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This paper investigates the interfacial electrokinetic effects on characteristics of liquid flow
through a microchannel between two parallel plates. Experiments were conducted to
investigate the effects of electric double layer (EDL) on flow characteristics with different
potassium chloride concentrations in water and with different plate materials, P-type
silicon, and glass. Microchannels with a height ranging from 10 ~ 280 pm were used in
the measurement. A mathematical model was developed for steady-state liquid flow with
the consideration of EDL effects. The predicted volume flow rates agree well with the
measured data. The effects of the EDL field, the ionic concentration, and the channel size
on the velocity distribution and friction factor are also discussed in this paper. © 1997 by

Elsevier Science Inc.

Keywords: microchannel flow; electric double layer; electrokinetic effects; zeta potential;

streaming potential; friction coefficient; apparent viscosity

Introduction

Liquid flows through microchannels have wide industrial applica-
tions, such as design of microfluidic systems and microheat sinks.
As characteristic dimensions of channels decrease to micro
ranges, the fluid flow behavior in these microchannels is strongly
influenced by the wall/interfacial effects. The flow characteris-
tics are different from the normal situation described by the
Navier—Stokes equations. For example, Eringen (1964) proposed
a theory that states that fluid flow in microchannels will deviate
from that predicted by Navier—Stokes equations. Tuckermann
and Pease (1981, 1982) investigated experimentally and theoreti-
cally the fluid flow through microchannels. They found that the
flow friction measurements were slightly higher than those pre-
dicted by the classical theories. Pfahler (1992) measured the
friction coefficient in microchannels and found a significantly
higher flow rate than expected for both isopropanol and silicon
oil. His results indicate that polar nature of the fluid may play a
role in the change in the observed viscosity. Choi et al. (1991)
measured friction factor in microtubes of inside diameters 3 to
81 nm using nitrogen gas. They found that for diameters smaller
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than 10 wm, the friction coefficient Cy, product of the friction
factor f and Reynolds number Re, was equal to 53 instead of 64.
Harley and Bau (1989) measured the friction factor in channels
of trapezoidal and square cross sections. They found experimen-
tally that the friction coefficient C; ranged from 49 for square
channels to 512 for the trapezoidal channels. Peng et al. (1994a,
1994b) and Wang and Peng (1994) found experimentally that
transition to turbulent flow began at Re =200 to 700, and that
fully turbulent connective heat transfer was reached at Re = 400
to 1500. They also observed that transitional Re diminished as
the size of the microchannel decreased. Rice and Whitehead
(1965) studied the effect of the surface electrical potential on
liquid transport through narrow cylindrical capillaries with the
assumption of the small surface electrical potential. Levine et al.
(1975) extended the Rice and Whitehead model to higher surface
electrical potential for flows in cylindrical capillaries.

In our previous work, Mala et al. (1997), the surface potential
effects on flow characteristics in microchannels were studied
theoretically. It was concluded that the effect of the electric
double layer (EDL) on velocity distribution, friction coefficient,
apparent viscosity, and heat transfer cannot be neglected in
microscale fluid flow and heat transfer. Most solid surfaces bear
electrostatic charges; i.e., an electrical surface potential. If the
liquid contains very small amounts of ions, the electrostatic
charges on the solid surface will attract the counterions in the
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liquid to establish an electrical field. The arrangement of the
electrostatic charges on the solid surface and the balancing
charges in the liquid is called the EDL. The EDL is composed of
the compact layer and diffuse double layer. The compact layer is
about 0.5-mm thick. In the compact layer, the ions are strongly
attracted to the wall surface and are immobile. In diffuse double
layer, the ions are affected less by the electrical field and are
mobile. The thickness of the diffuse EDL generally ranges from
a few nanometers up to several hundreds of nanometers, depend-
ing upon the electric potential of the solid surface, the bulk ionic
concentration, and other properties of the liquid. The electrical
potential at the boundary between the compact layer and the
diffuse layer is called the zeta potential §.

When a liquid is forced through a microchannel under hydro-
static pressure, the ions in the mobile part of the EDL are
carried towards one end. This causes an electrical current, the
streaming current, to flow in the direction of the liquid flow. The
accumulation of ions downstream sets up an electrical field with
an electrical potential, the streaming potential. This field causes
a current, the conduction current, to flow back in the opposite
direction. When conduction current equals streaming current, a
steady state is reached. It is easy to understand that, when the
ions are moved in the diffuse double layer, they pull the liquid
along with them. The motion of the ions in the diffuse double
layer is subject to the electrical potential of the double layer and
the streaming potential. Thus, liquid flow characteristics are
affected by the presence of EDL.

In macroscale flow, interfacial electrokinetic effects are negli-
gible, because the thickness of the EDL is negligible compared
to the hydraulic radius of the flow channel. However, in mi-
croscale flow, the EDL thickness may be comparable to the
hydraulic radius of the flow channel. For pure water and pure
oils, the thickness of EDL can be as large as several microns.

Thus, EDL effect will be significant for flows in small microchan-
nels. An experimental study of EDL effects on microchannel
flows was undertaken recently and is reported in this paper. The
experimental results are compared with the results obtained
from the developed mathematical model. A good agreement
between the experimental and computed results has been found.

Mathematical model

The mathematical model characterizing the fluid flow through a
microchannel between two parallel plates with the effects of
EDL is described in the following sections.

Poisson—Boltzmann equation

Consider a fluid phase containing positive and negative ions in
contact with a planar positively or negatively charged surface. An
EDL field will be established. Assume that the surface bears a
uniform electrostatic potential, which decreases as one proceeds
out into the fluid. Far away from the wall, the concentration of
the positive and negative ions is equal. The electrostatic potential
¥, at any point near the surface, is related to the net number of
electrical charges per unit volume p, in the neighborhood of the
point, which measures the excess of the positive ions over nega-
tive ions or vice versa. According to the theory of electrostatics,
the relation between ¢ and p is given by Poisson’s equation
(Hunter 1981), which for a flat surface is

- - )

Notation

cross-sectional area of the flow channel, m?
C; friction coefficient, (f*Re) dimensionless

E, streaming potential, V

E, electric field strength, " m™!

1,1, conduction and streaming currents respectively, A

P, wetted perimeter of the channel, m

P, pressure gradient in z-direction = —dp/dZ, Pa m™!
WN/m™3)

Q volume flow rate through the channel, m* s™!

g, coanver{tional volume flow rate through the channel,
m’ s

R,  bulk electrical resistance of the liquid flowing in the
channel,

Re  Reynolds number, dimensionless

surface electrical resistance of the channel, ()

R;  total electrical resistance of the channel with the
liquid, ©

T absolute temperature, K

V,,  average velocity of the fluid, m s™!

V,  reference velocity (arbitrarily chosen as lm s™1)

V,  velocity of the fluid in Z-direction m s~

X X-coordinate, m

V4 Z-coordinate, m

a half of the separation distance between the two plates,

m
e electron charge, 1.6021 X 107! C
f friction factor, dimensionless
k Debye—Huckel parameter, (2n,z%%/ee k,T)'/> m~!

k,  Boltzmann constant, 1.3805 X 1072% J mo}~! K~!

l length of the channel, m

n*,n~ concentration of positive and negative ions, m~

n average number of positive or negative ions/unit
volume or ionic number concentration, m ™3

z*, 2" valence of the positive and negative ions

3

o

Greek

€ dielectric constant of the medium, dimensionless

permittivity of vacuum, 8.854 x 10"12 C V! m~!

nondimensional electrokinetic separation distance be-

tween the two plates (a*k)

A,  bulk conductivity of the fluid, Q7! m~!

surface conductivity of the channel wall, Q!

Ar  total conductivity of the fluid, Q™' m™!

n dynamic viscosity of the fluid, Ns m 2

[T apparent viscosity of the fluid, Ns m~?

£ zeta potential; i.e., the electric potential at the bound-
ary between the diffuse double layer and the compact
layer, V'

p charge density, C m~

p;  density of fluid, kg m~*

shear stress at the channel wall, N m~

] electrostatic potential at any point in the electric
double layer, V'

3

2

Subscript

- nondimensional parameters
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The probability of finding an ion at a particular point is
proportional to the Boltzmann factor e~*¢¥/*+T, For any fluid
consisting of two kinds of ions of equal and opposite charge z*,
z~, the number of ions of each type are given by the Boltzmann

equation (Hunter 1981)

n~=n,e*¥/ kT and  at=nye v/ RT

The net charge density in a unit volume of the fluid is given by
p=(a*—n")ze= —2n,zesinh(zey/k,T) )]

Substituting Equation 2 in Equation 1, we obtain a nonlinear
second-order one-dimensional (1-D) Poisson—Boltzmann equa-
tion.

d®y  2n,ze zey
—= inh| — 3
ax?~ Tee M KT ®
Nondimensionalizing equations 1 and 3 via
D ¢ _ ze - (X)
x=2, §=Z o =t @
a k, n,ze

We obtain the nondimensional forms of Equations 1 and 3 after
some simplification as:

d2y k?  _
axi- P p(X) &)
d*¥ -
—.% = K2 smh(\b) (6)

Where k=(2n,z%e%/ce,k,T)/? and (a*k)=«. “k” is called
the Debye—Huckel parameter, while “1/k” is referred to as the
characteristic thickness of the EDL. As explained earlier, the
characteristic thickness of the EDL can vary from few nanome-
ters to a micrometer, depending upon the solid-liquid system.

Solution of the Poisson—Boltzmann equation

If the electrical potential is small compared to the thermal
energy of the ions; i.e., (|zey| < |k,T) so that the exponential in
Equation 6 can be approximated by the first terms in a Taylor
series. This transforms Equation 6 into

a2y _
ax ey @
In the literature, this is called the Debye—Huckel linear approxi-
mation (Hunter 1981). The solution of the above equation can be
obtained easily. Consider a flow channel between two parallel
plates, as shown in Figure 1 . If the electrical potential of the
channel surface is small, and the separation distance between the
two plates is larger than the thickness of the EDL so that the
EDLs near the two plates will not overlap, -the appropriate
boundary conditions are: at X=0,y=0and at X=+1,§=
& =(zet/k,T). With these boundary conditions, the solution
of Equation 7 is obtained and is given by

3

pror oy Isinh(k X! ®

U=
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Equation of motion

Consider a 1-D fully developed, steady-state, laminar flow through
two parallel plates of unit width, as shown in Figure 1. The forces
acting on an element of fluid include the pressure force, the
viscous force, and the electric body force generated by the
double-layer electric field. The equation of motion is the Z-di-
rectional momentum equation.

2

—dV‘+P Ep(X)=0 )
+ =
p'dXZ z P

where E,=FE /I and P,= —dp/dZ. E,p(X) is the electrical
body force Nondlmensmnallze Equation 9 with E, =E /¢,
V,=V,/V, and replace p(X) from Equation 5, we obtain

&7, 2G,E, &%

— + —
dx? ! k2 dXx2

where the two nondimensional numbers are G, = (a*P,/pV,)
and G, = (&n,zea® /IuV,). Integrating Equation 10 twice we get

_ GX? 2(;2
V+——-
2 K2

“y=C,X+C,

The constants of integration C; and C, can be found by employ-
ing the appropriate boundary conditions; namely, at X = +1,
V, =0, = £ After evaluatmg the constants C,; and C, the velo-
city distribution is given by

_ G, ., 2GEk v
V=5 1-X)- z it {1 —i} 10)
K

Substituting for ¢ from Equation 8 the nondimensional velocity
distribution is:
} 1

As seen from Equation 11, the velocity distribution can be
calculated only if the streaming potential E, is known. In the
absence of an applied electric field, when a liquid is forced
through a channel under hydrostatic pressure an electrical field
is generated as explained in the introduction. The potential of
this electrical field is called the streaming potential. The current
attributable to the transport of charges by the liquid flow, called

sinh(k X)
sinh(k)

_ G, .. 2G,EE
V=t -XH- = §{1—

KZ

Streaming potential

Z (flow direction)

—
o

W —
W;l>>a

Figure 1 Schematic of a microchannel between two paral-
lel plates
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streaming current, is given by
I=[ Vp(X)dA, (12)
Ae

Nondimensionalizing V, and p(X) we obtain

I

2n,V,zea

S

—f Va(X)dX (13)

Substituting for p(X) from Equation 5, the nondimensional
streaming current becomes

. 2 - [ d§ av | e _
S—’_Zfon(dX) Veaxl, foﬁdvz as

With the boundary conditions; namely X=1, ¥,=0 and X=0,
dy/dX =0, the first term on right-hand side of Equation 14
becomes zero. Therefore, the streaming current reduces to

2 qdy _
—2f0—)?V (15)

Using Equation 10, Equation 15 can be written as:

AL
k2 JoldX

7 2
s_Kz

1— ~
-G, | Xdi+
] Xdb
the integrals are evaluated by using Equation 8 and are given as
1)_(d_ £ cosh(k) — 1
j(.) v=¢ « sinh(k)

N A xE 2/ sinhGe)cosh(k) 1
f —=| dX=|~ +=
0 (dX) (smh(K)) ( 2k 2)

Finally the nondimensional streaming current is given by

2

- 1%31 §
== +4GLE, BZ( Ksinh(x))
where
1 cosh(k) — 1 d : sinh(x)cosh(k) 1
O R 2 "3
(16)

The streaming potential generated by the streaming current
will produce a conduction current in the reverse direction, and is
given by

MEA;  MEP

= 1 i an
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where A, and A, are the bulk and surface conductivity respec-
tively. I, can be rewritten as

E AN
Ic= s4te™T
l
AP,
Ap=X,+ 18
r=ht— (18)

[

Nondimensionalizing as before with I = //a, the nondimensional
conduction current is

I

<

E A,

- .
ENra )

19

At a steady state, there will be no net current in the flow; ie.,
I. +1;=0. Using I, from Equation 19 and I; from Equation 13
we obtain after some simplification I, + (2V,n,ze /EN;)I, = 0.

Substituting for I, and I, from Equation 19 and Equation 16
the streaming potential is obtained.

. 2G,G,E
Es _ 1 3%81 . (20)
k2 + 4B,G,G;[€/sinh(k)]

Where the nondimensional factor G; =V, n,zel /€N ;.

In the classical theory of electrokinetic flow, the effect of
EDL on the liquid flow and the effects of surface conductance
are not considered. The streaming potential is related to the zeta
potential and liquid properties through the following Equation
(Hunter 1981).

E, ee,t

= 21
AP o, (21a)

Equation 20 can be rearranged in a form similar to Equation
21a by substituting back the values of the nondimensional pa-
rameters; i.c.,

E, &gk

= 21
AP pAy 21

Where the correction factor @ to the classical theory is given as

B
@ = B, Kzl Zg2g? (22)

sinh?(k)aZuh

If ®=1 and A;=X\,, Equation 21 becomes the classical
equation.

Volume flow rate and apparent viscosity

The volume flow rate through the parallel plates can be obtained
by integrating the velocity distribution over the cross-sectional
area, as

Q= fACVZ dA, (23)

Using Equation 11, the volume flow rate in nondimensional
form is

o= 26 _4GEE  4G,EE (cosh() — 1) o

3 K2 > sinh(k)
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For steady flow under an applied pressure gradient (without
an externally applied electric field), the volume flow rate is given
by Equation 24. This reduced rate of flow will result in an
apparent viscosity p, (> p), so that the conventional form of
volume flow rate for flow between two parallel plates separated
by a distance “2a” is

2P.a°
Qp - 3u,

(25)

If the EDL effect is negligible, p, = u, then Equation 25
becomes the classical Poiseuille volume flow rate equation.
Nondimensionalizing Equation 25, the volume flow rate is

26)

Equalizing Equation 24 with Equation 26; ie., 0 =0,, we
obtain the ratio of the apparent viscosity to the true bulk
viscosity:

G,
= — — @7
«3G, — 6G, E Ex + 6G, E £(cosh(x) — 1) /sinh(k)

HPa
w

Friction coefficient

The friction coefficient C; is the product of the friction factor f
and Re. The friction factor and the Re number for the flow
between two parallel plates with a separation distance “2a” is
given by

87

PV
u and Re=i

f=
prai [

Where V,, = Q/A,. The shear stress is given by

a,
Fix

wV, dv,
a dX

X=ta

Tw

X=11

Differentiating Equation 11 once for (d¥,/dX), we obtain the
friction coefficient C; as

8V, 2G,EE
C;=fRe= V"( L+

av

coth(x)) (28)

Experiments

The measurement of electrokinetic effects on liquid flows through
microchannels between two parallel plates were conducted by
using an electrokinetic analyzer (EKA) (A. Paar GmbH, Graz,
Austria). Primary parameters measured by EKA were the pres-
sure drop and the electrical potential across a channel (the
streaming channel) through which a testing aqueous electrolyte
solution flows. The measured electrical potential is the streaming
potential. The streaming channels were made of the material to
be investigated. In this study, the solid plates used to form the
microchannels were P-type silicon and 0211-glass. All solid plates
were 10-mm wide and 20-mm long. In each experiment, a pair
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(either silicon or glass) of plates were mounted parallel in a
specially designed measuring cell (Institute of Polymer Research,
Dresden, Germany) to form the streaming channel.

Aqueous KCl solutions of several different concentrations
and millipore water were used in the measurements. The EKA
performs the measurements automatically. In each measure-
ment, a closed tubing circuit and a gearwheel pump circulate an
electrolyte solution through the streaming channel under a con-
stant pressure difference. The constant pressure difference (be-
tween 20 and 350 mbar) is kept for at least 60 s to ensure a
steady state of the flow. The streaming potential is measured
when the steady state is reached. Temperature, pH, volume flow
rate, conductance of the solution, and the total electrical resis-
tance of the streaming channel are also measured in each mea-
surement. For a given pressure, a given channel height, and a
given ionic concentration, the above described measurement
were repeated at least three times. The accuracy of the measured
data is better than 1%. All measurements were taken at 25°C.

Data analysis

The measured data included the total electric resistance of the
microchannels, the pressure drop, bulk conductivity, streaming
potential, and flow rate.

Calculation of \ P,

The product A P, can be calculated from the measured electrical
resistances from the following equation (1/R;)=[(1/R,)+
(1/R,)]. The surface and bulk electrical resistances in the above
equation are given by [(1/R) =\ P,/D] and [Q1/R,) =
(A, A./D), respectively. Thus, rearranging the above equation
yields

(29)

1 A4,
Ry I

>\SP5=1(——

The total resistance Ry of the channel and the bulk conduc-
tivity \,, are measured directly in the experiments. Once A\ P, is
known, the total conductivity A, can be calculated from Equa-
tion 18. Note that A P, is constant for a given solid-solution
system.

Determination of channel height and zeta potential

In this experiment it is difficult to measure accurately the dis-
tance between the plates; i.e., the channel height 2a. If there is
no (or negligible) EDL effect on the liquid flow, then the channel
height can easily be determined from the measured volume flow
rate by using the Poiseuille flow rate equation, Equation 25. This
is the case for high concentration solutions or large flow chan-
nels, where the effect of the EDL is negligible. In the case of
infinitely diluted solutions, like millipore water, the EDL and
surface conductivity effects are significant. In this case, the flow
rate is given by Equation 24. Equation 24 can be used to
compute the actual channel height using two sets of experimental
data of volume flow rate, pressure drop, and streaming potential
for a fixed microchannel height and solution concentration. For
example, for millipore water flowing through a silicon channel,
two volume flow rates Q; and Q, corresponding to AP = 15 kPa
and AP = 35 kPa are measured as 1.04 X 10”7 m?/s and 2.75 X
10~7 m? /s, respectively. The corresponding streaming potentials
are measured to be E;; = —0.4065 V' and E_, = —0.68705 V.
Once E;, AP, and Q are known, Equation 24 has two unknowns,
the zeta potential &, and the half channel height a (involved in
the parameter x). We should realize the fact that for a given
solution and the solid plates (the channel walls) system, £ is a
constant, independent of the pressure difference and the channel
height. Therefore, by equating £ in the two flow-rate equations,
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Q, and Q,, the half-channel height can be determined by

(3 _E__Q_EQ_) a0

=\ 2w E,AP,—E,AP,

where w is the channel width.

From Equation 30, the channel height in the above example
is 60.65 pm. This value of channel height is used to calculate the
¢ potentials from Equation 24. For a given solution and the solid
plate system, only one channel height and the zeta potential are
determined by using the flow-rate Equation 24, as described
above. Because once the zeta potential is known, the channel
heights in all other cases of the same solid-liquid system can be
determined from Equation 21 by using the measured E;, AP and
the liquid properties.

Total resistance, streaming potential and zeta potential

Figure 2 shows the variation of the measured total electrical
resistance with the channel height for both P-type silicon and
glass. For high ionic concentrations, the resistance decreases as
the channel height increases for the silicon channels; whereas, it
remains approximately constant for the glass channels. For milli-
pore water, however, the resistance remains approximately same
for the silicon channels but decreases for the glass channels. The
resistance is much higher for glass surfaces than silicon surfaces,
as shown in the figure.

Figure 3 shows the variation of the measured streaming
potential E, with channel height for various ionic concentra-
tions, and channel materials. It is observed that for millipore
water, the streaming potential decreases rapidly as the channel
height increases. The rate of decrease is more for glass than for
P-type silicon. For solutions with higher concentrations, the
streaming potential remains approximately constant, indepen-
dent of the channel material and the channel height.

Figure 4 shows the variation of £ with ionic concentration for
silicon and glass surfaces. It is found that by considering the
surface conductivity effect the values of § are significantly higher
at low concentrations, especially for millipore water. For P-type
silicon, £=12mv is obtained from the classical theory; i.e.,

125.0
100.0
75.0

50.0
25.0
0.0
8.0 ff R

Ry (M)

J MAARANRARSE RARRERARS

P
4

"

-

[
=

107 oy

3*,
014’

JEETE S | U W TR BT S L
50 100 150 200 250 300
Channel Height, (1m)

Figure 2 Variation of the channel's total electrical resis-
tance with the channel height; (a) glass; and (b) silicon
channels
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Figure 3 Variation of streaming potential with channel
height for various solution concentrations and channel ma-
terials

Equation 21a, which does not consider the effect of surface
conductivity and the EDL effect on flow. This value of £ is
significantly lower than £ = 200.7mv, obtained from Equation 21,
which considers the effects of surface conductivity and the EDL
effect on flow. Therefore, to estimate the correct vaiue of £ for
solutions with low ionic concentrations, the EDL effect on flow
and the surface conductivity should always be considered.

Correction factor ®

The correction factor ® given by Equation 22, is computed for
millipore water. Figure 5 shows the variation of & with channel
height. For high concentration solutions, the value of electroki-
netic separation distance k (x = a*k) is very large. This makes B,
and the denominator of Equation 22 approach unity as the
concentration increases; therefore, @ =1 for highly concentrated

0.20 -

+ —e— Silicon
F —a— Glass

124
-
[¢,]
T

o

=

o
T

Zeta Potential, £ (V)

0.05
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Figure 4 Zeta potential variation with ionic concentration
for silicon and glass
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solutions. For millipore water that is infinitely diluted, k value is
smaller, and the values of & are significantly lower than unity.
As can be seen from Figure 5, for silicon channels, ® changes
from 0.69 to 0.97 as the channel height increases; however, for
glass channels, the values of & are much higher ranging from
0.91 to 0.98. This is because the silicon channels have higher zeta
potential and lower total electrical resistance of the channel with
the liquid than that of glass channels, as shown in Figures 2 and
4, Therefore, the classical equation (Equation 21a) holds only for
highly concentrated solutions, and the correction should be ap-
plied if working with diluted solutions and “pure” liquids.

Volume flow rate

The volume flow rates have been measured in the experiments.
To verify the model developed in this paper, the measured flow
rates are compared with the prediction of Equation 24. Equation
24 gives the reduced volume flow rate attributable to presence of
the EDL field. If the EDL effect is negligible, as in the case of
high ionic concentration solutions, then the second and third
terms of right-hand side of Equation 24 vanish, resulting in the
classical Poiseuille flow equation. Therefore, only millipore wa-
ter’s flow rates are compared with the predictions of Equation
24, as plotted in Figures 6a and 6b, as a function of channel
height and different pressure drop. It can be seen that the
volume flow rates obtained experimentally and the theoretical
predictions are in good agreement with each other. This indi-
cates that the mathematical model developed in this study is
correct. In Figure 6¢, the difference between the class and
reduced-volume flow rates is shown. The difference is larger for
silicon surfaces than for the glass surfaces. Also, as the channel
height increases, the difference between the classic and
reduced-volume flow rates decreases, more so for silicon than for
glass. This is because the silicon surface has a higher zeta
potential and surface conductivity than the glass surface.

Velocity distribution

The nondimensional velocity distribution ¥, in the microchan-
nels can be computed by using Equation 11 and the data of the
streaming potential E,, zeta potential &, and the channel height.
Figure 7 shows the nondimensional velocity distribution for a
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glass channels with millipore water as the working fluid
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Figure 6 A comparison of volume flow rate of millipore
water between: (a) experimental data and the predictions of
Equation 24 in silicon channels; (b) experimental data and
the predictions of Equation 24 in glass channels; and, (c) the
predictions of Equation 26 and of Equation 24.

20-pm silicon channel with millipore water as the working fluid
for two values of AP. As can be seen from the figure, the
velocity profiles are parabolic, and as AP increases, the velocity
increases. For the same values of AP the velocity is higher if
£=0V,; ie., the EDL effect is absent, as compared to when the
EDL effect is considered; i.e., for a finite value for £. Thus, EDL
effect results in a lower velocity compared to that obtained by
conventional theory.
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Figure 8 Variation of friction coefficient with channel height

Friction coefficient

The product of the friction factor f and Re as given by Equation
28 was computed for various values of & (20 ~ 200 m}V’). We
know from classical theory (no EDL effect) that C,=24 for
channels between two parallel plates. Using Equation 28 and the
measured experimental data, C; is calculated and is shown in
Figure 8. For the case of small values of £ and high ionic
concentrations, the friction coefficient C, is approximately 24.
But as § increases and the ionic concentration decreases, C; also
increases. For § =200 m}V with millipore water as the working
fluid C; = 24.56. This may be understood as follows. As a liquid is
forced through a microchannel under a pressure gradient, the
charges in the mobile part of the double layer are carried to the
downstream, and a streaming potential is established. This po-
tential produces a backflow of ions and, hence, the liquid. The
net result is a reduced flow in the forward direction. The liquid
seems to exhibit an enhanced viscosity called apparent viscosity,
if the flow rate is compared with the flow rate in the absence of
the double-layer effects. This apparent viscosity results in a
higher friction coefficient. When the ionic concentration in-
creases, the EDL field will be compressed; i.e., the thickness of
EDL field will be reduced. Therefore, the value of friction
coefficient is closer to 24 at higher ionic concentrations. For a
given ionic concentration, the higher the § values, the stronger
the EDL effect on flow, and hence, the higher the friction
coefficient value. As the channel height increases the friction
coefficient value approach the conventional value of C;=24, as
shown in the figure. These results are qualitatively in agreement
with the results obtained by Peng et al. (1994a) in their experi-
ments through rectangular microchannels.

Conclusion

The effect of EDL at the solid-liquid interface on liquid flows
through a microchannel between two parallel plates were studied
experimentally and theoretically. Generally, the EDL near the
channel wall tends to restrict the motion of ions and, hence, the
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liquid molecules in the diffuse EDL region. The induced stream-

ing potential drives the ions and, hence, the liquid molecules to

move in the opposite direction to the flow. The following conclu-
sions can be drawn:

(1) For solutions with high ionic concentrations, the thickness of
the electrical double layer (characterized by the Debye—
Hucke! parameter; i.e., 1/k) is very small, normally a few
nanometers. Therefore, the EDL effects on flow in mi-
crochannels are negligible. However, for infinitely diluted
solutions such as the millipore water used in this study, the
thickness of the EDL is considerably large (about 1 pm).
Therefore, the EDL effects on flows in microchannels be-
come insignificant.

(2) The theory developed in this work can describe the flow
characteristics in microchannels, as supported by the good
agreement between the flow rates measured in the experi-
ments and that predicted by the theory. Overall, the volume
flow rates for millipore water are significantly lower than that
predicted by the conventional fluid dynamics theory at-
tributable to the EDL effects. The friction coefficient for
flows in microchannels will increase as the zeta potential
increases and as the ionic concentration decreases. However,
from the experimental data and our model calculations, for
microchannels with hydraulic diameters greater than few
hundred micrometers, the EDL effect would be negligible.
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