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The annular centrifugal contactor has been developed as the central piece of equip-
ment for advanced liquid–liquid extraction processes for use in recycling spent nuclear
fuel. While a sufficient base of experience exists to support successful operation of cur-
rent contactor technology, a more complete understanding of the fluid flow within the
contactor would enable further advancements in design and operation of future units. In
particular, an important characteristic of the flow that is not well understood and which
significantly complicates computational modeling of the contactor is the complex free
surface flow in the annular mixing zone. This study presents the results of time-dependent,
multiphase computational fluid dynamics (CFD) modeling using the volume-of-fluid
(VOF) interface tracking method to characterize the mixing zone in a model centrifugal
contactor. Laser doppler velocimetry (LDV) measurements of the actual flow velocities
within the contactor were also performed. The experimental results were compared with
simulations using various turbulence modeling schemes. The CFD model predictions
using a coarse grid large eddy simulation (LES) method are in good agreement with the
experimental measurements and observations. � 2007 American Institute of Chemical Engi-

neers AIChE J, 54: 74–85, 2008
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Introduction

Among the many types of process equipment which are
applicable to solvent extraction,1–3 liquid–liquid extraction
columns (originally packed and later pulsed columns) and
mixer-settlers have traditionally been used for spent fuel
reprocessing.4 The annular centrifugal contactor has several
important advantages over these other types of equipment.5–7

Centrifugal contactors are compact and have a relatively short
fluid residence time and small liquid volume hold-up resulting

in reduced solvent exposure to radiation, and consequently,

decreased solvent degradation. This can be particularly vital

for processes which employ sensitive or expensive solvents

and/or extractants.8,9 Their small size also reduces physical

space requirements, improves nuclear criticality safety, and

enables quick startup and shutdown. Despite the short resi-

dence time and small size, contactors also have very high

extraction efficiency and high throughput. Further, annular

centrifugal contactors can operate over a wide range of organic

to aqueous flow ratios (O/A) making them a versatile piece of

equipment for a wide range of solvent extraction processes.
The initial design of the annular centrifugal contactor was

made at Argonne National Laboratory by modification of a
Savannah River Laboratory (SRL) contactor as described by
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Bernstein et al.10 Groups in Japan7 and China11 have also
developed annular centrifugal contactors based on the Argonne
design. Others have also developed similar equipment based
on the same principles.12,13 A cross-section for a general
Argonne contactor is shown in Figure 1. Contactors are typi-
cally referred to by the diameter of the rotor. Hence, a 5-cm
contactor is an annular centrifugal contactor with a 5-cm diam-
eter rotor.

Centrifugal contactors will be critical to the success of the
future advanced fuel reprocessing facilities which have been
recently proposed by the U.S. Department of Energy.15 And
while contactors were originally developed for use in spent
fuel recycling they have application to liquid–liquid extraction
processes used in a variety of fields including chemical proc-
essing,16,17 pharmaceutical production,18 and oil-water separa-
tions.19,20 The purpose of this research is to improve the gen-
eral understanding of the flow within a centrifugal contactor
through the application of computational fluid dynamics
(CFD). The overall goal of this effort is to develop and demon-
strate a practical and experimentally validated modeling
scheme which can be used to guide contactor design, perform
operational optimizations, and help facilitate wider use of cen-
trifugal contactors.

Contactor operation

For solvent extraction processes using a mix/settle stage-
wise extraction type of equipment (as opposed to a continuous
column), the key to successful operation is to achieve efficient
mixing of two immiscible fluids by creating small droplets
with a large total surface area for good extraction followed by

quick separation of the two phases. The annular centrifugal
contactor is able to combine both the mixing and separation
functions within a single compact device. Flows of immiscible
liquids enter through tangential ports into the annular or mix-
ing region where the dispersion forms as the fluids are turbu-
lently mixed by shear induced by the spinning rotor. Stationary
radial vanes on the housing below the rotor break the rotation
of the dispersion and force the liquid into the rotor which then
acts as a centrifuge separating the two phases and pumping the
liquid upward. The separated phases then flow over their re-
spective weirs and out the exit lines flowing by gravity to suc-
cessive stages or collection vessels. In this way the contactor
acts as a mixer, a centrifuge, and a pump. Contactors can be
set up in a sequential bank of multiple units with countercur-
rent flow requiring no interstage pumps.

Within the mixing region, under normal operating condi-
tions there is an air space above the mixing liquid such that
there is free surface flow (flow of a liquid-gas interface) and
gas entrainment. This annular liquid height is an important pa-
rameter affecting the mixing and overall extraction efficiency
of the contactor. Further, it appears that the majority of mixing
occurs in the annulus with the result that for a given rotor
speed a greater liquid height results in greater mixing. The an-
nular liquid height has been observed to be a function of the
input flow rate, rotor speed, housing geometry (e.g. vane ge-
ometry, annular gap size), and rotor geometry.14,21,22 Note that
the annular liquid height is typically measured as the average
height of liquid (relative to the rotor bottom) at the outer wall.
It is important to understand the combination of factors which
affect the annular liquid height and the amount of contact
between the fluid and the rotor in order to gain insight into
how one might optimize operation for a given set of process
conditions. As a step towards that end, this article will present
the results of computational modeling and experimental meas-
urements of the flow in the contactor mixing zone.

Methods

Experimental apparatus: Modified CINC V-2

The experiments were done using an annular centrifugal
contactor manufactured by Costner Industries Nevada Corpo-
ration (CINC) which was originally purchased by Argonne
National Laboratory with a nonstandard, transparent acrylic
contactor housing with tangential inlets as described by Leon-
ard et al.14 This contactor has a rotor radius rr of 2.54 cm and a
housing radius rh of 3.17 cm resulting in an annular gap Dr of
0.63 cm and a radius ratio rr/rh of 0.8. To make detailed optical
measurements possible, this same contactor unit was further
modified such that the lower portion of the housing was
replaced with a polished quartz cylinder. A small, triangular
quartz window was also placed in the bottom vane plate to
allow visualization and measurement of the flow beneath the
rotor. The modified contactor is shown in Figure 2. The bottom
portion of the rotor, the vane plate, and the bottom support
plate has been painted with flat black enamel to reduce reflec-
tions. While Figure 2 shows the eight-vane plate in place, four-
vane plate geometry (inset) is the configuration used for the
data presented in this article. Some flow data for the eight-
vane geometry and a curved vane21 configuration were also
collected but are not reported here.

Figure 1. Sketch of the cross-section of an annular cen-
trifugal contactor with the main components
labeled.

Figure taken from Leonard et al. 2002.14
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Since the contactor was used only for hydraulic operation
with distilled water as the working fluid, the contactor was
setup for continuous recirculation as shown in Figure 3. Posi-
tive displacement piston pumps manufactured by Fluid Meter-
ing Incorporated (FMI) were used for delivering the input flow
rate at each of the two tangential inlets. For these experiments
the flow rate at each of the inlets was equal, but in practice
with actual liquid–liquid extraction this would only be true for
an organic-to-aqueous (O/A) flow ratio equal to 1. All of the
experiments reported here were performed at a rotor speed of
377 rad/s (3600 RPM) and a total inlet flow rate setting of
�600 ml/min. The actual combined exit flow rate was mea-
sured at the heavy phase exit line (by timed flow into a volu-
metric cylinder) and had an average value of 6066 7 ml/min.

Laser doppler velocimetry (LDV)

The LDV apparatus used for these experiments was a 2D
LDV system from TSI Incorporated using a two-component fi-
beroptic transceiver (model TR260) in backscatter mode. The
LDV system was controlled and data was acquired using the
accompanying FlowSizer 1.1 software. A diagram of the LDV
system is shown in Figure 4. The shape and pulse characteris-

tics of the LDV signal from the signal analyzer was also moni-
tored during operation using an oscilloscope.

Because of the contactor’s annular geometry, only backscat-
ter measurements were possible and, therefore, the transceiver
was used rather than an off-axis or forward scatter receiver.
The scattering media for the LDV measurements were the
entrained air bubbles. While bubbles are generally not ideal
flow tracers,23 due to the violent mixing and free surface flow
within the centrifugal contactor they are unavoidable. Much of
the discussion regarding the applicability of LDV to bubbly
flows focuses on large bubbles ([4 mm) at low volume frac-
tion where one is often interested in distinguishing the bubble
velocity from the liquid velocity.24–26 Such is not the case
for the contactor in which the bubbles tend to be small (100–
1000 lm) and spherical. Further, regions of the flow can be
quite bubbly (see Figure 13) making distinguishing between
the bulk liquid velocity relative to the bubbles difficult and less
useful. It is assumed that the slip velocity is small and there-
fore that the measured bubble velocity is representative of the
bulk flow. However, to determine if there is a significant effect
due to bubble size, the LDV measurements were repeated
using water with 25 mg/l sodium dodecylsulphate (SDS).
Addition of this surfactant in low concentrations has been
shown by others to inhibit bubble coalescence and produce
smaller and more uniform air bubbles.27,28 Initially 50 mg/l
SDS was tested, but this resulted in some undesirable foam
build-up in the collector ring and storage vessel and conse-
quently the concentration was reduced to 25 mg/l.

The transceiver probe was mounted on a traversing plate
that enabled accurate measurement of the relative axial and ra-
dial position of the probe. Because of the change in the index
of refraction between the air, quartz, and water, the incremen-
tal radial motion of the probe is not equal to that of the mea-
suring volume and the measurement positions had to be cor-
rected for these effects. Further, the curvature of the glass also
has an effect for the tangential (horizontal) velocity measure-
ments. A 135-mm focal length lens (measuring volume � 34 3
180 lm2) was used on the transceiver probe as this was the
shortest focal length lens available and would minimize these
beam refraction issues due to the curved window. Because of
these curvature effects as well as the changes in refraction indi-
ces, a correction to the radial position of the measurement

Figure 2. Modified contactor housing with reflective
parts painted black.

The four-vane plate which was used for these experiments is
shown in the inset.

Figure 3. Flow diagram of the continuous recirculation
setup that was used during all experimental
measurements.

Figure 4. Diagram of the LDV system.
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location was applied to the data based on the ratio of the LDV-
measured and known width of the annular gap.

Measurements of tangential and axial velocities were taken
for the standard flow conditions (377 rad/s, 600 ml/min) along
the radial direction perpendicular to the rotor at four axial posi-
tions: at the rotor bottom (z 5 0.00 cm), near the mid-vane
height under the rotor (z520.46 cm), and at two axial heights
above the rotor bottom, z 5 0.61 cm (�1�Dr) and z 5 1.32 cm
(�2�Dr). These measurement lines were in the plane which is
perpendicular to the inlets and bisects the region between
vanes. The total number of measurements at each position var-
ied according to the data rate—where the data rate was high
(�200–1000 Hz), such as near the outside wall, as many as
�16,000 data points were recorded; closer to the rotor, where
the data rate was relatively low (�30–200 Hz), the number of
recorded points was always greater than 2000. Where the data
acquisition rate was sufficient, the power spectrum was also
computed using the FlowSizer software.

High-speed flow imaging

High-speed imaging of the flow in the contactor was per-
formed to provide qualitative observation of the dynamics of
the flow in the contactor mixing zone as well as some quantita-
tive observation of the annular liquid height. A Redlake
MotionPro (model HS-3-M-4) camera was used for the high-
speed imaging. The flow imaging presented here was per-
formed at 1000 Hz for the standard flow conditions, 600 ml/
min of water and a rotor speed of 377 rad/s (3600 RPM).

CFD modeling

A preliminary CFD modeling study was performed previ-
ously which looked only at single-phase flow in the lower por-
tion of contactor mixing zone.29 The current simulations pre-
sented here provide a more realistic analysis of the flow in the
mixing zone by including the free surface flow of water (and
air) in the entire mixing zone using the volume of fluid (VOF)
interface tracking method with piecewise linear interface con-
struction (PLIC). The VOF technique is widely used for mod-
eling interfacial flows and is capable of capturing complex
interface dynamics including interface breakage and reattach-
ment.30,31 The continuum surface force model32 was also used
to account for surface tension effects on the air-water interface.
The CFD modeling was done with Fluent 6.3 in parallel on
�16, 1.3 GHz nodes in a Linux cluster.

The flow in the contactor mixing zone is highly turbulent
(Re 5 6 3 104 at 377 rad/s based on the annular gap), and sep-
arate transient simulations using three different turbulence
modeling techniques were performed for comparison with the
experimental measurements. These were the RNG k-e model,
the large eddy simulation (LES) method, and the detached
eddy simulation (DES) method. As detailed comparisons can
be found in relevant texts on turbulence modeling,33 only a
brief description of each model will be given here. The RNG
k-e model is a Reynolds Averaged Navier-Stokes (RANS)
modeling technique which solves only for the statistical mean
flow. This model is particularly suited for swirling flows (a
swirl factor of 0.07 was used here) and was determined in
some previous simulations of single-phase flow under the
rotor34 to be a good RANS-type model for the flow in the cen-
trifugal contactor. The LES technique fully resolves (solves

the full Navier-Stokes equations for the instantaneous velocity
field) those turbulent structures which are larger than the grid
size and models those which are on the subgrid scale.33 A tur-
bulent kinetic energy transport subgrid model was used for the
LES simulation.35 The DES technique can be viewed as a
hybrid RANS/LES method and was originally developed for
application to very high Re number aerodynamic flows where
fully resolved LES is not feasible. The realizable k-e RANS
model was used for the DES simulations.35

All three simulations were done on the same computational
mesh. This mesh was generated using Gambit 2.2 from Fluent
Inc. Because of the high computational cost of running tran-
sient simulations using the VOF model, the mesh density for
these simulations was necessarily somewhat coarse. A quadri-
lateral mesh with spacing of 0.1 cm on the rotor surface and
0.15 cm tetrahedral mesh elsewhere was used to slightly
enhance the mesh clustering near the rotor. The resulting mesh
had a total number of 286 K computational cells. The time step
Dt was allowed to vary such that a Courant number Cr of 0.25
was maintained. The Cr number is given by

Cr ¼ Dt
Dx=u

� 0:25 (1)

where u is the local interface velocity and Dx is the local grid
spacing. A Cr number of 0.25 ensures that the time step is suf-
ficiently small that the VOF-tracked fluid interface takes at
least four time steps to pass through a computational cell. For
operation at 377 rad/s (3600 RPM), the resulting time step was
on the order of 30 ls. Calculations were performed using Flu-
ent’s noniterative time advancement (NITA) algorithm result-
ing in a significant speed-up in calculation time per time step.
Pressure discretization used the body force weighted method
and pressure-velocity coupling was facilitated using the PISO
algorithm.35 The body force weighted scheme was chosen as it
is recommended for most free surface flow problems and as it
was observed to give better convergence results when using
Fluent’s NITA solver. The typical solution time was about
100 h/1 s of flow time for all simulations. Because the VOF
method requires a transient simulation regardless of the turbu-
lence model and because the same grid was used for all simula-
tions, the increased computational cost of LES as compared
with RANS was not significant for the present study.

In regards to the grid density at the walls, the parameter y1

(Eq. 2) is a dimensionless measure of the near-wall mesh and
is a function of the fluid density q and viscosity l, the friction
velocity us, and the distance from the wall y.

yþ ¼ qusy
l

(2)

The friction velocity us is determined from the shear stress
at the wall sw by

us ¼ sw
q

� �1=2

(3)

Note that the y1 value depends on which fluid (water or air)
is in contact with the wall. The average y1 values in liquid
contact regions were �30 on the housing wall and 40 on the
rotor side. Thus standard wall functions (law of the wall),
which are applied in Fluent for y1[30 were used for all simu-
lations. While the applicability of standard wall models to LES

AIChE Journal January 2008 Vol. 54, No. 1 Published on behalf of the AIChE DOI 10.1002/aic 77



has been debated,36 this study will provide an evaluation of the
accuracy of coarse grid LES with wall functions as compared
with RANS and DES for the annular centrifugal contactor
problem.

Figure 5 shows the geometry for the mixing zone model (Ta-
ble 1). The top surface is defined as an atmospheric pressure
boundary to enable the volume of air (incompressible) in the sys-
tem to vary and allow the volume of liquid in the mixing zone to
reach an equilibrium level depending on the operating conditions
(i.e. inlet flow rate and rotor speed) and the mixing zone outlet
pressure. The mixing zone outlet pressure was calculated by
assuming that the pressure at the center point of the outlet surface
is simply equal to the pressure generated by the rotating air col-
umn within the separating zone (see Figure 1). The pressure dif-
ference at any two points (denoted by subscripts 1 and 2) in the
rotating air column within the rotor can be calculated according
to the Bernoulli equation for rotating flow

P1 � P2 ¼ qX2

2
ðr21 � r22Þ � qgðh1 � h2Þ (4)

in which q is the mass density of air, X is the rotational speed
of the rotor, and g is the acceleration due to gravity. As noted

on Figure 1, if we choose point 1 to be the less-dense phase
rotor outlet (which is assumed to be always open to the atmos-
phere for single liquid operation below the zero-point flow
rate14), it is possible to calculate the pressure at the center
point on the rotor inlet (point 2). For a rotation rate of 377 rad/
s (3600 RPM) the relative pressure at the rotor inlet is found to
be slightly negative ([–100 Pa). For these models, the outlet
pressure was set equal to –53.6 Pa. Actual measurements of
the pressure at the rotor inlet have also been performed which
verify that this method gives a reasonably accurate value for
the pressure at this boundary.

The simulations were initiated from rest with a stationary
water level �1.5 cm above the rotor bottom and were allowed
to run for several seconds of flow time until the liquid volume
reached a steady-state level. Time averaging over 0.5 s of flow
time was performed for all three turbulence methods. All simu-
lations were done for the same conditions as the experimental
measurements, that is, a total mass flow rate of 0.01 kg/s
(0.005 kg/s at each inlet � 600 ml/min) and a rotor speed of
377 rad/s.

Results and Discussion

Mean flow field from CFD

The time-averaged flow field obtained from the LES simula-
tions will be described first as it helps lend a visual picture to
the quantitative data that will be presented in the next section.
Figure 6 shows the time-averaged velocity vectors within a
vertical cross-sectional plane—that is, only the radial and axial
mean velocity components are included. This highlights the
presence of a stable Taylor-Couette cell just above the rotor
bottom in which the fluid is moving upward at the rotor and
downward at the housing wall. This is consistent with the flow
patterns observed in previous single-phase contactor simula-
tions.29 Above this height at the upper edge of the Taylor-Cou-
ette cell where the flow is directed radially outward, the free
surface appears to dominate the flow and prevent the formation
of any other stable Taylor-Couette vortices in the liquid phase.

Figure 7 shows that below the rotor there are large swirling
vortices within each section between vanes in which each vor-
tex is swirling in the direction of rotor rotation (counter-clock-
wise). Some slight asymmetry is apparent between the regions
directly adjacent to the inlets and the other two regions. For
the two opposing sections nearest the inlets, the center of each
vortex appears slightly shifted towards the forward rotational
direction and the vortex is somewhat less compact and circular
as compared to the two regions not adjacent to the inlets. The
velocity magnitude at the outside wall is also slightly higher
for the regions adjacent to the inlets. This results in an eye-
shaped crossing flow pattern at the axis of the rotor with flow
exiting each vortex in a direction parallel to the forward vane
and joining the flow within the adjacent region.

Fluid-rotor contact and annular liquid height (ALH)

Figure 8a shows a snapshot of the instantaneous water vol-
ume fraction / (fraction of the given cell that is water) on the
rotor side and a vertical cross-section. The air-water interface
is also shown (/ 5 0.5, green) providing a visualization of the
free surface flow in the mixing zone. It is evident that the fluid
rotor contact (areas on the rotor side that are red) is not contin-

Figure 5. Full mixing zone model geometry with
selected dimensions labeled.

Corresponding values are given in Table 1.

Table 1. Selected Geometric Parameters of Contactor Mixing
Zone Model as Shown in Figure 5

Parameter Symbol Value

Rotor Radius rr 2.54 cm
Housing Radius rh 3.17 cm
Radius Ratio rr/rh 0.801 cm
Rotor Inlet Radius rr,in 0.505 cm
Vane Height hv 0.617 cm
Vane-to-Rotor Gap hgap 0.159 cm
Mixing Zone Height hm 8.13 cm
Inlet Bottom Height hin 7.00 cm
Inlet Diameter din 0.63 cm
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uous. This is also clear from Figure 8b which shows the time-
averaged water volume fractions. There is continuous contact
between the liquid and rotor for only a height of about 1�Dr
above the rotor bottom. Beyond this point contact is intermit-
tent in both space and time although there appear to be some
circumferential bands where contact can be as high as 25%.

It was also observed that the liquid height in the annulus
varies in time; in fact, it was found that the ALH actually oscil-
lates at near constant frequency and magnitude. The ALH of
Figure8a is at an intermediate value for a time where the ALH
is increasing from the minimum. This oscillating flow behavior
will be discussed in a later section as the frequency and magni-

tude of oscillation provide valuable points of quantitative com-
parison between experiment and simulation.

LDV/CFD comparison

This section will present a comparison of the mean and root-
mean-squared (RMS) tangential and axial velocity profiles as
measured by LDV with those calculated from the CFD simula-
tions using the three different turbulence modeling schemes.

Mean Velocity. The mean tangential and axial velocity
components are plotted in Figures 9 where a–d are plots of the
mean tangential velocity at the four different axial positions

Figure 7. Time-averaged velocity vectors within a hori-
zontal plane under the rotor at the mid-vane
height.

Vectors are colored by mean velocity magnitude. Note that
the tangential flow inlets are not in the same plane as the vec-
tors (see Figure 5), but are shown to give their position rela-
tive to the vanes.

Figure 8. Instantaneous (a) and time-averaged (b) contour plots of water volume fraction / for the four-vane mixing
zone geometry.

In (a) the air-water interface is also shown (/5 0.5, green).

Figure 6. In-plane time-averaged velocity vectors on a
vertical cross-sectional plane.

Vectors are colored by mean axial velocity. Only the flow in
the lower portion of the model at one side of the rotor is
shown.
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(with their relative position shown in the insets) and e–h are the
corresponding mean axial velocity plots. The time-averaged
results from the CFD simulations are also plotted. As one indica-
tor of the relative consistency of the experimental measurements,
intersecting points from an initial data set of separate particle
image velocimetry (PIV) measurements on a vertical plane (per-
pendicular to the LDV measurement lines) are also shown. As
expected, the tangential velocities are an order of magnitude
larger than the axial velocities except for in the vane region. The
formation of a stable Taylor-Couette cell (as seen previously in
Figure 6) can be seen in Figure 9f in which the flow is upward
near the rotor and downward near the housing wall. The CFD

models seem to slightly overpredict the height of this rotational
cell, however, in that the predicted flow (at least for the LES and
DES models) still has a positive axial component near the rotor
for the z5 0.61 cm position (Figure 9g) whereas the data show a
slightly negative axial velocity near the rotor evidencing the start
of what would be an upper Taylor-Couette vortex which rotates
opposite this lower one.

Aside from the z 5 0.61 cm height, all of the computational
models capture to some degree the main flow characteristics
for both velocity components at axial heights above the rotor
bottom. However, the LES calculations appear to capture the
measured values with greater accuracy. This is particularly evi-

Figure 9. Data plots of the LDV measurements at the four different axial positions as compared to the CFD model pre-
dictions for the mean tangential velocities (a)–(d) and the mean axial velocities (e)–(h).

Individual data points from separate particle image velocimetry (PIV) measurements on a vertical plane (perpendicular to the LDV measure-
ment lines) are shown for comparison. The radial position is relative to the rotor side and has been normalized by the gap width Dr.
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dent for the mid-vane height (z 5 –0.46 cm) measurements. The
LES model is able to capture the magnitude of the downward
flow near the outer wall (Figure 9e) as well as predict a maxi-
mum tangential velocity at the same point which is much closer
to the measured value than either the RNG or the DES models.

RMS Velocity. The superiority of the LES method is fur-
ther evident from the corresponding plots of the RMS tangen-
tial (Figures 10a–d) and axial (Figures 10e–h) velocity data
and simulation results. Note that for both experiment and simu-
lation, the RMS quantities include both the bulk variations in
flow velocities caused by the free surface motion as well as the
turbulence induced fluctuating component of velocity. Again,
none of the models gave very good predictions for the RMS
velocity profile at the z 5 0.61 cm height due to the overpre-

diction of the height of region of continuous liquid-rotor con-
tact and the resulting Taylor-Couette cell. At the other axial
heights, the agreement between the LES prediction and meas-
ured values is significantly better than the other two turbulence
modeling schemes. Interestingly, the DES model tends to
severely overpredict the tangential RMS velocity component
while at the same time giving results similar to LES for the
axial RMS velocity. In virtually all cases, the RANS model
underpredicts the actual RMS velocities.

The deviation of the LES model from the experimental val-
ues near the rotor is not surprising due to the coarse nature of
the computational grid (as compared with traditional LES) and
the use of wall functions. However, in order to get an accurate
estimation of the mixing behavior in the contactor it will be

Figure 10. Data plots of the LDV measurements at the four different axial positions as compared to the CFD model
predictions for the RMS tangential velocities (a)–(d) and the RMS axial velocities (e)–(h).

AIChE Journal January 2008 Vol. 54, No. 1 Published on behalf of the AIChE DOI 10.1002/aic 81



necessary to get accurate turbulence predictions near the rotor.
It is well known that the mixing behavior of liquid–liquid dis-
persions is characterized by the maximum rate of turbulent
energy dissipation emax.

37–39 Unfortunately, it was not possible
to experimentally measure the dissipation rate near the rotor
where the area of maximum dissipations occurs due to the rela-
tively low LDV data rate in this region. However, to provide
approximate values for comparison with other liquid–liquid
mixing systems the dissipation rates predicted by LES simula-
tion are given here. The LES simulation predicts a maximum
subgrid dissipation rate (scaled by liquid phase volume fraction
to get liquid phase contribution only) of 900 W/kg on the rotor
side with an area-weighted average value of 90 W/kg over the
surface of the rotor. The value averaged over the entire mixing
zone volume is 12 W/kg. Note that these are instantaneous val-
ues taken at the same flow time as Figure 8a.

LDV Measurements with SDS. The LDV measurements
presented in the previous section were taken using entrained
air bubbles as the scattering media. To explore the effect of
bubble size on the consistency of the measurements, some
repeat LDV measurements were made using water with 25 mg/l
SDS. As a measure of the change in bubble size, Figure 11
gives a comparison of the average ‘‘gate chord’’ measured at
the rotor bottom height (z 5 0.0 cm) for the LDV with pure
water and that with the added surfactant. The ‘‘gate chord’’ has
been defined as the product of the average fluid velocity [m/s]
and the average Doppler signal time (or gate time) [ls] at a
given point yielding a quantity of length with units of lm. The
change in fluid particle size is clearly evident between the two
measurements and shows a decrease of nearly a factor of three
close to the rotor. Thus, it appears that the addition of the sur-
factant causes a measurable decrease in the characteristic
length of the air bubbles passing through the LDV measuring
volume.

Despite this substantial change in the measured length scale,
the measured velocities were not altered significantly. Figure
12 shows the measured mean tangential velocities with both

pure water and water with the surfactant as measured at the
rotor bottom height. Only a slight change in the magnitude of
the measured mean tangential velocity profile is evident. This
gives an indication that the LDV measurements in this study
may not be strongly dependent on the air bubble size.

Annular liquid height (ALH) oscillations

It was observed both experimentally and through the CFD
simulations that the liquid height in the annular mixing zone
oscillates at steady frequency and magnitude. Experimentally,
this was seen through the use of high-speed video imaging as
well as with the LDV measurements. Figure 13 shows two
snapshots separated by 0.11 s which show a minimum (a) and
successive maximum (b) in ALH. The liquid height at the min-
imum position is easily distinguishable and appears relatively
flat in the circumferential direction. The maximum is difficult
to identify from the image as it extends beyond the optical
quartz section. From physical observation the average magni-
tude of the oscillation was observed to be 1.8 6 0.4 cm. It is
also apparent in Figure 13a that there may be a second turbu-
lent Taylor-Couette vortex that forms above the lower one dur-
ing the time when the liquid is at its minimum height; how-
ever, this upper vortex breaks down as the fluid loses contact
with the rotor (Figure 13b). The CFD model predicts similar
behavior as evidenced by a band of high time-averaged fluid
rotor contact above the region of continuous contact (see Fig-
ure 8b).

It was possible to determine the frequency of the oscillation
as observed by a spike in the power spectrum plots generated
by taking a fast Fourier transform (FFT) of the time auto-corre-
lation of the LDV data for measuring points near the outer wall
where the data rate was sufficiently high. A representative
power spectrum plot is shown in Figure 14 in which the fre-
quency spike from the free surface oscillation is denoted and
shows up at 4.85 Hz. Averaging over 24 separate frequency
observations, it was determined that the mean frequency of the

Figure 11. Plot of mean gate chord for the LDV meas-
urements at the rotor bottom height (z 5 0.0
cm) comparing the LDV measurements with
only water with those repeated using 25 mg/l
SDS.

Figure 12. Plot of the mean tangential velocity LDV
measurements along the rotor bottom com-
paring the LDV measurements with only
water (same as Figure 9b) with those
repeated using 25 mg/l SDS.
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liquid surface oscillation for the given conditions was 4.75 6
0.16 Hz.

Similarly, the magnitude and frequency of the ALH oscilla-
tion can be predicted by the CFD simulations. The predicted
annular liquid height and rotor-side liquid contact area over an
arbitrary 1-s period of flow time from an LES simulation of the
contactor is given in Figure 15. The ALH in Figure 15 was
determined by integrating the area of liquid contact on the
housing wall, dividing by the circumference 2prh, and sub-
tracting the height of the rotor bottom (0.776 cm); thus it is the
circumferentially averaged liquid height above the rotor bot-
tom. The steady oscillation of the liquid height is quite appa-
rent. It can also be seen that the liquid height minima corre-
spond to maximum values in the rotor contact area. In fact, the
maximum contact area occurs at the instant just after the liquid
height reaches its minimum. This predicted behavior was also
verified by the high speed videos in which the fluid contacting
the rotor is spun off the rotor and can be seen impinging on the
outer wall just after the liquid height falls to the minimum

value. For reference, the integrated fluid rotor contact area for
the image in Figure 8a is 26.5 cm2.

From the LES simulations, the average magnitude of the
oscillations for an 8-cycle period was found to be 2.19 6 0.23
cm which is within the range of the experimental value. As for
the frequency, taking an average of the trough-to-trough time
increment over the same 8 cycles we find an average predicted
oscillation frequency of 4.07 6 0.18 Hz which is somewhat
lower than the measured value. This error may simply be a
result of the limited grid resolution and future work using
more refined meshing will explore this as increased computa-
tional resources have currently become available.

A summary comparison of experimental and simulation val-
ues for the annular fluid height oscillation are shown in Table
2. While this dynamic behavior may not be surprising—the
fluid contacts the rotor, is spun off, and falls back down—it is
important to note that it is only observed for the four-vane
housing configuration. For the eight-vane housing at the same

Figure 14. Plot of the power spectrum from a tangential
velocity LDV measurement showing the fre-
quency spike indicative of the free surface
oscillation.

Figure 13. Snapshots of flow in the mixing zone showing a minimum [(a), t 5 t0] and maximum [(b), t 5 t0 1 0.11 s ] of
the liquid height oscillations.

For reference, the rotor bottom is at �1.3 cm on the ruler. The exposure time was 500 ls.

Figure 15. Plot of annular liquid height (left axis, grey)
and rotor-side contactor area (right axis,
black) for 1 s of flow time showing the CFD
(LES) predicted oscillation in ALH.
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flow conditions, the liquid height is significantly lower
(\50%) and does not exhibit the oscillations seen here. The
curved-vane geometry also does not produce these liquid
height oscillations though the liquid height is somewhat higher
than for the eight-vane contactor.14 It is anticipated that a com-
parison of the flow for the different vane geometries will be
explored in greater detail as part of future studies.

Conclusions

This study has presented a comparison of experimental meas-
urements and computational modeling of the free surface flow in
the mixing zone of an annular centrifugal contactor. It was found
that CFD modeling using the LES turbulence simulation method
even for a relatively coarse computational grid was able to quali-
tatively and quantitatively predict the actual dynamics of the
flow in the contactor mixing zone. Comparison with LDV data
showed that the mean and RMS velocities were captured with
much better accuracy by LES modeling than for either RANS or
DES on the same mesh. Thus, for transient modeling of the flow
in the contactor using the VOF interface tracking method, it
appears that greater accuracy can be obtained from LES without
a significant increase in computational cost. As one purpose of
the overall research study is to develop a detailed modeling
scheme for use in exploring design and operational optimiza-
tions, the trade-off between computational cost and predictive
accuracy is critical. More importantly, this study has shown that
the velocity predictions and free surface dynamics from CFD
modeling of the centrifugal contactor are experimentally verifia-
ble. Thus, these CFD tools can be used with greater confidence
to explore and explain the flow in the centrifugal contactor and
provide insights into how operation might be improved. Other
issues that might be explored through such numerical experi-
ments include those relating to unit scaling as well as the flow
and disposition of particulates in the contactor unit. Full compu-
tational exploration of these issues, which may not be feasible
experimentally, will provide a broader understanding of the fluid
dynamics of the annular centrifugal contactor which can aid in
the success of used nuclear fuel recycling facilities that will
depend on these contactors. Improved understanding of the cen-
trifugal contactor through application of CFD modeling can also
help facilitate wider use of this unique piece of process equip-
ment for liquid–liquid extraction in a variety of other fields.
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