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OUTLINE OF THE THESIS

In this thesis, observations are made on the morphological behavior of a
concentrated emulsion (Water-in-Oil; W/O) under resting and shear conditions.
The background information on the morphology, behavior, and properties of
emulsions will be reviewed in Chapter 1. Chapter 2 presents the procedure of
elaboration of the emulsion, the materials used, the procedure of placing the
emulsion sample in the flow cell, the steps followed for image processing and the

methods used in this thesis.

The results about the changes of the distribution of the size of the dispersed phase
under different conditions of shear rate (0.75 s™! to 4.5 s™1), before and after the
flow, are presented and analyzed in Chapter 3. One of the phenomena observed is

the band formation —aligned along the vorticity axis— as the shear rate increases,
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whose description and the associated structural changes of the dispersed phase is

presented and analyzed in Chapter 4

A second, no less important observation on the behavior of these complex systems,
is the role played by the excess free energy of the interfaces —associated to the
surface tension of deformed drops— in the highly concentrated emulsion. In
Chapter 5, the measurement of the interfacial tension between the two phases by
the Deformed Drop Retraction (DDR) Method is described, as well as other
possible effects due to the presence of other nearby drops during the time of
retraction of the target drop. The main conclusions of this work are expressed in
Chapter 6. Limes of future research are also included. Additional information is

shown in the Appendices.



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 um. The steady rotation
of the lower disk generates a simple shear flow of 0.75s™, 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 was reached, using step increments of 0.75. 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 slightly 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.

In the present work, the optical analysis of the evolution of the microstructure of the
emulsion is carried out. Statistical descriptions are made, and possible scenarios of

evolution are planned.
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Chapter 1: Morphology of emulsions

1.1. Background

Emulsions prevalence is widespread in an extensive range of industrial
applications, including foodstuff, pharmaceuticals, cosmetics, plastics, fertilizers,
construction materials, and oil-well engineering. The rheological properties of
these emulsions are a complex and highly dependent on a set of various factors,
including the properties of the fluid, the shape of the particle and size, and the
volume fractions of the liquids. The knowledge of the microstructure and the
rheological properties of the emulsion are essential for understanding and possible
manipulation of flows in different fields of application. In the present work, the

distribution of drop sizes of the dispersed phase is studied after the application of
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a simple shear rate in a parallel disks flow cell with a of 100 pm. The shear rate

ranges from 0.75s™* to 4.50 s™*. Details are described in the following Chapters.

1.2. Deformation of a drop under a flow

The study of biphasic systems, such as an isolated drop in an immiscible matrix,
has been the subject of numerous experimental, theoretical and numerical
publications since the pioneering works of Taylor [1,2], Tomotika [3], Grace [4],
Stone & Leal [5]. They have approached the problem from various perspectives,
developing the theories that have successfully been verified experimentally and
numerically. The first work about the deformation of drops embedded in another
fluid were those carried out by Geoffrey Ingram Taylor [1,2], for systems of
Newtonian components, where two dimensionless numbers are defined plus a
deformation parameter: the ratio of the viscosities p, the capillary number Ca and
the Taylor deformation. The value of p is the ratio of the viscosity of the drop

between the viscosity of the matrix,

p="e/ (1.1)

The dimensionless number of the capillary represents the relation of the viscous
forces, those that tend to deform the drop, and the superficial forces that tend to

maintain the spherical shape.



.1 . R Y
cq="m Y _Tm 7V (1.2)
/R o

Where y is the applied stress, o is the interfacial tension and R is the radius of the
drop in its spherical shape. If the shape of the drop is a three dimensional

ellipsoid, then Taylor deformation of a drop is characterized by two measures:

L—B

DTaylor = m (1.3)

DITaylor = L:;W: (4
L'+w
where L and B are the length and width of the deformed drop in the flow-gradient
plane, respecitively, as shown in Figure 1.1a. The Taylor deformation on the flow-
vorticity observation plane (D’Taylor) is defined in Equation. 1.4, where L’ is the
projection of L and W is the width of the deformed drop as shown in Figure 1.1a.
Taylor's work predicts that the deformation depends on the capillary number and
the viscosity ratio, Equations. (1.1) and (1.2), obtaining Equation (1.5); this
relationship is applicable for all deformations of drops. It is emphasized, that the
deformation of the droplet is limited by the equations of mass conservation and

momentum of the two fluids.

19p + 16
Drayior = Dr = Cam (1.5)



With appropriate boundary conditions, it can be solved analytically. For example,

e If the deformation Dy is large, we have that D; approaches the unit

asymptotically and its orientation angle 6 is zero [6];

e For small deformations, Dr < 0.2, we have the same capillary number, that

is D = D = Ca, and its behavior is linear (Figure 1.1b).

e For a zero capillary number, the deformation equals zero, and the drop has

a spherical shape.

The Taylor deformation, therefore, increases the “real” capillary number seem
under flow conditions, as shown in Figure 1.1b. It is explained in more detail in

the following Sections of this Chapter.

Now, when a drop is subjected to a stress field, there are two possibilities: that it
deforms until it reaches a steady state or that it elongates sufficiently and its
rupture occurs. This rupture is due to the application of a greater stresses that
exceeds the interfacial forces that keep the drop in its deformed shape but without
breaking. The drop can be broken by different mechanisms; this break depends
mainly on the viscosity ratio p, the applied flow, the interfacial tension and other

elastic properties of the phases.
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Figure 1.1. (a) Diagram of the deformation and orientation of a drop under simple
shear rate seen from the side and seen from above. (b) proyection of Taylor
deformation prediction.

In the following Sections, said break mechanisms are described in greater detail.
Different cases can be found, depending on the rheological characteristics of the
dispersed and continuous phases. The most frequently studied is the fully
Newtonian system, where both the dispersed and continuous phases are
Newtonian. However, in industry, most cases have thinning by shear flow or
viscoelasticity, which are not Newtonian systems, like most emulsions. The
following paragraphs present the generalities of the theories and models
developed for Newtonian and non-Newtonian systems, as well as the role of

coalescence and the measurement of interfacial tension by the DDR method.

1.3. Newtonian systems

The best-known model for Newtonian systems is the 1969 Cox model [7], which

describes the deformation by the relationship of two dimensionless numbers,
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which were already defined in the previous section, the viscosity ratio p and the
capillary number Ca. Equation (1.6) is only valid if the Taylor deformation is
small (D < 0.2). For this case p, must necessarily be large or Ca be very small, or
both conditions would fulfill the Cox model conditions. Experimentally, it has
been found that for small p values (p — 0) they fulfill the Cox model and describe

it favorably [8].

L-B _ 5(19p + 16)
L+B

4(1 + p)J (19p)? + (%)2 (1.6)

The model of Maffettone and Minale (model MM) [9], which is phenomenological
and for Newtonian systems, is valid for small deformations, by assuming that
drops are ellipsoids of revolution at all times and that the interfacial forces are
additive. For the stationary state of bead deformation, that is, a well-defined

ellipsoid, they are given by the following equations:

f12 + Ca? + f,Ca /flz + Ca?

I? = 1 2/’
(flz + Caz) /. (flz + Ca? — sza) /2
(1.7)
i’ + Ca? + f,Ca ’flz + Ca?
BZ —

(£ +ca?) - (12 + ca - fyca)



fi? + Ca? + (f,Ca)?
(f2+Ca2) - (2 + Ca? - fyCa)

With,
B 40(p+1)
h=p 3 (19 + 16) (1.8a)
and
5 3Ca?
fZ = + 2"
2p+3) 2+6Ca (1.8b)

The term f, in parentheses was added to predict deformations of very high p and
high Ca. This model is not valid for large deformations where the drop ceases to
be a simple ellipsoid of revolution. At first, we have a spherical drop, and we have the
following possible cases described in Figure 1.2. If a significant effort is applied,
the drop stops being ellipsoidal. The drop is deformed from a stable stationary
state and finally presents sigmoid shape previous to rupture —i.e., with increasing
shear value or going past the value of Ca.,.. Experimentally, the critical value is
determined by increasing the applied shear rate, where different states are

classified into four categories of deformation and breakage as a function of p.

The importance of the work of Rumscheidt and Mason [10] is the wide range of
viscosity ratios and interfacial tensions they studied, and observing four different

types of possible deformations under simple shear flow. In Figure 1.2, the four
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types of deformation are presented; for each case, the shear rate is applied from
the initial spherical drop shape and evolving to an ellipsoid if the deformation is

small. When increasing the shear rate the break of the drop is observed:

a) Deformation type I: For low values of p. Shear rate is higher than the
critical value, the drop adopting a sinusoidal shape with sharply pointed
ends, which release continuously small drops. This phenomenon is known

as Tip-streaming.

b) Deformation type II: p = 1.0, and above its Ca.,. Drops form a series of
necks that end up breaking up and leaving a set of smaller drops known as

satellite drops, while the larger part is divided into two drops daughters.

¢) Deformation type III: p = 0.7 and Ca > Ca.,, the drop elongates as a

band, until it becomes unstable and breaks up into several drops.

d) Type IV deformation: p > 4, no rupture has been observed.

As can be observed in Figure. 1.2, the orientation angle 6 plays a significant role
when deformations deviate from the spheroidal shape—86 corresponds to the angle

between the principal axis is the drop and the direction of the flow field.
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For example, Rumscheidt & Mason [10] observed that all drops deform and align with
an angle 8. The angle 0 starts from 45°, and as the shear rate increases the orientation
decreases until it reaches zero. For Type I drops, only when p~2x10~* and Taylor
deformations are 0.01 < Drqyor < 0.4, then the observed angle is 45° > 6 > 30°.
When Drqy0r = 0.54, then 6 = 25°. In Type II and Type Il drops, with p =1 and
Drayior = 0.1, an angle of 6 = 45° is observed. For 0.2 < Drqy0r < 0.58, an angle of
30° > 6 > 15° is measured. For Type IV drops, with p = 17 and Drqy0r = 0.29 the

measured angle is 8 = 0°.

Figure 1.2. Schematic of the different types of deformation of a single drop in a simple
flow. Adapted from Rumscheidt and Mason 1961.

This angle 6 can be calculated using Equation (1.9) given by Cerf [11] and then
correlated with the theoretical work of Rumscheidt and Mason [10], using

measures of deformation and the ratio of viscosities p.
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o 2p+3
H—Z_DT'< s ) (1.9)

We also have the experimental work of Grace [4] where it is found that
Ca.(p) —that is, as a function of the quotient of viscosities p— provides

information about the conditions of breakup of drops.

Figure 1.3. Effect of the viscosity ratio in the capillary number, determined by Grace
(1982) and fixed by De Bruijn (1989), the Cyan box is the conditions of our experiment.
The figure is taken from [51].

The curve shown in Figure 1.3 establishes the domains for non-rupture and
rupture, valid for Newtonian systems. It is clear that the critical capillary varies
with the viscosity ratio Ca.,(p). For example, the breaking up of the dispersed
phase in an emulsion can be determined if we vary the viscosity ratio while
keeping other parameters constant (such as the interfacial tension and initial

radius). For small values of p, the breakup of drops is more resilient, hence a large
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deformation is observed. The breakup occurs more easily for values of 0.1 <p <1,
with Ca., of approximately 0.5. For values of p higher than 3.5 to 4 it becomes
impossible to break up the dispersed phase. This conclusion is supported in the
literature in particular with Rumscheidt and Mason [10]. This type of curves can
be obtained by increasing the shear rate step by step, then reaching the steady

state for each advance.

Another mechanism of rupture is observed when p is very low (p < 0.1) and
Cac~0.5, and is known, as already mentioned, as tip-streaming [1, 2, 4, 10, 12].
Then drops adopt a very pointed shape and small droplets are shed in rapid
succession from the ends; this effect may be explained by interfacial tension
gradients on the surface of the drop, with values at the tips smaller than in the
bulk [13]. In recent studies, the presence of surfactants in the surface of the drop
generates even more pronounced tip-streaming effects, for example, 0.3 < p < 3.3.
However, for values of p = 30, the effects are less pronounced. In both cases,
drops are aligned in the flow direction (8 = 0) or inducing small orientation

angle [14, 15].

A new mechanism of rupture of drops occurs when the applied flow is stopped
after attaining a large deformation of the drop [5,6]. If an elongated drop attains a

larger than a critical deformation, and the flow then stops, the retraction process
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towards the state of a spherical drops, may produce the fragmentation into small
drops. These smaller drops are observed at the ends of the mother drop, reducing
the pointed tips at the ends. The disappearance of the tips provides for a
secondary mechanism for the interfacial tension to regain its uniformity when

recovering a spherical shape.

Cristini [16] presents his work taking into account the size of the drop after the
breakup. The first stage of this breakup mechanism corresponds to formation of
two smaller drops called daughters, of similar size to the critical size. That is to
say, when there is no rupture, regardless of the initial size of the mother drop. The
second breakup stage occurs at the pointed ends (end-pinching) or by the
instabilities that form multiple satellite drops. The size of the satellite drops is
determined by the width of the neck after the first rupture mechanism. Cristini
concludes that for emulsified systems the size distribution only depends on the

tirst average of the drop size and the y.

On the other hand, studies by Changzhi & Liejin [17] show that the diameter of the
daughter droplets is linearly correlated with the inverse shear rate, but
independent of the initial size of drops. They also showed that the three types of
breakup mechanism can occur, depending on the capillary number Ca. If

Ca = Ca.,, the rupture mechanisms are drop sequences, similar to necklaces,



13

producing daughter droplets of approximately equal size, sometimes separated by
satellite drops. For Ca., < Ca < 2Ca., end shedding appears (end pinching), and

this mechanism of rupture is dominant if Ca > 2Ca,, due to capillary instabilities.

Figure 1.4. Complement to Grace and De Bruijn's graphics Adapted from Zhao 2007.
Similar results were found by Zhao [18], who studied the mechanism of rupture
and the final size distribution of the drops which depend on Ca and p, as shown in
Figure. 1.4. This study reveals new evidence of possible mechanisms of rupture of
drops. However, these results should be considered with care since drops may
have been subjected to effects of walls or confinement, which promote
deformation. Of course, the existence of neighboring drops must also be taken
into account since the ratio of the diameter of drop and the separation distance

between drop centers varies from 0.1 to 0.7. Values of this ratio less than 0.1 are
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desirable in order to neglect hydrodynamic effects with wall or other nearby

drops.

Other more recent studies by Vananroye [19, 20] have shown that confining effects
favor the deformation and orientation along the flow direction. Interestingly, this
phenomenon was possible until the breakup of drops with high viscosity ratios
p > 3.5 becomes impossible. With confinement and for p > 1, the critical values of
the capillary decreases and therefore favors breakup. Rupture for values of p < 1
requires larger values of Ca,,. Sibillo and colleagues [21] found similar results for
values of p = 1; they show that the confinement enriches the deformation but
prevents the drop rupture due to the proximity of the flow lines; that is,
increments of the vorticity, away from the drops (towards the wall), reduces the

rate of elongation of the drop.

1.4. Non-Newtonian Systems

Gauthier and collaborators [22] published the first results of systems of Newtonian
droplets in viscoelastic matrices, using tubular or Poiseuille flow. They did not
report a relationship with the deformation of the drops. Flumerfelt work [23]
measures the deformation and rupture of the Newtonian droplets in a

viscoelastic matrix, finding that the effort required for the rupture of droplets in



15

a viscoelastic fluid is less than that required in Newtonian systems under similar

conditions, i.e., same viscosity ratio p and same applied stress.

As well, the deformation of drops in a diluted emulsion is favored when a
viscoelastic matrix is used, as reported by Elmendorp & Maalcke [24], Mighri
[25]. Although this study provided a new perspective on the influence of the
elasticity of the matrix, it did not allow a complete understanding of the effect of
elasticity and shear thinning of the matrix on the deformation of a Newtonian
drop. It does provide some very relevant insights; e. g., when observing shear
thinning effects in the viscoelastic matrix, which increases the p values, causes
more stable drops, when compared with those of Newtonian matrix. But when
values of normal stresses increase —increasing elongational stresses— drops
become more strongly destabilized and rupture occurs earlier, compared to

Newtonian systems under similar conditions.

In another work by Sibillo [26], the elasticity of the matrix limits the deformation
of the dispersed phase, compared to a purely Newtonian system under similar
conditions; i. e., with the same viscosity ratio and nearby wall stresses. It is also
reported that the drops are more aligned —oriented in the flow direction—
compared to their similar Newtonian system [21, 27]. It is believed that stronger

orientation of the drop —with respect to the flow — correlate with the existence
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of additional normal stresses of the matrix. De Bruijn's doctoral thesis [13]
presents an extensive study of systems with viscoelastic droplets under pure
shearing flows, by comparing the medium contribution of two types of viscoelastic
fluids. The first one does not have any measured elasticity (known as a
viscometric flow) and a second purely elastic fluid, called a Boger fluid (fluids
whose shearing viscosity is constant, i.e., it does not depend on the shear rate,
but normal stresses are observed). It is shown, that in the case of drops with
shear thinning and p < 0.1, the Ca. could be correlated with the breaking
criterion that is determined in systems Newtonians. For p > 1, the critical Ca,,
deviates from those observed for Newtonian systems, increasing for larger

viscosity ratios.

Several studies followed the use of similar fluids. For example, Lerdwijitjarud
[28], Mighri [25], Milliken & Leal [29], Sibillo [26]. Tsakalos [30], Varanasi [31],
also reported that elastic drops produce high critical capillary numbers, meaning
that it is more difficult to break the elastic drop in a Newtonian matrix when
compared to a similar purely Newtonian system. The most recent studies agree
with the inhibition of the elongation of the drop and the resistance to the rupture
caused by the elasticity of the drop in comparison with the entirely Newtonian

systems. These works conclude that the critical steady-state capillary number
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increases with the first normal stress difference of the dispersed phase. The work of
Sibillo and collaborators with non-Newtonian systems, also shows that no
difference of the behavior of the Newtonian drops could be observed for small
deformations and, therefore, that the small deformation limit could be used to
derive interfacial tension, independently of the viscoelasticity of one phase or
another [26]. For higher capillary numbers, drops show a less distorted
appearance and a smaller orientation angle than for Newtonian drops,
confirming the theoretical predictions [32]. They also reported an overshoot of
the deformation before reaching its steady state. In some cases, breakage was
reported in the vorticity axis for Boger liquid drops [34]. This type of behavior

occurs most frequently when both phases are viscoelastic.

Now, when both phases are viscoelastic, deformation and rupture of the disperse
phase have been studied mainly to understand the morphology of polymer
mixtures. It is found that the deformation of a drop in such systems depends
mainly on the elasticity ratio, i.e., the elasticity of the drop normalized with
respect to the elasticity of the matrix, which corresponds to the ratio of first
normal stresses differences [25]. When this ratio is low (< 0.37) and,
consequently, the elasticity of the matrix is high, the deformation of the drop is

higher than that observed for Newtonian systems. On the other hand, when the
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drop is highly elastic (elastic ratio > 0.37), its deformation is inhibited. This
result is to be expected when taking into account the observations mentioned in

the previous sections.

A more unusual deformation (and rupture) mechanism was observed, consisting
of a widening of the drop on the plane perpendicular to the flow, especially
along the vorticity axis [35, 36]. Levitt and Macosko [35] were the first to report
this phenomenon, finding an analytical relationship between the second
difference in the normal tension of the phases and the degree of widening.
Tanpaiboonkul and colleagues [36] divided the evolution in time of the
deformation of the drop into three distinct stages. The first consists of elongation
of the drop in the direction of flow followed by a contraction —a lengthening by
the secondary flow—, and finally a widening along the direction of the vorticity.
It appears that a sufficiently strong elasticity of the droplet and/or matrix can
hinder rupture along the direction of flow leading to rupture along the axis of
vorticity. The latter can be a consequence of much higher capillary numbers than
those observed in the flow axis. Finally, a later study showed that this type of
behavior depends on the size of drops [34]. The primary rupture occurs in the
flow direction, but the daughter drop obtained broke along the direction of

vorticity, by a rupture mechanism describe as erosion.
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Ghodgaonkar & Sundararaj [37] developed a model of droplet diameter in
polymer blends, based on the balance between the viscous forces that deform the
drop and the forces that resist deformation when the drop is in equilibrium. In
this case, two new parameters were added: matrix and drop elasticities. The first
one is part of the forces that induce deformation (viscous forces) while the
second is added to the interfacial forces, where G’ is the elastic modulus. Here
you can use G’ since shear rates are low (< 10s7'), and the first normal stress
difference can be approximated by 2G'. Above 10s™! the first normal stress
difference is greater than 2G’, but these quantities are proportional to each other.
Finally, a break was observed for viscosity ratios greater than 3.5 in polymer
blends [36]. Gout first formed a sheet along the flow direction which then broke
into smaller daughter droplets along the direction of flow; it was referred to as

the "parallel break."

1.5. Retraction of Newtonian Drops after Stopping the Flow

Like the deformation history, the evolution of the shape of the drop after stopping
the flow contributes significantly to the rheological behavior of the relaxation
mixtures. Through observations of the relaxation of a drop after stopping the

simple shear rate flow at different amplitudes, the work of Yamane and
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colleagues [39] has shown that the shape of a drop is governed to a large extent
by the history of its deformation. For weakly deformed drops, ie., y ~1, drops
retract maintaining the shape of an ellipsoid of revolution at all times until it

regains its spherical equilibrium shape.

Figure 1.5. Diagram of the shape change of a drop under pure shear rate a) seen from
above and b) from the side. Adapted from Yamane [39].

For moderate deformations, i.e., 2 <y < 3, it is shown that, once the flow stops,
the drop relaxes into a cylindrical shape before becoming an ellipsoid and finally

evolving toward its spherical shape. For deformations on the order of 4, the drop
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is deformed into a thin oblate ellipsoid (B << W <L). It first acquires a
cylindrical shape, followed by an altered form prior to an ellipsoid of revolution
and, finally, finding its spherical shape. As for the alignment of the drop, it has
been observed in the direction perpendicular to the plane of flow, with the angle 8
remaining constant during the relaxation process. Yamane's observations are

shown schematically in Figure 1.5.

These observations permit determination of the interfacial tension during
relaxation of drop in an emulsion, with several advantages: The technique can be
used on liquids with similar densities and high viscosities, the requirements in
equipment are simple; and there is no restriction for the materials, either the drop
or the matrix. One of the limitations is that the theoretical models do not take into
account the elasticity of the samples. But when compared with the static and

dynamic methods, it compares favorably for our purposes.

1.6. Coalescence of Drops

The phenomenon of coalescence of two colliding drops is always preceded by a
lapse of time, during which the separation distance between the drops slowly
becomes small. This time interval corresponds to drainage of the continuous phase

that separates the two drops. When this separation becomes nil, coalescence occur.
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It is clear that the interlayer between drops thickness decreases due to drainage,
and being is of the order of 10 nm to 100 nm [40]. The rupture of this thin-film can
result in a complete or partial coalescence. On the other hand, a bounce is usually
observed when the film's draw speed is too slow. The informative and general
description of Newtonian drops coalescing is available in several references [41,
42, 43; 44, 45]. The coalescence between droplets has been investigated less

extensively than that of bubbles.

There has been only a limited number of studies published about the coalescence of
drops in non-Newtonian media, among them Acharya and Ulbrecht [46]. The work
by Das and colleagues [47] develops a model for the coalescence of droplets in
stirred dispersions involving non-Newtonian polymer solutions. Also, Bazhlekov
and colleagues [48,49] have examined the drainage and rupture of the thin
Newtonian layer that separates two drops of fluid that meet the “power law” (not
Newtonians) model, under the action of a constant force. The main finding seems to
be that the critical thickness of the rupture in bubbles, drops, and particles in the

fluids are weakly dependent on the “power law” of the dispersed phase.

Similarly, Yildirim and Basaran [50] have studied the deformation and rupture of
the stretching bridges between two Newtonian and non-Newtonian liquid disks.

The liquid bridge suffers deformation until it breaks when the two disks are
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separated. Despite the highly idealized conditions, such studies add to the

understanding of film thinning in the context of coalescence.

For sufficiently long times, a probability of collision equal to 1 can be established,
and, thus, guaranteeing coalescence. For emulsions, the collision frequency is
inversely proportional to the volume fraction of the disperse phase, while the
collision time is inversely proportional to the shearing speed. Coalescence also
depends on other factors. If the collision time is too short or if the drops are too
large, the amount of continuous phase to be removed is too large, and the
separation distance will not reach the critical value required for coalescence;
subsequently the two drops move away without any changes. Three models have
been proposed to deal with effects for maximum drop size achievable through
coalescence, with respect to the mobility of the interface: Immobile interface (IMI),
partially mobile interface (PMI) and fully mobile interface (FMI). Thus, because not
all collisions lead to coalescence, the rate of coalescence in the emulsion is
determined by the product of the collision frequency of the counted drops and the

efficiency of coalescence of the collision droplets.

The review of the literature shows that the study of the behavior of polymer

mixtures in the pure flow has been the subject of a large number of experimental
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works. This is probably due to the experimental facilities with this type of flow;

this opposite situation for an elongational flow.

1.7. Chapter Conclusions

In this Chapter, a non-exhaustive summary of state of the art was presented for
the development of this work on the evolution of the morphology of emulsions, in
particular of the deformation, rupture, retraction, and coalescence of Newtonian
and non-Newtonian systems. In general terms, the state of the art addresses many
important phenomena and variables for understanding the dynamics of
population of drops in a continuum medium. The present supplements previous
works along the lines referred to as environmentally not so "simple": the mixture

of two Newtonian liquids, which are emulsified at very high fractions.

In the literature, the study of systems in simple shear flow presents several
models, as presented in this Chapter, but few of relevance to the behavior of drops
in bulk (highly concentrated emulsions). However, for highly concentrated
emulsions, the deformation, coalescence and breakup of a drop are still poorly
understood phenomena, a complicated issue since it may depend on the type of
system, ie., Newtonian or non-Newtonian, the presence of surfactants,

confinement and shearing rates.
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Chapter 2: Experimental setup and methods

2.1. Overview of Experimental Setup

The experimental setup used for the optical characterization of the emulsion is
described in the following Sections. The main components of the experimental setup
are: a neumatically levitated table (Newport LW3036B-OPT) to reduce
environmental vibrations, a flow cell (CS5450-Linkam), a Nikon SMZ-U microscope,
and two cameras, one Nikon DS-2Vm and another PL-B953U (Pixelink Digital). In
Figure 2.1 the arrangement of the experimental setup is shown. The main
component to induced changes on the emulsion microstructure and for its statistical

characterization is the CS5450 flow cell (Linkam).
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2.2. The Flow Cell

The Linkam flow cell (CSS450-LINKAM) applies a shear flow on a sample while
simultaneously allowing the visualization of is microstructure. By operating in
real time, one can directly observe the dynamics of the structure of the emulsion
through the microscope. The cell carries out all experiments with a temperature
precisely controlled and maintained at 30 °C. The ceramic plates surrounding the
flow cell allows a wide range of temperatures: -80 to 450 °C. The separation of the

flow cell walls can be varied from 5 to 2500 pum.

Figure 2.1. Schematic setup of the experimental.
The angular speed of the shearing plate can vary within a range of 0.001 to
10 rad/s with a resolution of 25000 steps/rev. The software use for the control of

the cell and the interface is Linksys®. In general, with this cell it is possible to
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study the evolution of the microstructure of complex fluids to high degree of
detail: for example, the phase separation of binary fluids at long times, the mixture
induced by flow and the separation of polymer mixtures, defects of liquid crystal
dynamics, aggregation of red blood cells and its deformation by fluxes, among

many other possible materials.

Figure 2.2. Schematic of the device of parallel disks geometry with a diameter of 36
mm and a gap of 0.1 mm. The observation plane is described by the velocity-vorticity
axes. The motion of the lower disc imposes a approximate simple shearing field on the
sample.

Figure 2.2 shows a diagram of the flow cell and the axes of the flow, the velocity
gradient, and the vorticity. The cell consists of two highly polished parallel, quartz
discs. Each disc is in thermal contact with an independently controlled pure silver
heater that uses platinum resistors sensitive to 0.01 °C. The lower disc, on which
the material sample is placed, applies a shearing flow, of several types: oscillating,
constant or progressive modes. These flows are programmed into the Linksys®
software. To facilitate the diversity of samples the space between the two disks can

be established with great precision from 5 to 2500 um.
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The separation between the quartz plates was kept constant during all the
experiments at 0.1 mm (100 pm). The rotation applied to the lower disc for the full
set of experiments here reported was within 0.01 to 0.06 rad/s, which is equivalent

to a range of shear rates from 0.75 to 4.5 s™%.

All images were captured in the
velocity-vorticity plane, with a resolution of 1155 x 867 pixels, through a 2 mm

observation window, located at a radial position of 7.5 mm away from the center

of rotation.

2.3. Description of Additional Equipment

* Nikon SMZ-U Stereographic Microscope.

The microscope has a magnification ratio of 10:1, which covers a range of 0.75x to
7.5x, and reduces the need to change lenses frequently. The relationship used in
the present work is 7.5x, with a maximum resolution of about 3-5 um for the
complete field of view. This resolution matches the size of pixel (diagonal length)
on the CCD. An interchangeable 1.0x objective lens is also used. The depth of field

is approximately ~100 pum.

* Omni ES Macro Homogenizer.

It is a powerful 1800 W homogenizer that is compatible with a wide range of

generator tips. In this work, the "fine" saw tooth tip —10 mm diameter, 95 mm
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long, stainless steel #316 probe— was used (SKU#15051), as shown in Figure 2.3.
This homogenizer is ideally suited for mixing and creating stable emulsions. The

homogenizer mixing capacity is between 1.5 ml to 100 ml.

Figure 2.3. Omni and tip homogenizer used in the emulsion realization.
e Ares Rheometer G.1 with temperature control by the circulated

bathroom.

The ARES rheometer (Advanced Rheometric Expansion System) is a versatile
rheometer, which has a motor with HR (High Resolution) displacements and an
FRT (Force Rebalance Transducer) transducer. The rheometer is suitable for
characterizing a wide variety of complex low- to high-viscosity materials, such as

mixtures, suspensions, emulsions, among many others.

The rheometer can use a large variety of possible probe geometries, such as
parallel plates, cone and plate, concentric cylinders, among others. The

temperature control cover a range from -10 to 150 °C, which can be carried out in
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three different ways: one by a water recirculation bath, by a Peltier dish and by
forced convention. The latter is carried out with air convection and is used mainly

for melts (plastics) and solids, up to a value of 600 °C.

The possible measurement that can be performed are the following: continuous
shear measurements, dynamic shearing oscillations, transient shear rate tests
(compliant and stress relaxation), parallel superposition (non-linear) experiments,
torsion experiments and deformation measurements in a wide variety of materials
covering from low to highly viscous solids. The rheometer is controlled by the

Orchestrator® software.

* Digital camera DS-2Mv.

The DS-2Mv digital camera features a 2 megapixel CCD (1600 x 1200 pixels) that

can display motionless SXGA motion pictures at 15 fps (max. 30 fps).

* Pixelink PL-B953U digital camera.

The PL-B953U is a high-performance 0.8-megapixel (1024 x 768) monochrome
CCD camera designed for a wide range of industrial imaging applications. This
camera uses a USB 2.0 digital interface for transferring images and is based on the

Sony ICX204 progressive scan sensor with a 1/3" optical format and a pixel pitch of
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4.65 pm. External activation and two general purpose outputs give users the

flexibility to synchronize the camera with its processes and lighting conditions.

2.4. Preparation of the Emulsion

The methodology for the preparation of these emulsions and their characterization
is carried out in four stages. The first stage is the preparation of the oil phase and
the water phase. The objective here is having a water and oil phases with control of
density and viscosity independently for each one. The second is the creation of the
emulsion. The third is the characterization of the basic rheological properties of
each phase, and the fourth is the optical characterization of the structure of the
emulsion in the flow cell, which is detailed in the following paragraphs. The
immiscibility of the two phases was visually validated by monitoring the diameter
of a single drop immersed in the matrix fluid. No significant variation was
detected in the time scale of the experiments, which guarantees that the fluids can

be considered immiscible for the scope of this work.

The use of the mixture of heptadecane and eicosane (linear alkanes) in this work is a
result of previous works in the Optical-Rheology Laboratory at the Instituto de
Investigaciones en Materiales, of the National University of Mexico (UNAM). This

emulsion can be used as a simple model capable of simulating the viscous behavior
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of Mexican crude oils. In addition and in contrast to crude oil water mixtures, this
model mixture is completely transparent allowing an optical characterization of its
micro-structure, which can be used to predict the rheological/morphological
properties of crude oil. The main advantage of this model system is that is well
characterized and is reproducible in any laboratory. Although, only the morphology

of a model emulsion is studied in the following Chapters.

The first step, the aqueous phase is prepared (w/W) from 10 uM polyethylene
oxide polymer (PEO) M,,~1000000 (Sigma-Aldrich CAS#372781), in 97 % deionized
water (18.2 MQ-cm; p = 0.997 g/mL) and 3 % of a low molecular weight alcohol
isopropanol 2-propanol (Sigma-Aldrich CAS#190764, > 99.5 % reagent grade); the
viscosity of the sample in control mainly by the use of the polymer and its density
can be adjusted by the fraction of alcohol. The oil phase is prepared as a mixture of
alkanes —linear hydrocarbons: eicosane (Sigma-Aldrich CAS#219274), and
heptadecane (Sigma-Aldrich CAS#128503). 1,2,4-trichlorobenzene (Sigma-Aldrich
CAS#132047) is used to modified its density and be adjusted to that of the aqueous
phase. Polybutadiene (Sigma-Aldrich CAS#181382) a high molecular weight
polymer (M,,~200,000), adjust the viscosity of the oil phase. The preparation of
the oil phase begins by mixing 7.56 % of eicosane with 39.69 % of heptadecane in a
glass bottle (Kirax®) maintaining a temperature of 30 °C and later adding 46.5 %

of trichlorobenzene and 6.25 % of polybutadiene (M, ~200000).
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The second stage consists of placing each phase independently at constant rotation
on a roller mixer at a speed of 3rpm for a minimum of 48h, to ensure a

homogeneous mixture of each phase, as illustrated in Figure 2.4.

Figure 2.4. Scheme of the elaboration porcess of the emulsion. The bottles with a blue
cover refer to the aqueous phase, and those with a red cover refer to the oil phase.

The densities of the two phases were measured and differed in less than
0.001 g-cm®. The next step is the preparation of the emulsion: It is split into three
transparent glass containers, with 4.2 g of the oil phase and 1.4 g of the aqueous
phase for the first batch. It is mixed in the Omni homogenizer, with the
10 mmx95 mm specimen (SKU#15051) at a speed of 3000 rpm, for 300s.
Subsequently an extra 1.4 g of the aqueous phase is added and again stirred at
3000 rpm, for 300s. The procedure is repeated until completion of the 50/50 %
ratio required by the emulsion. All batches are mixed into a single one at 3000 rpm

during 300 s at a temperature of 30 °C set by an external water bath. The emulsion
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is stored in glass tubes of 5mm diameter and 500 mm in length, in an oven at a
temperature of 30 °C, left for 48 h in a vertical position. The above procedure is to
ensure the homogeneity of the emulsion and to ensure that the possible bubbles

disappear. The procedure is shown in Figure 2.5.

Figure 2.5. Diagram of the execution of the aqueous phase and oil phase in the Omni
homogenizer. Moreover, storage in tubes at a constant temperature of 30 °C for 48 h.

The third stage is the characterization with the ARES rheometer (Rheometric
Scientific), of the viscosity for each phase. Applying a constant shear rate (within a

1 was taken, with five stress

range of deformation speed from 0.1 to 10s~
measurements per decade) the viscosity of the oil phase is 7,;; = 2.08 Pa - s and for
water: 7yyq¢er = 0.57 Pa - s. It is also desirable to study the stability of the emulsion

under flowing conditions, for which the model emulsion will be subjected to a

shearing flow with constant speed and measure its properties at different times.
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The viscosity tests were constant with the shear applied, and the first differences
of the normal stresses were so small that it was out of the sensitivity of the

equipment.

Figure 2.6. The experimental arrangement, Linkam CSS-450 flow cell, Nikon SMZ-U
microscope, and fiber optic lighting.

The fourth step is the optical characterization of the emulsion under flow
conditions, using an experimental arrangement like the one in Figure 2.6. With this
arrangement is possible to determine drop diameters (Chapter 3) for a large set of
drops, thus observe the evolution of the microstructure under the influence of simple
shear flows (Chapter 4) and measure the interfacial tension as a property of the
emulsion using a dynamical technique (Chapter 5) in comparison to the

conventional techniques that evaluate this property using an isolated drop.



40

Image of emulsions were captured using two different cameras: a digital Nikon
DS-2Mv (Nikon Digital Sight) which is controlled by the software NIS-Elements,
and the Pixelink PL-B953U which is controlled with its own software.
Subsequently, the characteristics of each part of the experimental arrangement are
specified. The software used allows capturing sequences of image, which will then

be analyzed by the Open Image] (free) software.

2.5. Placement of the Sample in the Cell

The emulsion is produced and stored for 48 h at a temperature of 30 °C. The next
step of loading of the sample on the flow cell follows. A sample of ~0.4 ml of the
emulsion is place on the lower quartz plate of the flow cell (A simple calculation of
the volume of sample to be used is described in Appendix A). Afterward, the top
cover is placed on, and the separation distance between quartz plates is reduced to
the working distance of 100 pm. The sample is squeezed very slowly with the
vertical movement of the plate above; squeezing rate of 0.1 mm for every 60 s
approximately. Thus, no residual load stresses are generated in the sample and
homogeneity is maintained. When the separation distance of 100 um is reached,
the sample is left to stand for ~600 s (with no flow). Subsequently, a shear rate of
0.075s™! is applied for a time lapse of ~500 s. In this way, the residual stress that

could have been generated by lowering the cell cover is sought to disappear, and
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is called the pre-shearing stage. Afterward, the loaded sample can be studied in a

reproducible manner.

The experimental shear rate ramp is subsequently applied starting with the shear rate

! which is maintained for a time t ~ 400 s. This time

step of a value of y = 0.75s~
lapse proves to be sufficiently long to ensure that the individual properties of the
droplets (and the emulsion) reach a steady state. After the applied steady flow, a
brief rest time is inserted —for about ~18 s— between flow steps of the ramp. This
rest-time is long enough for capturing the emulsion images used to evaluate its

microstructure just generated by the flow, given that this time was sufficiently long

for all drops to return to their spherical equilibrium state.

After the first brief rest-time, the intensity of the flow field is increased to
¥y = 1.50s7!, and this procedure is repeated until a shear rate of y =4.5s7" is
attained. After each increase in shear rate, the flow was stopped for a rest-time,
allowing droplets to relax. All images for the statistical analysis of the size
distribution of the dispersed phase were recorded during the rest-times. Captured
images during the no flow states of the sample are characterized by values of the
shear rate previous to the rest-time. The main criteria been that, after cessation of

the flow, drops relax their elongation but hardly anything else changes: no

coalescence, rupture or accretion of drops appear to be significant.
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To evaluate the influence of the brief rest-time on the population drops, and
consequently in its statistical analysis, images were taken of two separate
experiments. No significant differences were found in the evolution of the droplet
size distribution during the no-flow condition, which allows us to infer the
observed size distribution of drops is due mainly to the flow field previously

applied.

Additional tests were carried out to evaluate the second most important property
of the emulsion: the interfacial tension, which is of the order of 0.11 mN/m, as
explained in Chapter 5. In these experiments the retraction of a flow induced
elongation of a drop was measured, considering several environments: when the
test drop is surrounded by nearby equal size drops, and when the retraction does

not appear to modify the nearby environment.

2.6. Image Processing Technique

Several techniques of image analysis have been used in each captured image to
automatically and manually detect the contour of each drop, either when they are
at rest or in motion (retraction). The necessary steps are: the segmentation of
images, the detection of edges and the identification of the best layer of focus of
each drop. These steps were implemented as a macro standard call for image

analysis routines from the library of the Image]J software package.
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Figure 2.7. Description of the image processing procedure. a) the captured image is
shown, 1155x867 px, RGB b) Grayscale image 8-bit, c) Backgraund subtraction, d)
Segmentation Threshold and hole filling, e) Binary image. And f) segmentation with
watershed algoritm and subtraction smallest pixels.

The main advantage of this methodology is that it allows a significant amount of
data to be processed, generally corresponding to a few thousand drops, which
would be a cumbersome task if it is done entirely manually. An example of image

processing is presented in Figure 2.7.

In Figure 2.7a, an image of the emulsion taken during the no-flow rest-time is
shown. Figure 2.7b corresponds to the grayscale image of 8-bit. Figure 2.7c the
brightness and contrasts are optimally tuned, Figure 2.7d shows the image with
segmentation (Threshold) of the contours of each drop and hole filling, identified
by the image processing (black circles). Figure 2.7e corresponds to binary image
and Figure 2.7f correspond to watershed algorithm; this is used in image

processing primarily for segmentation of the edges. It can be seen that most of the
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drops that appear “in focus” on the image, without formatting, are detected well

after this processing steps.

In order to identify, delimit and count drops on an image, a “macro” program is
created in the Image] program, which facilitates repeating a sequence of
operations on digital images. It starts from an RGB image taken with the Nikon
microscope or DS-2mv camera, all three color channels are separated, and binary
converted to a grey scale image; the binary image is subsequently process to
optimize drop contours, to determine accurately size and shape prior to counting;

and finally, the count is made.

Converting the RGB image into a binary image provides the software (the image
with the Image]® program and convert it to an 8-bit "Image/Type/8-bit" ; see
Figure 2.7b). with an image that more clearly defines edges of objects. This image
is further processed to clean background nose. That is, the intensity for pixels that
conform a drop is set by "Image/adjust/thresholding"; by setting a range of
possible values for each pixel intensity from 0 to 90. In this manner a binary image
is obtained where the chosen pixels (of the drop) now have values of 255 (white)

or 0 (black) continuum liquid; see Figure 2.7e.

Because the image is produced with a bright field illumination, in order to

enhance the location of the edge of the drop, then the central portion of each drop
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is essentially a bright spot —a rather extended region proportional to the drop
size. Thus, the next steps requires to convert drops, filling the central spot "with
the instruction “Fill Holes” to fill gaps. Subsequently the "Watershed" instruction
is use to separate some very small drops close to the environment of larger drops ;
see Figure 2.7e-f. In the Process/Binary menu, it shows the modifications
(procedures or subroutines) carried out with the image; that is, we start with Fill
Holes, to fill gaps, Watershed to separate some small drops in the environment of

larger drops.

Subsequently, the data for histograms is prepared. Only drops that have an
specific range of size and an acceptable degree of roundness are taken into
account. Shape of drops that deviate significantly from spherical, are due most
frequently to superposition the images of various drop of smaller size. Hence
those “deviatoric drops” are discarded, for no accurate size can be assigned. The
counting technique corresponds to the "Analyze/Analyze Particle" menu where,
after selecting the range of size and circularity, a table of drops is obtained,

accompanied by a new "Overlay Masks" image with the counted drops.

Automate the count: After recording all processing steps with "Macro Recoder",
from "Plugins/Macros/Record", prior to counting, the sequence of steps can be

repeated for any image ("File/Open/...") file. That is, we convert it to a binary image,
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we make the modifications favorable to our objective. Each of the actions we
perform is recorded in "Recorder" separated by a semicolon. At the end of the
sequence, press "Create," the "Scrip editor" opens in which we search to modify the
"macro." In "Language" we select the "Macro" that shows us the commands, texts,
and actions in different colors, which allows us to correct or add actions, by pressing

the "Run" key, we search check if the counting sequence is correct.
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Chapter 3: Evolution of the size distribution of an

emulsion under simple shear flow.

This Chapter presents the methodology used for the investigation of the evolution
of the diameter of droplets of the dispersed phase of an emulsion, due to a stress
tield generated under simple shear flow. The emphasis is on the mechanisms of
coalescence and rupture of drops that modify the distribution of sizes of drops.
The methodology is based on the acquisition of images through an optical
microscope and a camera. The methodology was tested by studying dense
emulsions and presents good reproducibility, as will be shown. All the
experiments were carried out with the emulsion described in detail in Chapter 1.
The two phases are transparent and well described as Newtonian liquids in the
range of shear rates studied for the characterization. The procedure in the image

analysis is described in Chapter 2. It is important to emphasize that the proposed
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protocol is limited by the optical conditions, in particular, the resolution, which
depends on the aperture and the objective used; limitations are also introduced at
the time of image digitization, by degradation of image quality due to the

turbidity of the first samples, among other criteria.

3.1. Brief Theoretical Background

3.1.1. 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
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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 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 of 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.

This Section describes the background for this Chapter. There are many results
published on the effects of the history of shearing flows (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
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higher shear rate or capillary number in order to deform significantly. The

capillary number is given by

Ry
cq =¥ (3.1)

g

where n,,,, R ¥ and o 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

_Na

— (3.2)

where ny is the viscosity of the disperse fluid and 7, 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]; that is, the growth by accretion of the larger by addition of smaller drops.
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
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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.

3.1.2. 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, 7, indicative of the minimum time required for a high

probability of coalescence (or its efficiency) can be calculated as
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T=7t,, (3.3)

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

3.1.3. Breakup of Droplets under a Shearing Flow

The so-called critical capillary number required for the rupture of a vesicle, Ca,,
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: Ca,,(p, $). 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
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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 > Ca,,, 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.

3.2. Materials and Methods

3.2.1. 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 uM polyethylene oxide (with a
viscosity-averaged molecular weight of M,~ 1,000,000, Sigma-Aldrich

CAS#372781, Sigma-Aldrich, St. Louis, MO, USA) in 97 % ultra-pure water
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(resistivity > 18.2 MQ-cm; p = 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), hepta-decane (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 (M,~ 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/cm?, 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 trichloro-benzene (alkane mixture), the
density of the two fluids can be adjusted to minimize sedimentation in the
emulsion. The interfacial tension ¢ was determined by the deformed drop
retraction (DDR) method, as described by Guido and Villone [30], using the
optical shear cell C55450, 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. (Chapter 5).
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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 x 95 mm fine saw tooth (SKU#15051), spinning at
3000 rpm during 300s, 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 “to-be-sheared” was placed on the bottom plate of
the flow cell, and the top plate was carefully placed on top, afterwards the
plates were slowly compressed (squeezed) to reduce the their separation until
reaching a gap of 100 um. 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 ~600s. 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™* for ~500s. 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
< 5um— and no comparison with the drop distribution after the loading of

the cell is considered reliable. At this instant, we set T = 0.
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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 ~18s, sufficiently long for drops to
attain a spherical shape. The initial step of the ramp began with a flow of
¥y = 0.75s7!, and subsequent flows stepped up by increments of 0.75 s™! up to

45s71,

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 (r =7y - t,),
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 3x107¢— 2 x 1075, for all

shear rates.
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3.2.2. 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 d; corresponds to the area
under the curve between those two points(d;, d; + Ad),where Ad 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)
D, o, the average volume size D,3, and the contributions of the tails of the

distribution, respectively:
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3.2.3. Size Distribution of the initial emulsion

The emulsions use in this work is the initial 50%/50% oil in water system, with
no dilution. Figure 3.1 presents images for the pre-shearing phase of the
experiment. In these images, many small drops can be observed, although
with a high degree of uncertainty about their properties. The cell gap was set
always at 100 um, implying that many small droplets may stack up along the
optical path. That is, when using the 100 pm gap it is highly probable that
several small drops visually overlap at every pixel of the same image; for a
bright field illumination microphotography, multiple scattering by many

drops imply an image with almost no light reaching the detector.

In these cases, histograms show an intensity function with a high dark value
at most pixels, which varies slowly across the gray scale; i. e., a broad
continuous curve of gray scale values (the initial hump) is the dominant
feature of Intensity plots in Figure 3.1. During the pre-shearing phase, a
continuous spatial distribution of intensity is always observed with no
relationship to specific drops; see right side of Figure 3.1. These intensity
distributions imply that most pixels have neighbors with values of the gray
scale very close among themselves. Images with this condition become ill-

defined for the selection of individual drops or determination of their
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dimensions. The drop count algorithm fails to correctly provide reproducible
results, as shown in the following Figures. All snapshots are made in the cell

(CSS450).

A possible solution for this conundrum is to use a dilute sample, or a cell gap
smaller than 100 pm, for improving the determination of the distribution of
drops. However, in this work an attempt was made to maintain the same
fluid dynamics characteristics for all images and experiments. That is,
collected data representing the same (mean) environment for drops, such that
interactions —a velocity and stress field — between them does not alter the
kinetics (and associated rates) of coalescence, rupture or capture of drops.
This mean environment cannot be maintained if gap width or drop densities

are modified during the experiment.

The droplet size distribution analysis was carried out using a set of snapshot
at ~400 s after the shear generation. As can be observed from Figure 3.1 the
size distribution analysis during the complete duration of the pre-shearing
stage — at 0.075 s™'- does not provide useful information. That is, objects in
these images always show poor contours, making it almost impossible to
determine the correct size or count number, thus denying the possibility of

evaluating a distribution of drops during the pre-shearing phase.
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Figure 3.1. Images of the emulsion prior to flow experiments —during the pre-
shearing stage, T < 0— and histogram of pixels count vs. light intensity: (a) Image of
emulsion after t = 30 s of pre-shearing flow of y = 0.075s™!, and histogram with a
high density of dark pixels. (b) Image after t = 150 s; mean value of intensity of pixels
30 % brighter than previous image, although drop edges still poorly defined (ie., a
high probability of a continuous variation of intensity across neighboring pixels),
implying a high density of overlapping droplet images.

In contrast, during each stage of the experimental ramp, images at multiple
time points show that the drop size distribution evolves continuously during

each stage of the flow regime as shown in Figure. 3.2.
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Figure 3.2. Images of emulsion during the first step of the flow experiments — 7 > 0;
under a shearing flow of y =0.75s™'—and histograms of pixels count vs. light
intensity.  Intensity images show an histogram with a high rate of change of
frequency vs. intensity, particularly around bright pixels, facilitating an accurate
determination of the border of drops: (a) Images of emulsion after t =43s, (b)
t = 157 s of flow, and (c) t = 415 s (during the cessation of flow period after steady
flow).

It is during the first shearing step —after t @ 40 s— that meaningful statistical
calculations are feasible, i.e., the initial broad hump becomes less dominant,

and a high contrast peak appears on the bright pixels end; see middle and
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bottom Intensity plots of Figure 3.2. The peak slopes can be associated to the
changes of intensity at the border of objects; internal border have a slower
variation of intensity vs. that of the outer border change of intensity. Images of
emulsion after ¢ = 157 s of flow (Figure 3.2b), and during the no flow period,
t = 415s (Figure.3.4c), have a sufficiently large number of drops and the
intensity histogram suggest well defined border for drops in the emulsion.
During flow conditions, drops have rather well defined ellipsoidal shapes,

which limit the accuracy of the drop size determination.

Hence, distributions obtained during the no-flow (rest) time can be used to
determine the kinetics of the drop population. In Figure 3.2, during the first

step of the flow ramp —at a shear rate of 0.75s7*

—, images at times
t = 43,92and 200 s are shown, which clearly indicate the evolution of the
emulsion. By looking at the Intensity plots (Figure. 3.2), it is clear that for
times up to 90 s images still show a population with many small drops (mostly
overlapping), with a poor definition of shape or size. Thus, in order to have
drop size distributions of good quality (with a sample of sufficient counts of
drops), 400s of flow were applied during every flow step, with images

presenting a population of drops of several hundreds. This protocol may

reduce those artifacts due to a time evolving distribution, by eliminating the
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initial time lapse of strong rate of change, although still being influence these

events.

It is only during the shear rate of 0.75s™' that drops less than 5 pm are still
observable at the bottom of the image (Figure 3.4a"). How this fraction of the
population evolves (that is, elucidating the mechanism mediating this capture
process) will require experiment with a different gap size. But on passing to the
shear rate of 1.5, these drops are no longer observed; only drops greater than 5
um are observed when the shear rate is 2.25,3.0,3.75 and 4.5 s7! (Figure 3.4b' to
). All size distributions are calculated when there is no flow; there were no
coalescence or rupture processes observed after the flow is turned off and the

distribution are also time independent.

3.2.4. The experimental conditions

All experiments were performed with the parallel plate geometry (Linkam
(CS5450, 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.
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Figure 3.3. Schematic description of the shearing device: parallel-plate geometry with
a diameter of 36 mm and a gap of 100 um. 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.

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.

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 in a bright field illumination arrangement. All
images were processed with the Image]® 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.
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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
tield 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 1s 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 pm,
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.
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3.3. Results

Figure 3.4 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.

For 7 < 0, 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. It is only for
¥y = 0.75s7! that drops less than 5 pm are still observable at the bottom of the
image (Figure 3.4a"). 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.

Small drops, of diameter < 5 pm 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 y = 0.75s7 1.

Indeed, these drops quickly
disappear with increasing (7 = 400), as observed in the bottom of the images of

Figure 3.4b"”—{".



Figure 3.4. The sequence of images shows the effects due to an increase of shear rates
(top to bottom) on the evolution of the morphology (during flow, left, unprimed
letters; after cessation of flow, center, and primed letters) for a (50/50) emulsion. All
images are captured with the same magnification and at a temperature of 30 °C. For
histograms (right plots, double primes) pkn stands for the first, second, etc., the peak
of the distribution; mean is the average size of drops.

69
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Possible experiments with a weaker shear rate, y < 0.75s™*

, 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 um 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 pm is of the order of 0.00172.

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 pm) decreased and the frequency of drops with
out twice the volume (8-10 pm) clearly grew. This condition indicates that for flows
with y < 2.25s7! the critical time for coalescence of the smaller drops already
occurred. That is, at y = 2.25s™%, 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 3.4ff, at larger shear rates, a poly-disperse emulsion with a
multimodal distribution was generated. Here, Figure 3.4 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 3.4f” from smaller size drops. At this
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flow rate—y = 4.5 s™! —the collision of drops with an average diameter close to 12-
14 um gave rise to drops of about 16.5 pm (double the volume of the smaller drops).
From the histogram in Figure 3.4f”, it is clear that a new population phenomenon
was at play: both frequencies of the 10-12 pm and 12-14 pm bins decreased signi-
ficantly and simultaneously. It appears that pairs of drops of size 10-14 um 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 um.

Interestingly, Figure 3.4f also shows (a) the onset of pearl necklace 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 pm; 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 um).

In these experiments, a few large drops were also observed —larger than 40 pm in
diameter, with an ellipsoid-like shape with an averaged waist size ~35 pm—at the
onset of the flow regime that did not show up initially in the upper tail of the
distribution. In Figure 3.4c, the highly elongated drops—similar to wire-

structures—could be attributed to possibly larger drops that had reached a very
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large deformation, only possibly due to confinement effects by neighboring drops

and by the presence of the cell walls, simultaneously.

Table 3.1. Drop size distribution statitics for histograms shown in Figure 3.5. D, ; is the
volume or mass moment mean also known as the De Broucker mean diameter. D3, is
the surface area moment mean or the Sauter mean diameter (SMD). D,, is the
number-area mean diameter. Kurtosis measures the relative weight of the tails with
respect to the central portion of the distribution

Table 3.1 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 (D;,), as well as the
Number-area and Number-volume mean diameter. The relevance of these

numbers is further expanded upon in the Section of discussion.

In Figure 3.5, 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 axis is the drop count. It is observed in Figure

3.5a—c that these size distributions are characterized by a single peak and positive
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Kurtosis —with a single peak and relatively high weight of the distribution tails (see

Table 3.1).

Figure 3.5. 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 D,, value, and the blue bar corresponds to the value of D, 3. In
histogram (d), the maximum value of D, is reached (see Table 1). Histograms (e,f)
show a rapid decrease in the value of D, 3, characteristic of distributions with a high
top and a smaller contribution from outliers.
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Please note that for a flow cell with a gap of 100 um, drops with diameters as large
as 100 pum 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 um. In Figure 3.5d, the maximum

value of dy = D, 3 is reached (blue vertical bar).

Figure 3.6. (a) Mean diameters of the distributions —D;, uptoDy3— vs. the
dimensionless time 7; incurred during each flow regime; (b) D; o, D, and D, 3 vs. the
applied shear rate during each regime; (c) and (d) are, respectively, the dimensionless
normalized mean drop size vs. dimensionless time in each cycle and for the fotal
duration of the flow Y, y; t;.

In Figures 3.5e,f, a rapid decrease in the value of D, (Figure 3.6) 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
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that changes sign. For the drop size distribution generated wheny = 4.5s7%, the
skewness parameter becomes negative indicating a larger (secondary) peak at

higher diameters

Figure 3.6 presents the evolution of the mean drop size using the suggested
averages (values shown in Table 3.1). 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 3.6b corresponds to the same data vs. the applied shear rate. It
is clear that D;, and D,, remain essentially constant at 14 and 15.5 um,

respectively, for times less than 7 < 800, abruptly increasing to means of 15.5 and

17 pm, respectively, under a faster flow and a longer duration of the flow.

Figure 3.6¢,d correspond to the normalized average size (Dy3/D;1¢ and D, /D, )
versus the dimensionless time and the accumulated dimensionless time (total
imposed strain). Therefore, the base line for these two plots corresponds to D, o, a
two-step function with rather constant lower and upper values (i.e., 14 um and
15.5 um (see Figure 3.6a)). 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 155 pum. 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
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the case for global anisotropic structures, which may require a total dimensionless

time longer than 8000, as shown in Figure 3.6d.

3.4. 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 3540 um were
not evaluated. In contrast, the presence of the coalescence phenomenon can be
inferred at several instances in the evolution of the distributions, which may 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 3.5a—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 pm disappear,
with the 15 pm bin growing and during a subsequent coalescence, becoming
drops of about 20 um. Coalescence seems to be the dominant mechanism for

critical dimensionless time less than 7 < 700, with an associated critical shear rate
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of about y < 2.25s7'. Coalescence occurs simultaneously with rupture up to

T~8000andy < 4.5s7 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 um) producing smaller drops of about half their volume (i.e., ~27 pm
(as shown when y = 3.0 — 3.75 s~ (Figure 3.5d,f))). These drops, in turn, break up
again, producing an increase in frequency for drops sizes of about 22 um. The
rupture mechanism appears to depend on dimensionless time and on a critical
shear rate of the order of y = 3.0 — 3.75 s™%, 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 3.6 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 T > 300, as shown in Figure 3.6. The mean value

1

D, o remained at a constant value for shear rates less than y < 2.25s™" —the same

behavior is observed for D,,—while D3, D,3 increased linearly with
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dimensionless time up to 9007 units, followed by a monotonic decrease of the

mean size for the total accumulated dimensionless time 7 = 3000.

For dimensionless time between 675-900 and under an increment of
y > 2.25s71, the mean value D, , (and D, () appeared to remain at a new constant
value of D;y = 15.5pm (and D,, = 17.5 um) 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 3.6c)
regardless of the dimensionless time or shear rate. In contrast, measures D3, and
D,; did change significantly (-25%) after 7 = 675 or under an increase of
y > 3.0s7%. This abrupt collapse of D3, and D,; 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.
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In most cases, 100-10,000 units of strain are necessary to reach a size distribution of
the emulsion with low tail populations. Figure 3.6d shows a total time longer than
7 > 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 3.5f. For the large drops, the formation of a secondary peak from right to left
was observed (see Figure 3.5d—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 7 > 8000. In other to evaluate in detail the
global structure shown in Figure 3.4ef, associated with 7~ 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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3.5. Chapter 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 y ~3.0s™?

in a single band to
transient chains of drops in the flow direction and in several layers at a shear rate

of y ~3.75s7 L.

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
tirst is coalescence, dominant for smaller drops at low shear rates and short times.
The arithmetic mean of 14.0-14.3 um under a shear rate of about 0.75-1.5 s™ 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
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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 D, ;, 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 Figures 3.5d-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, Figures 3.6¢,d
show that the D, ; 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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Chapter 4: Morphology of Banded, Anysotropic

Structures

In this Chapter, a study of the formation of bands of drops along the direction of the
vorticity in a concentrated emulsion is presented. That is, the observed anisotropic
structures are characterized by regions of high concentration of drops interspaced
with regions of about equal width where hardly any particles are present. These
particle distributions are a clear departure to what has previously reported for this
emulsion. These patterns are induced by the effect of a simple flow in circular
parallel plate geometry (CSS450-Linkam), but only after a prolonged time after the
inception of the flow. That is, the observation of bands in emulsions appears only

after various other phenomena occur in the emulsion.

The flow geometry used is described in detail In Chapter 2. The emulsion compo-

sition and preparation is described as well in Chapter2. The flow history, previous
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to the appearance of the banded structure, is that described in detailed in the latter
Chapter. That is, the separation of the flow cell plates is 100 um, and the
observation of bands occurs within the interval of shear rates of 3.0 to 4.5s7%, but
only after a long evolution of the initial structure with a series of flows of 0.75 to
225571, This Chapter contains ideas similar to those presented by Caserta and
Guido [1, 2], although these banded structures appear to require a previous evolution of the
drop distributions and structure, before the onset of these bands, albeit other

differences.

4.1. Introduction

The formation of oriented structures in two-phase systems, as in this study, and in
particular the formation of bands of droplets, is a phenomenon that attracts a
considerable interest in the scientific and industrial fields. Its vast set of
applications is directed to the fields of microfluidics, the food industry, as well as

granular materials, among other possibilities.

Some band formation studies have been reported in the literature for different types
of samples, such as granular materials [3], stiff particle suspensions [4], liquid
crystals [5], polymer solutions [6] and attractive emulsions [7,8]. The formation of

bands in dilute emulsions is reported mainly in the geometry of concentric rollers
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[9]; where band formation can occurs in all three directions (the direction the flow,
of the velocity gradient, and in the direction of vorticity). These bands may depend

on the flow on different variables and under very specific and different conditions.

The essential difficulty of understanding of band formation in biphasic systems is
the simultaneous presence of physicochemical, hydrodynamic and mechanical
effects. Also, It is quite common that banded structure materials show length
scales covering several decades. For example, the characteristic length scales
observed in composites for car-fenders is as small as 0.3 pm while its macroscopic
features are larger that several milimeters. In technologies of the order of micro
and nano, where biphasic mixtures play an essential role, these physical processes

are still poorly understood [10].

The trend of studies in this field have been recorded for a couple of decades, and it
is considered that it occurs in complex fluids whose relaxation times are slow [11-13].
But there are recent reports in which the phenomenon can also be evidenced in
relatively “simple” systems, as are two Newtonian liquids, immiscible and
without surfactants [14]. Thus, the slow relaxation mechanisms can not be inferred
from the dynamics of individual constituents. The slow mechanisms are the

result of a collective dynamics that is not esasily determined or understood. Next,
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I systematically study the formation of bands in a water-in-oil emulsion, with a

50/50 fraction and under a simple shearing flow.

4.1.1. Shear banding in the emulsion

The first reports of bands formation by flows emphasize the correlation with the
shearing rate in solid samples, then in mixtures of molten polymers and finally in
emulsions. However, in the field of emulsions the work of Caserta, et al. [2] is the
most recent and addressing the relationship of structure and flow properties.
Consequently, the phenomenon of bands in emulsions is a rather new and poorly
studied phenomenon, even though it is of highly relevant in advance manufacture
of medical and optical devices, whose motivation lies in minimizing its components.
From a purely conceptual perspective, the essential objective is to understand the
relationship of physical phenomena of large scales with the microscale of its
structure, and, more importantly, of the microscale at the macro scale [15]. That is,
understanding a coupling of time- and length-scales induced by a non-equilibrium
flow condition. First, a brief explanation of the states by which the emulsion must
evolve to reach the formation of bands. It is important to say that the following
description is the result of a systematic consultation of observed phenomena related

to the morphology of biphasic systems.
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When an emulsion is subjected to a simple flow, the observed structural
phenomena depend on a set of multiple variables. But to favor the phenome-
nological understanding of the banding structure, we will focus on three variables
specifically; the confinement (Co = 2R / H), the viscosity ratio (p) and the shear
rate (¥). The confinement (Co) is the ratio between the diameter of the drop and
the separation of the circular plates. This dominant dimensionless scale has its
origin on the definition frequently used with diluted systems, for example, an
isolated drop. In the literature, we find banded systems with p ~ 1 and values of
0.2 < Co < 0.56 [16]. From which the phenomenological idea is extracted to create

the scenarios in the formation of bands.

The scenarios of the morphological evolution induced by flow are, initially,
the alignment and elongation of drops; the second may be the coalescence of
drops and the third, when highly elongated its rupture into multiple smaller
drops. These phenomena may happen simultaneously. And after a long time,

the evolution may show (fourth scenario) the formation of bands.

The bands appear from an initial emulsion, visibly homogeneous. Prior to the
observation of bands other measurable phenomena dominate the emulsion
structural evolution. Bands are ordered, equally spaced and intercalary along the

direction of vorticity. The first visible band is from the outside in, on the vorticity
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axis. This scenario is forp = 0.27 and a critical capillary Ca..~0.21 £ 0.07,

explained next.

4.1.2. The breakup of droplets under a shearing flow

The so-called critical capillary number required for rupture of a vesicle, Ca,,,
expresses the minimum flow stresses required for a large elongation and break up
of a drop. Ca,, appears to depend principally on p for simple shear flow, as shown
by Grace's work [17] and the by De Bruijn [18]. A broad set of data for drops
deformation and break up, including a large class of 2D-flows —covering from
pure shear up to a purely elongational flow — was provided by Bentley and Leal
[19]. Furthermore, for emulsions subjected to simple shear flow flows, Jansen [20]
has recently shown that the critical capillary number decreases as well with

increments of the fraction of the disperse phase; that is: Ca., (p, $).

Single droplet breaking mechanisms and shapes of Newtonian liquid have been
extensively studied. If Ca << 1, the shape of the drop is slightly ellipsoidal,
depends on the value of p, and the drop is aligned at an angle of 45° with respect
to the flow direction. As the capillary number increases, the steady state
elongation grows, and the drop rotates considerably, 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,
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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) until followed by the
breaking up into two daughter-droplets, with small satellite droplets between
them. Ca >> Ca.,, droplets are deformed into long, thin fiber filaments that
eventually break up through the capillary wave instability mechanism. These
mechanisms become more complicated as the density of disperse phase drops
increases, and length scales of different object overlap considerably, including

non-negligible effects due to the presence of the flow cell walls.

4.2, Materials and Methods

4.2.1. 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 as the oil

base fluid as the continuum phase, as described in Chapter 2.

The aqueous phase has a viscosity of 0.57 Pa- s, and the continuum phase has a
viscosity of 2.08 Pa-s at 30 °C; the viscosity ratio is p = 0.27. The fluids densities

(g/cm3, at 30 °C) are 0.98 and 0.95 for the aqueous phase and the continuum phase,
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respectively. For the aqueous-oil mixture, the density of the two fluids can be
adjusted by altering the composition of the low molecular weight liquids, while
the high molecular weight polymers are used to adjust the relative viscosity. These
two characteristics make this sample a good working fluid mixture for simulations
of oil-water emulsions such as crude oil and water. The interfacial tension o was
determined by the method of DDR as described by Guido and Villone [30]. 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.

Samples of this emulsion manifest a banded structure of drops, after a previous flow
history is used, as described in Chapter 3. Even though, a steady change of the
drop size distributions occurs previously to the application of a flow with a shear
rate of 3.0 s™, here reported are banded structures after other important changes
are observed, the former having been reported in Chapter 3. These earlier changes
do not show any banded structure as the ones to be describe in this Chapter. All
flow experiments started with an initial pre-conditioning of the emulsion, which
corresponds to a series of steady flows, beginning with a shear rate of 0.75 s~ up
to 3.0 s™* for ~500 s each step. Preconditioning flow manifests a complex dynamic
for the structure. However it does not allow infering a drastic change such as the

subsequent evolution into bands. The loading of the flow cell is carried out as in
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previously described experiments. Following loading, the cell was allowed to relax

for a period of ~600 s.

4.2.2. Parallel disks cell/device

All experiments were carried out using the parallel plate geometry (Linkam
(CSS450, Linkam  Scientific Instruments Manufacturer, Tadworth, UK),
schematically shown in Figure 4.1. 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. In the present work, a

gap spacing of 0.1 mm between disks and a temperature of 30 °C was used.

Figure 4.1. Schematic description of the shearing device: parallel-plate geometry with
a diameter of 36 mm and a gap of 100 um. The velocity—vorticity axes describe the
obser-vation plane. The lower disc motion imposes a simple shearing field on the
sample.
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Images of the banded structured of the emulsion are experimentally observed
through a small hole of the flow device —which cover a surface of only 0.6% of the
total area of the geometry — and captured images (1000 x 1340 um) corresponds to
0.02 % of the flow field area. Thus, the real extension in the flow of these bands
cannot be inferred from these experiments, precluding a better understanding the
role that large time- and length-scales may play in this phenomenon. In
Appendix C, the location of the captured image in the observation hole is described.
The formation of the vorticity axis bands (parallel to the flow axis), as shown in
Figure 4.1, appear to arise in the centripetal direction. The width of the first band

changes with time and is related to (is of the order of) the separation of the plates.

Emulsion structures were visualized using an optical microscope Nikon SMZ-U
(Manufacturer Nikon Corp., Tokyo, Japan) as previously described. Capture of
images was carried out with a Nikon Digital Sight DS-2mV camera in a bright
field illumination arrangement. All images were processed with the Image]®
software (U.S. National Institutes of Health, Bethesda, MD, USA, City, Country),
manually and automatically. Before the selection of an experimental run, the
image capturing process was optimized 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.
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4.2.3. Images analysis

To visualize the evolution of the microstructure, multiple images were taken
towards the end of the shearing period and after the flow was stopped and fully
relaxed; images were spaced at intervals of 1 s for statistical analysis, as shown in

Figure. 4.2.

Figure 4.2. Scheme of the image analysis procedure, for the description of the

evolution of band formation. It is essential to include the flow direction with an arrow.

The stacking of images correspond to the shear rate of 4.5 s7*.

To extract the information from the captured images, we proceed in steps. These
steps are: (a) The capture: this stage is the experimental arrangement, the camera,
the zoom; the details are described in Section 2.6. (b) The pre-processing: where
the noise of images is reduced, and those details that are not of interest in the
experiment are eliminated. (c) The segmentation: here the drops to be measured

are evaluated according to a size and shape criteria. The extraction of the
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characteristics: here we proceed to obtain the chosen measurements of each of the

objects, images, and stacks.

The observation of bands in the direction of vorticity is analyzed quantitatively
using Image]® software and compared systematically against changes due to
increments in the applied shear rate. The stage of pre-processing, segmentation
and extraction of the images are shown in Figure 4.2. The ~200 images captured
during the flow are collected for each shear, i.e., six collections of approximately
200 images each. These ~200 images are stacked, and rotated 90° in an anti-
clockwise direction, to favor the analysis and subsequent visualization of the
results. Subsequently, the stack is converted to an 8 bit grayscale, also adjusting

the contrast and brightness of the stack.

Later, a projection with the z-project command is made, —remember that the z-
project command analyzes stacks by applying six different methods of projection
of pixels of the stack. The six techniques of the z-project command are shown in
Figure 4.3, where each of the images is the result of applying the z-project
command to the same shear rate (of 4.5s7') image. In Figure 4.3, all six
techniques are presented. Each technique allows us to visualize the formation of
bands in a different way, for example, in some cases, the band is shown in black

and others in white, or is not visible.
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Figure 4.3. The z-project techniques for banding analysis. From left to right: average
intensity, maximum intensity, minimum intensity, sum slices, standard deviation, and
median.

To determine which of the techniques is the most favorable for our purposes, a
graph of each technique of intensity vs. radial distance of the whole image is made
with the plot profile function as can be seen in Figure 4.4. The graph obtained of
intensity vs. radial distance shows undulations; where intervals of intensity —

where 0 is equal to black and 255 to white— are used.

For example, when using Average, minimum sum and median graphs, valleys
represent areas (regions) with the highest droplet population during flow, and
crests, vice versa. Conversely, the same happens with the techniques of maximum

intensity and standard deviation.
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Figure 4.4. The plot of the Intensity vs. radial distance graph of z-project techniques
for banding analysis. From left to right: average intensity, maximum intensity,
minimum intensity, sum slices, standard deviation, and median.

For example, when using Average, minimum sum and median graphs, valleys
represent areas (regions) with the highest droplet population during flow, and
crests, vice versa. Conversely, the same happens with the techniques of maximum

intensity and standard deviation.

Thus, the average intensity technique is chosen here for the analysis, for it provides
be most accurate method for our purposes. The noise is minimal and allows
identifying the evolution of the population of droplets at the borders of the bands.
To facilitate understanding of the data, the gray hue of the average intensity

technique is inverted.
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Figure 4.5. Image obtained with the average intensity technique with color inversion
(left side) and its graph of intensity vs. radial distance (px) for shear rate of 4.25 s™*
(right plots). In the image of inverted colors, valleys correspond to a low population of
drops and peaks to a high population of drops.

INVERTED COLOR

In this manner, at the moment of making intensity vs. radial distance graphs, each
valley represents the low population of drops and each peak the high population of
drops, as shown in Figure. 4.5. Hence, the projection on the perpendicular axis of
the image plane is made with the average intensity technique, for each single shear

rate.

The described methodology is applied to each of the studied shear rates, as shown
in Figure 4.6. To improve the visualization of the information, the abscissa
corresponds to the position along the vorticity axis, while the ordinate contains
data of the normalized intensities [0, 1]. Image processing provides information

on the average position of the peak of the band at all times of the evolution. As
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well, it is possible to make a qualitative comparison of the number of drops in
each zone by evaluating the relative height of each peak (wrt. the intensity of the
valley). Figure 4.6 shows the profiles obtained from stacking images for various

shear rates. Only shear rates higher than 3.0 s~*show, clearly, band formation.

Figure 4.6. Intensity vs. radial distance graph from 0.75 to 4.5s7%, each 0.75 (top to
bottom). Formation and displacement of the bands. The intensity axis was normalized

from 0 to 1.
In order to determine the long times evolution of each band, a second statistical
analysis is carried out. The objective is to characterize the intensity data by

adjusting a Gaussian curve with parameters shown in Figure 4.7. The Full Width
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at Half Maximum (FWHM), the amplitude (A) and the position of the peak (X,)
are the parameters taken into account for the acquisition of the width of the band,

the population of the drops and the possible displacement of the peak.
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Figure 4.7. Plot the average intensity of 10 images (1 fps) for a shear rate of 4.5 s71. The
parameters obtained from the adjustment of a Gaussian curve are indicated.

Figure 4.8 shows the four parameters that characterized the dynamics about each
peak. Each Intensity vs. position plot is compose of 867 columns (aligned with the
flow direction), and each column has 1155 intensity values. Thus, each plot of the
graph —plots Figure 4.8b and 4.8d — represents the mean value of the intensity for
11,550 readings produced with 10 images, at a specific time in the evolution of the

drops distribution.

The black trace in Figure 4.8a corresponds to the mean intensity value for that
column. Intense (and light) red bands show the uncertainty range at each column,
indicating that large fluctuations are due to large number of drops passing by. But

as is shown in Figure 4.6, fitting a Gaussian curve to peaks on intensity plots
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requires setting a common baseline at both ends of the curve; i.e., traces shown in

Figure 4.8c and 4.8e.

Figure 4.8. Intensity vs. vorticity axis (um) of a pack of 10 images (1 fps) for
y = 3.0s7'and 4.5s7*. Plot (a) shows the black trace for the mean intensity at each
column, while red bands correspond to their uncertainties. Plots (b) and (d)
correspond to raw intensities, while (c) and (e) to intensities with a baseline correction.

Thus, Figure 4.9 shows the adjustment carried out for the two highest shear rates.
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Figure 4.9. On the left upper side is the graph of intensity vs. vorticity axis (um) of a
pack of 10 images (1 fps) after a mean time of t = 2410 s from the beginning of the
experiment, for to peaks. Top and right graph corresponds to the peak position
displacement observed for all 34 ministacks, i.e., x, vs. time for the two most
significant peaks. On the lower side are the graph of FWHM and of intensity vs. time,
respectively. Blue data points correspond to the right most peak and red point to the
middle peak.

For the analysis shown in Figure 4.9, the plots are the average intensity
(vs. position along the vorticity axis) with an adjusted baseline. The time tag for
this data set corresponds to 10 images, around 2410 s, after the onset of flow at
4.5 s71. These images corresponding to 10 s of flow, with total time of 337 images
for the full stack. Thus, the information is coalesced into 34 mini-stacks (34 data
point) to track the complete time evolution of the peak dynamics, i.e., duration of

the experiment.
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The blue and red solid traces (Figure 4.9a) are the adjusted Gaussian curves that
best describes the intensities about those bands. Properties for the Gaussian trace
indicate that its FWHM width remains roughly constant at 135 um after 2150 s of
flow, for both bands. In contrast, the growing amplitude indicates that the
number of drops on the band is still increasing, but at a rate proportional to its

height.

The trace of x.; vs. time measures the leftward displacement of the peak beginning
at 2000 s after the onset of flow. The mean lateral displacement velocity of the peak
is higher for the right peak at — w,;; = 0.10 um-s™! (toward the center of rotation of
the flow cell). In the Results and Discussion Sections, these findings are further

analyzed.

4.2.4. The Horizontal Distribution of Drops. The velocity field

of the developed flow on the x-w plane.

The observed accumulation of drops on a banded structure seems to imply that
there is an underlying complex velocity field of the flow, possibly a fully
3-dimensional flow field. That is, on one hand, for the simplest model for the
viscosity of a mixture, p < 1 implies a lower viscosity for regions of a high fraction
of aqueous phase. Thus, regions of low drop counts will indicate a rather high

viscosity with respect to neighboring regions of high concentration of drops. On
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the other hand, if drop interactions are significant due to closeness among
themselves, then a higher viscosity could be associated to higher concentration of
drops. In both cases, the relative viscosity along the vorticity axis should be an
oscillating function of position. Hence the horizontal profile of the velocity field along
the flow direction may also show a sinusoidal variation along the z-axis—the

vorticity axis—with a periodicity similar to that shown in Figure 4.8e.

Consequently, during the constant flow regime (towards the end of the transient
state and for each shear rate), the velocity of individual drops along the flow
direction is determined, and mean values calculated. As well, the spatial
variability of the mean velocity —across columns that belong to valleys or peaks —

is evaluated. For the present analysis, the time of each frame is 1 s.

Shear Rate Total Velocity Mean Standard Relative
(s Number Drops (um/s) Deviation (um/s) Deviation
0.75 127 34.24 1.40 0.04

1.5 143 72.55 2.60 0.04
2.25 140 114.40 6.35 0.06

3 175 134.09 8.74 0.07
3.75 105 165.23 16.25 0.10
4.5 198 183.52 15.98 0.09

Table 4.1. Velocity of drops (ramdomly selected) observed for different shear rates.
Table 4.1 summarizes the observed velocities for a selection of drops for which its
velocities are unambiguous. These velocity measurements are carried out with the

Image]® software.
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Figure 4.10a shows the mean velocity obtained for all shear rates, showing a linear
behavior of the velocity with respect to y for the weakest flows: y < 2.25s71. The
rate of increase slows down once the banded structure appears y > 3.0 s™, with

twice the uncertainty of evaluated speeds (See Table 4.1; right most column).

Figure 4.10. Average speed of drops over the complete flow domain, chosen for each
shear rate: left ordinate. Also, the middle quartiles and the error bars are shown. The
normalized dimensionless mean velocity wrt. the velocity of the shearing plate
(Vmax =V - H); right ordinate. Slopes m; = v -y~! = 50 um, and m, = 31.8 um atest to
a slow down of the flow speed once the banded structure of the emulsion occurs.
Accordingly, the slow down of the normalized velocity is homogeneous and of about
10 % for the 3 highest shear rates.

The observed increase on the standard deviation values, as the shear rate
increases, is due to intrinsic difficulties in evaluating the average speed of drops in
a flow that is no longer laminar, as indicated in Table 4.1, and shown in Figure 4.9.

Uncertainties for measured velocities increase, especially for those flow structures
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with a banded distribution of drops. This may imply two phenomena at play. The
first one is simply an increase of collision rate between drops —in particular in the
high concentration regime regions, inducing a slowdown of the measured velocity
of individual drops. And the second may be due to a concentration-of-drops-
dependent viscosity, with regions of low drop concentration associated to lower

viscosity, thus, a higher velocity for a drop.

This scenario implies that the velocity profile for a lamella on the flow-vorticity
plane shall show an oscillatory pattern as well. This pattern ought to be similar to
the concentration of drops profile, normal to the vorticity axis. Even more, the
velocity profile shall match the spacing of bands, and having higher velocities in

regions of lower drop volumetric concentration.

In Figure 4.11 regions of low concentration do not have many available drops;
hence, the number of data points is low. In contrast regions of high concentration
of drops may present many possible candidates for their velocity calculation, but

constant interaction with many neighbors limit the number of useful candidates.

As well, Figure. 4.11 shows the oscillatory character of the mean velocity of drops
within a given region, across the vorticity axis; see red trace. Even more, the mean

velocity profile shall match the spacing of bands, and having higher velocities in
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regions of lower drop volumetric concentration, which can be inferred from the

image of banded structure of the emulsion, at the bottom of the graph.

Figure 4.11. Drop velocities along the flow direction vs. their position across the
vorticity axis. Left ordinate: plots the measured velocity for individual drops, for each
marker. Right ordinate: the average velocity over the valley or peak of the drop
distribution profile. Higher velocities coincide with regions of lower concentration of
drops.

Thus, the information from Figures 4.8, 10 and 11 allow as to propose that the profile
of velocities along the flow direction, spanning the full vorticity direction (that is, the
xw-space or vorticity-flow plane), is non-homogenous, with a speed oscillation
characterized by the same spatial frequency than the concentration of drops of the

banded structure.
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4.2.5. The Vertical distribution of drops.The velocity field of the

developed flow on the x-y plane.

If the horizontal distribution of drops observed in Figure 4.8 induces a velocity
distribution (an oscillatory velocity profile as shown in Figure 4.11) along the flow
direction for all drops, then the character of the flow field may be fully three
dimensional, even when it is generated by a flow cell with perfectly flat parallel
surfaces. This assumption can be plausible due to several effects, which may occur
simultaneously. Consequently, these phenomena may also indicate that the vertical
velocity profile is no longer linear, mainly, due to a slowdown in the central lamella

of the flow, as shown in Figure 4.10 for shear rates y > 3.0 s71,

Even more, the slowdown of the mean flow is clearly non-homogeneous across the
lamella, as seen in Figure. 4.11. These two pieces of information are very
important, and suggest that the velocity along the vorticity axis in no longer zero
or homogeneous. In fact, this assumption could be plausible and could be
explained by the oscillatory character of the flow field that induces a lateral
component of the velocity —along the vorticity direction (inducing gradients of

the concentration of drops, observed in the banded structure).

That is, there must be a component of the velocity field along the vorticity

direction, which is weak but characterized by an oscillatory manner, as well. This
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normal component of the velocity field assures the development of a banded
structure. The deceleration along the flow direction plus the appearance of a
lateral (vorticity) component may also indicate that the vertical velocity profile

will be three-dimensional.

Figure 4.12 (a) Scheme of the velocity profile in the flow-vorticity plane and in the
gradient-flow plane, and (b) The captured image view in 3D: flow-vorticity plane
about the center of the flow cell, thickness = A§; and side, in the gradient-vorticity
plane.

In order to study the profile of concentration of drops and the vertical velocity
profile of the bands, Figure 4.12 shows the geometry of the flow cell in three
dimensions and the initial assumption of a linear, unidirectional velocity profile. In the
lower part of the profile is the maximum speed and in the upper part the zero
speed (static top plate). Figure 4.12 shows velocity measurement across the
vorticity axis. Please note that the plate translating at constant velocity, i.e., the
lower plate of the flow cell is actually corresponds to the top value shown in
Figure 4.13. It is possible to identify different bands that are separated by an

approximate width of ~ 155 pm.
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Figure 4.13 Dimensionless speed across the vorticity direction. Bottom insert in (a)
shows the zones of the better defined bands. (b) is an expanded view of the selected
region (blue square region) of the most dense band.

Carrying out a characterization of the vertical velocity of drops profile, as shown in
Figure 4.13, it is now possible to determine the profile of the concentration of drops in
a band, but now in the gradient-vorticity plane, at least for the better defined bands.
That is, this analysis attempts to elucidate whether the band structure occurs from
plate to plate of the shearing cell. But given that the concentration of drops is quite
large—actually, sufficiently high to preclude observation of the velocity of drops
near the bottom of the flow cell—, then measurement of velocities of drops

corresponds to those in the upper half of the flow field, only.

Thus, based on the velocity of individual drops and using its normalized velocity
to infer its vertical position on the band, it is possible to propose a vertical profile
for the concentration of drops within a high concentration band. Figure 4.13 shows
possible position of drops and the corresponding upper layer where drops are

located.
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Figure 4.14 Determination of the thickness of the band in the vorticity-gradient plane.

The concentration of drops inside the dotted red lamella, shown in Figure 4.14, is
posited by symmetry considerations of what can only be determined with the
measurement of speed of drops. The red layer is the thickness of the band without
taking into account the diameters of the drops, while the green one corresponds to
the suspected thickness of the high concentration of drops layer when the
diameter of the drops is taken into account. The observed diameter of droplets
within this band area is of the order of 17 to 20 um, and is also taken into account
to delimit the green layer thickness. In this way, a possible (actually the
minimum) complete profile is predicated, which is only a fraction of the wall-to-
wall separation, implying rather thick regions above and below with only a few

drops (while the lamella maintains a high concentration of drops). The
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confinement parameter of the band as a whole is of Co = 0.4, which is considered

in the literature as moderate confinement [21].

4.3. Discussion of Results

4.3.1. Critical capillary in concentrated emulsions

For a single drop embedded in a continuum, with a viscosity ratio of p~0.28 and
drop size r~18 um; the literature estimates that reasonable values of the critical
capillary number in a simple shear flow are about Ca., ~ 0.51 [22]. In the present
work, the critical capillary is Ca.. = 0.21 £ 0.07, which may imply that other

perturbation from nearby drops can induce rupture of drops at a lower Ca,,.

Recalling Taylor’s model prediction for the critical capillary, for a system with a
constant value of p, the value of Ca., implies that the critical radius (the largest
radius value up to drops of stable shape) and the shear rate are inversely
proportional. The observed discrepancy of these two values can now be used to
under-stand a portion of the dynamics observed in the relation to the bands

structure.

In other words, the critical radius of a drop decreases as the shear rate increases as
shown in Figure 4.15 (the region delimited between the black dashed lines). These

upper and lower limits of the critical diameter values are analytical results valid
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for slow flows, according to Taylor's predictions. This Figure also shows the
complete evolution of the histograms of drop size distribution for the full set of
shear rates studied; the colored information portrays the histograms evaluated in

Figures 3.4 and 3.5, and plotted vs. y.

Figure 4.15. Distribution of size of drops in the emulsion vs. the complete range of
shear rates used in the experiments; frequency of drops — color coded. Comparison of
the Ca, obtained for Taylor's model: Black dashed region; the delimited area
represents the range of stability for single drop.

Please note that no drops smaller than 5 pm appear, as well as drops larger than
35 pum. The highest frequency occurs at low shear rates and for diameters of about
12 ym. Drop elongation and rupture of these drops does not occur until

¥y = 175s7!, when Cag ~ Cargyor - Higher shear rates preclude the observation
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of drops with a diameter of approx. 12 um, hence a coalescence mechanism for

growth of drops must be balance by another of elongation and rupture of drops.

For shear rates y < 2.75s71!

, no drop shall be stable for diameters larger than
12 um, implying that the observed stability of larger drops (i.e., about 16-20 um)
should be due to other stabilizing phenomena, mainly from nearby drops and a
more complex flow regime. And for y ~ 4.5 s™!, drops larger than 8 pm only exist
when strong interaction with other drops occurs and the flow regime is more

complex than simple shear flow. Even more, these mechanisms appear to inhibit

the existence of drop larger than 25 pm.

Figure 4.16 shows the location of the larger drops inside the image, which are
mostly contained within the high concentration band while smaller ones appear
mainly inside the valleys between bands. The average diameter of the drops inside
the bands is above the critical diameter of the single drop Taylor model (See
Figure 4.15). In this way, Ca < Cargyer even in this dilute regime, and

Cacr K Cargyior for drops confined in concentrated regions.

Therefore, in this Chapter is presented another possible explanation for the
observed behavior in concentrated emulsions with bands present.  This
explanation is based more on the fact that the observed concentration gradients is

concomitant of correlated gradients of the velocity field along the direction of the
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tflow, as well as the appearance of a non-zero component of the velocity field along

the direction of the vorticity.

Figure 4.16. Correlation of position of a drop inside a slice of the flow-vorticity plane
and the expected diameter of the drop;. a) experimental data; b) processed image
selecting spherical drops only: sum of all spherical drops, color coded by size: total
number of drops counted ng,,s = 1460, with volume Vyps = 4.6 X 107 pm®
c) selection of drops with diameters < 15 um, contained in green area; d) selection of
drops of diameters > 15 pum, contained in blue area; and b’) initial (top) histogram for
drops after 2410's, at y = 4.5s7%, ¢) histogram of drops in valleys (middle) and d”)
histogram for flow region of high concentration (bottom).

Previous attempts to explain the observed distributions of drops were based upon
the critical capillary number criteria. That is, this idea was reported by Macosko in
1995 [27] and rests upon the assumption that emulsions are slightly concentrated
systems, where the limiting case of Taylor’s model can be referenced. But it is
important to emphasize that the opposite is also stated in the literature by Jansen

[28]. In this work, drops inside the bands exceed the critical size due to a dynamic
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equilibrium, between the mechanisms that modify the morphology and the stress
fields (by nearby neighbors, non-shearing motion, etc.), and eventually increases

the mean viscosity within the band [24-26].

The probability of contact for drops inside the bands is highest, giving coalescence
a probable role, while close neighbors modified the stress field about a drop,
decreasing rupture. It is then plausible that the average diameter of drops grows
to a value that would not be expected taking into account a reduced model for the
emulsion, and more if we compare it with the simplest system: the Taylor’s model.
However, a band of drops may impose a flow regime outside its core that is

similar to that of a drop in the string of necklace form.

In Pathak’s observations [28], four regimes are proposed, shown in Figure 4.17.
Pathak attempts to predict possible morphologies in concentrated dispersions. The
regimes classification is based on the dimensionless and normalized shear rate and
the volumetric relation of the diameter of drops D,s3/H. The first regime
corresponds to capillary number of drops exceeding the critical capillary, while
the diameter of the drops is much less than the separation of the plates. The
second regime corresponds to the case when the capillary number of drops is less
than the critical capillary, and they are sufficiently dispersed that no

hydrodynamic interaction is relevant in relation to neighbors or walls. The third
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regime is the case of highly deformed drops (i.e., oblate ellipsoids). The fourth
regime is the case where the capillary number of drops (based on Taylor’s model)
is higher than the critical capillary, and the diameter of drops is greater than the
separation of the plates. In this regime, drops with a highly deformed shape —
strings or necklaces- are present, and provide a similar hydrodynamic
environment to the banded structure of the emulsion. Moreover, the last regime
(the fifth), is for the case where the diameter of the strings are below the separation
of the plates, but the associated capillary number when strings are observed is less

than the critical capillary of the strings, in conditions of low confinement.

Figure 4.17. Adaptation of Pathak's representation of the regimes in the scenarios of
concentrated emulsion morphologies.y; is the shear rate at which Taylor theory
predicts the maximun droplet radius (y4; = 01,/ (H - ).
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In Figure 4.17, the results of the experiments reported in this Chapter are indicated
with data (black squares) points. Pathak’s data (Figure 11, ref [28]) correspond to
data (blue circles) points and corresponds to the behavior observed when an
emulsion shows long strings. In principle, the results presented here correspond to
Pathak’s First Case, where drops are agglutinated and unstable because they
stretch and break. However, the detailed structure and possible flow consider-
ation that may induce such spatial distributions has not been studied
experimentally, as far as it has been consulted in the literature, which is

significant.

These data clearly do not match, but under these conditions, both, strings, like
bands, present stability, which might occur due to the influence of the
confinement of the walls effect (on the band or the strings). This confinement leads
to the existence of large drops that overcome the rupture, in both cases: Pathak
with strings and the work presented in this Chapter with bands. These anisotropic
structures are undoubtedly part of a transient state, which can be a consequence of

deformations in bulk or in concentrated emulsion.

The width of the bands is approximately 155 um measured directly from the
images. The bands move in a centripetal direction. The centripetal movement is a

product of the accommodation of the areas of higher viscosity and those of lower
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viscosity [23-26]. At the present time it is not possible to propose a mechanism

that explains this phenomenon.

4.4. Chapter Conclusions

The formation of bands, perpendicular to the direction of the vorticity axis, is not
well understood [2, 17, 20]. The phenomenon of band formation is produced with
relative simplicity, as is the case when mixing two immiscible Newtonian fluids,
with a low viscosity ratio p <1, without surfactants and for specific shear rate
values [10]. A relatively plausible explanation is to attribute to the competing
effect of coalescence and rupture, wherein values of p less than one the
coalescence predominate [19], and then the formation of large drops of a size
determined by the separation of the discs [11], will end in the formation of the
pearl neck structures, as evidenced in the images of the previous Chapter

(Figure 3.4). However, it is an open subject of study.

In this Chapter it is hypothesized that the curvature of the flow field has no
significant role in the formation of bands, as posited by Caserta, et al. [1,2] —
although more work is required and thus still unconfirmed— work that is
projected into the future. Extrapolating the observations and taking as reference

the work of Jeffrey Byars [30], it can be hypothesized that the observed bands
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corresponds to a sector of an Archimedean spiral [30]. We still cannot answer this
question: if these bands are concentric rings or are spirals and this quest was not

part of objectives of this work.

However, here I show that a detailed analysis of the dynamics of the bands
structures is possible, as well as measurement of the flow field anomalies that are
simultaneously observed. That the local viscosity of the emulsion increases in areas
of higher concentration of drops, and regions of lower concentration of drops
imply a lower viscosity, which causes the morphology of the emulsion to change

macroscopically.
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Chapter 5: In situ measurement of interfacial tension

of an emulsion

The measurement of the interfacial tension by dynamic methods has assumed
importance in the last decades [12], by overcoming the experimental difficulties of
the conventional methods (pendant drop, sessile drop and spinning drop
methods), as they are the equality in the densities of the polymeric materials
(phases) and their high viscosities. Of the dynamic methods to determine the
value of interfacial tension is used in the present chapter is the deformed drop
retraction (DDR) method. The following chapter describes the interfacial tension
measurement of isolated drops of the diluted emulsion, in the flow cell (CS55450)
(see chapter 2). The GAP used for this experiment is 100 pm, and the shear rate for

the steady state is 1.5 s~ before stopping the flow. The interfacial tension is
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measured by the observation of the evolution (relaxation) of the shape of a drop,

previously deformed by a simple flow.

5.1. Deformed Drop Retraction Method

The Deformed Drop Retraction (DDR) allows determining the interfacial tension
between two liquids, from the relaxation of a drop, initially deformed [1].
Assuming that the shape of the deformed drop is an ellipsoid of revolution and its
tinal shape is a sphere of radius R,. The equation 5.1, describes the evolution of the
shape of a drop after the cessation of the flow. This equation is obtained from

Taylor's theory [5] of the first order according to Rallison's formulation.

40(p+1) 012 ]}

D:D . {—t- .
0 ExXp (2p+3) - (190 + 16) 1., Rg

(5.1)

t
D=D0-exp{— },

TpDprRM

with D = (L' — B) /(L' + B), p is the viscosity ratio, 1,, is the viscosity of the matrix,
o is the interfacial tension between the two liquids in contact, D, is the
deformation at ¢ = 0. This equation is valid for small deformations, i.e., Dy less

than 0.35.
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When plotting In(Dy /Dy) vs t, a straight line is observed, and the slope of the
straight line is given by equation 5.2 from which the interfacial tension can be

determined.

1 [@p+3)-(19p+16) nn-Ry
slope 40(p + 1) o, |

(5.2)

TpprM =

In principle, this equation is only valid for Newtonian systems. However, work

with viscoelastic liquids is reported [19].

5.2. Time Constant

The constant time is the time it takes a system to decay 63.2 % of its maximum
value. Similarly, the constant time for the present work is the time required for the

droplet to reach a deformation of 37.8 % [20].

Physically, the time constant represents the elapsed time required for the droplet
retraction response to decay to zero if the system had continued to decay at the
initial rate, because of the progressive change in the rate of decay the response will
have actually decreased in value to 1/e* = 36.8 % in this time (say from a step

decrease) [21]
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Figure. 5.1. a) Taylor deformation parameter normalized by the initial deformation of

an isolated drop of radius 23.55 pum, b) The same deformation in logarithmic scale.

The shear rate for the steady state is 1.5s7*.

Figure 5.1a shows the Taylor deformation parameter and in Figure 5.1b the Taylor
deformation parameter is linearized with the logarithmic scale. It also shows the
existence of an experimental limit in the resolution of the measurement of the
droplet axes when retracting, this is observed when (see figure 5.1b) the behavior
of the Taylor deformation parameter, is no longer linear; which happens

aftert = 2.5.

In this chapter, the representation of constant time is used to determine the ranges
and apply the DDR method for the determination of the interfacial tension. The
used T ranges to determine the interfacial tension are: 1 <7< 15,15 <1t<2,
2 <1t <25 and 1 <t <2. These times are chosen, considering that the
deformations of the droplets must be small (D; < 0.35) so that their behavior is

linear.
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Figure 5.2. Shows the retraction of a drop of a) r =34.31 pm and b) r = 35.61 um for the
shear rate of 3.0 s"*and 1.5 s™* respectively fort =0,7=0.5,7t=1,7= 15,7 =2 and
T = 2.5 (top-down)

In the figure 5.2 two sequences of images of two drops are shown at a shear rate of
30stand 1.5s7 % fortimest=0,7=0.5t=15,t=15 7=2and t = 2.5. Itis
observed that the deformations in the steady state are different, for this reason the

measurement of the interfacial tension for small deformations is emphasized

(r>1).

5.3. Measurement of the interfacial tension

For the realization of this section of the work experimental, a change of camera is
made to capture images, to achieve 20 fps black and white video, and thus more

information is obtained in the relaxation of the droplets. The camera used for this
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section is the Pixelink PL-B953U; specifications are detailed in Chapter 2. The
observations were made for two shear rates, 1.5s™! and 3.0s™!; but the
measurements were made for the shear rate to 1.5s™!. The interfacial tension

measurement it is performed, with the isolated drops.

Figure 5.3. Measurement of the interfacial tension for small deformation (D; < 0.35),
in isolated drops. a) Interfacial tension values for the deformation range from 37 % to
22 %. b) Interfacial tension values for the deformation range from 22% to 14%.c)
Interfacial tension values for the deformation range from 14% to 8%. d) Interfacial
tension values for the deformation range from 37% to 14%.

In the figure 5.3 shows the calculated value of the interfacial tension; considering

equation 5.2. The shear rate for the steady state is 1.5 s™!. Figure 5.3 shows the
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interfacial tension measurement forthe 1 <7< 15,15 <71<2,2 <7< 2.5and
1<t < 2; which correspond to 37 % to 22 %, 22 % to 14 %, 14 % to 8 % and 37 %
to 14 % of deformation respectively The mean value of the interfacial tension for

each range is observed in the lower left of each graph.

The methodology for future work is proposed in the following sections. For future
work, the relationship between the measurement of the interfacial tension and the
presence of neighboring droplets and the degree of confinement, Co. Some aspects
of the experimental work have been advanced, this are described in the following

section.

5.4. Experimental progress of the proposal

The shear rate that was worked in principle (it is expected to expand the range)
was, y =1.5s71and y = 3.0 s™1. The separation between the plates remains the
same, 100 pm. Repeat the procedure explained in Chapter 3 to place the sample. It
starts with a shear rate of 1.5 s7* and is maintained for approximately 300 s where
the flow stops, and the relaxation of the drops in the field of vision is observed, in
figure 5.4 it is shown just before the flow stops and when the drops are at
complete rest. This procedure is repeated with 10 drops for each shear rate. In

tigure 5.4 a-b, the largest drop, its radius is 30 um.
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Figure 5.4. a) Just when the flow stops, b) When the drop recovers its spherical shape,
the time between a) and b) is 8 s and c) presents the distance in which they are
considered neighbors. For stationary flow, the separation distance is of the two drops
is r and in steady state ~2.57.

After the capture of images from the stationary deformation of the drop to its
spherical shape, it is maintained for approximately 200 s to restart the flow, when
the drops that are observed achieve a stationary deformation, the flow is stopped
again. The procedure is repeated twenty times for each shear rate. Fourteen drops
were chosen for a shear rate effort of 1.5 s™* and 10 drops for a shear rate of 3.0 s™-
In each group of shear rate, they were classified into two groups, with a neighbor,

and without a neighbor.
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Table 5.1. Data of the drops with neighbors and isolated. The radius of the droplets is
shown when their relaxation is total (0% deformation, spherical drop)

A drop is defined as having neighbors when the distance between its centers in a
state of rest is less than five times its radius. And without neighbors when the
distance between their centers is greater than five times their radius, as shown in
Figure 5.4c the distance between the drops is considered to be smaller in a steady
state of flow. Image processing after capture is done with the Image]® software
and numerical processing of the data obtained is done with the Originlab®

software.

There is a series of definitions in the literature for the deformation (relaxation) of a
drop. They are shown below to identify which differences and their correlation
with the use of the DDR method. The initial deformations for each of the

definitions are defined below:



134

Deformation of Taylor

Deformation of Hencky

Deformation of Mo

Deformation (Nameless)

Deformation (Nameless)

D’Taylor = m

(5.3)

(5.4)

(5.5)

(5.6)

(5.7)

All these deformations tend to zero in the process of droplet retraction, the initial

condition for the use of the Method.

5.5. Some Results

Two shear forces 1.5 s~ and 3.0 s~ lare used to measure the interfacial tension of

the emulsion. The presence of neighboring droplets at the time of stopping the

flow is classified as illustrated in Figure 5.4c; the aim is to determine the variation

of the interfacial tension value by the DDR method with and without neighbors.

For each of the drops, the projected Taylor deformation is calculated until it

reaches its spherical shape. In all deformation definitions (equation 5.3 to 5.7) they
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are set to a constant decay exponential. Figure 5.3a shows the two-drop image
sequences at a shear rate of 1.5s™%; for times T = 0,7 = 0.5, t = 1.5, 1 = 1.5, 1 = 2
and 7 = 2.5. The initial deformation and interfacial tension values are shown in

table 5.2.

Table 5.2. Interfacial tension values by the DDR method, for the times 7 = 0,7 = 0.5,
tT=15,7=151t=2and 7 = 2.5.

In each retraction, the Taylor deformation is calculated and graphically displayed
on a logarithmic scale, and the slope is determined, and the corresponding
clearance is made to obtain the value of the interfacial tension. Figure 5.5 shows
the Taylor deformation (equation 5.3) graph for a drop of r = 28 um in linear scale
and the evolution of the L' and W axes of the ellipsoid of revolution associated

with the drop retraction.
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a) b)

Figure 5.5. a) Taylor deformation for a drop of r=28um, concerning to time.
b) the evolution of the axes L’ and W for the same drop.

For the calculation of interfacial tension in each drop four measurements are
made, the first one from 100 % to 61 % of the deformation which is equivalent to
an interval of 0 < 7 < 0.5; the second from 100 % to 37 % of the deformation,
which is equivalent to an interval of 0 < t < 1; the third is from 22 % to 14 % of the
deformation, which is equivalent to an interval of 1.5 <t < 2 and the fourth is
from 14 % to 8 % of the deformation, which is equivalent to an interval of

2 < t < 2.5.as shown in figure 5.5.

The average for the first two ranges analyzed is 0.08 mN/m with neighbors and,
the same value for isolated drops. For the next ranges are 0.10 mN/m for isolated

drops and 0.11 mN/m with neighbors drops.
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Figure 5.6. The averages (horizontal lines) of the interfacial stress measurement
calculations for the analyzed ranges are presented. The size of each circle equals
the initial deformation of the droplet just before stopping the flow.

For the shear rate of 3.0 s™! the measurements are made in the same ranges, with
an average of 0.14 mN/m with neighbors and 0.13 mN/m without neighbors and
for the third and fourth range of 0.23 mN/m with neighbors and the same value
without neighbors, are summarized in figure 5.6. These results are very diverse,
therefore they are substantially disregarded. But its behavior is interesting to
continue investigating the effect of the confinement between drops (concentrated

emulsions) and the measurement of interfacial tensions by dynamic methods.
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Figure 5.7. The averages (horizontal lines) of the interfacial stress measurement
calculations for the analyzed ranges are presented. The size of each circle equals
the initial deformation of the droplet just before stopping the flow.

In the same way, the initial deformation was plotted where it is possible to see are
presented in the following table (table with standard deviations and more error

data).

5.6. Discussion of Results

The interfacial tension calculations are presented in four time ranges using the
DDR method, differences in their value are presented for conditions with
neighbors and conditions of the isolated, an increase in the nominal value of the

interfacial tension is presented, this can be seen as follows
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a) b)
Figure 5.8. Summary of the interfacial stress averages in the two shear forces and the
neighbor and neighbor rating.

In calculating the interfacial tension of an emulsion, this is undoubtedly a complex
problem, and even more so when it is required to be performed in situ. For a
better understanding of the phenomenology of interfacial tension behavior, which
is fundamental for multiple processes in the industry. The measurement of the
interfacial tension by the DDR method, presumably is affected by the degree of
confinement of the drop (or drops), in this way an idea is presented to identify the
correlation between confinement and interfacial tension in concentrated

emulsions..
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Chapter 6: General conclusions

In this thesis, we focus on the influence of the shear rate on the morphology and
microstructure of an emulsion, water in oil (W/O). The investigation was carried
out along three lines. The first line is the statistical characterization of the data
obtained in the emulsion and its evolution when the shear rate is increased. A
non-parametric, smooth kernel distribution (SKD) method is used to fit to the
evolution of the droplet size is steady state. The second line is the description of
the formation of bands that appear when the shear rate is large. The third is the
measurement of interfacial tension considering the deformed drop retraction

(DDR) method.
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6.1. Statistical Characterization of the Data of the Diameters

of the Emulsion.

We considered six values of the shear rate to study the statistical evolution of the

diameters of the emulsion. Each shear rate was increased from 0.75s~! to 4.5s7%,

in steps of 0.75. We reach the following conclusions:

Coalescence and rupture processes occur as a result of the imposed shear
rate, affecting the emulsion morphology. for shear rates larger that 3.0 s™*
the formation of stable pearl necklaces is detected. this phenomenon is

because the capillary number corresponding to the radii of the drops is

slightly higher than the critical capillary for a single drop.

The distribution at low shear rates has one significant mode; as a result of
the two effects, the size distribution becomes bi-modal. The single-mode
distribution results from the radius of the drops and the capillary number.
That is to say that the drops are in the range of sizes because of the rupture
of filaments: daughter droplets are of the same size. this fact has been is
reported in the literature, but the critical capillary number is about three

times that of the single isolated droplet size.



145

The behavior of drops of smaller size than the critical one and mono-modal
distribution, favor the frequency of collision and therefore the coalescence.
Due to this fact, the collision frequency decreases when the distribution is

poly-dispersed.

6.2. Band Formation

The formation of concentration bands in the emulsion was observed when shear

rate was applied.

Band formation occurred for the case when the two fluids were newtonian,
when the shear rate was relatively large and when the ratio of viscosities

was smaller that unity.

The separation of the plates is a crucial factor to observed the formation of
bands. This conclusion was reached from previous studies of confinement

in the literature [ref.20, Chapter 2].

The zone of high concentration of drops is of higher viscosity than the zone
of lower concentration of drops [ref. 23, Chapter 4]. However, there is an

explicit dependence on the viscosity ratio and the shear rate.
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e Using the simple model of a linear velocity profile we determine the effect
of confinement in the band. However, due to the formation of the band
itself, the linear velocity profile assumption is most likely inaccurate.

Further detail measurements of the profile would be necessary.

6.3. Measurement of Interfacial Tension in Situ

The use of dynamic methods for measuring the interfacial tension is only
applicable for isolated drops. In this case, a comparison was made when the
retraction of the drop is in confinement by neighboring drops. It is determined
that the relaxation times are more significant when the neighbors are present, in

comparison to the isolated case.

6.4. Suggestions for Future Work

In this work, it was possible to identify the formation of bands in a concentrated
emulsion. It is the first time that the formation of bands in parallel circular plates is
reported. Then, the pending work would be to understand the correlation between
the viscosity ratio and concentration with the formation of bands in situ. The
evolution of the band in time would be the other line of work and to achieve a
better understanding of the formation, permanence, and disappearance of the

bands in concentrated emulsions. Also, it would important to determine the
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morphology of such bands. In particular, it is not known whether or not the bands
are rings or spirals. A more in-depth analysis of the 3-D structure of the bands

would have to be conducted.

Besides, and as an idea that "can" illuminate the way to a possible hypothesis. Is
the average velocity field 3D ?, if it is, we could associate the last published works
(Hof-Science 2004) that describe the processes of turbulence, which appears when
there are normal components to the flow direction, (condition of the system
study). The physics may be different, but the mathematical description must

possibly be comparable.



148



Sample Size

149

APPENDIX A

Sample volume for the C55450-LINKAM flow cell, and quantitative comparison of

the number of drops in samples smaller than 0.5 milliliters.

Codme OO D Vet
(mm) (mm3) (mL)
20.5 0.01 10 13.20 0.01
20.5 0.04 40 52.81 0.05
20.5 0.09 90 118.82 0.12
20.5 0.1 100  132.03 0.13
20.5 016 160  211.24 0.21
20.5 025 250  330.06 0.33
20.5 036 360  475.29 0.48
20.5 049 490 64692 0.65
20.5 0.64 640  844.96 0.84
20.5 0.81 810 1069.41 1.07
20.5 1 1000  1320.25 1.32
20.5 1.21 1210 1597.51 1.60
20.5 144 1440 1901.17 1.90
20.5 1.69 1690 2231.23 2.23
20.5 1.96 1960 2587.70 2.59
20.5 2.25 2250 2970.57 2.97
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FOR OUR CASE
Number

Volume (I;Ifu]gl l‘));rs Of Drops Surface Surface
Sample Observed Drop Size Per Possible Area Area Of

Volume GAP  Under The Diameter To The
(mL) Microscope (pum) San/1ple Observe Obsezved Sample

(um?) (5((;_?;’ (50550 ) (m2)

(g

0.13 100 1E+08 40 1.9E+06 2009 0.00001 9.75E-03
0.13 100 1E+08 35 2.9E+06 2999 0.00001 1.11E-02
0.13 100 1E+08 30 4.6E+06 4763 0.00001 1.30E-02
0.13 100 1E+08 25 7.9E+06 8230 0.00002 1.56E-02
0.13 100 1E+08 20 1.6E+07 16075 0.00002 1.95E-02
0.13 100 1E+08 15 3.7E+07 38104 0.00003 2.60E-02
0.13 100 1E+08 10 1.2E+08 128600 0.00004 3.90E-02
0.13 100 1E+08 5 9.9E+08 1028803 0.00008 7.80E-02

Number Of Surface

Drop Drops Per Area Per
Size Gram Of Gram Of
Radius Dispersed Dispersed

(pum) Phase Phase
(g (m?*g?)
100 2.5E+05 0.0312
10 2.5E+08 0.312
1 2.5E+11 3.12
0.1 2.5E+14 31.2

0.01 2.5E+17 312
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APPENDIX B

Theoretical Description of Parallel Circular Discs

The movement of deformable particles in a flow (drops) has been widely studied
both experimentally and theoretically; from Karman (1921) the flow created by the
rotation of a disk is studied, where the velocity profiles are projected in the three
dimensions, now for the particular case of the flow system produced by two
parallel discs where one is stationary, and another rotates with an angular velocity

w, in Figure 1, the geometry that I wish to study experimentally is shown.
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Figure A.1. Flow geometry in cylindrical coordinates (r,8,z), the upper steady disk
z = H and the lower disk rotates with constant angular velocity w.

In cylindrical coordinates, we have that the velocity components in the radial and
azimuthal directions are zero, where the velocity in the angular direction is given

by equation 1.

v9=w-r-(1—%) (A.1)
0 w-(l—%) 0
Z
Vv = —w-(l—ﬁ) 0 0 (A.2)
Z
0 —® (1_E) 0

0 (A.3)
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1 5 ,
I, = E(IZD + Tr((2D)?))

11,, = ! 2w? r
20 =7\ 2 (A.4)
2 r’
IIZD = —w" ﬁ

Local

]7:\/|1120| (A.5)

(A.6)

_ w

Ymedio = TR?2 H 3

Ymedio =

in particular, the problem of two parallel discs can be seen a summary in the

review of Gary Leal. For low Reynolds numbers. Experimental observations where

very close to the center of the disk the flow remains stable at any rotation speed
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and secondary unstable movements are only observed in the angular region. The
rotational flow of non-Newtonian liquids are important in a large number of
technical applications: spinig-coating (centrifugal coating), the design of rotating

machinery as a centrifuge and extruder, but especially in Rheology.

The observations and the calculations of the linear stabilities are presented for the
stability of torsional flow of viscoelastic fluids between two parallel discs, one will
be stationary, and another will move with constant angular velocity, purely the
critical value of the rotation speed (Deborah number) , the purely circumferential,
viscometry of the base may be unstable with respect to a non-asymmetric, time-
dependent movement consisting of spiral vortices which travel to the outer

through the disks.
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APPENDIX C

Location of the Image Captured in the Observation Hole.

Figure C.1a shows an image of the observation hole without the top cover of the
cell (CSS450-LINKAM) and figure C.2 with the cover. An eclipse is observed
between the two lids, this is the product of the type of microscope used in the
experiment, a Nikon SMZ-U (Manufacturer Nikon Corp., Tokyo, Japan), and this
microscope is stereoscopic. The location of the captured images is ta just at the

outer edge of the observation hole.
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Figure C.1. The zoom with which the images were captured was x3.5. The hole has a
diameter of 2.8 mm. The arrows indicate the direction of the axes, with the center of
rotation to the left of the image; a) Observation hole of the cell without lid, and b)
Observation hole with top lid.

Figure C.2. The dimensions and the location of the captured images are shown. The

size of the image is 1000x1340 pm.
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Remember the dimensions of the cell and the observation hole; we search deduce
that the edge of the right of the hole is at 7500 um + 1400 um. The center of the
observation hole is at 7500 pm (7.5 mm) from the center of rotation. The radius of

the hole is 1400 um (1.4 mm).

Forming a rectangle triangle (figure C.3.) we search deduce that the distance
X = ~1230 um. Therefore, the right edge of the captured images is ~170 um from
the inner hole shape. It is important to note that the instruments used to align the

horizontal axis of the holes are of the order of ~2 pm.

Figure C.3. Scheme of the two holes and location of the captured images.
There always exists, and there will be a limit to the precision with which
measurements can be made. It is inevitable in every measure to have an error in
the decimal digits inferior to the accuracy of the device or device used. Although
the entire measurement process is carried out "correctly," the measured value has

at least one error level given by the precision of the instrument used. As
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mentioned earlier it is of the order of ~2 um. Below are the instruments used for

the alignment of the equipment.

Mitutoyo 513-405E. Dial Test Indicator, Horizontal Type. 0,2 mm, 0,002mm.

e Mitutoyo 513-103. Dial Test Indicator, Horizontal Type. 0,2mm, 0,002mm.

e Mitutoyo 2119-51 Dial Indicator 0.001-5mm.

e Mitutoyo 2050-11 Dial Indicator 0.01-5mm.

e Mitutoyo 183-902 8x Pocket Comparator with Six Reticles and Case.
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APPENDIX D

Calibration and Resolution of the Image

The target test to determine the resolution of the images is 1951 USAF
(2"x2"positive), manufactured by Edmund Optics and the micrometric TARGET
TEST (Edmund optics) for the calibration and verification of the horizontal and
vertical lengths of the image. Figure D.1 shows the technical images of the target
tests used. The USAF 1591 target test is used with the two cameras to determine

the resolution of the captured images.
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Figure D.1. a) Technical image of 1951 USAF target (2"x2" positive), manufactured by
Edmund Optics, b) technical image of image analysis micrometer

In Figure D.2a, you can see up to group 7 and element 4, therefore, the resolution
is 2.76 um. (see Table D.1). Figure D.2b shows up to group 7 and element 6, so the

resolution is 2.19 pm (see Table D.1).

Figure D.2. a) Image captured with the Pixelink PL B953U camera, b) Image captured
with the DS-2Mv camera. The two images have the size of 500x400 pixels.

Group Number

Element 1 2 3 4 5 6 7 8 9

1 250.00 125.00 62.50 31.25 15.63 7.81 3.91 1.95 0.98
222,72 111.36 55.68 27.84 13.92 6.96 3.48 1.74 0.87
198.43 99.21 49.61 24.80 12.40 6.20 3.10 1.55 0.78
176.78  88.39 44.19 22.10 11.05 5.52 2.76 1.38 0.69
157.49 78.75 39.37 19.69 9.84 4.92 2.46 1.23 0.62
6 140.31  70.15 35.08 17.54 8.77 4.38 2.19 1.10 0.55

Table D.1. The width of 1 line in micrometers in USAF Resolving Power Test Target
1951.

g b~ WD
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For the calibration of the length of the images, 10 measurements were taken for
each zoom, the average of the 10 measurements is chosen. The summary is
indicated in table D.2.

Pixelink

PL-B953U

DS-2Vm

7 Horizontal Standard Vertical Standard Horizontal Standard Vertical Standard
oom

px/um Deviation px/um  Deviation px/um Deviation  px/um  Deviation

x0.75 0.085 0.006 0.084 0.003 -- --

x1.5 0.172 0.002 0.171 0.007 0.222 0.008 0.223 0.005
x2.5 0.284 0.002 0.285 0.004 0.371 0.008 0.371 0.007
x3.5 0.402 0.002 0.404 0.006 0.521 0.006 0.521 0.005
x4.5 0.520 0.003 0.520 0.006 0.671 0.005 0.672 0.004
x5.5 0.630 0.004 0.629 0.002 0.817 0.005 0.817 0.009
x6.5 0.745 0.003 0.748 0.003 0.968 0.009 0.968 0.011
x7.5 0.862 0.006 0.861 0.007 0.979 0.007 0.978 0.008

Table D.2. Calibration in px / um

Figure D.3 Images captured with the Ds-2Mv camera, the size of each image is
1080x830 pixels.
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APPENDIX E
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"Se asentd y ha quedado por costumbre, que los
que se graduasen de doctores y maestros es
cualquier facultad envien las conclusiones a
todos los doctores y maestros a sus casas con los
bedeles o persona de calidad, con musica de
trompetas, pompa y aparato y que se diese
vejamen en los grados de doctor; y acabados los
grados, en el teatro se den guantes a los sefiores
doctores y maestros, un para cada uno, y por
cada cosa que faltase, fuese multado con 30

pesos"

CRONICA DE LA REAL Y PONTIFICIA UNIVERSIDAD DE MEXICO.
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