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Summary: Free flow electrophoresis facilities used for the refining of biological materials such as
blood and protein are limited in their performance by the disturbance of buffer flow. Two types
of convection which cause the flow disturbance in an electrophoresis chamber were studied.
Numerical investigation on natural convection by Joule heat has proved that the flow field in the
electrophoretic chamber is characterized by the Reynolds, the Grashof and the Prandtl numbers.
It also has been found the critical condition where the convective flow arises is presented by a
relationship between the Reynolds and the Grashof numbers. Electroosmotic convection com-
bined with the natural one in a three-dimensional model was calculated. Horizontal and vertical
flow are not individually conserved in their flux because a complex three-dimensional flow pattern
is formed.

1. INTRODUCTION

Electrophoresis is a biological method to separate and purify materials by the
difference of the electric mobility of each particle in electric field. Among the
electrophoresis methods, a free flow type, which facilitates continuous retrieval of
individual ingredients, is most likely used. The efficient operation of the free flow
electrophoresis facilities requires that each ingredient moves depending only on its
electric mobility. However, the disturbance of buffer flow and the diffusion of
samples limit the performance of the facilities.

The disturbance of buffer flow is mainly caused by two types of convection; one
is natural and the other is electroosmotic one. Natural convection is raised by the
interaction between Joule heat and gravity. Chamber walls are cooled down in
order to protect biological samples from Joule heat, and stationary temperature
gradient is established. Natural convection is enhanced by this cooling effect as
shown in Fig. 1. On the other hand, electroosmotic convection is attributed to
electric potential gap between the electrically-insulated walls and fluid. The
potential gap forms electric double layers which move along the walls by electro-
static force and result in convection in a horizontal plane.

Since natural convection can be removed under the reduced gravity, electropho-
resis expreiments in space have been conducted to improve the performance of the
facilities [1][2][3]. However, the critical conditions under which these convections
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Fig. 1. Electrophoresis chamber.

Vo

T’é\\Qi X

‘ X —_— 7 0 X

IR [

O— Y Y
l L‘ | C t
Gravity % o fw— T

: i
oo

Nl atOC R |

. - L]

W

(a) Three- and (b) two-dimensional models.

Fig. 2. Calculation models

occur remain to lack in the mature consideration.

Numerical investigation on a buffer flow in an electrophoresis chamber was
carried out to discuss usefulness of space experiments by means of; (a) clarifying
the critical point where the flow disturbance caused by natural convection arises
and (b) estimating a three-dimensional combination flow of natural and elec-

troosmotic convections.

2. GOVERNING EQUATIONS AND CALCULATION CONDITIONS

2-1. Calculation model

Figure 2 shows a narrow rectangular chamber for the present calculation. Fluid
enters through the top surface (y=0) at a constant velocity, and goes out through
the bottom (y=L) without velocity gradient. Two walls at Z=0 and W are
electrodes, while two walls at X=0 and D perpendicular to the electrodes are
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electrically-insulated. The insulated walls are cooled at constant temperature (=
Tw) to suppress the temperature increase due to Joule heat. The temperature
dependence of fluid properties can be neglected since the temperature difference in
the chamber is a few degrees at most.
2-2. Equations and Boundary Conditions

We have considered a steady incompressible viscous flow, supposing physiological
solution, in a two-dimensional model as shown in Fig. 2(b). Governing equations
are given by

e u=0 (1)

(ﬁro)u:v;VuwAwGﬁ(TTw)e, (2)
A oE

(u-V)TmpCpATerCp (3)

where u represents velocity vector of buffer flow, p pressure, T temperature, o
density, v kinematic viscosity, G the gravitational acceleration, 8 thermal expansion
coefficient, e, a unit vector along the y-axis and A, C, ¢ and E are thermal
conductivity, specific heat at constant volume, electrical conductivity and the
intensity of electric field, respectively. Equations (1), (2) and (3) imply the
conservation of mass, momentum and energy, respectively. Equation(2) includes a
term of Boussinesq approximated buoyancy on its right hand. The second term of
on the right-hand side of Eq.(3) expresses Joule heat.

Boundary conditions are stated on the cooling walls, the top surface and the
bottom surface as

u=(0,0), T=T, at x=0, D, (4)
u=0,w), T=T, at yp=0, (5)
Ou__ 0T _ _
ay—O, 3y 0 at y=1L, (6)

where w is the inlet velocity of buffer fluid.
These equations are rewritten in nondimensional forms introducing non-
dimensional variables denoted by tildes as

x=x/D, (7)
l;: u/Vo, (8)
p=p/o%, (9)
T=(T-T1.,)/(T,~T.), (10)

where T; is the reference temperature of buffer fluid at the center of the chamber
when all heat is carried by thermal conduction, defined as

_ OE'I?
8

I,— T, (1D

The governing equations and the boundary conditions become
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Vo u=0, (12)
(WP u=—~Vp+ L g Gore (13)
Re ReZ ¥
~ N 1_ _‘1__"
(uslV)T= REP,AT+ 8RB (14)
u—(0,0) at x=0, 1, (15)
u=1(0,1) at y=0, (16)
ou_ OT _ - L
o5 =0, 35 =0 at y=-p, (17
where
R—2% (18)
v
P,:%, (19)
Gr— ,,Gﬁ%;@!?ﬂ_ (20)

The system of the above equations are solved with a upwind differencing method
using the general analysis code PHOENICS [4].

3. NuMERIcAL RESULTS AND DISCUSSION

A free flow electrophoresis facility is usually operated at the inlet velocity of
about 1 mm/s in a chamber of a few mm or less in depth. Physiological solution
diluted to about 0.01M is used as buffer fluid. Representative values of the
properties of buffer fluid and operation conditions are shown in Table 1. We
obtained nondimensional parameters from these values. Figure 3 shows calculation
results. Natural convection disappears as the Grashof number decreases. Counter
flow caused by natural convection gives rise to the flow disturbance and then the
lowering of the facility performance. We have defined the critical Grashof number
(Gr.,) as the Grashof number where counter flow vanishes entirely in the chamber
when decreasing the Grashof number at the fixed Reynolds and Prandtl numbers.

Figure 4 represents Gr. versus the Reynolds number with the Prandtl number as
a parameter. It is found that Gr, is 140 Re and is independent of the Prandtl
number. In other words, the vertical flow can be characterized by two parameters

Table 1 Properties of buffer fluid and operation conditions

Density 0 - 1.0 x10°%kg/m’
Kinematic viscosity v 1.0%10°*m®
Coefficieqw of expansion B -2.1x10 /K
Specific heat at constant volume Cp 4.18 x10/kg/K
Thermal conductivity A--0.588W/m/K
Electical conductivity 0-1.0%x107%/Q/m
Wall temperature Tw -+ 20°C
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Fig. 3. Variation of flow velocity and temperature distribution at Re =5, Pr=7

and Gr=(a) 1400,

(b) 700 and (c) 1.4.
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Fig. 4. Correlation of ‘critical’ Grashof number to Reynolds number.

Re

of Re and Gr in the narrow rectangular chamber in which gravity works perpendic-

ular to the temperature gradient.

In Fig. 4, natural convection is dominant in the

region above the critical line of Gr.,=140Re, while forced transport determines the
flow pattern in the region below the critical line.
at the velocity of 1 mm/s to a chamber of Smm thickness, the critical Grashoff
number becomes 700, for example, which corresponds to about 0.5G with 1W/cm®
internal heating. This example suggests that this equipment must be operated

under less than 0.5G.

When the buffer fluid comes in
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Since both Re and Gr are increasing in proportion to third power of the chamber
thickness D, the increase of D enhances natural convection more sensitively than
that of gravity and of temperature difference term (7, T,). On the contrary, the
decrease of D reduces quantity of sample retrieval. Therefore the chamber of
about 1mm thickness is considered to be a limit size for an experiment on the
ground. The breakthrough of this limitation requires the operation under the
micro-gravity condition in order to increase quantity and fineness of samples.

4. FELECTROOSMOSIS

4--1. Calculation Model

Furthermore we simulate electroosmotic flow combined with natural convection
in a three dimensional model as shown in Fig. 2(a). Electroosmotic velocity Veo
is introduced to represent the magnitude of electroosmotic effect.

229 (21)

Veo———

where € is dielectric constant of the solution, { is the difference of zeta potential
between the chamber wall and fluid and g is fluid viscosity. Decrement of Veo is
effective to suppress electroosmotic convection. However, the smaller dielectric
constant leads to the larger electrical conductivity and then to the increase of Joule
heat. Weak electric field intensity reduces the precision of sample separation.
Viscosity is almost the same as that of water, for buffer solution almost consists of
water. Thus it is the most convenient to control zeta potential by selecting wall
materials which have small potential gap to the fluid. It has been reported [8] that
zeta potential is reduced to several mV by appropriate surface coating on the wall.
For example, when E and { equal to 100 V/cm and 1 mV respectively, Veo is
evaluated to be 0.01 mm/s. We analyzed how convection pattern changed under
micro- and one gravity conditions when Veo is 0.01 and 1 mm/s. Here we assumed
micro—G to be 107'G corresponding to the space station’s condition. Elec-
troosmotic effect is given as a boundary condition;

u= (0,0, Veo) at x=0, D, (22)

which implies that electrically-insulated walls move without slip to fluid.
4-2. Results and Discussion

Figure 5 shows electroosmotic and natural convection patterns and streamlines
from the inlet to the outlet of the chamber. Electroosmotic convection can be seen
on a horizontal plane. When Veo is 0.01 mm/s, horizontal convection is very small
compared with vertical flow. But this small convection cannot be neglected because
it leads to the sample drift of a few mm during the sample moves from the top
surface to the bottom. This drift caused by electroosmotic convection limits the
precision of the sample separation.

The detailed horizontal flow velocity distribution is shown in Fig. 6. The
difference of velocity profiles at 1G and micro-G is small. But it is shown from
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Fig. 5. Disturbance of buffer flow at Re =5, Pr=17, representing streamlines and vertical (Z=0.5)
and horizontal (Y =0.5) velocity profiles. Y- and Z- axes are normalized by depth and width of the
chamber, respectively.

the unbalance of integrals of +z and —z directional vectors indicates that the
horizontal flow is not conserved in flux. This fact suggests that vertical flow
influences horizontal one and then three-dimensional complex flow occurs to con-
serve flux as shown by streamlines in Fig. 6. This result also implies that natural
and electroosmotic convections cannot be considered independently.

5. CONCLUSION

The flow in a narrow rectangular chamber with internal heat generation was
applied to that in a free flow electrophoresis chamber. The present model has the
features that main flow is parallel with gravity and that temperature gradient is
perpendicular to gravity.

Electric field causes two types of disturbance, natural and electroosmotic convec-
tions. We have obtained the following results;

(a) We estimated the contribution of gravity, electric field intensity and cham-
ber thickness to natural convection by introducing nondimensional parameters. It
has been found that the “critical” Grashof number Gr, at which counter flow
caused by natural convection arises and/or disappears, depends only upon the
Reynolds number. This Gr., gives a critical point to design an electrophoresis
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Fig. 6. Distribution of electroosmotic flow velocity at Z=0.5 on a horizontal plane (Y=0.5) as
shown in the below part.

chamber in which the flow disturbance due to natural convection does not occur.

(b) Electroosmosis gives rise to horizontal convection along the electric field.
Electroosmotic convection makes it hard to separate ingredients within 1 mm
positional accuracy even if Veo=0.01 mm/s. The combination of natural and
electroosmotic convections results in three-dimensional complex flow. The precise
electroosmotic effect must be estimated taking natural convection into account.

These results are helpful for an understanding of the buffer flow and an optimum
design of electrophoresis chamber. The performance of electrophoresis facilities is
improved under micro-gravity condition and electroosmotic effect which limits the
precision of sample retrieval cannot be neglected even if such walls as provide small
zeta-potential are used.
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