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THEORY OF SIMULTANEQUS MULTIPLE STREAK COLLIMATION IN
CONTINUOUS-FLOW ELECTROPHORESIS BY SUPERPOSITION OF
ELECTRO-OSMOSIS AND THERMAL CONVECTION

by

Alexander Kolin
Molecular Biology Institute
University of California, Los Angeles, California

and

Brent L. Ellerbroek
Department of Mathematics
California Institute of Technology, Pasadena, California

Introduction

The resolving power in continuous flow streak deflection electrophoresis
(the "free flow" curtain electrophoresis as well as in "endless fluid belt"
electrophoresis) is limited by the broadening of the streaks during the process
of electro-migration. This effect becomes more pronounced as the diameter
of the injector is increased to augment the throughput. A gain in the latter
is thus achieved at a sacrifice in resolution, It has been possible until now to
avoid this limitation for only one fraction of an electrophoretic mixture,
namely that component whose electrophoretic velocity is equal and opposite
to the velocity of the electro~osmotic flow adjacent to the wall of the elec-
trophoretic curtain (6,7). This paper elucidates a way to achieve streak col-
limation (i.e, elimination of streak broadening) simultaneously for all compo=
nents of an electrophoretic mixture and to do it in an optimal velocity con-
figuration where the throughput increases with the square of the injector
diameter without an essential concomitant loss in resolution.

1
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The Problem of Streak Broadening due to Mismatching of Orthogonal Velocity

Protiles

The present theory holds for all forms of continuous-flow steak deviation
electrophoresis, This includes "free flow" (l) fluid curtain- and endless fluid
belt electrophoresis (2). For simplicity, we shall consider a flat vertical
fluid curtain flowing downward between two parallel vertical plates whose
separation is negligible as compared to their vertical and horizontal dimen-
sions, The flowing fluid will be an aqueous solution above 4 C. Typically,
the distance h between the plates will be |.5mm and the central downward
velocity in the laminar velocity distribution in the order of 4 mm/sec.

We imagine the plates fo be parallel to the page and the buffer solution be=
tween them to be traversed by a horizontal current establishing a horizontal
electric field. A solution containing negative colored ions is injected from
a narrow slit which is perpendicular fo the plates so that @ narrow colored
band (as wide as the gap between the plates) forms a narrow rectangular de-
scending streak in the downward laminar flow. This situation is illustrated in
Fig. | in the straight flow section between the levels L) and Ly where AB is
the slit through which the streak of ions enters,

In the absence of an electric field the streak will follow a straight path in-
dicated by the line D, A horizontal electric field will move the negative
ions to the left toward the anode with a velocity independent of the coordi-
nate z, If the downward flow velocity were uniform, the streak originating
from Level L| ot AB would terminate at level L3 intersecting this plane along
a straight line A*B*, Actually, however, the vertical velocity profile is
parabolic as shown in Fig. |. As a result of this, the fluid elements origina-
ting at points | m q r near the rear and front walls R and F which confine the
fluid belt will move downward more slowly than the central fluid elements em=
anating from point 0. They will remain in the electric field on their way to
their terminal points I*m*q*r* longer than the central streak and will be con-
sequently deviated further to the left by the time they reach the level Lo,
Thus, the originally straight cross-section of the ion band will be deformed as
indicated at level Ly by the curved band I* m*n*o*p*q*r*, If the collector
COL consists of straight slots, as shown ot level Lp in Fig. |, this electropho-
retically homogeneous component will not be collected through one slot in
the fraction collector, but rather, through many slots, which constitutes a se=
rious impairment of preparative resolution,

Visual observation of streak separations will also be impaired for streaks of
circular cross-section emanating from injection port C, ot level L|. Due to
the effect described above ("parabolic divergence") the centrally located ions
will suffer the smallest deviation while the ones closest to the wallsR and F
will move farthest to the left and the streak cross~section will be distorted
into the crescent C2 at level Ly. Since a faster electrophoretic component
may be located as indicated by crescent C3 at level Ly its trailing edge may
be located between the "horns" of the crescent Co so that the two actually
separated streaks may appear as one broad streak when viewed from the side
(2,9).
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Fig. | Iron core C with surrounding buffer belt of an endless belt electro-
phoresis apparatus, R,F.: rear and front boundaries, respectively,
of the buffer belt. L;, Ly: two levels in the front section of an
endless belt, Vertical and horizontal parabolas show the vertical and
horizontal prefiles of laminar flows. U, V,: central flow veloci=
ties. B, J, fx: vectors of magnetic field, current density and ver~
tical force density, respectively. Cj: circular cross-section of a
streak entering the fluid curtain at level Lj. Co: distorted streak
cross-section downstream at level Ly. C,: Streak cross-section of a
component faster than that corresponding to Co . BD: perpendicular
to planes Ly and L,. AB: narrow slit on level Ly, Col: collector
(From A, Kolin: in Methods of Cell Separation Vol. 2, N,
Catsimpoolas, Ed, Plenum Publ, Co., New York, 1979),

Avoidance of Streak Distortion in Matched Velocity Profiles

It has been pointed out (2,3,4) that the distortion of the streak profile des-
cribed above will not occur if the velocity distributions of the downward and
lateral motions of the charged particles are the same, Thus, if the lateral
velocity distribution is parabolic as shown in Fig, | ot level L; as well as the
vertical velocity profile seen at level Ly, all particles in the steak, regard-
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less of their coordinate z values,will suffer the same angular deviation o and
the original cross=section of the streak will remain preserved during electro~
migration,

The same will happen in the ideal case where the velocity distributions in
the vertical and horizontal flow are uniform, In this case, the superposition
of a uniform horizontal velocity of electrophoresis on the uniform horizontal
flow will not result in a mismatching of the velocity profiles and the conse-
quent streak distortion,

Rectification of the Horizontal Velocity Profile by Electro-osmosis

In a closed system (at zero net horizontal fluid transfer), electro-osmotic
convection will be engendered due to interaction between the ions in the
ionic atmosphere adjacent to the cell walls and the electric field, The resul-
tant streaming pattern and velocity distribution is shown in Fig. 2. The fluid
motion near the walls is opposite to that near the center of the fluid belt be-
tween the closely spaced parallel plates, The relation between the velocity
vw at the walls and the central velocity v, is vy, = =2 v . The convection
pattern is a double circulation shown by dashed lines. There are two planes
zy and z, in which the velocity v vanishes, They are located ot the distance
0.21 h from the walls P| and P5 (2,3, 5).
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Fig. 2 Electro-osmotic velocity distribution, P, Py: parallel plates sepa-
tated by distance h, J: electrical current density. Z, Z
Smoluchowski zones of zero velocity., v_: central velocity
vw = =2v,: wall velocity, Closed dashed lines depict electro-
osmotic convection, (From A. Kolin in Methods of Cell Separation
Vol. 2, N. Catsimpoolas, Ed, Plenum, Publ, Co, New York, 1979),
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It has been shown (2,3,6) that the horizontal velocity profile can be modi-
fied by superposition of electrophoresis and electro-osmosis in such a fashion
that the streak distortion will disappear for a particle of one particular elec-
trophoretic mobility (namely, an electrophoretic mobility |, equal and opposite
to the electro-osmotic mobility W corresponding to the given cell wall in the
given buffer,) Let us imagine, referring to Fig. 2, a species of ions migrating
to the right with the velocity vg = vy = 2v, uniformly throughout the width
h of the fluid, We see that this motion shifts the value of the velocity near
the wall to v =0 and the parabolic velocity distribution becomes the same as
that of the descending laminar flow in the fluid curtain, The vertical and
horizontal velocities of the ions are now perfectly matched for each value of
z so that their ratio is constant over the entire width h of the fluid curtain and
the "crescent" streak distortion is eliminated for ions whose electrophoretic
velocity happens to be equal to the electro~osmotic wall velocity (6).

This is, however, a haphazard advantage in analytical work. It is essential
to be able to achieve this condition for any chosen electrophoretic component.
it has been suggested to accomplish this by modification of the effective cell
wall zeta potential (7). But, even if perfected to ideal performance, this
method could only pemit optimal preparative collection of one fraction at a
time. A limitation of the advantage of this method of streak collimation is
that the small fluid velocities near the walls result in only small increases in
the throughput when the diameter of the injector is increased to the full width
of the annulus.

Rectification of Velocity Profiles as a Method of Streak Collimation

In the preceding section we achieved streak collimation by matching the
vertical and horizontal velocity profiles, making both of them parabolic,
This resulted in streak rectification for only one electrophoretic component
whose electrophoretic velocity coincided with the electro-osmotic wall ve=
locity.

We shall now seek to modify both the horizontal and the vertical velocity
profiles so as to make them uniform, at least over a large fraction of the
width of the annulus, This will still be an application of the principle of
matching of velocity profiles (2) but the choice of a uniform velocity distri-
bution will have an important advantage. A superposition of a uniform elec-
trophoretic velocity of the particles upon the horizontal uniform flow velocity
will still yield a uniform velocity distribution matching the uniform vertical
velocity profile. And this will be true for all electrophoretic components
regardless of their mobility value. Thus, we should obtain simultaneous

streak collimation for all electrophoretic components for this choice of ve-
locity profiles, It now remains to be seen to what extent this can be
achieved,
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Rectification of the Horizontal Velocity Profile by Superposition of Electro=

osmotic Streaming.

When we contemplate the electro-osmotic velocity profile shown in Fig. 2,
it is easy to visualize that superposition of a laminar flow from right to left of
a suitable magnitude could rectify the horizontal velocity profile. If the
chosen parabolic flow has a central velocity v*, = -3 vq, then the central ve-
locity will become = -2 v, i.e. equal to the electro-osmotic wall velocity.
Similarly, the velocity near the wall will remain = -2 v since the wall ve-
locity of the superimposed laminar flow is = 0. The addition of the velocities
at all intermediate points will result in Wz) = = 2y, so that a uniform horizon=
tal velocity profile will prevail over the entire width of the annulus,

Rectification of the Vertical Velocity Profile by Thermal Convection to

Achieve Simultaneous Elimination of Streak Distortion for all Fractions.

We will now consider the thermal convection pattem which prevails be-
tween closely spaced parallel vertical plates between which a uniformly heat-
ed fluid is confined as in the case of the flowing curtain = and non=circular
endless fluid belt electrophoresis, In view of the horizontal temperature gra-
dient in a vertical uniformly heated sheet of fluid cooled through the con=
fining parallel plates, a horizontal temperature gradient is set up in the fluid.
The concomitant density gradient causes disequilibration resulting in a con-
vection pattern where the fluid rises in the central region and descends near
the cooling plates. This convection pattern (Fig,3) is very similar to the

electro-osmetic convection (dashed lines) shown in Fig. 2, except thaf we
must rotate Fig.2 90° so that vq points upward and replace the vector J' by
the gravitational field vector g to achieve the analogy. If the solid para~
bola were indeed the velocity distribution of thermal convection, the situa=
tion would be ideal for rectification of the velocity profile by superposition
of a downward laminar flow (in analogy with our procedure used with the
electro-osmotic flow). Unfortunately this analogy is only superficial since
the thermal convection velocity must vanish at the walls, However, as is
shown in the calculations presented below, the thermal convection velocity
distribution at some distance from the walls is essentially parabolic thus per-
mitting adequate rectification of the downward laminar flow profile over
roughly half of the width of the fluid curtain, In Fig. 4 curve u(z) shows
the correct calculated therma! convection velocity profile (9) in which the
fluid is at rest near the walls moving upward with maximum velocity at the
center and descending in two intermediate regions. The superposition of the
thermal convection profile (curve u(z)) upon a suitably proporhoned laminar
flow profile (curve w(z}resulfs in o curve u(z) + w(z) which is close to a uni=
form velocity distribution over a large portion of the annulus width,

We are now ready to superimpose the rectified horizontal uniform veloci-
ty profile (achieved by superposition of a horizontal laminar flow upon elec-
troosmotic streaming) extending over the entire width h of the annulus with
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Fig. 3 Thermal convection pattern between adjacent parallel vertical plates
(Wg, Wp) in a uniformly heated fluid. T,,: termperature of the
vertical plates, T,: temperature at the center of the fluid. g:
gravitational field vector.

Superposition of !
velocity profiles.

u(z): Thermal convection

w(z): Laminar flow o]
u(z) + w(z): Resultant

fluid velocity -4+
Parameters: -2
h=25mm

a=225: 10"gm/cm3deg_3 i
7=0.0095 poise

Fluid velocity mm/sec ——»

1- 1800 deg/cm? b
K 9 -4l u(z) + w(2)
To= 22°C
-5} wiz) . .
h
I .5 103
125 -75 -25025 75 {25
Zmm —>

Fig. 4 Central rectification of the fluid velocity profile by superposition of
a laminar flow (w(z)) upon the thermal convection (u(z)). The
resulting velocity distribution u(z) + w(z) is flat over a wide span in
the central region.
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our vertical velocity profile (u(z) + w(z) in Fig.4) which is rectified over an
appreciable central region, Within this region we have conditions approach-
ing the ideal situation of two orthogonal uniform flows which will produce no
streak distortion when a uniform electrophoretic migration is imposed upon
injected charged particles. 1t will be shown below that an increase in
throughput of more than an order of magnitude can thus be achieved without
impairment of resolution as compared to standard methods.

Calculation of the Velocity Profile of Thermal Convection

Assumptions

A) The lateral dimensions of the plates are infinite as compared to their se-
paration, B) Assumption (A) implies that temperature and velocity are func-
tions of z only, where z is the distance from the mid-plane between the
plates measured along the normal (see Fig. I). C)We ignore fluid motion at
infinity (i.e. ot the edges of the plates), There is thus only vertical fluid
motion (see Fig,3).D) Due to absence of horizontal flow within the finite
range, there is no horizontal convective heat transfer toward the heat sinks
(the vertical plates) ., The above implies that heat transfer can occur horizon-
tally by conduction only, E) The system is considered in a steady state.
This implies the vanishing of all time derivatives and the equilibrium of all
net forces, F) The fluid is bounded on all sides by rigid walls.

We start with Fourier's differential heat equation

2
R R )

d22

Integrating twice we obtain
2 2
T=T, + —81— (h®-42%) . (2)

(The first integration constant is A = 0 because at the central temperature

maximum (gI-)o= 0. The second integration constant is the wall temperature
z

* We are indebted to Prof, F, Busse of the UCLA Institute of Geophysics
for below derivation,
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Ty otz= -2— . ) The density as o function of temperature is
p=q [1-a (T=T,)1. @3)

The equation of motion is

(—a—' +07) 0 = - v 4= -g3 (T-Ty ) + T]Vzﬁ . @
)
Assuming a steady=state flow, _3'5_ = constant, U = u(z) and, neglecting the

temperature dependence of the viscosity T, we obtain the solution of equa-
tion (4) as follows:

from equahons (2) and (4)
dU!Z C+9CY T-Tw)=C+90’i(h2-422)' (40)

(Where C= -%—x ( £ )} determines the rate of change of the pressure

o
gradient due to heating). After two integrations
N g () (2 D yacZ g (5)
8 Bk 7 73 2 ’
in equations (4a) and (5), C and d sfcmd for the following abbreviations
) C = -go I-GI: h (6)
an
- a. h_
d=-99 7 750 @

(These constants are determined by the conditions of u(z) = 0 at the walls

h

(z=+ %) and of conservation of mass:g 7 u(z)dz = 0 (zero net vertical

2
mass transfer,) These conditions yield from equation (5) two equations in the
unknowns C and d from which the values given in equations (6) and (7) follow
by straightforward algebra,
Substitution of the values of C and d from equations (6) and (7) in equa~
tion (5) yields the velocity distribution of thermal convection

4
u(z)=g€|#-{h2z2 '3° 4-23} (8)
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Discussion of the Solution_

Equation (B) shows that it is the temperature coefficient of density,rather
than the density proper that determines the magnitude of the thermal con-
vection,

Like in the case of elect ro-osmotic convection, there are two planes of
zero velocity whose coordinates are

z] =t memm——— and z T e - ’

2/5 2 2/5

whereas the coordinates of the corresponding planes in electro-osmosis are

h h

+ — and - r—

2/3 2/3 .

The maximum of the upward velocity is at the center (z = 0). The posi~
tions of the downward velocity maxima are at

VA __h /3
w35 w2V E

The maximum downward velocity isuq = - -:— Ug o
The magnitude of the maximum vpward velocity at z =0 is
, =229 _hf. )
°. 80k 2% / - ®)
Superposition of the Vertical Laminar Velocity Profile upon Thermal
Convection_
The vertical laminar flow is described by
_ z 2
w(z) =w, (|-4(T1-) ) (10)

(see curvew(z) in Fig, 4).

The resultant velocity distribution in a superposition of downward laminar
flow w(z) upon thermal convection follows from equations (8), (9) and (10) :

2 4 2
R (z)=u(z)+w(z)=A]'_g-:—) --35"-(%) -_'2.2.]+WOL|-4(§)](H)

4
(where we write A = ga_g_h__ ).
80 k1
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To find conditions for maximum flow uniformity in the central region, we
neglect the z* term in equation (I1) which is small in that region and choose
such a value (wy*) for the central maximum velocity w,, of the vertical
laminar flow that the z2 terms in the thermal convection and laminar flow
terms of equation (ll) cancel each other. Thus the curvature-determining z
term is reduced to zero and we obtain:

2 2
R =u @ + w2 (=) - 57 ] +wo -4 () ] =

2
() [A-awg - gt et =W A (12

The 22 term vanishes for

= mmmmm——— (13)
The relation between central velocities of the critical laminar flow (wy*)
and thermal convection (Uo) is from equations (9) and (I3)
w *
= =% (14)

Vo

Since A =4 wg* , equation (ll) can be written as follows for the condition
wo = w.*
_ z, 2 I |
R(z)—wo*,{4 (- __4.'| 1-4(F) ]},(Ila

whence follows

4
R(z)=§wo*[l-(%) ] , (Ilb)
or in tems of g, o, q, M, and k:
_8oq h U4
ne= g [ o w

The term in front of the parenthesis in equation (l1b) has the meaning of
the maximum velocity R, = R(0) at z = 0 in the rectified velocity
distribution described by equations (i) a and b. We can thus write for the
velocity profile of the rectified flow

11
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4
R(z)=R°[I-(-%1E-) ] , (150)
where
5 gaq(h)4
R°=R(0)=? wo* = WL . (I5b)

Evaluation of the Improvement in Streak Collimation by Rectification of the

Velocity Profile

The streak divergence in a vertical fluid curtain can be easily visual ized
as follows. A vertical cylindrical injector of diameterd = 2 z is centered
within the fluid curtain {or annulus) of width h so that its axis is centered
within the curtain's mid-plane at z = 5 . In a vertical laminar flow, for
instance, particles escaping from the injector along its center axisat z = 0
will have the highest downward velocity wy and, consequently, will suffer
the smallest lateral deviation «, due to electromigration with the velocity
v = pE. All other particles located in planes z # 0 will have smaller
vertical velacities in the laminar flow profile and will, since they migrate
laterally with the same velocity v =, E, suffer a greater angular deviation
@9 Thus, centrally located particles will form the trailing edge of the
streak which emanafgs from the injector and the particles leaving the injec-
tor at points of z= 5 will form the leading edge of the streak, There will
thus be an angle of ¢?‘|vergence between the leading and trailing edge of the
streak given by o = o) = o . We shall adopt tan o as a measure of
streck divergence, Using a trigonometric transformation, we write

tah o = fqn(d2 -a‘)=f0naz 'fGnQ’] . ('6)
| + tanazhna'
. _ uE - uE .
Since tan @ = 'v&v; and tan wy = B we obtain
pE - pE
w Wo . (17)

tan o= 2
I+ (uE)*/wow

Assuming the electrophoretic velocity yE to be much smaller than the vertical
curtain flow velocity ()2 <€ ww, ), we obtain
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~ W, =W
tono = pE 20~ _ A (18)
wow = T00 !

where A measures the slope of the streak divergence in % .

We shall now compare the streak divergence in a parabolic flow given by
equation (l0) and a rectified flow described by equation (I15a). We will
assume for the sake of comparison the two flows to have the same central
maximum velocity wo, = Ry

Substituting the expression for w from equation (10) in equation (I8) and
designating the streak divergence asa’, we obtain for parabolic flow

Té&:@ Wo'WoL|-k2f-)2]= LLE2 (19"
Wo W wo[k'ﬁ) -l]

After a similar substitution of the values of R =R (z) and R (0) =R, in
equation (I8) we obtain for the streak divergence in rectified flow under the
same electrophoretic conditions

- R, - R [l-(zhi)ﬂ JE
A =
loo = * R, R Ro[(%)4"]

Equations (I9') and (I9") enable us to plot the streak divergence as a func-
tion of injector width for a parabolic (A') as well as for a rectified ( A")
curtain flow profile as shown in Fig, 5. We see that the streak divergence
is considerably smaller in rectified flow than in parabolic flow for all values
of the injector width.

(197)

The degree of improvement in streak collimation, and thus in resolution,
can be seen most easily from the "improvement ratio" i

. A'_Rol(;) -
VTR T W TR T [(—) o) (20)
Z

(since we assume R = w,, in this comparison), The curve for i in Fig. 5
indicates a very hlgh |mprovemenf ratio at small values of the |n|ectorW|dfh
and a decline for wider injectors, Table | summarizes values of ', A" and i
for selected injector widths d expressed in terms of the width h of the annulus,
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Injector width ———»

h h
§ & & §h
M T T T 1 T
b %
o= esam e A Streck divergence in parabolic flow in %
i e X' Streak divergenca in rectified flow in %
{00~ il%:'» Impr ratio achieved by flow rectification
h: width of the annulus
i 22: injector width
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Fig. 5 Angular streak divergence in % for parabolic flow (A') and for recti-
fied flow ( A"). The streak collimation by superposition of thermal
convection is measured by the improvement ratio i =4'/,u, The
lower scale measures the abscissa z in terms of the annulus width h.
The upper horizontal scale permits the determination of o', A" and i
for injectors of different width given as a fraction of the annulus
width h,

Example of a Suitable Set of Instrumental Parameters

Until now the tendency has been to make the width of the annulus or
fluid curtain as small as possible to suppress thermal convection, The possi-
bility of rectification of the velocity profile with consequent increase in
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16 KOLIN AND ELLERBROEK

throughput  at unimpaired resolution suggests, however, that it may be
fruitful to move in the opposite direction.

The rectified central velocity increases as h4, as seen from equation (15b).
It is our aim to choose h so as to make the rectified velocity R, comparable
to the currently used vertical velocity in the endless belt (about 4 mm/sec.).
Using, for instance, an aqueous buffer at the average temperature of 220C
(from which follows & and 11), we obtain a velocity in this range for an
annulus width h = 2,5 mm. (The maximum temperature difference between
the center and walls of the annulus will then be 9°C),

Under these conditions we can use a streak of 0.3 h diameter and still keep
the streak divergence below 1%. As compared to currently used injector
diameters of 0, 5 mm, the throughput will be increased by a factor of 25,
Admitting a 4% divergence in a 2.5 mm annulus, we could use an injector of
I mm i.d. and thus raise the throughput by a factor of roughly 50,

We choose in our example the following parameters: J = 6.7-I0"2A/cm2;
s=7,14.10~4 mhos/em; q = J 2/g =1.5 cal/sec.cm3 ; g = 980 cm/sec? ;

a=2.610 “4gm/cm>/ °C ; k = 1,32 +10™3 + 3 «10°3 T °C cal/em-sec.;

h=0.25cm; 0= 9.5 « 10~3 poise.
The value of wy* follows from equation (I3):

4
wo* = geah” _ g3 cm/sec,
320 7k

This value is close to the central flow velocity used in a 1,5 mm annulus,
With a 2.5 mm annulus a much weaker magnetic field will suffice to obtain
the same flow velocity because of the proportionality of w* to h4 ot constant
magnetic field. Admitting a 5% divergence in a 2.5 mm annulus, we could
use an injector of | mm i.d. and thus raise the throughput by a factor of
roughly 50.

It goes without saying that rectification of the velocity profiles also pro~
vides a great increase in resolving power for analytical work, For instance,
with an injector of 0,15 mm i.d. in the above example of a 2.5 mm annulus,
the predicted streak divergence would be below 0,01%.

Applicability of Rectification to the Endless Belt and Fluid Curtain
Electrophoresis

We must note that the above possibility of rectifying the horizontal and
vertical velocity profiles for simultaneous multiple streak collimation pre-
supposes the capability of generating a lateral laminar flow in addition to
the vertical curtain flow. This capability does not exist in the "free flow"
apparatus () because the sides of the fluid curtain are sealed off by mem-
branes. This enclosure is necessary in order to maintain the vertical flow in
the fluid curtain by a pressure gradient, In the "endless fluid belt" system,
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on the other hand, the electromagnetic force propelling the fluid is not
derived from a gradient field, The sides of the fluid belt are not sealed off
by membranes and a horizontal laminar flow can be easily maintained.

The rectification by thermal convection of the velocity profile in the
descending path of the endless fluid belt will tend to be canceled by the
superposition of thermal convection upon the upward laminar flow in the
ascending leg of the annulus. Thus, parabolic divergence of the streak will
persist essentially unimpeded after an even number of half-turns of the
injected sample. In principle, one could counteract the streak broadening
by imposing a corrective modification of the velocity profile in a terminal
descending path after an odd number of half=turns. But this would be diffi-
cult and less effective than the following simpler approach. One could use
only the first descending streak and make up for the loss of the time and path
length of the subsequent possible turns by increasing the height of the annulus.
Despite a superficial resemblance, this system would differ radically from the
"free flow" fluid curtain apparatus by the absence of the lateral membranes
and the consequent capability of maintaining a horizontal buffer flow in the
separation chamber,

SUMMARY

Themal convection and elect ro~osmotic streaming have been combatted
as major obstacles to resolution in continuous=flow electrophoresis. The
desire to suppress these effects leads to instrumental design which is not
favorable to large preparative throughout as well as to achievement of high
resolving power because of streak divergence, Until now it has been possible
to minimize streak divergence in continuous-flow deviation electrophoresis
for only one electrophoretic component of a mixture by matching the wall
zefa potential to the electrophoretic mobility of the singled-out component.
It is shown here how a simultaneous collimation of streaks of all components
of an electrophoretically heterogeneous mixture can be obtained by super=
position of laminar flow, electro~osmotic streaming and thermal convection
upon electrophoresis in the separation chamber, An increase in throughput
of an order of magnitude can be achieved without a loss in resolution, and
at low throughputs in analytical work, an increase in resolution of two orders
of magnitude is possible,
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TABLE OF SYMBOLS

Symbol Definition Units
z distance from midplane between the plates  cm
) density of fluid 9/cm3
k thermal conductivity cal/sec/cm/°C
o specific heat cal/g/°C
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q power generation per unit volume cal/sec/cm3
t time sec.

T temperature °C

To Temperature at z = 0 °C

] gravitational field intensity cm/sec.2

p pressure dynes/cm?
) viscosity poise

[} vertical curtain velogity cm/sec,

v horizontal velocity of fluid cm/sec

o temperature coefficient of density (gm/cm )(°C)"I
[ central maximum vertical velocity cm/sec.

Vo central maximum horizontal velocity cm/sec.

h distance between the vertical plates cm,

w Electro-osmotic mobility = Electro-osmotic ~ cm /V_

velocity af the wall in a unit electric field sec/ cm

mn electrophoretic mobility cm NV
sec/ em
E electric field intensity V/cm
X electrical conductivity of the buffer mhos/cm
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