O,L); w, =y, xe(0,L). (Homogeneous)

Case 2: v, =y, Xe(O,L); w, =—w,, xe(0,L). (Oppositely charged)
Case3: v, =y, xe(0,L/4)u(L/2,3L/4); y,=-w,, xe(L/4,L/2)0(3L/4,L);
v, =y, xe(0,L/4)u(L/2,3L/4); v,=-y,, xe(L/4,L/2)0@BL/4,L).
Cased: v, =y, xe(0,L/4)u(L/2,3L/4); y,=-w,, xe(L/4,L/2)0(3L/4,L);
v,=-w,, xe(O,L/4)u(L/2,3L/4); v, =w,, xe(L/4,LI2)0@BL/4,L).
Figure 8 compares the velocity profiles of channel middle sections (A-A section in Fig. 1) for H=0.4 zm, ¢_=10"

M, dP/dx=1x10° Pa/m, and v =-50 mV. All four cases have significant electro-viscosity effects when compared with

the non-EDL case. The resistance of the homogeneous one (case 1) is the largest, while that of the oppositely charged case
is the smallest. The velocity profiles for cases 3 and 4 are almost the same and fall between case 1 and 2.

35} RO AR
+* *
30| o *e
+* +*
25} s ‘.
g * ‘._‘.‘-;I;:*-x-"-:sn-u';;.;:“u N
20} . xx N *
= + ‘ 7 + y =0 ‘ +
s 15¢ . S *
. —Casel .
oy , S Case 2 .
gl + = Case3 R
, S Case 4 \
0 0.2 0.4 0.6 0.8 1
yH

Figure 8 Velocity profiles for various surface zeta potential distributions in heterogeneous channels
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3.2.3 Electrical mixing enhancement

The final example illustrates a flow driven by both the electrical force and the pressure gradient in microchannels.
These conditions are usually used for mixing enhancement [9,10]. The conditions are the same as for case 3 and 4 in
section 3.2.2 with an additional external electrical field of E =5x10% \V/m. The calculated velocity contours are shown in
Figure 9. The electrical force causes vortices to appear near the surface that act as small stirrers in the channel. If two
kinds of fluids or a suspension flows in the channels, the vortices will enhance the mixing. The mixing strength can be
easily controlled by changing the electrical field strength or the zeta potentials. The streamlines along the channel mid-
line show qualitatively that case 4 has better mixing enhancement efficiency than case 3 due to its much larger y-
velocities. Similar results can be found in reference [42].

(b)
Figure 9 Velocity contours for different heterogeneous zeta potential distributions in electro-pressure
driven flows. (a) case 3 zeta potential arrangement; (b) case 4 zeta potential arrangement.

The vortices generation dissipates the kinetic energy of the fluid. Therefore, the energy dissipation is also a very
important factor when selecting a scheme for enhancing mixings. The velocity profiles at X = L/2 (A-A section in Fig. 1)
for the two cases are compared in Figure.10. The figure shows that the zeta potential arrangement in case 4 has less
energy dissipation than that in case 3. Thus, considering both the mixing effect and the energy dissipation, the zeta
potential arrangement in case 4 is a better scheme for electrically driven mixing enhancement.

25
AN
20} «* i
* *
* *
* *
9 15¢ i #
£ £
=+ + Case 3 *
> 10 Case 4
5 L
G . . . . +*
0 0.2 04 0.6 0.8 1
y/H

Figure 10 Velocity profilesat X = L /2 for electro pressure driven flow

4. Conclusions

The Lattice Poisson-Boltzmann method (LPBM), which combined a lattice Poisson method (LPM) solving the non-
linear Poisson equation for electric potential and a lattice Boltzmann method (LBM) solving the Navier-Stokes equations
12
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for fluid, was used to simulate the electro-osmotic flows in microchannels. For electrically driven osmotic flows, the flow
velocity is nearly proportional to the external electrical field strength and the surface zeta potential value for flows in
homogeneous channels. However the flow velocity changes with the ionic concentration and the channel width are more
complex. For a given set of conditions, the flows have an optimal ionic concentration or channel width that maximizes the
average velocity. For pressure-driven flows, the electro-viscosity effect increases monotonically with the surface zeta
potential, but reaches a maximum and then decreases with increasing ionic concentration. The zeta potential arrangement
has little effect on the electro-viscosity for heterogeneous channels. Flows driven by both an electrical force and a
pressure gradient can be used to enhance mixing in the fluid. The mixing enhancement was analyzed by comparing the
flow fields in channels with different zeta potential arrangements, including the mixing enhancement effects and the
energy dissipation. Since the electro-osmotic flows in microchannels have many promising applications in microsystems,
the analyzed methods and simulations presented here provide valuable information for the design and optimization of
MEMS/NEMS.
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