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Abstract

The presence of the electrical double layer near a solid-liquid interface results in the electro-viscous effect on
pressure-driven liquid flow through microchannels. The objective of this paper is to examine the magnitude of the
additional flow resistance caused by the electrokinetic effect in microchannels. De-ionized ultra-filtered water and
aqueous KCl solutions of two different concentrations (10™* and 102 M) were used as the testing liquids. Carefully
designed flow measurements were conducted in three silicon microchannels with a height of 14.1, 28.2 and 40.5 pum,
respectively. The measured dP/dx for the pure water and the low concentration solution were found to be significantly
higher than that without electro-viscous effect at the same Reynolds number. Such a difference strongly depends on the
channel’s height and the ionic concentration of the liquids. The flow-induced streaming potential was also measured
and the data confirm a higher electro-viscous effect on the flow of pure water and low concentration KCl solution. The
experimental results were compared with the predictions of a theoretical electro-viscous flow model, and a good

agreement was found. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Due to the rapid development of Micro-Electro-
Mechanical Systems (MEMS) and microfluidics such as
microchannel heat sinks for cooling micro-chips and
laser diode arrays, Lab-On-Chip devices for chemical
and biomedical analyses, and micro fluid pumps, etc., it
is highly desirable to understand the fundamental
characteristics of liquid flow in microchannels. However,
because of the influence of the solid (channel wall)-lig-
uid interfaces, the flow behavior in microchannels often
deviates from the prediction of the traditional form of
the Navier—Stokes (NS) equation.

Tuckerman and Pease [1] employed rectangular mi-
crochannels as high-performance heat sinks for cooling
electronic components. They found that the exper-
imental results of flow friction were slightly higher than
those predicted by classical theories. Several other in-
vestigators confirmed this similar, anomalous behavior
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for microchannel flow in their studies. Rahman and Gui
[2] measured water flow in silicon microchannels with
different ratios of height to width. Their results showed
that the friction coefficient has the same pattern as
Tuckerman’s results. Urbanek et al. [3] investigated
liquid (1,2-propanol and 1,3-pentanol) flow through 5,
12, and 25 pm hydraulic diameter microchannels with
liquid temperature varying from 0°C to 85°C. The fric-
tion coeflicient dependence on fluid temperature and the
channel size was reported. Pfahler [4] has measured the
friction coefficient in microchannels. Non-conventional
flow behavior was observed for both isopropanol and
silicon oil. His results indicate that polar fluids (iso-
propanol) and non-polar fluids (silicon oil) behave dif-
ferently, and that polar nature of the fluid may play a
role in the microchannel flow. An experimental study by
Mala et al. [5] showed that the flow behavior of water
and electrolyte solutions in glass and silicon micro-
channel depends on channel material, channel size and
liquid properties. Mala and Li [6] also showed that the
pressure drop of water flow through microtubes is sig-
nificantly higher than that predicted by the conventional
theory. Under the same flow rate and for the same di-
ameter, the pressure drop in metal tubes is lower than
that in silica glass tubes. Generally, the experimental
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Nomenclature

Dy hydraulic diameter, m

EDL electrical double layer

E. streaming potential, V/m

H half channel height, m

L channel length, m

I.,I; conduction and streaming current,
respectively, A

P hydraulic pressure in x-direction

(0] volumetric flow rate, m?/s

Re Reynolds number

T absolute temperature, K

U reference velocity, m/s

w half channel width, m

e charge of a proton, C

ky, Boltzmann constant, J/mol K

n,,n_ concentration of positive and negative ions,
-3
m

oo bulk concentration of ions, m—3

u liquid velocity component in x flow direction,
m/s

U mean liquid velocity component in x flow
direction, m/s

x* non-dimensional x-coordinate

b non-dimensional y-coordinate

z* non-dimensional z-coordinate

z,,z_ valence of the positive and negative ions

Greek symbols

e absolute dielectric constant of the fluid, ¢/V m
K Debye-Hiickel parameter, m~!

2o bulk electrical conductivity (1/Q m)

dynamic viscosity of the liquid, kg/m s

local net electric charge density, ¢/m?

density of the fluid, kg/m?

Zeta potential, V

local electrostatic potential in the EDL, V

<N DD =

data of friction coefficient and apparent viscosity in
these previous investigations are contrary to the con-
ventional theories. The smaller the channels, the larger
the differences.

One possible explanation for these unusual behav-
iors of the microchannel flow is the interfacial electr-
okinetic or the electro-viscous effect. It is known that
most solid surfaces have electrostatic charges, i.e., an
electrical surface potential. If the liquid contains a very
small number of ions (for instance, due to impurities),
the electrostatic charges on the non-conducting solid
surface will attract the counterions in the liquid. The
rearrangement of the charges on the solid surface and
the balancing charges in the liquid is called the elec-
trical double layer (EDL) [7]. Because of the electro-
static interaction, the counterion concentration near the
solid surface is higher than that in the bulk liquid far
away from the solid surface. Immediately next to the
solid surface, there is a layer of ions that are strongly
attracted to the solid surface and are immobile. This
layer is called the compact layer, normally less than 1
nm thick. From the compact layer to the uniform bulk
liquid, the counterion concentration gradually reduces
to that of bulk liquid. Ions in this region are affected
less by the electrostatic interaction and are mobile. This
layer is called the diffuse layer of the EDL. The
thickness of the diffuse layer depends on the bulk ionic
concentration and electrical properties of the liquid,
ranging from a few nanometers for high ionic con-
centration solutions up to several micrometers for dis-
tilled water and pure organic liquids. The boundary
between the compact layer and the diffuse layer is
usually referred to as the shear plane. The electrical

potential at the solid-liquid surface is difficult to
measure directly. The electrical potential at the shear
plane, however, is called the Zeta potential, {, is a
property of the solid-liquid pair, and can be measured
experimentally [7].

When a liquid is forced through a microchannel
under an applied hydrostatic pressure, the counterions
in the diffuse layer (mobile part) of the EDL are carried
towards the downstream end, resulting in an electrical
current in the pressure-driven flow direction. This cur-
rent is called the streaming current. Corresponding to
this streaming current, there is an electrokinetic poten-
tial called the streaming potential. This flow-induced
streaming potential is a potential difference that builds
up along a microchannel. This streaming potential acts
to drive the counterions in the diffuse layer of the EDL
to move in the direction opposite to the streaming
current, i.e., opposite to the pressure-driven flow di-
rection. The action of the streaming potential will
generate an electrical current called the conduction
current. It is obvious that when ions move in a liquid,
they will pull the liquid molecules to move with them.
Therefore, the conduction current will produce a liquid
flow in the opposite direction to the pressure-driven
flow. The overall result is a reduced flow rate in the
pressure drop direction. If the reduced flow rate is
compared with the flow rate predicted by the conven-
tional fluid mechanics theory without considering the
presence of the EDL, it seems that the liquid would
have a higher viscosity. This is usually referred to as the
electro-viscous effect [7].

Generally, for macrochannel flow the EDL effects
can be safely neglected, as the thickness of the EDL is
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very small compared with the characteristic size of
channels. However, for dilute electrolyte solutions
flowing in microchannels, the thickness of the EDL may
be comparable with the characteristic size of flow
channels. Thus the electro-viscous effect described above
should be considered. Because the electro-viscous effect
originates from the EDL field which in turn depends on
the material of the channel wall, the size and shape of
the channel, and the ionic concentration, dielectric
constant and other properties of the liquid, it is not
difficult to understand that microchannel flow may de-
pend on the liquid and on the material and size of the
channel, as reported in the literature.

In the literature there are some theoretical models
considering the EDL effects on microchannel flow
characteristics. Burgreen and Nakache [8] studied the
effect of the surface potential on liquid transport
through fine capillary slits by using an approximation
valid only for cases of low surface potentials. Rice and
Whitehead [9] discussed the same problem in narrow
cylindrical capillaries. Levine et al. [10] extended Rice
and Whitehead’s model for cylindrical capillaries to a
higher surface potential by developing an approximate
solution. In practice, microchannels used in microfluidic
devices are made by modern micromachining tech-
nology. The cross-section of these microchannels is close
to a rectangular shape. In such a situation, the two-di-
mensional channel cross-section shape and especially the
corner of the channel have important contribution to the
EDL field, subsequently to the flow field. A recent model
developed by Yang et al. [11-13] revealed significant
electro-viscous effects on liquid flow in rectangular mi-
crochannels in terms of the aspect ratio of the channel’s
cross-section, the surface potential and the ionic con-
centration.

A key question: Is the interfacial electro-viscous effect
as large as predicted by these theoretical models? So far
there has been no direct experimental verification to
these models. The objectives of this paper are to examine
if the electro-viscous effect can be measured, and to
compare the measured effect with the theoretical model
prediction. To do so, careful experimental studies were
conducted. If non-conventional flow behavior is due to
the interfacial electrokinetic or electro-viscous effects, it
must depend on the ionic concentrations of the testing
liquid. For this purpose, pure water and aqueous KCI
solutions of two different concentrations were chosen as
the testing liquids. It was found that micromachined
channels on glass or silicon plates have a trapezoidal
cross-section and relatively rough surface [14]. To avoid
the complication due to cross-section geometry and the
surface roughness of the flow channels, microchannels
formed by two parallel, smooth silicon plates were used
in our studies. The experimental data show significant
electro-viscous effect and were compared with an
electrokinetic flow model.

2. Experimental

Fig. 1 shows the experimental system used to study
the electrokinetic effect on the flow characteristics of a
liquid flowing through a microchannel. This system
consists of a flow loop, a test section including a slit
microchannel, instruments for measuring flow and
electrokinetic parameters, and a computer data acqui-
sition system.

De-ionized ultra-filtered water (DIUF) (Fisher Sci-
entific) and aqueous KCIl solutions of two different
concentrations were used as the testing liquids. The
concentrations of the KCl solutions are 10~* and 107> M
(kmol/m?), respectively. In the experiments, the testing
liquid was pumped from a liquid reservoir to the flow
loop by a high precision displacement pump (Ruska
Instruments, Model: 2248-WII) which has a flow rate
range of 2.5-560 cm’/h and can generate a pressure up
to 4000 psi (27.6 MPa). A 0.1 um filter was installed in
the flow loop between the outlet of the pump and the
inlet of the test section. The liquid was forced to flow
through this submicron filter before entering the test
section to avoid any particles or bubbles from flowing
through the test section and blocking the microchannel.
In order to minimize the environmental electrical inter-
ference on the measurement of the electrokinetic
parameters, such as the streaming potential across the
microchannel and the bulk conductivity of the liquid,
the whole flow loop is made of plastic tubes and plastic
valves.

The silicon plates (30 mm in length, 14 mm in width
and 1 mm in thickness) used to form the microchannels
in this study were supplied by Alberta Microelectronic
Center (Edmonton, Canada). The surface roughness of
these plates is approximately 20 nm. To form a micro-
channel, first two strips of a thin plastic shim (Small
Parts Inc.) were used as the spacer and put between a
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Fig. 1. Schematic of the experimental system used to measure
the flow in microchannels.
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pair of silicon plates in the length direction along the
sides of the plates, so that a flow passage of 5 mm width
was formed. Then, a specially designed clapper was used
to fix the relative position of the plates and the thin
spacers. Finally, epoxy resin was applied to bond the
clapper and the silicon plates together and to seal all the
openings except the inlet and outlet of the microchannel.
The cross-section of such a microchannel is illustrated in
Fig. 2. Three microchannels were made in this way and
tested in this study. The channels have identical width
and length which are 5 and 30 mm, respectively, and
different heights. By choosing different shim thicknesses,
the heights of the three microchannels are 14.1, 28.2 and
40.5 um, respectively. The width and length of the
microchannel can be accurately measured by using a
precision gauge. The height of the microchannels was
first directly measured by a microscope (Leica MS5
Stereomicroscope) — computer image analysis system
with a resolution of 0.8 pm. Then the channel height was
calibrated by an indirect method that involves the flow
of a high ionic concentration solution through the mi-
crochannel. For a high concentration electrolyte solu-
tion, the EDL thickness is very small (about a few
nanometers) and the electrokinetic effect on the flow is
negligible. The liquid flow in such a case is basically a
Poiseuille laminar flow. Therefore, the channel height
can be determined from the measured pressure drop and
flow rate by using the Poiseuille flow equation. The
channel heights determined in this way were used in this
study. It was found that the difference between the
measured channel heights from these two methods was
less than 0.5 pm.

A microchannel was placed in a two-part symmetri-
cal Plexiglas assembly to form a test section, as shown in
Fig. 1. The epoxy resin was applied to bond the micro-
channel and the assembly together to avoid leaking. It
was found that the height of the microchannel may be
altered if the pressure of the liquid in the microchannel
was too high. This is because neither the clapper nor the
epoxy resin can stand very high pressure and deforma-
tion may happen. This limited our experiments to a
small Reynolds number range especially for smaller
microchannels.

Fig. 2. Illustration of the microchannel formed between two
parallel silicon plates.

Two pairs of sumps were machined in the assembly
and were used for the pressure drop and streaming
potential measurement. A diaphragm type differential
pressure transducer (Validyne Engineering, Model:
DP15) with £0.5% FS accuracy was connected to one
pair of sumps to measure the pressure drop along the
microchannel. The pressure transducer was calibrated
by using a standard deadweight pressure source before
being used in the experiments. The details of the cali-
bration procedures and the results can be found else-
where [15]. The flow-induced electrokinetic potential,
the streaming potential, was measured by a pair of Ag/
AgCl electrodes (Sensortechnik Meinsberg GmbH) and
an electrometer (Keithley Instruments, Model 6517).

The volume flow rate of water flowing through the
microchannels was measured by the weighting method
as described below. The liquid exiting the test section
was accumulated in a glass beaker whose weight was
measured before. A stopwatch was employed to measure
the time spent for the accumulation. Then, an electronic
balance (Mettler Instrument AG, model: BB240) with
an accuracy of 0.001 gram was used to measure the
weight of the accumulated liquid. Usually one to two
grams of the liquid was collected over approximately
20-30 min depending on the channel size and the flow
rate. Evaporation effect was examined and found to be
negligible. The total volume of the liquid was deter-
mined by dividing the weight by the liquid’s density. The
flow rate was then obtained by dividing the total volume
of the accumulated liquid by the time. The accuracy of
the flow rate measurement was estimated to be +2%.

In an experiment, the pump was set to maintain a
constant flow rate. The readings of the pressure drop
along the microchannel were monitored and recorded.
The flow was considered to have reached a steady state
when the readings of the pressure drop did not change
any more. The data reported in this paper are for steady-
state flow. For a given channel and a given testing liquid,
the measurements for all the parameters were repeated
at least twice for the same flow rate and in the same flow
direction. The flow direction was then switched by ad-
justing the control valves, and the measurements were
conducted for the same flow rate after the steady state
was reached. Again, the measurements were repeated at
least twice. After the measurements for both the flow
directions were completed, the pump was set to a dif-
ferent flow rate and the measurements described above
were repeated for the same microchannel, and so on.

When changing a different testing liquid, the flow
loop and the test section were flushed thoroughly by
DIUF water and then the testing liquid for several hours
to remove all the ions and/or other possible contami-
nation left from the previous test. Because the electrical
conductivity of the liquid is very sensitive to an
even very small change in the ionic concentration, an
on-line electrical conductivity sensor (Model:CR 7300,
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Metter-Toledo Process Analytical) was used as a moni-
tor. The flushing process was continued until a steady
liquid conductivity reading was achieved and was the
same as the standard value for that liquid.

Consider a rectangular microchannel of width 2,
height 2H and length L, as illustrated in Fig. 2. In the
entrance region, the liquid flow was not fully developed
laminar flow. The entrance region length is given by [16]

D)
Lin = 0.02(2H)Re (Re = M) (1)
u
where D, = 4HW /(H + W) is the hydraulic diameter of
the rectangular channel, and u,, is the mean velocity. In
this region, the pressure drop is calculated by

k'n P Lin
APy =" B 2
2Dh um? ( )
where k;, is the friction coefficient given by [16]
9% 1 0.774 0.00089
kin=—+4+— — 7| (3)
Re ' Re |[Lin/2(2H)Re] |Li,/2(2H)Re]

At the exit of the flow, the cross-section is greatly
increased as the liquid leaves the slit microchannel and
enters a big channel (about 10 mm in diameter). The
liquid flow becomes turbulent. The pressure loss at the
exit is estimated by

0
APOut = 5 M?n (4)
The net pressure drop without the losses at the entrance
and at the exit is then

APnet - APmeasured - APm - APou?w (5)

The pressure drop reported in this paper is the net
pressure drop.

3. Theoretical electro-viscous flow model

3.1. Electrical double layer (EDL) in a rectangular
microchannel

According to the theory of electrostatics, the rela-
tionship between the electrical potential, i, and the net
charge density per unit volume, p., at any point in the
liquid is described by the two-dimensional Poisson
equation
Yy Y Pe

RER=a ©

where ¢ is the dielectric constant of the solution and ¢, is
the permittivity of vacuum. Assuming that the equilib-
rium Boltzmann distribution is applicable, which implies
uniform dielectric constant and neglect of fluctuation,

the number of ion distribution in a symmetric electrolyte
solution is of the form

n; = Nis EXP < — Zk"e;e) , (7)
b

where n;,, and z; are the bulk ionic concentration and the
valence of type i ions, respectively, e the charge of a
proton, k, the Boltzmann’s constant and 7 is the ab-
solute temperature. The net volume charge density p, is
proportional to the concentration difference between
cations and anions, via

p. = ze(ny —n_) = —2zen,, sinh (%). (8)
Substituting Eq. (8) into the Poisson equation, the well-
known Poisson-Boltzmann equation is obtained

2 2
oY Y 2nyze sinh (zew).

P2 e kT

©)

By defining the Debye-Hiickel parameter as
k* = 22%’ny, Jecoky T (1 /k is normally referred to as the
EDL thickness), the hydraulic diameter of the rec-
tangular microchannel as
Dy, =4HW [(H + W)

and introducing the dimensionless variables:

y* Zy/Dh7 z* :Z/Dh and l//* :Zelp/ka,

the above equation can be non-dimensionalized as
AN AT .

o2 Az = k"Dy sinh (7). (10)

Because of symmetry of the EDL in a rectangular
channel, Eq. (10) is subjected to the following boundary
conditions in a quarter of the rectangular cross-section:

Gl H zeg
=0 =0 T gl 11
y ’ ay* y ) Dh7 l// ka7 ( a)
oy* w zeg
. —0, = 1
7=0 =0 =g kT’ (11b)

where the Zeta potential ¢ is a measurable electrical
potential at the shear plane, i.e., the boundary between
the compact layer and the diffuse layer of the EDL.

3.2. Flow field in a rectangular microchannel

The general equation of motion for laminar con-
ditions in a liquid with constant density and viscosity is
given by
Ou

at+pn.Va:—VP+Wza+F (12)

o

Assuming the flow is steady, two-dimensional, and fully
developed, the velocity components satisfy u = u(y,z)
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and v = w = 0. Then both the time term, 0u/0t, and the
inertia term, # - Vu, vanish. Also, the hydraulic pressure
P is a function of x only and the pressure gradient,
dP/dx, is constant. If the gravity effect is negligible, the
body force, F, is only from an induced electrical field, E,.
Under the above conditions, the general equation of
motion is reduced to

Pu Pu 1dP 1
aszraZ2 = dx—MExpe (13)
In Eq. (13), the electrokinetic potential E, can be ob-
tained through the balance between streaming current
and electrical conduction current at the steady state. At
a steady state, the net electrical current should be zero,
which means

I=1I+1,=0. (14)

Because of symmetry, the electrical streaming current,
transport of the net charge in the EDL region with the
liquid flow, is given by

15:4/; /Owu(y,z)pe(y,z) dy dz. (15)

Realizing that the net charge density is non-zero essen-
tially only in the EDL region whose characteristic
thickness is given by 1/k (k is the Debye-Hiickel
parameter as defined previously), the lower boundary of
the above integration may be changed to (H — 1/k) and
(W — 1/k) instead of 0. That is,

H w
L=4 [ [ o) e (16)
H-1/k Jw-1/k

The conduction current, the transport of the excess
charge in the EDL region driven by the electrokinetic
potential, is given by
I. = MWE A, (17)
where /4, is the electrical conductivity of the liquid, and 4.
is the cross-sectional area of the channel. Once again,
since the net charge density is essentially zero outside of
the EDL region whose characteristic thickness is given by

1/k, the effective area of the rectangular channel’s cross-
section for the conduction current is approximately

o I
A=2|2W—-+2H- | =4(W +H)-.
( i k> W +H)

So the conduction current in the rectangular channel can
be expressed as

1
Io = 42E,(W + H) . (18)

Putting Egs. (16) and (18) into the steady-state con-
dition, Eq. (14) gives

B f:q/k fvlr//yfl/k u(y,z)pe(v,z) dy dz
(W +H)(1/k)

E = (19)

Substituting Eq. (19) for E, and Eq. (8) for p, into Eq.
(13) and employing the following non-dimensional
parameters:

R - . x
y :D_h7 z :D_h7 X :pD%U/,M’
sl p_ P—-P B 4z2e’n* D}

U’ pU? WV +HY(1/k)’

where U is a reference velocity, and P, is a reference
pressure, then the following non-dimensional equation
of motion can be obtained

Pt Pur dP H/Dy
— = -+ M sinh(y* /
o2 0z dx v H/Dy—1/kD,

WDy
x / W sinh(p*) dy' =", (20)
W /Dy —1/kDy

The above equation of motion is subjected to the fol-
lowing boundary conditions:

ou* H
— — = S—— — 21¢
y =0, o 0, y o Y 0, (21a)
=0 o = 07 z = D—h7 u" =0. (21b)

Numerically solving the Poisson—Boltzmann equation,
Eq. (10), and the equation of motion, Eq. (20), with the
boundary conditions specified in Eqgs. (11a), (11b), and
(21a), (21b), both the EDL field and the velocity field in
the rectangular microchannel can be determined. The
EDL or electrokinetic effects on the flow characteristics
such as the dP/dx vs. Re relationship can be predicted.

4. Results and discussions
Using the measured flow rate, Q, and the measured

pressure drop, the pressure gradient and the Reynolds
number are calculated as follows:

dP AP,

&L @)
pQDy

Re = , 23
. (23)

where AP, is determined from Eq. (5), L is the length of
the channel (30 mm), Dy, the hydraulic diameter of the
channel, and 4. is the cross-sectional area of the chan-
nel. For the microchannels of three different heights, the
experimentally determined pressure gradient and the
Reynolds numbers were plotted in Figs. 3-5. Generally,
for a given liquid, there are six data points for one and
approximately the same Reynolds number. All data
reported in this paper are at 21°C.

For KCI solution at the high concentration 102 M
(i.e., kmol/m?), the EDL thickness is approximately
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Fig. 3. Experimentally determined pressure gradient and Rey-
nolds number for a microchannel of height 14.1 um.
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Fig. 4. Experimentally determined pressure gradient and Rey-
nolds number for a microchannel of height 28.2 um.

several nanometers. The EDL effect on flow can be
neglected as the EDL thickness is so small in compari-
son with the channel height. The flow in the micro-
channels is considered as the conventional Poiseuille
laminar flow. However, the EDL thickness is approxi-
mately 100 nm for the 10~* M solution and 1 pum for the
DIUF water, respectively. As seen clearly from all these
figures, for the lower concentration (10~* M) solution
and the pure water, the measured pressure gradients at
the same Reynolds number (i.e., the same flow rate) are
significantly (up to 20%) higher than that for the high
concentration solution where there is no EDL effect on
flow. However, the difference in dP/dx between the pure
water and the 1072 M solution diminishes as the channel

6
° 102 M KCI
51 a 10* M KCI
e DIUF Water
z 47
)
3 3}
o
°
2 -
1 Il . 1 1
15 25 35 45 55 65

Re

Fig. 5. Experimentally determined pressure gradient and Rey-
nolds number for a microchannel of height 40.5 um.

height increases. Furthermore, for all the three micro-
channels, there are clear differences between the
dP/dx ~ Re relationships for the 10~ M solution and
that for the pure water. That is, at the same Reynolds
number, the dP/dx for the pure water is always higher
than that of the 10™* M solution. These experimental
results show a strong dependence of the flow charac-
teristics in microchannels on the channel size and on the
ionic concentration of the liquid.

The additional flow resistance in the microchannels
can also be seen from the friction coefficient. The friction
coefficient C; is the product of the friction factor f and
the Reynolds number Re, ie., C; = f*Re. It is well
known that, for a macroscopic rectangular channel, the
friction coefficient is a constant, i.e., Cy = 96. Using the
definition of the friction factor,

= —(dP/dv)Dy _ ~2(dP/dx)pD;
(1/2)pis,e

and the experimental data, the friction coefficients for
both the pure water and the 10~* M KCl solution in the
three microchannels are plotted in Figs. 6 and 7. As seen
clearly from these figures, C; values are higher than 96.

As discussed in Section 1, because of the presence of
the EDL, the pressure-driven flow induces an elec-
trokinetic potential, the streaming potential. The
streaming potential in turn will generate a conduction
electrical current and hence a liquid flow opposite to the
pressure-driven flow. The net result is a reduced flow
rate in the pressure-driven flow direction under a given
pressure drop or a higher-pressure drop for a given flow
rate, in comparison with the conventional Poiseuille flow
model. This is the electro-viscous effect. The flow-in-
duced streaming potential was measured in this study.

24
yzReéh (24)
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Fig. 6. Friction coefficient as a function of Reynolds number
for pure water in the three microchannels.
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Fig. 9. Measured streaming potential and Reynolds number for
a microchannel of height 28.2 pm.
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Fig. 7. Friction coefficient as a function of Reynolds number
for 10~ M KCI solution in the three microchannels.
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Fig. 8. Measured streaming potential and Reynolds number for
a microchannel of height 14.1 pm.

Figs. 8-10 show the measured streaming potential vs.
the Reynolds number for the 10~ M KCI solution and
the DIUF water. For the 107> M KCI solution, the
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Fig. 10. Measured streaming potential and Reynolds number
for a microchannel of height 40.5 um.

streaming potential is close to zero and not plotted here.
In all these figures, each point represents an average
value of six independent measurements, with an error of
approximately +5%. As seen from these figures, for a
given liquid, the absolute value of streaming potential
increases as the Re increases. This is simply because the
flow-induced streaming potential increases with the flow.
It is also clearly seen from these figures that the absolute
value of the streaming potential of DIUF water is
always higher than that of the 10~ M KCI solution. A
larger streaming potential corresponds to a stronger
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electro-viscous effect. Therefore, these experimental
evidences confirm the significant electro-viscous effect on
the flow behavior of aqueous solutions of low ionic
concentrations in small microchannels.

In the theory of electrokinetics [17], the streaming
potential E, and the pressure drop AP across a slit
capillary channel are related to the Zeta potential ¢
through the following equation

E &g

AP (o + is/H)’ @)
where /4y is the electrical conductivity of the liquid, A
the surface conductance, ¢ and p the dielectric constant
and viscosity of the liquid, and H is the half of the
channel height. Using the measured streaming poten-
tial and the measured pressure drop for different
channel heights, the Zeta potential and the surface
conductance can be determined by using this equation.
The detailed procedures can be found elsewhere
[17]. The Zeta potentials are approximately 276 mV for
the silicon surface with DIUF water and 107 mV
for the silicon surface with the 10~* M KCI solution,
respectively.

In this study, the electrokinetic flow model, Eqgs. (10)
and (20), were solved numerically. The model predic-
tions were compared with the experimental data, as
shown in Figs. 11-13. In all these figures, the solid lines
for the 1072 M solution were predicted by the conven-
tional Poiseuille laminar flow model. Clearly, it agrees
well with the experimental data, indicating negligible
EDL effect for the high ionic concentration solution.
With the 14.1 pm channel, the model predicted
dP/dx ~ Re line for pure water agrees well with the ex-
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Fig. 11. Comparison of the experimentally determined
dP/dx ~ Re relationships with the predictions of the electro-
viscous flow model for a microchannel of height 14.1 um.
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Fig. 12. Comparison of the experimentally determined
dP/dx ~ Re relationships with the predictions of the electro-
viscous flow model for a microchannel of height 28.2 um.
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Fig. 13. Comparison of the experimentally determined
dP/dx ~ Re relationships with the predictions of the electro-
viscous flow model for a microchannel of height 40.5 pm.

perimental data points. For the 10™* M solution, the
predicted dP/dx ~ Re line is lower than the experimental
data points. With the 28.2 pm channel, the predicted
dP/dx ~ Re lines for both the pure water and the 1074 M
solution are lower than the experimental data points in
the lower Reynolds number range. For the 40.5 pum
channel, the predicted dP/dx ~ Re line for the pure
water agrees well with the experimental data points.
Overall, the electrokinetic flow model presented in this
paper can qualitatively predict the behavior of the
aqueous solution flows in microchannels.
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5. Summary

The correlation of pressure drop and the volume flow
rate of pure water and two aqueous KCI solutions in
silicon microchannels was experimentally studied.
Overall, up to 20% higher flow resistance (i.e., dP/dx)
was found for pure water and the low ionic concentra-
tion solution. The results show a strong dependence of
dP/dx ~ Re relationship on the channel size and on the
ionic concentration of the liquids. The flow-induced
streaming potential was also measured in this study. At
the same flow rate, the pure water has the highest
streaming potential, the high concentration (1072 M)
KCI solution has the lowest (essentially zero) streaming
potential. According to the electrokinetic theory, the
higher the streaming potential, the higher the electro-
viscous effect on flow. These correspond well with the
measured dP/dx ~ Re relationship. The experimental
data were compared with an electrokinetic flow model
developed in this paper. The comparison confirms that
the electrical double layer effect or the electro-viscous
effect is the major cause of the significantly higher-
pressure drop for pure water and dilute aqueous ionic
solutions flowing through small microchannels.
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