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Abstract: Understanding the rheology of immiscible liquids mixtures, as well as the role played
by its micro-structures are important criteria for the production of new materials and processes in
industry. Here, we study changes over time of the droplet size distributions of emulsions induced by
slow shearing flows. We observe that the initial heterogeneous microstructure may evolve toward
more complex structures (such as bimodal distribution) as a result of coalescence and rupture of
droplets. These dynamic structures were produced using a flow cell made up of two parallel disks,
separated by a gap of 100 µm. The steady rotation of the lower disk generates a simple shear flow
of
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changes are induced at higher shear rates. Despite the possible relevance of the latter, here, we address
the changes in the microstructure of the emulsion at low shear rates and in the relevance to the rheology
of the emulsion. This behavior corresponds to the low, dimensionless time evolutions induced by slow
shearing flows presented in this work.

1.1. Theoretical Background

There are many results published on the effects of the history of the shear rate (e.g., on the
deformation, breakup of a single drop, or coalescence of quasi-equal size drops). The pioneering work
of G. I. Taylor [13] about the slight deformation of a single drop establishes experimentally that two
dimensionless numbers mainly determine the drop deformation under a linear flow: the capillary
number and the viscosity ratio. Larger capillary numbers induce larger drop deformations, and viscous
drops require a higher shear rate or capillary number in order to deform significantly.

The capillary number is given by Equation (1)

Ca =
ηmR

.
γ

σ
, (1)

where ηm, R,
.
γ, and σ represent the viscosity of the fluid matrix, the radius of the drop, the applied

shear rate, and the interfacial tension coefficient between phases, respectively.
The viscosity ratio between the two phases is given by Equation (2)

p =
ηd
ηm

, (2)

where ηd is the viscosity of the disperse fluid, and ηm is the viscosity of the continuum fluid or matrix.
When studying emulsions under flow (besides deformation of drops), other phenomena can

frequently be observed, such as coalescence of drops [4], break up of drops [6], or capture of a rather
small drop by another significantly larger drop [14]. When applying a larger shear rate to the emulsion,
these phenomena may be observed and are frequently the main source of the observed dynamical
changes of the size distributions of drops; although, each phenomenon depends most likely on different
physical mechanisms. Under weak flows, coalescence of small, equal-sized drops is observed, and the
rupture of drops occurs at higher rates of deformation, especially with low viscosity fluids. Research
reporting large induced deformations under shearing flows, even beyond a critical drop size (up
to break-up into two or multiple droplets), are given in [15–17]. The growth of drops through the
capture of much smaller, nearby droplets—by a mechanism that appears to resemble an Oswald
ripening process—can be readily produced but requires a rather broad size distribution, including
large drops. Finally, spatially varying distributions of particles induced by flow have been observed as
well, but its relation to the former phenomena is less well documented. Here, we attempt to describe a
robust technique to evaluate the slow-shear-flow phenomena, which generally modifies the observed
rheology of an emulsion in a rather complex and nonlinear manner.

1.1.1. Coalescence in Slow Flows

Here, the coalescence mechanism occurs mainly in the weakest of flows. During this process,
two drops may coalesce if they spend enough time in close proximity. Thus, a dimensionless time, τ,
indicative of the minimum time required for a high probability of coalescence (or its efficiency) can be
calculated as

τ =
.
γte, (3)

where te corresponds to the duration of imposed flow of the experiment, while the shear rate,
.

γ,
is proportional to the rate of collisions of drops of a given size. Please note that it is customary to
consider Equation (3) as a deformation measure, but here, we prefer to associate the inverse of this
dimensionless number to an efficacy or efficiency of coalescence. Dimensionless deformation measures

= 0.75 s−1, during ∼ 400 s. After a brief rest time, this procedure was repeated by applying a
step ramp until the maximum shear rate of 4.5 s−1 was reached, using step increments of 0.75 s−1.
During the last portion of the flow and during the rest time in between flows, structures of emulsions
were characterized. Initially, a broad single-peak distribution of drops was observed, which evolved
toward a rather narrower bimodal distribution, at first due to the coalescence of the smaller droplets
and subsequently of the larger drops. The rupture of drops at higher shear rates was also observed.
The observed evolutions also presented global structures such as “pearl necklaces” or “bands of
particles”, the latter characterized by alternating bands of a high density of particles and regions of
the continuous phase with only a few droplets. These changes may indicate complex, time-dependent
rheological properties of these mixtures.

Keywords: emulsion microstructure; drop size distribution; monomodal–bimodal distributions

1. Introduction

Emulsions are of great relevance for a variety of applications in food, pharmaceuticals, adhesives,
cosmetics, plastics, fertilizers, and petroleum recovery industries, inasmuch as mixtures of fluids
provide a wider range of properties in their final products. However, the properties of the mixtures
depend, to a great extent, on the microstructure of the emulsion, which is, in turn, the result of the
history of the flow. Therefore, most rheological properties must be considered as dynamical properties,
which may depend on the structure of the emulsion in a nonlinear manner.

For emulsions, the time evolution of their rheological properties can depend on a number of
factors, such as fluid properties—i.e., the fluid viscosities and the interfacial energy—the particle size
and shape, volume fractions of the phases, and other subtler effects, such as the anisotropic distribution
of particles that the imposed flow can induce [1]. In the literature, we find studies focused on the
effects characterized by important processes, such as the role of coalescence-rupture [2–4] of drops
or parameters (e.g., the viscosity ratio [5,6], the shear rate [7–9], and the volume fraction [10,11]).
Nevertheless, much remains to be explored mainly because a complete understanding of the observed
phenomena [12] is still lacking. This is especially relevant when the structure evolution shows multiple
well-defined structures as time passes under a flow field, particularly, when global anisotropic structural
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changes are induced at higher shear rates. Despite the possible relevance of the latter, here, we address
the changes in the microstructure of the emulsion at low shear rates and in the relevance to the rheology
of the emulsion. This behavior corresponds to the low, dimensionless time evolutions induced by slow
shearing flows presented in this work.

1.1. Theoretical Background

There are many results published on the effects of the history of the shear rate (e.g., on the
deformation, breakup of a single drop, or coalescence of quasi-equal size drops). The pioneering work
of G. I. Taylor [13] about the slight deformation of a single drop establishes experimentally that two
dimensionless numbers mainly determine the drop deformation under a linear flow: the capillary
number and the viscosity ratio. Larger capillary numbers induce larger drop deformations, and viscous
drops require a higher shear rate or capillary number in order to deform significantly.

The capillary number is given by Equation (1)

Ca =
ηmR

.
γ

σ
, (1)

where ηm, R,
.
γ, and σ represent the viscosity of the fluid matrix, the radius of the drop, the applied

shear rate, and the interfacial tension coefficient between phases, respectively.
The viscosity ratio between the two phases is given by Equation (2)

p =
ηd
ηm

, (2)

where ηd is the viscosity of the disperse fluid, and ηm is the viscosity of the continuum fluid or matrix.
When studying emulsions under flow (besides deformation of drops), other phenomena can

frequently be observed, such as coalescence of drops [4], break up of drops [6], or capture of a rather
small drop by another significantly larger drop [14]. When applying a larger shear rate to the emulsion,
these phenomena may be observed and are frequently the main source of the observed dynamical
changes of the size distributions of drops; although, each phenomenon depends most likely on different
physical mechanisms. Under weak flows, coalescence of small, equal-sized drops is observed, and the
rupture of drops occurs at higher rates of deformation, especially with low viscosity fluids. Research
reporting large induced deformations under shearing flows, even beyond a critical drop size (up
to break-up into two or multiple droplets), are given in [15–17]. The growth of drops through the
capture of much smaller, nearby droplets—by a mechanism that appears to resemble an Oswald
ripening process—can be readily produced but requires a rather broad size distribution, including
large drops. Finally, spatially varying distributions of particles induced by flow have been observed as
well, but its relation to the former phenomena is less well documented. Here, we attempt to describe a
robust technique to evaluate the slow-shear-flow phenomena, which generally modifies the observed
rheology of an emulsion in a rather complex and nonlinear manner.

1.1.1. Coalescence in Slow Flows

Here, the coalescence mechanism occurs mainly in the weakest of flows. During this process,
two drops may coalesce if they spend enough time in close proximity. Thus, a dimensionless time, τ,
indicative of the minimum time required for a high probability of coalescence (or its efficiency) can be
calculated as

τ =
.
γte, (3)

where te corresponds to the duration of imposed flow of the experiment, while the shear rate,
.

γ,
is proportional to the rate of collisions of drops of a given size. Please note that it is customary to
consider Equation (3) as a deformation measure, but here, we prefer to associate the inverse of this
dimensionless number to an efficacy or efficiency of coalescence. Dimensionless deformation measures
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are most appropriate when studying fluids with a homogeneous and continuous micro-structure,
such as polymer solutions (with an associated characteristic time-scale spectrum), etc. In contrast, for
our experiments, a dimensionless time is more closely associated with inverse frequency of events.
This may provide a better understanding between the statistics of the drops distributions and the
experimental conditions. The inverse time for shear rate is associated here with a value proportional
to the frequency of collision of drops and is not relevant as a measure of rate of deformation.

This interpretation allows us to compare different flow regimes, assuming that other present
phenomena remain stationary. The proportionality constant for the rate of collisions is a rather complex
function of the hydrodynamics of multiple interacting drops. For isolated pairs of drops (i.e., very
dilute emulsions), the film drainage model is frequently used, which is more suited for non-deformable
surfaces (i.e., drops of high viscosity) [18,19].

For emulsions, mean field values for the drainage model are difficult to calculate. In contrast,
when evaluating the evolution of the size distributions under flow, coalescence between the smallest
of drops can be inferred rather easily, because the rate of decrease of frequency for the smallest drops
is about twice the rate of increase of frequency of drops with double their volume. The same is true for
the larger-size drops of multimodal distribution, as will be shown subsequently. Thus, the coalescence
rate can be established by the product of the frequency of the drops’ collision times the efficiency of
coalescence [20].

For emulsions with a high fraction of the disperse phase—characterized by a broad size
distribution and under weak shearing flows—the experimental information is difficult to interpret,
due mainly to a high density of very small drops, especially at the onset of the flow. It is also evident
that an upper limit to the drop size (spheroidal drops and for a given shear rate) exists when the
kinetics of the rupture of the drops competes with the coalescence phenomenon, and the changes
of the distribution of small drops vanish almost completely [21]. Given that the capillary number
increases for the larger drops, then a maximum size exists, where coalescence dominates and rupture
kinetics begin, cancelling each other out. In the work of Grizzuti and Minale, it is suggested that
the two processes coexist in the same system [19–27]. Therefore, a second critical capillary number
should be observed—associated with the transition of coalescence to rupture—and defined when
drops increasing in size undergo a breakage process [11,12,23,24]. The purpose of this work is to clarify
the presence of coalescence and rupture processes under shearing flows by studying the evolution of
the drop size distribution of the dispersed phase.

1.1.2. Breakup of Droplets under a Shearing Flow

The so-called critical capillary number required for the rupture of a vesicle, Carup, appears
to depend principally on p for simple shear flows, as shown by Grace [16] and De Bruijn [17].
A broad set of data for drops deformation and break up, including a large class of two-dimensional
(2D)-flows—covering from simple shear up to a purely elongational flow—was provided by Bentley
and Leal [28]. More recently, for emulsions subjected to simple shear flows, Jansen [29] has shown
that the critical capillary number decreases with increments of the fraction of the disperse phase:
Carup(p, φ). Droplet-breaking mechanisms and shapes of Newtonian liquid droplets have been
extensively studied. If Ca << 1, the drop shape is slightly ellipsoidal, depending on p, and aligned at
an orientation angle of 45◦ with respect to the direction of flow. As the capillary number increases,
the steady state elongation grows, and the drop rotates aligning itself along the direction of flow.
For higher capillary numbers, beyond the critical value, rupture is observed with the breaking mode
depending on the viscosity ratio. For p < 1, the drops assume an elongated highly cusped form,
from which small drops (the so-called tip streaming phenomenon) are launched. For p approximately
equal to 1, the central portion of the droplet forms a neck (or necks) followed by the breaking up
into two daughter-droplets, with small satellite droplets between them. Ca >> Carup, droplets are
deformed into long, thin filaments that eventually break up through the instability of the capillary wave
mechanism. These mechanisms become more complex as the density of disperse phase drops increases.
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2. Materials and Methods

2.1. Constituents and Preparation of Emulsions

Two immiscible fluids were prepared as the emulsion disperse-continuum components, looking
for a pair of liquids with high viscosities and equal densities: an aqueous solution, as the dispersed
phase, and a mixture of alkanes. The aqueous solutions is (w/W) 10 µM polyethylene oxide (with a
viscosity-averaged molecular weight of Mv ∼ 1,000,000 , Sigma-Aldrich CAS#372781, Sigma-Aldrich,
St. Louis, MO, USA) in 97% ultra-pure water (resistivity ≥18.2 MΩ·cm; ρ = 0.997 g/mL)) and
3% 2-propanol (Sigma-Aldrich CAS#190764, ≥99.5% Reagent grade). The continuum phase is
a mixture of eicosane (Sigma-Aldrich CAS#219274), heptadecane (Sigma-Aldrich CAS#128503),
1,2,4-trichlorobenzene (Sigma-Aldrich CAS#132047), and polybutadiene (Sigma-Aldrich CAS#181382).
The alkane fluid is prepared by first mixing 7.56% eicosane with 39.69% heptadecane in a glass
bottle, while maintaining it at 30 ◦C, and then adding 46.5% 1,2,4-trichlorobenzene and 6.25%
polybutadiene (Mn ∼ 200,000). The viscosities of the fluids were measured with an ARES G2
Rheometer (TA Instruments, New Castle, DE, USA) using the concentric cylinder geometry.
The aqueous phase has a viscosity of 0.57 Pa·s and the continuum phase a viscosity of 2.08 Pa·s at 30 ◦C;
the viscosity ratio is p = 0.27. The densities (g/cm3, at 30 ◦C) are 0.98 and 0.95 for the aqueous phase
and the continuum phase, respectively. By using 2-propanol (aqueous solution) and trichlorobenzene
(alkane mixture), the density of the two fluids can be adjusted to minimize sedimentation in the
emulsion. The interfacial tension σ was determined by the deformed drop retraction (DDR) method,
as described by Guido and Villone [30], using the optical shear cell CSS450, which is the same cell
that we use in this work. The measured averaged surface tension is 0.11 mN/m, evaluated for a set of
11 drops of aqueous fluid (40%) in the oil phase.

The emulsion was prepared by mixing a 50 wt % oil phase with 50 wt % water phase using an
homogenizer (Omni Inc., Kennesaw Georgia, GA, USA) with a generator probe 10 mm × 95 mm fine
saw tooth (SKU#15051), spinning at 3000 rpm during 300 s, and at a constant temperature of 30 ◦C.
Afterwards, the emulsion was placed in glass tubes (5 mm inner diameter) at rest for 48 h and at 30 ◦C.
In this way, the stability of the emulsion was visually evaluated after 48 h, ensuring that trapped air
bubbles were removed. The sample of the emulsion was placed on the bottom plate of the flow cell, and
the top plate was carefully placed on top, while the plates were being slowly compressed (squeezed)
to reduce the separation until reaching a gap of 100 µm. This compression process reduces residual
stresses while maintaining the homogeneity of the sample. Following loading, the cell was allowed
to relax for a period of ~600 s. All flow experiments started with an initial pre-conditioning of the
emulsion to eliminate possible residual stresses by subjecting it to a shear rate of 0.075 s−1 for ∼500 s.
During this initial flow, the drop size data was dominated by a large count of very small drops—with
diameters below the resolution of the optical arrangement ≤5 µm—and no comparison with the drop
distribution after the loading of the cell is considered reliable. At this instant, we set τ ≡ 0.

Subsequently, a ramp sequence of constant steady shear flows was applied for each sample.
Each step of the ramp consisted of a steady flow applied during ∼400 s, followed by a no-flow rest
time of ∼18 s, sufficiently long for drops to attain a spherical shape. The initial step of the ramp
began with a flow of

.
γ = 0.75 s−1, and subsequent flows stepped up by increments of 0.75 s−1 up to

4.5 s−1. Toward the end of each steady shear stress—just before the flow was stopped—and a short
time after the no flow condition prevailed, a set of images was taken for the statistical analysis. For all
the experiments, the no-flow rest time appears to have a negligible effect on the drop size distributions
while facilitating the determination of the size of particles of a quasi-spherical shape. Thus, this
multistep history of flow stresses is responsible for the changes in the distribution of drops in the
sample. The influence of stopping the flow upon the global dimensionless time

(
τ =

.
γte
)
, as well as the

structure of the distribution, can be considered negligible. Here, no inertia effects on the deformation
of drops is expected given that the nominal Reynolds number—based on tangential velocity, cell gap,
and viscosity of the continuum phase—are within 3 × 10−6–2 × 10−5, for all shear rates.
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2.2. Smooth Kernel Distribution Estimation

The smoothing of all drop size frequency histograms was done with the kernel density technique
in order to obtain the probability density function with a known collection of frequency points. Here,
the histogram area under the curve is assumed to be 1, and the probability of a drop diameter di
corresponds to the area under the curve between those two points (di, di + ∆d), where ∆d is the
difference between diameters [31]. This tool provides a quick evaluation of the distribution as a
continuous function; the smoothing parameter (bandwidth) used in all histograms is 1.25 [32]. We also
evaluated the quality of polydispersity for the drop distributions via a polydispersity index based on
the average drop size (diameter) D1,0, the average volume size D4,3, and the contributions of the tails
of the distribution, respectively:

dN = D1,0 =
∑∞

i=1 ni·di

∑∞
i=1 ni

, (4)

dV = D4,3 =
∑∞

i=1 ni·d4
i

∑∞
i=1 ni·d3

i
, (5)

skewness =
n

(n − 1)(n − 2)

n

∑
i=1

(
di − d

sd

)3

, (6)

kurtosis =
n(n + 1)

(n − 1)(n − 2)(n − 3)

n

∑
i=1

(
di − d

sd

)4

− 3
(n − 1)2

(n − 2)(n − 3)
. (7)

2.3. The Experimental Conditions

All experiments were performed with the parallel plate geometry (Linkam CSS450, Linkam
Scientific Instruments, Tadworth, UK), schematically shown in Figure 1. It consisted of two parallel
quartz plates with a diameter of 36 mm, each in contact with flat silver heaters on the outside, with
an observation window located at 7.5 mm radial position. The motion of the lower disc imposed a
shearing stress field on the emulsion. Images were captured on the vorticity–velocity plane through
the 2.8 mm observation window. The effects of the shearing and duration of the imposed shear flow
were studied using a constant rotation rate with a speed control better than 1% of the rotational speed
and using a sequence of microstructure measurements at spaced events in time. In the present work, a
gap spacing of 0.1 mm between disks and a temperature 30 ◦C was used.
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Figure 1. Schematic description of the shearing device: parallel-plate geometry with a diameter
of 36 mm and a gap of 100 µm. The observation plane is described by the velocity–vorticity axes.
The motion of the lower disc imposes a simple shearing stress field on the sample.

Emulsion structures were visualized using an optical microscope Nikon SMZ-U (Nikon Corp.,
Tokyo, Japan). Capture of images was carried out with a Nikon Digital Sight DS-2 mV camera
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in a bright field illumination arrangement. All images were processed with the ImageJ® software
(U.S. National Institutes of Health, Bethesda, MD, USA), manually and automatically. Pre-processing
of drop images included assigning a threshold value, converting the image to a binary map, followed
by an automatic count of drops with circularity better than >0.94. The statistical methods are later
applied after verifying the reliability and veracity of the data obtained by the image processing. Prior to
the selection of an experimental run, the image capturing process was optimized in order to reduce
the emulsion turbidity and proper exposure to light [33]. Thus, a full view image with the focus
plane centered on the plane of the flow field was assured. In order to visualize the evolution of the
microstructure, multiple images were taken towards the end of the shearing period and after the flow
stopped and fully relaxed; images were spaced at intervals of 1 s for statistical analysis.

In order to obtain the droplet size distributions, mainly three operations were carried out (i.e., the
image acquisition, pre-processing of digital images (involving cleansing, defining drop contours,
etc.), and the statistical analysis of at least two (or multiple) images) to generate the frequency
histograms. The observed droplets are those present only on the focal plane normal to the direction of
the velocity-gradient. The depth of field for the optical arrangement is approximately 100 µm, about
the size of the gap between plates; thus, most drops in the flow field were observed, while the width of
the field view of the microscope on the focal plane was 2–3 times larger than the captured image, thus
minimizing magnification ratio variations away from the central axis.

For τ < 0—that is, using a gap of 100 µm during pre-shearing—images would have shown many
small drops, with several of them frequently overlapping along the optical path, making the correct
determination of the size or the count numbers of the drops almost impossible. The highest possible
concentration (of small droplets) occurred at the onset of the flow (τ ≡ 0). At this instant, the average
size of the droplets implied a tight closeness of particles, and in order to be able to distinguish every
individual droplet, data was only taken after ∼ 380 s. That is, even for the most concentrated emulsions,
the image processing algorithm must assign a given size to each drop. It is only for

.
γ = 0.75 s−1

that drops less than 5 µm are still observable at the bottom of the image (Figure 2a’). Understanding
how this fraction of the population evolves (that is, attempting to elucidate the proper mechanism
mediating this capture process) will require experiments with a smaller gap size.

For each subsequent constant shear rate flow section, the duration of the flow for ~400 s was
sufficient to ensure the correct evaluation of the properties of the individual droplets at ~380 s after
start-up of the steady flow. But as a shear rate of 1.5 s−1 was reached, only drops greater than 5 µm
were observed for

.
γ = 2.25, 3.0, 3.75 and 4.5 s−1 (see Figure 2b’–f’). Under the prescribed conditions,

all experiments addressed the changes in the size distributions of the particles as a function of (1) the
shear rate; (2) the duration of the applied flow; and (3) the possible spatial variation of the distribution
of particles parameters.

3. Results

Figure 2 shows the images captured during flow and immediately after flow (unprimed and
primed labels, respectively—left most columns). The applied shear rates were from 0.75 to 4.5 s−1, top
to bottom, respectively, with the corresponding density function of drop sizes—right most column.
The objective is to show several of the possible structures in an emulsion induced by flow and observed
during these experiments.

Figure 2a shows many small drops, of diameter <5 µm and below the lower limit of the resolution
threshold [23], for this optical arrangement; these drops are not included in the distribution for the shear
rate of

.
γ = 0.75 s−1. Indeed, these drops quickly disappear with increasing (τ ≥ 400), as observed in

the bottom of the images of Figure 2b”–f”. Possible experiments with a weaker shear rate,
.
γ ≤ 0.75 s−1,

which may be most relevant for the smallest of drops, are not included here and are not considered to
be relevant to the observed structural phenomena, which is the main objective of this work. Drops with
a diameter larger than 45 µm are only a few and were not considered significant to the values of the
parameters of the distribution. The relative frequency of drops larger than 45 µm is of the order of 0.00172.



Fluids 2018, 3, 46 7 of 14

Fluids 2018, 3, x  7 of 14 

 
Figure 2. The sequence of images shows the effects due to increase of shear rates (top to bottom) on 
the evolution of the morphology—during flow, left, unprimed letters (a–f); after cessation of flow 
(a’–f’), center, and primed letters—for a (50/50) emulsion. For histograms—right plots, double 
primes (a’’–f’’)— pkn stands for the first, second, etc., peak of the distribution; mean is the average 
size of drops. All images are captured with the same magnification and at a temperature of 30 °C. 

Figure 2. The sequence of images shows the effects due to increase of shear rates (top to bottom) on
the evolution of the morphology—during flow, left, unprimed letters (a–f); after cessation of flow
(a’–f’), center, and primed letters—for a (50/50) emulsion. For histograms—right plots, double primes
(a”–f”)—pkn stands for the first, second, etc., peak of the distribution; mean is the average size of
drops. All images are captured with the same magnification and at a temperature of 30 ◦C.
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One of the first effects of the shearing that was observed that can readily be evaluated occurred
for the smallest bin of the population, when the frequency of the smallest of drops (about 5–7.5 µm)
decreased and the frequency of drops with about twice the volume (8–10 µm) clearly grew. This
condition indicates that for flows with

.
γ ≤ 2.25 s−1 the critical time for coalescence of the smaller drops

already occurred. That is, at
.
γ = 2.25 s−1, the number of small drops is reduced within a few minutes,

with pairs of drops generating larger drops of about twice the volume.
As shown in Figure 2f,f’, at larger shear rates, a poly-disperse emulsion with a multimodal

distribution was generated. Here, Figure 2 shows that the average size of drops increased in time as the
shear rate increased, accompanied by the formation of a (secondary) peak of larger drops and resulting
in a bi-modal distribution. The same coalescence phenomenon appears to dominate the onset of the
bi-modal distribution shown in Figure 2f” from smaller size drops. At this flow rate—

.
γ = 4.5 s−1—the

collision of drops with an average diameter close to 12–14 µm gave rise to drops of about 16.5 µm
(double the volume of the smaller drops). From the histogram in Figure 2f”, it is clear that a new
population phenomenon was at play: both frequencies of the 10–12 µm and 12–14 µm bins decreased
significantly and simultaneously. It appears that pairs of drops of size 10–14 µm may coalesce rapidly,
until a more stable drop size is attained, both bins contributing to the appearance of the second and
third peaks in the distribution at about 14–20 µm.

Interestingly, Figure 2f also shows (a) the onset of pearl collar structures—several drops of similar
diameter, evenly spaced and roughly aligned along the flow direction—with ellipsoid-like drop shapes
and a waist close to ~15 µm; and (b) a banded, structured emulsion along the flow direction and
perpendicular to the vorticity axis. The surprising feature of the collars and bands were their persistent
lengths, several times the characteristic length scale of previous phenomena and several times the
thickness of the channel (about 300 µm).

In these experiments, a few large drops were also observed—larger than 40 µm in diameter,
with an ellipsoid-like shape with an averaged waist size ~35 µm—at the onset of the flow regime
that did not show up initially in the upper tail of the distribution. In Figure 2c, the highly elongated
drops—similar to wire-structures—could be attributed to possibly larger drops that had reached a
very large deformation, only possibly due to confinement effects by neighboring drops and by the
presence of the cell walls, simultaneously.

Table 1 presents the data used for each experiment of the most relevant parameters characterizing
these distributions. Thus, approximately 1000 drops were captured for each drop size distribution,
and several measures of the diameter were calculated. Of particular relevance are the mean (D1,0), as well
as the Number-area and Number-volume mean diameter. The relevance of these numbers is further
expanded upon in the Section 4.

Table 1. Drop size distribution statistics for the histograms shown in Figure 2.

Shear
Rate
(s−1)

Total
Number
Drops

Diameter
Mean
(µm)

Diameter
Median

(µm)

D4,3
(µm)

D3,2
(µm)

D2,0
(µm)

D1,0
(µm)

Distribution
Properties

Skewness Kurtosis

0.75 1148 14 12.9 21.1 18.6 15 13.9 1.2 1.82
1.5 1078 14.3 13.2 22.8 19.7 15.6 14.4 1.32 2.46
2.25 1084 14 13.2 24.3 20.6 15.6 14.2 1.44 2.49

3 1015 15.3 14.1 24.7 22.2 17.2 15.5 0.73 −0.39
3.75 1135 15.4 15 21.9 20.3 16.8 15.6 0.26 −0.86
4.5 1034 15.9 16.4 20 19 16.9 16.2 −0.12 −0.61

D4,3 is the volume or mass moment mean also known as the De Broucker mean diameter. D3,2 is the surface area
moment mean or the Sauter mean diameter (SMD). D2,0 is the number-area mean diameter. Kurtosis measures the
relative weight of the tails with respect to the central portion of the distribution.

In Figure 3, the drop size distributions are shown with their corresponding smoothed kernels for
all shear rates studied in this work. The horizontal axis is the bin average diameter and the vertical
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axis is the drop count. It is observed in Figure 3a–c that these size distributions are characterized by a
single peak and positive Kurtosis—with a single peak and relatively high weight of the distribution
tails (see Table 1). Please note that for a flow cell with a gap of 100 µm, drops with diameters as large
as 100 µm should be observed; although, very few are seen during these experiments, which do not
significantly alter the Kurtosis of the distribution. Most drop diameters are constrained to less than
40 µm. In Figure 3d, the maximum value of dV = D4,3 is reached (blue vertical bar). In Figure 3e,f, a
rapid decrease in the value of D4,3 (Figure 4) is shown. This effect is mainly due to a rather broad peak,
which here becomes evident by the presence of a second peak that emerges from right to left, and a
Kurtosis measure that changes sign. For the drop size distribution generated when

.
γ = 4.5 s−1, the

skewness parameter becomes negative indicating a larger (secondary) peak at higher diameters.
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Figure 3. Droplet size distribution and the smoothing kernels for all shear rates studied. For the first
three (lower) shear rates (a–c), the size distributions are characterized by a single peak and positive
Kurtosis [34–37]; with rather broad distributions. The magenta bar corresponds to the mean diameter
for the distribution, the green bar to the D2,0 value, and the blue bar corresponds to the value of D4.3.
In histogram (d), the maximum value of D4.3 is reached (see Table 1). Histograms (e,f) show a rapid
decrease in the value of D4.3, characteristic of distributions with a high top and a smaller contribution
from outliers.
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Figure 4 presents the evolution of the mean drop size using the suggested averages (values shown
in Table 1). Figure 4a presents the diameter evolution with respect to the dimensionless time (or as a
function of the applied shear strain by the flow); Figure 4b corresponds to the same data vs. the applied
shear rate. It is clear that D1,0 and D2,0 remain essentially constant at 14 and 15.5 µm, respectively, for
times less than τ ≤ 800, abruptly increasing to means of 15.5 and 17 µm, respectively, under a faster
flow and a longer duration of the flow.

Figure 4c,d correspond to the normalized average size (D4,3/D1,0 and D2,0/D1,0) versus the
dimensionless time and the accumulated dimensionless time (total imposed strain). Therefore, the base
line for these two plots corresponds to D1,0, a two-step function with rather constant lower and upper
values (i.e., 14 µm and 15.5 µm (see Figure 4a)). The droplets generated during the preparation of
the emulsion grew constantly within the initial 675 units of dimensionless time and then evolved
rapidly to an average mean diameter of 15.5 µm. In most experiments, close to 300–10,000 units of
dimensionless time are necessary to reach a reproducible size distribution of the emulsions. The longer
times are especially the case for global anisotropic structures, which may require a total dimensionless
time longer than 8000, as shown in Figure 4d.
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incurred during each flow regime; (b) D1,0, D2,0, and D4,3 vs. the applied shear rate during each
regime; (c,d) are, respectively, the dimensionless normalized mean drop size vs dimensionless time in
each cycle and for the total duration of the flow ∑

.
γiti.

4. Discussion

The distributions of drops appear to change mainly due to two processes, coalescence and rupture,
with little evidence of Oswald ripening. The lack of evidence for the latter may be due to the fact
that drops larger than 35–40 µm were not observed. In contrast, the presence of the coalescence
phenomenon can be inferred at several instances in the evolution of the distributions, which may
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be due to different hydrodynamic processes albeit operating simultaneously. As pointed out in the
description of the coalescence kinetics, the most likely case corresponds to two of the smaller drops
(about equal size) generating a drop with about twice their volume. This was clearly the case for
the smaller drops in Figure 3a–d. But coalescence may also be the dominant mechanism for the
reduction of probability observed in the first peak and in the dawning of the second peak. During
collision of these larger drops, those of ∼ 10 µm disappear, with the 15 µm bin growing and during
a subsequent coalescence, becoming drops of about 20 µm. Coalescence seems to be the dominant
mechanism for critical dimensionless time less than τ ≤ 700, with an associated critical shear rate of
about

.
γ ≤ 2.25 s−1. Coalescence occurs simultaneously with rupture up to τ ≈ 8000

.
γ ≤ 4.5 s−1.

A second possible mechanism for the onset of the secondary peak is break up, particularly for
the heavier tail, with the disappearance of the much larger drops (less than 40 µm) producing smaller
drops of about half their volume (i.e., ∼27 µm (as shown when

.
γ = 3.0–3.75 s−1 (Figure 3d,f))).

These drops, in turn, break up again, producing an increase in frequency for drops sizes of about
22 µm. The rupture mechanism appears to depend on dimensionless time and on a critical shear rate
of the order of

.
γ = 3.0–3.75 s−1, not being observed for smaller drops. The simultaneous contribution

of these two mechanisms makes it possible to explain the appearance of the second peak of the
bimodal distribution.

Figure 4 presents the evolution of the mean drop size (with five different measures) versus its
shear rate history. Initially, droplets generated during the preparation of the emulsion grew constantly,
from sizes less than the threshold of the image processing, but attained values that can be readily
evaluated with the statistical measures proposed for τ ≥ 300, as shown in Figure 4. The mean value
D1,0 remained at a constant value for shear rates less than

.
γ ≤ 2.25 s−1—the same behavior is observed

for D2,0—while D3,2 D4,3 increased linearly with dimensionless time up to 900τ units, followed by a
monotonic decrease of the mean size for the total accumulated dimensionless time τ ≥ 3000.

For dimensionless time between 675–900 and under an increment of
.
γ > 2.25 s−1, the mean value

D1,0 (and D2,0) appeared to remain at a new constant value of D1,0 = 15.5 µm (and D2,0 = 17.5 µm)
approximately. This jump in mean diameter correlated with the time and shear rate in these
experiments. An interesting observation is that the ratio of these two means was essentially constant
for the complete range of values of the shear rate (see Figure 4c) regardless of the dimensionless time
or shear rate. In contrast, measures D3,2 and D4,3 did change significantly (−25%) after τ ≥ 675 or
under an increase of

.
γ > 3.0 s−1. This abrupt collapse of D3,2 and D4,3 values correlated with the

behavior of other statistical measures, indicating a dominant breakup mechanism of the larger drops.
The rupture mechanism was most clearly associated with the appearance of pairs of satellite drops (of
about half volume) that did not appear to influence the low end of the distribution. Hence, under these
flows, the drops attained deformations associated with dumbbell shapes before breaking up, with a
few of them reaching a significantly elongated waist capable of generating smaller satellite drops.

In most cases, 100–10,000 units of strain are necessary to reach a size distribution of the emulsion
with low tail populations. Figure 4d shows a total time longer than τ ≥ 8000, a time scale that is
representative of the anisotropic global structures observed in this emulsion. By increasing the shear
rate, the arithmetic average value increased at a rather constant rate. However, the position of the
peaks was not affected in a forceful way and appeared to be independent of time, contrary to the
behavior of the width of each of the main peaks, which became broader over time while keeping
the area under the curve approximately equal. This phenomenon may have been the result of the
disappearance of the smallest droplets, as shown in Figure 3f. For the large drops, the formation of
a secondary peak from right to left was observed (see Figure 3d–f), resulting in the decrease of the
height of the first peak and the increase of its width and vice versa for the second peak.

Figure 4d shows a total time longer than τ ≥ 8000. In other to evaluate in detail the global structure
shown in Figure 2e,f, associated with τ ∼ 8000 global times, future experiments may require times
significantly longer than the length of time considered here, as well as a new statistical analysis for
evaluation of the anisotropic character of the distribution of particles in the sample.
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5. Conclusions

This emulsion showed good stability when left to rest. However, under flow conditions, the
size distribution changed significantly in terms of the mean values, as well as other characteristics,
such as mono- to bimodal distributions or measures of skewness and kurtosis. Besides coalescence
and rupture as possible explanations of the observed behavior at lower shear rates, other possible
structures are readily observable, such as necklaces and banded structures. Evidence of necklaces
appear at a transition

.
γ ∼ 3.0 s−1 in a single band to transient chains of drops in the flow direction

and in several layers at a shear rate of
.
γ ∼ 3.75 s−1.

These experiments also elucidate two possible mechanisms for the evolution of the size
distribution of drops in highly concentrated emulsions at low shear rates. The first is coalescence,
dominant for smaller drops at low shear rates and short times. The arithmetic mean of 14.0–14.3 µm
under a shear rate of about 0.75–1.5 s−1 can be explained by coalescence of the smallest drops, while
indicating a poor stability to flow induced perturbations. The behavior of the small drops indicates a
high frequency of close neighbor encounters, promoting coalescence during this stage. Due to the fact
that the efficiency of coalescence decreases with the increasing difference in the size of the colliding
drops [2,24], coalescence tends to be less likely at longer times. These results are in agreement with the
qualitative works of Grizzuti and Bifulco [25] and Rusu and Peuvrel-Disdier [23].

The weak increase of the D1,0 value of the distribution as the shear rate grows may indicate
that it is independent of time, which is in contrast to the behavior of the width of each of the main
peaks, which increase as time passes while keeping the area under the curve approximately constant.
Observing the evolution of the peaks and width of peaks in Figure 3d–f, it becomes evident that
the largest drops rupture, giving rise to smaller ones. These dynamics may induce the appearance
of the second peak (of larger drops) in Figure 3f. Here, Figure 4c,d show that the D4,3 measure
decreases significantly relative to the mean value when the tail of the distribution for large drops is
decreasing and rupture is a prevalent mechanism. This hypothesis may be correct; although, we have
not addressed this point in detail, we may do it in future work. The tails of the distribution are less
dominant as shown by the skewness and kurtosis values.
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