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Abstract

Recently, Olympus Optical Co. Ltd. has developed a miniaturized device of two-dimensional free flow electrophoresis, and announces
it as “microfabricated free flow electrophoresis (mFFE) module”. It is significant for efficient design of the module to do numerical
simulation of the dynamic behavior in the mFFE process. Thus, we try to do numerical simulation of temperature distribution inside a
chamber of the mFFE module, based on the concept of the hybrid model simulation. As to the electroosmotic flow, it is proposed that
output of Helmholtz–Smoluchowski equation model updates dynamically the boundary condition (thex-direction velocity of the walls)
of the pressure driven flow model by introducing “user-defined functions” in the Fluent 6.0. As results of this hybrid model simulation by
using the commercial code, it is confirmed that the simulation method can estimate heterogeneous distributions of temperature inside the
mFFE module, which are seen in experimental results. Hence, it is considered that the simulation method is simple and practical for the
basic design of the mFFE module. And it is necessary for the detailed design of the module to introduce the models, which are relevant to
materials and geometrical structure of the module, into the hybrid model simulation system.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Free flow electrophoresis is well known as an analytical
and a preparative method[1]. Scale-up of the free flow elec-
trophoresis device is generally considered to be uneasy, be-
cause it needs supply of very high voltage and generates a
large amount of joule heat that is not removed easily. On the
other hand, miniaturization of the device[2] is said to be
useful for analysis of a small amount of sample, and it is con-
sidered to have the merit of removing easily generated heat.

Recently, Olympus Optical Co. Ltd. has developed a
miniaturized device of two-dimensional free flow elec-
trophoresis, and announces it as “microfabricated free flow
electrophoresis (mFFE) module”[3]. An mFFE module is
manufactured by using photolithography and wet etching,
which has a slit of high aspect ratio (e.g. 1:1:0.0006) be-
tween two Pyrex glass plates. It is considered that the mFFE
module is applicable to separation of protein or DNA in the
stage of preparation.
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In research and development of the miniaturized module,
there is a problem of large cost in the trial manufacture,
which is done by considering three-dimensional transport
phenomena inside the module. Therefore, in the industrial
field, it is significant for efficient design of the module to
carry out numerical simulation of the dynamic behavior in
the micro chemical process such as the mFFE process. In the
numerical simulation for designing micro chemical process,
it is important to choose an appropriate modeling method
by considering characteristic process behavior in the space
of micrometer scale. On the other hand, only macroscopic
models of the characteristic process behavior may be suf-
ficient from the viewpoint of practical process design. For
example when spatial heterogeneity of process variables in-
side the micro channel is found to affect dynamic behavior
of the overall process remarkably, the important problem
is what model should be chosen in the process dynamic
simulation. Generally, a process designer applies only par-
tial differential equation model to the accurate simulation.
However, there is a case that the application of the model in-
creases a load of the simulation to the designer. In the case,
we would like to propose a simulation method that combines
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Nomenclature

Ci0 concentration of speciesi (kg m−3)
Cp specific heat capacity (J kg−1 K−1)
dc depth of chamber (�m)
E potential gradient (V m−1)
I current (A)
LD Debye length (m)
ni charge number of speciesi (–)
q quantum of electricity (C)
T temperature (K)
U velocity (m s−1)
V supplied voltage (V)
wc width of the chamber (mm)
ε dielectric constant (F m−1)
φ electric potential (V)
η viscosity (Pa s)
ρ density (kg m−3)
κ Boltzmann constant (J K−1)
σw charge density in the compact

double layer (C m−2)
ς zeta potential (V)

dynamically the partial differential equation model with the
other macroscopic models, which are a regression model, a
neural network model, an algebraic equation model, and an
ordinary differential equation model. And we call such the
method “hybrid model simulation method”[4]. In the hy-
brid model simulation system, process information should
be exchanged more effectively among the different models,
which could make it possible to decrease loads to process
designers in dynamic simulation for unsteady operation.

As to the mFFE module, it is observed by thermography
that a large hot spot occurs near the platinum anode and
spreads in operating the module, especially when supplied
voltage is high. This is an important problem because such
a high temperature may change characteristics of proteins
and DNA. As factors relating to the heterogeneous distribu-
tion of temperature, we assume the joule heat generation,
the pressure driven flow, the electroosmotic flow and so on.
Thus, computational fluid dynamics (CFD) simulation[5]
is considered to be useful in designing the mFFE process.
However, for the CFD simulation by using commercial CFD
softwares, it is necessary how to select appropriate numeri-
cal models that can estimate the electroosmotic flow, which
is one of the characteristic phenomena in micro channels
[6]. It is important for an efficient design of the process to
investigate how to code the electroosmotic flow model in
the commercial CFD software by considering both load and
accuracy of simulation.

In this study, we try to do numerical simulation of tem-
perature distribution, which is influenced by the electroos-
motic flow, inside a chamber of the mFFE module by using
the commercial CFD software “Fluent 6.0”. Purposes of this
study are to propose an efficient CFD simulation method

using a commercial code, which is based on the concept of
the hybrid model simulation, for the mFFE process, and to
investigate applicability of the simulation method to design-
ing the mFFE module from the viewpoint of practical use.

2. Principle of mFFE, process modeling and
simulation system

2.1. Microfabricated free flow electrophoresis (mFFE)

As shown in Fig. 1, the size of mFFE module isφ
100 mm× 2 mm. Inside the module developed by means of
microfabrication technology, there is a chamber for elec-
trophoresis, size of which is 56.5 mm×35 mm×30�m [3].
Namely, the shape of the chamber is so shallow in depth
compare to the width, and its aspect ratio is about 1:1000.
Seven inlets of carrier buffers, three inlets of sample and 21
outlets are formed on the module. Then, two electrodes are
set on the both edges parallel to the direction of carrier flow.

In operating the mFFE process, it is considered that the
carrier flow in the chamber shows very stable laminar flow.
The sample solution is injected continuously as a narrow
band into the carrier flow. An electric field is applied per-
pendicular to the carrier flow, so that sample components
are separated laterally according to differences in elec-
trophoretic mobility. Moreover, it is said that electroosmotic
flow occurs from anode to cathode, which influences the
degree of sample component’s migration. The separated
components are collected continuously at the outlets.

Then, some problems are found in operation of this mFFE
process. For example stagnation of flow is easily caused in
regions near the inlets and outlets. Also, temperature inside
the module increases, which easily causes generation of air
bubbles.Fig. 2 shows a result of temperature distributions
of module’s upper surface, which are measured by thermog-
raphy, in the case when 20 mM Gly–Tris buffer, which of
pH is 8.0, and 10% EtOH are used as the carrier solutions.
At the time when 3 min elapse from start of supplying high
voltage of 7 kV, large hot spot is seen in the region near the
anode (right side inFig. 2). Then, it is considered by the
experimental results that the temperature distributions are
influenced by the joule heat generation, the pressure driven
flow, the electroosmotic flow and so on. Namely, in process
simulation for designing the mFFE module, it is necessary
to consider influence of the electroosmotic flow to dynamic
behavior of the overall process.

2.2. Modeling of electroosmotic flow

Electroosmotic flow is characteristic phenomena in many
applications of microsystems[7] like Lab-On-Chip or mi-
cro reactors and in micro process engineering. Therefore,
many researchers[8–11] have reported modeling methods
of the electroosmotic flow. In this subsection, models of the
electroosmotic flow are derived by considering microscopic
behaviors of ions near walls.
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Fig. 1. Schematic layout of a mFFE module.

When wall of channel is made of glass, minus ions are
charged on the wall. Then, plus ions congregate near the
wall, and the compact double layer and the diffusive layer
are formed so that thermal motions of ions perturb Coulomb
force between the ions. The distribution of electric poten-

Fig. 2. An experimental result of temperature distributions on the mFFE module (buffer: 20 mM Gly–Tris pH 8.0+ 10% EtOH,V = 0.7 kV, I = 0.75 mA,
t = 3 min).

tial φ̂(= φ − φ0) can be written in Poisson–Boltzmann
equation.

∇2φ̂ = −1

ε

∑
i

niqCi0 exp

(
−niqφ̂

kT

)
(1)
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By using Debye–Hückel approximation[6], Eq. (1) is
rewritten as follows:

∇2φ̂ ≈ −1

ε

∑
i

niqCi0 + q2

εkT

(∑
i

n2
i Ci0

)
φ̂ (2)

For equilibrium neutrality of charge, value of the first term
in right side ofEq. (2) is close to zero. Hence,Eq. (3) is
derived fromEq. (2)using the charge screening lengthLD,
which is so-called “Debye length”.

φ(y) = φ0 exp

(−z

LD

)
(3)

LD =
(

q2

εkT

∑
i

n2
i Ci0

)−1/2

(4)

Namely, distribution of potential has a characteristic expo-
nential dependence with a decay length ofLD or the poten-
tial distribution is roughly screened out in 3LD.

Then, on the assumption thatLD is much smaller than
the channel diameter, models of the electroosmotic flow are
derived as follows. In steady state, when there is no pressure
gradient in the channel and the flow is laminar,Eq. (5) is
derived from the Navier–Stokes equation.

η∇2U + ρeE = 0 (5)

As show inFig. 3, it is assumed that the electric fieldE can
only affect the charges in the diffusive layer with non-slip
boundary conditions, and that the velocityUx is a function
of only z. Therefore,Eq. (5) is rewritten toEq. (7), using
Eq. (6).

ρe = − σw

LD
exp

(
− z

LD

)
(6)

whereσw is the charge density in the compact double layer.

d2Ux

dz2
= −σwE

ηLD
exp

(
− z

LD

)
(7)

Fig. 3. Microscopic mechanism and velocity profile of electroosmotic flow.

Hence, velocity distribution from the bottom wall is derived
by the above-mentioned boundary condition (Ux = 0 at the
wall).

Ux
∼= σwELD

η

[
1 − exp

(
− z

LD

)]
(8)

2.3. Hybrid model simulation system

In the previous work[4], we applied the hybrid model
simulation method to dynamic simulation of polymeriza-
tion process. In the dynamic simulation, ordinary differen-
tial equation (ODE) models, which many process designers
are familiar with, are applied to the simulation of the overall
region inside a reactor. On the other hand, partial differen-
tial equation (PDE) models are also applied to simulation
for a region inside the reactor where spatial heterogeneity
of state variables is remarkable, by considering whether the
spatial heterogeneity affects dynamic behavior of the whole
process. In the implementation of the dynamic simulation,
process data are dynamically exchanged between ODE and
PDE model in order to estimate dynamic behavior of the
overall polymerization process.

Namely, it is the hybrid model simulation that each of the
different models is applied to an appropriate region, in order
to satisfy both problems of lightening a load of simulation
and of simulating more accurately dynamic process behavior
in a chemical device. Then, in order to carry out the hybrid
model simulation of the whole process accurately and effi-
ciently, it is important to make an interface module through
which different solvers can work cooperatively.Fig. 4shows
a framework of the hybrid model simulation system, which
consists of two solvers of ODE and PDE models. In the sim-
ulation system, two steps of calculation are iterated. At the
first step, both solvers of the ODE and the PDE models are
implemented simultaneously for estimating process behav-
iors during the simulation increment time�ti. Then, at the
next, process data at the timet+�ti are exchanged between
two solvers through interface modules that can synchronize
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Fig. 4. Framework of a hybrid model simulation system.

with the solvers by communication. And implementations
of two solvers are restarted after exchanging of the data. For
example as shown inFig. 4, the interface module takes an
average of numerical data calculated by the solver of PDE
models, and sends the average data of the region, which ODE
models is applied to, to another solver. At the same time,
another interface sends numerical data of the region, which
ODE models is applied to, to the solver of PDE models as
resetting boundary conditions.

As to CFD simulation of the mFFE process in this study, it
is the important problem how to combine models of the elec-
troosmotic flow with models of the pressure driven flow of
carrier, based on the above-mentioned concept of the hybrid
model simulation system. For example the Navier–Stokes
equation model is used for simulating the pressure driven
flow. Then, in the commercial CFD software, it is neces-
sary for the efficient and accurate design how to select either
microscopic or macroscopic model of the electroosmotic
flow, which flows perpendicular to the pressure driven flow.
Moreover, it is significant to make interface modules using
a commercial code, so that the selected model of electroos-
motic flow is dynamically combined with the Navier–Stokes
equation model. It is considered that the interface mod-
ules made by a commercial code, which are based on the
above-mentioned concept of the hybrid simulation, brings
about a practical and efficient simulation for designing the
mFFE process.

3. Results and discussions

3.1. CFD simulation method for designing mFFE process

In this study, we tried to do numerical simulation of
three-dimensional temperature distribution inside a cham-
ber of the mFFE module, by considering models of the

electroosmotic flow. A CFD pre-processor “GAMBIT 2.0”
and a CFD solver “Fluent 6.0”, which were developed
by Fluent Inc., were used in this simulation. As shown in
Fig. 5(a) and (b), an analytical region of a chamber in the
mFFE module consists of three parts of space, by referring
to the module made by Olympus Optical Co. Ltd. First,
the space for electrophoresis and the space for electrodes
have 50�m in depth. The connection space between the

Fig. 5. Computational domain: (a) a view from the upper side of the
chamber; (b) a view from the lateral of the chamber.
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above-mentioned two spaces has a gap of 12.5�m to inhibit
from entering of bubbles generated on electrode to the space
for electrophoresis. Then, the size of horizontal plane of the
total regions is 50 mm× 50 mm, and so the analytical re-
gion has the shape of high aspect ratio. Thus, the analytical
region was divided into about 31,500 square meshes of high
aspect ratio by considering decrease of a load of simulation.

In the simulation, it was set that the carrier buffer flowed
by pressure force into the rear face inFig. 5(b), and that
it flowed out from the front face. And it was assumed that
the electrodes were set on the side faces of the analytical
region. Geometrical structure of the chamber is simple com-
pared with the actual module that is described in the previ-
ous section, so that the simulation can analyze relationship
between the pressure driven flow model and the electroos-
motic flow model without considering influences of flow’s
stagnation near inlets and outlets to the process behavior. In
modeling the pressure driven flow of carrier, Navier–Stokes
equation was used because the mFFE module was operated
under low Reynolds number conditions. Moreover, energy
equation model was also used and solved simultaneously.

As explained inSection 2.2, the electroosmotic flow is
caused by migrations of ions in regions near walls. On some
assumptions of one-dimensional flow and no pressure gradi-
ent in the chamber, a model of the electroosmotic flow can
be written inEq. (5). Then, as one of simulation methods, it
is considered that this second-order differential equation is
solved with above-mentioned Navier–Stokes equation and
energy equation. In the preprocessing for the CFD simula-
tion, it is necessary to divide the analytical region near the
walls into many meshes of nanometer scale when the De-
bye lengthLD is much smaller than chamber’s depth of mi-
crometer scale. For example in the case of 1 M KCl,LD is
about 0.3 nm, which needs very small meshes and increases
a load of simulation. Thus, when the depth of the cham-
ber is much larger than the length ofLD, it can be assumed
that the electroosmotic flow is the plug flow. The plug flow
model is derived fromEq. (8).

Ueof = σwELD

η
(9)

By usingLD = ςε/σw, Eq. (9) can be written toEq. (10),
which is so-called “Helmholtz–Smoluchowski equation”
[12].

Ueof = εςE

ηeof
(10)

Hence, we would like to propose a simulation method that
the value ofUeof, which was calculated byEq. (10), was
set to velocity of the top and bottom walls as boundary
conditions of the pressure driven flow model. That was to
combine macroscopic model of the plug flow in only the
x-direction with the Navier–Stokes equation model. Then,
it was assumed that amount of increase of temperature on
the electrodes changed with the supplied voltageV and the

Table 1
Physical properties in the simulation

ρ (kg m−3) 1.0 × 103

ηeof (Pa s) 1.0× 10−3

ε (F m−1) 7.805× 10−10

ς (V) 2.0 × 10−2

Cp (J kg−1 K−1) 4.17 × 103

currentI as follows:

�T = IV

w2
cdcρCp

(11)

Moreover, it was set that viscosityη in a local region changed
with the temperatureT.

η = a exp

(
1 + bT

cT+ dT2

)
(12)

where the values ofa, b, c, andd was 1.26×10−2, −5.81×
10−3, 1.13 × 10−3, and −5.72 × 10−6. However, in this
study, it was assumed that the value ofUeof was estimated
from the constant value of viscosityηeof.

Hence, in this dynamic simulation, we tried to combine
these algebraic equation models, which were the model of
electroosmotic flow (Eq. (10)), the model of rise of tem-
perature (Eq. (11)) and the model of viscosity’s change
(Eq. (12)), with the partial differential equation models of
momentum and heat transport phenomena. Then, the in-
terface modules among these models were coded by using
“user-defined functions” (UDF) in the Fluent 6.0. The UDF
made it possible to update dynamically the initial condi-
tions and boundary conditions in the partial differential
equation models by outputs of above-mentioned algebraic
equation models. As to the electroosmotic flow, it could
be said that the model and its interface module were easily
coded in the Fluent 6.0, by using the classical model of
“Helmholtz–Smoluchowski equation”. Namely, it was con-
sidered that this hybrid model simulation became simple
and applicable for the basic design of the mFFE module, by
introducing some assumptions corresponding to the trans-
port phenomena and by modeling these assumptions using
the commercial code.

3.2. Implementation of hybrid model simulation

We carried out the simulation of the case when voltage
V was 7 kV and currentI was 0.75 mA, by using the values
of physical properties shown inTable 1. Velocity of inlet
flow was 1 mm s−1 and temperature of carrier was 298 K.
As a result of the simulation,Fig. 6 shows temperature dis-
tribution of the facez = 0. The left side inFig. 6 was the
anode area, and so it was found that the distribution of high
temperature spread from the anode area to the cathode area.
Moreover, as shown inFig. 7(a), higher velocities of the
carrier flow were seen in the downstream region near the
cathode, whereas the velocities near the anode were low. A
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Fig. 6. Spatial distribution of temperature inside the chamber (dc = 50�m, V = 7 kV, I = 0.75 mA, z = 0).

spot like stagnation was also seen near the anode. Therefore,
it was considered that the electroosmotic flow hindered fluid
of raised temperature near the anode from flowing out from
the chamber rapidly, and that the dynamic behavior brought
about distribution of high temperature in the regions near the
anode. And, it was supposed that the spatial heterogeneity of
velocity distributions non-linearly influenced broadening of
concentration bands of the injected sample in the mFFE sep-
aration[13]. Moreover, when the velocity distribution of the
facez = +25�m, as shown inFig. 7(b), was compared with
Fig. 7(a), it could be confirmed that the overall flows near
the walls were slower than flows at the center of the slit. It
was estimated that the velocity distributions in the direction
were mainly caused by the pressure driven flow, because the
one-dimensional Helmholtz–Smoluchowski equation model
was used. If a differential equation for pressure change in
the direction inside the electrical double layer[11] was
introduced to the simulation, it would be estimated more
accurately that the electroosmotic flow, which flowed perpe-
ndicular to the pressure driven flow, influenced three-dim-
ensional heterogeneities of flow pattern inside the chamber.

Then, in this study, influence of the depthdc of the cham-
ber to temperature distribution was investigated.Fig. 8(a)
shows temperature distribution of the facez = 0 in the
case when voltageV is 3 kV and currentI is 2.4 mA. And,
Fig. 8(b) shows temperature distribution in the case when
the depth is 500�m, which is resulted from the same opera-
tional condition as the case of 50�m (Fig. 8(a)). In Fig. 8(a),
because regions of the high temperature were smaller as
compared toFig. 6, it was confirmed that influence of the

electroosmotic flow to the pressure driven flow became weak
by decreasing the value of the potential gradientE. More-
over, by comparingFig. 8(a)with Fig. 8(b), it was recognized
that temperature on the electrode increased with decrease of
depth of the chamber and that the distributions of the higher
temperature were broaden by the electroosmotic flow.

On the whole, the above-mentioned numerical simulations
could estimate heterogeneous distributions of temperature
inside the mFFE module, which were seen in experimen-
tal results (Fig. 2). In comparing the simulation data with
the experimental data, it was supposed that the patterns of
temperature distribution were changed by geometrical struc-
ture in the part of outlets[13]. Then, it was made clear that
the electroosmotic flow was an important factor relating to
heterogeneous distributions of temperature in designing the
mFFE module. Moreover, it was significant to introduce the
assumption of adiabatic walls to implementing the simula-
tions. It was because the homogeneous distribution of tem-
perature was estimated in the case when wall’s temperature
was equal to the outside temperature. Namely, it was consid-
ered that low thermal conductivity of Pyrex glass, which was
used in the actual module, also influenced the spatial het-
erogeneity of temperature. Though it was generally known
that micro channels showed good performance of heat ex-
change, there was found the important problem that new
boundary conditions concerned with heat transfer should be
introduced by considering materials of the walls.

Hence, it was found that this hybrid model simulation was
applicable to the basic design of the mFFE process, from
the viewpoint of practical use. Namely, results of this hybrid
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Fig. 7. Spatial distribution of velocity inside the chamber: (a)dc = 50�m, V = 7 kV, I = 0.75 mA, z = 0; (b) dc = 50�m, V = 7 kV, I = 0.75 mA,
z = +25�m.
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Fig. 8. Spatial distribution of temperature inside the chamber: (a)dc = 50�m, V = 3 kV, I = 2.4 mA, z = 0; (b) dc = 500�m, V = 3 kV, I = 2.4 mA,
z = 0.
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model simulation using the Helmholtz–Smoluchowski equa-
tion model could tell us whether dynamic simulations for
the case that the length of double layer could not be ne-
glected were in the ballpark or not. On the other hand, for
the detailed design of the mFFE process, it was necessary to
introduce the models, which were relevant to materials and
geometrical structure of the module, into the dynamic simu-
lation by using a commercial code. As to the electroosmotic
flow, it was significant to consider spatial distributions of
concentration and charge of solution, which could change
local velocity of the electroosmotic flow dynamically in the
simulation.

4. Conclusions

We tried to do numerical simulation of temperature distri-
bution inside a chamber of the mFFE module, by consider-
ing models of electroosmotic flow. In the CFD simulation by
using a commercial code, it was proposed how macroscopic
models, which were the models of electroosmotic flow, of
heat generation and of viscosity’s change, were combined
with the Navier–Stokes equation model and energy equation
model, based on the concept of the hybrid model simulation.
As to the electroosmotic flow, it was proposed that output
of Helmholtz–Smoluchowski equation model updated the
boundary condition (thex-direction velocity of the walls) of
the pressure driven flow model by introducing “user-defined
functions” in the Fluent 6.0.

As results of this hybrid model simulation, it was con-
firmed that the simulation method could estimate heteroge-
neous distributions of temperature inside the mFFE module,
which were seen in experimental results. Thus, it was con-
sidered that the simulation method was simple and practical
for the basic design of the mFFE module. Furthermore,
it was necessary for detailed design of the module to in-
troduce the models, which were relevant to materials and
geometrical structure of the module, into the hybrid model
simulation system. Then, it was the promising topic that
optimal design of separation process in the mFFE mod-

ule was made possible by introducing dynamic models for
species transport to the hybrid model simulation system.
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