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Annular centrifugal contactors were developed as single, compact units utilized to transfer desired species between immiscible
fluid phases. Critical to understanding the mass-transfer characteristics in the annular mixing region is a clear picture of the
distribution of droplet sizes of the fluids involved. To date, very little experimental data appears in the literature. We fill that
void by using laser fluorescence and optical methods to directly observe and measure drop-size distributions for a silicone
oil/water system in a centrifugal contactor. The shape and characteristics of the log-normal distributions, including the
Sauter mean diameter and distribution means, are elucidated in terms of rotor speed and organic phase fraction. The size
distribution of entrained air bubbles is also examined. The results presented here will be invaluable in validating and
expanding the predictive capacity of the many models that have been developed to describe the flow within these devices.
Published 2013 American Institute of Chemical Engineers AIChE J, 59: 2219–2226, 2013
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Introduction

Liquid–liquid extraction is the process by which desired
dissolved chemical species are extracted from one phase by
mixing and subsequently separating two immiscible fluids.
One tool for carrying out liquid–liquid extraction that has
found widespread use is the annular centrifugal contactor. The
annular centrifugal contactor is a combination mixer and sepa-
rator with a single moving part (rotor) used for transfer of
desired components between immiscible fluids. Originally
developed at Argonne National Laboratory for nuclear waste
reprocessing,1 centrifugal contactors have since been proposed
for use in a very wide variety of applications,2 including met-
als extraction,3–5 wastewater treatment,6 pharmaceutical proc-
essing,7,8 enantioselective chemical separations,9 and biodiesel
synthesis.10 Centrifugal contactors are attractive unit opera-
tions due to their compact size, high efficiencies, short resi-
dence times, and high process throughputs.

During operation of the centrifugal contactor, two immis-
cible fluids (an organic or oil phase and an aqueous phase)
are introduced into the annular region between the contactor
housing and the spinning rotor via separate ports (Figure 1).
The liquids mix in the gap, entraining air from the free sur-
face, and flow down through the mixing zone to the vane
region. The vanes then direct the fluids inward to the base of
the rotor. Several vane plates are available having varying
numbers and shapes of vanes, each producing unique effects

on the mixing and flow properties of the contactor.11 Finally,
the fluids flow up into the spinning rotor where they are cen-
trifugally separated and flow out of their respective outlets.

Mass-transfer behavior in this device is highly dependent
on the interfacial area between the two liquid phases being
mixed in the annular mixing zone. The distribution of drop
sizes obtained for various operating parameters of flow rates,
rotor speeds, and phase ratios is critical information needed to
accurately predict mass-transfer effectiveness. Recently, good
progress has been made in modeling the flow in the annular
mixing zone using computational fluid dynamics.12–16 As
these models are extended, predictions of the interfacial area
between the immiscible phases can be made. However, there
exist few experimental measurements of drop sizes and inter-
facial areas to validate these models and predictions. Further,
experimental drop size data could also be used for the selec-
tion and calibration of breakup and coalescence models for
interfacial area prediction using population balance methods.

Accurately measuring the drop sizes in a centrifugal con-
tactor and optically distinguishing between fluid droplets and
air bubbles is not trivial. The turbulent flow and entrained
air bubbles make direct imaging using conventional techni-
ques difficult. Further, the high rotor speeds at which contac-
tors are often operated (> 3000 rpm) add to the difficulty of
obtaining clear images of the multiphase flow. Recently, sev-
eral studies have been published in which researchers have
successfully measured the characteristics of the multiphase
flow using various methods. Using a chemical method sug-
gested by Doraiswami and Sharma,17 Kadam et al.,18 meas-
ured the effective interfacial area in three centrifugal
contactors of varying diameter and levels of power consump-
tion. From the measured power consumption and interfacial
area, they were able to estimate Sauter mean diameters of
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10–50 mm for various aqueous/organic systems. However,
these experiments were carried out in a liquid filled apparatus
and, thus, no air was present as in the industrially used sys-
tem. Later, Tamhane et al.19 used a phase Doppler particle an-
alyzer to measure drop sizes in the mixing zone for three
different organic phases with water and report average drop
sizes in the range of 30–200 lm depending on power con-
sumption. Again, these results come from a liquid filled sys-
tem which lacks air entrainment. Most recently, Schuur
et al.20 used focused beam reflectance measurements to mea-
sure drop-size distributions for very low overall flow rates
(40–100 mL/min) based on measurement of reflectance which
is converted to chord size distributions using a correction fac-
tor. Using this technique, they report Sauter mean diameters
that range from 150 lm to over 600 lm based on varying or-
ganic flow rates for a 1,2-dichloroethane/water system.

Here we present a more direct approach at experimental
drop-size distributions in an annular centrifugal contactor for
conditions that more closely resemble those seen in industrial
use (i.e., free surface leading to air entrainment in the mixing
zone and flow rate exceeding those previously published).
Using laser-based fluorescence, clear optical images of the
flow are attainable that can then be analyzed to directly deter-
mine sizes and distributions of droplets in the mixing zone. We
examine the effect of rotor speed on the distributions, average
drop sizes, and Sauter mean diameter for a system of polydi-
methylsiloxane (PDMS) and water. Drop-size distributions are
reported for the organic phase dispersed in an aqueous phase
with a constant total (organic plus aqueous) flow rate. Further,
we report measurements of air bubble size distributions from
air entrained in the flow at various rotor speeds.

Materials and Methods

All of the experiments described here were performed
using a CINC-V2 annular centrifugal contactor available
from CINC Industries (Carson City, NV). The stainless steel
contactor housing was replaced with a clear acrylic housing
available from the manufacturer to enable optical measure-
ments to be made with the contactor running. The acrylic
housing was then placed in a container of refractive index

matching fluid to eliminate the optical effects of surface cur-
vature and improve image quality. The inner diameter of the
housing is 2.5 in. (63.4 mm) and the rotor has a diameter of
2 in. (50.8 mm) leaving a 0.25 in. (6.35 mm) gap in the an-
nular region. The bottom vane plate used consists of eight
curved vanes having a tip-to-tip diameter of 2 3/16 in.
(55.56 mm). As such, the mixing vanes extend into the annu-
lar gap, but do not extend all the way to the housing wall.
The contactor was fed using two identical Masterflex L/S
Easy-Load II peristaltic pumps (Model 77200-60, Cole-
Parmer, Vernon Hills, IL) powered by identical Masterflex
L/S variable speed motors (Model 7553-70, Cole-Parmer,
Vernon Hills, IL). Tap water with no further purification was
used for the aqueous phase while PDMS with a viscosity of
0.0046 Pa.s (Clearco Products, Bensalem, PA—Table 1) was
used as the organic phase. For visualization, Nile red dye
(Sigma-Aldrich, St. Louis, MO) was dissolved into the
PDMS. The Nile red dye absorbs light in the range of 532
nm and fluoresces in the range near 600 nm.

Images of the flow in the contactor were obtained using a
Phantom v9.1 high speed camera (Vision Research, Wayne,
NJ) using a 103 magnification microscope objective (Figure
2). The lens was focused approximately 1 mm inward from
the inner wall of the housing (i.e., 1 mm into the gap from
the housing wall). Due to the amount of fluid in the contac-
tor, quality, focused images could not be obtained at distan-
ces further into the annular gap. Illumination was provided
by shaping a Continuum Minilite PIV Nd:YAG laser beam
(Continuum, Santa Clara, CA) into a light sheet with a 5 ns
pulse width. The camera was synchronized with the laser so
that one laser pulse was emitted during each image acquired.
The synchronization of the laser and camera provides crisp
images by effectively freezing the droplet motion with the 5
ns pulse. The wavelength of this light (532 nm) causes the
Nile red dye to fluoresce and become visible. A filter was
placed on the camera lens to block the scattered laser light
and pass only the fluorescent signal. Using this setup, we are
able to visualize droplets ranging in size from 40 lm to

Figure 1. Simplified schematic representation of an an-
nular centrifugal contactor.

Table 1. Properties of Interest for PDMS Used in this Study

Density 920 kg/m3

Viscosity 0.0046 Pa.s
Surface Tension 0.0197 N/m
Interfacial Tension 0.030 N/m

Figure 2. Schematic representation of the experimental
apparatus (top view).

2220 DOI 10.1002/aic Published on behalf of the AIChE June 2013 Vol. 59, No. 6 AIChE Journal



1 mm in diameter. The lower bound on the droplet size is
limited by the ability to optically see droplets distinguishable
by the image analysis software used here.

Images were analyzed using the public domain image
processing software ImageJ (Figure 3). Droplets were fit
with circles whose diameters were then calculated. All but
the largest droplets were spherical in shape. The diameters
of droplets that were deformed in the flow were approxi-
mated by a circle having an area equal to the distorted drop-
let. An image of an object of known dimensions enabled
scaling to real dimensions. For each distribution, at least
1000 droplets were used in the analysis.

Results and Discussion

Effect of power consumption/rotor speed

The organic phase droplet-size distribution was measured
over a range of rotor speeds spanning from 1100 to 3000
rpm (Figure 4). As reported elsewhere, the total liquid height
in the mixing region varies for a given vane geometry with
the rotor speed.11,13 Also, others have reported differences in
liquid hold up with varying mixing vane geometries.11,15 As
such, the total liquid height was measured as a function of
rotor speed for the range of rotor speeds investigated here
(Figure 5). To better compare the drop-size distributions
taken at different rotor speeds, the location of each

measurement was adjusted to be vertically half way between
the vane plate and the total liquid height. It is important to
note that a different mixing vane geometry (e.g., four
straight vanes) will result in different drop-size distributions
as the liquid hold up and mixing will differ. Thus, the results
discussed here will only apply to a system having eight
curved vanes.

Often in mixing situations, the flows are described by the
power number (Np), which is a dimensionless quantity
describing the ratio of resistance force to inertial force in
mixing applications and is defined by

Np5
P

qn3d5
(1)

where P is the power, q is the fluid density, n is the rotor
rotational speed, and d is the rotor diameter. The rotor
speeds examined here correspond to power number values
spanning from 0.03 to 0.10 (determined from the correlation
reported by Kadam et al.18). An estimate of the mixture den-
sity from the densities of the constituent components was
used in the calculation of the power numbers here. Each
droplet-size distribution was fit with a log-normal distribu-
tion function with good results. The log-normal distribution
is described by

y dð Þ5 1

d
ffiffiffiffiffiffi
2p
p e20:5 ln d2r

d

� �2

(2)

where d is the drop diameter and d and r are parameters of
the distribution with d affecting the distribution height and a
affecting the distribution width.21 The log-normal shape of
the distribution is consistent with what is expected for sce-
narios in which droplet breakup is important22 Table 2 lists
the fit parameters for the log-normal distribution for each
data set shown in the present work along with a description
of the dataset and the figure where it can be found. At the
lowest rotor speed, the distribution of drop sizes is very
broad. As the rotor speed (or power consumption) increases,
the peak of the distribution shifts to lower values and the
distribution narrows, meaning that the droplets in the contac-
tor achieve a more uniform size than at low rotor speeds.

Figure 3. Schematic representation of the image analy-
sis technique used in this study.

Some droplets were excluded in the “identification”

image for clarity.

Figure 4. Organic phase droplet-size distributions for
several rotor speeds.

Points indicate the experimental data while the solids

lines show fits of the log-normal distribution function to

the experimental data. Aqueous to organic feed ratio is

3:1 and total flow rate through the contactor is 5 mL/s.

Figure 5. Effect of rotor speed on total liquid height in
the mixing zone.

Error bars represent the standard deviation of at least

three independent measurements. Aqueous to organic

feed ratio is 3:1 and total flow rate is 5 mL/s.
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Physically, as the rotor speed increases, the additional shear
stress encountered by the fluid in the mixing zone is suffi-
cient to break up the largest droplets in the two-phase mix-
ture, which causes the distribution to both shift to lower
droplet diameters and to become narrower around the mean.

Once the droplet-size distribution is known, the Sauter
mean diameter (d32) can be calculated23 by

d325

X
Nidi

3X
Nidi

2
(3)

where d32 is the Sauter mean diameter and Ni is the number
of droplets having diameter di. The effective interfacial area
can then be estimated24 by

a5
6u
d32

(4)

where a is the specific interfacial area and u is the volume
fraction of the dispersed phase. The dispersed phase volume
fraction was estimated from the ratio of the influent flow
rates. Both the Sauter mean diameter and the mean of the
distribution decrease in a power law fashion with increasing
rotor speed (Figure 6). Further, the effective interfacial area
increases logarithmically with increasing rotor speed. These
results are both quantitatively and qualitatively similar to
those reported for mixtures of 1,2-dichloroethane and water20

and roughly one order of magnitude larger than those
reported for silicone oil and glycerine.18 The discrepancy
between the results presented here and those obtained by
Kadam et al. is likely due to the differences in physical
properties of the aqueous phase chosen and, more impor-
tantly, the higher power consumptions studied here, which
would produce smaller droplets. At high rotor speeds, the av-
erage drop diameter and Sauter mean diameter become less
dependent on the rotor speed. The decrease in dependence
on the rotor speed is due to a developing dynamic equilib-
rium between the processes of drop coalescence and drop
breakup. At lower rotor speeds, the shear forces encountered
in the turbulent flow act over a smaller overall interfacial
area. As the large drops break up to form smaller drops, the
interfacial area increases. The shear forces then have to act
over a larger interfacial area. Therefore, the overall
impact of rotor speed on drop size is less pronounced.

The narrowing of the distribution with increasing rotor speed
is again evident in the decrease in the standard deviation of
the distribution, shown as error bars in Figure 6.

There are several empirical relationships in the literature
that can be useful in determining mean drop size under vari-
ous mixing conditions. One such relationship presented by
Haas25 for a Couette flow annular disperser (a geometry that
closely resembles the centrifugal contactor) predicts the
mean dispersed phase drop size as a function of the Weber
number (We), the Reynolds number (Re), the viscosities of
the dispersed and continuous phases (ld and lc, respec-
tively), the gap (D), and the rotor diameter (ID).

d

D
5150 Weð Þ20:65 Reð Þ20:2 ld

lc

� �0:5 D

ID

� �0:5

(5)

The mean drop size predicted by Eq. 5 agrees qualitatively
with the Sauter mean diameter reported here across the range

Table 2. Log-normal Distribution Fit Parameters for each Dataset Shown in this work

Phase Rotor Speed (rpm) Phase Ration (aq:org) H/Htot d r Figure

Organic 1100 3:1 0.30 21.09 0.61 4
Organic 1500 3:1 0.30 21.43 0.54 4
Organic 2000 3:1 0.30 21.92 0.66 4
Organic 2500 3:1 0.30 22.12 0.60 4
Organic 3000 3:1 0.30 22.27 0.55 4
Organic 2000 3:1 0.30 21.92 0.66 6
Organic 2500 3:1 0.30 22.12 0.60 6
Organic 3000 3:1 0.30 22.27 0.55 6
Organic 2000 5:1 0.30 21.88 0.60 6
Organic 2500 5:1 0.30 22.10 0.61 6
Organic 3000 5:1 0.30 22.38 0.60 6
Organic 2000 10:1 0.30 21.80 0.63 6
Organic 2500 10:1 0.30 22.09 0.61 6
Organic 3000 10:1 0.30 22.48 0.63 6
Organic 1300 3:1 0.07 21.54 0.59 8
Organic 1300 3:1 0.65 21.14 0.63 8
Air 1300 3:1 0.07 21.88 0.53 10
Air 1300 3:1 0.30 20.95 0.38 10

Figure 6. Effect of rotor speed on average organic
phase droplet diameter, Sauter mean diame-
ter, and interfacial area.

Lines are guides to the eye. Error bars represent the

standard deviation of at least three independent meas-

urements. Aqueous to organic feed ratio is 3:1.
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of rotor speeds investigated (Figure 7) in that the trend is
similar. The discrepancy between our experimental results
and the prediction is greatest at the low rotor speeds (largest
droplets) and decreases as rotor speed increases. This trend
of high variability among predicted and experimental values
for different prediction correlations was also reported by
Tamhane et al.19 The discrepancy between predicted and
measured values here is likely due to the variability in dis-
persion apparatus and physical property differences in mate-
rials used to develop the correlations.

Effect of influent phase ratio

Next, the effect of influent phase ratio on the drop-size
distribution was studied in the contactor. The feeds to the
contactor are independently controlled by independent pumps
allowing the examination of the effect of a wide range of
flow ratios on the resulting distribution. As the fluorescent
dye used in the present studies was dissolved in the organic
phase, only flow ratios where the organic phase is the dis-
persed phase were studied (i.e., organic influent flow rate is
lower than the aqueous influent flow rate). Inversion of the
phases under these conditions would result in images in
which droplets are not distinguishable due to the high rela-
tive concentration of fluorescent dye in each image. The
drop-size distributions were measured for aqueous to organic
flow ratios ranging from 3:1 to 10:1 and rotor speeds ranging
from 2000 to 3000 rpm while keeping the overall flow rate
into the contactor constant at 5 mL/s (Figure 8). A cursory
inspection of the data shows that, in each case, the distribu-
tions are qualitatively very similar. Each distribution for
each phase ratio at each rotor speed is well described by the
log-normal distribution function. Further, due to the rela-
tively high rotor speeds studied, the distributions are fairly
narrow and exhibit a relatively small standard deviation. For
each phase ratio studied, a weak dependence of the distribu-
tion mean on rotor speed is observed consistent with the
data presented in Figure 6.

Next, the effect of influent phase ratio on the Sauter mean
diameter was considered (Figure 9). Sauter mean diameter is
a parameter of interest industrially in mixing and aerosol
operations and is included here for completeness. For each

rotor speed examined, a weak linear relationship is observed
between the Sauter mean diameter and the influent phase ra-
tio. As the organic phase fraction increases (i.e., the organic
phase flow rate approaches the aqueous phase flow rate),
there is little change in the Sauter mean diameter of the
resulting droplets. This is consistent with the observation
that the drop-size distributions exhibit a similarly weak de-
pendence on influent phase ratio (Figure 8). The values of
the Sauter mean diameter as well as the weak dependence of
the Sauter mean diameter on the organic phase fraction are

Figure 7. Comparison of Sauter mean diameter (pres-
ent work) with mean drop-size prediction
using Eq. 5 for the range of rotor speeds
examined in this work.

Figure 8. Effect of aqueous:organic phase ratio on the
organic phase drop-size distribution for sev-
eral rotor speeds for constant total flow rate
of 5 mL/s.

Points represent experimental data while the lines are

fits of the log-normal distribution function to the experi-

mental data.
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consistent with results reported at high phase fractions by
Schuur et al.20 for a dichloroethane/water system. At lower
phase ratios, Schuur et al. report a sharp increase in Sauter
mean diameter and explain that this was caused by a phase
inversion in the mixing zone. Such a change was not
observed over the range of organic phase fractions studied
here.

Spatial changes in drop-size distribution

The changes in the organic phase drop-size distribution as
the mixture proceeds through the mixing zone were meas-
ured next. Measurements were taken at three vertical loca-
tions in the mixing zone corresponding to normalized
heights of 0.07, 0.30, and 0.65. The total liquid height in the
mixing zone varies with rotor speed and total flow rate so
the locations of the measurements are reported as normalized

distances based on the total liquid height. As the liquid
height in the annulus oscillates in a periodic fashion,13 the
total liquid height used here refers to the distance from the
bottom of the contactor to the midpoint between the maxi-
mum and minimum liquid heights measured during operation
of the contactor. In all cases, the drop-size distributions are
lognormal. Near the surface of the mixing zone, the drop-
size distribution is very broad indicating the presence of a
significant number of large droplets (Figure 10). In this loca-
tion, the aqueous and organic phases are just beginning to
mix and there is a significant amount of air entrainment. As
the mixture proceeds down through the mixing zone, the dis-
tribution becomes much narrower as the largest droplets
break up under the stresses of the turbulent flow (Figure 10).

The Sauter mean diameter, distribution mean, and effec-
tive interfacial area exhibit linear relationships with normal-
ized height in the mixing zone (Figure 11). The Sauter mean
diameter and distribution mean decrease linearly as the mix-
ture moves from the entrance of the mixing zone to the vane
region while the associated effective interfacial area
increases linearly over the same distance. Here, the error
bars represent the error associated with the position of the
distribution peak as determined from multiple datasets at the
same experimental conditions. Further, the width of the dis-
tribution (shown here by the error bars representing the
standard deviation of the distribution) decreases very slightly
as the mixture approaches the vane region indicating that the
distribution becomes more uniform as more and more of the
largest droplets are broken up under the stresses of the turbu-
lent annular flow.

Air entrainment—air bubble size distribution

Finally, the size distribution of the entrained air bubbles
in the mixing zone was measured at various vertical loca-
tions in the mixing zone. For these measurements, the con-
tactor was run using only the organic phase without a
fluorescing dye. The organic phase was chosen for air bubble
measurements due to the difficulty in completely cleaning all

Figure 9. Effect of the organic phase fraction (organic/
aqueous) on the Sauter mean diameter of the
organic phase droplets for several rotor
speeds.

Figure 10. Organic phase drop-size distributions as a
function of vertical distance in the mixing
zone for a rotor speed of 1300 rpm.

For clarity, data at an intermediate vertical location

was omitted from the figure. Aqueous to organic feed

ratio is 3:1.

Figure 11. Average droplet diameter, Sauter mean di-
ameter, and interfacial area as a function of
the normalized vertical distance in the mix-
ing zone for a rotor speed of 1300 rpm.

Error bars represent one standard deviation for a min-

imum of three independent measurements.
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of the organic phase from the contactor and for the fact that
many industrial processes use the organic phase as the con-
tinuous phase. Illumination was provided by a fiber light and
the optical high-pass filter used in conjunction with the laser
fluorescence studies was not used. Thus, the only bubbles/
droplets visible in the resulting images were due to air bub-
bles that were entrained in the organic phase due to the tur-
bulent flow and free liquid surface.

Qualitatively, the distributions of the air bubbles in the
mixing zone closely resemble the droplet distributions of the
organic phase when multiphase flow was studied (Figure
12). This similarity in the data may be surprising as one
would expect the air bubbles to be larger than the measured
liquid droplets. The observed small sizes of air bubbles
reported here are likely due to the fact that our observation
point is near the housing wall where the heavier organic
phase is concentrated due to centrifugal motion. If the mea-
surement could be repeated at a location closer to the rotor
surface, one would likely find a different size distribution of
the entrained air bubbles. In all cases reported here, the dis-
tributions are well described by the log-normal distribution
function with the broadest distribution obtained near the free
surface. As the mixture progresses through the mixing zone,
the largest air bubbles are broken up under the stresses of
the turbulent flow and the distribution shifts to smaller aver-
age values and becomes much narrower.

The average number of air bubbles observed per image
captured decreases significantly from the surface of the mix-
ing zone to the rotor zone. This observation was confirmed
visually during operation of the contactor and appears to be
in contradiction to observations by Wardle et al.11The appa-
rent difference in observations likely stems from the fact that
our measurements are taken near the inner wall of the hous-
ing rather than below the rotor and between the vanes as
reported by Wardle et al. The observation of fewer bubbles
near the housing wall in the vane region could be due to a
large number of air bubbles migrating and escaping the flow
via the free surface due to buoyancy effects. An alternative
explanation is that, as the camera is focused near the inner

wall of the housing, the air bubbles are not as visible
because they are displaced by the heavier organic phase due
to centrifugal motion.

Conclusions

Effective liquid–liquid extraction is highly dependent on
the surface area between the liquids involved in the mass
transfer. To this end, we have characterized the drop-size
distributions obtained under various conditions of rotor
speed, phase ratio, and vertical location in the mixing zone
of an annular centrifugal contactor for a curved mixing vane
geometry and a single total inlet flow rate. The data pre-
sented here will be significant for validation of models
developed to describe both the flow and mass-transfer char-
acteristics in centrifugal contactors, as well as increasing
fundamental understanding of contactor flows.

The size distribution of both the organic phase droplets
and entrained air bubbles is well described by the log-normal
distribution function. For the organic phase droplets, the dis-
tribution narrows and shifts to lower droplet diameters with
increasing rotor speed as the largest droplets break up under
the increased shear stresses in the turbulent flow. The aque-
ous to organic flow phase ratio has a weak effect on the
Sauter mean diameter, distribution mean, and effective inter-
facial area for a constant flow rate. In the mixing zone, the
distribution begins as a broad log-normal distribution near
the free surface and evolves to be a relatively narrow log-
normal distribution in the vane region. Similar dependence
on the vertical position in the mixing zone was observed for
the size distribution of entrained air bubbles. To our knowl-
edge, this is the first report of drop-size distribution data as a
function of vertical distance in an annular centrifugal
contactor.

Future research focusing on how the distributions change
with the organic phase being continuous with the aqueous
phase dispersed would be useful as this more closely
matches several industrial processes. Further, the results pre-
sented here were collected using a single mixing vane geom-
etry. Varying the geometry of the mixing vanes would
change the liquid hold up and mixing behavior and, thus,
have an effect on the resulting drop-size distribution. This is
another area to be explored in future research endeavors.
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