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The annular centrifugal contactor is a compact mixer/centrifuge developed for sol-
vent extraction processes for recycling used nuclear fuel. This research effort couples
computational fluid dynamics (CFD) modeling with a variety of experimental observa-
tions to provide a valid detailed analysis of the flow within the centrifugal contactor.
CFD modeling of the free surface flow in the annular mixing zone using the volume-
of-fluid method combined with large eddy simulation of turbulence was found to have
very good agreement with the experimental measurements. A detailed comparative
analysis of the flow and mixing with different housing vane geometries (four straight
vanes, eight straight vanes, and curved vanes) was performed. Two additional varia-
tions on the eight straight vane geometry were also simulated. This analysis deter-
mined that at the simulated moderate flow rate the four straight mixing vane geometry
has greater mixing and fluid residence time as compared to the other mixing vane con-

figurations. © 2009 American Institute of Chemical Engineers AIChE J, 55: 2244-2259, 2009

Keywords: liquid—liquid extraction, reprocessing, turbulent mixing, computational fluid

dynamics, volume-of-fluid

Introduction

The annular centrifugal contactor is a unique piece of
mixing equipment that has been developed for solvent
extraction processes for recycling used nuclear reactor fuel.'
Solvent extraction consists of thorough mixing of two im-
miscible fluids and subsequent phase separation with the pur-
pose of achieving extraction of a desired species from one
phase to the other. Compared to other available solvent
extraction equipment, the centrifugal contactor facilitates
process intensification’ by combining both the mixing and
separation functions into a single compact piece of equip-
ment. A sketch of a general centrifugal contactor is shown
in Figure 1. During solvent extraction operation, flows of the
two immiscible liquids enter the narrow annular region
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where they are mixed by shear induced by the spinning
rotor. The fluid is directed to the rotor inlet by stationary ra-
dial vanes attached to the housing below the rotor. Once
inside the rotor the two fluids are separated by centrifugation
and flow upward and over their respective weirs.

This research effort has focused on providing a more com-
plete understanding of the fluid flow within these contactors
to enable further advancements in design and operation of
future units and greater confidence for use of such contactors
in a variety of other solvent extraction applications. Simula-
tions of the free surface flow in the annular mixing region
have been reported previously and it was found that there is
discontinuous contact—both spatially and temporally—
between the fluid and the rotor.* This earlier study looked
only at the flow in a contactor with four straight mixing
vanes. While various researchers have noted that the flow in
the annular mixing region is clearly dependent on the hous-
ing vane conﬁguration,‘g’s’6 to the authors’ knowledge there
has not been a detailed comparative study of various mixing
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Figure 1. Sketch of the cross-section of an annular
centrifugal contactor.
Figure modified from Leonard et al.?

vane geometries. Straight housing vanes have typically been
used for solvent extraction operation; however, commercially
available centrifugal ‘‘separator” units manufactured by
Costner Industry Nevada Corporation (CINC) use curved
housing vanes. It is vital to understand how this design mod-
ification affects the operation of the contactor, especially as
these commercial ‘““separator” units have been evaluated for
use in a variety of solvent extraction applications.’”™ At
least one such research effort has noted that the curved
vanes seem to result in poorer overall stage efficiency at low
flow rates as compared to standard straight vanes.>®
Computational fluid dynamics (CFD) is a valuable tool for
analysis of flow and mixing in the contactor and has been
used here to enable detailed quantitative comparison between
several housing vane geometries. This current study builds
upon the previous work which demonstrated the accuracy of
CFD simulation using the volume of fluid (VOF) volume
tracking method along with large eddy simulation (LES) of
turbulence for modeling the single liquid, hydraulic opera-
tion of the annular centrifugal contactor.* A detailed analysis
including both experiments and simulations of the flow in
each of three standard vane geometries—four straight vanes,
eight straight vanes, and eight curved vanes—is presented
here. Additionally, a similar computational analysis for a
couple of variations on the 8-vane geometry was conducted
and the overall results of those simulations are also included
here for comparison. Along with providing an analysis of
the flow for different vane geometries, the current work also
provides a further validation of the previous methods
through the use of more refined mesh simulations made pos-
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sible through computation resource allocations at the
National Center for Supercomputing Applications. To this
end, quantitative comparison between simulations and exper-
imental measurements using laser Doppler velocimetry
(LDV) and particle image velocimetry (PIV) are given for
the 4-vane geometry.

In general, it is assumed here that the simulation
scheme—which was shown in the previous work to be valid
for the 4-vane geometry” and is further compared with
experiments here—is equally valid for these other vane con-
figurations. Where possible, comparisons with experimental
observations were made for the other vanes to provide sup-
port for this assumption. Experiments and simulations at
600 ml/min and 377 rad/s (3600 rpm) in a 5-cm annular cen-
trifugal contactor are described here. Experimental observa-
tions of the flow in the mixing zone for the different vane
geometries at different flow rates and rotor speeds are
reported elsewhere (Wardle et al., submitted).

Droplet breakup and the role of turbulent
energy dissipation

Fluid mixing is a critical part of nearly all chemical and
engineering processes and has been the subject of significant
research over many years and is still an important topic
today.'® In regards to liquid-liquid mixing in centrifugal
contactors, understanding the forces which govern the
breakup and dispersion of droplets is a key in predicting
overall operational efficiency based on the droplet size distri-
butions, interfacial area for mass transfer, and mass transfer
rates. The role of energy dissipation in mixing and the for-
mation and distribution of droplets will be reviewed here.
While much of the previous research has focused on
impeller mixing in stirred tanks, the physical principles
are equally applicable to liquid-liquid mixing in centrifugal
contactors.

Many theories regarding droplet breakup in liquid—liquid
dispersions have been based on the early theories and studies
of Kolmogorov and Hinze. Hinze argued that droplet
breakup occurs when the relative magnitude of the forces
acting to deform a droplet (or bubble) exceed the restoring
forces.!! Restoring forces include interfacial tension (¢) and
internal viscous stresses. Internal viscous stresses are impor-
tant primarily for small liquid droplets with high viscosity.
The main deforming forces are the turbulent stresses which
are comprised of the viscous shear stress (t) and turbulent
pressure fluctuations. These deforming forces are the product
of turbulent eddies with a characteristic length scale of the
same order or smaller than the droplet size; it is generally
assumed that eddies larger than a droplet cause bulk motion
of the droplet rather than its distortion."* Hinze suggested
that the deformation of fluid particles (droplets or bubbles)
could be described by two dimensionless groups representing
these two forces affecting droplet stability.!' These are the
Weber number We (ratio of inertial forces and interfacial
tension) and the viscosity group Vi (also called the Ohne-
sorge number Oh) and are defined as:

_
_O'

We ey
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where d is the droplet diameter, and py and p4q are the
dispersed phase viscosity and density (denoted by the subscript
d). At some critical value of the Weber number We_,;; where
the distorting forces exceed the restoring forces, droplet
breakup occurs. Hinze proposed that the overall deformation
process could be described by:"

Weeie = ci[1 + £ (Vi)] 3)

For droplet deformation dominated by dynamic local pres-
sure fluctuations, the corresponding stress generated by
eddies in the continuous phase (denoted by subscript c) with
a length scale 4 is given by:

T X pcu_’f/Z )

For homogeneous, isotropic turbulence in the inertial sub-
range, the fluctuating component of velocity u’f (where
u =1+ u') is proportional to the turbulent energy dissipation

rate ¢ as:

u? = ¢y(e2)* =~ 2.0(e0)?? (5)

Assuming that the characteristic eddy length scale of inter-
est 4 > d.x that is, deformation of droplets are caused pri-
marily by the dynamic pressure fluctuations of eddies with a
similar size, We.;; can be written as:

Pe &2 /3 d:,/ :x
G

Wegi = (6)
For the case of Vi > 1 (negligible internal viscous
stresses) the maximum stable droplet diameter is then given

by:

o\ 3/
dmax =3 (_) 872/5 (7)

Cc

Haas'*'* experimentally determined the value of ¢ in Eq.

7 to be c3 = 1.2 for data from three different liquid—liquid
mixing devices (including an annular mixer) along with data
from Davies."”” There was agreement for a wide range
(~10% of energy dissipation rates. It is clear from Eq. 7 that
the continuous phase turbulence dissipation rate ¢ can be
directly related to the degree of liquid-liquid mixing. For
given fluid properties, as the dissipation rate increases, the
maximum stable droplet size decreases. As a result, it is
common for numerical studies of mixing to calculate only
the flow patterns for single-phase flow in mixing devices and
to infer from this the liquid-liquid mixing behavior based on
the predicted turbulent energy dissipation rate. For simula-
tions of the centrifugal contactor as presented here, it is thus
possible to make direct comparison between the predicted
turbulent energy dissipation for the various vane systems as
an indicator of the mixing efficiency for these different geo-
metries.

*Note that throughout this section and the following sections, generic empirical
constants will be numbered ¢, ¢, c3,... and so on to avoid confusion.
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Spatial distribution of energy dissipation

Energy dissipation in typical mixing vessels is inhomoge-
neously distributed. For example, in stirred mixing vessels
the energy dissipation in the impeller region can be ~100
times the average (/2 ~ 100).'° While the average power
dissipated per unit mass (¢ = P/pV where P is power and V
is volume) is often used to characterize a given mixer and
for device scaling, it is the local dissipation, specifically the
maximum dissipation rate ¢.,,, which has been shown to be
the dominant factor for mixing.m_19 The effect of the main
flow field is also important to the overall mixing in deter-
mining the amount of time that the fluid spends in the
regions of high dissipation. For the centrifugal contactor, the
highest liquid shear occurs when the fluid is in contact with
the rotor and, therefore, an evaluation of mixing must take
into account not only the magnitude of the dissipation rate
for the liquid near the rotor but also the dynamic fluid-rotor
contact area.

Methods
Experimental setup

The contactor apparatus that was used for the experimen-
tal observations presented here was described previously*
and consisted of a 5-cm centrifugal contactor manufactured
by CINC Industries (model V2). Three different mixing vane
geometries were available for this apparatus: four straight
vanes (4-vane), eight straight vanes (8-vane), and eight
curved vanes (curved). The curved vane configuration is
unique to CINC manufactured separator units and will be
described in detail later. The housing of this contactor unit
was modified to have a quartz cylinder to facilitate optical
measurements.

Experimental measurements of velocity using the LDV
and PIV techniques were performed for the 4-vane geometry.
The setup for these measurements is described in detail else-
where.* The LDV and PIV measurements were both made
without artificial seeding by using as light scattering particles
the entrained air bubbles that are unavoidable due to the vio-
lent mixing and free surface flow in the centrifugal contac-
tor. Wardle et al.* explored the effect of bubble size on the
accuracy of these measurements and found that the measured
velocities were not strongly affected by a change in average
bubble size achieved through the addition of a surfactant.
LDV data were obtained across the annular mixing zone at
four different axial heights. PIV data were taken on a plane
that was oriented tangentially to the rotor. Because of curva-
ture effects of the housing cylinder, only PIV data along the
vertical centerline (even with the axis of the rotor) are pre-
sented here for quantitative comparison with simulation.
High-speed video imaging was conducted to observe the
flow in the annulus for each of the three vane geometries.
This also enabled comparison of the actual and predicted an-
nular liquid heights (ALHs) for each case.

Computational methods
The general modeling scheme for these simulations was
based on the VOF/LES simulations presented by Wardle
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et al.* However, a few key changes that were made to the
CFD model setup are explained here.

The CFD simulations were performed using Fluent 6.3.
All simulations used the VOF model with piecewise linear
interface construction (PLIC) and the LES technique for sim-
ulation of turbulence using a dynamic, one-equation turbu-
lent kinetic energy transport subgrid model.?® The combina-
tion of these two models as implemented in Fluent uses first-
order time discretization. Bounded central differencing was
used for spatial discretization of the momentum and subgrid
kinetic energy equations to limit numerical diffusion. The
subgrid scale dissipation rate was calculated from the local
subgrid turbulent kinetic energy as set forth in Kim and
Menon.?® The boundary conditions and set up of the CFD
simulations were the same as those used previously (600 ml/
min water inlet flow, 377 rad/s rotor speed) except for a few
changes. Firstly, the contact angle of the liquid on the solid
surfaces of the model was changed to 75° to better account
for the actual contact angle of water on steel (the typical ma-
terial of construction for contactor units); this change had a
very minor effect on the overall predictions of the simula-
tions.”' A second important change in the model configura-
tion, namely, the specification of the pressure distribution on
the mixing zone outlet (rotor inlet) is discussed later.

Geometries and meshing

The flow in the mixing zone was analyzed for the three
experimentally available vane geometries (4-vane, 8-vane,
and curved vane). Additional variations to the standard eight
straight vane geometry were also simulated. These were an 8-
vane geometry with a vane-wall gap equal to half of the annu-
lar gap Ar and one with a modified housing in which the
width of the annular gap was decreased such that a radius ra-
tio r/rp, = n = 0.9 was achieved (same rotor radius, r, = 2.54
cm). Regardless of the vane geometry, the vane height A, for
each configuration was 0.515 cm. This was corrected from the
previous models to match the experimental setup. Note also
that each vane type had a vane thickness of 0.159 cm (1/16"),
consistent with the experimental geometry.

The 4-vane geometry used here is identical to that given
in Wardle et al. (with the exception of h\,).4 The 8-vane
housing geometry is similar to the four (i.e., same vane
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Figure 2. Curved vane contactor model with geometric parameters labeled (see Table 1 for values).

dimensions, etc.) except that there are eight housing vanes
instead of four. The model curved vane geometry is shown
in Figure 2 and the corresponding geometric quantities are
listed in Table 1. It can be seen in Figure 2a that the vanes
have a two-tiered construction. There is a section of full
height (%), equivalent to the vane height of the 4- or 8-vane
geometries, that extends out to a radius r; of 2.1 cm (recall
that the rotor radius 7, is 2.54 cm). Beyond this radial dis-
tance, the height of the vanes is decreased by about half.
Further, the vanes—of which there are eight—do not extend
all the way to the housing wall but end at the midpoint of
the annular gap. It was shown in simplified models of this
geometry®' that these features allow for a band of steady
tangential flow around the outer edge of the bottom of the
housing and the stepped feature also generates some slight
upward flow.

Access to additional computational resources through
a National Science Foundation TeraGrid grant (TG-
ECS070009) enabled these simulations to be conducted at a
higher level of grid refinement than those in the previous
work.* Specifically, it was possible to increase the node den-
sity by a factor of nearly 3 compared to the earlier simula-
tions that were performed on a local Linux cluster; all the
meshes used for the various geometries presented here had
~800 K tetrahedral computational cells. The grid points
were refined within critical regions of the flow (i.e., the
lower portion of the side of the rotor, the bottom of the
rotor, and the narrow gap between the vanes and the rotor
bottom); for each case, the smallest cells had dimensions of
0.05 cm and the largest 0.1 cm. Table 2 lists the total num-
ber of computational cells for the various models. Despite

Table 1. Selected Geometric Parameters of Curved Vane
Contactor Mixing Zone Model Shown in Figure 2

Vane Parameter Symbol Value (cm)
Full height hy 0.515
Stepped height hy 0.248
Radius of curvature Feurve 2.855
Radius (full height) r 2.100
Radius (total) I 2.855

Values not listed are the same as the 4-vane geometry given in Wardle et al.,
2008.* The vane thickness is 0.159 cm (1/16").
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Table 2. Number of Computational Cells for the Models of
the Various Mixing Vane Geometries

Vane Geometry N Cells (K)
4-Vane 797
8-Vane 829
Curved 776
8-Vane, vane-wall gap 858
8-Vane, n = 0.9 829

the increased grid density used here as compared to the pre-
vious work, due to the high Reynolds number (~60,000 at
typical conditions in this device) and high computational
cost of the transient VOF simulations, these are as yet rela-
tively “coarse” meshes for LES; the grid spacing near the
rotor is estimated to be about an order of magnitude greater
than the Taylor microscale in this region and wall functions
are used in this study as in the previous work.* The time
step was allowed to vary to maintain a global Courant flow
number Cr of 2.0; for these simulations the typical time step
was ~15 us. The 4-vane and curved vane simulations were
performed in parallel on 40 processors (3.2 MHz) and the 8-
vane simulations were done on 44 processors. In general, it
was found that a distribution of ~20,000-25,000 cells per
processor was near the speed-up threshold. Similar to the
previous simulations, the required computation time was
~80-100 h per 1 s of flow time.

Modification of outlet boundary condition

As described in the previous work,* the use of two sepa-
rate pressure boundaries (one on the top annular surface and
one at the rotor inlet) enabled prediction of the liquid hold-
up in the mixing zone. The simulations presented in the pre-
vious work applied a spatially (and temporally) constant
pressure boundary condition of —53.6 Pa on the mixing zone
outlet. This was the value computed using the Bernoulli
equation for rotating flow if one assumes the negative pres-
sure at the rotor inlet is generated by the rotating column of
air within the rotor (see Figure 1) and sets the outer radius
of the light phase outlet equal to the rotor radius (2.54 cm).
However, the actual radius of the light phase outlet for the
rotor of the CINC V-2 contactor which was used for the
experiments is 3.15 cm (unlike the sketch in Figure 1, the
radius of the upper section of the CINC V-2 rotor is greater
than that of the main sectionzz). Using this value, the calcu-
lated pressure from the Bernoulli equation (for a rotation
rate of 377 rad/s) is —83.3 Pa relative to atmospheric pres-
sure. It was verified with actual measurements of the pres-
sure that this is indeed an accurate value of the static pres-
sure at the center point of the rotor inlet for the 4-vane ge-
ometry. Initially, simulation of the 4-vane geometry (using
the refined meshing outlined in the previous section) was
performed using a radially uniform —80.0 Pa outlet pressure.
While it was found that the predicted average minimum
ALH decreased from the —53.6 Pa outlet case by about 2
mm, this was still ~12 mm higher than the experimentally
observed value. Based simply on a hydrostatic balance of
liquid heights, a 12 mm difference in liquid height (of water)
corresponds to a decrease of ~120 Pa; thus, it was deter-
mined that the average pressure of the rotor inlet boundary
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must actually be —200 Pa in order for the simulation to
match experiment.

As it was established from the experimental measurements
that the pressure at the center point of this surface is
—80 Pa, it was assumed that there could be a pressure pro-
file across the inlet surface such that the pressure is indeed
—80 Pa at the center but decreases radially such that the av-
erage pressure of the surface equals —200 Pa. Further, a pro-
file of this nature has a reasonable physical explanation. It
was observed from previous mixing zone simulations that
the majority of the flow enters the rotor near the outer edge
of the rotor inlet surface. This flow tendency is also likely
enhanced in reality because the rotor inlet acts as a weir
such that fluid entering the rotor is quickly spun out toward
the outer wall of the hollow rotor. This is true of a “fully-
pumping”’ rotor in which the liquid/air free surface within
the rotor has a radial position greater than the radius of the
rotor inlet (by design) in order to help pump fluid into the
rotor. It has been observed experimentally that increasing
the radius of the rotor inlet increases the height of liquid
in the annular region.” This likely occurs due to a decrease
in the magnitude of negative pressure at the rotor inlet and a
flattening of the radial pressure profile.

For the simulations presented here, a parabolic pressure
profile P(r) of the form:

P(r)=Co+Cy-1?
Co = —80 Pa (8)
C, = —1.44 x 10’ Pa/m’

was applied to the mixing zone outlet pressure boundary. A
parabolic profile was chosen as this is the form for static
pressure head in “rigid” rotation. The coefficients Cy and C,
were determined such that the pressure at the center point (r =
0) is —80 Pa and the average pressure obtained by integrating
over the entire surface is —200 Pa. For this profile, the
minimum pressure of —448 Pa occurs just at the outer edge of
the rotor inlet (r = 0.505 cm).

Measurements of the pressure at the center point of the
rotor inlet identified differences in behavior for the three dif-
ferent vane geometries. For example, the curved vane geom-
etry exhibited a slight positive deviation (~30 Pa) from the
Bernoulli equation predicted value. However, lacking a bet-
ter, more generalizable method for specifying this boundary
condition across a variety of vane geometries, it was chosen
to apply the same rotor inlet boundary pressure profile given
in Eq. 8 to the simulations of each of the various vane geo-
metries. Comparison of the results of these simulations with
experimental observations for the 8-vane and curved vane
configurations will help in understanding the impact of this
approximation for these cases. Note, however, that it was
seen previously from a 4-vane case in which the radially
uniform pressure setting was changed from —53.6 to —80.0
Pa—a difference approximately equal to the difference
between the measured pressure of the 4-vane and the curved
vane geometries for the given conditions—that the effect on
the overall ALH was minimal (~2 mm decrease in average
ALH) although there was a noticeable decrease in liquid
hold-up volume (~15%). As will be shown by the results of
the simulations, the differences in mixing behavior for the
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Figure 3. Plots of the LDV measured mean velocities for the 4-vane geometry at the four different axial positions
(relative location noted by inset images) as compared to the current CFD simulation predictions (N = 797

K) and those from Wardle et al. (N = 286 K).*

The radial position has been normalized by the annular gap width Ar.

various vane configurations are much more than 15% and
therefore the observed trends are considered valid despite
this potential uncertainty due to the outlet pressure specifica-
tion. Further, comparison with experimental observations for
flow in the different vane configurations provides a separate
means of validating this assumption.

Results and Discussion

Comparison with experimental velocity
measurements

The main purpose of the simulations in the previous
work* were to demonstrate the validity of the computational
modeling scheme and aid in the selection of the most appro-
priate turbulence modeling method through direct compari-

AIChE Journal September 2009 Vol. 55, No. 9

Published on behalf of the AIChE

son with experimental data. To demonstrate the improved
accuracy of these more refined-grid simulations, comparison
with previous LDV measurements and simulations (using
LES) are shown here. Additionally, quantitative comparison
with experimentally measured velocity profiles from PIV
is also given. Again, the standard operating conditions of
600 ml/min and 377 rad/s (3600 RPM) are used. The equili-
brated simulations were averaged over 1 s of flow time.
Comparison with LDV Data and Previous Simulation. Fig-
ures 3 and 4 give plots of the average and RMS velocity
profiles in the annular region as obtained from the current
simulations compared with the experimental data reported
previously in Wardle et al.* The profiles obtained from the
LES simulations of the 4-vane geometry presented in the
previous chapter are also included for comparison. It is
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Figure 4. LDV-measured and CFD-computed RMS velocity profiles for the 4-vane geometry at the four different

axial positions (location noted on inset images).

The RMS values from CFD include both the calculated time variation and the contribution from the subgrid turbulent kinetic energy k.

evident that there is an improvement in the accuracy of the
current CFD simulations with more refined meshing. Ideally,
one would like to refine the mesh as much as necessary to
achieve a grid independent solution; however, the VOF
model is inherently grid-dependent and full resolution is not
feasible for the given computational problem due to the vio-
lent free surface motion and bubbly flow within the mixing
zone of the contactor. Consequently, the improved accuracy
shown here is not unexpected. In particular, the slope of the
tangential velocity near the rotor is more accurately captured
with the current simulations. Also, it can be seen that there
is improvement in the predictions of the flow at the z = 0.61
cm height, particularly for the axial velocity. This improve-
ment is primarily due to more accurate prediction of the
absolute magnitude of the ALH due to the modified outlet
pressure profile. In Figure 3g it can be seen that the height
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of the lower Taylor-Couette cell (denoted by upward flow
near rotor in Figure 3f) is better predicted and there is down-
ward flow near the rotor in this simulation at the z = 0.61
cm height.

The ALH predictions for the various geometries are com-
pared later (see Table 3). For the 4-vane geometry, a signifi-
cant improvement in the predicted liquid height oscillation
frequency was also observed with the current simulations.
An average oscillation frequency of 4.74 £+ 0.9 Hz was pre-
dicted from these simulations which is very close to the
value of 4.75 + 0.16 Hz obtained from LDV measurements
as reported in the previous work.*

Comparison with PIV Data. PIV of the flow in the annu-
lus of the 4-vane geometry was performed at various flow
rates and rotor speeds as reported elsewhere.?! Data was
taken for the flow in a vertical laser sheet in the annular
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Table 3. Comparison of Experimentally Observed and Simulation Predicted Annular Liquid Heights Above Rotor
Bottom (at 3600 rpm and 600 ml/min)

Experiment Simulation
Vane Type ALH min (cm) ALH max (cm) ALH min (cm) ALH max (cm)
4-Vane 3.50 + 0.34 5.28 + 0.26 323 £0.12 541 £ 0.35
8-Vane 1.1 - 0.95 £+ 0.08 -
Curved 2.4 34 2.00 + 0.08 3.06 + 0.12

region and oriented tangential to the rotor. This data pro-
vides another method of evaluating the quantitative accuracy
of these CFD simulations of the free surface flow in the con-
tactor mixing zone.

A comparison of the mean tangential and axial velocity
profiles at 600 ml/min and 377 rad/s for the vertical line
even with the rotor axis in the PIV plane are shown in Fig-
ures 5a, b, respectively. The agreement between the experi-
mental data and simulation predictions for the tangential ve-
locity is remarkably good (Figure 5a). The maximum tan-
gential velocity has a very comparable magnitude though it
occurs at a slightly lower axial height. Such is also the case
for the axial velocities (Figure 5b)—the magnitude of the
maximum value is comparable but occurs at a somewhat
lower height than the measured profile. The experiment
exhibited a maximum downward flow velocity at ~0.25 cm
above the rotor bottom whereas the CFD-predicted value
occurs at 0.25 cm below the rotor bottom. Note that it was
seen in Figures 3f, e that there is a similar discrepancy
between the PIV and LDV measured velocities with the sim-
ulation predictions falling closer to the LDV measured val-
ues. The reason for the discrepancy in this region is unclear
but may be related to the characteristics of the air bubbles
and their independent influence on the two measurement
techniques or may simply be evidence of a limitation of the
simulations in this region. In general, the comparison is rea-
sonably good and together with the LDV data and the vari-
ous observations presented in the following two sections pro-
vides further confidence in the quantitative utility of these
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CFD simulations of the free surface flow using VOF with
LES turbulence simulation.

Flow in the annular region

Figure 6 shows time-averaged images obtained from high-
speed video of the flow at 600 ml/min (300 ml/min in each
inlet) and 377 rad/s (3600 rpm) as viewed from the side for
each of the three cases (flow is from right to left). For these
time-averaged images (averaged over 2.5 s), it is possible to
get a good overall picture of the flow in the annular region.
The differences in average ALH between the three vane
types are very apparent; at these conditions, the 4-vane has a
higher ALH than the other two configurations.

The computational simulations for each of the three stand-
ard vane configurations were able to accurately capture the
same trends in ALH as seen from the time-averaged liquid
volume fractions on the housing wall shown in Figure 7.
The specific values for the CFD-predicted and experimen-
tally observed annular liquid levels are given in Table 3.
The ALH was extracted from the simulations in the same
manner as done previously’—taking an integral of the water
volume fraction over the housing wall area, dividing by the
circumference of the housing (2nr;,) and subtracting off the
height of the rotor bottom—however, in this case the result-
ing ALH values were then also corrected to eliminate the
spurious ‘“‘liquid height” added by the integrated area of the
inlet rivulet running down the housing wall (which for the 8-
vane geometry in particular is a significant fraction of the
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Figure 5. Comparison of PIV data and the current CFD simulation of the 4-vane geometry for the tangential (a) and
axial (b) mean velocity along the line even with the rotor axis.
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Figure 6. Time-averaged images for the flow in the annular region for the 4-vane (a), 8-vane (b), and curved vane

(c) geometries.

Each image is an average of those taken at 100 Hz over 2.5 s of flow time (250 images). The rotor bottom is at ~1.3 cm on the ruler.

real liquid height) to provide a more consistent comparison
with experiment and the other vane cases. The experimental
ALH measurements given in Table 3 are a visual approxima-
tion from direct observations during experimentation as well
as postexperimental analysis of high-speed video images.
For the 4-vane geometry in particular, a greater number of
observations were made as part of several different experi-
mental runs over a range of flow rates and therefore an aver-
age value and standard deviation are reported. The 8§-vane
and curved vane ALH values from experiment are only esti-
mates of the averages as observed from high-speed imaging
and a few recorded observations. In general, there is good
comparison between the experiments and values predicted
from simulation. The liquid height prediction for the curved
vane geometry is somewhat lower than the actual value.
Experimentally, it was observed that the curved vane (and 8-
vane) geometry experiences a flow transition where at low
flow rates the flow has a higher liquid height but appears to

(a)

be characterized by very little fluid-rotor contact and large
voids (this is described more in Wardle et al., submitted). It
appears that the mixing zone flow structure predicted from
the simulation of the curved vane case is more consistent
with the ““collapsed” flow type that occurs experimentally at
slightly higher flow rates. This may be due to the outlet
boundary pressure specification being slightly too negative.
The real power of the computational models is in provid-
ing a means for complete visualization of the interior of the
flow enabling a comparison of the fluid-rotor contact for the
various vanes. Figure 8 shows plots of the time-averaged
water volume fractions on the rotor side and a vertical cross-
sectional plane (instantaneous snapshots are shown later in
Figure 12). It is clear that the amount of fluid-rotor contact
is significantly higher for the 4-vane case than either of the
other two. There is a region near the bottom of the rotor
where the contact is consistently high and above this there
are bands where there is fluid-rotor contact as much as 30%

(b)

Figure 7. Time-averaged water volume fractions in the annular region from CFD for the 4-vane (a), 8-vane (b), and

curved vane (c) geometries.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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(@)

(b)

(c)

Figure 8. Time-averaged water volume fractions on the rotor side and a vertical annular cross-section from CFD
for the 4-vane (a), 8-vane (b), and curved vane (c) geometries.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

of the time. This is consistent with the previous simulation
results.* For the 8-vane geometry (Figure 8b), there is very
little contact between the fluid and the side of the rotor.
Further, the volume of liquid in the mixing zone is signifi-
cantly less and there are large air voids near the lower
outer edge of the rotor as well as air being pulled under
the rotor. Similar but less dramatic features are visible for
the flow in the curved vane geometry (Figure 8c). Here
also, the average fluid contact on the side of the rotor is
quite low.

Another critical characteristic of the flow for evaluating
operation is the steady-state liquid hold-up volume in the mix-
ing zone. It is clear from the experimental images in Figure 6
that there is a significant difference in liquid volume for the
three different cases. This difference is discussed further in the
context of the mixing evaluation presented in a later section.

Flow under the rotor

The flow underneath the rotor for the base case conditions
will be discussed here. Experimentally, the flow under the
rotor was observed using high-speed and PIV imaging as
reported elsewhere for both the 4-vane and 8-vane geome-
tries. While the large bubble sizes in this region precluded
quantitative use of PIV processed vector fields, this data is
still quite informative for providing a qualitative description
of the flow field under the rotor. The vector field (and corre-
sponding streamlines) for the 4-vane and 8-vane PIV meas-
urements are shown in Figure 9 (for more details on these
measurements see Wardle et al., submitted). For the 4-vane
geometry, there is a large central vortex rotating in the
clockwise direction (same as rotor rotation) that is shifted
slightly off-center in the forward flow direction. For the 8-
vane geometry, there is only a very weak general rotation
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Figure 9. PIV processed vector fields of the flow underneath the rotor at 600 mli/min and 3600 rpm for the 4-vane

(a) and 8-vane (b) geometries.

The approximate location of the outer edge of the rotor is marked on the bisecting line (dashed line). For more details on these measure-
ments, see Wardle et al., Experimental study of the hydraulic operation of an annular centrifugal contactor with various mixing vane con-
figurations, submitted. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 10. Mean velocity vectors for the flow under the rotor on a horizontal plane located at the mid-vane height
from simulations of the 4-vane (a), 8-vane (b), and curved (c) housing geometries.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

and the majority of the flow appears to go radially inward
along the forward vane wall toward the axis of the rotor.

The same vector fields predicted by CFD simulation are
shown in Figures 10a— for the 4-vane, 8-vane, and curved
vane geometries, respectively. Note that the simulation ge-
ometry is a mirror image of the experiment. The predicted
flow field in the 4-vane geometry is very consistent with that
seen from the PIV imaging as shown in Figure 9a. Again,
there is flow in each of the vane regions that is rotating in
the direction of rotor rotation (counter-clockwise in the
model). The highest magnitudes are in the area of the for-
ward corner of the vane region and flowing radially inward
up the forward vane. Experimentally, it was observed that
large bubbles tend to form and collect in the center of this
large vortex in the vane region. The simulations were also
able to capture some large air bubbles underneath the rotor
for the 4-vane geometry. These large bubbles appeared to be
generated by detachment from the main free surface at the
side of the rotor as shown in Figures 11a, b. In general, large
bubbles such as this were unstable in the simulations and
broke up into many smaller ones soon after their formation;
this is consistent with experimental observations at this flow
rate.

For the 8-vane geometry (Figure 10b), the overall flow
magnitudes in this region are somewhat less than for the 4-
vane case. Consistent with Figure 9b, the highest flow mag-

nitudes are at the outer wall and flowing radially inward on
the forward vane. Note, however, that the orientation of the
vanes relative to the inlet is shifted by 22.5° as compared to
the orientation in the experiment. This may have had a
slight effect on the predicted flow field as compared to
experiment because it is apparent that there is a small
degree of asymmetry between the various vane sections
with those away from the inlets having slightly higher mean
velocities.

The flow under the rotor in the curved vane geometry, for
which experimental observation was not possible, is shown
in Figure 10c. There is a significant amount of continuous
tangential flow near the housing wall due to the gap between
the vanes and the wall. There is also a peak in mean velocity
just behind the outer edge of the vanes where there is some
slight generation of additional turbulence. It appears that the
length of the full-height section would likely have an effect
on the inward radial flow of the fluid. A longer full-height
section would probably result in greater radial pumping; sim-
plified modeling of a curved vane geometry with full height
vanes extending all the way to the housing wall was done
previously which also demonstrated this (included in War-
dle®"). While such a full curved vane geometry was not
simulated with the current free surface modeling methods, it
is likely that this system would exhibit very low liquid vol-
umes and poor mixing.

Figure 11. Snapshot of the formation of a large air bubble under the rotor as viewed from below for the 4-vane

simulation.

The images are separated by 42 us. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 12. Snapshots of characteristic maximum fluid-rotor contact for the 4-vane (a), 8-vane (b), and curved vane

(c) geometries.

The upper image is a view from above showing the contact between the fluid and the bottom of the rotor. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]

Comparative mixing analysis

A great advantage of these CFD simulations of the flow in
the mixing zone of the contactor is their potential for aiding
in the evaluation of the mixing behavior for various alterna-
tive configurations. While in these simulations the only
“mixing” is that between air and water, as was set forth ear-
lier it is also useful to explore the characteristics of the flow
of the liquid phase and infer from this the probable liquid—
liquid mixing behavior. As outlined in the Introduction, the
turbulent energy dissipation rate ¢ is directly related to the
droplet size of a liquid-liquid dispersion and is thus a key
metric for understanding and evaluating mixing.

The turbulence dissipation rate is highest at the rotor side
where the velocity (and its gradients) is largest. Further, for
mixing within the liquid phase, the total area over which this
high dissipation rate occurs (the fluid-rotor contact area) also
has a substantial impact on how much energy is imparted to
the fluid. Also directly related to mixing is the mean fluid
residence time which can be estimated as the mean liquid
volume divided by the volumetric flow rate. Each of these
factors can be predicted from the mixing zone simulations
and are discussed here.

As described previously in the context of the time-aver-
aged plots (Figures 7 and 8) of these simulations, there are
stark differences between the fluid-rotor contact and overall

AIChE Journal September 2009 Vol. 55, No. 9
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liquid volume for the three different vane cases. Instantane-
ous snapshots of the characteristic free surface flow and
fluid-rotor contact from the CFD simulations of the three
standard vane geometries are shown in Figure 12. The
images shown here are from times of maximum fluid-rotor
contact (minimum ALH). The fluid contact area on the side
of the rotor over the 1 s of flow time following equilibration
and during averaging for each vane system is plotted in Fig-
ure 13. Time zero on the plot is not the initial starting time
of the simulations, but the starting time of the averaging pe-
riod. The contact area plot shown here for the 4-vane geom-
etry is generally the same as that seen previously except that
the oscillation frequency and magnitude for the current simu-
lations are more accurate relative to experimental values as
noted earlier. The simulation of the curved vane geometry
also evidences a periodic fluctuation in contact area; how-
ever, in this case the magnitude of the oscillation is some-
what lower than the 4-vane case and the maximum amount
of contact area is roughly equal to the minimum contact area
for the 4-vane geometry. There is a relatively constant low
value of contact area between the fluid and the rotor side for
the 8-vane geometry. The average contact area for this con-
figuration is more than a factor of ~3 less than the minimum
area in the 4-vane system.

To generate a useful metric for comparison of the mixing
between the different systems, it is necessary to take into
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Figure 13. Plot of the fluid contact area on the side of
the rotor for the three vane configurations.

Plots are for 1 s time period of flow averaging during
steady-state operation. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]

account not only the magnitude of the turbulence dissipation
rate ¢ on the rotor side but also the area and duration of con-
tact between the fluid and the rotor. One method for doing
this is to define a mixing metric M ,;x equal to the time aver-
age of the product of the spatially averaged subgrid scale
dissipation rate on the rotor’ &(7) (averaging over the liquid
phase contact area only) and the contact area A(¢) according
to the integral:

n
o RO R ©)
=1
to

M mix,rs —

for the rotor side (subscripted as rs). Multiplying by the fluid
(water) density p and a characteristic length ¢ allows this
mixing metric to have units of power [W]. For a constant time
step, Eq. 9 becomes a simple average rather than an integral.

Mmix,rs =p- 0- (8rs([) 'Ars(t)) (10)

While a variable time step was used in these simulations, the
variation in the time step was quite small and it was found that
there was <1% difference between the integral and the simple
average. The simple average (and standard deviation) is used
here.

A constant value of 1 mm was chosen for ¢ since the dis-
sipation rate was seen to decrease nearly linearly outward
from the rotor surface within this region such that the actual
energy dissipation rate within this 1-mm liquid layer on the
rotor side Py is proportional to M-

Pmix ~ ,B 'Mmix (11)

For the metric to be equivalent to the actual power dissi-
pated in the thin liquid volume within 1 mm of the rotor sur-

FIn Fluent, values of the dissipation rate on a boundary surface such as this are
interpolated from the nearest cell-center values.
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face (i.e., f = 1), an average value for the dissipation rate
within this 1-mm liquid layer would be needed rather than
simply taking the value at the rotor surface as was done.
This is more complicated and time-consuming to do during
the simulation run and therefore the mixing metric M is
useful because it uses surface-averaged quantities that are
more readily calculated.

To determine the relationship between M,,;, and P,;x and
provide a direct comparison between these two quantities, as
well as to verify that this metric of comparison did not affect
the trends seen for the various vane systems, the actual
power dissipated in the 1-mm liquid layer (i.e., liquid con-
tacted areas of the rotor only) out from the rotor (both on
the side and bottom) was calculated for the cases where
complete data sets were saved regularly during the 1 s aver-
aging period; this was done for all of the *“‘standard” cases
(4-vane, 8-vane, and curved). The calculation of the average
power dissipated in the 1-mm liquid layer for each of these
simulations was done via postprocessing of about 15 of the
~300 data sets spanning the entire 1 s of the averaging pe-
riod for each geometry taking care to include extreme maxi-
mums, minimums, and mid-range values of rotor contact
area. The instantaneous volumetric average of the subgrid
scale dissipation rate within the computational cells inside
this 1-mm liquid layer was calculated for the each of the
selected data sets. For the 4-vane and curved vane geome-
tries, it was found that the actual power dissipated in the 1-
mm liquid layer was 29.9% =+ 1.6% of the mixing metric
M ;x—that is, the constant of proportionality in Eq. 11 was
found to be f4vane = Peurved = 0.30. For the 8-vane geome-
try, the actual power dissipation P, in the 1-mm layer was
a slightly smaller fraction of M, at 24.6% £ 1.9% (fs-vane
= 0.25). Note that these fractions were evaluated at various
points over the 1 s averaging period and were found to be
quite consistent over the entire range and were not them-
selves a function of the rotor contact area.*

Using these values for f3, the mixing metric M, is quite
useful as it provides a simpler method for evaluation of the
dissipation rate near the rotor during actual simulation and
can be directly related to the actual power dissipation P«
predicted by the simulation. The values reported throughout
this section are for the actual dissipation rate P, as pre-
dicted from the mixing metric using Eq. 11 and the values
reported above for f§ of each vane type. For the 8-vane var-
iations, the value for the standard 8-vane case, f§ = 0.25,
was used. Sampling for the rotor side contact area and dissi-
pation rate was done at every 20 time steps for each simula-
tion except for the 4-vane simulation in which the dissipa-
tion rate on the rotor was not saved during simulation but
was extracted from the saved data files after the simulation
was complete and therefore was only sampled for every 200
time steps. To determine the turbulence dissipation rate for
just the liquid phase contacted areas of the rotor, only the
areas on the rotor surface with volume fraction ¢ greater
than 0.5 were included in the surface average at each

FThese percentages are valid for the given rotor speed (3600 rpm) and there
may be an affect on this factor of changing rotor speed. As these percentage val-
ues essentially depend on the radial gradient of the dissipation rate within the 1-
mm layer, which would steepen with rotor speed, there would likely be a decrease
in this ratio for a higher rotor speed. Incidentally, this may have been the reason
for the smaller f§ value for the 8-vane geometry as it tended to have slightly higher
dissipation rates very near the rotor.
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Figure 14. Comparison of the average (spatial and tem-
poral) energy dissipation in the rotor region
for the three standard vane geometries and
the two 8-vane variations.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

sampled time. This was the process for the rotor side. For
the rotor bottom, the dissipation rate was also similarly
sampled during the duration of the simulation, however, the
liquid contact area was not. There is minimal time variation
of the contact area on the rotor bottom (subscripted as rb)
and therefore a single time-averaged value was used such
that Eq. 10 becomes:

Mmix,b =p- 0- Srb(t) . Arb (12)

Figure 14 shows a comparison of the predicted energy dis-
sipation rate P, as calculated via the mixing metric M;x
using Eq. 11 (the corresponding data is also summarized in
Table 4). As expected from the trends in contact area
observed in Figures 8 and 13, the energy dissipation in the
4-vane geometry is significantly greater than the 8-vane or
curved vane. It was observed that the average (temporal and
spatial) specific turbulence dissipation rate for the total lig-
uid-contacted area of the rotor was similar for each of the
various vane systems (~600 W/kg). The average dissipation
rate for the rotor bottom surface only was also similar for all
systems (~500 W/kg). Values for the rate on the side of the
rotor ranged somewhat from ~800 W/kg for the 4-vane to
~1400 W/kg and ~1200 W/kg for the 8-vane and curved
vane geometries, respectively. While this difference in turbu-
lence on the rotor side may seem dramatic and counter to
the trends in Figure 14, the magnitude of the dissipation rate

is only part of the mixing story for the free surface flow
studied here—the greater the surface area over which this
dissipation rate acts on the fluid, the greater the total energy
imparted to the fluid, and consequently the greater the mix-
ing. As such, the greatest difference in the energy dissipation
rate as compared in Figure 14 was for the rotor side (where
there is the greatest difference in contact area). Interestingly,
the energy dissipated on the bottom of the rotor comprised
the largest fraction of the overall dissipation for all but the
4-vane geometry. For the 8-vane geometry, where the con-
tact area on the rotor bottom tended to be less, the overall
dissipation rate in the bottom surface was lower.

For the two separate modifications to the standard 8-vane
geometry, there were incremental increases in mixing rela-
tive to the standard case. It can be seen that the average
energy dissipation on the rotor side and the rotor bottom
were both slightly increased with the addition of the vane-
wall gap. The total average energy dissipation for this modi-
fication was over 20% greater than the standard 8-vane case.
The narrow gap simulation also displayed enhanced overall
energy dissipation near the rotor relative to the standard
case. In this case, however, there was actually a decrease in
the dissipation on the rotor bottom which was more than
made up for by the enhanced contact between the fluid and
the side of the rotor. More details regarding the flow patterns
in these two simulations is reported elsewhere.”'

The mixing data from these different vane geometry simu-
lations support the explanation that the fluid-rotor contact,
specifically on the side of the rotor, has the largest effect on
enhancing the overall operation of the mixing zone. In quan-
titative terms, for the given operational parameters (377 rad/
s, 600 ml/min) the mixing efficiency of the 4-vane geometry
(as described by the energy dissipation rate near the rotor) is
approximately twice that of the 8-vane geometry and ~50%
more than the curved vane geometry. Thus, it can be con-
cluded that efforts at increasing the fluid rotor contact—
which generally can be achieved through increasing the
ALH—will be the most effective at increasing the mixing ef-
ficiency of the contactor mixing zone.

The other critical piece to the evaluation of mixing and
overall efficiency is the equilibrium mixing zone liquid vol-
ume and the corresponding mean fluid residence time. The
results from the CFD simulations are shown in Table 5. The
increased liquid volume identified for the 4-vane geometry is
directly correlated with the observation of greater liquid
height and greater fluid-rotor contact. Even so, this greater
liquid volume has a further compounding effect on the over-
all efficiency of operation; for liquid—liquid operation, not
only would the fluids be more thoroughly mixed due to
greater fluid-rotor contact, but the time that the two fluids
are in contact is also longer—by more than a factor of 2.5

Table 4. Summary of the Predicted Average Energy Dissipation in the 1-mm Liquid Layer Near the Rotor for the 4, 8, and
Curved Vanes as well as the Two Variation on the 8-Vane Geometry

Vane Type Rotor Side (W) Rotor Bottom (W) Total (W)
4-Vane 0.279 + 0.126 0.322 + 0.004 0.602 &+ 0.126
8-Vane 0.062 + 0.021 0.209 + 0.011 0.271 + 0.023
Curved 0.135 + 0.073 0.270 + 0.007 0.405 + 0.073
8-Vane, vane-wall gap 0.096 + 0.053 0.236 + 0.008 0.332 + 0.054
8-Vane, n = 0.9 0.158 + 0.037 0.188 + 0.010 0.346 + 0.039
AIChE Journal September 2009 Vol. 55, No. 9 Published on behalf of the AIChE DOI 10.1002/aic 2257



Table 5. Steady-State Liquid Volume, Fluid Residence Time, and Air-Entrainment Rate for the Three Standard Vane Cases

Vane Type Liquid Volume (ml) Residence Time (s) Entrained Air Flow Rate (ml/min) (% of total)
4-Vane 52.69 £ 0.70 5.27 £ 0.07 2.11 (0.35%)
8-Vane 20.59 + 0.21 2.06 £+ 0.02 17.89 (2.98%)
Curved 35.55 £0.39 3.55 £ 0.04 15.64 (2.61%)
8-Vane, vane-wall gap 31.80 + 0.09 3.18 +£ 0.01 -
8-Vane, n = 0.9 19.64 £ 0.24 1.96 + 0.02 -

compared to the 8-vane and 1.5 compared to curved vane.
For the 8-vane modifications, consistent with the mixing
observations there was also an enhancement in the equilib-
rium mixing zone liquid volume and consequently the fluid
residence time for the addition of the vane-wall gap. The
simulation predicts that an increase of more than 50% can
be achieved for these quantities relative to the base case.
This 50% increase in residence time coupled with the 20%
increase in mixing observed for this case combine to result
in what would likely be a significant increase in operational
efficiency for this minor modification. On the other hand, the
increase in liquid height for the narrow gap case is counter-
acted by the decrease in the annular flow area resulting in an
equilibrium liquid volume slightly less than the standard
case.

Another indicator of the potential operational behavior of
the various contactor housing geometries is the amount of
air entrainment. Various researchers identify air entrainment
as having a detrimental effect on extraction efﬁciency.”’24
Because of the poor fluid-rotor contact and relatively strong
forcing of the fluid into the rotor for the 8-vane and curved
vane geometries, there is significant bubble entrainment in
these configurations as observed by the pumping of air into
the rotor (last column of Table 5). In general, all of these
indicators point toward a ranking of the relative mixing zone
operational efficiency for the three different vane types at
the given operational settings examined here according to: 4-
vane > curved vane > 8-vane. Additionally, this set of sim-
ulations demonstrates the effect that a couple of minor varia-
tions to the standard 8-vane geometry can have on the flow
in the mixing zone. An increase in mixing for the same
overall liquid volume was observed for the narrow annular
gap geometry. Perhaps more importantly, it was demon-
strated that a very simple modification to the standard 8-
vane geometry—the addition of a vane-wall gap—could
result in a 22% increase in mixing efficiency and a 54%
increase in fluid residence time relative to the standard 8-
vane case.® While this was not explored, the “trade-off” for
increased mixing through the addition of the vane-wall gap
would likely be a decrease in the maximum throughput of
the mixing zone. However, contactors are generally designed
such that the maximum throughput is limited by the amount
of phase separation that can be achieved for the given sepa-
ration height®® so this decrease may not be an issue.

Conclusions

The research presented in this article has applied a range
of experimental measurements and observations to the analy-
sis of the flow in the mixing zone of the annular centrifugal

SAlthough it was not explored here, the vane-wall gap may also have the addi-

tional benefit in that it removes a potential area of accumulation for particulates
(i.e., the region where the vane meets the wall).
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contactor. The computational methodology that was demon-
strated in the previous work® has been further validated and
applied to perform a detailed analysis and comparison of the
flow and mixing for several possible housing vane configura-
tions. In general, it has been seen that the housing vane ge-
ometry has a significant impact on the overall flow patterns,
liquid height and liquid volume, fluid-rotor contact, and
energy dissipation rate in the rotor region.

In terms of mixing effectiveness, two main effects were
compared here, namely, the dissipation rate and the fluid res-
idence time—which translate into greater mass transfer area
and greater mass transfer time, respectively. Without the
addition of detailed coupled chemical and extraction kinetics
to the modeling, it is not possible to evaluate the optimum
balance of surface area, contact time, and throughput. Cer-
tainly, the optimum balance would depend on the character-
istics of the specific process being used within the contactor
units. Further development of the modeling scheme to
include these factors would be a useful subsequent stage in
the centrifugal contactor simulation effort. Even so, the pres-
ent comparison has shown both qualitatively and quantita-
tively that the mixing vane geometry has a clear impact on
the overall effectiveness of the mixing zone. The conclusions
obtained from the simulations were compared with a variety
of experimental observations and found to have generally
good predictive accuracy for the flow of water in the mixing
zone. From this, it is anticipated that the experimental analy-
sis and modeling scheme set forth here can aid in the proper
selection of contactor geometry as well as lend insight into
ways to improve the design of existing contactor units with
minimal modification.

In particular, from this comparison it can be concluded
that among the given configurations, one might select the 4-
vane geometry for better low flow rate operation as it main-
tains a predictable liquid volume with greater fluid-rotor con-
tact; however, at high flow rates (>1000 ml/min) the liquid
level is such that nearly the entire mixing zone is filled and
there is the risk of overflow into the lower phase collector
ring and phase contamination. This marks a practical upper
limit for this geometry. While high flow rates were not simu-
lated, it has generally been observed that adequate operation
can be achieved with either the curved vanes or 8-vanes at
high flow rates. For some processes and phase pairs, there
may be issues with overmixing and emulsification. In such
cases, this type of analysis could certainly aid in selecting an
appropriate geometry and targeting experiments for improv-
ing operation for the flow conditions specified by the pro-
cess. It has also been demonstrated that a noticeable
improvement, both in terms of mixing and residence time,
can be achieved through the simple addition to the standard
8-vane geometry of a vane-wall gap with a width equal to
half the annular gap (0.5Ar).
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