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Abstract -The purpose of this work is to investigate the influences of the electro-osmosis forces on the
performance of a surface tension driven passive micro-pump. This work is in continuation of our previous work in
which a surface tension driven passive micro-pump was numerically simulated for the first time. In this work,
electroosmosis forces are inserted on the side walls of a 2D micro-channel. A water droplet, which is equivalent to a
circle of radius ~1.07 mm in 2D domain, is placed onto an entry port of 1.8 mm diameter. The contact angle of the
inlet droplet is considered 122.74 degrees. The entry port is connected to the exit port via a 5 mm long rectangular
micro-channel. The height of the micro-channel and the entry and exit ports are 0.1 and 1.1 mm respectively.
Another water droplet is placed onto the exit port of 2.5 mm diameter and the droplet diameter is considered such
that its maximum height from the port is 0.4 mm. The electroosmosis forces are changed from 1e° to 1e°.

Keywords: Passive Micro-pump, Surface Tension Driven Flow, Electroosmotic Flow, Micro-fluidics,
MEMS.

1. Introduction

One of the most challenging tasks in developing a fully integrated micro-fluidic system has been the
development of efficient and reliable micro-pumps (Laser and Santiago (2004), Au et al. (2011), Nguyen
et al. (2002), Abhari et al. (2012)). In macro-scale, a number of pumping techniques exist such as
peristaltic pumps, vacuum-driven pumps, venturi-effect pumps, etc. However, in micro-scale, most
mechanical pumps rely on pressurizing the working fluid and forcing it to flow through the system
(Bhushan (2010)). A passive system is defined inherently as one that does not require an external energy.
In the simplest case, a small droplet of a fluid is placed at one end of a straight micro-channel, and a much
larger droplet of the fluid is placed at the opposite end of the micro-channel. The pressure within the
small droplet is significantly higher than the pressure within the large droplet, due to the difference in the
surface tension effects across the two droplets. Consequently, the liquid will flow from the small droplet
and add to the larger droplet. The flow rate can be varied by changing various parameters such as the
volume of the pumping droplet, the surface free energy of the liquid, or the resistance of the micro-
channel, etc. This pumping scheme is very easy to realize and can be used for a wide variety of fluids.
Walker and Beebe (2002), have demonstrated pumping action using the difference between the surface
tension pressure at the inlet and outlet of a micro-fluidic channel. Berthier and Beebe (2007), presented an
analytical solution and a two phase model to describe the flow in passive pump driven micro-fluidic
devices. Also Chen et al. (2008), in order to provide a generally applicable description of the passive
pump surface tension driven flow in micro-channels, reported on numerical modelling of volume flow
rate as function of time for different experimental conditions.
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Computer simulations can help understand the basic fluid physics, as well as enable design of
experiments or systems for use in micro-fluidics. Yang et al. (2001), using a finite difference approach
analysed numerically the electroosmotic flow in micro-channels. Chai and Shi (2007) introduced a new
lattice Boltzmann model for simulation of electroosmotic flow in micro-channels.

In this paper, passive pumping was analysed and presented numerically using a computational fluid
dynamics (CFD) finite element based approach in a 2D domain. Also, with the aid of applying an electric
field, we have studied the effect of electroosmotic velocity on the pumping performance. Based on our
literature review, there is no numerical studies on this issue before this work.

2. Problem Formulation
The equations govern the problem are N-S for two phase flow:

d
P = Fs + V. [=pl + p(Vu + (VW) T] + pg + F @
Vu=0 @

| is the identity matrix, p is dynamic viscosity of the fluid and F is a body force which is neglected
here. Fy; is the surface tension force defined as:

Fy = U(Vs 3 L] )ni —Vso (3)

where V is the surface gradient operator Vo= (I—n;n!)V and o is the surface tension at the
interface.

At the walls of inlet and outlet ports and the rectangular micro-channel, no-slip boundary condition is
used.

In the case of considering the electroosmosis impacts on the passive micro pumping, since the
thickness of the electric double layer is typically on the order of nano-meters, one can define the
electroosmotic flow velocity, ues, as the velocity boundary condition:

Ueof = HeorE (4)

Where E is the strength of the electric field applied tangential to the surface and w., is the
electroosmotic mobility defined as:

Heof = Erfof (5)

Where ¢, is the relative permittivity of material between two electrodes, ¢ =
8.8541878176x10 "2 F/m, is the vacuum permittivity and ¢ is the zeta potential. The zeta potential, an
experimentally observed quantity, is the electrokinetic potential at the edge of the Stern layer".

3. Results and Discussion
Prior to go through results discussion section the numerical simulation is verified in the following
section.

Y lons in the liquid are strongly drawn toward the surface and form a very thin layer called the Stern layer in which
the ions in the liquid are paired with the charges on the surface.
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3. 1. Validation with Previous Experimental Data

In order to describe the flow motion in the micro-channel, a 2D model was developed. A 2D water
droplet, which is equivalent to a circle of radius ~1.07 mm, is placed onto an entry port of 1.8 mm
diameter. The contact angle of the inlet droplet is considered to be about 122.74 degrees. The entry port is
connected to the exit port via a 5 mm long rectangular micro-channel. The height of the micro-channel
and the entry and exit ports are 0.1 and 1.1 mm respectively. Another water droplet is placed onto the exit
port of 2.5 mm diameter and the droplet diameter is considered such that its maximum height from the
port is 0.4 mm (Fig. 1). The geometry and properties of the device and the droplets are approximately (not
exactly) similar to Chen et al. (2008) model and the results are validated with their work.

\9'\66/0'
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E_ 1.8mm ! 5.0mm "3 2.5mm
Entry Port #0.1mm Exit Port

Fig. 1. Geometry of the present model.

The flow was simulated for 60 seconds and the average velocity at the middle of micro-channel
obtained for 30 seconds. Present results with about 31038 mesh elements and the experimental and
analytical solution (using Young-Laplace equation) of the work of Chen et al. (2008), are shown in Fig. 2.
Also a typical velocity magnitude contour at 1.5 seconds after the pumping initiation is shown in Fig. 3.
According to Fig. 2, the discharge velocity of the fluid from the 2D sample droplet reaches zero at
approximately 12 seconds while, the discharge velocity of the fluid from the spherical sample droplet of
the analytical and experimental work of Chen et al. (2008), becomes zero at about 22 seconds and a bit
later respectively. The time difference between the simulation and the analytical solution and also the
experiment is due to geometrical differences between one another. Also, according to Young-Laplace
equation, the pressure at the interface of a droplet is defined as:

AP:y(Ril+Riz) (6)

In the case of a spherical droplet i.e. 3D domain, R; = R,; so the pressure at the interface becomes
2y/R. But in the case of a 2D droplet, one of the radii goes to infinity; so the pressure at the interface
becomes y/R. The smaller pressure difference results in smaller velocity magnitude. Also, in comparison
with the analytical solution (Young-Laplace equation) of Chen et al. (2008) and also their experiment, the
velocity in the micro-channel for the 2D droplet reaches zero sooner. Although our model works well, the
differences in obtaining of the droplets radii and contact angles between our model and the selected
experiment have caused such inequalities.

3. 2. Grid Study

Grid dependency was checked for three different grid sizes including 20045, 31038 and
54800 mesh elements. The grid structure at the middle of micro-channel for these grid sizes is
shown in Fig. 4.

Due to very small dimension and also the Stokes flow regime, if the mesh in the micro-
channel is not fine enough, then we would have a false zero velocity magnitude. Therefore,
meshing is one of the most vital issues in this simulation. The average velocity magnitude at the
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middle of micro-channel for those different grid sizes mentioned above, is shown in Fig. 5. As it
can be seen, there is no significant difference between the velocity curve for meshes with 31038
and 54800 elements. The difference seen between the mesh with 20045 with meshes with 31038
and 54800 elements is due to the fact that we have lower elements across the micro-channel. In
the present model, to consume less time and CPU, a mesh of containing 31038 elements was
used. It is necessary to mention that the grid size in the micro-channel is much more important
than the one in the ports and droplets.
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Fig. 2. Comparison of the discharge velocity of fluid from our 2D sample droplet and work of Chen et al. (2008).
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Fig. 3. Velocity magnitude contour at 1.5 seconds after the pumping initiation.
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Fig. 4. Different numbers of mesh elements in the micro-channel region. (a) 20045 elements. (b) 31038 elements. (c)
54800 elements.
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Fig. 5. Grid study for different numbers of elements.

3. 4. The Effect of Electroosmotic Velocity on the Pumping Performance

When a polar liquid (for example water) and a solid come into contact, the solid surface acquires an
electric charge, which influences the charge distribution within the liquid and the electric double layer or
EDL will be generated. The charges close to the wall are strongly drawn toward the surface, but the
application of an electric field can change the charge distribution deeper in the fluid. Here, we apply an
electric field to the micro-channel and since the EDL thickness is of the order of nano-meters, we can
consider the electroosmotic flow velocity u,,; as the boundary velocity (refer to equ. (4)) instead of for
example no slip boundary condition. The strength of the electric field varies between 10° to 10° V/m.
Relative permittivity and zeta potential are considered 80 and -2 mV respectively.

Fig. 6, Compares the velocity profiles at different locations 10 and 15 seconds after the pumping
initiation for three different applied electric fields of zero (no slip condition), 10° to 10° \V/m . From the
figure, it is clear that the more the applied electric field, the more fluid acceleration adjacent to the wall.
Also, it is obvious from the figure that the velocity distribution inside the micro-channel is asymmetric.
The reason is that the flow is under the influence of inlet and outlet effects of the channel. Another
consequence of these figures is that applying electric field on the micro-channel can be a powerful tool
for flow control in these problems.
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Fig. 6. Velocity profiles at 10 seconds after the pumping initiation at the inlet and outlet of a micro-channel with 5
mm length and 0.1 mm height.
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Fig. 7. Comparison of average velocity magnitude at the middle of micro-channel for no slip boundary
condition and electroosmotic velocity boundary condition with different electric field strengths.

The average velocity magnitude at the middle of micro-channel in the case of coupling this
effect with the passive pumping is shown in Fig. 7 Of course, notice that when applying the
electric field, the passive micro-pump somehow changes to passive-active ones (i.e. an external
driving force has been applied). According to Fig. 7, as the electric field strength increases, the
initial discharge velocity of fluid from the sample droplet increases and also the time when the
velocity in the micro-channel reaches a constant value decreases.

4. Conclusion

The paper numerically investigates a passive surface tension driven micro-pump with the presence of
exerted electro-osmosis forces on the sides of the micro-channel. The amount of exerted forces varies
between 1e” to 1e® V/m. Results shows that applied electro-osmosis forces causes an axial accelerating on
the operating flow. The more increase in the exerted electro-osmosis force, the more acceleration of the
operating fluid. The results also clarify that applying electrical field at the boundaries is a useful and
powerful tool for flow control purposes.
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