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ABSTRACT

With an increasing academic and industrial interest in complex, multiphase fluids,
there is an associated interest in obtaining suitable methods for simultaneous characterisation
of structure and rheology of such systems under flow. In the present work, development and
evaluation of a prototype for optimum quality simultaneous rheological and morphological
data acquisition has been considered. The work has been supported by Malvern Instruments,
a leading company in laboratory and industrial instrumentation. The prototype was developed
by combining optical geometries, designed and constructed during this project, with unique
image acquisition unit and a standard rotational rheometer. Performance of the prototype has
been extensively tested. First, accuracy of in house made geometries in rheological
characterisation was found in very good agreement with standard geometries supplied by
Malvern Instruments over a wide range of viscosities (0.01-10Pa s). Second, image
acquisition was evaluated at high shears and for the first time reported images at shear rates
as high as 20000s~! have been acquired. Third, the potential of the new device in
simultaneous rheo-structural measurements was demonstrated. Simultaneous rheology and
structure of industrially relevant liquid / liquid systems was further investigated. Good
agreement of rheological results was found with selected literature data and images of high
quality were acquired. However, it has been difficult to compare combined rheology /
morphology with literature as such data are not common in the literature yet. Development of
the device as a marketable product was lastly considered and a complete experimental setup
was suggested. Confirmation of the successful outcome of this work has been the recent
filing of a provisional patent, approved under US regulations, and it is expected that a new
instrument for optimum quality simultaneous rheo-structural measurements will be available

in the market by Malvern Instruments in the near future.
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NOMENCLATURE

Latin characters

A unit area. [m?].

Ca Capillary number.

cal’ effective critical Capillary number.

cc coaxial cylinders geometry.

cpP cone/plate geometry.

d distance. [m].

D drop diameter; notations, wherever applicable, indicate the specific diameter as defined in the
text. [m].

Def deformation parameter.

f force. [N].

G rigidity modulus. [Pa].

Gl glycerol.

h sample height when loaded to the rheometer; notations, wherever applicable, indicate the
specific sample height as defined in the text. [m].

HG hexylene glycol.

Hg hydration constant.

I moment of inertia; notation, whenever applicable, indicates more details as explained in the

text. [N m s?].

Jetamp compliance of the geometry's clamping system. [rad N m™].

k, K constants; notations, wherever applicable, indicate the specific constant as defined in the text
or tables.

Linajs Lmaj major and minor axis of the ellipsoid of a deformed drop under shear flow respectively
(equation 2.17). [m].

n power-law index.

n; number of drops with diameter equal to D;.

PP parallel plates geometry.

R drop radius. [m].

Repq particle's Reynolds number.

r radius; notations, wherever applicable, indicate the specific radius as defined in the text. [m].

S unit length. [m].
time. [s].

T torque. [N m].
velocity. [m s].

VPD volume probability density. [m™].

w water.




Greek characters

A=na/nc
Urriction
Pc

o

T

angular acceleration. [rad s].

shear rate; notations, wherever applicable, indicate the specific shear rate as defined in the
-1
text. [s"].

phase angle between the amplitudes of torque and displacement. [°].
deformation angle. [rad].

shear viscosity; notations, wherever applicable, indicate the specific shear viscosity as defined
in the text. [Pa s].

intrinsic viscosit = lim,_, 17 Moy
Yy ([77] @—0 Tlo<P)

angular displacement. [rad].

temperature. [°C].

viscosity ratio between dispersed and continuous phases.

air bearing's friction coefficient. [N m s rad™'].

density of continuous phase. [kg m™].

stress. Pa.

interfacial tension. [N m™].

volume fraction of dispersed phase.

maximum packing volume fraction where dispersed entities just touch each other.
characteristic time. [s].

angular velocity. [rad s™'].
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"Complex fluids" are a broad class of multiphase systems characterised by the
presence of structures at the mesoscopic length scale, which is an intermediate between the
molecular and the macroscopic length scales [Arratia 2011, Larson 1999, Gelbart & Ben-
Shaul 1996]. The presence of mesoscopic structures provides the systems with unique
characteristics and plays a significant role in determining the properties of the fluids,

including rheology and structure.

The importance of rheological and morphological properties of complex fluids is well
established in the literature [e.g. Arratia 2011, McCann et al 2011, Firoozmand 2009,
Spyropoulos 2006, Jansseune et al 2003, Linden et al 2003; Yu et al 2002, Larson1999,
Tadros 1994, etc] as well as in our everyday life, where for example, a mayonnaise that flows
like a soup under gravity on a plate is rejected (by the consumer) as "too thin", while a
toothpaste that is impossible to push out of the tube with gentle squeezing is rejected as "too

thick".

Indeed, our perception of quality for many everyday products, such as food emulsions
and gels, shampoos, hand creams, etc, is highly dependent on the link between rheology and
structure. In the abovementioned mayonnaise, for example, which is essentially an emulsion
of vegetable oil drops dispersed in a continuous aqueous phase (lemon or vinegar), the
product should possess a certain yield stress, below which the product will not flow. The
value of yield stress is known to greatly depend on the size of the oil drops and it has been
reported that a good mayonnaise should contain oil drops of the order of 10um [Larson
1999]. With the currently increasing trend in producing alternative foods, such as low and
zero fat products, vegetarian substitutions of meat and cheap replacements of expensive foods

such as synthetic caviar, it is also important to accurately control rheology and structure of the
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substitute and, for a good quality alternative, to imitate the rheology and structure of the

original food as close as possible.

Besides the food area, other examples of complex fluids where the mesoscopic
structure plays an important role in determining quality, involve home and personal care
products such as hand creams and body lotions, paints, inks, liquid crystals (present in many
laptops and other flat panel screens), intermediates in the petroleum industry, bitumen, as well
as vital biofluids such as blood [Larson 1999]. Indeed, blood can be considered as a
suspension of 40% vol/vol blood cells, which can be thought of as highly deformable discs
with diameters of the order of 10um, in plasma [Larson 1999]. Blood cell aggregation is an
important phenomenon, crucial in determining the rheological behaviour of blood, which in
turn determines vascular flow and pressure. Understanding blood cell aggregation under shear
is therefore significant for promoting health and it comes without surprise that simultaneous
rheological and structural measurements have been employed in such investigations [e.g.

Kaliviotis & Yanneskis 2007, Bransky et al 2006].

It is difficult to determine when the link between rheology and structure was first
investigated systematically. Interestingly, among the first books on microscopy has been
written by the same person who proposed the law of elasticity of ideal solids, Robert Hooke
[Croft 1992]. The term "rheo-optics", however, is relatively new and has been ascribed to
Professor R.S. Stein from the University of Massachusetts to generically describe the

combination of electromagnetic radiation (optics) with rheological studies [Wilkes 1974].

Methods for characterising rheology and structure of (complex) fluids typically
combine conventional rheological measurements with a suitable optical technique that gives

information about the structure of the system under investigation. Depending on whether
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optical recordings are simultaneous or follow rheological measurements, rheo-structural
techniques can be categorized as direct and indirect, respectively. In indirect methodologies,
rheological and morphological measurements are conducted separately and therefore no
specifically designed instrumentation is required. However, the obvious advantage of direct
methodologies is the real time nature of the measurements, which offers the potential for

directly study the qualitative / quantitative link between rheology and structure.

In recent years, coupling of rotational rheometers with optical light microscopy has led
to the development of devices for simultaneous rheological and microstructural measurements
in individual laboratory scale as well as at commercial level by established companies such as
Anton Paar, Thermo Fisher Scientific and Linkam Scientific [section 2.3.3 for more details].
Commercialisation of such instruments proves the significance of simultaneous rheological
and optical microstructural measurements and their relevance to the industry as well as in
research. However, reported images obtained with existing facilities are often of poor quality
[see for example image 2.15], and, more importantly, reported images are typically imposed
to shear rates of the order of ¥ < 100s~1. There is no reported record in the open literature
showing images at very high shear rates, which are relevant in many real industrial processes

[Hall et al 2011; Utomo et al 2008].

For these reasons, Malvern Instruments has supported the present work aiming at the
development and evaluation of a new rheo-structural apparatus with unique characteristics
that will enable acquisition of optimum quality simultaneous rheological and morphological
data at a wide range of shear rates, including very high shear rates of the order of 2000051,
Such a device requires adoption of novel approaches, especially in terms of image acquisition.

Successful outcome of the present work is expected to be an important contribution in the
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field of experimental studies of simultaneous rheology and structure of complex, multiphase

fluids.

1.1 Objectives

The present project has aimed at the development and evaluation of a new device for

simultaneous rheological and morphological recordings that ensures very high image quality

without compromising accuracy in rheological characterisation, especially at high shear flow.

The main objectives set for this project are listed below:

(1)

(i)

Design and construction of new hardware to combine with Malvern’s standard
rotational rheometer, unique image acquisition unit and existing software, for
the development of a rheo-structural device for optimum quality simultaneous
rheological and microstructural data acquisition. Such a device would ideally
provide the operator with all the benefits of a standard rheometer coupled with
the advantages of an imaging technique, without compromising the quality and
accuracy of any of those two. Particular attention is given in obtaining high

quality images at very high shear rates (up to the order of 20000s~*

, set using
the parallel plate geometry at very small gap size), which has never been

reported before.

Evaluation of the new device in terms of accuracy in rheological
measurements, clarity in image acquisition and simultaneous rheo-structural
recordings. Extended applications, such as estimation of interfacial tension

from direct rheo-structural observations, also to be considered.
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(111))  Utilisation of the prototype to investigate simultaneously rheology and

structure of selected two phase systems.

(iv)  Examination of the potential of the newly developed rheo-structural device as a
commercial product and suggestion of preliminary experimental setup that will
incorporate all new features into a convenient design with improved

marketability.

(V) Patent findings / parts of the present work if possible.

1.2 Layout of the Present Report

Work conducted during this project has been organised, and is presented, in six
chapters. Chapter 2 introduces the relevant literature and it is divided into three sections.
Section 2.1 reviews the basic principles of rheology for one phase system and further focuses
on the effect of adding a second phase to the rheological properties of the system. This section
also includes predictive viscosity models from the literature, which link system’s viscosity
with volume fraction of dispersed phase as well as with the viscosity ratio between dispersed
and continuous phases, when relevant. Section 2.2 considers different possible microstructural
configurations of two phase systems at quiescent conditions as well as under flow. From those
configurations, focus is given predominately on morphologies consisting of drops dispersed in
continuous phases. Deformation and breakage of a single, isolated drop immersed into an
immiscible liquid under shear is discussed and the effect of increasing concentration of
dispersed phase on microstructure is subsequently considered. Section 2.3 reviews different

existing techniques for quantification of rheology and structure (separately) and further



Chapter 1: Introduction

presents reported instrumentation utilised for rheo-structural characterisation of investigated
samples. A critical review of devices for simultaneous rheo-structural measurements where a
rotational rheometer is combined with an optical light microscope is presented and main
differences between existing, especially at a commercial level, facilities and the novel

approach adopted at the present work are summarized.

Development of the new device is discussed in chapter 3. The overview of the
developed experimental setup, including unique features of image acquisition unit, is
schematically illustrated. Design and construction of new hardware is described in detail and
photos of the newly developed device are shown. Existing image analysis software has been
employed. This is discussed in detail elsewhere [e.g. Pacek et al 1994] and it is only briefly

mentioned in this report.

In Chapter 4, evaluation of the newly developed device is considered. Accuracy in
rheological measurements and quality of image acquisition are firstly tested separately and are
presented in sections 4.2 and 4.3 respectively. Rheological response of all new measuring
geometries, is assessed with one phase Newtonian liquids of known (by the supplier)
viscosities, ranging between 0.1 — 1Pa s, and results are compared with values obtained with
standard, stainless steel geometries. Quality of image acquisition is then tested at quiescence
as well as under shear. Images of systems subjected to high shear rates (up to 20000s~1) are
shown. In section 4.4, examples of simultaneous rheological and microstructural recordings
are considered and illustrate the potential of the device and the importance of simultaneous
rheo-structural investigations. The potential of the device is further illustrated in section 4.5,
where interfacial tension of an oil / aqueous system is estimated from direct rheo-structural

observations (e.g. from the degree of deformation of an oil drop immersed into the aqueous
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continuous phase at dilute systems and under controlled shear flow) and obtained results are

compared with values obtained with the well established Wilhelmy plate tensiometer.

Chapter 5 further extends the evaluation of the newly developed device to include
systematic investigation of rheology and structure of selected two phase systems. Such
systems are important at both an industrial and a fundamental level, as they form the simplest
model and the basis of many complex fluids. Investigated example systems cover all
combinations of hydrophobic (“0il”) and hydrophilic (“aqueous”) phases. The effect of
viscosity ratio between dispersed and continuous phases and of volume fraction of dispersed
phase on rheology and structure of oil / aqueous systems is considered in section 5.2. Section
5.3 discusses the validity of implementing models developed for oil / aqueous dispersions to
aqueous / oil systems, and it is indicated that such practice might not be entirely justified.
Section 5.4 presents rheological and microstructural results obtained for oil / oil systems,
while in section 5.5, considers the effect of shearing on the gel structure of an aqueous /

aqueous system that gels on cooling.

Chapter 6 focuses on improving the newly developed device and considers its
potential as a commercial, marketable product. At first, design and realization of a compact
version where extension tubes are, for the first time in the context of rheo-structural
experiments, utilised in the place of the large, bulky microscope is discussed. Finally, an
experimental setup is suggested, where work and knowledge accumulated during the present
project are combined with a standard rotational rhoemeter into a one piece instrument for
simultaneous rheological and morphological measurements of optimum quality. In this setup,
Malvern Instruments’ latest rheometer, Kinexus, is used as a template. Key features of the

proposed design are discussed.
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Main conclusions from, and major outcomes of, the present study are summarised in

chapter 7. Conclusions are sectionalized similarly as the chapters of this report. This final

chapter concludes with some thoughts and suggestions for future work that are expected to

improve the performance and / or commercial value of the developed device, thus extending

the contribution of the present work.

1.3 Public Presentations and Additional Information

Part of the findings of this project has been presented at the non-Newtonian

Club meeting held at the University of Birmingham, 21 October 2008.

Part of the findings of this project has been presented (as poster) at the British
Society of Rheology Midwinter meeting held at the University of Leeds, 15-16

December 2008.

Part of this project has been presented at the European Cooperation in Science
and Technology (COST) and Food Structure design’s working group meeting
on “Food structure engineering and healthy functions: experimental
approaches”, 29-30 November 2011. This is considered as the first public
presentation of the newly developed device. Proceedings of the meeting to be

published in the web.

Part of the project has been successfully filed for a patent under U.S.

regulations (see appendix).
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2.1 Introduction

The main objective of the present work, as set in the previous chapter, has centred in
the development and evaluation of a device for superior quality simultaneous rheological and
microstructural data acquisition, especially at high shear rates. Such flow conditions are
relevant to the industry, as they mimic the shear rates in processing apparatuses. It is relevant,
therefore, that this chapter reviews literature about rheology, primarily in terms of shear
viscosity, morphology, obtained by means of optical imaging, and experimental techniques

for rheological and microstructural measurements.

The three aspects are addressed separately below. Thus, basic principles of rheology
are discussed in the first section, where the fundamentals of rheology as a macroscopic
property of systems considered as single phases are presented first. The effect of adding a
second phase on system’s rheology is then discussed. Discussion also includes a number of
proposed model viscosity equations found in the literature, which correlate the relative
viscosity (i.e. system’s viscosity divided by the viscosity of continuous phase) of two phase
systems with volume fraction of dispersed phase and, where relevant, with the viscosity ratio

between dispersed and continuous phases.

Definitions and general features of microstructure and microstructural evolution in
two-phase systems under shear are introduced in section 2.3. Here, the behaviour under shear
of a single drop immersed in a continuous phase is considered first, followed by discussion on
the effect of increasing volume fraction of dispersed phase on morphological properties of

two phase systems.

Finally, in section 2.4, existing experimental techniques and instrumentation for

quantification of rheology and morphology are revised separately. This section also includes a

11
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critical review of recent advances on instrumentation for simultaneous rheological and
structural measurements both at laboratory (in-house) and commercial level. Finally, major
differences between existing devices and novel approaches adopted in this work are

summarised.

2.2 Rheology

The term ‘rheology’, originating from the Greek work ‘rheo’ which implies flow, was
introduced by Professor E.C. Bingham and his associates and they defined it as ‘the study of
deformation and flow of matter’ [Barnes et al 1989]. The term was first accepted in 1929,
when the American Society of Rheology was founded [Barnes et al 1989]. In its strictest

sense, deformation pertains to solids and flow to liquids.

Today, rheology is widely acknowledged as an important property for many consumer
products, including paints, inks, cosmetics, foods, pharmaceutical and agrochemical
formulations, liquid detergents, etc, and it is generally recognised among the top determining
factors of texture, quality and value [Tanner 2002]. For example, a good paint is expected to
flow under shear as it is applied on a wall with a brush, but should resist flow under gravity
once the application is completed, so as to prevent the paint from dripping; toothpaste should
hold its shape when at rest in its tube but should flow easily when squeezed out of the tube,

and many more.

Knowledge of rheology has also been identified as an integral part of product and
process design as well as optimisation of industrial operation. Rheology is important, for

example, in new product design, selection of processing equipment and operating conditions,
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effect of length and time scales (scale up, scale down, time of processing), material handling,

shelf life, mixing, transportation and storage [Pal 2001].

Although the term was introduced less than 100 years ago, the study of rheology has
clearly preceded the invention of the name. The first references to a quantitative link between
applied force and resulting deformation have been accredited to Robert Hooke and Isaac
Newton [Tanner 2002]. In 1678 Robert Hook introduced his hypothesis on deformation of
solids in his “True theory of Elasticity” and described that “the power of any spring is in the
same proportion with the tension thereof” (i.e. deformation is proportional to exerted force);
almost concurrently, in 1687, Isaac Newton proposed the hypothesis on flow of liquids in his
“Principia”, as “the resistance which arises from the lack of slipperiness of the parts of the
liquid, other things being equal, is proportional to the velocity with which the parts of the
liquid are separated from one another” [Barnes et al 1989]. Those two laws describe the

behaviour of ideal materials and can be considered as the ancestors of modern rheology.

The behaviour of a material under shear forces (i.e. forces acting tangential on the
surface of a material) is of great importance in rheological characterization. Shear
deformation is the main type of deformation exerted on many everyday habits, such as
swallowing of foods or application of a hand cream. In addition, shear flow is important in a
number of process operations, such as mixing of raw ingredients or transportation of a product
through a pipe. Shear deformation is also the type of deformation induced by rotational
rheometers, perhaps the most common type of rheometers used in both industry and research
(also employed in the present work), and it will be considered in some detail below. The other

simple type of deformation, namely dilatational or elongational deformation, is caused by
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forces acting perpendicular to the surface of the material and results in extension, but it will

not be further discussed in detail in this review.

The response of a Hookean solid and a Newtonian liquid under shear forces is
illustrated in figure 2.1, where shear stress o (in N m~2) is defined as the force f acting
tangential to the surface A per unit area A and results in shear strain y (equation 2.1). For the
ideal, Hookean solid, o is proportional to y and the proportionality constant G is referred to as
‘rigidity’ (equation 2.2). For the ideal, Newtonian liquid o is proportional to the velocity
gradient, V' /d (or rate of shear y, also often referred to simply as ‘shear’, although this is not
considered accurate and will be avoided here) and the proportionality constant 7 is termed
shear viscosity (equation 2.3). The angle { refers to the deformation angle of the solid block,

as shown in figure 2.1.

€<Z
(7_(01

Figure 2.1: Effect of shearing on (a) Hookean solid; (b) Newtonian liquid [adapted after Dickinson 1992,
Barnes et al 1989].
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o=f/A (2.1)
Hookean solid: o = G(tan(), tan{ = { if { < 0.1rad (2.2)
Newtonian liquid: ¢ =ny,y =V/d (2.3)

The case of figure 2.1 is a rather simple picture, where only one stress component is
considered. In fact, stress is a second order tensor, as it is illustrated in figure 2.2. Figure 2.2
shows a cubic, isotropic and structurally homogeneous volume element with edges parallel to
the X, y and z axes of a three dimensional Cartesian coordinate system. This element is small
enough for stress components to be regarded as constant throughout each surface and has
identical properties in all surfaces. Stress components, g;;, acting on the element’s surfaces
from the external, surrounding environment are also illustrated in figure 2.2 [adapted from
Sherman 1970 and Larson 1999]. In this notation, the first index, i, indicates the orientation of
the surface’s plane and the second, j, the direction of the stress. Stress is acting on all six
surfaces, but stress components of opposite surfaces of the dm element are identical (although

with different sign). The “state-of-stress™ tensor is then given by equation 2.4 [Larson 1999].
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L Sy
Q
B3
<

Figure 2.2: Stress components acting of the faces of a homogeneous and isotropic volume element of cubic
shape [adapted after Sherman 1970, Larson 1999].

In equation 2.4, the components 0y, 0y, and o,, are the “normal” stresses, while
Oxy; Oxz» €tc are the “shear” stresses. For isotropic materials (i.e. those whose properties at
rest are independent on the direction), it can be shown that gy, = 0y, 0y, = 0, , and

o

yz = Oz [Barnes et al 1989, Larson 1999]. For the simple shear flow of figure 2.1, there are

at least two non-zero stress components, 0y, = gy, which in the case of Newtonian liquids

are the only non-zero stress components and are expressed by equation 2.3. In the case of
non-Newtonian liquids, however, the normal stresses are also non-zero. Due to the fact that
the stress tensor is determined within an added isotropic pressure, it is common to express

normal stresses in terms of normal stress differences, Ni and Nj: N; = gy — 0y,,, and

Ny = 0y — Oy3.
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Oxx Oyxy O-xz>
(2.4)

State of stress tensor = (ny Oyy Oyz
Ozx Ozy Oz

Velocity gradient is also a tensor, given by equation 2.5 [Larson 1999]. In simple

: D ] .
shear, the only non zero component of the velocity gradient is the term a_:x’ which has been
y

defined earlier as shear rate in equation 2.3. As the present work has been conducted using
rotational rheometers, the following discussion is confined to the simple shear flow situation

of figure 2.1.

v, dv, 0,

ds, 0s, 05y
ov, dv, 0,

= ds, 0Js, 0s, (25)
vy dv, 0,
ds, dJds, O0s,

The laminar, simple shear flow of figure 2.1.b is often employed by rheometers for
measuring shear viscosity, and is sometimes referred to as ‘viscometric flow’ [Barnes et al
1989]. Viscosity (or ‘apparent viscosity’) is an intrinsic parameter of the fluid that measures
its resistance to flow. For Newtonian liquids measured at constant temperature and pressure,
shear viscosity does not vary with shear rate and it is independent of shear history. However,
for the majority of materials, viscosity is not a coefficient but rather a function of shear rates,

n(y) and / or time n(y, t). Materials whose viscosity decreases on increasing of shear rate are
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called shear thinning (or pseudoplastic), whereas for those with increasing viscosity on
increasing of shear rate, the term ‘shear thickening’ (or dilatant) is typically used. Figure 2.3
shows the characteristic relationship between shear stress and shear rate for shear-thinning,
Newtonian and shear-thickening materials. Materials with yield stress (excluded from the

graph) have zero y until a certain value of o (the so called yield stress) is reached.

For shear thinning materials, the typical flow curve showing viscosity as a function of
shear rate is illustrated in figure 2.4 [Barnes et al 1989]. In the limits of very low and very
high shear rate regions, viscosities of the material are n, and 71, respectively (the subscript
referring to shear rate). Between those limits, viscosity decreases monotonically with shear

rate.

Newtonian
— — — = Shear-thinning /
—_——— —_thi i 7
Shear-thickening P
7
7/
n //
o 7/
3 Ve
= /7
©
2 7 -
% 7/ -
/ -
/ ./'/
/ ‘/'/
/ ’,/‘/
/ .—"."
Shear rate

Figure 2.3: Flow curve for Newtonian, shear thinning and shear thickening material showing the
relationship between shear stress and shear rate [Barnes et al 1989].
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Figure 2.4: Flow curve of shear thinning material [Barnes et al 1989].

Equations that predict the shape of a material’s flow curve typically require four
parameters [Barnes et al 1989]. One such model is the Cross model of equation 2.6, where K,
is the Cross constant, with dimension of time, and n is the power law index, which is
dimensionless. At the region where 1 < 1, and n > 71, equation 2.6 reduces to the popular
power law model, given by equation 2.7. Power law index n is a measure of whether the
material is shear thinning (n < 1), Newtonian (n = 1) or shear thickening (n > 1). The
power law constant, Kp;, has the strange dimensions of Pa s™. It is important to note that the
power law model is valid for the range between the limits of very low and very high shear
rates. When used at the extremes of very low or very high shear rates (i.e. close to the limits

of 1y and 7,,) it might lead to questionable conclusions [Barnes et al 1989].

M~ Moo _ 1 No—M _ N
= = = .
No—TMeo  1+K™ NN (Kcy) Cross model  (2.6)

n=Kpy"? Power-law model  (2.7)
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Introduction of a second phase into the system may profoundly affect its rheological
behaviour. Confining to liquid continuous phases, dispersed phases are typically in the form
of solid rigid particles, liquid drops or air bubbles. The fraction of volume occupied by the
dispersed phase determines the volume fraction of dispersed phase, ¢. For liquid dispersed
phases, viscosity ratio A, defined as the ratio between viscosities of dispersed over continuous

phases (equation 2.8), is frequently used as a parameter for the description of the system’s

rheology.
=1 2.8
e (2.8)

Predicting the viscosity of two phase systems has received considerable attention in
the literature due to its relevance in industrial applications as well as its importance in
academic research. A selection of suggested viscosity models found in the literature is
presented here, a number of which are summarised in table 2.1 (with references). The
majority of suggested models presented in this section have empirical or semi empirical

character, and have been developed within specific range of experimental conditions.

Table 2.1 is divided into two sections. The first section presents models developed for
suspensions of solid particles in liquid continuous phases. All suspension models shown in
table 2.1 have been derived assuming spherically shaped, rigid particles. In those models,
relative viscosity 1,., defined as the viscosity of the system divided by viscosity of pure
continuous phase, is correlated with the volume fraction of dispersed phase, ¢. The second
part of table 2.1 presents viscosity model equations developed for liquid / liquid dispersions.

Here, relative viscosity is correlated with ¢, as well as with the viscosity ratio between
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dispersed and continuous phases, A . Other models, which take into account other

dimensionless numbers such as the dispersed entity's Reynolds number or the Capillary
number, defined later in this chapter, are excluded from table 2.1 and are presented separately.

In table 2.1 it has been attempted to follow a chronological order when possible.

Einstein’s equation, introduced in 1906, was the first viscosity model to be widely
known [Tadros 1994]. It has been theoretically obtained in the limit of infinitely dilute
suspensions of spherically shaped, mono dispersed, non interacting rigid particles in liquid
continuous phases. Rigid particles can be thought of as having infinite viscosities. At
increasing volume fraction of dispersed phase, a more complex relationship between 7, and ¢
occurs, as interactions between particles can no longer be neglected. To account for this, an

extended, power law version of Einstein’s model has been used [from Khodakov 2004].

In 1917, Arrhenius proposed a logarithmic relationship between 7, and ¢ for solid /
liquid suspensions of poly dispersed rigid particles. His model served as a starting point for
the development of other logarithmic models, such as those of Richardson in 1933 [Pal 1992]
and Broughton & Squires [1938]. Formulas later developed by Mooney [1951], Roscoe and
Brinkman [Roscoe 1952], and Krieger & Dougherty [1959] were developed for suspensions
of poly dispersed particles in liquid continuous phases over a range of ¢ (i.e. systems with
finite ¢ ). From those models, a particularly interesting approach has been proposed by
Roscoe and Binkman. In their differential scheme, they have assumed that a concentrated

system is formed by successive additions of infinitesimal small amounts of dispersed phase.

In 1967, Frankel and Acrivos proposed a model for very concentrated suspensions,

where volume fraction of dispersed phase is of the order of the maximum packing volume
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fraction, @, (@/@m = 1). Few years later, in 1973, Barnea and Mizrahi suggested their own

viscosity model for suspensions of finite volume fraction of dispersed phase [Pal 1992].

Maximum packing volume fraction of dispersed phase, which appears in the models of
Krieger & Dougherty and Frankel & Akrivos, refers to the volume fraction where dispersed
entities just touch each other. For mono dispersed systems of spherical particles the value of
0.74 is generally accepted and demonstrable as hexagonal close packing, whereas in the case
of poly dispersed systems guidance for calculations can be found in the literature [for example

Pal 1998 or Krynke & Sek 2004].

Equations developed for solid / liquid suspensions are often employed in the literature
for liquid / liquid systems, where liquid drops are dispersed in liquid continuous phases [Pal
2001]. However, there are two main differences to consider when discussing liquid drops
instead of rigid particles under shear: the first refers to their deformability, and the second to
their non infinite viscosity. As a result, when subjected to shear flow, liquid dispersed phases
deform, may orientate favourably to the direction of the flow and dispersed drops may also
break or coalesce. Such changes may significantly affect the rheological, microstructural and
textural characteristics of the system, indicating the importance of simultaneous rheological

and microstructural measurements.

Predictive viscosity models derived for systems of two immiscible liquids, shown in
the second part of table 2.1, typically correlate n, with ¢ and A. The earliest such model
considered in table 2.1 is that of Hatscheck for dilute emulsions, introduced in 1911 [Sefton
2010]. In 1930, Sibree extended Hatscheck's model to account for higher concentrations of
dispersed phases. Both models assume that the system’s viscosity is independent of the

viscosity of dispersed phase; hence the parameter A is omitted. Although this may be true on
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some occasions, it is an overall limiting factor. Taylor was the first to publish in 1932 a
viscosity equation for liquid / liquid systems, where the viscosity of the dispersed phase is
incorporated. Taylor's famous model assumes very dilute emulsions (non interacting drops) of
slightly deformed Newtonian drops in Newtonian continuous phases. In 1941, Eilers proposed
a viscosity correlation, which contains the empirical constant K¢ and has been developed to
cover a wide range of dispersed phase concentrations. At the same year, 1941, Glasstone
suggested a logarithmic relationship between relative viscosity and volume fraction of

dispersed phase.

In 1972 and 1975, two models were proposed independently, by Yaron & Gal-Or and
Choi & Schowalter, respectively, based on the cell theory. According to this theory, the
dispersion is divided into identical individual cells of specific dimensions, composition and
properties, and the suitable boundary conditions are then applied to the outer boundaries of
the cells [Sherwood 2006]. For derivation of their model, Choi & Schowalter also assumed
equal densities of the two phases, mono dispersed drops uniformly dispersed within the cells,

and absence of surfactants.

The model proposed by Van Oene in 1978 was developed for phase separated polymer
blends [Spyropoulos 2007]. It is interesting to note that together with Glasstone's model, it has
been successfully employed to analyse the rheological response of aqueous / aqueous systems
that deviate from the typical morphology of dispersed drops into a continuous phase and show
other arrangements, such as string type formations [Jeon and Hobbie 2001, Spyropoulos et al
2007]. Some years later, in 1989, Pal & Rhodes introduced their equation developed for

emulsions of non-Newtonian liquids.
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Derivation of the models proposed by Phan-Thien & Pham (in 1997) and Pal (model 1
and model 2, in 2001) was based on a similar approach as the differential scheme of Roscoe
and Birnkam, which assumes that a concentrated system is formed by successive additions of
infinitesimal small amounts of dispersed phase (see above). According to this concept, the
dispersed entities of every new step addition j 'feel' an effective continuous phase which
consists of pure continuous phase plus the volume of dispersed phase added up to the previous
step (j — 1). For their model, Phan-Thien & Pham also indicated that dispersed entities of

increasing size are to be added in each consecutive step.

Pal [2001] has evaluated selected models of table 2.1 for emulsions over a wide range
of viscosity ratios and volume fractions at small drop deformations. He reported that the
model proposed by Choi / Schowalter over-predicted relative viscosities while the model of
Phan-Thien / Pham gave good predictions only at low ¢ and under-predictions at high ¢. He
concluded that the model of Yaron / Gal-Or best agreed with a vast number of experimental

data.
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Table 2.1: Predictive viscosity models for two phase systems, including year it was suggested and reference (if not the original publication).

SOLID / LIQUID SYSTEMS

Author, Author,

year year

suggested Model equation suggested Model equation

& &
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The list of viscosity models presented in table 2.1 is by no means exhaustive. Besides
volume fraction of dispersed phase and viscosities of dispersed and continuous phases,
viscosity of liquid / liquid systems is also known to depend on a number of other factors, such
as temperature, average drop size and size distribution, densities of dispersed and continuous
phases, nature and concentration of emulsifying agents (if present), presence of other entities
such as solid particles in the dispersion, shear rate (for non-Newtonian systems), etc [Pal
2006, Krynke & Sek 2004, Johnsen & Ronningsen 2003, Pal 1998]. However, most of the
suggested models are system and condition specific, and require determination of empirical
constants. Indicatively, the model of Johnsen & Rooningsen [2003], which accounts for the
effect of temperature on relative viscosity, contains four empirical constants (equation 2.9). It
has been found in good agreement with results for water in crude oil dispersions at 50 — 70°C
[Johnsen & Rooningsen 2003] as well as water in bitumen emulsions at temperatures

70 — 90°C [Sefton & Sinton 2010].
In(m;) = Kjp1 + KjpoT + Kjpsp + KjpaTo (2.9)

Predictive models where viscosity of liquid / liquid systems is correlated with
morphological properties of the system, such as drop size, drop size distribution, deformation,
or orientation of drops to the flow, are not common in the literature. One such example has
been proposed by Pal [1998] and another later by Krynke & Sek [2004]. Those researchers
have proposed viscosity models that correlate 7,- with particle’s Reynolds number, which they

p

yR2
defined as Rep = C:]/—R. The general form of the two models is of the form of equation 2.10,
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where Pal uses ¢ = [n] and Krynke & Sek define the constant as § = —1.145 + 4.542¢ [Pal

1998, Krykne & Sek 2004].

Pm (1 - Ur_l/f/(pm) = Kksa + Kgsslog(Rep) + Kysellog(Rep)]? (2.10)

Notably, Yu et al [2002] have developed a model for the dual, quantitative link
between rheological and morphological parameters for mixtures of Newtonian fluids and
morphologies of ellipsoidal drops dispersed in continuous phases. For simple shear flow they
predicted shear-thinning behaviour at large shear rates. According to their model (equation
2.11) viscosity is a function, among others, of the Capillary number, Ca, which depends on
drop size (full definition in the next section, equation 2.15). Correlation between viscosity and
Capillary number permits (i) prediction of shear thinning and (ii) determination of drop size
by knowledge of rheological data. Constants f,, f,, K, and characteristic time y are
calculated from equations 2.12 and 2.13. Substitution of f;, f>, K, and y from equations 2.12

and 2.13 to equation 2.11 gives equation 2.14. A similar equation as 2.14 has also been

proposed by Pal [2007] for dispersions of slightly deformed liquid droplets.

_22+3+3(A-1De 10Ky x fLf2

T=22+3-20-D¢ " 3221320 Del(CZ + ) (2.11)
_ 40(1 +1) 5 6t A+ 1)(21+3)e

fi= (224 3)(191 + 16)’f2 T 22+3"Y T5R5(A+ 1) - (54 + 2)¢ (2.12)
_NcR

X== (2.13)
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5(1—-1) N 5 160(A + 1)(191 + 16)
2443 214316001+ 1)%2 4+ (194 + 16)2(21 + 3)?Ca?

n-=1+¢ (2.14)

From the above discussion it is evident that although many viscosity models
correlating system's viscosity with volume fraction of dispersed phase and, when relevant,
with viscosity ratio between dispersed and continuous phases, have been suggested in the
literature, a quantitative link between rheology and morphology is yet to be understood. There
are only few models where drop size is part of the equation, but there is a complete lack of
models featuring other morphological parameters, such as drop deformation and orientation
angle to the direction of the flow. To study the link between rheology and structure, and
validate developed models, experimental data acquisition is important. The requirement for
optimum quality simultaneous rheological and morphological measurements is therefore

demonstrated.

2.3 Morphology

Morphology (from the Greek work ‘morphi” which indicates shape) refers to the study
of the (micro) structure of a material. It is an important parameter of matter and, linked with
rheology, often crucial for characterisation of the sensory features, texture, process-ability and
quality of a product. It is determined by material properties and processing parameters and it
affects the rheological, optical, and transport properties of the system [Tucker and Moldenaers
2002, Mours et al 2003]. Although structure often plays a critical role in product quality and
failure to successfully control morphology may result in poorly textured products, the topic

has received relatively little attention in the open literature [Puyvelde et al 2003].
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Typically, morphologies expected on blending of oil substances with aqueous phases
as well as on mixing of a number of immiscible polymeric materials involve drops dispersed
in continuous phases [Verhulst et al 2009, Huitric et al 2009]. However, other morphologies
have also been reported. For example, aqueous two phase systems have been reported to
exhibit structures that vary from simple drop type microstructures to multiple dispersions and
steady string like arrangements, depending on their composition and flow conditions
[Spyropoulos 2007]. By ‘steady’ it is meant here that those structures are stable under shear
flow and distinct from transient elongational configurations occurring in sheared systems that
lead to destabilisation and drop breakage. Examples of different microstructures for systems

at rest are shown in figure 2.5.

Confining the following discussion to morphologies consisting of drops dispersed in
continuous phases, the structural development of a single, Newtonian, liquid drop under shear
flow is presented in the next section. The effect of increasing concentration of dispersed phase

is subsequently briefly discussed in section 2.3.3.
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Figure 2.5: Examples of different microstructures at quiescence: (a) oil drops dispersed in aqueous
continuous phase; (b) aqueous drops dispersed in aqueous phase; (¢) double aqueous / oil / aqueous
emulsion; (d) strings of aqueous / aqueous systems. [Images obtained with in house equipment developed
during this project]. Image width 2.4mm except in (a), where it is 1.2mm. Various geometries used.

2.3.1 Single Drop Under Simple Shear Flow

The shape of a single drop immersed to another fluid is determined by the forces
acting upon and within it. At quiescent conditions and in the absence of other forces such as
gravity it will assume a spherical shape, as dictated by the interfacial tension between the drop
and its surroundings. When subjected to shear, the drop will deform as a result of the change
in local stresses acting on it. Sheared drops in deformation studies are usually assumed to
develop into symmetrical shapes, which in general is in good agreement with experimental

observations [Jansseune et al 2000].

Deformation and breakage of a single drop immersed in a continuous phase and

subjected to shear flow are governed by the balance between viscosity-driven deforming
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stresses and the counteractive Laplace pressure-driven restoring stresses [Williams et al 1997,
Janssen et al 1994]. The resulting dimensionless Capillary number is defined in equation 2.15.
Interfacial tension 7 is the force acting at a right angle to a line of unit length at the interface

(tangential).

Viscous Stresses N:YR
Ca =

= = 2.15
Laplace Pressure Stresses T ( )

The type of shear deformation and breakage is determined by Ca as well as by
viscosity ratio between dispersed and continuous phases A. The critical Capillary number
(Ca.,) provides by definition a numerical barrier above which the drop becomes unstable and
breaks. Grace curve (figure 2.6, adapted after Jansen et al 2000) is an experimentally obtained
graph that correlates the critical capillary number with A for initially spherical drops subjected
to gradually increasing shear rate. Later attempts to fit the Curve into an equation include that
of de Bruijn [Tucker et al 2002] given by equation 2.16, which is also shown in figure 2.6.
Grace Curve suggests that drops subjected to simple shear flow break easier in the
environment between 0.1 <A <1 and that for viscosity ratios between dispersed and

continuous phases above approximately 4, shearing does not result in drop breakage.

0.115
logA —log4.08

logCa,. = —0.506 — 0.0995logA + 0.124(logA)? — (2.16)
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Grace curve
———de Bruijn's equation
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Figure 2.6: Grace curve and de Bruijn’s fitting equation

Lin and Guo [2007] have studied experimentally the deformation and breakage of a
single, Newtonian drop immersed in a Newtonian phase. They reported three distinctive
mechanisms of drop breakage (figure 2.7), depending on the imposed capillary number. They

observed that drops subjected to capillary numbers just above their Ca  broke via necking

mechanism, which results in two practically equisized daughter drops and few satellites
(figure 2.7.a). For drops subjected to medium capillary numbers, Ca., < Ca < 2Ca,,, end
pinching mechanism was dominant, where the initial drop deforms to a thread like shape with
bulbous ends that eventually detach, showing also formation of small satellites. The process is
repeated on the remaining part of the drop until no more breakage occurs (figure 2.7.b). The
third breakage mechanism, namely capillary instabilities, was recorded for drops subjected to
Ca > 2Ca... In this case, initial drop again assumes a thread-like shape but this time
instabilities occur both in the end and in the central part of the thread and as a result the drop

in breaks into many uniformly sized daughter drops and small satellites (figure 2.7.c).
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Figure 2.7: Drop deformation and breakage under shear: (a) necking; (b) end pinching; (c) capillary
instabilities [Lin and Guo 2007].

De Bruijn [1989] has also described a fourth breakage mechanism, which he called
tipstreaming (figure 2.8). He reported that drops with uneven interfacial tension along their
surface deform into a sigmoidal shape and a stream of very small droplets is released off the
pointed ends of the deformed drop. Uneven surface tension might develop, for example, in
stirred emulsions, where the flow pushes the emulsifier towards the end of the drop
[Groeneweg et al 1994]. Tipstreaming may occur in Capillary numbers well below the critical
Capillary number of a system of identical viscosity ratio but free of surfactant, and therefore it

might play an important role in emulsification.

Figure 2.8: Tipstreaming [de Bruijn 1989]
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At low capillary numbers a drop exposed to simple shear flow typically deforms into
an ellipsoid [Spyropoulos et al 2007, Ziegler & Wolf 1999]. The elliptical planar projection of

the deformed drop with major and minor axes Ly, q; and Ly,;, respectively, is characterised by

Taylor’s dimensionless deformation parameter Def, given by equation 2.17. Although the
ellipsoidal deformation is widely accepted, other shapes have also been proposed and include
slender structures with pointed ends or cylindrical formations with hemispherical ends, but

are less common in the literature [Tucker et al 2002].

Lmaj - Lmin

(2.17)
Lmaj + Lmin

Def =

For a Newtonian drop immersed into a Newtonian, equiviscous liquid, and subjected
to small shear deformation, equation (2.18) gives Taylor’s correlation between Def, Ca and
A. Cox later proposed a modified model (equation 2.19) to account for greater capillary

numbers [Megias-Alguacil et al (2004); Sigillo (1997)].

pof — oo 19AT16 16
of =Cater+16 (2.18)
bof = pq L9216 1+(19/1Ca2_1/2 21
ef = Caterv16 20 (2.19)

It is evident from equations 2.15, 2.17 and 2.18 (or 2.19) that at steady state,

ellipsoidal deformations of dilute systems of Newtonian drops immersed into Newtonian
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continuous phases, interfacial tension 7 can be determined from morphological

measurements, provided that shear rate y is well controlled and viscosities of the two phases

are known [Sigillo et al 1997, Megias-Alguacil 2004]. This will be referred to as the ‘steady

drop deformation method’ in section 4.5.

2.3.2 Concentrated Systems

Concentrated dispersions represent a wide range of materials important for many
industries, including foods, pharmaceuticals and personal care. In addition, as the
morphological behaviour of concentrated systems may differ substantially from that of their
dilute counterparts, their study becomes both industrially important and theoretically

challenging.

At high ¢, increased interactions between dispersed entities become critical in
determining morphology of the dispersion. As a result of high concentration drops deform and
break easier (i.e. at smaller Ca) showing deviation from Grace Curve and de Bruijn’s
equation [Jansen et al 2001]. Steady drop size is then determined by the opposing processes of

breakage and coalescence.

Jansen et al [2001] have experimentally investigated the behaviour of a drop under
shear flow in concentrated emulsions of two immiscible Newtonian fluids. They reported a
tenfold reduction in critical Capillary number for ¢ = 0.7 emulsions with respect to drops in
dilute systems (Grace Curve) of the same A = 1.0. They also observed drop breakage in
concentrated systems occurring far above the limiting viscosity ratio for single drops (1 = 4).

Further analysing their results they adopted the effective medium model (which they refer to
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as ‘mean field approximation’) and recalculated an effective capillary number Ca®//, where
emulsion’s viscosity replaces that of the continuous phase in equation 2.15, as shown in
equation 2.20. They found good agreement between rescaled experimental data and points of
Grace Curve and they suggested that the determining factor of drop breakage in concentrated

emulsions is the average emulsion viscosity rather than viscosity of the continuous phase.

NemYR
T

Ca®ll = (2.20)

2.4 Experimental Techniques - Instrumentation

Methods and relevant instrumentation for measuring rheology and morphology are
presented in this section, focusing on shear rheometry and optical light microscopy, as those
are the two main areas of interest for the present work. Recent advances on instruments for
simultaneous rheological and morphological measurements are critically reviewed in the last

section.

2.4.1 Measuring Rheology

Rheometry is the component of rheology that concerns experimental techniques used
to determine the rheological response of a system under flow. It is part of many rheological
books (e.g. Barnes et al 1989) and the main topic of others (e.g. Walters 1975). Accurate
measurement of rheology is important in many industrial, experimental or theoretical

applications and it is an inextricable component of rheological research. There are currently
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many types of commercially available rheometers offering a variety of testing techniques and
flow conditions. Selection of the appropriate device and operational mode depends on the
required application that involves intended flow conditions and fluid’s properties [Rides and
Allen 2002]. Whatever the type, the general principle of a rheometer is based on applying a
controlled stress and measuring the generated flow (controlled stress devices) or inversely,

applying a controlled flow and measuring the required stress (controlled strain devices).

In relation to their operational flow conditions two major categories of rheometers are
usually reported: shear and extensional. Typically, shear rheometers are either rotational or
capillary. In the former, the sample under investigation is sheared between two surfaces one
or both of which are rotating. Those will be discussed in more detail below due to the
relevance with the present work. In capillary instruments, flow is generated by means of
pressure gradient into a pipe in vertical (capillary) or horizontal (slit) positions. Unlike shear,
extensional flows are generally considered difficult to generate and maintain in a well defined
manner [Barnes et al 1989]. Forces acting on a drop subjected to the different types of flow

conditions typically found in rheometers are summarised in figure 2.9.

Rotational instruments are perhaps the most common and developed type of
rheometers. Recently, Barnes and Bell [2003] published an interesting review on the
evolution of rotational instruments since their first commercial appearance, early 20™ century.
At that time, both controlled stress and controlled strain devices were available. However,
while controlled strain instrumentation rapidly evolved, controlled stress rheometers remained
rather static until mid 60s — early 70s. Controlled stress rheometers, initially working with
weights and pulleys, offered simplicity and economy, but posed limitations on the lower end

of shear flows applied, the measurement duration and accuracy. An air turbine was then
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introduced as the source of controlled stress and soon the whole system became automated. It
took about 20 years (early 90s) for the new technology to spread and develop, and at present
several industrial makes are commercially available, with minor differences between the
devices. Currently, instruments of very high standards, rarely used to their full potential in
standard rheological measurements, are common. Often, both controlled stress and controlled
strain modes are offered by the same device. Significantly, modern instruments are capable of
applying very low, stable shears and measure the corresponding response. Amongst other
advantages, this allows easier determination of the apparent yield stress, with the relevant
contribution to the debate questioning the very existence of real yield stress [Barnes 1999].
The next generation of rotational instruments may incorporate features for simultaneous
optical microstructural measurements and it is towards this development that the present work

wishes to contribute.

| no flow ‘ | uniaxial flnw5| biaxial flows

I

shear (x) planar elongation (x.y)

b i

hz
2| " r
: | il ;
spherical drop 3.1_“ v "3 T
X

uniaxial elongation (x)  equibiaxial elongation (y,z)
uniaxial compression (x)

Figure 2.9: Drop subjected to rheometric flows [Windhab et al 2005]
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2.4.2 Calibration of Rotational Rheometers

A schematic diagram showing the main components of a modern rotational rheometer
is presented in figure 2.10 (not in scale). The sample is contained in the measuring geometry
(parallel plates in figure 2.10 but any other geometry discussed below is applicable), whose
rotational part is clamped to the motor’s drive. The motor is responsible for application of
torque, while angular displacement is determined by the optical encoders (with accuracy of
the order of 0.5urad, Barnes & Bell 2003). In modern instruments, such as Malvern
Instrument’s CVO and Gemini used in this project, mechanical support for the rotating motor

is provided by means of an air bearing.

optical encoder

motor

motor drive

measuring geometry
(rotational part)

\ measuring geometry
m/ (stationary part)

Figure 2.10: Sketch of a rotational controlled stress rheometer showing its main components [not in scale,
adapted from Mezger 2006].

sample

Typically, raw variables determined by rotational rheometers are the applied (by the
instrument) torque and angular displacement, T4, and 68,4, respectively. In order to translate

obtained raw data into torque and displacement exerted onto the sample, Tsgmpre and Osampie
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respectively, and further into shear stress and shear rate applicable to the sample, 0g4mpi. and
Ysample Tespectively, additional information is required. Required information involves
instrument's characteristics, including the moment of inertia, air bearing friction and clamp
compliance, as well as the geometric characteristics of the loaded sample. Processing of raw
variables is schematically shown in the flow diagram of figure 2.11 and it is usually carried
out via the instrument’s software. For standard geometries supplied together with the
rheometer, required information is typically incorporated in the software and no further
calibration is required. However, customised geometries require calibration of certain

parameters if accuracy in rheological measurements is to be maintained.
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Instrument’s characteristics:
I: moment of inertia
Mg air bearing friction
J: clamp’s compliance

Tsample: torque applied to the sample.
Bsample: dlsplacement applied to the sample

Geometric characteristics:
lsample: SAMple’s radius
hsample: SAMple’s height

Osample. Shear stress in the sample
Vsample: Shear rate in the sample

Figure 2.11: Flow chart showing processing of raw data in stress controlled rotational rheometers [adapted
from Mo 2009]
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2.4.2.1 Instrument’s Characteristics

2.4.2.1.1 Moment of Inertia

The moment of inertia is a measure of an object’s resistance to changes in its rotation
rate and it is a function of its mass and mass distribution (shape). For a body rotating around
an axis, the moment of inertia is given by equation 2.21, where r is the distance of the mass
element dm from the rotation axis [Blake, 1985]. Moment of inertia can also be determined
by division of the torque with the angular acceleration, a, as shown in equation 2.22

[Benenson et al 2002].

The part of applied torque that is used to rotate the motor's drive and the rotating part
of the measuring geometry is referred to as Tjy.rtiq» and can be estimated by equation 2.23 if
the instrument's inertia, l;nstrument» and the angular acceleration are known. Obviously,
instrument’s inertia refers to the inertia of the motor's drive and the rotating part of the
measuring geometry. As a result, it is unique for each geometry and requires calibration for

new geometries.

= jrzdm (2.21)
T
] =— 2.22
) (222)
Tinertia = Iinstrument@ (2'23)
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2.4.2.1.2 Air Bearing Friction

Part of the applied torque is consumed by frictional resistance of the air bearing that

supports the motor and its rotating parts. This frictional torque, Tryiction, 1S velocity dependent

and has opposite direction than the applied velocity. At low speed it is directly proportional to

angular velocity, w, with proportionality constant the coefficient of resistance, Usriction, 88

shown in equation 2.24 [Mo 2009].

Tfriction = UfrictionW (2.24)

2.4.2.1.3 Compliance of Clamp

Clamping of the measuring geometry onto the motor’s drive may induce an angular
deformation 6.;qmp, Which is due to the clamp’s compliance, J¢;amp, and it is not directly
applied to the sample. The magnitude of 6.4,y 1s approximately proportional to the applied
torque, as shown in equation 2.25 [Mo 2009]. The value of J;qmp can be estimated from
equation 2.25 if an experiment is carried out using a much stiffer sample than the clamping
system. Raw angular displacement can then be approximated with 6.4y, . In modern
instruments and for common experimental range, clamping is often considered rigid and is
therefore ignored, or it is incorporated automatically in the instrument’s software from the

manufacturer.
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Hclamp

=T ><]clamp (2.25)

2.4.2.1.4 Calculation of Tsample and Osampie

In rotational experiments, the total T,,,, applied by the rheometer equals to the sum of
the inertia induced torque, Tinertia» the torque consumed by the air bearing’s friction,
Ttriction, and the torque applied to the sample, Tsgpmpie. The total 6,4, is the sum of the
sample’s angular displacement as well as the angular displacement of the clamp. As a result,
Tsampie and O5qmpie can be calculated by equations 2.26 and 2.27, respectively. Substituting

from equations 2.23, 2.24 and 2.25, equations 2.26 and 2.27 can be rewritten as 2.28 and 2.29.

Tsample = Traw - Tinertia - Tfriction (2'26)

esample = Orqw — eclamp (2.27)
d?e de

Tsample = Traw - Iinstrument ﬁ — Hfriction % (2'28)

esample = eraw - Traw X ]clamp (2'29)

If a sinusoidal torque of the form of equation 2.30 is applied, the resulting angular
displacement will be given by equation 2.31, where § is the phase angle between the
amplitudes of torque and displacement, T, and 6, respectively. Sample’s torque and

displacement may then take the form of equations 2.32 and 2.33, respectively.
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Traw(t) = Tosin(wt)

Oraw (t) = Oysin(wt + §)

Tsample (t) = Traw(t) - Iinstrument

d20,q4 (1)

4z Urriction

gsample () = Oraw(t) — Traw(t)

X ]clamp

dByqw (1)
dt
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(2.33)

(2.30)

(2.31)

(2.32)

Computational results of sample’s torque and displacement obtained from equations

2.32 and 2.33 for variables shown in table 2.2 have been presented by Mo [2009] and are

plotted in figure 2.12. For the plot of figure 2.12, values of moment of inertia, friction

coefficient and clamp’s compliance of table 2.2 have been considered. Those are typical of

the range found in rotational rheometers. As indicated by figure 2.12, the torque induced by

friction in the air bearing is very small and can safely be neglected in most cases (or it is

incorporated in the instrument's software).

Unlike frictional torque, the magnitude of inertia-induced torque in figure 2.12 is

comparable to applied T,,,,. It is essential, therefore, to calibrate instruments and measuring

geometries in terms of their inertial contribution to the measurement.

Table 2.2: variables for computation of sample’s torque and displacement from equations 2.32 and

2.33.

To

6o

1 instrument

:ufriction

] clamp

11671

0.0504

96.9°

16.64

1.046

0.006961
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Figure 2.12: Computational results of torque and angular displacement from equations 2.32 and 2.33 and
variables as in table A.1 [Mo 2009].

2.4.2.2 Geometric Characteristics

In rotational rheometers, commonly used coaxial cylinders (CC), parallel plates (PP)
and cone / plate (CP) geometries are typically made of stainless steel or, more rarely, the
lighter acrylic or aluminium materials are used. The instrument applies a controlled torque T
and measures the corresponding angular velocity w or vice versa, a controlled angular

velocity is applied and the required torque is measured. Basic principles of those geometries
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are presented below and refer to Barnes et al [1989], Chhabra & Richardson [2008] and

Walters [1975], unless otherwise specified.

A loaded CC (or ‘cup and bob’) geometry is sketched in figure 2.13. In standard
devices, loading of the investigated system typically overflows the cup. However, with the
developed optical geometry, the sample is contained in the annular gap between the inner and
the outer cylinders and at height h.- from the bottom of the inner cylinder. Effort is made to
maintain constant hc in all measurements. Shear flow is generated by the relative motion
between the two cylinders. When the annular gap is narrow, 1y, /7, = 0.97 [Barnes et al
1989] (or 7, /Tour = 0.99 according to [Chhabra 2008]), curvature of the surface is usually
ignored and shear rate is approximated to be constant throughout the gap, as in the simple
shear flow of figure 2.1. One or both cylinders may rotate. Sometimes rotation of the outer
cylinder is termed ‘Couette’ while that of the inner is called ‘Searle’. Rotation of both
cylinders is usually counter-directional, creating a stationary layer (v = 0) at a certain point in

the gap.

hCC

Figure 2.13: Schematic drawing of coaxial cylinders geometry
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Errors in the measurements with CC are usually due to end effects, wall slip, inertia,
presence of secondary flows, viscous heating and eccentricities of the cylinders due to
misalignment. End-effects can be minimised through an appropriate design and
manufacturing of the instrument / relevant software or by construction of a conical bottom
surface (as in figure 2.13), although the effectiveness of the latter has been disputed
[Kelessidis et al 2010]. Wall slip has been reported to occur above all in multiphase systems
that exhibit a yield stress and roughened surfaces or specially constructed geometries, such as
vane geometry, are sometimes preferentially employed to reduce the effect [Kelessidis et al
2010, Barnes & Nguyen 2001]. Development of secondary flows for a particular system
depends on rotational speed and geometrical factors, often characterised by the dimensionless
Taylor number (equation 2.34, Batten et al 2002, Lockett 1992). For long annuli, having small
annular gap (7,,,:/7:, > 0.8), the critical Taylor number, Ta,,, above which secondary flows
occur can be approximated as shown in equation 2.34 [Lockett 1992]. Such flows may result
in an overestimation of the torque due to energy being dissipated from the vortices. The effect
of eccentricities is usually not an issue when the gap is narrow. The CC geometry poses an
important restriction on the size of dispersed particles, droplets, or aggregates of investigated
systems. To ensure adequate bulk measurements, a gap size 5 — 10 times the size of the
larger dispersed entity is recommended [Barnes 2000]. For a gap of the order of Imm this

practically translates to maximum dispersed size (diameter) of 100 — 200um.

Ta = Re? Tout —Ti Re — Ucyl(rout — Tin)
Tin , Nkin
Ta. = m*(1+ rout/rin)z (2.34)
Ccr 4‘P )

0.00056
- 0-652(r0ut/rin - 1)

P =0.0571(1 — 0.652(roue/Tin — 1)) + N
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In the limit of narrow gap, shear rate and shear stress can be calculated from the
angular velocity w and the torque T by equations 2.35 and 2.36 respectively. Viscosity 77 is
then calculated by division of o with ¥ (equation 2.37). Equations 2.35 — 2.37 refer to rotating
inner and stationary outer cylinder. If the outer cylinder rotates instead, the inner remaining

stationary, 13, should be replaced by 7, except when determining gap size.

. Tin® (2 35)

V=" '
Tout — Tin

I (2.36)

T 2mrighee '
o Your — Tin)T

n=-= ( out3 m) (2.37)
y Zﬂrinhccw

The cone / plate (CP) geometry is schematically shown in figure 2.14 and consists of a

stationary plate and a rotational, usually truncated, cone of radius r, with its base parallel to

the plate. The sample is loaded at the gap between the cone and the plate, where the plate

forms the bottom boundary and the cone is in the top.
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Figure 2.14: Schematic drawing of the cone / plate geometry

The velocity vector of the fluid loaded in a cone / plate geometry in spherical
coordinates (7, 8, Y) is described by equations (2.38), where the boundary conditions are also
shown. Shear rate and shear stress are then given by equations (2.39) and (2.40) respectively,

where K.p is a constant determined by the boundary conditions.

‘U(r) = O’ U(G) = 0, U(lp) = T'CSine w(@) (238)

w(m/2) = 0,w[(m/2) = 6c] = wc

= sing, 20 2.39
o = Kc.pcosec?8, (2.40)

Assuming cosecO; = 1 (6, < 4°), y and ¢ can be calculated by equations 2.41 and
2.42 respectively. For derivation of those correlations it has also been assumed that the free

surface of the fluid is part of a sphere with radius equal to r. and centre at the cone vertex.
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This is important when loading the sample into the geometry to avoid over-loading or under-

loading. Viscosity equals with the division of stress with shear rate, as shown in equation

2.43.
. _ Wc
V=19 (2.41)
c
3To
— . ¢ (2.42)
217 we
g = 3o (2.43)
2nrd wi

In CP shear rate is constant throughout the gap as with CC providing a clear advantage
for measuring time or shear dependent systems. However, the requirement for small gap
limits once more the applications of the geometry to systems with small particles / droplets /

aggregates. For larger dispersed bodies the parallel plate geometry (PP) is preferred.

An illustrative drawing of PP geometry is shown in figure 2.15. The sample is placed
between the upper, rotational, circular plate and a parallel, stationary bottom one. The gap
size between the two plates equals to hp. Unlike the CP geometry, shear rate in PP varies with
the distance along the radius of the top plate from zero in the centre to maximum at the outer
rim. There is no gap size limitation and therefore it is possible to study systems with large

dispersed bodies by increasing the size of the measuring gap.
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Figure 2.15: Schematic drawing of the parallel plate geometry

The velocity profile of PP is described in cylindrical coordinates (r, 8, z) in equations
2.44 where boundary conditions are also shown. At the rim of the upper plate, y and o are
given by equations 2.45 and 2.46. Equation 2.45 indicates that shear rate changes
proportionally along the radius of the plate r and angular velocity and reciprocally with gap
size. Simplification of equation 2.46 to 2.47 is valid for power law systems [Barnes et al
1989, Walters 1975]. Viscosity is then calculated from the ratio between o and y, as shown in
equation 2.48. Evidently, sample loading is critical here as viscosity depends on the fourth

power of rp, which should equal to the radius of the loaded sample.

vy = 0,v9) = 7 w(2),vz) = 0 (2.44)

w(0) = 0,w(hp) = wp

o0)
V= ’;l i (2.45)
P
3T 1 d(InT) 246
o= 23 3d(lnwp) '
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=T (1+ n) (2.47)
T a3\ T3 '
3Thp n
= 14— 2.48
7 21T wp ( 3) (2:48)

Other, less popular, geometries are also available for rotational instruments but will
not be discussed here. More information can be found for example in the rheometer's manual.
Measuring of viscoelasticity and normal stresses with rotational rheometers is also excluded
from the present review but indicates the potential of the instrument. Those are discussed for

example in Barnes [1989], Chhabra [2008], Walters [1975], Lakes [2004].

2.4.3 Optical Instruments / Techniques

Determination of microstructure is relevant to many rheologists, engineers, computer
scientists, mathematicians, etc who study complex fluids. Several optical techniques have
been employed up to date for microstructural characterisation of complex fluids, including
light microscopy (LM), transmission electron microscopy (TEM), scanning electron
microscopy (SEM), and scattering techniques, such as small-angle light scattering (SALS),
small-angle X-ray scattering (SAXS), small-angle neutron scattering (SANS), etc. An
exhaustive review on optical methods is beyond the scope of this work. Developments on the
use of optical techniques in conjunction with rheological methods have been reviewed on
several occasions in the literature [for example Linden et al 2003; Larson 1999; Wagner 1998;

Sondergaard & Lyngaae-Jorgensen 1995; Fuller 1990].
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Selecting the most appropriate optical technique depends on the required application,
including the experimental length and time scales, and the relevant availability in the specific
working environment. For example, light microscopy typically provides information for
structures larger than 2um and the corresponding time scale involved is larger than 0.01s
[Linden et al 2003; Shaw 1994]. In scattering techniques, lengths of analysed structures are
typically of the order of 1073 — 1um and the corresponding time scales range between 107 6s

and 1s [Linden et al 2003; Sondergaard & Lyngaae-Jorgensen 1995].

In SALS, SAXS and SANS, incident radiation, in the form of light beam, x-rays and
free neutrons respectively, is directed to the sample and the scattered intensity is recorded as a
function of the angle with the initial incident radiation [Linden et al 2003; Sondergaard &
Lyngaae-Jorgensen 1995]. For photons, x-rays and neutrons, scattering depends on changes
within the sample of refractive index, electron density and nuclear scattering cross section of
molecules, respectively [Sondergaard & Lyngaae-Jorgensen 1995]. The scattered intensity as
a function of scattered angle can be used to give information on the sample's microstructure,
such as size, shape and orientation of polymer species in complex fluids [Linden et al 2003;
Sondergaard & Lyngaae-Jorgensen 1995]. In the literature, rheological measurements have
been combined with simultaneous structural characterisation using SALS [Gentile et al 2011;
Azzum et al 2008; Lauger et al 2004; Xu et al 2004; Hong et al 1998], SAXS [Philippe et al
2011; Martin et al 2010; Hyun et al 2008; Panine et al 2003] and SANS [Takeda et al 2011;
Stellbrink et al 2008; Erges et al 2006]. In addition, Anton Paar has developed commercial

accessories for simultaneous rheological and optical scattering techniques [brochure].

In electron microscopy, EM, the image of the specimen under investigation is

produced and magnified with the aid of a beam of electrons. The method offers very high
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resolution potentially measuring down to less than a nanometer. In transmission EM (TEM),
high energy electrons are transmitted through the sample, which causes part of them to
scatter. The resulting image is the magnified projection of the beam electrons that have not
been scattered. Magnification can reach very high levels, but due to the process of imaging
meaningful results require very thin, layered samples. In scanning EM (SEM) the specimen is
scanned by a focused electron beam, and electrons lose energy when encountered with the
specimen’s surface. Image is produced through a secondary signal, such as heat, secondary
electrons, or x-rays, and represents a bulk picture of the sample. Both TEM and SEM function
under vacuum. Recently, a new procedure has evolved, the environmental SEM, which does
not require vacuum to operate thus permitting analysis of non-dry systems. EM produces
images of high quality and has been combined with rheological measurements to visualise
solidified structures [see for example Huitric et al 2009, Habeych et al [2008], Yang et al
2008, Wang and Zheng [2005], Jansseune et al 2003, Mours et al [2003], Hong et al 2000,
Martin et al 2000, Wolf et al [2000]. However, the technique cannot offer morphological
characterisation simultaneously with the rheological measurements, as image acquisition

requires a solid-like material.

In the present work, light microscopy has been employed for visualisation of
structures. From a historical point of view, the term "microscopy", from the Greek words for
"small" and "to view", was first introduced in 1624 in Italy by the first Accademia dei Lincei,
whose member included Galileo [Croft 2006]. As mentioned above, Robert Hooke was also

among the first scientists to systematically study microscopy [Croft 2006].

In light microscopy, the subject under investigation is illuminated with light of visible

wavelength and magnification is obtained by using a single or multiple lenses [Slayter &
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Slayter 1992]. Lenses with different optical properties or in combination may be used to
achieve the required magnification. The resolving power of optical microscopes (i.e.
minimum separating distance between distinguishable objects) has been theoretically
determined to about 0.2um, but it has been reported that reliable measurements are obtained
for objects larger than about 2Zum [Shaw 1994]. In practice, many industrial and research
applications are well within this size range, establishing the technique among the most
popular in structure analysis. Interestingly, the technology to visualise entities beyond the
limit of 2um has recently been reported [Want et al 2011]. In modern instruments images are
usually recorded via a charge-coupled device (CCD) camera and stored in a computer for

further analysis.

Experiments with light microscopes are simple, very reliable and offer direct
visualisation of the object. Information on the size, shape and orientation of dispersed entities
under flow can be obtained with appropriate image analysis using computer software. On the
downside of the technique is the requirement for suitable optical properties of the sample., as
a certain degree of transparency is essential. In addition, optical contrast between examined
object and its surrounding background is required. Optimising the lighting conditions
significantly improves the quality of acquired images, which is of particular importance for
difficult samples, such as aqueous two phase systems where refractive indices of the
ingredients are very similar, highly concentrated emulsions, or complex multiphase systems
relevant to the industry. Optical light microscopy is adjustable to combine with rheometrical
instruments and provides the potential of in situ recordings. Combined rheological and optical

microstructural techniques are discussed in more detail the next section.
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2.4.4 Rheo-Structural Instrumentation

Rheo-structural measurements refer to the linkage between rheological recordings and
structural observations. Basic concepts of rheo-structural techniques have been reviewed
elsewhere [Fuller 1995, Wagner 1998] and will not be included here. Their importance
specifically in relation to food has been considered by Linden et al [2003]. Here, focus is

given on recent instrumentation and commercial solutions of rheo-structural devices.

Rheo-structural instruments can be categorised based on whether optical
characterisation is direct (simultaneous with rheological) or indirect (following rheological).
In indirect methods rheology and structure are determined separately and structure
solidification is often necessary prior to morphological observations, for example when
electron microscopy is used for morphological observations. Structure immobilisation
frequently occurs by means of gelation [Wolf et al 2000] or quenching [Jansseune et al 2003;
Habeych et al 2008; Yang et al 2008; Wang & Zheng 2005, Mours et al 2003, Hong et al

2000 ; Martin et al 2000].

Indirect methodologies pose no specific restrictions on selection of rheometer and / or
optical instrument / technique, as structure is determined separately from imposition of flow.
For example, a rotational or extensional rheometer can equally be utilised and coupled with
optical microscopy, scanning electron microscopy or any other optical technique. However,
recorded morphologies generally differ from those generated by the flow, due to
microstructural changes occurring in the time separating the rheological and morphological
measurements or during the process of structure immobilisation. In addition, while
observation of steady state morphologies is fairly straightforward, monitoring structure

evolution in a detailed, real-time manner is impossible with indirect techniques due to the
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nature of the experiments. Step structural changes may be observed in a laborious batch
process where the experiment is halted and microstructure is determined at different stages of

the measurement [Mours et al 2003].

Direct rheo-structural methods, on the contrary, offer simultaneous rheological and
morphological data recordings and therefore the potential of directly investigate the link
between rheology and structure. Extended applications of direct techniques [reviewed by
Puyvelde & Moldenaers 2006] also include studies of different structural formations, drop
deformation and breakage under controlled flow fields, detailed investigation of the process
of coalescence, observation of structure relaxation after cessation of well controlled flow, and
estimation of interfacial tension from measurements of steady drop deformation under

controlled shear flow.

Direct rheo-structural instruments typically join a rheometer with an optical technique
into a single device and have been reported in relevance to a number of different flow
conditions, including rotational flow [discussed in more detail below] complex flows
[Soulages et al 2008; Testa et al 2001], capillary [Lee & Mackley 2001] and optical micro-
rheometry [Biesiada et al 2006; Bransky et al 2006]. In recent years, rotational rheometers
have been combined with optical microscopes in realisation of both home-made [Erni et al
2011; Keshtkar et al 2010; Desse et al 2009; Lin & Guo 2007; Mighri and Huneault 2006;
Vervoort and Budtova 2005; Jeon & Hobbie 2001; Guido and Villone 1998] and commercial
[Linkam Scientific Instruments; Anton Paar, Thermo Fisher Scientific] devices for

simultaneous rheological and morphological measurements.

Commercialisation of direct rheo-structural instruments reflects the response of

established companies in the field of rheometry to the growing interest for simultaneous
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rheological and morphological observations. The most flexible solution has been designed by
Linkam Scientific Instruments [Mobuchon et al 2009; Guo et al 2005; Puyvelde et al 2003;
Wolf & Frith 2003] and consists of an optical shearing stage supplied by quartz glass parallel
plates geometry (figure 2.16). The stage can be mounted onto an optical microscope to allow
contemporaneous visualisation of the sheared system. Although flexible, this design has the
disadvantage of not offering a complete solution for simultaneous recordings, requiring

additional microscopic equipment and assembly.

Figure 2.16: Linkam Scientific’s optical shearing stage (a) close up view; (b) mounted on optical
microscope [relevant brochure].

Anton Paar and Thermo Fisher Scientific have developed optical microstructural
accessories that can be combined with their Physica MCR and HAAKE Mars rheometers
respectively, to produce complete direct rheo-structural devices [Morishita & Kawaguchi
2009, Oldorp 2007, Lauger & Heyer 2006, Kawaguchi & Kubota 2004]. These are shown in
figure 2.17. For both designs of figure 2.17, experimental process involves illumination of the
sheared sample and image recordings via CCD camera. Key features of both units are similar:

(a) an optical measuring geometry, which replaces the standard stainless steel and consists of
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fully transparent glass PP for Anton Paar’s rheo-microscope, or an open quartz ‘window’ in
the bottom plate of PP and CP geometries for Thermo Fisher Scientific’s rheoscope (figure
2.17); (b) samples are illuminated by constant light source; (c) both light and camera are
positioned at the bottom of the measuring geometry; and (d) constant magnification is
provided by objective lenses claimed to give standard x20 and optional x5, x10 and x50

[Anton Paar and Thermo Scientific brochures].
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Figure 2.17: Commercial devices for simultaneous rheo-structural measurements by (a) and (b) Anton
Paar; (c) and (d) Thermo Fisher Scientific [(a) and (c) from relevant brochures; (b) and (d) from Lauger &
Heyer 2006 and Oldorp 2007, respectively].

Figure 2.18 shows images of polymer blends / emulsions obtained with Anton Paar’s

rheo-microscope and Thermo Fisher Scientific’s rheoscope, displayed in the brochures of the
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two companies. Those will be referred to in chapter 4 for comparison of image quality
between images obtained with the two commercially available devices and those achieved
with the new device developed in this project. Also for comparison, images of other systems

obtained with the three commercial devices are depicted in figure 2.19.

Figures 2.18 and 2.19 illustrate drops with blunt boundaries, especially under
deformation, that may pose difficulties in automated analysis with computer software even at
low concentrations of dispersed phase. In addition, maximum shear rates of simultaneous
rheo-structural recordings reported in the literature are of the order of y = 100s~1, but higher
shears are frequently relevant with industrial processes, especially in the range of products

where high shear mixing is involved [Hall et al 2011; Utomo et al 2008]

Figure 2.18: Images of polymer blends / emulsions obtained by (a) and (b) Anton Paar rheo-microscope;
(c) and (d) Thermo Fisher Scientific rheoscope [relevant brochures].
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Figure 2.19: images of (a) liquid crystals obtained by Linkam Scientific optical cell; (b) liquid crystals
obtained by Anton Paar rheo-microscope; (c) starch granules in water obtained by Thermo Fisher
Scientifric rheoscope [(a) Guo et al 2005; (b) and (c) relevant brochures].

For those reasons, a different approach has been considered in the development of the
new instrument in our lab targeting in superior image quality, especially in high shears. Key
features differ from the two commercial ones: (a) optical geometries of all typical measuring
systems (PP, CP and CC) have been constructed, offering the full range of choices of standard
rheometers. Working surfaces are made of glass providing optical transparency at low price;
(b) a stroboscopic lighting system synchronised to flash with the camera’s shutter opening is
employed to ensure optimal illumination; (c) light and camera are positioned on opposite
sides of the sample (facing each other) to enhance image quality by eliminating shadows and
reflections; and (d) magnification, defined as pixel size, can rapidly change during the
experiment to allow flexible observations of microstructural evolution according to the
characteristic size of the microstructure. With the current arrangement, high quality images
are for the first time obtained at shear rates of the order of 2 -10* s™1, set using the parallel

plate geometry at small gap size (100um).
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3.1 Introduction

New hardware has been developed for construction of an instrument for simultaneous
rheological and morphological measurements that improves the limitations of existing
experimental facilities, discussed in the previous chapter. The new device incorporates all
benefits of a modern rheometer and high quality time / spatial resolution recordings of the
system’s microstructure / morphology. Particular attention has been given to obtain sharp
images at different shear rates for a variety of two phase liquid / liquid systems, by optimising

the image acquisition unit.

In this chapter, development of the experimental setup is presented and critical
features of hardware are described in some detail. Existing software has been employed in

image analysis and is also discussed briefly.

3.2 Experimental Setup and Hardware

3.2.1 Setup Overview

The proposed experimental setup with a parallel plate geometry is illustrated in figure
3.1. Similar arrangements have been configured for cone / plate and coaxial cylinder

measuring systems.
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Figure 3.1: Diagram of experimental setup. (1) PC; (2) strobe flash; (3) synchronising trigger,
synchronises pulsating frequency of strobe light with camera’s framing speed; (4) strobe light directed to
geometry; (5) standard Malvern rotational rheometer; (6) optical measuring geometry with glass working

surfaces (parallel plates in the particular case) and loaded sample; (7) stereo microscope; (8) CCD high
resolution camera. Similar designs have been employed for all new geometries.

The setup combines a rheometer with an optical unit. The former consists of a
standard rotational controlled stress rheometer with control rate facilities and optical
measuring geometries designed and constructed during this project (see next section). A CVO
and Gemini 2 rheometers, both supplied by Malvern Instruments, have been used. The change
of rheometer was considered necessary over repeated technical failures observed with the first

1, where discontinuous rotation was visually evident.

model, especially at shear rate 400s~
There was no significant difference between the rheological results obtained with those two

rheometers for a range of tested systems (data not shown), therefore no further distinction

between them will be made.
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The optical unit, besides the geometries, is comprised of a stroboscopic lighting
system and a stereo microscope connected to a CCD camera (arrangement of different parts to
be discussed below). Gathering of simultaneous data as well as data analysis are controlled by
relevant PC software. Photos of the assembled experimental setup are shown in figure 3.2 for

the parallel plate and the coaxial cylinders geometries.

Figure 3.2: Photos of experimental setup with (a) parallel plates and (b) coaxial cylinders geometries
(detail).

3.2.2 Optical Measuring Geometries

Design of new geometries has aimed at ensuring very high optical properties without
compromising accuracy of the rheological measurements, at a reasonable cost if possible. To
meet those aims, standard geometric designs were employed but working parts were partially

made of glass. Technical drawings of the new geometries are shown in figure 3.3.
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Optical glass, polished when necessary, ensures sufficient transparency for
visualisation purposes, and it is considerably cheaper than quartz, used in other solutions for
simultaneous rheological and morphological measurements [see for example Thermo Fisher
Scientific optical unit, Linkam Scientific’s optical cell, Malvern Instrument’s optical cell for

birefringence measurements, Lin & Guo 2007].

Frames and shafts that hold the glass and fix the cone / top plates / inner cylinder in
the rheometer are made of stainless steel and provide robustness with negligible obstruction in
optical recordings. Optical obstructions occur when the shaft that holds the glass passes
between the light and the camera at the moment when images are captured, overshadowing

the acquired picture. 222At shear rate of 25051

, shadowed images were found to be less
than 15% of the total acquired images, what translates to one out of seven, or approximately

two shadowed images per one second.

Shafts were constructed in house to precisely fit the already shaped glass parts so that
accuracy in rheological measurements is not affected by misfits between shafts and glass. For
convenience, fixing of customised geometries to the rheometer was designed to mimic the

technique used by standard geometries supplied by manufacturer.
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Figure 3.3: Drawings of new geometries; (a) top view of parallel plates and cone / plate (for PP40, PP60
and CP55/2 respectively: 0=43mm, 63mm, 58mm and f=11mm, 14mm, 13mm); (b) side view of glass
cone; (¢) side views of glass top plates (d=40mm and 60mm for PP40 and PP60 respectively); (d) and (e)
side views of cone and top plates, respectively, with shafts; (f) and (g) top and side views of CC
respectively.
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Four new geometries have been constructed. The two parallel plates, with top plate
diameters of 60mm and40mm, from now on referred to as PP60 and PP40 respectively, are
conveniently suited for measurements of samples with different viscosities and a range of
particle / drop sizes. The bottom glass plate of 66mm is also utilised for the cone / plate
geometry (CP55/2 from now on), the cone having 55mm base diameter, 2° angle and 0.7mm
truncation. Dimensions of top plates and cone have been selected to equal the sizes of their
counterparts found in standard rheometric accessories kits and the small cone angle ensures
that the relevant geometric requirements, discussed in chapter 2, are met. Narrow gap coaxial
cylinders geometry (referred to as CC from now on) has annular gap of 1mm and inner to
outer radius ratio 0.97. In CP55/2 and CC shear rate is approximated to be constant

throughout the gap. Photos of the new geometries are shown in figure 3.4.

Figure 3.4: Photos of (a) constructed measuring geometries; (b) PP60 fixed on rheometer
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Gap size is critical in determining flow properties and subsequent rheometric
calculations in parallel plates and cone / plate units. Shaft heights for the particular geometries
and position of bottom plate have therefore been appropriately adjusted to ensure accurate
control of the gap within the working limits of the instrument. Working limits are posed by
the limits of the rheometer’s head vertical movement, which controls the position of the upper
platen. In CC geometry, sample height was manually maintained to = 46mm. Accuracy of
manual height control was tested by measuring various samples at 42mm and 50mm height.
Small difference, < 10%, was observed for the two extreme heights, and therefore it was

concluded that for current use, manual determination of sample height is acceptable.

3.2.3 Image Acquisition Unit

Besides geometries, other critical parts of the image acquisition unit include
stroboscopic illumination, magnification / camera, and the relevant software for image

recording.

Lighting system consists of a strobe light source and an electronic trigger /
synchroniser that is connected to both the CCD camera and the strobe light source and
matches the pulsating frequency of the light with the camera’s framing speed (see figure 3.1
above). The working principle of the synchronised strobe light is schematically illustrated in
figure 3.5. The strobe flash occurs concurrently with the opening of the camera's shutter, thus
providing strong and short illumination of the subject under examination. Synchronisation of
the light’s flashing frequency with the camera’s shutter opening ensures that all images are
uniformly and strongly illuminated. This illumination setup permits minimisation of both the

camera’s gain and shutter’s opening time and therefore guarantees maximisation of control
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over lighting conditions of the sample, independently of the lighting conditions of the

environment.

Utilising stroboscopic illumination, a technique pioneered in this lab, produces very
high quality sharp images, especially at high shears where image clarity is significantly
affected by the fast motion of the sample. Stroboscopic illumination used in this project has

been generated by a Perkin Elmer Inc. xenon strobe flash system (supplied by Metax).

strobe flash

+—Fk
L i % time
1 shutter opening 1

exposure time

Figure 3.5: Working principle of the strobe light synchronised to flash with the camera's shutter opening.

The light is positioned to flash through the sample and directly into the microscope /
camera lens (figure 3.1). This setup differs than those of existing devices, where light and
camera are located at the same side of the measuring geometry [chapter 2]. The proposed
setup considerably enhances image clarity by eliminating light reflections as well as
interfering shadows of neighboring drops. Example images that demonstrate enhanced image

clarity of the current setup compared to other commercial solutions are shown in figure 3.6.
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Figure 3.6: Images taken with (a) Anton Paar’s Rheo-Microscope; (b) Fisher Scientific’s Rheoscope; (c)
current setup (image width in (¢) is 2.4mm). Improved image quality with current setup is demonstrated.
[Pictures (a) and (b) are taken from the brochures of the companies]

Magnification in the current setting of the device is accomplished with a zoom stereo
microscope (SZ1145TR-CTV supplied by Olympus), which is connected to a CCD high
resolution Dolphin F145B firewire black and white camera supplied by Allied Vision
Technologies, AVT. According to the camera’s specifications, capturing frame rate is 15fps,

image width 1280 pixels and height 960 pixels. Images are recorded using the AVT software.

Magnification is defined in terms of the size of a pixel rather than number of
enlargement times found in commercial devices [Anton Paar and Thermo Fischer Scientific].

For the current setting maximum achieved magnification was 1.3um pixel 1.

Unlike existing commercial devices, in the proposed setup magnification can be
rapidly adjusted according to the characteristic dimension of the analysed evolving
morphology. The morphological response to the change of shear rate can therefore be
followed in real time with required accuracy / spatial resolution. In a possible future
commercialisation of the device, this feature can be automated for better control and ease of

use.
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3.3 Inertial Calibration of Optical Geometries

As mentioned in section 2.3.2, translation of raw torque applied by the device, T}, to
stress and shear rate applied to the sample requires information about the instrument’s
characteristics as well as the sample’s geometric features. For standard measuring geometries,
typically made of stainless steel or acrylic, required information is usually intrinsically
incorporated in the software and stress / strain are given automatically. However, constructed
glass geometries used in this project necessitate precise calibration if accuracy in rheological

measurements is to be maintained.

From the three main required instrument parameters, described in section 2.3.2,
instrument’s moment of inertia l;pgtrymens and compliance of clamp J¢;qmp are geometry
specific, whereas the air bearing’s friction coefficient Usyiction 18 independent of the
employed geometry. As the clamping system of new geometries was designed identically to
the standard clamp, the same compliance has been assumed and no further correction of

clamp was introduced.

The instrument’s moment of inertia has been calibrated for each of the new
geometries. The two components of I;y,strument are the individual moments of inertia of the
motor’s drive, Lyotor, and that of the measuring geometry, Iyeometry, @S shown in equation
3.1. Both motor’s and geometry’s moments of inertia are required by the instrument’s
software. The former, I,,,,¢0r, 1S independent of the geometry and it was obtained directly
from the software, to equal 1.5 - 10~°kg m?2, as shown in equation 3.2. The latter, Lycometry
was estimated separately for each geometry by performing a sinusoidal (torque) amplitude
sweep experiment without any loaded sample. The resulting angular acceleration was

measured and the total I;sryment Was determined by equation 3.3. The value of Ijeomerry
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was then calculated from equation 3.1 by substituting the values of I,,,,¢,,-, from equation 3.2,

and I instrument-

Linstrument = Imotor + Igeometry 3.1
Lyotor = 1.5-1075kg m? 3.2
T, T,
linstrument = =2 = nzlw 3.3
a w40

The plot of applied torque against resulting angular acceleration is shown in figure 3.7
for all newly constructed optical geometries. The value of I, strument €quals to the slope of
the linear regression passing through the origin of coordinates. Calculated moments of inertia

[excel 2007] are shown in table 3.1.

Table 3.1: Estimated moments of inertia of optical geometries

Coaxial cylinders Cone / plate Parallel plate 40mm | Parallel plate 60mm
diameter diameter
9.5-10"°kg m? 1.9-10"%kg m? 7.1-107%kg m? 2.6 -10"°kg m?
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Figure 3.7: inertial calibration of the optical geometries. A sinusoidal amplitude sweep experiment was
performed with each of the geometries and the calculated angular acceleration is plotted against applied
torque. The slope of linear regression passing through the origin equals I, stryment CC: coaxial cylinders;
CP: cone / plate; PP40 and PP60: parallel plate with 40mm and 60mm diameter respectively.

3.4 Image Analysis Software

Existing software has been employed for image analysis. Two software programmes
have been used. Calibration of size using an object of known dimensions is essential prior to

image analysis in both programmes.

In Morphologi G3, supplied by Malvern Instruments, loaded images are automatically
analysed. Image analysis includes measurements of drop size and size distributions, as well as
shape descriptors of individual drops, such as aspect ratio, circularity, and convexity.
Automatic analysis is simple, fast and rather effortless. However, the software poses certain
limitations on quality of the image that is being analysed in order to enable identification of
drops. Sufficiently clear contrast between boundaries of dispersed entities and background is

required so that the relevant threshold can be set. Blunt edges or other objects in close
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proximity with the drop, such as other drops or small dust entities that do not interfere with
rheological measurements, disrupt recognition. As a result, only very dilute samples, where

drop overlapping is limited, can be analysed.

Bubble Pro, a semi-automated software developed in this department [Pacek 1994],
has been employed for analysis of images outside of the requirements of Morphologi G3. In
BubblePro drops are manually selected. Circular drops are appointed either by clicking on
three points of the drops' perimeter or by sliding a set of two perpendicular lines to form a
square with sides tangential to the circle. Elliptically deformed drops are drawn manually
using again a set of two lines at right angle and dragging a rectangle tangential to the drop.
Selected drops remain coloured (yellow) so as to avoid repeated selections of the same drops.
Further analysis automatically gives drop sizes, average drop sizes, and drop size
distributions, as well as volume and number density probability functions. Shape analysis
with Bubble Pro is possible and without difficulties, but it is relatively laborious, as it requires
a considerable amount of manual input. Bubble Pro can be used for analysis of all images
with easily identifiable drops independently of dispersed phase concentration and drop

overlapping.
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4.1 Introduction

The newly developed device, described in the previous chapter, was subsequently
evaluated for the quality and potential of obtained rheological and morphological data.
Evaluation is divided into four sections, presented in this chapter. Rheometric performance
and image acquisition, tested separately, are discussed in sections 4.2 and 4.3 respectively.
The former requires accurate rheological characterisation of the investigated system, while
high quality images are characterised by clarity in morphological features and sharp

boundaries between dispersed and continuous phases, when relevant.

Section 4.4 considers simultaneous rheological and morphological recordings for a
variety of different systems, including oil / aqueous dispersions and aqueous / oil / aqueous
double emulsions. Selected examples and case studies are presented and demonstrate the
potential of the device in terms of simultaneous rheo-structural measurements. Extending the
applications of the device, section 4.5 illustrates how interfacial tension between two phases
can be estimated experimentally from direct observations of a drop of one phase immersed
into the other and subjected to controlled steady shear flow. Experimental results are
compared with values obtained with a Wilhelmy plate tensiometer for the same oil / aqueous

systems.

4.2 Rheometry

Accuracy of rheological measurements is important for the new device. All
constructed geometries were calibrated in terms of their inertial contribution to the

measurements prior to their rheometric evaluation (as discussed in chapter 3). The latter
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involves comparison between measurements carried out with the new optical geometries and
standard stainless steel geometries, supplied by Malvern Instruments. Everything else being

constant, the results should be identical.

A series of Newtonian silicone oils (SO) has been employed for measurements of
shear viscosity. Viscosity of the oil depends on its molecular chain length and the range of
tested viscosities covered two orders of magnitude, from 0.01Pa s to 1Pa s. Many systems of
industrial interest, such as emulsions and dispersions used in cosmetics and foods, fall well
within this range. The oils were subjected to an increasing-decreasing shear rate, extending
from 5571 to 500s 1. Comparison between obtained results with the optical glass geometries
— cone / plate of 2° angle and 55mm diameter (CP 2/55 glass), parallel plate of 40mm
diameter (PP40 glass) and with 60mm diameter (PP60 glass) and coaxial cylinders (CC
glass) — and viscosities measured with the stainless steel cone / plate of 2° angle and 55mm
diameter (CP 2/55 steel) and parallel plate of 40mm diameter (PP40 steel), is shown in figure

4.1.
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Figure 4.1: Shear viscosity of silicone oils of 0.0096, 0.096, and 0.97 Pa s (supplier’s values at 25°C)
measured with standard stainless steel and customised glass geometries at room temperature, maintained
between 20 — 28°C.

Excellent agreement between measurements with all geometries is demonstrated,
suggesting that newly constructed geometries are as good as standard ones in rheological
characterisation of liquids. All measurements reveal the Newtonian nature of the liquid and
display viscosity values very close to those claimed by the supplier, with average error as low

as 8%.

Errors in the measurements may be partially attributed to temperature fluctuations.
Variations of viscosity with temperature for Newtonian liquids are typically considered to
follow the Arrhenius relationship (equation 4.1), where Ka; and Ka, are constants. In the

case of water, 3% per 1°C temperature sensitivity is expected at room temperature [Barnes et
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al 1989]. It is remarked that rheological tests were performed at different days for the
different geometries, depending on required time for their construction. Room temperature
during the tests was recorded between 20 — 28°C, varying notably from the supplier’s

reference temperature of 25°C.

1N = Kyre Karz/® (4.1)

Other factors contributing to the total error may include geometric factors, such as
minor dimensional errors, deviation from parallelism and / or concentricity, or imprecise

determination of gap size, as well as experimental errors.

4.3 Image Acquisition

High quality image acquisition is among the major targets of the present project
(section 1.2). Image quality has been tested with a variety of different liquid systems and flow
conditions. The optical unit has been assessed at quiescent conditions as well as at increasing
shear. For the first time reported, clear images of morphologies with resolution of the order of

several microns are shown at very high shears, set as high as 20000s 1.
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4.3.1 Sample at Rest

The main criterion of a good quality image requires that all structures are easily
identifiable by visual observations. In the case of discrete droplets, sharp boundaries between
continuous and dispersed phases enable automation of image analysis and automatic
quantification of size / shape in dilute systems, thus offering an additional advantage, as

discussed in chapter 3.

Example images of oil / aqueous dispersions obtained at quiescent conditions with the
four new geometries are shown in figure 4.2, ordered from low to high volume fraction of
dispersed phase. Samples have been prepared by gentle mixing of relevant quantities of
silicone oil and mixtures of hexylene glycol / water or hexylene glycol / glycerol (referred to
as HGW and HGG respectively from now on) to prepare samples of 50mL. Detailed
description of sample preparation is not considered essential here as it is presented in section
5.2. Images have been captured just before or after cessation of a 5min shearing at 2505~ 1.
Parallel plate images refer to the rim of the top plate, where actual pre-shearing rate was

330571 (see section 4.4.1 and equation 4.2). Gap size between the plates was maintained to a

standard 1mm.

Figure 4.2 demonstrates very good quality images for all new geometries with good
contrast between drops and continuous phases. Dilute samples of ¢ < 0.05 show clear,
discrete drops and are easily analysed by automated computer software. At higher volume
fractions of dispersed phase images can be quantified with the semi-automated software

Bubble Pro, where drops are identified manually and analysed automatically (chapter 3).
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Figure 4.2: Images of dispersions of silicone oil in hexylene glycol / water or hexylene glycol / glycerol
mixtures at rest captured with the four new geometries, CC, PP40, PP60 and CP2/55 and at ¢ = 0.02,
0.1, and 0.3. (Image width 2.4mm)

Image quality depends, among other factors, on concentration of the recorded
dispersed entities in the image (number of entities per unit area). Large numbers of recorded
drops per unit area of the image result in unclear images with high degree of drop overlapping
and, in the case of large gap sizes, a significant number of out-of-focus drops. In those cases,

image analysis may then be prohibited unless the number of recorded drops in the captured
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image is reduced either by sample dilution or minimisation of sample volume (smaller gap).

The effect of reducing gap size in PP geometries is shown in figure 4.3.

Figure 4.3: Effect of gap size reduction in image quality of an oil / aqueous dispersion. Images were
captured with PP60 at (a) 1mm and (b) 0.3mm gap. (Image width 2.4mm)

Lowering of gap size, which may substantially improve image quality (as illustrated in
figure 4.3), is straightforwardly offered by the plate / plate geometries, but may involve
several complexities if implemented with other geometries. Small gap sizes may also be
obtained with measurements at low radius of the cone / plate geometries. Considerations
dictating the lower limit of gap sizes practically valid for an experiment include the
requirement for a 5 — 10 times difference between maximum drop diameter and gap size
[section 2.3.2] as well as errors in rheological measurements due to possible inaccuracies in
determination of gap dimensions and / or parallelism. It should be kept in mind that the
significance of geometric as well as wall slip errors is magnified as gap decreases. Gap size
reduction has also been employed to improve image quality at increasing shear rates,

discussed later in this chapter. For the case of figure 4.3, it appears that drop size is
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comparable to the small gap size (0.3mm), and therefore the validity of any rheological

measurements obtained with the small gap size is questionable and should be carefully tested.

Image acquisition has been further tested with systems that are generally considered
more difficult to capture than single oil / aqueous dispersions. Figure 4.4 illustrates very good
quality images of double emulsions and aqueous / aqueous systems at rest. Double emulsions
are characterised by a drop-in-drop structure, as the primary emulsion, already containing
droplets, is dispersed in a secondary continuous phase. Aqueous / aqueous systems are often
considered more difficult to capture because of similar refractive indices between the two
aqueous components. In addition, structures frequently deviate from the strict morphology of
drops dispersed in continuous phases, seen so far [Spyropoulos 2007, also evident in figure

4.4].

Primary emulsion of aqueous / oil / aqueous sample was prepared by mixing 170g of
continuous phase (10% span 85 in sunflower oil) with 30g HG at 800rpm for S5min with a
Silverson mixer. Secondary emulsion was then prepared by gentle mixing of 7.5g primary
emulsion with 42.5g secondary continuous phase (2% triton in HG), to produce 15%
dispersion. Concentrations of surfactants have been chosen empirically to produce kinetically

stable systems for the duration of the experiment.

Aqueous / aqueous systems of dextran (10% wt/wt) / gelatine (10% wt/wt), SDS
(10% wt/wt) / gelatine (10% wt/wt) and SDS (12% wt/wt) / pullulan (12% wt/wt) were
produced by gentle mixing of 7.5g dispersed phases with 42.5g continuous phases. Gelatine
was dissolved at 80°C, immediately mixed with dispersed phase and rapidly loaded to the
geometry. Images were taken within 3min from sample preparation to avoid gelation

occurring at cooling of sample to room temperature.
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Figure 4.4: Image evaluation in complex structures: (a) aqueous / oil / aqueous double emulsion; (b)
dextran / gelatine system; (c) SDS / gelatine; (d) Dextran / PEG. (Image width 1.2mm, various geometries
used.)

4.3.2 Sample Under Shear Flow

When a sample is subjected to shear, different types of microstructure can form
depending on properties of the sample such as volume fraction of dispersed phase, ¢,
viscosity ratio between dispersed and continuous phases, A, and interfacial tension, 7. Possible
morphologies range from deformed drops to thread-like formations and bi-continuous

structures [Spyropoulos 2007].
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Figure 4.5 demonstrates high image quality at medium shear rates for a variety of
different systems and morphologies. Oil / oil dispersion was prepared by gently dispersing 5g
sunflower oil into a 45g mixture of silicone oils (5¢St: 10c¢St = 4: 1 wt/wt). Aqueous / oil /
aqueous double emulsion and aqueous / aqueous systems were prepared as described

previously.

The structure of image 4.5.a, showing deformed drops orientated to the direction of
the flow, is typical for single oil / aqueous and aqueous / oil dispersions. Quantification as
well as prediction of the drop’s deformation and / or orientation under shear has drawn the
attention of a number of researchers due to its relevance in determination of morphology and
therefore to a certain extend texture of industrially relevant systems [for example Lin & Guo
2007, Yu et al 2002, Jansen et al 2000, Maffettone & Minale 1998, De Bruijn 1989, Bentley
& Leal 1986]. Studies on drop behaviour under shear require optimum quality experimental
data, where the shape of the drops is clearly indicated, and figure 4.5.a demonstrates the

suitability of the new device for such experiments.

The typical sheared double emulsion of image 4.5.b shows the characteristic drop in
drop structure. For the specific system and under current optic specifications, drop
deformation is only evident in the secondary (oil / aqueous) emulsion, while aqueous drops of

the primary emulsion are seen as small dots.

The two images showing aqueous / aqueous systems, figures 4.5.c and 4.5.d, illustrate
morphologies that deviate from the typical microstructure of drops dispersed in continuous
phase. Such morphologies can be solidified for example by gelation or temperature reduction

and are potentially of importance in industries such as the food industry, where manufacturing
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of a required microstructure is often determinant of the quality of the final product. Gelation

of aqueous / aqueous systems is discussed in more detail in section 5.5.

Figure 4.5: Systems under shear: (a) oil / oil dispersion at 250s~; (b) aqueous / oil / aqueous double
emulsion at 20s™1; (c) SDS / gelatine at 10s~1; and (d) dextran / gelatine at 100s~1. (Image width
1.2mm, various geometries used.)

As shear rate further increases, there are additional difficulties involved with image
acquisition, often related to drop size reduction and increase in number as well as the rapid
movement of the fluid. As a result, there is a lack of simultaneous rheological and

microstructural observations at very high shears in the literature.

90



Chapter 4: Evaluation of the new device

With the current setup it was possible to attain high quality images at shears set as
high as 20000s~1. Such high shear rates were achieved using the plate / plate geometries and
reducing gap size as required (see equations 2.3 and 2.45). Selected images are shown in
figure 4.6 (i). Measurements have been carried out with the parallel plate arrangement and
gap size was adjusted as required to optimise image clarity. It is remarked that although image
quality in figure 4.6 has been electronically enhanced, pictures on full screen appeared

significantly clearer, therefore easier to quantify / analyse.

It is evident from figures 4.5 and 4.6 that very high quality images can be acquired
with the new device for a range of different samples and flow conditions. For morphologies of
the investigated systems, images taken at medium and high shear rates up to 10000s~1 can
be quantified (determine size, description of shape, etc), as shown in figure 4.6 (ii). At higher
shear rates it appears that with the current optics only qualitative analysis can be obtained. It
should be noted, however, that at such high shear rates and small gap sizes, it becomes

questionable whether rheological measurements using rotational rheometers are reliable and

more work is required before reaching specific conclusions and recommendations.
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100pm

Figure 4.6 (i): Images of oil/aqueous dispersions at increasing shears. (a) 50005~ ; (b) 10000s~%; (c)
10000s~1; (d) 130005~ 1; (e) 16000s~1; (f) 200005 1. Volume fraction is 0.1 (a), (b) and (e); 0.2 for
(¢), (d) and (f). Images captured with PP60 geometry.
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Figure 4.6 (ii): Drop size distributions (Volume Probability Density) of sheared O/W systems
corresponding to images of figure 4.6 (). (a) 5000s™", ¢=0.1; (b) 1000051, ¢=0.1; (c) 1000051,
¢=0.2. Images captured with PP60 geometry.
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4.4 Simultaneous Recordings

Simultaneous rheological and microstructural recordings of different systems and flow
conditions are presented below and the link between structure evolution and shear is

illustrated.

4.4.1 Shear Profile of Parallel Plates: a Case Study

Good control of flow conditions is critical in rheo-structural experiments. Unlike CC
and CP, where constant shear rate is assumed throughout the gap, shear rate in PP varies with
distance along the radius of the top rotating plate from zero in the centre to maximum at the
perimeter (chapter 2). The non uniform application of stress has been cited as a disadvantage
for rheological measurements because the sample is subjected to a varied shear and the value
of imposed shear rate is therefore an average value [see for example Mezger 2006, Rosenthal

1999].

In simultaneous rheological and morphological experiments, however, the same
feature may prove to be advantageous as it offers the possibility of visual inspection of the
investigated sample under a range of shear rates in a single measurement, simply by capturing
images at different positions along the radius of the top plate. This is illustrated below for the

two extreme positions, close to the centre (1, = 7mm) and at the rim of the plate (r, =

30mm) in figure 4.7.
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In parallel plates geometries, shear rate is controlled by the software at position

r= %rp, where 7, is the radius of the top plate [personal communication with Malvern

Instruments]. In any other position, imposed shear rate can be calculated from equation 4.2.

Vx = )./p : (4.2)

wi s
.g%lxﬁ

Figure 4.7 shows images recorded at rp and 7. for a 5% oil / aqueous dispersion
(20cSt silicone oil dispersed in hexylene glycol / glycerol mixture). Shear rate was set to
increase from 551 to 5005~ 1. According to equation 4.2, therefore, shear rate at the two
positions 7, and rp ranged between 1.6 — 1565~ ! and 6.7 — 66751 respectively. The results
in figure 4.7 are from two separate experiments, each conducted with freshly prepared system,
where images were recorded at the edge and centre of the plate, respectively. The system
exhibited Newtonian behaviour with relative viscosity of the order of 1. In figure 4.7, the
image captured at 67s” was selected as an example showing an elongated, unstable drop,
which further deformed and broke into smaller droplets and it is not representative of the

steady drop shape / size.

The difference in structural evolution recorded at the edge and centre of the parallel
plate geometry clearly demonstrates the potential of the device for simultaneous rheo-
structural recordings at selected shear rates or at a continuous ramp of shear rates simply by

altering the position of the image-capturing unit along the radius of the plates. Automation of
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the feature would offer easy and accurate investigations of a sample at different shear rates

with a single measurement, offering an advantage for future commercialisation.
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Figure 4.7: Drop deformation of 5% oil/aqueous dispersion at the rim and near the centre of a PP of
60mm diameter. Nominal shear rates refer to set shear rates imposed by the rheometer; actual shear rates
(shown in brackets) are calculated from eq. 4.2.

4.4.2 QOil / Aqueous Dispersions: Non-Newtonian Behaviour Induced at

Increasing ¢

It is well established in the literature that microstructural changes occurring during
shearing of oil / aqueous dispersions at increasing concentration of dispersed phase may
induce shear thinning behaviour [Barnes 1989, Pal 1996]. Experimentally, Teipel [2002]
observed shear thinning in emulsions of paraffin oil in water for ¢ > 0.15 and Krynke and
Sek [2004] reported power-law index of the order of 0.81 for a ¢ = 0.5 system of sunflower
oil in rokafenol (all phases Newtonian). Interestingly, Jansen et al [2001] showed, but did not

comment on, increasing shear thinning behaviour for systems at increasing ¢ and phase
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composition very similar to systems of the present study: silicone oil dispersed in aqueous
mixtures of hexylene glycol with water and polyacrilic acid. From a theoretical approach, Pal
[2007] and Yu et al [2002] have suggested model equations that correlate the viscosity of the
two phase dispersion with ¢ and Ca, which predict shear thinning behaviour as volume
fraction of dispersed phase increases (section 2.2). However, morphological characteristics
are generally absent from model equations predicting the relative viscosity of two phase

systems (table 2.1).

Despite considerable progress, the relationship between rheology and morphology is
still a subject of extensive investigation [Saiki et al 2007]. Experimentally, there is limited
information on the effect of certain emulsion properties, such as drop size and / or drop
deformability, on rheology, which may be partially attributed to the limited methodology
available. As those properties are often system specific, they are difficult to study without
optimum quality simultaneous rheo-structural methods. The suitability of the new device for
such studies is illustrated here with an example of shear thinning induced at increasing

volume fraction of dispersed phase (0.05 < ¢ < 0.3) for an oil / aqueous dispersion.

Dispersions of silicone oil (of 100cSt, n; = 0.095Pa s) in hexylene glycol / glycerol
mixture (wt/wt = 5.45, 1. = 0.072Pa s) had viscosity ratio A = 1.3 and were prepared by
gentle mixing of the two phases as described in section 4.3, to produce systems of ¢ = 0.05,
0.1, 0.2 and 0.3. Experiments have been conducted with the optical coaxial cylinders

geometry.
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Figure 4.8: Rheology and structure of oil / aqueous dispersion of A = 1.3, at ¢ = 0.05 (dashed line) and
¢@ = 0.3 (solid line) under increasing shear. Enhanced shear thinning is observed at high ¢. Image width
1.2mm. (note: rheological data and images at ¢ = 0.05 were obtained with gap size 1mm; images at
¢ = 0.3 were captured at gap size of 0.5mm). Experiments with CC geometry.

Figure 4.8 shows flow curves and associated microstructures of the system at ¢ =
0.05 and ¢ = 0.3 at increasing shear rate from 5s~1 to 500s~ 1. At ¢ = 0.3, enhanced shear
thinning behaviour is observed (n = 0.85). Intermediate volume fractions (¢ = 0.1 and

¢ = 0.2) demonstrated gradual shear thinning enhancement as ¢ increased (not shown).
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At @ = 0.05, shear viscosity was only slightly affected by the presence of dispersed
phase, and relative viscosity was just above unity. The system showed near-Newtonian
behaviour with power-law index of n > 0.95. Sauter mean diameters, defined in equation 4.3

where p = 3 and q = 2 [Leng & Calabrese 2004], were 165um before shearing and 100um

at 7 = 25051,
1/(p—q)
Y. n;D}
D, = L 4.3
P (ZniDiq (%3)

At ¢ = 0.3, enhanced shear thinning response was recorded on increase of shear rate
from 5571 to 500s! and power law index reduced to n = 0.85. For this experiment,
calculated Taylor number (of the order of 1, equation 2.34) is much smaller than the critical
Taylor number (of the order of 1700, equation 2.34) and therefore inertial instabilities and
Taylor vortices are unlikely to have occurred. In addition, the effect of centrifugal phase
separation is also considered small, as the densities of continuous and dispersed phases were
matched to ensure (kinetic) stability of the system. It is suggested that observed shear thinning
is at least partially associated with significant microstructural changes occurring at increasing
of shear rate, as shown in figure 4.8, causing the system to be practically processed. Drop
breakage resulted in a 80% reduction in D3,, from 200um before shearing to 45um at
¥ = 50051, It should be remarked, however, that large drops present at high ¢ might have
interferred with the measurement, through bridging and end effects, causing an artificial
increase in measured viscosity, especially at the initial stages of the experiment. Favourable

orientation of drops to the direction of flow is also evident in figure 4.8 and it is expected to
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play a key role in observed shear thinning. However, it has been difficult to quantify with the
current setup due to the fact that position of the camera is not accurately controlled. It is

therefore difficult to accurately identify the direction of the flow in the captured images.

4.4.3 Shear Induced Destabilisation of a Double emulsion

Double emulsions are emulsions of emulsions, with a droplet-in-droplet structure
(section 4.3.1). They are used in a plethora of applications, foods, pharmaceuticals, cosmetics
and detergents to name but a few [Dickinson 2011, Jiao and Burgess 2003]. Often in
commercial products the internal dispersed droplets contain a functional substance required to
be released under specific conditions, and it is said to be encapsulated. A detergent’s perfume,
for example, is required to be preserved during washing and released upon rubbing of the
cloth with the body, while a hand cream is expected to provide its moisturising molecules on

application to the hand.

The effect of well controlled shear flow on destabilisation of a double emulsion and
release of the innermost phase can be easily investigated with simultaneous rheological and
microstructural measurements. In the present study, the freshly prepared aqueous / oil /
aqueous double emulsion was subjected to shear rate of 20s~1 for 10min. Destabilisation of
the double emulsion and release of internal drops with time of shearing is shown in figure 4.9.
Aqueous / oil / aqueous samples were prepared in a two step process, as described in section
4.3.1. Experiments have been conducted with the PP40 geometry and images have been

recorded at the rim of the top plate. Nominal set shear rate was 1557 1.
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Viscosity / (Pa s)

Figure 4.9: Simultaneous rheology and microstructure of an aqueous / oil / aqueous sample sheared at
20s~1 for 10min reveals gradual destabilisation of the double emulsion and release of inner drops with
time of shearing whilst viscosity remains practically constant. (Image width 1.2mm, experiments with

PP40 geometry.).

Figure 4.9 demonstrates gradual reduction of the inner drops concentration with time
of shearing. After 8 minutes of shearing the double emulsion is effectively destabilised to
produce a single oil / aqueous dispersion. This destabilisation process only marginally affects
viscosity of the system, which remains practically constant throughout the duration of the
experiment. Emulsion destabilisation, therefore, could not be detected by rheological
measurements alone. The effect of shearing on destabilisation of the primary emulsion is
illustrated more clearly in figure 4.10, where initial morphology of the freshly prepared
aqueous / oil / aqueous double emulsion is compared with the structures of (1) sheared and (i1)

un-sheared sample observed 10 minutes later.
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& d (b)  End morphologies

Figure 4.10: Images of an aqueous / oil / aqueous double emulsion (a) freshly prepared; (b) after 10min of
shearing at 20s™'; (c) after 10min at quiescence. The effect of shearing on release of inner drops is very
clear. (Image width 1.2mm, experiments with PP40 geometry).

Comparison between the three images of figure 4.10 shows that for the particular
product, 10 minutes of processing at low to medium shear rates (y = 20s~1) practically
destabilised completely a system that without shearing appears stable. In addition, it seems
that while shearing released nearly 100% of drops of the primary emulsion, the viscosity of
the product is maintained practically unchanged. However, further quantification of

destabilisation rate seems difficult with the current optics.

The present study illustrated the potential of the device in studying the effect of flow
on double emulsion destabilisation. By carefully choosing applied flow conditions, different
industrial or medical / biological processes can be simulated, and their effect on stability of
double emulsions investigated. Similar experiments, therefore, may provide a highly

promising methodology in the field of controlled release technology.
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4.4.4 Shear Induced Coalescence

Coalescence, i.e. the physical merging of dispersed entities, is an important
phenomenon, often playing a crucial role in the determination of the morphology of
multiphase liquid systems [Lyu et al 2000]. It may occur at quiescence, when it is sometimes
termed as static coalescence, or under flow [Utracki 2002; Lyu et al 2000]. Despite its great
importance, the extent of published literature on experimental studies of drop coalescence is
still limited [Leal 2004; Lyu et al 2000]. Lack of experimental data has been partially
attributed to technical difficulties involved with measurements of drop sizes and drop size
distributions under well controlled flow conditions [Lyu 2000]. In this section, the suitability

of the new device on such recordings is considered.

The investigated system for this study consisted of 100cSt silicone oil (0.1Pas
measured with the customised cone / plate optical geometry) dispersed in a mixture of
hexylene glycol (84.5%) with glycerol (15.5%). Continuous phase viscosity was measured,
0.085Pa s, and viscosity ratio was determined, 4 = 1.2. Volume fraction of the silicone oil
was kept constant at ¢ = 0.2. Experiments have been conducted with the cone / plate optical

geometry.

The effect of gentle shearing on coalescence was monitored by pre-shearing the

dispersion at y; = 500571

, thus inducing considerable drop breakage, followed by a
subsequent single step reduction in shear rate to y, = 1s~1. Structure evolution was recorded
at 8fps to allow accurate capturing of drop coalescence. For comparison, the same

experiment was repeated, but this time the sheared dispersion was left at quiescence, y, =

0s~1.
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Recorded increase in Sauter mean diameter for the two experimental conditions is
presented in figure 4.11. Selected images supporting findings of figure 4.11 are shown in
figure 4.12. Both figures prove the suitability of the new device in experimental studies of
drop coalescence and suggest that, at least for the specific oil / aqueous system, coalescence

was significantly facilitated by gentle shearing.
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Figure 4.11: Shows the effect of (gentle) shearing on drop coalescence after structure breakage by shearing
aty; = 500s~1. Sauter mean diameters are plotted against time after cessation of ¥; and subsequent
¥, = 0s~1 (black dots) or y, = 1s~1 (white dots). Experiments with CP2/55 geometry.

104



Chapter 4: Evaluation of the new device

Time . ] . :
© =057 Y, =1s71
0
60

Ds=100um Koot At

120

Figure 4.12: Indicative images of oil / aqueous dispersion showing coalescence after shearing at y; =
50051, and subsequent y, = 0s~* (2™ column) or ¥, = 15~ (3™ column). Fist column shows time after
cessation of y;. (Image width 1.2mm, experiments with CP2/55 geometry)
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Figure 4.12 also indicates that coalescence caused changes in drop size distributions
over time. For coalescence under gentle flow of 1s~? this is more clearly illustrated in figures
4.13 and 4.14. Figure 4.13 shows the evolution of different mean drop sizes, as defined by
equation 4.3, with time of coalescence. Variation between different mean diameters is an
indication of the degree of poly-disparity, them being equal only in the case of purely mono
dispersed systems [Padron-Aldana 2005]. Figure 4.13 therefore indicates gradual widening of

drop size distributions with time of coalescence.
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Figure 4.13: Mean drop diameters against time of coalescence at y = 1s~1. Experiments with CP2/55
geometry.

Figure 4.14 shows the measured drop size distributions, corresponding to images and
conditions shown in figure 4.12, i.e. at times t = Os, 60s and 120s after cessation of

shearing. Clearly, figure 4.14 illustrates an increase of drop sizes as well as widening of drop
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size distributions as drops coalesce with time. Closer inspection of figure 4.14 shows that
drop size distribution evolves from a narrow normal-shaped to bimodal (att = 60s) and
further to wide normal-shaped (at t = 120s). Transition from small to large drops via
bimodal distribution may indicate that coalescence initially occurred in a fraction of small
drops, of the order of 60um, which by coupling together resulted in the formation of few
larger entities, of the order of 120um. The remaining small drops subsequently merged to the
larger drops with time. Hence, the population of small drops sees gradually reduction
simultaneously with a corresponding increase in average drop size. However, in order to draw

solid conclusions about the coalescing mechanism, more work is required.

0.035
Os

60s

0.030 1
120s

0.025 -

0.020 -

0.015 A

VPD (um™)

0.010 A

0.005 -

0.000 -

Figure 4.14: Drop size distributions (Volume Probability Density) of the coalescing system under gentle
shear (y = 1s~1) at times t = Os (solid line), 60s (dotted line) and 120s (dashed line) after cessation of a
¥ = 500s~1 flow. Experiments with CP2/55 geometry.
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4.4.5 From Shelf to Lab: French Style Dressing

In this section, rheology and microstructure of a real commercial product found at the
shelves of supermarkets are shown. French style dressing is a popular salad dressing,
essentially consisting of an oil / aqueous (vegetable oil in vinegar) system. A typical, full fat
French style dressing found in a shelf of a supermarket has oil concentration of the order of
40 — 50% wt/vol [according to the manufacturers]. Under shearing flow conditions, full fat
salad dressings undergo shear thinning, partially due to their high oil concentration, as also
discussed in section 4.4.2. In recent years, due to the trend for healthier and less fattening
foods, low fat or zero fat substitutes of French dressing are available in the market. Those
options should mimic the properties of the original food as closely as possible, and therefore

there is a requirement for similar shear thinning behaviour.

To illustrate the similar rheological response between the original food and the less
fattening substitute, a full fat (45% wt/vol) and a low fat (2% wt/vol) French style
dressings, perchased from local supermarket, were subjected to increasing shear rate between
5s~ ! and 500s~1. Obtained flow curves of the two products are shown in figure 4.15, where
images of the full fat version at increasing shear are also shown. For comparison, the recorded
image of the low fat product, showing absence of oil drops, is also included. Experiments

were conducted with the cone / plate geometry.

In figure 4.15, the two products show qualitatively the same viscosity response on
imposition of shear. Curves are not very smooth, and this might be the effect of wall slip at
such high oil volume fractions. Power law indices for the full and low fat versions were
estimated at n = 0.37 and n = 0.34, respectively, confirming their similarity in terms of

shear thinning. Franco et al [1995] have studied the rheological response of salad dressing

108



Chapter 4: Evaluation of the new device

emulsions with oil content of 55% wt/vol at increasing shear rate between 1s~! and
300s71. For the range of 5571 <y < 300s™!, they reported a power law decrease in
recorded viscosity similar to that shown in figure 4.15. Reported viscosities ranged

approximately between 2Pa s and 0.2Pa s, and power law index was of the order of n = 0.3.

) 11

©

o

P

K7)

o

O

R

> 0.1 1
eeceee |OoWw fat
e full fat

0.01 ,

1 10 100 1000

Shear rate (s™)

Figure 4.15: Flow curves and images of full fat and low fat French style salad dressings. Image width
2.4mm. Experiments with CP2/55 geometry.

Figure 4.15 also illustrates the potential of the device to capture high quality images at

high dispersed phase concentrations. As shear rate increases, oil drops of the full fat product
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are shown to structure themselves to the flow, deform, break, and favourably orientate to the
flow direction, thus inducing the observed shear thinning. By contrast, there are virtually no
oil drops in the image corresponding to the low fat version, and rheological response is
engineered artificially by addition of fat mimetic agents. Indeed, there is a number of works
dedicated to the production of fat mimetic agents for salad dressings, where agents of

different composition and properties are suggested [for example Bauer et al 1991].

4.5 Estimation of Interfacial Tension with Simultaneous Rheo-Structural

Observations

Interfacial tension, 7, plays a vital role in determining the behaviour of an interface,
therefore the morphology, quality and performance, of immiscible blends. Knowledge of
interfacial tension is also important for quality control and optimisation of processing

conditions in many industries such as foods, coatings, cosmetics, detergents, etc.

Measurements of interfacial tension have been broadly classified into three main
categories [Ding et al 2002]: (i) methods based on the balance between gravitational and
interfacial forces, such as Du Noiiy ring or Wilhelmy plate tensiometer, or pendant drop
method [Arashiro et al 1998]; (ii) techniques based on measurements of equilibrium shape /
size of drops, such as the maximum liquid drop volume method [Pu and Chen 2001]; (iii)
flow related methods based on direct optical observations between the interface, involving
analysis of deformation and breakage of a thin thread of one phase ‘sandwiched’ into the
other [Puyvelde Van et al 2002], or analysis of steady drop deformation under well controlled
shear [Guido et al 2002], or analysis of retraction of a deformed drop after cessation of shear

[Spyropoulos 2006, Ito et al 2008]. It is interesting to note that all flow related methods
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correlate interfacial tension (an interfacial property) with viscosity (a bulk property). In
principle, the two properties are independent, e.g. knowledge of viscosity is not required for
measurements with the Wilhelmy plate or du Nouy ring tensiometer. It is through their
combined effect on a third feature, such as the degree of steady drop deformation, that they

can be related and the relationship used to estimate interfacial tension.

Sigillo et al [1997] compared the three techniques of flow related methods and found
good agreement between them for a polymer blend composed of poly-isomutylene and poly-
dimethylsiloxane. Comparison between the fibril break up technique with the drop retraction
method has also been reported [Puyvelde et al 2002] and good agreement has been
demonstrated for an aqueous gelatine / dextran polymer mixture. Verdier & Brizard [2002]
have described a method to measure interfacial tension, which involves examination of the
characteristic time of drop coalescence in blends of poly-isobutylene with silicone oil. Such

experiments are possible with the current device.

In this section, interfacial tension between silicone oils and mixtures of hexylene
glycol / water has been measured using the steady drop deformation method (SDDM,
described in chapter 2) and results are compared with values obtained experimentally with
Wilhelmy plate tensiometer. The latter is a well established technique involving slow lifting
of a metallic (often made of Pt) plate from the interface, measuring the required force and

dividing it with the perimeter of the width of the plate.

Drop deformation experiments have been conducted using very dilute systems of
(almost) isolated drops, prepared by gentle mixing of continuous and dispersed phases, as
described above (section 4.3). A series of aqueous phases was prepared by increasing water

concentration in the hexyelen glycol / water mixture from 0% (pure HG) to 100% (pure

111



Chapter 4: Evaluation of the new device

water). As water is heavier than HG, aqueous mixtures of increasing densities were produced.
To best match the density of each continuous phase, silicone oils of increasing molecular
chain lengths were used, a choice supported by the fact that interfacial tension between
silicone oils and aqueous media is known to be independent of the oil’s chain length
[Calabrese 1986, Pu and Chen 2001, also confirmed here experimentally, data not shown].

Experiments were conducted at steady shear rate 250s™1

and reported results have been
obtained using the coaxial cylinders geometry. Similar results were obtained with the parallel

plates and cone / plate geometries [not shown].

Figure 4.16 shows the comparison between interfacial tension values determined by
SDDM and Wilhelmy plate tensiometer at increasing water content in the continuous phase.
Overall good agreement is illustrated between the two methods for systems with water
concentration up to ca. 30% in the aqueous phases, albeit SDDM resulted in slightly higher
results. For aqueous phases with higher water content, however, SDDM failed to accurately

determine interfacial tension and resulted in significant overestimations.

Observed discrepancies at water concentration above 30% wt/wt may be due to
inaccurate determination of the deformation parameter, Def (equation 2.17), which is critical
for the SDDM. As longer oil molecules were used in this part of the graph for gravitational
reasons (as described above), dispersed drops became progressively more viscous and
difficult to deform under shear, as predicted by Grace Curve (near-spherical drops). At lower
deformations, however, deformation becomes low as well as difficult to accurately determine.

Overestimation of interfacial tension may therefore be attributed to underestimation of Def .
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Figure 4.16: interfacial tension measurements of oil / aqueous system obtained with the steady

deformation method (black dots) and Wilhelmy plate tensiometer (white dots) at increasing water
concentration in the aqueous phase.

Figure 4.16 also illustrates that in the presence of hexylene glycol there was a
significant reduction in interfacial tension. Interfacial tension between silicone oil and pure
water obtained with Wilhelmy plate tensiometer (42mN m™1) is in good agreement with the
45mN m~! reported by Calabrese [1986]. In the presence of hexylene glycol, however,

measured interfacial tension was reduced to 3.8mN m™1

, indicating that hexylene glycol has
a stabilising effect on oil droplets. This observation is important as silicone oil drop

coalescence might be significantly limited at aqueous phases where hexylene glycol is the

main component, as those employed in the present work.

Results similar to figure 4.16 were also obtained for systems where silicone oils were
dispersed in aqueous phases consisting of mixtures of hexylene glycol with glycerol (not

shown). In the presence of hexylene glycol / glycerol mixture, interfacial tension was
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estimated at 2.2mN m™1. It is noted that interfacial tension values reported here are used in

the next two chapters.

4.6 Summary

Evaluation of the device in terms of accuracy in rheological measurements, image
clarity and simultaneous rheo-structural recordings has proven the reliability of the setup on
rheo-structural studies of complex systems, even when tested at high shear rates and / or
volume fractions of dispersed phase. Excellent rheometric performance was demonstrated
when optical measuring geometries were compared with standard stainless steel geometries
supplied by Malvern Instruments at the range of investigated Newtonian viscosities, 0.01 —
1Pa s, and shear rates, 5 — 500s 1. In addition, high quality images of required resolution
were obtained for a variety of systems both at quiescence and under different flow conditions.
Very clear images of aqueous / aqueous systems, inherently considered difficult to capture
due to similar refraction indices of the ingredients, were obtained. On certain occasions,
especially at high volume fractions of small dispersed entities, reduction of gap size was
shown to substantially improved image quality, providing a clear advantage to the parallel
plate geometries, where reduction of gap size is readily available. Optical recordings under d
shear of 200005~ have for the first time been reported, adding a novelty to the present work
and providing a successful outcome for the project. However, at these high shear rates,
achieved at extremely small gap sizes, accuracy in rheological measurements becomes

questionable and an interesting subject to consider in future work.
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Simultaneous rheological and microstructural measurements demonstrated the
potential of the device and the link between rheology and structure. Experiments with the
parallel plate geometries illustrated how images of the investigated system can be captured
under a range of shear rates with a single measurement simply by moving the image capturing
unit along the plate’s radius. As the image capturing unit moves towards the centre of the
plates, acquired images correspond to lower shear rates. This feature requires automisation for

exploitation of its full potential.

An oil / aqueous dispersion was subsequently shown to shear thin at ¢ = 0.3, while at
¢ = 0.05 the same system showed Newtonian behaviour. It was suggested that observed
shear thinning could be linked to significant morphological changes occurring on increasing
of shear flow, leading to re-arrangement of the drops to the flow direction, deformation, drop
orientation, and breakage. While drop breakage was easily followed with simultaneous
rheological and morphological recordings, the effect of orientation of drops to the flow

direction was difficult to study with the current setup.

A study with an aqueous / oil / aqueous double emulsion illustrated that small-to-
medium shearing may cause de-stabilisation of the double emulsion and release of the inner
aqueous phase. This observation could not possibly be determined by rheological
measurements alone, as the viscosity of the system was maintained constant. Such studies
may be relevant in investigations of controlled release systems, where the inner phase may

contain an active compound, required to be released under certain conditions.

The device was further used to illustrate the effect of gentle shearing on coalescence.

Shear-induced coalescence was successfully recorded for an oil / aqueous dispersion pre-
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sheared at 500s 1. The same system showed slower coalescence when kept at rest after pre-

shearing.

Simultaneous rheological and morphological recordings of a product directly from the
supermarket shelf were then considered. Rheology and structure of full fat and low fat
versions of French style salad dressing demonstrated similar rheological response but
significantly different microstructures due to the reduced amount of oil drops in the light

version.

The potential of the device in estimation of interfacial tension by simultaneous rheo-
structural observations was lastly demonstrated. Estimated interfacial tension values using the
steady drop deformation method showed good agreement with values obtained with the

Wilhelmy plate tensiometer.
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5.1 Introduction

In the previous chapter, the newly developed experimental setup was evaluated in
terms of quality of rheological and microstructural data acquisition. To further demonstrate
the potential of the device, this chapter presents simultaneous rheological and morphological
results obtained for selected two phase systems under shear flow. Those systems are formed
by mixing of two immiscible or partially miscible components and they are important for both
industrial applications and in fundamental research [Tardos 1994]. In the industry, many
consumer products are manufactured based on the processing of such systems, including food
and other emulsions, pharmaceuticals, cleaning creams, body lotions, inks, paints, pastes,
liquid crystals etc [Tadros 1994, Larson 1999]. On a fundamental level, two phase systems
are usually the simplest model systems that are theoretically or numerically investigated from
researchers working on understanding the interactions between dispersed entities and the

relationship between properties in the micro-scale and macro-scale [Tadros 1994].

In two phase liquid / liquid systems, one phase is typically dispersed in the other, the
continuous phase, in the form of drops, though, as discussed in chapter 4, other morphologies
are also possible, for example formation of thread like arrangements. Dispersed and
continuous phases may be predominantly hydrophobic (‘oil’) or essentially hydrophilic
(‘aqueous’), and therefore their combinations result in oil / aqueous, aqueous / oil, oil / oil and
aqueous / aqueous dispersions. In the present chapter, rheology and structure of example
liquid / liquid systems covering all combinations of "oil" and "aqueous" phases are presented.
Each type of dispersion is presented in a separate section. Oil / aqueous systems are

considered in section 5.2, aqueous / oil dispersions in section 5.3, oil / oil systems in section
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5.3 and section 5.4 presents results on an aqueous / aqueous system. Contents of the chapter

are summarised in section 5.5.

5.2 Oil / Aqueous Systems

Rheology and structure of systems of silicone oil dispersed in Newtonian aqueous
phases have been measured and results are presented in this section. Focus is specifically
given on the effect of volume fraction of dispersed phase, ¢, and viscosity ratio between
dispersed and continuous phases, A, on rheology and microstructure of the oil / aqueous
systems. It is noted that the term “aqueous” here is used to conveniently describe hydrophilic

phases fully miscible with water, but which might not contain water.

Materials and methods are briefly described in the next section. Measurements over a
wide range of 1 (0.2 < A < 67) and volume fraction of dispersed phase between 0.02 < ¢ <
0.3 have been conducted under steady as well as at increasing-decreasing shear rate. Results

are presented separately for the two shearing profiles in sections 5.2.2 and 5.2.3, respectively.

5.2.1 Materials and Methods

Investigated systems were required to (i) have Newtonian oil and aqueous phases; (i1)
be kinetically stable for the duration of the experiment; (iii) be easy to prepare; and (iv)

enable isolated investigation of the effect of ¢ and A on rheology and structure.
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Stability of the dispersions was ensured by matching the densities of the dispersed and
continuous phases, therefore eliminating the driving force for creaming and / or
sedimentation. Stability of all systems was tested by monitoring the degree of separation by
visual observation of the dispersion in a beaker and also by careful microscopic observations
of a system loaded to the rheometer. Systems that remained stable for minimum 3 hours after

preparation were characterised as ‘stable’ and were used for further analysis.

Silicone oils have been chosen as oil phases. Those are Newtonian liquids available in
a vast range of viscosities (from 1073 — 10*Pa s), which depends on their molecular chain
length. Silicone oils used in the present study had viscosities ranging between 0.01Pa s and

1Pa s.

Silicone oils have nearly constant densities independently of their viscosity.
Investigated silicone oils displayed densities between 930 — 970kgm ™3, the lower density
corresponding to the smaller molecular chain length and the lower viscosity oil. Due to the
nearly constant densities of dispersed phases, kinetically stable systems could be prepared
over a wide range of A by altering the viscosity of the oil only, while maintaining the same (or
nearly the same) aqueous phase. In addition, interfacial tension between silicone oils and
aqueous phases is known to be independent of the viscosity of the oil [Calabrese 1986, also
confirmed here experimentally (section 4.5)], which facilitated the isolated study of the effect

of ¢ and A on rheology and sturcture (requirement (iv)).

Mixtures of hexylene glycol (HG) with water or with glycerol were used as
continuous phases. HG was chosen due to its low density, lower than the density of the oil.
Water and glycerol are fully miscible with HG and can increase the density of the mixture as

required to kinetically stabilize the system.
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Individual rheological measurements of oil and aqueous phases indicated that they
were all Newtonian, e.g. power law indices were above 0.98 (equation 2.7). Interfacial
tension of silicone oil with HG / water and HG / glycerol was measured with a Wilhelmy
plate at 0.0038Nm™?! and 0.0022Nm ™1, respectively as described in section 4.5. As glycerol
is more viscous than water, systems where aqueous phases were mixtures of HG with glycerol
were generally of lower A than systems of similar densities with aqueous phases consisting of

mixtures of HG with water.

Twelve oil / aqueous systems have been prepared and used for simultaneous
rheological and morphological measurements. Viscosity ratios of the systems covered the
range between 0.2 — 68, as shown in table 5.1. Each system was measured at volume
fractions of dispersed phase of 0.02, 0.05, 0.1, 0.2 and 0.3 following the same experimental
procedure, which is described below. Preparation of each 50mlL involved addition of the
relevant amounts of continuous and dispersed phases in a 200mL beaker and subsequent
gentle mixing for 15s. Freshly made samples were measured well within the limit of 3 hours

from preparation, where samples have been proven stable.

121



Chapter 5: Rheology and structure of selected two phase systems

Table 5.1: Composition and properties of investigates systems.

Dispersed phase | Continuous phase Nq (Pas) 1. (Pas) A
10cSt SO* 94.4%HG* + 5.6%Gl" | 0.0095 0.041 0.2
10cSt SO 91%HG + 9% W™ 0.0095 0.029 0.3
20cSt SO 90%HG + 10%Gl 0.019 0.053 0.4
50cSt SO 85%HG + 15%Gl 0.049 0.071 0.7
20cSt SO 84%HG + 16%W 0.019 0.022 0.9
100cSt SO 84.5%HG + 15.5%Gl | 0.095 0.072 1.3
50cSt SO 75%HG + 25%W 0.049 0.017 29
350cSt SO 83%HG + 17%Gl 0.35 0.076 4.6
100cSt SO 72%HG + 28%W 0.095 0.017 5.6
1000cSt SO 80.4%HG + 19.6%Gl | 0.88 0.080 11
350cSt SO 68%HG + 32%W 0.35 0.013 27
1000cSt SO 66%HG + 34%W 0.88 0.013 68

*HG: Hexylene glycol; Gl: Glycerol; W: Water; SO: Silicone oil

Rheology and structure of all systems of table 5.1 were studied under (i) steady shear

rate of 2505~ ! and (ii) increasing shear rate from 55! to 500s~? followed by decreasing

shear rate from 5005~ to 55~1. Rheology of each flow curve experiment was measured at 42

fixed shear rate points in total (i.e. 21 in each direction of increasing and decreasing shear

rate), at logarithmic intervals, as shown in table 5.2.

Table 5.2: Table of investigated shear rates at the flow curve experiments (in s™)

5.0 10.0 19.9 39.7 79.2 158.1 315.5
6.3 12.6 25.1 50.0 99.8 199.1 397.2
7.9 15.8 31.6 63.0 125.6 250.6 500

Measurement of each experimental point involved 10s “waiting time”, where the

system was sheared at the corresponding shear rate without recording rheological properties,

followed by 10s “integration time”, where viscosity was measured and averaged. Experiments

have been conducted using the coaxial cylinders geometry. The range of studied shear rates is
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typical for pipe flow in pumping applications as well as polymer extrusion and it is relevant in
physiological research, as it is representative of the venous shear rate [Barnes 1989, Haynes et
al 2011]. Shear step experiments are relevant to industrial applications, where systems are
usually subjected to complex, often transient flows. Experiments under steady shear flow are
relevant for example for fundamental studies of drop dynamics and interactions under

equilibrium conditions.

5.2.2 Rheology and Structure Under Steady Shear Rate of 250s™

Rheo-structural results obtained for oil / aqueous systems at steady shear rate of
250571 are presented in terms of (i) time to develop steady state structure, especially at high
viscosity ratio between dispersed and continuous phases, (section 5.2.2.1); (i1) comparison of
obtained steady state relative viscosities with viscosity models found in the literature,
discussed in section 2.2 (section 5.2.2.2); (iii) comparison of recorded microstructure and
obtained drop sizes with Grace Curve (section 5.2.2.3); (iv) relationship between Sauter mean
and maximum obtained drop diameter (section 5.2.2.4); and (v) effect of volume fraction of
dispersed phase and viscosity ratio between dispersed and continuous phases on drop size

(section 5.2.2.5).

5.2.2.1 Time to Develop Steady State Structure

The majority of investigated systems showed time independent viscosities and very

fast development of steady morphologies at y = 250s~1. However, systems of high ¢ and A
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required finite time, sometimes of the order of 10min, to develop steady state structure,

resulting in a corresponding time to develop steady state viscosity.

For the ¢ = 0.3, 1 = 27 system, figure 5.1 illustrates gradual deformation, breakage
and favourable orientation to the flow direction of drops after imposition of flow, until a
steady structure and viscosity plateau were reached at around 10min. Left at quiescence for
long enough time after shearing, drops slowly coalesced back to the initial, coarse
morphology, which reproduced similar curves as in figure 5.1 on repetition of the experiment.
However, when the system was left for too long (e.g. overnight) complete phase separation

occurred, where oil and aqueous phases formed two distinctive parts.

The term “thixotropy” has been used to characterise the property of a material whose
viscosity decreases with time of shearing and then increases when shearing is removed
[Barnes 1997]. In his review on thixotropy, Barnes [1997] described the typical characteristics
of a thixotropic behaviour, where similarities with the response of the ¢ = 0.3, 1 = 27
system of figure 5.1 are evident. According to this review, viscosity of a typical thixotropic
system decreases with time of shearing and eventually levels out to a constant value; further,
if the shear flow is stopped and the material rests for a long time then on subsequent shearing
at the same shear rate viscosity should initially be higher and gradually reduced to the same

constant value [Barnes 1997].

Although such behaviour was observed for systems of high ¢ and A, it was not
systematically investigated further. However, figure 5.1 illustrates the potential of the device
for such investigations. For systems that showed finite time to develop steady state

microstructure, such as the ¢ = 0.3, A = 27 system of figure 5.1, the constant viscosity value
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of the plateau has been taken into consideration in the discussion of the next section, where

obtained viscosities at are compared with predictive viscosity models of chapter 2.

N

relative viscosity

time/s

Figure 5.1: Time to develop steady state structure observed at for system of At
, microstructural changes occurring on imposition of shear, until steady state structure is obtained,
result in a corresponding change in viscosity until a plateau is reached (at ). Image width
. Experiments with CC geometry.

5.2.2.2 Shear Viscosity at 250s™': Comparison with Viscosity Models from the

Literature

All correlations given in section 2.2 have been tested against experimental data and

three have been chosen for detailed discussion. Selection has been based on good agreement
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between predicted values and experimental data as well as on relevance between investigated

and considered by the model systems.

The Choi & Schowalter’s model [1975] (equation 5.1) will be referred to as ‘model 1’
for the rest of the chapter. This cell model was developed for systems similar to those
measured in the present study: two immiscible, Newtonian liquids of equal densities and finite
volume fractions of dispersed phase. The model of Phan-Thien & Pham [1997] (equation 5.2)
will be referred to as ‘model 2’ for the remaining of the chapter. Model 2 has been developed
following the concept of the effective medium theory (described in chapter 2) and considering
Taylor’s equation to describe each successive addition of infinitesimally small amounts of
dispersed phase (chapter 2 for more details). ‘Model 3’ (equation 5.3) will denote the model
proposed by Pal [2001], which is also based on the concept of effective medium but describes
each dispersed phase addition step by the equation proposed by Krieger & Dougherty (chapter
2 for more details). All models have been developed for drops with small deformations (small
Ca), a requirement which has been confirmed by simultaneous visual observations of the

system under the microscope throughout the duration of the experiments.
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Figure 5.2: Relative viscosity predictions from Choi & Showalter’s model 1 [1975], Phan Thien & Pham’s
model 2 [1997], and Pal’s model 3 [2001] at (i) constant A = 1 (equi viscous dispersed and continuous
phases) and varying ¢; (ii) constant ¢ = 0.2 and varying A; (note: fixed values of A and ¢ have been
arbitrary chosen as examples).

The three models follow the same pattern, which is evident in figure 5.2, and has been
discussed in detail by Pal [2001]. In figure 5.2, the value of 0.74 has been assumed as
maximum packing volume fraction of dispersed phase for model 3, which corresponds to the
maximum volume fraction of rigid spheres. Although higher ¢,, might be achievable for
deformable droplets, the graph of figure 5.2 is illustrative of the patterns of the three models.
At a fixed A, all models predict that relative viscosity increases with increasing ¢. At a fixed
value of ¢ and for the range of investigated viscosity ratios, the three models predict relative
viscosity to increase with A, but increasing rate reduces for 4 > 10. At A > 100 relative
viscosity becomes nearly constant and independent of A (figure 5.2). Spyropoulos et al [2007]
have found good agreement between model 1 and aqueous / aqueous two phase systems of
morphologies displaying drops dispersed in continuous phases, but Pal [2001] has reported

that model 1 over predicts and model 2 under predicts relative viscosity.
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Comparison between experimental results and the three models at ¢ = 0.05, 0.1, 0.2
and 0.3 is shown in figure 5.3. The difference between predicted and experimental relative
viscosities for the 12 investigated systems of different viscosity ratios was measured as root
mean square deviation (RMSD), calculated from equation 5.4 [Calabrese 1986 part IIJ.

Calculated RMSD values for the three models are shown in table 5.3.

It 1s evident from figure 5.3 that for the investigated systems, viscosity increased at
increasing viscosity ratio between dispersed and continuous phases, as predicted by all
models of figure 5.2. Moreover, the effect of A on relative viscosity was found enhanced at
increasing volume fraction of dispersed phase. Overall, significant scatter of experimental
points was observed at low ¢ and at increasing ¢ models were shown to over-predict obtained

viscosity data.

Comparison of experimental data with equation 5.1 shows that model 1 generally over
predicted experimental results, yet showing a similar shape/slope. For this model, deviations
above 20% were observed for ¢ > 0.2 and at ¢ = 0.3 predicted relative viscosities were
nearly double the experimental values (figure 5.3 and table 5.2). Better agreement was found
with the effective medium based models 2 and 3. Model 2 showed overall best fit with
RMSD™0%€l2 < 209 at all investigated volume fractions. Reasonably good predictions were
also obtained by model 3 at ¢ < 0.2, but deviations of the order of 30% were found at

¢ = 0.3, where the model over predicted experimental data.
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Figure 5.3: Comparison of experimental data (solid symbols) with model 1 (Choi & Showalter [1975],
solid line), model 2 (Phan-Thien & Pham [1997], dashed line) and model 3 (Pal [2001], dotted line) at
¢ = 0.05, 0.1, 0.2 and 0.3. Experiments with CC geometry.
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Table 5.3: RMSC between experiment and the three models.

RMSD
Model No ¢ = 0.05 »=0.1 ®=0.2 ® =03
model 1 3% 7% 21% 40%
model 2 4% 5% 10% 18%
model 3 4% 5% 10% 30%

Results indicate better agreement of experimental data with the effective medium than
the cell theory. It is reminded that the former assumes formation of a concentrated system by
successive additions of infinitesimally small amounts of dispersed phase, while the cell model
involves division of the system into identical unit cells that are uniformly occupied by mono-

dispersed drops (chapter 2).

Discrepancies between experimental data and predictions from model 1 may therefore
be partially due to non uniform, poly dispersed morphologies, which have been observed with
simultaneous optical recordings. An illustrative example of a captured image of the A = 0.9,
@ = 0.2 system under shear rate 2505~ ! and the corresponding drop size distribution is
shown in figure 5.4. This figure illustrates deviations from mono disparity and uniformity
required for the cell theory. Additional to morphological deviations, for the development of
equation 5.2 the authors have also assumed complete absence of surfactants. An additional
error might therefore be caused by the surface active properties of hexylene glycol (and

glycerol when present) on the oil, as described in section 4.5.
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Figure 5.4: Example of obtained morphology for the 2 = 0.9, ¢ = 0.2 system under shear rate 25051

illustrating deviations from mono disparity and uniformity assumed by the cell model: (i) captured image;
(i1) determined drop size distribution. Image width 1.2mm. Experiments with CC geometry.

All models shown in figure 5.3 over predicted obtained results, especially at
increasing ¢, and they systematically failed to successfully predict experimental data at low
A, in particular for ¢ > 0.1. For this reason, an empirical equation that correlates 7,- with ¢
and A has been developed with non-linear regression [Sigmaplot 11.0] to best fit all
experimental points. Equation 5.5, derived from Choi & Schowalter's model 1, has been taken
as a template. By doing so, it was presumed that the model might be system specific and that
by changing the constants it can be extended to accommodate the investigated systems. With
kq, k,, k3 and k, constants, the empirical equation would be of the form of equation 5.6. It
was found that experimental data fit well to equation 5.6 whenk, =7, k, = =1, k3 =7/4
and k, = 1, as shown in equation 5.7. The corresponding graph confirming the (expected)

good agreement between equation 5.7 and experimental data is shown in figure 5.5.
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Figure 5.5: The best fit curves (equation 5.7, shown as lines) with experimental data (shown as scattered
dots) at volume fraction of dispersed phase between 0.05 and 0.3 (shown as percentages in the legend).
Experiments with CC geometry.

As equation 5.7 is purely empirical, its implementation on a physical basis is rather
limited. However, comparison with equation 5.5, which served as a template, has been
considered and it is illustrated in the graph of figure 5.6 for ¢ = 0.3. Figure 5.6 also includes

the plot of equation 5.1 for comparison.

It is evident from figure 5.6 that at ¢ = 0.3, all plotted equations (5.1, 5.5, and 5.7)

predict monotonically increasing relative viscosity with increasing 4. At low A, the derived
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equation 5.7 predicts the lowest 7,., suggesting that for investigated systems inviscid
dispersed phases, compared to viscous continuous phases, marginally affected the system's
viscosity. In addition, compared to equation 5.5, the derived equation 5.7 predicts lower
relative viscosities at A < 0.5, whereas the opposite is observed for A > 0.5, where it is
equation 5.5 that predicts lower relative viscosities. Compared to equation 5.1, the best fit
equation 5.7 predicts lower relative viscosities at all viscosity ratios between dispersed and
continuous phases. At 1 > 100 all models of figure 5.5 show relative viscosities independent

of 1.

35

Predicted relative viscosity

0.1 1 10 100 1000
Viscosity ratio

Figure 5.6: Comparison between empirically developed equation 5.7 (solid line), the template equation 5.5
(dotted line) and equation 5.1 (dashed line). Experiments with CC geometry.

5.2.2.3 Comparison of Obtained Morphology with Grace Curve

Experimental critical Capillary numbers have been calculated from equation 2.9 using

the maximum recorded drop size of each sample. Comparison of acquired results with Grace
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Curve, as expressed by de Bruijn’s equation 5.8 (also as equation 2.16 in chapter 2), is shown
in figure 5.7 for ¢ = 0.02 and ¢ = 0.3, where excellent agreement is observed at low ¢.
However, at increasing volume fraction of dispersed phase, lower Ca.. numbers were

obtained experimentally than predicted.

0.115

— — 2_
log(Cag) = —0.506 — 0.0995log(2) + 0.124[log (1)] o9 (1) — log (4.08)

(5.8)
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Figure 5.7: Dependence of critical Capillary number on viscosity ratio. Line represents predicted** values
(equation 5.8); experimental data are shown as scattered dots at ¢ = 0.02 (black dots) and ¢ = 0.3 (white
dots). Experiments with CC geometry.

The effect of increasing volume fraction of dispersed phase on breakage of emulsion

drops has been experimentally studied by Jansen et al [2001] for concentrated systems with
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¢ < 0.7 using a counter-rotating coaxial cylinders geometry. They reported that at increasing
¢ drop breakage was determined by the average emulsion viscosity rather than viscosity of
continuous phase, as anticipated by the effective medium model. They found reasonably good
agreement of their results with Grace Curve at all investigated volume fractions, by replacing
Ca,, with its “effective” equivalent Ca®// (where n,,, replaces 7, in equation 2.15). Caserta
et al [2007] investigated drop deformation and breakage of polymer blends at 0 < ¢ < 0.1
under shear and also found good agreement of their experimental data with the effective

medium approach at increasing volume fraction of dispersed phase.

The effective medium model has also been employed here to analyse the experimental

data of the present work. The re-calculated C agf is compared with Grace Curve in figure 5.8
for ¢ = 0.3. The values of Ca., at ¢ = 0.3 as well as at ¢ = 0.02 are also shown for
comparison. Figure 5.8 demonstrates good agreement between Grace curve, obtained Ca,, at
dilute systems and re-calculated Caﬁff at @ = 0.3, suggesting that the effective medium
theory can successfully explain experimental morphological results. This is supplementary to
the previous section, where the effective medium theory was found to agree well with

obtained rheological data. In figure 5.8 (ii), improved agreement is shown when besides

Caeff

oIJ viscosity ratio is also replaced by 1¢/7.
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Figure 5.8 (i): Comparison of experimental morphological data with Grace Curve (solid line) at
(triangles) and (dots). Improved agreement is shown at when values of are replaced
by (white dots). Experiments with CC geometry.
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Figure 5.8 (i1): Correlation between Grace Curve (solid line) and effective critical Capillary number at
. Improved agreement is shown when viscosity ratio (white dots) is replaced by effective viscosity
ratio (black dots). Experiments with CC geometry.
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5.2.2.4 Effect of ¢ on D3, at different A

Figure 5.9 presents the variation of D3, with A at ¢ = 0.02 and ¢ = 0.3 for selected
systems under steady shear rate of y = 250s~1. All systems shown in figure 5.9 have
continuous phases comprising mixtures of hexylene glycol with glycerol, and consequently

1

they have the same interfacial tension between the two phases (2.2mN m™", section 4.5).

Figure 5.9 shows that increasing the volume fraction of dispersed phase resulted in a
reduction of Sauter mean drop sizes for all investigated systems. This behaviour is believed to
be linked with increased drop breakage and number of created small satellite drops at
increasing ¢ (discussed in the previous section), combined with the fact that coalescence was
largely restricted at ¢ < 0.3 due to the observed surface activity of hexylene glycol and
glycerol on oil drops (section 4.5). As a result, for investigated range of ¢ and A, droplet size

was primarily determined by breakage.

The behaviour of drops under shear flow in concentrated systems has been
numerically simulated by Loewenberg & Hinch [1996] and experimentally investigated by
Jansen et al [2001]. Both works suggest increased drop breakage at increasing ¢. Loewenberg
& Hinch reported for emulsions with ¢ < 0.3 and 0 < A1 < 5 and suggested that the shear
stress applied on a drop at ¢ = 0.3 is 35% higher than that applied by pure continuous phase,
due to the contribution of the surrounding drops. Increased drop breakage at higher ¢ was
therefore linked with higher shear stress “felt” by drops at concentrated systems. Jansen et al
[2001] experimentally examined systems of ¢ < 0.7 and reported a reduction of Ca,, at
increasing dispersed phase concentration up to one order of magnitude for high ¢ (of the
order of ¢ = 0.7). In addition, as mentioned in section 5.2.2.3, Caserta et al [2007] and

Jansen et al [2001] have employed the effective medium model to explain observed increase
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in drop breakage at higher ¢, and they suggested that drops at increasing dispersed phase
concentration are subjected to increased effective capillary numbers, calculated by equation
2.20 rather than equation 2.15. As increased applied capillary numbers are associated with
longer deformations and production of larger in number and smaller in size daughter droplets
(and satellites) during rupture, it is therefore suggested that those effects will be intensified at
increasing ¢. Those observations are in good agreement with obtained experimental data of

figure 5.9.

Figure 5.9 also indicates that at increasing A, the difference in obtained D5, between
dilute and concentrated systems also increases. This observation may be linked with the fact
that at A > 4 drops did not break at dilute systems, in accordance with Grace Curve. As a
result, large drops were observed at ¢ = 0.02, as drop size was determined by breakage

during the gentle pre-treatment.

In addition, at both low and high ¢ there is a characteristic minimum in D5,, occurring
at around 4 = 0.4 and A = 2, respectively. At dilute systems, this minimum is in good
agreement with Grace Curve (figure 2.6), where a minimum of Ca,, is observed at similar A.
As viscosity of continuous phase, shear rate and interfacial tension were maintained nearly
constant in all experiments, lower Ca., is expected to be linked with lower drop sizes
(equation 2.15). On increasing volume fraction of dispersed phase, the shift of observed
minimum towards higher A can be explained by means of the effective medium theory, which

predicts breakage at higher A.
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Figure 5.9: Effect of volume fraction on D3, for selected systems at 2505~ 1. Experiments with CC
geometry.

5.2.2.5 Relationship between D3; and D,y,ax

Although linear relationship between D3, (defined in equation 4.3) and Dy, passing
through the origin of coordinates (D3, = kD,,,x) has been reported on several occasions for
mixing of two immiscible liquids [Padron-Aldana 2005, Zefra & Brooks 1996, Calabrese et al
1986, Brown & Pitt 1972, Sprow 1967], generalisation of linearity as such is not justified, as
the relationship between the two diameters depends on the exact shape of size distribution
[Pacek et al 1998]. The relationship between D5, and D, should therefore be determined

on the basis of each specific mixture and experimental conditions.

In the present section the relationship between measured D3, and Dy, for
investigated oil / aqueous systems under steady shear rate of 250s~1 is discussed. Although it
is understood that recorded D, might not correspond exactly to the maximum drop
diameter of the entire system, as monitoring was spatially limited to a small part of the

geometry, it is considered that it statistically gives a good estimate of the real situation due to
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the large number of images recorded. Obtained D3, and D4 at ¢ = 0.02 and ¢ = 0.3 are

plotted in figure 5.10.

It appears in figure 5.8 that the linear relationship between D5, and Dy,,«, observed on
several occasions in the literature, is also applicable in the present study. Estimated
proportionality constants are within the range of 0.4 — 0.7 reported in the literature for other

systems / flow conditions.
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Figure 5.10: D3, against D,,,4, at @ = 0.02 (black dots) and ¢ = 0.3 (white dots). Experiments with CC
geometry.

Linear regression forced to pass through the origin of coordinates [Sigmaplot 11.0] at
low and high volume fractions of dispersed phase gave proportionality constants of 0.74
(coefficient of determination R? = 0.99) and 0.61 (R? = 0.97) for ¢ = 0.02 and ¢ = 0.3

respectively, indicating larger population of small drops produced at increased ¢ (evident in
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figure 5.10). The difference between low and higher volume fraction of dispersed phase may
be explained by examining the principal drop breakage mechanism occurring at each ¢. As
described in section 2.3, the two main breakage mechanisms involve [Lin & Guo 2007]: (i)
deformation to dumbbell shape and breakage into two equisized daughter drops and few
satellites; (i1) formation of thread like shapes that will rupture into many smaller drops and
their satellites (more details found in chapter 2). Janssen & Meijer [1993] and Padron Aldana
[2005] have reported formation of increased number of small sized satellite drops when
breakage mechanism involved thread like structures (unlike dumbbell breakage). In addition,
they both observed that longer threads resulted in larger number of satellite drops. Renardy et
al [2002] have further simulated breakage of a drop in an equi-viscous, equi-dense system
focusing specifically on the formation of satellite fragments. They reported that when the drop
1s subjected to high capillary numbers (e.g. high shear rates or higher viscosity of continuous
phase), approximately 10-17% of its volume forms large satellites of roughly mono-dispersed

size accompanied by additional formation of smaller fragments.

It may therefore be suggested that the higher proportionality constant (i.e. fewer small
drops) obtained at ¢ = 0.02 compared to ¢ = 0.3, may be linked with increased degree of
“necking” breakage (i.e. through dumbbell shapes) at dilute systems, in comparison with a
higher degree of “thread-like” breakage at higher volume fractions of dispersed phase. Taking
into consideration the effective medium concept, this difference may also be explained by
increased effective viscosity of continuous phase “felt” by the drops at increasing ¢, which
promotes the “thread like” breakage, as drops are subjected to higher capillary numbers.
Images illustrating dumbbell type drop breakage at ¢ = 0.02 and thread-like type drop

breakage at ¢ = 0.3 (4 = 0.4) are shown in figure 5.11.
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Figure 5.11: Drop breakage at ¥ = 2505~ for the 2 = 0.4 system at (i) ¢ = 0.02 and (ii) ¢ = 0.3,
showing dumbbell mechanism at low ¢ and thread-like mechanism at higher ¢. Images captured with CC
geometry.

5.2.3 Rheology and Structure Under Flow Curve at 5-500-5s™

Dilute dispersions observed under flow of increasing-decreasing shear between 5571

and 500s~! showed Newtonian behaviour with marginal effect of the presence dispersed
phase on systems’ viscosity (data not shown). On increasing ¢, significant enhancement of
the effect of dispersed phase on measured relative viscosities was observed, as it is illustrated
in figure 5.12 where selected flow curves for systems at ¢ = 0.3 are shown. At ¢ = 0.3,
increasing A caused relative viscosities to increase in value and deviate from Newtonian
behaviour. Results for the rest of the samples and conditions described in section 5.2

confirmed the observed trends.

Accuracy of rheological measurements was considered in terms of inertial and
centrifugal instabilities, as well as end effects and microstructural requirement for small drops
compared to the gap size (see chapter 2). In all experiments, the effect of inertial instabilities
and Taylor vortices was considered low, as calculated Taylor numbers were overall one order
of magnitude smaller than the estimated critical Taylor number of the experimental setup
(maximum calculated Taylor number was of the order of 100, while critical Taylor number
was of the order of 1700, determined by equations 2.34). In addition, the effect of centrifugal

forces on the measurements was considered low, as the value of ro” was low (below 10) in all
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experiments, and inhomogeneity was also prevented by the similar densities of continuous
and dispersed phases (see section 5.2.1). However, large drops were observed in some
experiments, especially at initial stages and with systems of high viscosity dispersed phase, as
it can be seen for example in figure 5.14. These large, viscous drops might interfere with
viscosity measurements, resulting in increased recorded viscosities, wherever present. On
those occasions, accuracy of rheological measurements becomes questionable. Although the
possible effect of large drop sizes in the cases of systems with viscous dispersed phases
should not be neglected, it is noted that the discussion below focuses on the effect of other
microstructural observations on the recorded viscosity data, as most systems showed drop

sizes below the limit of 5-10 times smaller of the gap size (see section 2.4.2.2).

At least three interesting features are observed in figure 5.12. The first refers to the
fact that systems with increasing A showed an overall stronger shear thinning response (lower
power law indices) as shear rate increased (black lines); the second to the intersection
between the two curves corresponding to increasing (black line) and decreasing (green line)
shear rates (cross points marked in circles in figure 5.12); and the third to the fact that zero-
shear viscosities of dispersions were higher initially (black line) than after shearing (green
line), although reduction of drop size was recorded; it should be noted here that smaller drops
are generally associated with rise in shear viscosity at constant volume fraction of dispersed
phase [Teipel 2002, Barnes et al 1989, Pal 1996]. Those observations will be discussed below
in some detail. It is remarked that all absolute values of viscosities were above 0.01Pa s,

ensuring a certain degree of accuracy in rheological measurements.
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Figure 5.12: Selected relative viscosity curves of oil / aqueous dispersions of Newtonian phases at
subjected to an increasing (black symbols) then decreasing (green symbols) shearing profile. Viscosity
ratios between dispersed and continuous phases were (circles); (triangles);
(dashes); (crosses). Experiments with CC geometry.

Shear thinning behaviour induced with increasing volume fraction of dispersed phase
has been discussed in some detail in chapter 4, where the system of was chosen as an
example. Here, results obtained for all investigated systems at constant are
considered in an attempt to understand the effect of viscosity ratio between dispersed and

continuous phases on the degree of induced shear thinning.
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Figure 5.13 shows the dependence of power-law index n on A for fixed ¢ = 0.3 for
selected systems subjected to increasing-decreasing shear rate. It is observed that as y
increases (black dots), power law index decreases monotonically for systems with increasing
A. At A = 68, power law index of the order of n = 0.82 was estimated, clearly indicating
shear thinning behaviour. Krynke & Sek [2004], Teipel [2002] and Jansen et al [2001] have
also reported similar power law indices for oil / water systems of similar ¢ and A (also
mentioned in section 4.4.2). Interestingly, on subsequent decrease of shear (white dots in
figure 5.13) all investigated systems showed near Newtonian behaviour with power law
indices n = 0.94. Observed Newtonian behaviour may be associated with the absence of
significant microstructural changes occurring as the sheared systems are subjected to a
decreasing shear rate. Example images illustrating minimal morphological changes on
decrease of shear rate of two sheared systems with low and high viscosity ratio between
dispersed and continuous phases can be found in figure 5.14. In figure 5.14, images at initial
stage, maximum shear rate and after cessation of shear flow are shown at fixed ¢ = 0.3 for
two systems, one with low and one with high viscosity ratio between dispersed and
continuous phases (A = 0.2 and A = 27 respectively). Significant drop size reduction is
illustrated on increase of shear followed by mild microstructural changes on decrease of
shear. A step-by-step presentation of structural evolution during this experiment has been
shown in figure 4.8. It is believed that principal role in the absence of major microstructural
changes on decrease of shear rate, plays the fact that at all investigated systems oil drops were
stabilised by the surface active properties of the continuous phases, which significantly

limited coalescence, as already discussed in section 4.5.
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Figure 5.13: Dependence of power law index on viscosity ratio for fixed ¢ = 0.3. An increasing-
decreasing shear profile was imposed in all experiments. Experiments with CC geometry.

Although the cause-effect relationship between microstructure and shear thinning is
well established, the exact nature of the relationship is still not well understood (quantified),
which has also been remarked in the literature [for example Keshtkar 2010, Saiki 2007, Yu et
al 2002, Teipel 2002, Mason 1999, Pal 1996]. In addition, morphological features (drop size /
shape) are generally absent from predictive viscosity models of two-phase systems, which
link relative viscosity with 1., ¢ and A but contain no morphological variables (e.g. models
presented in chapter 2). Investigations of the quantitative link between morphology and shear
thinning should certainly benefit from optimum quality simultaneous rheological and

morphological measurements, proposed with the new device of this work.

For low to medium concentration dispersions, shear thinning has been qualitatively
associated to the deformability of drops, which enables orientation to the flow direction [Pal
1996]. It is therefore likely that reduction of n at increasing A may be linked to the presence

of more viscous, large, deformable drops, as illustrated in figure 5.14. However, as mentioned
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in section 4.4.2, systematic study of the orientation of drops to the direction of the flow has
been difficult with the current setup, as the camera was positioned manually, thus obstructing

accurate determination of the flow direction.
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Figure 5.14: Rheology and structure of oil / aqueous systems at 1 = 0.2 and 1 = 27 for fixed ¢ = 0.3.
Significant morphological changes at increasing shear caused shear thinning, followed by near Newtonian
behaviour on subsequent shear decrease as minimal structural changes were observed. Image width
1.2mm . Experiments with CC geometry. (Note: images on computer screen are easily quantifiable).

Observed shear thinning may also be linked with the intersection of flow curves

observed in figure 5.12, a feature that is generally not indicated in the literature. It should be
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noted that although observed hysteresis in viscosities in figure 5.12 is marginal, and on
occasions hardly noticed (e.g. at A = 11), its occurrence was frequent and therefore requires

some discussion.

Crossing of flow curves can be interpreted as the result of the following
characteristics. At first, shear thinning response, caused by microstructural changes on
imposition of flow, produced a negative slope to the curves of increasing shear, as discussed
above. The shape of the black (increasing shear) lines corresponds well with the typical shear
thinning curve shown in figure 2.4 [Barnes et al 1989]. On subsequent decrease of shear
(green lines in figure 5.12), viscosity initially increased slightly, and further maintained an
almost zero (Newtonian) slope, causing the observed hysteresis and line intersection. Initial
small increase in viscosity can be related to the stabilising effect of the continuous phase on
oil drops (section 4.5), which largely prevented coalescence and resulted in small drop sizes.
Smaller drops are associated with higher viscosities, as mentioned above. Subsequent near-
Newtonian behaviour (almost zero slope of green lines) has been linked to absence of

significant microstructural changes, as illustrated in figure 5.14.

Although investigated systems were not thermodynamically stabilised, it appears that
shearing also caused narrowing of the drop size distributions (DSD). Figure 5.15 presents
DSD of the A = 0.2, ¢ = 0.3 system (also shown in figure 5.14 in terms of rheology and
images) before shearing, at maximum shear rate (y = 500s~1) and just after cessation of
shear flow. It shows that the initially broad drop size distribution, produced by gentle pre
treatment of the sample, significantly narrowed as shear rate increased, showing narrower
peak at maximum shear rate. Subsequent decrease of shear rate resulted in further broadening

of the narrow DSD. This was typical for all examined systems. It is noted that DSD of final
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dispersions were narrower than those of initial systems. For example, for the A = 0.2,
¢ = 0.3 system, breadth of the peaks has been determined as its span, calculated by equation
5.9 [Malvern Instrument’s Mastersizer manual], where Dgq, Dy, and Dy 5 refer to the
diameter of a drop that is the largest between the 90%, 10%, and 50% of analysed drop
population respectively. Initial (before shearing), at maximum shear rate and final (after
cessation of shearing) spans were determined at 1.9, 0.4, and 1.0, respectively, showing initial

narrowing and subsequent widening of peaks.
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Figure 5.15: Drop size distribution before shearing (solid line), at maximum shear (dotted line) and after
cessation of shear (dashed line) for the systems of figure 5.11 at fixed ¢ = 0.3 and (a) A = 0.2; (b) A = 27
(corresponding images shown in figure 5.11). Experiments with CC geometry.
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Differences in drop size distributions may also be linked to the observed reduction in
zero shear viscosities between the pre-sheared and post-sheared systems (7.0 initiar >
Nro,finat )» Which seems to contradict with the contemporaneous reduction in drop sizes
(Ds32,initiat > D32,finat)- The effect of drop size distribution on rheology is not yet well
understood, e.g. none of the equations presented in chapter 2 accounts for the impact of size
distributions on relative viscosity. However, it has been suggested that wide distributions may
cause an increase in viscosity [Pal 1996]. In the present work it appears that the role of size
distribution on system’s viscosity may be significant, and requires further systematic
investigation, which is made possible with simultaneous rheological and microstructural

recordings offered by the device of the present work.

Figure 5.15 also indicates occurrence of shear-induced coalescence on gradual
decrease of shear, which was widely observed during the experiments and more particularly at
low A (thinner drops). More detailed presentation of shear-induced coalescence (including
recorded images) has been presented in section 4.4.4. Although the present study has not

intensively focused on investigation of drop coalescence, some remarks will be attempted.

Shear-induced coalescence has been reviewed by Leal [2004] and simulated by
Borschig et al [2000]. From those reviews it can be concluded that (i) gentle flow promotes
gentle collisions, which was found to enhance drop coalescence; (ii) coalescence is
increasingly difficult at high values of viscosity ratio between dispersed and continuous

phase; (iii) coalescence rate increases with increasing volume fraction of dispersed phase.

The first two observations are evident in section 4.4.4 as well as in figure 5.15, where
it is shown that decreasing shear rate (hence imposing gentle shearing conditions) induced

coalescence at A = 0.2 but not at A = 27. Figure 5.15 also demonstrates that coalescence
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resulted in broader size distributions, as the span of the peak increased from 0.4 (aty =
500s~1) to 1.0 (after cessation of shear flow). Similar results have been reported by Caserta
et al [2005], who systematically studied shear-induced coalescence in aqueous biopolymer
mixtures and reported that on gradual decrease of a high shear rate, average drop size

increased and size distribution progressively broadened.

The effect of ¢ on observed drop coalescence is presented in figure 5.16 for the
A = 0.2 system. It is demonstrated in figure 5.16 that at all investigated volume fractions of

dispersed phase, shearing at 500s~!

resulted in drop sizes of the order of 35um, but
increasing ¢ caused increasing coalescence on decrease of shear rate. The rate of increase,

however, declined above ¢ = 0.1.
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Figure 5.16: Effect of volume fraction of dispersed phase on shear-induced coalescence. Experiments with
CC geometry.
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5.3 Aqueous / Qil systems

The device was further utilised for experiments with aqueous / oil systems, where
aqueous phases are dispersed in oil continuous phases. Besides foods (e.g. margarine), such
systems are also relevant to the petroleum industry, and therefore their mechanical properties
are of great interest to petroleum engineers [Arhuoma et al 2009]. Nevertheless, published
research on aqueous / oil systems and their direct comparison with oil / aqueous mixtures is
limited in the literature. Often, researchers assume identical rheological response for oil /
aqueous and aqueous / oil systems with similar properties (interfacial tension, viscosity ratio,
volume fraction, shearing conditions, etc) [Farah et al 2005; Pal 1998; Lee et al 1997]. The

validity of this assumption is tested in the present section for selected systems.

5.3.1 Materials and Methods

System selection was based on table 5.1, where aqueous and oil phases with equal
densities, thus capable of forming kinetically stable dispersions, are shown. As in the previous
section, the word “aqueous” is conventionally used to denote hydrophilic phases that are fully
miscible with water but which may not contain water. Continuous phases were silicone oils
with viscosities ranging between 10 — 350¢St, while aqueous phases comprised mixtures of
hexylene glycol with glycerol. Interfacial tension between the oils and aqueous phases has

been previously estimated at = 2mN m~?! (section 4.5).

Aqueous / oil dispersions were prepared by gentle mixing of the aqueous phases into
the oil, a similar pre treatment to that applied in the oil / aqueous systems of the previous

section 5.2. Properties of the resulting aqueous / oil systems are shown in table 5.3.
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Experiments presented in this section have been conducted with the optical plate / plate
geometry of 40mm diameter, gap size 1mm (unless otherwise stated). For direct comparison,
experiments of oil / aqueous systems with exactly the same phase compositions have been
conducted using the same geometry. Properties of the investigated oil / aqueous dispersions
are also shown in table 5.3. Aqueous / oil and oil / aqueous systems of ¢ = 0.02, 0.1, 0.2 and
0.3 have been measured at steady shear rate of 250s~1 as well as at increasing-decreasing

shear rate between ¥ = 5571 and y = 50051, similarly as in the previous section 5.2.

Table 5.4: Composition and viscosities of investigates aqueous / oil systems.

Aqueous phase Oil phase Nagq Noil M = Nag/Moit | A2 = Noit/Naq

94.4%HG + 5.6%G1" | 10cSt SO* 0.041 | 0.0095 4.3 0.2
85%HG + 15%G! 50cSt SO 0.071 | 0.049 1.4 0.7

84.5%HG + 15.5%G!l | 100cSt SO 0.072 | 0.095 0.8 1.3
83%HG + 17%GI 350cSt SO 0.076 0.35 0.2 4.6

*HG: Hexylene glycol; Gl: Glycerol; W: Water; SO: Silicone oil

5.3.2 Shear Viscosity at 250s™

Aty = 250571, obtained viscosities of dilute dispersions were very little affected by
the presence of dispersed phase for both aqueous / oil and oil / aqueous systems (measured
relative viscosities close to unity, data not shown). Interestingly, at increasing volume
fraction of dispersed phase, relative viscosities of aqueous / oil and oil / aqueous dispersions
of similar A appeared to gradually deviate from one another, as it is illustrated in figure 5.17
for the ¢ = 0.3 systems (data at ¢ = 0.02 confirmed observed trend whereas at ¢ = 0.1,
similarly as at ¢ = 0.02, no significant differences between oil / aqueous and aqueous / oil

systems were observed and recorded relative viscosities were near to unity). If valid, this
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result implies that the abovementioned generalisation of correlations obtained for solid
suspensions and / or oil / aqueous dispersions to aqueous / oil systems might not be
necessarily justified at all times. This observation was reproducible, and average standard

deviation of triplicates was calculated at 12%, ranging between 5% and 22%.
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Figure 5.17: Relative viscosities of aqueous / oil (black dots) and oil / aqueous (white dots) systems at
¢ = 0.3 obtained with the optical plate / plate 40mm diameter geometry.

Validity of results was further tested by an additional set of experiments identical to
those shown in figure 5.17, conducted with the standard stainless steel geometry supplied by
Malvern Instruments (parallel plate, 40mm diameter, gap size 1mm). The aim of those
experiments was to test the effect of changing material of the geometry (glass instead of
stainless steel) on the measurements. Results obtained with the two geometries are shown in
figure 5.18, where non linear regressions (Sigmaplot 11.0) are also shown to facilitate

differentiation between the two types of dispersions.
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In figure 5.18 it is evident that regardless of the material that the geometry is made of,
aqueous / oil systems of ¢ = 0.3 showed lower relative viscosities than the corresponding oil

/ aqueous type of dispersions of similar ¢ and A.
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Figure 5.18: Relative viscosities of aqueous / oil (black symbols) and oil / aqueous (white symbols)
dispersions obtained with the plate / plate (40mm diameter) optical glass (dots) and stainless steel
(triangles) geometries.

The same observation was also evident at increasing-decreasing profile of shear rate
between 551 and 500571, Figure 5.19 shows selected flow curves and confirms higher
relative viscosities for oil / aqueous than aqueous / oil dispersions of similar ¢ and A. It is
noted that flow curves of figure 5.19 have generally similar shapes to those of figure 5.12

(obtained with coaxial cylinders optical geometry for oil / aqueous systems).
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Figure 5.19: Relative viscosities at increasing-decreasing profile of shear rate between 551 and 50051
for selected oil / aqueous (grey lines) and aqueous / oil (black lines) systems at ¢ = 0.3 and viscosity
ratios 4 = 0.8 (solid lines) and A = 4.3 (dashed lines) showing higher relative viscosities for oil / aqueous
than aqueous / oil systems. Experiments with PP40 geometry.

Observed variations between aqueous / oil and oil / aqueous systems have been further
examined in association with simultaneously recorded microstructural data. It was observed
that aqueous / oil systems of high A, which showed lower relative viscosities in figure 5.17,
were characterised by larger drops than the corresponding oil / aqueous dispersions of similar
A, as it is illustrated in figure 5.20. As larger drops are generally associated with lower
viscosities (section 5.2.3), this observation further confirms the link between rheology and
morphology and the importance of simultaneous rheo-structural experiments. The differences
in obtained drop sizes may suggest that for the investigated systems, morphology significantly
depended on viscosity of continuous phase, as viscous continuous phases caused increased
drop breakage. The effect of viscosity of continuous phase on drop size is discussed in more

detail in the next section.
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Figure 5.20: Images of aqueous / oil (left) and oil / aqueous (right) dispersions with ¢ = 0.3 and 1 = 4 at
¥ = 250s~1. Note: images of oil / aqueous systems were recorded at reduced gap size of 0.5mm. Image
width 1.2mm, captured with PP40 geometry.

5.3.3. Mean Drop Size

The aim of this section is to stress the importance of viscosity of continuous phase on
system's microstructure for investigated oil / aqueous and aqueous / oil systems, which in turn
is closely linked with the observed relative viscosity, as discussed in section 5.3.2. It is noted
that the relationship of Capillary number (equation 2.15) with viscosity ratio is not considered
in this section, as focus is directed on the potential effect of drop size on viscosity. To enable

1

direct comparison between rheology at y = 250s™" and corresponding morphological

recordings, an additional set of experiments was conducted where the plate / plate geometry

1 and images were

(40mm diameter) was subjected to nominal shear rate of y = 187.55~
recorded at the rim of the top plate. It can therefore be calculated from equation 4.2 that
applied shear rate at the rim of the top plate, where morphological data were recorded, was
250s71. It is noted that automated positioning of the light / camera unit along the plate’s
radius would have enabled direct comparison without requiring the additional experiments by

positioning the image acquisition system atr = (3/ 4)rp, where 7p is the radius of the top

plate.
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Measured Sauter mean drop diameters of aqueous / oil and oil / aqueous dispersions at
@ = 0.3 are plotted against viscosity of continuous phase in figure 5.21 and against viscosity
ratio between dispersed and continuous phases in figure 5.22. Figure 5.21 shows that large
drops were difficult to break by continuous phases of very low viscosity (0.0095Pa s). This
is expected from Grace Curve, as drops immersed to continuous phases of low viscosities are
subjected to low Capillary numbers, possibly below the critical Capillary number (equation
2.15). At increasing viscosity of continuous phase, smaller drops were acquired for both

aqueous / oil and oil / aqueous dispersions.
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Figure 5.21: Sauter mean diameter of aqueous/oil (black dots) and oil/aqueous (white dots) dispersions
against viscosity of dispersed phase. Experiments with PP40 geometry.

Figure 5.22, on the other hand, illustrates that for the investigated systems there was
no evident correlation between drop breakage and A, as different trends were observed for oil

/ aqueous and aqueous / oil systems. For the oil / aqueous systems, where increase of A is
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linked with decrease in viscosity of continuous phase (table 5.3), drop size decreased at
increasing A. For the aqueous / oil systems, on the other hand, the opposite was observed and
larger drops have been acquired at increasing A, which can be associated with the significant
increase in viscosity of continuous phase (table 5.3). Results from figures 5.21 and 5.22 may
suggest that viscosity of continuous phase might play a key role in drop breakage. These
results were also associated with obtained rheological observations in section 5.3.2, where at
increasing A oil / aqueous systems were found to display higher relative viscosities than the
corresponding aqueous / oil dispersions of similar A, which is generally not predicted by

viscosity models of chapter 2.
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Figure 5.22: Sauter mean diameter of aqueous / oil (black dots) and oil / aqueous (white dots) dispersions
obtained at y = 25051 against viscosity ratio between dispersed and continuous phases. Experiments
with PP40 geometry.

5.3.4 Relationship Between D3; and D yax

Similarly with the oil / aqueous mixtures in the previous section the relationship

between D3, and D,,,, in aqueous / oil mixtures at y = 250s™! (nominal shear y =

160



Chapter 5: Rheology and structure of selected two phase systems

187.5s71, image acquisition at the rim of the top plate) is examined in this section. Results at
¢ = 0.3 appear to suggest a linear correlation between D5, and D,,,, for investigated systems
with proportionality constant 0.87 , as illustrated in figure 5.23. The high value of
proportionality constant indicates that mean drop size was primarily determined by large
drops, with limited contribution from small satellites. Consequently, it can be suggested that
drop breakage was dominated by necking mechanism, which lead to the production of two

equi-sized daughter drops and small number of satellites.
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Figure 5.23: Relationship between D3, and D,,,, for investigated aqueous / oil systems and linear
regression passing through the origin of coordinates. Experiments with PP40 geometry.
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5.4 Oil / Oil systems

Studies on liquid / liquid two phase systems where both liquids are oils are scarce in
the open literature [Suitthimeathegorn et al 2005; Jaitely et al 2004]. In addition, a
considerable amount of research work has focused on fat replacement techniques, especially
in the food industry, which encourages scientific emphasis on aqueous / aqueous systems
instead [McCann et al 2011; Mistry 2001; Lucca & Tepper 1994]. However, the potential of
oil in oil dispersions has recently been recognised in many fields such as formation of
nanoparticles [Klapper et al 2008], microencapsulation [Kobaslija et al 2006] and
pharmaceutical formulations for controlled drug release [Brown 2004; Jaitely et al 2004]. The
study of oil in oil systems therefore becomes important and relevant in research and the

industry.

In this section, results obtained with the new device on oil / oil systems are presented.
Rheology and structure of dispersions of sunflower oil in silicone oil as well as its reverse
(silicone in sunflower oil) under shear flow are considered. Results are compared with
observations for oil / aqueous systems of similar viscosity ratio between dispersed and

continuous phases.

5.4.1 Materials and Methods

As with oil / aqueous systems, stability was obtained by matching the densities of the
two individual phases, thus eliminating the tendency for creaming and sedimentaion. For this
reason, silicone oils of 5¢St and 10¢St (Dow Corning Corporation, Sigma Aldrich) were

mixed in proportion 4: 1 to obtain an equi-dense phase with the sunflower oil (purchased from
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local supermarket), which had density of 920kg m™~3. The exact composition of purchased
sunflower oil is not known, but its major constituents are triglycerides, which are surface
active components due to the presence of the glycerol- (hydrophilic) and the long fatty acid
(hydrophobic) parts in the same molecule. Interfacial tension between sunflower and silicone
oils was determined with the steady drop deformation method, which has previously been
used to measure interfacial tension of silicone oils with aqueous mixtures of hexylene glycol
with water and with glycerol [section 4.5]. Determination of interfacial tension was repeated
in triplicates and an average value of 2mN m™! (+ 0.2mN m™!) was estimated. It is
reminded that similar interfacial tension was measured for oil / aqueous systems where

silicone oils are dispersed in mixtures of hexylene glycol with glycerol (section 4.5).

Experiments presented in this section were conducted with the optical plate / plate
geometry of 60mm diameter, 1mm gap, unless otherwise stated. Viscosities of the two
individual oil phases were measured using the same geometric configuration, sunflower oil
0.055Pa s, silicone oil mixture 0.0055Pa s. Viscosity ratios for the two types of dispersions,
sunflower in silicone oil and silicone in sunflower oil, were therefore determined at A = 10

and 4 = 0.1 respectively.

Coarse dispersions of ¢ = 0.02, 0.1, 0.2 and 0.3 were prepared by gentle mixing of
required amounts of the two phases to produce a 50mL sample, as in the previous section.
Rheology and structure of dispersions were measured under steady shear of y = 25051, For
direct comparison, an oil / aqueous dispersion of A = 10 (1000cSt silicone oil dispersed in a
mixture of 80.4% hexylene glycol and 19.6% glycerol) was also prepared and measured at

the same shear rate and with the same parallel plate 60mm diameter geometry.
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5.4.2 Shear Viscosity at 250s™

Relative viscosities of the two oil / oil systems (sunflower in silicone oil, A = 10, and
silicone in sunflower oil, A = 0.1) at different volume fractions of dispersed phase are
presented in figure 5.24. For direct comparison, results for the oil / aqueous mixture of

A = 10 obtained with the same geometry are also shown.
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Figure 5.24: Relative viscosities of silicone in sunflower oil (4 = 0.1, black dots) and sunflower in
silicone oil (A = 10, white dots) at different volume fractions. Results for the corresponding oil in water
system of A = 10 are also shown for comparison (white triangles). Experiments with PP60 geometry.

Surprisingly, it was found that dispersing the less viscous silicone oil in sunflower oil
(1 = 0.1) resulted in an unexpected drop in viscosity, the reduction being greater at increasing
volume fraction of dispersed phase (solid dots in figure 6.8). Similar results were invariably

obtained on several repetitions of the experiment (standard deviation 5%).
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A number of possible explanations for these unexpected results have been considered.
At first, simultaneous morphological recordings were examined and revealed a microstructure
of drops dispersed in continuous phases, which is typical for single dispersions of the
investigated volume fractions of dispersed phase and shear rates. Formation of string like
structures or other favourable morphological configurations under shear flow, possibly
causing viscosity reduction, was not evidenced. Images of the silicone in sunflower oil
dispersion at ¢ = 0.02, ¢ = 0.1 and ¢ = 0.2 are shown in figure 5.25. At ¢ = 0.3, extensive
drop breakage caused deterioration of image quality and reduction of gap size would have
been necessary to determine drop size (as discussed in chapter 4). Hence, there is no image
shown for this ¢. It is noted that at ¢ = 0.2, acquired images were easily quantified on a

computer screen.

The possibility of phase separation in terms of creaming or sedimentation, which
would result in inhomogeneous coverage of the stationary or rotating plates thus interfering
with the measurement, was also examined as a plausible reason for the observed decrease of
relative viscosity with increasing ¢. At ¢ < 0.02 no such phase separation was observed,
while at ¢ = 0.3 a low degree of phase separation (shear banding) was occasionally noticed
by visual observation of the shearing geometry. However, observed phase separation was
excluded as a reason for the viscosity reduction due to its low level, its un-repeatability and

the fact that viscosity drop was also evident at ¢ < 0.2, where no phase separation occurred.

Bridging between the two plates by large dispersed phase drops was also eliminated as
a plausible reason due to the small drop sizes (of the order of 50um) with respect to the large
gap size (1mm). Furthermore, the possibility that viscosity reduction might be linked with the

presence of very low viscosity dispersed phase was considered. However, it was found that
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literature on liquid foams, which represent the systems with the less viscous dispersed phases,
suggests that for a given shear rate relative viscosity increases with increasing volume

fraction of the gas phase (“foam quality”) [Herzhaft 1999, Hohler & Cohen-Addad 2005]

The observed 1, < 1 might have therefore been the result of partial miscibility
between dispersed and continuous phases, where solubilisation of the less viscous dispersed
phase in the more viscous continuous phase caused lowering of the system’s viscosity. In this
case, knowledge of the exact composition of the two phases in the system would require
employment of analytical chemistry for the construction of the appropriate phase diagram.
The main weaknesses of this hypothesis are related to the presence of silicone oil drops at
volume fraction as low as ¢ = 0.02, as well as the fact that viscosity continued to decrease at

increasing ¢ . Although with evident weaknesses, partial miscibility of the two phases

appeared to be the most plausible explanation so far for the reduction of viscosity on addition

of the less viscous dispersed phase.
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Figure 5.25: Silicon oil drops in sunflower oil continuous phase (4 = 0.1) at increasing volume fraction of
dispersed phase and ¥ = 250s~! showing drop-matrix morphology. (Image width 1.2mm, images
captured with PP60 geometry).

166



Chapter 5: Rheology and structure of selected two phase systems

At A = 10, dispersion of the viscous sunflower oil in silicone oil caused increase in
viscosity (white dots in figure 5.24). Comparison with the oil / aqueous mixture of similar A
(white triangles in figure 5.24) demonstrated that in the case of sunflower / silicone oil the
increase was less significant. The difference between oil / oil and oil / aqueous systems may
be linked to (i) solubilisation of the two phases in the case of the oil / oil system; (ii) smaller
drops in the case of the oil / aqueous system, shown in the next section and generally

associated with higher viscosities [chapter 5, Teipel 2002, Barnes 1989, Pal 1996].

5.4.3 Drop Breakage at 2=10: Comparison Between Oil / Oil and Oil / Aqueous

systems

Very good quality images were obtained for both investigated oil / oil systems.
Example images of silicone oil drops in sunflower oil were shown in figure 5.25 above, while
images of the reverse system at increasing volume fraction of dispersed phase are shown in

figure 5.26 below.
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Figure 5.26: Sunflower oil drops in silicone oil (4 = 10) at increasing volume fraction of dispersed phase
and y = 250571, (Image width 1.2mm, images captured with PP60 geometry.).
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At A = 10, drops of sunflower oil immersed into silicone oil at dilute dispersions did
not break and drop size was predominately determined by mixing during sample preparation.
Similar observations were discussed in section 5.2 for the dilute oil / aqueous system of
A =10, which did not show drop rupture under shear, as predicted by Grace Curve (figure
2.6). At increasing volume fraction of dispersed phase, observed drop breakage resulted in a
reduction of obtained drop size showing deviation from Grace Curve, in both oil / oil and oil /

aqueous dispersions (see also section 5.2).

However, morphological recordings at y = 2505~ revealed a significant difference
in obtained drop sizes between the oil / oil and the corresponding oil / aqueous systems of
similar ¢ and 1. At ¢ = 0.3, Sauter mean diameters of the oil / oil system were estimated at
210um, about 2.5 times larger than the oil / aqueous system’s 80um. Measured drop size
distributions were of similar shape, as illustrated in figure 5.27, and indicate similar breakage
mechanisms. The difference in obtained drop sizes between the oil / oil and oil / aqueous
dispersions may be associated with the (20 fold) difference in the viscosity between the two
continuous phases, as the more viscous aqueous continuous phase exerted significantly higher
distortive stress (. - ¥) to the dispersed drops than the less viscous oil continuous phase. As
such, the imposed Capillary number was higher. A similar observation was discussed in the
previous section for aqueous / oil systems, where viscosity of continuous phase appeared to
play a key role in drop breakage. Smaller drop sizes of the oil / aqueous system have been

linked with the higher acquired relative viscosities.
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Figure 5.27: Drop size distributions of sunflower-in-silicone oil and silicone oil-in-aqueous media at
@ = 0.3 and y = 250571, (Image width 1.2mm, experiments with PP60 geometry).

5.5 Aqueous / Aqueous Systems: Structure Stabilisation by Gelation

The reason for choosing to investigate aqueous two phase systems is their importance
in many commercial products, and especially in the low fat foods and home and personal care
industries [Spyropoulos et al 2007, Puyvelde Van et al 2003]. They are often used to produce
the required product texture or to substitute an oil ingredient without compromising textural
requirements. As rheology and structure determine texture and product quality, simultaneous
rheological and microstructural studies of aqueous / aqueous systems might be very valuable
for industrial and research purposes. However, such systems are often more demanding in

terms of image acquisition as refractive indices of both ingredients are often very similar and
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clear contrast between the two phases becomes difficult to obtain. With the present setup,
very high quality images of aqueous / aqueous mixtures were recorded. An example of a

gelling system is presented in the present section.

One way to generate kinetically stable morphologies is to entrap the required structure
into a gel formed by a gelling component in the mixture. In the present study, temperature
induced gelation of a polysaccharide / protein mixture has been monitored at different shear
rates. Sample preparation involved very gentle mixing of dextran (solution 15% wt/wt) with
gelatine (solution 10% wt/wt) in ratio 1:4. Gelatine was dissolved under constant heating
conditions to avoid premature gelation. After reaching 80°C, it was gently mixed with the
relevant volume of dextran solution and subsequently very rapidly loaded to the cone / plate
geometry. Shear flow and rheo-structural recordings began almost immediately. As
temperature control is important for these experiments, it is critical to maintain all sample
preparations and pre-treatment conditions as constant as possible. Cooling of the mixture
induced gelation, followed by the characteristic increase in viscosity. An example of sample

gelation and associated structures is illustrated in figure 5.28.
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Figure 5.28: Simultaneous rheological and microstructural data of a dextran / gelatine system during

gelation induced by lowering of temperature from ca 60°C to room temperature; shear rate 1051,

Experiments with CP2/55 geometry.

Shearing induced structure organisation and alignment to the direction of the flow
(figure 5.28). Continuation of shearing beyond 4min resulted in a temporal viscosity plateau
at 0.4Pa s (gelled structure), followed by structure breakdown and consequential reduction in
viscosity (data not shown). As structure development strongly depends on flow conditions,
the effect of shear rate on gel structure formation at a range of well controlled shears has been
considered and it is illustrated in figure 5.29. At present, temperature is excluded from figure

5.29, as it was not accurately controlled / monitored.
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Figure 5.29: Effect of shear rate on structure evolution of temperature induced gelation of a dextran /
gelatine system (dextran 15% wt /wt gently dispersed in gelatine 10% wt/wt; weight fraction of
dispersed phase 0.2). Experiments with CP2/55 geometry.

Various different morphologies are shown in figure 5.29. Gels of entangled curved

1 while finer gel formations were produced at

strings were formed at shear rates below 15~
increasing shear rate. Figure 5.29 therefore illustrates that gel structure is determined by the
applied shear flow conditions on gelation. Control of cooling rate and / or gelatine

concentration is expected to further contribute in the final microstructure control by altering

gelling rate.
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5.6 Summary

In this chapter, evaluation of the newly developed device, discussed in the previous
chapter, was extended to include examination of its potential in systematic simultaneous
rheological and microstructural investigations of two phase systems. Example systems
covering all combinations of hydrophobic (“o0il”’) and hydrophilic (“aqueous”) phases have
been measured under shear, i.e. oil / aqueous, aqueous / oil, oil / oil, and aqueous / aqueous
dispersions. Such systems are relevant to both industrial applications and fundamental

research.

All constructed geometries have been considered in this chapter. Oil / aqueous
dispersions were measured using the coaxial cylinders geometry, while the parallel plates of
40mm geometry was employed for measuring aqueous / oil systems. Experiments with oil /
oil and aqueous / aqueous systems were conducted using the parallel plates of 60mm

diameter and cone / plate geometries, respectively.

Examined oil / aqueous dispersions had Newtonian individual phases, viscosity ratios
between dispersed and continuous phases in the range of 0.2 < A < 67 and volume fractions
of dispersed phase between 0.02 < ¢ < 0.3 . Rheology and structure ere measured

1

systematically at steady shear rate of 250s™" as well as at increasing-decreasing shear rate

profile between 55! and 500571,

Obtained relative viscosities at 25051

were compared with predictive viscosity
models found in the literature and showed good agreement with the effective medium theory,

which assumes that concentrated systems are formed by consecutive additions of very small

quantities of dispersed phase in initially pure continuous phase. Taking the Choi /
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Schowalter’s model as a template, a viscosity equation was further developed to best fit
experimental data. According to the new equation, the effect of dispersed phase on system’s
viscosity was very low at low A, increasingly stronger at increasing A and constant at 4 = 10

for all investigated volume fractions of dispersed phase.

Obtained critical Capillary numbers were further calculated by equation 2.9, where
recorded maximum drop radius was taken into consideration, and results were compared with
Grace Curve, as expressed by de Bruijn’s equation 5.9. Very good agreement between
experimental data and Grace Curve was found for dilute systems. At increasing volume
fraction of dispersed phase, however, recorded data deviated from Grace Curve, e.g. drop
breakage under simple shear flow was observed at A > 4. Deviations were explained by
means of the effective medium theory, which associates drop breakage with the average

system’s viscosity rather than the viscosity of continuous phase.

The relationship between Sauter mean and maximum drop diameter at 2505~ was
subsequently examined and found to be linear with proportionality constant of the order of
0.7 (slightly reduced at higher volume fractions of dispersed phase, attributed to increased
interactions between droplets, which promoted production of increased number of small
satellite drops during breakage). In addition, drop diameter was found to decrease at
increasing volume fractions of dispersed phase, which was attributed to a combination of
increased level of drop breakage and limited coalescence, for ¢ < 0.3, linked with the

stabilizing effect of continuous phase on oil drops (discussed in section 4.5).

Flow curves at increasing-decreasing shear rate of non dilute oil / aqueous dispersions
showed induced shear thinning behaviour on initial increase of shear, followed by near

Newtonian response on subsequent decrease of shear. Results were examined in conjunction
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with simultaneous microstructural observations and a close link between recorded viscosity
and morphology was suggested. Shear thinning was linked with breakage as well as
deformation and favourable orientation of drops to the flow direction. Subsequent near
Newtonian behaviour on decrease of shear rate was further associated with minimal
microstructural changes observed due to the stabilising effect of the continuous phase on oil

drops, largely limiting coalescence.

The fact that zero-shear viscosities were lower prior to shearing than after shearing,
despite contemporaneous reduction in drop size generally associated with higher viscosities,
was also discussed. It was suggested that the effect of drop size distribution might be of
importance and that more (future) work on the link between poly disparity and rheology
would be beneficial for in depth understanding of the lack between poly disparity and

rheology would be beneficial

Experiments with aqueous / oil dispersions aimed primarily at investigating the
validity of implementing viscosity models developed for oil / aqueous systems (discussed in
chapter 2) to aqueous / oil type of systems. Examined aqueous / oil systems had viscosity
ratio between dispersed and continuous phases ranging between 0.2 and 4, while volume
fraction of dispersed phase was between 0.02 and 0.3. For direct comparison, oil / aqueous

dispersions of similar A, ¢ and interfacial tension were measured with the same geometry.

At ¢ < 0.1, the two types of dispersions showed no significant differences in obtained
relative viscosities, which maintained a value close to unity. However, at increasing volume
fraction of dispersed phase, oil / aqueous dispersions of high A showed increasingly higher
relative viscosities than the corresponding aqueous / oil systems of similar ¢ and A. This

observation was further confirmed with measurements conducted using a standard stainless
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steel geometry of the same configuration (plate plate of 40mm diameter, supplied by Malvern

Instruments).

Results were examined in association with simultaneous microstructural recordings,
where a close link between rheology and structure was indicated. Viscosities of individual
phases were identified as a potentially significant factor in determination of drop deformation
and breakage of systems with similar A. It was suggested that at high A, the higher viscosity of
continuous phase in oil / aqueous compared to aqueous / oil systems (at A = 4 the difference
was of the order of 10) induced extended drop breakage, hence smaller drops, which are

associated with higher 7,..

Overall, it can be concluded that implementing viscosity models developed for oil /
aqueous dispersions to aqueous / oil systems, although found in the literature, might not be
entirely justifiable. Observed differences confirmed the strong link between rheology and

structure.

The two phases of investigated oil / oil dispersions were sunflower oil (7 =
0.055Pa s) and a mixture of silicone oils with equal density (n = 0.0055Pa s). Resulting
systems had viscosity ratios 0.1 and 10, depending on which phase was dispersed in the

other.

It was found that whereas dispersing sunflower oil in silicone oil resulted in an
expected rise in relative viscosity, the opposite was observed when the less viscous silicone
oil was dispersed in sunflower oil. This was an unexpected result, as addition of dispersed
phase is generally associated with increase in relative viscosity. Simultaneous microstructural

recordings confirmed that silicone oil was dispersed in the form of drops in the continuous
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sunflower oil and therefore the observed viscosity reduction cannot be attributed to other
favourable morphological configurations, such as thread like formations, which might result
in viscosity decrease. From the possible explanations examined, the possibility of partial
miscibility between the two phases, although not readily confirmed by visual observations,
was considered as the most plausible. If true, then construction of a phase diagram is required

to understand the behaviour of mixtures of silicone and sunflower oil.

The last system presented in this chapter is the polysaccharide / protein system of
dextran / gelatine. Concentration of gelatine was chosen high enough to ensure gelation of the
system on cooling. Experiments with the temperature induced gels indicated that controlled
gelation may provide a way to ensure required morphologies are entrapped within the gel
structure. Obtained gel morphologies were found to strongly depend on applied shear rate

during cooling.

Concluding this chapter, the potential of the device to produce high quality
simultaneous rheological and morphological data was demonstrated for selected two phase
systems. It should be noted, however, that manual input is relatively high at present and
automation of the operating environment of the device will substantially improve quality of
acquired data as well as convenience of use. The development of a fully automated, complete

rheo-structural instrument is discussed in the next chapter.
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Chapter 6: Product development & suggested design

6.1 Introduction

The experimental setup considered so far in this report has been the design of figure
3.1, where simultaneous rheo-structural measurements are achieved by the combination of a
standard rotational rheometer with optical glass geometries and an image acquisition unit
consisting of strobe lighting, a microscope and a CCD camera (chapter 3). Evaluation of the
developed device was discussed in chapters 4 and 5, and has aimed at demonstrating its high
quality performance in terms of simultaneous rheological and morphological data acquisition,
for a wide range of different systems. Having examined its performance and the improved
qualities that features developed during this project have added, attention is now centred on

the instrument itself.

Work presented in this chapter has focused on further developing the current setup of
the device with the aim of improving its user friendliness and automated control as well as
increasing its commercial value and its potential as a marketable product. In the next section,
design and realisation of a compact version of the instrument, where small extension tubes are
utilised in the place of the large, bulky microscope, is presented. Preliminary evaluation of
data acquisition for the new setup is also shown. Section 6.3 discusses the design of a rheo-
structural instrument that incorporates and extends features studied during this project. The
suggested solution uses the latest model of Malvern’s rheometers (Kinexus) as a template and
proposes certain additions and / or alternations aiming at providing the new design with
targeted specifications for simultaneous rheological and microstructural measurements of

optimum quality and ease of use for the operator.
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6.2 Compact Setup

6.2.1 Description and Development

Reducing the size of the device would increase its convenience / ease of use and
therefore it is beneficial for the development of the instrument and its potential
commercialisation. It is an inevitable step for improving the experimental setup if the
construction of a bench top instrument is examined. For this reason, a compact version has

been designed and developed, and is illustrated in figure 6.1.

Figure 6.1: Diagram of compact experimental setup where bulky microscope has been replaced by
extension tubes and a smaller camera is utilised (to be compared with figure 3.1).

The main modification introduced in the compact version of figure 6.1, compared to
the standard version of figure 3.1, is the use of extension tubes to replace the bulky
microscope. Such an alternation has never been attempted before in the context of rheo-

structural measurements described in the literature and as such is a novelty of this work.
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Extension tubes are essentially hollow rings that are typically made of metal or plastic
(see for example figure 6.2.a). They are introduced, often by simple screwing, between the
camera and the lens, thus extending the space that separates them, as shown in figure 6.2 (b
and c). Their working principle can by understood from figure 6.3 [adapted after Hornberg
2006], where the model of a thin lens is schematically outlined. The model is described by
equations 6.1 — 6.3. It is anticipated that the same principles, although described by more

complex equations, are followed when using thicker lenses, as in real applications.

Figure 6.2: Detailed parts of compact setup; (a) 20mm long metallic extension tube; (b) camera, tube and
lens shown separately; (c) camera, tube and lens assembled.
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Figure 6.3: Model of a thin lens [adapted after Hornberg 2006].

1_1_1 1 6.1
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In figure 6.3, a real object of size y is mapped through a thin lens (shown in blue) to
an image of size y’. Three specific light rays of the top side of the object are shown in figure
6.3. The first ray travels parallel to the optical axis towards the lens, where it is deflected and
subsequently passes through F’; the second ray passes through the lens centre and is not
deflected; and the third ray passes through F and after deflection from the lens continues

parallel to the optical axis.

The distance between the object and the lens is a, while the lens is at a” distance from

the image plane (plane where the image is projected). In absolute numbers, the focal length
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(distance between the centre of the lens and the point where a refracted ray of light initially
parallel to the optical axis crosses the optical axis) can then be calculated by equation 6.1.
Magnification, defined as the ratio between image and real object size, is given in equation
6.2 and can be related with the distances a and o’ by simple geometrical proportions, also
shown in equation 6.2. From equations 6.1 and 6.2 it is evident that by increasing the length
between the lens and the image plane, o', higher magnifications are obtained, as expressed in
equation 6.3. In the case of figure 6.2, the image plane is located in the camera, and therefore
use of extension tubes, which extend the space that separates the camera and the lens, induces

higher magnifications.

Extension tubes are generally the simplest (and cheapest) accessory in photography,
containing no optical elements, hence their initial low price. They usually have their inner
surfaces blackened so that reflections of light are avoided (as in figure 6.2). As light has to
travel an additional distance from the real object to the image plane, exposure tends to be
reduced. This is typically compensated by use of strong illumination, a prerequisite that is met
in the design of figure 6.1 by use of strong, strobe lighting. Extension tubes are also common
in macro photography (i.e. close up photography of very small subjects) due to their

simplicity, efficiency and ease of use.

Besides extension tubes, the compact setup is also complemented with the use of a
smaller camera (Marlin by Allied Vision Technologies) to replace the bigger one (Dolphin, by
the same supplier) and further reduce the total size of the device. The two, Marlin and
Dolphin, cameras have external dimensions (in mm) of 72 x 44 x 29 and 115 x 45 x 45
(Length x Width x Height) respectively and are shown in figure 6.4 for comparison. From a

technical point of view, table 6.1 summarises the comparison of main features, similarities
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and differences of the two cameras. Dolphin offers higher image resolution, reaching a

maximum of 1392 x 1040 pixels, compared to the 656 x 494 pixels of Marlin, but shows

lower recording frequency. It should be noted, however, that new generations of cameras with

smaller sizes and improved specifications are continuously being developed, offering a wide

range of choices to the interested user.

Digital Interface

Figure 6.4: Larger Dolphin and smaller Marlin cameras (both supplied by AVT)

Table 6.1: Specifications of the larger Dolphin and the smaller

brochures]

Marlin cameras [from relevant

Dolphin CCD camera

Marlin CCD camera

Image device

1/2 inches, progressive scan

2/3 inches, progressive scan

Lens mount

C-mount

C-mount

Picture size (max)

1392 x 1040 (H x W) pixels

656 x 494 (H x W) pixels

Recording frequency (max)

301fps

601fps
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Realisation of the compact design with a 20mm long extension tube is pictured in
figure 6.5, where the standard version is also shown for comparison. Due to its small size,
smaller than the desk’s width, the camera-tube-lens unit of the compact version is not visible

in figure 6.5b.

Figure 6.5: Detail of the device showing (a) standard version with microscope and Dolphin (large) camera;
(b) compact version using extension tubes (20mm in length) and Marlin (small) camera. In compact
version tube and camera are hidden by the desk’s width.

6.2.2 Evaluation of Data Acquisition

Accuracy of acquired rheological data has already been discussed in chapter 4 and will
not be repeated here, as the rheological unit (rheometer and measuring geometries) has

remained unchanged. Preliminary image acquisition quality evaluation is presented in this
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section. Both cameras, the small Marlin and the bigger Dolphin, have been considered in the
compact version and images have been obtained using the 20mm long extension tube in the
place of the microscope. Figure 6.6 shows (a) air bubbles in silicone oil under shear rate of
10s~1 taken with the Marlin camera and (b) retraction of an air bubble in silicone oil after

cessation of 1051 shear rate, as recorded with the Dolphin camera.

a 300pum

t=0 t=1s t=2s

L

oL N

Figure 6.6: Images of bubbles in silicone oil obtained with a 20mm long extension tube in the place of the
microscope; (a) deformed air bubbles captured with small (Marlin) camera; (b) air bubble retraction after
cessation of shear flow captured with Dolphin camera.

Images of figure 6.6 show bubbles with sharp boundaries and good contrast with the
background, which are easy to analyse both semi-automatically (for example with Bubble
Pro) or with software such as Malvern’s Morphologi G3, or later versions, where required

manual input is minimal (see chapter 3 for description of software).
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It appears therefore that replacing the bulky microscope with extension tubes may
provide a promising technique to substantially reduce the size as well as the cost of the
instrument. However, there are technical / design details which still require to be solved
before the method can be successfully incorporated in a complete rheo-structural instrument.

For example, the required range of lengths of the extension tubes needs to be established.

6.3 Suggested Experimental Setup

At this stage, and partially due to the fact that this project has been financially
supported by an established company in the field of instrumentation, it is considered
constructive to discuss the development of, and suggest a design for, an instrument for
simultaneous rheological and morphological measurements, which will incorporate
information and knowledge accumulated during this project in a setup with increased
marketability and commercial potential. Such a setup is expected to produce optimum quality
simultaneous rheological and morphological data over a wide range of systems (e.g. two or
multi phase systems, other complex fluids, etc), measuring conditions (e.g. temperature,
shearing or oscillatory profiles, etc) and characteristic dimensions. In addition, it is expected
to provide a fully automated working environment with maximal use of computer software
and minimal manual input requirements. Supplementary features, such as the presence of a
capillary with the ability to inject in situ drops or bubbles of a dispersed phase, which has
never been implemented in a commercial level, would add extra value to the future

instrument.

Figure 6.7 illustrates a schematic drawing of a suggested design which combines a

standard rotational rheometer with an image acquisition unit featuring characteristics

187



Chapter 6: Product development & suggested design

discussed in the previous chapters as well as certain additional elements, some of which have
not been studied during this project, in the form of a one-piece rheo-structural instrument.
This design is by no means a conclusive solution, and it is well understood that a substantial
amount of future work is required before a complete design can be developed. However, the
suggested design demonstrates the potential of the work carried out during this project to
integrate into a commercially valuable product. It should be noted that the size of the PC in
figure 6.7 has been deliberately drawn disproportionally small compared to the size of the
opto-rheometer so as to allow for a more detailed representation of the latter. The components
of the rheo-structural instrument, excluding the PC, are designed in scale, i.e. the proportions
of the rheometer and cameras illustrate real proportions as acquired by manufacturers’

information.

A series of attributes and features have been implemented in the design of figure 6.7.
Firstly, external dimensions and overall layout of the rheo-structural instrument have been
chosen to match the size and layout of Malvern Instrument’s latest rheometer, Kinexus
(680mm X 490mm X 485mm, height X width X depth (depth dimension obviously not
shown in figure 6.7). Although this was considered as the most appropriate model to adopt as
a template, it should be noted that all additional features are equally applicable to any

standard rotational rheometer.
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Strobe light

Fine capillary for
fluid injection
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motor
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Figure 6.7: Schematic drawing of a device for simultaneous rheological and structural measurements of
optimum quality. A standard rheometer is combined with an optical unit featuring characteristics studied
during this project as well as additional features not studied during the project. External dimensions:
680mm x 490mm, height X width, standard for Malvern’s latest rheometer, Kinexus. (For more details
see text). Note that proposed opto-rheometer has been designed at scale to keep proportions between
rheometer, cameras, light, etc.

One of the strongest, and possibly the most important feature of the device of figure
6.7 is its unique image acquisition unit, which shows a number of novelties compared to
existing commercial or in house constructed instruments for simultaneous rheological and
morphological recordings found in the literature. Main components of the image acquisition
unit include optical glass geometries, anticipated to be similarly constructed as in the designs
of figure 3.3, two separate cameras and a stroboscopic illuminator positioned opposite of one
of the cameras. The two cameras have been positioned in such a way so as to enable image

capturing from a horizontal (shear rate) as well as vertical (vorticity) plane of the sample at a

189



Chapter 6: Product development & suggested design

single experiment, thus providing more complete microstructural information and the means
to create a three dimensional image of the sheared sample. Dimensions of the cameras have
been selected according to modern models available in the market, with the criterion of
combining small size with the minimum, at least, targeted specifications of image resolution

and image capturing frequency, as summarised in table 6.2.

Simultaneous rheological and optical microstructural experiments showing images
from different directions are generally scarce in the literature due to the lack of appropriate
instrumentation. Guido et al [1997 and 2003] have shown images captured at both shear rate
and vorticity planes by performing separate experiments and altering their in house
experimental configuration to acquire the required images. Although successful, this approach

requires double effort than the solution of figure 6.7.

Each of the cameras pictured in figure 6.7 are equipped with an extension tube
featuring easily and rapidly alternating lengths. A detail showing the adjustable extension
tubes and lens mounted in a camera is shown in figure 6.8. As discussed in section 6.2,
altering the length of an extension tube offers the possibility to change the acquired
magnification, thus providing the means to follow microstructural evolution according to a
characteristic evolving length scale of the image. It is anticipated that positioning of the two

cameras as well as control of the tube’s length is automated by using relevant software.
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Extension tubes with adjustable length

/

Camera

Lens

Figure 6.8: Detail of camera with extension tube of alternating length attached. Camera dimensions
(excluding extension tube and lens): 29mm (height) x 29mm (width) x 19mm (depth)

Similarly, the strobe illuminator of figure 6.7 is designed to be positioned
automatically according to the location of the camera situated opposite. Cameras’ shutter
opening and light flashing are expected to be synchronised, as it is in the current setup. Strong
illumination is expected for both cameras with minimal interference from shadows due to

position and the strength of the light.

The design of figure 6.7 is also equipped with an insulated temperature jacket and a
fine gauge thermocouple probe for temperature control and monitoring, respectively. Care has
been taken to exclude the cameras from the jacketed area, as they have limited operating
temperatures between 5°C and 45°C [manufacturer’s information]. However, for
measurements at around room temperature and within the cameras’ working limits, care is no

longer required.

Fine gauge thermocouples have diameters as low as 0.013mm [omega’s brochure,
which is one of the suppliers] and are therefore expected to have minimal interference in
rheological measurements. In figure 6.7, the thermocouple is shown embedded in the bottom

plate, while its measuring end is positioned into the sample and as close to the surface of the
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plate as possible, thus providing a direct temperature reading of the sample without
obstructing shearing. A similar approach has been adopted by Guido et al [2003], who

immersed the finely thin probe into their sheared system.

The same research team [Guido et al 2003] has also employed a fine capillary tube to
introduce drops of dispersed phase into the loaded sample, in order to study binary collisions
of coupled drops under simple shear (in their case loaded sample was pure continuous phase).
A similar feature is also included in the setup of figure 6.7, where controlled amount of fluid
dispersed phase is designed to pass through the capillary tube and get injected into the loaded
sample, at a convenient position for image capturing. Injection of dispersed phase into the
sheared system in a well controlled manner facilitates, for example, direct investigation of the
behaviour of isolated, or paired, drops immersed into the required continuous phase, under
controlled shearing conditions. Such experiments are important in the fundamental
understanding of drop-drop as well as drop-continuous phase interactions or in studies of the

effect of type and concentration of surfactant in drop stabilisation.

Finally the box generically termed as “automator” in figure 6.7 requires some
discussion. It can be thought of as the “brain” of automation, the representation of a central
coordinator and the connector between different parts of the device as well as between the
device and the PC. Its tasks are very specific and crucial for the automated operation of the
instrument. As such, it is considered responsible for synchronising the strobe flash to the
camera’s shutter opening as well as providing, in conjunction with the relevant software,
automated control of the light’s and camera’s positions. This tool is also expected to play a
role in accurate control of the length of each extension tube, i.e. management of acquired

magnification, in communicating temperature readings to the PC and in automatically
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synchronising rheological and morphological data recordings. It is noted that the latter was

performed manually in the present setup.

Although briefly discussed above, it is beyond the scope of this work to provide
details on how the required degree of automation can be achieved, and it is understood that a
better coordination might be possible. This is considered as part of future work, where

realisation of the suggested design might be further examined.

Table 6.2 below summarises the main targeted specifications of the suggested
experimental setup, as expected within the limitations of the present knowledge and
experience. It is anticipated that specifications may alter on expanding acquired information
and knowledge. Rheological specifications of table 6.2 are identical to Malvern Instrument’s
Kinexus and are therefore only briefly mentioned. Specifications for sample visualisation are
as identified in the brochure of the XCD-MV6, Miniature Digital Video Camera model of
Sony, which has been chosen due to its combination of small size with accomplishments of
the minimum targeted performance requirements as set in table 6.2 (minimum 640 x 480
output pixels, 30 frames per second). It should be noted here that the specific camera brand
has been chosen arbitrary and there is no intention of specifically advertising it. Other
cameras with smaller size, including spy cameras or miniature cameras, have also been
considered, but offer much lower pixel and image resolution than the Sony’s model shown
below. Borosilicate glass is recommended for construction of optical geometries, as it is
highly resistant to heating and is therefore considered suitable for measurements at high

temperatures.
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Feature

Specification

Rheometer model dimensions

Malvern’s latest Kinexus:

490mm (w) x 680mm (h) x 485mm (d)

Torque range 0.05uNm to 200mNm
Rheology
Angular Velocity range 10nrad/s to 500rad/s
Frequency range luHz to 150 Hz
Temperature range -40°C to 200°C*
Camera 2 x cameras (specifications as indicated in
Sony’s XCD-MV6, Miniature Digital
Video Camera)
Magnification mechanism Extension tubes of adjustable lengths
Standard Output pixels 640 x 480
T Standard Frame Rate 60 frames per second
Visualisation
Shutter speed range Is to (1/50000)s
Lens mount C mount
Operating Temperature -5°C to 45°C
Camera dimensions 29mm (h) x 29mm (w) x 19mm (d)
(excluding protruding parts)
Additional Temperature monitoring through fine gauge thermocouple probes inserted in
features the sample without interfering to the flow and rheological measurement

Fine capillary for injection of fluids (drops and bubbles) into the loaded

geometry

* working at such high temperatures requires the use of special glass materials, such
as borosilicate glass, which are resistant to extreme high temperatures.
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6.4 Summary

The potential of developing a user friendly device, which will incorporate all features
studied during this project into a one piece, compact, automated, and easy to use instrument
with increased marketability for simultaneous rheological and structural measurements has
been considered in this chapter. A setup of reduced size has been designed, developed and
tested in terms of optical data acquisition. In this setup, the voluminous microscope was
replaced by small, inexpensive extension tubes, which extend the distance between the lens
and the image plane, hence imparting magnifying properties. The compact setup was
complimented with the use of a smaller camera for further size reduction. Preliminary
evaluation of data acquisition proved that the method’s prospects as an alternative to the
bulky microscope for magnification with improved convenience and ease of use for the

operator.

A design that brings together features studied in the present project, extends them to
include further improvements and combines them with the latest model of Malvern’s
rheometer has been suggested, although a complete, marketable solution undoubtedly requires
further research and development. The proposed design incorporates two cameras, for
horizontal (shear rate plane) and vertical (vorticity plane) imaging, which enable more
spherical visualisation of the sample under investigation, and a three dimensional
representation. The setup is also complemented with a jacket for temperature control and a
fine gauge thermocouple for accurate temperature monitoring. Strobe light is automatically
positioned to flash directly into the camera. Further automations are also anticipated,
regarding positioning of the camera at a required location below the geometry, controlling

magnification by altering the length of the extension tube, and synchronising rheological and
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structural recordings for easier interpretation of the results. A capillary tube able to introduce
controlled amounts of dispersed phase into the system at an automated, controlled manner

further supplements the suggested design with additional features.
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Chapter 7: Conclusions and future work

7.1 Conclusions

The present project has focused primarily on the development and evaluation of a
device for improved quality simultaneous rheological and morphological measurements. The
new device has been developed by combining new hardware, designed and constructed during
this project, with unique image acquisition unit and a standard rotational rheometer.
Optimisation of acquired data has been achieved by incorporating novel approaches, primarily
in terms of image capturing, which enabled high quality images to be produced. For the first
time reported, images at very high shear rates, of the order of 20000s~1, have been shown.
Confirmation of the successful outcome of the main objective of this project has been the
recent filing of a provisional patent, approved under US regulations, and it is expected that a
new instrument for optimum quality simultaneous rheological and morphological

measurements will be available in the market by Malvern Instruments in the near future.

This section considers the main conclusions and summarises the main outcomes of the
present project. Its layout mimics the layout of the report. Key features related to the
development of the device are presented in the next (sub) section, where main differences
between the current project’s experimental setup and existing commercial instrumentation are
also outlined. Next, conclusions on the evaluation of the newly developed device in terms of
quality of acquired rheological and morphological data, both separately and simultaneously,
as well as its potential as a rheo-structural instrument are considered. Results on rheology and
structure of selected two phase systems, including oil / aqueous, aqueous / oil, oil / oil and
aqueous / aqueous systems, are subsequently summarized. Finally, main points and

suggestions for the development of a complete instrument for optimum quality simultaneous
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rheological and morphological measurements, with increased commercial potential are

outlined.

7.1.1 Development of the Device

New hardware has been successfully designed, constructed and combined with
Malvern’s standard rotational rheometers for the development of a direct rheo-structural
instrument for simultaneous acquisition of rheological and structural data. Constructed optical
geometries are identical in shape and dimensions with standard stainless steel geometries
typically used with rotational rheometers, but are partially made of glass to allow optical
observations. Glass has sufficient optical properties for the intended use and is considerably
cheaper than quartz, encountered in other instruments for simultaneous rheological and

optical microstructural measurements found in the literature and in the market [see chapter 2].

Key features of the new device include: (i) robust optical geometries, with fully
transparent working surfaces and stainless steel shafts; (ii) stroboscopic illumination
synchronised to flash together with the camera’s shutter opening, providing strong and
uniform lighting conditions, able to capture sharp images of moving elements, even when the
system under investigation is subjected to high shear rates; (iii) positioning of light and
camera on opposite sides of the sample (facing each other) thus enhancing image quality by
eliminating reflections and shadows; (iv) magnification determined by pixel size that can be
rapidly altered during the experiment to allow studies of morphological evolution according

to a characteristic structural size.
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Utilization of stroboscopic illumination in conjunction with all typical measuring
geometries of rotational rheometry, in the context of simultaneous rheological and
morphological measurements, is an important novelty of this work. Combined with
positioning of the light opposite of the camera, it provides optimum lighting conditions, ideal
for image capturing under fast motion. Existing commercial instruments to present employ
continuously illuminated environment, which does not particularly facilitate image acquisition

under high shear flow.

As constructed geometries have different weights and weight distributions from
standard stainless steel geometries, their inertial contribution to the rheological measurements
(i.e. part of the applied torque used to rotate the geometry) was determined and added as a
constant to the rheometer software, which is designed to subtract it from the total applied

torque for calculation of applied (to the sample) shear stress.

7.1.2 Evaluation of the Device

The developed experimental setup produced very high quality images simultaneously
with reliable rheological data. Quality of rheometric performance and image acquisition were
firstly examined separately. Rheological accuracy was tested for viscosities ranging between
0.01Pa s and 1Pa s, using one phase silicone oils of known (from the supplier) viscosities.
Many consumer products (e.g. food emulstions, creams) and fluids of industrial interest (e.g.
petroleum oils) fall well within this range. Good agreement between obtained and known
viscosities was obtained, as differences below 8% were recorded for all new optical

geometries developed for this project.
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Image acquisition was tested with different types of systems, including oil / aqueous
dispersions, double emulsions and aqueous / aqueous mixtures, the latter being generally
considered difficult to capture due to similar refractive indices of the system’s components.
Very clear images were obtained on all occasions. In addition, image acquisition under shear

1. relevant to many

produced qualitative images at shear rates of the order of 20000s~
industrial processes involving liquid mixtures. With the current optics, quantification of

obtained structures (drop size / shape, size distribution) was possible at shear rates up to

1000051, whereas at higher shears images could be analysed on a qualitative basis.

At high volume fractions of dispersed phase, reduction of gap size in the plate / plate
geometries was found to significantly improve image quality by reducing the number of
projected drops per unit area. This feature is difficult to implement with other measuring
geometries, suggesting a clear advantage for parallel plates when gap size reduction is

required.

Simultaneous rheo-structural measurements of selected systems further demonstrated
the potential of the device and highlighted the importance of simultaneous acquisition of
rheological and microstructural data with specific examples. At first, the possibility of
studying a sample under a range of shear rates with a single experiment was illustrated by two
sets of experiments conducted with the same plate / plate geometry, where images were
captured at the centre and at the rim of the top plate respectively. As shear rate is zero in the
centre and maximum at the rim, images recorded while moving the image acquisition unit

along the plate’s radius will represent morphologies of the sample at different shear rates.

An oil / aqueous system was then shown to undergo shear thinning behaviour at

increasing volume fraction of dispersed phase (up to ¢ = 0.3). This behaviour was linked to
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significant morphological changes (e.g. orientation of dispersed phase to the flow direction,
reduction in drop size, deformation of drops) occurring on increasing of shear, observed
simultaneously under the microscope. When diluted, the same systems showed minimal

microstructural changes and Newtonian behaviour (at low o).

Further, a kinetically stable at quiescence aqueous / oil / aqueous double emulsion was
monitored to destabilise to a simple oil / aqueous dispersion under shear, while maintaining
constant rheological properties. Although this information is potentially very important, for
example for the release profile of an active compound solubilised in the internal aqueous

phase, it would not have been revealed only by rheological measurements.

Finally, shear induced coalescence was monitored. Images of the same sample and
identical shearing pre-treatment were recorded under quiescence as well as under gentle sher
flow conditions, and it was shown that coalescence was significantly facilitated in the latter

case.

Additional applications of the device were also considered and estimation of
interfacial tension between silicone oil and aqueous mixtures from the steady state
deformation under shear flow was found to agree well with values obtained with the
Wilhelmy plate tensiometer for the same systems. Measurements indicated that presence of
hexylene glycol in the aqueous mixtures caused a significant (20 fold) reduction in
interfacial tension between the silicone oil and the aqueous phases, hence stabilising the oil

droplets against coalescence.
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7.1.3 Extended Evaluation of the Device: Rheology and Structure of Selected Two

Phase Systems

The device was further evaluated for its potential for systematic rheological and
structural investigations of selected two phase systems. Examples of oil / aqueous, aqueous /
oil, oil / oil and aqueous / aqueous systems were considered. All constructed geometries,
coaxial cylinders, parallel plates of 40mm and 60mm diameters and cone / plate of 2° angle

and 55mm base diameter, were utilised for these experiments.

Rheology and structure of oil / aqueous systems with viscosity ratios between
dispersed and continuous phases ranging from 0.2 to 68 and volume fractions of dispersed

1

phase from 0.02 to 0.3 were examined at steady shear rate of 2505~ as well as increasing-

decreasing shear between 55~ and 500571,

At steady shear flow, obtained relative viscosities were compared with a number of
predictive rheological models found in the literature [discussed in chapter 2]. The effective
medium theory, which assumes formation of a non dilute system by successive additions of
infinitesimal small amounts of dispersed phase, was found to best agree with obtained results.
An empirical equation was further developed to best fit experimental points using the model
proposed by Choi & Schowalter [1975] as a template. The new equation suggested that at
fixed volume fraction of dispersed phase, the effect of dispersed phase on system’s viscosity

was very low at low A, increasingly stronger at increasing A and almost constant at A > 10.

Simultaneous microstructural observations of oil / aqueous systems at 250s~1 showed
deviations from Grace Curve at increasing volume fraction of dispersed phase. Observed drop

breakage of non dilute systems at viscosity ratio between dispersed and continuous phases as
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high as 27, not predicted by Grace Curve, was explained by means of the effective medium
theory and have therefore been associated with the average system’s viscosity rather than

viscosity of continuous phase.

The relationship between acquired Sauter mean diameters and maximum recorded
drop diameters of oil / aqueous systems under steady 2505~ was further examined and it was
found to be linear with proportionality constant of the order of 0.6 — 0.7. In addition, drop
size was found to decrease at increasing ¢. This was associated with increased drop breakage,
due to increased interactions between neighbouring drops, and limited coalescence, due to the
stabilising effect of the continuous phase on oil drops at investigated volume fractions of

dispersed phase (< 0.3).

Systems were further subjected to an increasing then decreasing shear rate of 551 —

500s~1 — 5571, Under this shearing profile, non dilute oil / aqueous systems were found to
shear thin on initial increase of shear rate and showed near Newtonian behaviour on
subsequent decrease of shear rate. It was suggested that shear thinning might have been the
result of drop breakage as well as their deformation and favourable orientation to the flow
direction. On subsequent decrease of shear rate, observed near Newtonian behaviour was
associated with minimal microstructural changes, as coalescence was largely prevented by the

stabilising effect of continuous phase on oil drops.

At the same, increasing then decreasing, shear rate profile, it was observed that zero
shear viscosities of investigated oil / aqueous samples were higher before shearing, where
coarse dispersions were recorded, than after shearing, where dispersions were characterised
by smaller drops. As smaller drops are generally associated with higher viscosities, this

observation was unexpected and it was suggested that drop size distribution might
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significantly influence the sample’s viscosity. Although detailed information on the effect of
drop size distribution on viscosity is generally lacking from the literature, it was shown that
experimental investigations are feasible with the current setup and are expected to contribute

to a more in depth understanding of the link between structure and rheology.

Experiments with aqueous / oil dispersions were carried out and obtained rheology

1 1

and structure at 250s™" as well as at increasing-decreasing shear rate between 5s™" and
50051 were compared with results of oil / aqueous systems of similar A and ¢, acquired
with the same geometry. The two types of dispersions showed differences in relative
viscosities measured under similar experimental conditions and especially at increasing
viscosity ratio between dispersed and continuous phases. Oil / aqueous dispersions showed

generally higher relative viscosities than the corresponding aqueous / oil systems of equal ¢

and A.

These differences were linked with corresponding differences in recorded
microstructures and it was implied that the viscosities of individual phases may play a
significant role in determination of both rheology and morphology of the investigated system.
However, it was suggested that more work would be beneficial in order to draw solid

conclusions (see section 7.6.5).

In the experiments with oil / oil systems it was found that while dispersing the viscous
sunflower oil in silicone oil resulted in an expected increase of the system’s viscosity, the
opposite was true when silicone oil was dispersed in sunflower oil. At increasing volume
fraction of the dispersed, less viscous silicone oil, an enhanced reduction in relative viscosity
was observed (1, < 1). Simultaneous morphological recordings did not indicate an obvious

reason for this reduction, and it was suggested that the two phases might partially miscible,

205



Chapter 7: Conclusions and future work

although this was not obvious by visual observations. Experiments with oil / oil systems also
suggested that viscosities of individual phases may significantly affect rheology and structure,

as indicated previously for aqueous / oil and oil / oil systems.

Experimented aqueous / aqueous system consisted of polysaccharide / protein
mixtures, where the continuous phase was a gelling solution of gelatine. The systems were
loaded to the device at elevated temperature and were left to gel by cooling under different
shear rates. It was shown that the link between imposed shear rate during cooling and

morphology of the final gel can be investigated using the developed rheo-structural device.

7.1.4 Product Development and Suggested Design

After evaluation of the device for selected two phase systems, attention was set on
further developing the device itself as a product of optimum performance with increased
marketability. Assembly of a compact version was at first considered, where the bulky
microscope was substituted by metallic extension tubes and the large camera was replaced by
a smaller one. Utilisation of extension tubes to induce magnification in the context of rheo-
structural measurements is a novelty of the present work. The compact version was realised
and images acquired with this reduced size arrangement proved its suitability to produce high
quality, clear images of dispersed entities with sharp boundaries. However, further work is
considered essential if extension tubes are to be established as a preferred method for

acquiring magnification.

An experimental setup which will incorporate work and knowledge accumulated

during this project was lastly suggested. Proposed design was built based on Kinexus,
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Malvern Instrument’s latest model of rheometers, as a template. All features described in
(sub) section 7.1.1, as well as additional features not experimented in the present study, were

considered.

The suggested design presented a one piece instrument with maximal automation and
minimal manual input. In the proposed setup, utilisation of two cameras, whose positions are
expected to be automatically controlled, was suggested to enable simultaneous morphological
recordings of the investigated system from different planes. Furthermore, magnification was
obtained by means of extension tubes with (automatically) adjustable lengths in order to
enable rapid alternation of the magnifying power according to the investigated characteristic
length scale. Strobe light was also automatically positioned opposite of one of the cameras to

ensure optimum illumination.

An important feature of the suggested design is the accurate temperature control and
monitoring. In the suggested design, controlled temperature environment was guaranteed by
use of an insulating jacket with automatic temperature regulation. Actual temperatures in the
sample were recorded by a fine thermocouple which, although situated in the sample, is not
expected to obstruct rheological measurements due to its minute size. Finally, the design was
complemented by a capillary tube, entrusted with the task of injecting fluid elements in the

loaded sample.
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7.2 Future Work

Suggested future work, presented in this section, is expected to improve the
performance and / or to increase the commercial value of the new device, thus extending the
contribution of the present project. Parts of the suggested work have also been mentioned in
the previous section, especially when the proposed experimental setup was described.
However, they are included here as well, as they are believed to be important for the

development of a reliable instrument with improved properties and marketability.

7.2.1 Accurate Temperature Control and Monitoring

It is well established that rheology highly depends on temperature, and the Arrhenius
equation has been proposed to describe the relationship between viscosity and temperature.
Therefore, lack of accurate temperature control limits the applications of the new instrument
to measurements at ambient temperatures or unmonitored temperature changes. At present,
temperature is recorded with a probe positioned manually close to the measuring geometry.
Although this setup provides general information about the temperature surrounding the
system under investigation, it fails to accurately inform on, or control, the temperature of the

system itself.

In the suggested design described above, temperature control and monitoring was
achieved by using a jacket and a fine gauge thermocouple. However, future work is required
to realise and evaluate the potential of this, or any other, method for accurate temperature

management.
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7.2.2 Automation

Performance, marketability, commercial value, and ease of use of the developed
device would significantly benefit from automation of its features. As an example, automated
positioning of the light / microscope / camera unit would save considerable time and effort
when setting up an experiment. When combined with plate / plate geometries, this feature
could also enable easy observations of a system under a range of well controlled shear rates
by altering the position of the image acquisition unit along the radius of the geometry. In
addition, automated control of magnification would enable effortless flexibility and accuracy
in measuring structure evolution according to the characteristic microstructural dimensions.

Overall, maximisation of computer controlled features translates to a better product.

7.2.3 Size Reduction / Convenience

Although of high quality performance, the current setup is large and difficult to
assemble in a bench top instrument. Size reduction is therefore essential. A step towards this
direction, i.e. replacing the bulky microscope with extension tubes and utilisation of a smaller

camera, has been considered, however more work is required to establish the compact setup.

7.2.4 Optical Resolution

Recent advances in optical sciences involve optical microscopy with nanoscale
resolution [Wang et al 2011]. It would be interesting therefore to investigate the potential of

incorporating such state-of-the-art technologies with the developed rheo-structural instrument,

209



Chapter 7: Conclusions and future work

thus significantly enhancing the optical specifications of the device. Higher magnifying power
would extend the applications of the device, as it would increase the range of systems that can

be investigated.

7.2.5 Is Generalisation of Models Developed for Solid / Liquid Suspensions and

Oil / Aqueous Dispersions to Non Oil / Aqueous Systems Justifiable?

In the course of the present work, it appeared that relative viscosities of non oil /
aqueous (for example aqueous / oil or oil / oil) systems deviated, sometimes significantly,
from empirical or semi-empirical viscosity models developed for solid / liquid suspensions or
oil / water dispersions [discussed in chapter 2]. If valid, these observations may suggest that
generalisation of rheological models developed for solid / liquid suspensions and / or oil /
aqueous dispersions to non oil / aqueous systems, although not uncommon in the literature
[Farah et al 2005; Pal 1998; Lee et al 1997], may not be entirely justifiable. This observation
initiates an idea which, if confirmed with further investigations, might develop to an

interesting and important contribution to rheology and structure of two phase liquid systems.
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HIGH SHEAR RHEO-OPTICS OF COMPLEX FLUIDS

Field of the Invention

This invention relates to rheometers and to the application of rheology.

Background of the Invention

Many commercial products ranging from body lotions to ice cream, mayonnaise
and shaving creams can all be classed as a specific class of complex fluid known as an
emulsion, i.e. the stable dispersions of one liquid in another. Based on whether the oil is
the dispersed phase or the water is the dispersed phase, emulsions can be classified as
either oil-in-water or water-in-oil emulsions. For both types of emulsions, the droplet
size, volume fraction, and morphology can play a critical role in the rheological response
of the fluid. On application of shear, the droplet deformability and breakup are important
factors controlling the non-linear rheological (i.e. shear thinning) response of such fluids.
Since many processing/manufacturing steps, such as high shear mixing, pumping as well
as many consumer applications, such as rubbing a body lotion involve high shear
processes, engineering/controlling the high shear non-linear rheological response
becomes very important. The droplet deformability and breakup and the shear rates at
which these may occur will to a large extent depend upon the nature of the continuous
phase, with continuous phase viscoelasticity playing an important role. It is known to use
rheometers with built-in cameras to observe morphology of fluids during the application

of shear.

Summary of the Invention

Several aspects of the invention are presented in this application.

Systems according to the invention can help to develop effective formulation
design rules by allowing the interaction between the rheology and morphology to be
understood, especially at higher shear rates relevant to industrial processing.

Systems according to one general aspect provide devices and associated
methodology to obtain simultaneous rheological and morphological data of multiphase

systems at high shear rates is described. Many complex fluids, especially emulsions ,
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undergo drastic morphological changes on application of shear. This change in the
morphology is intimately linked to the rheology of the fluid, thereby impacting critical
aspects such as the processability and manufacturing of such fluids. The exact
morphology and droplet sizes due to breakup under shear can also directly impact the
performance controlling aspects of such complex fluids. A direct quantitative link
between the shear induced morphological changes and the associated rheological
responses can be very important for deriving formulation design/optimization rules. The
devices and associated methodology described here can allow such rheology-morphology
linkages to be established even at very high shear rates (approaching 10,000 s-1) not seen
in any prior art.

Systems according to the invention can help to establish morphology-rheology
links in complex fluids, such as emulsions, by providing the capability of capturing high
quality images of the complex fluid whilst the rheological testing is being carried out.

This task poses challenges at higher shear rates (i.e shear rates above 100 S-1).

Brief Description of the Drawing

Fig. 1 is a diagram of an illustrative embodiment of a rheology setup according to
the invention, with the following reference labels: (1) PC; (2) strobe flash; (3)
synchronising trigger; (4) strobe light directed to geometry; (5) rheometer; (6) measuring
geometry ; (7) microscope; (8) CCD high resolution camera.

Fig. 2 is a diagram of a compact version of the test rig of Fig. 1 where the
microscope was replaced with a magnifying tube and a small camera was installed.

Figs. 3(a)-3(g) are diagrams of geometries for use with the setup of Figs. 1 and 2,
with (a) being a top view of parallel plates and cone/plate (for PP40, PP60 and CP55/2
respectively: a=43mm, 63mm, 58mm and f=11mm, 14mm, 13mm); (b) and (c) being
side views of main bodies of cone and top plates (d=40mm and 60mm for PP40 and PP60
respectively); (d) and (e) side being views of cone and top plates respectively; (f) being a
top view of CC’s main bodies; and (g) being a side view of CC.

Figs. 4(a) and 4(a’) are photographs of novel geometries for use with the setup of

Figs. 1-2 and Figs. 4(b) and 4(b’) are photographs of the setup of Figs. 1-2.
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Fig. 5 is a family of graphs showing a series of simultaneous rheo-optical
recordings obtained for O/W system.

Fig. 6a is a plot for simultaneous rheo-optical recordings obtained for an aqueous
two phase system.

Fig. 6b is a collection of rheo-optical recordings showing effects of shear rate on
gelling structure.

Fig. 7 shows clear images taken at high shears.

Fig. 8 shows a W/O/W double emulsion at rest.

Fig. 9 shows water drops in 10000cSt silicone oil (a) at rest; (b) and (c) at 10s-1.
Images were captured with Marlin utilising 20mm magnifying tube.

Fig. 10 shows air bubbles in 10000cSt silicone oil (a) at rest; (b) at 10s-1; (c)
retracting drop after cessation of flow. Images were captured with Dolphin utilizing

20mm magnifying tube.

Detailed Description of an Illustrative Embodiment

Referring to Fig. 1, an illustrative embodiment of a rheology setup according to
the invention combines a standard rotational rheometer with novel optical measuring
geometries, stroboscopic lighting system, microscope, camera and software for
recordings and data analysis. Rheological and structural data is recorded simultaneously.
Particular attention is given in attaining high quality images at different shear stress and
in different two phase systems by optimising image acquisition conditions.

New geometries were designed and constructed for the Gemini G2 rheometer of
Malvern Instruments and are discussed below. The lighting system consists of a strobe
light source (Perkin Elmer Inc. xenon strobe flash system supplied by Metax) placed
opposite the objective lens and an electronic trigger that matches the pulsating frequency
of the light with the camera’s framing speed. Positioning of the light to flash through the
sample and directly into the microscope/camera lens considerably enhances image
clarity. Magnification of zoom stereo microscope (SZ1145TR-CTV supplied by
Olympus) can be easily altered during the measurement. Magnification, defined as the
number of microns per pixel, is currently in the range 7.79-1.33um/pixels. Three

geometries were tested: parallel plates, cone-plate and concentric cylinders.
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Images are recorded with a CCD high resolution Dolphin F145B firewire
black/white camera (supplied by Allied Vision Technologies, AVT) connected to the
microscope, using the AVT software. Rheological data is obtained using Bohlin
software. Sharp images of discrete droplets in dilute systems are analysed automatically
with Morphologi (supplied by Malvern Instruments). The semi-automated, Bubble Pro
software developed in School of Chem Eng has been employed for analysis of more
complex images. One of ordinary skill would of course recognize that embodiments
could also be based on other types of components.

Referring to Fig. 2, a compact version of the equipment was also constructed,
where the microscope and relatively large CCD camera (see above) were replaced by a
20mm long magnifying tube combined with smaller Marlin camera (Allied Vision
Technologies) is shown in Fig 2. Both the optics as well as camera can be optimised
further.

Referring to Fig. 3, newly designed geometries used with the setups are identical
to standard geometries commonly used in rheological measurements but they are partially
made from glass are shown in figure 3. Two parallel plates PP40 and PP60 (diameters
40mm and 60mm respectively), a cone / plate CP55/2 (55mm base diameter, 20 angle,
0.7mm truncation (i.e. 4mm small base)) and coaxial cylinders with narrow gap, CC
(1mm annular gap, inner to outer ratio 0.97) were constructed and tested. The main parts
(exposed to shear stress) are made from polished glass to ensure good transparency.
Frames and shafts that hold the glass fix geometries in the rheometer are made of
stainless steel and provide robustness without compromising transparency. Glass parts
are precisely fitted into frames so the accuracy of rheological measurements is not
affected and it was tested with geometries supplied by manufacturers.

Features of the setup include:

1. Geometries: B-ham geometries for simultaneous measurements of rheology and
morphology glass plates/cones/cylinders are combined with appropriate metallic frame
ensuring high transparency and structural robustness.

2. Strobe light: Stroboscopic lighting system can be synchronised with (or fed

from) video camera to provide very high quality, sharp images on both low and high
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shears. This direct synchronization is presently preferred, although other methods can be

provided to allow for the capture of very high quality, sharp images.

3. Magnification: Two features are provided in current setting with the
microscope: (i) ability to rapidly adjust magnification according to the characteristic
dimension of analysed morphology, the response of morphology to the change of shear

rate can be followed in real time. This feature can be automated using a computer

running dedicated software and/or special-purpose hardware. (ii) Magnification is defined

in terms of the size of the pixel (um/pixel).

4. Setup: Enhanced quality images can be obtained through utilising an optical

geometry in conjunction with the microscope/camera/light setting illustrated in figure 1.

Positioning the strobe light opposite the analysed object/ lens of microscope/camera
provides optimal lighting conditions.
High quality images obtained under different, often difficult, experimental

conditions are shown in Figs. 5-10.

Simultaneous high shear rheo-optics.

O/W emulsions recorded at an increasing-decreasing triangle shear profile are
shown in Fig. 5, with:

Continuous phase: 68% hexylene glycol + 32% water

Dispersed phase: 350cSt silicone oil

Aqueous two-phase system

Morphology of aqueous two-phase systems can be difficult to analyse because
refractive indices of both phases are very similar. Results obtained with the system
described above are shown in Fig. 6, with:

Continuous phase: 10% gelatine in water

Dispersed phase: 15% dextran in water

Images at increasing shears and very high shears

Clear images at very high shears were obtained using the method described above

as illustrated in Fig. 7.
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Double emulsions
The system described above enables complex structures to be recorded and

analysed. Fig. 8 shows complex emulsion with drops within drops.

Compact version

Clear images were obtained using the compact setup with the two cameras and are

depicted in Figs. 9 and 10.

Advantages and applications of systems and methods according to the invention can
include:

. Simultaneous measurement of shear induced morphological changes in complex
fluids and associated rheological response.

. Ability to extend simultaneous rheology and morphology measurement
capabilities to very high shear rates, whilst maintaining clarity of images.

. Possibility of automated morphology analysis

Specific Application Areas are:

. Understanding rheological phenomena in complex shear thinning/thickening
fluids including analysis of relaxation dynamics and other linear and non-linear

rheological effects.

. Following aggregation and flocculation under shear.

. Following droplet breakup/coalescence and deformation (see Figure above)

. Following shear induced directional changes in morphology of complex fluid
. Generate design rules and optimise complex fluid formulations across a wide

range of industries such as: personal care, home care, foods, pharmaceutical and life
sciences.
. Wide scale applicability in academic research not only to liquid/liquid but also to
more complex multiphase systems such as: liquid/liquid/gas or liquid/gas/solid.

The present invention has now been described in connection with a number of
specific embodiments thereof. However, numerous modifications which are

contemplated as falling within the scope of the present invention should now be apparent
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to those skilled in the art. Therefore, it is intended that the scope of the present invention
be limited only by the scope of the claims appended hereto. In addition, the order of
presentation of the claims should not be construed to limit the scope of any particular
term in the claims.

What is claimed is:
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CLAIMS

1. A rheometer, comprising:

a rotary actuator,

a first sample contact part having a contact surface for contacting the sample,
having a drive portion operatively connected to the rotary actuator,

a second sample contact part having a contact surface for contacting the sample,

wherein at least a portion of at least one of the first sample contact part and the
second sample contact part is transparent,

a camera having a field of view and being positioned with the field of view
extending over at least a portion of the transparent portion of the first sample contact part,

a strobe light positioned to illuminate the sample under the transparent portion of
the first sample contact part, and

a synchronization control for adjusting an illumination rate of the strobe light.

2. The apparatus of claim 1 wherein the synchronization control is linked to an

acquisition rate of the camera.

3. The apparatus of claim 1 wherein the acquisition rate of the camera is linked to

a rheological characteristic.

4. The apparatus of claim 1 wherein the acquisition rate of the camera is linked to

a predetermined points in a rheometric sequence.

5. The apparatus of claim 1 wherein the strobe light is positioned opposite the

camera with respect to an axis of rotation of the rotary actuator.

6. The apparatus of claim 1 wherein the camera is a CCD camera.

7. The apparatus of claim 1 wherein the camera includes a front-end optic with a

single lens to define its field of view.
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8. The apparatus of claim 1 wherein the camera includes a front-end optic with an

adjustable magnification.

9. The apparatus of claim 8 further including an automatic magnification
adjustment controller responsive to morphological characteristics of the sample as
detected by the camera and having an output provided to a magnification input of the

camera.

10. The apparatus of claim 8 further including an automatic magnification
adjustment controller having a pixel-based magnification selection input and having an

output provided to a magnification input of the camera.

11. The apparatus of claim 1 wherein the camera includes a front-end optic that

includes a magnifying tube.

12. The apparatus of claim 1 wherein a geometry defined by the first sample
contact part and the second sample contact part is an optically clear parallel plate

geometry.

13. The apparatus of claim 1 wherein a geometry defined by the first sample
contact part and the second sample contact part is an optically clear cone and plate

geometry.

14. The apparatus of claim 1 wherein a geometry defined by the first sample

contact part and the second sample contact part is an optically clear couette geometry.

15. A rheometric method, comprising:
applying shear to a sample,
acquiring images of at least a portion of the sample during the step of applying

shear to the sample, and
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intermittently illuminating the sample during the steps of applying shear and

acquiring images at a rate related to a rate of acquisition for the step of acquiring images.

16. The apparatus of claim 15 wherein the shear is applied to the sample at a rate

of rotation of at least on the order of 100 reciprocal seconds.

17. The apparatus of claim 15 wherein the shear is applied to the sample at a rate

of rotation of at least on the order of 1000 reciprocal seconds.

18. The apparatus of claim 15 wherein the shear is applied to the sample at a rate

of rotation of at least on the order of 10,000 reciprocal seconds.

19. The apparatus of claim 15 further including the step of adjusting the rate of

application of shear during the step of acquiring images.

20. The apparatus of claim 15 further including the step of adjusting a

magnification setting for the step of acquiring images.

21. The apparatus of claim 20 wherein the step of adjusting a magnification is

responsive to changes in morphology within the sample.

22. The apparatus of claim 21 wherein the step of adjusting is automatic.

23. The apparatus of claim 15 wherein the steps of applying shear, intermittently

illuminating, and acquiring images are applied to a complex fluid.

24. The apparatus of claim 23 wherein the steps of applying shear, intermittently

illuminating, and acquiring images are applied to an emulsion.
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FIG. 1

FIG. 2
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FIG.8

FIG.9

11

252



-

FIG. 10

12

253



APPENDIX 2

PHOTO GALLERY
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PHOTO GALLERY

Figure A.1: The following images show a gelled dextran/gelatin system exposed to shear after
gelation has occurred. They demonstrate destruction of the structured system (from (a) to (j) in
time order)
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Figure A.2: Kinetically stable microstructure of oil drops capured in a gelatin gel.
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Figure A.3: Elongated air bubbles in silicone oil under shear.

Figure A.4: Oil/Aqueous system (20cSt silicone oil in hexylene glycol / glycerol mixture),
volume fraction of oil is 0.3. System is subjected to shear rate 250s”. Images (a) and (b) captured
few seconds and 10min after initiation of shearing, respectively.
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Figure A.5: Oil/Aqueous system, volume fraction of the oil is 0.3. Shows drops deviating from
the elliptical shape due to interactions between crowded drops.
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Figure A.6: oil drops exposed to increasing shear rate (from (a) to (d)).
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Figure A.7: Examples of isolated oil drops in aqueous phases.
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Figure A.8: pendant oil drop in hexylene glycol as it detaches from the edge of the syringe. Such
images can be used to measure the interfacial tension between the two phases.
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Figure A.9: Drop coalescing in dextran / peg system (time intervals: (1/5)s except from (i) to (j),
where it is 1s).

Figure A.10: dumbbell breakage of oil drop in aqueous continuous phase
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