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Abstract

Separation and recovery of the oil phase from emulsions has practical applications in
a variety of situations, including environmental remediation, pharmaceutical manufacture, and
food processing. In our laboratory, we have developed methods for such separations by
applying a low-intensity, resonant ultrasonic field within a rectangular chamber, which is
optionally filled with a highly porous mesh. The density and compressibility difference between
the dispersed phase droplets and the continuous phase results in a net force on the droplets.
The drops migrate to the pressure antinodes of the standing wave field under the influence of
this primary acoustic force. Subsequent coalescence of the droplets takes place due to
interdroplet forces. Efficient coalescence and transport of the oil droplets was experimentally
demonstrated and oil separation efficiencies as high as 90% were observed in laboratory-scale
devices.

The present work focuses on obtaining fundamental understanding of the relevant
physical and chemical phenomena that underlie the transport and coalescence of droplets
observed in these experiments. A microscopic mathematical model is developed which
includes pertinent body forces (buoyancy and the primary acoustic force) and interdroplet
effects (van der Waals forces, hydrodynamic interactions and secondary acoustic forces) that
govern the phenomena. The model predicts the relative motion of a pair of droplets, given
various parameters like the strength and frequency of the sound field, the initial positions of the
two interacting drops, their sizes, plus the viscosity and density of both the continuous and
dispersed phases. The results from this model are used to compute the collision rate for a
given droplet pair in acoustic field. This leads to the development of a macroscopic population
balance model to predict the evolution of drop-sizes in a given drop population coalescing
under the influence of acoustic field. Such predictions can then be validated by performing
experiments to track the droplet size distribution of an emulsion subjected to an acoustic field.

Introduction

The recovery of micron- to millimeter-sized dispersed liquid droplets from a liquid
emulsion is of fundamental and practical importance in many chemical, petrochemical, and
biological process applications. Conventional methods for liquid-liquid phase-separation
approaches involve either physical (e.g., gravity, centrifugal or electrical fields) or chemical
(use of additives that alter molecular interactions) approaches. Chemical methods have the
disadvantage of cost and the complication of utilizing a chemical that might need to be
removed in subsequent steps of the process. Physical methods can be slow, occupy large
physical space, or require sophisticated equipment. Difficulties involved in scale-up of these
processes and maintaining high efficiencies on a large scale over longer periods of time may
pose problems in using these processes for practical applications.



During the past two decades, phase-separation methods based on the use of
ultrasonic fields have received increasing attention. Suspended particles or droplets respond
to resonant acoustic fields if there is a non-zero acoustic contrast between the dispersed and
host phases. Processes utilizing combinations of acoustic forces with hydrodynamic,
gravitational or diffusion forces have been experimentally studied and modeled. In several of
these methods, a one-dimensional sound field is used to organize the particles into thin
parallel bands separated by one-half acoustic wavelength spacing. The particles are
separated from their suspending fluid by either positioning closely spaced physical barriers
between the bands of particles’ or transporting particles in opposite direction of the flowing
fluid by using pseudo-standing waves*®. Some of the acoustic methods intend to induce
agglomeration of particles by secondary acoustic forces and the resulting agglomerates are
then removed by conventional techniques such as physical screening techniques or gravity
driven methods.®’

Certain of these techniques blend acoustic and physical screening methods by
applying a resonant acoustic field to a porous mesh through which a particle suspension flows.
The interaction of acoustic field with the porous mesh improves its performance as a filter and
collection of particles up to two orders of magnitude smaller than the pore size of the mesh can
be achieved. Deactivating the acoustic field allows the trapped particles to be flushed from the
porous mesh and recovered separately.®

In this paper, we focus attention on a process intended to recover the oil phase from
aqueous emulsions (droplet size ranging from 1-15 um). Specifically, a resonant ultrasonic
wave-field is applied to the emulsion flowing through a rectangular chamber. The oil droplets
respond to the acoustic and other relevant forces and are transported toward eventual
coalescence events. Figure 1 presents images that illustrate the phenomena. Shown is the
vertical cross-section of an acoustic chamber before and after the activation of the acoustic
field. A dilute (~ 0.5 vol%) emulsion of vegetable oil dispersed in water, having a mean droplet
diameter of 3 um is subjected to the acoustic radiation. Prior to the activation of the field, the
emulsion appears to be homogenous (Fig. 1a) but very soon after the acoustic field was turned
on, comparatively larger droplets become visible inside the chamber (Fig. 1b). These
coalesced droplets typically show a strong tendency to migrate towards the internal surfaces of
the chamber. When a porous mesh is used inside the chamber, the droplets are retained
inside the mesh and the performance of the mesh is observed to depend on its acoustic and
wetting properties.’

Our work aims at developing a fundamental understanding of the acoustically induced
bulk coalescence through a modeling approach. We build this model by first studying the rate
of collision between individual pairs of droplets located at prescribed starting positions within
an acoustic chamber. Subsequently, we use this pair interaction model to assemble a
prediction of the evolution of droplet size distribution with time under different processing
conditions. The results can be tested against experimental observations and the model itself
can be used as the basis for process design and scale-up.



(a)
Figure 1: Photographs of the vertical cross-section of the chamber for the case of no
internal porous medium: (a) before activation of the acoustic field; (b) one minute
after the acoustic field is activated. The results of droplet coalescence and retention
inside the chamber can be seen.

Droplet Pair Model Development

The acoustic force that acts on suspended droplets is sensitive to the physical
properties of the system (e.g., droplet size distribution, density and compressibility difference
between the droplets and host liquid) and processing parameters (e.g., acoustic intensity and
frequency). We consider the consequences of applying a one-dimensional ultrasonic
standing-wave field to a dilute emulsion containing spherical drops of viscosity @’ and density
p’ dispersed in an immiscible fluid of viscosity u and density p. Surface tension effects are
presumed strong enough to keep the droplets from being distorted from a spherical shape by
the combination of forces acting upon them. The system is considered to be isothermal. Both
fluids are considered to be Newtonian, and it is assumed that there are no relevant surfactant
effects at the drop surface. Droplets are assumed to be small enough that inertial forces can
be neglected. The analysis is restricted to dilute emulsions for which only the binary
interaction of droplets need be considered, and for the case of Peclet numbers much greater
than unity, i.e. when the external forces dominate over Brownian diffusion. It is assumed that
every droplet collision results in irreversible coalescence of the droplets, and that coalescence
proceeds without delay upon droplet collision. The pair of interacting droplets is assumed to
be located within a half-wavelength-wide region between two pressure nodes prior to the
application of the acoustic field. The droplet radii are a; and a; and their location relative to the
pressure antinode at time t = 0 are y;° and y.° respectively. The relative position of the two
droplets is described by the polar coordinates r and 6. Both the gravitational and primary
acoustic fields are assumed to be oriented vertically.

The forces considered in the analysis here include gravity, the primary acoustic force,
van der Waals attractive force, hydrodynamic interactions and secondary acoustic force.
Standard expressions are used for the gravitational and van der Waals attractive forces. The
primary acoustic force is given by:

F... = 4na®kE, F sin(2xy) [1]

1,ac



This time-averaged force is a result of the density and compressibility difference
between the dispersed and the continuous phase and it acts in the direction parallel to the
direction of the acoustic field '°. In Eq. 1, « is the wave number of the acoustic field, Ex is the
average energy density of the acoustic field, y is the distance from the pressure antinode, and
F is the acoustic contrast factor that quantifies the density and compressibility difference
between the drop and the continuous phase, which is given by

F=p+(2/3)(p—’l)_ 12A 2]
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where p is the ratio of the droplet density to the continuous phase density and ¢ is the ratio of

the speed of sound in the droplet to that in the continuous phase. For oil droplets dispersed in
water, F has a negative value. For this condition, analysis of Eq. 1 reveals that the pressure
antinodes of the acoustic field are the stable collection points for the droplets.

The secondary acoustic force between two compressible spherical droplets, which
results from the interaction of the sound field scattered from each droplet, is given by

F, - *E. (1_h](1_—7p2 j—VPZVm 3]
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where y is the compressibility of the droplet, y,is the compressibility of the fluid, V is the

droplet volume and r is the center-to-center distance between the droplets'’. The secondary
acoustic force acts along the line of centers of the two particles and it is an attractive force
when both particles are either more or less compressible than the fluid. Note that this force
scales directly with the product of droplet volumes and inversely with their distance from each
other. Thus, as the two droplets approach each other, this force becomes significantly large in
magnitude and it can induce their coalescence.

Under the assumption that the inertial forces are negligible, a drag force develops that
is equal to and opposite of the net force acting on the droplets. The expression for the drag
force on an isolated liquid droplet is given by the Hadamard-Rybczynski formula:

F - _4n[_1+3%/2juavo (4]
1+

where 1 is the ratio of the viscosity of the droplet to that of the surrounding fluid and \° is the

magnitude of the droplet velocity which can be computed by balancing the drag force on a
droplet with gravity and primary acoustic force. The difference of \*° for the two droplets under
consideration yields their far-field relative velocity V;°.

The far-field velocity is augmented with the near-field interaction between the droplets,
including secondary acoustic forces, van der Waals attractive force and hydrodynamic
interactions. Haber, et al.* and Zinchenko' developed exact solutions for the hydrodynamic
resistance to the drop collision using the method of bispherical coordinates: the former being
the solution for the axisymmetric motion of two drops (drops moving along their line of centers)
while the latter applies to the asymmetric motion of drops (drops moving normal to their line of
centers). Using this analysis, Zhang and Davis'*derived far-field and near-field expressions for
axisymmetric relative mobility functions L and G, and for asymmetric relative mobility function

A

M, as a function of 4, a and s. The far-field expression is applicable when the droplets are

widely separated (typically s > 3) and the near-field expression is valid in the near contact
region of the two droplets (typically s < 2.05). The relative velocity of a droplet pair interacting



under the influence of an acoustic field can thus be obtained following the development of
Batchelor'® and the relative trajectory of the pair can be computed by numerically solving the
resulting first-order ordinary differential equations simultaneously.

Results and Discussion
Relative droplet trajectories

To illustrate our modeling approach, we provide simulation results for a typical case
representative of experimental trials. Table 1 lists the parameters used in the simulations
reported in this paper. An example relative trajectory is shown in Fig. 2a, while Fig. 2b shows
dimensionless separation s (=2r/(a4 + a2)) as a function of time. For this example, the droplets
were assumed to be located at a relative angle of 10° from the horizontal with a dimensionless
center-to-center distance of s = 24.97. It should be noted that the oval shaped object in Fig.
2a, represents a circular collision surface but appears non-circular due to the different scales
used for the horizontal and vertical axes. The results of the droplet-pair coalescence model
show that a typical droplet trajectory consists of two regimes: (a) the “fast” relative motion of
two drops due to the combination of the primary acoustic force that pushes them to the
pressure antinode and gravitational forces; and, (b) the slow approach to collision due to
secondary acoustic and van der Waals effects.

Table 1: Parameters for the simulation results shown in Fig. 2.

Parameter Value
a,, size of droplet 1 1.5%x10°m
as, size of droplet 2 1.6%x10°m
p, density of the continuous phase 1000 kg/m®
p’, density of the droplet phase 900 kg/m®
U, viscosity of the continuous phase 1% 107 kg/m-s
W, viscosity of the droplet phase 2x10° kg/m-s
¢, speed of sound through the continuous 1490 m/s
phase
¢', speed of sound through the droplet 1430 m/s
phase
E.., energy density of the acoustic field 100 J/m®
K, wave number of the acoustic field 8490.8 m™
A, Hamaker constant 5x10°"J
T, absolute temperature 298.15 K
!, starting position of the drop 1 -(A/4.01 ),n%%lgw the top
yg, starting position of the drop 1 (M4.0), itot:: bottom
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Figure 2: Relative droplet trajectories for the example case: (a) two-dimensional representation of the particle
path. (b) relative separation as a function of time.

Iso-time collision contours

While the droplet-pair model serves as a useful tool to understand the basic physical
phenomena underlying the relative motion of droplets, it alone is not sufficient to predict overall
coalescence rates. Hence, we identify the time to collision as the critical parameter that leads
to overall coalescence rates. To analyze and quantify the coalescence phenomena further,
the relation between the initial configuration of the droplet pair and the time to collision can be
studied. To determine this relation, the initial position of one drop (drop 1), referred to as the
reference drop henceforth, was kept constant and the trajectories for a series of incoming
droplets with different initial placements were simulated. This procedure was used to map out
the region inside of which drop 2 would need to be positioned so that collision with the
reference drop occurs within a specified time period. These loci are referred to as “iso-time
collision contours.”

Fig. 3 shows predicted iso-time contours for a pair of drops having sizes of 9 um and
18 um. Since the iso-time contours show cylindrical symmetry (around the y-axis), the x-
coordinate of the initial position of the reference drop is always taken to be zero and the y-
coordinate of the initial position indicates its distance from the pressure antinode. For the
results shown in Fig. 3a, the 18-um drop was considered as the reference drop and it is
located at the antinode at t = 0 and the iso-time contours for the 9-um drop were obtained for ¢
=1, 5, and 10 s. The results for the case where the 18-um drop was located at the bottom
node at t = 0 are shown in Fig. 3b. The distances plotted in Fig. 3 in the x- and y-directions
were made dimensionless by using one-quarter wavelength, (A/4) as the scale factor. It can
be observed from Fig. 3 that the iso-time contours define larger regions for extended
coalescence times.
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Figure 3: Iso-time contours for the interaction of a 9-um and 18 um droplet pair: (a) the 18-um drop is located at
antinode at t = 0; and, (b) the 18-um drop is located at bottom node at t = 0.

The volume enclosed by an iso-time collision contour will be a function of the relative
size of the two drops, the physical properties of the dispersed and host phases, plus the
frequency and intensity of the acoustic field. This volume will also be an indication of the
coalescence rate of a given droplet pair. Hence it can be used as a parameter that bridges the
microscopic droplet-pair model with a global population balance model that aims to predict the
size-evolution of a drop population coalescing under the influence of an acoustic field.

Global Model Development

The results of the droplet pair model are applied to predict the droplet size-evolution in
a quiescent emulsion inside a chamber under the influence of an acoustic field. All the
droplets migrate to the nearest antinodal plane within a few seconds after the acoustic field is
activated as long as the magnitude of the primary acoustic force is greater than buoyancy
effects, i.e. if

3xE,.F
—>1

: [3]
(P—P)g
The location of the droplet collection plane is independent of droplet size. Once a
droplet migrates to its collection plane, its velocity due to body forces becomes zero. The
resulting simplified relative droplet-pair trajectory equations can be solved to obtain the area
cleared by coalescence of a droplet pair as a function of the droplet properties and the
acoustic field parameters. These predictions for cleared area are incorporated into standard
population balance models for the prediction of the evolution of the droplet size distribution
with sonication time.

If a1 is the radius of the drops in a monodisperse emulsion prior to the application of
the acoustic field, the radius of the drop of size-category i is given as a; = ai"®. If n! is the
instantaneous number density of the drops of size a;, the population balance equation that
describes the evolution of n/ can be obtained by a mass balance on drops of that size
category:



An [ ZAjIj i Ij ZAljn j [6]

where A,;j is the area cleared by coalescence of drops of size-categories i and j in time At. The
first term on the right-hand side of Eq. 6 represents the rate of formation of drops of size-
category i by collisions of two smaller drops, the factor of 'z is used to avoid double counting,
and the second term represents the rate of consumption of drops of size-category i/ due to their
collisions with other drops. Thus the number of drops of size-category i at time (t + At) would
be given by

n* =n'+An, [7]

Starting with a given initial size-distribution of the emulsion prior to the application of
acoustic field, Egs. 6 and 7 are solved at each time step to compute the change in number
density of drops of each size-category during that time interval. After every time step, the new
droplet size distribution is determined after taking into account the number density of newly
formed larger drops and Eqs. 6 and 7 are again solved to track the size-evolution of given
droplet population. Fig. 4a shows one such prediction for the case of an initially monodisperse
0.5 vol% emulsion subjected to a typical ultrasonic field. Fig. 4b shows the size distribution
predicted following 5 min of sonication for two different acoustic field strengths. As expected,
the stronger the acoustic field, the coarser the emulsion that is predicted at fixed sonication
times.
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Fig. 4: (a) Prediction of droplet size distribution as a function of sonication time for the case of an initially
monodisperse emulsion (radius = 8 um), E,. = 100 Jim®, and f= 2 MHz. (b) Prediction of the effect of acoustic
field strength on the droplet size distribution after 5 min of sonication.



Validation of Global Model

The coalescence predictions of the global model were validated by tracking the size-
evolution of an emulsion under the influence of an acoustic field experimentally. A chamber
filled with an emulsion was placed in the sensing zone within a laser particle counter and the
acoustic field was activated. The droplet size distribution of the emulsion was measured while
coalescence occurs within the acoustic field. To obtain an estimate of the acoustic energy
density E.c within the liquid under experimental conditions, a chamber optimization model'®
that predicts the E,. distribution in various layers of the acoustic chamber, given their
mechanical properties and dimensions, was used. This E,. value was used for the global
model computations to obtain the predictions of droplet size-evolution in an emulsion with the
same initial size distribution as that of the experimental emulsion.

A comparison of model predictions and experimental observations for the size-
evolution in an emulsion reveals that the model predictions agree qualitatively with the
experimental results, and they also match the experimentally observed trends in size-evolution
with change in E,; and frequency. However the results indicate that the model consistently
under-predicts the rate of coalescence in an emulsion. Fig. 5 shows a typical comparison of
model predictions with experimental results. The degree of coalescence as observed
experimentally is always more than that predicted by the model.

In the development of droplet pair model and global model, the effects of a one-
dimensional sound field on droplet transport and coalescence are considered. However for a
variety of reasons, the sound field inside the acoustic chamber can acquire a three-
dimensional character to a certain degree which could lead to gradients in E,; within the
chamber. For a standing wave-field with non-uniform amplitude in directions perpendicular to
its propagation, in addition to primary axial acoustic radiation force given by Eq. 1, a lateral
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Fig. 5: Comparison of experimental results and model predictions of coalescence in an emulsion for E,. = 56
Jim®and f = 1.69 MHz.



component of acoustic radiation force also acts on the particles. This force scales directly with
the gradients of E,., and hence it is typically at least an order of magnitude smaller than the
axial primary acoustic force. However once the axial force causes particle migration to the
antinodal planes, the lateral force can cause them to aggregate at the local E,. maxima'’. This
effect could have caused the droplets to concentrate in the regions of local E;; maxima within
an antinodal plane, which in turn would lead to an increased rate of coalescence.

To incorporate lateral radiation forces in the model, the three-dimensional distribution
of E,c within the liquid could be measured experimentally. To obtain a gauge of the
contribution of these lateral forces to overall coalescence, the experimental results were
compared with the model predictions (without incorporating the lateral forces) and an effective
E.c value at which both results match well were obtained. Typically these effective E,; values
were found to be 2-3 times greater than the E,; predicted by the chamber optimization model.
E,c variations of this scale have been observed by other researchers in their experimental
devices'®, and hence these effective E.. values can be used to obtain predictions of
coalescence in an emulsion using the currently developed droplet pair model and global
coalescence model.

Conclusions

The transport and coalescence of micron-scale emulsions through the application of
acoustic fields has been demonstrated in laboratory experiments. In order to provide a
theoretical basis for the observed phenomena and to enable modeling of the process for
design and scale-up purposes, a trajectory model for the relative motion of pairs of droplets
has been developed. This analysis incorporates the fundamental primary (acoustic, gravity,
buoyancy, and hydrodynamic) and secondary (acoustic, van der Waals) forces that act to
determine the relative motion of the droplets.

In order to quantify the prediction of coalescence rates, we introduce the concept of
iso-time collision contours, which are the loci of the regions of initial positions of the droplets
that lead to a collision within a specified time. Assessment of the size of these regions as a
function of sonication conditions and then performing spatial averaging enables prediction of
the overall rates of pair coalescence. These results are further used in a standard population
balance approach to predict the evolution of the droplet size distribution within an emulsion
subjected to sonication.

The results of the population balance model have been experimentally validated and a
good agreement has been found between model predictions and experimental results. The
model can be further strengthened by incorporating the contribution of lateral acoustic forces to
the coalescence phenomena.
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