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Electroosmotic Entry Flow in a Microchannel
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The entry flow induced by an applied electrical potential through
microchannels between two parallel plates is analyzed in this work.
A nonlinear, two-dimensional Poisson equation governing the ap-
plied electrical potential and the zeta potential of the solid-liquid
boundary and the Nernst-Planck equation governing the ionic
concentration distribution are numerically solved using a finite-
difference method. The applied electrical potential and zeta po-
tential are unified in the Poisson equation without using linear su-
perposition. A body force caused by the interaction between the
charge density and the applied electrical potential field is included
in the full Navier-Stokes equations. The effects of the entrance
region on the fluid velocity distribution, charge density bound-
ary layer, entrance length, and shear stress are discussed. The
entrance length of the electroosmotic flow is longer than that of
classical pressure-driven flow. The thickness of the electrical dou-
ble layer (EDL) in the entry region is thinner than that in the
fully developed region. The change of velocity profile is appar-
ent in the entrance region, and the axial velocity profile is no
longer flat across the channel height when the Reynolds number is
large.  ©2001 Academic Press

Key Words: electroosmotic flow; entrance length; Nernst-Planck
equation; Navier-Stokes equation; CFD.

INTRODUCTION

Several factors affect the microchannel flow physics. They a
the electrical charge density, the electric field, and the zeta p
tential of the microchannel. Theoretically, the classical Navier
Stokes equations have to be modified to include those fa
tors for the case of microchannel flow. Yamrg al. (3) and
Arulanandam and Li (4) used numerical methods to simula
fluid flow through a microchannel. Their physical models wer
based on (a) the Poisson—-Boltzmann equation for the elect
cal double layer (EDL) potential, (b) the Laplace equation fo
the applied electrostatic field, and (c) the Navier—Stokes equ
tions modified to include effects of the body force due to th
interaction between electrical and zeta potential. Their numel
cal results of the model are in qualitative agreement with the
experimental observations. They studied the microchannel flc
in the fully developed region and neglected the entry region e
fects, and the charge density was assumed to be in the Boltzm:
equilibrium distribution. Patankar and Hu (5) employed a simila
model to investigate 3-D microchannel flow.

The electrophoresis separation usually requires injection
the sample into the microchannel. The entry region of the inje
tion will influence the separation efficiency. To investigate th
effect of the entry region on the flow characteristics and withot
assuming the Boltzmann equation for the charge density dist
bution, we performed calculations using the full Navier—Stoke
equation and the Nernst—Planck equation. Our physical mode

Microchannel flows are often used in the separation of biifferent from those in previous studies; namely, (a) the compt

ological or chemical components, such as the separationt&fional domain is from the entry region to the fully develope:
DNA in genetic engineering. In practice, the process is calleggion, (b) the effects of the charge density on the fluid flow ar
electrophoresis (1, 2). It uses the principle of different mobifonsidered without the assumption of Boltzmann distributior
ity of charged particles to move them in opposite directiongq (c) we unify the applied electrical potential and zeta potenti
under an applied electric field. The induced flow motion ig,stead of using the superposition method. This physical mod

also called electroosmotic flow. When the flow enters the mj pelieved to be better in describing the physical phenomen:
crochannel, there is a developing region called the entry regighe|ectroosmotic fluid flow in microchannel.
where the velocity distribution and skin friction show signif-

icant variations in the streamwise direction. There is a fully
developed region where the velocity and skin friction show no
variation in the streamwise direction. The electroosmotic en-|n this paper, our physical model is based on a combinatic
try flow physics has not been reported in the literature, afl the Poisson equation for the applied electrical potenti:
it is the purpose of this work to study the entry flow in @and the zeta potential of the fluid—solid boundary, the ioni
microchannel. concentration rf{t, n~) for the positive and negative ions of
fluid, and the full Navier—Stokes equations modified to includ
1To whom correspondence should be addressed. Fax: +886-6-276-6830€Cts of the electrokinetic force. By introducing the referenc
E-mail: rjyang@mail.ncku.edu.tw. guantities,L ref, Uref, Pref, @andprer and definingoe = pe/Npze=
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(n*—n~ )/n01 =ze)/koT, t—tUref/I—refv u= U/Urefv =v/ 3p 1 9% Y
Uret, X=X/Lret, Y=Y/Lret, P=(P— Prer)/ (02U, = pt/pret, (Walls) u=0 v=0 dy  Redy? X'Oea_y
n+ =n*/no, andn—=n" /N, the dimensionless form of _ c I -
governing equations after dropping the head symbols can be y=0+Cx nm=e", n =e,
written as .
whereC is a constant. For the present problem we adofted
%y %y K? (0 — v¥iner)/ L, where the outlet electric potential is grounded
T2 T a2 — T 5 Pe (1] iti 1 i -
X oy 2 The pressure boundary conditions along yhdirection are ob
N N N tained from they-momentum equation. They are not simply
an U an Ty an ap/dy = 0. Surface potential consists of zeta and applied ele
At o ax o dy tric potential. We assume that the surface potential is a sin
1 2nt 920t 1 Loy ple superposition of the two potentials. Boundary condition:
= >+ ——=|=* n* for nt and n™ at wall surfaces are assumed to be the val
Sc Re\ ax ay ScR X . . L . .
ues of nondimensional Boltzmann distributions. Discussion o
L9 (g 31# 2] other boundary conditions has been reported in Yah@l.
ay ay (6). The governing Egs., [1]-[5] must be solved simultane
ously. We apply the artificial compressibility method (7, 8)
au  dv . . L A
— 4+ —=0 [3] by adding a time derivative pressure term to the continuit
ax oy equation. To solve these equations, the finite difference meth
ou +u8_u +U8_u and alternative direction implicit (ADI) (7, 8) scheme are
ot X ay used.
2 2
— _% + — 1 (9 + 8_u — 81# [4] RESULTS AND DISCUSSION
ax ' Re\ax? ay2 “ax
9v 9v v op 92 9% o In Fhe prewous_sectlon, the general equations and b_ounde
+uUu—+v + = + — ) — GXpe—, conditions were discussed. Here, we assume that the microch
at o ax 8y ay ' Relax2 ' gy2 ay

nel is made of silicon, the working fluid is water, and the elec
trolyte solution is KCI. The physical and electrical properties o
liquid are the concentration of electrolyf@e= 10-°-10°M (9),
where k =W x K, K =(2ngz%€?/ecokpT)Y/? is the Debye— the bulk concentratiomg = 6.022 x 107°-6.022 x 107 m~3,
Huckel parameter, /K is the characteristic thicknessthe dielectric constant = 80, the zeta potential of the chan-
of the EDL, Lrs=W, W is the channel heightUes= nel wall ¢ = —75 mV, the double-layer thickness parametel
Vinlete €0l /1LL, Yiner 1S the activated potential at the inlet, and = 3-32, the viscosity of the fluigh = 102 N - s/n?, and
Re= ptUrefLret/ 1t = pf(‘/"”'e‘”“)(Lf) is the Reynolds number. the Schmidt number of the charge density=S&¢0°. The ionic
For the coordinate system of the microchannel xttu®ordinate concentration and velocity fields are influenced by the electri
is the fluid flow direction, they-coordinate is perpendicular tofield intensity. Therefore, it is obvious that the Reynolds num
thex-coordinate, andl is the length of the microchannel. Othelber and velocity are functions of the electric field intensity. The
variables and their definitions are listed in the Appendix. lentry length is determined by the interaction between the a
most of the electrophoresis experiments, the microchannebied electrical potential and the net charge density. Hence, tt
filled with aqueous electrolyte solution. The sample is injectafiscussion is directed to the influence of the charge density «
into the channel, and then the electrical potential is activatgglocity variation in the entry region.

to separate the sample. Consequently, the initial conditions arThe electroosmotic flow is fluid motion driven by an ap-
assumed to be that the velocity is static everywhere and the zsiiad electrical potential, which quite differs from the traditional
potential of the wall iy |wai = ¢. The ionic concentration and pressure-driven flow. In pressure-driven flow, when the veloc
potential are assumed to be in the Boltzmann equilibrium digy field is in a steady state, the velocity profile is parabolic ir
tribution initially. The boundary conditions are given as shape in the fully developed region. Many discussions have be
recorded in classical fluid dynamics. In electrically driven flow,

5]

(In flow) u =0 v =0 P =0 i =C an applied electric field acts on the net fluid charge near the we
9x 9x X X to produce a body force that drives fluid motion. Figure 1 show

t=1 n =1 typical plots of the velocity vector and net charge density cor

Ju v y Y tours at different time instants in the electroosmotic flow whel

(Out flow) ax 0 3x =0 p(L.y) =/ Gxpe—r dy Re=2. Recall that the following initial conditions are used:
0 y the fluid fills the channel and the fluid is static everywhere

W _ ant AL At this time, the zeta potential of the channel wall influence

ax ax 0 ax the fluid charge distribution to form an electrical double laye
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Charge Density Contour

To distinguish differences between the electroosmotic ar
pressure-driven flows in the entry region, we plot contours c
streamlineu- and v-velocity components for both flows un-
der steady state in Fig. 2. Both flows have identical mass flo
rate and Reynolds number (Re2). The value of the-velocity
component is about one order of magnitude smaller than th
of the u-velocity component in the entry region. Prior to the
fully developed region, the-velocity component appears in
the entire cross section. However, thevelocity components
show opposite directions in the two flows. Thevelocity be-
comes zero in the fully developed region. In the case of ele
troosmotic flow, the streamlines bend toward the wall sul
face in the entry region and then keep parallel to each oth
in the fully developed region, while the streamlines bend tc
ward the channel center for classical pressure-driven chani
flows.

Figure 3 shows detailed streamwise velocity profiles at sevel
x-locations and their comparison with respect to the analytici
solution atk = 32 obtained by Patankar and Hu (5). The ana
Iytical solution is based on linear superposition in the applie
electrical potential and zeta potential. Note that, in our prese
study, the applied potential and zeta potential are unified in tt
flow field except the wall boundary conditions in which zeta po

FIG. 1. The velocity vectors and charge concentration contour at tlme in
stant (af = 0.1, (b)t = 1.0, and (c) steady-state flow when R and« =

(EDL), and the potential is a Boltzmann distribution. The flui
charge is therefore already attracted near the channel wall be
fore the electrical field along the channel is activated. Notice
that the interaction between the fluid charge of the near wi

Streamline

Streamline

tential and electrical potential are superimposed. In practice, t
magnitude of the zeta potential is much smaller than that of tt
. glectrical potential. The present result demonstrated that rest

and the electric field is the main factor driving the fluid mo y1

.

tion. There is no driving force near the center of the chann

05E

The fluid motion therefore starts near the wall in the electroo®SF

motic flow as shown in Fig. 1a. The velocity profile and ne

charge density field are gradually formed in a transient manr o
as shown in Fig. 1b. Since the fluid contains no charge far fro
the wall, as shown in the net charge density field, there is |

driving force in this region. The fluid motion in this region is y'

dragged by the viscous effect. Figure 1c shows the velocity a
net charge density distributions at steady state. As the velws
ity field grows, the EDL at the entry region becomes thinne
due to convection effects. The growth of the net charge de
sity boundary layer along the streamwise direction is clear
seen. The boundary layer of the net charge density distributi
influences the velocity distribution in the entry region. At the
entry pointx = 0, the velocity profile is similar to a parabolic V
shape. The fluid charge density is diminished by the conve
tion effect at this location. Consequently, the cross-section %3
not influenced by the body force but is affected by the dowt
stream fluid motion, which produces a suction effect at the inl ¢
entrance. This effect is similar to a pressure-driven force a
produces a parabolic velocity profile. Meanwhile, the charge ..
boundary layer gradually grows along the downstream of th

o

X

U -veloclty

0.5

&iG. 2. Comparison of the streamline and and v-velocity contours

channel and the velocity profile changes from parabolic to flgfn the same mass flow-rate in the entry region: (a) electroosmotic flow ar

stage by stage.

(b) pressure-driven flow when Re2.
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Figure 5 presents a plot of the net charge density bounda
layer for various Reynolds numbers. The thickness of the ni
charge density boundary layer is constant in the fully develope
region because the EDL thickness and zeta potential of the w;
are constant. The thickness is taken at the place where the va
of the net charge density equals 1%nmef This figure shows
that the entry length of the charge density field is depende
on the Reynolds number. The fluid contains no charge befo
) ) the entranceX = 0) of the microchannel. But the liquid ions
predicted SOIUt}O” near the wall will form a net charge density boundary laye
0.4 analytical solution : after entering the microchannel. The growth of the net charg

coshf x(y —1/2)] density layer is similar to that of a classical velocity boundan
U=1- : ;
cosh[ x /2] layer, and th_e entr_y _Iength is a function of the Reynolds nurr
ber. From Fig. 5, it is clear that the entry length increases &

1.2

0.8 -1

Normalized U-velocity

0.0 0.5 1.0

Non-dimensional Height, Y a Re=0.5 steady state flow
1

FIG. 3. Comparison between the computed result and analytical solution ¥
of the velocity distributions in the fully developed region whee= 32.
0.5

obtained from both methods of superposition and unification of
potential agree well with each other in the fully developed re-
gion. The figure also shows variations of velocity profiles in the
entry region.

In the electrophoresis separation, the flow vorticity influences
the efficiency of separation due to fluid mixing. The flatter the
velocity profile is, the better the separation efficiency will be.
It is very important to control the entry length and the velocity
distribution in the cross section. The Reynolds number (elec-
tric potential) is a very significant parameter for controlling this
factor. Figure 4 shows a plot of the velocity vector and the ve-
locity profile in the cross section with the different Reynolds
numbers in the fully developed region. In Fig. 4a, the velocity b 1.0
field attains the fully developed stage very soon whea-Reb. )
The entry region effect shows nearly no impact on the veloc-
ity distributions, and the computed velocity profile is flat in
the fully developed region. However, there is a clear difference
in velocity distributions in the entry region when Re& and >

the velocity profiles have a concave shape in the fully devel-g; 1 Re=0.5
oped region. Figure 4b reveals the velocity profile in the cross2 g Eefgg
section in the fully developed region at Reynolds numbers be-g 0.5 o |3 4 4 Rg;s'o

tween 0.5 and 5. From this figure, it is obvious that the veloc-.2
ity profiles are flat when Re 0.5 and 2. The profiles have a
concave shape when Re3 and 5. When the Reynolds num-
ber is small, its viscosity effect is larger and the viscous in-
teraction between fluids is stronger. The fluid near both walls
drags the fluid of the central channel, and the velocity profile
becomes flatter. In contrast, when the Reynolds number is large
(i.e., corresponding to a larger electric field), the electrokinetic
force drives the charges in the boundary layer to move faste 0.00 002 0.04 0.06
than the fluid away from the boundary, which has less or no Non-dimensional U-Velocity

charges. Therefore, the velocity profile will show a concaver|g, 4. (a) cComparison of the velocity vectors for R@.5 and
shape. (b) Comparison of the velocity distributions for various Re values.

Non-dimens

0.0 T I
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FIG.5. Comparison of the thickness of net change density boundary layer 0 1 2 3

distributions for various Re values. Non-dimensional Length X

FIG.7. Comparison of the wall shear stress between the electroosmotic a
the Reynolds number increases. There are very important peessure-driven flows with the same mass flow-rate.
lations among the fluid viscosity, electrical potential, and zeta
potential of the wall. Figure 6 shows the entry length of varioulonger distance to complete the fully developed phenomen
Reynolds numbers for electrical potential and pressure-drivi electroosmotic flows. In Fig. 7, the wall shear stress as give
flows with the same mass flow rate. The entry length of a cl
sical fluid dynamic flow is about ~ 0.06Re. In an electroos-
motic flow, the entry length is approximately~ 0.11Re. The W= Ma_“
difference is because, in addition to the viscous drag in pressure- Y ly—o
driven flows, the attraction between the zeta potential of the
wall and the charge of the liquid in electroosmotic flow mug¥as computed with the same mass flow rate for thre

be overcome as well. Consequently, the entry length must §&ses, namely, (1) the electroosmotic flow with a Boltzman
equilibrium concentration model, (2) the electroosmotic flov

with a Nernst—Planck concentration model, and (3) the pressul

20 driven flow model. For the case of pressure-driven flow, th
' flow starts with a uniform axial velocity profile and then pro-
A Classical pressure-driven flow gresses to a parabolic shape in the fully developed regio

®  Microchannel electroosmotic flow The shear stress changes dramatically in the entry region a

1.5 - Correlation formula then remains constant in the fully developed region. For th
cases of electroosmotic flows, axial velocity profile distribu
tions have significant variations near the wall resulting it
higher shear stress than the pressure-driven flow in the ful
developed region. Due to the charge density being assum
to be the Boltzmann distribution and the constant EDL thick
ness for the first case, the change of the velocity profile |
0.5 - not apparent in the entrance region. The entrance length
shorter for this case, compared to that of the second ca:
The shear stress has identical results for both the first a
second cases in the fully developed region. But in the el
0.0 | T T trance region, the variation of the velocity profile is very con
0 4 8 12 16 spicuous for the second case, as discussed in Fig. 1. C«
Reynolds Number sequently, the shear stress changes from a small value
FIG. 6. Comparison of the entry length between the electroosmotic ar'ﬁhe. entrance region to a large value in the fully develope
pressure-driven flow with the same mass flow-rate. region.

1.0

Non-dimensional Entrance Length
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FIG. 8. Comparison between the computed result and classical superposi- b 25
tion solution of the velocity distributions in the fully developed region when
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1 k=32

computed result ¢ = 5¢ 0
computed result £ =1 ¢
0

O analytical solution
7] U= cosh[x(y-1/2)]
cosh[x /2]
|
0.00 0.25 0.50

Non-dimensional Height, Y

¢ = 5o and¢ = 10¢.

The present approach is novel in two aspects; namely, the
applied electric potential and zeta potential are unified without
using linear superposition and the Nernst—Planck equation is
solved instead of the Boltzmann equation being used for charge
density distribution. Itis therefore interesting to investigate cases
where the zeta potential can no longer be regarded as small
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FIG.10. Comparison ofthe concentration distributions between the Nernst
Planck model and the Poisson-Boltzmann model: (a) ionic concentratio
(b) net charge density whan= 3.

and the Boltzmann distribution is not valid when the EDL is
overlapped in the channel. Figure 8 shows steady-state velc
ity comparisons between the present approach and the classi
theory with several zeta potentials. We ugeg¢ —75 mV = ¢

as a base, which gives a result nearly identical to that from tt
classical method as shown in Fig. 3. In Fig. 8, wiges 5¢, and

¢ = 10z, results for theu-velocity different from those of the
classical superposition method appear near the walls. The sm
zeta-potential is therefore an inherent restriction on the classic
superposition method. With the present unified approach, the
is no such restriction on the magnitude of the zeta-potential.

FIG.9. The velocity vectors and charge concentration contour at time in- AS indicated by Quand Li(10), whenthe EDL is overlapped ir
stant (a} = 0.1, (b)t = 1.0, (c) steady-state flow when Re2 andx = 3.

the channel, the Boltzmann equation for charge density may le
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to an inaccurate result. To demonstrate this issue, we performed
a calculation forx = 3 (corresponding t&W equal to 3/32 of

the case ok = 32). We assumed the surface zeta potential {§
be the same as in the casecof= 32. In such a short separationg
distance of the parallel plates, the EDL is overlapped in thg,
channel. Figure 9 shows velocity vectors and net charge density
contours atseveralinstants during the calculation. The netchapge
density is full of the channel, which produces electrokinetic forge
when the applied electrical potential is activated in the inlet. The
driving force therefore appears in the entire cross-section,r{m’ n-
contrast to the case that the EDL has no overlap in the channel.
The steady-state velocity profile shows a parabolic shape similar
to those of the classical pressure-driven flows where the driving
force also appears in the entire cross-section of the chanrﬁzl.
Figure 10 shows results for ionic distributionsof, n—, and

net charge densithn = nt —n~ across the channel from the
two different approaches. It clearly shows that the net char S
density is full of the entire cross-section of the channel. Certain
differences are observed in the predicted results. The reSIHf%f
show a similar trend reported by Qu and Li (10). With the preseHt
physical model by solving Nernst—Planck equation, there is no

restriction on the EDL being overlapped or not. v
SUMMARY w
z

The flow physics in the entry region of an electroosmoti
flow is numerically simulated. The model we have presentediys
based on the combination of the Poisson, Nersnt—Planck, ard
full Naver—Stokes equations to allow the calculation of flow en-
trance length and charge boundary layer distribution and to i
fluence parameters such as the Reynolds number. The treatment
on the applied electrical potential and zeta potential is unifiedén
the Poisson equation without using superposition. The preséeat
physical model provides more general applications compared
to the classical superposition method and restrictions on using
the Boltzmann equation. The results showed greater entrance
length of the electroosmotic flow than for classical pressure-
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APPENDIX: NOMENCLATURE

Diffusion coefficient of ions (rfis)

Electron charge, (C)

The ratio of the EDL energy to the mechanical
kinetic energy= 2noky T pfW?/ 11 RE?

Debye—Huckel parameter (th)

Boltzmann constant (J/K)

Channel lengthl{ = L /L)

Local concentration of positive and negative ions
(m=3) (" =n*/ng, N~ =n~/ng)

Average concentration of positive and negative
ions (nT%)

Pressure (Pa)

Reynolds numbet p(%)(%

Schmidt numbet /s D

Absolute temperature (K)

Reference velocity- ¥negeoc

Velocity component along the-direction
(J: U/Uref)

Velocity component along thg-direction
(v =1v/Urer) _

Channel heightW = W/ L)

Valence of ions _

Surface zeta potential (V) (= ze&; /k,T)

Electrical potential (V)¢ = zey/kyT)

Electric charge density: (Nt —n~)ze, (C/n¥), (oe =
(n* —n7)/no)

density of fluid

viscosity (Ns/m)

dielectric constant, dimensionless

permittivity of vacuum (C/mV)
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