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Electrokinetically Driven Mixing in a Microchamber for 
Lab-on-a-Chip Applications   

 

Narayan Sundaram 
 

Abstract 
 

Micro-Total-Analysis-Systems (µTAS) have been the focus of recent world wide 

research due to their varied applications.  Much of the motivation for the development of 

µTAS stems from applications in biotechnology and biomedicine.  A typical µTAS 

device includes a number of functional units ranging from sample injection or ingestion, 

pre-concentration, mixing with reagents, chemical reactions, separation, detection, and 

possibly a chemical response. 

 Mixing of constituents is one of the key functions desired of these systems for 

conducting analyses in a short span of time. The flow regime in these small devices 

(typical sizes 100µm) being predominantly laminar (Reynolds number, Re < 1), it 

becomes difficult to rapidly mix the constituent species. Hence for effective mixing, it is 

necessary to increase the Reynolds number and/or induce bulk motion such that the 

material interface between the components to be mixed is continously augmented.  

 The method developed to induce such motion is by the application of an AC 

fluctuating potential field across a microchamber in which mixing is to be performed. 

The externally applied electric field applies a force on free ions in the charged Debye 

layer very close to the surface (1-10 nanometers) and induces a flow velocity which is 

proportional to the electric field. This applied fluctuating electric field gives rise to 

hydrodynamic instabilities which are responsible for increasing the material contact 

surface and hence augmenting the rate of mixing by an order of magnitude or more over 

pure diffusion.  

 To further enhance mixing, microbaffles are strategically placed inside the 

microchamber and the mixing time was further decreased by a factor of two. Mixing was 

also studied in a neutral (no charge on the walls) microchamber. It was found that the 



mixing achieved in the absence of surface charge was comparable to the mixing achieved 

in the case with microbaffles.  

 This work establishes that CFD is a useful tool that is capable of providing insight 

into the flow physics in devices with very small length scales. 
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Preface 
 

The use of miniaturized devices for performing chemical analyses has come a long way. 

The first miniaturized device fabricated on silicon was capable of separating simple 

mixture of compounds in a very short duration of time.  Initially the main reason for 

miniaturization was to improve the analytical performance of a device, but later it was 

found that miniaturization resulted in smaller consumption of sample and reagent phase. 

The earlier considerations showed that electrokinetic driven flow was an attractive 

method of moving fluids through these devices.  This method eliminated the presence of 

any moving parts required to pump fluid through these devices and allowed fluid flow to 

be controlled by regulating the voltage applied.  This principle was used in separating the 

constituents from a mixture of compounds and for sample and reagent mixing. 

 Mixing in Micro-Total-Analysis systems is typically used for sample and reagent 

mixing.  Mixing in miniaturized devices has always been considered a challenge because 

the flow regime is predominantly laminar and stable to any disturbances.  In this thesis I 

have introduced different ways in which mixing can be induced in a microchamber and 

how the mixed fluid can be drawn out of the microchamber.  I have successfully 

demonstrated the use of CFD as a tool to understand the complexities and physics 

involved in mixing of fluids in microdevices. The numerical code consists of solving the 

governing equations that define the flow field and the electrostatic field.   

 This thesis is the result of my research work carried out in the past one and half 

years and a collection of technical papers I wrote during this period of time.  The thesis 

has been divided into two papers, and appendices which give some examples of the 

application of Micro-Total-Analysis systems and recommendations for future work. 

Paper 1 gives a description of mixing in a microchamber with open boundaries and 

mixing in a neutral microchamber. Paper 2 describes aspects of the numerical procedure 

and electrokinetically induced mixing in a closed chamber with microbaffles.     
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Paper 1: 

Electrokinetic Driven Mixing in a Microchamber  

 

Submitted to Analytical Chemistry∗ 

Abstract 

The paper presents numerical simulations and analysis of electrokinetic induced mixing 

in a microchamber in the presence of a fluctuating electric field.  Through order of 

magnitude analysis and numerical experiments it is found that there is an optimal choice 

of non-dimensional frequency and driving potential which leads to the best mixing 

characteristics.   This is given by the relationship 5=*
eof f/Re    and the condition 

that )1(* Of = .  Optimal mixing is shown to occur at 100=eofRe and 30=*f .  It is also 

shown that a modified chamber geometry with strategically placed microbaffles leads to 

mixing which is faster by a factor of two.  The microbaffles introduce a rotational fluid 

cell in the chamber which continuously deforms and augments the material interface 

between constituent species.  The characteristic time scale for mixing is reduced by two 

to three orders of magnitude compared to plain diffusion.  It is also shown that the 

degradation or complete absence of surface charge in the microchamber leads to mixing 

which is comparable to the mixing achieved in a charged microchamber.  

                                                 
∗ Co- author: Dr. Danesh K. Tafti, Mechanical Engineering Department, Virginia Tech 
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Introduction 
 

Micro-Total-Analysis-Systems (µTAS) have been the focus of recent world wide 

research due to their varied applications.  Much of the motivation for the development of 

µTAS stems from applications in biotechnology and biomedicine.  A typical µTAS 

device will include a number of functional units ranging from sample injection or 

ingestion, pre-concentration, mixing with reagents, chemical reactions, separation, 

detection, and possibly a chemical response.  Because these devices typically work with 

fluid volumes in the nano- to pico- liter range, they consume less expensive reagents and 

their response times are an order of magnitude faster than their macro-counterparts. 

Microsystems have the potential for offering total solutions on multifunctional chips in an 

inexpensive, robust, flexible manner.  One key function in many systems is the need to 

mix two fluids quickly.  Rapid mixing is a challenge because flow in these devices is 

restricted to a laminar flow regime (Reynolds number, 1<Re ) and the mass diffusion 

coefficients (D) of large molecules is of O(10-10 to 10-12 m2/s).  For a characteristic device 

length scale of O(100 µ m), the mass diffusion time scale ( D/L2 ) is of O(102-104 sec.). 

Hence for effective mixing, it is necessary to increase the Reynolds number and/or induce 

bulk motion such that the material interface between the components to be mixed is 

continuously augmented as in chaotic advection1. 

A number of mixing methods and mixing schemes have been proposed and tested. 

Most mixing schemes are classified as either active or passive mixing.  Passive mixing 

schemes include simple in-plane lamination and chaotic advection stirring2, and they 

utilize the chamber geometry to increase the area of contact between the fluids.  Active 

mixers have moving parts or externally applied forcing functions such as pressure or an 

electric field. 

Jacobson et al.3 designed an electrokinetically driven device for parallel and serial 

mixing.  The parallel mixer was a replication of a T intersection with two inputs and a 

single output, and the serial mixer was an array of cross-sections composed of two inputs 

and two outputs.  These two mixers were integrated into a single mixer design with a 
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voltage being applied to the sample and buffer reservoirs.  The advantage of using such a 

device was that a failure in one of the channels did not affect the operation or 

performance of the adjoining channels.   

He et al.4 fabricated a 100 pL mixer for liquids transported by electroosmotic 

flow.  They induced mixing by fabricating multiple intersecting channels of varying 

lengths and a bimodal width distribution.  The narrow channels were 5 µm wide and ran 

parallel to the direction of flow, and the larger channels of width 27 µm ran back and 

forth through the parallel channel network at a 45o angle.  They assessed the mixing in the 

microdevice in two ways: the first was by mathematical modeling of mixing in 

converging streams and the second was by using confocal microscopy, to visually and 

quantitatively measure the extent of mixing.   

Bessoth et al.5 designed a micromixer based on the principle of flow lamination 

and distributive mixing, which basically involves splitting fluid streams into smaller 

segments and redistributing them in such a way that the striation thickness is significantly 

reduced.  The microchannel was divided into layers with bends at the end which 

increased the total length of the channel, thereby giving enough time for 

diffusion/reaction to take place. 

Johnson et al.6 used mixing wells at an angle to the flow direction to induce 

mixing between two species.  Liu et al.7 reported on a three dimensional serpentine 

channel that achieved mixing through chaotic advection, a mechanism that becomes more 

effective as the flow rate increases.  Stroock et al.8  designed a three-dimensional chaotic 

mixer with obliquely oriented ridges on one wall for mixing streams of steady pressure-

driven flows in microchannels at low Reynolds numbers.  They referred to this mixer 

design as a staggered herringbone mixer (SHM).  They quantified mixing as a function of 

axial distance traveled in the mixer and Peclet number and measured the standard 

deviation of the intensity distribution in confocal images of the cross section of the flow. 

 Mengeaud et al.9 proposed a finite element model of mixing in a zigzag 

microchannel integrating a “Y” inlet junction.  The distribution of concentration was 

obtained by solving the Navier-Stokes equation and diffusion convection equation in 
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steady form for a Reynolds number in the range 1< Re <800. Their results illustrated the 

effects of both flow rate and channel geometry on hydrodynamics and mixing efficiency.  

Bau et al.10 and Yi et al.11 have used alternating electric fields in the presence of a 

magnetic field to induce chaotic advection in a conduit and a circular cavity, respectively. 

The same group, Qian and Bau12 showed analytically that using time and spatially 

varying zeta-potentials can induce chaotic advection and mixing in a microchannel flow.  

Yi et al.13 performed an analytical and numerical study of peristaltically induced motion 

in a closed cavity with two vibrating walls to induce chaotic mixing.  Chen & Santiago14 

have used different conductivity electrolytes in two arms of a T-junction to impulsively 

induce electrokinetic surface instabilities between the two fluid streams to induce mixing 

at the flow downstream of the T-junction. 

Oddy et al.15 showed experimentally that electrokinetic instabilities were found to 

develop under the influence of a fluctuating voltage in microchannels as well as in semi-

enclosed microchambers.  These instabilities were responsible for increasing the material 

contact area and thereby augmenting the rate of mixing by an order of magnitude or 

greater over diffusion alone.  Their experimental setup consisted of a microchannel of 

width 300 µm and depth 100 µm which fed into a microchamber, where the mixing took 

place.  The mixing chamber had dimensions of 1 mm x 1 mm x 100 µm.  An oscillating 

electric field was applied across the side channels and the region of instability was 

confined to the mixing chamber. 

This paper presents numerical analysis of the mixing characteristics in geometry 

similar to that utilized by Oddy et al.15 in their experiments.  The objective of the paper is 

to relate the mathematical modeling of mixing to the experimental observations, and also 

to evaluate other microchamber geometries and surface conditions for effective mixing. 
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Nomenclature 
 

ci molar concentration of the ith species 

Di mass diffusion coefficient 

E
r

 electric field vector 

F Faraday’s number 

f frequency of the applied AC field 

H length of the microchamber and channel 

p pressure 

pin pressure imposed at the left boundary of the mcirochamber 

Re Reynolds number 

Sc Schmidt number 

t time 

Ueof electroosmotic velocity 

V
r

 velocity vector field 

w width of the channel 

zi valence number of species i  

ε permittivity 

λ Debye thickness 

µ dynamic viscosity of the buffer solution 

ρ buffer fluid density 

ρe charge density 

Φ  potential field 

φ  externally applied potential field 

ψ  amplitude of the applied AC field 

ζ  potential distribution in Debye layer 

wζ  zeta potential at surface 
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Subscripts 

eof electroosmotic flow 

i species i 

 

Superscripts 

* dimensionless form of variable 
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Mathematical Formulation 
 

The constitutive governing equations are given by the mass, momentum conservation and 

evolution of species molar concentration.  It is assumed that the fluid is incompressible 

with constant properties, the molar concentration of species is dilute and the electro-

chemical properties of the fluid are defined by the buffer solution, no chemical reactions 

take place, and the species carry no residual charges in the bulk.  Further it is also 

assumed that Joule heating is negligible resulting in constant transport properties and that 

dielectrophoretic effects have a negligible effect on the mixing. 

 

 

Continuity 

0. =∇V
rr

    (1) 

Momentum 

EVpVV
t
V

e
rrrrrrrr

r

ρµρ +∇⋅∇+∇−=⎥
⎦

⎤
⎢
⎣

⎡
∇+

∂
∂ )().(  (2) 

Species 

( )iii
i cDcV
t

c
∇∇=∇+

∂
∂ rrrr

.).(  (3) 

 

where V
r

 is the velocity vector field, ρ  is the fluid density, µ  the dynamic viscosity of 

the fluid, eρ  the charge density, and E
r

 the electric field vector, ic  the molar 

concentration of the ith species, and iD , the mass diffusion coefficient. The product Ee

r
ρ  

represents the electrostatic Lorentz body force which couples fluid transport to the 

electrostatic field equations which are given by the Poisson equation 

 

)/( e
2 ερ−=Φ∇  (4)  
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and 

∑
=

=
N

i
iie zcF

1
ρ                       (5) 

where ε is the electrical permittivity of the solution, and Φ is the electric potential where 

 

Φ∇−=
rr

E .                (6) 

 

The charge density is the summation over all charged species present in the 

solution, F is Faraday’s number, and iz  is the valence of species i.  The coupling 

between the electro-static field equations and the flow equations is apparent.  The Lorentz 

body force affects the hydrodynamic field, which in turn re-distributes charges and the 

potential distribution. 

Aqueous acid-base pairs which make up buffer solutions in microdevices induce a 

surface charge on most surfaces.  The presence of the surface charge influences the re-

distribution of ions in the solution such that an electric double layer forms in the vicinity 

of the surface, which has an excess of counterions (w.r.t. the surface charge).  The 

thickness of the charged layer ( λ ), also referred to as the Debye thickness, is between 1 

to 10 nanometers thick16 for typical buffer solutions.  Using Poisson’s equation (4), the 

Debye layer is characterized by the zeta-potential ( wζ of O(100 mV) near the surface 

which reduces exponentially and tends to zero at the edge of the layer.  In the Debye-

Huckel limit16 the charge density eρ  within the Debye layer can be written as: 

 

2λ
εζ

ρ −=e                                              (7) 

 

where ζ  is the potential distribution in the layer.  Hence, the influence of the surface 

charges are felt only within the confines of the Debye layer, and charge neutrality (zero 

net charge) is prevalent in the rest of the buffer. 
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When the charged Debye layer is subjected to an external electric field 

( φ∇−=
rr

E ) the net movement of unbalanced charges in the Debye layer induces an 

electroosmotic flow (EOF) velocity in the Debye layer.  Using a reduced form of 

equation (2), the functional form is obtained as: 

 

]1[
w

wE
U

ζ
ζ

µ
ζε

−
⋅⋅

−= ,                                        (8) 

 

which has a value  µζε /weof EU ⋅⋅−=  (Helmholtz-Smoluchowski equation) at the 

edge of the Debye layer and zero at the wall. In obtaining equation (8), it is implicitly 

assumed that the external electric potential has no influence on the electro-chemistry of 

the Debye layer and vice versa.  In typical microflows, eofU  is of O(10-3 m/s).  Assuming 

a typical weak electrolyte aqueous solution with a mobility of the O(10-7 C.s /kg) and a 

Debye thickness of O(10-8 m), the characteristic time scale for an ion to move across the 

Debye layer under the influence of the zeta-potential of O(10-1 V) is O(10-9 s), whereas 

for an ion to translate an equivalent distance in the streamwise direction at a typical 

velocity of 1 mm/s is O(10-5 s).  Since the movement of ions across the Debye layer 

occurs on a much faster time scale than the corresponding translation, it can be assumed 

for all practical purposes that the external potential field does not have any significant 

effect on the charge distribution in the Debye layer.  In addition, the direct effect of the 

external field is limited since the external electric field strength is about four orders of 

magnitude smaller than that generated in the Debye layer by the zeta potential.  This 

assumption can break down for high conductivity electrolytes and large external potential 

gradients. 

Most microdevices have channels with characteristic cross-sectional dimensions 

of O(10-100 µm), which typically are three to four orders of magnitude larger than the 

Debye thickness.  Hence, it can be assumed that the zeta-potential distribution in the 

Debye layer has no effect on the external potential field except possibly within the 

confines of the Debye layer.  Unless the surface has significant non-uniformities with 
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wavelengths on the same scale as the Debye thickness, it can be assumed that while the 

field vectors generated by the zeta potential are normal to the surface, the external field 

vectors are parallel to the surface, or in other words 0/ =∂∂ nφ , where n is the direction 

normal to the surface. 

As a consequence, the dynamics of the Debye layer can be de-coupled from the 

effects of the external field.  Further, the small extent of the Debye layer compared to the 

channel dimensions makes it possible to specify the electroosmotic velocity as a slip 

velocity at the edge of the Debye layer without introducing any errors. 
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Problem Definition 
 

Fig. 1.1 shows a schematic of the microchamber geometry.  The geometry consists of the 

mixing microchamber, which is continuously fed with the two constituent species by the 

left side channel with net flow from left to right.  Simultaneously, an AC potential is 

applied across the vertical channels which mixes the constituent species within the 

confines of the microchamber, and the mixed constituents flow out of the right 

microchannel.  Each side of the square microchamber has a length H .  The channels have 

a length H and width 4/Hw = .  The geometry is similar to that utilized by Oddy et al.15, 

except in the sizing of the microchannel which has a width of 3/Hw = .  

In the present study, this geometry is first simplified to quantify the mixing 

characteristics in detail.  This is done by assuming that there is no net flow from left to 

right and that the two constituent species are confined to the microchamber.  It is 

implicitly assumed here that the mixing time scale is much smaller than the time scale 

associated with the flow from left to right; this condition has to be satisfied even with an 

open microchamber.  After parametrizing the mixing characteristics of the confined 

microchamber, additional calculations are then performed for the open flow system to 

show that the same mixing characteristic is preserved in order to satisfy the above 

condition. 

In studying mixing in the confined microchamber, four sets of calculations with 

varying surface charge characteristics in the microchamber together with the introduction 

of microbaffles in the chamber are presented.  The motivation for the introduction of 

microbaffles in the microchamber is to enhance mixing, while that for using a 

charged/uncharged surface in the microchamber is to study mixing performance at the 

extreme condition when electrokinesis is completely suppressed in the microchamber. 

In all cases, the AC potential of form φ =Ψ ( )ftπ2sin  is applied to the top 

boundary of the microchannel while grounding the bottom channel.  The electric field set 

up by the fluctuating potential field interacts with the charged Debye layer and induces a 

fluctuating slip velocity at the charged surfaces of the microchamber and the channels.  
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Because the diffusion of the slip velocity into the microchannels as well as the 

microchamber governs the mixing process, we define a characteristic velocity based on 

the viscous velocity ( H/ν ), which, along with the characteristic length scale ( H ), 

defines the characteristic time scale ( ν/H 2 ).  Using these scales to non-dimensional 

equations (1-3) together with the total molar concentration, we get the following non-

dimensional equations. 

 

0=⋅∇ ∗∗ V
rr

        (9) 

 

( )∗∗∗∗∗ ∇⋅∇+∇−=⎥
⎦

⎤
⎢
⎣

⎡
∇+

∂
∂ V

Re
pV).V(

t
V ***

*

* rrrrrrr
r

1    (10)              

( )∗∗∗∗∗
∗

∇⋅∇=∇+
∂

∂
c

ScRe
1)c.V(

t
c rrrr

   (11) 

 

Here the Reynolds number, 1H/HRe == νν  by definition, and the Schmidt 

number DSc /ν= =30,000 15.  The mole fraction of species A is c* and 1-c* is the mole 

fraction of species B.  

The electrostatic field equations reduce to a non-dimensionless Laplace equation 

 

0
2

=∇ ∗∗ φ  .         (12) 

 

The non-dimensional Helmholtz-Smoluchowski slip velocity at charged surfaces 

takes the following non-dimensional form 

 
∗∗∗ ∇= φ

rr
eofeof ReU .     (13) 

 

The electroosmotic Reynolds number is the ratio of the electrokinetic forces over 

viscous forces, νυ /Reeof Ψ= , where µεζυ /w=  is the electroosmotic mobility of 
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the buffer solution, and *φ  is the non-dimensional potential field. Finally the applied AC 

voltage takes the non-dimensional form ( )**2sin tfπφ =∗ . 

 



 
14

Numerical Treatment 
 

The governing equations are incorporated in an existing unsteady finite-volume full 

Navier-Stokes hybrid structured/unstructured multiblock mesh solver in generalized 

coordinates, GenIDLEST17.  It utilizes a non-staggered finite-volume mesh with 

Cartesian velocities and species as the primary dependent variables.  A fractional-step 

algorithm, with explicit as well as semi-implicit time advancement, is used.  The 

convection terms are approximated by a second-order central difference scheme.  In 

typical microfluidic applications the Schmidt number is of O(104), hence while the 

viscosity dominates the transport of momentum, mass transport is dominated by 

advection.  This characteristic combined with sharp material interfaces present in species 

transport and mixing in microfluidic devices makes it necessary to use monotonicity 

preserving schemes for the species equations.  Monotonic schemes are at best second 

order accurate, that is, they introduce numerical diffusion errors of O( 2∆ ) which in the 

case of high Schmidt numbers can be larger than the natural diffusion.  A detailed account 

of the numerical aspect of this research has been highlighted in Narayan and Tafti18. 

In the presentation of results, a measure of the degree of mixing is obtained by 

calculating a mean standard deviation in the microchamber of the mole fraction c* from 

its perfectly mixed value of 0.5.  

 

∑ −=
N

2)5.0*c(
N
1σ                (14) 

 

where N is the total number of equal volume elements in the microchamber. At the initial 

state, 50.=σ , and as a perfectly mixed state is approached, 0→σ .  As an additional 

measure of mixing, equation (14) is supplemented by a Lagrangian description of 

interface stretching, since it is primarily through the stretching of the material interface 

between the two components that mixing is augmented. 
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At each time step, the electric field is calculated first using equation (12), 

followed by the slip velocity using equation (13).  The momentum equations are then 

advanced in time using a semi-implicit method to eliminate the viscous stability limit on 

the time step, while the species equation is advanced explicitly because the mass 

diffusion terms (high Schmidt numbers) do not pose any restriction on the time step.  The 

method of Conjugate Gradients (CG) is used to solve the linear systems.  

The following boundary conditions are incorporated (see Fig.1.1): 

Charged surface boundaries csΩ : 

0=
∂

∗∂
=

∂

∗∂
=

∂

∗∂
∗∗

∗

∗∗

∗

∗∗

∗

n
c

n
p

n
φ ,   and   ∗∗∗∗ ∇== φ

rrr
eofeof ReUV  

Uncharged surface boundaries sΩ : 

0=
∂

∗∂
=

∂

∗∂
=

∂

∗∂
∗∗

∗

∗∗

∗

∗∗

∗

n
c

n
p

n
φ  &  0== ∗∗

eofUV
rr

.            

Inlet/outlet boundaries ioΩ : 

Top and Bottom channels: 

)2sin( ∗∗∗ = tfπφ at the top boundary,  

0=∗φ at the bottom boundary, and 
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V
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*
inpp =∗  at left and p* = 0 at right. 

where n* is the direction normal to the boundary. 

Table 1.1 summarizes the calculations performed in the confined microchamber to 

quantify the combined effect of the mixing frequency f*, and the electroosmotic Reynolds 
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number, eofRe .  Cases A1-A13 quantify mixing for the charged microchamber and cases 

B1-B12 for the neutral chamber. 
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Results 
 

To first order, the mixing process is primarily controlled by the frequency of the applied 

voltage, *f and the electroosmotic Reynolds number, eofRe .  For a selected value 

of eofRe , larger the electroosmotic mobility of the buffer, smaller will be the required 

amplitude of the applied voltage, and vice versa.  One of the requirements necessary for 

effective mixing is that the buffer should be confined to the microchamber.  Too high a 

voltage in tandem with a low frequency will only result in pumping the fluid in and out of 

the microchamber into the voltage carrying microchannels with very little mixing.  For 

mixing to be effective, the bulk of the buffer has to be confined within the chamber and, 

hence, a balance has to be maintained between eofRe  and *f .  In the range 602 ≤≤ *f  

and 10030 ≤≤ eofRe , it is found that the condition 5<*
eof f/Re  keeps most of the 

buffer confined within the microchamber with little leakage into the channels.  For values 

greater than this ratio, significant leakage occurs. 

In addition to confinement within the microchamber, the electroosmotic flow 

velocity induced at the walls of the channels and chamber should have sufficient time to 

develop and diffuse outward from the charged surface.  If the frequency is too high, the 

perturbed layer will be confined near the surface and will have a negligible effect on 

mixing.  On the other hand, too low a frequency will not perturb the flow as much.  

While the velocity fluctuations have a characteristic time scale of f/1  the characteristic 

time scale for the perturbation at a charged surface to travel outward to the center is given 

by υ/H 2 .  Hence to first order, for optimal effectiveness )1(/2* OfHf ≈= ν .  For a 

nominal kinematic viscosity 6101 −×=ν  m2/s, with H ≈ O(10-3 m), f is of O(1 Hz). 

Through numerical experiments, the optimal non-dimensional frequency is found to 

be 30=*f .  We note that the time scale suggested by this value is much larger than the 

charge redistribution time scale in the Debye layer. Hence, a quasi-steady treatment of 

the Debye layer is adequate and justifiable. 
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Confined Microchamber 

Results are presented for two microchamber geometries, one of which is similar 

to that used by Oddy et al.15 The modified geometry consists of microbaffles attached to 

the walls of the microchamber.  It is assumed that the microbaffles do not contribute to 

the electroosmotic flow but simply act as neutral structures.  Calculations with charged 

microbaffles do not show any measurable differences.  It will be shown later that the 

introduction of the microbaffles have a large positive effect on mixing.  In another set of 

calculations, the microchamber walls are assumed neutral and the flow is only driven by 

the electroosmotic velocities developed in the microchannels.  

Fig. 1.2 shows contours of the fluctuating potential field at two instances of the 

AC cycle, at θ = π/2 when *φ =1 and θ =3π/2, when *φ =-1.  The potential drop 

contributing to the mixing in the microchamber is approximately 25-30 % of the total 

potential drop. The presence of the microbaffles results in minor distortion of the 

potential field within the microchamber, and hence, does not alter the electroosmotic flow 

velocity developing at the charged surfaces.  Fig. 1.3(a) shows a phase diagram of u- and 

v- velocities at the center of the charged microchamber with and without the 

microbaffles.  Without the baffles, the velocities are confined to a very small region and 

reflect the fluctuating diagonal movement of fluid with changing voltage (solution 

vectors reside largely in 2nd and 4th quadrant only).  In the presence of the microbaffles, 

the shape of the phase diagram is completely transformed and the trajectories of u and v 

are no longer confined to two quadrants but instead take on a rotational path in which the 

velocity vector assumes values in all four quadrants.  

Fig. 1.3(b) shows a phase diagram of u- and v- velocities for the neutral 

microchamber with and without microbaffles.  Without the microbaffles, the phase 

diagram is similar to that in Fig. 1.3(a) but it is not confined to two quadrants, which 

implies that there is rotation in addition to the fluctuating diagonal movement caused by 

the changing voltage.  In the presence of microbaffles, the shape of the phase diagram is 

similar to that in Fig. 1.3(a) except that there is a 90o phase difference between the two.  
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This aspect becomes clearer by studying the Lagrangian time evolution of the 

material interface between the two components as shown in Fig. 1.4 and 1.5. The 

corresponding evolution of the mixing coefficient σ is shown in Fig. 1.6. The 

electrokinetic fluctuations produce instabilities at the interface in the microchamber 

which are responsible for stretching the material interface between the two species. In the 

absence of the microbaffles (refer Fig.1.4a), at t*=1 (30 cycles), considerable 

deformation has occurred at the species interface.  The electrokinetic fluctuations deform 

the interface in the diagonal direction forming near symmetrical patterns along the 

diagonal.  When the interface comes in the vicinity of a charged surface considerable 

dispersion occurs because of the larger velocities present at the surfaces.  By t*=3, the 

structural pattern has been established and subsequent cycles do not show any evolution 

of the structural pattern nor an ability to increase the material interface between species.  

Hence mixing is not very efficient and σ =0.25 at t*=7.  The scenario changes 

dramatically with the introduction of the microbaffles.  In the series of snapshots shown, 

the rotational nature of the flow is evident.  The microbaffles redirect the diagonal flow 

such that a rotating flow pattern is set up in the chamber in sync with the fluctuating 

voltage.  A unidirectional rotating cell is established in the clockwise direction in spite of 

the fluctuating voltage.  Although the flow is still periodic and does not exhibit a chaotic 

pattern, it is very successful in stirring the mixture.  It does so by continuously stretching 

the material interface between the component species and increasing the area over which 

mass diffusion can occur.  As a consequence, mixing efficiency increases and the mixing 

coefficient σ  = 0.15 at t*=7 (refer to Fig. 1.6). 

In the neutral baffled microchamber (refer Fig.1.5a), the material interface gets 

stretched into three distinct zones at t*=1 (30 cycles).  The mixing is confined to the 

central zone, and a unidirectional rotating cell is established in the clockwise direction 

similar to the charged microchamber.  Subsequent snapshots show that the end zones near 

the microbaffles disperse into the rotational cell created at the center.  Since the rotation 

is confined to a smaller area, mixing is not as efficient and σ = 0.20 at t*=7 (refer 

Fig.1.6). On the other hand, in the absence of microbaffles, the diagonal fluctuations once 
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again dominate. However a weak counter-clockwise rotational cell is established (refer 

Fig.1.5b) in the microchamber at t*=2, which introduces just enough asymmetries to 

break up any recurring pattern induced by the diagonal fluctuations.  Though mixing is 

slower at the early stages, σ = 0.16 at t*=7 (refer Fig.1.6) compares favorably to the 

charged microchamber with microbaffles.  

Open Microchamber 

 In these set of calculations, the two constituent species are fed continuously into 

the microchamber and a net flow is imposed on the system from left to right by applying 

a pressure gradient to the horizontal microchannels.  For mixing to be effective, the time 

taken for a fluid particle to traverse across the microchamber due to the imposed pressure 

gradient should be much less than the time taken for effective mixing.  In this paper, we 

show results for the charged microbaffled microchamber with f* = 30 and Reeof = 100 

(Case A7 in Table 1.1).  Numerical experiments were conducted with an imposed non-

dimensional pressure *
inp = 0, 100, 200, 300, 400 at the inlet to the microchannel while 

maintaining p* = 0 at the outlet.  

Interestingly it was found, that a net flow from left to right existed even when no 

external pressure gradient was applied.  The fluid motion in the microchamber created a 

net pressure gradient which induced flow from left to right.  This aspect of the flow is 

shown in Figure 1.7(a-b) in which the variation in mass flow with time at the left 

boundary and right boundaries of the microchamber are plotted.  The fluctuating mass 

flux closely follows the AC voltage fluctuations with some phase lag which differs at the 

two boundaries of the microchamber.  When *
inp  = 0 at the entrance, the mean mass 

drawn out of the microchamber at the right boundary is larger than the mean mass flow 

drawn out of the chamber at the left boundary, which results in a net flow from left to 

right. However, there is an instantaneous and mean leakage of fluid from the 

microchamber into the left channel which is not desirable, and which has an adverse 

effect on the operation of the device. 
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By imposing a higher pressure *
inp  = 100 at the inlet, although there is still some 

weak instantaneous leakage into the left microchannel, the mean flow is directed into the 

microchamber.  This is shown in Figure 1.7(a-b). On further increasing the pressure at the 

inlet to *
inp  = 200, 300, and 400, it was found that the subsequent increase in net mass 

flow out of the chamber had an undesirable effect on the mixing.  Hence, a pressure of 
*
inp  = 100 at the inlet was found to be optimal.  The evolution of the mixing coefficient 

for the open channel is shown in Fig. 1.6.  In this case mixed buffer (low σ) is 

continuously moving out of the microchamber, while unmixed buffer is flowing into the 

microchamber (high σ).  Since the mixing coefficient is only calculated within the 

confines of the microchamber, for the same quality of mixing, the time evolution of the 

mean mixing coefficient will exhibit higher values than the confined microchamber.  

Figure 1.7(c) plots the time evolution of species mole fraction at the center of the 

microchannel leading out of the chamber, just downstream of it.  Initially the mole 

fraction flip-flops between the two unmixed constituents, but exhibits the presence of 

mixed species after t*=3 as the mixed buffer moves out of the microchamber.  

Comparison with Experiments 

Oddy et al.15 in their experiments used a frequency of 5 Hz and obtained nearly 

complete mixing within 3 s. of the application of the AC field.  In the numerical study, 

the optimal non-dimensional frequency f* = 30 corresponds to a dimensional frequency f 

= 30 Hz which is higher than that used in the experiments.  A kinematic viscosity 
7108.9 −×=ν m2/s, derived from the experiment of Oddy et al.15 is used in the 

conversion.  Use of f = 5 Hz in the computations with different values of Reeof did not 

perform well.  High values of Reeof only succeeded in pumping the buffer out of the 

chamber, whereas lower values of Reeof used to satisfy confinement to the chamber, 

resulted in very slow mixing.  Experiments reported a bulk velocity of 0.5 and 0.16 mm/s 

in the channel and chamber, respectively, whereas in the computations the mean velocity 

in the charged microchamber was calculated to be 3.6 mm/s when no baffles were used 

under the optimal conditions.  The experiments reported a mean volumetric flow rate out 
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of the microchamber of 0.5 µL/min whereas a flow rate of 0.66 µL/min was obtained 

from the open microchamber computations. 

In Figure 1.6, if we assume reasonable mixing when σ  = 0.25, then the real time 

for mixing varies between 3.5 s for the best case and 6.5 s for the slowest. 

Correspondingly, using σ  = 0.2 as the benchmark for good mixing, then the time varies 

between 5 s for the best cases to approximately 10 s for the slowest.  These times are in 

general agreement with Oddy’s experimental results.  However, in addition to the 

difference in frequency, on close comparison between experimental flow visualization 

results and the computations, there are substantial differences in the path taken by fluid 

particles.  For the charged microchamber without microbaffles used in the experiments, 

the rate of mixing in the computations is slower and much more uniform than that 

implied by the experiments. 

There could be a number of reasons for these differences.  The numerical 

computations are two-dimensional whereas the experimental microchamber had a depth 

of 100 µm.  However, three-dimensional calculations have shown that introduction of 

chamber depth reduces mixing further at the same applied frequency and Reeof.  The 

calculations assume identical electrical conductivities and permittivities for the two 

constituent species and uniform mobilities at the charged surfaces of the chamber.  It is 

surmised that any volumetric as well as interfacial deviations from this symmetry will 

tend to increase mixing.  Oddy et al.15 have not discounted the effects of Joule heating 

which would introduce property non-uniformities and lead to volumetric asymmetries, 

which could lead to a non-uniform response of the fluid in the microchamber.  From 

these observations, it is concluded that the instabilities observed in the experiments are 

not solely driven by surface electrokinetics, but possibly include other volumetric and/or 

interfacial interactions, which are not accounted for in the computations, and which are 

not quantified in the experiments.  The ability of the computations to generate the same 

general type of instabilities for both charged and uncharged microchamber geometries 

lends further weight to this conclusion. 
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Summary and Conclusions 
 

Electrokinetically driven mixing is investigated numerically in microchamber geometry. 

Mixing is initiated by applying an AC field across the chamber which induces a 

fluctuating electroosmotic flow.  An Eulerian as well as a Lagrangian approach is used to 

quantify mixing.  Through order of magnitude analysis and simulations it is found that 

there is an optimal choice of non-dimensional frequency and driving potential which 

leads to the best mixing characteristics.  This is given by the relationship Reeof / f*< 5 and 

the condition that f*= O(1). Optimal mixing is shown to occur at Reeof  = 100 and f* = 30. 

Two chamber geometries are studied with and without surface charges.  It is 

established that strategically placed microbaffles in the chamber enhance mixing 

considerably from that in a plain chamber.  The microbaffles act as flow deflectors and 

induce a rotational flow pattern within the chamber instead of the diagonally fluctuating 

pattern seen without them.  The rotational pattern continuously stretches the material 

interface within the chamber and increases the species contact area to allow increased 

mass diffusion.  The microbaffled chamber is found to be twice as efficient and exhibits 

good mixing within O(10 s.) of the initiation of the AC field.   The mixing observed in 

the absence of a surface charge in the microchamber is similar in nature.  The presence of 

microbaffles induces a rotational cell, whereas in their absence, the mixing is dominated 

by diagonal fluctuations together with weak rotation. In both cases, the level of mixing is 

comparable to the charged microchamber. 

It is concluded that the rapid mixing observed by Oddy et al.15 is not solely driven 

by surface electrokinetic flow but is possibly aided by other asymmetric volumetric 

phenomena. 
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Table 1.1. Summary of simulations carried out for different values of Reeof and f* in the 

confined microchamber geometry. 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Charged Microchamber Neutral Microchamber 

 

Case 

 

eofRe
 

 

*f  

 

Micro 

Baffles 

 

Case 

 

eofRe
 

 

*f  

 

Micro 

Baffles 

A1 30 2 yes B1 100 10 yes 

A2 30 5 yes B2 100 15 yes 

A3 100 5 yes B3 100 20 yes 

A4 50 5 yes B4 100 30 yes 

A5 30 10 yes B5 100 60 yes 

A6 50 60 yes B6 100 100 yes 

A7 100 30 yes B7 100 10 no 

A8 100 40 yes B8 100 15 no 

A9 30 2 no B9 100 20 no 

A10 30  5 no B10 100 30 no 

A11 50 5 no B11 100 60 no 

A12 30 10 no B12 100 100 no 

A13 100 30 no     
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Figure 1.1. Schematic of the micromixer geometry with the microchannels feeding into 

it. The fluctuating potential field is applied across the top and bottom microchannels to 

induce mixing of the two species in the microchamber. The buffer flows from left to right 

in the horizontal channel. The dashed lines demarcate the confined microchamber. 
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Figure 1.2. Distribution of fluctuating potential field. The above plot is for instances 

where the applied potential is Φ = 1 and Φ = -1. Notice that the presence of microbaffles 

(case A7), have a negligible effect on potential distribution. 
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Figure 1.3. Phase diagram for the u-v velocities at the center of the microchamber with 

microbaffles and without microbaffles. a) In case A13 the velocities are confined to very 

small region and fluctuate diagonally inside the microchamber, whereas in case A7 with 

microbaffles, the velocity vectors populate all four quadrants. b) In case B4 the velocities 

lag by a phase angle of 90o when compared to case A7 and in case B10 the velocity 

vectors get stretched onto all four quadrants, indicating that there is rotation in addition to 

fluctuation. 

Without microbaffles (Case A13) With microbaffles (Case A7) 

Without microbaffles (Case B10) With microbaffles (Case B4) 

                     a) Charged Microchamber 

                     b) Neutral Microchamber 
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Figure 1.4. Time evolution of component species interface. The microbaffles set up a 

clockwise rotational cell which continuously stretches the interface. 
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Figure 1.5. Time evolution of component species interface. The neutral microchamber 

without the microbaffles sets up a counter-clockwise rotational cell. Mixing is faster 

when no microbaffles are present.
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without surface charges. For case A7 the mixing coefficient σ = 0.15 at the end of 7 non-

dimensional time units, whereas for case B10, σ = 0.16.  



 33

0 0.05 0.1 0.15 0.2-0.3

-0.2

-0.1

0

0.1

0.2

Outflow from Right
Inflow from Left
Net inflow from top & Bottom

0.129

0.0652

-0.0638

M
as

s
flo

w
ra

te

Time, t*

0 0.05 0.1 0.15 0.2-0.2

-0.1

0

0.1

0.2

Outflow from Right
Inflow from Left
Net inflow from top & Bottom

0.0227

0.0751
0.0978

M
as

s
flo

w
ra

te

Time, t*  

                      
0 1 2 3 4 5 6 70

0.2

0.4

0.6

0.8

1

1.2

Time, t*

M
ol

e
fra

ct
io

n

 

Figure 7. a) Mean mass flow rate at the inlet of the microchamber for p* = 0 is negative 

implying a flow reversal.   b) Mean mass flow rate in the microchamber for p* = 100. c) 

Time evolution of mole fraction c* at the center of microchamber measured at the right 

end is close to 0.5 which implies a mixed state of species A and B. 
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Abstract 
 
The paper presents numerical simulations of electrokinetic instabilities induced in a 

microchamber in the presence of a fluctuating electric field for enhanced mixing.  The 

geometry and conditions are similar to the experimental work of Oddy et al. [1].  

Through dimensional analysis and numerical experiments it is found that there is an 

optimal choice of non-dimensional frequency and driving potential which leads to the 

best mixing characteristics.  This is given by the relationship Reeof / f* < 5   and the 

condition that )10(* Of = . It is also shown that a modified chamber geometry with 

strategically placed microbaffles leads to mixing which is faster by a factor of two.  The 

microbaffles introduce a rotational fluid cell in the chamber which continuously deforms 

and augments the material interface between constituent species.  The characteristic time 

scale for mixing is reduced from O(104 sec.) by mass diffusion alone to O(10 sec.). 

                                                 
∗ Co-author: Dr. Danesh K. Tafti, Mechanical Engineering Department, Virginia Tech 
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Introduction 
 

Micro-Total-Analysis-Systems (µTAS) have been the focus of recent world wide 

research due to their varied applications.  Much of the motivation for the development of 

µTAS stems from applications in biotechnology and biomedicine.  A typical µTAS 

device will include a number of functional units ranging from sample injection or 

ingestion, pre-concentration, mixing with reagents, chemical reactions, separation, 

detection, and possibly a chemical response.  Because these devices typically work with 

fluid volumes in the nano- to pico- liter range, they consume less expensive reagents and 

their response times are an order of magnitude faster than their macro-counterparts. 

Microsystems have the potential for offering total solutions on multifunctional chips in an 

inexpensive, robust, flexible manner. One key function in many systems is the need to 

mix two fluids quickly. Rapid mixing is a challenge because flow in these devices is 

restricted to a laminar flow regime (Reynolds number, Re < 1) and the mass diffusion 

coefficients (D) are of O(10-12 m2/s). For a characteristic device length scale of O(100 

µm), the mass diffusion time scale (L2/D) is of O(104 sec.).  Hence for effective mixing, it 

is necessary to increase the Reynolds number and/or induce bulk motion such that the 

material interface between the components to be mixed is continuously augmented as in 

chaotic advection [2].A number of mixing methods and mixing schemes have been 

proposed and tested. Most mixing schemes are classified as either active or passive 

mixing.  Passive mixing schemes include simple in-plane, lamination and chaotic 

advection stirring [3], and they utilize the chamber geometry to increase the area of 

contact between the fluids.  Active mixers have moving parts or externally applied 

forcing functions such as pressure or an electric field. 

For liquid-phase mixing, Liu et al. [4] reported on a three dimensional serpentine 

channel that achieved mixing through chaotic advection, a mechanism that becomes more 

effective as the flow rate increases.  Johnson et al. [5] used mixing wells at an angle to 

the flow direction to induce mixing between two species.  Mengeaud et al. [6], proposed 

a finite element model of mixing in a zigzag microchannel integrating a “Y” inlet 
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junction.  The distribution of concentration was obtained by solving the Navier-Stokes 

equation and diffusion convection equation in steady form for a Reynolds number in the 

range 1< Re < 800.  Their results illustrated the effects of both flow rate and channel 

geometry on hydrodynamics and mixing efficiency.  

Bau et al. [7] and Yi et al. [8] have used alternating electric fields in the presence 

of a magnetic field to induce chaotic advection in a conduit and a circular cavity, 

respectively.  The same group, Qian and Bau [9] showed analytically that using time and 

spatially varying zeta-potentials can induce chaotic advection and mixing in a 

microchannel flow.  Yi et al. [10] performed an analytical and numerical study of 

peristaltically induced motion in a closed cavity with two vibrating walls to induce 

chaotic mixing.  Chen & Santiago [11] have used different conductivity electrolytes in 

two arms of a T-junction to impulsively induce electrokinetic surface instabilities 

between the two fluid streams to induce mixing at the flow downstream of the T-junction. 

The work presented in this paper is motivated by the experiments of Oddy et al. 

[1], in which they showed experimentally that electrokinetic instabilities were found to 

develop under the influence of a fluctuating voltage in microchannels as well as in semi-

enclosed microchambers.  These instabilities were responsible for increasing the material 

contact area and thereby augmenting the rate of mixing by an order of magnitude or 

greater over diffusion alone.  Their experimental setup consisted of a microchannel of 

width 300µm and depth 100 µm which fed into a microchamber, where the mixing took 

place.  The mixing chamber had dimensions of 1 mm x 1 mm x 100 µm.  An oscillating 

electric field was applied across the side channels and the region of instability was 

confined to the mixing chamber. 

This paper presents two-dimensional numerical simulations of the mixing 

characteristics in a geometry and conditions similar to but not identical to that utilized by 

Oddy et al. [1] in their experiments.  The mixing characteristics of a modified chamber 

geometry, is also presented. The results are quantified and compared for different 

frequencies and induced electroosmotic flow velocities.   
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Nomenclature 
 

ci molar concentration of the ith species 

Di mass diffusion coefficient 

E
r

 electric field vector 

F Faraday’s number 

f frequency of the applied AC field 

H length of the microchamber and channel 

p pressure 

Re Reynolds number 

Sc Schmidt number 

t time 

Ueof electroosmotic velocity 

V
r

 velocity vector field 

w width of the channel 

zi valence number of species i  

ε permittivity 

λ Debye thickness 

µ dynamic viscosity of the fluid 

ρ fluid density 

ρe charge density 

Φ  potential field 

φ  externally applied potential field 

ψ  amplitude of the applied AC field 

ζ  potential distribution in Debye layer 

wζ  zeta potential at surface 
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Subscripts 

eof electroosmotic flow 

i species i 

 
Superscripts 

* dimensionless form of variable 
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Mathematical Formulation 
 

The constitutive governing equations are given by the mass, momentum conservation and 

evolution of species molar concentration.  It is assumed that the fluid is incompressible 

with constant properties, the molar concentration of species is dilute and the electro-

chemical properties of the fluid are defined by the buffer solution, no chemical reactions 

take place, and the species carry no residual charges. 

 

Continuity 
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rr
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where V
r

 is the velocity vector field, ρ is the fluid density, µ the dynamic viscosity of the 

fluid, ρe the charge density, and E
r

 the electric field vector, ic  the molar concentration of 

the ith species, and Di, the mass diffusion coefficient.  The product Ee
r

ρ  represents the 

electrostatic Lorentz body force which couples fluid transport to the electrostatic field 

equations which are given by the Poisson equation 
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where ε is the electrical permittivity of the solution and Φ is the electric potential where 

 

Φ∇−=
rr

E .                (6) 

 

The charge density is the summation over all charged species present in the 

solution, F is Faraday’s number, and iz  is the valence of species i.  The coupling 

between the electro-static field equations and the flow equations is apparent.  The Lorentz 

body forces affect the hydrodynamic field, which in turn re-distributes charges and the 

potential distribution. 

Aqueous acid-base pairs which make up buffer solutions in microdevices induce a 

surface charge on most surfaces.  The presence of the surface charge influences the re-

distribution of ions in the solution such that an electric double layer forms in the vicinity 

of the surface, which has an excess of counterions (w.r.t. the surface charge).  The 

thickness of the charged layer (λ), also referred to as the Debye thickness, is between 1 to 

10 nanometers thick [12] for typical buffer solutions. Using Poisson’s equation (4), the 

Debye layer is characterized by the zeta-potential (ζw of O(100mV) near the surface 

which reduces exponentially and tends to zero at the edge of layer. In the Debye-Huckel 

limit [12] the charge density eρ  within the Debye layer can be written as: 

 

2λ
εζ

ρ −=e                                              (7) 

 

where ζ is the potential distribution in the layer. Hence, the influence of the surface 

charges are felt only within the confines of the Debye layer, and charge neutrality (zero 

net charge) is prevalent in the rest of the buffer. 

When the charged Debye layer is subjected to an external electric field 
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( φ∇−=
rr

E ) the net movement of unbalanced charges in the Debye layer induces an 

electroosmotic flow (EOF) velocity in the Debye layer.  Using a reduced form of 

equation (2), the functional form is obtained as: 

 

]1[
w

wE
U

ζ
ζ

µ
ζε

−
⋅⋅

−= ,                                        (8) 

 

which has a value µζε /weof EU ⋅⋅−=  (Helmholtz-Smoluchowski equation) at the edge 

of the Debye layer and zero at the wall. In obtaining equation (8), it is implicitly assumed 

that the external electric potential has no influence on the electro-chemistry of the Debye 

layer and vice versa. In typical microflows, Ueof is of O(10-3 m/s).  Assuming a typical 

weak electrolyte aqueous solution with a mobility of the O(10-7 C.s /kg) and a Debye 

thickness of O(10-8 m), the characteristic time scale for an ion to move across the Debye 

layer under the influence of the zeta-potential of O(10-1 V) is O(10-9 sec.), whereas for an 

ion to translate an equivalent distance in the streamwise direction at a typical velocity of 

1 mm/s is O(10-5 sec.).  Since the movement of ions across the Debye layer occurs on a 

much faster time scale than the corresponding translation, for all practical purposes it can 

be assumed that the external potential field does not have any significant effect on the 

charge distribution in the Debye layer.  In addition, the direct effect of the external field 

is limited since the external electric field strength is about four orders of magnitude 

smaller than that generated in the Debye layer by the zeta potential.  This assumption can 

break down for high conductivity electrolytes and large external potential gradients. 

Most microdevices have channels with characteristic cross-sectional dimensions 

of O(10-100 microns), which typically are three to four orders of magnitude larger than 

the Debye thickness.  Hence, it can be assumed that the zeta-potential distribution in the 

Debye layer has no effect on the external potential field except possibly within the 

confines of the Debye layer.  Unless the surface has significant non-uniformities on the 

same scale as the Debye thickness, it can be assumed that while the field vectors 

generated by the zeta potential are normal to the surface, the external field vectors are 
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parallel to the surface, or in other words 0/ =∂∂ nφ , where n is the direction normal to 

the surface. 

As a consequence, the dynamics of the Debye layer can be de-coupled from the 

effects of the external field.  Further, the small extent of the Debye layer compared to the 

channel dimensions makes it possible to specify the electroosmotic velocity as a slip 

velocity at the edge of the Debye layer without introducing any errors. 
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Problem Definition 
 

Fig. 2.1 shows a schematic of the microchamber together with two microchannels feeding 

into the chamber. Each side of the square microchamber has a length H.  The channels 

have a length H and width w=H/4. The geometry is different from that utilized by Oddy 

et al. [1]; in addition to the vertical channels, they have two horizontal channels, one 

which feeds the constituents into the microchamber and another through which the mixed 

solution flows out continuously.  An applied pressure gradient is used to induce a net 

flow of fluid in the horizontal arms in addition to the fluctuating potential field in the 

vertical arms of the microchannel.  

In the present simulations, the fluctuating AC potential of form φ =Ψsin(2πft) is 

applied to the top boundary of the microchannel.  The electric field set up by the 

fluctuating potential field interacts with the charged Debye layer and induces a 

fluctuating slip velocity at the charged surfaces of the microchamber and the channels.  

Because the diffusion of the slip velocity into the microchamber governs the mixing 

process, we define a characteristic velocity based on the viscous velocity (ν/H), which, 

along with the characteristic length scale (H), defines the characteristic time scale 

(H2/ν). Using these scales to non-dimensional equations (1-3) together with the total 

molar concentration, we get the following non-dimensional equations. 
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Here the Reynolds number, 1== νν H/HRe , and the Schmidt number 

DSc /ν= =30,000 [1].  The mole fraction of species A is c* and 1-c* is the mole 
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fraction of species B.  

The electrostatic field equations reduce to a homogeneous Poisson equation 

 

0
2

=∇ ∗∗ φ           (12) 

 

The non-dimensional Helmholtz-Smoluchowski slip velocity at charged surfaces 

takes the following non-dimensional form: 

 
∗∗∗ ∇= φ

rr
eofeof ReU .     (13) 

 

The electroosmotic Reynolds number is the ratio of the electrokinetic forces over 

viscous forces, νυ /Reeof Ψ= , where µεζυ /w=  is the electroosmotic mobility of the 

buffer solution, and *φ  is the non-dimensional potential field.  Finally the applied AC 

voltage takes the non-dimensional form ( )*** 2sin tfπφ = . 
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Numerical Treatment 
 

The governing equations are incorporated in an existing unsteady finite-volume full 

Navier-Stokes hybrid structured/unstructured multiblock mesh solver in generalized 

coordinates, GenIDLEST [13].  It utilizes a non-staggered finite-volume mesh with 

Cartesian velocities and species as the primary dependent variables.  A fractional-step 

algorithm, with explicit as well as semi-implicit time advancement, is used.  The semi-

implicit treatment treats the diffusion terms in an implicit manner and the method of 

Conjugate Gradients (CG) is used to solve the resulting symmetric linear system. 

GenIDLEST is a parallel solver and uses both Message Passing Interface (MPI) and 

OpenMP for parallel execution [14].  The convection terms are approximated by a 

second-order central difference scheme and a third-order upwind biased QUICK scheme. 

These two base schemes are combined with shape-preserving monotonic TVD schemes 

[15] and a multi-dimensional flux limiter [16].  The multi-dimensional flux limiter is 

based on the universal limiter of Leonard [15] and is less stringent than the TVD limiter. 

In typical microfluidic applications the Schmidt number is of O(104), hence while the 

viscous terms dominate the transport of momentum, species transport is dominated by 

advection.  This characteristic combined with sharp material interfaces present in species 

transport and mixing in microfluidic devices makes it necessary to use monotonicity 

preserving schemes.  Monotonic schemes are at best second order accurate, that is, they 

introduce numerical diffusion errors of O( 2∆ ) which in the case of high Schmidt numbers 

can be larger than the natural diffusion.  This poses a severe challenge in an exact 

quantification of mixing. 

At each time step, the electric field is calculated first, followed by the slip 

velocity.  The momentum equations are advanced in time using a semi-implicit method to 

eliminate the viscous stability limit on the time step, while the species equation is 

advanced explicitly because the mass diffusion terms (high Schmidt numbers) do not 

pose any restriction on the time step.  All linear systems are solved using the method of 
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Conjugate Gradients (CG). The following boundary conditions are incorporated (see Fig. 

1): 

Charged surface boundaries csΩ : 
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Inlet/outlet boundaries ioΩ : 
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at both boundaries, 

 where n* is the direction normal to the boundary. 

The initial mole fraction of species A has a value of unity in the top half of the 

chamber and zero in the bottom half.  The fluctuating voltage is applied at t*=0.  A 

quantitative measure of the degree of mixing is obtained by calculating a mean standard 

deviation in the microchamber of the mole fraction c* from its perfectly mixed value of 

0.5.  

 

∑ −=
N

2)5.0*c(
N
1σ          (14)   

where N is the total number of equal volume elements in the microchamber.  At the initial 

state, σ =0.5, and as a perfectly mixed state is approached, .0→σ   It is noted that σ 

includes the contribution of numerical diffusion which can make a substantial 

contribution to the overall mixing in light of the extremely small mass diffusion 

coefficient.  At the same time its evolution in time is a good comparative measure of 

mixing.  As an additional measure of mixing, equation (14) is supplemented by a 
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Lagrangian description of interface stretching, since it is primarily through the stretching 

of the material interface between the two components that mixing is augmented. 

Table 2.1 summarizes the calculations presented in this paper.  Cases A1-A4 are 

used to qualify the mesh resolution, where each mesh is denoted by the number of blocks, 

and the number of computational cells in the x and y direction, respectively.  Cases B1-

B3 compare the effect of the numerical treatment of the convection terms.  Cases C1-C8 

cover the range of parameter space tested to arrive at the right combination of f* and 

Reeof.  Cases D1-D4 is used to isolate the effect of the microbaffles on the flow and 

mixing characteristics.  Most calculations use a non-dimensional time step of 4101 −× , 

except the 6x32x128 calculations, which utilize 5105 −×=∆t  and the 6x64x256 

calculations which use 5105.2 −×=∆t .  The CG method is converged to an average L1 

norm of 6101 −×  for the solution of the potential, momentum, and pressure equations at 

each time step.  
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Results 
 

To first order, the mixing process is primarily controlled by the frequency of the applied 

voltage, *f and the electroosmotic Reynolds number, eofRe .  For a selected value of eofRe , 

larger the electroosmotic mobility of the buffer, smaller will be the required amplitude of 

the applied voltage and vice versa.  One of the requirements necessary for effective 

mixing is that the fluid should be confined to the microchamber.  Too high a voltage 

together with a low frequency will only result in pumping the fluid in and out of the 

microchamber with very little mixing.  For mixing to be effective, the bulk of the buffer 

has to be confined within the chamber and, hence, a balance has to be maintained 

between eofRe and *f .  For cases C1-C8 given in Table 1 in the range 602 * ≤≤ f  and 

10030 ≤≤ eofRe  it is found that the condition 5*f/Reeof <  keeps most of the buffer 

confined within the microchamber with little leakage into the channels.  For values 

greater than this ratio, significant leakage occurs. 

In addition to confinement within the microchamber, the EOF velocity induced at 

the walls of the chamber should have sufficient time to diffuse into the center of the 

microchamber.  If the frequency is too high, the perturbed layer will be confined near the 

surface and will have a negligible effect on mixing.  On the other hand, too low a 

frequency will not perturb the flow as much.  While the velocity fluctuations have a 

characteristic time scale of f/1 , the characteristic time scale for the perturbation at a 

charged surface to travel into the center of chamber is given by ν/H 2 .  Hence to first 

order, for optimal effectiveness )(O/fHf * 12 ≈= ν . For a nominal kinematic viscosity 

6101 −×=ν  m2/s, with H =1 mm, f is of O(1 Hz).  In actuality, the optimal non-

dimensional frequency is found to be f*=30 or f =30 Hz, which is different from to the 

optimal frequency of 5 Hz used by Oddy et al. [1].  We note that the time scale suggested 

by this value is much larger than the charge redistribution time scale in the Debye layer. 

Hence, a quasi-steady treatment of the Debye layer is adequate.   

Results are presented for two microchamber geometries, one of which is similar 
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to that used by Oddy et al [1].  The modified geometry consists of microbaffles attached 

to the walls of the microchamber.  It is assumed that the microbaffles do not contribute to 

the electroosmotic flow but simply act as passive structures.  It will be shown later that 

the inclusion of the microbaffles has a large positive effect on the mixing characteristics 

in the microchamber.  Calculations including their contribution to electroosmotic flow do 

not show any measurable differences.   

Fig. 2 shows the evolution of mixing for cases A1-A4 performed on four different 

mesh resolutions.  As stated earlier, σ  is extremely sensitive to the numerical diffusion 

because of the very small value of the mass diffusion coefficient.  This aspect is reflected 

in Fig. 2.2. As the mesh resolution gets finer, numerical diffusion decreases and 

correspondingly σ increases at a given time.  There is no clear way of quantifying the 

numerical diffusion, except for refining the mesh till a grid independent solution is 

obtained.  

 Fig. 2.3 compares different convective schemes at the next to finest resolution of 

32x128.  The convective schemes use different combinations of the two base finite-

difference discretizations based on second-order central difference and third-order 

upwind biased approximations together with limiters based on the TVD criterion and a 

multi-dimensional flux limiting criterion.  The time evolution of the mixing coefficient 

for the three combinations is within 10 % of each other during the course of the 

simulation.   

Fig. 2.4 shows contours of the fluctuating potential field at two instances of the 

cycle, at θ = π/2 when *φ =1 and θ =3π/2, when *φ =-1.   The potential drop contributing 

to the mixing in the microchamber is approximately 25-30 % of the total potential drop. 

The presence of the microbaffles results in minor distortion of the potential field within 

the microchamber.  Intstantaneous streamline patterns at θ = 0, π/2, π, and 3π/2 are 

plotted in Fig.2.5 with and without the microbaffles.  The flow in the microchamber is in 

the upward (positive) direction during the first half of the cycle and in the downward 

direction during the second half.  In the absence of the baffles, the primary flow is along 

the diagonal in the microchamber.  The baffles act as deflectors and re-orient the flow 
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such that a closed unidirectional counter-clockwise rotational loop is set up in the 

microchamber. 

Fig. 2.6 shows a phase diagram of u- and v- velocities at the center of the 

microchamber with and without the microbaffles.  Without the baffle, the velocities are 

confined to a very small region and reflect the fluctuating diagonal movement of fluid 

with changing voltage (solution vectors reside in 2nd and 4th quadrant only).  In the 

presence of the microbaffles, the shape of the phase diagram is completely transformed 

and the trajectories of u and v are no longer confined to two quadrants but instead take on 

a  rotational path in which the velocity vector assumes values  in all four quadrants.  

This aspect becomes clearer by studying the Lagrangian time evolution of the 

material interface between the two components as shown in Fig. 2.7.  The electrokinetic 

fluctuations produce instabilities in the microchamber which are responsible for 

stretching the material interface between the two species.  In the absence of the 

microbaffles, at t*=1 (30 cycles), considerable deformation has occurred at the species 

interface.  The electrokinetic fluctuations deform the interface in the diagonal direction 

forming symmetric structures along the diagonal.  When the interface comes in the 

vicinity of a charged surface considerable dispersion occurs because of the larger 

velocities present at the surfaces.  By t*=3, the structural pattern has been established and 

subsequent snapshots do not show any evolution of the structures nor an ability to 

increase the material interface between species.  Hence mixing is not very efficient and σ 

=0.25 at t*=7 (refer Figure 2.88).  The scenario changes dramatically with the 

introduction of the microbaffles.  In the series of snapshots shown, the rotational nature 

of the flow is quite evident.  The microbaffles redirect the diagonal flow such that a 

rotating flow pattern is set up in the chamber in sync with the fluctuating voltage.  A 

unidirectional rotating cell is established in the clockwise direction in spite of the 

fluctuating voltage. Although the flow is still periodic and does not exhibit a chaotic 

pattern, it is very successful in stirring the mixture.  It does so by continuosly stretching 

the material interface between the component species and increasing the area over which 

mass diffusion can occur.  As a consequence, mixing efficiency increases and the mixing 
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coefficient σ =0.15 at t*=7 (refer to Fig. 2.8). 

Oddy et al. [1] in their experiments found that mixing was much more intense 

than indicated by this study.  Nearly complete mixing occurred within 3 sec. of the 

application of the AC field. In the numerical study, t*=7 corresponds to a dimensional 

time of 7 sec.  Experiments reported a bulk velocity of 0.5 and 0.16 mm/s in the channel 

and chamber, respectively, whereas in the computations these were calculated to be 14.4 

and 3.6 mm/s, respectively. 

There could be a number of reasons for these differences.  The numerical 

computations are two-dimensional whereas the experimental microchamber had a depth 

of 100 µm.  However, preliminary three-dimensional calculations have shown that 

introduction of three-dimensionality further reduces mixing further at the same applied 

frequency and Reeof.  An additional potential contributing factor, which was  investigated, 

was the absence of net flow in and out of the system as in the experiments.  By using a 

feeder channel and an outflow channel and imposing a pressure gradient to have a net 

flow in and out of the system, it was established that the mixing characteristics remain the 

same.  The simulations assume identical electrical conductivities for the two constituent 

species and uniform mobilities at the charged surfaces of the chamber.  It is surmised that 

any deviations from this symmetry will tend to increase mixing.  Oddy et al [1] have not 

discounted the effects of Joule heating which would introduce property non-uniformities 

and lead to asymmetries, which could lead to a very non-uniform response of the fluid in 

the microchamber with increased mixing.  

 

 

 
 



 52

Summary and Conclusions 
 

Electrokinetically driven mixing is investigated numerically in a microchamber 

geometry.  Mixing is initiated by applying an AC field across the chamber which induces 

a fluctuating electroosmotic flow.  An Eulerian as well as a Lagrangian approach is used 

to quantify mixing. Through dimensional analysis and simulations it is found that there is 

an optimal choice of non-dimensional frequency and driving potential which leads to the 

best mixing characteristics.  This is given by the relationship Reeof / f* < 5 and the 

condition that )10(* Of = . 

It is established that strategically placed microbaffles in the chamber enhance 

mixing considerably from that in a plain chamber.  The microbaffles act as flow 

deflectors and induce a rotational flow pattern within the chamber instead of the 

diagonally fluctuating pattern seen without them.  The rotational pattern continuously 

stretches the material interface within the chamber and increases the species contact area 

to allow increased mass diffusion.  The microbaffled chamber is found to be twice as 

efficient and exhibits good mixing within 5 to 7 sec. of the initiation of the AC field.  
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Table 2.1. Summary of simulations carried out for different values of eofRe  and *f , 

which characterize the mixing phenomena in the micro-chamber. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1-  SC - Second Order Central Difference 

2- QUI (QUICK) - Third Order upwind biased  

3- TD- TVD 

4- UL- Universal flux limiter 

 

 
Case 

 
Resolution 

 
Convective  
Scheme 

 

eofRe  

 
*f  

 
Micro 
Baffles 

A1 (6x16)x64 SC1+TD3 100 30 yes 

A2 (6x24)x96 SC1+TD3 100 30 yes 

A3/D1 (6x32)x128 SC1+TD3 100 30 yes 

A4/D3 (6x64)x256 SC1+TD3 100 30 yes 

 

B1 (6x32)x128 SC1+TD3 100 30 yes 

B2 (6x32)x128 SC1+UL4 100 30 yes 

B3 (6x32)x128 QUI2+TD3 100 30 yes 

 

C1 (6x16)x64 QUI2+TD3 30 2 yes 

C2 (6x16)x64 QUI2+TD3 30 5 yes 

C3 (6x16)x64 QUI2+TD3 30 10 yes 

C4 (6x16)x64 QUI2+TD3 50 5 yes 

C5 (6x16)x64 QUI2+TD3 50 60 yes 

C6 (6x16)x64 QUI2+TD3 100 5 yes 

C7 (6x16)x64 QUI2+TD3 100 30 yes 

C8 (6x16)x64 QUI2+TD3 100 40 yes 

 

D1/A3 (6x32)x128 SC1+TD3 100 30 yes 

D2 (6x32)x128 SC1+TD3 100 30 no 

D3/A4 (6x64)x256 SC1+TD3 100 30 yes 

D4 (6x64)x256 SC1+TD3 100 30 no 
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Figure 2.1. Schematic of the micromixer geometry with the microchannels feeding into 

it. The fluctuating potential field is applied across these microchannels to induce mixing 

of the two species in the microchamber. 
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Figure 2.2. Evolution of mixing performed on four different mesh resolutions for the 

convective scheme SC+TD. At low mesh resolutions, the solution is dominated by 

numerical diffusion which decreases as the mesh is refined.  
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Figure 2.3. Evolution of mixing with different convective schemes at the finest 

resolution 32x128. The difference between these schemes is less than 5%. 
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Figure 2.4. Distribution of fluctuating potential field. The above plot is for instances 

where the applied potential is Φ = 1 and Φ = -1. Notice that the presence of microbaffles 

(case D1), have a minor effect on potential distribution. 
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θ = 2πθ = 3π/2θ = π/2θ = 0

 
 

Figure 2.5. Instantaneous streamline patterns shown at each quarter cycle of the applied 

AC field. The microbaffles set up a rotational counter-clockwise cell within the 

microchamber. 
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Without microbaffles, case D2 
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Figure 2.6. Phase diagram for the u-v velocities at the center of the microchamber with 

microbaffles (a) and without microbaffles (b). In case D2 the velocities are confined to 

very small region and fluctuate diagonally inside the microchamber, whereas in case D1 

with microbaffles, the velocity vectors populate all four quadrants.  

 

   (b)       Without microbaffles, case D2   (a)        With microbaffles, case D1 
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Figure 2.7. Time evolution of component species interface with and without 

microbaffles. The microbaffles set up a counter-clockwise rotational cell which 

continuously stretches the material interface.

t*=0 t*=1 t*=2 t*=3

t*=4 t*=5 t*=6 t*=7

(b)              Without microbaffles, case D2 

t*=0 t*=1 t*=2 t*=3

t*=4 t*=5 t*=6 t*=7

(a)        With microbaffles, case D1 
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Figure 2.8. Comparison between the evolution of mixing in a microchamber with and 

without microbaffles. For case D1 the mixing coefficient σ  = 0.15 at the end of 7 non-

dimensional time units, whereas for case D2 σ  = 0.25. On the finer mesh, at the end of 3 

time units, σ  = 0.31 with baffles versus 0.42 without baffles. 
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Appendix A - µTAS Applications 
 

Microfabricated devices or Lab-on-a-chip devices are being used for performing various 

lab based analysis on a smaller scale thereby eliminating large laboratory setups. This has 

resulted in faster response times, less consumption of reagents and portability of the 

whole system. Considerable amount of research is being done to develop functional 

elements which can be incorporated into these Lab-on-a-chip devices. The functions 

desired may involve cell separation, DNA analysis, biosensing or sample and reagent 

mixing. A literature study was done to identify the application areas for these devices and 

its advantages. 

 
A.1 Relevant Past Studies 
As mentioned earlier microsystems comprise of functional elements with each element 

performing a specific function. Some of these functional elements are classified as: 

1) Separator- to separate constituents from a mixture of compounds. 

2) Chemical Reactor/ Mixers – to carry out chemical reactions at microscale and to mix 

small amounts of sample and reagents effectively. 

3) Sensors and Detectors – to detect the presence of a particular constituent in a fluid or 

compound. 

 A number of these elements have been designed and fabricated and their 

feasibility tested in research labs.  Below is a review of functions performed by these 

elements for specific requirements- 

 Jacobson et al. [1] used a fused quartz microchip to perform separation of 

negative metal ions in a polyacrylamide channel.  Their experimental setup consisted of 

two microchannels perpendicular to each other with the sample being injected in the 

horizontal channel.  The depth and width of the channels were 7.6 µm and 75 µm 

respectively.  The length of the injection channel measured 8.5 mm and they carried out 

the separation of metal ions for separation lengths from 11.5 – 16.5mm. The microchip 

was operated at sample loading mode or separation mode. During sample loading mode 

field strength of 520 V/cm was applied across the injection channels and the experiments 
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were carried out for different separation field strengths depending on the analysis time.  

They observed that higher field strength resulted in a shorter analysis time.  For a 

separation length of 11.5mm, a field strength of 720 V/cm took about 45 s for the metal 

ions to separate but the same was achieved at 33 s when the field strength was increased 

to 870 V/cm.  The analysis time also depended on the length of the separation channel.  

For a field strength of 870 V/cm and a separation length of 11.5 mm the analysis time 

was about 33 s but for a length of 16.5 mm the time decreased to around 15 s. 

 Raymond et al. [2] fabricated a microstructure to perform separation of high 

molecular weight compounds. They separated human serum albumin (HAS), bradykinin 

and ribonuclease. They demonstrated that the separation field strengths varied while 

separating each compound.  They observed that separation field strength of 25 V/cm was 

required to isolate HAS from bradykinin and ribonuclease, while 100 V/cm was needed 

for the separation of bradykinin from ribonuclease A.  Their device consisted of a 

separation bed 10 mm wide, 50 mm long and 50 µm in depth in which the channel was 

etched and the channel was 12 µm wide and 10 µm deep. The mixture of the compounds 

was injected through the sample inlet and there were three outlets for collecting the 

separated compounds. The typical analysis times reported were 30 – 90 s. 

 Hadd et al. [3] fabricated a microdevice to perform mixing of a substrate, enzyme, 

and an inhibitor in nanoliter volumes using electrokinetic flow.  This device was to 

perform an enzymatic assay. The microdevice consisted of two microchannels 

intersecting to form a cross.  The channels had a depth of 9 µm and a width of 35 µm. 

The substrate was injected from the top of the vertical channel and the enzyme and the 

inhibitor were injected from the sides of the horizontal channel and the reagents were 

mixed using electrokinetic pumping.  The reagent flow rate and mixing time were 

controlled by modifying the electric field strength which was set at 220 V/cm.  They 

found that this enzyme assay on the microchip reduced the amount of reagent consumed 

by four orders of magnitude over conventional assays. 

 Weigl et al. [4] fabricated a diffusion based optical sensor to detect chemical 

concentrations. The main purpose of this device was to detect the pH of the chemical 

using a fluorescent pH indicator. They used this device to measure the concentration for 
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small molecules such as peptides.  Their microdevice was a T-shaped silicon channel 

where the sample and the indicator dye joined at the T-connection. The two streams 

flowed next to each other without turbulent mixing until they exited the structure. They 

observed that small ions and molecules diffused rapidly across the width of the channel 

whereas larger molecules showed no significant diffusion.  This device had view ports 

along the length of the channel where the analyte could be monitored continuously.  They 

used the fluorescence properties of the indicator as a function of the concentration of the 

analyte and hence determined its pH. The concentration of the analyte was revealed by 

illuminating the solution with a laser. 

 These are some of the functions wherein a microdevice can be used for various 

chemical lab analyses. A Micro-Total-Analysis system is usually considered an 

integration of these functional elements capable of performing several processes. Such a 

microsystem is considered as a true Lab-on-a-Chip. 
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Appendix B – Summary and Recommendations for Future Work 
 

B.1 Overview of Results 
It was concluded that mixing in a microchamber primarily depended on the frequency of 

the applied voltage f * and the electroosmotic Reynolds number Reeof.  For effective 

mixing, the fluid had to be confined within the microchamber and hence a balance was 

maintained between the frequency f * and Reeof.  It was found that for 5*f/Reeof <  the 

bulk of the fluid was confined within the microchamber with very little leakage into the 

microchannels.  An optimum frequency of f * = 30 was found to confine the fluid within 

the microchamber and diffuse the induced EOF velocity to the center of the 

microchamber.  

 It was also concluded that a modified chamber geometry with microbaffles 

to that used by Oddy et al [1] resulted in better and effective mixing. These microbaffles 

created a clockwise rotational cell within the chamber thereby augmenting the material 

interface to a greater extent.  Without the baffles, the velocities were confined to a 

fluctuating diagonal movement of fluid with changing voltage.  This aspect was shown 

clearly by studying the Lagrangian time evolution of the material interface between the 

two components.  The above calculations were also done on a neutral microchamber (no 

net surface charge) and it was found that for a microchamber without microbaffles, the 

absence of surface charges created a weak counter-clockwise rotational cell. This created 

just enough asymmetries to break the recurring pattern created by the diagonal 

fluctuations. This mixing though slower at the early stages, compared favorably to the 

charged microchamber with microbaffles.  

 In an open microchamber with microbaffles a net external pressure gradient has to 

be applied to prevent the mean leakage of the fluid from the microchamber into the left 

microchannel.  It was found that an inlet pressure of *
inp  = 100 was optimal to keep the 

mean flow directed into the microchamber and thus continuously moved the mixed buffer 

out of the microchamber.   For all of the above calculations mixing was quantified by 
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calculating the mean standard deviation in the microchamber of the mole fraction c* from 

its perfectly mixed value of 0.5. 

B.2 Recommendations for Future Work 
Even though the mixing achieved was comparable to experimental results, a few 

differences were observed. These differences could possibly be attributed to the 

following reasons: 

1) The computational domain considered was two-dimensional whereas in experiments 

the microchamber and the microchannel had a depth of 100µm. 

2) Oddy et al. [1] had not discounted the effects of Joule heating which can introduce 

property non-uniformities and lead to volumetric asymmetries thus increasing the rate of 

mixing. 

3) In all the calculations carried out it was assumed that the two species had identical 

electrical conductivities, permittivities and uniform mobilities at the charged surfaces of 

the chamber. Differences in conductivities and permittivities between the constituents 

could lead to accumulation of interfacial charge, which could further aid in mixing. 

(4) Dielectrophoresis, which is the migration of neutral particles in the direction of 

increasing filed strength under the presence of strong electric fields [2] is not considered. 

The dielectrophoretic force is proportional to the gradient of the square of the electric 

field intensity, which could contribute to mixing in regions with high field strength. 

 Future work should study the modeling of these phenomena and evaluate their 

effect on mixing. 
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