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1. INTRODUCTION 
     Alternating electric fields can generate a net steady 

motion of aqueous saline solutions over microelectrode 

structures. The term ac electro-osmosis (ACEO) refers to 

the fluid motion generated on top of electrodes by the 

interaction between an ac electric field and electrical 

charge that this field induces at the electrode/electrolyte 

interface i.e. charge induced in electrical double layer. 

The mechanism of ac electro-osmotic driven fluid flow 

has recently been shown to be capable of producing 

unidirectional pumping of liquid on a microscale, on 

asymmetric pairs of coplanar microelectrodes as 

demonstrated experimentally [1], theoretically [2], and 

numerically [3]. Electrical forces are used to transport, 

mix, separate, and manipulate various molecular or 

colloidal entities in microfluidic chips [4-5]. 

Experimental results are compared with a simple model 

based on the interaction of the non-uniform electric field 

[6-8]. At low potentials, the predicted velocities are in 

reasonable agreement with the experiments. Two 

different models for the simulation of the ac 

electroosmotic flow in a microchannel have been 

discussed where simplified model leads to a fast 

stationary solution and the second model has analyzed all 

essential processes in the time domain [9]. However, 

Faradaic currents can occur in such systems as a result of  

 

 

 

 

 

 

 

electrochemical reactions. A nonequilibrium 1D 

mathematical model of an ac electroosmotic system with 

electrochemical reactions is presented in [10]. Linear and 

weakly nonlinear theoretical studies were done for fluid 

flow [11]. The effect of Faradaic currents on the 

electroosmotic slip velocity generated at the 

electrode/electrolyte interface is taken over  the 

assumption of perfectly polarizable electrodes. 

Theoretical results are applied for analyzing the 

influence of Faradaic reactions on AC electroosmotic 

flows [12]. The combined action of two experimentally 

relevant effects, i.e. Faradaic currents from 

electrochemical reactions at the electrodes and 

differences in ion mobilities of the electrolyte is taken 

into account in the analyses of ac electro-osmosis [13]. 

Approximation made are negligible advective currents, 

linearization of PNP equations, thin layer approximation 

etc. Because of these approximations, the results 

obtained are partial explanation of the mechanisms 

underlying ac electro-osmosis with Faradaic currents. A 

complete analysis must be fully nonlinear. Motivated by 

this, in order to extend previous theoretical analysis of 

Faradaic currents in ACEO by considering a symmetric 

electrolyte with ions of different mobilites, a 

low-frequency, complete nonlinear analysis of the 
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system including Faradaic currents from electrochemical 

reactions at the electrodes is performed in the present 

study.  

 
2. FORMULATION OF THE PROBLEM 
2.1 Geometry 
     A coplanar arrangement of ac electroosmotic pump as 

shown in Fig 1 is considered. The studied microfluidic 

pump can be represented by a single segment of a long 

microfluidic channel. We assume that a microchannel 

consists of an infinitely large series of segments with 

periodic boundary conditions. The  micro channel  width  

is  much larger  than  the  other characteristic dimensions 

of the segments, so the ac electroosmotic pump can be 

described as a 2-D object with length L and height H. The 

electrodes have lengths E1 and E2, and they are separated 

by two gaps, namely, G1 and G2. A 1:1 aqueous solution 

X+Y− e.g., H+Cl−  placed on top of an array of electrodes 

subjected to an ac signal. Above this plane, three distinct 

layers are distinguished: compact, diffuse, and diffusion.  

 

 

 

 

 

 

 

 

 

 

 

Fig 1. Schematic Diagram of the Physical Domain 

 

2.2 Governing Equation 
      Two charged species are included in this model and 

the pair of ions are considered to be asymmetric in the 

sense that their mobilities are different. For simplicity, it 

is assumed that the cations react reversibly at the 

electrodes to produce neutral molecules according to a 

simple one-step one-electron redox process of the form 

X
+
+e−↔X and that the electrodes are blocking for the 

anions. The electric potential obeys Poisson’s equation, 

The particle densities satisfy Nernst-Planck equations, 

The diffusion coefficients of , H
+
, Cl

-
 and water are 
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To these equations we must add the Stokes equation for 

the liquid motion, 

0 u     (5) 
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Table 1: Non dimensional parameter  

 

 
2.3 Normalization 
      A combination of equations 7-12 and Table 1 gives 

the dimensionless form of the mathematical model.  
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Symbol Parameter 

Lxx ~  Dimensionless x-coordinate 

Lyy ~  Dimensionless y-coordinate 
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2.4 Boundary Condition 
      The boundary conditions at the OHP (y=0) for these 

functions are the continuity of the displacement vector, 

assuming a linear compact layer of width λs and 

permittivity s 

y
s

s

s













 
(13) 

where s  denotes the voltage drop across the compact 
layer 
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We assume that the electrodes are blocking to the anions, 
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whereas the fluxes of positive and neutral species are 

related through Faradaic currents, 
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To model this current we use the Butler-Volmer equation 
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with   as the transfer coefficient, where the reaction 

constants  

K0 = 1e
-10 

m
3
mol

-1
s

-1
  (Reaction rate constant for water) 

K+   = 1e
-7

 m
3
mol

-1
s

-1
  (Reaction rate constant for H

+
) [13] 

Note that effects due to the adsorption of movable ions is 

not considered. 

 
2.5 Computational Procedure 

      Finite element method (FEM) is employed for 

solving the governing equations. Poisson, Nernst Planck, 

Navier-Stokes and continuity equations are solved in a 

time dependent domain. In this analysis, the two 

dimensional problem geometries are discretized by 

triangular mesh. Higher number of mesh elements is 

used on the electrode surface. This facilitates capturing 

the higher velocity gradient near the electrode surface 

arising from the no slip boundary condition.  

 

3. RESULT AND DISCUSSION 
    Values of time averaged net velocity are calculated 

utilizing the developed non-equilibrium model. These 

calculated values are compared with the published 

numerically computed results[6]. The percentage of error 

for the value of calculated net velocity, when 

compared to the values of [6] for dimensionless 

frequency,  are within 0.949 %. Above  the 

maximum error is 5.3%. So, values of dimensionless 

frequency is taken in the range of 0.01 to 1 in the present 

study. Parametric dependencies computed by present 

model are plotted by empty markers. The Cervenka  

results are represented by filled markers in Fig 2. 

 

 
Fig 2. Comparison of present model and Cervenka model 

 
 

3.1 Effect of Faradaic Current 
      The magnitude of time averaged net velocity is 

shown for asymmetric arrangements of electrodes taking 

Faradaic currents and no Faradaic current in 

consideration. 

Fig 3. Effect of Faradaic current on net velocity 

 
 

Fig 4. Net velocity without Faradaic current 

 
 

No Faradaic currents means considering the electrodes as 

perfectly polarizable. Faradaic currents depolarize the 

electrode-electrolyte interface i.e charge leaks from the 
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double layer leading to  lower electroosmotic velocity. 

This phenomenon is seen in Fig 3. Net velocity decreases 

by an order because of the effect of Faradaic currents. 
Net velocity (taken at logarithmic scale) decreases by an 

order because of the effect of Faradaic currents. 

 

 
Fig 5. Net velocity with Faradaic current 

 
 

No flow reversal is seen for this system when taking no 

Faradaic currents. Spatial direction x is taken positive 

from left to right side. Negative sign of velocity indicated 

the net flow is in the opposite direction of positive x. In 

the range of dimensionless frequency mentioned above 

in Fig 4, velocities are negative. That means fluid flows 

in the same direction for dimensionless frequency, 

ranging from 0.01 to 1while considering no Faradaic 

current. Flow reversal occurs at dimensionless frequency, 

0.5 in this system while taking Faradaic current into 

consideration. Fluid velocity goes positive from negative 

direction as in Fig 5. In both cases, the change in the 

magnitude of net velocity is low upto frequency 0.2. 

After this frequency, net velocity significantly increases. 

 

Fig 6. Comparison of net velocity for asymmetric and 

symmetric electrode arrangement  

 
 

3.2 Effect of Symmetry of Electrode 
     Fig 6 shows the comparison of net velocity for 

asymmetric and symmetric electrode arrangements. In 

comparison of magnitude, it is seen that for lower 

frequency symmetric electrode arrangement exerts lower 

net velocity than asymmetric arrangements. For higher 

velocities, symmetric electrodes exert higher net 

velocities than asymmetric electrodes. For symmetric 

electrodes, flow reversal occurs at dimensionless 

frequency ≈ 0.6 and for asymmetric electrodes, it 

happens after the value of dimensionless frequency ≈ 0.2 

That means flow reversal occurs at a higher frequency 

when electrodes are symmetric. So, symmetric electrode 

arrangement is a better design considering flow reversal 

as for a certain range of frequency, desired net flow can be 

obtained. 

 
3.3 Time Average Net Velocity 
      Fig 7 shows time averaged net velocity in the middle 

plane between two electrodes. Near the electrodes the 

velocity increases with the increasing distance from 

electrode, goes to a maximum at 0.025 μm above 

electrodes. The maximum velocity is 0.02 μm/s for the 

above case of dimensionless frequency 0.3. Flow reversal 

is after 0.149 μm above the electrode The velocity is 

parabolic in shape from the point 0.0125 μm to the wall 

(0.33 μm).  

 

 
Fig 7. Time averaged net velocity vector along a vertical 

line at the midpoint between the electrodes 

 
 

3.4 Field Characteristics 
      Fig 8 shows the characteristics of velocity field 

(arrow plot), electric field (contour line) and potential 

field (color). Electric field is very strong between two 

electrodes. The velocity is maximum at the edges of the 

electrodes. There is a strong vortex between electrodes. 

 

 
 

Fig 8. Net velocity comparison for asymmetric and 

symmetric electrode arrangement  

 
4. CONCLUSION 
    A fully nonlinear analysis is performed here to 

understand the mechanism of ac electroosmosis with 

Faradaic currents. Net velocity without Faradaic current 
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surpasses net velocity with Faradaic current and remains 

higher throughout the entire domain. Changes in velocity 

profile are sharper for Faradaic current than no Faradaic 

current. In the same region of frequency, flow reversal 

occurs while taking Faradaic current into consideration 

where no flow reversal occurs without Faradaic current. 
Taking absolute value of net velocity, symmetric 

electrode arrangement exerts lower net velocity than 

asymmetric arrangements at lower frequency. For higher 

velocities, symmetric electrodes exert higher net 

velocities than asymmetric electrodes. For symmetric 

electrodes, flow reversal occurs at dimensionless 

frequency = 0.6 and for asymmetric electrodes, it 

happens after the value of dimensionless frequency =0.2. 
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6. NOMENCLATURE 
 

Symbol Meaning Unit 

A Amplitude (A) 

c Concentration (mol m
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Diffusivity 

Frequency 

The Faraday constant  

Micro channel height 

Length of periodic 

segment 

Gap size 

Electrode size 

Normal unit vector 

Pressure 

Molar gas constant 

Time 

Temperature 

Net velocity 

Time averaged net 

velocity 

Spatial coordinate 

Spatial coordinate 

Electrolyte permittivity  

Electric potential  

Dynamic viscosity 

 

The Debye length  

Compact layer width  

 

Space charge density 

Transfer coefficient 
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