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CFD Simulation of the Separation Zone
of an Annular Centrifugal Contactor

Kent E. Wardle,1 Todd R. Allen,1 and Ross Swaney2

1University of Wisconsin–Madison, Department of Engineering Physics,
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Abstract: This paper presents computational fluid dynamics (CFD) simulations
of the flow inside the rotor of an annular centrifugal contactor. The model geo-
metry was based on the rotor of a commercially available contactor unit with a
closed upper weir. Simulations were performed at various flow rates and it was
found that the narrow flow area above the upper weir seals with water at high
flow rates resulting in the formation of a siphon. A method for predicting the
zero-point flow rate from CFD was also developed and simulations were
performed which demonstrate a zero-point elevation due to this siphon.

Keywords: Computational fluid dynamics (CFD), solvent extraction, centrifugal
contactors, liquid-liquid separation, reprocessing

INTRODUCTION

Advanced solvent extraction processes have been developed for separation
and recycle of usable components in used nuclear reactor fuel (1). A
central piece of equipment for such processes is the annular centrifugal
contactor—a compact device that enables high process throughputs
as compared to typical liquid-liquid extraction equipment due to its use
of centrifugal separation of the liquid phases inside a hollow rotor. This
rotor also provides the driving force for mixing in an annular region
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outside the rotor. Figure 1 shows a sketch of a typical annular centrifugal
contactor.

The mechanically simple design of this equipment (one moving
part—the rotor) facilitates the remote operation and maintenance
required for processing used nuclear fuel—the original focus for contactor
development (2). Beyond used fuel processing, such contactors can enable
process intensification in a variety of other fields where liquid–liquid
extraction is used. The research presented here of simulations of the flow
in the contactor separation zone (i.e. inside the rotor) is part of a broader
effort to improve the understanding of the flow within all areas of the
centrifugal contactor through the application of computational fluid
dynamics (CFD) coupled with a variety of experimental observations (3).

Heretofore CFD modeling techniques have not been applied to rotor
design. However, a useful analytical approach has been demonstrated for

Figure 1. Sketch of an annular centrifugal contactor. Figure taken from Leonard
et al. 2002.
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determining the proper dimensions of the weirs based primarily on
experimental correlations and hydrostatic balance arguments (4). While
this method has been generally quite successful for rotor sizing of con-
tactors with an open upper weir (and the obsolete air-controlled upper
weir), some experiments with ‘closed’ upper weir systems have produced
behavior which cannot fully be explained by the existing theoretical
models. One such unexplained behavior is the elevated throughput that
has been observed for large upper weir sizes in these units (5). This
same behavior has also been observed in larger units of this design (6).
One of the main goals of this overall research effort is to demonstrate
CFD as a useful tool not only to aid in the design of future contactor
units, but also to provide a valuable method for critical evaluation of
current designs and support deployment of these contactors. As with
separate models of the contactor’s annular mixing zone (7,8), the
basis for the separation zone geometry simulated here is the Costner
Industry Nevada Corporation’s (CINC) V-2 contactor unit; this
product line is currently the only commercially available annular-type
centrifugal contactor in the United States. Units of this design were used
for various research and development efforts related to the Caustic Side
Solvent Extraction (CSSX) process for cesium extraction (5,9–11) and
will presently be used in actual plant implementation of this process;
analysis of the flow in this specific design is therefore particularly
relevant.

To the authors’ knowledge there is only one other published study
which attempts to apply CFD to the separation zone of an annular
centrifugal contactor. That study by Padial-Collins et al. of Los Alamos
National Laboratory (12) was primarily a code capability demonstration
looking at the separation of the liquid mixture; their simulations
employed a substantially simplified rotor geometry and did not consider
the flow of air or the liquid=air interface within the rotor. Better under-
standing of the flow within the rotor and specifically the flow over the
weirs requires full simulation of the complex rotor and weir geometries
and analysis of the liquid free surface flow as done in the work presented
here. Further, such hydraulic simulations can calculate important flow
quantities which characterize the rotor and weirs such as the zero-point
flow rate (4,5).

While the geometry of the mixing zone is quite amenable to external
observation (for example see Wardle et al. 2008 (7,13)), similar detailed
experimental observations such as velocity measurements for the flow
within the rotor were not possible. Therefore, the work presented here
relies primarily on the results of computational analyses with the support
of certain experimental observations made within the context of this
current work as well as by others.
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Flow Within the Rotor

Unlike the mixing zone, there has been no direct observation of the flow
within the contactor rotor. Consequently, the simulations presented here
have utility simply as a tool for visualizing the flow in this region. Beyond
this simple qualitative application, these simulations can provide a means
for improving understanding of the flow in this region.

The role of the centrifugal contactor for use in liquid–liquid extrac-
tion is to thoroughly and efficiently mix the two process fluids and then
in an equally thorough and efficient manner separate them completely.
The separation occurs as the dispersion of the two liquid phases enters
the hollow rotor through the inlet at the bottom. The centrifugal action
of the spinning rotor forces the fluids outward and the phases separate
due to their density differences as they steadily flow upward. The flow
in the rotor is roughly analogous to that in a two-phase gravity settling
trough as shown in Fig. 2. In the case of the centrifugal contactor, how-
ever, the orientation is vertical and at typical operating speeds (around
3600 RPM for a 5 cm rotor) the outward force at the outer wall is caused
by an acceleration a few hundred times that of gravity. Thus, the orienta-
tion relative to gravity becomes negligible at high speeds and the flow
(relative to the axis of the rotor) appears similar in principle to the
settling trough. Of course, just within the rotor inlet as well as just
above the weirs, the tangential velocity of the fluid relative to the rotor
rotation is significant and the simple comparison to the horizontal trough
breaks down.

For liquid–liquid separation, as the flow rate is increased the width of
the dispersion band (the region of unseparated fluid mixture) at the top
of the active separating height (the underside of the light phase weir)
increases. Depending on the organic-to-aqueous flow ratio (O=A) and
the weir radii, there is a maximum flow rate at which the width of the dis-
persion band is equal to the radial difference between the light phase weir
and the heavy phase underflow slot. Increasing the flow rate of either

Figure 2. Sketch of a horizontal two-phase gravity settling trough (online version
contains color reproduction).
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phase results in phase carryover into the other stream. Theoretical models
developed at the Argonne National Laboratory have employed hydro-
static balance techniques coupled with experimental correlation to
predict this behavior and aid in selection of the optimum weir sizes for
a given throughput and O/A ratio (or visa-versa) (4,5).

For single liquid phase flow in the contactor rotor, the focus of this
study, an important characterizing parameter is the flow rate at which the
separation zone becomes filled—that is, the point at which the single-
phase flow rate entering the rotor is such that the liquid volume
maintained in the rotor increases to the point where flow begins to come
out the light phase exit port. This is referred to as the zero-point flow
rate. The Argonne model is capable of accurately predicting this point
if the pressure above the upper weir is known. For an open upper weir
such as is shown in the general contactor sketch in Fig. 1, the pressure
is equal to the atmospheric pressure (the splash plate is not air tight on
the rotor shaft). Similarly for an air-controlled upper weir the air pressure
is a known specified value (4). Along with analyzing the general single-
liquid flow characteristic in the separation zone, another purpose of this
current modeling effort is to examine the behavior of the closed upper
weir of the CINC rotor.�

Experimental Methods

The experimental setup that was used for the selected measurements
reported here has been described in detail elsewhere (3,7,13). It consisted
of a 5 cm (rotor diameter) centrifugal contactor manufactured by Costner
Industry Nevada Corporation (CINC). Experimental measurements of
the zero-point flow rate were made for three different upper weir radii
(1.08 cm, 1.15 cm, and 1.175 cm) both with the standard ‘‘closed’’ upper
weir cap as well as with a modified ‘‘vented’’ cap described below. For
these measurements a single pump was used with equal flow distribution
to the two tangential inlet ports.

COMPUTATIONAL METHODS

Computational modeling of the 3D, two-phase (air=water) flow within
the rotor was done using the commercial CFD package Fluent 6.3. As

�The purpose of this upper weir cap which effectively closes the upper weir is
to hold the removable weir plate in place. For a permanent upper weir plate, the
weir cap should be unnecessary.
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with the simulations of the flow in the mixing zone reported elsewhere
(7,8), the Volume of Fluid (VOF) method with piecewise linear interface
construction (PLIC) was used to track the volume fraction and simulate
the physics of the air=water free surface. Surface tension was included
using the Continuum Surface Force method (14) with a value of 73
dynes=cm (air=water interfacial tension) and the water contact angle on
all surfaces was set at 75� to simulate the contact of water on steel in
air. Additionally, it was assumed that the flow in this region of the
contactor is laminar. All simulations were time-dependent using Fluent’s
non-iterative time advancement (NITA) solver (15) and most were
performed in parallel using 10–20 processors. Some were done using a
local Linux cluster and others were executed on the Tungsten Xeon Linux
Cluster at the National Center for Supercomputing Applications (NCSA).

Geometry and Mesh

The geometry used for the separation zone model was based on the rotor
of the commercially available CINC V-2 contactor (see Fig. 3 (16)). As no
official drawings of this contactor rotor were available, the various
dimensions were directly measured by micrometer and a computer model
was thus directly constructed from the physical dimensions of the rotor.
In order to minimize the computational cost by taking advantage of
symmetry, only a one-quarter section was modeled with 90� rotationally
periodic boundary conditions. Figure 4 shows several views of the model
rotor geometry. As this geometry is quite complex, a complete list of

Figure 3. Diagram of an exploded view of the rotor of a CINC V-2 centrifugal
contactor. Figure taken from Sheldon et al. 2002 patent.
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dimensions will not be included here; several important dimensions of the
model rotor geometry are given in Table 1.

Two different upper weir dimensions are listed in the table; the larger
1.15 cm weir radius was used for all of the simulations. The zero-point
simulations described later were also repeated using a smaller, 1.08 cm
radius for additional comparison with the experimental measurements
of the zero-point. The separation height hsep is the height from the
interior bottom of the rotor to the underside of the light phase weir.
The heavy phase underflow height listed in Table 1 is the vertical distance
between the underside of the lower weir and the underside of the upper
weir plate.

Figure 4. Separation zone model. Pressure outlets are colored yellow, the mass
flow inlet blue, and all periodic boundaries green. (a) Full model including peri-
odic images of the modeled quadrant. (b) Side view of upper section of model
quadrant showing ‘tiered’ heavy phase underflow. (c) Angled view of upper
section of the model quadrant showing weirs. (d) Close view of bottom section
(with periodic images) showing inlet, diverter disk, and divider vanes with a
notched flow passage at the bottom outer edge (online version contains color
reproduction).
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The upper weir plate (labeled 18 in Fig. 3) is held in place by a weir
cap (item 20)y that forms the upper flow section and the four rectangular
heavy phase outlet channels shown in the model (see Fig. 4(a)). The
height of the flow area above the weir hupper is only 3 mm. As will be
shown with the results of these simulations and experiments, this
restricted flow area has an impact on the high flow rate operation of
the rotor. Notice also that the heavy phase outlet and light phase outlet
are staggered at 45� relative to one another. While care was taken to
include each detail of the actual rotor geometry, one subtle but perhaps
important difference between the real rotor and the model rotor is that
the weirs in the model both have a perfectly sharp edge. This is a good
representation of the actual features of the experimental apparatus when
it comes to the light phase weir; however, the heavy phase weir in the
CINC V-2 unit has a slightly beveled edge. For certain quantities of inter-
est such as the zero-point flow rate, this difference may impact direct
quantitative comparison with experiment.

The mesh was created using Gambit 2.4 and consisted of all
unstructured, tetrahedral cells with nodes clustered near the inlet and
bottom surfaces as well as in the upper region of the rotor around
the weirs and the surface of the upper weir to achieve better resolution
of the gas–liquid interface at these critical sections. The necessity of

yThe weir cap is machined such that it fits comfortably around the rotor shaft
although there seems to be some variability between units in the tightness of this
cap around the rotor shaft. For the experimental measurements of the zero-point
reported here a layer of seal tape on the rotor shaft was used to ensure air-
tightness and consistency of measurements and provide the best comparison
with the model geometry.

Table 1. Selected dimensions of the contactor separation zone model

Parameter Symbol Value, cm

Inner Radius rin 2.38
Separation Height hsep 10.60
Heavy Phase Underflow Height haq 1.66
Lower Weir Radius rw, lower 1.037
Light Phase Exit Radius rlight 3.15
Upper Weir Radius rw, upper 1.15 (0.45’’)

1.08 (0.425’’) (zero-pt only)
Heavy Phase Exit Radius rheavy 2.90
Flow Height Above Upper Weir hupper 0.30
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transient simulations for the VOF method used here made it such that
the overall mesh density was primarily limited by computational cost
and a full grid resolution study was not feasible. Two different levels
of meshing were used for the simulations presented here. For simula-
tions of the general flow for which a detailed solution at a given flow
rate was desired, a finer mesh was applied. For simulations aimed at
determining the zero-point flow rate, which required simulations over
relatively long times for varying inlet flow rates, a more coarse mesh
was used. As will be described later, simulations (and experiments) with
a modified ‘‘vented’’ upper weir cap were also performed. The number
of computational cells for each of the various models and meshes used
are listed in Table 2.

Model Setup

The inlet to the separation zone was treated as a spatially and temporally
constant mass flow rate boundary. While it was possible to apply a mass
flow rate profile across this boundary, even taking it directly from the
average profile at the exit of the mixing zone model (7) for the case where
the total flow rate simulated was the same, it was found that this did not
have a noticeable effect on the predicted flow field and therefore a con-
stant value boundary condition was applied. The inlet boundary also
did not have a specified tangential velocity. The inlet to the separation
zone model is flush with the outer bottom surface of the rotor and there-
fore this is an acceptable boundary condition since there is little rotation
of the flow there and it is only once the flow enters the rotor inlet that it
begins to be significantly re-accelerated. Separate simulations looking at
the general flow in the rotor were performed at two different inlet flow
rate settings: 600 ml=min and 1600 ml=min. For the simulations used to
predict the zero-point flow rate, the inlet flow rate was not fixed, but
was adjusted using a function coupling it to the overall mass balance
and the position of the air=water interface relative to the lower weir. This

Table 2. Number of computational cells for the various separation zone meshes

Weir cap type Upper weir radius, cm N cells Simulation type

Standard 1.15 311 K General Flow
Standard 1.15 146 K Zero-point
Vented 1.15 178 K Zero-point
Standard 1.08 159 K Zero-point
Vented 1.08 165 K Zero-point
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was done using a piece of add-on code referred to as a User-Defined
Function (UDF) in Fluent and is discussed more later.

Each of the phase outlets (light phase and heavy phase) was specified
as a pressure outlet with the boundary pressure set equal to atmospheric
pressure. The backflow condition was specified with a liquid volume
fraction equal to zero—that is, if there was reverse flow (which indeed
there was at the light phase exit) it would be air, consistent with the real
case. A rotational speed of 3600 RPM was applied to the entire fluid
domain and the velocity field was solved for within this single rotating
frame of reference.

These simulations were time-dependent and employed a variable time
step according to the Courant flow number Cr which is defined as:

Cr ¼ Dt

Dx=u
� 0:25 ð1Þ

where u is the local air=liquid interface velocity and Dx is the local grid
spacing. The typical time step Dt for the finer mesh simulations was
approximately 16 ms while that for the zero-point simulation meshes
was 20–30 ms. Typical simulation times were about 70 hours per 1 s of
flow for the general flow simulations (on 20 processors) and 40–50 hours
per 1 s for the smaller zero-point simulations (on 10 processors). Because
of the relatively long flow times (several seconds at least) that were
required for the zero-point flow rate simulations, the global Cr number
that determined the overall time step was increased as much as possible
while still maintaining adequate convergence and good stability at each
time step; for these simulations, the global Cr number was as much as
5.0. Even so, the local Cr number limit of 0.25 necessary for the VOF

Table 3. Zero-point flow rate values predicted from CFD simulation. For general
comparison of the trends, values observed experimentally for the same contactor
unit are also shown

Aq. weir
Zero-point flow rates, ml=min

Weir cap radius, cm Simulation Current experiment Leonard et al. (5)

Standard 1.08 287 431 467
Vented 1.08 290 375 n=a
Standard 1.15 2230 1571 1592
Vented 1.15 1451 1343 n=a
Standard 1.175 – 2408 2753
Vented 1.175 – 1907 n=a
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model is still maintained within Fluent by applying sub-time stepping for
the volume fraction calculation (15). The initial simulation of the
separation zone was started from the rest with a fixed liquid height and
all subsequent simulations were initiated with a patched-in velocity field
for the flow already in motion to avoid this start-up time. The liquid
volume in the model was allowed to equilibrate before any steady-state
flow observations were made. The characteristic equilibration time was
much slower for the separation zone than for the mixing zone. Whereas
it was observed that the flow in the mixing zone achieved liquid hold-up
volume equilibration following a moderate change in flow conditions
within about 1 s of flow time (3), equilibration for the separation zone
took several seconds of flow (�3–5 s) for similar changes. This difference
is simply related to the large difference in the liquid volumes maintained
in each region. The nominal liquid volume in the separation zone is
approximately 160 ml. This is several times that of the mixing zone (see
Wardle et al. 2008 (8)) and translates into a mean fluid residence time
within the rotor several times larger than that in the annular region.
The difference in the overall response time scales of the two regions
has implications for understanding how process upsets effect the perfor-
mance of the equipment.

RESULTS AND DISCUSSION

General Flow

Simulations of the flow in the separation zone using the more refined
mesh were performed at two different flow rates, the standard 600 ml=min
and a much higher 1600 ml=min. Both of these were for the larger
(1.15 cm) upper weir. Note that 1600 ml=min is very near the experimen-
tally observed zero-point flow rate of 1592 ml=min which was measured
previously by others for flow in this very same contactor unit (5).
The general flow behavior for these two flow rate settings will be dis-
cussed here.

Air Core

Figure 5 shows a cross-section view of the flow of water (red) and air
(blue) in the separation zone of the contactor for the two inlet flow rate
settings. The more diffuse appearance of the air=water interface in the
central portion of the separating region above the diverter disk and below
the lower weir is simply an artifact of the larger computational cells used

CFD of a Centrifugal Contactor Separation Zone 527

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
0
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



in this region. From this cross-sectional view, there are only subtle
differences between the two flow rate settings. As will be described in
more detail in the following two sections, these differences occur primar-
ily near the inlet and above the upper weir. The distinctive feature of
the flow in the main separation region of the rotor is the essentially
vertical air=water free surface. As both simulations were for flow at the
same rotor speed (3600 RPM) it is not surprising that the general position
and shape of the free surface is consistent between the two. It was
observed for some initial scoping simulations of the separation zone
that the free-surface becomes more parabolic at lower rotor speeds
(�1500 RPM).

It was also observed that there was a radially recirculating flow of air
in the organic exit channels as these were empty of water and open to the
atmosphere for both settings. This allowed for a balance in the volume of
air in the rotor as the volume of water increased to the equilibrium level
from the initial starting volume. For the higher flow rate setting there was
not as yet any flow out of the light phase exit port as would be expected if

Figure 5. Cross-section plots of the water volume fraction distribution in the
separation zone at 600 ml=min (a) and 1600 ml=min (b). The vertical cross-section
shown here bisects the regions between rotor vanes (online version contains color
reproduction).
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the zero-point had been exceeded. In fact, as will be discussed later the
features of the flow above the upper weir lead to a significant elevation
in the predicted zero-point flow rate.

Flow Near Inlet

As shown in Fig. 4(d), there are vanes within the rotor that divide the
interior of the rotor into four separate regions. For most of the height,
these vanes seem to have little effect (i.e. there is very little azimuthal
variation in the flow). However, they are very important near the inlet
as they force the fluid entering the rotor to quickly accelerate up to the
speed of the rotor. In practical terms, the separate regions also help to
maintain balance of the spinning, fluid-filled rotor. Near the inlet, these
vanes actually do not extend all the way to the axis of the rotor and there
is an open section below the diverter disk (which also has a hole in it).
The flow simulations predict that near the inlet there is a stable column
of liquid that is maintained below the diverter disk in this empty region
near the axis where the vanes do not extend.

The sweeping of the rotor vanes pumps the fluid from the edge of this
water column radially outward into the rotor. This behavior can be
observed in Fig. 6 which shows the flow of water on the rotor vanes
(as well as a cross-section of the inlet water column). This image is at
45� relative to the one shown in Fig. 5 in order to show the flow on
the surface of the vanes rather than between them as in that previous
figure. At the lower flow rate (Fig. 6(a)), it appears that the flow is by
droplets or very thin ‘‘filmlets’’ on the backside vane. There is also some
flow traveling up through the hole in the diverter disk and then being
propelled outward. For the higher flow rate setting (Fig. 6(b)), there is
a continuous layer of water on the backside vane. Notice that the force
of this water layer as it flows radially outward also results in the entrain-
ment of air which collects within the small channels that pass through the

Figure 6. Cross-section of water volume fractions near the inlet and on the rotor
vane walls for flow rates of 600 ml=min (a) and 1600 ml=min (b) (online version
contains color reproduction).
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vanes at the outer bottom corner to allow redistribution of fluid between
the regions.

These same effects can be further observed in the differences in the
velocity field on the bottom surface of the interior of the rotor as shown
in Fig. 7. In this figure the velocity field (for both phases) relative to the

Figure 7. Velocity vectors showing flow relative to the rotor rotation on the
bottom interior surface of the rotor for flow rates of 600 ml=min (a) and
1600 ml=min (b). The dashed circles denote the general locations of the inlet water
column (inner circle) and the outer free surface at the inner edge of the main fluid
region (outer circle) [see Figure 5]. An outline of the lower portion of the rotor
geometry is also visible.
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rotor rotation is shown; thus, the magnitude of the tangential velocity is
highest near the inlet where the water entering the rotor has a rotational
speed less than that of the rotor but is being accelerated. Conversely, the
magnitude of the difference between the rotor velocity and the fluid velo-
city is small near the outer wall and therefore the vectors are small. From
Fig. 7(a) it is clear that there is little radial transference of momentum
across the air gap between the inlet water column and the outer main
fluid volume for the lower flow rate setting. On the other hand, there
is significant radial momentum transported within the continuous water
film propelled outward by the vane for the 1600 ml=min case (Fig. 7(b)).
For this case, there is flow that extends all the way to the inter-vane chan-
nel and then sweeps back down the rotor vane towards the free surface
at the edge of the air core. Recall that it was assumed that the flow is
laminar in the separation zone. While this is likely an adequate app-
roximation, in reality there is certainly decaying turbulence and
perhaps even some turbulence generation near the bottom of the separa-
tion zone where large velocity gradients exist while the fluid is being
accelerated (such as depicted in Fig. 7(b)).

Flow Above Heavy Phase (Upper) Weir

Unlike most contactors, the CINC centrifugal contactor has a removable
upper weir that is held in place by a cap that imposes a boundary effec-
tively forming a narrow flow area above the upper weir. From the simula-
tions of the two different inlet flow rates, this feature was found to have a
pronounced effect on the overall flow behavior.

The flow over the upper weir at 600 ml=min had the general charac-
teristics expected for flow over a completely open upper weir, consisting
primarily of droplet=rivulet flow from the inner weir edge outward along
the surface of the weir. An instantaneous snapshot of the flow above the
upper weir as predicted by simulation is shown in Fig. 8(a) and to give a
better view of the flow paths of the individual droplets, a time average of
the water volume fractions is shown in Fig. 8(b). The flow over the weir is
primarily as discrete droplets which curve outward with decreasing tan-
gential velocity relative to the rotor speed. Note that droplets which
impinge on the outer surface of the weir cap tend to ‘‘climb’’ up the wall
and link up with droplets below them. The droplets then accumulate as a
film on the backside of the outlet channel where they exit the rotor model
and are spun out into the collector rings.

A dramatic difference for flow in the same region at the higher
flow rate (1600 ml=min) can be seen in Fig. 9. Only an instantaneous
snapshot is shown as there was very little time variation of the flow for
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this case.z The simulation shows that the air space above the upper weir
no longer has open communication with the outside (atmospheric) pres-
sure and has been completely sealed by a ring of water. The radial thick-
ness of this water ring is �2 mm. Previous hydrostatic balance-based
models of the rotor (4,5) assume that the pressure above the upper weir
is equal to atmospheric pressure. For the case shown in Fig. 9 it is
obvious that such an assumption may be invalid for the current config-
uration. The pressure above the upper weir as predicted by this simula-
tion is approximately �1900 Pa for this flow rate as compared to only
�30 Pa for the 600 ml=min case. The behavior of the flow in this

zBecause the free surface position does not vary significantly in the rotor for
most cases, originally steady-state calculations were attempted. These were found
to be unsolvable likely due to the interface discontinuities above the upper weir
and therefore were abandoned. It may be possible to obtain a converged time-
invariant solution for high flow rates such shown in Fig. 9 although this was
not attempted.

Figure 8. Plot of instantaneous (a) and mean (b) water volume fractions on the
top surface of the upper weir and water contacted areas of the upper weir cap
at 600 ml=min and 3600 RPM. Rotation is in the counter-clockwise direction.
Periodic images of the modeled quarter-section are shown for continuity (online
version contains color reproduction).
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‘‘water-sealed’’ case is somewhat analogous to that of a siphon; there is a
large negative pressure which helps draw the fluid up and the overall
flowrate through the rotor is enhanced relative to what could normally
be achieved. In fact, because of this siphoning, the total liquid volume
in the rotor for this high flow rate case is actually slightly less than for
the 600 ml=min case.

While this behavior has not been directly observed experimentally
(e.g., with a transparent upper weir cap), its effects certainly have been.
It was noted by Leonard et al. (5) that there were unexplained effects that
caused an elevation in the zero-point flow rate for large upper weir radii
for which the zero-point flow rate was in excess of 2000 ml=min. Other
researchers have also noted unpredictably high flow rate behavior includ-
ing a variable zero-point accompanied by oscillatory outlet flow (6). This
oscillatory behavior is not unexpected based on the simulation predic-
tions outlined here. While the ‘‘water ring’’ predicted here was apparently
stable, it could be imagined that the corresponding seal ring that forms in
the real system could easily be disrupted by surface imperfections and=or
could exhibit a cyclic formation–growth–breakdown type behavior over
certain flow rate ranges. In general, this behavior of the flow above the
upper weir and the corresponding elevation of the zero-point can be
considered deleterious as it restricts the ability to select appropriate weir
dimensions that have predictable and consistent operation over the entire
range of desired flow rates.

Regarding the creation of this water ring, the droplet linking that
was seen for the 600 ml=min flow rate case may lend some insight into
the general formation mechanism. Several potential methods for amelio-
rating this behavior (by design) are also readily apparent. Two ideas are
shown in Fig. 10. One might give the outlet channels a slight reversed slant
in order to increase ‘‘pumping’’ of liquid out of this region (Fig. 10(b)).
Similarly, the weir cap and outlet channel could be modified as shown in
Fig. 10(c) such that the water ring is disrupted because the outer edge is
no longer a continuous circle. More substantial changes could also be

Figure 9. Plot of the instantaneous water volume fractions above the upper weir
at 1600 ml=min (3600 RPM) (online version contains color reproduction).
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envisioned such as adding vanes in this upper section to help propel the
fluid out of this region. The effectiveness of any of these potential modifi-
cations could easily be explored through similar CFD simulations.

Prediction of Zero Point Flow Rate

The single phase flow rate at which the separation zone fills and all of the
flow can no longer go over the upper weir is called the ‘‘zero-point’’ flow
rate, and is a useful quantity for rotor flow characterization. For exam-
ple, the zero-point flow rate is used in practice to verify fabrication con-
sistency of a set of rotors with the same specifications, such as might be
used in a multi-stage bank of contactors.

By employing hydrostatic arguments and flow correlations using
analogy to the gravity separation trough as sketched in Fig. 2, it is pos-
sible to obtain an accurate prediction of the zero-point flow rate for a
given rotor geometry. However, as was shown in the previous section,
there are regions of flow where the assumptions required for this type
of analysis are not valid. Flow simulations of the type outlined here
are a useful secondary tool for determining the zero-point flow rate
and explaining ‘‘off-normal’’ experimental observations.

Experimentally, the zero-point is identified by the flow rate at which
flow begins to come out of the light phase exit. This condition is difficult
to converge on either with the hydrostatic rotor models or with the pre-
sent simulations. For the hydrostatic models, convergence to a non-zero
value of flow from the light phase exit requires tedious manual iteration.
Similarly for CFD simulations, the pre-defined endpoint of a non-zero
outlet flow is difficult to determine.

Thus, it was chosen for the CFD simulation-based prediction method
developed here to define the ‘‘zero-point’’ of the simulation as the flow
rate at which the air=water interface is positioned exactly at the edge
of the lower weir (i.e. rinterface¼ rw,lower). While this introduces some

Figure 10. Sketches of a couple possible modifications to the cross-sectional
profile of the upper weir cap. The current standard configuration is shown in (a).
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ambiguity in direct comparison with experiment, it also eliminates the
effects of surface adhesion and surface tension on the weir edge which,
though physically included in the modeling, would make identification
and definite demarcation of the zero-point difficult were a steady, non-
zero value for flow over the lower weir desired. The primary purpose
of these simulations for prediction of the zero-point was to understand
the effects of the weir cap and ‘‘water seal’’ described above, and such
ambiguity relative to experiment was deemed of secondary importance.
Consequently, the zero-point flow rate measured experimentally would
be somewhat higher than the effective zero-point determined here by
simulation. This is further compounded by the sharp versus beveled weir
effect that was noted previously which would also likely tend to increase
the predicted zero-point flow rate by increasing the effective pressure
drop of the flow over the sharp-edged weir relative to the beveled one.

Different meshing was employed for the zero-point flow rate simula-
tions in order to decrease the total number of cells and speed up the over-
all calculation. The zero-point flow rate was calculated for two different
upper weir radii, 1.15 cm and 1.08 cm. Simulations were performed for
each of these weir radii for a geometry employing the standard weir
cap and one with a modified ‘‘vented’’ weir cap to be described below.

Calculation Method

Prediction of the zero-point flow rate was done through a code module
(written by Wardle) and linked to the CFD simulations to couple the inlet
flow rate with the overall mass balance and the position of the interface
(air=water) relative to the lower weir. The general outline of the scheme
for determining the zero-point flow rate is as follows:

1. For the current flow rate setting, perform a specified number of time
steps (iterations).

2. Calculate overall mass balance ð
P

_mmout�
P

_mminÞ and determine if
system is at steady-state.

3. If system is at steady-state, change inlet flow rate proportional to the
deviation of the current average position of the air=water interface rint

from the setpoint (rint ¼ rw;lower). Return to step 1.
4. If system is not yet at steady-state for the current flow rate setting, do

not change flow rate. Return to step 1.
5. Stop the simulation when the setpoint is reached ðrint � rw;lower � 0Þ.

Steady-state in step 2 above was defined as a deviation of less
than 2.5% in the overall mass balance averaged over 250 time steps
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(approximately 75 ms). It was found that this was a sufficient number of
time steps to achieve a steady value in the overall mass balance. Once it
was determined that steady-state was achieved at the current flow rate
setting, the flow rate was changed proportional to the setpoint of the
defined ‘‘zero-point’’ (the gas-liquid interface position, rint, at the lower
weir radius, rw,lower) according to:

_mmin;new ¼ a � _mmin;old 1:0þ rint � rw;lower

rw;lower

� �
ð2Þ

where ṁin is the inlet mass flow rate and a is an under-relaxation factor
that was set to 0.25 to ensure smooth convergence to the zero-point and
avoid overshoot. The air=water interface position rint was defined as the
average radial position of the interface (time- and spatially-averaged over
the same 250 time steps) in the region beginning at the top of the light
phase weir and extending 5 mm below the weir. The interface is defined
as the surface of constant water volume fraction /¼ 0.5. As an example,
from Eq. 2 we see that if the radial position of the air=water interface rint

is greater than the lower weir radius rw,lower the flow rate is increased cor-
respondingly resulting in an increase in the fluid volume in the rotor and
a shift in the interface position moving it closer to the light phase weir
radius (i.e., a decrease in rint).

While several potential weir cap modifications were presented in
Fig. 10, a simple modification to the weir cap was chosen that did not
significantly alter the general flow behavior but still allowed for com-
munication of pressure between the air space above the weir and the
outside pressure. This was done by introducing a small hole, or vent, in
the weir cap near the rotor shaft. A so-modified ‘‘vented’’ weir cap was
constructed and a snapshot of the underside of the cap is shown in
Fig. 11. Since the simulation geometry was a quarter section, it actually
had four of these semi-circular vents. The modified model geometry can
be seen in the image of the flow for the vented geometry given in the
following section (Fig. 13). The effect of the closed upper weir cap was
thus explored both through experimental comparison of the measured
zero-points and corresponding simulations for the two different caps.

Zero-Point Predictions

Simulations were performed to determine the zero-point flow rate for
each of the four cases outlined above (1.08 cm weir Standard and Vented,
1.15 cm weir Standard and Vented). The resulting predictions are
presented in Table 3 along with the experimentally observed values for
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comparison. A difference between the predictions and experiments is
anticipated because of the difference in the definition of the zero-point
between the two and perhaps also due to the beveled inner edge on the
upper weirs used in the experiment. This level may create a lower pressure
drop in this region relative to a sharp-edged weir and thus tend to result
in a higher zero-point flow rate. Experimental measurement of the
zero-point flow rate was made using the two different weirs for which
simulations were performed (1.08 cm and 1.15 cm) with both the standard
‘‘closed’’ upper weir cap and the modified ‘‘vented’’ one. Additionally,
experimental measurements using a larger weir (1.175 cm) were also made
to further explore the differences between the standard and vented caps.

For the smallest weir (rw,upper¼ 1.08 cm), there was no difference in
the predicted zero-point value from the simulations. Interestingly, there
was a slight elevation (�15%) in the experimentally measured zero-point
for the standard cap relative to the vented one. For this pair of experi-
ments, the inlet flow rate was gradually increased and the zero-point flow
rate was defined as the average value of the first total flow rate setting at
which flow from the light phase exit was observed and the last setting at
which no flow was observed. Plots of the measured flow rate out of the
light phase exit versus the total inlet flow rate for the two weir caps
are given in Fig. 12. It is not certain that the observed difference is
significant. As can be seen by comparing the value for the standard
cap measured in this current work and the one reported previously
by Leonard et al. (5), there is some variability in measurement of the
zero-point. The simulations did in fact predict a slight difference in the
pressure above the upper weir for the two cases. The pressure above

Figure 11. Image of the underside of the ‘vented’ upper weir cap.
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the upper weir was approximately �40 Pa for the standard case and only
�20 Pa for the vented case. This slight excess negative pressure in the
standard cap case may be the source of the measured zero-point elevation
that was seen even for this relatively low flow rate where the exit ports
remain fully ‘‘open’’.

For the rw,upper¼ 1.15 cm weir size, there is a significant increase in
the predicted zero-point flow rate caused by the siphon effect of the
‘‘water seal’’ maintained in the standard closed upper weir cap; the pre-
diction for the standard weir cap was 54% higher than for the vented
cap. It was verified that for this flow rate (2230 ml=min) the standard
cap had a sealing ring of water similar to that shown previously in
Fig. 9 for 1600 ml=min. The thickness of the water ring did not appear
to have changed significantly and was still �2 mm thick; however, the
air pressure above the upper weir was found to be only approximately
�675 Pa (compared to �1900 Pa in the 1600 ml=min case). With the
introduction of the vent in the upper cap into the simulated rotor geome-
try, the sealing water ring was observed to immediately break down and
the flow above the upper weir quickly returned to a general pattern of
droplet flow as shown in Fig. 13. While some droplet linking flow can

Figure 12. Plot of zero-point flow rate measurements for the 1.08 cm upper weir
using the standard (closed symbols) and vented (open symbols) weir caps.
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be seen around the outer edge of the weir cap, the liquid in this region is
still discontinuous and the exit ports remain open. While the general flow
pattern seen here is similar to that shown in Fig. 8, the pressure above the
upper weir was found to be 0 Pa in this case as compared to approxi-
mately �30 Pa for the flow with the standard cap at 600 ml=min.
Also, the film thickness at the backside of the exit channels is understand-
ably somewhat greater than seen at the lower flow rate. The experimental
measurements show the same trend in zero-point elevation for the closed
upper cap relative to the vented one. The zero-point for the vented case is
approximately 17% less than the closed cap case. While this difference is
not as dramatic as predicted by the simulation, it evidences the same
behavior—a negative pressure above the upper weir that elevates the
zero-point flow rate for the rotor with the closed upper cap.

For the largest upper weir size tested (1.175 cm), the elevation in the
experimentally observed zero-point for the closed cap case relative to the
vented one was more substantial (26%). Note that the zero-point reported
here for the standard cap case is somewhat less than that reported for the
same weir by Leonard et al. (5). The reason for this difference is not clear
and may be related to a different delineation of the zero-point between
the two studies (e.g., measurable outlet flow versus the first visual obser-
vation of flow in the light phase collector ring). It may also be that the
difference is due to variability in the formation and stability of the sealing
water ring and siphon above the upper weir.

It is clear from these simulations that the restricted flow space above
the upper weir due to the weir cap has a significant effect on the zero-
point flow rate. These simulations help to explain the zero-point elevation
that was observed previously for high flow rates in the CINC V-2 contac-
tor (5). In that study, the principle author also postulated that the degree
of air-tightness of the upper weir cap around the rotor shaft may have
had some effect on these off-normal zero-point effects; these simulations

Figure 13. Instantaneous flow of water above the upper weir at the predicted
zero-point (1451=ml=min) for the vented cap and the 1.15 cm upper weir (online
version contains color reproduction).
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indeed predict such behavior. In that study, however, this effect was
only observed for weirs greater than 1.15 cm (with zero-points& 2500
ml=min). The current simulations have predicted this behavior at flow
rates as low as 1600 ml=min; an incremental range of flow rates was
not explored in order to determine the specific flow rate at which this
behavior first arises. The effect of liquid surface contact and perhaps even
surface roughness in the region above the upper weir would likely have an
effect on the specific conditions at which this water siphon forms as well
as on its overall stability. Note also that Leonard et al. (5) observed that
the weirs for this 5 cm contactor had an ‘‘apparent’’ size somewhat
greater than the actual size which may be evidence of an additional effect
due to the beveled weir edge.

CONCLUSIONS

The flow in the separation zone of the annular centrifugal contactor has
been explored through the application of detailed computational flow
simulations of the actual geometry of a model rotor of a CINC V-2 cen-
trifugal contactor. It was found that there is indeed a vertical column of
air that develops along the axis of the spinning rotor. For moderate flow
rates the heavy phase exit ports above the upper weir remain open and
there is droplet flow over the weir. At high flow rates, the flow area above
the upper weir becomes sealed with water and forms a siphon which
increases the amount of flow that can pass over the upper weir. This was
observed quantitatively through prediction of the zero-point flow rate for
the standard sealed upper weir cap and for one with venting. Similar
trends between the two weir caps were also observed experimentally. This
research effort has viewed the contactor from the perspective of solvent
extraction and has therefore deemed the zero-point elevation an undesir-
able quality. For operation of the contactor primarily as a dedicated
separation device, it might be argued that a higher heavy phase through-
put is advantageous. Even so, it can generally be concluded that a pre-
dictable throughput is preferable regardless of the application of the unit.

These simulations provide a detailed view of the flow structures
within the rotor of the centrifugal contactor. In particular, specific details
of the flow above the upper weir have helped to explain previously
observed behaviors for this design of contactor rotors. As this commer-
cial contactor design has been in general favorably evaluated for solvent
extraction use by a number of studies (5,9,11,17), the research presented
here provides a tool for evaluating the design as well as a method for
enabling greater general understanding of the flow and hydraulic opera-
tion of the separation zone of the annular centrifugal contactor.
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