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A numerical scheme is developed to simulate electro-osmotic flow and mass transport in a microchannel which

includes a 180° turn. The model has been used to predict the behaviour of electro-osmotically driven flows. The detailed

structure of the flow field in a microchannel in combination with species mass diffusion can explain the concentration

dispersion introduced by a 180° turn.

The results of our simulations agree both qualitatively and quantitatively

with experimental observation. It is demonstrated that an improved electro-osmotic force model could simulate the

electrokinetically driven flow well without making detailed calculations of the electric charge density distribution within

the electrical double layer. Additionally, because this model applies forces to the liquid as opposed to imposing local

velocities, it should also be appropriate for use where pressure gradients exist in the flow field.
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1. Introduction

Nanodevices and microdevices of fluids have been
widely used in electrically driven separation tech-
niques, such as capillary electrophoresis (CE), syn-
chronized cyclic electrophoresis (SCE) and micellar
electrokinetic chromatography (MEKC).'~4 Because
the advantages of combining sample processing and
analysis in a single device are numerous, these separa-
tion techniques are being integrated with other phys-
ical manipulations and chemical treatments on mi-
crochip devices. Increasing the level of integration,
however, results in a more complex channel structure
with a greater number of channels and interconnec-
tions. This integration often requires several turns to

[15] The introduction

be introduced into the channels.
of turns adds a geometric contribution to analyte dis-
persion as both the migration distance and electric
field strength vary laterally across the width of the

channel in the turns.[67]

Computer simulation is expected to be use-
ful in the basic research of electrokinetic sample
transport and dispersion phenomena in the chan-

nel manifold.[8—11

It can also be used to optimize
the microchip channel geometry and operating pa-

rameters. Some models have been proposed to ac-

count for the excess dispersion.['213] All these mod-
els, however, describe the source of dispersion intro-
duced by turns with analytical methods. These an-
alytical methods depend on assumptions and exper-
imental results to develop a general description of
the process. Mathematical models of electro-osmotic
transport have been developed to describe this phe-
nomenon. However, they cannot describe the disper-
sion process in detail. Most models are limited to
one-dimensional analysis. However, there are a few
reports which numerically solve two-dimensional (2D)
and three-dimensional (3D) problems in straight rect-
angular channels.['*~16] These simulations usually as-

sume that the process is in steady state.

In this paper, a numerical simulation of analyte
dispersion in two microchip channel geometries is per-
formed and compared to experimental results. The re-
sults are presented from both static dispersion (no net
fluid motion) and dispersion generated by a 180° turn
with electro-osmotically induced fluid motion. The
detailed structure of the flow field explains the change
in geometric shape of the analyte as it traverses the
180° turn, while the species transport process clearly
explains the broadening of the analyte mass distribu-

tion.
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2.Description of geometry and

solution
2.1. Static diffusion

The initial calculations were performed to ex-
amine the static diffusion of rhodamine B analyte
in a buffer solution of 50/50 (v/v) 20mM sodium
tetraborate/methanol in a straight channel on a mi-
crochip. The microchip was fabricated using standard
photolithography, wet chemical etching and thermal
bonding techniques as previously described.[”) The
analysis channel on this chip was 9um in depth and
89um in width at half-depth. To measure the diffusion
coefficient, a plug of rhodamine B was injected into
the analysis channel and electromigrated to the cen-
tre of the detection window. At this point the electric
potentials were removed from the microchip. Images
of the analysis channel containing the analyte were
then taken every five seconds for two minutes, using
a laser-induced fluorescence technique.['”] Concentra-
tion profiles of the analyte were obtained by summing
the signal across the width of the channel. The ana-
lyte concentration as a function of peak variance was
then plotted.

2.2. Diffusion in a 180° turn

The analysis of 180° turn dispersion presented in
this paper is compared to an experiment where a dis-
crete volume of rhodamine B is injected into a channel
which includes a 180° turn. The microchip containing
this channel was fabricated in a manner similar to that
used to fabricate the straight channel chip described
above, and the experimental imaging technique was
the same. As the rhodamine B volume traverses the
channel, dispersion of the analyte occurs due to molec-
ular diffusion and the differences in migration length
and field strength in the turn.

The geometry of the device is shown in Fig.1. The
channel is 9um in depth and 89um in width at half-
depth. The length from the inlet to the outlet of
the 180° turn is 6.15mm. The buffer solution used
in this experiment is 50/50 20mM sodium tatrabo-
rate/methanol, and the analyte is rhodamine B. Fluid
motion is driven by electro-osmosis under an applied

external electric field.

The objective of the present work is to predict
the dispersion behaviour of the analyte under static

conditions and on passing through the 180° turn.

Fig.1. Image of the microchannel with a 180° turn

used in the experiment.

3. Mathematical model

For the 180° turn experiment, the average experi-
mental fluid velocity in the microchannel is very small
(~0.0008m/s) and the flow is laminar. The Lewis

b pD
numbper k/Cp

transport of enthalpy due to species diffusion can be

> is much less than 1, so that the

neglected. We have further assumed that the physi-
cal properties of the solution remain constant during
the species transport process, and that ohmic heat-
ing of the fluid due to the imposed potential field is
negligible. Additionally, it is assumed that the elec-
trical double layer is small compared to the channel
dimensions, and that the analyte concentration is suf-
ficiently low so that the electric conductivity is not
spatially dependent.

Making the above assumptions, the basic equa-
tions describing the flow and mass transport are as
follows.

Continuity equation:
V-V =0. (1)

Momentum equation:
ov

ot
Here V is the velocity, p is the density, p is the pres-

+p(V- V)V =-Vp+uV*V +F.. (2

sure, and p is the viscosity. F, is electric force, which
can be given by the product of the electric charge den-
sity p. times the electric field intensity E

F.=p.E. (3)

The electric field is related to the electric potential @
by

E=-Vo, (4)
while the electric potential @ is governed by Poisson’s
equation

Pe
Vi = — 5
5)

where ¢ is the dielectric constant of the solvent, and
g is the dielectric permittivity of the vacuum.

The connection between the equations of motion
and the calculation of the electric field potential en-

ters through the body force term F', in the momentum
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equation (2). The relationship between the body force
F. and the electric field potential @ can, therefore, be
obtained by making use of Poisson’s equation which
gives the relationship between the electric field poten-
tial and the field charge density.

However, Eq.(5) can be simplified to the Laplace

equation in the absence of free charges
V2@ =0. (6)

Because the fluids under consideration have zero net
charge, the solution of the Laplace equation can be
used to solve the far field potentials.

The solid surface being investigated (glass) has
an electrostatic charge that can be used to promote
electrokinetic flow. The charged surface of the glass,
when in contact with the buffer solution of sodium
tetraborate/methanol, attracts ions in the buffer solu-
tion, forming a layer of oppositely charged ions on the
surface. The surface charge repels like charged ions
from the surface. The distribution of these charges
perpendicular to the glass surface forms a very thin
layer (of the order of a few nanometres) commonly
called the electrical double layer (EDL). Beyond the
layer, in the bulk of the buffer, the net charge is zero
with equal numbers of positive and negative charges.
The existence of the charge distribution in the double
layer allows flow to be driven by applying an electric
field (electro-osmosis). In our calculations, we have
not tried to resolve the double layer since we are only
interested in the diffusion characteristics in the main
portion of the flow. We have, therefore, applied the
electro-osmotically induced force only to the cells next
to the wall. In our calculations, the grid size is of the
order of 10~7m, so that this assumption is reasonable.
Models for electrophoritic transport have been devel-

(18] while electro-osmotic flow profiles

oped previously,
have been theoretically calculated for simple geome-
tries, such as narrow capillary slits'® and cylindrical
capillaries.?9) For complicated geometries,!*®! it has
been assumed that the liquid slips along the wall with
a velocity V' = ., E, where p,, is the electro-osmotic
mobility.

In chemical physics,[?!! the electro-osmotic mobil-

ity peo of a particle is defined as

Heo = E

The calculation of a particle’s mobility assumes that
the forces acting on the particle are only the electric

and viscous forces, which have the same value but op-

posite directions

Fys=—F,.
For Stokes flow

—fV =—qE,

V g
Heo = — = -

E f

where ¢ is the charge of the particle and f is a factor
which includes the particle drag coefficient. Similarly,
for flow in a straight channel, if there is no pressure
drop, the channel buffer velocity can be determined
using V' = peo F, where pie, is usually determined em-
pirically in straight channel geometries. This formu-
lation has previously been used for numerical analysis
of two-dimensional electro-osmotic flows by patching
this velocity on the wall boundary.[*5] However, for
flow that is driven by both a potential gradient and
a pressure gradient, the forces acting on the particle
are the electric force, the viscous force and the pres-
sure force. Evidently, it is incorrect to calculate the
fluid velocity using V' = peoF when a pressure gra-
dient is present. As an example, Fig.2 shows that
the pressure gradient near the intersection of a turn
and a straight channel is not zero, even though the
flow is driven only by an external electric potential.
It is, therefore, not appropriate to patch the veloc-
ity on the cells next to the wall using V = u.FE.
However, if the applied potential gradient is fixed, the
electrically-induced force remains constant regardless
of the existence of a pressure gradient. To incorpo-
rate this physical behaviour into the model we have
chosen to patch the electrically-induced force on the
cell near the wall. In this cell, the viscous force in the
z-direction, F'yis ., can be obtained by the product of

the wall shear stress 7, times the shear area A,,, i.e.

ou

Fex:Fvisz:wAw: a
; T “ay

Au, (7)
where p is the fluid viscosity, and du/dy is the velocity
gradient at the wall (here assumed to be linear). Since
the mobility is determined in the absence of a pressure
gradient, and if we assume that the fluid velocity in
the z-direction at the outer boundary of the cell can be
calculated using u = ue, E., the field-induced force in
the z-direction on the near wall cell can be expressed
by
HeoE

Fex :MA—yIAw (8)
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The species transport equation can be expressed as

oC
5t (V-V)C = DV?C, (9)
where C is the sample concentration, and D is the
molecular diffusion coefficient.
Equations (1), (2), (4), (5), (7) and (9) are used
to calculate the flow and mass transport in electro-

osmotically driven flows in a microchannel.

Pressure/Pa

4.50x1072

4.05x1072

3.60x 1072

£3.15x10~2
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4.50x1073

Fig.2. Contours of pressure.

Additionally, we need to specify the boundary
conditions for the problem. For the electric poten-
tial due to the applied external electric field @, we
impose a zero gradient condition at the channel wall,
and impose constant potentials on the inlet and outlet.
For the flow field, we have assumed pressure boundary
conditions at both inlet and outlet with a zero pressure
drop specified along the channel. A no-slip condition
is used on the wall. For the species transport problem,

zero flux is assumed on all solid boundaries.
4. Numerical simulation and re-

sults

Two-dimensional calculations of flow and species

transport in the microchannel with a 180° turn were

performed using the geometry as well as the boundary

and initial conditions noted above.
4.1. Static diffusion

The simulation of the static diffusion problem, as
discussed in section 2 above, started with the experi-
mental distribution of rhodamine B at time t=0. The
concentration profile was assumed to extend across
the full width and depth of the channel. The time-
dependent solution of the diffusion equations was then
initiated. The results of the calculations are shown
in Fig.3. In order to compare the calculations with
the experimental results, the peak fluorescence level
at t=0 of the experiment was normalized to a value
of one. Figure 3 compares experimental and numeri-
cal results at three different times during the diffusion
process. The data are indicated with solid symbols,
while the calculated results are presented as solid lines.
In addition, Table 1 shows a comparison of calculated
and experimentally determined peak values at various
times. As indicated by both Fig.3 and Table 1, the
calculated results agree quite well with experimental
data, giving some confidence that the numerical cal-
culations capture the time-dependent species diffusion

adequately.

1.201
Open symbols-experimental

1.004data m s
Solid lines-calculational
0.801results

Relative concentration

0.601
0.404
0.204
0.00
0.0 1.0 2.0 3.0
Diffusion distance/mm
Fig.3. Comparison of experimental and calculated

analyte diffusion in a stagnant channel.

Table 1. Peak concentration as a function of time.

Time/s Relative concentration Relative concentration Error/%
(experimental) (calculated)
0 1.0 1.0 0
30 0.657 0.647 -3.2
60 0.529 0.517 -2.3
90 0.453 0.443 -2.2
115 0.412 0.401 2.7
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4.2. Diffusion in a 180° turn

The initial conditions for transient diffusion in
the 180° turn were assumed to be as follows: the
concentration of the running buffer (sodium tetrab-
orate/methanol) was assumed to be one throughout
the whole microchannel except for a 50um length at
the inlet (see Fig.1). Here, the analyte (rhodamine B)
concentration in that small rectangular zone was set to
one, and to zero at all other points in the microchan-

nel.

Part 1

(E—

Part 3

Fig.4. Calculational model of the microchannel with
a 180° turn.

In the transient simulation of the 180° turn, we
find that the reduction of numerical diffusion is cru-
cial to the solution of the problem. A series of grid
sizes has been tried to minimize the impact of numeri-
cal errors. As an example, for a coarse grid (~10um),
there is a significant amount of numerical diffusion
even as the rhodamine B sample moves through a
straight channel. This effect was evaluated by set-
ting the molecular diffusion coefficient to zero. To
sufficiently reduce the numerical diffusion, a fine grid
of the order of 107% ~ 10" m in size was used for
the final calculations. Additionally, second-order ac-
curacy schemes in both time (second-order, backward)
and space (second-order, upwind) were required to
sufficiently resolve the time-dependent analyte diffu-
sion. Under these conditions, the numerical diffusion
was largely eliminated, showing no significant disper-
sion when the rhodamine B sample movement was
simulated through both a straight channel and the
180° turn channel with the diffusion coefficient set
to zero. Additionally, because of computer memory
limitations, we divided the experimental channel into
three parts: two straight channels and one 180° turn

channel (shown in Fig.4) and we solved the three prob-

lems separately. The time-dependent outlet condi-
tions of the first problem were used as the inlet bound-
ary conditions of the second problem, while the time-
dependent outlet conditions of the second problem
were used as the inlet boundary conditions of prob-
lem 3. Problems 1 and 3, both for the straight chan-
nels, used the same grid geometry containing 305 920
cells, while for the 180° turn (problem 2) the grid ge-
ometry having 834 372 cells was used. For the simula-
tion, the first step is to obtain a stable electric poten-
tial (shown in Fig.5). Figure 5 shows that the electric
field strength varies laterally across the width of the
channel in the turn. From the calculated velocity field
shown in Fig.6, it can be seen that in the turn, the
fluid elements residing at the inner side of the curve
flow much faster than those at the outer side of the
turn due to the stronger electric field in the former
position. Although the velocity field upstream of the
curve is relatively flat (which would be expected for
a perfectly straight channel), the curve does impact
this region, slowing the flow slightly in the centre of
the channel. The time sequence shown in Fig.7 follows
the analyte as it moves from position A (part 1) to po-
sitions B and C (part 2) and then to positions D and
E (part 3), traversing the 180°-turn, and highlighting
the dispersion. Within the straight channel, the an-
alyte disperses due to diffusion. However, it also dis-
perses significantly within the turn due to the varying
velocity profile across the channel width. These simu-
lation results agree well with the five experimental im-
ages shown on the right of Fig.7. A more quantitative
comparison is presented in Fig.8, where concentration
distributions on two segments of the central line are
plotted, located normal to marks a and b in Fig.7, re-
spectively. It can be seen that the calculated curves
coincide with experimental data. The minor discrep-
ancies between the experiment and simulation could
be due to simplifications adopted in the model and a
finite experimental data set. As mentioned above, we
are using a 2D model, whereas the actual cross section
of the channel perpendicular to the flow direction is
trapezoidal. This shape might introduce certain three-
dimensional effects into the problem which cannot be

captured with our existing calculations.
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0.00 Fig.6. Calculated electro-osmotic velocity field in
part 2.

Fig.5. Calculated electric potential field in part 2.
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Fig.7. Comparison of calculated (left) and experimental (right) concentration profiles
in the 180° turn.
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Fig.8. Analytical (cal.) and experimental (exp.) relative species concentration
profiles at positions a and b in Fig.7: (a) species concentration distribution at the
central line normal to line a in Fig.7; (b) species concentration distribution at the

central line normal to line b in Fig.7.
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5. Conclusions

We have developed a time-dependent solution
scheme for electro-osmotic flow and species trans-
port based on the commercial CFD code, FLUENT.
Compared with the experimental results, it has been
demonstrated that the improved electro-osmotic force
model presented could simulate the electrokinetically
driven flow well without calculating the electric charge
density distribution within the EDL. Additionally,
this model should also be appropriate for applications
where pressure gradients exist in the flow field. Us-
ing this scheme, we have studied the flow and trans-

port characteristics of an analyte flowing through a

microchannel that includes a 180° turn. The detailed
structure of the flow field in the microchannel can ex-
plain the source of the excessive dispersion introduced
by a 180° turn. The introduction of turns adds a geo-
metric contribution to analyte dispersion as both the
migration distance and electric field strength vary lat-
erally across the width of the channel in the turns.
The results of our simulations agree qualitatively and

quantitatively with experimental observation.
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