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Electrokinetic force occurs when fluid flows with an electric conductivity gradient are 
driven by external electric field. It is proportionally related to the electric field intensity. 
When the applied electric field intensity is below certain critical value, the effect of 
electrokinetic force on the fluid flows is smaller, and the flows are as stable as 
electroosmotic flow. While the applied electric field intensity exceeds certain critical value, 
greater electrokinetic force occurs on the flows, and the flows may induce unstable 
perturbation in the interface. This perturbation can be used to accelerate microfluidic 
mixing. However, joule heating problems often occur due to high intensity of critical 
electric field when electrokinetic force is used to achieve microfluidic mixing. In this study, 
we found microchannel width may affect electric conductivity gradient between fluids, 
and further critical electric field intensity. By means of experience and theoretical 
simulation, it has been found that electrokinetic instability phenomenon may easily occur 
in narrower microchannels while the phenomenon in the wider microchannels requires 
higher electric field intensity. This study designed sharply reduced microchannels to 
promote electrokinetic instability and reduce required critical electric field intensity. 
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1. Introduction 
 
Over the past twenty years, many integrated electrokinetic microsystems have been 

developed with a wide range of functionalities, including sample pretreatment, mixing, separation, 
and so forth. Such systems are a key component of so-called micro-total-analysis systems, which 
aim to integrate multiple chemical analysis functions on a single microfabricated chip. After 
miniaturization, the traditional medical instruments are based on the microchips which can reduce 
operation procedure, operation error, consumption of great reagent and operation costs, and 
quickly and concurrently deal with mass biological information. In combination with biomedicine 
and MEMS process system, the instruments are called Bio-MEMS [1-3]. In testing, samples and 
regents usually need to be fully mixed in the microchips. However, due to lower Reynolds 
numbers of the flows in the microchips, the flows in the microchannels are laminar flows. In case 
of no turbulent flow, it is rather difficult to mix fluids in a limited length and time. In order to mix 
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the fluids quickly, the device of microfluidic mixer was developed to efficiently mix the sample 
and reagent within the microchannels. Micro-mixers can be divided into active and passive types. 
Microchannels of the passive mixers are complicated in structure and the corresponding mixing 
efficiencies are not apparent. The active mixers need additional devices to enhance the mixing 
process, which are not easy to integrate with the chips. 

However, as the complexity of these systems increase, achieving a robust control of 
electrokinetic processes involving heterogeneous samples becomes increasingly important. A 
common concern in the microfluidics field is that of on-chip biochemical assays with high 
conductivity gradients. These gradients may occur intentionally, as is the case in sample stacking 
processes, or unintentionally, as in the case of multi-dimensional assays. Such conductivity 
gradients are known to result in flow instability when the fluids are driven by an external electrical 
field of high intensity. The presence of these electrokinetic instabilities, commonly referred to as 
EKI, can be regarded as a particular form of electrohydrodynamic instability, which is generally 
associated with electroosmotic flow. For the literatures about EKI, Melcher and Taylor [4] and 
Saville [5] developed Ohmic models to describe the instability of electrohydrodynamic flows 
under the assumption of zero interfacial electrokinetic effects. Hoburg and Melcher [6] performed 
a stability analysis of microfluidic flow in which the external electrical field was applied parallel to 
the liquid–liquid interface. Baygents and Baldessari [7] performed an analysis of electroosmotic 
flow taking the effect of the effects of conductivity diffusion into account and showed that flow 
become unstable when the intensity of the applied electric field exceeded a certain value. Lin et al. 
[8] used a long rectangular cross-section in which the conductivity gradient was orthogonal to the 
main flow direction. The results showed flow system became highly unstable when the electrical 
field intensity exceeded a critical threshold value. Oddy and Santiago [9] presented a four-species 
electrokinetic instability model to investigate electroosmotic flow in a high aspect ratio geometry 
with a base state in which the conductivity gradient was orthogonal to the applied electrical field. 
The numerical simulation results were shown to be in good qualitative agreement with the 
experimental image data for electrolyte solutions with a conductivity ratio of 1.05:1. In the 
literature, Posner and Santiago [10] introduced two liquids with different conductivity and 
concentration into the cross-type channel, and induced EKI with DC electric field. Chen et al. [11] 
studied the EKI phenomenon in a T-type microchannel. The authors performed a linear stability 
analysis on an electrokinetic instability model and applied Briggs-Bers criteria to identify 
physically unstable modes and to determine the nature of the instability.  

In addition, many scholars discussed feasibility of using EKI phenomenon in microfluidic 
mixing. Shin et al. [12] introduced liquids with different conductivity into cross-type channel by 
applying DC electric field to observe the perturbation frequency of EKI, and then applied AC 
electric field to main channel. In the study, the optimal mixing efficiency can be achieved when 
frequency of AC electric field is equal to half of the perturbation frequency in the DC electric field. 
Park et al. [13] designed main channel of the T-type channels to be symmetrical Y shaped, and 
introduced the liquids with different conductivity and concentration. After applying DC electric 
field, vortex occurred in sharp corner of the main channel. The vortex increased mixing efficiency. 
Oddy et al. [14] introduced two liquids with different electric conductivity into T-type channels by 
imposing pressure, plated channels with electrodes, and induced EKI phenomenon to increase 
mixing efficiency by applying electric field to the electrodes. Tai et al. [15] and Pan et al. [16] 
suggested valveless switching and EKI mechanism to transmit mixing liquid to specific outlet and 
increase mixing efficiency. Luo et al. [17-20] used electric field perturbation to enhance EKI and 
increase mixing effect in the T-type microchannels. Besides, Cho et al. [21] suggested simulation 
of cross-type microfluid mixers based on a periodic time-varying EKI. This system produces a 
periodic oscillation to adjust potential perturbation in channels. From the simulation, it can be 
found mixing efficiency can be increased through proper geometric shape and perturbation 
parameters.  

From the previous literature, when the applied electric field is higher than certain critical 
value, the electrokinetic force may cause the fluid flows to generate perturbation in the interfaces 
of the fluid. Although the effects enhance solution mixing, the relatively high value of the electric 
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2.3 Formula 
 
The glass microchannel considered in the present study has height of 60 μm. The channel 

is filled with a monovalent binary electrolyte of uniform viscosity, μ and permittivity, ε. Since the 
characteristic height of the glass microchannel is in the order of magnitude of 10 mm, the 
interaction between the fluid and the wall is significant and must therefore be explicitly considered 
in the theoretical model. A review of the related literature suggests that an Ohmic model [4] for 
electrolytic solutions, and the Navier-Stokes equation with electric body force term provides a 
reasonable description of the electrokinetic instability flow in the present glass microchannel. In 
this model, the distributions of the electrical conductivity (σ) and the electrical field (φ), 
respectively, are both described by the electrolytic Ohmic model by assuming electroneutrality and 
negligible diffusive current. For a monovalent binary electrolyte which is fully dissociated, charge 
density ( f ) and electric conductivity are related to concentration of cations ( c ) and anions ( c ) 
through 

   ccFf  

   bcbcF 2  
 

Where F is the Faraday constant, m is ionic mobility. Under electro-neutrality, ccc   , 
where c is the reduced ionic concentration, and the conductivity is proportional to this reduced 
ionic concentration by  cbbF   2 . The conservation equations of charged species can be 
combined to yield, 

  ,2cDcV
t

c
eff


 

          (1) 

,0 i
                                         (2) 

where V


 is fluid velocity and i


 is current density. The effective diffusivity effD  is defined as: 
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where D is ionic diffusivity, and is related to mobility by Einstein’s relation   bTRD  where 
R is the universal gas constant, and T is temperature. By assuming negligible diffusive current, the 
current density can be yield to Ei


  where E


 is electric field intensity. Appling the linear 

relationship between reduced concentration and conductivity, Eq. (1) and (2) reduce to 

  ,2





effDV
t


    (3) 

  .0 E



                  (4) 

The electric field intensity is related to electric potential   by E


 = −  . The 
conductivity distribution and electric field are governed by the electrolytic Ohmic model, Eqs (3) 
and (4), and the electroosmotic flow is described by the incompressible Navier-Stokes equation, 
i.e.  

                               (5)   ,2





effDV
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                (6) 

                    (7) 

      (8) 

where   is the mass density, p is the pressure and   is the dynamic viscosity of the working 
fluid. Under electroneutrality, the electrical conductivity can be viewed as a material property 
which obeys a convective diffusion equation, Eq. (5). Equation (6) is simply Kirchhoff’s Law 
valid for the special case where Ohmic current dominates. Through the electric body force in the 
momentum equation, Eq. (8), the electric field is coupled to the electroosmotic flow. In this model, 
electrical conductivity is not a passive scalar because a change in conductivity will alter the 
electric field and induce net charge, and the resulting electric body force will alter the velocity 
field.  

In the current simulations, it is assumed that the physics of the electrical double layer 
(EDL) influence the instability dynamics only in that the EDL determines the electroosmotic 
velocity in the immediate vicinity of the glass microchannel wall. This assumption is supported by 
the fact that the EDLs adjacent to the current glass microchannel walls have a characteristic Debye 
length ( Dλ ) of less than 10 nm, which is considerably less than the characteristic channel width 
and height. The zeta potential on the homogeneous surface of the glass microchannel is assigned a 
value of -75 mV in this study. Thus, the boundary conditions at the walls, inlets, and outlet of the 
glass microchannel are given, respectively, by: 

1. At the walls, with non-penetrable condition: 
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where n denotes the wall-normal direction and ζ is the zeta potential of the EDL. The boundary 
conditions are consequences of the non-penetrable nature of the glass microchannel walls. (u, v) 
are the flow velocity in the X- direction and Y- direction respectively. The electroosmotic velocity 
at the wall is a function of the local ionic concentration and the electrical field strength, and is 
given by the Smoluchowski equation. The value of the zeta potential is related to the ionic 
concentration, which is proportional to the ionic conductivity for dilute solutions under 
electro-neutrality conditions. In modeling the zeta potential, the following correlation is assumed: 

  ,k
rr

   where k is an empirical constant and r  is the reference zeta potential at the 
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reference conductivity of r . Note that in this study, k and reference zeta potential are assigned of 
zero and -75mv, respectively. Thus, zeta potential, ζ , on the homogeneous surface of the glass 
microchannel is -75mv.  

 

2. At the inlets: 

EPC
 

,0



y

u
 ,0


y

v
  ,0




y


 

 

where EPC  is the value of constant electric potentials applied at the inlets. 

 

3. At the outlet: 
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The numerical method used in this study employs the backwards-Euler time-stepping 

method to identify the evolution of the flow when driven by an AC electric field. The 

computational domain is discretized into 1001× 701 non-equally spaced grid points in the X- and 

Y-directions. The calculated solutions are carefully proven to be independent of both the 

computational grid points and the time step. The detailed description of the iteration algorithm of 

the numerical method was reported in Luo [23] and Yang and Luo [24]. 

 
 
 
3. Results and Discussion 
 
3.1 Effect of microchannel width on critical electric field intensity 
 
Fig. 2 illustrates schematic diagram of single T-type microchannel. As shown in the 

diagram, main channel is 1500μm long, and the wing in Y direction is 700μm long. External DC 
voltage is applied to the channel inlet, and the mixing channel outlet is grounded. 
Low-conductivity and high-conductivity solutions are injected into upper and lower inlets 
respectively at the same time with conductivity ratio of 10:1. In T-type microchannel, two fluids 
are driven from their respective inlets to the junction of the channel and then flow downstream 
when external electric field intensity is smaller. Width of the liquid interface gradually expands 
along the downstream direction as a result of diffusive mixing. The stratified concentration 
distribution is formed. The stratified fluid continues to flow along the downstream direction when 
the critical electric field is not attained. In this study, critical electric field intensity is 287V/cm in 
the 100μm wide channels. As shown in Fig. 3(a), unstable fluctuation occurs on fluid interface, 
and continues to enlarge along the downstream channel when the external electric field intensity 
increases to 386V/cm.  Figure 3(c) illustrates instantaneous diagram for distribution of 
conductivity and concentration of fluid flows when constant DC electric field intensity is at bias 
voltage of 386V/cm.  The blue area represents low-conductivity fluid while the red area 
represents high-conductivity fluid. Greater fluctuation occurred on the interface between two 
fluids.  The fluctuating flow in transverse and longitudinal directions results in a rapid mixing of 
two streams. This phenomenon is called EKI (electrokinetic instability). These perturbations 

,0P
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gradually grow in shape and size, and occupy the full width of the channel, resulting in chaotic 
state.  

 

 
Fig. 2. Schematic diagram of single T-type microchannel.  

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Fluctuating fluids in single T-type microchannel with width of 100 and 250μm  

in experiment and simulation.  

Table 1 shows comparison of critical electric field intensities in T-type channels with 

E = 386 V/cm; width = 100μm E = 386 V/cm; width = 100μm 

E = 390 V/cm; width = 250μm  E = 390 V/cm; width = 250μm 

(a) (c) 

(b) (d) 
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different widths. From the experiment results, the critical electric field intensity is 287V/cm for 
100μm channels, 309 V/cm for 150μm channels, 318V/cm for 200μm channels, and 368V/cm for 
250μm channels. The electric conductivity gradient had greater fluctuation on the cross section of 
100μm channel. Thus, the critical electric field intensity for the 100μm channel is smaller as 
compared to the channels of other widths. Namely, narrow channel only needs smaller electric 
field intensity to achieve EKI. The numerical simulation can also achieve the same result.  

 

Table 1. Critical electric field intensity for single T-type channels with different widths   

 

Critical electric field intensity of T-type channel 

Channel width Experiment (V/cm) Simulation (V/cm) 

100	μm 287 V/cm 300 V/cm 

150	μm 309 V/cm 305 V/cm 

200 μm 318 V/cm 310 V/cm 

250 μm 368 V/cm 355 V/cm 

 

 
3.2 Effect of suddenly expanded and reduced T-type microchannel on critical electric 

field intensity. 
 

In this study, we changed geometric shape of T-type channel (200μm channel), as shown 
in Fig. 4, including single convex, single concave and biconcave channel structures. The total 
length and width of the single-convex channel in Fig. 4(a) are the same as the T-type channel in 
the Figure 2. The difference is at junction of channel below 100μm, the channel is reduced inside 
by 100μm, with length of 100μm.  In Fig. 4(b), at interaction of the channel below 100μm and 
300μm, the biconcave channel is reduced inside by 100μm, with length of 100μm. In Fig. 4(c) at 
junction of channel below 100μm the single convex channel is expanded outside by 100μm with 
length of 100μm.  

Table 2 shows comparison of critical electric field intensity of T-type, single-convex, 
single-concave and biconcave channels. The critical electric field intensity is 318 V/cm for T-type 
channel, 409 V/cm for T-type convex channel, 300 V/cm for T-type concave channel and 237 
V/cm for T-type biconcave channel. For single concave channel, there is one section with smaller 
width. The fluid is affected by the channel wall, so two liquids are extruded by wall surface. 
Electric conductivity gradient between the fluids is greater in narrower cross section of the channel. 
Thus, EKI may occur on the fluid interface in this area. There are two concave walls with smaller 
width in the biconcave channel, which extrude the two fluids. EKI may more easily occur on the 
interface. Besides, perturbation advances towards the outlet. The liquid mixing perturbation is 
most apparent, and the critical electric field intensity is the smallest. In single convex T-shape 
channel there is one section with greater width. Thus, electric conductivity gradient in contact with 
the liquids is smaller, which increases critical electric field intensity required for unstable 
perturbation. The liquid mixing perturbation is not apparent. 
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Fig. 4. Schematic diagram of (a) T-type single concave, (b) biconcave and (c) single convex channels    

Table 2. Critical electric field intensity for single T-type channels with different geometric shapes.  

 

Critical electric field intensity of T-type channel 

Channel shap Experiment (V/cm) Simulation (V/cm) 

Single T-type 318 V/cm 310 V/cm 

Single convex 409 V/cm 395 V/cm 

Single concave 300 V/cm 305 V/cm 

Biconcave 237 V/cm 246 V/cm 

 
Figure 5 shows experiments and simulation results of fluid flow instabilities in different 

geometric shapes.  For single convex T-type channel, EKI may occur when the external electric 
field intensity exceeds critical value of 409V/cm, as shown in Fig. 5(c). Unstable perturbation 
easily occurs on the fluid interface, especially narrower section of the channel and expands in 
downstream direction when the external electric field intensity is 454V/cm. Figure 5(f) illustrates 

(a) 

(b) 

(c) 



1500 
 
instantaneous concentration distribution of fluid conductivity when constant DC electric field 
intensity is simulated at bias voltage of 454V/cm.  The blue area represents low-conductivity 
fluid while the red area represents high-conductivity fluid. Greater fluctuation occurred on the 
fluid interface. The fluctuating flow in transverse and longitudinal directions results in a rapid 
mixing of two streams. It can be seen that EKI may easily occur in narrower section of channel by 
observing distribution of conductivity and concentration of fluid flows in simulation.   

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Fig. 5. (a)-(b) Experiment results of fluctuating fluids in single convex, single concave and biconcave 

channel. (d)-(f) Simulation results of fluctuating fluids   

E = 454 V/cm; width = 200μm  E = 454 V/cm; width = 200μm 

E = 454 V/cm; width = 200μm  E = 454 V/cm; width = 200μm 

E = 454 V/cm; width = 200μm  E = 454 V/cm; width = 200μm 

(b) 

(a) (d) 

(c) (f) 

(e) 



1501 
 

3.3 Effect of suddenly expanded and reduced Cross-shaped microchannel on critical 
electric field intensity 
 

In this part, we present effect of cross-type microchannel on the critical electric field 
intensity. Fig. 6 shows structure diagram of cross-type microchannel. In Fig. 6(a), the width of the 
microchannel is 200μm, length of the left three inlets is 700μm, and the length from junction 
region of the channel to the outlet is 1500μm.  In Fig. 6(b), the channel is reduced inside by 
100μm with length of 100μm at junction region of the microchannel below 100μm. In Fig. 6(b), 
the channel is reduced inside by 100μm with length of 100μm at junction region of the channel 
below 100μm and 300μm. In Fig. 6(d), the channel is expanded outside by 100μm with length of 
100μm at junction region of the channel below 100μm. 

 

 

 

 

 

Fig. 6. (a) Schematic diagram of cross-type (b) single concave, (c) biconcave and (d) single convex 

channels.  

 
3.3.1 Inlet solution with conductivity ratio of 1:10:1 
Table 3 shows comparison of critical electric field intensity of cross-type, single-convex, 

single-concave and biconcave channels. External DC voltage is applied to channel inlet, and the 
mixing channel outlet is grounded.  Low-conductivity solution is injected into upper and lower 
inlets respectively, and high-conductivity solution is injected into the left inlet, with conductivity 
ratio of 1:10:1. The critical electric field intensity is 241 V/cm for cross-type channel, 336 V/cm 

(a) 

(b) 

(c) 

(d) 
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for single cross-type convex channel, 218 V/cm for the single cross-type concave channel, and 204 
V/cm for cross-type biconcave channel. For single concave channel, there is one section with 
smaller width. The fluid is affected by the channel wall, so two liquids are extruded by wall 
surface. Electric conductivity gradient between the fluids is greater in narrower cross section of the 
channel. Thus, EKI may easily occur on the fluid interface in this area. There are two concave 
walls with smaller width in the biconcave channel, which extrude the two fluids. EKI may more 
easily occur on the interface. The mixing perturbation of two liquids is most apparent, and the 
critical electric field intensity is the smallest. There is a section with greater width in the cross-type 
single convex channel. Because the channel becomes wide and the electric conductivity gradient in 
contact with the liquid is smaller, the critical electric field intensity increases. The perturbation in 
mixing of the two liquids is not apparent.  

 

Table .3 Critical electric field intensity for cross-type channels with different geometric shapes (solution 

conductivity ratio of 1:10:1).   

 

Critical electric field intensity of crtoss-type channel 

Channel shap Experiment (V/cm) Simulation (V/cm) 

Single cross-type 241 V/cm 253 V/cm 

Cross-type convex 336 V/cm 323 V/cm 

Cross-type concave 218 V/cm 223 V/cm 

Cross-type biconcave 204 V/cm 210 V/cm 

 

The fluids are driven from their respective inlets to the junction of the channel and then 
flow downstream when external electric field intensity is smaller. Width of the liquid interface 
gradually expands along the downstream direction as a result of diffusive mixing. The stratified 
concentration distribution is formed. The stratified liquid continues when the critical electric field 
is not attained. The fluid flow occurs with unstable perturbation on interface between two liquids if 
the applied electric field intensity is above the critical value. Figure 7 shows experiments and 
simulation results of fluid flow instabilities in different geometric shapes. For single convex 
cross-type channel, EKI occurs when external electric field intensity is above 336V/cm. Figure 7(a) 
illustrates fluid flow in the channel when the external electric field intensity is 454V/cm. Figure 
7(d) shows instantaneous diagram for distribution of fluid conductivity and concentration when 
constant DC electric field intensity is at bias voltage of 454V/cm. The blue area represents 
low-conductivity fluid while the red area represents high-conductivity fluid. Greater fluctuation 
occurs on the interface between two fluids. Based on the results of Figs. 7(a)-(b), no matter what 
geometric shape is, unstable perturbation may easily occur on narrower fluid interface, and the 
fluctuating flow in transverse and longitudinal directions results in a rapid mixing of two streams. 
These perturbations gradually grow downstream. From simulation of fluid conductivity and 
concentration in the Figs. 7(d)-(f), EKI may easily occur in the narrow section.   
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Fig. 7. (a)-(b) Experiment results of fluctuating fluids in single convex, single concave and biconcave 

channels. (d)-(f) Simulation results of fluctuating fluids.  

 
3.3.2 Inlet solution with conductivity ratio of 10:1:10 
Table 4 shows comparison of critical electric field intensity of crossed type, single-convex, 

single-concave and biconcave channels. For cross-type microchannel, external DC voltage is 
applied to the inlet channel, and the mixing channel outlet is grounded. In cross-type microchannel, 
two electrolyte solutions, one with high conductivity and one with low conductivity are introduced 

E = 454 V/cm; width = 200μm  E = 454 V/cm; width = 200μm 

E = 454 V/cm; width = 200μm  E = 454 V/cm; width = 200μm 

E = 454 V/cm; width = 200μm  E = 454 V/cm; width = 200μm 

(a) 
(d) 

(b) (e) 

(c) 
(f) 
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into the microfluidic channels through upper and lower inlets, and left inlet respectively. The 
conductivity ratio of two fluids is 10:1:10. The critical electric field intensity is 295 V/cm for 
single cross-type channel, 331 V/cm for single cross-type convex channel, 281 V/cm for single 
cross-type concave channel, and 254 V/cm for cross-type biconcave channel. For single concave 
channel, there is one section with smaller width. The fluid is affected by the channel wall, so two 
liquids are extruded by wall surface. Electric conductivity gradient between the fluids is greater in 
narrower cross section of the channel. Thus, EKI may easily occur on the fluid interface in this 
area.  There are two concave walls with smaller width in the biconcave channel, which extrude 
the two fluids. EKI may occur more easily on the interface. The perturbation in mixing of two 
liquids is most apparent, and the critical electric field intensity is the smallest.  There is a section 
with greater width in the single convex cross-type channel. Because the channel becomes wide and 
the electric conductivity gradient in contact with the liquid is smaller, the critical electric field 
intensity increases. The perturbation in mixing of the two liquids is not apparent. 

 

Table 4. Critical electric field intensity for cross-type channels with different geometric  

shapes (solution conductivity ratio of 10:1:10).  

 

Critical electric field intensity of crtoss-type channel 

Channel shap Experiment (V/cm) Simulation (V/cm) 

Single cross-type 295 V/cm 300 V/cm 

Cross-type convex 331 V/cm 341 V/cm 

Cross-type concave 281 V/cm 284 V/cm 

Cross-type biconcave 254 V/cm 260 V/cm 

 

 
The fluids are driven from their respective inlets to the junction region of the channel, and 

then flow downstream when external electric field intensity is smaller. Width of the liquid interface 
gradually expands along the downstream direction as a result of diffusive mixing. The stratified 
concentration distribution is formed. The stratified fluid flow continues when the critical electric 
field is not attained.  The fluctuating flow occurs on the interface between two liquids if the 
applied electric field intensity is above the critical value. Figure 8 shows experiments and 
simulation results of fluid flow instabilities in different geometric shapes.  As shown in Fig. 8(a), 
unstable perturbation easily occurs on the fluid interface, especially at narrower section of the 
channel and expands downstream when the external electric field intensity of single cross-type 
convex channel is increased to 409V/cm. Figure 8(d) illustrates instantaneous distribution of 
conductivity and concentration of two fluid flows with different electric conductivity when 
constant DC electric field intensity is at bias voltage of 409V/cm. The blue area represents 
low-conductivity fluid and red area represents high-conductivity fluid. In Figs. 8(a)-(c), it can be 
observed that low-conductivity fluid flow is pearl-like flow. As time elapsed, a string of pearl-like 
structure flows downstream. Greater fluctuation occurs on the interface between two fluids, and 
occupies full width of channel. The fluctuating flow in transverse and longitudinal directions 
results in a rapid mixing of two streams.  These perturbations gradually expand in shape and size 
in downstream direction, and occupy the full width of the channel, resulting in chaotic state. From 
simulation for distribution of conductivity and concentration of fluid flows in the Figs. 8(d)-(f), 
EKI easily occurs at the narrower section of the channels.   

 
 
 
 



1505 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 (a)-(b) Experiment results of fluctuating fluids in single convex, single concave and biconcave 

channels. (d)-(f) Simulation results of fluctuating fluids.  

 

 
 
 

E = 409 V/cm; width = 200μm E = 409 V/cm; width = 200μm 

E = 409 V/cm; width = 900μm  E = 409 V/cm; width = 900μm 

E = 409 V/cm; width = 900μm  E = 409 V/cm; width = 900μm 

(a) (d) 

(b) (d) 

(c) (f) 
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4. Conclusion 
 
In this study, simulation was made for critical electric field intensities of single T-type 

channels with different widths. The experiment and simulation revealed fluids are affected by 
channel wall surface when the channel width is smaller. The two liquids are extruded by the wall 
surface. At narrower cross section of the channels, the electric conductivity gradient between the 
fluids is greater. Thus, EKI may easily occur on the fluid interface. The critical electric field 
intensity is smallest. The critical electric field intensities for single T-type microchannels with 
different widths were summarized.  The single T-type channel was compared with T-type sharply 
expanded and T-type sharply reduced channels in the same width. It has been found that the 
original critical voltage may vary due to geometric shape of channels. The critical electric field 
intensity decreases for the sharply reduced channels, and increases for sharply expanded channels. 
For critical electric field intensity of the 200μm channels, the case of the biconcave T-type is the 
lowest among the cases investigated. 

The cross-type channels and the T-type channels have different channel inlets, but 
junctions of the channels have the same geometric shape in downstream direction. The liquids are 
affected by the channel wall surface when they enter into the expanded channel. The channel 
becomes wide, and the electric conductivity gradient in contact with the liquids is smaller. Thus, 
the critical electric field intensity increases. The perturbation in mixing of the two liquids is not 
apparent. When the liquids enter into one section with smaller width in the reduced channel, due to 
effect of the channel wall, the two liquids are extruded by the wall surface. At narrower cross 
section of the channel, the electric conductivity gradient between fluids is greater. Thus, EKI occur 
more easily on the liquid interface. This demonstrates that the critical electric field intensity 
increase for sharply expanded channel, and decreases for sharply reduced channel. This 
phenomenon occurs both in the T-type and the cross-type channels.  
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