This article was downloaded by:

On: 25 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

s e STEVEN . CRANG Separation Science and Technology
Publication details, including instructions for authors and subscription information:
SEPARATION SCIENCE

http://www.informaworld.com/smpp/title~content=t713708471

Three-Dimensional Field-Flow Fractionation Using Helical Flow
— — ... | Arne J. Pearlstein?; Min-Po Shiue®
* DEPARTMENT OF MECHANICAL AND INDUSTRIAL ENGINEERING, UNIVERSITY OF ILLINOIS,
URBANA, ILLINOIS

To cite this Article Pearlstein, Arne J. and Shiue, Min-Po(1995) 'Three-Dimensional Field-Flow Fractionation Using Helical
Flow', Separation Science and Technology, 30: 11, 2251 — 2258

To link to this Article: DOI: 10.1080/01496399508013110
URL: http://dx.doi.org/10.1080/01496399508013110

PLEASE SCROLL DOWN FOR ARTICLE

Full terns and conditions of use: http://wwinformworld.coniterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or danmmges whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1080/01496399508013110
http://www.informaworld.com/terms-and-conditions-of-access.pdf

12: 00 25 January 2011

Downl oaded At:

SEPARATION SCIENCE AND TECHNOLOGY, 30(11), pp. 2251-2258, 1995

COMMUNICATION

Three-Dimensional Field-Flow Fractionation Using
Helical Fiow

ARNE J. PEARLSTEIN and MIN-PO SHIUE
DEPARTMENT OF MECHANICAL AND INDUSTRIAL ENGINEERING
UNIVERSITY OF ILLINOIS AT URBANA-CHAMPAIGN

1206 WEST GREEN STREET, URBANA, ILLINOIS 61801

Field-flow fractionation (FFF) is a class of techniques in which a nonuni-
form (i.e., shear) flow is used to amplify differences in some physicochem-
ical property (e.g., electrical mobility, sedimentation velocity, molecular
or cellular diameter) by taking advantage of the fact that in a viscous flow
the velocity at a motionless wall is zero, so that a species which tends to
concenirate at the wall will be retarded relative to a species that is less
concentrated at the wall. This class of techniques has been extensively
developed since the original paper by Giddings (1). The reader is referred
to recent reviews by Giddings (2, 3) for detailed discussions of the state
of the art.

In this paper we present (in the same spirit as Giddings’ original paper
on FFF) a description of a class of FFF processes different from those
discussed to date, which make use of the helical flow that can easily be
achieved in the annular space between two concentric cylinders (by rotat-
ing one cylinder relative to the other and by simultaneously applying an
axial pressure gradient). Unlike other multidimensional FFF techniques,
these processes make use of the coupled action of two nonuniform (shear-
ing) velocity components perpendicular to the *‘external’ field in order
to effect a separation in the direction of one of these components.

We consider the annular space between concentric circular cylinders
of radii r; and r,, with ri/ro = m < 1. The inner cylinder is held fixed, and
the outer one rotates at a constant angular velocity {deq. An axial pressure
gradient (dp/dz)e, drives a net flow through the annulus. Here, e; and e,
are unit vectors in the azimuthal and axial directions, respectively.
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For a constant-viscosity Newtonian fluid, the velocity field is given by
u = ue(rles + us(rle; (D

where the azimuthal and axial components are

Q(r — r2lr ~ridpldz o1 -
i = R = (- G e
(2a,b)

respectively, and p is the absolute viscosity. The azimuthal velocity com-
ponent varies monotonically from zero at the inner (nonrotating) cylinder
to a maximum value of Qr, at the outer (rotating) cylinder. The axial
velocity is zero at both cylinders, and attains a maximum at

1 — T\Z 1/2
* = e —
r [—21n TJ To &)

In Egs. (1) and (2) we have neglected the dependence of viscosity on
temperature (as might be important in an electrophoretic, thermal diffu-
sion, or thermophoretic separation) and composition. Variable viscosity
effects will change the quantitative shapes of the velocity profiles (2a,b);
since, however, as discussed below, it is the qualitative features of the
axial and azimuthal velocity profiles that are responsible for the separa-
tion, we will neglect viscosity variation in this discussion. We have also
neglected secondary flow that might be driven by buoyancy, electroos-
motic, or electrohydrodynamic effects. Finally, we have assumed that
this exact solution (Eqs. 1 and 2) of the Navier—Stokes equations is stable
[cf. Joseph (4)], that the flow is fully developed axially, and that end
effects are unimportant.

The class of separation processes will be discussed in terms of two
solutes to be separated on the basis of a difference in radial migration
rates under the action of an applied radial field (electrical, centripetal,
thermal, etc.). The principle is generally extendible to separation of more
components, or to viruses, other supramolecular assemblies, and cells.
The present discussion considers deterministic trajectories of molecules
of two species in the absence of diffusion, the effects of which are dis-
cussed below.

The mixture to be separated enters the annulus from a port (e.g., a
porous membrane or frit) on the inner cylinder. The solutes will migrate
toward the outer cylinder at different rates, depending on their respective
electrophoretic mobilities, sedimentation coefficients, etc. We consider
the trajectories of two molecules with different mobilities injected simul-
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taneously at the same point on the inner cylinder. Since u,(r) initially
increases as the molecules move away from the inner cylinder, and ug(r)
increases monotonically with radius, the faster-migrating component will
initially move ahead not only in the r-direction, but also in the z- and 6-
directions. However, as each component’s radial position passes r*, its
axial velocity decreases. Thus, some time after the faster-migrating spe-
cies passes 7*, the axial velocity of the siower-migrating component ex-
ceeds that of the faster-migrating component, and remains so until the
end of the separation. Furthermore, as the two components come closer
to the outer cylinder, the difference in their azimuthal velocities increases
monotonically, with that of the faster-migrating component being larger.
Thus, as the outer cylinder is approached, the axial velocity of the faster-
migrating component is less than that of the slower-migrating species.
(The outlet, a constant-z exit plane, is located somewhere upstream of
the point where the trajectory of the faster-migrating component would
otherwise intersect the outer cylinder, so that neither species ever reaches
the wall.) The result is that the faster-migrating species spends relatively
more time near the outer cylinder, where the azimuthal velocity is highest.
This causes the two components to emerge (at the exit plane) at different
values of the azimuthal coordinate. Calculations (5) for p-lactoglobulins
A and B, and racemic denopamine (one enantiomer of which is a potent
cardiotonic agent) complexed with a stereoselective cyclodextrin, for
which the relative mobility differences are 7 and 2%, respectively, show
that (diffusionless) separations of 180° can be achieved with relatively
modest angular rotation rates.

Such separations are clearly field-flow fractionation techniques accord-
ing to the classification of Giddings (3). The flow is ‘“‘integral’’ to the
process, rather than ‘‘passive’” (3), since in the absence of flow there
is no azimuthal separation. Thus, this class of separations differs from
continuous deflection electrophoresis and other processes in which flow
simply aids in collection.

Put more generally, this class of separation schemes begins with the
premise that a continuously operating separation process necessarily in-
volves flow, and that in three dimensions:

1. One direction (in this case the radial, or r-direction) can be used as
the force-induced ‘‘migration direction,”” in which direction a force
acts differentially on two or more species (or types of particles).

2. A second direction (in this case the axial, or z-direction) can be used
as the ‘‘elution direction,’” in which direction species are continuously
washed out of the volume at a rate dependent on position along the
““migration coordinate.’’
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3. The third direction (in this case the azimuthal, or 9-direction) can be
used as the ‘‘amplification direction,”” in which direction the flow
field preferentially advects the faster-migrating species, allowing for
azimuthal separation and collection at some downstream location in
the elution direction.

It has been realized previously that a third direction (other than the
elution and enrichment directions) can be used as a second *‘separation™
direction (6) in FFF processes. What distinguishes the present class of
processes from other multidimensional FFF and non-FFF techniques,
including chromatographic (7-12), electrophoretic (13-18), shear-driven
migration (19), and electrochromatographic (20) separations in rotating
annuli, is that the present continuous approach uses flow in the elution
(z-) and amplification (8-) directions, respectively, to amplify the differen-
tial mobility in the radial (r-) direction into a large separation in the azi-
muthal direction.

The transport of each species (k = 1, 2) can be described by a conserva-
tion equation

aa—cl:k -+ U‘VCk bl —V‘Jk (4)
where C is the concentration of the kth species, u is the fluid velocity,
and Jy is the flux of the kth species. The flux consists of a diffusive contri-
bution and a contribution from migration. If the solution is dilute, the flux
can be approximated by

Jx = —DyVCy + i Cife, (5)

where px and Dy are the mobility and diffusivity, respectively, of the
kth species, and f is the magnitude of the radial force responsible for
migration.

The validity of the transport equation (4) may be limited by dilute solu-
tion approximations inherent in Eq. (5) [cf. Newman (21) for migration in
an electric field], but is certainly useful for a first analysis.

Under steady conditions, Egs. (1), (4), and (5) can be combined to give

W oG G 1 afCy
r 06 + ulr) dz +p'kr ar

[l af eC | 18°Cc | °Cy
= Dk[m(rv) Tree Tz ©

The first and second terms on the left-hand side of Eq. (6) represent
the rates at which the kth species is advected in the azimuthal and axial
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directions, respectively, by the helical flow. We note that these rates
depend on radial position. The third term represents the rate at which the
kth species is transported toward the outer cylinder by migration. The
terms on the right-hand side represent the rates of radial, azimuthal, and
axial diffusion.

Since the separation takes place in the azimuthal direction, very long
effective path lengths can be obtained in relatively small apparatuses by
wrapping the trajectories around the inner cylinder many times, using a
large ratio of the angular velocity to the axial velocity. Simple analysis
shows that, on a diffusionless basis, the azimuthal separation increases
linearly as this ratio increases, and monotonically as the field strength f
approaches the limiting value f* at which the trajectory of the faster-
migrating species intersects the outer wall upstream of the exit plane. In
real systems, however, one needs to account for diffusion.

Simple considerations show that diffusion will tend to increasingly de-
grade the separation as « increases and as f approaches f*. In the diffu-
sionless analysis, all molecules of a given species move along identical
trajectories, and the concentration distributions at the exit plane consist
of one point (&, 0y) for each species. The effect of diffusion will be to
smear each point out into a two-dimensional contour pattern in the exit
plane. If diffusion is sufficiently weak, the patterns will be tightly distrib-
uted around the diffusionless points, the degree of overlap between the
distributions for the two species will be small, and a nearly complete
separation will be possible. As diffusive effects become more important,
the two patterns will increasingly tend to overlap, thus degrading the sepa-
ration.

The most obvious contributor to azimuthal broadening of the concentra-
tion distributions of the two species at the exit plane is the azimuthal
diffusion term [second term on the right-hand side (RHS) of Eq. 6). How-
ever, there are other contributing effects, which under some conditions
will be considerably more important.

We recall the simple analysis of axial dispersion in laminar shear flows
discussed by Taylor (22) and Aris (23). Taylor showed that in simple unidi-
rectional shear flows (e.g., plane or circular Poiseuille flow, between par-
allel plates or in a circular pipe, respectively), two phenomena contribute
to axial dispersion of a solute: axial diffusion (the last term on the RHS
of Eq. 6), and differential axial advection, owing to the velocity gradient,
of solute that has (radially) diffused into fluid elements different distances
from the wall. This second effect is referred to as axial dispersion; in
many cases of interest, it is more important than axial diffusion.

Similar considerations pertain in the present helical flow, in that radial
diffusion (first term in the brackets on the RHS of Eq. 6) brings molecules
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of the kth species into fluid elements having different azimuthal velocities,
leading to azimuthal dispersion that may exceed that due to the azimuthal
diffusion term (penultimate term on the RHS of Eq. 6). As in the classical
Taylor case, radial diffusion also leads to increased axial dispersion, which
in the present case further leads to increased azimuthal dispersion, owing
to the dispersion in residence times, and hence differential exposure to
the azimuthal shear flow. Thus, for f just less than f*, the faster-migrating
species has a longer residence time in a region of high axial shear, possibly
leading to significant axial (and hence azimuthal) dispersion. We refer to
these two sources of broadening as *‘primary azimuthal dispersion,”” since
they are direct consequences of radial and axial diffusion.

A final source of azimuthal broadening is a consequence of the classical
Taylor axial dispersion that has its own origin in radial diffusion. Like
axial diffusion, axial dispersion (owing to radial diffusion) also gives rise
to azimuthal dispersion through a broadening of the residence time distri-
bution. This contribution might properly be referred to as secondary azi-
muthal dispersion.

The preceding analysis and discussion neglects the effects of secondary
flow (i.e., departures from the velocity field described by Eqgs. I and 2)
on the distributions of the two species. In most separations, secondary
flow (or any unwanted flow, if the fluid is nominally motionless) is gener-
ally thought to indiscriminately mix fluid elements enriched in one species
with fluid elements enriched in the others, thus degrading the separation.
In the example considered, there are several possible sources of secondary
flow. These include gravitationally-driven buoyant flow, associated with
the existence of significant density variations (due to the nonuniform com-
position in any process, and possibly due to temperature variation, as
in an electrophoretic or thermal diffusion separation) in the presence of
gravitational acceleration, and centrifugally-driven buoyant flow, associ-
ated with the same source of density variation in the presence of the
centrifugal acceleration accompanying fluid rotation.

If the separation is an electrophoretic one, in which application of a
potential difference across a conducting fluid leads to passage of a current,
this will lead to generation of heat, and hence temperature variations
within the annulus. The temperature gradient will have at least a radial
compaonent and, depending on the spatial variation in electrical conductiv-
ity within the fluid, may also have axial and azimuthal components. Since
the density depends on temperature, we will have a density gradient with
at least a radial component. Since gravitationally-driven convection neces-
sarily arises whenever Vp isn’t parallel to the gravitational acceleration g
(24), and since there is no alignment of the cell for which e, xg # 0
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everywhere, buoyaney-driven convection will necessarily occur if the sep-
aration is conducted at normal gravity.

In a centrifugal acceleration field (akin to a gravitational acceleration
field), the only apparent source of secondary flow is the buoyant motion
due to the presence of a density gradient (arising from the nonuniform
distribution of the solutes).

Regardless of its source, gravitationally-driven motion can be largely
eliminated by conducting the process in the microgravity environment of
space. We also note that electromagnetically-driven and rigid-body rota-
tion have been used by Kolin (14-16) and Hjertén (13), respectively, to
achieve considerable inhibition of buoyancy-driven convection in an elec-
trophoresis cell, and that shear-driven rotation in the present flow may
have similar effects.

In conclusion, these separations constitute a new class of field-flow
fractionation processes, potentially capable of large separations in rela-
tively small geometries, using helical flow to wrap trajectories of species
to be separated around a cylinder many times in an annular space. Actual
performance will depend on the importance of both diffusion and the asso-
ciated dispersion mechanisms, and of secondary flows superimposed upon
the nominal helical flow.
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