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EXPERIMENTAL STUDY OF ELECTROOSMOTIC FLOW

IN THIN SLIT CHANNELS

UDC 532.546V. V. Kadet and P. S. Koryuzlov

This paper gives the results of experimental studies of flow of two immiscible liquids in a thin slit
channel under the action of an external electric field. A comparison is made of numerical calculation
results and experimental data on the time dependence of the position of the interface. The employed
model is shown to provide an adequate qualitative description of electroosmotic flow in thin slit
channels of width not less than 20 μm.
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Use of electrical technologies in various branches of the mining industry (underground leaching of metals,
oil extraction, and water supply) requires a detailed study of liquid electrolyte flow in porous media. It should
be taken into account that, as the channel pore size decreases to the scale of micropores (of the order of 10 μm),
interfacial interaction begins to have a significant effect on the liquid flow. The results of experimental studies of
microchannel flow suggest that the electric double layer has a significant effect on the velocity field distribution and
the effective liquid viscosity. Electroosmotic flow in microchannels has been studied in a series of experiments using
high-speed photography [2]. Similar studies providing visualization of electroosmotic flow in microchannels have
been performed for the case of intersection of channels [3] and for the case of a cylindrical channel with a uniformly
distributed surface charge in the electric double layer [4]. Experimental studies [5] have shown that, for flow of
dilute electrolytes in rectangular microchannels the hydraulic resistance coefficients are abnormally high compared
to the values obtained for channels of large radius, in which electrokinetic effects are negligibly small. These data
served as the basis for theoretical modeling of single-phase electroosmotic flow in a porous medium [6]. Models of
two-phase electroosmotic flow have been proposed [7–9]. However, until recently, no experimental studies have been
performed in this area, in particular, for the case of flow in a thin slit channel.

The present paper gives the results of experiments in which the position of the interface between two
immiscible liquids flowing in a thin slit channel was determined and compared with the results of calculations using
the model of [1] extended to the case of two-phase flow.

We consider a slit channel of length L and width H filled with liquids having different electrokinetic properties
(Fig. 1).

Using the results of [1], we calculate the time dependence of the velocity of motion of the interface with
two-phase displacement of the liquid in a thin slit channel under the action of an external electric field. In this case,
the equation of motion can be written as

d2Ui

dy2
=

1
μi

(dp

dx
− ρiFxi(y)

)
, (1)

where the subscript i ≡ r, l corresponds to the liquid on the right and left of the meniscus, respectively. The flow
is assumed to be continuous, and the liquid incompressible.
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Fig. 1. Diagram of the slit channel: the arrows show the direction of the flow and the direction of
the electric-field strength vector.
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Fig. 2. Diagram of the setup for studies of electroosmotic flow in thin slits: slit channel (1), edges
of the slit channel (2 and 3), leads (4 and 5), measuring channels (6 and 7), valves (8–11), elec-
trodes (12–15), constant-voltage source (16), and Prandtl vessel (17).

The interaction of each liquid with the surface is characterized by a zeta potential whose distribution can
be calculated using the equation

d2Ψ
dȳ2

= sinh Ψ(ȳ),

where ȳ = κy (1/κ is the thickness of the diffuse part of the electric double layer or the Debye–Hückel parameter).
We integrate Eq. (1) twice over the entire thickness of the channel opening and equate the obtained expres-

sions for the velocities on the right and left of the interface using the flow continuity conditions. As a result, we
obtain

xf =
xf (A − B) + BL

μrL + xf (μl − μr)
, (2)

where

A = 4

H∫

0

H∫

0

ρlFx,l(y) dy dy; B = 4

H∫

0

H∫

0

ρrFx,r(y) dy dy;

xf is the position of the interface, μl and μr are the viscosities of the liquids on the left and right of the interface,
respectively, ρl and ρr are the densities of the liquids, and Fx,l(y) and Fx,r(y) are the body forces acting on the
space charges which can be determined from the Poisson–Boltzmann equation [10].

To verify the results of calculations using relation (2), we preformed a series of experiments to determine
the time dependence of the position of the interface. A diagram of the experimental setup is given in Fig. 2.
A slit channel 1 consisting of glass plates imposed [3] on each other in a certain manner is placed between the
edges of a portable hydrodynamic tunnel. To prevent liquid leakage at the junctions, the edges 2 and 3 of the slit
channel are clamped with a rubber clip fixed by tightening bolts located on the perimeter of these edges. Measuring
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Fig. 3. Curve of xf (t) for electric-field strengths E = 83 (1), 75 (2), and 53 V/cm (3): curves
correspond to calculations and points to experiment; H = 50 µm and Ψ = 97 mV.

Fig. 4. Dependence xf (t) for zeta potential Ψ = 110 (1), 93 (2), and 87 mV (3): curves correspond
to calculations and points to experiment; E = 75 V/cm and H = 50 µm.

channels 6 and 7 are connected to the hydrodynamic tunnel by leads 4 and 5 to record the liquid volume flow rate
in electroosmotic flow. Valves 8–11 serve to fill the setup with the filtering liquid and evacuate it. Electrodes 12
and 13 are used to apply voltage or measure the potential difference if voltage is applied through electrodes 14
and 15. The constant-voltage source 16 creates an electric potential difference necessary for electroosmotic flow
generation. The Prandtl vessel 17 is used to wash and fill the slit channel with an appropriate solution.

The transparent wall of the slit channel allows direct observations and measurements of the interface between
the displacing and displaced liquids during their simultaneous flow.

In the experiment, we used aqueous solutions of NaCl with concentrations 0.010, 0.005, and 0.001 mole/liter
corresponding to moderate and large values of the zeta potential. Preliminarily, in a channel of greater width
(H = 100 μm), zeta potentials were determined for the material of the slit-channel walls. The displaced liquid was
mineral oil with viscosity 14 ·10−3 Pa · sec at a temperature of 20◦C. After that, the position of the interface xf was
determined for various times and various values of the field strength, zeta potentials of the displacing solutions, and
channel width. The coordinate of the interface xf was calculated by averaging its minimum and maximum values
at a given time.

Figure 3 shows the position of the interface versus time for various values of the field strength.
Figure 4 gives the position of the interface versus time for various values of the zeta potential of the displacing

solution (field strength E = 75 V/cm, channel width H = 50 μm).
We note that the smoothness of the interface is significantly deteriorated with increasing zeta potential.
For a channel of width H = 10 μm and a zeta potential Ψ = 97 mV, the calculated velocity of the interface

is almost 1.5 times lower than the experimentally observed value. This can be explained by the fact that, in a
channel of small width, the effect of its surface conductivity increases considerably. Because our model ignores this
phenomenon, a possible method for modifying the model is preliminary determination of the effective zeta potential
for such a channel width. For a large channel width (H = 100 μm), the difference between the calculated velocity
and the measured value is 9%.

Conclusions.The results of the experiments show that, at a slit channel width H > 20 μm, the model [1]
extended to the case of two-phase flow adequately describes the displacement in thin slit channels with two-phase
electroosmotic liquid flow for moderate and large values of the zeta potential.
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The proposed method allows a sufficiently accurate analysis of the effect of the external electric-field strength
and concentration of the displacing electrolyte solution (zeta potential) on the time dependence of the velocity of
the displacement front for two-phase flow in a thin slit. However, for a channel width H � 20 μm, the calculation
error increases to 50%, necessitating a correction for the surface conductivity of the channel. This correction can
be obtained by additionally measuring the effective zeta potential for this channel width.
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