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The annular centrifugal contactor is a combination mixer/centrifuge that has been
developed for solvent extraction processes for recycling used nuclear reactor fuel. The
experimental observations presented were part of a simulation-focused research effort
aimed at providing a more complete understanding of the fluid flow within these con-
tactors 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. Laser doppler velocimetry (LDV), particle image velocimetry (PIV), pres-
sure measurements, and high-speed video imaging for a range of flow rates and rotor
speeds were performed to characterize the flow of water in the annular mixing region
of the contactor using three different mixing vane geometries. It was found that the ge-
ometry of the mixing vanes has a significant impact on the annular liquid height
and general flow in the contactor mixing zone. VVC 2009 American Institute of Chemical

Engineers AIChE J, 56: 1960–1974, 2010
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Introduction

Solvent extraction (or liquid-liquid extraction) is a process
by which immiscible fluids are mixed and, subsequently,
separated to achieve extraction of a desired dissolved species
from one phase to the other. Such processes are employed in
a variety of chemical and biological fields. Solvent extrac-
tion is also the primary process by which uranium and other
elements are extracted from used nuclear fuel for partition-
ing or recycling. Whereas a variety of process equipment
has been used historically,1 on account of its small size and
high efficiency the centrifugal contactor is the central piece

of equipment for advanced processes being developed for a
future used fuel processing facility.2

The initial design of the annular centrifugal contactor was
done at Argonne National Laboratory by modification of a
Savannah River Laboratory (SRL) contactor.3,4 A sketch of
a general Argonne contactor is shown in Figure 1. Contac-
tors are typically referred to by the diameter of the rotor.
Hence, a 5 cm contactor is an annular centrifugal contactor
with a 5 cm dia. rotor. The annular centrifugal contactor is
able to combine both the mixing and separation functions of
solvent extraction in a single compact device. Flows of im-
miscible liquids enter through tangential ports into the annu-
lar mixing region, where the dispersion begins to form as
the fluids are mixed by shear induced by the spinning rotor.
Radially oriented vanes below the rotor break the rotation of
the dispersion and force the liquid into the hollow rotor
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which then acts as a centrifuge separating the two phases
and pumping the liquid upward. The separated phases then
flow over their respective weirs and out the exit lines, flow-
ing by gravity to successive 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 linear bank of multiple
units with countercurrent flow requiring no interstage pumps.
The design is necessarily simple (with only a single moving
part—the rotor) in order to enable the remote operation and
maintenance necessary for processing used nuclear fuel.

Various experimental studies using centrifugal contactors
have noted the effect of mixing vane geometry on the flow
in the annular region and the resulting extraction efficiencies.
Birdwell and Anderson5 compared the extraction efficiency
of 5 cm contactor operated with eight straight vanes vs. eight
curved vanes and found that for low-flow rates, the curved
vane geometry exhibited poorer extraction efficiency. This
result was attributed to an inadequate annular liquid height
for the curved vane geometry. However, Leonard et al.6

reported annular liquid heights (ALH) as measured above
the rotor bottom for three different vane geometries (four
straight vanes, eight straight vanes, eight curved vanes), and
observed that the eight straight vane geometry had a low-liq-
uid level over a very wide range of flow rates, and that the
curved vanes appeared to generally have a higher liquid
height than the eight straight vanes. Other studies have also
observed poor operation at low-flow rates.7 Beyond these
various observations, there has not been a detailed compara-
tive flow analysis of different vane geometries prior to this
current work.

The experimental observations reported here were part of
a simulation-focused research effort8 aimed at providing a

more complete understanding of the fluid flow within these
contactors to enable advancements in design and operation
of future units, and greater confidence for use of such con-
tactors in a variety of other solvent extraction applications.
Experimental observations using a variety of techniques
were performed to provide data for comparison with simula-
tions at specific conditions (600 mL/min and 3,600 RPM) as
reported in Wardle et al. 2008.9 The simulations were found
to be very consistent with the experimental observations.
This article presents additional experimental measurements
that were performed as part of the overall effort to explore
the hydraulic operation of the contactor over a range of
operational conditions (i.e., flow rates and rotor speeds). The
flow in rotating annular domains is typically characterized
by the Taylor number (Ta), which is a ratio of the centrifu-
gal forces to the viscous forces and can be defined according
to Eq. 1 where Dr is width of the annular gap between the
housing radius rh and the rotor radius rr (Dr ¼ rh� rr), X is
the rotational speed, and m the kinematic viscosity.

Ta ¼ rrðDrÞ3X2

v2
(1)

Re ¼ ðrrXÞDr
v

(2)

Equation 1 is equivalent to Ta ¼ Re2(1�g)/g where the
Reynolds number (Re) is defined by Eq. 2 and g is the ra-
dius ratio. Depending on the Reynolds number (or Taylor
number) of the flow there can exist different characteristic
flow regimes for traditional Taylor-Couette flow in single-
phase systems.10 Absent the free surface, all of the rotation
speeds explored here are well into the turbulent Taylor vor-
tex regime with Ta[ 6.2 � 108 and Re[ 5 � 104.

Experimental Methods

Modified CINC V-2 centrifugal contactor

The experiments were done using a centrifugal contactor
manufactured by CINC Industries, which was originally pur-
chased by Argonne National Laboratory with a nonstandard,
transparent acrylic contactor housing with tangential inlets as
described by Leonard et al.6 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 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 por-
tion of the housing was replaced with a polished quartz cyl-
inder. A small, triangular quartz window was also placed in
the bottom vane plate to allow visualization/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 were painted black in order to
reduce reflections. The 8-vane plate is shown in place in Fig-
ure 2, and the other two vane plates are shown in Figure 3.
The 8-vane and 4-vane plates were constructed of polyviny-
lidene fluoride (PVDF) and both were modified with a trian-
gular quartz window (the 4-vane plate is shown in Figure
3a). The V-2 unit as manufactured by CINC comes standard

Figure 1. Sketch of the cross-section of an annular
centrifugal contactor with the main compo-
nents labeled.

Figure modified from Leonard et al. 2002.6
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with a stainless steel curved-vane plate. This plate was also
painted and used for selected observations, but did not have
a window (Figure 3b), and, thus, was not used for PIV meas-
urements.

Since the contactor was used only for hydraulic operation
with distilled water as the working fluid, the flow system
was set up for continuous recirculation as shown in Figure 4.
No attempt was made to actively de-gas the feed liquid;
however, inlet flow tubes extended to the base of the feed/
receiving container and outlet streams were run down the
container wall to avoid splashing and air intake at the
pumps. The pumps were positive displacement piston pumps
manufactured by Fluid Metering Incorporated (FMI). One
pump had a 0.635 cm (0.25 in) piston, and the other had a
0.3175 cm (0.125 in) piston. Calibration curves were gener-
ated for each of the pumps. In practice, however, the flow
rate was physically measured by timed flow from the heavy

phase exit line into a volumetric cylinder for each set of
measurements.

Pressure measurements

As shown in Figure 1, the centrifugal contactor consists of
two main regions, the annular mixing region (including the
vane region under the rotor) and the separation region within
the rotor. From a modeling perspective, it was useful to sub-
divide the contactor into two separate models (simulations of
the mixing zone9 and separation zone11 are reported sepa-
rately). However, it is critical to understand how the two
regions communicate in the real system in order to select an
accurate representation of the boundary conditions. This is
particularly true for the exit of the mixing zone (rotor inlet)
for which an accurate representation of the pressure must be
specified to correctly predict the volume of liquid maintained
in the mixing zone. With this primary purpose, measure-
ments of the static pressure at the rotor inlet were per-
formed.

A Siemans differential pressure transducer (model PN-32)
with a range of 1�20 mbar and an accuracy of �1 Pa was
used for these measurements. One side of the transducer was
open to the atmosphere, and the other side was connected to
a 1.59 mm (1/16

00
) OD stainless steel tube which was

inserted into the drain connection of the contactor located
along the rotor axis as shown in Figure 5. The probe tube
was filled with water, and, therefore, it was necessary to
determine the ‘‘zero’’ relative pressure reading once the
probe was positioned. In order to minimize the static head in
the tube (and maximize the measurement range), the trans-
ducer was elevated such that its position was only slightly
lower than the top of the probe. The ‘‘zero’’ pressure reading
was determined by taking the average of multiple measure-
ments of the static liquid height of water above the probe
end. Typical standard deviations for these calibration meas-
urements were approximately �3 Pa; this is a measure of
the absolute offset of a given set of measurements and can
be taken as the overall accuracy of the pressure measure-
ments, although the relative error between different

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

The quartz cylinder shown here was a backup one that had
not been polished and shows visible striations from manu-
facturing. The actual cylinder was ground and polished to
approximately a 5 lm surface roughness.

Figure 3. Snapshots of painted vane plates with (a) four straight vanes, and (b) curved vanes.

The eight straight vane plate is shown attached in Figure 2.
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measurements at the same calibrated setting would only be
�1 Pa. At each set of conditions (flow rate and rotor speed)
the pressure reading was manually recorded at a rate of �1
Hz over a typical period of 30 s (N � 30). From these meas-
urements a time average and standard deviation were
obtained for each set of conditions.

Pressure measurements were made for each of the three
different vane configurations (4-vane, 8-vane, and curved) as
a function of rotor speed at a constant flow rate (600 mL/
min), and as a function of flow rate for a constant rotor
speed (3,600 RPM). The main purpose of these measure-
ments was to aid in selection of an accurate approximation
for the pressure at the rotor inlet boundary for input into the
mixing zone simulations.9 One method for approximating
the pressure at this point is to assume it is simply equal to
the pressure generated by the rotating air column within the
separating zone (see Figure 1), and can be calculated accord-
ing to the Bernoulli equation for rotating flow

P1 � P2 ¼ qX2

2
ðr21 � r22Þ � qgðh1 � h2Þ (3)

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. Taking
point 1 (subscript 1 in Eq. 3) as the light-phase rotor outlet
(r ¼ rorg ¼ 3.15 cm), which is open to atmosphere (P1 ¼ 0 Pa),
the pressure at the center point of the the rotor inlet P2 (the
position of the pressure measurements), can be calculated as a
function of the rotor rotation rate (points 1 and 2 are labeled in
Figure 1). For example, at 3,600 RPM (377 rad/s) the pressure
is calculated to be slightly negative at �83.3 Pa. These
measurements were needed to determine if the Bernoulli
equation gives an adequate estimate of the pressure at this
boundary for input into simulations.

High-speed video 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 quan-
titative observation of the annular liquid height. High-speed
video (using a Redlake MotionPro HS-3-M4 camera) was
taken for flow rates of 360, 600, and 830 mL/min at imaging

speeds of 100 Hz and 1,000 Hz for each of the three vane
configurations (4-vane, 8-vane, curved).

Laser doppler velocimetry (LDV)

The LDV setup was described previously in Wardle et al.
2008,12 and consisted of a two-component measuring system.
Because of the contactor’s annular geometry, only backscat-
ter measurements were possible, and, therefore, a transceiver
was used rather than an off-axis or forward scatter receiver.
The scattering media for the LDV measurements were the
entrained air bubbles. Although bubbles are generally not
ideal flow tracers,13 due to the configuration of the centrifu-
gal contactor they are unavoidable. Without using advanced
techniques such as laser induced florescence (LIF) for wave-
length discrimination, the light scattered from these bubbles
would drown out any seed particles. Therefore, no attempt at
phase discrimination was made for this study and the LDV
measurements were made without the addition of any seed-
ing materials aside from the bubbles. It was assumed that
the slip velocity is small, and, therefore, the measured bub-
ble velocity is representative of the bulk flow. Indeed, from
repeated measurements using water with 25 mg/L sodium
dodecylsulfate (SDS) it was found that while a significant
decrease in the bubble size was observed, the LDV measure-
ments changed only very slightly and were, thus, not
strongly dependent on the overall air bubble size.12

Figure 5. Diagram of the lower portion of the contactor
showing the location of the pressure probe.

Figure 4. Flow diagram of the continuous recirculation
setup that was used during all experimental
measurements.

Figure 6. Diagram of setup for PIV measurements.
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Particle image velocimetry (PIV)

A LaVision particle image velocimetry system was used
for 2-D PIV measurements of the flow field both in the
annulus of the contactor and underneath the rotor using a
Flowsizer3 (model 3S3D) camera. The LaVision DaVis 6.2
software14 was used for both image acquisition and image
processing to obtain mean velocity field information. A dou-
ble pulsing Nd:YAG laser (532 nm wavelength, �10 ns
pulse width), and the necessary optics were used to generate
a thin laser sheet. Firing of the laser and triggering of the
camera was done with a LabView program running on a sep-
arate computer from the DaVis software which was used to
collect the images. A diagram of the PIV system configura-
tion is shown in Figure 6. The physical time delay between
the successive laser pulses (and consequently the PIV expo-
sures) was measured using a photodiode monitored with an
oscilloscope, and was found to be 154 ls. For measurements
of the flow in the annulus, the laser sheet was directed with
a mirror below the contactor up through the window in the
vane plate and into the annular gap, such that the laser sheet
was vertical and tangential to the rotor at a radial distance of
2.96 cm (0.42 cm from the rotor). At this position the laser
sheet was approximately 2 cm wide within the annular
region and had a thickness of approximately 250 lm. Fig-
ure 7 shows a sketch depicting the orientation of the laser
sheet within the annular region as viewed from above. The
PIV measurements in the annulus were not corrected for the
curvature of the housing cylinder, and, therefore, only the
data on the centerline (where curvature is not an issue) is
reported in detail here. For observations of flow under the
rotor, the laser sheet was positioned horizontally and
directed through the quartz housing wall at a height near the
middle of the vanes.

The data acquisition rate for the PIV system was approxi-
mately 1 Hz. Due to the low data rate this technique was
primarily used for obtaining a spatial map of the mean flow
although root-mean square (RMS) velocity values are also
reported here. Data were obtained for flow in the annular
region of the 4-vane geometry at flow rates of 300, 600, and
1,000 mL/min. For the 600 mL/min flow rate, data were
recorded for varying rotor speeds of 314, 377, and 419 rad/s
(3,000, 3,600, and 4,000 RPM). For most of the conditions
50 double-frame images were recorded except for runs at
600 mL/min or 3,600 RPM for which 75–100 images were

recorded. Regardless, it was observed that the average flow
field was not substantially altered for averages of greater
than 50 images. Images were processed by cross-correlation
using an adaptive multigrid averaging scheme. Two passes
of a 64 � 64 pixel window (with 50% overlap) followed by
one pass of a 32 � 32 pixel window were used.

For flow underneath the rotor on the horizontal laser sheet
at the vane mid-height, images were taken at each combina-
tion of three flow rate settings (300, 600, and 1,000 mL/
min), and three rotor speed settings (3,000, 3,600, and 4,000
RPM) for a total of nine different conditions. These meas-
urements were performed for both of the vane plates with
windows (4-vane and 8-vane). It was possible to perform
PIV processing of these images; however, due to the large
average bubble size in this region this was useful mainly to
look at general flow patterns for the various conditions and
PIV image processing was performed only for the base con-
ditions (600 mL/min and 3,600 RPM) to give a qualitative
description of the flow under the rotor.

As with the LDV measurements, the light scattering media
for the PIV were the entrained air bubbles in the flow.
Although an exploration of bubble-size effects similar to that
described before in relation to the LDV was not made for
the PIV measurements, a comparison between LDV- and
PIV-measured mean velocities was included previously (see
Figure 9 in Ref. 12), and it was found that there is reason-
ably good consistency between the two except for under-
neath the rotor where the bubble sizes are large and the PIV
measured velocities were seen to be somewhat lower than
the LDV measured values.

Results and Discussion

Pressure measurements

For the overall contactor simulation effort, accurate speci-
fication of the boundary between the two regions, particu-
larly the outlet of the mixing zone model, is critical. In

Figure 7. Sketch showing the orientation of the laser
sheet for PIV measurements within the annu-
lar region.

Figure 8. Measured rotor inlet pressure as a function
of rotor speed for the three different vane
geometries.
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general, it had been previously assumed that the pressure at
the rotor inlet is primarily governed by the flow in the
rotor—that is, the flow is pulled into the rotor by a negative

pressure rather than pushed in by the force of the flow on
the vanes. As simulations proceeded, the validity of this
assumption became somewhat unclear, and, therefore, physi-
cal measurements of the pressure at the rotor inlet were con-
ducted to provide some insight into the characteristics of this
region and aid in the boundary value specification.

The measured pressure as a function of rotor speed is
shown in Figure 8 along with the Bernoulli equation (Eq. 3).
For the 4-vane geometry, there is good general agreement
with the Bernoulli equation, and, thus, it appears that the
flow is indeed predominately ‘‘pulled’’ into the rotor by the
negative pressure of the rotating column of air in the rotor.
For the other vane configurations, however, there are varying
degrees of positive deviation from the pressure predicted by
Eq. 3. Consequently, it appears that there is also some
degree of forcing of the flow into the rotor by the vanes
which elevates the pressure relative to that predicted by the
Bernoulli equation. Moreover, it was observed that abrupt
changes in the annular liquid height were accompanied by
changes in the measured pressure. This can be seen in the
sudden change in pressure for the curved vanes at approxi-
mately 3,400 RPM. Below this speed, there was a sharp
decrease in the liquid height as the flow switched abruptly
from an ‘‘expanded’’, large void flow to a ‘‘collapsed’’, bub-
bly flow (this will be discussed more later). (There is also a

Figure 9. Measured rotor inlet pressure as a function
of flow rate for the three different vane geo-
metries.

Rotor speed is 377 rad/s (3,600 RPM).

Figure 10. Snapshots from high-speed imaging (1,000 Hz, 500 ls exposure) of the flow in the annular region.

The rotor speed was 377 rad/s (3,600 RPM). The rotor bottom is at approximately 1.3 cm on the ruler
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visibly noticeable transition as a function rotor speed for the
8-vane geometry which was observed to occur at approxi-
mately 4,000 RPM, although there did not appear to be an
obvious effect of this in the pressure data).

Similar behavior can be observed as a function of flow
rate (Figure 9). Again, the 4-vane geometry is ‘‘well-
behaved’’ relative to the value given by the Eq. 3 (�83.3
Pa). Note also that over the entire range of flow rates for the
4-vane geometry there is a continuous rise in the ALH (and
ALH oscillation), but no change in the overall flow pattern
(this is described in more detail later, see Figure 11). Such is
not the case for either the 8-vane or the curved vane geome-
tries. Both experience a dramatic flow transition as the flow
rate goes from high to low (or vice versa). This transition
occurs at �750 mL/min for the curved vanes as can be seen
in pressure measurements shown in Figure 9. The 8-vane ge-
ometry also experiences a similar transition, although the
transition point was observed to vary over a relatively wide
band of possible flow rates (�350–600 mL/min). Note that
the apparent transition for the 8-vane geometry in Figure 9
that occurs at �600–650 mL/min was not accompanied by
an observable flow structure change. For this case, the transi-
tion to expanded flow did not occur until about 350 mL/min.
The discontinuity observed in the pressure data for this case
may have been the result of a change in flow structure under
the rotor that was not visually observed but occurs at a
higher-flow rate than, and is perhaps a precursor to, the over-
all transition to expanded flow.

In general, for the ‘‘low’’ end of the flow rate range
(below the transition point) the flow in both geometries is an
open type flow characterized by a higher ALH, but with
large voids within the flow and a distinct ‘‘separation line’’
approximately 0.5 cm above the bottom of the rotor. Above
the transition point, the flow collapses down to a more com-
pact flow characterized by a dense bubbly appearance. These
‘‘expanded’’ and ‘‘collapsed’’ flow patterns can be seen for
the curved geometry at the 600 mL/min and 830 mL/min

settings as shown later in Figure 10. It was also observed,
particularly for the 8-vane geometry, that there is a region of
operation where the flow pattern becomes unstable and at
times even experiences a steady alternation (at �1 Hz)
between the two flow types for certain flow conditions. It
was not possible to determine if there is a liquid volume
change between the two flow types; however, it is thought
that there is not a change in volume, only a change in over-
all void distribution. This open (or ‘‘expanded’’) flow struc-
ture is described more in the following section.

It is clear that there are effects due to the vane geometry
which impact the pressure at the rotor inlet. As intuition
might imply, the pressure in this region is indeed somewhat
affected by both the flow downstream (in the rotor) and the
flow upstream in the vane region under the rotor. Even so, it
does appear that the 4-vane case corresponds quite well to
the previous assumptions of downstream dominated pressure.
These effects for the other vane configurations are not fully
understood and more exploration in this area in the future
could aid in the development of a rigorous method for speci-
fying the pressure at the rotor inlet for a given rotor speed,
flow rate, and geometry. Ultimately, it may be that division
of the contactor flow area at this point to facilitate separate
simulations of the two contactor regions is not advised for
some configurations due to the strong coupling between the
inner and outer regions, and a combined modeling approach
is needed. However, for the 4-vane geometry this does not
appear to be a significant issue as it follows the prediction of

Figure 11. Annular liquid height observations as a
function of flow rate for the 4-vane geome-
try.

All flow rates were equally distributed between the two
inlets. Error bars denote the standard deviation of a num-
ber of repeat observations. The horizontal dashed lines
show the position of the bottom of the inlets (7 cm), and
the extreme top of the mixing zone (�9.25 cm).

Figure 12. 10 ls exposed image of the flow in the an-
nular region illuminated by a laser sheet
(see inset).

The approximate location of the rotor and one visible vane
are outlined. Flow is from right to left.
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the Bernoulli equation quite well and exhibits little flow rate
dependence.

Flow in annular region

High-speed imaging of the flow in the annular region was
very useful in observing the differences in flow resulting
from the different vane designs. Figure 10 shows a compos-
ite of snapshots taken from high-speed video imaging of the
flow in the mixing zone at several flow rates for each of the
three standard geometries. Snapshots were taken at the annu-
lar liquid height (ALH) minimum for the 4-vane and curved
vane geometries, which both have liquid height oscillations
(the curved vane much less so). There are very noticeable
differences in annular flow characteristics for the three dif-
ferent vane configurations.

The 4-vane geometry tends to have a significantly higher-
liquid level than the others and it was observed that the min-
imum ALH (as is shown in the figure) for this configuration
increases with flow rate. Additional observations of the an-
nular liquid height for this geometry were made over a wide
range of flow rates and are plotted in Figure 11. These
observations were made by visual estimation of the average
maximum and minimum liquid height during operation, and
the values reported here are averages over multiple estima-
tions. These visually estimated values are consistent with
values obtained from estimation of the ALH in the recorded
images. From Figure 11 it is apparent that not only does the
minimum ALH increase with increasing flow rate as can be
seen in Figure 10, but the ALH oscillation magnitude also
increases. It will be shown later that the frequency of this
oscillation is inversely proportional to changes in magnitude
(i.e., higher frequency for lower magnitude oscillation). Both
of these in turn seem to be directly driven by the change in
the overall liquid level; an increase in liquid level leads to
an increase in oscillation magnitude and a corresponding
decrease in frequency.

The 8-vane geometry has a relatively low-liquid level that
does not vary significantly with flow rate. This is consistent
with observations made previously by others.6 As noted pre-
viously, in the context of the pressure measurements, this ge-
ometry also experiences a flow ‘‘expansion’’ at low-flow
rates. This transition was found to be somewhat variable,
occurring at slightly different flow rate settings on different
days. It may have been a function of the contactor unit tem-
perature since it was observed that the expanded flow type
(virtually identical in appearance to the flow structure in the
curved vane image at 300 mL/min in Figure 10), was steady
for flow rates up to �600 mL/min just after the unit was
started up, but occurred only for low-flow rates �400 mL/
min after the unit was warm. As seen in Figure 10, the col-
lapsed flow type was stable down to 360 mL/min during the
high-speed imaging of this geometry. This collapsed flow
structure had a very low-liquid height (�1 cm above the
rotor bottom) with substantial entrainment of air and a bub-
bly appearance.

Quite similar to the 8-vane geometry, the curved vane
housing also evidences a flow pattern transition which occurs
above �750 mL/min. This transition is indeed apparent for
the range of flow rates shown in Figure 10. For the highest
flow rate setting (830 mL/min), the flow is similar to the col-
lapsed structure in the 8-vane geometry save that the liquid
level is somewhat higher within the curved vane housing.
For the two lower flow rate settings, the flow is ‘‘expanded’’
with a relatively stable separation line (evidenced by the
cloudy horizontal band) at �1 cm above the bottom of the
rotor. It appears that this band marks the region of highest
fluid-rotor contact where the fluid is spun out from the rotor
and impinges on the housing wall. Above this band there is
a continuous free surface with little contact with the rotor.
Below this band there seems to be very intermittent fluid-
rotor contact and large voids.

This flow behavior was explored in more detail experi-
mentally with a very limited set of observations of the iden-
tical ‘‘expanded’’ flow structure in the 8-vane geometry
using a vertically oriented laser sheet. These observations
were for settings of 600 mL/min and 3,600 RPM, and during
a period when the expanded flow type was stable for these
conditions. A snapshot of the annular flow illuminated by
the laser sheet is given in Figure 12. The inset shows the ori-
entation of the laser sheet. The bright field in the upper left
is generated by light scattering from the high concentration
of small bubbles in a ring near the housing wall marking the
‘‘separation line’’ as was seen previously for the curved vane
images in Figure 10. As previously described, this image
indeed shows a region on the side of the rotor where the liq-
uid appears to be in relatively steady contact with the rotor
surface. The authors have chosen to refer to this band as the
‘‘separation line’’ as it appears to demarcate the location of
high-fluid-rotor contact and high-relative-radial flow some-
what analogous to that seen in the simplified contactor mod-
els15 and at the ‘‘outflow’’ point of a Taylor-Couette vortex.
Above this band, a liquid/air free surface was consistently
present for all the laser sheet images taken (�50), demon-
strating the lack of fluid-rotor contact in this region. Below
this horizontal band of contact, there were large air voids
generated from the intermittent fluid-rotor contact. A cross-
section sketch of what this expanded flow structure seems to

Figure 13. Simplified sketch of the ‘‘expanded’’ flow
structure seen in the 8-vane geometry.

Similar structure was seen in the curved vane geometry.
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look like is shown in Figure 13. Although this detailed ex-
ploration was for the ‘‘expanded’’ flow structure in the 8-
vane geometry, it is likely to be the same for the
‘‘expanded’’ flow structure of the curved vane geometry as
seen in the lower two flow rate settings in Figure 10.

Flow under the rotor

For the 4-vane and 8-vane housing geometries, a window
was placed in the vane plate to observe the flow in the
region between vanes underneath the rotor. The same setup
used for particle image velocimetry (PIV) was used for qual-
itative imaging of the flow in this region. Due to the rela-
tively large bubble sizes, these were not used for quantitative
information, but rather simply to observe the general flow
patterns. Some PIV-processed flow fields at the standard
conditions in the 4-vane and 8-vane geometry are given later
in this section. Composite images of the flow under the rotor
for each of these geometries at the nine different combina-
tions of three flow rates and three rotor speeds are shown in
Figures 14 and 15 for the 4- and 8-vane geometries, respec-
tively. The snapshots shown in the figures were chosen from
among the 50–100 images obtained at each setting and are
representative of the flow at the given conditions. For both
geometries, there is flow rotation in the clockwise direction
(see Figure 16 for processed vector fields of the standard
conditions).

For the 4-vane geometry (Figure 14), it appears that the
effect of flow rate is much more significant than rotor speed

for the ranges explored here* as can be seen by the general
decrease in bubble size with increasing flow rate. Recall
from Figure 11 that the liquid level increases with increasing
flow rate. For the lowest flow rate setting, the bubble-size
distribution is much larger and there is a relatively stable
large bubble that is maintained at the center of a large vortex
region (clockwise rotation). It also appeared that the size of
this central bubble increased slightly with rotor speed as the
rotational speed of this vortex also increased, stabilizing the
void. As flow rate is increased, the corresponding increase in
liquid level was accompanied by an increase in rotor contact
resulting in higher turbulence as evidenced by the shrinking
bubble size. The large bubble under the rotor, which was rel-
atively stable for the lowest flow rate, became unstable at
higher flow rates and was observed to sporadically be gener-
ated, undergo distortion, and then become broken into sev-
eral smaller bubbles. For the highest flow rate tested (1,000
mL/min), the average bubble size appeared to be quite small
(\250 lm); however, in general it appeared that the higher
rotor speed was accompanied by larger air pockets near the
rotor surface (the underlying ‘‘ripples’’ in these images).
Assuming that the air bubble size is directly related to the
degree of mixing and turbulence near the rotor, it appears
that these images support the general conclusion made previ-
ously that there is better mixing for higher liquid levels.
This conclusion is further supported by the simulation-based

Figure 14. Flow under the rotor for the 4-vane geometry as a function of flow rate (columns) and rotor speed (rows).

*Only a narrow range of rotor speeds (3,000–4,000 RPM) was explored because
in general the rotor speed is determined by the high degree of phase separation
needed within the rotor, and, therefore, low-rotor speeds are typically not used.
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comparison of turbulence and mixing in contactors presented
in a separate article.9

For the 8-vane geometry (Figure 15), the combined effect
of the rotor speed and flow rate is more complex. In general,
it appeared that the type of annular flow structure (expanded
or collapsed) which was stable for the given combination of
flow rate and rotor speed had the biggest effect on the char-
acteristics of the flow observed under the rotor. For example,
the collapsed flow structure was stable for each flow rate
condition at the lowest rotor speed setting and the flow is
similarly very bubbly for all flow rates with perhaps a slight
decrease in average bubble size for the highest flow rate. At
the middle rotor speed, the expanded flow structure became
stable at the lowest flow rate and the effect on the entrained
air bubble size is stark. The same structure was stable for
both the low and middle flow rate settings at 4,000 RPM. It
was not specifically recorded what type of flow structure

was present for the other conditions (mid and high at 3,600
RPM and high at 4,000 RPM), but judging from the appear-
ance of the flow it may have been some unstable combina-
tion of the two types.

Although the relatively large bubble sizes in the region
under the rotor precluded quantitative use of PIV processed
vector fields, these data is still quite informative, for provid-
ing a qualitative description of the flow field in this region.
The vector field (and corresponding streamlines) for the 4-
vane and 8-vane PIV measurements at 600 mL/min and
3,600 RPM are shown in Figure 16. For the 4-vane geometry
there is a large central vortex rotating in the clockwise direc-
tion (same as rotor rotation) that is shifted slightly off-center
in the forward flow direction. The center of this vortex cor-
responds with the location of the large voids as described in
relation to Figure 14. For the 8-vane geometry, there is only
a very weak general rotation and the majority of the flow

Figure 15. Flow under the rotor for the 8-vane geometry as a function of flow rate (columns), and rotor speed
(rows).
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appears to go radially inward along the forward vane wall
toward the axis of the rotor.

Velocity measurements

Particle image velocimetry (PIV) data. The time aver-
aged velocity field obtained from PIV analysis of the flow
in the annular region is shown (as streamlines) in Figure
17a. The position of the bottom edge of the rotor and the
axis of the rotor are delineated on the figure. The vertical
extent of the domain shown here is from the bottom of the
housing to approximately 1.5 cm above the rotor bottom
(same axial extent of data shown in subsequent figures); the
width of the domain is approximately 2 cm, but is broad-
ened by the curvature of the cylindrical housing as men-
tioned previously. The corresponding RMS velocity field is
given in Figure 17b. The trailing flow behind one of the
housing vanes can be seen in the lower part (below the
rotor bottom) of Figure 17a. It is also evident from this fig-
ure that there is a distinct average axial height (�7–8 mm
above rotor bottom), below which the flow has a clear
downward component and above which the flow has a very
slight but noticeable upward component; this upward flow is
likely diminished by the steady oscillations of the free
surface.† This is consistent with the vector fields in the
annulus seen in previous CFD simulations.12 From the ve-
locity fluctuations (Figure 17b), the trailing vortices behind
the vane are again evident. The highest measured velocity
fluctuations occur near the bottom of the rotor in the region
of the plane near the rotor axis—the point where the plane
is closest to the rotor. Recall, however, that the laser sheet
is somewhat removed from the surface of the rotor and the
velocity fluctuations at this distance are significantly less
than the levels very near the rotor. Even so, these measure-
ments do support the type of fluid-rotor contact predicted by

the simulations of this geometry where there is a band of
continuous contact near the bottom of the rotor.12

As no correction was applied to account for the curvature
of the housing and consequently only the data along the ver-
tical centerline (rotor axis) are quantitatively valid for direct
comparison with simulation. Such comparison between the
PIV results and simulation predictions for the standard con-
ditions is reported elsewhere.9

Quantitative PIV of the flow underneath the rotor was not
performed due to the large bubble distribution and bubble-
bubble interaction in this region. The general flow patterns
observed experimentally in this region were discussed in the
previous section and are shown in Figure 16.

PIV as a Function of Rotor Speed and Flow Rate

PIV data similar to that presented in the previous section
for the base-case conditions were also obtained for other
flow rates and rotor speed settings as described in the Exper-
imental Methods section. All these data are from the 4-vane
geometry. Only the data along the vertical line within the
measurement plane that is even with the axis of the rotor are
given here (vertical dot-dash line in Figure 17).

The PIV-measured average velocity profiles for three rotor
speeds (3,000 RPM, 3,600 RPM, 4000 RPM) are shown in
Figure 18. The corresponding RMS velocity profiles are
shown in Figure 19. It is apparent from the plots of the
mean velocity profiles that with increasing rotor speed the
velocity magnitude increases but the overall shape of the
profile (i.e., axial location of maximum tangential and axial
velocities) does not change significantly. As for the velocity
fluctuations, in general a similar sort of behavior is evident
although the magnitude of the change appears small.

On the other hand, changes in inlet flow rate result
in slightly more complex behavior. The PIV-measured
average velocity profiles for various total inlet flow rate set-
tings (300 mL/min, 600 mL/min, 1,000 mL/min) are shown
in Figure 20. The corresponding RMS velocity profiles are

Figure 16. PIV processed vector fields of the flow underneath the rotor at 600 mL/min and 377 rad/s (3,600 RPM)
for the (a) 4-vane and (b) 8-vane geometries.

Flow rotation is in the clockwise direction. The color scale represents local mean velocity magnitude with the highest values (red)
approximately 1 m/s. The approximate location of the outer edge of the rotor is marked on the bisecting line (dashed line). [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]

†The consistency of these PIV measurements was also checked by repeating the
measurements with the camera viewing area shifted upward; the axial height of
this separation line relative to the rotor bottom was found to be consistent between
the two sets of measurements.
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shown in Figure 21. Two profiles are shown for the 300 mL/
min flow rate setting; one is for 300 mL/min in the front
inlet only (same side as PIV plane), and the other, the back
inlet only. No measurement was taken with an evenly dis-
tributed inlet flow (i.e., 150 mL/min in each inlet) as was
the case for both the 600 mL/min and 1,000 mL/min set-
tings. Note that there is an increase in the average annular
liquid height (ALH), and ALH oscillation magnitude with
increasing flow rate (see Figure 11). For a total inlet flow
rate of 300 mL/min the annular liquid height (above the
rotor bottom) was observed to be approximately 3 cm with
little oscillations; for flow rates above �300 mL/min, the
ALH oscillation magnitude increases steadily. For 600 mL/

min, the minimum ALH is around 3.5 cm and the max 5.3
cm. For 1,000 mL/min, the minimum and maximum ALH
are approximately 4.8 cm and 9 cm. The increase in the
minimum ALH is directly related to an increase in the liquid
holdup in the mixing zone. This effect may partly explain
the difference in the tangential velocity profiles for the dif-
ferent flow rates. However, it does not seem to explain the
axial velocity profiles. There, the lower flow rate setting
actually was found to have higher axial velocity magnitudes.

As was seen with the rotor speed changes, the changes in
the RMS velocities (Figure 21) are less dramatic, although
there does appear to be a general trend toward increasing ve-
locity fluctuation with increasing flow rate. This is in general

Figure 18. PIV data of the (a) mean tangential velocity and (b) mean axial velocity along a vertical line even with
the rotor axis for rotor speeds of 314 rad/s (3,000 RPM), 377 rad/s (3,600 RPM), and 419 rad/s (4,000
RPM).

The rotor bottom is noted by the horizontal dashed line

Figure 17. Plot of (a) streamlines for the time-averaged velocity field and (b) the RMS velocity magnitude distribu-
tion interpolated from PIV of flow in the annular region of the 4-vane contactor at 600 mL/min and 377
rad/s (3,600 RPM).

The flow is from right to left. For reference, the rotor bottom and axis are delineated [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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agreement with the change in annular liquid height. Greater
liquid height results in greater fluid-rotor contact and greater
turbulence in the liquid phase.

In general, these data could be better explained by addi-
tional CFD simulations to look at the overall flow patterns
and complex fluid-rotor interactions as inlet flow rate and
rotor speed are varied. Understanding these effects may ulti-
mately aid in the optimization of operation of the centrifugal
contactor for a given process flow rate.

ALH Oscillation (4-vane) as a function of rotor speed
and flow rate

As previously noted, the 4-vane geometry was character-
ized by a steady oscillation in the liquid level. The variation

in frequency of the liquid height oscillation was observed as
a function of rotor speed (from LDV as described in Ref.
12) and inlet flow rate (from high-speed video imaging). In
general, it was observed that the oscillation frequency was
inversely related to the rotor speed and flow rate—that is,
increasing the rotor speed results in a decrease in the oscilla-
tion frequency as too does increasing the inlet flow rate. The
observed values are shown in Tables 1 and 2. In general, it
appears that the change in oscillation frequency can be
explained by the relationship between the mixing zone liquid
volume (as observed by the minimum ALH) and the fluid—
rotor contact—which decreases as liquid volume decreases.
For example, this effect seems to explain how the observed
oscillation frequency changes with flow rate (Table 1); a
lower flow rate results in lower liquid volume, less fluid-

Figure 20. PIV data of the (a) mean tangential velocity and (b) mean axial velocity along a vertical line even with
the rotor axis for total inlet flow rates of 300 mL/min, 600 mL/min, and 1,000 mL/min.

Figure 19. PIV data of the (a) RMS tangential velocity and (b) RMS axial velocity for the three different rotor
speeds.
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rotor contact, and consequently less momentum imparted by
the rotor to the fluid, resulting in a lower oscillation magni-
tude but a higher frequency.

For the effect of varying rotor speed (Table 2), the liquid
volume (minimum ALH) was also seen to increase slightly
with higher speed for this geometry. Although one might
reasonably postulate that for a given liquid height a higher
rotor speed would have less fluid-rotor contact, it appears
that this is more than compensated for by the greater surface
velocity of the rotor, resulting in a larger amount of momen-
tum imparted to the fluid. This momentum of the fluid is
translated into potential energy as the fluid is spun out and
up the housing wall and then back into kinetic energy as the
fluid collapses back down where it contacts the rotor again.
This greater magnitude of oscillation results in a lower oscil-
lation frequency. CFD studies for a range of flow conditions
might provide greater insight into this effect and the relation-
ship between fluid-rotor contact and liquid height oscillation
as a function of rotor speed.

Conclusions

It is clear from these experiments that the mixing vane
configuration has a significant effect on the flow in the mix-
ing zone of the annular centrifugal contactor. The measure-
ments of pressure at the rotor inlet demonstrate the different

levels of flow forcing by the different vane geometries as a
function of rotor speed and flow rate. Sharp flow transitions
in the annular region (i.e., transition from and collapsed to
an expanded flow structure in the curved vane configuration)
were found to have an effect on the measured pressure.
Based only on the 4-vane geometry results, this pressure
data was used to develop an adequate method for specifica-
tion of the outlet boundary condition for the mixing zone
simulations.9 However, it may be possible to use the data
from the other configurations to devise a more general
method for specifying a model-boundary condition, which
accounts for the differences due to vane geometry, rotor
speed, and flow rate.

From flow observations of the annular region, the liquid
heights (and by extension the liquid volumes) for the three
different vane geometries tested here were found to be quite
different. The 4-vane geometry had a higher-liquid height
than either of the other two configurations for the range of
flow rates tested. Although ‘‘mixing’’ was not quantitatively
evaluated directly from these experiments (e.g., through
measurement of the turbulence dissipation rate for the differ-
ent configurations), companion computational efforts have
demonstrated a direct relationship between increased liquid
height and increased mixing.9 Consequently, for low to mod-
erate flow rates, the 4-vane geometry would have greater
mixing (and greater fluid residence time). However, at flow

Table 1. Frequency of Liquid Height Oscillation in 4-vane
Geometry as a Function of Flow Rate (constant rotor speed
of 3,600 RPM) as Estimated from the High-Speed Video

Images

Inlet Flow
Rate, ml/min

Frequency,
Hz

Minimum
ALH, cm

Maximum
ALH, cm

360 5.41 � 0.26 3.0 3.3
600 4.88 � 0.29 3.5 5.3
830 4.47 � 0.17 4.0 7.3

ALH maxima and minima were approximated by direct external observation
(see Figure 11).

Table 2. Frequency of Liquid Height Oscillation in 4-vane
Geometry as a Function of Rotor Speed (Constant Flow

Rate of 600 mL/min) as Measured with LDV

Rotor Speed, RPM
Frequency,

Hz
Minimum
ALH, cm

Maximum
ALH, cm

3000 5.21 � 0.07 3.1 4.4
3600 4.75 � 0.16 3.5 5.3
4000 4.55 � 0.05 3.8 7.0

ALH maxima and minima are average values approximated from direct
external observation.

Figure 21. PIV data for the (a) RMS tangential velocity and (b) RMS axial velocity for various total inlet flow rates.

AIChE Journal August 2010 Vol. 56, No. 8 Published on behalf of the AIChE DOI 10.1002/aic 1973



rates above �1 L/min the maximum liquid excursions in this
geometry reach the top of the mixing zone. Thus, the use of
the 4-vane geometry would likely be limited to total inlet
flow rates below 1 L/min to avoid the possibility of phase
contamination into the lower collector ring.

For flow under the rotor, the difference in mixing between
the 4-vane and 8-vane geometries for different rotor speeds
and flow rates was inferred by qualitative observation of the
air bubble sizes in this region. Consistent with the observations
of flow in the annular region, it was seen that the 4-vane geom-
etry tended to have much smaller air bubbles than the 8-vane
configuration. For the 8-vane configuration, the type of flow
structure (collapsed or expanded) in the annular region had a
clear effect on the characteristics of the flow under the rotor.

Simulations reported elsewhere have been performed for
the base-case conditions (600 mL/min and 3,600 RPM) and
the comparison with these experiments was found to be quite
good.9,12 It is anticipated that the additional data presented
here could be useful for further validation of contactor simu-
lations at different flow conditions. In particular, the quanti-
tative PIV and LDV data at different flow rates and rotor
speeds in the 4-vane geometry could be useful for compari-
son with CFD simulations for a range of flow conditions.
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