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Abstract

The Taylor-Couette instability of a single liquid phase
can be used to enhance mass tranfer processes such as
filtration and membrane separations. We consider here
the possibility of using this instability to enhance inter-
phase transport in a two-fluid systems, with a view toward
improved liquid-liquid extractions for biotechnology ap-
plications. We investigate the centrifugal instability of a
pair of radially stratified immiscible liquids in the annular
gap between concentric, corotating cylinders: two-fluid
Taylor-Couette flow. Experiments show that a two-layer
flow with a well-defined interface and Taylor vortices in
each phase can be obtained. The experimental results are
in good agreement with predictions of inviscid arguments
based on a two-phase extension of Rayleigh's criterion,
as well as with detailed linear stability calculations. For a
given geometry, the most stable configuration occurs for
fluids of roughly (exactly in the inviscid limit) equal dy-
namic viscosities. A number of preliminary mass transfer
experiments have also been performed, in the presence of
axial counterflow. The onset of Taylor vortices coincides
with a clear decrease in the extent of axial dispersion and
an increase in the rate of interphase transport, thus sug-
gesting that this flow geometry may provide an effective
means for countercurrent chromatographic separations.

Introduction
Taylor-Couette flow of a single liquid phase has found
applications that utilize the vortex motion to increase the
performance of mass transfer operations [1, 2, 3]. In some
instances, a several-fold increase in filtration and reactor
performance has been demonstrated. Furthermore, the
closely related Dean instability of pressure-driven flow
in a curved channel has also been exploited for mem-
brane bioseparations [4, 5]. These successes of single-
fluid Taylor-Couette (and Dean) flows in improving mass
transfer suggest that two-fluid Taylor-Couette flow might
find similar applications. Liquid extraction of biological
products could be one such application. Nevertheless,
the extension to flow of two liquid phases in the Couette
geometry has received relatively little attention. The hy-
pothesis investigated in this paper is that two-fluid Taylor-
Couette flow can be achieved by centrifugally stratifying
two immisicible fluids between coaxial corotating cylin-
ders and then increasing the inner cylinder rotation rate

to produce two sets of counterrotating Taylor vortices;
one set for each phase. The existence of this flow has
been anticipated in the literature [6, 7], but not previously
observed. In this flow, the two phases remain stratified,
retaining their individual integrity and contacting each
other only at a single, well-defined interface. The vor-
tex motion would dramatically improve interphase mass
transport without the adverse effects of emulsification.
Furthermore, countercurrent contacting is accomplished
very simply. A schematic of a two-fluid Taylor-Couette
extractor is depicted in Figure 1. The present investi-
gation is the first step in understanding the transport
phenomena underlying a device based on these ideas.
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Figure 1. Schematic of a two-fluid Taylor-Couette device
with axial counterflow.

Formulation and experimental apparatus
The present work considers the flow of two liquid

phases in the annular region between two concentric coro-
tating cylinders. The cylinder rotation rates will always be
large enough that the fluids are radially stratified, with the
less dense fluid in uniform contact with the inner cylinder.
This cylinder has radius R\ and rotates with angular ve-
locity Oi. The fluid in contact with this cylinder will be
referred to as fluid 1 or as the inner fluid, and has density
pi and dynamic viscosity \J,\. The quantities R<2.,SliiPi
and Hi are the corresponding values for the outer cylin-
der and fluid. The interface between the fluids (in steady
Couette flow) is at radial position /?,,;.

The inner cylinder of the experimental device is made
of polished aluminum, with diameter 8.349 ± 0.003 cm.
The cast Plexiglas outer cylinder has diameter 10.098 ±
0.008 cm. The axial length of the flow cell is L = 28
cm, with spacers at each end designed to minimize end ef-
fects. For the axial counterflow experiments, the spacers
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are replaced by a configuration of weirs that allow intro-
duction and removal of fluid while the cylinders are spin-
ning. The cylinders are mounted on independent pairs
of bearings and by Computermotor OEM-57-83 stepper
motors, which are controlled through two Compumotor
OEM650X-M2-RC drivers through a personal computer.
The ends of the apparatus are not sealed; the cell is filled
and emptied while the cylinders rotate at a speed sufficient
for centrifugal stratification. For most of the experiments,
the fluid pairs consisted of an aqueous solution of water
and glycerine and an organic solution of kerosene and
white mineral oil. The compositions of these solutions
are easily tailored to provide a broad range of viscosities.

Two techniques were used for flow visualization. For
observation of vortices, small anisotropic flakes were
used. Kalliroscope particles preferentially disperse in the
aqueous phase, while aluminum flakes treated with stearic
acid prefer the organic. The points of instability were de-
termined visually, using one type of particle or the other,
depending on whether the stronger vortex flow was ex-
pected in the aqueous or organic phase. This method pro-
vided results for the critical rotation rate for instability that
were typically reproducible to within 2 %. For interface
visualization, we used a laser induced fluorescence (LIF)
technique. Excimer Oxazine 720 Chloride is a suitable
LIF dye for HeNe lasers and partitions strongly into aque-
ous phases relative to organic ones. We directed a sheet of
HeNe laser light into the apparatus; since only the aque-
ous phase fluoresced, the interface could be easily visual-
ized.

Two types of mass transfer experiments were per-
formed. In the first, an impulse input of tracer soluble
in only one phase was introduced, and its concentration in
the effluent stream measured by a spectrophotometer as a
function of time. This technique allows the measurement
of axial dispersion within one phase. In the second, the
aqueous phase was made acidic with acetic acid. In the
experiment, an impulse of methyl red, a pH indicator, was
injected into the organic phase; by measuring its concen-
tration in the aqueous phase (via the color intensity), it is
possible to determine the degree of extraction of the dye
from one phase into the other.

Inviscid analysis: Rayleigh's criterion in two phases

For a purely azimuthal inviscid flow of a single
phase, with angular velocity distribution fi(r) = vg(r)/r,
Rayleigh argued on physical grounds and Synge showed
rigorously that the flow would be unstable if

(1)

somewhere in the flow domain (see [8, 9]). In words, a
radial stratification of angular momentum is unstable if,

Figure 2. Predictions from inviscid analysis (curves), lin-
ear stability theory, open squares, and experiments (num-
bered diamonds) for a number of fluid pairs.

in some region the angular momentum decreases with in-
creasing r. Furthermore, for axisymmetric perturbations,
this criterion also provides necessary conditions for insta-
bility. The analysis, applied to the velocity profile of cir-
cular two-layer Couette flow, predicts that for instability
to occur in the inner layer (layer 1):

<
R2

12 m - I)R2
H

(2)

where ft21 = a2/n1,Ru = Rl/Ri,R12 = R1/R2 and
A*2i = ^2/'A*I- Performing similar manipulations, we find
for the outer layer that instability occurs when

<
+R2

u(l-fi2i)'
(3)

As /U21 ->• 00, fluid 2 is stable and fluid 1 obeys a single
fluid criterion based on Ru. As /2.21 -> 0, fluid 1 is sta-
ble and fluid 2 obeys the criterion based on Rt2. When
fi2i = 1, both expressions reduce to the expression for
a single fluid. This is the only point at which the SI21
vs. fi2i curves cross; thus a necessary but not sufficient
criterion for both phases to be "Rayleigh unstable" is
for the single fluid problem in the same geometry to be
Rayleigh unstable. Figure 2 shows these curves as a func-
tion of /x2i for iii2 = 0.826, RH = 0.905. For these
parameters, the curves cross at i\/Q,i = R%2 = 0.682.
The region beneath both curves is where instability is pre-
dicted in both phases. Clearly the Rayleigh criterion is
not strictly valid for viscous fluids, but it shows where we
might expect instability to lead to significant vortex mo-
tion in both phases. Outside this region (i.e. below one
curve but not the other), we might expect instability, but
essentially localized to one phase, with the other phase un-
dergoing weak motion driven by the unstable phase. This
expectation is confirmed by a detailed linear stability anal-
ysis of the viscous problem, which is presented elsewhere
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[10]. Changing the position Ri of the interface can have
important effects on the inviscid predictions. The curves
still cross at fj.21 = 1> but the region where both fluids are
Rayleigh unstable shifts and expands.

Experimental results
The onset of two-fluid Taylor-Couette flow for a num-

ber of different fluid pairs, of varying viscosity ratio, is
shown in Figure 2 for fl2 fixed at 147T s"1 (7 rps) and the
interface in middle of the gap, Ri = 4.6 cm. For compar-
ison, the Rayleigh prediction as well as the linear stability
prediction (for wavenumber fixed at 5.36) are also shown,
illustrating the good agreement between theory and ex-
periment. In all of these experiments, the initial transition
resulted in axisymmetric, steady flow. No evidence of a
shear-driven interfacial instability (which would be non-
axisymmetric and time-dependent) was observed, proba-
bly because the density difference and interfacial tension
between the fluids was sufficiently large in each case to
suppress these instabilities. Near onset, the fluid inter-
face is virtually flat, in agreement with the viscous the-
ory. As the inner cylinder velocity increases, the interface
deformation increases. Upon further increase in fli, the
flow eventually becomes time-dependent, although the in-
terface remains coherent. At very high rotation rates an
emulsion begins to form near the ends of the flow cell.

The leftmost experimental point on Figure 2 is clearly
significantly above the inviscid instability prediction. This
point is actually indicative of a separate instability phe-
nomenon that we observed with fluids of low (water-
like) viscosities. This instability displayed large interface
deformations and wavelengths similar to cylinder radii
rather than the gap. This phenomenon is due to the in-
creased importance of gravity for low-viscosity fluids; the
effect is interesting, but is described in more detail else-
where [10].

In addition to the stability experiments just described,
we have performed a number of mass transfer experi-
ments with axial countercurrentflow introduced, using the
techniques described in the experimental section. From
these preliminary studies, a number of interesting and
promising results have arisen. We focus on fluid pairs
with matched viscosities and equal layer depths. The
first result is that the presence of Taylor vortices signif-
icantly decreases the amount of axial dispersion within
each phase. We attribute this effect to the fact that the
vortices move fluid elements away from the solid wall
and the interface, thereby lessening the convective dis-
persion. In extraction experiments, we also clearly see
that the Taylor vortice significantly increase the inter-
phase mass transfer rate. Figure 3 shows maximum peak
height (maximum dye concentration) vs. outer cylinder
rotation rate (inner cylinder rate is fixed). The sharp in-

crease in peak height coincides with the onset of vortices.
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Figure 3. Extraction results: maximum peak height vs.
outer cylinder rotation rate. The inner cylinder is rotating
atfii = 12.5 rps. Vortices are present when f̂ s ?S 8.5 rps.
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